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ABSTRACT
The main goal of this paper is to characterize the Coxim earthquake occurred in June 15th, 2009 in the 
Pantanal Basin and to discuss the relationship between its faulting mechanism with the Transbrasiliano 
Lineament. The earthquake had maximum intensity MM V causing damage in farm houses and was felt in 
several cities located around, including Campo Grande and Goiânia. The event had an mb 4.8 magnitude 
and depth was 6 km, i.e., it occurred in the upper crust, within the basement and 5 km below the Cenozoic 
sedimentary cover. The mechanism, a thrust fault mechanism with lateral motion, was obtained by 
P-wave first-motion polarities and confirmed by regional waveform modelling. The two nodal planes have 
orientations (strike/dip) of 300°/55° and 180°/55° and the orientation of the P-axis is approximately NE-
SW. The results are similar to the Pantanal earthquake of 1964 with mb 5.4 and NE-SW compressional 
axis. Both events show that Pantanal Basin is a seismically active area, under compressional stress. The 
focal mechanism of the 1964 and 2009 events have no nodal plane that could be directly associated with 
the main SW-NE trending Transbrasiliano system indicating that a direct link of the Transbrasiliano with 
the seismicity in the Pantanal Basin is improbable. 

Key words: Earthquake, neotectonics, intraplate stress, Pantanal basin, focal mechanism.

INTRODUCTION

The Pantanal Basin has been regarded as one of 
the seismic regions of Brazil (Branner 1912, 

Berrocal et al. 1984) as shown in Fig. 1. According 
Sykes (1978) and Talwani and Rajendran (1991), 
intraplate earthquakes are the result of ruptures 
along pre-existing zones of weakness, located near 
structural inhomogeneities, which may concentrate 
local stress and, added to regional stress, are 
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capable of generating earthquakes. Riccomini and 
Assumpção (1999), Mazzotti 2007 and Assumpção 
et al. (2014) proposed a range of possible causes of 
neotectonics in Brazil and their relations with the 
seismicity. In the Pantanal case, the cause of the 
seismicity is not well known. 

The reasons for intraplate seismicity and its 
relation with geology are not easy to explain. The 

“resurgent tectonics” (Hasui 1990) and its possible 
relation with seismicity in the center-west region are 
marked by the Transbrasiliano Lineament (TBL) 
with average direction N30°E (Schobbenhaus et 
al. 1975, Curto et al. 2014). These Neoproterozoic 
brittle structures have been reactivated in the 
Paleozoic, Mesozoic and Cenozoic. The lineament 
is a striking feature with continental dimensions 
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Figure 1 - Epicenters known in Brazil (Assumpção et al. 2014) and the main geological provinces of the 
country: GS = Guyana shield, CBS = Central Brazil shield, SFC = São Francisco craton; AB = Amazon basin, 
PnB = Parnaiba Basin, PcB = Parecis Basin, BP = Borborema Province, ChB = Chaco Basin, TP = Tocantins 
Province, PrB = Paraná Basin, MP = Mantiqueira Province. The total area of the Pantanal (Pt) is shown is 
highlighted. The bold line shows the strongest traits of Transbrasiliano Lineament (TBL) and Goiás-Tocantins 
Seismic Zone (GTSZ) is also indicated.
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in central and northeast of Brazil and extending 
into Africa. The possible role of the structures 
associated with the TBL in the evolution of the 
sedimentary basin of the Pantanal was discussed 
by Soares et al. (1998), Assine and Soares (2004), 
Facincani (2007) and Facincani et al. (2011).

Close to the TBL, there is SW-NE-oriented 
earthquake zone with magnitude up to mb 5 called 

Goiás-Tocantins seismic zone (GTSZ), inside of 
Tocantins province (Fig. 1). Earthquakes in the 
Pantanal seem to form a seismic zone linked to this 
seismic zone, which could suggest a relationship 
with the TBL (Assine 2003) (Fig. 1). Barros et al. 
(2015) used first-motion P-wave polarities and full 
waveform modelling to study the focal mechanism 
of an mb 5.0 event in GTSZ occurred in 2010. The 
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Figure 2 - Map of earthquake intensity Coxim earthquake (star). The color of the circles represents the different intensities 
felt by the population. The large and small ellipses are lines isoseismal MM II and MM IV, respectively. Black squares are 
major cities in the region where the tremor was not felt. The principal plateaus (Pl.) and the hydrography are also shown. The 
square in epicentral region corresponds to Fig. 3.
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authors propounded a thrust mechanism with a SW-
NE faulting and they associated this earthquake 
with the TBL. 

On the other hand, the TBL is accompanied by 
seismic activity in Goiás and Tocantins, but there 
is no seismicity associated with the TBL in the 
Parnaíba Basin. For this reason, Assumpção and 
Sacek (2013) suggested that the seismic activity in 
Central Brazil could be a result of compressional 
stress in the upper crust due to lithosphere flexural 
deformation caused by crustal thickness variations. 
In this case, the proximity of the TBL would only 
be a coincidence. 

The objectives of this paper are to characterize 
the earthquake occurred in the Pantanal 
Nhecolândia, Taquari Fan on June 15th, 2009 at 

22:14:45 UTC highlighting its location, magnitude, 
intensity and the possible relationship between the 
faulting mechanism of the event with the TBL. 

TECTONIC SETTING

The Pantanal wetland is a sedimentary basin of 
Quaternary age, tectonically active, located in 
the Upper Paraguay River Basin, Central-West of 
Brazil. The basin is surrounded by the Maracaju-
Campo Grande and Taquari-Itiquira plateaus in 
the east, Guimarães and Parecis plateaus in the 
north, Urucum-Amolar in the west and Bodoquena 
plateau in the south (Fig. 2). The Paraguay River 
collects water from several megafan rivers, situated 
in its left margin (Assine and Soares 2004). The 
basin is structured by faults and it is the main 
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Figure 3 - Macrosseimic survey in the epicentral area. The maximum intensity 
was MM V near Promissão and Santo Antônio farms. The epicenters of 
different international agencies (ISC, IDC, USGS/NEIC) and this paper (REG) 
are represented by the stars, with ellipses showing their 95% confidence region.
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neotectonics feature in the state of Mato Grosso do 
Sul (Facincani et al. 2011). The Pantanal basin is a 
tectonic depression located at the left margin of the 
Paraguay River. 

The basin was a result of tectonic reactivation 
of the forebulge in the last Andean compressive 
stage approximately at 2.5 Ma (Ussami et al. 1999). 
Studies performed at the basin such as oil company 
drill holes (Weyler 1962), shallow water wells, 
and reflection seismic data (Catto 1975), indicate 
that the maximum Cenozoic sediment thickness 
(500 m) is located in the center of the basin and 
the basement is mainly composed by low-grade 
metamorphic rocks of the Neoproterozoic Alto 
Paraguay folded belt.

Subsidence rate of the basin has not been 
measured so far. A rough estimate of the subsidence 
rate could be made based on the maximum 
sedimentary thickness (about 500m from seismic 
reflection surveys). Assuming the model of Ussami 
et al. (1999), considering the start of subsidence at 
about 2.5 Ma as a result of the Andean forebulge 
migration, we would get a value of the order of 0.2 
mm/year.

EPICENTER, INTENSITY, MAGNITUDE

Figs. 2 and 3 show the most affected areas by 
the earthquake and the reported intensities are 
in the Modified Mercalli (MM) scale values. 
The macroseismic survey began 17 days after 
the earthquake. Residents in the surveyed farms 
answered standard questions like if there were 
falling or swinging objects, damage to tiles, walls, 
noise, etc. Information published in newspapers 
and on the Internet about the effects in neighboring 
towns was also used. The event was felt in the towns 
of Coxim, Sonora, São Gabriel do Oeste, Miranda, 
Rio Verde, Rio Negro, Alcinópolis, Corguinho, 
Rondonópolis, Nioaque, Aquidauana, Rochedo, 
Corumbá, Pedro Gomes, Campo Grande, Cuiabá 

as far as 300 km. The result of this compilation is 
shown in Figs. 2 and 3.

Two small aftershocks were felt by some 
residents in the Promissão and Santo Antônio farms 
(Facincani et al. 2011), but they were not large 
enough to be recorded by regional seismographic 
stations, situated more than 800 km away from the 
epicentral area.

The maximum effect was characterized by fall 
of objects to the ground, damage to plaster and fall 
of roof tiles in the Santo Antônio and Promissão 
farms (Fig. 3), which corresponds to intensity 
MM V. This fact suggests that the macroseismic 
epicenter is closer to these farms. 

The epicenter of the earthquake was determined 
by several agencies (Fig. 3): ISC (International 
Seismological Centre), IDC (International Data 
Centre in Vienna) and USGS/NEIC (U.S. Geological 
Survey/National Earthquake Information Center). 
The uncertainties indicated in Fig. 3 refer to the 
consistency of the data for a 1D model of the Earth 
structure because it was not taken into account 
lateral heterogeneities in the Earth. Anyway, the 
ISC and IDC epicenters are more compatible with 
the highest observed intensity of MM V. 

The best epicenter is the one determined by 
IDC (-18.57°, -55.85°). The epicentral area was 
about 100 km W of Coxim, near Santo Antônio and 
Promissão farm (-18.4°, -55.7°), within the Pantanal 
wetland (Facincani et al. 2011). ISC location was 
obtained using 447 stations with azimuthal gap of 
36° and fixed depth of 10 km. The closest station of 
this location was ~600 km away, located in Bolivia. 

A determination with 19 Brazilian regional 
stations (between 630 and 1440 km distance), using 
the Regional Seismic Travel Time (RSTT) velocity 
model (Myers et al. 2011) resulted in an epicenter 
~ 40 km south of the probable (macroseismic) 
epicenter. This error is probably also due to 
lateral variations in the structure of the Brazilian 
lithosphere, and inaccuracy of the model, which 
affected the epicentral location. 
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Different magnitude scales can be used to 
quantify the size of an earthquake. The regional 
magnitude, used for earthquakes in Brazil 
(Assumpção 1983), is calculated by the maximum 
peak-to-peak amplitude of the P-wave particle 
velocity (V, μm/s), using Eq (1).

	 mR = log V +2.3 log R −2.28	 [1]

where R is the epicentral distance in km. This 
relation was established for distance range 200 ≤R 
≤1500 km. 

Using 11 stations, located in Brazil, Argentina, 
Paraguay and Bolivia, the mR magnitude was 

determined as 4.82 ± 0.12, similar to the teleseismic 
P-wave magnitude mb 4.8 published by the ISC.

The Ms magnitude (Rayleigh surface waves) is 
defined by Eq. (2).

	 Ms = log (Vmax/2π) + 1.66 log Δ + 0.3	 [2]

where V is the maximum amplitude of the Rayleigh 
wave (in nm/s) with a period T between 3 and 60 
s and distance in degrees (Δ) between 2° and 160° 
(Bormann et al. 2013). For Coxim earthquake, 
the MS magnitude was estimated at 4.87 ± 0.03, 
by using 20 stations, located in Brazil, Argentina, 
Paraguay, Bolivia and Venezuela.
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Figure 4 - Stereographic projection (lower hemisphere) of the focal mechanism of the Coxim 
earthquake of 2009. Crosses indicate compressional P-wave first motion; circles are dilatational 
motion. The two nodal planes are the two possibilities for the fault plane: N-S or NW-SE. The 
name of the seismographic stations and the north are also indicated. This mechanism is a reverse 
fault with transcurrent component.
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Although there is no direct relationship 
between the intensity and magnitude, some 
empirical relationships can be used to estimate the 
magnitude from the felt area. In Brazil, we can use 
the relations developed by Assumpção et al. (1980):

	 mb = 1.63 + 0.60 log (AII)	 [3]

	 mb = 2.29 + 0.55 log (AIV)	 [4]

where AII and AIV are the areas enclosed by MM II 
and MM IV isoseismal lines respectively

Fig. 2 shows that AII ~ 410000 km2 and AIV 
~130000 km2 indicate inferred magnitudes of 
5.1 and 5.0, respectively. These values show that 
the size of the affected areas is consistent with 
the instrumental magnitude mb 4.8, especially 
considering the standard deviation of the order of 
0.3 magnitude units of the empirical relationships 
(Eq. 3 and 4). We also determined an Mw 4.3 
magnitude, as discussed in the next section. 

FOCAL MECHANISM AND DEPTH

We use the P-wave first motion polarity data from 
regional and teleseismic stations to adjusting the 
fault planes (Fig. 4). We used regional waveform 
modelling as an independent check of the focal 
mechanism obtained by the P-wave first motions. 
We modelled the surface waves with the ISOLA 
code (Sokos and Zahradník 2008, 2013) for BEB4B 
station located in Bebedouro-SP city, approximately 
800 km away from the event, using a 1D velocity 
earth model obtained by analysis of Love and 
Rayleigh surface-wave dispersion as shown by 
Dias et al. (in press). All nodal planes satisfying 
the polarity data of Fig. 4 were tried with the CPSP 
(Cyclic Scanning of the Polarity Solutions) method 
of Fojtíková and Zahradník (2014) and the solution 
that fits better both the polarities and the waveform 
is shown in Fig. 5. 

We have a good fit between observed and 
synthetic data with a fit greater than 80%. Besides 
the waveform, as it was used in Fig. 6, the 

Figure 5 - Coxim event surface waves modeling using ISOLA program with CPSP methodology from Fojtíková and Zahradník 
(2014). In order, we have Z, NS and EW components in displacement (m) from BEB4B station (~ 800 km distance) with origin 
time (O), P and S-waves arrival marked. Observed data is the black line and synthetic is gray. The focal mechanism is shown in the 
top left with the depth, magnitude Mw and the frequency band used.
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seismogram amplitude was also modelled, so it was 
possible to obtain an Mw magnitude of 4.3. The 
mechanism obtained from the regional waveform 
modelling (Fig. 5) is similar to the one obtained 
with P-wave polarities (Fig. 4). This shows that the 
mechanism from first-motion polarities is reliable. 
Furthermore, the focal solution was confirmed by 
the Frequency Range Test developed by Dias et al. 
(in press).

The focal mechanism (Fig.  4) was 
predominantly a reverse fault with a component 
of strike-slip movement. It is not possible to define 
which nodal plane is the seismogenic fault. The 
mechanism shows an orientation of the P-axis 
which is approximately NE-SW. None of nodal 
planes (P-wave polarity solution Fig. 4, or regional 

waveform inversion of Fig. 5) have SW-NE 
orientation parallel to the TBL. This means that 
it is very unlikely that the Coxim event could be 
directly associated to any SW-NE structure of the 
main TBL system. 

International agencies have not determined the 
depth of the event because, for shallow earthquakes, 
it is not always possible to identify the pP phase 
(P-wave surface reflection at the source). The 
depth was determined by forward modelling the 
waveform of stations at teleseismic distances (Fig. 
6) using the previous mechanism from polarity 
data. In the waveform modelling, a triangular 
source time function of 1.0 s total duration, an 
average upper mantle attenuation of t*=0.2 s, and 
the focal mechanism from Fig. 4 were used. The 

Figure 6 - Teleseismic P-wave modeling to determine the depth, with three stations (top to bottom): HLID, 
DUG (both in the United States) and QSPA (South Pole). The upper/lower traces are observed/calculated 
seismograms. Seismograms converted to WWSP response and modeled with a triangular source-time 
function with total duration 1.0 s and t* 0.2. The pP phase appears 2.0 s after the P, with reversed polarity 
and sP phase appears 4.0 s after the P in QSPA station.



An Acad Bras Cienc (2016) 88 (3)

	 THE 2009 EARTHQUAKE IN THE PANTANAL WETLANDS	 1261

−80˚ −75˚ −70˚ −65˚ −60˚ −55˚ −50˚ −45˚ −40˚ −35˚

−35˚

−30˚

−25˚

−20˚

−15˚

−10˚

−5˚

0˚

5˚

3000 m

−200 m

GS

CBS

SFC

AB

PnB

PcB

PrB

Pt

ChB

Fault type

thrust

str−slip

normal

Quality

B

C

D

synthetics were calculated by including only the 
direct P-wave and the surface reflexions pP, sP. The 
pP phase appears 2.0 s after the P, with reversed 
polarity and sP phase appears 4.0 s after the P in 
QSPA station.

 The focal depth that best reproduces the 
waveforms is about 6 km. This means that the 
earthquake occurred in the upper crust, within 
the Precambrian basement and 5 km below the 
Cenozoic sediment deposits of the Pantanal basin.

DISCUSSION

The two largest earthquakes recorded in the 
Pantanal sedimentary basin were a) Miranda, 

February 13th, 1964, magnitude mb 5.4 (Assumpção 
and Suárez 1988), and b) Coxim, of June 15th, 2009, 
with magnitude mb 4.8. Both events were the result 
of reverse faults with some strike-slip component 
(see the beachballs in Fig. 7). The focal solution 
of Coxim event (strike=300°, dip=55°, rake=45°) 
was obtained with first-motion polarities using 
the more sensitive stations in Brazil, South and 
North America and Africa and was confirmed with 
regional surface wave modelling (Figs. 4 and 5). 
Modelling of depth phases (pP and sP) from distant 
stations (Fig. 6), showed a focal depth of 6 km, 
i.e., in the upper crust beneath the sediments of the 
Pantanal Basin and the focal mechanism indicates a 

Figure 7 - Maximum horizontal stress direction from focal mechanism. The colors are the 
mechanism type and the size of bars (B, C and D) indicates the quality of the fault plane solution 
conform WSM – Project criteria (site: http://dc-app3-14.gfz-potsdam.de/index.html). The bar 
direction corresponds to compressional axis (P-axis) in thrust and strike-slip and null axis 
(B-axis, the intersection of the two nodal planes) in normal faults. The rectangle shows the 
mechanisms used in the stress inversion in Fig. 8. The main geological provinces are the same as 
Fig. 1. Data from Assumpção et al. 2016.
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sub-horizontal P-axis oriented approximately NE-
SW (Fig. 7). This type of mechanism is similar to 
the 1964 earthquake, which had a P-axis oriented 
NE-SW. This is similar to the 5 km depth and 
focal mechanism of the 1964 event obtained with 
waveform modelling by Assumpção and Suárez 
(1988).

Fig. 7 shows a compilation of focal mechanisms 
for intraplate earthquakes in South America 
(Assumpção et al. in press). The bars indicate the 
approximate orientation of SHmax (maximum 
horizontal compression) from the earthquakes 
while the faulting mechanism is represented by the 
colors. The orientation of the bars shows that both 
earthquakes in the Pantanal Basin and in the four 

in Chaco Basin have very similar stress directions 
(highlighted in Fig. 7 by a box). 

Fig. 8 shows a stress tensor inversion for these 
four events indicating that they could result from a 
uniform compressional stress field with  oriented 
E-W and vertical . This analysis suggests that the 
Pantanal region is currently under neotectonic 
compression oriented approximately E–W. Despite 
the present subsidence, the neotectonic stresses 
in the upper crust are compressional. Extensional 
stresses observed in the Pantanal Basin in its initial 
stages were attributed to flexural stress from the 
Andean forebulge (Ussami et al. 1999) but any 
current E-W extension from Andean flexural effects 
(with N-S axis) is inconsistent with the observed 

Figure 8 - Stress tensor inversion of the two Pantanal events and four Chaco Basin events. Maximum 
principal compression (σ1) is illustrated by the diamond, the circle is the minimum compression (σ3) 
and the intermediate compression (σ2) is represented by the triangle. The arrows are the observed rake 
and the thick line near the arrows represents the difference between the observed and calculated rake. 
Inversion shows compressional stress with E–W oriented (σ1).



An Acad Bras Cienc (2016) 88 (3)

	 THE 2009 EARTHQUAKE IN THE PANTANAL WETLANDS	 1263

E-W compression from focal mechanisms. This 
issue deserves further studies in the future.

It has been suggested that the seismicity in the 
Pantanal Basin could be associated with the TBL. 
However, the focal mechanism of the Coxim event 
has no nodal plane that could be directly associated 
with SW-NE trend of the main TBL system. In 
addition, the 1964 focal mechanism has no SW-NE 
oriented nodal plane either (Assumpção and Suárez 
1988). A  roughly parallel to the TBL trend (Fig. 8) 
also indicates that a direct link of the TBL with the 
seismicity in the Pantanal Basin is improbable. 

A definitive explanation for the seismicity of 
the Pantanal Basin is not yet possible. Mechanism 
such as stress concentration due to lithospheric 
thinning or flexure have been proposed (Assumpção 
et al. 2014) but more studies are necessary. 

CONCLUSIONS

The Coxim event had magnitudes: mb 4.8 (ISC), mR 
4.8, Ms 4.8 and Mw 4.3 with intensities up to MM V 
(Figs. 2 and 3), with minor damage to some houses 
and breaking objects in the epicentral area. The 
focal depth was approximately 6 km, therefore, 
within basement rocks, at least 5 km below the 
Pantanal basin.

First-motion polarities provided two nodal 
planes with orientation of (strike/dip/rake) of 
300°/55°/45° and 180°/55°/35°, i.e., reverse 
faulting with a component of lateral movement, 
and P-axis approximately NE-SW. This mechanism 
is consistent with regional waveform modelling.

The stress inversion from two events in the 
Brazilian Pantanal and four in the Chaco Basin 
shows that the stress regime has changed along 
previous normal faults originated in the initial 
stages of basin formation, which are now subjected 
to E–W compressive stress. The orientation of the 
nodal planes (Fig. 4) and the estimated σ1 (Fig. 8) do 
not support a direct link of the Pantanal seismicity 
with the TBL main trend. 

The causes of intraplate seismicity and its 
relation with geology are always difficult to 
explain. Lithospheric weakness and/or local stress 
concentration are the most common reasons used to 
explain the intraplate seismicity, but these models 
can only be tested in areas where there are good 
geological and geophysical data coverage. It is 
expected that more detailed studies of seismicity 
in the Pantanal with recently installed stations, as 
Aquidauna (AQDB), Chapadão do Sul (C2SB) 
and Sonora (PP1B), will allow a better delineation 
of the active stress regime in the basin and its 
surroundings.
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