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Abstract Small local earthquakes from two after-
shock sequences in Porto dos Gaúchos, Amazon
craton—Brazil, were used to estimate the coda
wave attenuation in the frequency band of 1 to
24 Hz. The time-domain coda-decay method of a
single backscattering model is employed to esti-
mate frequency dependence of the quality factor
(Qc) of coda waves modeled using Qc = Q0 f η,
where Q0 is the coda quality factor at frequency
of 1 Hz and η is the frequency parameter. We also
used the independent frequency model approach
(Morozov, Geophys J Int, 175:239–252, 2008),
based in the temporal attenuation coefficient,
χ( f ) instead of Q( f ), given by the equation
χ( f )=γ + π f

Qe
, for the calculation of the geomet-
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rical attenuation (γ ) and effective attenuation
(Q−1

e ). Qc values have been computed at central
frequencies (and band) of 1.5 (1–2), 3.0 (2–4), 6.0
(4–8), 9.0 (6–12), 12 (8–16), and 18 (12–24) Hz
for five different datasets selected according to
the geotectonic environment as well as the ability
to sample shallow or deeper structures, particu-
larly the sediments of the Parecis basin and the
crystalline basement of the Amazon craton. For
the Parecis basin Qc = (98 ± 12) f (1.14±0.08), for
the surrounding shield Qc = (167 ± 46) f (1.03±0.04),
and for the whole region of Porto dos Gaú-
chos Qc = (99 ± 19) f (1.17±0.02). Using the inde-
pendent frequency model, we found: for the cra-
tonic zone, γ = 0.014 s−1, Q−1

e = 0.0001, ν ≈ 1.12;
for the basin zone with sediments of ∼500 m,
γ = 0.031 s−1, Q−1

e = 0.0003, ν ≈ 1.27; and for
the Parecis basin with sediments of ∼1,000 m,
γ = 0.047 s−1, Q−1

e = 0.0005, ν ≈ 1.42. Analysis of
the attenuation factor (Qc) for different values of
the geometrical spreading parameter (ν) indicated
that an increase of ν generally causes an increase
in Qc, both in the basin as well as in the craton.
But the differences in the attenuation between
different geological environments are maintained
for different models of geometrical spreading. It
was shown that the energy of coda waves is atten-
uated more strongly in the sediments, Qc = (78 ±
23) f (1.17±0.14) (in the deepest part of the basin),
than in the basement, Qc = (167 ± 46) f (1.03±0.04)

(in the craton). Thus, the coda wave analysis can
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contribute to studies of geological structures in the
upper crust, as the average coda quality factor is
dependent on the thickness of sedimentary layer.

Keywords Amazon craton—Brazil · Coda wave
attenuation · Porto dos Gaúchos seismic zone

1 Introduction

Seismic attenuation plays an important role in
studies of the earth structure, from which use-
ful information on medium properties can be in-
ferred. Determination of source parameters must
take into account the proper attenuation charac-
teristic of the wave path. Moreover, it is essential
for seismic risk studies and seismic hazard assess-
ment, and consequently for seismic risk mitiga-
tion. In the last three decades, different studies
in many parts of the world have used coda waves
from small earthquakes to determine local attenu-
ation properties of the crust (Dias and Souza 2004;
Gupta et al. 1995; Herrmann 1980; Ibáñez et al.
1990; Pulli 1984; Singh and Herrmann 1983).

Coda waves from small local earthquakes are
the superposition of backscattered body waves
generated from numerous heterogeneities distrib-
uted randomly in the lithosphere (Aki 1969; Aki
and Chouet 1975; Rautian and Khalturin 1978).
Therefore, the great variety of paths traveled by
these scattered waves provides information con-
cerning the average attenuation properties of the
medium instead of just the characteristics of a par-
ticular path (Gupta et al. 1995). The attenuation
of the seismic waves in the lithosphere is highly
frequency dependent and is caused by the com-
bination of two effects: scattering and anelastic
attenuation (Havskov et al. 1989) and it is difficult
to separate each other, since both have similar
dependence on travel time or distance (Aki 1969;
Havskov et al. 1989). Anelastic attenuation is
strongly dependent on the tectonic environment,
as demonstrated in many studies carried out in
different places of the world (e.g., Havskov et al.
1989).

One factor that increases seismic hazard in
intraplate regions is the low attenuation of seis-
mic waves, which travel in more homogeneous
medium than those of interplate regions. Thus, de-

spite the low seismic activity in stable continental
regions, the level of ground shaking caused by a
moderate intraplate earthquake reaches a larger
area compared to similar magnitudes in plate bor-
der areas (Nuttli 1973). Moreover, because of the
low seismicity, studies of seismic wave attenuation
in stable continental interiors are rare, particularly
in Brazil, due to poor coverage of seismic sta-
tions. In Brazil, only Dias and Souza (2004) and
Carvalho and Souza (2006) have estimated coda
Q attenuation. They studied the seismogenic João
Câmara area in NE Brazil, and suggested that
the seismogenic fault is a boundary between two
different seismic attenuation zones. Additionally,
Souza and Mitchell (1998) have studied Lg coda
Q attenuation in most of South America.

Porto dos Gaúchos seismic zone (PGSZ) is
among the most seismically active in Brazil. Three
of the 14 largest intraplate earthquakes (magni-
tudes ≥5.0 mb) reported in the Brazilian continen-
tal lithosphere occurred in PGSZ. This includes
the largest earthquake in the stable continental
interior of the South American plate, which oc-
curred on January 31, 1955, with 6.2 mb and VIII-
IX inferred MM intensity, shown by the large star
in Fig. 1 (Barros et al. 2009; Johnston 1989). The
other two occurred on March 10, 1998 (5.2 mb,
MMI VI) and on March 23, 2005 (5.0 mb, MMI
V) in the same seismic zone (shown by the small
star in Fig. 1) 100 km NE of the 1955 epicenter.
In this area a recurrent seismic activity has been
observed since 1959, with several earthquakes oc-
curring in subsequent years (Barros et al. 2009).

The economic development of this region in the
last three decades has increased the importance
of seismic risk studies for this area. Estimates of
attenuation coefficients are important for seismic
hazard assessment. This attenuation study aims to
contribute to future seismic source studies and to
mitigate seismic risk in the region.

Many measurements of coda Q in the world
have been carried out in different tectonic and
geological settings. Partial compilations of Q0 and
η (e.g., Jin and Aki 1988; Morozov 2008; Sharma
et al. 2007) have indicated a trend of higher Q0

(roughly 100 to 1,000) and lower η (about 0.3 to
0.7) for stable continental regions compared with
tectonically active areas (Q0 = 40–200, η = 0.7 to
1.1). However, a large overlap exists in coda Q
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results for these two environments, especially in
the Q0 = 100–200 range. Part of this scatter could
be due to different surface geology (predomi-
nance of sedimentary or igneous rocks). The re-
sults for the intraplate PGSZ presented here will
contribute to the studies of possible systematic
differences in attenuation properties between tec-
tonically active and stable areas.

In the present paper, the single scattering
model and the independent frequency model ap-
proach or f model (Morozov 2008, 2009a, b,
Morozov et al. 2008) are used to study the coda Q
attenuation in Porto dos Gaúchos Seismic Zone,
located in the Parecis basin, Amazon craton,
Brazil.

2 Tectonic setting and seismicity of the study area

The PGSZ is located in the center north of Mato
Grosso State, in the contact between the southern

part of the Amazonian craton and the northern
part of the Phanerozoic Parecis basin (Fig. 1).

The study area (Fig. 2) includes the Precam-
brian basement of the Amazon craton, composed
mainly by granitic/gneissic rocks, and Phanerozoic
terrains with sedimentary rocks of the Parecis
basin. The Precambrian basement of the Ama-
zon craton belongs to the Rio Negro-Juruena
geochronologic province with 1.8 to 1.55 Ga
(Tassinari et al. 2000), with an important fea-
ture, the Caiabis graben of Mesoproterozoic age
(∼1.36 Ga, Leite and Saes 2003, as shown in
Fig. 1). For simplicity, we will call the area outside
the basin as “craton”.

The main trend of the gravity anomalies near
the PGSZ is oriented in the NW-SE direction
related to the Brasnorte gravity high (Fig. 1).
However, the epicentral distribution of the re-
cent (1998 to 2005) seismicity correlates better
with a series of ENE-WSW aeromagnetic linea-
ments near PGSZ which probably indicate major
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Fig. 1 Simplified tectonic domains of the Parecis basin
(modified from Bahia et al. 2007) with the sequence of
WNW-ESE trending grabens and basement highs. The
thick solid line (N 60˚ E) in the Caiabis graben is the WSW-
ENE fault from Leite and Saes (2003), extrapolated with
dashed line towards the 1998/2005 epicentral area. The red

square indicates the study area shown in Fig. 2. The stars
indicate the epicenters of 1998/2005 and 1955 earthquakes,
and the beach balls are the focal mechanism solutions for
the 1955 (Mendiguren and Richter 1978) and 1998/2005
earthquakes (Barros et al. 2009)
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Fig. 2 Basement depth in
the Parecis basin as
obtained by receiver
function techniques
applied to local events
(Barros and Assumpção
2009). The solid line
indicates the limit
between the Amazonian
craton and the Parecis
basin. Triangles and
squares denote seismic
stations. Stations OLA2,
FBO2, PDRB, and JAKB
belong to 2005 seismic
network (squares) and
station FSJB belongs to
both networks. All the
rest (triangles) compose
the 1998–2002 network.
Stations ending in B are
broadband station (30 s to
50 Hz) and the rest are
short-period
three-component stations
(1–100 Hz) −57˚ −56.8˚ −56.6˚ −56.4˚
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basement faulting during the geological evolution
of this area (Barros et al. 2009).

In Porto dos Gaúchos, a recurrent seismic-
ity has been observed since 1959 (MM intensity
IV–V), 2 years after the arrival of the first set-
tlements in that remote area of the Amazon for-
est. Since 1980, with the installation of regional
stations in the Amazon, seven events with mag-
nitudes between 3.5 and 4.4 have been detected.
On March 10, 1998, a 5.2 mb and MMI VI was
detected. A local seismic network was deployed
by the University of Brasília to study the after-
shock activity (Fig. 2). This network, with up to
seven 3-component stations, detected more than
2,500 events by December 2002, when it was
deactivated.

On March 23, 2005, another shock occurred in
PGSZ, with magnitude 5.0 mb and intensity V
(MM). One week later, five stations were installed
to monitor the aftershocks. This time the stations
could be installed closer to the known epicentral
area. In 3 months, this network detected more
than 3,500 micro-earthquakes. Hypocenters were

located with a velocity model derived from a seis-
mic refraction experiment (Barros et al. 2009).

Focal mechanism studies of the 1955 earth-
quake by Mendiguren and Richter (1978) indi-
cated a pure reverse faulting with P axis oriented
roughly in SE-NW direction. Both the 1998 and
2005 earthquakes sequences occurred in a single
WSW–ENE oriented fault zone with right-lateral
strike-slip mechanisms suggesting compressional
SHmax roughly in the E-W direction (Barros et al.
2009; Fig. 1). The epicentral zone for both the
1998–2002 (hereafter 1998 sequence) and 2005
sequences (about 6 km long) are indicated by
circles and squares in Fig. 2. This figure shows the
basement depth in the Parecis basin as obtained
by Barros and Assumpção (2009) using Receiver
Function techniques applied to local events. It can
be seen that the seismicity occurs in a basement
high (PDRB station is located on an isolated gran-
ite outcrop within the basin). The sediment thick-
ness increases from north to south up to about
1,400 m depth beneath FPOR station. The stations
CMA, JAKB, OLAV, and OLA2 delimit areas
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where the basement drops from about 300 m to
1,000 m depth.

3 Coda waves and coda Q methods

Coda wave of local earthquakes can be explained
as backscattered S-waves from lateral hetero-
geneities distributed uniformly in the lithosphere
(Aki 1969; Aki and Chouet 1975). The scattering
is produced by irregular topography, complex sur-
face geology, and heterogeneous elastic properties
of the rocks, faults, and cracks, which are more
frequent near the surface and less in deep region
(Kumar et al. 2005). This implies that the decay of
coda wave amplitudes as a function of lapse time
(time measured from the origin time) are similar
to each other for different earthquakes in a given
area, independently of the source and receiver
locations (Biswas and Aki 1984). The decay of
coda wave amplitude with lapse time, according to
Aki (1969), at a particular frequency, is only due
to energy attenuation and geometrical spreading
but independent of earthquake source, path prop-
agation, and site amplification. The attenuation of
seismic waves is the sum of intrinsic and scattering
attenuation, where, in the first case, the energy
is converted in heat through anelastic absorption
and in the second case it is redistributed through
refraction, reflection, and diffraction at random
discontinuities present in a homogeneous medium
(Kumar et al. 2005).

After the advent of coda wave theory by Aki
and Chouet (1975) and Sato (1977), many studies
(e.g., Herraiz and Espinosa 1987; Kumar et al.
2005; Kvamme and Havskov 1989; Rautian and
Khalturin 1978) have shown that the coda Q fac-
tor increases with frequency through the relation

Q( f ) = Q0

(
f
f0

)η

(1)

where Q0 is the quality factor in the reference
frequency f0, usually 1 Hz, and η is the frequency
parameter, which is close to unity. These para-
meters vary according to the heterogeneities of
the medium, seismicity, tectonics, and geological

features of each region (e.g., Jin and Aki 1988,
1989; Moncayo et al. 2004).

However, (Morozov 2008, 2009a, b) and
Morozov et al. (2008) have questioned the
frequency-dependence of coda Q quality factor
(Qc), as expressed by Eq. 1, and proposed a
frequency-independent coda attenuation based
on geometrical attenuation (γ ) and effective at-
tenuation (Qe). In this work, these two ap-
proaches are tried and a description of both is
given below.

3.1 The single scattering model

Assuming single scattering from randomly dis-
tributed heterogeneities Aki and Chouet (1975)
showed that the coda waves amplitude at fre-
quency f and elapsed time from the origin, t, can
be expressed as:

A( f, t) = S( f )t−νe− π f
Q( f ) t (2)

where S( f ), is the source function at a frequency
f , ν is the geometrical spreading parameter and
Q( f ) the coda wave attenuation quality factor
(Qc), representing the attenuation of the medium.
S( f ) is considered a constant as it is independent
of time and radiation pattern. The parameter ν

can assume the values 1.0 (for body wave scat-
tering), 0.5 (for surface wave scattering), and 0.75
(for diffusive waves). As coda waves are mainly
S to S backscattered waves (Aki 1981; Kvamme
and Havskov 1989), the spreading parameter ν =
1 is used in this study. However, as Aki and
Chouet (1975) noted, the dependence of different
envelopes on time are relatively insensitive to the
value ν. For most frequencies the estimates of
Q( f ) for ν = 0.5, 0.75, or 1.0 in the Kanto region
differ by less than 20%. For PGSZ these estimates
are in the range observed by Aki and Chouet
(1975) for frequencies up to about 10 Hz as will
be discussed later.

Equation 2 is valid only if the coda window
begins at least after twice the S wave propaga-
tion time, 2(Ts − To), to avoid the effects of di-
rect S-wave in the coda window and to validate
the assumption used in the model that receiver
and source are very close (Rautian and Khalturin
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1978). Or in other words, the scattering is not
a function of the distance between receiver and
source.

Taking the natural logarithm of Eq. 2, we obtain

ln A( f, t) + v ln(t) = ln(S( f )) − π f t/Q( f )

ln[A( f, t)t] = k − bt, for v = 1
(3)

The above equation represents a straight line
where b = π f/Qc and k = ln S( f ). Hence, Qc can
be obtained from the slope of the linear regression
of ln[A( f , t)*t] versus t, for a constant frequency.
Then, in order to determine Qc, the seismogram
is initially narrow-band-pass filtered at different
central frequencies. Qc is determined for each
frequency band and lapse time window, as will be
seen in Section 4. For this, the SEISAN package
was used (Havskov and Ottomöller 2008).

3.2 The independent frequency model

Contrary to most studies of attenuation of seismic
waves based on the decay of coda-wave ampli-
tude, Qc( f ), Morozov (2008, 2009a) presented
a new approach to the subject, particularly with
respect to the dependence of Q( f ) with frequency
as expressed by Eq. 1. The main problem is related
to the assumed theoretical models for the geomet-
rical attenuation, as expressed by Eq. 2, which,
according to Morozov (2009b), is insufficiently
accurate to constrain the actual relationship be-
tween the geometrical spreading, anelastic dissi-
pation, and scattering. The Qc( f ) model uses a
number of strong assumptions, such as the uni-
form velocity background, perfectly known geo-
metrical spreading, absence of free-surface effects
and lithospheric reflectivity, and isotropic and
often uniformly distributed scattering (Morozov
2009b). This inaccuracy often leads to significant
exaggeration of the attenuation effects, and par-
ticularly scattering.

To resolve this problem, Morozov (2008, 2009a)
proposed a new approach using the temporal at-
tenuation coefficient, χ( f ) instead of Q( f ), given
by the following equation: χ( f ) = γ + π f

Qe
, where

γ , the geometrical attenuation, is the frequency-
independent part of χ( f ) = χ(0) and Qe is
the frequency independent coda attenuation or
effective attenuation.

Studies of coda-wave and other attenuation
features suggest that Q( f ) typically depends lin-
early on f , with both the intercept χ(0) = γ and
slope d(χ( f ))

df = π Q−1
e being sensitive to the phys-

ical properties of the subsurface. For η ≈ 1, the
seismic amplitude (where the source and receiver

effect had been removed) P(t, f ) = G0(t).e
−π f t
Q( f ) =

aG0(t); a �= a( f ), which means that the amplitude
decay is purely geometrical and there is no need
to invoke Qc factor. Morozov (2008) introduced
γ as being a combination of geometrical spreading
and scattering. Also, he introduced the crossover
frequency fc = γ Qe

π
, at which the contributions of

the geometrical and effective attenuation factors
are equal. From χ( f ) = γ + π f

Qe
, we found (γ ,

Qe) and the transformation to (η, Q0) is found

from ln q
γ

+ (1 − η) ln f ≈ ln
(

1 + f
fc

)
, where q =

π f η

0
Q0

= cte. See Section 6.2.

4 Data selection and analysis

The choice of data for analysis was preceded by a
careful selection of magnitudes, station locations,
epicentral distances, outcrop geology at the sta-
tions, and event depths. The duration magnitudes
range from 1.2 to 3.4, and epicentral distances
range between 1 km (JAKB and PDRB stations)
to 72 km (JUAB station). The two earthquake
sequences (1998 and 2005) were monitored by two
different seismic networks. In the first case, the
stations were installed further from the source and
the network had a larger aperture (about 80 km),
with stations installed in igneous outcrops of the
craton (JUAB and SJOB) and in the Parecis basin
(Fig. 2). Both networks used broadband (Güralp
CMG-40T, 30 s to 50 Hz) and short-period 3-
component sensors (S3000EQ, 1.0 to 100 Hz);
both sampled at 100 sps.

Data was grouped by different geotectonic en-
vironments as well as the ability to sample struc-
tures at depths, depending on the event focal
depth and the thickness of the sedimentary pack-
age at the station, which is shown to be a deter-
mining factor in the coda Q values. In this sense,
the events could be divided into three groups:
group A (stations in the basin and events detected
by the two networks); group B (stations in the
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craton and events detected by 1998–2002 net-
work); and group C (A + B). Additionally, group
A was divided into two subgroups (A1 and A2),
as indicated in Table 1.

The events of the 1998 sequence occurred with
depths between 0 and 6 km, with the majority
(70%) between 3 and 6 km. The event sequence
of 2005 was shallower, the deepest reaching only
3 km depth. Hypocenters were determined with
the hypocenter code (Lienert and Havskov 1995).
For the 1998 sequence, we used a Vp/Vs ratio =
1.71 and obtained the following quality locations
parameters: rms travel time residual <0.10 s; hori-
zontal error (ERH) <2.0 km; vertical error (ERZ)
<2.0 km. For the 2005 sequence, higher Vp/Vs
ratio was determined (Vp/Vs = 1.78) and bet-
ter locations were possible as the stations were
closer than the 1998–2002 network. In this case
the following quality locations parameters: ERH
< 0.5 km, ERZ < 1.0 km, and rms residual <0.05 s.
The difference in the Vp/Vs ratios is due to the
different diameter of the seismic networks: the
larger aperture of the 1998 network, with some
stations located outside the Parecis basin, sam-
ples a deeper part of the upper crust, whereas
the smaller 2005 network actually gives a Vp/Vs
more representative of the shallow sedimentary
layers of the Parecis basin. Therefore, the events

of 1998 and 2005 seismic sequences should sample
different volumes of the Parecis basin.

To test the sensitivity of coda waves to the
thickness of the basin sedimentary package, we
used subgroups A1 and A2: A1 composed by the
six stations in the northern part of the abrupt
transition in the basin depth (BAT, FJKB, FSJB,
FBO2, FBON, and PDRB), and A2 composed
by the six stations to the south of the transi-
tion (CMA, JAKB, OLA2, FANB, TAGL, and
FPOR) as shown in Fig. 2 and Table 1.

The single scattering method can be resumed
in five steps. An example of processing is shown
in Fig. 3 for two different events, one recorded
by station JUAB (craton) in 1999 with epicentral
distance of 70 km (Fig. 3a), and the other by
station OLA2 (basin) in 2005, located 8.5 km from
the epicenter (Fig. 3b).

1. The traces are filtered using narrow band-
pass, six-poles Butterworth filters, at central
frequencies F = 1.5, 3.0, 6.0, 9.0, 12.0, and
18.0 Hz, with bands of 1–2, 2–4, 4–8, 6–12, 8–
16, and 12–24 Hz, respectively.

2. Measurement windows are defined, starting at
twice the S-wave travel time (START = 2.0
in Fig. 3), with durations from 25 to 60 s, in
steps of 5 s. Figure 3 shows the results for a

Table 1 Distribution of the station groups A (stations in the basin), B (stations in the craton), and C (A + B) and subgroups
A1 (stations in the north of the basin) and A2 (stations in the south of the basin) according to station geology

Group No. of Sequence Station Epicentral Stations Location Q0 ± σ η ± σ

events location range (km) (Fig. 2)

A 47 1998/2005 Basin 1–20 FBO2, JAKB, FSJB, Basin 98 ± 12 1.14 ± 0.08
PDRB, OLA2,
BAT, FJKB, FBON,
CMA, TAGL,
FANB and FPOR

B 39 1998 Craton 35–70 SJOB and JUAB Craton 167 ± 46 1.03 ± 0.04
C 86 1998/2005 Basin 1–70 all stations, A + B Basin 99 ± 19 1.17 ± 0.02

and craton and craton
A1 47 1998/2005 Northern 1–20 BAT, FJKB, Northern 103 ± 30 1.19 ± 0.14

basin FSJB, FBO2, basin
FBON and PDRB

A2 47 1998/2005 Southern 1–20 CMA, JAKB, Southern 78 ± 23 1.17 ± 0.14
basin OLA2, FANB, basin

TAGL and FPOR

Last two columns show resulting Q0, η, and corresponding standard deviation (σ ) fitted for all window lengths, as shown in
Fig. 7
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Fig. 3 Examples of unfiltered and band-pass-filtered
traces for two events recorded at different epicentral dis-
tances and depths. The first recorded by station JUAB
(a) in the craton (70 km distance) during the 1998–2002
sequence, and the second recorded by the close station
OLA2 (b) in the basin (8.5 km distance) during 2005
seismic sequence. In each figure, the top trace is the orig-
inal unfiltered signal where the three vertical lines indicate
(from the left) origin time (To), window start (2(Ts − To))

and end of the coda window (2(Ts − To) + WIN). On

top of f irst trace is shown the station code and event
identification. Abbreviations: H depth (km), M coda mag-
nitude, TP P onset time, TC start of coda window (in
seconds) from the origin, WIN window length, START
start of coda window in terms of S travel time, always =
2(Ts − To), F central frequency in hertz, CO correlation
coefficient, and S/N signal-to-noise ratio. The fitted enve-
lope of each filtered segment is shown as a decay curve for
each central frequency
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Table 2 Average Qc for each window length and central frequency

N Window 1.5 Hz N 3.0 Hz N 6.0 Hz N 9.0 Hz N 12.0 Hz N 18.0 Hz N
length (1–2) (2–4) (4–8) (6–12) (8–16) (12–24)

Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ

1 25 150 ± 56 18 205 ± 86 62 443 ± 202 41 650 ± 442 12 830 ± 673 3 2,263 ± 399 3
2 30 198 ± 72 16 229 ± 79 58 487 ± 242 33 769 ± 492 11 1,155 ± 798 4 2,422 ± 460 5
3 35 216 ± 76 20 251 ± 86 58 527 ± 284 27 1,132 ± 319 13 1,744 ± 932 11 2,713 ± 566 8
4 40 221 ± 72 31 249 ± 91 42 538 ± 253 17 1,384 ± 458 21 1,996 ± 820 22 3,423 ± 687 33
5 45 234 ± 84 30 251 ± 90 34 665 ± 346 23 1,494 ± 549 23 2,133 ± 692 32 3,269 ± 581 43
6 50 228 ± 74 24 254 ± 82 24 741 ± 323 17 1,601 ± 354 21 2,263 ± 356 27 3,367 ± 753 47
7 55 229 ± 71 22 263 ± 90 20 895 ± 366 17 1,601 ± 351 20 2,201 ± 294 24 3,119 ± 515 33
8 60 210 ± 55 21 248 ± 73 14 887 ± 334 15 1,566 ± 340 17 2,138 ± 283 20 2,979 ± 277 25

N is the number of Qc values used for the average and σ is the standard deviation. Quality factor and standard deviation
for the Parecis basin (group A): the functional formula Qc = Q0 f n for each window length is: (1) (79 ± 16) f (0.96±0.12), (2)
(91 ± 25) f (0.97±0.16), (3) (90 ± 29) f (1.09±0.17), (4) (92 ± 32) f (1.2±0.15), (5) (101 ± 33) f (1.18±0.14), (6) (102 ± 31) f (1.2±0.12), (7)
(113 ± 30) f (1.16±0.11), (8) (110 ± 27) f (1.16±0.11)

window length (WIN) of 40 s. The signal-to-
noise ratio (S/N) of each window and central
frequency is determined by the ratio of the
rms amplitude of the last 5 s of the window to
the rms amplitude of 10 s of noise before the
P-wave arrival. Windows with S/N less than 2
were discarded.

3. For each central frequency, the amplitude of
the coda envelope (A( f )) is determined and
the regression line of Eq. 3 is fitted. Qc is
determined from the regression coefficients.
The amplitude decay corresponding to the
calculated Qc is shown in Fig. 3 with the blue
lines. The correlation coefficient (CO) of this
regression is used as a quality check of the Qc.
Only Qc obtained with CO better than 0.45

are used. For the first event in Fig. 3a, Qc for
F = 6 Hz was not used (CO worse than 0.45).
For the second event (Fig. 3b), frequencies
of F = 9 and 12 did not have good enough
correlation and were also discarded.

4. For each window length and central fre-
quency, an average Qc is determined with all
earthquakes for all stations of the group (with
S/N > 2 and CO better than 0.45).

5. For each window length Q0 and η are deter-
mined with Eq. 1.

Different thresholds for the signal-to-noise ratio
(S/N) and the correlation coefficient (CO) were
tried. We chose S/N > 2 and CO > 0.45 be-
cause they represent a good compromise between

Table 3 Average Qc for each window length and central frequency

N Window 1.5 Hz N 3.0 Hz N 6.0 Hz N 9.0 Hz N 12.0 Hz N 18.0 Hz N
length (1–2) (2–4) (4–8) (6–12) (8–16) (12–24)

Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ

1 25 145 ± 49 12 377 ± 73 11 769 ± 179 13 1,132 ± 162 20 1,528 ± 284 24 2,241 ± 342 33
2 30 145 ± 47 10 523 ± 67 6 841 ± 158 11 1,325 ± 244 23 1,629 ± 307 22 2,542 ± 400 33
3 35 155 ± 37 9 673 ± 91 5 979 ± 271 14 1,337 ± 273 17 1,830 ± 381 23 2,593 ± 416 28
4 40 177 ± 24 7 683 ± 85 3 1,101 ± 257 14 1,632 ± 360 21 1,959 ± 395 23 2,699 ± 465 28
5 45 199 ± 57 6 815 ± 143 2 1,240 ± 375 10 1,739 ± 421 18 2,127 ± 475 21 2,804 ± 542 28
6 50 228 ± 69 5 886 ± 0 1 1,349 ± 308 5 2,095 ± 450 13 2,428 ± 580 18 2,958 ± 457 22
7 55 225 ± 20 4 1,220 ± 0 1 1,343 ± 362 2 2,225 ± 687 7 2,692 ± 688 16 3,280 ± 610 23
8 60 240 ± 0 2 0 ± 0 0 1,527 ± 361 2 2,074 ± 622 5 2,990 ± 822 16 3,424 ± 644 21

N is the number of Qc values used for the average and σ is the standard deviation. Quality factor and standard deviation for
the Amazon craton (group B). The functional formula Qc = Q0 f n for each window length is: (1) (105 ± 9) f (1.07±0.04), (2)
(113 ± 21) f (1.09±0.07), (3) (133 ± 34) f (1.05±0.1), (4) (158 ± 41) f (1.02±0.1), (5) (183 ± 52) f (0.98±0.11), (6) (205 ± 68) f (0.97±0.12),
(7) (203 ± 76) f (1±0.13), (8) (220 ± 105) f (0.99±0.15)
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rejecting too much data and getting a reasonable
number of events to calculate the average Q for
each data group.

5 Results

Quality factors were estimated for three different
datasets, each one representing a particular
configuration of stations in relation to the seismic
sources (Table 1 and Fig. 2). Datasets A and B
sample two different areas: Parecis basin (dataset
A) and craton (dataset B). The average Qc for the
whole region was obtained using dataset C (A +
B). The results for the basin, craton, and the whole
region are presented in Tables 2, 3, and 4, for
the six central frequencies and eight lapse time
windows.

To make a meaningful comparison of Qc from
different regions, according to Havskov et al.
(1989), it is important to evaluate the maximum
volume sampled by each data group. The attenua-
tion of coda waves in the single scattering model,
assuming a constant velocity and a constant den-
sity of scatters, is the average amplitude decay of
back-scattered waves on the surface of ellipsoid
volume having earthquake source and station as
foci (Pulli 1984). The observed Qc reflects the
average attenuation properties of the volume of
ellipsoid at an average depth, h = hav + d2, where
hav is the average focal depth of the events and
d2 = √

(d1)2 − (dav)2 is the small semi-axis of the

ellipsoid for dav as average epicentral distance
(Havskov et al. 1989; Mukhopadhyay et al. 2008;
Pulli 1984). The large semi-axis of the ellipsoidal
volume is d1 = vt/2 for lapse time t and velocity v

of the S-wave (v = 3.5 km/s). The average lapse
time is taken as t = ts + Wl/2 where ts is the
starting time of the coda window and Wl is the
coda window length. Since we do not have a set of
events detected by the same station, but instead
a set of events detected by a set of stations, we
used averages for each data set. For dav (average
epicentral distance), we used the distance between
just one representative event, located in the mid-
dle of the seismogenic fault, labeled as a white star
in Fig. 4, and the most distant stations from this
source: JUAB, for group B; BAT, for subgroup
A1; and FPOR, for subgroup A2 (see Fig. 4). For
window length (Wl), we used the one that was
most representative of each data group. For group
B Wl = 45 s; for subgroups A1 and A2 Wl = 35 s.
Then, we have the following average lapse time
(t): for (JUAB, BAT, and FPOR) = (64.5, 22.6,
and 22.6 s).

Figure 4 shows 2-D projections of the ellip-
soidal regions sampled by coda waves for the
group B and subgroups A1 and A2. The foci of
the ellipses are formed by the event located in
the middle of the seismogenic fault (star in the
figure) and the stations JUAB, located in the
craton (group B), BAT located in the northern
basin (subgroup A1), where the sediments thick-
ness are about 300 m, and FPOR (subgroup A2),

Table 4 Average Qc for each window length and central frequency

N Window 1.5 Hz N 3.0 Hz N 6.0 Hz N 9.0 Hz N 12.0 Hz N 18.0 Hz N
length (1–2) (2–4) (4–8) (6–12) (8–16) (12–24)

Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ Qc ± σ

1 25 148 ± 53 30 220 ± 99 73 493 ± 243 54 886 ± 567 32 1,397 ± 659 27 2,242 ± 341 36
2 30 173 ± 66 26 242 ± 94 64 544 ± 286 44 1,074 ± 634 34 1,532 ± 579 26 2,525 ± 404 38
3 35 192 ± 66 29 264 ± 103 63 626 ± 369 41 1,239 ± 324 30 1,802 ± 643 34 2,619 ± 443 36
4 40 211 ± 64 38 260 ± 105 45 699 ± 398 31 1,498 ± 453 42 1,977 ± 632 45 3,048 ± 673 61
5 45 227 ± 79 36 261 ± 104 36 773 ± 443 33 1,593 ± 536 41 2,130 ± 615 53 3,068 ± 616 71
6 50 228 ± 72 29 261 ± 93 25 825 ± 396 22 1,759 ± 448 34 2,326 ± 452 45 3,225 ± 677 69
7 55 228 ± 65 26 274 ± 106 21 928 ± 387 19 1,726 ± 463 27 2,374 ± 487 40 3,183 ± 558 56
8 60 213 ± 55 23 248 ± 73 14 933 ± 373 17 1,658 ± 417 22 2,448 ± 607 36 3,167 ± 489 46

N is the number of Qc values used for the average and σ is the standard deviation. Quality factor and standard deviation
for the region (group C). The functional formula Qc = Q0 f n for each window length is: (1) (69 ± 13) f (1.17±0.09), (2) (77 ±
16) f (1.18±0.1), (3) (88 ± 19) f (1.17±0.1), (4) (98 ± 26) f (1.18±0.11), (5) (108 ± 30) f (1.17±0.11), (6) (111 ± 33) f (1.18±0.11), (7) (118 ±
31) f (1.16±0.11), (8) (112 ± 30) f (1.18±0.11)
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Fig. 4 2-D projections of the ellipsoidal volumes sampled
by the coda waves of group B (red ellipse) and subgroups
A1 and A2 (yellow and green ellipses, respectively). The
star denotes a representative epicenter located in the mid-
dle of the seismogenic fault (one focus of the ellipse). The
stations are indicated by triangles and they are the other
focus of each ellipse. JUAB is located in the Amazon
craton, BAT in the northern part of the Parecis basin,

where the basin depth is around 300 m and FPOR is located
in the southern part of the basin, where the depth is around
1,500 m. The center of each ellipse is indicated by a circle.
The ellipse for JUAB station samples half the basin and
half the craton; the other two ellipses mainly sample the
basin areas. The dashed line indicates the limit between the
two tectonic areas

located in the southern part of the basin, where
the sediments thickness are about 1,500 m.

Figure 5 shows the differences in the behavior
of the coda waves for different windows lengths
for the groups A, B, and C. Group B (stations in
the craton) shows a trend of higher Q0 compared
to basin stations (groups A). The increase in Q0

for group B should be related to large volume
sampling of basement due to the deeper penetra-
tion of seismic waves in the lithosphere where the
rocks are more homogeneous and consequently
have lower attenuation (high Q0). Considering
the parameters of the maximum averaged ellip-
soid volume sampled by each data group (Fig. 4),
the penetration (h = hav + d2) of coda waves for
group B is more than two and half larger than

for subgroups A1 and A2, 118 km against 42 km
for both subgroups. This suggests that attenuation
is stronger (lower Q) for the groups that sample
predominantly basin areas. Figure 5 shows that
the results for group A (stations in the basin) and
group C (all stations in the basin and in the craton,
A + B) are similar. This could be related with
the fact that we have more data for coda wave
calculation coming from stations located on the
basin (see Tables 2, 3, and 4).

To further investigate the sensitivity of the coda
waves to the depth of basement top in the Parecis
basin (i.e., sediment thickness), we compared the
results of subgroups A1 and A2: A1 sampling
the shallower northern part of the basin, and A2
sampling predominantly the deeper southern part
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Fig. 5 Plots of Q0 (a) and frequency parameter η (b)
with window length for groups A (stations in the basin),
B (stations in the craton), and C (stations in the basin
and craton). Symbols for each window length were slightly
shifted for the sake of clarity to avoid overlapping the error
bars

of the basin. Subgroups A1 and A2 are on oppo-
site sides of the abrupt change in basement depth
(Fig. 2). Despite the large uncertainties, Fig. 6
confirms that the stations in the deeper part of the
basin (A2) produce stronger attenuation (lower
Q) compared with shallower basin (A1).

Figure 6 also shows that Q0 increases with
window length for subgroup A2 (stations in the
deeper part of the basin) but do not depend on
the window length for stations in shallower basin
(A1). Given the uncertainties in Q0 and η, we esti-
mated the representative attenuation coefficients
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Fig. 6 Plots of Q0 (a) and frequency parameter η (b)
with window length for sub-groups A1 (six stations in
shallow, northern part of the basin) and A2 (six stations
in southern, deeper part of the basin). Symbols for each
window length were slightly shifted for the sake of clarity
to avoid overlapping the error bars

by taking the average of the Qc measurements for
all eight window lengths, as shown in Fig. 7. For
each group the functional form Qc = Q0 f η was
fitted using the average Qc of the eight window
lengths. The results for all groups are shown in
Table 1.

6 Discussion

The estimates of the average quality factor for
coda waves (Qc) for the three groups (Fig. 7)
are different, both with respect to the values of
Q0 and the frequency parameter η. This can be
explained by the fact that each data group samples
different volumes of the crust (see Fig. 4), due to
the positions of stations in relation to the seismic
source (hypocentral distance) as well as to their
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� Fig. 7 Qc( f ) for all data groups with fitted relationship
Qc = Q0 f η. Data points refer to the eight windows lengths
(WL). a Group A (stations in the basin); b group B
(stations in the cratonic basement), Qc = 167 f 1.03; and
c group C (all stations of both networks), Qc = 99 f 1.17.
R2 is the correlation coefficient

geotectonic environment. Thus, the lateral and
vertical heterogeneities sampled by each group
are different, and affect, therefore, in different
forms the coda wave energy decay.

The most significant difference shown by
our results relates to the two main geotec-
tonic environments sampled by the coda waves:
Phanerozoic sediments of Parecis basin and the
pre-Cambrian basement of the Amazon craton.
Moreover, the sedimentary basin thickens rapidly
from north to south (Figs. 2 and 4). Depend-
ing on the position of the seismic station, the
coda waves sample more sedimentary or more
basement rocks, two contrasting environments in
terms of density, seismic velocities, and hetero-
geneities. All these factors affect differently the
decay of the coda waves. In addition, stations
more distant from the source sample deeper struc-
tures, and in this case sample predominantly the
crystalline cratonic basement, where the rocks are
denser, presumably more homogeneous and with
higher seismic speed. This generally implies an
increase in coda quality factor Q (lower attenua-
tion) due mainly to a reduction in heterogeneities
as observed by Pulli (1984) and Kvamme and
Havskov (1989). The increase in Q0 for group B
(Qc = 167 f 1.01, more distant stations) could be
explained by the decrease in heterogeneities with
depth, as compared with the results for the basin
area (Qc = 98 f 1.14, group A with closer stations;
see Table 1).

The effect of the thickness of the sedimentary
layer in the coda wave attenuation is more clear if
we compare the Q0 and the frequency parameter
η from subgroups A1 (northern stations) and A2
(southern stations), as shown in Table 1 and Fig. 4.
For the shallower, northern part of the basin Qc =
103 ± 30 f 1.19±0.14 and for the deeper, southern
part Qc = 78 ± 23 f 1.17±0.14. Here should be taken
in account that both subgroups sample the same
crustal volume, as can be seen in Fig. 4. So, the at-
tenuation differences between subgroups A1 and
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A2 are due to differences in attenuation in the two
uncommon areas shown in the ellipses projections
of Fig. 4, the areas that do not overlap, since in
the common area of ellipses projections the coda
waves from both subgroups travel by the same
region. However, in the uncommon areas the at-
tenuation properties sampled by each subgroup
are quite different. For the subgroup A1, in the
upper area inside the yellow ellipse and outside
the green ellipse, coda waves travel by cratonic
areas and in the thinner part of the basin (<200 m
thick) where the attenuation should be lower com-
pared with the southern part of the basin, inside
the green ellipse and outside the yellow where the
sediments are about 1,500 m thick.

This shows that the energy of coda waves is
attenuated more strongly in sedimentary areas
where sediments are thicker compared to those
where sediments are thinner . Thus, coda waves
could be used to help characterize geological
structures in subsurface as the coda Q is highly
affected by the sedimentary layer thickness.

The differences between Qc in sedimentary and
basement environments are more pronounced in
low frequencies, as it can be seen in Fig. 8 for the
craton (group B) and the southern, thicker part
of the Parecis basin (subgroup A2). The larger
Q0 (167) in the craton compared to the lower Q0

(78) in the deep basin can be interpreted as due
to a more homogeneous medium of the cratonic
basement rocks.

100100
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Q
c
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Dashed Line
Southern Basin (A2)

Solid Line
Craton (B)

Fig. 8 Plot of Qc × f (Hz) for craton stations (group B)
and southern part of the Parecis basin (subgroup A2) for
window length of 45 s

A comparison of frequency dependence of Q−1
c

observed in Baja California (Rebollar et al. 1985),
Porto dos Gaúchos seismic zone (PGSZ, this
study), Norway (Kvamme and Havskov 1989),
and NE Brazil (Dias and Souza 2004) is shown in
Fig. 9. The slopes of Q−1

c vs. frequency curves for
all tectonics regions are by and large in agreement,
with Baja California, a very active seismic zone
(Rebollar et al. 1985), presenting high attenuation
in comparison with the three other similar stable
zones. In the frequency of 6 Hz the attenuation
in Baja California is about four times higher than
in the other three stable areas and in all cases
attenuation decreases with frequency.

6.1 Effect of the geometrical spreading parameter

Our study used the single scattering hypothesis
with the value 1 for the geometrical spreading pa-
rameter (ν), as it has been done by many others in
the last three decades. However, Morozov (2008,
2009a) has questioned the common assumption
of geometrical attenuation parameter ν = 1 and
the frequency dependence of Qc. Rautian and
Khalturin (1978) had observed that the values of
Qc varied only by about 20% if 0.5, 0.75, or 1.0
were used for the geometrical parameter. Aki and
Chouet (1975) observed for the same frequency
some variation in the parameter ν among three
different regions, and some variation with fre-
quency in the same region. For Tsukuba region ν

increased from 0.7 (at 0.75 Hz) to 2.2 (at 12 Hz)
and a clear frequency dependent Q was observed
even allowing for variable geometrical parameter.

For the region of Porto dos Gaúchos, we tested
the effect of different geometrical parameters for
a window length of 45 s. We observed that in-
creasing ν from 0.5 to 1.5 doubles the values of
Qc at 12 Hz: from roughly 1,600 to 3,100 in the
craton, and from 1,100 to 2,200 in the basin. Q0

also doubles for the basin (from 70 to 160) but
has little effect in the craton (changes from 200
to 160). Figure 10 shows Qc for the craton and
basin for two values of ν. A change of the adopted
geometrical spreading parameter in PGSZ gener-
ally affects Qc( f ) for the basin and the craton in
similar ways. Therefore, the difference in Qc( f )
observed between groups sampling different geo-
logical structures is maintained.
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Fig. 9 Comparison of
Q−1

c relationship
obtained for Porto dos
Gaúchos seismic zone
(PGSZ) with other
tectonic regions studied
by others authors as
indicated in the legend
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6.2 Coda Q: a new approach

Using Morozov (2008, 2009a) approach, we cal-
culate the geometrical attenuation (γ ), effective
attenuation (Q−1

e ) and geometrical spreading pa-
rameters (ν) for the Porto dos Gaúchos seismic
zone (Table 5).

From Fig. 11, we see that the cratonic zone
sampled in this study is a zone of low attenuation
with a crossover frequency of fc ≈ 21 Hz and
it can be inferred that the geometrical attenua-
tion dominates the coda amplitude decays, i.e.,
γ dominates that of Qe even for f = 18 Hz.
From the value γ = 0.011 s−1 and Qe = 5,882,

Fig. 10 Dependence of
Qc with frequency for
geometrical spreading
parameter ν = 0.5 and
1.5, for a window length
of 45 s. Solid lines are the
fitted functional for the
craton (group B), and
dashed line for the basin
(group A)
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Table 5 Calculated parameters for the cratonic zone;
where γ = geometrical attenuation, Qe = effective attenu-
ation, fc = crossover frequency, ν = geometrical spreading

parameter, Q0 = frequency dependent quality factor at
f = 1 Hz, η = frequency parameter, and WL = windows
length

Values calculated using the independent frequency model approach (Morozov 2008) Values calculated from:

(η, Q0) were obtained from (γ , Qe) Qc = Q0

(
f
f0

)η

χ( f ) = γ + π f
Qe

= π f/Qc

WL γ Qe fc ν η Q0 Qe/Q0 Q0 η

25 0.025 141,790 11,148 1.22 0.99 127 1,121 127 1.0
30 0.019 13,958 85.8 1.17 0.92 178 785 188 0.88
35 0.015 7,190 34.8 1.13 0.82 242 297 272 0.76
40 0.013 7,083 30.2 1.12 0.80 283 250 287 0.78
45 0.011 5,882 20.8 1.10 0.73 347 169 370 0.70
50 0.010 6,043 18.5 1.09 0.71 386 156 410 0.70
55 0.008 6,039 15.6 1.07 0.68 490 123 567 0.60
60 0.010 9,719 30.9 1.09 0.80 367 265 394 0.77

Fig. 11 Frequency
dependence of Q−1

c
obtained for Parecis basin
and Amazon craton for a
lapse time of 45 s (a), and
corresponding plot for the
attenuation coefficient
χ( f ) according to
Morozov’s approach (b)
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we infer a tectonically stable area associated with
the craton. For the basin, the dominant effect may
be reverberations (reflections) causing reduced
amplitudes (increased χ( f )) at 1 to 5 Hz.

Using the traditional calculation method (η,
Q0), we obtained η > 1 indicating a zone of low
attenuation and high geometrical spreading. An-
other possibility is that one of our measurements
carried out at lower frequency bias the results. It
is seen from Fig. 11 that the data for the frequency
1.5 Hz is a possible outlier. Removing the 1.5 Hz
data, we obtain Qc = 370 f 0.7 for the cratonic area
shown in Fig. 11 (see Table 5).

Using all the window lengths and fitting the
data in the 3–18 Hz frequency band, we ob-
tain for the cratonic data: (a) in the traditional
way, Qc = 284 f 0.79; (b) from the frequency-
independent model, χ( f ) = 0.014 + (π/8,928) f ,
or γ = 0.014 s−1, Qe = 8,928 and ν ≈ 1.12. These
values indicate low attenuation consistent with
stable tectonic area.

Fitting the basin data using 3–18 Hz frequency
band, we obtained: χ( f ) = 0.04 − (π/2,582) f or
γ = 0.04 s−1; Qe = −2,582; and ν ≈ 1.35. The
value γ = 0.04 s−1 is typical of active tectonic
zones and the variation of the geometrical spread-
ing from ν ≈ 1.0 must be due to the reverberated
waves in the sedimentary layer.

As we mentioned before, stations were in-
stalled in the Parecis basin; some of them on the
thinner (subgroup A1) and others on the thicker
(subgroup A2) part of the basin. The data for A1
in the 3–18 frequency band gave us an attenuation
coefficient with γ = 0.031 s−1; Qe = −3215; ν ≈
1.27; and for A2 γ = 0.047 s−1; Qe = −2025; ν ≈
1.42. From these values, we infer that the southern
part of the Parecis basin had larger γ than the
northern part where the basement is shallow.

Using the obtained data for the region (Group
C) with 3–18 Hz frequency band, we obtained:
χ( f ) = 0.035−(π /2,941) f or γ = 0.035 s−1, Qe =
−2,941, and ν ≈ 1.31. These values indicate a
tectonic Porto Gaúchos active zone and also that
most of the data are coming from stations located
in the basin.

The negative values for Qe obtained for the
basin may be a problem, because they tell us
that high-frequency amplitude somehow increases
with propagation time. These results probably in-

dicate that the model of Morozov does not allow
determination of Q with enough resolution for
areas with very high attenuation (very low Q) as
in our case, and will deserve more attention in
the future. It also should be mentioned that the
values of about 0.035–0.04 s−1 for the tectonically
active area, and the ∼0.01 s−1 within the Amazon
craton are consistent with the results found by
Morozov (2008) and Morozov et al. (2008). How-
ever, it would also be important to mention that
the threshold separating active from stable areas,
which Morozov et al. (2008) placed at =0.008 s−1,
could be higher in South America.

We propose that the increase of the γ factor for
the basin zone is due to the velocity structure of
the upper crust, where the thick sediments have
a strong influence in the average attenuation, as
opposed to the more homogeneous high-velocity
layer of the cratonic area.

7 Conclusion

Applying the Qc( f ) model, the observed differ-
ences in the values of Q( f ) are associated with
the different tectonic-sedimentary environment,
according to ellipsoid volumes sampled by each
data group. The sensitivity of coda waves to the
thickness of the sedimentary basin is clear. The
estimated Q( f ) for the two cases clearly show
that: for subgroup A1 (northern shallow basin,
100–300 m thick) Qc = 103 f 1.19; for subgroup A2
(southern deeper basin, 300–1,500 m thick), Qc =
78 f 1.17. The same set of events was used and the
average lapse times where Qc was measured are
more or less the same in both cases. This ensures
that the differences in Qc must be related to the
different geological structures sampled by each
data group, mostly due to the different values of
γ and ν in these areas. From the results shown
above, we found that the f model (Morozov 2008,
2009a; Morozov et al. 2008), using a different con-
cept of attenuation in a heterogeneous structure,
with scattering likely occurring in the near-surface
as opposed to random scattering at great depths in
a uniform and isotropic background) explains the
same data as the traditional Qc( f ) model. We thus
recommend that the f model should be tested
with data sets in other areas.

Author's personal copy



408 J Seismol (2011) 15:391–409

From the f model applied to Porto Gaúchos
earthquake data, Brazil, an important conclusion
is that γ = geometrical attenuation is higher in
intraplate active area of the Parecis basin than
in the more stable area of the Amazon craton,
consistent with similar studies in other regions
(Morozov 2008, 2009a; Morozov et al. 2008).

So, we conclude that determination of coda Q
with local earthquakes, besides giving informa-
tion on seismic wave attenuation, can be used as
additional qualitative information on the shallow
crustal structure. Higher or lower values of Q0

may indicate shallower or deeper basement depth.
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