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ABSTRACT. Receiver Function studies contribute to the understanding of crustal structure and its evolution by characterizing the internal physical properties of the
Earth, such as seismic wave velocity and Poisson ratio. The data inversion technigue enables to modeling of crustal structure, seeking a geologically consistent model
that provides a quantitative analysis of the related process. The linearized inversion of Gauss-Marquardt-Levenberg method was applied to the Receiver Function synthetic
and real data, obtained by geophysical surveys in Central Brazil, using the Parameter Estimation (PEST) software. The Receiver Function inversion was performed varying
only S wave velocity parameter. Synthetic data inversion converged and data fitting was optimal when the initial velocity models used were close to the reference model.
The inversion results of Receiver Function data, obtained from nine seismographic stations, using models of crustal structure and velocity distribution based on studies
of seismic refraction and Receiver Function were deemed reasonable. Crustal mean velocities are compatible with velocity estimates obtained by previous geophysical
studies. The inversion method used here is promising for crustal structure investigations, while PEST software proved to be very efficient, enabling inversion control
parameter configuration and monitoring of the process by statistical results.

Keywords: data inversion, Receiver Function, Central Brazil.

RESUMO. Estudos geofisicos de Fungdo do Receptor contribuem para a compreensdo da estrutura e evolugdo crustal por meio da caracterizagio das propriedades
fisicas do interior da Terra, como velocidade da onda sismica e razdo de Poisson. A técnica de inversdo de dados possibilitaa modelagem da estrutura crustal, buscando
um modelo geologicamente consistente e que fornega uma andlise quantitativa desse processo. Aplicou-se 0 método de inversdo linearizada Gauss-Marquardt-Levenberg
adados de Fungdo do Receptor sintéticos e reais, obtidos em levantamentos realizados no Brasil Gentral, utilizando o programa Parameter Estimation (PEST). A inversdo
da Funcdo do Receptor foi realizada com variacdo apenas no parametro de velocidade da onda S. A inversdo de dados sintéticos apresentou convergéncia, além de
6timo ajuste dos dados quando utilizou-se modelos de velocidades iniciais préximos do modelo de referéncia. Os resultados das inverses dos dados de Fungdo
do Receptor, obtidos a partir de nove estacdes sismograficas, utilizando modelos de estrutura crustal e distribuicdo de velocidades baseados em estudos de Fungdo
do Receptor e sismica de refragdo, mostraram-se razodveis. As velocidades médias crustais sao compativeis com as estimativas de velocidade obtidas por estudos
geofisicos anteriores. O método de inversdo adotado mostrou-se promissor para estudos da estrutura crustal, e o programa utilizado para executar a inversdo dos dados
revelou-se bastante eficiente, possibilitando a configuragdo dos pardmetros de controle da inversdo e o acompanhamento desse processo por meio dos resultados
estatisticos.
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INTRODUCTION

Determining the physical properties of the continental crust im-
proves the understanding of its structure and evolution; there-
fore, geophysical investigations contribute to the knowledge of
the deep crustal portions. An elastic wave that propagates from a
source within the Earth travels through rocks and structures mod-
ifying their characteristics, so that the earthquake recorded by a
seismographic station carries all the information about its prop-
agation. The Receiver Function (RF), a technique developed by
Langston (1977, 1979) to analyze teleseismic signals, is defined
as the deconvolution of the radial component with the vertical
(Langston, 1979, Owens et al., 1987). This function enables to
gstimate crustal thickness and ¥p/ ¥ ratio using the phase dif-
ferences converted in S, further details are given in Owens et al.
(1984) and Ammon (1997).

Applying the inversion to the Receiver Function data, it is
possible to model the crustal structure and to seek a geologically
consistent model that links the physical parameters and gives a
quantitative analysis of the process.

This study aims to enhance the understanding of the crustal
structure and confirm the inferences made from the extrapolation
of the existing Receiver Function and geological data, through
direct and inverse modeling of the Receiver Function data ob-
tained in surveys conducted in the central Tocantins Province.
The Gauss-Marquardt-Levenberg linearized inversion method
will be applied to the Receiver Function sinthetic and real data,
using the software Parameter Estimation (PEST, developed by
Doherty, 2005).

The test was performed on real data for the stations that be-
long to USP and UnB/USGS (Fig. 1), located in Central Brazil.
Figure 1 shows the boundaries of the study area inserted in the
geological context of the Tocantins Province (Almeidaetal., 1981)
and the directions of present structural features. Seven stations
were temporarily set up in the Tocantins Province, with the excep-
tion of PP1B station located at the border between this province
and the Parand Basin. The permanent BDFB station is, currently,
a primary station (PS07) of the Comprehensive Nuclear-Test-Ban
Treaty Organization (CTBTO).

The Tocantins province is delimited on the east by the Séo
Francisco craton, southwest by the Parand Basin, northwest by the
Amazonico craton and north by the Parnaiba Basin. It represents
the extensive Neoproterozoic orogen related to the Brasiliana/Pan-
Africana Orogeny (Pimental et al., 2000) and resulted from the
convergence of the Amazonico and Sdo Francisco-Congo cratons
and the Paranapanema block, which is currently covered by the
Parana Basin (Pimental et al., 2000; 2004).

Geology and geophysical studies

The Tocantins Province includes the Araguaia, Paraguay and
Brasilia belts. The Araguaia and Paraguay belts occupy the west-
ern portion of the province bordering the Amazonico Craton, the
Brasilia Belt is located on the eastern part of this province border-
ing the western bank of the Sdo Francisco craton. Sedimentary
deposits of the Parand and Parnaiba Basin cover, respectively, the
southern and northern boundaries of the Province (Fuck et al.,
2007), and an important structure consisting of a system of tran-
scurrent shear zones, called Transbrasiliano Lineament traverses
the whole province (Cordani et al., 2000). Detailed geological
characteristics of each portion of the Tocantins Province are given
in Fuck et al. (2009).

Seismic characteristics of the crust are directly related to the
tectonic environment. Analysis of the global results of seismic re-
fraction data could establish behavior trends for the structure of
the continental crust as a function of thickness and average ¥/, for
gach geotectonic environment (Holbrook et al., 1992; Christensen
& Mooney, 1995).

Table 1 lists the tectonic environments shield; platform; oro-
geny; basin; large igneous province and extended crust (Basin et
al., 2000; Holbrook et al., 1992).

The interpretation of seismic refraction data of Central Brazil
yielded a model of crustal structure defined by three layers with
smooth velocity gradient. This study showed that Moho depth
varies between 32 and 43 km, and average Vp in the crust
changes from 6.3 km/s below the Goids Magmatic Arc, up to
6.4 km/s under the Goids Massif and the eastern portion of the
Brasilia Belt (Berrocal et al., 2004). A thin crust of approximately
38 km was detected under the Brasilia Belt, while a thicker one,
about 42 km thick, was detected under the Parand Basin and
Séo Francisco Craton.

The crusts beneath the Sdo Francisco Craton and Goids
Massif were characterized by thicknesses of about 42 and 38 km,
respectively. The largest crustal thickness (approximately 43 km)
was measured below the mobile belt, and the lowest thickness
(about 34 km) beneath the Goids Magmatic Arc. The observed
Vp in the mantle varies between 8.3 km/s on the eastern portion
and 8.0 km/s on the west side of the Province.

GAUSS-MARQUARDT-LEVENBERG METHOD

The Gauss-Marquardt-Levenberg (Levenberg, 1944; Marquardt,
1963) iterative method provides a numerical solution to the
mathematical problems of minimizing generally non-linear least
squares function and consists of a refinement of the Gauss-
Newton, which in turn is a variant of Newton’s method.
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Figure 1 — Map of seismographic stations in Central Brazil. The triangles indicate the stations that were used in this paper.

Table 1 — Seismic characteristics of the crust in tectonic areas.

Tectonic Haverage* | Hmodal* | ¥, average* Vo) Vo)™ | (V) Vi modal)*™
area (km) (km) (km/s) prs pres
Shield 41,85 40-42 6,2-6,8 1,84 1,81
Platform 41,44 42-44 6,4-6.6 1,78 -
Orogen 42,62 36-50 6,4-6,6 1,78 1,81
Basin 43,68 40 - - -
Igneous Province 35,46 44 - - -
Stretched crust 30,15 30 6,0-6,6 . .

*Compiled from Bassin et al. (2000). **Compiled from Holbrook et al. (1992).

The relationship between the parameters and observations
may be linearized by the function F(p), if the function is con-
tinuously differentiable with respect to all p parameters of the
model. The solution is then achieved by minimizing the following
function:

—

d =F(p) 1)
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where d is the observed data vector.
The objective function can then be written as follows:

F=d-F@p) (d-F@p) @)
Given the initial parameter po, the method produces a series of

Vectors, pi1, pa, ..., pn, Which are expected to converge to p.,
a local minimum for the F(p) input function to be fitted.
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Consider the set of initial observations dy, generated from the
set of parameters py, and the set of observations d generated by
the parameter vector p, which differs from vector po. Expanding
F(p) in a Taylor series gives:

F(p) = F(po) + F'(po)(p — po)
+F"(p0)/2Up — po)* + -+ + Fu(po)/n'(p — po)"

When the difference (p — po) is very small, we can neglect terms
of order greater than 2, and Eq. (3) is simplified to:

F(p) = F(po) + F'(po)(p — po) (4)
Which can be written as:
d=do+ J(p— po) (5)

J is a matrix with m rows, where » elements of each row are
the partial derivatives of a particular observation with respect to »
parameters. J is the Jacobian of the matrix F(p).

- dF dF 0FT 7
P op opa
0 0F, 0F>
Ip=Fpo=| P 2 pa | (6)
3F, dF, dF,,
L » oy op,

If p. is F(p) local minimum, then it is a critical point and
F'(p:) = 0. Deriving Eq. (4) and equating it to zero, we have:

F'(po) = F"(po)(p — po) (7

F"(po) is known as the square matrix of second-order partial
derivatives of function F(py), also called the Hessian matrix (H).
From Equations (5) and (7), Eq. (2) can be rewritten as:

= (d—do—J(p—p0) (d—do—J(p—po) ©

The equation above is minimized iteratively, where the model
parameters (elements of vector p) are updated by the (p — po)
vector based on the (d — dy) vector, which defines the discrep-
ancy between the values generated by the theoretical model and
the experimental observations. Defining « as the update vector of
model parameters, Eq. (8) is then rewritten as:

u= TN (d — dy) (9)

The update vector « should always point to the negative gradient
of the objective function in order to reach the function minimum.

Marquardt (1963) suggests adding the a factor (Marquardt
coefficient), to the diagonal of the Hessian matrix to stabilize the
function. During the iterative process a is to smaller values cal-
culated iteratively to stabilize the inversion. The update vector
equation is rewritten as:

u=UTT+aD) Ul - dy) (10)

where 7 is the identity matrix. The Marquardt coefficient, «, influ-
ences both direction and size of iteration step. When « > 0, the
matrix of coefficient (J7 J 4 1) is positive, and « is negative.

In addition to model convergence to a local minimum, the
Gauss-Marquardt-Levenberg inversion method described above
provides several statistical parameters that assist in determining
the inversion parameters and analyzing the obtained results.

DATA PROCESSING
Preparation of data for inversion

The data used in the study were recorded by eight seismographic
stations located in the Tocantis Province, spatially arranged as
shown in Figure 1.

Data from fifty (50) seismic events with magnitude between
5.0 and 6.75 mb and epicenter distance between 20° and 80°, of
which 80% were shallow were selected to apply the RF variation
of magnitude and of epicenter distance and the seismic events are
are from the NW direction, sourced in the convergence zone be-
tween the Nazca and South-American plates. Figure 2 shows the
earthquake distribution map used for the RF, rosette diagrams and
graphs of magnitude, epicenter distance and depth.

The data were filtered using the Gaussian lowpass filter with
factor 3, eliminating frequencies higher than 1.5 Hz, except for the
data from CORB, GNSB and SLMB stations, which used Gaussian
filter with factor 2.5. This filter is typically used to reduce high
frequency image noise that affects directly the RF resolution. The
water level used was either 0.001 or 0.01 to eliminate white noise,
and temporal window between 30 and 110 seconds after direct
P This choice took into account the low level of pre-signal noise
and coverage of possible P phase converted into S in the Moho.
The RF was obtained in the frequency domain (pwavegn software,
Ammon 1997).

The crustal thickness and ¥,/ V; ratio values were estimated
using the HK-Stacking method (Zhu & Kanamori, 2000). This
procedure discussed by Franga (2003), Franga & Assumpgdo
(2004), Novo Barbosa (2008) and Pavdo (2010), maximizes the
sum of the amplitudes of the three major phases. The only infor-
mation needed is the average velocity of P wave in the region.

Revista Brasileira de Geoffsica, Vol. 30(3), 2012
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Figure 2 — Left, teleseismic map showing the nine stations that supplied the data used in the Receiver Function. Right, graph showing the epicenter

distance, magnitude, rosettes and depth (km).

In this study, the weights were defined according to values sug-
gested by Zhu & Kanamori (2000): Py = 0.7, P, Pss = 0.2
and P,Sus + PsPgs = 0.1, so that the lighter Py phase is
the most representative in the calculations. The initial 77, values
were based on the mean ¥, values in the crust of Central Brazil
previously published in related works (Assumpgdo et al., 2004;
Bianchi, 2008).

Data processing for inversion

Data inversion requires an initial input model; a forward func-
tion and experimental data-set (field data or synthetic data). The
PEST software used in the inversion allows setting the conver-
gence criterion, maximum allowed iterations and the limit values
of model variation. The results of this inversion are available in
multiple response files generated by the program, facilitating the
analysis. These files display the general result of the process, in-
cluding mean square residue, covariance and correlation matri-
ces, eigenvectors, eigenvalues and inversion evolution at each it-
eration. Furthermore, an output file also provides sensitivity de-
gree as afunction of both model parameters and each observation.

The RF inversion is a sum of velocity contrasts as a function
of depth (Ammon et al., 1990). The RF is mainly influenced by
S-wave velocity and layer thickness; therefore, inversion was per-
formed for a defined velocity structure with fixed horizontal layers
with varying S-wave velocity only.

Brazilian Journal of Geophysics, Vol. 30(3), 2012

The initial velocity model should reflect as closely as possible
the structure of crustal velocity below every station. The velocity
models obtained from the seismic surveys conducted in Central
Brazil (Ventura, 2010) were used for the CV1B and PORB stations.
The initial models for the other stations were based on the re-
gional velocity model for Brazil, the BR90 model (Assumpgao et
al., 2010) (Fig. 3)
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Figure 3 — Regional model BR90 of crustal P wave velocities.

Assuming Poisson’s ratio for a solid rock (0.25 equals to
V,/Vs = 1.73), density can be approximated by p =
0.32V, + 0.77 (Berteussen, 1977), where p is density.

RF inversion was applied to traces with high signal-noise ra-
tio and clear visual identification of S phases converted from P
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Table 2 — Events used in the receiver function inversion.

Station | Year | Day | Hour | Min. | Sec. Lat. Long. | my | Dist. (°) | Az(°)
ARAB | 1998 | 050 | 04 21 45 | -10.67 | -7454 | 57 | 22.68 279
BDFB | 1995 | 019 | 15 05 03 511 | -7291 | 64 | 3214 308
CVIB | 2003 | 265 | 04 45 36 | 1984 | -70.66 | 6.2 | 40.55 325
GNSB* | 2002 | 219 | 23 59 14 780 | -8266 | 56 | 4040 302
GNSB* | 2002 | 212 | 00 16 45 798 | -8278 | 59 | 40.60 302
GNSB* | 2002 | 167 | 02 46 13 874 | -84.02 | 54 | 4204 302
PAZB* | 2001 | 237 | 02 02 02 758 | -8263 | 59 | 3875 303
PAZB* | 2002 | 219 | 23 59 14 780 | -8266 | 56 | 38.89 304
PAZB* | 2002 | 212 | 00 16 45 798 | -8278 | 59 | 39.10 304
PAZB* | 2001 | 106 | 21 54 01 1324 | 9119 | 51 48.87 303
PAZB* | 2001 | 332 | 14 32 33 | 1557 | -9310 | 5.7 | 51.70 304
PORB | 2001 | 237 | 02 02 02 758 | -8263 | 59 | 39.27 300
PP1B | 2002 | 319 | 13 05 40 | -55.64 | -35.66 | 59 | 40.70 163
SLMB | 2001 | 313 | 00 47 58 964 | -8224 | 59 | 4092 307
*Stacked events.

in the Moho. The events used in the inversion process are shown
in Table 2. Each sample of RF trace is interpreted as a different
observation, and it is necessary to assign a weight to each one of
these observations. The weights are used to estimate the parame-
ters and assigned to the residuals to calculate the objective func-
tion, thus discriminating the degree of uncertainty associated with
each data. Therefore, greater weight should be assigned to the
most reliable measurements, which in this case are the P phases
converted to S in the Moho bearing crustal structure information.

The weight values assigned to the samples relative to Py and
multiples selected from tests, whose criteria were the high data
correlation and the waveform data fitting.

At each iteration of the inversion, new ¥ valug is incorpo-
rated into the calculation of the new velocity model, from which
new data (synthetic RF) and residues are produced. This process
continues until the misfit between the observed (observed RF) and
calculated (synthetic RF) is minimum.

The synthetic RF was obtained, first by generating a synthetic
triaxial seismogram using the Kennett reflection matrix (1983)
given by the espknt software, available from Ammon (1997). The
deconvolution of the synthetic seismogram was performed by the
sacdecon software, developed by Herrmann & Ammon (2002),
based on the iterative method in the frequency domain (Ligorria
& Ammon, 1999).

RECEIVER FUNCTION ANALYSIS

Figure 4 shows RF traces arranged according to epicenter dis-
tance (°) for PP1B station. The stations had nine traces aver-

age, and the azimuthal distribution of events is predominantly
SE/NW. Some traces from PAZB and GNSB were stacked to de-
crease signal-noise ratio. The Py phase is evident in all traces,
and there is an alignment phase corresponding to P, Py, multi-
ple reflections in the BDFB, PP1B and PORB stations; however, the
traces of stations CV1B, SLMB and ARAB had a low signal-noise
ratio, hindering the identification of multiple reflections. To esti-
mate crustal thickness and ¥,/ ¥ ratio we used the HK-Stacking
technique (Zhu & Kanamori, 2000) (Fig. 5). Tables 3 and 4 show
the values obtained for ¥,/ ¥ ratio and crustal thickness, re-
spectively, inthis study and the works of Assumpcao et al. (2004),
Bianchi (2008), Lloyd et al. (2010) and Soares et al. (2006).

The estimates given by Assumpcao et al. (2004) and Bianchi
(2008) are based on the analysis of RF traces obtained using the
software PWSS (Schimmel & Paulssen, 1997) and HK-Stacking
(Zhu & Kanamori, 2000), respectively. Lloyd et al. (2010) used
jointinversion of surface waves and RF, while Soares et al. (2006)
used seismic refraction method and Receiver Function.

The values of ¥,/ Vs ratio and crustal thickness given by
the Receiver Function analysis, at this stage, are coherent with
the data already published in studies of the region. One ex-
ception was PAZB station whose data yielded high ¥,/ Vs ra-
tio (1.80 & 0.02 km/s) and crustal thickness (37.7 4 0.8 km)
higher than the reference values. The identification of P, Py, and
P,Sas + Ps Pag multiple reflections, given by HK-Stacking in
the RF traces may have caused this difference. However, crustal
thickness beneath this station is close to the value obtained for
PORB station, also located in the upper portion of the Goids
Magmatic Arc.

Revista Brasileira de Geoffsica, Vol. 30(3), 2012
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Table 3 - Compilation of ¥,/ Vs ratio estimates obtained by geophysical studies performed in Central Brazil.
The ¥ p adopted in our study was 6.3 km/s for BDFB GNSB stations and 6.4 km/s for the others.

Data obtained | Assumpcdo et al. Bianchi Lloydetal. | Soares etal.

in this study (2004) (2008) (2010) (2006)
Station | Vp/ Vs Vp/ Vs V! Vs Vol Vs Vp/ Vs
ARAB | 1,77 +0,03 - - 1,76 £0,03 -
BDFB | 1,68+0,03 1,70 £ 0,01 - - -
CViB | 1,704+0,04 - 1,66 + 0,04 - 1,69
GNSB | 1,71£0,03 1,72 +£ 0,01 1,69 + 0,01 - -
PAZB | 1,80+0,02 1,76 + 0,01 1,75+ 0,03 - -
PORB | 1,7540,03 1,75 £+ 0,02 1,74 £ 0,01 - 1,72 + 0,02
PP1B | 1,70 £0,02 - 1,70+ 0,01 | 1,71 £0,02 -
SLMB | 1,74 40,02 1,74 +£ 0,01 1,73 £ 0,01 - -

Tahle 4 — Compilation of crustal thickness obtained by geophysical studies performed in Central Brazil.

Data obtained | Assumpcdo et al. Bianchi Lloydetal. | Soares et al.

in this study (2004) (2008) (2010) (2006)
Station H (km) H (km) Thickness (km) H (km) H (km)
ARAB 31,7+£1,0 - - 296+13 -
BDFB 420416 419408 - - -
CViB 405+14 - 18+19 - 39.5*
GNSB | 42,1+£12 426409 429403 - -
PAZB 377+08 332+04 333+13 - -
PORB 36,8407 371409 368405 - 37,6
PP1B 335+05 - 333402 333+08 -
SLMB | 328+09 330407 333405 - -

*QObtained by average thickness of RF traces.

INVERSION OF RECEIVER FUNCTION
Synthetic

Several tests were conducted with the synthetic data (Fig. 6) in
order to check the effectiveness of the software used for the inver-
sion, the convergence of the modeled data and the influence of the
factors on the inversion process. The synthetic data were gener-
ated froma velocity model based on a crust with three 11-km-thick
layers and mean ¥,/ Vs ratio of 1.74, whose velocity distribution
is based on the regional crustal velocity model for Brazil (model
BR90). Since this is a linearized version, it is important to use
different initial models to test the effectiveness of the inversion,
that is, how changing the initial model affects the final model.
For the four initial models tested, ¥,/ Vs ratio of each layer
remained constant while only S wave velocity varied. The initial
model 1 contains values close to the reference model, which was
used to generate the synthetic trace, while models 2, 3 and 4 dis-

play more discrepant velocity values. Figures 6 to 9 show the
results of the inversion of the initial models tested.

The test showed that the inversion is efficient, converging and
the waveforms adjust to the phases P, P;, and multiple reflec-
tions, and this can be seen by the high correlation index of the
data (Table 5).

Table 5 — Results for the inversion of the Synthetic Receiver Function.

.| V¥ average | V. average
model | correlation (km/s) (km/s)
reference - 6,41 3,68
model 1 | 0,9876 6,43 3,69
model 2 | 10,9642 6,32 3,62
model 3 | 0,9978 6,41 3,68
model 4 | 10,9073 6,23 3,58

The better the fitting between observed and calculated signals
the closer the final velocity models are to the reference model

Revista Brasileira de Geoffsica, Vol. 30(3), 2012
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Figure 7 — Inversion of synthetic data using initial model 2. a) fitting of the waveform of RF. The blue line represents the observed data and the
red line represents the modeled data. b) Crustal S wave velocity model. The blug line represents the initial model; the red, the final model after
the inversion; and the green, the reference model that generated the synthetic data.

generated from the synthetic data. The best results were achieved
by inversion of models 1 and 3, where correlation indices were
higher and had the best fitting between observed and calculated
waveform data, and the final velocity distribution model most
compatible with the reference model. The mean crustal ¥, and
v, are compatible with the reference values, with the exception
of inversion of models 2 and 4, which are not as efficient.
Despite the fact that in some cases the ¥ value found for
determined layers differs from reference values, the inversion of
RF converges to reasonable average crustal velocity values. Thus,
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RF inversion methodology yields reasonable distribution models
for average crustal velocity.

Real data

The inversion was then applied to RF traces obtained from the
records of stations located in Central Brazil. These signals pro-
vide information about the .S speed structure of the lithosphere
below the stations.

Two different initial models were used for data inversion of
gach station. The initial model 1 was based on the crustal speed
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Figure 8 — Inversion of synthetic data using initial model 2. a) fitting of the waveform of RF. The blue line represents the synthetic data; and the
red line represents the modeled data. b) Crustal S wave velocity model. The blue line represents the initial model; the red, the final model after

inversion; and the green, the reference model that generated the synthetic data.
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Figure 9 — Inversion of synthetic data using initial model 2. a) Fitting of the waveform of RF. The blue line represents the synthetic data; and the
red line represents the modeled data. b) Crustal S wave velocity model. The blue line represents the initial model; the red, the final model after
inversion; and the green, the reference model that generated the synthetic data.

model (model BRI0), which considers average ¥,/ ¥ equals to
1.74 in the crust and 1.85 in the mantle; while initial model 2
was based on the average ¥,/ ¥y values given by the RF analy-
sis using the HK-Stacking software for each station. For the CV1B
and PORB stations, the inversion was performed by a third ini-
tial model of velocities based on seismic refraction surveys con-
ducted in the study area (Ventura, 2010). Table 6 and Figures 10
and 11 show the inversions performed by the Gauss-Marquardt-
Levenberg method for station PP1B. Figure 12 shows the sensi-
tivity data plot for station PP1B.

The ARAB station did not show a clear phase alignment in
the RF multiple reflections, hindering its identification. Therefore,
due to the uncertainty on position of these phases, greater weight
was assigned to Py phase only, which resulted in a sensitivity
peak and fitting of the calculated with respect to observed wave-
form data for this phase only. For the BDFB station, although
model 2 presents an estimate of seismic velocity geologically
consistent, the inversions were not adjusted for crustal phases,
unlike model 1. In CV1B, the three inversions performed fit the
data set corresponding to the Py phase, and apparently the
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Table 6 — Average crustal velocities of P and S waves (km/s) and data correlation after inversion.

Station model 1 model 2 model 3
Vp | Vs | Cor | Vp/Vs | Vp | Vs | Cor | Vp/Vs | Vp | Vs | Cor | Vp/Vs
ARAB | 59 | 34 | 0,99 1.74 63 |35 099 1,77
BDFB | 6,7 | 39 | 090 1.74 62 | 37 | 090 1,68
CviB | 66 | 38 | 084 1.74 63 | 37| 086 1,70 56 | 34 | 087 1,68
GNSB | 64 | 3,7 | 0,86 1.74 6,3 | 37 | 090 1,71
PAZB | 68 | 38 | 082 1.74 72 139 | 076 1,80
PORB | 6,3 | 36 | 082 1.74 = = = = 56 | 33| 082 1,68
PPIB | 65 | 37 | 0,92 1.74 65 | 37 | 082 1,77
SLMB | 6,3 | 36 | 092 1.74 = = = =
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Figure 10 — Inversion of synthetic data for PP1B station using the initial model 1. a) Fitting of the waveform of RF. The blue line represents the
observed data and the red line represents the modeled data. b) Crustal S wave velocity model. The blue line represents the initial model; the red,
the final model after the inversion; and the green, the reference model that generated the synthetic data.

inversions for the 1 and 2 initial models suggest the locations
of multiple reflections approximately 11 and 16 seconds after the
arrival of direct P, despite having relatively low sensitivity for the
samples corresponding to Py and multiple phases. This is due to
the fact that the weight given to these phases is not much greater
than the weight assigned to the other trace samples. The inversion
using model 2 was more consistent with previous works.

The inversion of the RF for the GNSB station fitted the wave-
formin P, P, and multiple phases. The modeled data displayed
low residue compared to the observed data and to multiple reflec-
tions of the S wave. Both inversions are compatible with results
already obtained, while the sensitivity curve in relation to the ob-
servations peaked for P, and multiple phases. For PAZB station,
data fitting given by inversion of model 2 is incipient in the crustal
phases, compared to the fitting given by inversion of model 1,
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the sensitivity curve peaks for crustal phase samples, the values
estimated by the inversion are inconsistent with previous work.

As for PORB station, the fitting of 1 and 2 initial models was
the same, and therefore, model 3 (seismic) was used. The inver-
sions fitted the crustal phase data; however, it showed low sensi-
tivity for the data in general, while inversion using model 1 dis-
played results more consistent with previous work.

The inversion of RF for PP1B station yielded good fitting
for the waveform, mainly for the P, P; and multiple reflection
phases, as well as inversion sensitivity to the observations, which
is also higher in these phases, for both cases. The inversions
of models 1 and 2 yielded correlation coefficients of 0.92 and
0.95, respectively, which suggests a strong correlation between
the (V) parameters of the model, while both inversions were
consistent. For the SLBM station, only the inversion of initial
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Figure 11 — Inversion of synthetic data for PP1B station using initial model 1. a) Fitting of the waveform of RF. The blue ling represents the
observed data and the red line represents the modeled data. b) Crustal S wave velocity model. The blue line represents the initial model; the red,
the final model after the inversion; and the green, the reference model that generated the synthetic data.

model 1 (V,/Vy = 1.74) was performed, since the HK-
Stacking software output did not yield different value for the
V,/ Vs ratio. The RF traces for this station were not aligned in
the phase of multiple reflections. Duge to uncertainty about the
location of these phases, greater weight was assigned only to Py
phase, which resulted in a sensitivity peak and optimal fitting of
the calculated and observed waveform data only for this phase,
and a correlation index of 0.92 after inversion.

DISCUSSION AND CONCLUSIONS

RF tests using synthetic data displayed the expected convergence
for the inversion of initial models built with values close to the
reference model, while also providing good fitting between the
observed and calculated data, thus ensuring the validity of the
inversion methodology used for crustal modeling. Most stations
displayed good fitting for the observed and modeled data in the
Py phase, while for the other analyzed phases, the fitting varied
according to the studied station.

The inversion of the RF using real data performed by initial
model 1, built based on the regional distribution model of crustal
velocities (model BR90), yielded a better fitting than the inver-
sion of initial model 2 based on the ¥,/ Vs ratio estimated by
the HK-Stacking software; however, average crustal 7, value was
high for some stations. On the other hand, the average crustal
values for ¥, and ¥ are more compatible with velocity esti-
mated in previous geophysical studies (Tables 3 and 4). In some
cases, the inversion using both initial models displayed anoma-
lous layers with low crustal velocity. The result of the inversions

of initial model 3, built from seismic refraction models did not
fit adequately the observed and calculated data, although this
initial model is geologically consistent. But, because the inver-
sion method is linearized, it does not solve the convergence
problem of the objective function to a local minimum and there
could be more than one solution that satisfies the data and fit the
criteria. The choice of initial model that theoretically reflects the
subsurface crustal structure does not guarantee the convergence
of the solution.

The correlation coefficient is closely related to the fitting of
the samples, to which we assigned weight in the inversion. The
sensitivity of the inversion with respect to observations is influ-
enced by the weight assigned to each sample. This is shown by
the sensitivity curves obtained, which peaked for Py and multi-
ple reflection phases when they were identified, thus suggesting
greater participation of these samples in the process of parameter
estimation. When the weight given to these phases is much higher
than the weight assigned to the other samples, the sensitivity peak
is also much higher than the amplitudes reached by the remainder
of the curve, and when the weight difference is small the sensitivity
peak is also smaller.

Considering that we assumed constant ¥,/ ¥ ratio during
the inversion process, the high contrasts obtained for S wave
velocities also imply in high contrast for P wave velocity, which
should not occur because S wave varies more across the litho-
sphere compared to P wave (Zandt & Ammon, 1995). There-
fore, it is plausible and recommended the inclusion of the ¥,/ ¥
ratio as a parameter in the inversion process in order to evaluate
the results.
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Figure 12 — Sensitivity curve for the inversion of PP1B data using initial model 1 on the left; and initial model 2, on
the right. The blue line represents observed data; the red, modeled data; and the green, sensitivity curve inversion.

The inversion method shows potential to study the crustal
structure. The ambiguity of the results can be reduced by using
joint inversion of different parameters or adding databases from
different geophysical methods.

In this study, we performed the inversion of the seismic wave
velocity parameter for the RF data. However, the thickness of the
crust and of each layer, which make up the adopted structural
model, may affect the inversion results. Further detailed ana-
lysis is, therefore, recommended to observe the extent of adopted
thickness influence on the initial inversion model and if it is pos-
sible to insert this parameter in the inversion process.

The PEST software used to invert the data was very efficient,
and it allowed setting the parameters to control inversion and to
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follow the inversion process through statistical results. Its versa-
tility makes it a good choice for modeling joint inversion.
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