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Abstract

Flood basalts in the Paraná basin make exploration of the
deeper sedimentary sequence more difficult with seismic
reflection methods. We present a new method to obtain
information about sub-basalt layers by joint inversion of
Receiver Functions (RF) and Magnetotelluric (MT) data.
Using genetic algorithm, we obtain 1D models of the main
layers of the basin beneath three seismographic stations.
Thicknesses of the basalt layer were estimated at 1 km,
and basement depth were found to range from 3.7 to 4.4
km, roughly consistent with expected values based on the
sparse regional borehole data. Joint inversion produces
more stable models than inversion of RF  or MT data
alone. Deep earthquakes in the nearby Nazca plate
subduction zone are a good source of high frequency P-
waves making the joint RF+MT inversion a promising
method to study shallow sedimentary basins in Brazil.

Introdu ction

          Imaging sub-basalt layers by conventional seismic
reflection methods can be a difficult problem in many
areas. Seismic surveys in the Paraná basin in the 1980's
could not always find the crystalline basement very clearly
(Rosa et al., 1982; Souza, 1982). The high seismic veloci-
ty of the flood basalts create a major obstacle to image
the underlying sedimentary structures with lower seismic
velocity (e.g., Moritz & White, 2001). The large acoustic
impedance contrast (reflectivity coefficient) between the
shallow weathered basalts and fresh volcanic rocks and
between this and the sedimentary layers, rebound and
scatter much of the incident seismic energy. Multiple
reflections in the basalt layer often obscure the weak
signals from the deeper interfaces, and interference from
interbedded units within the basalt act as a low-pass filter
to the seismic waves (Souza, 1982; Ziolkowski and
Fokkema, 1986). For these reasons, magnetotelluric
soundings were used for a regional mapping of basement
depths in the Paraná basin (Stanley et al., 1985). Some
alternatives have been proposed to improve the seismic
response from basalt-covered areas, such as wide-angle
data (Jarchow et al., 1994) and low-frequency reflection
data (Souza, 1982; Ziolkowski et al., 2003). In our study
we analyse data from distant earthquakes together with
magnetotelluric soundings to investigate the main layers

of the basalt covered intracratonic Paraná basin and
determine the basement depth.

        Seismological methods have been extensively deve-
loped  to extract information about the receiver structure
beneath a seismic station from the records of distant
earthquakes, called Receiver Function (RF) method (e.g.,
Langston, 1979; Ammon, 1991; Wilson & Aster, 2003),
and have been successfully used for deep crustal studies
worldwide (e.g., Zandt & Ammon, 1995). Crustal studies
in the Paraná basin using RF (Assumpção et al., 2002;
França & Assumpção, 2003) show a series of shallow
reverberations and conversions due to the sedimentary
pack beneath the station. For deep crustal studies with
RF, frequencies lower than ~ 1 Hz are commonly used.
Much higher frequencies can be used to study shallow
layers. The Paraná basin is conveniently located near the
Nazca plate subduction zone, where the high frequency P
waves from intermediate and deep earthquakes are not
much attenuated since the propagation path avoids the
asthenospheric wedge above the subduction zone, and
the asthenosphere beneath the South American stable
platform is not much developed.

Geology

          The study area (Fig. 1) is characterized mainly by
basalt rocks (Serra Geral formation of Late Jurassic age),
with a thin cover of sandstones (Adamantina formation of
the Cretaceous Bauru group). Basalt thickness is
expected to be around 1 km beneath our seismic stations.
Below the basalt layer, sandstones of the Paleozoic
Botucatu Formation holds the important Guarany
acquifer. The dashed lines in Fig. 1b are interpolated
values of basement depth, based on very sparsely
distributed borehole data, where a value of the order of 4
to 5 km is expected. Stanley et al. (1985) inverted MT
soundings with 1D models and estimated a depth to the
electric basement of about  4 km in this area.

Receiver Function

          The recorded seismic waveform of a distant earth-
quake has information about the source, path through the
mantle and local structure under the station. The decon-
volution operation (dividing the radial by the vertical com-
ponent) removes almost all effects from the source and
propagation path in the mantle. The time-domain trace of
this transfer function, called the “receiver function” (RF for
short), contains essentially all the P- to S-wave conver-
sions and reverberations at interfaces with S-wave velo-
city contrasts (Langston, 1979; Ammon, 1991; Wilson &
Aster, 2003).  Fig. 2 shows the ray diagram for the
converted Ps and the multiple phases from one
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Fig. 1. a) Epicenters (stars) used for the RFs. Dots in the Paraná
basin are deep wells that reached the basement. b) Study area
with seismic stations (solid triangles) and MT soundings (circles);
dashed line is inferred basement depth from the deep weels

interface (bottom of layer 1) and the theoretical receiver
function. The Ps conversion (labelled “1-s”, where the first
number refers to the interface) is followed by two multiply
reflected phases (labelled here “1-2ps” and “1-p2s”,
according to the number of branches above the interface,
i.e., two P-wave branches or two S-wave branches,
respectively).  RFs have been successfully used to study
crustal and upper mantle discontinuities (e.g., Meijde et
al., 2003; Wilson & Aster, 2003). The near surface low-
velocity layers in a sedimentary basin affect the shape of
the receiver functions but are usually modelled as a single
average layer in studies of the deep crust (e.g.,
Assumpção et al., 2002; Meijde et al., 2003). Detailed
information of the sedimentary layers, such as obtained
by Julià et. al.(2004), are rarely a target for receiver
function analysis. This is because the high frequencies

necessary to sample thin layers are more susceptible to
scattering from small scale lateral structure variations,
and the usually low signal-to-noise ratio at frequencies
above ~4Hz for teleseismic distances.

             
Fig. 2.  Simplified diagram showing the various P-to-S converted
waves from a single interface. top) receiver function. bottom) ray-
paths. Note that the phase 1-p2s is actually composed of two
different phases with the same arrival time for horizontal layers:
1-pss + 1-sps.

  
Fig. 3.  RF for four layers over a half-space. Velocity model taken
from the inversion results of station capb. The first number in the
phase labels refers to the bottom of the layer at which conversion
and reflections will occur. For example, "2-s" is the P-to-S
conversion at the bottom of layer 2; phase "3-2ps" is the P
incident at the bottom of layer 3, followed by two branches of P
wave and one branch of S wave.
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           Fig. 3 shows the expected receiver function from a
sedimentary pack consisting of two (weathered and fresh)
basalt layers overlying two sedimentary layers. Each
interface, such as interface 2 (basalt/sediment) and
interface 4 (sediment/basement) will produce three
converted phases, one direct P-to-S conversion and two
multiply reflected phases. Note that only phases arriving
at the station as S waves will show up in the receiver
function, as all other reverberations which arrive as P
wave will have the same radial/vertical amplitude ratio of
the direct P wave and will end up in the first peak of the
receiver function after the deconvolution process
(Langston, 1979).

We used mainly intermediate depth earthquakes
because of their high frequency content, necessary to
sample details within the sedimentary basin. Fig. 1a
shows the epicenters of the two groups of earthquakes
used in this study. The closer events, near the Chile-
Argentina border at about 20o distance, range in magnitu-
de from 4.7 to 6.0 mb and have hypocentral depths from
50 to 190km. The other group of events in Colombia, at a
larger distance of about 40o, have magnitudes ranging
from 5.3 to 6.6 and depths from 8 to 174km, with the
smaller events (mb<5.5) deeper than 100km. The shape
of the receiver function (i.e, the times and amplitudes of
the Ps conversions and multiples) depends on the angle
of incidence of the P-wave at the base of the receiver
struc-ture, which is determined by the slowness of the P
arrival. The similar distances (and P-wave slownesses)
within each earthquake group allows to stack the receiver
functions to improve the signal-to-noise ratio. To obtain
the receiver function, we used the first 20 s of the P-wave
train, although only the first 4 s of the receiver functions
were actually used in the inversion. In deconvolving the
vertical from the radial component multiple taper spectral
analysis (Park & Levin, 2000) were used, which minimizes
spectral leakage, a common problem in short-length time
series. Frequencies up to 10Hz were used and spectral
estimates of the noise before the P-wave onset was used
as the water level to stabilize the deconvolution.

Stacked Receiver Functions

          Fig. 4 shows the receiver functions of station cap09
from the two earthquake groups: Chile-Argentina border
with back-azimuths to the West, and Colombia with back-
azimuths to the NW). High coherence can be observed
among the traces with one main peak at 0.9s. The
stacked traces were obtained by using the pre-event rms
noise to weigh each individual trace. The stacked trace is
shown with a gray band indicating the standard deviation
of each stacked sample. The average of all standard
deviations was later used in the inversion procedure. The
stacked trace indicates there are at least two other
smaller peaks at about 0.3 and 0.5s. Fig. 5 compares the
stacked traces for all three stations. Good coeherence is
observed among the three stations with two small peaks
at about 0.3 and 0.5s at all stations and a large peak at
0.75s at capb and 0.9s at the other two stations. This
indicates that the structure of the sedimentary pack is
relatively uniform beneath the three stations.

  
Fig. 4.   Receiver function stacks for station cap09 using pre-
event rms noise as weights. Two groups of individual traces are
shown, one for events from the West (bottom section, with
slowness around 0.111 s/km), and the other for events from NW
(top section, with slownesses around 0.077 s/km). Gray zone
around the stacked trace denotes the standard deviation.

Fig. 5.  Comparison of the RF stacks for the three stations.
Numbers on the right are the average slowness of each stack.
Note the large peak at 0.75s for capb and 0.9 s for cap12 and
cap09, which is the P-to-S conversion at the sediment/basement
interface.
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Magneto-Telluric soun dings

          The magnetotelluric (MT) method measures the
naturally occurring electromagnetic fields to determine
sub-surface resistivities. The source signals are caused
by magnetospheric and ionospheric currents (period
above 1 s) or by lightning discharges on a near global
scale (periods lower than 1 s). The depth to which the
incident electromagnetic fields penetrate depends on the
period of the field and the resitivity of the medium. By
studying the variation in response as a function of period
the variation in resistivity as a function of depth may be
determined.

          The fundamental quantity of interest for MT is the
impendance tensor Z which is the transfer function
between mutually orthogonal, horizontal components of
magnetic and electric fields,

Ex = Zxx Hx  +  Zxy Hy
                                                                                    (1)
Ey = Zyx Hx  + Zyy Hy

where E and H are horizontal components of the electric
and magnetic fields, respectively, and (x,y) denotes the
orthogonal components of horizontal direction.

          For a one-dimensional (1D) horizontally-layered
conductivity structure (as, for instance, in a sedimentary
basin), the impedance tensor takes on a very simple form,

Zxy = Ex/Hy = -Zyx = -Ey/Hx;     Zxx = Zyy = 0          (2)

          The MT response is commonly expressed through
the magnitude (apparent resistivity) and phase of the
impedance tensor components. Plots of apparent
resistivity and phase against frequency are the results of
a MT sounding at a given site. A fuller description of the
MT method is given by Vozoff (1991).

          In this study, MT data were collected at six different
sites (Fig. 1b), one site near each of the seismic stations
and the others more distant to allow for remote reference
processing. Commercial wide-band MT systems (ADU 06
from Metronix) were used at every site in a coordinate
system with one of the horizontal axis aligned with the
magnetic meridian. The telluric field variations were mea-
sured with 100 m dipoles, in a cross-configuration, with
non-polarizable lead-lead chloride electrodes, whereas
the magnetic fields were measured with induction coils for
the two horizontal and one vertical components.

          The complex-valued MT tensor elements were
estimated using the code from Egbert and Booker (1986).
As the raw data had excellent quality, processing with
remote reference was not necessary. Fig. 6 shows the
apparent resistivity and phase curves for some sites after
single station processing. The shape of the curves are
typical of a sedimentary basin. The increase of the appa-
rent resistivities up to about 0.1s results from the
increased resistivities of the fresh basalt layer. The low
values between 1 and 10s are caused by the low resisti-

vities of the sedimentary layers, and the final increase at
longer periods results from the high resistivities of the
basement. The similarity of apparent resistivities and
phases calculated from the XY and YX components of the
impedance tensor shows that the geoelectrical structure
can be well explained with 1D models. Different tests of
the impedance tensor confirmed the 1D nature of the
sedimentary pack. Apparent resistivities and phases can
then be inverted to an assumed 1D layered structure
under each site. Rotationally invariant data (Ranganayaki,
1984) have been used, as they proved usefull in reducing
the effects of local structures (Ingham, 1997).

Fig. 6.  Examples of apparent resistivities and phases for three of
the six MT soundings. Note good coherence between XY and YX
components indicative of 1D structure.
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Joint inversion with Genetic Algorithm

Modelling the receiver function waveform is a
highly non-unique problem (e.g., Ammon et al., 1990)
because any specific peak can be interpreted in different
ways, such as a P to S conversion from a deep interface
or a multiply reflected phase from a shallower layer.
Linearization methods can be used to model RF (Ammon
et al., 1990; Ammon, 1991) using several different starting
models to account for the non-uniqueness. Regularization
is often necessary, such as smoothness constraints, to
stabilize the solutions. Alternatively, global search
methods like Genetic Algorithm (e.g., Shibutani et al.,
1996) can also be used to account for the solution
diversity.

         To invert RF and MT data simultaneously, we used
a Genetic Algorithm (GA) procedure with the subroutines
of Levine (1996). GA is useful for allowing the range of
model parameters to be chosen according to a-priori
geological information. We modeled the sedimentary
basin with four layers over a half-space: the first two
layers represent weathered and fresh basalt, the third and
fourth layers are sedimentary rocks, and the half-space is
the granitic/gneissic basement. Vp/Vs ratio was fixed for
all layers at 1.76 based on analysis of local induced
seismicity by Assumpção et al. (1995). Souza (1982)
estimated Vp/Vs ratios of about 1.9 for the basalt and 1.7
for the underlying sediments, which would give an
average value for the four layers close to the adopted
1.76. The limits for the P-wave velocity in the fresh basalt
layer were 4.0 to 4.4 km/s.) MT soundings in the Paraná
basin (Stanley et al., 1985) show a range of resistivities
from 2 ohm-m near the surface to 500 ohm-m in
basement. The density of each layer was fixed, based on
Yamabe et al. (1997), Yamabe (1999) and well-logging
data for the Paraná basin (e.g., Milani et al., 1994).

          Some additional geological constraints were
imposed to the model. The seismic velocity of the sub-
basalt layer should be smaller than the velocity of the
fresh basalt (allowed Vp range of 3.2 to 3.9 km/s), and the
seismic velocity of the basement (half-space) must be
larger (range of 4.6 to 6.3km/s) than that of the overlying
sedimentary layer (3.9 to 4.5 km/s). All parameters have
upper and lower limits according to other regional studies
of earth resistivity and seismic velocities  in the Paraná
basin.

      Layer thicknesses were allowed to range from 0.2 to
2.0 km each, except for the weathered basalt which was
restricted to 0.1- 0.3 km. Thus, the basement could be as
deep as 6.3 km.

Results

          Fig. 7 shows the resulting 20 best models for
station capb of the RF+MT joint inversion and the
separate inversions with RF and MT data only, together
with the data fitting.  RF+MT joint inversion produces
geologically more reasonable results, such as a 1 km

thick basalt layer, a 3.6-3.8 km depth for the basement
and a Vp of 5.6 km/s for the basement.

          Similar results were found for the other two
stations, cap09 and cap12. Some features are consis-
tently observed at all stations: a shallow surface layer,
approximately 100 m thick, with low velocity and low re-
sistivity. Below, the fresh basalt layer is seen as a high
velocity and high resistivity layer. The total basalt thick-
ness was defined at 1.0 km for all three stations, consis-
tent with expected values in this area of the basin. The
velocity inversion zone, seen at about 1 km depth,
coincides with a low resistivity zone corresponding to the
sedimentary rocks. The high-velocity half-space has high
resistivity confirming it is the crystalline basement.

Fig. 7. Inversion results for capb station with velocity models,
resistivity models and data fitting.   A) RF and resistivity fits for
RF+MT joint inversion. B) P-wave and resistivity models from the
joint inversion. C) Inversion of RF only. D) MT-only inversion.
Note that RF-only inversion produces an unrealistic low Vp (~5
km/s) for the basement. MT-only inversion gives a basement
depth of only 3 km. Results from the joint RF+MT inversion are
geologically more reasonable.
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Receiver functions depend more on velocity
contrasts between adjacent layers (which determines the
amplitudes of the P-to-S conversions) and vertical travel
times (which determines the arrival times of the various
phases). For this reason, absolute velocities are not well
determined by RF inversion, specially the velocity of the
half-space. When inverting for RF only, smoothness cons-
traints were imposed on the velocity model which produ-
ced unreallistic low velocities for the basement (P velocity
< 5 km/s). The RF+MT inversion produces more rea-
sonable VP velocities for the basement (a range of 5.0 –
6.0 km/s) without the need of smoothness constraints to
regularize the inversion. Overall, the joint RF+MT inver-
sion produced models geologically more reasonable. The
basement depth beneath the three stations varied from
3.7km (capb) to 4.4 km (cap09 and cap12), in general
agreement with expected values from regional borehole
data.

Conclusions

         High-frequency receiver functions are a promising
tool to investigate deep sedimentary basins in Brazil,
specially because of the nearby deep earthquakes of the
Andean subduction zone. Joint inversion with MT
sounding helps to regularize the velocity model and
produce more stable results. These preliminary inversion
tests show good agreement with the expected main
features of the Paraná basin in the Capivara area.
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