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Abstract

The average layered structure of the intracratonic Parand Basin, SE Brazil, is investigated with surface-wave group
velocities from a small regional earthquake recorded by two broadband stations. Rayleigh and Love waves in the
period range 1-4.2 s are used to infer average properties down to about 4 km. Genetic algorithm techniques are used
to find the best fitting 1-D S-wave model. The inverted 1-D models show fair correlation with the average properties
of the propagation paths as expected from geology and borehole information. However, different S-wave velocity
models are obtained for the different inversion parameterizations. Since lateral heterogeneities are expected along the
paths, several synthetic tests are performed with heterogeneous propagation paths. For approximately homogenous
path (i.e., little lateral variation), the main features of the average synthetic model can be retrieved for different model
parameterizations. For strong lateral variations, however, the average dispersion curve can produce very different
1-D inverted models depending on the parameterization. Also, the 1-D inverted models may differ significantly
from the average properties of the inhomogeneous path, and wrong depths to interfaces may be inferred. For real
data inversions, it is then suggested that various different parameterizations should be tested. If the resulting models
show consistent features, this probably indicates homogeneity in the propagation path. But, if very different and
unstable features are obtained in the 1-D inversions, then strong lateral variation may be present in the propagation
path, and the average 1-D model may not represent average properties along the path.

Introduction

Surface wave dispersion is extensively used to get the
S-wave velocity structure in many different depth
scales. In seismology, long-period surface waves (up
to 200 s) are used to study the upper mantle struc-
ture down to about 300 km depth. Short-period surface
waves (~0.5 to 2 s) can give information on the shal-
low crustal layers, such as sediments, down to a few
kilometers (e.g., Kocaoglu and Long, 1993; Chourak
et al., 2001). In seismic exploration, high frequency
Rayleigh waves can be used in geotechnical studies of
soil down to tens or hundreds of meters as if it were an

in-situ method to determine shear-wave velocity profile
(Stokoe and Nazarian, 1983; Stokoe et al., 1989).
Surface wave dispersion is commonly inverted with
linearized least squares techniques such as in esti-
mating the crustal and upper mantle structure (e.g.,
Herrmann, 1987; Herrmann and Ammon, 2002) or in
geotechnical studies (e.g. Stokoe and Nazarian, 1983).
In recent years, global algorithms have been applied
to the inversion of surface wave dispersion, such as
Genetic Algorithm (GA) (Lomax and Snieder, 1995;
Shi and Jin, 1996; Yamanaka and Ishida, 1996; Zhang
et al,, 1998; An and Assumpcdo, 2001, 2005) and
Neighborhood Algorithm (NA) (Snoke and Sambridge,
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2002). Lomax and Snieder (1995) configured the sim-
ple GA (SGA) parameters and misfit function to search
all acceptable models. Zhang et al. (1998) compared
the acceptable results of SGA inversion with those of
linearized least squares, and concluded that SGA can
be used to map out the model space. In these experi-
ences, SGA is used to sample all acceptable models but
not to find the best model. In order to get the best result,
Shi and Jin (1996) analyzed manually the distribution
of all model parameters, and showed that SGA can find
the best model in the inversion of surface wave disper-
sion. Using all previous optimal models to constrain the
parameter space to smaller ranges often improves the
total search efficiency (An and Shi, 1996). Yamanaka
and Ishida (1996) applied SGA to the inversion of a
shallow structure (4 to 15 km) using surface wave dis-
persion (1-20 s). An and Assumpg¢ao (2005) combined
genetic algorithm with a random trial and error jump
(“hybridized” GA) to further improve the good models
in each generation. Because this hybridized GA (HGA)
not only is less sensitive to the initial models, popula-
tion size and the search resolution but also can find the
optimum solution and explore wide acceptable model
space (An and Assumpcdo, 2005), it is used in this
paper.

Inversion of surface wave dispersion is usually done
with horizontally homogeneous model. In real obser-
vations, the path always crosses different geological
provinces, and the resulting 1-D model is taken to repre-
sent an average of the structure along the path. But how
similar to the “average” structure is the inverted model?
This is an important question in interpreting the in-
verted models. Kennett and Yoshizawa (2002) showed
the horizontal strongly heterogeneous path can cause
obvious perturbation on the observed phase (velocity)
of surface wave because the trajectory is controlled by
the phase-speed variations. If the variation on the tra-
jectory is considered, can the path-average model rep-
resent the average structure? In this paper, we used syn-
thetic tests to study the effect of lateral variations on the
inverted 1-D path-average model and how to identify
the strong horizontal heterogeneity from inverted mod-
els, which can help the interpretation of the real data.

The intracratonic Parand Basin has been studied
with long-period (10-150 s) surface waves by Snoke
and James (1997), Zhang et al. (1998), Snoke and
Sambridge (2002), and An and Assumpg¢do (2001,
2005). The estimated lithospheric thickness is at least
100 km. Crustal thicknesses varies from 40 km, near
the edges, to about 47km near the center of the
Parana Basin, as determined from receiver functions

(Assumpcio et al., 2002). Thicker crust occurs ap-
proximately where total sediment is also thicker (about
6 km). The observed long-period surface waves have
no resolution on the sedimentary (0-5 km) layers. Be-
cause of the strong trade-off between all parameters
in the surface wave inversion, the lack of constraints
on the sedimentary layers increases the uncertainty in
the estimated upper crustal S-wave velocities. Aver-
age velocities in the sediments could better constrain
the crustal models in studies with long-period surface
waves. Here we use group velocities of short-period
(1-4.2 s) surface waves from one small earthquake
(magnitude 3.8 my) to study the average properties of
the sedimentary layers. Seismic activity in the Parana
Basin is one of the lowest in Brazil (Assumpgdo et al.,
1997), and this event presents a rare chance to study the
basin’s average structure with surface wave dispersion.

Study region and observed data

The intracratonic Parand Basin in SE Brazil started
subsidence in the Early Paleozoic and had three
main depositional sequences in the Paleozoic pre-
dominated by sandstones (Silurian, Devonian and
Permo-Carboniferous). During the Mesozoic, the basin
evolved with deposition of two major continental sedi-
mentary sequences: Triassic Piramboia Formation, and
Jurassic Botucatu Formation (Zalén et al., 1988, 1990).
In Early Cretaceous (~137-130 Ma), just prior to the
South Atlantic opening, a large volume of basalt flow
covered the entire basin reaching thicknesses up to
1.5km (Serra Geral Formation) near station POPB
(Figure 1). After the Atlantic rift, additional subsidence
allowed another sequence of sandstones (Bauru For-
mation) making the total thickness of the Parand Basin
reach more than 6 km in some places (Melfi et al., 1988;
Zalan et al., 1990).

The simplified geological map in Figure 1a shows
the epicenter of a local earthquake (Sept. 28, 2000,
magnitude 3.8 m,) and two broadband stations (POPB
and CANB). In the study region, the superficial post-
volcanic Bauru formation is very thin and variable,
less than 200 m or so. Besides this thin surface layer,
there are three main layers: (1) Serra Geral basalt vary-
ing from a few hundred meters to about 500 m for
CANB path and 680-1500 m for POPB path (Melfi
et al., 1988); (2) pre-volcanic sediments, about 1.6—
2.2 km thick for CANB path and 1.6-3.5 km for POPB
path (Melfi et al., 1988); and (3) granitic/gneissic base-
ment. The geological profile shows stronger thickness
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Figure 1. (a) Geological (Schobbenhaus and Bellizzia, 2000) and geographical information. (b) Data from borehole 2-TB-1-SP (CESP, 1991)
whose position is shown in (a); note low densities just below the basalt. (c) Simplified profile along ray paths. Topography is from ETOPOS.
Thin dashed line is the bottom boundary of post-volcanic sediments (Melfi et al., 1988); interface in thin solid lines are from Melfi et al. (1988),
in thick solid lines from DAEE (1976, 1979), in thick dashed lines are estimated from MT surveys (Stanley et al., 1985).

variations in the POPB path compared to the CANB
path. Uncertainties are obvious in the depth mapping
of these interfaces as seen in Figure 1c. Borehole data
(Figure 1b) shows very low densities of pre-volcanic
sediments just below the basalt layer, indicating that a
large velocity contrast should be expected at the base
of the basalt layer. Also, some basic sills in the bottom
of the pre-volcanic sequence can be observed.

Figures 2a—d show the original seismograms, in-
strument corrected and band-pass filtered at 1-5 s,

together with the result of the phase-matched filter
used to isolate the fundamental mode for each type of
wave. Preliminary surface wave group velocities were
determined by multi-filtering technique (Dziewonski
et al., 1969; Herrmann, 1987; Bhattacharya, 1983) us-
ing instrument-corrected traces such as in Figure 2e.
These initial velocities were then used to isolate the fun-
damental mode using phase-matched filter (Herrin and
Goforth, 1977; Herrmann, 1987; Levshin et al., 1998).
All observed fundamental-mode group velocities of
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Rayleigh and Love waves (Figure 4) were determined
by multi-filtering technique using the phase-match-
filtered traces. The seismological programs V3.15 of
Herrmann (2001) and Herrmann and Ammon (2002)
were used. Because uncertainties in group velocities
are difficult to be determined when only one event is
available, uncertainties of one period for the arrival
time of the envelope peaks are taken as the observation
errors (bars in Figure 4).

The largest observed periods are about 3.3 s for
CANB and 4.2 s for POPB, which correspond to wave-
lengths of about 8§ km and 11 km, respectively. The fun-
damental mode surface wave has good constraint on the
S-wave velocities above a depth of about one-third of
its wavelength. This means the observed data can be
inverted for well constrained S-wave structure down to
about 3 km depth for CANB and about 4 km for POPB.

Model parameterization

We used 1-D models with plane layers characterized

by: S-wave velocity (8), P-wave velocity («), density

(p) and thickness (h). The sensitivity of the surface

wave dispersion to each parameter is different and de-

pends on the structure itself, because of the non-linear

nature of the surface waves. It is well known that S-

wave velocity is the most significant parameter in sur-

face wave dispersion inversion with P-wave velocity
and density having only a small effect. For this reason,
it is seldom possible to invert for all parameters inde-
pendently. In this paper, we use a fixed P- to S-velocity
ratio (/B) of 1.732 and calculate the density from the

P-wave velocity.

The inversion was done in three modes with differ-
ent model parameterizations:

Mode 1: S-wave velocity and thickness of a small
number of layers. We invert for both S-wave
and thickness of three layers above a half-
space trying to get the main features of our
model, that is, one basaltic layer, two layers
of pre-volcanic sediments and the basement.
This modeling was based on the geological
information (Figure 1).

Figure 2. (a) Vertical and (b) transverse components of the event
(Sept. 28, 2000) recorded at stations CANB; (c) and (d) at POPB.
Each diagram shows the instrument corrected displacement, band-
pass filtered at 1-5 s, on top; and the phase-match-filtered trace below.
(e) Contour of envelope amplitudes from multiple filtering of POPB
Rayleigh waves (top trace in c); symbols show largest and secondary
amplitude peaks.



Mode 2: Multi-layer, with fixed thicknesses. We use
five layers for the basin sequences with fixed
thicknesses (four first layers with 0.5 km, and
the fifth layer with 1.0 km), and a half-space.
Only S-waves are inverted for.

Mode 3: Smoothed multi-layer mode. This mode is
the same as the previous mode, but with ad-
ditional constraint of S velocity smoothness
between layers.

Although smoothing is often necessary to avoid in-
stabilities in the inversion, it is helpful to carry out an
inversion without smoothing to study the origin of such
instabilities before interpreting the results.

To invert the observed dispersion curves, we used
HGA (An and Assumpgio, 2005). Ten more initial
search loops are used to collect good (“optimized”)
models (An and Shi, 1996; An and Assumpgao,
2004). The search ranges are reduced, based on those
optimized models, and the algorithm then continues
with the new optimized ranges. The forward model
was computed with the code surfimo (Lomax and
Snieder, 1995). GA parameters were: population size
32; mutation probability 0.02; cross-over probability
0.85; string length 12 for all parameters. In each gener-
ation, other ~15 models will be evaluated in the local
trial and error iteration of HGA. All good/acceptable
evaluated models are saved. In the inversion mode 1,
with S-wave and thickness, the total model space was
2!2x7 ~ 1.9 x 10%. The maximum generation is set
when the best model stops optimizing significantly.

The minimized objective function, the misfit of
the group velocities Q,, is a modified rms difference
between calculated and observed group velocities
(equation (1)). n is the total number of observations,
U/ and U; are the ith observed and calculated group
velocities, o; is the observation error of U/, and the
penalty P; is zero unless |U? — Uf| > o;. In that case,
P, = (U7 — Uf|*/o? — 1). The penalty P; forces the
models’ dispersion to stay within the uncertainty limits.

S [ + 4]
Q” = n [
Dii (l/aiz)

ey

Penalty terms are sometimes included in the cost
function in random global optimization algorithms,
such as used by Snoke and Sambridge (2002) with
Neighbourhood Algorithm.

In the inversion mode 3, another objective, smooth-
ness Qsmootn(=2|Vs/ — Vsi=l|/m, j = 2, m), can
be optimized simultaneously in the inversion process.
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This is a simple multi-objective inversion problem.
Usually all objective functions are integrated into a
single objective function in the optimization. We used
the sum of weighted objectives to be minimized: Q =
0, + w X Qgmooth, Where w is the smoothness weight
(0.01-0.1).

The search ranges (thickness, S-wave velocity) of
all layers used in the inversion mode 1 are respec-
tively from the surface to the bottom: (0.1-1.5 km, 1.0-
3.5km/s), (0.1-3.0km, 1.0-3.5km/s), (0.1-4.0km,
1.5-4.0 km/s), (half-space, 1.5—4.0 km/s). For the fixed
thickness inversions, modes 2 and 3, the S-wave range
was set to 1.5 to 4.0 km/s for all layers.

Inversion of observed data
Station CANB

Figures 3a, c, e show the good inverted models for
station CANB using the three inversion modes respec-
tively. Figures 4a, c, e show their fitness. When invert-
ing for both S velocity and thickness (Figure 3a), a thin
low-velocity layer, the 2nd layer from depth 0.5 km to
0.8 km, corresponds well to the lowest densities just
beneath the basalt layer in the borehole log (Figure 1).
The two low-velocity layers together, the 2nd and 3rd
layers from about 0.5 to 3 km, correspond to the pre-
volcanic sediments (Figure 1). The top of the basement
is modeled at 3.2 km depth in good agreement with the
expected average depth of 2.6km from Figure 1. In
the multi-layer inversion mode 2 (Figure 3c), strong
variations in the S-wave can be seen in the 2nd and
3rd layers. Below 1.5 km depth, the S-wave velocities
are similar to those of inversion mode 1. The smoothed
multi-layer inversion mode (Figure 3e) shows the same
general trend of modes 1 and 2. Note that the misfit of
the best models are similar for modes 1 and 2 (0.003
and 0.004 km/s, respectively), whereas the smoothness
constraint in mode 3 increases the group velocity misfit
(Q,) of the best model to about 0.012 km/s.

The models in the three inversion modes for CANB
show the same main features, that is, a high velocity
surface layer (basalt) about 0.5 km thick, a low velocity
sequence (pre-volcanic sediments), and high velocities
for the basement below about 3 km depth. This inverted
S-wave layered structure is in good agreement with the
expected geological structure shown in Figure 1. The
basement velocity also agrees with the average Parana
Basin upper crust (3.67 km/s) obtained by Snoke and
James (1997).
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Figure 3. The good inverted models in grayscale of misfit (Q,) or misfitS (Q, + 0.01Qqmeom)- (a) and (b) inversion mode 1 with both S-wave
and thickness inverted. (c) and (d) inversion mode 2. (e) and (f) inversion mode 3; all displayed models have smoothness Qgmoom < 1.2 km/s.
The dots and the dashes are the average velocity profile of generic rocks and of the very hard generic rocks in eastern North America (Boore
and Joyner, 1997) respectively. Misfit or misfitS in all diagrams are in km/s.

Station POPB

Figures 3b, d and f shows that the good inverted models
for station POPB have about the same general features
seen in the CANB models. When inverting for both S-
wave and thickness (Figure 3b) the first layer is thicker
and the second layer, the low-velocity layer, is narrower
than that of CANB. The inversion mode 1 indicates
not only that the first high velocity layer (basalt) is

thicker along the POPB path compared with CANB,
as expected, but also a basement depth of 3.5-3.6 km
in good agreement with the average depth expected
from Figure 1 (3.4-3.8 km). The basement (half-space)
velocities for POPB are lower than those of CANB;
but still near the range expected for the upper crust in
shield/platform areas (Christensen and Mooney, 1995),
and between the generic rocks and very hard generic
rocks (Boore and Joyner, 1997). In the inversion mode 2
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Figure 4. The fitness of models in Figure 3. The dots with error bars are the observed group velocities.

(Figure 3d), the S velocity oscillations from second to
fourth layers are stronger indicating higher instabilities,
compared to CANB.

The models obtained in the inversions above show
general similarities to the expected geological data.
But in the unsmoothed, fixed thickness inversion
mode, there appear some abnormal layers alternating
very high and very low velocities in POPB path. Is
this effect just inversion instability due to errors in
the observation? Or could it be an effect of lateral
variation of structure along the path? The structure of

the sedimentary basin varies along the seismic path,
especially for POPB (Figure 1). On the other hand, it
is usually assumed that a 1-D model shows the average
properties of a laterally varying structure. While this
may be a valid assumption for paths with “weak”
heterogeneities, it is seldom seen in the literature any
tests of how much lateral variation is allowed before
the 1-D model is no longer useful, and what “average”
inverse results would appear for the “strong” hori-
zontal inhomogeneous path. Here, we will investigate
the effect in fitting a 1-D model to an observed
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dispersion curve that sampled the path with lateral
variation.

Synthetic tests for lateral variation

First of all, we tested the capability of our HGA to
find the synthetic solution (Figure 5) by inverting a
three-layer structure. In this test we fixed the basement
velocity, as done in the other synthetic tests below, and
inverted for both S-wave and thickness of three lay-
ers. The S-wave velocity of the half-space (basement)
is fixed because we want to focus on the effect of lat-
eral variation in the sedimentary layers only. The GA
parameters are similar to the previous inversion with
real data. All good models are shown in Figure Sa
in different color shades and the synthetic model is
shown by dashed line, the fitness of models is in Fig-
ure 5b. In Figure 5a, the models with misfit less than
0.002 km/s are nearly equal to the theoretical structure.
So our HGA can find the theoretical model. In order
to check the effect of noises in observation data, some
random noises were added to the synthetic data and the
results are in Figures 5c, d. The models in Figure 5c
with misfit near 0.0176 km/s are nearly equal to the
theoretical structure showing that random noise does
not strongly influence the inversion for the best model
provided the number of data points is large enough. In
other inversions, random noises will not be added to
the synthetic data.

Sedimentary layers can have a complex velocity
profile, even within the same geological formation, as
suggested by the density log of Figure 1b. For this rea-
son we also tested if the main trend of a more complex
velocity profile can be retrieved in the inversion mode
1, with a few layers. We used the theoretical disper-
sion curve of a six-layer sedimentary sequence over
a half-space with fixed S-wave velocity of 4.0 km/s.
The inversion using only three layers (Figure 5e) re-
trieved the main trend of the six-layer S-wave profile
with the three interfaces near the depths of the larger
discontinuities.

We now carried out tests to study the effect of vari-
able layer thicknesses along the path, as expected from

Figure 5. (a) Good models of a synthetic inversion test; the dashed
line is the synthetic profile; inverted models are solid lines in color
shades of misfit. (b) Group velocity fit of good models in (a). Dots
with error bars are synthetic data; lines are the dispersion of good
models in color shades of misfit. (¢) and (d) are the same as (a) and
(b) with added normal random errors. (e) Inversion with a simplified
three-layer model of data from six-layer model.
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Figure 1. The main purpose of these synthetic tests is to
see how much the average 1D model obtained from the
path-average dispersion resembles the average struc-
ture. The shallow structure in the Parana Basin is not
expected to have strong, short-wavelength lateral het-
erogeneities. The basement depth varies from about
2 km near the epicenter to a maximum depth of about
5 km near station POPB, 420 km away (Figure 1). The
surface wave periods we use correspond to wavelengths
of ~10 km or less. Over a short path, comparable to our
wavelengths, layer thicknesses should vary by less than
2%. So we are dealing with really very weakly hetero-
geneous structures, and strong 2D effects, such as mode
conversions, should not be important. Phase and group
velocities should vary smoothly along the propagation
path according to the local structure. We simulated the
average surface wave slowness of the composed to-
tal path as the average slowness of two homogeneous
sections. Because of the smoothly varying nature of
the structure, we believe the synthetic dispersion ob-
tained by two 1D models (each one representing the
average properties of each half) should give an approx-
imation to the total dispersion good enough for our
tests.

The two homogeneous sections differ in only one
or two parameters. The same period ranges of the ob-
served surface waves were used. Using these synthetic
group velocities, the good models are searched and
compared with the two original homogeneous sections.

Inverting for velocity and thickness (mode 1)

We designed three groups of the homogeneous section
pairs, shown in Figures 6-8: (1) the two synthetic sec-
tions differ only in the S velocity of the second layer
(Figure 6); (2) difference in the thickness of the first and
second layers (Figure 7); (3) difference in both thick-
ness and S-wave velocity in the second layer (Figure 8).

Figure 6. (a)—(d) The good inverted models of group 1 (S-wave
velocity variation in the second layer) in the inversion mode 1. Two
dashed lines are the homogenous sections of the synthetic profile.
Inverted models are solid lines in color shades of misfit. (e) The fitness
of the good inverted models in (d); dots and dashes are the group
velocities of each homogeneous section; the dots with error bars are
the synthetic data (average slowness) of inhomogeneous sections;
lines are the surface wave dispersion of good inverted models in
color shades of misfit. L1 and R1 are the Love and Rayleigh velocities
of the first homogeneous section of the profile; L2 and R2 are the
velocities of the other section; LO and RO are the synthetic average
dispersion of the total inhomogeneous profile.
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Figure 7. The good inverted models of group 2 (thickness variation in the first and second layers) in the inversion mode 1.
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In group 1 (models la and 1b in Figures 6a, b)
a small variation of S velocity in the second layer
produces the best 1-D models looking like the aver-
age profile of the two homogeneous sections. In this
case, the inverted model shows the approximate av-
erage properties of the inhomogeneous profile, both
for the low-velocity case and for the depth-increasing
velocity profile. For model 1c (Figure 6¢) where the
S-wave velocity has a large difference between each
homogeneous section, the thicknesses of the two first
layers in the inverted model are different than any of the
homogeneous section. We also tested a large difference
in the second layer with a thicker first layer (model 1d,
Figure 6d). The inverted model in Figures 6c, d cannot
show the correct boundary between the first two lay-
ers; an artificial thin layer appeared at the surface with
low or high velocity; and the estimated basement depth
would be highly underestimated. Figure 6e shows the
group velocities of each homogeneous section for the
test models 1d, together with the composed dispersion
fitness.

For group 2 (Figure 7), where the thicknesses of the
first and second layers are different, the inverted models
are similar to the average profile giving an intermediate
thickness for the first layer. The estimated basement
depth is not much affected by the heterogeneity in the
first layer.

In group 3 we varied both thickness and S velocity
of the first two layers (Figure 8). In models 3a and 3b,
none of the major discontinuities were correctly esti-
mated, but the S-wave velocity trends are retrieved. In
case 3c, where homogeneous sections with and with-
out low-velocity zones were combined (Figure 8c), the
inversion resulted in a thicker second layer with a thin
low-velocity surface layer.

These tests show that the inverted 1-D model most
differs from the average of the two homogeneous
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sections when there is a large lateral variation (cases
1c, 1d, 3a, 3b and 3c), specially when one section has
a low-velocity zone, and the other does not, such as
cases 1c, 1d, 3c. If the lateral variation is small (cases
la, 1b) the inverted model is close to the average pro-
file of the two homogeneous sections. The thickness of
the homogeneous layers seems to be a secondary fac-
tor to distort the inverted composed model, as seen in
cases 2a and 2b. Strong variations of velocity are more
important.
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Fixed thickness, multi-layer inversion (mode 2)

Inversion tests with more layers (which require fixed
thicknesses) also provide useful information on the
structure. We now invert only for the S-wave veloci-
ties using five layers (four 0.5 km thick and one 1.0 km
thick) with the same search parameter ranges as used
with the real data. We also fixed the velocity of the
half-space (basement), as in the previous synthetic tests
because we want to concentrate on the effect of lat-
eral variation in the sedimentary layers. An initial test
was carried out (Figure 9) to confirm that our HGA
procedure can find the best solution in the multi-layer
inversion mode.

Using this un-smoothed multi-layer inversion, the
composed data from the same inhomogeneous sections
(la-d, 2a-b and 3a-c) were inverted. The resulting mod-
els are shown in Figures 10—12. For small differences in
the two homogeneous sections, cases lam, 1bm (Fig-
ures 10a, b) and 2am, 2bm (Figure 11 a, b), the inverted
models give the average velocities of the two sections,
as in the previous inversion mode. For the cases 3am
and 3bm (Figure 12), when both thickness and veloci-
ties are changed, the inverted models also show roughly
the average S-wave profile.
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Figure 10. The good inverted models of group 1 (S velocity variation in the second layer) in the inversion mode 2.
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Figure 12. The good inverted models of group 3 (thickness and S
velocity variation in the first and second layers) in the inversion
mode 2.

When lateral variation is stronger (cases 1 cm, 1 dm
and 3 cm), the inverted models show significant differ-
ences from the average profiles. In these cases, an ar-
tificial oscillation in the top two layers is observed.
More importantly, however, is that the resulting in-
verted models are very different compared with the
previous inversion mode 1 (Figures 6c¢, d and 8c). This
implies that the “average” 1-D model, in the presence of
strong lateral variations can be highly dependent on the
model parameterization, and this must be taken into ac-
count when interpreting the inversion of observed data.

Fixed thickness, smoothed multi-layer inversion
(mode 3)

Smoothness constraints can remove artificial oscilla-
tions in the S-wave velocity profile when only the
general trend of the S-wave velocities is of interest.
For the cases of small lateral variation (such as cases
lam, 1bm, 2am, 2bm, where the inverted models, in
the unsmoothed inversion mode 2, are close to the
average properties of the two homogeneous sections)
smoothness constraint would not improve the inverted
models any further. So we only analyze model 1dm
(Figure 10d) which shows strong oscillation in the first
layer. When smoothness constraints are used in the first
four layers (Figure 13), the average trend of S-wave ve-
locities is obtained.

Discussion and conclusion

Because no artificial errors were added to the syn-
thetic data, the above tests show that some strange
features or strong velocity oscillations in the inverted
1D models can arise from a dispersion curve which
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samples large lateral variation along the propagation
path. In a different study, synthetic tests using long
period observations of phase and group velocities to
obtain lithospheric models for the Parand Basin (An
and Assumpcio, 2005) also showed similar effects.

In real observations, the propagation path seldom
covers a perfectly homogeneous structure, and the sur-
face wave velocities will be affected by the horizon-
tal heterogeneity as shown by Kennett and Yashizawa
(2004) for refracted paths across the continent/ocean
boundary. Our tests showed that the horizontal het-
erogeneity can also cause some uncertainties on the
inverted path-average model even when the surface
waves suffer no lateral refraction. The synthetic tests
showed that inversion of surface wave dispersion can
produce different models depending on the chosen pa-
rameterization for the strongly heterogeneous path, and
analysis of these differences can provide some infor-
mation on the propagation path. This suggests that one
should carry out inversions with different model pa-
rameterizations (such as inversion modes 1 and 2) and
compare the common features of the resulting models.
If the results of different inversion modes are simi-
lar, they can represent an average structure along the
propagation path. Otherwise if they are very different
and the inverted models include large velocity oscil-
lations between neighboring layers, it is possible that
the propagation path has strong lateral variations. In
this case, the inverted model may differ significantly
from the average structure, and smoothness constraints
will be necessary for an estimate of the general S-wave
velocity trend.

The inversions of our real data (Figure 3) for both
POPB and CANB show that, between 0.5 km and 2 km
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depth, the results of inversion mode 1 and 2 are dif-
ferent, and the un—smoothed multi-layer model (mode
2) includes strong velocity oscillation between neigh-
boring layers. This effect is more obvious for POPB
than CANB. The inverted S-wave velocity models of
POPB show similar effects as the synthetic tests with
strong lateral variation in Figures 10c, d and 12c. We
believe these inversion tests indicate strong horizontal
heterogeneity of S-wave velocity at least down to 2 km
depth. The inverted un-smoothed models of CANB
have fewer oscillations than those of POPB, meaning
that the CANB path is probably less inhomogeneous
than that of POPB, which is consistent with the avail-
able geological information (Figure 1c).

Inversion of group velocities (1-4.2 s) to study the
shallow structure in the Parand Basin, produced S-wave
velocity profiles roughly consistent with the available
geological and borehole information and showed that
the low-velocity zone with pre-volcanic sediments can
be studied with surface waves. However, the com-
parison of the resulting models using different in-
version modes suggests strong lateral heterogeneity
in the first few kilometers, which is consistent with
the expected depth variations in the basin. Average
basement depths were estimated at about 3.5 km and
3.2km (for POPB and CANB paths, respectively),
but synthetic tests show that lateral variation effects
can induce errors of about 0.5 km. Basement veloci-
ties were higher for the CANB path compared with
the POPB path, both in the S-wave/thickness inver-
sion mode 1 and the fixed-layer inversion mode 2. It
is possible that the lower half-space velocity in the
POPB model is actually representing a transition zone
to a higher velocity basement, whereas the CANB
half-space is already sampling below this transition
zone.

The two paths we used, although sampling differ-
ent average thicknesses, resulted in models with the
same vertical averaged S-wave velocity for the basin
layer: 2.4-2.7km/s for all models in the three inver-
sion modes (Figure 3). This average S-wave velocity
of about 2.6 km/s for the basin will be useful to help
constrain deep crustal models obtained from long pe-
riod teleseismic surface wave.
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