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SUMMARY

We apply receiver function (RF) methodology to map the geometry of a sedimentary basin
along a ~10-km-long profile of broadband seismometers that recorded continuously for ap-
proximately 3 months. For a subset of the stations, we apply the Neighbourhood Algorithm
inversion scheme, to quantify the geometry of basin bounding fault directly beneath the sta-
tions. We compare our results with active reflection seismic data and with the lithostratigraphy
from a well located along the profile. We find that the P-to-s conversions from the sediments—
basement interface (SBI), recorded in RF data sets together with information on intrabasin
structures, are useful for obtaining high resolution images of the basin. The depth of the SBI
derived from RF inversion is consistent (within ~0.4 km) with the estimates from active re-
flection seismic and the well data. This study highlights that analysis of teleseismic waveforms
can retrieve relevant information on the structure of a sedimentary basin.

Key words: Statistical methods; Body waves; Crustal imaging.

1 INTRODUCTION

Sedimentary basins mapping plays a crucial role in the exploration
of georesources throughout the world, from hydrocarbon exploita-
tion to geothermal energy provision (Harvey 2014). Geophysical
methods are successful in imaging and understanding the sub-
surface and consequently derisking subsurface investigations. The
most widely applied exploration method is active reflection seismol-
ogy because of its capability of retrieving high resolution images
(Xie 2015). However, active seismics can be costly and as such, the
industry is testing alternative low cost techniques to improve the
position of the 2-D and 3-D seismic acquisition lines and focus the
high-cost active seismic exploration programmes. Some of these
methods are based on the passive recording of ambient noise and/or
natural seismicity. The ambient noise techniques have been proved
to be valuable mapping tools in an exploration reconnaissance con-
text, because their low costs and their low environmental impact are
advantageous (Martini ef al. 2015).

Complementary to ambient noise measurements, receiver func-
tion (RF) analysis is a widely used tool in academia to image the
seismic structure of the Earth’s crust at different scales (Langston
1979), from the upper mantle (subduction zones, 40-80 km depth,
Chiarabba et al. 2014; Piana Agostinetti & Miller 2014) to shallow
volcanic plumbing systems (0-5 km depth, Piana Agostinetti &
Chiarabba 2008). A teleseismic P-wave crossing a seismic discon-
tinuity is partially converted into an S wave (so called P-to-s or Ps,
phase). A RF is the time-series of such teleseismic Ps converted

© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society.

waves which contain information about the seismic discontinuities
directly beneath a broad-band seismometer. Due to the near vertical
incidence of teleseismic P waves, the Ps phase is mainly recorded
on the horizontal components of a seismometer. The P wave, which
contains information about the seismic source and the path between
the earthquake and the station, is recorded on the vertical compo-
nent (Langston 1979). De-convolving the vertical component from
the horizontal ones isolates the Ps phases, allowing one to directly
measure the time-delay between the direct-P and the Ps arrival
(Di Bona 1998). Such a time-delay is a function of the depth of the
discontinuity at which the Ps has been generated and of the S-wave
velocity (V) profile above it. To obtain information on the seismic
structure from the RF time-series, a geophysical inverse problem
needs to be solved (Sambridge 1999). Solution of such a problem
can be obtained using a forward solver that is able to map 3-D fea-
tures beneath single seismic station, for example, dipping seismic
discontinuities and/or anisotropic layers (Frederiksen ef al. 2003).
It has been long recognised that RF data recorded at the sur-
face of sedimentary basins present characteristic patterns such as
coherent high amplitude reverberated phases (e.g. Clitheroe et al.
2000; Yu et al. 2015), or well-defined amplitude variation of the
Ps phase with backazimuth (e.g. Lucente et al. 2005), given by the
relevant Vs discontinuity present at the sediment—basement inter-
face (SBI, e.g. Clitheroe et al. 2000). The RF analysis has been
applied in previous studies to investigate the seismic structure of
sedimentary basins: from low resolution (e.g. kilometre-scale Julia
et al. 2004; Srinivas et al. 2013) to high resolution analysis (e.g.
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200-300 m length-scale Zheng et al. 2005; Leahy et al. 2012; Lic-
ciardi & Piana Agostinetti 2017). The RF data sets have been jointly
inverted with surface waves dispersion curves to obtain the veloc-
ity profile within the sedimentary pile (Ma & Clayton 2016), and
also jointly interpreted with gravity measurements to reconstruct
lithosphere flexure beneath foredeep sedimentary basins (Hetenyi
et al. 2006). A sequential analysis of multiple Ps converted phases
(so-called ’sequential H—k stacking’) is often applied for inferring
sedimentary basin thickness (e.g. Yeck et al. 2013; Yu et al. 2015).
Despite the many existing studies focusing on the elastic properties
of sedimentary basins obtained using RF data (e.g. Mostafanejad &
Langston 2017; Liu et al. 2018), a detailed analysis of the RF data
capability of reconstructing the geometry of a sedimentary basin is
still lacking.

In this study, we use passive seismic data recorded (as part of
a wider study of the structure and the seismicity in the area) by a
densely spaced linear array of broad-band seismometers across a
sedimentary basin within the East African Rift (EAR) to compute
RF data-sets. The profile is parallel to a seismic line acquired within
a 3-D active seismic survey and a well drilled to reach the crystalline
basement lies at the profile midpoint. We analyse the first 0-2 s of
the radial and transverse RF data sets to highlight the sediments
signature. The RF data sets are then inverted for the position of
the SBI and its lateral geometry. Results of the RF analysis are
compared to the active seismic data recorded along the same profile
and converted to depth, and with data from the well. Finally, we
discuss our results in view of shallow-crustal exploration using
passive seismics.

2 GEOLOGICAL BACKGROUND

The Kenyarift valley is part of the EAR system, a string of Pliocene—
Miocene age basins which run from the Afar Triple Junction in
the Afar Depression southward through eastern Africa, along two
main branches: the Gregory Rift and the Albertine Rift. The rift
developed in the last 20 Myr, possibly related to the presence of a
mantle plume, but its origin is still debated (Morley 1999).

The South Lokichar Basin is a NNW-SSE trending asymmetric
half graben (with the main bounding fault on its western margin)
within the Turkana Rift, itself a subbasin within the Great EAR
System. The basin is approximately 70 km long and 35 km wide
at its maximum extent and has a maximum depth of over 7 km
(Tiercilin ef al. 2004). The main fault, known as the Lokichar Fault,
is relatively low angle and planar in section, although the dip varies
considerably along strike from 12° to 60° (Morley 1999).

The gross basin stratigraphy can be described in terms of pre,
syn and post-rift sequences. The pre-rift comprises of Pre-Cambrian
crystalline metamorphic rocks. The overlying syn-rift consists of up
to 5 km of fluvial-lacustrine sediments biostratigraphically dated
as Lower to Middle Miocene. It also includes Miocene volcanics-
phonolitic basalts dated at 12 to 16 million. The post-rift sequence,
above the Miocene Unconformity, consists mainly of Pliocene to
Holocene alluvium, fluvial and loose deposits (Morley 1999).

Exploration in the basin began with a well drilled by Royal Dutch
Shell in 1992 which proved the presence of a good quality and
mature source rock and good quality reservoir sands. This phase
of exploration ended as the company assessed the results as non-
commercial. Starting from 2008, Africa Oil Corp and subsequently
Tullow Oil renewed the interest in exploration in this basin. Drilling
began in 2012, which has led to a series of hydrocarbon discoveries,
all close to the basin bounding fault.

As part of the exploration activities carried out in this basin,
in 2014 a 3-D active seismic survey was acquired in the region
with Tullow Oil as operator. During the acquisition activities in the
region, the seismometers were also deployed parallel to two of the
3-D survey seismic lines (inline and crossline) as part of a wider
study. The derived RF used in this study represent a secondary
product of this dataset. The two E-W and N-S profiles cross at the
location of a well. The lithostratigraphy from this well indicates
that the crystalline basement is found at about ~1900 m beneath
the free-surface. Neogene sediments are found with intercalated
volcanoclastics in the near-surface layer (Fig. 1).

3 DATA AND METHODS

We analyse teleseismic waveforms recorded at 47 broad-band seis-
mic stations recording between September and November 2014
(Fig. 1). Stations have been deployed along a ~10-km-long linear
profile that strikes normal to the local axis of the sedimentary basin.
We select 186 M,, > 5.0 teleseismic events occurred between 30°
and 100° of epicentral distance from the seismic network. The tele-
seismic RF are computed using a frequency-domain deconvolution
(Di Bona 1998) which allows to estimate the uncertainties associ-
ated with each single RF. These uncertainties are used to build a
weighted average of the RFs that come from similar backazimuthal
direction (baz) and epicentral distance (dist), the so called bins.
Both radial RF (R-RF) and transverse RF (T-RF) are computed
and analysed for retrieving signal associated with a dipping seismic
discontinuity. A frequency cut-off of 4 Hz is selected to investi-
gate the shallow-crust structure (Gaussian parameter a = 8). After
RF computation, we visually inspect the RF to remove low quality
traces (e.g. affected by monochromatic noise) and we retain from
a minimum of 8 to a maximum of 69 RFs for each single station
(with 25 stations with more than 20 RFs). The baz coverage is good,
especially considering the short duration of the deployment.

As an example of RF data, we show the R-RF and T-RF data-sets
as a function of the baz of the incoming P wave, for the station
EW27 (Figs 2a and b). RF are binned every 20° x 40° in baz and
dist, with a 50 per cent overlapping scheme. On the R-RF, a clear
positive phase can be seen at about 1 s, from 340° to 170° baz. The
same phase has negative amplitude from 270° to 290°. In the same
time-window (about 1 s after the direct-P arrival), the T-RF displays
an arrival which changes polarity twice along the baz axis, between
60° and 120° baz, and between 210° and 310° baz. The presence
of these complementary patterns on R-RF and T-RF is a proxy of a
dipping interface (Cassidy 1992). The absence of a complementary
pattern in the amplitude of the direct-P arrival (at 0 s time-delay)
is probably due to the very low Vs in near-surface sediments (less
than 1 kms™"), so that the P wave ray path is turned almost vertical
in the sedimentary cover and its projection along the Radial and
Transverse plane is null. In principle, multiple Ps converted phases,
arriving later in the RF data set, could add constraints on the position
of the main velocity contrasts at depth. Unfortunately, the presence
of a steep velocity contrast contributes to mask such arrivals and
prevents their exploitation (Lucente ef al. 2005).

We apply the angular harmonic decomposition method to im-
prove the recognition of the main Ps pulses and their variations with
baz direction (Frederiksen 2011; Piana Agostinetti & Miller 2014;
Park & Levin 2016). A prominent positive pulse at about 1 s on
the £ = 0 harmonics is coupled, with a positive arrival at the same
arrival time, on the east-west component of the £ = 1 harmonics
(Figs 2c and d). Such coupled phases are indicative of a shallow Vs
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Figure 1. (a) Regional map with the position of the temporary seismic network (red star) and the sketched East African Rift (EAR). (b) Distribution of the
teleseismic events (M, > 5) occurred during the deployment of the temporary passive seismic network. (c) Geometry of the passive seismic network. Black dot
indicate the location of a seismometer (numbers indicate station name). Blue lines defines the length of the two passive seismic profiles. Yellow line indicates
the seismic stations used in the NA inversion. The position of the well is also shown. (d) Sketch of the lithostratigraphy at the well.

contrast, dipping towards east, or an interface between an isotropic
and an anisotropic layer (Licciardi & Piana Agostinetti 2016).

For the stations close to the emergence of the basin bounding
fault, EW20 to EW40, we apply the Neighbourhood Algorithm
(NA, Sambridge 1999), to independently retrieve the geometry of
a dipping interface directly beneath each station. No multistation
data processing is applied (e.g. as in Li & Nabelek 1999; Rondenay
et al. 2001; Langston & Hammer 2001). Our approach ensures that
coherent features between neighbouring stations are not process
artefacts. The NA is a global search algorithm that produces robust
estimates of the investigated parameters together with their uncer-
tainties. Here we follow the implementation adopted in Lucente
et al. (2005). We use the RAYSUM forward solver, a ray-shooting
algorithm for tracing seismic phases (Frederiksen & Bostock 2000)
to compute synthetic RF generated from a one layer model sep-
arated from the underlying half-space by a freely oriented planar
interface. This simplified parameterization can be used to repro-

duce the main Ps pulses both on the R- and T- RF data set, avoiding
the risk of overfitting the data, and to give first-order information
about the geometry of the basin bounding fault. Due to the limited
number of phases reproduced by our simplified parametrization,
the inversion window is limited to [-1; 5] s. Clearly, a more so-
phisticated inversion scheme could be applied, in a second analysis
step, to improve the fit to the waveforms and to fully exploit the
information contained in the RF data. The seven investigated pa-
rameters are: thickness of the layer, Vs and Vp/V in the layer and
in the half-space, dip and strike of the interface. We sample Ny, =
5100 models from N s = 100 different regions of the model space
(i.e. Voronoi cells) iterating the NA algorithm Ny, = 51 times. We
define the ’best-fitting’ family as the suite of models for which the
fit to the observed RF is no more than 10 per cent larger than the
fit obtained by the best-fitting model. To measure the robustness of
our solution, we run the NA inversion using different N ey, Nyor and
Nier, without finding any relevant differences in the results.
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Figure 2. (a—d) Passive seismic data recorded at station EW27. (a) Binned R-RF and (b) T-RF data set as a function of the baz of the incoming P wave. Blue
(red) pulses indicate positive (negative) arrivals. A light-green area around the binned RF shows the 1o standard deviation obtained during the stacking process.
Coloured boxes and a yellow arrow indicate phases and baz direction cited in the text. (c—d) The £ = 0 and & = 1 harmonics of the RF data sets presented in
panel (a-b). Colours as in panel (a-b). Light-green area on the £ = 0 harmonics indicates uncertainties obtained from a bootstrap analysis (e) Suite of k = 0
harmonics for all the stations analysed in this study, projected along the east—west profile shown in Fig. 1. Zero-time delay corresponds to the free-surface. A
grey box indicates the stations used in the NA inversion for mapping the sedimentary basin geometry. Blue and red lines indicate phases discussed in the text.

4 RESULTS

The main feature recorded by the RF data set in the first 4 s is a
broad positive arrival (Ps/ hereinafter, Fig. 2¢ ). Such pulse arrives
at 0 s at the western end of the profile (X = —5 km), and it is flat
to about X = —3.2km (between stations EW41 and EW42). From
that point, the positive pulse starts to delay its arrival from 0 to
~1.1 s at about X = 1.6 km (station EW18). The positive pulse is
less clear for all stations east of EW17, however it can be traced
almost to the end of the profile (station EWO01) at about 1.5 s.
This characteristic arrival on the £ = 0 harmonics represents the
so-called “direct P’ for station from EW50 to EW41 (which, in our
rotation system ZRT, represents the arrival of the original P wave).
Afterward (towards east), it becomes the Ps converted phase at the
SBI (Zheng et al. 2005). As highlighted above, the zero-amplitude
direct-P arrival on the RF data set is likely given by the vertical ray
path of the P wave within the low-velocity sediments (Bao & Niu

2017). Coherent arrivals between neighbouring stations can be also
observed between 0 s and the Ps/: those arrivals can be explained
as due to intrabasin structures. Between EW32 and EW28, a clear
negative phase (called Ps2 hereinafter) can be seen between 0 and
0.2 s, suggesting a near-surface decrease of V. Similar feature can
be seen between EW22 and EW 17, where we detect another broad
negative arrival a few tenths of second above Ps/, which is probably
related to a deep discontinuity within the basin.

To quantitatively investigate the geometry of the SBI, we perform
the NA inversion for the 20 stations, where the Ps/ signal is clearer
(from station EW40 to EW20), and the R-RF and T-RF data set dis-
play the characteristic phases described for station EW27 (Figs 2a
and b). The inversion results for station EW27 show that the main
Ps phases are correctly reproduced on both R- and T- RF data set
(Figs 3a—d). The single inverted parameters are well constrained,
but not Vp/Vy ratios and Vg in the basement, due to the lack of the
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Figure 3. Inversion results for stations EW27. (a and b) Fit between observed and synthetic RF data set: radial (a) and transverse (b). synthetic data sets are
computed using the best-fitting model found during the NA search. (¢ and d) Fit between observed and synthetic harmonics: £ = 0 (c) and £ = 1 (d). Synthetic
harmonics are computed using the best-fitting model found during the NA search. (e—k) Frequency histograms of the investigated parameters considering only
the models contained in the best-fitting family (see maintext for definitions). (I-0) 2-D distributions of the investigated parameters in the sampled models. Only
models belonging to the best-fitting family are plotted. (p) 1-D Vg profiles sampled during the NA search. A white dashed line indicates the best-fitting model.

relevant multiples phases (Figs 3e-k). Strong trade-offs exist be-
tween the depth of the SBI and the Vs in the sediments, and between
dip angle and AV; (Figs 31-0), as expected (e.g. Cassidy 1992).
Interpolating the results for all the stations, the geometry of the SBI
can be easily retrieved as a 25° dipping interface (Fig. 4c), even if
single station results display a certain degree of scattering (within
one standard deviation) around the interpolated surface. Fault strike
is almost in North direction, consistent through all stations, with the
exception of station EW40 (Fig. 4h). For the single station results,
dip angles vary between 15° and 30°, with uncertainties between
5° and 9°, consistently with the value found through interpolation
(Fig. 41).

We compare the results with the active seismic reflection line
recorded along the same profile (depth processed) and with the SBI
depth found at the well. Taking into account the limited number of
phases modelled using our parametrization, the coherence between
the predicted and observed RF is generally high for all stations
(Fig. 5a). We observe that the depth of the SBI increases from
station EW40 to station EW21, from 0.7 to 2.5 km depth (Fig. 5b).
Coherent results are found between station EW34 and EW27, while
estimates of SBI depth are more scattered for station EW26 to
EW?20. The average uncertainty on the retrieved SBI depth values
can be quantified as 0.4 km, larger towards the centre of the basin.
The linear interpolation obtained for the SBI beneath all stations
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Figure 4. Summary of the results of the NA search for each single station. Data for each station are inverted separately (i.e. there is no constraint imposed
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search expressed in terms of mean (Grey diamonds) and standard deviation of the investigated parameter, considering only models belonging to the best-fitting
family. In panel (c), the orange line indicates the linear fit obtained using data in Table S1, excluding station EW40 (which displays anomalous value of strike
parameters).

is dipping 25° towards east. We excluded EW40 from the linear EW40 is included in the interpolation, the dip angle decrease to
interpolation, as it represents an outlier. In fact, for this station, the 22°, while the depth at X = 0.0 km does not change significantly.
strike of the freely oriented interface is about —70°, where for the The SBI depth is slightly shallower, with respect to the interpolated

other stations it is found to be between —30° and 30° (Fig. 4h). If values, in the central portion of the profile, while it seems to be less
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Figure 5. Comparison between the SBI interface obtained using RF data and the active reflection seismic image of the structure along the same profile,
extracted from a 3-D multichannel seismic survey. (a) Fit between observed and synthetics RF data. Observed £ = 0 harmonics of the RF data set (black line)
are plotted on synthetic £ = 0 harmonics computed using the best-fitting model found during NA inversion (red line). (b) Depth to basement for each single
station, from NA inversion. Grey diamonds and error bars indicate the mean values and the uncertainties (2o -interval) found at the end of the NA inversion,
considering the family of sampled model with a fit not worst than 10 per cent of misfit of the the best-fitting model. The orange line displays the interpolated
value of the depth of the basement using a least-square measure. The shaded orange area around the fit line defines the 0.4 km error estimate. (c) Passive
versus active seismics data. Active seismic data obtained from a 3-D seismic survey, recorded along the same profile. The orange line is the interpolated
interface, with its uncertainty (shaded area, as in panel ’b’). The red star shows the depth of the basement beneath station EW26 from the well data. The blue
line at the surface indicates the position along the profile of an horizontal reflector at near-surface depth level, as seen from active seismic data.

coherent near the emergence of the basin bounding fault (i.e. where
the SBI depth should be less than 0.5 km).

The correspondence between the stronger dipping reflector seen
by the active seismics and the linear trend inferred from passive seis-
mic analysis is striking. At the well location, the difference between
the obtained depth value and the observed basement depth is about
~0.3 km, which is within the estimated uncertainty. We note that the
results obtained from station EW34 to EW27, which are shallower
than the linear fit, correspond to an area where strong reflections oc-
curred at the near-surface, possibly related to phase Ps2 and the pres-
ence of a thick volcanoclastics layer. Finally, from X = 0 to 1 km,
inversion results are more scattered: in this area, the active reflection
3-D data indicate the presence of either a fault splay or an antithetic
fault.

5 DISCUSSION

The RFs are used to investigate the topography of a Neogene sed-
imentary basin, exploiting the information contained in both the
R-RF and the T-RF of 20 isolated stations deployed every 200 m
along a profile normal to the local axis of the basin. To validate our
results, the reconstructed geometry of the SBI is compared to active
reflection seismic profile acquired along the same profile and to the
depth of the basement obtained from the lithostratigraphy at the
well-located midway along the profile. Our findings indicate that
the depth of the SBI found from RF inversion is consistent within
the ~0.4 km uncertainty with the estimates from active seismics
and well data. Depth estimates are more scattered where (i) depth
of the SBI is relatively small with respect to the peak-frequency of
the RF and (ii) where strong heterogeneity in the basin structure
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exist. In the first case, adopting an even higher frequency cut-off
(8 Hz) could allow to investigate the portion of the fault closer to its
emergence (e.g. Licciardi & Piana Agostinetti 2017); in the second
case, a multifrequency approach can be adopted to integrate low-
frequency information (Piana Agostinetti & Malinverno 2018). The
RF data sets obtained between 1 and 3 km away from the emer-
gence of the basin bounding fault display characteristic pattern of
R-RF and T-RT ascribable to the presence of a strong and dipping
velocity contrast. Such pattern can be used on a single seismic sta-
tion to infer the SBI depth (Lucente ef al. 2005). However, a linear
array of seismic stations gives more robust uncertainty estimates
and interpretations. In fact, the combined basement depth estimates
and relative error bars obtained from RF data depict the area of
highest probability for the SBI. The fault which represents the SBI
as delineated in the active seismic data falls well within this area.

There are two main shortcomings in the analysis presented in
this study. First, if the clear pattern on the R- and T-RF data set,
described in Figs 2(a) and (b), is missing, results could be difficult
to interpret, especially in case of isolated seismic stations. In fact, as
shown in Fig. 4(c), scattering and uncertainties in the retrieved pa-
rameters could be large, preventing the correct identification of the
basin bounding fault and its geometry, especially for the dip of the
fault (Fig. 41). Second, adopting our workflow, the fit to the observed
waveforms could be limited, given the model parametrization and
the simplified inversion scheme. As shown, visual inspection of
the RF data sets indicates that high resolution information are in
fact contained in passive seismic data (Fig. 2e). A more complex
parametrization (e.g. two basin layers with gradient velocity in-
side) and an inversion scheme developed within a formal Bayesian
framework, could be used to tackle this issue. However, this study
highlights that even simplified data analysis of teleseismic wave-
forms can retrieve very relevant information on the geometry of a
sedimentary basin.

Finally, the comparison of single and multistation analysis of
teleseismic data demonstrates the potential of both isolated station
and linear array. Multichannel analysis can improve the deconvolu-
tion and stability of the RF process, especially for RF data affected
by strong reverberated phases (Langston & Hammer 2001). In fact,
in our case, for each teleseismic event, a source wavelet could be
computed using the seismic stations outside the sedimentary basin
(from EW42 to EW50). Such wavelet should be introduced in the
RF processing for: (i) adding stability to the frequency-domain de-
convolution and (ii) allowing the computation of the Z-RF, which
integrate R-RF and T-RF with complementary information (e.g.
Mostafanejad & Langston 2017).

6 CONCLUSIONS

We use the passive seismic technique of the RF to map the geometry
of the bottom of a sedimentary basin along a ~10- km-long profile.
We compare our results with the 3-D active seismic data recorded
along the same profile and well data at the same location, to eval-
uate the performance of this seismic technique for shallow-crust
investigation. We find that:

(1) the Ps conversions from the SBI are clearly recorded on both
Radial and Transverse RF data sets, presenting a ’signature’ char-
acterized by amplitude-variable arrivals on Radial and reversed-
polarity arrivals on Transverse RE, as a function of baz directions;

(2) the Ps conversions can be used to investigate the topography
of the basin with uncertainties estimated, for each single measure-
ment, in the order of ~0.4 km.

(3) Caution should be used in the analysis of RF data from sparse
stations, if the characteristic signature of the SBI is not evident.
Multistation analysis can improve the reconstruction.

(4) RF data sets also contain information on intrabasin structures,
that can be exploited with more refined methodologies for obtaining
high resolution images of the basin.
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from the free-surface (no topographic correction is included, but
station differ no more then 60 m in altitude).
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