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Abstract

Shallow seismic survey was made along 1280 m profile in the marginal zone of the Carpathian Foredeep. Measurements
performed with standalone wireless stations and especially designed accelerated weight drop system resulted in high fold
(up to 60), long offset seismic data. The acquisition has been designed to gather both high-resolution reflection and wide-
angle refraction data at long offsets. Seismic processing has been realised separately in two paths with focus on the shallow
and deep structures. Data processing for the shallow part combines the travel time tomography and the wide angle
reflection imaging. This difficult analysis shows that a careful manual front mute combined with correct statics leads to
detailed recognition of structures between 30 and 200 m. For those depths, we recognised several SW dipping tectonic
displacements and a main fault zone that probably is the main fault limiting the Roztocze Hills area, and at the same time
constitutes the border of the Carpathian Forebulge. The deep interpretation clearly shows a NE dipping evaporate layer at a
depth of about 500-700 m. We also show limitations of our survey that leads to unclear recognition of the first 30 m,
concluding with the need of joint interpretation with other geophysical methods.
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Introduction

The reflection seismic methods are well known and suc-
cessfully used in industrial applications over the decades.
They are also more often used in smaller scales to recog-
nize near-surface structures. The potential of high-resolu-
tion seismic reflection methods has been proven by number
of groups studding unconsolidated or postglacial sediments
(Buker et al. 1998; Bachrach and Nur 1998; Steeples and
Miller 1998; Francese et al. 2007). Standard reflection
methods can resolve structures starting from several meters
down to several hundreds of meters (Pullan and Hunter
1990; Steeples and Miller 1990; Feroci et al. 2000; Stee-
ples 2000; Dusar et al. 2001; Sugiyama et al. 2003; Bruno
et al. 2010; Green et al. 2010).
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To recognize the near-surface geological structures an
optimal solution is to utilise wide-angle observation and
combine them with high resolution reflection data. A suc-
cessful applications of this approach (Bruno et al.
2010, 2013) shows, that seismic velocities recognized from
observed refractions significantly enhance the reflection
image of shallow structures.

Here, we report the result of joint interpretation of wide-
angle seismic along 2D profile designed to recognize the
structure of the marginal zone of the Carpathian Forefront.
Recorded large offsets were helpful not only to estimate
velocities, but also to image a deep bedrock reflection, that
would not be possible using standard deployment. More-
over, designed survey with wireless stations and especially
designed accelerated weight drop source was cost-effective
and can be performed in a very short time giving a pro-
ductive tool for the geological studies. Combination of
reflection seismic imaging and travel time tomography,
that is the tool to recover a high resolution images, has
been used before in tectonic scale (Malinowski et al. 2013),
the industrial scale (Majdanski et al. 2016; Vesnaver et al.
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1999), but also in near-surface studies (Bruno et al.
2010, 2013).

Geological setting

The present-day area of the Roztocze Hills constitutes as a
narrow range of hills, stretching from north-west to south-
east from Krasnik in Poland to Lviv in Ukraine. The area
divides the eastern part of the Sandomierz Basin from the
Lublin Upland and the Pobuza Basin (Kondracki 1994).
The area where the measurements were made is located on
the Roztocze Hills along the Carpathian Foredeep marginal
zone (Fig. 1). During the Neogene (Miocene) time, this
area belonged to the north-eastern part of the outer ramp of
the Carpathian Foreland Basin (Wysocka 2006) and it is
recognized as their forebulge (Jankowski and Margielewski
2015; Wysocka et al. 2016).

This region is dominated on the surface by sedimentary
rocks, mainly Cretaceous marls or sandstones and Neogene
(Miocene) sandstones, limestones and marls. These rocks
were formed in shallow sea with high hydrodynamic energy.
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Fig. 1 Schematic map showing: a general location of the study region
in Poland, b tectonic structures in the area; ¢ location of seismic
profile in the marginal zone of the Carpathian Foredeep; d detailed
geological map in the vicinity of the profile (after Kurkowski 1998)
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Miocene rocks are preserved only in the form of erosional
patches along south-western marginal zone (Wysocka and
Jasionowski 2006). Carpathian Foredeep in the north eastern
part consists mostly of Miocene flat bedded lightly lithified
shales, of the same age as the rocks described above, covered
by thin layer of Quaternary sediments. In the whole Miocene
sequence, the only one characteristic layer, evaporates,
consists mainly of anhydrites and gypsum. This layer has
variable thickness from O up to 60 m and has great signifi-
cance as the main correlation level and seismic marker on the
scale of the entire Carpathian Foredeep (Mysliwiec 2004;
Krzywiec 2001). These beds can be observed in the Kozaki 1
drill core. Drilling was done approximately 7.5 km to the
south-west from the beginning of the profile. These evapo-
rates are mainly gypsum with a thickness of 34 m and occurs
at a depth of 609-643 m. This salina basin was developed
during the Badenian salinity crisis in northern Central
Paratethys (Babel 2004).

Due to the difficulty of stratigraphic recognition of
sedimentary rocks on the area of the Roztocze Hills,
evaporate layer is the only certain horizon which allowed
to determine the relative age of the succession. The lack of
evaporates layer on the Polish part of the Roztocze Hills
area and different types of rocks with different thicknesses
are the main problems in the deposits correlation along the
north-eastern Carpathian Foredeep marginal zone.

Measurements were made between J6zeféw and Par-
dyséwka quarries, which are located in the distance of
about 950 m from each other, on the most south-western
range of hills of the Roztocze Hills area. Both of them are
characterized by Miocene complex, consisting mainly of
conglomerates and limestones (Wysocka et al. 2006). The
whole complex is located directly on the Cretaceous
basement and is inclined slightly toward the south
(Roniewicz and Wysocka 1999). In both quarries many
normal and reverse faults were found, associated with post-
sedimentary Miocene or younger seismic activity in the
area. Their planes are parallel to the Carpathian Foredeep
marginal zone (Jaroszewski 1977; Jankowski and Margie-
lewski 2015). All observed faults are crossing all the layers
at a low angle (Wysocka et al. 2006).

The seismic survey and the field works

The measurements were performed during 3 days in May
2017 along the forest road near Jozeféw in the Roztocze
Hills area, in a direction that crosses the studied structures
perpendicularly. For seismic recording we used 60 stan-
dalone DATA-CUBE stations with GPS timing connected
to 4.5 Hz vertical geophones. As a seismic source we used
modified PEG-40 accelerated weight drop with designed
handcart equipped with electric power generator. This
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autonomous system can be operated by two man in rough
terrain, and gives reliable and repeatable seismic signals in
efficient way. Additionally, the source was equipped with
time measurement system based on GPS time, that stored in
laptop the time of each stroke based on closure of the
electric circuit. The timing system has precision of 1 ms.
The whole production was divided for four deployments
(Fig. 2) resulting in the total length of 1280 m. Both sources
and receiver spacing was 5 m, and for each deployment
additional 10 shots to each side was performed resulting in
the fold spanning from 22 to 60. The profile was crossing
the hill, resulting in complicated elevation along it, espe-
cially changing for the last deployment. The total difference
in elevation was 22 m. For each shot position, four strokes
has been measured to maximise signal to noise ratio. Those
records were further stacked using diversity stack tech-
nique. An example of raw shot gathers are presented in left
panel of Figs. 3 and 4a. A maximum energy in recorded
signals is visible around 30 Hz with lower frequencies
strictly connected with surface waves. All survey parame-
ters are summarised in Table 1.

Data processing
Reflection seismic imaging

The data were processed using a simple but effective
operations that are summarised in Table 2.

The processing has been performed separately for
shallow area and for deep structures. For both paths the
continuously recorded data has to be cut according to shot
times. The next step was to add geometry and sort to shot
gathers with detailed quality check. This step is time
consuming but important in case of wireless stations, as
mistakes in geometry are easy to make and might have a
severe impact on the final quality. Further on, a trace
editing was performed to exclude noisy channels resulted
from poor geophone coupling. Elevation statics was esti-
mated based on the topography and the floating datum has
been set just below the lowest elevation at 240 m.
Refraction statics was calculated using standard routines
implemented in the commercial seismic software with
limited offset of 100 m. This allows to recognize the
weathering layer without taking into account large velocity
variations resulted from change of topography. A next step
in common processing was careful front mute to remove
guided waves and preserve wide angle shallow reflections.
This procedure is crucial, as explained in many papers
(Buker et al. 1998; Robertsson et al. 1996), and has been
manually performed for each shot. The effect of applica-
tion of front mute is presented in Fig. 3 in middle panels,
where clearly refracted arrivals have been removed while
shallow reflections are preserved. The first recognition of
near-surface velocities based on analysis of shallow
reflections flattening shows variable velocities along the
profile that varies between 1400 and 1600 m/s. The effect
of reflection flattening is present in Fig. 3 (right panels),
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Fig. 2 Field measurement scheme showing four deployments (bot-
tom) using 60 seismic stations and 80 shot positions in each. Thanks
to overlaps of shots, the minimum fold was set as 22 (middle panel).

The top panel shows the significant change of 22 m in the elevation
along 1280 m long profile
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Fig. 3 Example of shot gathers for shots 1032 and 1069 (left panels)
after diversity stack of four repeated weight drops. The middle panels
show carefully selected front mute, that removes linear refraction
arrivals. Right panels show the NMO effect with velocity of 1600 and

showing also effect of optimal combination of 70% stretch
mute and the front mute.

One of the problems in near-surface processing are
strong amplitudes of surface waves that covers useful wide-
angle reflections. In our case a simple high-pass filter was
efficient enough to attenuate most of surface waves. The
best results were obtained when filtering above 30 Hz as
presented in Fig. 4c, d. Moreover, high-pass filter attenu-
ates also long wavelength characteristics in shot gathers.
Figure 4 shows also a spectral content for an example shot
gather showing significant reduction of amplitudes with
frequency. To recover sharp images we used spectral
whitening technique that is strengthening high frequencies
(see Fig. 4d). For this step several deconvolution tech-
niques has been tested, including predictive deconvolutions

@ Springer

1400 m/s, respectively. Clear shallow reflections are visible at 55 ms
for shot 1032, and 90 and 140 ms for shot 1069. All panels presented
with AGC (100 ms) applied

and spectral whitening. Figure 5 shows an example results
using surface consistent deconvolution, surface consistent
spectral whitening, single trace deconvolution and spectral
whitening. Choosing an optimal deconvolution we were
looking for a sharp and coherent wide-angle reflections,
like the one at 120 ms, and one at 270 ms. Both surface
consistent approaches (Fig. 5a, b) result in poor enhance of
high frequencies, thus smeared reflections. Although, the
deconvolution performed for each trace separately results
in the flattest spectrum (Fig. 5c) wide-angle reflections are
not coherent. Finally, we decided to use spectral whitening
in range of 10-180 Hz (Fig. 5d) because it gives the
clearest image.
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Fig. 4 Example of optimal processing for shot 1069. Raw gather after
diversity stack of four repeated weight drops (a); gather after spectral
whitening b shows flat spectrum up to the 180 Hz; ¢, d shows
corresponding processing steps as in a, b with applied high pass filter

The shallow structure processing

Having problems with standard semblance velocity analy-
sis we wanted to recognize the velocity structure in the
shallow part using other techniques. For that, we used well
known travel time tomography. The first breaks were
manually picked for every fifth shot resulting in 52 regu-
larly spaced shots along the whole profile. All receivers
were used in this procedure giving offsets from 5 to 360 m.
The refraction arrivals were clearly visible at all offsets,
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above 30 Hz; inlets in each panel shows spectral content of the
gather. All panels presented with AGC (100 ms) and front mute
applied

but after careful elimination of noisy channels we prepared
the set of 2600 travel times. This travel time set has been
inverted using JIVE3D software (Hobro 1999) for a smooth
velocity model with defined topography. The inversion
procedure was performed according to standard
scheme (Majdanski et al. 2016; Zelt 1999) resulting in an
interesting velocity distribution presented in Fig. 6. The
velocity structure is rather smooth with strong increasing
gradient with depth, but also with an increasing trend
toward NE. Around CDP 480 a strong gradient marks
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Table 1 Acquisition parameters

Feature Measurement
Vertical stack 4

Sampling interval 2.5 ms
Record length ls
Receivers 4.5 Hz
Station interval 5m

Shot interval 5m

Active channels 60

Fold 22-60

Offset 0-345 m

sudden change of velocity that indicate a SW dipping fault.
Three other smaller gradients indicate discontinuity of
velocity with more horizontal SW dipping direction. To
verify reliability of tomographic result, a middle panel of
Fig. 6 shows ray paths from the last iteration of inversion.
It proves that all mentioned observations are in well cov-
ered areas. This verified result for the first 60 m is alter-
native information that was further used to create correct
velocity field for reflection imaging. With this additional
information it was possible to perform semblance based
velocity analysis for observed shallow reflections down to
200 ms. All shallow velocities has been further tested by
NMO application on shot gathers along the profile. Flat-
tening of wide-angle reflections (see example Fig. 3)
confirming that those shallow velocities are correct. The
final velocity model in depth domain is presented in the
lower panel of Fig. 6. It was generated as a simple
extrapolation of tomographic velocities in shallow areas for
large depths.

The shallow processing includes both elevation and
refraction static corrections and careful front mute.

Spectral whitening has been applied to eliminate spectral
differences between shots and effect of variable coupling
of receivers. For NMO correction we used velocity model
from Fig. 6. After the stacking procedure resulting section
was FK filtered (with velocity of 50 m/s) and depth con-
verted using the same velocity field. The final stack in
depth domain is presented in Fig. 7 (top). Looking closely
at the first 200 m we observe several flat reflections
spanning from the beginning of the profile till CDP 450.
Unfortunately there are no borehole information to verity
and classify those reflections. A sudden change of reflec-
tivity is observed at CDP 460 where the fault exist and is
confirmed at the surface as a morphological edge. This is
probably the main fault limiting the Roztocze Hills area
from the south west, and at the same time constitutes the
border of the Carpathian Forebulge. At CDP 460-500 there
is an area of low reflectivity (yellow polygon in Fig. 7) that
coincides with strong velocity gradient in tomography. In
this area some discontinuities in small reflectivity is visible
(marked with black dashed line). The flat reflections on a
left side show small discontinuities that could be traced to
form lines gently dipping in SW direction. They could be
interpreted as small tectonic displacements that do not
reach the surface. Three of those structures (solid yellow
lines) are confirmed in tomographic result (lower panel in
Fig. 7) by areas of dipping velocity gradients. Unreliable
tomographic results are greyed out, so we can confirm
internal faults at CDP 120, 210, 310 and 410. The other
discontinuities are not that sharp in the seismic image and
are marked with dashed lines.

The deep structure processing
In the deep structure processing path, two additional steps

were needed to enhance energy at larger times. Firstly, we
used spherical divergence procedure linearly dependent on

Table 2 Two paths of data

Common processing

Deep focus (additional steps)

Spherical divergence with time

Spectral whitening (10-180 Hz)

Tail mute

FK and high-pass filtering

processing
1 Data cutting
2 Geometry and sorting
3 Trace editing
4 Elevation statics
5 Refraction statics
6 Front mute
7
8
9
10 NMO
11 Stack
12
13

Depth conversion

@ Springer
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Fig. 5 Example shot 1069 deconvolution tests: surface consistent
deconvolution (a), surface consistent spectral whitening (b), single
trace deconvolution (c), spectral whitening (d). Inlets in each panel
shows spectral content of the gather. Simple spectral whitening

time. This procedure significantly boosts the amplitudes
below 300 ms for both deep reflections and much stronger
surface waves. Because our data set consist of large offsets
it was possible to simply mute the surface waves with
hand-picked tail mutes, and use only wide angle reflections
for imaging. As presented in Fig. 8, a clear deep reflection
at c.a. 550 ms is visible for times preceding the arrival of
the surface waves. Moreover, this strong reflection was
visible at a number of shots and for various frequencies.
Spectral whitening in the range of 10-180 Hz was applied
further on to minimise the effects of variable geophones
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d results in the sharpest wide-angle reflections. All panels presented
with AGC (100 ms), front mute and high-pass filter (> 30 Hz)
applied

and source plate coupling, and some source generated
noise. Unfortunately, standard velocity analysis using
semblance plots was not possible for deep structure
because of lack of deep reflections between 200 and
600 ms. For stack we used extrapolated velocities as in
Fig. 6. The effect of normal moveout and stack is presented
in Fig. 9. The main features are the gaps at the deployment
contact points. They are the effect of application of tail
mutes presented in Fig. 8. This step significantly improves
the quality of section, especially at the larger times. Thanks
to large offsets for the profile we could simply mute all
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Fig. 6 Result of the first breaks travel time tomography showing the P
wave velocity in the shallow structure (top). White line marks the
elevation, black dashed lines mark strong dipping velocity gradients
indicating the discontinuity of velocities. The middle panels shows
the same result with seismic ray paths to mark the well recovered

arrivals related to the surface waves and still recover wide-
angle reflection. One important aspect in the processing
was correct order of tail mutes, AGC and filters applica-
tion. It is important to filter the data first then apply tail
mute procedure. The other order result in strong filter
artefacts below the tail mute times being enhanced by AGC
procedure giving strong, artificial reflections at large times.
The result of correct processing focused on the deep
structures shows clear NE deepening reflection marked
with a red line (Fig. 9) at depths from 450 to 700 m.

Conclusions

Shallow seismic investigations yielded detailed images of
the Carpathian Foredeep marginal zone. A large offset
survey combined with modified accelerated weight drop
source was specially designed to allow both high resolution
reflection image and refraction tomography. Four strokes
of the source give enough energy to observe refractions at
all offsets up to 350 m, but also to recognize a deep
structure down to 700 m. Two processing paths were used
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areas. The lower panel, with different vertical exaggeration (VE =
0.2) shows the velocity field based on tomographic result and the
velocity analysis, that was further used to the depth conversion.
Dashed rectangle marks the area with tomographic velocities

to enhance both shallow and deep structures, resulting in
detailed image of the near-surface faults, but also a sharp
deep reflection. The 5-m spacing used for both shots and
receivers was not dense enough to clearly recognize the
first 30 m. Additional information like ERT experiment or
different seismic processing, e.g., MASW (Park et al.
1999), and finally joint interpretation might be used to
further verify this part of the structure. Still, a clear image
of a main fault in the area was presented. This weight drop
seismic profile was performed to recognize near-surface
structures, that is why it was surprising to observe clear
reflection at 700 m (Fig. 9). For surveys of this type with
limited number of stations we suggest to use different
spacing for shots and receivers. For example deploying
stations with 8 m spacing and shooting with 2 m spacing
will result in similar fold, but would limits number of
deployments, limiting number of repeated shots. Thanks to
dense shooting it would be possible to recover shallower
structures, but wider deployments would give important
long offset refracted arrivals. In the end acquisition time
should be similar with higher resolution results. To make it
optimal it would be beneficial to perform test shooting and
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above 35 Hz (middle), and NMO with velocity of 1500 m/s and high tail mute

pass filter above 50 Hz. Simple high pass filtration clearly removes
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Fig. 9 Time domain stack with deep reflection enhanced processing.
The data gaps at the deployment contact points are the effect of tail
mute application to remove effect of surface waves. Clear deepening
reflection at 450-700 ms marked with red line is visible along the

recognize the maximum offset of clear observations, and
design the survey for specific environment.

The horizon marked in red in Fig. 9 refers to the
evaporate layers that occurs throughout the area of the
Carpathian Foredeep and represents the best reference
horizon for geophysical and geological research in this
area. Such a evaporate layer is observed and well docu-
mented at much shallower depths in Ukraine.

Summarizing, we show that presented type of seismic
survey with weight drop source and standalone stations can
lead to a clear image of the structure from 30 down to
700 m, that could be performed effectively with low costs.
The key to achieve detailed result is a careful data analysis
using multiple techniques, that we hope to improve even
further in the future.
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profile. In shallow part between 50 and 200 ms several discontinuities
of reflections are visible. Strong cut-of layering marked with black
line is showing the Marginal Zone of the Carpathian Foredeep.
Yellow rectangle marks the shallow area as in Fig. 7
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