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Summary

Summary
Summary in English

Main objective of the doctoral thesis: An attempt to image the subsurface in cases where it
is strongly correlated with environmental factors and estimate changes due to varying climatic
conditions and the current climate state.

The environmental changes observed during the 20th and 21st centuries constitute
a significant challenge for modern natural and mathematical sciences (Barnett, 2009;
Mieszkowska, 2021). In addition, they pose a challenge to modern geophysics, the only
advanced method that allows for a precise and accurate study of spatial changes resulting
from climate evolution (Bergamo et al., 2016). It is not without significance that, along with
environmental changes, also geohazards, both locally and globally, are evolving (Barnett,
2009). While changes on the surface are well documented and monitored, underground
imaging changes still require far-reaching further methodological research. A particular case
is understanding changes and structures visible to a depth not exceeding 500 m below the
ground surface where climate evolution-related changes occur. Therefore, adapting and
integrating more advanced data processing and interpretation techniques are necessary
to solve the mentioned challenges.

The methodology presented in this thesis integrates the classically used geophysical research
methods, such as electrical resistivity tomography, ground penetrating radar imaging and
refraction seismic, with more advanced and newer techniques of reflection imaging and
multichannel analysis of surface waves (Marciniak et al., 2019, 2021). Furthermore, the
presented approach and scheme of data processing treat the uncertainty of each method
separately, not only as an interpretative parameter but as a fundamental value affecting data
processing. As a result, the scientific value of the results is much greater than the sum of the
individual methods used separately, and the final data are characterized by higher accuracy
and lower interpretive uncertainty.

Among the applications of the methodology for the classical recognition of geological
formations, exceptional cases are solutions to environmental problems representing the local
scale, such as landslides, and global issues, which include the increase in the thickness of the
active layer in polar regions. In both cases, a particular problem is the challenging data
acquisition and the complex geological structure of the study area. The solution to this problem
can only be provided by a comprehensive geophysical approach using several techniques that
allow an unambiguous and high-resolution separation of environmental variables from the
geological structure. An important parameter is the water content spatial and temporal
variability in both the landslide and the thickness of the active layer problem. This parameter
is directly (polar studies) or indirectly (landslide studies) induced by climate change.
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Summary in Polish
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Introduction

In recent years, environmental and geophysical studies have been gaining importance and
popularity. One of the main reasons is accelerated climate change, which requires
monitoring and predicting variations at and below the earth's surface (Kaushik et al., 2021;
Reygondeau, 2019). Currently, only the geophysical techniques are sufficient for imaging
the fast-developing changes beneath the surface in a spatial and non-destructive way.
Of the many potential scientific targets related to the described topic, two are especially
suitable to be studied by using modern geophysical imaging. One of them, representing
the global scale of changes is the permafrost degradation in the polar regions
(Christiansen et al ., .7ZHebtherlocMprpbktraitel&tedtoehe a l
anthropogenic triggering of landslides in high mountain regions (Marciniak et al., 2021).
Since the described scientific targets mainly occur in terrain with complex geological
conditions, a single geophysical method is not sufficient for the precise imaging of related
problems (Cardarelli et al., 2010; Hammock et al., 2022; Marciniak et al., 2019; Owoc
et al., 2019).

The classical approach for near-surface studies uses ERT, GPR, and SRT techniques as
standalone interpreted methods (Draebing, 2016; Feroci et al., 2000; Rossi et al., 2018;
Samouzxlian et al ., 2Re0bebtly, thé MASHV teenniqua (Park et &.0 1 6 )
1999; Park & Miller, 2008; Xia et al., 1999) seems very popular across environmental
studies as a solution for estimating rock mechanical parameters (Hilbich, 2010; Ullemeyer
et al., 2006). In addition, recent developments in computational powers allow for the use
of more advanced techniques. The leading example is RI, which provides a more detailed
image of the subsurface (Hobro et al., 2003). However, each of the methods mentioned
has its limitations. Therefore, more integrated studies in data processing and interpretation
are required to extract the maximum geological information from the datasets. It is crucial
when information from boreholes is not available or sufficient, which is typical in
near-surface experiments.

For studying environmental processes, where changes can be at the limit of methods
resolution, an important aspect of uncertainty estimation has to be stated and concerned
(FernS8MadteZnez et al ., 2017; Mar cini akmany al
geophysical studies, the critical aspect of results reliability is omitted. However, in studies
where multiple methods are used on the same dataset or performed at the exact location,

the problem of data correlation arises when comparing results from each interpretation
technique. As a solution, the uncertainty information from each method should be treated

as a processing parameter and used during data processing and interpretation.

There is an increasing number of studies related to problems described in previous
paragraphs, treating them standalone (Kasprzak, 2015; Lindner et al., 1992; Maurer
& Hauck, 2007; Wawrzyniak et al., 2016; Zhao et al., 2016). However, precise recognition
of the subsurface where environmental changes occur particularly rapidly requires an
approach to solving problems of method integration and result uncertainty. This thesis
describes an approach to solving these problems by investigating the permafrost thawing-
-freezing effect and landslide triggering related to the current climate state.
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The motivation behind the integration of geophysical techniques for
environmental studies

The motivation behind studies discussed in the thesis can be split into methodological
development of imaging techniques and the studying subsurface effects of climate
evolution. When computational power allows more advanced methods to be applied to
near-surface experiments, there is necessary to apply these methods to study
environmental problems, mainly geohazards. The issues that have to be addressed and
solved for the application of those methods are the methodological motivation of the
dissertation. On the other hand, understanding how climate evolution affects geohazards
is the scientific motivation behind the thesis. As such studies are long-term due to the
characteristics of the problem, it is essential to gather information about the current state
of the environment and observe fast-developing changes beneath the surface. The
additional aspect behind the presented case studies is the importance of the topic
to Poland, especially the discussion of the problem of subsurface evolution in the context
of current climate dynamics.

The near-surface experiments, industrial prospecting and deep seismic soundings form
the three groups that subsurface methods can be divided according to the depth of the
target. Although similar and using almost the same processing and interpretation
algorithms, all three groups are characterized by unique scientific problems according
to the physical limitations of imaging techniques and the size of subsurface structures that
must be recognized. Confusingly, near-surface studies have many similarities with
crustal-scale experiments. The justification for this is the lack of borehole geophysical
information in most cases, the complicated wavefields in which both refractions and
reflections are mixed, and often poor S/N ratio. Nevertheless, a multi-method approach
can be used to address these issues.

The problem of climate change is widely discussed and can be defined as a leading
scientific topic worldwide. However, as well defined in terms of temperature increase, the
changes under the surface are rarely studied and described. As climate changes induce
global and local consequences both rapidly and slowly, these variations have
to be described and monitored. Moreover, as such a task requires a time-lapse approach
(data is gathered a few times in an assumed and often long period), it is necessary
to gather information about the current state of subsurface structures. It is also essential
to predict future changes, which is possible based on already estimated changes observed
during previous monitoring. The articles forming the dissertation indicate only a small part
of the scientific issues related to the imaging of subsurface environmental changes.
However, they describe two fundamental problems that can represent the whole group.
Such issues are highly sensitive to the impact of climate change, so even small
disturbances can have disproportional consequences for the entire system. Especially the
studies of landslides, which are triggered by natural disasters like heavy rainfalls and
anthropogenic activity, significantly impact the policy toward endangered regions.

The work pointed out the importance of environmental studies and the validity of the
development of geophysical techniques for studying related issues. Even though the
problems addressed in the thesis represent only a small part of the broad topic
of environmental studies, | believe they are of significant scientific importance. Additionally,
the aspect of uncertainty analysis of the result was stated as an essential parameter that
should not be omitted in geophysical research.
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Primary research objectives and organization of the thesis

The main objective of the presented thesis was an attempt to image the subsurface in the
near-surface area where it is strongly correlated with environmental factors and the current
climate state. Thus, the key aim is to recognize the subsurface with noninvasive
geophysical methods and estimate changes due to varying climatic conditions. Multiple
problems have to be addressed and efficiently solved to achieve this goal:

1 The gathering of the data in a challenging environment

1 Integration of near-surface geophysical imaging techniques

1 Reliable estimation of data uncertainty

1 Development of optimal processing approach for near-surface environmental

studies

Correlation of obtained results with current climate state

91 Interpretation of multiple datasets for recognition of seasonal changes in the
subsurface

=

For that purpose, an integrated methodology for near-surface geophysical studies was
developed. The approach was then applied and tested both in classical geological
problems and time-lapse experiments directly covering the main problem stated in the
thesis. The dissertation is constructed in the form of six articles covering the described
topic:

Paper | T Uncertainty-driven seismic analysis for near-surface imaging
Paper II'i Effective use of uncertainty-driven analysis in the imaging of the subsurface

Paper Il i The use of ERT and MASW for initial recognition of permafrost development
in S.W. Spitsbergen

Paper IV 7 Imaging of seasonal evolution of the permafrost in the coastal catchment in
S.W. Spitsbergen

Paper V - Application of geophysical methods in recognition of ground properties and
periglacial geomorphology in S.W. Spitsbergen

Paper VI - Integrated geophysical imaging of a mountain landslide in Southern Poland

The presented papers cover the problem of reliable near-surface imaging by utilizing
at least two geophysical techniques. The first two articles introduce the concept of
integration geophysical methods by using uncertainty as a processing and interpretation
parameter. The later works present an attempt to image climate-related environmental
processes using components of the developed methodology.

The thesis is divided into two main sections. The core of the work is based on the reprints
of peer-reviewed published research articles forming the thesis. In the Summary of the
papers section, each paper's main scientific objectives and results are briefly presented.
The primary outcomes and thoughts based on findings from the publications are
summarised in the second part, Summary and Conclusions. Finally, the general
recommendations and future studies related to environmental near-surface studies are
described and summarised in this chapter.
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The scientific contribution of the presented research

The articles forming the thesis contribute to the topics of the imaging environment's current
state and its changes. The most important concerns are polar and landslide studies,
related to the current climate state and geohazards. The fundamental discoveries and
developments are:

91 Proof that thermally-related seasonal changes in Svalbard are reaching deeper
into the subsurface than previously believed. It was shown that up to even
40 m under the subsurface, the indirect influence of thermal changes through water
percolation could be observed. Previous knowledge states that changes do not
exceed the active layer's thickness in most cases. The gathered data, with
estimated uncertainty, directly show a statistically significant change in VP velocity
caused by fluctuations in the water saturation of the structures. It also states that
the subsurface in Arctic regions is prone to climate change more rapidly and
broadly. The results significantly contribute to climate prediction models, which
should be updated with findings and new data. Moreover, further studies of the
phenomenon are required.

1 Recognition of post-glacial and periglacial structures in the Fuglebekken catchment
and Hans Glacier Forefield. In Papers lll, IV and V, the first seismic and ERT
experiments of such scale were conducted in a time-lapse manner. The outcomes
are one of the first such insights into the geology and glaciology of the Hansbreen
region.

1 Precise imaging of the structure of anthropogenically triggered landslide in Beskid
t ywiecki, i.e. the region strongly endangered by this type of geohazards. In Paper
VI, successfully applied the methodology described in the thesis, delivering an
accurate image of a potentially dangerous landslide for infrastructure. By
integrating the geophysical methods, it was demonstrated that this landslide has
a complex structure with multiple sliding bodies and faults. Moreover, we
discovered that the rupture surface has a multi-layered form, proving that the
landslide has been repeatedly activated. Deeper structures have also been
identified that may indicate older landslide development, but such studies cannot
be described better without further studies. Thus, they are not discussed in Paper
VI. The measured physical parameters correlate with previous, less advanced
studies of similar structures in the region. Therefore, conducted studies can be
treated as a methodological benchmark for similar research in the region, which
should be conducted more broadly due to the topic's significance.

1 Geophysical imaging of Mosty region, in Holy Cross Mountains, § wi At ok
voivodeship, Poland. The gathered data enhanced geological knowledge about
rock formations and their formation in this part of Poland. Furthermore, as the Holy
Cross Mountains are interesting in terms of their complicated geological evolution,
our research allowed for a better understanding of these processes, especially
those related to forming the Mesozoic bedrock.

rzyski
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Data used in the thesis

To achieve the research objectives of the thesis, data from three research projects and
four study sites were used. Data from three study sites in Poland and one in Spitsbergen
were used in the order of the presented papers. These study sites significantly differ in
terms of geology and thus acquisition requirements and opportunities. However, in all
cases, the near-surface methodology has been used for efficient geophysical
investigations. Seismic gatherings are the core methods used for studying the subsurface.
Additionally, ERT and GPR methods were later integrated with cases where information
from that method significantly impacts the final interpretation. This paragraph presents
a brief description of datasets in the order of the article presented.

The first dataset was gathered in the Central Geophysical Observatory in Belsk
(Mazowieckie voivodeship, Poland). 60 Omnirecs DATA-CUBE and 40 Reftek Texan
stations with geophones having a natural frequency of 4.5Hz were used for recording. The
signal excitation was carried out by an automatic PEG 40 car-mounted seismic source.
A 400 m profile with 4 m geophone spacing was used for methodological tests. Due to the
relatively flat elevation, the geodesy measurements were made manually using measuring
tapes.

The dataset gat hered in Mosty ($Swinnalkozyskie
Mesozoic bedrock relief's recognition using the previously developed methodology. The

seismic line length was 840 m. Sixty standalone GPS-based DATA-CUBE recorders with

4.5 Hz geophones and a PEG 40 seismic source mounted on an in-house developed

trolley were used. The receiver spacing was 5 m, and the shot spacing was

2.5 m consecutively. To cover the whole line, walk along scheme of data acquisition was

used, where three smaller deployments were used to cover the whole profile. For

geodetical measurements, RTK GPS was used.

The datasets presented in Papers lll, IV and V were gathered during three expeditions to
Svalbard (Southern Spitsbergen) in the years 2015, 2017 and 2018. The data for ERT
measurements were collected during the summer of 2015, using multiple acquisition
geometries on a few geophysical profiles covering the Fuglebbeken catchment and
moraines of Hans Glacier. The GPR dataset was gathered in September 2018, using
30 Mhz RTA Antena from Mala, and covers seismic line HOR 22Z described
in Paper V. In the seismic surveys, the same PEG 40 as a signal source with an additional
8 kg sledgehammer in places with difficult access was used. In total, four seismic lines
were used with geophone spacing of 5 m in all cases and variable shooting offset
(2.5 m for HOR 3 line from 2017 and 5 m for the rest of the profiles). The geodetic
measurements were done by manual tape measurements and later correlated with the
position obtained from GPS for each recording CUBE station.

The data for Paper VI was gathered in Cisiec (Silesian Voivodeship, Poland). Abem
terameter and teralog as an acquisition system were used for ERT and seismic gatherings.
The data from four ERT lines of 375 m each were gathered using a gradient system. The
seismic line was shorter, covering only 240 m in a place where the main landslide body
was supposed to be identified. For ERT and seismic measurements, both geophone and
electrode spacing was 5 m. The signal excitation for seismic studies was done manually,
using an 8 kg sledgehammer. The shot spacing was 5 m, without offsets in the front and
end of the line. The geodetic information was obtained by use of a GPS RTK system, as
well as drone photogrammetry.
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The acquisition schemes used were selected based on scientific targets and our previous
experience, which can be noticed during the reviewing of the thesis articles. The author of
the dissertation personally was a member or leader of all field groups, excluding the
Svalbard expedition in October 2017 (I was co-organizer of the fieldwork) and 2015. The
datasets used in the thesis were founded on multiple financing sources:

National Science Centre, Poland (NCN) Grants:

UMO-2012/07/B/ST10/04268, i G| a € permafrost interaction as an environmental
continuum between glacial and periglacial domain in Tarfala (Scandinavia) and Hornsund
area, Spitsbergeno

UMO-2015/19/B/ST10/01833, "Three dimensional model of the lithosphere in Poland with
verification of seismic parameters of the wave field"

UMO-2016/21/B/ST10/02509, "Relationship of permafrost with geomorphology, geology
and cryospheric components based on geophysical research of the Hans glacier forefield
and its surroundings. Hornsund, Spitsber

Statutory activity No. 3841/E-41/S/2018 of the Ministry of Science and Higher Education
of Poland.

geno
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The problem of environmental studies in the subsurface

One of the main difficulties in studying environmental changes in the subsurface is related
to the spatial anisotropy of the studied environment (Glazer et al., 2020; Ullemeyer et al.,
2006). Even in a relatively small area, the changes in the geology and rock structures can
have significantly different responses to both seasonal and long-term variability.

The common in situ way of gathering rock samples from boreholes is undoubted in terms
of data reliability (Lococo et al.,, 2021). However, raw samples from the cores, even
supported with data from geological logs, are strongly limited to the local zone of radius
not exceeding a few metres (Niitsuma et al., 1999). Moreover, the additional cost of even
shallow drillings is also a strongly limiting factor of near-surface environmental studies and,
as an invasive method, cannot be possible to use in many cases.

The ideal situation where both geological and geophysical data in terms of logs and
surface gatherings are available is rare (Uhlemann et al., 2022). Moreover, in cases where
a priori data are available, their quality is relatively poor. Additionally, the reliability problem
arises due to a long period of observations, where data from the same study site must be
collected multiple times, often in different seasons. As a solution, new approaches for
similar studies have to be developed and introduced in terms of data acquisition and
processing, especially in databases and the overall availability of high-quality information.

The changes in soil moisture and its properties

The environmental changes are widely observed in terms of annual temperature
fluctuations (Christiansen et al., 2016; Osuch & Wawrzyniak, 2017; Wawrzyniak et al.,
2016; Wawrzyniak & Osuch, 2020). Such variability strongly affects the water cycle on the
surface, air, and subsurface. The way that water percolation is affected by temperature is
multidirectional (Hornum et al., 2021; Matsuura et al., 2014). The effects of precipitation
changes, glaciers degradation and permafrost thawing or even sea current changes can
be described as direct and often global (Mieszkowska, 2021). However, indirect effects in
the form of changes in water retention periods are caused by anthropogenic activities, e.g.
dams and lakes built for flood prevention or artificial snowmaking, which change the local
hydrogeology. Although on a micro scale, these activities can have a considerable impact
on the whole regional ecosystem, especially in the mountains. Because the geophysical
methods in the great majority are susceptible to water content in the media, there are ideal
tools for studying environmental effects under the surface (Adepelumi et al., 2001; Boiero
et al., 2010). The direct relation between water content and physical parameters like VP,
VS, resistivity, and conductivity of the electrical current can be used for indirect studies of
environmental evolution. Such a situation was described in Papers IV, V and VI (Marciniak

et al ., 2021, 20 2 2 ;,whdre chdrgeEm khe watet satardtion are théd 2 2 )

main factors for recognizing the active layer evolution and landslide structure.

Currently, one of the biggest challenges is estimating the water amount and properties of
the rock structures. Because physical water parameters can vary by a high margin due to
its state, salinity, temperature, and mineralization, the precise separation between water
content and its parameters is challenging. One of the critical aspects is estimating water
temperature, which is especially important in permafrost and hydrothermal targeted
studies (DobiGki et al., 2017). Unfortunately, the temperature of the water can be
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measured only directly. Because water can be in liquid form even under negative
temperatures due to its salinity or pressure in rock matrices, the final result interpretation
can be misleading. Therefore, the indirect effects of the water state have to be measured
based on water's unique properties during its state transformations (Carcione & Seriani,
1998; Wu et al., 2017). Paper lll (Glazer et al.,, 2020) shows that the vital aspect is
separating ice and water-saturated structures in the polar experiments, which can be done
using ERT and seismic techniques like MASW.

The limitations of geophysical techniques in near-surface studies

As a non-direct method of studying subsurface structures, all geophysical methods have
limitations. The seismic methods are mainly limited by problems with recorded noise and
challenging acquisition (Feroci et al., 2000; Marciniak et al., 2019) or the strength of the
signal at the source (Atanackov & Gosar, 2013). In terms of electric methods like ERT
(Revil & Glover, 1998), the limitation lies in current propagation through high resistivity
media. Those can be divided into general, whose origins lie in general mathematical and
statistical principles and unique ones specific to the measured physical field. The critical
limitation that affects the geophysical techniques is the amount of obtained data and, thus
the lack of unigueness of the solution (Hobro et al., 2003; Owoc et al., 2019). The
near-surface geophysical studies are the non-exception. However, some possibilities and
drawbacks can be assigned to the relatively small scale of experiments. The critical issue,
where in most cases, not a sufficient amount of data (underestimated problem), leads to
the situation where not only multiple models describing earth structure can be fitted to the
same dataset, but also resolution and uncertainty can vary. Although highly scarce, the
opposite situation with a too high number of data (overestimated problem) leads to
a significant problem. However, in this case, it can be relatively easily solved. The
additional issue to be addressed is the quality of obtained data.

Opposite to the laboratory environment, where study conditions can be controlled with high
accuracy, the outdoor geophysical data are gathered in a rapidly changing environment
(Philips Aizebeokhai, 2010). Such a situation induces two problems that are difficult to
solve. The first one is the variation of parameters of the studied structures during data
collecting, and the second is changing the precision of the equipment. In both cases, the
estimation of mistakes related to those changes is almost impossible in real case studies.
However, the newest developments in terms of measurement devices are still far more
precise than the other factors and limitations. The current state of knowledge and
computational possibilities still do not allow for utilizing the datasets to their full potential.
The other limitations of geophysical techniques are specific to each method uniquely. Most
of those properties are the effects of physical laws and the simplifications used to describe
those phenomena (Butler, 2005). Acoustic estimation of seismic wave propagation or
spherical propagation of electric current in the subsurface can be a good example. The
other problems are related to the measurement approach, which assumes doing
experiments at the surface. Because there is no other possibility to assume the
non-invasiveness of the study in most cases, the limitations in vertical recognition of the
subsurface are unavoidable. This fact is related to the impact of underlying structures and
layers on the deepest ones. The electric impulse in ERT or seismic wave in exploration
seismology can be treated as an information carrier. Such information from deeper layers
is biased by effects occurring in overlaying layers. It leads to a resolution decrease with
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the depth and thus increases the uncertainty of the result. Across those effects, signal
attenuation and conversions are the main difficulties that must be solved or approximated.

As previously stated, near-surface studies have some unique limitations and possibilities.
One of the main is that the scientific target is complicated near-surface structures with
multiple geological effects. In deeper experiments, the first meters are treated as noise,
which can be easily removed from the data. In near-surface studies, complicated
geological structures have to be reconstructed in geophysical models, which is difficult due
to the physical limitations of each used technique. Moreover, very often, the data quality
is worse in comparison to larger-scale experiments. It results from a limited number
of acquisition channels and relatively weaker signal sources. Because the nearest surface
substantially impacts seismic wave propagation, using a strong source is recommended,
although in most cases not possible due to environmental restrictions or cost limitations.
Moreover, as stated previously, the lack of geophysical information from shallow boreholes
is also a limiting factor. Electrical methods like GPR and ERT, almost always exclusively
used for near-surface studies, also have limitations. They resulted from the scientific
target's size and balance between cost-effectiveness and recorded data quality. However
limited, the near-surface studies can be relatively quickly conducted altogether in the same
study site without a significant increase in the cost of the experiment. In general, the higher
cost of data gathering is related to the logistics and accommodation of the field team.
Because near-surface geophysical equipment is relatively portable, and data gatherings
are fast due to the limited size of the study site, the multi-method approach can be
introduced. This fact leads to the possibility of utilizing of multi-method approach, which is
one of the critical issues of the presented thesis.

The seismic methods in environmental studies

Together with electrical methods like ERT and GPR, seismic methods like MASW and
SRT are the main techniques in near-surface studies (Everett, 2013). In most cases, they
are used standalone, according to the target (Draebing, 2016; Feroci et al., 2000; Hilbich,
2010; Krawczyk et al., 2012). One of the most substantial limitations of those methods is
the trade-off between resolution and information about the mechanical parameters of rock
structures. In the cases where the scientific target is to estimate the shape of the anomaly
or localization of the boundary, electric methods are considered to be more precise.
However, where geomechanical properties such as VS 30 (Allen & Wald, 2009; Ismet
Kanli et al., 2006) need to be estimated, only seismic methods are applicable for solving
those tasks indirectly. However, in the group of seismic methods, Rl and the Full Waveform
Inversion (FWI) technique can fill the gap between resolution and information about
physical parameters. Those methods were not used on the near-surface due to the
required processing power and/or correlation with in-situ information for detailed initial
velocity field estimation. The latest development that has started to be used
in environmental experiments is FWI (Adamczyk et al., 2014; Dou & Ajo-Franklin, 2014).
That technique allows for obtaining much more detailed velocity estimation and increases
the overall resolution of seismic methods even further (Virieux & Operto, 2009). The more
mature in near-surface studies are RI techniques (Feroci et al., 2000; Krawczyk et al.,
2012). In early near-surface studies, RI stacks were shown in the time domain or without
horizontal stacking, as it was not possible to estimate seismic wave velocities in individual
layers with sufficient precision. Another important contribution of this work is the
presentation of the solution that allows the use of these techniques in environmental
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studies, utilizing information from basic seismic and electric methods (Marciniak et al.,
2019, 2021). It has to be stated that combining less precise methods and information about
the uncertainty of the result is crucial for RI. As a result, seismic methods as a group can
provide reliable information about the geomechanical properties of studied structures and
deliver images with resolution exceeding previously used classical approaches, as shown
in Paper VI (Marciniak et al., 2021).

Another critical point of environmental studies is the relation of water with rock structures
(Boiero et al., 2010; Matsuura et al., 2014; Uhlemann et al., 2022). Showing changes in
geophysical parameters and imaging structural changes in the subsurface based on those
fluctuations leads to a more precise interpretation. It is essential in time-lapse
measurements (Leroux and Dahlin, 2006; Bergamo et al., 2016). Those variations may be
on the limit of statistical significance, and thus quantitative and qualitative estimation based
on the same dataset significantly enhance the reliability of obtained information.

One of the critical aspects of using seismic methods in environmental studies is their
usability and scalability in prospecting for hydrothermal and geothermal resources (Farina
et al., 2019; Poletto et al., 2018). Those experiments are often on the boundary between
industrial and near-surface studies. One of the key points here is that methodology
previously only used in recognition of the first 50 m of the subsurface can be adopted to
study subsurface up to 1000 m without using expensive vibroseis or dynamite methods for
signal excitation.

The uncertainty of geophysical imaging

An additional issue related to all geophysical studies is the uncertainty of the final model
(Broadhead & Ahmed-Ma20®bhpzFetn@8hdez2O01The
resulting uncertainty is strictly connected with the resolution of the received images.
However, where much effort is put into the increasing resolution of geophysical research
in general, only a few works treat about increasing their reliability (Routh, 2008). Often
opposite relations of increased resolution over worse parameters of the uncertainty of the
geophysical and later geological interpretation can be observed. The problem of
uncertainty estimation can be described as both qualitative and quantitative and as
a single value or multidimensional matrix of values (Malinverno & Briggs, 2004). The most
often used uncertainty estimation is the Chi-square parameter, which is helpful in 1D
modelling and can be misleading in 2D or 3D, where information about mistakes across
the resulting data matrix is essential. As presented in Paper | (Marciniak et al., 2019), the
two trends can be noticed in geophysical studies. The first one shows a decrease in the
resolution of images with depth and an increase in result uncertainty. Secondly, higher
data coverage, as presented by ray coverage images, strongly increases the reliability of
the results in parts with good signal coverage.

One of the aspects discussed in Paper | (Marciniak et al., 2019) is treating uncertainty
as a parameter limiting the solution space of each later method. Such an approach has
two main advantages over approaches where results of experiments are used in the
following methods, but without transferring uncertain information. The first one is an
increase in data reliability. It results from adding "first guess" bounds derived from previous
techniques to the equations during the inverse process, which limits the possible solution
space significantly. According to the previously used technique, these "bonds" are based
on physical parameters, and links result from the following method. Finally, despite being
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based on different parameters, the last method in the processing scheme includes
information from much more physical phenomena. Thus, the second added value is limited
processing effort and computational cost. It is due to a significantly smaller solution area
that has to be searched during the inversion process of the data for each method.
Therefore, it is a significant gain in cases where big datasets gathered in a time-lapse
scheme must be interpreted with the latest FWI and RTM (Baysal et al., 1983) techniques.

The problem of uncertainty analysis is significant in terms of environmental studies.
As presented in Papers IVto VI ( Maj d a Es ki et al ., 2022;,
geophysical techniques are not limited to recognizing geological structures but can
visualize seasonal thermal and water content-related effects. Such variations can be rapid
and significant in physical parameter changes like seismic velocity, as described in Papers

IVandV( Maj da @&Es ki et al ., 2 0. Bl@&veverMizosechamgesadn bee t

slow and on the boundary of method resolution. In such cases, uncertainty estimation is
essential for stating the hypothesis about changes occurring in the studied environment.
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Summary of the papers
Paper I: Uncertainty based multi-step seismic analysis for near-surface imaging

Main aim: Development of methodology for near-surface studies integrating multiple
geophysical methods.

In the first article, which composes the thesis, the concept of multi-stage seismic analysis
based on uncertainty was introduced for near-surface imaging. The paper shows the close
integration of results from MASW, ray-based SRT and RI. The study area was the Central
Geophysical Observatory in Belsk, the IG PAS test site. The proposed approach allowed
the use of Rl when velocity information from boreholes was not available. In addition,
a concept was introduced in which the data obtained with less precise methods is used
in the subsequent processing stages using more accurate techniques. Moreover, this
approach simplifies data processing because the final model from the previous analysis is
treated as a starting point for the next ones. One of the critical aspects of the study was
the problem of uncertainty analysis of results in the near-surface methodology.

The direct use of information about the uncertainty between the methods allowed the
authors to narrow down the area of possible solutions for subsequent methods. The
assumption that deviations in the results obtained from the previous methods limit the
possible range of solutions for more accurate subsequent methods leads to a more reliable
interpretation. The case study presented by the authors shows that the propagation of
information about the uncertainty of the model should be treated equally as direct
outcomes in the results. Moreover, consecutive methodologies are characterized by
deeper imaging potential. The findings of the work demonstrate the importance of
verification of the results and thus show that the final result, which is a seismic reflection
stack, may differ in the depth of the reflection horizons. In the presented study, the example
of determining the velocity field for seismic imaging allowed for the retrieval of information
about the reflection horizons in the data set. The work is a fundamental introduction to the
methodology that has been applied and developed in various forms for the case studies
presented in the following articles. A similar methodology could be applied to solve other
particular geophysical problems.



Summary of the papers

Paper Il: Seismic Imaging of the Mesozoic Bedrock Relief and Geological Structure
under Quaternary Sediment Cover. The Bolmin Syncline (SW Holy Cross
Mountains, Poland)

Main aim: Recognition of structures under quaternary sediments in localization with
relatively unknown geological construction.

The methodology presented in Paper | was used to identify the Mesozoic bedrock in the
Holy Cross Mountains. Geophysical methods provide the only opportunity to obtain
information about subsurface structures in areas with poor geological and geophysical
information, without deep boreholes and outcrops. A multi-method approach that allows
the use of main recorded wave types (surface waves for MASW, wide-angle refractions
for FATT, vertical reflections for seismic imaging) provided detailed, high-resolution
images up to 200 m. Combined with good and dense coverage of the study area with
seismic recorders and shooting points, the multi-method approach resulted in
well-separated and detailed images of geological structures. The overall data obtained
during processing consisted of the VS, VP and reflection image. Applying
uncertainty-based processing and overall subsurface recognition down to a depth of 200
m was possible. A primary reflecting horizon at depths of 50 to 120 m was recognized as
the "hard" (Mesozoic) bedrock.

There was also a depression in the horizon, corresponding to the erosion of the structure.
Its shape resembles the structure of the basement syncline and erosive processes. The
axis of the syncline lies at the Grzywy Korzeczkowskie foothills. The flattened shape of the
bedrock in the studied part of the Holy Cross Mountains may indicate a limited erosive
activity of glaciers. A narrow and deep depression was found in the Mesozoic bedrock in
the northeast. This structure is probably related to the erosion of the river during one of
the interglacials. Four steeply sloping branches were identified in the Mesozoic rocks,
probably related to a local fault. Their configuration is related to the surface morphology.
Due to the high resolution of the seismic image, numerous faults were also distinguished.
Research results have increased the understanding of the geology of the Mosty region,
where complex rock formations are difficult to visualize using just one method. In addition,
the methodology developed appeared to be cost-effective in terms of data collection,
processing, and interpretation work.
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Paper lll: Spatial distribution and controls of permafrost development in non-glacial
Arctic catchment over the Holocene, Fuglebekken, SW Spitsbergen

Main aim: General recognition of the near-surface structures and permafrost development
in the Svalbard area, SW Spitsbergen

The geophysical survey of the Fuglebekken catchment in southern Svalbard presented in
Paper lll integrates the MASW with the ERT methodology. In this article, the main issue
was to illustrate the seasonally evolving structure of permafrost and its active layer. The
application of MASW with ERT was essential for distinguishing sedimentary cover from
bedrock formation and thus identification of ice-bearing permafrost. As the ERT method
used as the main one in the study revealed limitations in recognition of the thermal state
of the ground, an additional seismic method was necessary. The paper described the
occurrence and nature of permafrost in ice-bearing and cryotic states. The Fuglebekken
catchment was selected for the research as a unique site where the Holocene glacial area
intersects with well-preserved sea terraces along with the river and slope sediments. The
area stretches from the mountain range to the coast near the Polish Polar Station in
Hornsund.

The collected data in the form of multiple ERT profiles and MASW seismic lines allowed
for obtaining unique results that were the first integration of these methods to illustrate the
current state of this rapidly evolving environment. After data interpretation, especially from
the HORS3 line, a strong dependence on permafrost development according
to environmental factors was noticed. Different permafrost structures related to Quaternary
marine terraces in obtained data were noted. A nearby glacier, as well as marine
transgressions, influenced those formations and their degradation. Its presence is strongly
connected with surface watercourses, and their velocity flows. Moreover, a strong impact
of seawater on coastal permafrost was observed. In the foothills of Fugleberget, the effect
of thawing water and meteoric flows significantly increases the active layer's depth. The
strong zonation of ice-bearing sediments can be observed based on recognised effects
and structures, ranging from coastal to the foothill area. Due to this and the varying
thickness of the active layer, it was denoted that the permafrost in the Fuglebekken
catchment is sensitive to climatic effects. It is especially important in the context of climate
evolution and global warming for future forecasts and their verification. Such studies pose
a new challenge to modern geophysics in monitoring geological structures and thermal
effects. The integration of both methods during the final interpretation allowed to solve the
problem of distinguishing between geological structures, such as the boundary of the
sedimentary cover-subsoil and the active layer. The work introduces a more extensive
study of the Hornsund area and the Hansa Glacier moraine, wherein a modified form of
a more advanced approach proposed in the previous methodology was applied.
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Paper IV: Variations of permafrost under freezing and thawing conditions in the
coastal catchment Fuglebekken (Hornsund, Spitsbergen, Svalbard)

Main aim: Multimethod investigation of permafrost seasonal evolution and near-surface
structures in Fuglebekken catchment, with correlation to temperature from local boreholes.

Paper IV describes the variability of permafrost during the freezing and thawing processes
of the Paper Il test site. Due to the dominance of climate warming, the form and condition
of permafrost change, which requires additional validation in the study area. Multiple
seismic methods (MASW, seismic refraction and travel time tomography) and borehole
data have provided new high-resolution observations and insight into the permafrost state
in Fuglebekken Catchment. In the study, information from the boreholes showed the local
thermal regime of the ground and high spatial conditions variability. The modified
processing approach introduced in Paper | and proven in Paper Il has been applied to
obtain an integrated result with plausible uncertainty. Seismic surveys can also provide
information about the thickness of the active layer and compare it with the distance from
the shoreline, elevation, and the presence of water from the streams. Based on two
experiments conducted in spring and late summer, the study estimates the minimum depth
of thaw and the thickness of the active layer, the depth of the influence of surface
temperature on permafrost, and the extent of permafrost in the Fuglebekken coastal
catchment area. The data showed the relationship between permafrost characteristics
(freezing and freezing zones) and the distance from the coast, slope and geology.
Comparing the observations from the two seasons, the significant impact of seasonal
changes in the active layer on seismic wave fields can be seen. The analysis of the short
offsets indicates that the sediment thickness and the top of the bedrock are not changing
over time. Travel time tomography detects seasonal variability in seismic velocities due to
the medium's partial or complete changes in the water state. MASW cannot be used in the
time-lapse mode because surface waves are only sporadically observed in the area
covered by snow. In a region characterized by cryogenic permafrost, it is only possible to
distinguish the active layer from permafrost by directly measuring the temperature in the
ground.

However, time-lapse geophysical observations show that the characteristics of permafrost
change over time. Therefore, the region can be an example of a field laboratory where
permafrost degradation is evident. The interactions of water and cryotic structures have
a significant impact and are expected to enhance in the future, further increasing the slope
processes and causing more significant geomorphological changes. The permafrost on
the Hornsund seacoast is rapidly degrading. This is induced by the accelerated increase
of air temperature, the intrusion of seawater into the shore and the deep penetration of
freshwater into the fractured rocks. The high spatial resolution of the velocity field imaging
using the seismic method and direct monitoring of the ground temperature allows for
confirming the hypothesis that there is a wide range of unfrozen ground near the coast.
It is probably affected by saltwater intrusion and groundwater mineralization. Another
interesting structure is the boundary between the sedimentary material and the underlying
solid rock. In these two media, the velocities of seismic waves may be different, and they
may change seasonally depending on the depth of ground freezing.
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Paper V: Multi-method geophysical mapping of ground properties and periglacial
geomorphology in Hans Glacier forefield, SW Spitsbergen; Polish Polar Research

Main aim: Multimethod investigation of ground properties and periglacial geomorphology
in strongly evolving and prone to climate-related factors area of retreating Hans Glacier,
SW Svalbard.

The article presents the results of geophysical surveys from which detailed images of the
postglacial and periglacial terrain forms and subsurface structures were obtained.
A common interpretation of three non-invasive geophysical methods, namely ERT, GPR,
and time-lapse SRT, was used to receive spatial information from the complex
geomorphological terrain. They were applied to identify subsurface structures in the
forefield of the retreating Hans Glacier on SW Spitsbergen in Svalbard. This is the first
comprehensive description of the periglacial structures in the Hans Glacier forefield, using
the longest ERT profile (1500 m) in Svalbard along with deep georadar and precise seismic
tomography. The data highlight the merits of combining geophysical techniques to assess
permafrost characteristics, bedrock and sedimentary cover extent, identify active layer
behaviour, and resolve complex geological structures. Three main zones were recognized
and described, i.e. the outwash plain, terminal moraine and glacial forefield proximal to the
glacier front. Each recognised zone responds differently to the freeze-thaw effect.

Based on observations from two seasons, thermal and hydrogeological influences on
geophysical data can be distinguished from non-seasonal effects of sediment thickness
and bedrock topography. Geophysical profiles in these zones provide information on the
thickness and structure of the sediments and ice and the topography of the bedrock. It has
been estimated that the boundary between the sediment-substrate layers is 5 to
20 m deep. The freeze-thawing effect of the active layer has a strong and profound
influence, as evidenced by the variability of the VP in the results obtained. The observed
impacts are stronger than expected from previous studies due to the indirect effect on
deeper structures reaching about 40 m below the surface due to deep water penetration.
This supports the hypothesis that the leading cause of deep seasonal variability is water
circulation and percolation within the permafrost in the bedrock. Recently, snow cover,
temperature and precipitation have changed rapidly in the Arctic, especially in
Spitsbergen. As there is a clear need to identify subsurface changes due to climate
warming, geoelectric, seismic, and GPR measurements should be carried out and
repeated along with common profiles. Geophysical methods provide images of subsurface
features related to the interplay of permafrost, water, and ice in the ground and provide an
excellent basis for comparative studies.
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Paper VI: Integrated geophysical imaging of a mountain landslide i A case study
from the Outer Carpathians, Poland

Main aim: Investigation of the developing landslide triggered by anthropogenic actions
caused by climate evolution.

In the presented case study, a multi-method approach using geophysical imaging was
applied to investigate the landslide in Cisiec in southwestern Poland. The application of
MASW, ERT, SRT, and RI allowed high-resolution imaging of the subsurface of the
landslide in the geologically and tectonically complex environment. Drone-based digital
terrain models (DTMs) supported subsurface imaging, providing a detailed view of the
landslide surface. Accurate GPS-based surveying was performed during data collection to
supplement information on the area's topography and the correlation of geophysical
results. The connection and transfer of information between methods allow for solving the
problems associated with multiple RI, especially the lack of information about the
boreholes. MASW enabled the identification and distinguishing of individual layers in the
sliding zone. ERT data was used to differentiate lithological structures in a case where
strongly dipping layers cannot be visualized using seismic methods. The result of seismic
ray-based tomography allowed for recognising velocities necessary for reflecting imaging.

The obtained velocity field is comparable with other seismic surveys of related problems
in the Polish Carpathians. The model obtained by the ERT method allowed us to estimate
the north-eastern direction of the slope motion. Seismic imaging enabled the identification
of discontinuities inside and under the landslide body. Uncertainty analysis was necessary
to directly compare the results and correct correlation of information between them. In ERT
and reflection seismic method, the interpreted depth of the slip surface shows a high
degree of convergence, confirming the narrow uncertainty of the obtained results. The
resolution of ERT methods was estimated at 5.6 m at a depth of approx. .35 m, while the
uncertainty of mapping the reflection at a depth of 30i4 0 m wa s Th&lfind finding
shows detailed geophysical images of a landslide with a recognized depth of the main slip
surface of 16 to 36 m. As the survey site is used as a ski slope, detailed information about
the landslide structure is needed to ensure the safety of the nearby structures. The
methodology proposed in this article can be used in similar case studies where fast and
cost-effective landslide identification is required.
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The dissertation highlights the problem of reliable environmental studies based on
geophysical techniques. One of the key findings of the work is the importance of
uncertainty estimation of the results and the integration of multiple techniques to obtain
accurate geological interpretation. The outcomes of previously described case studies
reveal that multiple scientific issues must be addressed and generally established before
planning similar research. Moreover, further studies in the much broader aspect of
near-surface and general geophysical methodology should be concerned with an
increased number and quality of datasets from high-resolution DAS systems. With
improved data reliability, the element of processing and result precision cannot be omitted.
In terms of presented studies, the key four outcomes related to the environmental studies
are: (i) The problem of near-surface recognition in environmental studies, (ii) Integrations
of multiple geophysical methods for effective near-surface imaging, (iii) Significance of
result uncertainty estimation and (iv) Near-surface imaging in a seasonally evolving
environment. The following paragraphs provide conclusions based on the results of
presented studies related to the topic.

The problem of near-surface recognition in environmental studies

As presented in the thesis, the methodological problem of environmental near-surface
imaging lies in the complicated geology and the lack of in situ information from boreholes
(Hammock et al., 2022; Rossi et al., 2018). To solve these problems and apply more
precise techniques, the concept of uncertainty-driven multi-method imaging in
Papers | and Il (Marciniak et al., 2019; Owoc et al., 2019) was introduced. The significant
outcome of this work is that the application of multiple methods as a straightforward way
of obtaining more geophysical information has to be conducted in a particular order.
Initially applying the shallower and less accurate, and thus requiring less input and
assumptions, method of MASW and SRT, the results obtained from them can be used as
initial models for more precise techniques. It is worth noticing that the proposed processing
scheme is not only limited to seismic methods but can also integrate techniques like ERT,
as shown in Paper VI (Marciniak et al., 2021).

Integrations of multiple geophysical methods for effective near-surface imaging

Based on gathered experience during the data preparation for publications forming the
presented thesis, the cons and pros of the multi-method approach can be stated. The key
outcomes from utilizing at least two geophysical methods in a strict, uncertainty-driven
approach can be divided into processing and interpretation gains.

Although time-consuming and initially complex, the integration of multiple seismic methods
to study the same dataset can significantly simplify data processing (Foti et al., 2003). It is
especially visible in solving static corrections and velocity field estimation problems. Since,
in environmental studies, changes in the subsurface can have strong contrast in physical
parameters over a relatively small area, it is necessary to distinguish and estimate these
effects. The key example is water-saturated zones with lower than surrounding velocities.
Such structures, invisible on refraction methods, can be recognized using MASW, GPR,
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or ERT techniques (Crook et al., 2008; Matsuura et al., 2014; Park et al., 2007). Another
benefit of utilizing the multi-method approach is a simplified estimation of the velocity field,
where the results of previously used techniques limit solution space for this task. Finally,
depending on the case study, the results of other geophysical methods can be transferred
to different parts of the processing step, overcoming or simplifying the problems that may
significantly affect the result or exclude it from interpretation.

The interpretation gains result from the increased amount of information about the studied
environment, with the possibility to correlate the outcomes from each method (Sausse et
al., 2010). As each geophysical technique has unique limitations or possibilities, a good
design experiment using properly chosen methods to study the target can benefit from
supportive possibilities. In polar studies related to permafrost, the combination of SRT,
GPR, and ERT methods can accurately estimate environmental changes. Despite the
results of MASW analysis presented in Paper Il and IV, application of this technique in
Svalbard is problematic and not always possible due to the attenuation of surface waves
by snow coverage and noticed effect of the proportional increase of the VS with decreasing
frequency. As a result surface wave is not always developing. In landslide studies, the
combination of MASW, SRT, and RI techniques with ERT has provided satisfactory
results. In this case, the GPR technique application may be insufficient due to the limited
depth of recognition due to antenna frequency.

The obtained findings from each method can be correlated both qualitatively and
quantitively. The integrated data will result in a more detailed interpretation with
information about uncertainty estimation. Moreover, qualitative estimation of seasonally
variable changes can be done more simply when geological horizons can be fixed as
constant, and thus only changes in physical parameters can be modelled. Such an
approach was presented in Paper IV ( Maj d a E&s ki ,ewhereadiffergntiatdro &
sediment cover and the bedrock based on MASW SRT and ERT data allowed for using
thicknesses as constant. It finally enabled the separation of the seasonal effects of thawing
and freezing permafrost from the geological structure of the study site. As a result, the
complex glacial and periglacial structures of the Fuglebbeken catchment and Hans Glacier
forefield (Paper V), were recognised. Also, the images of permafrost structures proved that
seasonal changes are stronger and reach deeper than previously believed. Using each
method separately, such a task is not possible or at least much more complicated.

Significance of result uncertainty estimation

One of the key aspects stated in the thesis is the uncertainty estimation of each method.
It is essential to use that information during the processing stage of geophysical data
analysis and final geological interpretation. As presented in Papers | and I, such an
approach is beneficial in enhancing data quality and reliability. One of the most favourable
aspects of uncertainty analysis is shortening and thus increasing the cost-effectiveness of
the whole experiment. Additionally, the influence of the human factor in the processing is
limited because initial parameters have to be guessed or based on a priori information,
mainly for the first technique in a workflow. Finally, during the interpretation process,
information in the form of a ray-coverage mask or graphs showing the mean and
best-fitted model to the data can precisely estimate the parts of images that can be
certainly interpreted. With information about how accurately each horizon is estimated,
a complete interpretation can be made. Furthermore, it is vital to merge information from
techniques that were processed separately and joined together during result verification.

2)
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This enables the distinction between geological layers, structures, and environmental
effects as presented in Papers Il to VI (Glazer et al., 2020; Maj da@&EsKk i
Marciniak et al., 2021). The effectiveness of the proposed approach is evident in
permafrost and periglacial study. In Papers IV and V, imaging of the Fuglebekken
catchment, where complicated elevated marine terraces, post-glacial sediments, and
thermal effects had to be visualized and described, the information about uncertainty was
essential. As a result, it was recognized that seasonal thermal effects affect deeper rock
structures through changes in water percolation up to 40 m under the surface. It is also
direct proof that coastal permafrost is not continuous in its form. Treating uncertainty as
an additional interpretation parameter in similar cases allows for the creation of precision
intervals for each method to correlate individual characteristical reapers and structures
accurately.

Near-surface imaging in a seasonally evolving environment

The problem of recognizing seasonally varying effects in near-surface studies significantly
increases the difficulty level of the study. In such cases, geological structures and
environmental factors have to be recognized and estimated (Dou et al., 2017a; Hornum et
al., 2021; Justice & Zubaj, 1986; Kneisel et al., 2008). Therefore, more geophysical
information is required as the number of unknown parameters is higher. A scientific
approach using multiple interpretation techniques in a time-lapse scheme should be used
to investigate this issue effectively. As described in the thesis, an increased number of
used techniques leads to a problem of precise result correlation and interpretation. One of
the work outcomes is the importance of choosing the correct technique and its parameter
for each problem (Atanackov & Gosar, 2013; Carcione et al., 2020; Carcione & Seriani,
1998). Misuse of the method can often lead to misinterpretation, even though other results
indicate the correct solution. Although difficult in relatively unexplored environments such
as polar regions, the solution to this problem can be straightforward in landslide studies,
where some initial information can be gathered by observing outcrops and surface
discontinuities. The factor that has the most significant effect on each method is water
content in rock matrices, porous structures, and cracks. Because of water and its state,
the usability of the ERT technique can be misleading, where dry sands at the nearest
surface effectively block the current. Such an effect can be noticed on the frozen ground
in polar and subpolar areas.

Similarly, the water content can attenuate surface waves in swamp areas during MASW
studies reducing the penetration range or slow P-waves in tomographic results. The
described situations show that gathered data must be fully understood and recognized
effects and structures synthetically modelled when possible (Xiujun et al., 2005). Additional
information about uncertainty increases the reliability of near-surface imaging in a harsh
environment. Carefully chosen techniques, processing workflow supported with additional
external data, synthetic models, and uncertainty estimations are critical for successful
near-surface imaging in environmental studies.

et

al
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Final remarks: general processing recommendations

General processing recommendations can be stated to conclude the efforts and outcomes
gathered during the processing of six different datasets from four different localizations.
As the studies were conducted in different environments, often in tough and challenging
conditions, | believe our thoughts can be broadly helpful for planning similar studies. Even
though every case requires an individual approach, some general recommendations can
be given. However, they should not be incorporated directly as a blind processing
approach. During the planning stage of each experiment, the limitations of equipment,
human resources, and available interpretation tools and software have to be considered
to maximize the outcome of each research.

The recommendations at the presented stage of methodology development of
near-surface environmental imaging are:

1 | recommend using as dense as possible data acquisition on the study site
(optimally 1 m source and receiver spacing) and the strongest possible signal
sources in case of seismic techniques. It significantly reduces the processing effort
during signal normalization, which can be difficult in a near-surface environment
where complicated attenuation processes occur.

1 Geophysical imaging, mainly based on seismic methods, can provide detailed
subsurface information, filling the gap between resolution and estimation
of geomechanical parameters. Moreover, it can be done using a single seismic
dataset, which, optimally deployed, can fulfil requirements for multiple seismic
techniques like SRT, MASW, and RI.

1 As presented in the Papers, the multi-method approach is reliable and significantly
increases the quality and reliability of the outcomes. However, the used
geophysical techniques should be applied in particular order providing information
for each following used technique. As a result, the results can be revalidated and
easily integrated, forming a more uniform dataset about the studied environment.

1 The limitations that made methods of RI useless in near-surface studies can
be omitted by using of multi-method approach. However, it has to be stated that
received velocity fields for NMO and Time-to-depth migrations are assumptions
and require later manual fitting and further methodology development. This is also
another reason for the precise estimation of the interpretation of the result.

1 The recorded datasets have to be verified with already known a priori information
at the data pre-processing stage. Therefore, | recommend performing synthetic
verification of the results after obtaining the first outcomes. It will allow for an
understanding of the observed effects and validation of data usability in
environmental studies.

1 As presented in Papers IV and V, the seasonal effects increase the difficulties of
interpretation. For estimation, if seasonal factors occur, the outcomes must be
presented with estimated result uncertainty. This is direct proof that the presented
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information is not significantly biased by processing approximations and limitations
and thus provides reliable information about seasonal or rapidly developing
changes in the subsurface.

1 The Papers lll to VI result indicates that environmental changes can significantly
impact measured physical parameters. Moreover, the effect of these variations can
reach deeper than previously believed. Therefore, it is necessary to clearly
distinguish between the impact of temperature and water saturation changes from
geological formations. It can be done with multi-method and time-lapse approaches
to data gathering.

Final remarks: future research

The primary outcomes that conclude the presented thesis can be treated as key fields of
future development of near-surface geophysical imaging. The dissertation introduces
methodological and practical case studies with complete workflows for geophysical
research of environmental changes, especially using seismic methods as core techniques.
Despite being effective in terms of generated output and costs of studies, the application
of imaging techniques has its limitations that have to be overcome. Moreover, the
multi-method approach integrating seismic reflection techniques is still not on par in
development compared to industrial-scale experiments. Nevertheless, two key study
directions can be identified based on the presented studies: more precise estimation of
velocities in the subsurface and integration of methods based on different physical
parameters.

The key aspect of using seismic studies as a core technique for near-surface studies is
that a single dataset can be used for multiple interpretation techniques, and thus, multiple
geophysical and geomechanical parameters can be estimated. However, as presented in
the Papers forming the thesis, reliable estimation of velocity inside the studied structure
can be challenging and time-consuming. The exact solution for the velocity field has key
significance for reflection-based techniques, especially RIl. Without NMO velocity
estimation, it is impossible to reconstruct reflecting horizons or even distinguish reflections
from shallow refractions in high-velocity rock structures. As a solution, FWI techniques can
be applied (O'neill et al., 2003; Virieux and Operto, 2009; Warner et al., 2013; Dou and
Ajo-Franklin, 2014). Those techniques treated as a "holy grail" of seismic methods are
under strong development for industrial and purely scientific use. With the recent
development in computational powers, mainly high-quality and dense seismic acquisition
based on DAS systems (Dou et al., 2017b; Parker et al., 2014), inversion concerning
almost all available on gathers information is possible. As a result, high-resolution velocity
models can be applied to reflection-based techniques. With advanced RTM methodology
(Baysal et al., 1983), this combination can provide subsurface models with resolution
unseen in environmental studies, which can significantly increase understanding of
climate-related and anthropogenic processes affecting the subsurface. However, there
have to be noted that the FWI technique, based on multiple parameters, especially in full
viscoelastic software implementations, has many parameters and, thus wide solution
space that must be limited. As a solution, the approach proposed and proven in this
dissertation can be treated as a priori information for this technique. It is similar to
large-scale implementations, where refraction and reflection tomographic techniques are
used for initial model generation. In the case of near-surface experiments, information from



Summary and conclusions

surface waves, tomography or even electrical methods can be used to introduce the FWI
method into environmental studies effectively.

Discussed in the previous paragraph, the problem of velocity field estimation (Amaru et
al ., 2017; Maj da@Es ki et al . al, 1299)la6d;the Bateatialo et a l
application of the FWI method can be effectively supported by integrating results from
study techniques based on the electrical or magnetic properties of the rocks. This term,
relatively rarely studied, starts to become interesting in the context of the latest
achievements in artificial intelligence and neural networks. In most cases, results of
methods based on different physical fields were shown separately or at least presented in
the final interpretation images. In the presented Papers IV, V and VI, basic information
about the approximated depth of the layers during processing for the structures that
certainly can be distinguished and correlated was essential. In Paper VI, the information
about the shape of the rupture surface during recalculations of the tomographic field into
NMO velocities was used. However, the correlation of results based on different physical
fields can significantly increase our understanding of the studied environment, so an
enhanced integration of techniques is required. Developments in artificial intelligence,
especially machine learning in both supervised and unsupervised approaches (van der
Baan & Jutten, 2012; Wan et al., 2018) allows for new ways of data interpretation. Such
data classification and clusterization techniques can fast and effective integrated models
from seismic, magnetic or electric-based methods. In combination with accurately
estimated uncertainty and a priori information about the studied environment, a complete
dataset about the parameters of each structure can be obtained, even further increasing
the interpretational possibilities. It is crucial in environmental studies, where differentiating
dynamical changes from geology is one of the main problems of time-lapse studies. Using
the machine learning approach, classifying which parts of the subsurface changed and
which parameter has the most substantial impact on these processes will allow for
gualitative and quantitative estimation of subsurface evolution. As a result, more precise
predictive models will be created, significantly increasing our understanding of
environmental processes, mainly geohazards, that impact human safety.

As presented in the thesis, geophysical imaging must be treated as a significant research
tool for understanding climate evolution and related changes. Current imaging possibilities
are not fully implemented in environmental studies. Despite its similarity to classical
near-surface recognition studies, imaging of temperature and, thus related hydrological
effects require a particular time-lapse approach and further developments in two key fields
described in the dissertation.
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Abstract: Near-surface seismic surveys are often designed
for surface wave and seismic tomographic analysis. In re-
cent years, seismic imaging methods have been more fre-
quently used at this scale. Recognition of near-surface
structures using a single method is insufficient because of
the ambiguity of the inversion problem. As a solution, the
authors propose a multi-step approach, where several dif-
ferent seismic methods are used in a particular order, to
achieve an optimal model. A multi-method approach al-
lows utilisation of a whole spectrum of recorded data, even
the elements that are treated as background noise in other
techniques. In classical processing approach, information
about data uncertainty is often omitted or used in the sim-
plest way for the single method only. This work presents
an updated approach to uncertainty analysis by transfer-
ring estimated uncertainty between processing steps. By
assuming that every consecutively applied method is more
certain, the authors were able to obiain accurate veloc-
ity fields for seismic imaging, as the main information re-
ceived from the previous steps. Based on information from
multiple methods, a seismic stack in the depth domain
was created as a final result, with an estimate of uncer-
tainty.
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1 Introduction

Imaging of near-surface structures is often performed
rapidly using a single method. In most commercial appli-
cations, this comprises the analysis of surface wave dis-
persion curves (MASW) [1], or first breaks travel time to-
mography alone. The inversion of seismic data in the near-
surface is a problem and is a non-unique procedure, with-
out other geophysical measurements [2-9]. To limit this
shortcoming, it is possible to use more data or to use inter-
pretation techniques that utilise the whole of the recorded
data [10-19]. These techniques have different resolution
capabilities. One interpretation method is to focus on the
most precise technique for a given problem. We are con-
vinced that a combination of several technigques will result
in better recovery of data for a studied structure, but it is
necessary to understand the limitations of the technigues
used, especially its uncertainty [20, 21]. Here, using sim-
ple field data, we present a complex approach to combine
three seismic methods in a strict uncertainty guided pro-
cedure, in order to interpret near-surface structure. The re-
sults obtained are optimally fitted to the given data and are
presented with the uncertainty analysis at each processing
step.

2 Motivation

Near-surface geophysical studies have to be simple and
cost-effective. In most cases, studied geological structures
are rather simple. Our motivation for this work is to de-
velop a simple but effective method that will use shal-
low seismic data more completely (Figure 1). The applica-
tion of similar procedures to those used for deep experi-
ments [22, 23] but in a simplified form, would allow us to
overcome multiple processing problems and obtain a final
result with an estimated uncertainty. The use of additional
analyses which are effective in near-surface studies (e.g.
MASW), will provide additional information for the correct
interprelation of the subsurface.

This work is licensed under the Creative Commons Attribution
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Figure 1: Example of real data with specified different types of seismic waves. The utilisation of Refracted Waves (A), Surface Waves (B),
Reflected Waves (C) and wide-angle Reflected Waves (D) increases the certainty of the final result.

3 Geology

Data acquisition in this case study was conducted at the
test site of the Central Geophysical Observatory in Poland.
The geology of the region consists of thick Quaternary sed-
iments (definitely thicker than 100 m), which are post-
glacial and were created in the Pleistocene. According
to the Central Geological Database (http://bazagis.pgi.gov.
pl), in the vicinity of the test site, three shallow boreholes
were drilled. All of them show quaternary deposits (Mala
Wies borehole 97.8m depth, Belsk 1/6 borehole 15m depth,
Pgr Stara Wie$ borehole 53m depth). Under the Cainozoic
deposits, the Maastrichtian deposits are present [24]. How-
ever simple, the geology of the research area is difficult
for the near-surface seismic methods because of the high
wave attenuation. The well-mixed post-glacial sediments,
with small velocity differences, are characterised by the
small reflection coefficient differences between the layers.
For that reason, the proposed research area is well suited
as a test site for the proposed approach to data process-
ing, that will be mainly applied in similar geological condi-
tions. The most interesting geological boundary between
Cainozoic and Mesozoic is lying on the depth that exceeds
the penetration range of the author’s seismic equipment.

4 Fieldwork

During fieldwork, a 400 m seismic line (Figure 2) covered
by 100 stations (60 Data-Cube type (light-blue pointer) and
40 Reftek 130 (orange pointer) 4.5 Hz type receivers (Ta-
ble 1) was set. The spacing between geophones was 4 m
(Figure 2). As a seismic source, the authors used a car-
mounted PEG 40 accelerated weight drop in the shooting
scheme, assuming signal excitation between geophones
(Figure 2 blue stars). Terrain coverage in the fieldwork area
changed with distance from the east side of the profile to
the forest zone in the west. Because of this, the application
of a car-mounted PEG 40 accelerated hammer provided the
best possible signal to noise (S/N) ratio for the first 332 m of
the profile, while the rest of the shots were executed with
asledgehammer (Figure 2 white stars). At every shot point,
a total of six signal excitations was conducted for further
vertical stacking. This was an unconventional data acqui-
sition system for a geoengineering purpose (with a single
channel, stand-alone stations) and required very careful
time measurement for the duration of the experiment. The
timing device used was based on a GPS and allowed us
to measure each source with a precision better than 2 ms.
Because of negligible elevation changes of less than 1m,
geodesy measurements were not needed.
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Figure 2: The geometry of acquisition profile fram project GPB Belsk. The total range of 400 m long line was regularly covered with 100 seis-
mic stations. Sources were regularly spaced at 4 m intervals. After 300m along the profile, the application of a car-mounted, accelerated
weight drop was impossible due to rough terrain. The last 72 m of the acquisition line was shot by sledgehammer.

Table 1: Acquisition parameters for the GPB seismic line.

Parameter Value
Vertical Stack 6
Sampling interval 2.5ms
Record length 2s
Receivers 4.5 Hz
Station interval 4m
Shot interval 4m
Active channels 100
Fold 100
Offset 0-398 m

5 MASW data analysis

The application of multi-method, seismic data analysis re-
quires a careful approach to the data quality and an estima-
tion of the uncertainty of the results. Careful quality con-
trol was conducted to eliminate errors in the data due to
possible timing problems. During that process, some out-
lier records with time deviations greater than 2 ms, were
deleted. The verified data was vertically stacked, with the
application of the seismic line geometry. To recover infor-
mation about the layers nearest to the ground surface, clas-
sical MASW analysis was conducted [1, 25-28]. Dispersion
curves for 100 regularly spaced shots were obtained and
inverted by applying the genetic algorithm [29] (Eiben et
al. 1994). During the MASW processing procedure, the raw
data was filtered using the band-pass filter in the range
3 to 60 Hz. Moreover, automated gain control correction
and the manual muting of refraction was applied to im-

prove the S/N ratio. For correct tracing of surface waves,
50 channels for every shol point were selected, as an op-
timal range where energy was visible. 1D V¢ models were
merged by kriging interpolation and with the assumption
that each location in the 2D profile is determined to be in
the centre of the spread of the single shot modelling (Fig-
ure 3A). Uncertainty estimation (Figure 3B) for the results
obtained was based on a statistical comparison between
inversion results. However 1D and 2D uncertainties are not
the same [30, 31]. In simple cases, a proposed approxima-
tion is sufficient. To achieve 2D Vs uncertainty decay in the
subsurface model, a similar kriging interpolation method
was applied to the results. In the final model (Figure 34),
the authors were able to recognise a dipping layer, with
a high Vg velocity contrast. The results obtained by the
MASW method were recalculated to Vp by the genetic algo-
rithm (with corresponding uncertainty information) and
used in the seismic tomography stage of processing for fur-
ther analysis [32]. The MASW modelling results provide
useful information about low-velocity zones despite their
significant uncertainty. Because classical First Arrival Seis-
mic Tomography is blind to the presence of such struc-
tures [33], solving the methodological problem is essential
to near-surface research. Moreover, the best possible recog-
nition of the shallowest layers is essential for proper static
and residual corrections in seismic reflection imaging, Tn
the presented case study, however, MASW analysis proved
that there was no low-velocity zone in the research area.
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version. Model is well resolved down to 30 m, and the maximum
penetration depth is about 70 m.

6 Seismic travel-time tomography
analysis

Application of the MASW method as the first process-
ing procedure, allowed the authors to receive information
about the nearest subsurface. However, because of the
high levels of uncertainty in the method, particularly the
fast degradation of results with depth, the modelling of lay-
ers deeper than 20 to 30 m is ineffective in the presented
case. Information about uncertainty in the deeper parts
of the subsurface can be treated as boundary conditions
in a more accurate method. Such approximations are very
useful as a priori information to seismic travel time tomog-
raphy. The results obtained by this method strongly de-
pend on the starting model. This study presents a novel
approach to utilising this information. By assuming that
deviations in the results received from MASW limit the in-
tervals of possible velocities, the authors created multi-
ple (40 in total) starting models restricted by the results
of the surface analysis method. For seismic tomography
modelling, the authors used JIVE3D code [34], based on
ray approximation. The starting model, based on MASW re-
sults, was further smoothed by including additional infor-
mation about near-surface velocities from shallow refrac-
tions. As a result of seismic tomography madelling, the au-
thors received a smooth velocity image, with the ray cov-
erage shown in Figure 4, and statistically estimated the
uncertainty (Figure 5) of the results to be similar to the
method used by [35] Melendez et al. in Tomo3D code.

In the method proposed by [35] Melendez et al., mul-
tiple initial models are created and analysed using basic
statistics. In this study, the best initial tomography model
(obtained from inversion) was randomly modified in the
range of uncertainty from previous MASW analysis. As

Multi-step seismic analysis for near-surface imaging = 731

mentioned above, 40 models were created with different
velocities and gradients. For every obtained model, the
same inversion path was applied. For all of the results ob-
tained, a mean value (Figure 5A) and standard deviation
(Figure 5B) was calculated. The travel-time tomography re-
sults obtained show higher accuracy down to a depth of 40
m (Figure 5B) when compared to the MASW method (Fig-
ure 3D). Moreover, possible dipping of the layers is also vis-
ible in the image (Figure 5A). Information received about
horizontal velocities, and the uncertainty of the results
was used in the velocity analysis of the seismic imaging,
which is the final step of the multi-step seismic analysis.
Even though only 70 m of the model were covered by the
rays (Figure 4), the deeper velocities were obtained by ex-
trapolation of the velocity field. When compared to seis-
mic tomography, MASW results are more certain between
a depth range of 20 to 50 m, with an average difference
of 120 m/s. This almost corresponds to a 50% increase in
model accuracy for that depth range, assuming that the
Vp to Vg ratio is a factor of 1.7 However large this may ap-
pear to be, such an approximation for near surface data
is effective. Moreover, the combination of results obtained
from two different, but connected, physical phenomena in-
creases the reliability of the velocity model. The results ob-
tained from surface wave modelling are more certain in the
utmost 10 m, with an estimated uncertainty of 20 m/s of VS,
which is about 35 m/s of Vp assuming the Vp/Vs factor of
1.7

In comparison, the uncertainty of seismic Vp tomog-
raphy is much larger (150 m/s) for that part of the model.
However, when the results are compared directly, the av-
erage Vp velocity recalculated from Vs for the first 10m of
the model (with a ratio factor of 1.7) was 680 m/s, where
the tomographic velocity average from the first breaks for
that area was 750 m/s. If we assume an extreme value of
Vp/Vs ratio (of, say, 2.0), with an uncertainty of 35 m/s of
Vs, then the results are comparable. For that reason, the
authors decided to apply tomographic velocity to the re-
flection imaging.

7 Seismic imaging

There is a difficulty in applying seismic imaging to shallow
results obtained from velocity analysis as in many cases
no external data is available and so gathering any informa-
tion about vertical velocities is problematic. The problem
results from the presence of strong surface waves and re-
fractions mixing with observed reflections and, as a result,
the $/N ratio is low enough to disturb classical, semblance-
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Figure 5: (A), Travel time tomography result, obtained with JIVE3D code, with uncertainty analysis (B) based on a modification of initial
model introduced in Tomo3D [35]. Obtained results reveal a smooth gradient of velocity with depth and decrease of velocity towards the
west. Uncertainty analysis displays high reliability of received model down to 50 m.

based velocity analysis. In the presented work, the authors
used a classical image processing scheme [36] (Table 2).
At every step of the processing, multiple parameter set-
tings were tested. During the data quality control step, mul-
tiple “death” traces were removed, and the corrected po-
larity of the traces was recorded by the Reftek 130 Texan
stations. Moreover, panel comparison of vertical stacking
algorithms was conducted in order to receive the best pos-
sible signal correlation. Because there were two types of
receiver station, a geometry database was created manu-
ally, to obtain residual and static corrections. To improve
the S/N ratio, simple noise suppression based on 1D and
2D F-K filters was conducted, with later deconvolution. In-

stead of applying stand-alone semblance velocity analysis,
a smooth tomographic velocity model with estimated un-
certainties was used. It is worth noting that the semblance-
based analysis applied to the GPB Belsk data-set before
adding the information from external methods, was not
working properly. In the case of difficult data (e.g. where it
was difficult to distinguish between noise and possible re-
flections), the application of an external velocity field was
the only solution in order to obtain useful results. Due to
anisotropy, refraction velocities are much faster than stack-
ing ones. In order to fit refraction velocities to the reflection
seismic, Dix’ equation [37], and semblance analysis was
used for correcting the data fit. As a quality factor of the
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Figure 6: Application of the velocity model received from tomographic modelling to the reflection seismic analysis (NMO), allowing recog-

nition of possible reflectors. Shot gathers in front of the profile (A),

and the rear (B) reveal a straightening effect after application of the

velocity model, which was impossible to obtain by the classic semblance analysis method.

Table 2: Steps of data imaging.

=
o

Processing Step
Data quality control
Vertical Stacking
Geometry building
Static corrections
Data filtering and gain control
Deconvolution
NMO with tomographic velocity
Horizontal stacking
Depth conversion

V00NV DS WN =

velocity field, horizontal straightening was observed and
analysed. The best results received from the depth-based,
estimated velocity field (Table 3) presented a visible NMO
correction (Figure 6).

Next, to the main velocity model, two disturbed veloc-
ity fields (faster and slower) were calculated, based on to-
mographic uncertainty. After applying an identical fitting
procedure for all velocity fields, horizontal stacking, post-
stack F-K filtering, deconvolution and time to depth conver-
sion were carried out. As a result, the authors received the
main seismic stack (Figure 5A) with two other deviation-

based results. Comparison between images and manual
picking of selected reflecting horizons, allowed us to esti-
mate the difference in depth of the given reflections (Fig-
ure 7B). The authors were able to distinguish the main re-
flectors in the structure and estimate the uncertainty of
those horizons in the depth domain (Figure 7A). Applica-
tion of the tomographic velocity field, not only allowed the
authors to solve the problem of correct velocity field esti-
mation, but also resulted in additional information about
results uncertainty in the depth domain that could eas-
ily be related to the real rock structures. In comparison
with the classical approach to velocity analysis for NMO
and TTD migration, the approach presented here allowed
for fast recognition of the velocity field. However, only ex-
trapolated values from the tomographic field were used for
imaging depths greater than 50 m because it was properly
recognised that the shallow subsurface allowed for correct
correlations of the velocity field with possible reflectors at
greater depths.

Unauthenticated
Download Date | 12/13/19 11,49 AM

Reprints



734 =—— A Marciniak et al.

DE GRUYTER

Figure 7: (A) Seismic stack obtained after data imaging of the GPB Belsk profile. Application of the velocity model received from external
methods allowed correct stacking of the data, which is visible for the shallow structures, down to 50 m depth. Since tomographic methods

allow for uncertainty stacks with

8 Discussion of the results

In comparison to the standard processing flow that uses
only a single data type, the methodology presented in this
paper provides a better and more complete result. The
main idea of every data assimilation procedure is to utilise
every bit of additional information. This in all cases will
lead to increases in the final result quality. As proved in
the article [22], propagation of uncertainty between meth-
ods allows obtaining detailed information about the in-
depth structures, even fora difficult sub-salt structures.
Even in the industrial seismic profiling, where both high-
resolution data, and geophysical information from bore-
hole soundings are available, estimation of the results un-
certainty is extremely useful for a correct correlation of the
geophysical and geological information. The migration of

models allowed us to estimate the uncertainty of recognised reflectors (B).

the information between methods allows tightening the
possible space of solutions and limits the interpretation er-
rors. However, in the near-surface experiments, obtaining
a certain geological model of the subsurface is more com-
plicated.

In most cases, shallow experiments are conducted in
places where no geophysical (e.g. VSP profiling) or geolog-
ical information from boreholes is available. Even if they
exist, in most cases usability of such data is limited to the fi-
nal geological interpretation of the upper-most part of the
seismic image. Moreover, the biggest problem with the es-
timation of the velocity field for seismic migration is un-
resolved. Adding the fact, that due to the scale of survey
targets, all topographic and residual shifts have a much
higher impact on the final result, the situation seems to
be unresolvable. The methodology presented in work is
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Table 3: Example of stacking velocities from the centre of the pro-
file.

Time [s] Tomographic Reflection % of
velocity velocity velocity
[km/s] [km/s]

0,00 0.75 0.75 100.00
25,00 0.95 0.95 100.00
50,00 1.14 1.14 100.00
75,00 1.32 1.32 100.00
100,00 1.49 1.34 90.00
125,00 1.66 1.49 90.00
150,00 1.82 1.55 85.00
175,00 1.98 1.58 80.00
200,00 2.15 1.72 80.00
225,00 2.32 1.74 75.00
250,00 2.49 1.74 70.00
275,00 2.66 1.86 70.00
300,00 2.83 1.84 65.00
325,00 3.00 1.80 60.00
350,00 3.16 1.90 60.00
375,00 3.33 2.00 60.00
400,00 3.50 2.10 60.00
425,00 3.67 2.20 60.00
450,00 3.84 2.30 60.00
475,00 4.01 2.40 60.00

a solution to those problems. Because of relatively shal-
low geological structures, estimation of migration veloc-
ity by the refraction methods is effective. To overcome the
strong dependence of the final result on the initial model,
the MASW and LVL based model was used. In addition to
limiting the space of solution, such approach considers
nearest surface effects, that are beyond the resolution of
travel time tomography. In this paper, the results obtained
by the MASW method correlate well with the tomographic
solution. As presented, the application of such methodol-
ogy requires information about result uncertainty, on each
step of the processing. That information, not only improve
the overall result’s quality but also allow for correct migra-
tion of the data between the methods. The seismic stack
(Figure 7), where the increase of the horizon uncertainty
with depth is visible, explicitly presents the need for such
estimations. In the presented case study, the Quaternary
post-glacial Pleistocene sediments were the main imaging
target. All possible reflections are connected with struc-
tures formed during that period. The correlation of our re-
sults, with the data from shallow boreholes, especially the
deepest ones in “Mala Wies” and*® Stara Wies” validated,
that the thickness of Quaternary sediments is much higher

Multi-step seismic analysis for near-surface imaging = 735

than 100 meters because there are no strong reflections
from larger depths on the seismic stack. Any deeper inves-
tigation requires more powerful seismic source and addi-
tional acquisition channels for better recording of the post-
critical reflections. In the presented methodology, many
assumptions which cannot be used for more complex ge-
ology was applied. In cases of rough geology, the joint 2D
inversion of MASW results should be applied, instead of
the interpolation of single 1D models.

Presented case study proves that the applied method-
ology was effective, as should be easily applied in similar
near-surface studies. As a cost and time effective method,
presented procedure greatly simplifies and improves the
results of near-surface surveys without the need for ad-
ditional data. In addition to modern high-resolution seis-
mic surveys [39, 40], presented methodology increases the
overall quality of the final result. Additionally, the pre-
sented methodology can be used in other scales, where
layer striping approach is used, for example in industrial
scale [41], or even lithospheric research [42]. For further im-
provement of the results of the presented methodology, the
information from additional geophysical methods, based
on the different physical parameter (e.g. ERT, GPR) can be
used [43]. The scalability of the technique, to other scales,
makes it cost and time efficient, and allows to solve mul-
tiple processing problems. Additional uncertainty param-
eter of the final seismic image will greatly simplify the in-
terpretation, which is extremely useful not only in small
scale experiments but also industrial-scale projects.

9 Conclusions

This work presents an uncertainty-based, multi-step seis-
mic analysis that allows us to obtain final results with es-
timated reliability. Direct use of the uncertainty informa-

tion between the methods allowed the authors to restrict

the area of possible solutions for the consecutive meth-

ods. That approach leads to final results which showed

detailed information about the subsurface through seis-
mic imaging, Moreover, the application of external meth-

ods to the reflection seismic, allowed us to find solutions

where the classical approach to velocity analysis was in-

effective. The case study presented by the authors reveals

that propagation of the information about model uncer-
tainty should be treated equally in the results. The assump-

tion that deviations in the results received from previous

methods limit the possible solution range of more accu-
rate consecutive ones leads to more certain results. More-

ovet, that approach allowed simplified processing of the
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data because the final model from the previous analysis
is treated as a starting point for subsequent ones. The pre-
sented methodology allows us to overcome the problems
that arise in near-surface surveys that are unsolvable using
classical processing tools. In the presented study, an exam-
ple of finding the velocity field for seismic imaging allowed
for recovery information about reflection horizons in the
dataset. The methodology presented by the authors is cor-
rect only if information about uncertainty is estimated and
treated with caution. This approach allows correct, par-
tial results transfer between methods, which results in less
processing mistakes and a correct final solution. A similar
methodology could be used for solving other special geo-
physical problems.
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Abstract: The clear and detailed images of geological structures that can be obtained by seismic
methods are one of the main drivers of their popularity in geological research. The quality
of final geophysical images and models relies strongly on the amount of data that goes into
them. Analysing several complementary seismic datasets allow an improved interpretation.
Responding to this challenge, this article proposed an optimal combination of geophysical methods
for near-surface applications. Multi-channel analysis of surface waves, first-arrival travel-time
tomography, and ground-penetrating radar were the key supports for standard reflection seismic
imaging. Ease of use and fast and cheap acquisition are some of the advantages of the mentioned
methods. Considering that all recorded wave fields required minimal additional processing while
offering a significant improvement in the final stack, it was worth the extra effort. Thanks to that, the
better-estimated velocity filed allowed high quality images to be obtained up to 200 m. The Mesozoic
bedrock was a distinet and very strong reflector in the resulting reflection seismic imaging. There was
also a clear]y visible depression of the horizon cnrresponding to erosion or a structure {sync]ine}.
Deeper, it was possible to track two or even four detachments of faulting origin.

Keywords: reflection seismic imaging; multi-channel analysis of surface waves; first-arrival
travel-time tomography; Mesozoic bedrack; multi-method analysis

1. Introduction

Recognition of the Mesozoic basement in the Holy Cross Mountains and the tectonic structure
lying below was the main aim of this paper. During geological research, the use of geophysical methods
is invaluable, especially the use of high-resolution seismic methods [1-6]. These methods image
geological structures at different depths with different degrees of precision [7,8]. Seismic methods have
been successtully applied in the exploration and exploitation ot hydrocarbon deposits and actually
in many other fields of science, for example, archaeology, construction, environmental protection,
tectonics, and geomorphology [9-16]. Another application worth mentioning is sediment basin
analysis [17-23].

Geophysical methods provide the only opportunity to obtain information about subsurface
structures in areas with poor gm)lc)gica] km)wledge, without deep boreholes and outcrops, in both 2D or
3D. The technical solutions (e.g., source type) used during fieldwork and acquisition geometry determine

Geosciences 2019, 9, 447; doi:10.33%90/geosciences9 100447 www.midpi.comfjournal/geosciences
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the quality of the seismic data and the depth of investigation [24]. Therefore, the combination of different
complementary seismic methods may result in more consistent, accurate, and detailed interpretations.

To fulfil such a demand, multi-channel analysis of surface waves [24,25] and first-arrival travel-time
tomography [26] were used along with seismic imaging. This research used the uncertainty-driven
approach proposed by Marciniak et al. [27], which utilizes all possible data from various geophysical
methods to accomplish a more precise and clearer result. This kind of approach requires estimation
of uncertainty at each step of processing to obtain a reliable interpretation of the geophysical image
as the geological result. By applying geophysical methods in sequence, where less certain methods
are used at the beginning and the most precise are used at the end, and transferring information
between methods, the authors were able to increase the quality of the seismic stack. Considering a few
geophysical methods by using the multi-method approach gave a more detailed and accurate image of
the basin.

2. Geological Setting

The research area is located approximately 5 km from the village of Checiny in the Holy Cross
Mountains, between Grzywy Korzeczkowskie and the rivers Hutka, Biata Nida, and Czarna Nida
(Figure 1). The Mesozoic bedrock contains Upper Jurassic deposits, mainly Kimmeridgian [25-30].
The Upper Kimmeridgian deposits include shell limestone, oolitic limestone, marlstone limestone,
and marl, as well as marly clays. The Lower Kimmeridgian deposits consist of oolitic limestones,
chalky limestones, pelite, and striped limestone with flints [30]. The nearby hills are made of rocks
belonging to the Lower Kimmeridgian, namely Grzywy Korzeczkowskie (over 330 m a.s.l.) and
Bzowica Mountain (240 m a.s.1.) on the other side of the village of Mosty. In the vicinity of the studied
area, there are also Oxfordian rocks. They include speckled limestones, chﬁlk)-r and mﬂr,c,_v;inal limestones,
and limestone with flints. In some places they reach the surface, where they form the northern and
eastern parts of Grzywy Korzeczkowskie [30]. The faulted and folded rocks described are a direct
bedrock for Quaternary sediments.

The axial part of the Bolmin syncline is located in the Mosty region [28,29]. Its axis has a WNW
direction in this area. In the SW area of the Holy Cross Mountains Margin, a number of fault zones
have been found, which are partially visible in the relief of this terrain (Figure 1). Most river valleys,
including Hutka, Biata Nida, and Czarna Nida, are characterized by developed fault lines [28,30,31].
The largest fault zone stretches along a length of 15 km to the NW through the Mosty region to Czarna
Nida to the south of Checiny. It cuts the rocks of the Bolmin syncline and has the character of a dextral
strike—slip fault [32,33]. The existence of smaller faults can be suspected on the basis of interpretation
of the relief of Grzywy Korzeczkowskie (Figure 1). Gorges that cut the hill have been formed as a
result of the tectonic activity. In this part of the Holy Cross Mountains, the relation of the relief with
the tectonics and lithology of Quaternary bedrock is exceptionally readable [32].

Figure 1. The studied area, Checiny in the Holy Cross Mountains. A fluvial area (with the sand mine)
is located between culminations of Mesozoic rocks (Lindner et al., 2001; Cabalski et al., 2018).
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In the Mosty region, the flat surface to the SW of Grzywy Korzeczkowskie is built of Quaternary
sediments. The thickness of the Quaternary overburden is estimated to be up to 90 m in this area, but is
usually at the level of 30—60 m. The profile of the Quaternary sediments begins with a layer of debris
and residual clays classified as the South Polish Complex [32,34]. Sand and gravel sediments of the
Middle Polish Complex fill the fossil valley [35], the bottom of which was recognized in boreholes at a
depth of at least 140 m a.s.l. to the east of the village of Mosty [32]. Above it, silts with an admixture
of sands appear. Their genesis is associated with obstruction of the surface runoff by the forehead
of the Odranian-age glacier, which is located approximately 15 km to the SW, near Malogoszcz and
Lopuszna [33,35]. In the immediate vicinity of the seismic profile, these sediments occur at depths of
about 30 m [36,37]. The thickness of the series can reach several metres [32]; however, it is usually
smaller as a result of subsequent erosion of proglacial and extra-glacial waters. The accumulation of

sand-gravel material with a thickness of 10-25 m is also related to the activities of these waters [36,37].

These sediments, which directly form a large area between the foothills of Grzywy Korzeczkowskie
and the village of Mosty, represent a higher level (V) of the Biala Nida valley [38].

The lithology and texture of subsurface sediments can be traced in the walls of the nearby
sandstone in Mosty. Within this layer, there are packages and interbedding of fine debris of diluvium
origin on several levels. These paleoflow sediments from the slopes of Grzywy Korzeczkowskie were
accompanied by the accumulation of extra-glacial rivers in periglacial conditions. The debris layers
can be several metres thick, and their occurrence is irregular both in the profile of sediments and on the
surface [37]. In the SW direction, the surface is made of the sands and gravels of the Biala Nida River
terrace, created during the main Vistulian glaciati(m (Lindner et al., unpublished data). Despite being a
continuous object of geological interest, the general knowledge about the Holy Cross Mountain is still
incomplete. Many geological hypotheses still need to be verified, especially using seismic methods.

3. Fieldwork

Two seismic profiles were obtained during the survey. The analyzed one (Profile_1, Figure 1) was
840 m long with a receiver spacing of 5 m and a shot spacing of 2.5 m. Sixty standalone GPS-based
DATA-CUBE recorders with 4.5 Hz geophones were used as seismic receivers. The source, an in-house

modified weight drop (PEG-40), produced enough seismic energy to image the studied structure.
Offset shooting with 10 shot points on each side was carried out along five deployments of Profile_1.

This gave a good, stable seismic fold of 90 on average, without significant oscillation. To meet the need
for precise topography for all methods, geodetic measurements were conducted using an GPS RTK
LEICA device. Accurate shot timing was ensured using GPS-based devices, which were specially
constructed and had been previously tested for gevengineering problems [8]. The gathered data
(Figure 2), stacked using a diversity stack, were used for a few seismic methods: first-arrival travel-time

tomography (FATT), multi-channel analysis of surface waves (MASW), and reflection seismic imaging.

The presented data gathering scheme allowed for fast and cost-efficient acquisition.
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Figure 2. Shot gathers for shots 220, 240, and 330 with applied automated gain control (AGC) (100 ms).
Left panels: shot gathers after diversity stacking. A carefully designated front mute (red line in left
panels) removing linear refraction arrivals is presented in the middle panels. Right panels show the
effect of applying normal move-out (NMO). Clear shallow reflections were visible at approximately
120 ms for shot 220, 110 and 140 ms for shot 240, and 100 and 150 ms for shot 330.

4. Methods and Data Processing

In the multi-method analysis, the order in which methods were used was not accidental,
but dependent on their uncertainty and depth of investigation [27]. In the first step, the shallowest
and most uncertain by resolution method, MASW, was used to identify the shallowest structures.
The obtained results were used to create a preliminary model of the velocity field for FATT and for
static correction. FATT was then applied to estimate the velocity field for refracted waves. In the last
step of the multi-method approach, the most precise and demanding method was used: reflection
seismic imaging, which utilized all of the information from MASW and FATT to give better constraints
and more robust results.

Each seismic method demands a different processing scheme. However, the methods have
a few common steps at the beginning. Geometry was set up and quality control was performed.
These processes take a long time but are crucial to obtaining a high-quality result in all methods,
especially due to the use of standalone stations and possible acquisition errors. To remove noisy
channels, manual trace editing was carried out. A vertical stack of four repeated shots was performed
to improve the signal-to-noise ratio.

4.1. Multi-Channel Analysis of Surface Waves

Both tomographic and reflection methods are poorly sensitive to potential low velocity zones,
and also cannot image upper 10 m of the shallowest subsurface; therefore, the MASW method was
applied. This analysis, widely used in geoengineering projects, can provide information about the
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shear velocity (Vs) field [24]. Furthermore, it can be used to estimate the geotechnical parameters of
the soil.

In the presented study case, a scheme where multiple single 1D profiles were interpolated to
obtain a pseudo-2D model was used. The preprocessing of the data, performed using Globe Claritas
software, aimed to enhance the surface waves and suppress the noise. Particular attention was paid to
the removal of refraction and reflection waves from the records; these can potentially strongly affect
the result. That goal was achieved by applying a combination of a 1D band pass with characteristics of
2-3-60-70 Hz and 2D FK filtration, followed by 500 ms automated gain control (AGC). The later steps
of processing were standard for the classical MASW scheme [39]. The dispersion curves were picked
manually and properly prepared for the inversion procedure. To obtain the best possible input data
for inversion, every dispersion curve was picked 10 times, and average of them with the estimated
misfit as standard deviation was used in the modeling (Figure 3). Moreover, in some noisy single
shot records, the picked curve was smoothed to eliminate the impact of hand precision as much as
possible. To obtain the 2D model of Vs, nine single 1D dispersion curves at points spaced at regular
intervals along the seismic line were analyzed. The inversion procedure was based on the Monte Carlo

and the Nearest Neighbourhood algorithms adapted to the Dinver mode of the Geopsy program [40].

The starting model created took into account information from LVL (low velocity layer) analysis and
local geology. During the inversion, 50 Monte Carlo models and an additional 2500 models from the
Nearest Neighbourhood algorithm were used to find the one with the best fit to the data.

As an overall uncertainty criterion, the chi-squared parameter was used. Results below 1.3 were
rejected. Additi()mlly, the theoretical dispemi(m curve was mmpared manually with the nrigi.nal one
for each of the nine locations as a final verification. Interpolation between profiles was achieved by
the kriging method in the Surfer program. Finally, a smooth 2D model showing the general trend of
changes in lithology for the first 50 m was obtained (Figure 4).
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Figure 3. (A) The uncertainty of the dispersion curve modeling, The picked dispersion curve (black line)
with the uncertainty of picking was well fitted to the synthetic models (colored areas). The chi-squared
parameter for the best theoretical curves was less than one; (B) 1D result of the multi-channel analysis
of surface waves (MASW) analysis for shot 164. The 1D velocity model presented a uniform structure
up to 18 metres. Below that depth, an increase of shear velocity (Vs) was visible. Interpretation of the
deeper parts was impossible, due to the penetration range of the method.
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Figure 4. The result of the multi-channel analysis of surface waves (MASW). The red dashed line
presents the geophysical boundary. The white dotted lines show the uncertainty of the result. The overall
shape of the structure is similar to the result obtained in reflection imaging,.

4.2. First-Arrival Travel-Time Tomography and Uncertainty Analysis

The velocity model spanned a rectangular grid with 85 x 31 cells and dimensions of 10 x 5 m.
An inversion scheme consisting of 10 steps with six iterations per step was applied using JIVE3D
software [41]. JIVE3D uses the shooting method [42] to trace ray paths through a modeled velocity
field. The linearization of the relationship between travel-times and model parameters was carried out
using ray perturbation theory. The inversion method was based on a set of linearized refinements to
the initial velocity field to achieve a better match between the starting model and the raw data.

Clearly visible at all offsets, P-wave first-arrival travel-times were picked manually along the
profile. Similarly to Korenaga et al. [43], a large number of starting models were tested to find the
optimal one—that is, the one which gave the best fit to the travel time at a given parameterization.
Instead of Monte Carlo sampling, a simple grid search approach was adopted. Our starting models
were generated by a set of 1D linear vertical velocity gradients with defined topography. Each gradient
was parameterized with two values: the velocity at the surface (V1, above topography) and the velocity
at the bottom of the model (V2). Interpolation of the velocity value for each model’s cell was performed
using standard b-spline methods. Table 1 summarizes the gradient parameters with the corresponding

steps that were tested.

Table 1. Range of values of the upper (V1) and lower (V2) velocities in the experimental setting.

Velocity Elevation (m)  Minimum (m/s)  Maximum (m/s)  Step (m/s)  Final Model (m/s)

Vi 300 200 300 10 260
V2 150 1200 1800 60 1500

In total, 121 starting models were found to have adequate statistics for evaluating the uncertainty
using hit-count normalization [44]. In this approach, the standard deviation normalized by the sum
of rays in each cell was treated as the uncertainty estimator, called a weighted error (WE). Inversion
was carried out for all 121 starting models of the velocity field. To find the optimal velocity field,
the travel-time fitting was estimated as a ratio of chi-squared to the hit-rate—that is, the percentage of
the picked travel-times for which synthetics were successfully obtained during two-point ray-tracing.
The best travel-time fit was obtained for the model where V1 = 260 m/s and V2 = 1500 m/s. The inversion
of this model was considered to be the final result of tomography. In the next step of the multi-method
analysis, it was used as the subsurface velocity field and for correct front mute in reflection seismic

imaging. Figure 5A presents the velocity distribution from inversion using JIVE3D code with the mask.

The velocity field was rather smooth. The unconfirmed area (without sufficient ray coverage) has been
greyed out.
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Figure 5. The best result of the first-arrival travel-time tomography (FATT): (A) The velocity field. The
unconfirmed area without ray coverage was greyed out. The color contour corresponds to the resolved
part of the result with high-density ray coverage; (B) ray paths; (C) the map of uncertainty normalized
by the ray coverage - WE (weighted error). The black and white line corresponds to the edge of the
area well-resolved by rays (in this particular case, a value of 50%).

The estimated uncertainty is presented in the form of uncertainty maps (Figure 5C). Each cell of
these maps was calculated separately as the standard deviation of the velocity from the respective
cells, extracted from the models. Masks in Figure 5A were created considering only those parts of the
given panels covered by rays (Figure 5B). Hit-count normalization in Figure 5C did not require masks
because it occurred automatically, due to the nature of this procedure.

The FATT result showed an almost-flat smooth structure slightly inclining to the SW. There were
also visible small-scale undulations in the shallow part of the section.

4.3. Reflection Seismic Imaging

With a limited offset of 100 m, refraction statics were estimated by applying standard techniques
from Globe Claritas. The seismic imaging processing also included a carefully designated front mute
(red line) to extract linear refraction arrivals without distorting wide-angle shallow reflections (Figure 2,
middle panels). Its meaning has been demonstrated in many articles [45,46]. The outcome of the
NMO (normal move-out) correction is shown in Figure 2 (right panels) as flattened shallow reflections.
Straightening of reflections confirmed the correctness of the velocity field used. The appearance of
strong surface waves is problematic for seismic imaging. They interfere with wide-angle reflections,
which are treated as a useful signal. A simple high-pass filter with frequencies of >30 Hz proved to
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be sufficient to suppress almost all surface wave amplitudes. In the next step, a surface-consistent
deconvolution was performed in order to improve the resolution of the seismic image by amplifying
high frequencies. The data were filtered in the FK domain using a band pass filter with characteristics
of 2-3-100-120 Hz before stacking the shot gathers in the seismic section to cut frequencies above
100 Hz. Final time to depth conversion was performed using the velocity model from the previous

FATT and further extrapolated downward with the standard common velocity stack (CVS) method.

The final result in the depth domain is shown in Figure 6B.

Due to the lack of boreholes, verification of the interpreted structures was impossible. To evaluate
the uncertainty of the main reflector determination, the velocity field used for the time to depth
migration was changed by applying extreme values of velocity. These velocities were estimated for

+30% of the optimal one according to knowledge from MASW, FATT results, and previous works [7].
Figure 6C shows the estimated uncertainty in the form of white bars with the geological interpretation.

The reflection imaging provided the possibility of recognition of the Mesozoic basement visible as
a strong reflector. Application of the proposed approach gives information about the uncertainty of
the result.
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Figure 6. The result of the reflection seismic imaging: (A) Elevation and fold. Thanks to acquisition
geometry in the form of six deployments, a good seismic fold along the whole profile was achieved;
(B) seismic stack in the depth domain; (C) interpretation of the seismic image. Considered as the
Mesozoic bedrock, the main reflecting horizon (red dashed line) is clearly visible in the seismic section.
Its depression in the NE is probably related to the syncline structure and/or erosion. In the middle of
the seismic stack (yellow dashed line), there are four detachments, probably connected to a local fault.
White bars show the estimated uncertainty of determination of the interpreted horizon. The blue area
corresponds to the discontinuity of the Mesozoic bedrock; (D) geological interpretation of all results.
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5. Discussion

The presented model of Quaternary sediments indicates that regardless of origin and age,
their lithological variation is small, with the exception of the thick packages of limestone debris.
This issue certainly hinders their spatial recognition and interpretation in seismic results [36,37].
The pronounced contrast between the physical properties of Quaternary sediments and those of the
Jurassic rocks was the main basis for undertaking the research.

The result from MASW showed simple flat-lying structures according to shear velocity to a depth
of approximately 40 m, but smoothly inclining to the SW (Figure 3). Therefore, static correction was
not required for this dataset. The FATT result showed an almost-flat smooth structure with small-scale
undulations slightly inclining to the SW. The places where velocity decreased are related to thicker
deposits of loose material (Figure 5A, at approximately 120 m). The uncertainty map presented in
Figure 5C was computed as shown in Owoc et al. [44]. The well-resolved part of the velocity field,
which is crucial for the most critical processing step in the seismic imaging, the manual front mute,
is visible as the upper bluish zone with the lowest values of WE. During stacking of the seismic data
and time to depth conversion of the final stack, this part of the velocity field was also used.

As shown in Figure 6B, the obtained image was not distorted by any amplitude variation and
was therefore easy to interpret (Figure 6C,D). This feature was due to an almost uniform seismic
fold (Figure 6A). At a depth of approximately 50 to 120 m, the main reflecting horizon was clearly
visible due to the high contrast of impedance between the soft Quaternary sediments and the hard
Jurassic rocks (Figure 6B-D). This reflector was interpreted as the Mesozoic bedrock. It definitely
inclined to the NE direction, where there was an important feature: a depression at approximately
120 m of the profile with its bottom around 120 m below the subsurface. From this location on the
pmﬁlc in both directions, this horizon rises to 40-50 m dcpth. In the SW part of the seismic result,
the Mesozoic bedrock became almost flat. In the vicinity of 700 m of the profile, the signal suddenly
weakened, which was visible as a rapid discontinuity of the reflector in the result of the reflection
seismic imaging. In general, the shape of this line referred to the gently curved syncline with the axis
in the northern part of the presented seismic profile (Figure 6B,C,D). This would mean that the axis of
syncline should be moved several hundred metres to the north compared to the previously developed
interpretation [32]. However, the gentle nature of the Quaternary basement line suggests a glacial
erosion. The glacier adapted to the existing shape of the syncline bedrock, deepening the axis zone and
leveling the adjacent areas. The first glacier in this area during the Sanian 1 (MIS 16) glaciation [28,41]
entered with a lobe from the SE. A slight residue of glacial tills proved the small thickness of ice in this
region [28]. Therefore the results of the glacial erosion may not be significant. The river erosive genesis
seems to have had a narrow and deep refraction of the basement line in the southern part of the seismic
image. The existence of fossil river valleys from the Mazovian interglacial was documented by Lindner
et al. [32] in the SE region of Mosty. Perhaps it is a continuation of this valley form, although the
bottom of visible discontinuity (valley) on the discussed profile reaches about 100 m from the surface.

The seismic signal below the line interpreted as the Mesozoic bedrock allowed two types of
reflections to be recognized. The first ones were gentle lines or sets of lines approximately parallel
to each other and with the same shape as the basement. The second type consisted of steep lines
or interruption zones of the seismic signal (Figure 6B). It is very likely that the bending of the lines
reflected the variation of sediment layers within the axial part of the Bolmin syncline. Its inflection point
corresponded to the intersection of the cross-section with its axis. The syncline axis was located near
the foothills of the Grzywy Korzeczkowskie within marly Kimmeridgian limestones [30]. The visibility
of the syncline layering disappeared below the depth of 350 m. This was probably related to the
occurrence of sigwl-suppmssi.ng rocks: clay::, clayst(me, siltstones, and the Lower Jurassic and Upper
Triassic marly limestones. The steep lines in the seismic image were identified as discontinuities of
rock layers, locally with vertical displacements—faults. Four detachments were found under the main
horizon in the middle of the seismic image: two in the middle part of the profile and the other two
in its northern end, accompanying the inflection zone of the syncline. They correlated well with the
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faults that cut through the Grzywy Korzeczkowskie Range (Figure 1). The extensions of the fault lines
coincided with the seismic record discontinuities. The inclination angles of the upper sections on the
discontinuity line (apparent dip) were from approximately 40° to 55°. Considering the intersection
angle of the fault line on the plan with the section line gave the approximate value of the fault slope in
the range from 517 to 65°.

The diversification of the Quaternary sediments in the seismic image was definitely less spectacular.
Signal gain zone, parallel to the surface, was recognized at a depth of 5 to 20 m, especially in the
NW part of the profile. The second lay at a depth of 30-90 m; however, it sometimes disappeared.
These signal amplifications could have been the result of reflection from layers with a large admixture
of limestone debris or increased content of gravel. Zones without clear reflections can be interpreted as
attenuation of the seismic energy by silty and fine-grained layers.

The obtained seismic image generally confirmed the current interpretation of the geological
structure of the studied area, but structures are at different locations (Figure 6B-D). However, it provides
new details in several places. The synclinal arrangement of the layers was confirmed; however, the axis
of the syncline should be located in the area of the southern foothills of the Grzywy Korzeczkowskie.
In the case of strongly faulted terrain, local changes in the course of the syncline axis do not arouse
controversy even in short sections. The shape of the sub-Quaternary bedrock was in line with the
geological structure of Mesozoic rocks. Namely, the lowest surface is located on the axial part of the
syncline. Strong tectonic involvement of this area, visible in the morphostructural analysis, has also
been confirmed. The faults reach the ceiling surface of the Mesozoic rocks and are not visible in the
quaternary overburden. However, their re]ati(mship with a deep and narrow erosion form in the
Mesozoic ceiling surface at the southern end of the cross-section can be found indirectly. The Quaternary
bedrock, in addition to the exception described above, was imaged on the seismic profile by a strong
but gentle line. This is the result of not very intense glacial erosion rather than time-differentiated
river erosion. Only the discontinuity zone in the SE part of the profile may have been associated
with deep river erosion, as previously suggested by Lindner et al. [32] and Lindner and Mastella [33].
The thickness of the loose rock cover reaching a maximum of 120 m was confirmed.

The usefulness of shallow high-resolution seismic profiling in geological studies can be considered
significant. However, separation of Quaternary deposits was impossible. This can be explained by
the relatively weak lithological variation within the sedimentary cover and the small thickness and
irregularity of the occurrence of rubble packages, giving a stronger seismic signal.

6. Conclusions

Relatively high-quality images of the subsurface with low cost of acquisition make seismic
methods cost-efficient and desirable to researchers. The multi-method approach, which allows the
utilization of all recorded wave fields (surfaces waves for MASW, wide-angle refractions for FATT,
vertical reflections for seismic imaging], provided detailed images with high resolution down to 200 m.
During acquisition, the timing device and the in-house modification of the seismic source were working
properly. Combined with good and dense coverage of the studied area by seismic shot and receiver
points, the multi-method approach gave well-resolved and detailed images of geological structures.
The seismic energy obtained from the in-house modified weight drop during acquisition was strong
enough to image the structure down to 200 m. The extra time spent on MASW processing and seismic
tomography in comparison to a standard approach using only the single method of seismic imaging
was worth the effort.

The strong main reflector at depths from approximately 50 to 120 m was connected with “hard”
(Mesozoic) bedrock. Its shape refers to the syncline structure of the basement and erosional processes.
The axis of the syncline is located near the foothills of the Grzywy Korzeczkowskie. The flattened
shape of the bedrock in the studied part of the Holy Cross Mountains may be indicative of the
limited erosional activity of the glaciers. In the NE, a narrow and deep depression form was found
in the Mesozoic bedrock. This structure is probably related to river erosion during one of the
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