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“The most beautiful experience we can have is the mysterious. It is the fundamental emotion 

that stands at the cradle of true art and true science.” 

Albert Einstein 
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6 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 

 

Główny cel pracy: Próba zobrazowania podłoża w przypadkach, gdy jest ono silnie 

skorelowane z czynnikami środowiskowymi, oraz oszacowania zmian spowodowanych 

zmiennymi warunkami klimatycznymi i aktualnym stanem klimatycznym. 

Obserwowane w ciągu XX i XXI wieku zmiany środowiskowe stanowią istotne wyzwanie dla 

współczesnych nauk przyrodniczych i matematycznych (Barnett, 2009; Mieszkowska, 2021). 

Stawiają one szczególne wyzwanie współczesnej geofizyce, której zaawansowane metody 

jako jedyne pozwalają w sposób precyzyjny i dokładny badać przestrzenne zmiany wynikające 

z ewolucji klimatu (Bergamo et al., 2016). Nie bez znaczenia pozostaje fakt, iż wraz ze 

zmianami środowiskowymi, ewoluują także geozagrożenia zarówno w ujęciu lokalnym jak  

i globalnym (Barnett, 2009). O ile zmiany zachodzące na powierzchni są dobrze 

udokumentowane i monitorowane, o tyle obrazowanie zmian zachodzących pod powierzchnią 

ziemi wciąż wymaga dalszych badań metodologicznych. Szczególnym przypadkiem jest 

zrozumienie zmian i struktur widocznych do głębokości nieprzekraczających 500 m pod 

powierzchnią terenu, gdzie widoczne są efekty związane z ewolucją klimatu. W celu 

rozwiązania wyżej wymienionych wyzwań, konieczne jest zaadoptowanie oraz zintegrowanie 

coraz bardziej zaawansowanych technik przetwarzania danych i ich interpretacji.  

Przytoczona w pracy metodyka w sposób prosty i przejrzysty integruje klasycznie 

wykorzystywane metody badań geofizycznych takie jak tomografia elektrooporowa, 

obrazowanie georadarowe i sejsmika refrakcyjna, z bardziej zaawansowanymi i nowszymi 

technikami obrazowania refleksyjnego i analizy fal powierzchniowych (Marciniak et al., 2019, 

2021). Przedstawione podejście i schemat przetwarzania danych traktuje niepewność każdej 

metody z osobna nie tylko jako parametr interpretacyjny, lecz jako realną wartość mającą 

wpływ na przetwarzanie danych. W rezultacie wartość naukowa wyników jest znacznie 

większa niż suma poszczególnych użytych metod osobno, a same finalne wyniki cechują się 

większa dokładnością i mniejszą niepewnością interpretacyjną. 

Pośród zastosowań metodyki dla klasycznego rozpoznania utworów geologicznych, 

specyficznymi przypadkami są rozwiązania problemów środowiskowych reprezentujących 

skalę lokalną, takich jak osuwiska, oraz zagadnienia globalne, do których należy zaliczyć 

wzrost miąższości warstwy czynnej w rejonach polarnych. W obu wymienionych przypadkach 

problemem jest zarówno trudna akwizycja danych, jak i skomplikowana budowa geologiczna 

badanego obszaru. Szczególnym problemem, możliwym do rozwiązania tylko poprzez 

kompleksowe podejście geofizyczne wykorzystujące kilka technik, jest fakt rozdzielenia 

zmiennych środowiskowych od budowy geologicznej w sposób jednoznaczny  

i wysokorozdzielczy. Zarówno w zagadnieniu osuwiskowym jak i zmienności miąższości 

warstwy czynnej istotnym parametrem jest zmienność zawodnienia gruntu. Zmienność tego 

parametru zarówno w czasie jak i przestrzeni jest w sposób bezpośredni (badania polarne) lub 

pośredni (badania osuwiskowe) powiązana ze zmianami klimatycznymi.  

 

 

 

 



 
8 Introduction 

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., 2016; Majdański et al., 2022). The other local problem is related to the 

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; 

Samouëlian et al., 2005; Zhao et al., 2016). Recently, the MASW technique (Park et al., 

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 

(Fernández-Martínez et al., 2017; Marciniak et al., 2019; Tompkins et al., 2011). In many 

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, I 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: 

• The gathering of the data in a challenging environment 

• Integration of near-surface geophysical imaging techniques 

• Reliable estimation of data uncertainty 

• Development of optimal processing approach for near-surface environmental 

studies 

• Correlation of obtained results with current climate state 

• 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 I – Uncertainty-driven seismic analysis for near-surface imaging 

Paper II – Effective use of uncertainty-driven analysis in the imaging of the subsurface 

Paper III – The use of ERT and MASW for initial recognition of permafrost development 

in S.W. Spitsbergen 

Paper IV – 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: 

 

• 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. 

 

• Recognition of post-glacial and periglacial structures in the Fuglebekken catchment 

and Hans Glacier Forefield. In Papers III, 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.  

 

• Precise imaging of the structure of anthropogenically triggered landslide in Beskid 

Żywiecki, 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.  

 

• Geophysical imaging of Mosty region, in Holy Cross Mountains, Świętokrzyskie 

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.  
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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 gathered in Mosty (Świętokrzyskie voivodeship, Poland) was oriented into 

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 III, 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, “Glacier - permafrost interaction as an environmental 

continuum between glacial and periglacial domain in Tarfala (Scandinavia) and Hornsund 

area, Spitsbergen” 

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, Spitsbergen” 

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

of Poland. 
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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, 2022; Majdański et al., 2022), where changes in the water saturation are the 

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 (Dobiński 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 III (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 uniqueness 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, RI 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, 2005; Fernández-Martínez et al., 2017; Fournier et al., 2013). The 

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 I (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 I (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 IV to VI (Majdański et al., 2022; Marciniak et al., 2021, 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 

IV and V (Majdański et al., 2022; Marciniak et al., 2022). However, those changes can be 

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 RI 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. 
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Paper II: 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 I 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 III: 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 III 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 HOR3 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 III 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 I and proven in Paper II 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.  

  



 
24 Summary of the papers 

Paper VI: Integrated geophysical imaging of a mountain landslide – 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 30–40 m was ± 3 m. The final 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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Summary and conclusions 
 

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 I and II (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 III 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 (Majdański et al., 2022), where differentiation of 

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 I and II, 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. 
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This enables the distinction between geological layers, structures, and environmental 

effects as presented in Papers III to VI (Glazer et al., 2020; Majdański et al., 2022; 

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.  
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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, I 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: 

• I 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. 

 

• 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. 

 

 

• 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. 

 

 

• 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. 

 

 

• The recorded datasets have to be verified with already known a priori information 

at the data pre-processing stage. Therefore, I 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. 

 

• 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. 

 

• The Papers III 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 RI. 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 
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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; Majdański et al., 2016; Socco et al., 2010; Xia et al., 1999) and the potential 

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 

qualitative 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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