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1. INTRODUCTION 

Geological studies frequently result in different scale maps and cross-sections. 

Estonian geologists have systematically assembled subsurface data during the last 

two centuries (Kirsimäe et al. 2020). In the light of today’s understanding, the 

earliest maps (Engelhardt and Ulprecht, 1830; Schmidt, 1858) seem rather 

rudimentary. Besides reflecting the historical status quo of the Earth sciences, 

they also formed a foundation for the following map releases. Afterwards, our 

geological knowledge has continuously expanded due to thousands of core 

sections supplementing the outcrops’ descriptions.  

In the middle of the 20th century, extensive mapping campaigns were induced 

by the need for new mineral and water resources. At the same time, geophysical 

methods (gravimetric, magnetometric, electrometric, borehole geophysical 

logging) were broadly introduced (Klein, 2012). By the 1970s, the whole country 

was covered with maps at the scale of 1:200 000. Since the 1980s, mapping has 

been focused on the scale of 1:50 000. Currently, the Geological Survey of 

Estonia (GSE) compiles the Geological Base Map (GBM) at the same scale 

(1:50 000) for western and central Estonia (GSE, 2022a). 

Before the deep mapping projects, Estonian bedrock was treated as a simple 

subhorizontal homocline. According to the present insight, structural activities, 

Late Pleistocene glaciations and other post-depositional processes have modified 

the geologic column significantly (Rõõmusoks et al., 1997). Quaternary suc-

cession has often been affected by the bedrock’s layout and topography. Buried 

valleys, faults and karst features can change the subsurface properties consider-

ably at a relatively short distance (Rattas and Kalm, 2004; Pirrus, 2007; Vaher 

et al., 2010).  

During the last couple of decades, non-invasive geophysical techniques like 

ground-penetrating radar (GPR), electrical resistivity tomography (ERT), seismic 

sensing, measurements of the gravity and magnetic fields, palaeomagnetic 

analyses etc., have been increasingly applied for characterising the subsurface 

structures (Vaher et al., 2013; Plado et al., 2016, Dmitrijeva et al., 2018; Plado 

et al., 2020). Despite diverse digital outputs and models that have been developed 

recently (Rautenberg et al., 2015; Gorlach et al., 2015; Ani and Meidla, 2020), 

the mapping process itself has not changed much. On the field, drilling and test 

pitting have remained the conventional choices for obtaining new data. Yet these 

approaches have a few limitations: 

 

(a) direct measurements are expensive and time-consuming, 

(b) boreholes and trial pits can not provide continuous data flow laterally, 

(c) at some locations (rough terrain, environmental restrictions), drilling and 

pitting may contravene safety or legislation.  
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As an employee of the Estonian Land Board (ELB), the author has been dealing 

with geological maps since 2005. The constant demand for enhancing mapping 

speed and quality encouraged to set up the current thesis. Grasmueck et al. (2005) 

express:  

 
Geoscientists, archaeologists, and engineers require clear three-dimensional 

views of the shallow subsurface to see internal geometry and to understand how 

rock, soil, water, and life interact. 

 
Ground penetrating radar (GPR) can provide such knowledge with quick data 

capture and high precision. According to the GPR practice in Estonia and abroad, 

the device works well in soft sediments like sand and peat. Similarly, good results 

have been achieved in detecting the bedrock top surface. However, until now all 

those individual findings have not been summarised. The author tries to put the 

previous Estonian GPR experiences into a broader context in order to motivate 

the future research.  

The thesis is based on four case studies wherein the author has personally 

contributed. One case focuses on peat’s lithological and volumetric description 

(the Rahivere Bog; Paper I), another on the development of coastal (foredune) 

ridges (the Ruhnu Island; Paper II). Two sites (Viru-Nigula; Paper III, and the 

Sillamäe-Narva area; Paper IV) are somewhat related. Both represent the bedrock 

successions in NE Estonia that were structurally reshaped afterwards. Never-

theless, the causes and consequences of the geological processes were substan-

tially disparate in those regions. While Papers III and IV showed up from the 

unsolved mysteries, Papers I and II were triggered by more practical needs. 

The GPR data were collected during several field campaigns in all the case 

studies. Therefore it was possible to analyse the results in the meantime, and 

densify the profiling network at certain locations. Papers I and II confirm coring 

is the best approach for supporting the radar soundings. Paper III reveals the bene-

fits of combining the GPR and ERT methods in one survey. Paper IV also con-

cedes GPR alone can not provide answers for all the questions. In any case, more 

transparent capabilities of GPR should favour the right decisions for the fol-

lowing research.  

The shortcomings encountered during the PhD studies inspired the author to 

seek better ways for the radar utilisation. Recent advances in GPR and infor-

mation technologies indicate both the fieldwork and data post-processing can be 

enhanced significantly. ELB has witnessed impressive prospects emerging from 

the open data philosophy. Hopefully the GPR fieldwork results, handled as stan-

dardised spatial data packages, can reinforce geological mapping and mineral 

resource estimation workflows. 
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The main aims of the thesis are: 

 

(a) to specify the GPR potential by using the method in various environments, 

and recommend additional applications, 

(b) to compile an overview of the GPR studies carried out in Estonia, and pro-

pose new procedures for increasing the data collection and management 

efficiency. 
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2. BACKGROUND 

Estonia is located on the outskirts of the East-European Platform, bordered by the 

Fennoscandian Shield in the NW (Puura and Vaher, 1997; Tuuling and Flodén, 

2016). Palaeo- and Mesoproterozoic rock complexes are overlain by 100–800 m 

thick Neoproterozoic and Palaeozoic sedimentary successions (All et al., 2004; 

Kirs et al., 2009; Meidla, 2014). According to a simplified concept, the sedi-

mentary bedrock comprises Ediacaran, Cambrian and Lower Ordovician sand-

stones, siltstones, claystones, covered by carbonate rocks (limestones, dolo-

stones, marls) of the Ordovician and Silurian periods and Devonian sand- and 

siltstones as the topmost bedrock strata. These layers have a gentle southern dip 

(average 0.10–0.20°, or 2–3.5 m per km, Soesoo et al., 2020). As a result of such 

inclination, the map represents younger successions southwards (Fig. 1). Hence, 

in northern Estonia and on bigger islands, the uppermost bedrock consists gene-

rally of limestones and dolostones. The bedrock is thicker in southern Estonia, 

where the carbonate rocks are covered with sandstones.  

Throughout geological history, Estonian territory has undergone numerous 

periods of crustal instability (Puura and Klein, 1997). The signs of those activities 

were recorded in the rocks as faults and other deformations frequently associated 

with the Early Palaeozoic Caledonian orogeny (Puura and Vaher, 1997; Tuuling 

and Põldsaar, 2021). Due to comprehensive studies, more faults have been 

described in northern Estonia (Fig. 1). The upper surface of bedrock is articulated 

by ancient river valleys (Raukas and Tavast, 1987; Miidel et al., 2006), often 

reshaped by the Late Pleistocene glaciers. In northern Estonia, the valleys are 

typically parallel-oriented and aligned in the NW–SE direction, while within the 

Devonian sandstone area, their position and drainage system are more compli-

cated (Rattas, 2007). Bedrock erodibility is reflected in the shape of the valleys, 

as well. Typically shallow and wide valleys have been developed on the carbo-

nate bedrock, whereas in the Devonian district, the incisions have been carved 

deeper into the sandstones (Tavast and Raukas, 1982). Another outstanding 

bedrock landmark is the North Estonian Klint on the northern coast of Estonia. 

The Klint represents one of the longest continuous Cambrian-Ordovician escarp-

ments in the world (Miidel and Raukas, 2005; Suuroja, 2006). Furthermore, the 

largest glaciotectonic dislocations have been concentrated just south of the 

eastern part of the Klint (Rattas and Kalm, 2004). 

Quaternary glaciations have vastly sculptured Estonian topography. The main 

direction of the glacial advance has been from the northwest (Kalm, 2012). At 

least three stadials and two interstadials have been distinguished in the 

Pleistocene (Kalm et al., 2011). The thickness of the Quaternary overburden is 

usually less than 5 m in northern and western Estonia (Fig. 2) and less than 10 m 

in the south (Raukas and Kajak, 1997; Rattas and Kalm, 1999; Kalm 2009). In 

alvars, superficial deposits are missing, whereas in some buried valleys, the 

filling may exceed 100 m (Raukas and Kajak 1995). Glacial, glaciofluvial and 

glaciolacustrine deposits prevail in the Quaternary succession (Kalm et al., 2011). 
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As the top strata beneath the pedosphere, Late Pleistocene glacial deposits coat 

nearly 40% of the country (Fig. 3). Till covers vast plain areas, occasionally 

stacked into positive landforms like hills, ridges and drumlins. Glaciofluvial 

eskers, kames, deltas and outwash plains frequently provide suitable material for 

the aggregate industry. Conversely, in most cases, glaciolacustrine varved clays, 

fine-grained and loamy sands are economically insignificant (Räägel, 1997). On 

top of the Late Pleistocene strata, postglacial wetland, coastal, aeolian, lacustrine, 

fluvial and technogenic deposits are generally exposed (Fig. 3). Regarding the 

topics discussed later in the thesis, peat and coastal deposits require an upcoming 

preface.  

Sometimes organic-rich layers have been described in the sections of the Late 

Pleistocene interstadials (Kalm et al., 2009). The overwhelming majority of peat 

deposits have accumulated after the retreat of the last glaciation. The average 

accumulation rate in Holocene has been 1 mm yr–1 (Ilomets, 1994; Punning and 

Koff, 1997). Areas where peat has been found (regardless of its thickness) are 

called peatlands. These are terrestrial ecosystems where plant production exceeds 

(or has exceeded) the decomposition due to the local hydrologic conditions. 

About 20% (9 150 km2) of Estonia is blanketed with peatlands. According to 

Tanneberger et al. 2017, Estonia is the third most prosperous country after Finland 

and Ireland, concerning the peatland coverage in Europe.  

Active peatlands (where peat is being deposited) are called mires. Three main 

mire development scenarios have been recognised, regarding the shift to drier 

conditions: (a) infilling in open water, (b) primary peat formation, and (c) palu-

dification of mineral soils (Rydin and Jeglum, 2006). Local terrain, geological 

background, and the hydrological regime are the key factors controlling mire 

development (Comas et al., 2005; Hiiemaa et al., 2014; Stivrins et al., 2017; 

Pezdir et al., 2021). Typical mire evolution starts with a minerotrophic fen stage, 

where feeding comes from groundwater. Environmental changes ultimately lead 

the mire transition to the ombrotrophic bog, where precipitations are the primary 

water source (Orru and Orru, 2008; Paal and Leibak, 2011; Blaus et al., 2021).  

Besides encompassing organic material of various decomposition rates, peat-

lands are also known as fresh water storages and natural carbon stocks. Mining 

and drainage cause the rapid release of carbon that has accumulated into peat over 

thousands of years (Stivrins et al., 2017; Minasny et al., 2019; Carless et al., 

2019). In Estonia, extensive drainage of mires was carried out between the 1950s 

and 1980s (Paal et al., 2016), influencing the groundwater regime of most of the 

mires (Küttim et al., 2018). Drainage systems have decreased the total area of 

fens more than ten times (Paal and Leibak, 2011). The average thickness of peat 

in Estonian mires is 3–4 m (Orru, 1995).  

After melting the Fennoscandian Ice Sheet, the Baltic Sea basin and adjacent 

areas have ascended significantly. Currently, the average glacioisostatic uplift 

is 1–3 mm yr–1; nevertheless, earlier in Holocene, the rise was a lot brisker 

(Rosentau et al., 2012; Vassiljev et al., 2015; Kall et al., 2021). Hence the shore-

line of the Baltic Sea has shifted, new islands and coastal landforms have emerged 



13 

Figure 1. Estonian topmost bedrock units with main faults, buried valleys and boreholes 

penetrating the crystalline basement [GSE, 2022b (the generalised Map of Bedrock 

1:200 000); ELB, 2022b (boreholes)]. 
 

 

 

 

continuously. The present length of the Estonian coastline (with islands) is 
3800 km, placing the country in the world ranking top 30 (WIKI, 2022a).  

Relic dune ridges subparallel to the sea shore, created during the regressive-
transgressive fluctuations of the sea level and reshaped by wind, are frequently 
called foredunes. They are valuable indicators of past shoreline position and sea-
level oscillations (Otvos, 2000; Tamura, 2012). Occasionally the foredunes may 
exhibit a particular storm event; however, most of the ridges can be associated 
with certain periods in the development of the Baltic Sea. Starting from the oldest, 
these stages are (a) Baltic Ice Lake, (b) Yoldia Sea, (c) Ancylus Lake, (d) Litorina 
Sea, and (e) Limnea Sea (Björck, 1995; Andrén et al., 2000; Saarse and Vassiljev, 
2010). During the glacioisostatic uplift, coastal ridges gradually retreat from the 
seashore. Consequently, aeolian processes get control over reshaping the scenery 
(Mauz et al., 2013; Suursaar et al., 2019). 



14 

Figure 2. Total thickness of the Quaternary deposits in northern Estonia [the rock head 

DEM (Ani and Meidla, 2020) was subtracted from the LiDAR DEM (ELB, 2022c)].  

 

Figure 3. Estonian topmost Quaternary sediments (ELB, 2022d, the Map of Quaternary 

deposits). 
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3. MATERIAL AND METHODS 

3.1 Description of the study areas 

Four case studies were chosen for the thesis. These were performed in the Saad-

järve Drumlin Field in eastern Estonia, Ruhnu Island, Viru-Nigula, and Sillamäe-

Narva (Fig. 4). The Viru-Nigula and the Sillamäe-Narva quadrangles in NE Estonia 

cover relatively large and variable territories, whereas the other two localities are 

more specific.  

 

 

Figure 4. Location of the study areas: (a) Rahivere (Paper I), (b) Ruhnu (Paper II), 

(c) Viru-Nigula (Paper III), and (d) Sillamäe-Narva (Paper IV) on the LiDAR DEM 

(ELB, 2022c). 

 

The Rahivere study characterises a typical bog development, with preconditions 

provided by the Late Pleistocene glaciers. Rahivere Bog is located in a trough 

between the drumlins in eastern Estonia, about 40 km north of Tartu (Figs. 4a 

and 5a). Creation of the Saadjärve Drumlin Field between Lake Võrtsjärv and 

Lake Peipsi depressions was induced by the Pandivere Upland, where heights 

reach 130 m a.s.l. The upland, located NW from Rahivere (Fig. 4), comprises 

Ordovician and Silurian carbonate rocks. The drumlins were formed in the SE 

periphery of the upland, which acted as an obstacle for the Late Pleistocene ice 

streams. Heights within the Saadjärve Drumlin Field are generally 50–100 m 

a.s.l. (Rattas, 2004). Drumlins have been dated to the Sakala ice-marginal zone 

(around 14 cal. ka BP, Kalm et al., 2011). At about the same time, Lake Peipsi 

flooded large areas and reached the Lake Võrtsjärv basin (Rosentau et al., 2007). 
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Palaeozoic bedrock in the Vooremaa Drumlin Field consists of the Silurian 

dolostones and Devonian sand- and siltstones, usually covered by the Late 

Pleistocene tills. Thickness of the superficial deposits (till, glaciolacustrine, 

glaciofluvial beds) at the drumlin assemblages may extend to 70 m (Rõuk and 

Raukas, 1989). For example, in Borehole No. 73 (Fig. 5a), Devonian (the Pärnu 

Formation) sandstones are overlain by 52 m of Quaternary cover (ELB, 2022b). 

During the Holocene, clay, silt, fine sand, and organics were deposited within the 

lakes squeezed between the drumlins. In some larger troughs, lakes have been 

preserved, whereas most of the smaller depressions have been filled up with 

lacustrine deposits and peat (Rattas, 2004). A small remnant water body in the 

Rahivere Bog is an evidence of such mire evolution (Allikvee and Orru, 1979). 

Within the bog, the Rahivere Deposit, with total peat reserves of 97 000 tons, has 

been designated (Fig. 5a). In the Estonian Mineral Registry (MR), the area of the 

Rahivere Deposit is 0.54 km2, and the average peat thickness is 2 m (ELB, 

2022a). 

Ruhnu Island with an area of 12 km2 is located in the middle of the Gulf of 

Riga in the Baltic Sea (Fig. 4b). The highest point is 30 m a.s.l. at the eastern part 

of the island, where several series of subparallel coastal foredunes have been 

developed. The western part of the island is lower, without remarkable landforms 

(Fig. 5b). The island’s territory has been increasing continuously in the Holocene, 

the average land uplift is currently 1.5 mm yr–1 (Kall et al., 2021). The island is 

elongated in the NW–SE direction. It lies on a 30 km long and 10 km wide feature 

with a similar orientation. This ridge can be observed on the DEM (Fig. 4b) as a 

shoal cut in half by a narrow channel. According to Kask et al. (1994), the island’s 

core is a relic bedrock rise that was more persistent to glacial erosion. The up-

permost part of the island’s bedrock belongs to the Middle-Devonian Narva 

Formation. In general, dolomitic marl, dolostone, clay, siltstone and sandstone 

can be distinguished within this lithostratigraphic unit (Kleesment and Mark-

Kurik, 1997). A lot of information about the island’s geology has been gained 

from the 787 m deep Ruhnu (No. 500) borehole (Fig. 5b), which has the thickest 

sedimentary bedrock succession (777 m) of all the Estonian boreholes (Põldvere, 

2003). Bedrock is mainly coated with the Late Pleistocene tills, Holocene coastal 

and aeolian sands. At the highest dunes, the total thickness of the overburden 

exceeds 10 m (Kask et al., 1994; ELB, 2022b). 
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Figure 5. A closer look at the study areas: (a) Rahivere Bog and the related Rahivere Peat 

Deposit (Paper I), (b) Ruhnu Island (Paper II), (c) Viru-Nigula (Paper III), and (d) Silla-

mäe-Narva (Paper IV) on the LiDAR DEM (ELB, 2022c). 

 

Additional geophysical surveys were conducted close to the Viru-Nigula Borough 

in NE Estonia, 5–15 km south of the Gulf of Finland and the North Estonian Klint 

(Figs. 4c and 5c). The ground surface is between 20–70 m a.s.l. there, rising 

southwards. In the NE part of the region, the Kongla Creek Valley has been 

carved into the terrain, whereas southwards the ravine disappears (Fig. 5c). The 

uppermost bedrock consists of the Middle Ordovician limestones and dolostones 

(Väo and Kõrgekallas Formations). In the centre of the region lies the currently 

exploited Varudi Bog, where peat (thickness typically 2 m) is underlain by gyttja 

(0.5 m), glaciolacustrine deposits (1.5 m) and glacial till (Veldre, 1994; ELB, 

2022a). Generally, the total thickness of the Quaternary succession does not 

exceed 5 m in the study area. The core of the borehole drilled into the Varudi Bog 

(Fig. 5c) revealed an exceptionally thick (30 m) overburden on top of the Lower 

Ordovician bedrock. Atypical configuration of the bedrock’s morphology has 

been associated with the buried valley incised in NE–SW direction beneath the 

Varudi Bog (Suuroja et al., 2006).  
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The Sillamäe-Narva study area is also in NE Estonia, about 70 km eastwards 

from Viru-Nigula (Fig. 4d). The area is bordered by the Klint in the north and 

Sinimäed Hills in the south. The highest point is 85 m a.s.l. at the easternmost 

(Pargimägi) hill (Fig. 5d). As the bedrock’s topmost unit, the same Väo 

Formation extends here likewise. However, the geological development has been 

unusual compared to the rest of northern Estonia. Abnormally thick piles of 

Cambrian clays have been described in several boreholes. For example, if the 

typical thickness of the Lükati Formation is 10–15 m, a four times thicker 

sequence has been noticed in Borehole No. 314 (Fig. 5d). Thus the mappers of 

the GSE have concluded that, due to increased water content, Lower Palaeozoic 

clay beds started to shift upwards as diapirs under the glacial overpressure. The 

origin of the Sinimäed Hills has been related to clay diapirism and the relocation 

of the overlying bedrock blocks (Suuroja and Ploom, 2016). Between the Silla-

mäe and Narva towns, the Late Pleistocene glaciers occasionally folded and tilted 

the Ordovician carbonate bedrock blocks. Geophysics allows shedding more light 

on the areal distribution of the glaciotectonic deformations, ranging from little 

inclination changes to impressive fault systems.  

 

 

3.2 Ground-Penetrating Radar 

3.2.1 Principles 

Ground-penetrating radar is a non-destructive geophysical method using a set of 

transmitter and receiver antennas connected to the central radar unit, battery and 

computer. While the antennas are towed along the profiles, the data are recorded 

to the laptop’s hard drive at constant traces for further processing (Neal, 2004).  

In principle, high-frequency (10–1000 MHz) electromagnetic (EM) waves are 

continuously sent into the ground by the transmitting antenna. After reflecting 

back from different surfaces, the receiver registers the EM pulses. Following 

Maxwell’s theory, the EM propagation velocity can be calculated by Eq. 1: 
 

𝑣 =
𝑐

√𝜀𝑟
 (m ns–1)     In which 𝑣 is velocity, 𝑐=0.3 m ns–1 (the speed of light),       

   and 𝜀𝑟 is the relative permittivity (dielectric constant).  

Equation 1. 

 

The time interval from the EM pulse launch to capture is called a two-way travel 

time (TWT). By measuring TWT (in nanoseconds, ns), the distance from the 

ground surface to the reflecting surface can be calculated if the propagation speed 

of the EM pulse in the material is known (Davis and Annan, 1989; Annan, 2009). 

A contrast in their physical properties must occur to distinguish materials from 

each other. The EM signals behave differently due to variations in electrical con-

ductivity, magnetic permeability and relative permittivity of the sediments 

(Daniels, 2004; Neal, 2004; Cassidy, 2009a).  
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Electrical conductivity characterizes free charge movement (creating electric 

current) when an electric field is present. Magnetic permeability describes how 

intrinsic atomic and molecular magnetic moments respond to a magnetic field. 

Relative permittivity characterizes displacement of charge constrained in a 

material structure to the presence of an electric field. (Annan, 2009).  

 

Some common relative permittivity values are shown in Table 1. In general, high 

permittivity values diminish the quality of the study results due to greater EM 

signal attenuation.  

Ground-penetrating radar systems may be sled-mounted, or on wheels, 

handled by manpower or vehicle-driven, and location data may be gained by 

internal or external GPS. An odometer wheel may be appended into or behind the 

antennas to increase the measurements’ accuracy. Some antennas are in direct 

contact with the ground surface, while others operate up to 1 m above the surface 

(Zajícová and Chuman, 2019). The antenna configurations are divergent as well: 

multi-frequency, multi-channel, wired and wireless etc. Generally, GPR data are 

collected in four antenna arrangements: common offset, common midpoint 

(CMP) common source, and common receiver (Fig. 6).  

Most frequently, common offset method is applied, where the distance between 

the transmitter and receiver antenna is fixed during the antenna dragging on the 

ground (Fig. 6a). CMP technique enables to determine the EM velocities and 

relative permittivity. During a CMP survey, two antennas (one acting as a trans-

mitter and the other as a receiver) are constantly moved apart from each other 

(Fig. 6b). The distance between the antennas is known, as well as the point of 

reflection in the ground; hence the EM signal velocity can be calculated (Naka-

shima et al., 2001; Neal, 2004; Annan, 2009). A common source application (also 

known as WARR: wide angle reflection and refraction) means the receiver is 

moved apart from the fixed transmitter stepwise (Fig. 6c; Huisman et al., 2003; 

Zajícová and Chuman, 2019).  

Compared to the traditional common offset sounding, the WARR has several 

advantages like increased penetration depth and velocity estimation. Several 

“WARR-machines” have been developed, enabling data acquisition at normal 

profiling speeds (Annan and Jackson, 2017; Diamanti et al., 2018). Forte and 

Pipan (2017) classify the GPR systems into single-fold and multi-fold categories. 

Common offset is a single-fold system where typically, besides constant trans-

mitter-receiver spacing, the antenna orientation is also fixed. Hence, data are 

collected from a single wavefront for each subsurface point. Conversely, multi-

fold systems enable data compilation from multiple wavefronts. Most promising 

are the devices where an array of antennas with different frequencies is con-

currently used (Linford et al., 2010; Phelan et al., 2014; Forte and Pipan, 2017). 
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Figure 6. Main types of ground-penetrating radar surveys: (a) common offset, (b) com-

mon midpoint (CMP), (c) common source/wide angle reflection and refraction, (d) com-

mon receiver. Borehole GPR surveys typically involve (e) zero-offset, (f) multi-offset, 

and (g) vertical radar measurements. Transmitters (T) and receivers (R) are moved in the 

directions shown with green arrows. Modified from Neal (2004) and Liu et al. (2019).  

 

Specific GPR devices have been designed for borehole studies. To get as much 

data as possible, generally low frequency (<100 MHz) thin dipole antennas are 

slid into the boreholes (Slob et al., 2010). Three techniques for borehole inspec-

tion are usually applied: zero-offset, multi-offset, and vertical radar (Fig. 6). 

During a zero-offset (Fig. 6e) study, the transmitter and receiver are simul-

taneously moved in two boreholes at the same depths and steps. A multi-offset 

study (Fig. 6f) implies that the transmitter is fixed at a certain depth in one 

borehole, while the receiver is moved in another. Vertical radar profiling (Fig. 6g) 

requires only one borehole, normally with the transmitter fixed on the ground 

surface and the receiver descending into the borehole (Tosti and Slob, 2015; Liu 

et al., 2019). Hence, the zero-offset method applied in boreholes is similar to the 

common offset method implemented on the ground. In contrast, the others (multi-

offset and vertical radar) resemble the WARR technique. 

Moisture plays a significant role in the EM propagation. EM velocities up to 

0.2 m ns–1 have been registered for dry sand, whereas in water-saturated strata, 

2–3 times slower values occur. Therefore, relative permittivity (Table 1) can vary 

remarkably within the same material (Cassidy, 2009a; Daniels, 2004; Huisman 
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et al., 2003; Neal, 2004). Experiments conducted by Topp et al. (1980) encour-

aged the development of various applications targeted at measuring the soil’s 

moisture content (Chapter 3.2.3). 

 
Table 1. Typical relative permittivity 𝜀𝑟 and static conductivity* for some materials at an 

antenna frequency of 100 MHz (Daniels, 2004; Cassidy, 2009a), and 80–120MHz (Neal, 

2004). 

Material 
𝜺𝒓 (Daniels, 

2004) 

𝜺𝒓 (Neal, 

2004) 

𝜺𝒓 (Cassidy, 

2009a) 

Conductivity, Sm–1 

(Cassidy, 2009a)* 

Air 1 1 1 0 

Asphalt, dry 2–4   0.01–0.1D 

Asphalt, wet 6–12   0.001–0.1D 

Clay, dry 2–6 3–5 2–20 1–100 

Clay, wet 5–40 15–40 15–40 100–1000 

Concrete, dry 4–10  4–10 1–10 

Concrete, wet 10–20  10–20 10–100 

Freshwater 81 80 78–88 0.1–10 

Freshwater ice 4  3 0.00001–1 

Granite, dry 5  5–8 0.001–0.00001 

Limestone, dry 7  4–8 0.001–0.0000001 

Limestone, wet 8  6–15 10–100 

Peat (freshwater)  57–80  <40N 

Sand, dry 2–6 3–8 3–6 0.0001–1 

Sand, wet 10–30 20–32 10–30 0.1–10 

Sandstone, dry 2–5  4–7 0.001–0.0000001 

Sandstone, wet 5–10  5–15 0.01–0.001 

Seawater 81 80 81–88 4000 

Sea-water ice 4–8   0.01–0.1D 

Snow firm 6–12   0.000001–0.00001D 

Soil (average)   16 5 

Till, dry  7–21  2.5–10N 

Till, wet  24–34  2–5N 

*In case Cassidy (2009a) has not listed some materials, conductivity values published by Daniels 

(2004): D and Neal (2004): N are given. 

 

Another axiom states lower frequency antennas have longer wavelengths and 

deeper subsurface penetration (Annan, 2009; Bristow, 2009). Relations between 

frequency, velocity of the EM pulse and wavelength are shown in Eq. 2. 
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𝜆 =
𝑣

𝑓
             In which 𝜆 is wavelength, 𝑣 is velocity, and 𝑓is frequency.  

 

Equation 2. 

 

Thus, for example, a 100 MHz antenna enables one to study deeper beds than the 

200 MHz one. However, concurrently some loss of resolution is inevitable with 

lower frequencies. Resolution determines the ability to visualise strata. Vertical 

resolution is generally around 0.25 of the wavelength (Annan, 2009). Resolution 

is closely related to EM transmission velocity through moisture. Bristow (2009) 

demonstrates that theoretical resolution in wet sand (0.15 m, with a 100 MHz 

antenna) is more than two times higher than in dry sand.  

 

 

3.2.2 Data processing 

Before going to the field with GPR, a few profiling settings (in addition to the 

suitable antenna selection) must be determined. Commonly the following para-

meters have to be specified (Annan, 2009; Bristow, 2009): 

 

(a) time window (ns) should be generally set to ~1.5 times larger than the 

maximum depth of interest (finding later that a reflector runs off the bottom 

of the image may be frustrating), 

(b) sampling interval (ns). Annan (2009) suggests the time interval between 

points for the output should be approximately six times the frequency of the 

used antenna. Hence, the maximum sampling interval for a 100 MHz 

antenna might be 1.67 ns, 

(c) step size (m) is the distance between each point where a measurement is 

made along a profile. For a 100 MHz antenna, a minimum step size of 0.25 m 

is recommended (Bristow, 2009), and 

(d) stacking is the process of averaging a set of repeated EM pulses for reducing 

noise.  

 

Data acquisition at the site usually involves some basic filtering. During the 

sounding process, the GPR operator gets real-time information on the laptop’s 

display; if necessary, adjustments in the profiling settings can be made promptly. 

Successful GPR fieldworks result in radar images, which resemble continuous 

geological cross-sections. Yet, it is always important to remember that GPR 

images reveal only distinctive reflective surfaces of the EM energy, not the true 

stratigraphic sequence (Cassidy, 2009a). Images can be two-dimensional (2D; 

Davis and Annan, 1989) or three-dimensional (3D). The latter enables to re-

cognise details in different orientations and identify the shape of the objects more 

accurately (Grasmueck et al., 2005; Kelly et al., 2021).  
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Cassidy (2009b) points out that the data post-processing at a desk should be 

as simple as possible – no super algorithm can make a miracle out of low-quality 

data. Still, the common workflow includes quite a few steps:  

 

(a) removing poor data, migrating files,  

(b) dewow (correction of low frequency and other distortions), 

(c) time-zero correction (matching the start time with surface position), 

(d) filtering to improve the signal-to-noise ratio and visual quality, 

(e) determining EM wave velocities, 

(f) topography adjustments, 

(g) converting the TWTs into depths, and 

(h) selecting appropriate gains for data display and interpretation. 

 

Depending on the GPR proprietary software, some of these procedures can be 

applied for all the output files automatically and/or concurrently. Together with 

useful data, always some background noise (e.g., from traffic, power poles, mobile 

phones etc.) is recorded. Background removal generally enhances the result. 

However, if used without caution, it can also remove continuous flat reflectors 

by mistake. Simple spatial filters are particularly suitable for geological studies 

where the reflectors are low-angled and extensive (Cassidy, 2009b).  

Ground-penetrating radar transmitter antenna sends EM waves in all 

directions. Thus, reflections are registered by the receiver before and after the 

antenna is towed over the underground object. The precept that the shortest TWT 

is measured precisely above the object results in a series of hyperbolas, where the 

vertices mark the horizontal location of the anomalies (Huisman et al., 2003).  

For converting the radar images to depth scale, the average subsurface velocity 

must be assessed by drilling/test pitting (i.e. ground truthing), CMP surveys 

and/or hyperbolic velocity analysis. The last can be done by matching the ideal 

form of a velocity-specified hyperbolic function to the shape of the observed data 

(Cassidy, 2009b). TWTs can be converted to depths according to Eq. 3:  

 

𝑑 =
𝑣 𝑡

2
  (m)          in which 𝑑 is depth, 𝑣 is velocity, and 𝑡 is TWT.  

 

Equation 3.  

 

Electromagnetic energy is not directed vertically downwards on slopes, but has 

an additional horizontal component that escalates with an increasing slope dip 

(Neal, 2004). Radar images can be supplemented with LiDAR elevation data, 

which help to locate the GPR traces more precisely.  
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Gains improve the layout of the radar images. Usually, both noise and 

coherent signals are amplified together. Like spatial filters, gains may alter the 

data structure, not always in the best way (Cassidy, 2009b). 

 

 

3.2.3 Applications  

Wai-Lok Lai et al. (2018) divide GPR systems into three main categories based 

on the antenna frequency: (a) 10–100 MHz range is suitable for imaging deep 

structures on the tens of metre scale, (b) 100–1000 MHz can be used on the metre 

scale, and (c) GPR’s in the 1000–5000 MHz range for the centimetre scale. 

Depending on the configuration, the device can be applied for various purposes 

(Davis and Annan, 1989; Daniels, 2004; Neal, 2004; Wai-Lok Lai et al.,2018; 

Zajícová et al., 2019): 

 

(a) agriculture, 

(b) archaeology, 

(c) borehole inspection, 

(d) civil engineering and geotechnics, 

(e) environmental geophysics, 

(f) forensics, 

(g) geology and geophysics, 

(h) hydrogeology, 

(i) military, 

(j) mining, 

(k) permafrost, glaciology, ice, snow, and 

(l) planetary. 
 

This list is far from being complete; furthermore, every subject has several sub-

divisions.  

Although geology and geophysics are more highlighted in the thesis, all the 

labels deserve a short overview:  

 

(a) for decades, GPR has been used in agriculture for mapping subsurface 

drainage systems (Koganti et al., 2021) and estimating soil water content 

(Lunt et al., 2005; Benedetto, 2010). Soil moisture mapping, using a wide-

band antenna on a drone, was applied in Belgium (Wu et al., 2019), 

(b) numerous publications and books (Leckebusch, 2003; Goodman and Piro, 

2013; Conyers, 2016) confirm archaeologists highly appreciate GPR as a 
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non-invasive method for detecting and studying ancient settlements and arte-

facts. If needed, GPR enables to describe the development of a specific 

palaeoenvironment in 4D (Corradini et al., 2020), 

(c) a borehole GPR operates in a single borehole, between two boreholes, from 

a borehole to the surface, or from a borehole to a mine tunnel. Borehole GPR 

antennas and the radar’s main unit are typically enclosed in the same cylin-

drical casing (Slob et al., 2010). Tronicke et al. (2002) describe a study in a 

gravel pit where the outcrop analysis was integrated with GPR profiling and 

cross-hole tomography, 

(d) civil engineering (and geotechnics, as its subdivision) must cope with various 

challenges. A considerable coring capacity has been essential for the transpor-

tation infrastructure to acquire adequate subsurface knowledge. In densely 

populated areas making new boreholes may be problematic due to local 

restrictions. The exact location of old power lines and other underground 

infrastructure objects may be ambiguous. A myriad of GPR solutions supports 

pre-construction, ordinary maintenance and post-damage decision-making 

(Saarenketo and Scullion, 2000; Wai-Lok Lai et al.,2018). GPR can be used 

as a quality control tool for general (Prego et al., 2017; Bianchini Ciampoli 

et al., 2017) or very high precision void/ reinforcement detection (Maier-

hofer, 2003; Agred et al., 2018; Sánchez-Aparicio et al., 2019) afterwards,  

(e) GPR has been applied to detect landfill debris (Paap et al., 2011), buried tanks, 

and contaminated fluids. Besides safety issues, abandoned military devices 

frequently represent a severe environmental concern (Peters et al., 1994),  

(f) human remains, other organic materials, valuable items, explosives etc., can 

be revealed in the ground, beneath floors and within walls (Ruffell et al., 

2014). In the United Kingdom, the gravesites of the victims of a serial 

murderer were discovered under concrete, using GPR (Daniels, 2004), 

(g) Neal (2004) provides an array of sedimentological environments (with refe-

rences) where GPR can be used: fluvial, glaciofluvial, glacial, coastal, aeolian, 

delta, alluvial fan, lake, peatland, slope, carbonates, volcanic, faults, joints 

and folds. The British Geological Survey has used GPR in the mapping prog-

ram (Busby et al., 2004). Similarly, the method enabled to specify the local 

geological development in Ireland (Pellicer and Gibson, 2011), the Nether-

lands (van Overmeeren; 1998; Bakker and van der Meer, 2003) and adjacent 

areas (Demanet et al., 2001), Denmark (Overgaard and Jakobsen, 2001; 

Møller and Vosgerau, 2006; Høyer et al., 2013), Poland (Hirsch et al., 2015), 

Latvia (Lamsters et al., 2020), Norway (Eilertsen et al., 2011; Janocha et al., 

2021), United States (Smith and Jol, 1995), Canada (Diallo et al., 2019). 

Many papers describe the detection of karst cavities and other types of caves 

(Chamberlain et al., 2000; Anchuela et al., 2009; Zajc et al., 2014; Bermejo 

et al., 2020), 
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(h) in hydrostratigraphy and aquifer modelling, GPR has been used as the main 

application (Asprion and Aigner, 1999) or alongside other geophysical tools 

(Tronicke et al., 1999; Martel et al., 2018). Doolittle et al. (2006) note GPR 

can be engaged in locating new wells and reducing the number of wells 

needed for groundwater monitoring. Doetsch et al. (2012) suggest GPR 

results can significantly enhance the resolution of the ERT models. Satish 

Kumar et al. (2016) and Costall et al. (2020) used both GPR and ERT to 

locate saline water intrusion into freshwater aquifers, 

(i) abandoned land mines and other unexploded ordnance (UXO) are the legacy 

of many countries from war-time. With GPR, even low/no metal content 

mines can be discovered (Daniels, 2004). Prado and Marquez (2015) fused 

metal detectors’ and GPR data to increase the probability of UXO dis-

coveries and decrease false alarms. To raise the correct detection rate, Frigui 

and Gader (2009) propose an automated algorithm, 

(j) coal and salt deposits were surveyed with GPR already in the 1970s (Annan, 

2002). In Canada, GPR surveys are regularly conducted for kimberlitic 

diamond exploration. Similarly, GPR can be used for studying laterites, 

bauxites, iron ore, limestone, and aggregates (Francke, 2012). Porsani et al. 

(2006) used GPR to specify the best localities for ornamental granite extrac-

tion. According to Rey et al. (2015), GPR can be used for selecting suitable 

decorative stone blocks for monuments. GPR is also an appropriate tool for 

peat thickness estimations and peatlands’ inventories (Warner at al., 1990; 

Hänninen, 1992; Rosa et al., 2009; Parry et al., 2014); hence volume calcu-

lations for peat deposits can be gained with high accuracy, 

(k) GPR has been implemented for locating frozen ground, massive ice, and ice-

rich sediments in Antarctica (Campbell et al., 2018). Sjöberg et al. (2015) 

combined GPR and ERT surveys in a peatland permafrost study in Sweden. 

Andreassen et al. (2015) used GPR to estimate ice thicknesses and volumes 

for Norwegian glaciers, 

(l) in February 2021, NASA’s Mars 2020 Rover (Perseverance) landed on the 

Red Planet. The Rover seeks possible life signs from the rocks and is equipped 

with a drill for collecting samples and a GPR known as RIMFAX. With the 

antenna frequency range of 150–1200 MHz, the GPR image resolution can 

be modified from the Earth. Lower frequencies enable getting data from a 

depth of more than 10 m (RIMFAX, 2022). 
 
 

A couple of cases show the boundaries between the above-described GPR appli-

cation fields are somewhat vague:  

 

(a) GPR can be applied for detecting abandoned mine shafts (Pilecki et al., 

2021); hence the application can be classified into either the civil engi-

neering or mining category,  
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(b) Moorman et al. (2003) point out that melting of the permafrost may cause 

severe geotechnical problems. 
 

Ground-penetrating radar has been particularly useful in combination with other 

geophysical tools (Gourry et al., 2003; Paap et al., 2011; Høyer et al., 2013). If 

several subjects are discussed in one study, specialists from different disciplines 

must go into action. For example, multidisciplinary studies where archaeologists 

work alongside geologists (Zhao et al., 2013; Corradini et al., 2020) are increa-

singly favoured. Incorporating optically stimulated luminescence (OSL) dating 

for analysing marine and aeolian sedimentary environments enables to estimate 

past sedimentation velocities, and make some predictions for the future landscape 

morphodynamics as well (Bristow and Pucillo, 2006; Clemmensen et al., 2012; 

Tamura, 2012; Choi et al., 2014). Peatland studies were previously concentrated 

on the geological background and/or mineral resource assessments (Warner et al., 

1990; Rosa et al., 2009). Today, peatlands are more underlined as natural carbon 

stocks (Minasny et al., 2019; Carless et al., 2021). Thus, while uncovering past 

events, GPR can contribute to coping with global climate change through 

environmental, glacial/permafrost, coastal, and peat surveys. 

Davis and Annan (1989) emphasise good spatial resolution and almost instant 

sounding results are the major GPR advantages compared to the other geo-

physical methods. Getting more coherent data with less human effort is one of 

the tasks the GPR community has been tackling from the beginning. Until the 

1990s, GPR was considered merely as a niche equipment. The golden era started 

with digital data processing. From the clumsy and power-consuming device GPR 

once was (Annan, 2002), a flexible and multi-purpose tool has evolved. Since 

1986, GPR user meetings have been organised every 2 years (Annan, 2002; Wai-

Lok Lai et al., 2018; GPR 2022). Using novel data collection and processing 

practices has opened new horizons for GPR. The author’s thoughts concerning 

the possible future applications and overall potential of GPR are exposed in 

Chapter 5.  
 

 

3.2.4 Estonian experiences 

The first local GPR studies were carried out at the end of the 20th century for 

archaeological purposes (Vissak and Vunk, 1996). The Department of Geology 

at the University of Tartu (UT) obtained a Zond 12e GPR system in 2006. Since 

then, besides scientific papers and survey projects, more than ten thesis of 

different levels have been devoted to GPR applications (UT, 2022). Tallinn Uni-

versity (TLU) has been using a SIR 3000 GPR system primarily for coastal 

studies (TLU, 2022). Probably hundreds of GPR projects from various fields have 

been accomplished in Estonia. In the thesis, GPR studies are organised into three 

main categories: (a) peat, (b) coastal/aeolian, and (c) carbonate rocks. Following 

the same classification concept, the publicly available Estonian GPR works are 

presented in Fig. 7. Scientific publications with references are listed in Table 2. 



28 

Figure 7. Estonian ground-penetrating studies are classified into four categories: (a) peat, 

(b) coastal/aeolian, (c) limestone, and (d) other studies (archaeological, impact etc.). 

Larger dots indicate the scientific studies with references listed in Table 2. Smaller dots 

are related to students’ thesis and survey reports (Kull et al., 2013; GA, 2022; EGLD, 

2022; ELERMO, 2022; UT, 2022; EGDB, 2022).  

 

As revealed by Fig. 7, peat has been studied rather broadly; generally, these 

surveys are associated with students’ thesis and various survey reports (Kull 

et al., 2013; GA, 2022; EGLD, 2022; UT, 2022). Besides Paper I, just a couple 

of scientific papers concentrate on peat. One of them was initiated by a hint about 

a possible impact crater (Mustasaar et al., 2013), while the other was triggered by 

the oil-shale mines approaching the protected wetlands (Hiiemaa et al., 2014). 

Coastal sedimentation has been analysed along the Estonian coastline (Fig. 7). 

Some studies (Rosentau et al., 2013; Vilumaa et al., 2013; Vilumaa et al., 2016; 

Suursaar et al., 2022) were focused on continuous coastal evolution from the 

geological and ecological perspectives. Another group of studies engaged 

archaeologists in interdisciplinary projects describing the composition of the 

subsurface and looking for ancient habitats concurrently (Tšugai et al., 2014; 

Habicht et al., 2017; Kriiska et al., 2018; Paper II; Nirgi et al., 2020; Rosentau 

et al., 2020). Holocene aeolian processes in relation to the glaciolacustrine sedi-

mentation are highlighted by Kalińska et al. (2019). 
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Table 2. Estonian ground-penetrating radar publications. Labels are used on Fig. 7, 

showing the locations of the respective study areas. 

Category Label Reference Antennas (MHz) 

(a) peat 

a1 (Paper I) Plado et al., 2011 300 (500) 

a2 Mustasaar et al., 2013 300 

a3 Hiiemaa et al., 2014 300 

(b) coastal; 

aeolian 

b1 Rosentau et al., 2013 300 

b2 Vilumaa et al., 2013 100 (270) 

b3 Vilumaa et al., 2016 270 

b4 Habicht et al., 2017 300 

b5 (Paper II) Muru et al., 2018 300 

b6 Kalińska et al., 2019  300 

b7 Nirgi et al., 2020 300 (100) 

b8 Rosentau et al., 2020 270 

b9  Suursaar et al., 2022 270 

(c) carbonate 

rocks 

c1 Mustasaar et al., 2012 100, 300, 500 

c2 (Paper III) Sibul et al., 2017 300 

c3 (Paper IV) Jõeleht et al., 2022 300 (100) 

(d) archaeology;  

impact studies 

d1 Jõeleht and Plado, 2010 100 

d2 Tšugai et al., 2014 300 

d3 Wilk et al., 2016 300 

d4 Kriiska et al., 2018 300, 500, 900 

d5 Losiak et al., 2020 300 

 

Naturally, carbonate studies are focused on northern Estonia, where limestone 

and dolostone beds are closer to the ground. One study conducted in a limestone 

quarry represents different approaches for determining EM propagation velocity 

in carbonate rocks (Mustasaar et al., 2012). The other limestone cases seek 

explanations for the genesis of some prominent geological features (Papers III 

and IV). In several works (Mustasaar et al., 2013; Jõeleht and Plado, 2010; 

Wilk et al., 2016; Losiak et al., 2020), GPR has provided additional data for 

characterising the proved or probable impact events. According to Table 2, 100–

300 MHz antennas have been generally used for geological, archaeological and 

impact studies.  

Since 2000, the Technical Center of Estonian Roads Ltd. (TCER) has been 

operating GPR for (a) surveys before road constructions, (b) quality checking 

after road construction, (c) measuring ice thickness on the temporary ice roads, 

and (d) studying subsurface anomalies (TCER, 2022). At least one private 

company has conducted GPR surveys mainly for civil engineering in larger cities 

(ELERMO, 2022). Some of these projects are the initiatives of the City of Tallinn, 
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aiming to create a 3D model for infrastructure by employing GPR (TALLINN, 

2019). For mapping the infrastructure, antennas emitting frequencies of 400–

2300 MHz are typically used (TCER, 2022; ELERMO, 2022). 

 

 

3.2.5 Four case studies 

Geologically, Estonia is a multiform country (Figs. 1–3). Changes in the com-

position of rocks and sediments may occur swiftly in a short distance. For the 

thesis, GPR was considered a suitable tool for identifying such key locations. 

Besides characterising the subsurface composition, it is essential to explain the 

development of the relevant depositional environments (Kettridge et al., 2012; 

Tamura, 2012). Following the Estonian experiences (Chapter 3.2.4) and con-

sidering the possible benefits for geological mapping, four survey sites were 

proposed.  

For all the studies indicated in the Original List of Publications (Papers I–IV), 

GPR field data were collected with a Latvian (RADSYS) „Zond 12e“ ground-

penetrating radar, generally with a common offset co-polarized sledge-mounted 

300 MHz antenna. In addition, 500 MHz and 100 MHz antennas were occasio-

nally applied. A 500 MHz antenna was used together with a 300 MHz antenna in 

the Rahivere Bog (Paper I). A 100 MHz antenna was applied to obtain data about 

greater depths for the Sillamäe-Narva study (Paper IV). Distances were always 

measured using an odometer wheel attached to the sledge’s rear. Transects were 

located with a portable GPS unit (AltinaGGM309; position accuracy 5–25 m) 

connected to the radar equipment. Generally, the GPR sounding was carried out 

in summer. Only the Rahivere survey (Paper I) was mainly accomplished in 

winter on the partly frozen ground covered with snow. Altogether, nearly 300 km 

of GPR transects were obtained during the four studies. 

The data were processed and topographically corrected with Prism2 software. 

As a rule, time-zero correction, band-pass filtering (for removing low-frequency 

induction effects), and gain control (for amplifying deeper reflections) were 

applied during post-processing. Relief heights were determined by LiDAR data, 

which also helped to adjust horizontal positioning afterwards, together with 

topographic maps. Additional improvements were occasionally (Papers II–IV) 

enforced according to the depth of the groundwater level (table) observed in the 

radar images. Defining the groundwater level makes it possible to examine indi-

vidually dry and water-saturated beds (Huisman et al., 2003; Doolittle et al., 

2006; Takahashi et al., 2012).  

An essential step was detecting the significant radar reflection patterns by 

tracking them along all the radar images. Prominent reflections were annotated 

as line features in Prism2 with a vertex interval of 5–10 m. For the identified radar 

facies, appropriate relative permittivities and EM propagation velocities are 

needed (Annan, 2009; Cassidy 2009b). Hence, for every study (Papers I–IV), 

hyperbola fitting was implemented in the GPR images, which resulted in the 

averaged EM wave velocities. Next, after the velocity calibration, the TWTs were 
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converted into depth (using Eq. 3). In Rahivere, the CMP technique was additio-

nally employed. In two cases (Table 3), manual coring supported the EM velocity 

estimation. After processing the radar images in Prism2, CorelDRAW or 

Inkscape was used to achieve the final radar image design. Geographic infor-

mation system (GIS) analyses and map production were carried out in MapInfo 

or ArcGIS.  

In general, the task was to collect as much field data as possible – it is better 

to have more data than to be in a shortage. This principle becomes particularly 

relevant if the study site is not easily reachable (e.g., the Island of Ruhnu). 

Wherever possible, natural outcrops and previously published geological data 

were juxtaposed with new GPR-sounding and coring results. To characterise 

deeper strata, ERT profiling was performed for the Paper III studies. The thesis 

focuses on GPR; more details about ERT, OSL, and coring procedures can be 

gained from the respective papers. 

 
Table 3. Antennas, relative permittivities 𝜀𝑟 within interpreted beds, and other methods 

(besides common offset) used for the GPR case studies.  

Paper 
Antennas, 

MHz 
Interpreted beds, 𝜺𝒓 

Other 

methods 

I: Rahivere 300 (500) peat: 70 CMP, coring 

II: Ruhnu 300 
sand, gravel: 7 (dry); 20 

(wet)  
OSL, coring  

III: Viru-Nigula 300 

limestone: 9; 

sand, gravel: 16; 

till: 32; peat: 70 

ERT 

IV: Sillamäe-Narva 300 (100) limestone: 10  
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4. RESULTS AND DISCUSSION 

4.1 Superficial deposits 

Till, as the most widespread glacial deposit in Estonia (Fig. 3), is often considered 

unsuitable material for GPR studies. The four case studies (Papers I–IV) and the 

overall Estonian GPR practice (Chapter 3.2.4) support this perception. Due to 

high conductivity and relative permittivity (Table 1), there is a bias in favour of 

EM signal attenuation in clayey sediments (Sutinen, 1992; Bristow and Jol, 2003; 

Looms et al., 2018). However, thin clay beds and sandy tills (Bakker, 2002; 

Møller and Jakobsen, 2002; Bakker and van der Meer, 2003) may be sufficiently 

penetrable (Weaver, 2006). Contrary to massive clayey succession, GPR can give 

excellent results in glaciofluvial and glaciolacustrine environments (Leclerc and 

Hickin, 1997; Beres et al., 1999; Lang et al., 2017). 

Holocene fine-grained silts and clays are more challenging environments for 

the GPR than coarser sands and gravels. Unconsolidated river deposits are among 

the most studied sediment types in the world (Bristow and Jol, 2003). Although 

peat has a relatively high permittivity (Table 1), its moderate conductivity allows 

using GPR extensively for peatlands’ investigations (Zajícová and Chuman, 2019). 

 
 

4.1.1 Peatlands 

The traditional method for peat surveying is manual coring. An extendable metal 

pole is pushed into the ground until it hits some resistance or mineral layer, while 

the thickness of layers and geographical location of the site are registered. The 

Russian peat borer has a chamber for peat sampling. The critical concerns with 

manual probing are that small-scale local variability may affect the results, and 

the measurement volume is relatively small (Minasny et al., 2019). Ground 

penetrating radar has been applied in peatland studies for several decades 

(Hänninen, 1992; Comas et al., 2005; Rosa et al., 2009; Parry et al., 2014; Carless 

et al., 2021). Regarding the overall GPR fieldwork coverage, peat is the most 

studied substance in Estonia (Fig. 7). Peat profiling is discussed in Papers I and 

III. As Paper III focuses mainly on bedrock’s topography and tectonics (Chapters 

4.2–4.3), hence further discussion about peat concerns primarily Paper I. 

Hänninen (1992) points out that peat properties (e.g., moisture content, bulk 

density, energy content) can vary greatly even within a very short distance. 

Kettridge et al. (2012) analysed GPR vertical resolution with different antennas 

and found higher frequency (>240 MHz) studies suitable for describing peat 

stratigraphy at 0.1 m precision. Such a resolution is required for characterising 

the dipping reflectors caused by the mineral soil microrelief. In suitable condi-

tions, even 0.01 m precision is accessible (Comas et al., 2015).  

For Paper I, a 300 MHz common offset GPR lineup was organised along with 

common midpoint (CMP) testing. Traditionally CMP technique has been applied 
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for estimating EM propagation velocity and calibrating peat’s total thickness 

(Warner et al., 1990; Slater and Reeve, 2002; Lowry et al., 2009; Comas et al., 

2017). Based on 15 references from different authors, Parry et al. (2014) calcu-

lated the mean peat’s EM velocity (0.038 m ns–1) and the respective relative 

permittivity (63). In Rahivere, CMP with simultaneous usage of 300 MHz and 

500 MHz antennas performed in winter did not provide adequate results. There-

fore, the survey was repeated in summer. For Paper I, the EM propagation 

0.036 m ns–1 was measured, corresponding to the relative permittivity of 70. 

A radar configuration with 300 MHz antenna provided penetration depth down 

to 4 m, comparable with the maximum (4.5 m) peat thickness according to manual 

probing. Regarding the GPR resolution, propagation range, and mobility, a 

300 MHz setup was a compromise for Paper I. In greater depths, antennas emitting 

lower frequencies are more relevant. De facto, the most common range for 

peatland studies has been 100–200 MHz (Hänninen, 1992; Slater and Reeve, 

2002; Doolittle and Butnor, 2009; Rosa et al., 2009; Walter et al., 2016). Ope-

rating <100 MHz antennas is usually challenging due to their size and weight.  

Peat is easily penetrable with manual coring. Ground truthing is essential for 

calibrating the GPR interfaces, hence peatland surveys are often supplemented 

with probing results (Rosa et al., 2009; Parry et al., 2014; Kennedy et al., 2018). 

In the original survey report of the Rahivere Peat Bog (Allikvee and Orru, 1979), 

13 corings were used to calculate the resources of the Rahivere Deposit. During 

the Paper I studies, auxiliary 13 corings were achieved. Theimer et al. (1994) 

acknowledge that the typically detectable GPR interfaces are (a) the transition 

from the near-surface aerobic peat to the anaerobic one, and (b) the top surface 

of the mineral basement. In the latter case, the water content may decrease several 

times. Paper I shows GPR can be effectively used for tracking the contact 

between organic deposits, and the mineral ground. High contrast in radar images 

occurred on top of the sandy loam and clay. According to Warner’s (1990) obser-

vations, a weaker response from the basal reflector is generally caused by clayey 

beds. GPR images in Rahivere revealed a lot more variations in the base topo-

graphy of the deposit compared to the original survey data (Allikvee and Orru, 

1979), thus contributing to larger peat volume estimation.  

The logging data (Allikvee and Orru, 1979; Paper I) demonstrate peat is 

occasionally underlain by gyttja. The interface between peat and lacustrine lime 

or gyttja can be identified with GPR if bulk density and moisture content differ 

significantly in peat and the underlying succession (Warner et al. 1990; Hänninen 

1992; Walter, 2016). Otherwise, gyttja remains undetectable in the radar images 

(Lowry et al., 2009; Habicht et al., 2017). Distinguishing gyttja as a separate layer 

in the Rahivere Bog was also complicated due to its relatively thin bedding 

(<0.4 m) and similar properties with the overlying peat. 

Hänninen (1992), Hiiemaa et al. (2014), and Walter et al. (2016) discuss the 

possibility of splitting distinctive peat types while interpreting the GPR profiling 

results. In ombrotrophic bogs, greater penetration depths can be typically achieved 

than in the minerotrophic fens. While bogs get fed by precipitation, fens inherit 

more nutrients, higher conductivity and pH values from groundwater (Doolittle 
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and Butnor, 2009). In general, ombrotrophic peat can be characterised by corru-

gated and intermittent patterns in radar images. Due to the higher decomposition 

rate, minerotrophic peat produces a more continuous subparallel layout without 

distinctive minor reflections (Theimer et al., 1994).  

The cluster of undecomposed tree stumps in-between different peat types 

usually generates an array of strong reflections in the radar images. In larger mires 

where the minerotrophic phase is constantly thick (>2m), the tree-stump interval 

is a valuable indicator for peat classification. However, the contact between 

ombrotrophic and minerotrophic phases may be rather transitional (Hiiemaa et 

al., 2014; Paat et al., 2020). Identifying peat types in the radar images was compli-

cated in the Rahivere Bog (Paper I), as well. Missing the well-expressed tree 

stump horizon is typical to the small inter-drumlin bogs within the Vooremaa 

Drumlin Field (Jõeleht, A., personal communication, 2022).  

According to Cassidy (2009a), electric conductivity and relative permittivity 

are remarkably higher in wet snow than in dry conditions. Thus, the sounding 

results of the same strata may vary substantially. After compiling the same GPR 

transects in autumn and winter, Hänninen (1992) does not recommend GPR field-

work in winter. In his opinion, snow and the frozen surface of the peatland under-

mine the results considerably. To some extent, the author agrees with Hänninen 

(1992) by admitting the CMP sounding implemented in Rahivere in February was 

disrupted by snow and ice. On the other hand, peatlands may be more accessible 

in the cold season (Comas et al., 2005; Proulx-McInnis et al., 2013; Pezdir et al., 

2021). Bog ponds that can not be studied in summer become reachable through 

the ice cover (Mellett, 1995; Paat et al., 2020). Water molecules begin to polarise 

before freezing, thus increasing the dielectric permittivity and enhancing the EM 

wave spreading (Ruffell and Parker, 2021). Therefore, lower temperatures posi-

tively impact the GPR-sounding results in peatlands. 

The Rahivere Bog, a depression encircled by drumlins, was formed during 

lake infilling after the glacial retreat (Allikvee and Orru, 1979). In Paper I, some 

implications about the bog genesis are raised. Initially, there were probably 

several glacially incised elongated lows which were later integrated into one mire. 

Other authors (Rosa et al., 2009; Proulx-McInnis et al., 2013; Pezdir et al., 2021) 

have proposed similar peatland-forming mechanisms. Peat accretion speed can 

differ a lot, even in adjacent mires. Hiiemaa et al. (2014) calculated the lateral 

mire expansion rate of 0.6 m yr–1 in the Selisoo Bog (NE Estonia). Presumably, 

in smaller Vooremaa mires, peat accumulation has been intermittently even more 

intensive due to articulated relief that affects the hydrological regime and nutrient 

availability.  

After the Second World War, Estonian peatlands were systematically drained 

for agricultural purposes (Kimmel et al., 2010). Environmental protection and 

mire restoration become ever more relevant with extending knowledge about the 

peatlands as important natural carbon reservoirs.  

For organising further protection remedies, the information about mire evo-

lution, composition, and groundwater regime is crucial (Parry et al., 2014; Comas 

et al., 2017; Carless et al., 2021). The Rahivere Bog has been a valuable reference 
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region for subsequent studies. The objective of Paper I was essentially scientific – 

to provide general insight into the peatland forming mechanisms, composition, 

and volume estimation perspectives. The denouement that the Rahivere Bog is 

minuscule, and its peat resources are economically unfeasible, is evident just by 

looking at the map. Nevertheless, the procedures used for re-evaluating the Rahi-

vere Peat Deposit with the GPR data could be applied more broadly. Additional 

notions concerning the peatlands as mineral resources will be discussed in 

Chapter 5.2.1. 

 

 

4.1.2 Coastal and aeolian environments 

Coasts have been studied with GPR worldwide (Bristow et al., 2000; Nielsen 

et al., 2009; Choi et al., 2014; Tamura et al., 2019). Sand and gravel, the main 

components of the coastal landforms, are exquisite substances for GPR studies. 

Due to low conductivity and magnetic permeability (Table 1), they generally 

grant good resolution and penetration depths (Bristow, 2009). Continuous GPR 

surveys of the beach-ridge systems, in conjunction with ground truthing and OSL, 

support quantitative and chronological estimation of sediment accumulation. 

These studies often deliver input for the climate change discussion (Buynevich, 

2009; Tamura, 2012).  

Considering the scientific papers published about Estonia, coastal research 

outnumbers all the other types of GPR activities (Fig. 7, Table 2). Paper II sum-

marises a multi-proxy study where GPR surveys accompanied GIS modelling, 

sedimentological analyses, and OSL dating. A few GPR profiles for the Paper IV 

study also reached the foredune plain near Narva-Jõesuu Town (NE Estonia). 

However, regarding the thesis, coastal and aeolian morphodynamics are central 

subjects only in Paper II.  

The Island of Ruhnu is not always accessible, hence the aim there was to 

obtain sufficient raw GPR data for further analyses. Altogether more than 30 km 

of profiling was carried out, primarily in the SE part of the island. The main focus 

was laid on one 1.6 km long, S-N oriented profile (Fig. 8). This transect provides 

evidence of the island’s gradual ascending. Moreover, OSL dating and manual 

coring were performed along the same line. 

The ideal profiling network consists of lines parallel and perpendicular to the 

sedimentary dip direction (Bristow, 2009). On Ruhnu Island, profiling was guided 

by the location and orientation of the foredune ridges. The western part of Ruhnu 

Island is predominantly forested. Natural preconditions did not favour deter-

mining the true dip directions and angles. Only apparent dipping was estimated 

during the Ruhnu GPR data analysis.  
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Figure 8. GPR profiles attained on Ruhnu Island. The S-N-oriented profile described in 

Paper II is shown with a thick purple line; all the others have thinner lines. LiDAR DEM 

(ELB, 2022c) represents the foredune successions and general topographic variability. 

 

In Estonia, the most relevant GPR antenna frequencies for coastal studies have 

been 270–300 MHz (Table 2). For Paper II, a 300 MHz antenna set enabled 

visualising the stratigraphic sequences to the depth of 10 m. Relative permittivity 

was calculated by fitting the refraction hyperbolas. Permittivity values of 7 and 

20 were used for estimating thicknesses above and below the groundwater table, 

respectively.  

Four major radar facies were distinguished on Ruhnu Island, starting from the 

bottom:  

 

(a) Middle-Devonian sandstones and siltstones,  

(b) Late-Pleistocene till,  

(c) coastal sand and gravel, and 

(d) aeolian sand. 
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A rather similar geological cross-section has been described on Hiiumaa Island 

(Rosentau et al., 2020; Suursaar et al., 2022). In the Ruhnu radar images, the 

interface between the Devonian bedrock (presumably the Narva Formation) and 

till is generally well expressed. Till has greater permittivity and much higher con-

ductivity than sandstone (Table 1). Occasionally signs of glacial diamicton con-

sisting of variable grain sizes were observed in the radar patterns. Hyperbolic 

anomalies are often related to larger rocks and boulders within the finer-grained 

matrix (Moorman et al., 2007; Hausmann and Behm, 2011; Paper III). In the 

Ruhnu case, such hyperbolas may associate with boulders enclosed in till and its 

overburden. The acknowledgement of Kask et al. (1994) about till coating being 

<0.7 m thick was confirmed by the coring data (Paper II). In water-saturated sand, 

the theoretical vertical resolution of the GPR sounding was about 0.06 m (𝜀𝑟 = 7; 

see also Eq-s. 1–2). Occasionally till wedges were beyond the GPR resolution, 

indicating that glacial deposits may have been totally outwashed there (Kask 

et al., 1994).  

Typically the GPR reflectors of the coastal successions have a gentle seaward 

dip with a flat or a minor concave-up design (Oliver et al., 2017). In the litho-

logical context – sandy sub-parallel strata are superseded with coarser material. 

Gravelly intercalations that can be traced continuously over hundreds of metres 

in the longshore direction are relevant markers for documenting coevality (Lind-

horst and Schutter, 2014; Tamura, 2018). According to the OSL datings (Paper 

II), the Ruhnu GPR images represent the deposits of the Litorina Sea. Pre-Litorina 

successions have been described in the central part of the island (Kask et al., 

1994). Probably some of the ancillary GPR profiles (Fig. 8) characterise the 

Ancylus Lake period, as well. Nevertheless, without further sampling and dating, 

determining the bounding surfaces of the Baltic Sea stages remains inconclusive.  

Beach development on the Island of Ruhnu has not always remained steady. 

Erosional surfaces and gravel beds coarsening at their landward extent may 

indicate abrupt storm events (Tamura, 2012). In the radar images, the storm 

deposits can be identified as planar high-amplitude reflections, occasionally 

amplified by high concentrations of heavy minerals (Buynevich et al., 2009; 

Cunningham et al., 2011). 

Coastal sands between peat may refer to an ancient storm that carried coastal 

sands behind the ridges into a peatland (Buynevich, I.V., public lecture in UT, 

2022). And vice versa, the sand bulk articulated by peat lenses occasionally 

exhibits a regressive episode (Habicht et al., 2017; Nirgi et al., 2019). GPR is an 

excellent tool for detecting peat lenses and estimating their vertical and lateral 

extent with high precision (Buynevich, 2009). Peat has been mapped in some 

depressions in the central part of Ruhnu Island (Kask et al., 1994). Earlier in the 

Holocene, the conditions for organic sedimentation were unsuitable. Hence peat 

was not discerned in-between the Ruhnu coastal deposits.  

The topmost beds within the Ruhnu foredunes have been formed by wind 

activity, comprising mainly fine-grained sand. Contrary to the near-shore facies, 

the aeolian succession typically has landward dipping, larger dip angles and shorter 

wavelengths. Variable dip angles within the constantly well-sorted fine sand may 
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indicate changes in wind directions (Bristow, 2009; Lindhorst and Reimann, 

2021). The sea-level oscillations induced mixtures of the marine and aeolian 

sediments, noticeable in the radar images.  

Most of the Ruhnu GPR profiles were not presented in Paper II. However, 

they all provided valuable data for visualising the subsurface and describing the 

foredune progradation. Radar image analysis ensures a relative stratigraphic frame-

work that can be used for selecting OSL sampling points (Bristow et al., 2005). 

Combined with coring and OSL dating, a more holistic understanding of the 

island’s evolution was acquired. Knowing the forming mechanisms of the coastal 

landforms makes it easier to monitor the current processes and propose prediction 

models for sediment transportation.  

 

 

4.2 Carbonate bedrock 

Most carbonate bedrock research with GPR is related to karstification (Doolittle 

and Collins, 1998; Anchuela et al., 2009; Tao et al., 2022). Fewer papers have 

been published on faulting/fracturing (Chapter 4.3) and mineral surveys (Chapter 

5.2.2). In NE Estonia, where the Palaeozoic limestones and dolostones are 

blanketed with a relatively thin layer of Quaternary sediments (Figs. 1–3), all the 

above-mentioned situations can be encountered. Besides Paper III (i.e. the biggest 

contributor to the current chapter), bedrock structures were also investigated in 

Paper IV. Henceforth, the issues associated with the bedrock relief and com-

position will be summarised, while the pre-Quaternary and glacial tectonism will 

be discussed later in Chapter 4.3.  

Several GPR field campaigns were conducted for Paper III, with a total 

profiling length of 66 km. A 300 MHz antenna configuration granted the maxi-

mum survey depth of 4 m. One major disadvantage of GPR – confined pene-

tration depth in conductive soils – can be surmounted with other techniques. Inte-

grating several geophysical methods is a common practice (Slater and Reeve, 

2002; Pellicer and Gibson, 2011; Comas et al., 2015; Diallo et al., 2019; Tao 

et al., 2022). In Viru-Nigula, the GPR survey was augmented with the ERT 

profiles (Paper III).  

According to the hyperbolic anomalies observed in the GPR images, the 

average permittivity of 9 was assigned for the Ordovician bedrock. This value is 

in accordance with other limestone studies (Table 1; Mustasaar et al., 2012; Mount 

and Comas, 2014). Carbonate rocks and sands have similar relative permittivity 

values (Table 1), yet they have specific characteristics in the radar images. Typi-

cally the bedding planes of the carbonate shelf facies are represented by parallel 

subhorizontal reflections of several hundred metres in length (Papers III and IV). 

For Paper III, the best GPR results were obtained in places where the surficial 

deposits are thin (<2 m), and the Ordovician limestones directly underlie the 

Quaternary sands. In the Viru-Nigula study area, the basal part of the superficial 

sequence frequently comprises clayey till. Numerous hyperbolic reflections in the 

radar images are related to larger boulders within the lowermost portion of the till 
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body. Similar hyperbolas have also been detected at the other types of bedrock-

till contact (Paper II and IV). Geologically, the hyperbolas can also be associated 

with local weathering, karst or faulting (Porsani et al., 2006; Grasmueck et al., 

2013; Sellmann et al., 2022).  

Even a relatively thin (<2 m) till layer can diminish the EM penetration depth 

substantially, thus the bedrock remains unreachable with GPR (Chapter 4.1). As 

expected, bedrock was not detected within the Varudi Bog, where the total 

thickness of the Quaternary deposits (predominantly till) reaches 30 m (Suuroja 

et al., 2006). In the radar images, the bedrock top surface was traced to 4 m, dis-

persed at greater depths, or remaining in the shadow zone because of the 

conductive overburden. Fortunately, even the absence of data may be useful. For 

example, in the northern part of the study area, the gap within the GPR-derived 

bedrock top surface was registered in several NW-SE-oriented radar images 

(Paper III). When these gaps are juxtaposed on the map, a rough estimation of the 

direction and inclination of the sought bedrock structure can be delivered.  

The GBM displays a long buried valley running through the Varudi Bog in 

the S-N direction. On the western edge of the study area, another, more spacious 

valley (the Kunda Valley) has been outlined (Paper III). According to Rattas 

(2007), the bedrock valleys have been important pathways for subglacial melt-

water. Presently, some valleys possess remarkable groundwater resources within 

the porous Quaternary aquifers. Geophysics provides valuable data for exploring 

the geometry, composition, and hydrogeological conditions of buried valleys 

(Wolfe and Richard, 1996; Sandersen and Jørgensen, 2003; Auken et al., 2009). 

The groundwater yield of the Varudi Valley is not remarkable due to its small 

dimensions. However, as the methodology allowed adjustment of the morpho-

logy of the bedrock incision, it can be treated as a success story and reiterated 

elsewhere. 

In the Viru-Nigula study area, the GBM shows the general Estonian trend by 

representing younger bedrock formations southwards. In the northern part of the 

study area, the Middle Ordovician Väo and Kõrgekallas Formations have been 

mapped right beneath the Quaternary overburden. In the south, the top of the 

bedrock is represented by the Upper Ordovician sequences (ELB, 2022e). Perhaps 

the most remarkable of all these units, especially regarding mineral extraction, is 

the Väo Formation. According to Hints (1997), it consists of three members, 

(a) the Rebala Member (argillaceous limestone), (b) the Pae Member (dolostone), 

and (c) the Kostivere Member (thick-bedded hard limestone). 

In Paper III, the mineral potential was not the primary target. However, as the 

GPR images reveal the Quaternary thickness, they can also be helpful for 

feasibility estimation. The Viru-Nigula study area has a partial overlap with a 

limestone perspective area. The same units mapped in the Viru-Nigula bedrock 

map are currently extracted from the nearby quarries (ELB, 2022e). Carbonate 

rocks, concerning mineral exploration, will get the spotlight in Chapter 5.2.2.  

Dagallier et al. (2000) point out that the pattern characteristics (frequency, 

amplitude, continuity, geometry) of the GPR images can help to distinguish 

limestones by their facial origin. Even low-frequency antennas (50–100 MHz) 
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can provide enough details for detecting facial changes (Dekeyser et al., 2007). 

More porous/permeable carbonate rocks transfer stronger EM responses. How-

ever, due to the porosity variations and argillaceous interlayers within the litho-

logical entities, correlating the radar facies directly with the stratigraphic ones is 

not explicit (Franseen et al., 2007; Knoph et al., 2010; Mustasaar et al., 2012). 

As no direct core/outcrop inspection was carried out in Viru-Nigula (Paper III), 

it was complicated to identify the formations and members in the radar images. 

In some sections, the EM signal penetration decline might be associated with 

more argillaceous beds (Martinez et al., 1998; Mustasaar et al., 2012). Occasio-

nally the bedrock reflections wedge out; these patterns may indicate the facial 

substitution. Ground truthing or new GPR studies at a nearby exploited quarry 

might be beneficial for better assurance. 

The Viru-Nigula case (Paper III) is significant for the diverse geological 

setting. Previously, the region was quite realistically mapped (Suuroja et al., 

2006). While geophysics typically precedes coring, it was the opposite way around 

this time. In the Varudi Bog, the cartographers of the GSE drilled precisely into 

the bedrock incision, proving that intuition is a substantial asset for geologists. 

However, the origin of the Varudi Buried Valley remained vague until the geo-

physical engagement. GPR and ERT surveys unmasked two fracture zones where 

the bedrock has been crushed, outwashed and replaced by the Quaternary sedi-

ments. Papers III and IV confirm that even if the bedrock structures lie too deep 

for complete depiction, GPR can be successfully applied for framing their indi-

cative borders.  

 
 

4.3 (Glacio)tectonic activities 

As noted in the previous chapter, geophysics is often indispensable for acquiring 

data about tectonic features. Ground-penetrating radar has been widely used to 

map the shallow subsurface where glacial and pre-Quaternary dislocations may 

occur (Busby and Merritt, 1999; Overgaard and Jakobsen, 2001; Høyer et al., 

2013; Sellmann et al., 2022). Northern Estonia has excellent preconditions for 

such investigations (Fig. 1, Papers III and IV). In the Viru-Nigula case, GPR was 

suitable for the primary identification of the bedrock faults (Paper III; Chapter 4.2). 

The Viru-Nigula study area is located next to the Aseri Fault System (Paper III; 

ELB, 2022e); hence, finding new pieces of faulting evidence is not surprising. 

The area between the Sillamäe and Narva towns is even more attractive, con-

sidering the overall density of the multi-scale ground displacements (Suuroja and 

Ploom, 2016). Therefore, the current chapter focuses mainly on Paper IV. 

About 170 km of GPR profiling was done in the Vaivara Deformation Zone 

(VDZ) and farther eastwards, up to the Narva Old Town (Paper IV). Predomi-

nantly an antenna arrangement of 300 MHz was applied, with occasional support 

from the 100 MHz set. For the carbonate bedrock, an average EM wave velocity 

value of 0.093 m ns–1 was derived from the hyperbolic reflections (which 

corresponds to the relative permittivity of 10, according to Eq. 1). Both the 
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relative permittivity (10) and the maximum penetration depth (4 m) with a 300 

MHz antenna in the VDZ (Paper IV) are similar to the respective values obtained 

in Viru-Nigula (Paper III).  

One type of the radar facies – the constant, subhorizontal layout following the 

regional bedrock dip angle – has already been described in Chapter 4.2. Some 

Ordovician bedrock units remarked in Viru-Nigula (e.g., the Väo Formation) 

extend to the southern periphery of the VDZ. Lithostratigraphic units were not 

delineated in Paper IV due to the deficit of the direct measurements (see also 

Chapter 4.2). Besides the Ordovician limestones, the other types of bedrock are 

also mirrored in the radar images. Sandstones are typically represented by 

occasionally fluctuating patterns, at times similar to the limestones. Yet the 

reflective surfaces of the sandstones intersect and wedge out more often, 

illustrating the cross-bedding conditions of the tidal palaeobasin.  

It is important to remember that the Estonian bedrock has repeatedly been 

under stress throughout the Phanerozoic. Põldsaar and Ainsaar (2015) present 

different liquefaction-induced deformations in the Cambrian outcrops along the 

North Estonian Klint, 200 km westwards from the VDZ. At first glance, dating 

any deformation is complicated in the outcrop, not to mention the indirect GPR 

inspection. However, a deformation visible in the outcrop can be linked with the 

relevant GPR image, and thus extended to the concealed space. For example, Fig. 

6 in Paper IV provides such a bilateral view from the Udria Cliff. 

Bedrock faults and fractures can be located with GPR due to different porosity 

and grain-size distribution within them, compared to the surrounding material 

(Tanner et al., 2020). In the VDZ area, numerous types of deformations were 

detected, indicating local variations in the sub-glacial pressure. 

 

The deformations were grouped into three types:  

 

(a) subhorizontal wavy reflections, with modest (<3 m per 100 m) vertical undu-

lations; occurs in the carbonate bedrock, 

(b) inclined reflections, with larger apparent dip angles (>3 m per 100 m), occur 

in the carbonate bedrock and may contain fold and fault elements; hence it 

is not easy to distinguish from type (c), 

(c) thrusts, folds; observable in present topography as elongated ridges.  
 

Type (a) represents a relatively homogeneous architecture, while the others tend 

to associate with the collisional contacts between the adjoining bedrock blocks. 

Attempts were made to outline the margins of those blocks based on the radar 

interpretations, LiDAR DEM, and some topographic features (e.g., the drainage 

system). In some places, the blocks seem almost perceptible (e.g., between the 

Udria and Meriküla villages; Fig. 3B in Paper IV). However, in most of the study 

area, such block alignments would be too equivocal without additional data.  

Despite the difficulties with the spatial depiction, the most outstanding blocks 

deserve at least a concise description. In Paper IV, the Sinimäed Hills, the Laagna 



42 

heights, the Udria Cliff, the Puhkova blocks, the Sõmerkallas Bank, the Pähkli-

mäed Hills, and the Narva block, are provided with the GPR interpretations.  

Paper IV delivers the first attempts of characterising the glaciotectonic defor-

mations within the solid sedimentary bedrock, by applying GPR. The strengths 

and weaknesses of the method become evident. Occasionally the shape and 

structure of the deformed bedrock blocks can be derived from the radar images. 

Yet, for the proper structural mapping, additional geological/geophysical methods 

should be incorporated.  

The region between the Sillamäe and Narva towns has been studied repeatedly 

(Suuroja and Ploom, 2016), whereas every succeeding survey sheds more light 

on the geological background. Several Middle-Ordovician bedrock blocks within 

the Lower Palaeozoic clay diapirs are currently shown in the GBM (ELB, 2022b). 

Paper IV and the following surveys obviously motivate updating the GBM. 

However, adjusting the map composed of numerous individual layers is rather 

complicated. Hopefully, such revisions can be made more smoothly in the future 

(Chapter 5.4). 
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5. RAISING THE EFFICIENCY OF THE GPR STUDIES  

5.1 Geological mapping 

As a relatively fast and accurate method, ground-penetrating radar has an 

excellent mapping potential (Chapter 3.2.3 (g)). It can be applied for acquiring 

new geological data, or verifying the integrity of existing maps (Schellentrager 

et al., 1988; Daniels, 2004). The Estonian case studies (Chapter 4) indicate that 

GPR can be used for mapping the composition of superficial deposits (peat, sand, 

gravel), bedrock relief, and deformations. Maximum penetration depth in dif-

ferent sediment types is visualised in Fig. 9. The GPR possible contribution to 

the GBM thematic maps (ELB, 2022b) is introduced below. 

 

 

Figure 9. Maximum penetration depth in Quaternary sediments with the 300 MHz 

antenna, according to Papers I–IV. For the respective permittivity values, see Table 3.  

 

Generally, the bedrock relief and the thickness of the Quaternary are the first GBM 

layers mapped by the GSE cartographers. According to Paper III (Chapter 4.2), 

the bedrock top can be tracked with GPR if (a) the thickness of superficial 

deposits is moderate (<4 m), (b) the clay/till bedding is limited (<2 m), and (c) the 

physical properties of the bedrock differ significantly from the superficial ones. 

The thickness of the Quaternary deposits does not exceed 1 m in about 2500 km2 

of northern Estonia (Ani and Meidla, 2020; Fig. 3). About half of those thin-

Quaternary areas have not been mapped in the GBM yet (Fig. 10).  

Thin Quaternary cover typically encourages the economic exploitation of the 

carbonate rocks (see also Fig. 12). Geological mapping should guide the mineral 

exploration to the areas of the most promising deposits and the least possible 

mining-induced stress. Mineral occurrences are mapped as points or polygons in 

the GBM (ELB, 2022b). Chapter 4 indicates that GPR could assist in locating the 

favourable peat, sand, gravel and carbonate deposits. With respect to the resource 

estimations, those materials will be further discussed in Chapter 5.2.  
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The best quality limestone for the construction industry is extracted from the 

Middle Ordovician Väo Formation (GSE, 2022c). Ani and Maido (2022) note 

that the previously mapped distribution of the Väo Formation perspective areas 

needs revision. Typically the overburden is thin in those areas (Fig. 10), thus, 

GPR can be used for getting more accurate thickness data. It might be even pos-

sible to trace the argillaceous beds by following the same stratification design 

visible in the quarries and cores (see also Chapter 4.2). According to Jorry and 

Biévre (2011), the distinct lithological facies and bioherms can be recognised 

with GPR.  

Bedrock faults, fractures and deformations are significant regarding minerali-

zation, mining constraints, groundwater resources and protection. The faults in 

the Estonian bedrock are classified as (a) identified (confirmed with ground 

truthing), and (b) presumable (discovered primarily by the geophysical methods); 

(ELB, 2022b; Fig. 10). The fault zones and minor deformations are observable 

with GPR (Chapters 4.2–4.3). Hence the radar could be applied for updating the 

respective GBM feature classes. For example, adjusting the spatial extent of the 

bedrock faults within the Väo Formation perspective areas (Fig. 10) is relevant, 

regarding the possible quarrying developments. 

 

 

Figure 10. Light pink and blue sections are covered with full, or partial digital Geological 

Base Map (GBM), respectively. Red lines mark the bedrock fault zones (GSE, 2022b). 

Yellow polygons indicate the thin Quaternary cover (according to the GBM and the Fig. 2 

derivation in the presently unmapped sheets). The spatial extent and feasibility of the Väo 

Formation limestone perspective areas (shown with green colour) need further assessment 

(Ani and Maido, 2022). 
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Dissolution of the carbonate bedrock is a relatively common phenomenon in 

northern Estonia (Pirrus, 2007), controlling the local hydrological regime and 

groundwater vulnerability. The case studies (Papers I–IV) confirm that the ground-

water table is easily detectable with GPR (Chapter 3.2.5); occasionally, the signs 

of karstification were noticed in the radar images (Paper III). Up to now, karst 

has not been a critical subject in the Estonian GPR practice (Chapter 3.2.4). How-

ever, the foreign cases indicate that GPR is an effective method for mapping 

underground rivers, cavities, and small karst-related features (Chapter 3.2.3 (g)). 

Furthermore, GPR can assist in groundwater monitoring projects and positioning 

new wells (Chapter 3.2.3 (h)). 

Sand and gravel can be easily distinguished and classified by grain size in the 

hand-made trial pits, which are typically about 1 m deep. Besides providing better 

vertical coverage, GPR can help to locate the bedding alterations between the pits. 

The mapping fieldwork would be even more effective if a lightweight hand auger 

or a shovel were conveyed during profiling. Perhaps the sampling from pits can 

be done right after observing essential changes in the GPR pattern. For sediment 

dating, occasionally, OSL sampling might be appropriate (Paper II). If the pitting 

must be postponed, the sites can be marked for the next time. When radar profiles 

overlap with ground-truthing, the mapping uncertainty can be reduced signifi-

cantly.  

In the Quaternary succession, many other lithological varieties can be mapped 

with GPR (Chapter 3.2.3 (g)). Paper I represents one approach for contouring the 

peat bottom. Although peat thickness can be estimated quickly and precisely with 

GPR (Chapter 4.1.1), developing a regular peat profiling grid for the Quaternary 

mapping plan is irrational. GPR is still a practical choice for a more specific need, 

like (a) validating the discordant mapping data, and (b) providing more nuanced 

resource estimations (Chapter 5.2.1). 

 

 

5.2 Resource assessment 

The Environmental Ministry Decree regulates Estonian mineral exploration and 

resource assessment. Mineral resources are divided into commodities according 

to mineral lithology and quality. The reserves are calculated separately for each 

commodity, while the reserves above and below the water table must be also 

distinguished. To establish proved mineral reserves for the extraction, sampling 

from the cores, outcrops, or trial pits must be carried out with sufficient density. 

Geophysics can also be engaged during the exploration, primarily for specifying 

the bedding conditions of the mineral material and its overburden (ENVIR, 2022a; 

Table 4). In the following two chapters, the possible contribution of GPR to the 

Estonian peat and aggregate resource estimation will be discussed.  
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Table 4. Mineral commodities, the size of the biggest survey grid allowed, and the reserve 

calculation unit with accuracy, according to the Environmental Ministry Decree (ENVIR, 

2022a). 

Mineral Commodities Survey grid Unit 

peat 
undecomposed 

200 m 103 t* 
decomposed 

sand;  

gravel 

construction 

200 m 103 m3 filling 

technological** 

limestone; 

dolostone 

high quality 

50–400 
103 m3 

low quality 

filling 

ornamental 

technological 50–200 m 

* Volumes are converted to weight, using decomposition coefficients for 40% conditional humidity. 

** Applies only for sand. 

 

 

5.2.1 Peat  

The MR embodies 3550 km2 of peat deposits, where the peat thickness exceeds 

0.9 m (ELB, 2022a; Fig. 11). GPR profiling in the Rahivere Deposit is discussed 

in Paper I. In this chapter, firstly the results of the Rahivere Deposit volume calcu-

lations are introduced, followed by some general comments, and a foreign use 

case. 

The Rahivere Deposit (0.54 km2; for location, see also Figs. 4 and 5a), 

embodies 979 000 m3 (97 000 tons) of peat; the estimation is based on 13 manual 

corings (Allikvee and Orru, 1979). In the MR, these reserves are divided into 

undecomposed (77 000 m3) and decomposed (902 000 m3) commodities (ELB, 

2022a). Those two types could not be differentiated in the radar images (Paper I). 

Even if the tree stump horizon favours such distinction in the other peat deposits 

(Chapter 4.1.1), the resulting surface remains rather indefinite. 

However, Paper I demonstrates a superb alternative for the total resource 

estimation. In case the top surface of the mineral soil is articulated, GPR enables 

estimating the total peat volume more precisely than just coring. GPR sounding 

with a 300 MHz antenna provides the theoretical vertical resolution of 0.03 m, 

while the thickness accuracy for the reserve approval must not exceed 0.05 m. 

The 200 m radar profile spacing also satisfies the exploration requirements 

(ENVIR, 2022a; Table 4).  

The valid peat extraction permits cover 220 km2 (Fig. 11). The Rahivere 

Deposit is not presently exploited and probably will never be. The European 
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Union’s policy for reducing carbon emissions indicates that the pristine peatlands 

need more protection. Hence the Estonian Ministry of the Environment favours 

withdrawing the deposits from the previously exploited and later abandoned 

peatlands (ENVIR, 2022b; ENVIR, 2022c), covering 40 km2 of the country 

(Fig. 11). In those areas, GPR can support remnant reserve calculations in the 

first order. 

 

 

Figure 11. Peat deposits, extraction permits, and damaged peatlands according to the 

Mineral Registry of Estonia (ELB, 2022a) as of December 01, 2022. 

 

The Geological Survey of Finland has conducted GPR studies in peat production 

areas for decades. With antenna frequencies of 100–250 MHz and profile spacing 

of 40 m, approximately 10 000 km of GPR lines (450 km2) have been accomp-

lished. The results are used for (a) managing production fields, (b) applications 

for environmental permits, (c) mass calculations, and (d) peatland restoration 

(GSF, 2020). 

In Estonia, GPR has shown excellent efficiency in larger mires, towed by an 

amphibious vehicle (Paat et al., 2020). The aforementioned Finnish experiences, 

as well as Paper I and Chapter 4.1.1, encourage using GPR for the total peat 

resource estimations. A 300 MHz frequency antenna is typically a good choice. 

Lower frequencies should also be considered if peat thickness exceeds 4 m. 

Along with the volumes, more insight can be achieved into the surrounding 

hydrological conditions. Regardless of the sounding purpose, the GPR studies 

should be accompanied by probing. Direct measurements assist both the EM 

velocity estimation and the radar facies recognition. 
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5.2.2 Aggregates 

By the general definition, sand, gravel, and crushed carbonate rocks are called 

„aggregates“ if used in the construction industry. In this chapter, the mineral 

material is primarily considered as lithological bodies. Later on, some remarks 

will also be made on the ornamental carbonate rocks, which are essentially not 

aggregates but deserve some attention. 

Sand is a granular substance where the ratio of particles >31.5 mm is less than 

35%. Material exceeding this ratio is classified as gravel (ENVIR, 2022a). 

Frequently they coexist in one deposit. As of December 1, 2022, the valid permits 

for mining sand/gravel covered 56 km2, while the reserves are evenly distributed 

throughout the country (Fig. 12; ELB, 2022a).  

By genesis, the Estonian sand and gravel deposits are mostly of glaciofluvial 

origin; glaciolacustrine, aeolian and marine types cover <30%. Yet even coastal 

landforms contain coarse sand and gravel that may be of economic interest locally 

(Räägel, 1997). Grain size within the glaciofluvial landforms (e.g., eskers) is 

quite variable. Occasionally the useful beddings are ruptured by clay or till 

wedges. 

According to the coastal studies (Chapter 4.1.2), sand and gravel transmit 

distinctive radar signals, thus enabling their differentiation. GPR is considered 

valuable for sand and gravel resource evaluations (Busby et al., 2004). McCuaig 

and Ricketts (2004) claim GPR supports gravel quarry planning, while a 100 

MHz antenna set can acquire data from depths to 30 m. Bērziņš et al. (2017) used 

two configurations in a sand quarry – with a 300 MHz antenna, the maximum 

survey depth of 10 m was achieved, whereas the 75 MHz one enabled somewhat 

better (10–15 m) coverage.  

The previously mentioned examples indicate GPR can be used as a comple-

mentary tool for reserve calculations. In the Estonian case, the sand and gravel 

deposits must be probed with a certain density before quarrying (Table 4). GPR 

may be used (a) in the early stage of exploration for pinpointing the probing sites, 

(b) during the extraction to get more details about the lithological changes, or (c) 

repeatedly.  

Two types of carbonate rocks are regarded as mineral resources in Estonia: (a) 

limestone, and (b) dolostone. As of December 1, 2022, valid permits for their 

mining covered 24 km2. Due to the regional bedrock geology (Fig. 1), the 

carbonate quarries are assembled almost entirely in the north (Fig. 12; ELB, 

2022a). Both the limestone and dolostone reserves are classified into several com-

modities (Table 4). For the ornamental stone (Fig. 12), the quality of the material 

is essential. 

Papers III and IV present detectable fractures several metres below the ground. 

The studies conducted in different limestone quarries suggest GPR can provide 

more efficiency in mine planning (Sigurdsson and Overgaard, 1998; Chamberlain 

et al., 2000; Dagallier et al., 2000; Dekeyser et al., 2007; Zanzi et al. 2019; 

Elkarmoty et al., 2018). 
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Figure 12. Locations of the aggregate extraction permits as of December 01, 2022, 

according to the Mineral Registry of Estonia (ELB, 2022a). The ornamental dolostone 

reserves are shown separately. Bedrock’s topmost units are divided into sandstones and 

carbonates (as a derivation from the map displayed in Fig. 1). 

 

Ground-penetrating radar sounding may be problematic in case the deposit is 

covered with till. Regardless of the thickness of the overburden, till has to be 

removed entirely before aggregate quarrying can start. Thus the time window 

between the till relocation and the mineral extraction is probably the best chance 

to engage GPR. During the extraction, the active face can also be sounded to 

locate the possible fracture zones and karst cavities ahead. 

 

To summarise the outlooks for the aggregate resource estimation: 

 

(a) the borders between the GPR facies and the mineral commodity blocks are 

mostly discordant. Hence GPR alone does not allow classifying and 

estimating the reserves, 

(b) GPR can be applied before invasive procedures to specify the best borehole/ 

pit locations, 

(c) GPR may reduce the drilling capacity in more complicated geological 

situations, and 

(d) GPR can contribute to selective mining in the working quarries. The litho-

logical changes, karstification, and fractures observed in the GPR images 

may guide the active face advancement.  
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5.3 GPR antennas and carriers  

Taking several antennas to an uncharted field may be a good idea. After some 

testing, the radar images reveal the best apparatus arrangement. The concern about 

the ideal frequency can be subdued, as the antennas emitting various frequencies 

simultaneously are also available (Chapter 3.2.1).  

Until now, Estonian GPR studies (Chapter 3.2.4) have been performed only 

on the ground surface and ice, typically with 100–300 MHz antennas (Table 2). 

For surveys up to 10-km scale, pulling them with manpower is often the optimal 

technique. On roads, the antennas are towed by cars, while ATVs seem more 

appropriate in wild terrain (e.g., mires, forests). In fact, GPR usage is not fixed to 

these environments and carriers – additionally, the antennas may be lifted above 

the ground, submerged below the ground (Slob et al., 2010) or even water (Ruffell 

and Parker, 2021). Next, some GPR antenna configurations are introduced, which 

may be beneficial in the local context. 

GPR application in mineral exploration is not limited to peat and aggregates 

(Chapter 5.2). Estonia’s most intensive mining activities are related to oil shale 

extraction. For quarry development, more data are frequently required about the 

faults within the oil shale and its overburden (mainly limestone). A 50 MHz 

flexible 9 m long „snake“ antenna may increase the penetration depth to 30 m in 

limestone while the resolution (0.6 m) still upholds faults and larger fractures 

(Zanzi et al., 2019). In an underground limestone mine, a vertically positioned 

200 MHz antenna enables to study karst cavities 5–10 m far from the active face 

(Baggett et al., 2020).  

An unmanned aerial vehicle (UAV) may be the only way to collect data in 

rugged or otherwise complicated areas. For GPR data acquisition, different 

airborne platforms have been used (Noviello et al., 2022). In limestone quarries, 

for instance, UAVs equipped with lightweight GPR devices are applicable for 

mapping tectonic features (Saponaro et al., 2021; Zhao et al., 2022). Borehole 

GPR can accompany other logging methods during hydrogeological (Chang 

et al., 2006) and mineral (Bellefleur and Chouteau, 2001; Ma et al., 2016; Looms 

et al., 2018) research. Remotely controlled GPR robots are currently developed 

primarily for UXO detection (Bechtel et al., 2018). Safety restrictions, limited 

accessibility, and the need for higher productivity promote robot assistance more 

widely and much closer than Mars (RIMFAX, 2022). 
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5.4 Data processing and management 

GPR users want to fill two needs with one deed – achieve adequate depth and 

maintain a reasonable resolution simultaneously. Multi-fold radar systems 

(Chapter 3.2.1) help to satisfy the demand, yet with a remarkable increase in the 

data volume. Regardless of the antenna setup, manual data processing is time-

consuming. GPR studies are more productive if some procedures get automated.  

Machine learning (ML) supported algorithms can be used for tracing the 

characteristic patterns in radar images. Various techniques have been proposed 

for the automatic detection and classification of hyperbolas (Chen and Cohn, 

2010; Dou et al., 2017; Harkat et al., 2019; Yamaguchi et al., 2022). Numerous 

GPR tools are published as open-source packages (GitHub, 2022a); access to the 

radar images compiled by different proprietary GPR programs is also supported 

(RGPR, 2022).  

Preferably, ML-assisted data processing should be launched already in the 

field. The author recommends the GPR vendors to upgrade their software with 

the option to integrate the LiDAR topography and drill logs into the radar images 

on the fly. Both data sets should be imported in standardised file formats (e.g., 

WIKI, 2022b; GitHub, 2022b). The additional window next to the radar image 

might show the radar location in the geological map/orthophoto/DEM. Extending 

the GIS capabilities with a GPR plug-in (e.g., De Angeli et al., 2022) is another 

way to put more efficiency into the data processing.  

Blending the GPR interpretations from different field campaigns, collected by 

various radar operators, requires consistent interoperability. Essentially, the GPR 

data points might be handled similarly to the LiDAR points, assembled by air-

borne or terrestrial scanners, and classified into distinct groups (Gigli and 

Casagli, 2011; Park and Guldmann, 2019). In the GPR programs, vertices (points) 

clicked to the bounding surfaces automatically gain the X, Y, and Z coordinates 

during the interpretation. The author would assign those points additional attri-

butes, indicating the appropriate GPR radar surface (e.g., 1 for the peat bottom, 

2 for the Quaternary bottom etc.). Then the GPR points characterising different 

radar surfaces can be exported simultaneously as one data set and compiled into 

a GIS database as 3D point clouds. Entirely new perspectives can be opened by 

fusing the GPR and LiDAR clouds into a coherent structure (Merkle et al., 2021).  

In the coming years, the ELB’s data collection, modelling and visualisation 

will move to the Geo3D mapping environment (ELB, 2022f). Among the other 

information (topography, infrastructure, property maintenance etc.), the GPR 

results verified by the core logs are an essential addition to the Geo3D under-

ground module. The LiDAR, borehole, and GPR data fused into one national up-

to-date 3D platform will hopefully lead to fantastic synergy. The proposed data 

flow between the GPR operator and the Geo3D host database is shown in Fig. 13.  
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Figure 13. The proposed GPR data circulation with the Estonian Geo3D database 

(pictures taken from the ELB, 2022g, ELB, 2022h, Paper III, DELL, 2022; modified by 

the author). An extraction is made for a new survey project according to the spatial query 

from the host database. The surveyor gets LiDAR DEM and a geological model with the 

coring data for the study area. LiDAR relief and boreholes (BH) are plotted in the radar 

images automatically; machine learning tools assist radar facies (RF) recognition and 

classification. Vertices (i.e., points) of the radar bounding surfaces are the main inter-

pretation results. The geological units in the Geo3D host database will be adjusted after 

the new GPR point cloud has passed the validation.  

 

 

5.5 Data sharing 

Every GPR surveyor obviously wants to get new data about the study object. 

After the results have been delivered, perhaps the data remains in one computer 

for a while and then disappears forever. Online scientific papers and exploration 

reports continue exhibiting text and figures without spatial data. Hence finding 

the necessary sources and associating the described objects with the correct posi-

tions is complicated afterwards.  

European directive on open data and the re-use of public sector information 

(EU, 2019/1024) declares:  
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(27)  

The volume of research data generated is growing exponentially and has potential 

for re-use beyond the scientific community. In order to be able to address mounting 

societal challenges efficiently and in a holistic manner, it has become crucial and 

urgent to be able to access, blend and re-use data from different sources, as well 

as across sectors and disciplines.  

… 
Open access helps enhance quality, reduce the need for unnecessary duplication 

of research, speed up scientific progress, combat scientific fraud, and it can 

overall favour economic growth and innovation.  

 

The GPR profiles of the four case studies (Papers I–IV) are shown in the GBM 

(ELB, 2022i), while the web link to the proper paper is displayed with just a click. 

The author encourages all the GPR data owners to share their outcomes similarly. 

Besides the profiles, their interpretation points can also be displayed on the map, 

after being uploaded to the ELB web application (ELB, 2022j). Both feature 

classes are freely downloadable as open spatial data.  

In the coming years, the GPR interpretations will help to frame the Geo3D 

subsurface domain. And then, the data, once collected with GPR on the field, 

enriched with the other Geo3D information, will serve the following surveys as 

the best possible input.  

 
We can only see a short distance ahead, but 

we can see plenty there that needs to be done. 

Turing (1950) 
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6. CONCLUSIONS 

The thesis is built up on four scientific papers, each focusing on a specific geo-

logical situation. The results confirm ground-penetrating radar (GPR) suitability 

for describing the near-surface strata in peatlands, sandy environments, and 

carbonate bedrock. Contrarily, the capability in the conductive clays and tills is 

rather limited. GPR can be used in the geological mapping process for the syste-

matic validation of old data, and obtaining new data about: 

 

(a) bedrock relief and the total thickness of the Quaternary succession, 

(b) lithological properties of the Quaternary deposits, 

(c) hydrogeology – water table, karst features, groundwater vulnerability, 

(d) bedrock faults and other tectonic deformations, and 

(e) peat and aggregate perspective areas.  
 

Estonian mineral exploration is based on sample collection and description. The 

author suggests GPR as a preparatory tool for assisting the sampling point place-

ment. With smart integration of coring and EM sounding, more details about the 

mineral quantity, quality and mining constraints can be exposed. Such infor-

mation is crucial for selective mining operations. GPR can potentially decrease 

exploration costs and increase extraction profits.  

Although GPR enables to cover large areas with continuous data flow, the 

results remain ambiguous without direct measurements. Considering the data 

acquisition speed and cost-efficiency, GPR might be the first method to start with. 

After the preliminary data analysis, ground truthing (e.g., coring, test pitting) 

should follow wherever possible. Radar studies combined with other methods 

(e.g., coring, ERT, OSL) grant more comprehensive understanding of the sub-

surface layout than just a single approach.  

In Estonia, typically common offset radar surveys are organised, where the 

maximum penetration depth is limited to 5–10 metres. Foreign examples demon-

strate the multi-frequency systems, “snake” antennas, and borehole instruments 

allow much deeper data acquisition. The manual workload of data processing can 

be reduced significantly as computers can be trained to recognise specific patterns 

in the radar images. GPR vendors are very welcome to implement the software 

upgrade ideas proposed by the author. 

 

 

The thesis overviews the Estonian GPR studies conducted and published so far. 

The focus is mainly on geological and mineral studies; however, GPR is also 

indispensable in civil engineering, archaeology, and many other fields. As the 

spatial survey results are predominantly unavailable, the interpreted data reusage 

(e.g., for the map updates and machine learning activities) is complicated. The 
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author encourages all the data owners to share their GPR profiles and inter-

pretation points in the Land Board’s geoportal. Three-dimensional GPR points 

derived from the radar images can contribute to the up-to-date subsurface module 

of the future Estonian Geo3D mapping environment. Multilateral open data 

sharing ensures that for every new survey, the best geological insight will be 

available as a reliable source. 
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SUMMARY IN ESTONIAN 

Georadar Eestis: välitöödest avaandmete taaskasutuseni 

Georadar on geofüüsikaline seade, mis võimaldab uurida pinnast seda otseselt 

häirimata. Erineva sagedusega (olenevalt seadmest 10–1000 MHz) elektro-

magnetilisi (EM) laineid maapinda suunates ja seejärel nende tagasipeegeldumise 

aega mõõtes on võimalik maapõuest koostada kahe- või kolmemõõtmeline 

läbilõige (radaripilt). Kuna radariga saab eristada eelkõige materjali elektri-

juhtivusest ja poorsusest tingitud muutusi, pole radaripilt samaväärne otsese 

vaatluse (kaevand, paljand, puursüdamik) teel koostatud geoloogilise läbilõikega. 

Georadari trumbiks on pidev andmevoog suurel alal, mis on otseste mõõtmistega 

võimalik ainult paljandites. Kõige realistlikuma pildi maapõuest annab otsese ja 

kaudse meetodi kombinatsioon. 

Doktoritöö üheks eesmärgiks seati erinevate settekeskkondade ja pinnase 

rikkestruktuuride iseloomustamine radaripiltidel väljenduvate peegeldusmustrite 

abil. Autor osales neljal radariuuringul, mille põhjal valmisid teadusartiklid: 

Rahivere (Uuring I), Ruhnu (Uuring II), Viru-Nigula (Uuring III) ja Sillamäe-

Narva (Uuring IV) piirkondade kohta. Töö annab ülevaate nimetatud uuringute 

olulisematest tulemustest. 

Uuring I teostati Jõgevamaal maavarade registrisse kantud Rahivere turba-

maardlas, mida profileeriti risti objekti väljavenitatuse suunale. EM lainete 

levikukiiruse täpsustamiseks ja radaripildi peegelduste interpreteerimiseks rajati 

profiilidele 13 puurauku. Kuna radari abil oli turba ja mineraalpinnase kontakt 

hästi jälgitav, võimaldas kogutud paksusandmestik arvutada turba mahu maardla 

piires. Selget madalsoo- ja rabaturba piiri ei suudetud radaripildil tuvastada, seega 

oli võimalik hinnata ainult turba kogumahtu. Võttes arvesse turba aluspinna 

reljeefi liigestatust, on radariga saadud maht tõenäoliselt täpsem ainult puur-

aukude alusel arvutatud tulemusest. 

Uuring II viidi läbi Ruhnu saarel koostöös geograafide ja arheoloogidega, 

hankimaks uut teavet saare laienemise ja varajase inimasustuse kohta. Kuna 

radariprofiilidel teostati puurimised koos vanusemäärangutega, oli võimalik 

uuritud ala pinnavormid paigutada nii ajalisse kui litoloogilisse konteksti. Pärast-

jääaegse maakerke tulemusel on saare pindala üha suurenenud, varem rannikul 

asunud rannavallid (eelluited) on nüüd tekkeaja järgi reastatuna sisemaal. 

Olulisim radariprofiil kirjeldab katkematult ühe eelluidete jada siseehitust 6900–

2500 aastat tagasi. Radaripiltidel tuvastati neli peamist settetüüpi: (a) Devoni 

liivakivi, (b) moreen, (c) rannavööndi liiv-kruus ja (d) tuulesetted.  

Uuring III teostati Lääne-Virumaal Viru-Nigula aleviku lähistel. Eesmärgiks 

oli koguda täiendavat infot geoloogilisel kaardistamisel leitud Varudi mattunud 

oru kuju ja võimalike tekkepõhjuste kohta. Georadariga profileeriti erinevaid 

setendeid: (a) Ordoviitsiumi lubjakivi, (b) moreen, (c) liiv-kruus, (d) turvas. 

Karbonaatset aluspõhja oli võimalik tuvastada kuni 4 m sügavuseni maapinnast. 

Radaripiltidel pakkusid eelkõige huvi korrapärased muutused aluspõhja reljeefis. 

Sügavamatest nähtustest ülevaate saamiseks kaasati täiendav geofüüsikaline 
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tööriist – eritakistuse tomograafia. Meetodite kombineerimisel tuvastati kaks 

lähestikust rikkevööndit, mis lõidki soodsa pinnase mattunud oru tekkeks. 

Uuring IV toimus Ida-Virumaal, peamiselt Balti klindi vahetus läheduses asu-

vas Vaivara deformatsioonide vööndis. Sinimägede piirkonda on varem kordu-

valt geoloogiliselt-geofüüsikaliselt uuritud, kuid seni puudus detailsem ülevaade 

mandriliustike tekitatud deformatsioonide iseloomust ja ruumilisest levikust. Ida 

suunas hangiti georadariga teavet kuni Narva kesklinnani. Radaripiltidel gru-

peeriti deformatsioonid intensiivsuse järgi, alates vaevumärgatavatest lainetustest 

kuni rikete ja kurdudeni. Kui deformatsioonid sellise jaotuse põhjal kaardile 

lisati, hakkasid kohati ilmnema erikujuliste aluspõhjaliste plokkide kontuurid. 

Nende selgemaks eristamiseks on tarvis kaasata täiendavaid uurimismeetodeid.  

Autori isiklike kogemuste ja kirjandusallikate alusel antakse töös soovitusi 

georadari kasutamiseks rakenduslikel uuringutel. Radarit saab edukalt tarvitada 

turba, liiva, kruusa, moreeni ja lubjakivi leviku ning aluspõhja reljeefi kaardista-

misel, mitmesuguste aluspõhjaliste rikete ja deformatsioonide kirjeldamisel. 

Kuna meetod tugineb suuresti setendite veesisalduse ja poorsuse erinevustele, 

pakub ta tuge ka hüdrogeoloogidele, piiritlemaks näiteks karstinähtusi, põhjavee-

komplekse, veetaset ja reostuse ulatust pinnases.  

Töös analüüsitakse georadari potentsiaali turba, liiva, kruusa ja karbonaat-

kivimite varude piiritlemisel ja mahtude hindamisel. Õigusaktide kohaselt tuleb 

maavarauuringute käigus võtta nõutud tihedusega proove, seega ei saa ainult 

radariandmete põhjal arvutada kaevandatavaid maavaravarusid. Kuid seadet on 

mõistlik kasutada näiteks (a) proovivõtupunktide asukoha täpsustamiseks, 

(b) kvaliteetsema maavara ja geoloogiliste takistuste (karstivormid, rikkevööndid 

jt) leidmiseks nii uuringu käigus kui kaevandamise ajal, (c) radaripildil eristuva 

settekeha kogumahu arvutamiseks. Keerulisemas geoloogilises situatsioonis või-

maldab radar säästa puurtöödele kuluvat aega ja raha. Olenemata uuringu ees-

märgist, tuleks radari läbilõiked alati siduda otseste vaatlusandmetega.  
Doktoritöö teiseks eesmärgiks seati Eesti seniste georadari kasutamis-

kogemuste ülevaate koostamine, tutvustades seejärel uusi võimalusi välitöö apa-

ratuuri valikuks ning tulemuslikumaks andmete järeltöötluseks. Varasem praktika 

on liigitatud nelja kategooriasse: (a) turba-, (b) rannasetete-, (c) karbonaatkivi-

mite- ja (d) muud uuringud. Pindalaliselt on Eestis seni kõige rohkem käsitletud 

soid, enim teadusartikleid on publitseeritud rannavormide arengu kohta. Uurimus 

on valdavalt geoloogilise suunitlusega, kuid põgusalt käsitletakse ka teisi radari 

kasutusvaldkondi – arheoloogiat, ehitust, teede ja maa-aluste tehnovõrkude 

käitamist.  

Aeganõudev radariandmete töötlus ajendas autorit tegema ettepanekuid selle 

etapi lihtsustamiseks. Osa neist ideedest võiks huvi pakkuda ka radariseadmete 

ja -tarkvarade arendajatele. Geoinfosüsteemidest tuntud võimaluste juurutamine 

radariprogrammides lihtsustaks välitöö planeerimist ning andmete järeltöötlust. 

Radaripilte saaks kiiremini interpreteerida masinõppe algoritmide abil. Usaldus-

väärsete automaatsete tulemuste saamine eeldab rohkelt treeningandmeid erine-

vatest piirkondadest ja geoloogilistest nähtustest. Autori osalusel toimunud 

radariuuringute (I–IV) profiilid on kättesaadavad Maa-ameti geoportaalis. Seal 
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võiks olla hulk teisigi profiile koos radaripiltide interpretatsioonidega. Alates 

2021. aastast saab iga uuringu teostaja oma tõlgendused uuringupunktidena üles 

laadida Maa-ameti maardlate veebiliideses.  

Lähiaastatel plaanib Maa-amet võtta kasutusele kaardistusplatvormi Geo3D, 

kus lisaks maapealsetele objektidele hakatakse ka maapõue kujutama ruumiliselt 

ning võimalikult realistlikult. Avaandmetena aitaks iga radariuuringu inter-

pretatsioonid värskendada Geo3D maa-alust moodulit. Koos teiste geoloogiliste 

andmetega muutuvad nad järgnevate uuringute kõige täpsemaks ja ajakoha-

semaks sisendiks. Parim teadmus maapõuest peab olema kõigile lihtsalt ja tasuta 

kättesaadav – nii saavad sündida parimad otsused, alates uue välitöö asukoha 

valikust kuni riiklikult oluliste teemadeni. 
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