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Abstract 
Buntin, S. 2021. Seismic structure of the central Svecofennian lithosphere. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and 
Technology 2093. 66 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1342-9. 

Lithospheric structures in the Fennoscandian Shield in Sweden have been studied by a number of 
large-scale wide-angle seismic reflection/refraction (WARR) and normal-incidence reflection 
profiles since the 1960s. Among these were the over 2000 km long Fennoscandian Long Range 
(FENNOLORA) project in 1979 and the Baltic and Bothnian Echoes from the Lithosphere 
(BABEL) in 1989, which provided valuable images of the subsurface down to over 60 km depth 
including the Moho. Additionally, the 550 km long WARR profile, UPPLAND, was acquired 
in 2017, transecting across the Uppland and Ljusdal Batholiths from south to north. 

Due to the computational progress in the last 25 years, improved seismic images and velocity 
models could be obtained by reprocessing the recovered BABEL data set. The main finding 
of the reprocessed BABEL profiles is the presence of large-scale saucer-shaped intrusions of 
around 100 km diameter connected to an up-domed lower crust and sub-Moho reflectors. These 
interpreted offshore saucer-shaped intrusions together with those observed onshore suggest a 
nested interconnected emplacement model, implying that the deeper saucer-shaped intrusions 
fed the shallower ones. 

Ray tracing forward modelling of the UPPLAND data revealed a unique velocity structure 
below the Uppland Batholith with high velocities in both the lowermost crust (~7.3 km/s) and 
uppermost mantle (~8.5 km/s). Such a velocity structure has not been observed anywhere else 
to this extent and robustness. It is interpreted to represent the presence of eclogitized material 
in the lowermost crust and complicates further the difference between the seismological and 
petrological crust-mantle boundary. 

The recovery and reprocessing of the FENNOLRA data set provided new insights into 
the lower crust and upper mantle. Consistent with the results of the UPPLAND velocity 
profile where collocated, it also reveals a high-velocity lowermost crustal structure in the 
Fennoscandian Shield and a heterogenous upper mantle with different average velocities 
(8.2-8.5 km/s) across various geological terranes. Additionally, a zone with lower velocities 
(8.0-8.2 km/s) is detected in 70-90 km depth in the mantle. 

Overall, the studies in this thesis demonstrate the potential of reprocessing legacy data, but 
also of acquiring new high-resolution deep seismic sounding profiles for the investigation of 
the crust and upper mantle structures. Aside from recovering fully digital reusable BABEL 
and FENNOLORA data, new and refined geophysical and geological models can be tested and 
provide key information for cratonic setting studies. 
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1 Introduction 

The concept of a “lithosphere” has been known for over 150 years. Gravity 

analysis in the eighteenth and nineteenth centuries concluded that the Earth 

has an outer layer, which is rigid and solid (Artemieva, 2011). The term lith-

osphere was first mentioned in geological publications in the end of the nine-

teenth century, where it was used to distinguish the general “rock-material” of 

the Earth from its hydrosphere (Dana, 1894). Indeed, the term lithosphere 

originates from the Greek word λίθος, líthos, meaning “rocky” and sphere, 

hence rocky sphere (Artemieva, 2011).  

The Earth’s lithosphere has also been studied by seismologists. The most 

known seismologist from the early twentieth century is Andrija Mohorovičić 

(Mohorovičić, 1910) who discovered the seismic crust-mantle boundary, 

nowadays known as the Moho. To study the Earth’s crust in detail several 

discoveries led to the development of controlled-source seismology. The first 

seismological study that employed controlled sources was in 1849 by Robert 

Mallet (1852) who used dynamite as the source and the already existing net-

work of stationary seismographs as receivers for determining velocities of sur-

face rocks. However, it was not until 1908 that Ludger Mintrop performed the 

first active-source seismic experiment using a weight drop (Mintrop, 1930) 

and receivers in a line profile, using the first portable seismographs that were 

built by Emil Wiechert only two years before in 1906 (Prodehl and Mooney, 

2012). The first controlled-source crustal-scale seismic studies were per-

formed shortly after in the 1920s, e.g., by Wiechert (1926) who used large 

explosions in quarries as the seismic energy sources. 

In the following decades, especially after World War II, the improvement 

of the instrumentation and methodology led to increased application of seis-

mic methods to study the crust, and the obtained seismic profiling results al-

lowed a more distinct definition of the lithosphere, which is defined as a layer 

of high velocity above a zone of low velocity in the upper mantle. 

 In this thesis, the upper part of the lithosphere in the continental shield is 

studied, which includes the whole crust and uppermost mantle down to 100 

km depth. The base of the lithosphere is not addressed. 

 In Sweden, the first seismic refraction surveys to study the Earth’s crust 

were carried out in beginning of the 1960s. In 1969, the first large-scale re-

fraction survey, the Trans-Scandinavian Deep Seismic Sounding project 

(TSDSS), was conducted (Vogel, 1971). Another large-scale survey at the 
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time was the so-called “Blue Road”, a 600-km-long NNW-SSE striking pro-

file recorded in 1972 in northern Sweden (Hirschleber et al., 1975; Lund, 

1979). Having studied the crust, scientist sought to survey the Earth in greater 

depths. All around the world profiles of sometimes over 2000 km length were 

acquired in the 1970s for studying the upper mantle. One of these profiles was 

the Fennoscandian Long Range Project (FENNOLORA) with an approxi-

mately 2100 km length striking nearly north-south throughout entire Sweden, 

part of northern Finland and Norway in 1979, which aimed deeper than any 

other refraction profile before, reaching a depth of 400 km (Guggisberg, 1986; 

Hossain, 1989; Stangl, 1990). This study mapped the velocity structure of the 

crust and upper mantle across the Fennoscandian Shield (see Figure 2.1 in 

chapter 2). 

In the 1970s and 1980s, seismologists became more and more engaged in 

applying the reflection seismic method for deep crustal and upper mantle stud-

ies. Finally, in 1989 another large seismic project across the Fennoscandian 

Shield was realised: The BABEL project in the Baltic and Bothnian Sea. In 

this project, over 2200 km of marine reflection seismic profiles of high-den-

sity and additional wide-angle refraction data were acquired (BABEL 

Working Group, 1990; 1991). The most prominent outcome of the survey was 

the interpretation of a 10-km-thick Moho offset and sub-Moho dipping reflec-

tors that led to the proposition of Paleoproterozoic plate tectonics (BABEL 

Working Group, 1990). 

A further seismic refraction profile (CABLES; Caledonian and Baltic Lith-

osphere Elucidated by Seismics) was acquired in the central Scandinavian 

Caledonides in 1995 revealing the crustal thickness and contributing to the 

understanding of the Caledonian orogeny (Schmidt, 2000). 

The results of these surveys and newer geological studies led to various 

geological models aimed at explaining the Svecofennian lithotectonic frame-

work. For example, different tectonic models have been proposed for the tec-

tonic origin of the northern boundary of the Bergslagen terrane on the south-

central Svecofennian Shield. These models propose the collision of microcon-

tinents (Nironen, 1997; Lahtinen et al., 2008), paleo-subduction and continen-

tal accretion (Guggisberg et al., 1991; Abramovitz et al., 1997; Korja and 

Heikkinen, 2005), or a disrupted single active continental margin 

(Hermansson et al., 2008; Stephens et al., 2009).  

 However, all the tectonic models are mostly based on the results obtained 

by the FENNOLORA and BABEL profiles. To contribute into these debates 

and further shed light on the tectonic setting of the central shield, the need 

emerged for a further regional deep crustal onshore refraction profile with 

high-resolution. Therefore, the UPPLAND refraction profile (Paper II) in 

south-central Sweden was acquired in 2017 with the focus on the Bergslagen 

mineral endowed terrane in the south-central Fennoscandian Shield. 
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The scientific potential of reprocessing historical data with modern analysis 

and modelling methods is known from earlier studies. Computational ad-

vances in the past years have allowed to extract more information from the 

historical data sets than was possible at the time of their acquisition (Cook and 

Vasudevan, 2006; Ehsan et al., 2014; Kashubin and Juhlin, 2010; Donoso et 

al., 2020). This leads to more detailed and accurate seismic images and allows 

to improve or revise the original geological interpretations. Therefore, the BA-

BEL (Paper I) and FENNOLORA (Paper III) legacy data sets were first re-

covered, then reprocessed in conjunction with the analysis of the newly ac-

quired UPPLAND refraction profile (Paper II) in this thesis work. 

The four main objectives of this thesis are: 

• studying the Fennoscandian lithosphere using near-vertical reflec-

tion and wide-angle refraction seismic data, 

• connecting offshore geophysical with onshore geological observa-

tions, 

• investigating the characteristics of the Moho below central Fen-

noscandia, and 

• obtaining new insights by reprocessing the two legacy data sets.  

1.1 Outline of the thesis 

This thesis is divided into two parts. The first part contains 9 chapters outlining 

the main aspects of the conducted research. The second part compiles the three 

articles including their supplementary information written during my PhD 

studies. 

The first chapter summarizes the main goals of my research and provides 

an overview of the content of this thesis. Chapter 2 provides general insight 

into my study area, the Fennoscandian Shield and chapter 3 presents the three 

analysed data sets (BABEL, UPPLAND, and FENNOLORA). The two ap-

plied seismic methods (near-vertical incident reflection and wide-angle reflec-

tion/refraction) are introduced in chapters 4 and 5. One of the main geologic 

features investigated in the study area is the Moho, which is described in chap-

ter 6. Chapter 7 recapitulates each of the three papers. In chapter 8, I conclude 

the conducted research. Chapter 9 contains a popular summary of the PhD 

research in Swedish. 

In Paper I, the BABEL reflection seismic profiles 1, 6, 7, C and B were re-

processed. The focus of the interpretation was on large saucer-shaped intru-

sions, which extend approximately 100 km along profile 1 and intruded not 

only into sedimentary basins but also into the crystalline basement at different 

depths, ranging down to about 12 km. By combining the seismic results with 
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onshore geological observations of similar types of intrusions, evidence for 

the nested structure of such saucer-shaped intrusions and their emplacement 

was provided. The intrusions are connected to a lower-crustal up-domed for-

mer melt region that fed the saucer-shaped intrusions during the Paleoprote-

rozoic (>1.5 Ga)-Mesoproterozoic (< 1.25 Ga) time. 

Paper II presents the newly acquired wide-angle seismic data set, UP-

PLAND. The velocity model obtained by ray tracing and further justified by 

gravity modelling reveals a high velocity region in the lowermost crust 

(Vp~7.3-7.4 km/s) and uppermost mantle (Vp~8.5-8.6 km/s). The observed 

seismic structure is explained by partial (50-70%) transformation of the low-

ermost crustal layer into eclogite during the Paleoproterozoic orogeny without 

later delamination. 

Paper III combines the UPPLAND data set with the FENNOLORA legacy 

data set to obtain a newer velocity model using ray tracing. The new velocity 

model is consistent with the UPPLAND velocity model of Paper II. 
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2 The Fennoscandian Shield 

The Fennoscandian Shield is a craton in Scandinavia, which comprises three 

different orogens in Sweden: the Blekinge-Bornholm orogen (1.5-1.4 Ga) in 

the far south, the Sveconorwegian orogen (1.1-0.9 Ga) in the southwest and 

the Svecokarelian orogen (2.0-1.8 Ga) (Wahlgren et al., 1996), also referred 

to as the Svecofennian orogen (Lahtinen et al., 2005), in the eastern part. The 

Caledonide orogen (0.5-0.4 Ga) borders the north-western part of the Fen-

noscandian Shield. The crustal growth of the Fennoscandian Shield started in 

the northeast during the Meso- and Neoarchean (3.2-2.5 Ga) and continued 

towards the southwest (Figure 2.1). The main crustal growth period of the 

Fennoscandian Shield is largely characterized by the Svecokarelian orogeny, 

during which even the Archean crust was partly reworked (Gaál and 

Gorbatschev, 1987). 

The seismic profiles studied in this thesis are mainly located on the Svecokare-

lian orogen. Therefore, the focus lies on the different tectonic units of this 

orogen, which are from south to north: the Småland Terrane, the Bergslagen 

Terrane, the Ljusdal Terrane, the Bothnia-Skellefteå Terrane and the Norrbot-

ten province. 

The Småland Terrane (1.81-1.77 Ga) covers the Transscandinavian Igne-

ous Belt (TIB, 1.85-1.67 Ga), which is associated with granitoid rocks and 

mafic intrusions. The Småland terrane is surrounded by major shear zones in 

the north, south and west (Wahlgren and Stephens, 2020). The offshore BA-

BEL profile B provides information on its crustal structures. The crust 

smoothly increases in thickness from around 36 km in the south to 48 km in 

the north (Kinck et al., 1993) and does not exhibit any discontinuous steps in 

Moho depth (BABEL Working Group, 1993). However, a subcrustal reflec-

tion dipping towards the northeast with an angle of 15-20° is observed, which 

is interpreted as a fossil subduction slab at 50 to 80 km depth (Abramovitz et 

al., 1997). 

The Bergslagen Terrane (1.90-1.75 Ga) is characterized by felsic 

metavolcanic, metasedimentary, and intrusive rocks (Stephens and Jansson, 

2020). It comprises the Sörmland Basin in the south and Uppland Batholith in 

the north. The area around the Uppland Batholith is suggested to have been a 

continental back-arc basin with active subduction beneath it. The batholith 

likely originated from this subduction zone. The Sörmland Basin, which has 

exposed metasedimentary rocks (Stephens et al., 2009), is interpreted as the 
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accretionary prism of a northward subduction (Korja and Heikkinen, 2005). 

The Bergslagen terrane is confined by a major deformation zone in the north, 

called the Storsjön-Edsbyn deformation zone. 

The Ljusdal Terrane comprises mainly the Ljusdal Batholith (1.87-1.84 

Ga), with its crystallized plutonic rocks. It was either emplaced at an active 

continental margin (Högdahl et al., 2008) or formed during lateral spreading 

and orogenic collapse (Nikkilä et al., 2015). The northern boundary is associ-

ated with the Hassela shear zone and a high-grade shear belt (Högdahl and 

Bergman, 2020). 

The Bothnia-Skellefteå Terrane is the largest terrane of the Svecokarelian 

orogen. One of its main units is the Bothnian Basin, which comprises a 10 km 

thick sequence of metasedimentary rocks that are intruded by plutonic rocks 

(Skyttä et al., 2020). Previous onshore crustal-scale seismic profiles suggested 

their presence below the Skellefteå volcano-sedimentary rocks (Malehmir et 

al., 2007) and it is characterized by conductive structures (Hübert et al., 2013). 

It has formed by the collision of two arc complexes associated with two sub-

duction zones with opposite dips (Nironen, 1997). The northern boundary of 

this terrane, the Luleå-Jokkmokk zone, marks the contact between the Ar-

chean and Paleoproterozoic rocks in the subsurface. Its location is based on 

geochemical analysis (Mellqvist et al., 1999). Reflection seismic data close to 

Luleå indicate that the boundary dips towards the southwest by 45° (Juhlin et 

al., 2002). 

The Norrbotten province is the only terrane in the Svecokarelian orogeny 

where Archean rocks (2.8-2.6 Ga and possibly older) are observed on the sur-

face, but a large part is covered by early Paleoproterozoic rocks (2.5-2.0 Ga). 

The basement is assumed to be Archean and intruded by magmatic rocks (2.5-

2.4 Ga). The Norrbotten rocks were affected by deformation and metamor-

phism during the Svecokarelian orogeny (2.0-1.8 Ga), but they are considered 

to be pre-orogenic (Bergman and Weihed, 2020). 

In the Baltic and Bothnian Sea these terranes are overlain by Mesoprotero-

zoic and lower Palaeozoic sedimentary rocks, which are mainly preserved in-

side two separate, partly fault-controlled basins (Winterhalter, 1972; Axberg, 

1980). The deposition of the sediments is assumed to be spatially related to 

early Mesoproterozoic (1.6-1.4 Ga) magmatic activity (Ripa and Stephens, 

2020a) associated with batholith emplacements, mantle upwelling, crustal 

thinning and mafic underplating. 

During 1.27-1.25 Ga, dolerite sills and dykes intruded into the Paleoprote-

rozoic crust and Mesoproterozoic sedimentary rocks in central Sweden. These 

flat-lying intrusions form up to 1 km thick bodies (Ripa and Stephens, 2020b), 

and are referred to as the Central Scandinavian Dolerite Group (Gorbatschev 

et al., 1979). Reflection seismic data revealed similar-type sills even at deeper 

crustal levels, e.g., at the Siljan Ring (Juhlin and Pedersen, 1987), in Jämtland 

(Palm et al., 1991) and below the Bothnian Sea (Paper I). 
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Figure 2.1. Map showing general tectonic framework of the shield and deep-crustal 
reflection and refractions profiles in Sweden. the BABEL (red), UPPLAND (green) 
and the FENNOLORA (pink) profiles. 
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3 Data sets 

This thesis comprises three different seismic data sets. These are the BABEL 

profiles (Paper I), the UPPLAND profile (Papers II and III) and the FEN-

NOLORA profiles (Paper III) (Figure 2.1). 

3.1 BABEL 

3.1.1 Acquisition 

The BABEL offshore seismic data set was acquired during September and 

October 1989 in the Baltic Sea and the Gulf of Bothnia and comprises nine 

normal-incidence seismic profiles with a total length of 2,268 km. The project 

was divided into two main study areas:  

1. The Sorgenfrei-Tornquist zone in the Baltic Sea, which is crossed per-

pendicularly by profile A.  

2. The Gulf of Bothnia, which is covered by lines 1 to 7. Lines 1, 6 and 

7 are located in the Bothnian Sea with lines 1 and 6 striking N-S and 

line 7 striking E-W at the southern end of lines 1 and 6. The planned 

line 5 at the northern end of lines 1 and 6 was not performed, due to 

financial and timing reasons. Lines 2 to 4 cover the Bothnian Bay. 

Lines B and C connect the two study areas. 

Additionally, wide-angle data were recorded onshore with stations along 

the Baltic coast in Denmark, Sweden, Germany, and Finland. Lines B, C, 1, 6 

and 7 were reprocessed in Paper I. 

During the acquisition of the offshore data, the seismic vessel SV Mintrop 

(Figure 3.1) from Prakla-Seismos towed a 60-channel hydrophone streamer 

with a length of 2.95 km at 15 m depth (Figure 3.2). The receiver group spac-

ing was 50 m. 
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Figure 3.1. The seismic vessel S/V Mintrop. Photo taken in 1987 by Andreas Trost, 
navigator on the Mintrop. 

 

Figure 3.2. (a) Side-view and (b) top-view of the recording configuration of the BA-
BEL data acquisition. Distances between the ship, airgun array and hydrophone 
streamer are shown. 
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The source array consisted of 48 airguns divided into 6 strings and was 

towed in 7.5 m water depth. It had a complete volume of 120.6 l and a pressure 

of 140 bar (Meissner and Hobbs, 1992). 

The shot spacing varied between the different profiles to improve the spa-

tial resolution. Lines C and 6 had a shot spacing of 62.5 m. The length of the 

recording was 23 s or 22 s, respectively. The other lines B, 1 and 7, which 

were reprocessed in my thesis work, had a recording length of 25 s and a shot 

spacing of 75 m. All the lines were recorded with 4 ms sampling rate. 

At every 10 km distance, a shot was skipped to record ambient noise level. 

The tests revealed low noise from nearby ships and generally low water-wave 

noise (Matthews, 1993). 

Most of the lines (1, 6, C and B), were shot in several parts. The reason for 

this was usually problems with the equipment such as power failures, a defec-

tive depth controller or problems with the airguns. Nevertheless, the seismic 

data that were acquired in those 2.5 weeks of the survey are of excellent qual-

ity. 

3.1.2 Data preparation 

The recovered BABEL data were in standard SEG-Y format, without suffi-

cient information about geometry and acquisition setup in the header. The 

original observer logs were used to identify which file contained seismic data 

from which line. For some of the lines several files had to be merged, since 

the recording was split into several sections as mentioned before. The naviga-

tion data in UKOOA P1 1984 format were recovered as ASCII files as well. 

These files contained the shot information and could be used for adding the 

geometry information into the header. The shot times had to be corrected in 

the processing since, for example, the recorded shot times referred to the com-

puter order to fire instead of the actual airgun shot. 

3.2 UPPLAND onshore seismic data 

3.2.1 Seismic data acquisition 

The UPPLAND seismic data set was acquired from 27 May 2017 to 2 June 

2017 in east central Sweden. For three days, an international team from Den-

mark, Poland, Germany, and Sweden deployed over 590 recorders along an 

approximately 550 km-long profile between 35 km south of Linköping and 65 

km northeast of the city of Sundsvall (Figure 2.1). 

In total, 159 Omnirecs DATA-CUBE3s, 263 Retek Texans and 171 Sercel 

RAUs, including 20-3C DATA-CUBE3s and 23-3C RAUs, were employed. 

Figure 3.3 shows a selection of field photos summarizing the various equip-

ment used during the UPPLAND survey. 
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Figure 3.3. The different 1c recorders and geophones used in the UPPLAND project. 
(a) Reftek-125 Texan, (b) Sercel 1C RAUs, and (c) DATA-CUBE3. All three record-
ers were connected to 4.5-Hz spike-type geophones. (d) The 1C geophones, 3C geo-
phones and MEMS sensors used in this survey. 

The receiver spacing ranged from 300 m to 3700 m with a median spacing of 

950 m. The spacing was designed to allow for a finer sampling of approxi-

mately 800 m within the central 300 km of the profile and became increasingly 

coarser towards both ends of the profile. All the seismic stations, except the 

3C RAUs, were connected to 4.5 Hz spike-type geophones. MEMS-based 

(micro-electromechanical) 3C digital sensors were used for the 3C RAUs. At 

most locations, the geophones were drilled into the bedrock for higher data 

quality purposes. 

Seven shots were fired in existing quarries near the profile as the seismic 

energy source. Dynamite of high speed of detonation with charges of 360-500 

kg placed in 3-5 bedrock boreholes (11 boreholes in one location) with a depth 
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of 30 m was used as the explosive. The largest charges of 500 kg were used at 

the southern and northern ends of the profile and smaller ones in the middle 

of the profile. Table 3.1 summarizes the main shot parameters of the survey. 

Table 3.1. Shot parameters of the UPPLAND profile (2017). 

Shot  Charge size 
(t) 

Latitude Longitude No. of bore-
holes 

SP1  0.500 58.0914° 15.6291° 5 
SP2  0.360 59.1123° 16.9217° 3 
SP3  0.400 59.9306° 16.8074° 4 
SP4  0.475 60.6320° 16.7130° 11 
SP5  0.400 61.4934° 16.3262° 4 
SP6  0.400 62.0237° 16.4557° 4 
SP7  0.500 62.7427° 16.4366° 5 

To avoid significant ambient noise, the blasting took place in the early morn-

ings or late evenings. At shot points where it was not possible to shoot at these 

times because of permitting issues, the blasting took place in the early after-

noons before rush hour. Shortly after the last blast, the receivers were picked 

up again. During the campaign, the receivers recorded 4 to 8 days of passive- 

and active-source (the seven shots) data. 

Due to timing uncertainties of the Texan stations and to properly correct 

for any time mismatches, Texan stations and Sercel RAUs were collocated at 

13 positions. Timing discrepancies of up to 30 s were observed between the 

two instrument types and the recorded data of the Texan stations were shifted 

accordingly. Another issue was the different sampling rates of the different 

recorders. The RAUs were running with 1 ms sampling rate, while lower sam-

pling rates of 1.25 and 2.5 ms were used for the 1C and 3C DATA-CUBE3s, 

respectively. The highest possible sampling rate of 4 ms was used for the 

Texan stations. For all the stations, the GPS positions were measured with a 

horizontal accuracy on the order of 1 m. The accuracy of the GPS elevations 

was much lower. 

3.2.2 Data preparation 

Since different types of receivers were employed, different data formats were 

retrieved. Data preparation therefore started with merging and unifying the 

various data formats to the standard SEG-Y format containing one single shot 

gather for all the receivers that recorded the shot. The data were resampled to 

5 ms and the recording length was set to 160 s.  

To provide a better precision for the elevation data, national LiDAR (Light 

Detection and Ranging) elevation data from the Swedish National Land Sur-

vey (Lantmäteriet) were utilized. In general, a standard error of less than 0.1 

m in height was observed on open field areas and a good quality in forests, 
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justifying using LiDAR data for the purpose of deep crustal studies. Coordi-

nates of the shot locations were added to the headers of the SEG-Y files, which 

allowed the data to be viewed and processed using conventional seismic data 

processing software. 

3.3 FENNOLORA onshore seismic data 

3.3.1 Seismic data acquisition 

The FENNOLORA onshore seismic data set was acquired in August 1979 and 

its main profile has a length of over 2000 km. It extends from Karlskrona in 

southern Sweden to North Cape in northern Norway. The main objective of 

this survey was to investigate the structure of the crust and upper mantle down 

to a depth of 400 km. In total, 152 receivers of different kinds were deployed 

in the survey. The main profile was covered by 96 receivers each placed at 

several locations. The other 56 recorders were used on the additional profiles 

in Finland and in central and eastern Europe. The data recorded on the main 

profile of the FENNOLORA data set was used in Paper III. 

The main profile had a total of 560 receiver locations and was divided into 

two sections, which were covered successively. Thereby, receiver distances 

of 3.5 km for the near offset and 10.5 km for the far offset could be achieved 

(Figure 3.4).  

 

Figure 3.4. Profile coverage of the FENNOLORA profile after (Guggisberg, 1986). 

Additionally, several shorter profiles close to shot points C, D and E comple-

mented the survey (Figure 2.1). In this survey the stations registered 32 shots 

from 9 locations. Explosives at the seafloor and lake bottoms were used as 

sources and charge sizes ranged from 0.5-8.19 t (Table 3.2) The blasting took 

place between 4 am and 6 am local time. The shots were conducted by the 

Norwegian, Finnish, and Swedish militaries. Over 120 people were needed for 

the recording of the main profile. Around 25 very high frequency and medium 

frequency transmitters in Scandinavia were used to broadcast necessary infor-

mation and the time stamps to the field crew (Guggisberg, 1986). 
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Table 3.2. Shot parameters of the FENNOLORA survey (1979). (..x) in the charge 
size column states the number of shots with that charge size. 

Shot Charge size (t) Latitude Longitude Type 

W 0.5 (1x), 0.7 (3x) 54°01.20` 13°48.00` Quarry filled with water 
B 2.93 (3x), 8.19 (1x) 55°57.15` 15°49.4` Sea 
C 1.76 (2x) 58°28.10` 17°22.90` Sea 
D 1.76 (5x) 60°48,72` 17°35.03` Sea 
E 2.93 (3x) 62°23.77` 17°59.39` Sea 
F 2.93 (1x), 2.32 (3x) 65°31.80` 19°54.30` Lake 
G 2.94 (1x), 2.04 (2x) 68°33.74` 23°24.38` Lake 
H 4.2 (1x), 1.8 (1x), 1.0 (2x) 71°09.37` 25°34.45` Sea 
I 8.0 (1x), 1.8 (1x) 71°53.40` 25°46.40` Sea 

3.3.2 Data preparation 

The recovered data were of SEG-Y format with a reduced velocity of 8 km/s, 

a time window of -10 s to 20 s and a sampling rate of 10 ms. The data outside 

this time window is missing hence the S-wave arrivals could not be recovered. 

The header of the SEG-Y files contained the offset information, but not the 

coordinates of the receiver locations. Therefore, these coordinates from an at-

tachment of the PhD thesis of Guggisberg (1986) were extracted and used to 

calculate the offsets, in order to be able to match them with the ones in the 

headers. In this manner, the data set could be processed using conventional 

seismic data processing software. 
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4 Seismic near-vertical incidence (NVI) 

reflection method  

The seismic method makes the use of the characteristics of seismic wave prop-

agation inside the Earth. There are different types of seismic waves: body 

waves and surface waves. Body waves, which travel through the Earth’s inte-

rior, can be either waves oscillating in the direction of propagation, called P-

wave, or waves oscillating in the plane perpendicular to the direction of prop-

agation, called S-waves. Surface waves travel along the air-Earth interface. 

In seismic surveys, a seismic wavefield is created by a source at one loca-

tion (shot point) and its traveltime is measured at receivers at one or several 

other locations, typically arranged along a line (2D) or in a grid (3D). Any 

event that transfers wave energy into the subsurface can be considered a seis-

mic source. Typical artificial sources are impact types for example weight 

drops or explosions. A seismic survey always consists of several shots located 

along the profile. 

The ray path of a wave travelling from a source to a receiver depends on 

the structure of the subsurface. The seismic wavefield is partly reflected, re-

fracted, or transmitted, according to Snell’s law. Snell’s law describes the re-

lationship between the velocities of two adjacent media (𝑉1 and V2) and the 

angle of incidence (𝜃1) and refraction (𝜃2) of a seismic wave incident on an 

interface between the two media as: 

sin 𝜃1

sin 𝜃2
=

𝑉1

𝑉2
. 

(4.1) 

The seismic NVI reflection method is based on the analysis of the reflected 

wavefield to image structures of the subsurface. The amplitude of the reflected 

wave depends on the impedance contrast at the interface between layers of 

different velocities or densities. The impedance (𝑍) of one medium is given 

by the product of its velocity (V) and density (ρ): 

Z = V ∙ ρ.  (4.2) 
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In NVI reflection surveys, the offsets between receiver location (𝑥r) and shot 

location (𝑥s) are short. The relation between source-receiver offset |𝑥s − 𝑥r| 
and the maximum target depth 𝑧max is usually: 

max |
𝑥s − 𝑥r

𝑧max

| ≤ 1, (4.3) 

since waves with a longer vertical than horizontal travel path are analysed 

(Levander et al., 2007). The typical shot spacing is 50-500 m and the receiver 

spacing is 25-100 m for a reflection seismic survey, with source-receiver off-

sets of usually no more than a few kilometres in length (Artemieva, 2011). 

However, for crustal scale reflection seismic larger offsets were used as well, 

e.g., the URSEIS profile had 18 km offsets (Echtler et al., 1996). To study the 

whole crust by this method, a frequency band from 8 to 60 Hz is commonly 

considered.  

Seismic reflection surveys usually employ a roll-along spread of receivers 

or more recently, due to the availability of wireless receivers, a fixed receiver 

geometry. For this purpose, geophones are planted in lines for 2D data sets or 

in areal arrays for 3D data sets. Sources on land can be explosives, accelerated 

weight drops or seismic vibrators (Vibroseis). Offshore, a seismic vessel tows 

an airgun array as source and records the seismic responses with hydrophone 

streamers (Levander et al., 2007). 

Traditionally, the NVI reflection seismic method was used for petroleum ex-

ploration (Ikelle and Amundsen, 2018; Liner and McGilvery, 2019), but is 

nowadays also used for mineral exploration (Eaton et al., 2003; Malehmir et 

al., 2012; Buske et al., 2015; Donoso et al., 2020) or engineering and ground-

water applications (Brodic et al., 2015; Maries et al., 2017; Steeples and 

Miller, 1988). Beginning in the 1970s, this method was more and more applied 

for deep crustal-scale studies and was employed in several large research pro-

jects (Table 4.1). 

4.1 Data analysis 

Generally, NVI reflection data are analysed through signal-processing ap-

proaches, benefiting from the redundancy of the subsurface (CDP points) cov-

erage from multiple source and receiver pairs. The aim is to increase the sig-

nal-to-noise ratio by enhancing the signal and supressing the noise to obtain a 

high-resolution structural image of the subsurface, which can be geologically 

interpreted. Typical main processing steps are deconvolution, CDP stacking 

and migration, which also involve gain applications, filtering, velocity analy-

sis and normal-moveout corrections. For land data, refraction and residual 

static corrections play an important role. All these methods belong to the 
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standard processing inventory of seismic data analysis and have been de-

scribed in detail for example by Yilmaz (2001). A relatively new technique 

for noise attenuation is the curvelet denoising, which was applied to the BA-

BEL offshore reflection data in Paper I (described also below). 

Table 4.1. Example list of deep crustal reflection seismic studies. 

Abbreviation Full name Location References 

COCORP Consortium for continental re-
flection profiling 

USA (Brewer and Oliver, 
1980) 

ACORP Australian continental reflec-
tion profiling 

Australia (Finlayson, 2010) 

ECORS Étude de la croûte continentale 
et océanique par réflexion 
sismique, (Study of the conti-
nental and oceanic crust by 
seismic reflections) 

France (Bois and ECORS 
Scientific Parties, 
1991) 

LITHOPROBE Probing the Earth’s litho-
sphere 

Canada (Clowes et al., 
1999) 

DEKORP Deutsches kontinentales refle-
xionsseismisches Programm, 
(German continental reflection 
seismic program) 

Germany 
(Meissner and 
Bortfeld, 1990) 

BIRPS British institutions reflection 
profiling syndicate 

Around 
British Isles 

(Klemperer and 
Hobbs, 1992) 

URSEIS Urals reflection seismic exper-
iment and integrated studies 

Ural, Russia (Berzin et al., 1996) 

SINOPROBE Deep exploration in China China (Dong et al., 2013) 
FIRE Finish reflection experiment Finnland (Kukkonen and 

Lahtinen, 2006) 
MONA LISA Marine and onshore North Sea 

acquisition for lithospheric 
seismic analysis 

North Sea (Mona Lisa 
Working Group, 
1997) 

BABEL Baltic and Bothnian echoes 
from the lithosphere 

Baltic and 
Bothnian 
Sea 

(BABEL Working 
Group, 1991) 

4.1.1 Curvelet denoising 

The curvelet denoising method (Górszczyk et al., 2014; 2015; von Ketelhodt 

et al., 2019; Markovic et al., 2020) is based on the curvelet transform, related 

to the 2D wavelet transform (Candès and Donoho, 1999). The curvelet trans-

form transforms the seismic data into the curvelet coefficients scale, angle, 

and position. It was first used in image processing to detect edges and hence 

for denoising (Starck et al., 2002). It can be applied to seismic data to remove 

incoherent noise, since noise and signal domains are assumed to be clearly 

distinguishable in the curvelet domain. The curvelet coefficients allow to filter 

features of a certain dip (angle) or frequency (scale). The typical procedure 

for threshold-based filtering can be applied, which comprises forward trans-
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formation into the curvelet domain (Candès et al., 2006), analysis of the coef-

ficients, filtering by defining a threshold and finally inverse transformation. 

The most important step in denoising is to find a suitable threshold for 

weighting the curvelet coefficients. The thresholding can be either done glob-

ally by keeping the highest curvelet coefficients for all scales and angles and 

removing the others, or it can be performed scale or angle dependent. 
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5 Seismic wide-angle reflection/refraction 

method (WARR) 

The seismic wide-angle reflection/refraction method is based on the analysis 

of first arrivals of refracted waves and postcritical reflections with large am-

plitudes. To detect these arrivals, long offsets between receiver location (𝑥r) 

and shot location (𝑥s) are needed. The relation between source-receiver offset 

|𝑥s − 𝑥r| and the maximum target depth 𝑧max in WARR surveys must be: 

max |
𝑥s − 𝑥r

𝑧max

| ≫ 1, 
(5.1) 

and is usually: 

max |
𝑥s − 𝑥r

𝑧max

| > 5. 
(5.2) 

Since such surveys typically aim at imaging the crust and upper mantle down 

to around 100 km depth (Prodehl and Mooney, 2012), the source-receiver off-

set often exceeds 200 km for continental crustal studies (Levander et al., 

2007). 

To record seismic data over such large distances, stronger sources than for 

normal-incidence reflection seismic surveys are required. Typical onshore 

sources for WARR surveys are explosives with charge sizes of 50-2000 kg 

per shot. The total amount of explosives is chosen depending on the investi-

gation depth and maximum offsets (Kohler and Fuis, 1992). Since explosives 

and drilling are expensive, the number of sources is usually small (5-100 

shots) compared to the number of receivers used (more than 100). For inline 

profiling, the sources should be equally spaced on a line with sources at the 

end of the profiles. The shot spacing ranges from 20-100 km. 

In a typical refraction survey around 100 to more than 1000 recorders are 

deployed with a spacing of 1-5 km. The recorders are equipped with an accu-

rate internal clock, a digital acquisition system and connected to a geophone 

(Levander et al., 2007). 

Typical frequencies when studying the lithosphere range from 1-50 Hz, 

which corresponds to P-wave wavelengths of a few kilometres for crustal-
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scale studies (Artemieva, 2011). The recorded seismic waves are of low fre-

quencies compared to the frequency content of reflection seismic data since 

seismic waves of higher frequencies decay along the longer travel paths of the 

refracted waves.  

5.1 Data analysis 

In contrast to the reflection seismic method, which is based on a signal-pro-

cessing approach and CDP stacking, the analysis of refraction data is based on 

building models to determine the seismic velocity distribution in the crust. 

Therefore, the focus in the analysis lies on picking arrival times in the shot 

gathers. Only few processing steps, such as frequency filtering, are applied to 

the data. To facilitate picking, the seismic data are displayed with a reduced 

traveltime (𝑡r): 

𝑡r = 𝑡 −
𝑥

𝑉r

. 
(5.3) 

This approach shifts the arrival times by the quotient of the offset distance (𝑥)  

and a velocity (𝑉r), which is a value near the refractor velocity (Sheriff and 

Geldart, 1995). Usually, a reduction velocity (𝑉r) of 8 km/s is applied for deep 

crustal studies to enhance Moho refracted waves (Pn phase). 

On shot gathers with reduced traveltimes, arrivals with the same apparent 

velocity as the reduction velocity lie on a horizontal line. Arrivals with slower 

apparent velocities have a positive dip and those with faster apparent veloci-

ties have a negative dip. 

The first arrivals are most straightforward to pick. Therefore, they are 

picked first to create a preliminary model. This model is then used to calculate 

further potential arrivals, which are subsequently overlain on the shot gathers 

for picking. This way more arrivals can be accurately picked. Nonetheless, it 

is not recommendable to interpolate arrivals between data gaps, since it may 

provide wrong data for the modelling and its resolution (Zelt, 1999).  

The uncertainty of the picks is determined qualitatively by visual inspec-

tion under consideration of the frequency content and the signal-to-noise ratio 

of the data. Usually, a constant value for each phase is chosen. Pick uncertain-

ties can also be assigned by checking the reciprocal traveltimes. These should 

be the same for any arrival type independent of the structure of the Earth. 

Typical phases that are picked on wide-angle data sets are: 

• Pg, Sg: crustal refraction, 

• PmP, SmS: Moho reflection, 

• Pn, Sn: upper-mantle refraction, 

with P denoting the P-wave phase and S denoting the S-wave phase. 
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5.2 Modelling by ray tracing 

To obtain a 2D velocity model from the acquired crustal refraction data, ray 

tracing forward modelling is performed based on a trial-and-error approach. 

In Papers II and III, the RAYINVR software (Zelt and Smith, 1992) in com-

bination with the graphical user interface PRay (Fromm, 2016) were applied 

to model the refracted and reflected waves in order to derive a velocity model. 

RAYINVR provides ray tracing in 2D isotropic media for forward and in-

verse modelling and calculates traveltime residuals and partial derivatives of 

the traveltimes for inversion. The algorithm is based on asymptotic ray theory 

(Červený et al., 1977) and even though it was developed more than 30 years 

ago it is still widely applied for crustal-scale seismic velocity modelling. The 

benefit of this modelling algorithm is a simple, layered, large-block velocity 

model parameterization, which enables efficient ray tracing (Zelt and Ellis, 

1988). 

The input for the program is a layered velocity model, which allows for 

dipping layers of variable thickness and gradual velocity changes within the 

layers. At the layer interfaces several nodes can be set to define the shape of 

the layer (by setting the coordinates) and to prescribe the velocities of the layer 

above and below the defined node. The algorithm splits the layers into trape-

zoidal blocks and the velocity in each trapezoid is calculated by linear inter-

polation of the velocities at the corner nodes of the trapezoid. 

To obtain the final velocity model, several forward iterations are needed, 

which are each started manually by the user. In each iteration, the calculated 

theoretical traveltimes of the model are compared to the observed traveltimes. 

The model is manually altered, and the algorithm is run again. This is repeated 

until the residual between calculated and observed traveltimes is sufficiently 

small. In the process, the entire velocity model is changed by a top-to-bottom 

approach. This means that first the observed and calculated traveltimes of the 

uppermost layer must be matched before those of the layers below are matched 

successively. 

Although the modelling program offers the option to run a direct inversion, 

it may not provide a geologically reasonable model in laterally varying media, 

so its practical use is limited. 

Based on the velocity model, the theoretical ray paths are calculated by 

finding a numerical solution for a pair of 2D ray tracing equations (Červeny 

et al., 1977; McMechan and Mooney, 1980). The pair of 2D ray tracing equa-

tions can be formulated either as: 

𝑑𝑧

𝑑𝑥
= cotan θ,

𝑑θ

𝑑𝑥
=

(𝑉𝑧 − 𝑉𝑥cotan θ)

𝑉
, 

(5.4) 

or as: 
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𝑑𝑥

𝑑𝑧
= tan θ,

𝑑θ

𝑑𝑧
=

(𝑉𝑧tan θ − 𝑉𝑥)

𝑉
, 

(5.5) 

with the initial conditions for both formulations: 

𝑥 = 𝑥0, 𝑧 = 𝑧0, 𝜃 = 𝜃0. (5.6) 

Here, 𝜃 denotes the angle between the tangent to the ray and the z-axis, 𝑉 the 

velocity and 𝑉𝑥 and 𝑉𝑧 denote the partial derivatives of the velocity with re-

spect to x and z, respectively. The source location is the point (𝑥0, 𝑧0) and the 

take-off angle of the ray is 𝜃0. If the ray path is near-horizontal, equation (5.4) 

is solved with 𝑥 as the integration variable. In case of a near-vertical ray path, 

equation (5.5) is solved with 𝑧 as the integration variable (Zelt and Ellis, 

1988). 

Whenever a ray intersects a boundary between layers, the refraction angle 

is calculated based on Snell’s law (equation 4.1). The traveltimes at the end of 

the rays are determined by numerical integration along the obtained path. 
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6 The ambiguous Moho 

Originally and to a large-extent still valid, the crustal-mantle boundary was 

defined as a seismic discontinuity in the subsurface where the P-wave velocity 

increases abruptly or gradually from 6.5-7.1 km/s to above 7.6-8.0 km/s. It 

was first discovered by the Croatian geophysicist Andrija Mohorovičić (Fig-

ure 6.1a) in 1910 after studying an earthquake 40 km south of Zagreb in Cro-

atia in 1909. He observed additional P- and S-wave arrivals between 300-720 

km offset and derived a structural discontinuity at 54 km depth in the upper-

most Earth (Mohorovičić, 1910) (Figure 6.1b). This discontinuity is generally 

associated with the crust-mantle boundary and is named after its discoverer 

the Mohorovičić discontinuity, or in short the Moho. 

 

Figure 6.1. (a) Portrait of Andrija Mohorovičić circa 1910, provided for unrestricted 
use by Marijan Herak of the University of Zagreb. (b). Mohorovičić’s traveltime plot 
for the observed earthquake. Points are phase picks and solid lines are phase corre-
sponding to his model. The earthquake location is shown in the inset map. After 
Mohorovičić (1910) and Jarchow and Thompson (1989). 

To provide a global definition, Steinhart (1967) defined the Moho as the depth 

where the P-wave velocity increases rapidly or discontinuously to values of 

7.6-8.6 km/s. If a rapid velocity increase is not identifiable, the Moho is as-

sumed to be at the depth where the P-wave velocity exceeds 7.6 km/s. 
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Thus, the Moho is either a boundary or a transition zone of seismic velocity 

(Jarchow and Thompson, 1989). With this definition, the Moho can be de-

tected throughout the world. 

Different geophysical methods have led to different terms (Eaton, 2006):  

• the refraction Moho determined by refraction seismics, 

• the reflection Moho determined by reflection seismics, 

• the teleseismic Moho determined by receiver function studies, and 

• the electric Moho defined as a step change in electrical conductiv-

ity. 

In one location, the different methods may detect the Moho at different depths. 

Besides these geophysical distinctions there is also a general distinction be-

tween the seismological Moho and petrological Moho, the latter being usually 

termed crust-mantle boundary (Griffin and O'Reilly, 1987; O’Reilly and 

Griffin, 2013). The petrological Moho is defined as the change from the mafic-

to-felsic crust to the mainly ultramafic rocks dominating the mantle. 

Discrepancies of Moho depths obtained by different geophysical methods 

are usually due to differences in the spatial resolution and the underlying phys-

ical basis of the methods. In contrast, the discrepancies between the seismo-

logical and the petrological Moho arise from the fact that these two Mohos 

refer to two different geological structures. 

Furthermore, the Moho can also be referred to by the type of its overlying 

crust, i.e., the Moho below the oceanic crust is termed oceanic Moho, whereas 

the Moho below the continental crust is termed continental Moho. 

This section of the thesis will focus on the seismological and petrological 

Mohos because their difference is geologically relevant and on the origin of 

the continental Moho. The data analysed in Papers I, II and III are all rec-

orded on continental crust. 

6.1 Seismological Moho 

The seismological Moho is usually detected by wide-angle reflection and re-

fractions (the so-called WARR method) as well as normal-incidence reflec-

tions. To detect the Moho, the wide-angle profiles must be at least 200 km 

long, some of them are even a few 1000 km long (Roller and Jackson, 1966; 

Egorkin et al., 1987; Ansorge et al., 1992; Cook et al., 2010; Prodehl and 

Mooney, 2012). Even though the computational possibilities have much 

evolved since the discovery of the Moho and modern computational methods 
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can accurately determine 2D and 3D velocity variations, the algorithms are 

still based on analysis methods like the one of Mohorovičić. 

Typical Moho depths are about 10 km below the oceanic crust and between 

30-70 km, averaging around 40 km, beneath the continental crust. However, 

the vertical dimension of the transition and the magnitude of the velocity con-

trast can vary considerably, especially beneath continental crust. There, the 

structure of the Moho has been affected by different geological processes over 

longer geological time periods (Cook et al., 2010). 

The setup of a seismic WARR survey plays an important role when detect-

ing the characteristics of the Moho. It is influenced by the deployment param-

eters of recorders (sampling interval, trace spacing, etc.), the geometry, as well 

as frequency and amplitude of the source signal. 

While WARR surveys provide mainly velocity and topography infor-

mation of the Moho, normal incidence seismic profiling images the Moho with 

substantial details. Besides topography mapping of the Moho surface, normal 

incidence seismic profiling also allows to study the internal structure and 

physical properties of rocks at the base of the crust (Dahl-Jensen et al., 1998; 

Brown et al., 2002; Carbonell et al., 2013). 

In general, the crust is more reflective than the mantle (Hammer and 

Clowes, 1997) and the reflection Moho is defined as the deepest high-ampli-

tude laterally extended reflection or group of reflections, which appears at 

similar times.  

However, not all seismic images show these reflection characteristics of 

the Moho. Therefore, the reflection patterns near the Moho can be sorted into 

the following categories (Hammer and Clowes, 1997; Eaton, 2006; Cook et 

al., 2010; Carbonell et al., 2013): 

1. a transparent Moho, showing no clear reflection, 

2. a transition zone from high reflectivity in the crust to a lower or no 

reflectivity in the upper mantle, 

3. reflections intersecting the Moho, 

4. inclined reflections which converge into a horizontal feature, and 

5. a thin band of laterally continuous and horizontal reflections. 

These different categories show that there is no universally applicable defini-

tion for what the reflection Moho appears like in seismic data. 

Geological information can be combined with geophysical information about 

the Moho. The Moho depth is directly connected to the geologic history and 

evolution of the regions and can be matched with tectonic scenarios. Surface 

geology and for example the age of outcrops, however, are apparently unre-

lated to the structure of the Moho (Carbonell et al., 2013).  
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6.2 Petrological Moho 

The petrological Moho is defined as the boundary between the felsic/interme-

diate/mafic rocks of the crust and the largely ultramafic rocks in the upper 

mantle. It is mostly referred to as crust-mantle boundary to clearly distinguish 

it from the original seismological Moho definition. Originally, it was assumed 

that the seismological Moho and crust-mantle boundary coincide everywhere, 

i.e., the Moho marks the transition from crust to mantle, but many studies 

showed that the petrological nature of the crust-mantle transition is much more 

complex (Griffin and O'Reilly, 1987; Rudnick and Fountain, 1995; O’Reilly 

and Griffin, 2013).  

Two petrological scenarios may explain the seismological Moho (Cook et 

al., 2010): 

1. mafic rocks above the transition change compositionally to perido-

titic rocks beneath (Green and Ringwood, 1972), and 

2. mafic rocks above the transition change metamorphically to eclo-

gitic rocks beneath (Ito and Kennedy, 1971). 

Increased resolution in seismological refraction and reflection studies shows 

structural complexities close to the Moho, which led to interpretations that the 

seismic Moho is connected with mineralogical changes that overlie the actual 

deeper crust-mantle boundary. Thus, the seismological Moho does not always 

represent the same boundary as the petrological Moho and can be a response 

to either a compositional change (gabbroic rocks to peridotitic rocks), or a 

metamorphic phase change (mafic granulite to eclogite) (Ito and Kennedy, 

1971). 

Detecting the crust-mantle boundary is difficult for metamorphic or meta-

somatic fronts. Either lower crustal rocks have experienced eclogitization, 

which places the seismic Moho above the eclogite in the lower crust, or upper 

mantle rocks have experienced serpentinization, which locates the seismic 

Moho at the base of the serpentinites in the mantle. Since eclogite is seismi-

cally indistinguishable from mantle peridotite, the crust-mantle boundary can-

not be detected by seismic methods in the latter case. The case of an eclogitic 

lower crust with a seismological Moho above is presented in Paper II. 

6.3 Origin of the continental Moho 

The origin of the continental Moho with its diverse seismic signature is com-

plex and ambiguous. The different origins, which are summarized in this chap-

ter, have been compiled by Cook et al. (2010). The proposed origins are: 
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• Old oceanic Moho. Oceanic rocks have been subducted below 

older continental crust and either the oceanic rocks became part of 

the continental Moho or experienced eclogitization and created a 

new Moho above the eclogite. 

• Thermal front. Chemical and physical rock properties can be 

changed by partial melting or fractional crystallization. Mafic 

restites might be produced as well and preserve the structural fab-

ric. 

• Magmatic underplating. Mafic igneous rocks intrude into the 

lower crust and upper mantle and spread laterally beneath the crust 

or as sills into the lower crust. Its material has a high velocity and 

high density. The Moho would be close to the base of the intruded 

material. 

• Metamorphic transition. For example, eclogitization of the lower 

crust. 

Temperature, pressure, and fluid content as well as regional tectonics are con-

trolling factors for the preservation and alteration of the Moho.  

• Temperature increase results in upwelling of the asthenosphere and 

restite formation.  

• Depth changes, caused by uplift or loading, changes the surround-

ing temperature and pressure, which induces metamorphic reac-

tions or restite formation. 

• The change in fluid content may change the mineralogy, e.g., ser-

pentinization of upper mantle, which in turn reduces the velocity 

contrast. 

• Deformation may lead to faults in the Moho in both extensional 

and compressional settings, but such faults are rarely observed. 
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7 Summary of Papers 

7.1 Paper I: Emplacement and 3D geometry of 

crustal-scale saucer-shaped intrusions in the 

Fennoscandian Shield 

7.1.1 Motivation 

The historical BABEL crustal-scale seismic data set was acquired on the Bal-

tic and Bothnian Sea in 1989 with the aim of improving the understanding of 

the processes related to the continental crust formation and its evolution 

(Meissner and Hobbs, 1992). It helped to better understand the formation of 

basins, the tectonic juxtaposition of different crustal segments and the em-

placement of dykes and sills in the crystalline crust at various scales and depth 

ranges. 

A seismic vessel towed a 3-km-long cable with 60 receiver groups at inter-

vals of 50 m, and 42 airguns were used as a source with a shot interval ranging 

between 60 m and 75 m. The recording length varied between 22 s and 25 s, 

and the sampling rate was 4 ms along all profiles. In total, 2,268 km of marine 

seismic near-vertical reflection data of high quality were acquired.  

The main goal of this study was to recover and reprocess part of this data 

set focusing on central Fennoscandia, especially the crustal-scale saucer 

shaped intrusions. These intrusions are up to 100 km in diameter and are em-

placed in both sedimentary rocks and crystalline basement down to 12 km 

depth; the emplacement process was not fully understood nor explained in the 

earlier studies. This study developed a possible explanation for the intrusion 

emplacement. 

7.1.2 Methods 

BABEL profiles 1, 6, 7, B and C, in the Bothnian Sea (Figure 7.1), were re-

processed and have a total length of 1330 km. The processing focus was on 

the uppermost 10 km of the crust. The original processing focused mainly on 

the lower and middle crust down to 60 km depth. 

First, the geometry was setup for the recovered SEG-Y files. Luckily, the 

shot coordinates and information about the fixed hydrophone array and dis-

tance from the ship were still available. A CDP spacing of 25 m was used. 
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Figure 7.1. Reprocessed BABEL lines (red) with respect to major lithotectonic units, 
rapakivi intrusions (purple) and inferred or mapped c. 1.25 Ga dolerite intrusions of 
the Central Scandinavian Dolerite Group (CSDG) (pink). Terranes: SB: Bothnia-Skel-
lefteå Terrane, Lj: Ljusdal Terrane, Ba: Bergslagen Terrane and Sm: Småland Ter-
rane. 

Thereafter, the processing work followed a standard sequence. To enhance the 

reflections and reduce the noise, trace balancing, spherical divergence com-

pensation, band-pass filtering and Wiener deconvolution were applied. FK-

filtering was instrumental, since a previous study (Kläschen and Flüh, 1996) 

revealed that this method is sufficient for improving the image of the shallow 

structures. Before stacking the shot gathers, NMO corrections were applied. 

For this purpose, a careful velocity analysis was conducted. In the post-stack 

stage, another band-pass filter was applied, coherency filter (FX-deconvolu-

tion) and balancing helped to suppress artifacts and noise originating from pre-

stack processing and from the stacking step. To further attenuate the random 

noise, we applied the relatively new technique of curvelet denoising, which is 

based on the discrete curvelet transform and applied scale and angle dependent 
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weighting of curvelet coefficients (Górszczyk et al., 2014) Finally, we mi-

grated the stacked sections using finite-difference migration and converted the 

section from time to depth. 

7.1.3 Results and conclusions 

 

Figure 7.2. (a) Reprocessed lines in 3D view, (b) sea-floor reflection showing the drop 
of elevation, (c) saucer-shaped reflections and (d) uncovered basin. 

In general, the visibility of the reflections was improved on all seismic sec-

tions. We uncovered reflections indicating a basin in the southern part of line 

1 (B1, Figure 7.2d) and considerably enhanced the contrast at the Moho 

boundary. 

The primary focus was on three sets of saucer-shaped reflections (S1, S2 

and S3) on the northern part of line 1 (Figure 7.2c). Around a profile length of 

230 km, these reflections are interrupted by a steep and sharp seismically 

transparent zone located directly below a fault scarp with a sea floor drop of 

approximately 50 m (Figure 7.2b). It coincides with a sub-vertical dolerite 

intrusion. A lower-crust up-doming with a high reflectivity (L1) at 40 km 

depth and a clear sub-Moho reflection (SM1) at 60 km depth is observed di-

rectly below the saucer-shaped reflections. 

The high reflectivity and high impedance contrast of the saucer-shaped in-

trusions supports the interpretation by BABEL Working Group (1991) and 
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Korja et al. (2001) who stated that the saucer-shaped reflections originate from 

sill intrusions. 

Besides these seismic reflections, one also observes several inward dip-

ping, oval intrusions onshore (Figure 7.1) in the crystalline basement. Here, 

shallow intrusions are surrounded by larger and deeper intrusions of up to 80 

km in diameter. 

The origin of all these intrusions was never discussed in detail. Korja et al. 

(2001) proposed a general model for their emplacement, which was developed 

further in this work. 

To combine the on- and offshore observations, we suggested a ladder-

shaped emplacement scenario by a network of interconnected saucer-shaped 

intrusions of different sizes. The upwelling of the asthenosphere resulted in 

the intrusion of the saucer-shaped sills (1.27-1.25 Ga) and rapakivi magma-

tism (1.67-1.47 Ga), even though the events were 300 Ma apart. This is sup-

ported by previous studies (Korja and Heikkinen, 1995; 2005), which con-

nected the up-doming at the Moho with the rapakivi magmatism, though a 

magma reservoir during the CSDG magmatism is another possible explana-

tion for the up-doming feature observed in the reflection sections. In our sce-

nario, the dyke and sill systems were formed as CSDG magma intruded 

through existing zones of weaknesses in the lithosphere. These weak zones 

were created during the rapakivi magmatism. The transparent zone interrupt-

ing reflections S1-S3 at approximately 230 km distance along profile 1 sug-

gests a network of dykes. The horizontal sills started to evolve from the dykes, 

at the location where the pressure of the magma and the overburden was in 

equilibrium. They evolved in both sedimentary rocks and in the crystalline 

basement. Sills at shallower levels were fed by dykes arising from deeper sills. 

Those dykes either formed in inter-basinal faults or arose from crosscutting 

dykes at the tip of the sills when the stress regime changed. We assume that 

different magmatic impulses caused the development of new sills to propagate 

upwards. 

Figure 7.3 shows a sketch of our interpretation of the reflections seen on 

profile 1 (Figure 7.2d). The saucer-shaped sills are on different levels, have 

different sizes and are interconnected by dykes. The sketch illustrates that dif-

ferent groups of intrusions might originate from the same magma chamber 

further down, possibly at the base of the lower crust.  

Onshore saucer-shaped sills are mainly found in the crystalline basement 

because a major fault was active or reactivated during the emplacement of the 

intrusions and while the Mesoproterozoic sedimentary rocks were preserved 

offshore, they no longer exist onshore. 

This study provides a possible explanation for the emplacement of saucer-

shaped sills, which is relevant since such intrusions are significant resources 

of critical raw materials. Furthermore, this study demonstrated the value of 

both storing legacy data and their documentation, and of reprocessing them 
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with modern methods. New acquisition of the same data would require a large 

financial effort. 

 

Figure 7.3. 3D sketch of the lateral connected intrusions. 

7.2 Paper II: Long-lived Paleoproterozoic eclogitic 

lower crust 

7.2.1 Introduction 

The goal of this study was to better understand the tectonic framework in 

which the Svecokarelian orogeny was active through imaging the lower crust 

and upper mantle in the Bergslagen and Ljusdal area. 

For this purpose, the UPPLAND profile, a long wide-angle reflection/re-

fraction (WARR) profile, was acquired across the southwestern part of the 

Svecofennian orogen. Over 590 receivers with an average spacing of 950 m 

recorded seven explosive shots with a spacing of 40-80 km along the profile 

(Figure 7.4). The profile intersects four Paleoproterozoic terranes, which are 

divided by major shear and/or suture zones. These zones are the Sörmland 

Basin (B1), the Uppland Batholith (B2), the Ljusdal Batholith (C1) and the 

Bothnian Basin (C2) as shown in Figure 7.4.  

The crust mantle transition is marked by a distinct discontinuity in seismic 

velocity called Moho, which arises from the transition between different phys-

ical properties of the lower crust and upper mantle, primarily argued to be 

compositional differences from mafic to ultramafic rocks. While the lower 

crust contains at least 10-20 %, usually around 80 %, mafic materials with 

dominating Granulite-facies rocks (Hacker et al., 2015), the upper mantle is 
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composed of a minimum of 10-20 % ultramafic materials (O’Reilly and 

Griffin, 2013). 

 

Figure 7.4. Tectonic sketch map with UPPLAND profile. Black stars (SP1-SP7) - 
seismic source locations. Magenta lines – dip of Proterozoic subductions imaged seis-
mically. Major tectonic units: A – Småland Terrane, B1 - Sörmland Basin, B2 – Up-
pland Batholith, B3 – major deformation zone, C1 – Ljusdal Batholith, C2 – Bothnian 
Basin. Abbreviations: SEDZ – Störsjon-Edsbyn Deformation Zone, WGR – Western 
Gneiss Region, STZ – Sorgenfrei-Tornquist Zone. 

At temperatures above 600-800 °C and in the presence of fluids, the Granulite-

facies rocks in the lower crust will transform to eclogite resulting in their de-

lamination through time. Eclogitization and delamination is a common model 
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for lithosphere evolution and often assumed to ensure long-term stability of 

cratonic crust (Kay and Kay, 1991; Gao et al., 1998; Jagoutz and Behn, 2013; 

Johnson et al., 2013; Lee, 2014; Kelemen and Behn, 2016). What makes this 

study significant is our argument for non-delaminated eclogitic material in the 

lowermost crust, which contradicts the common model for eclogites and their 

delamination in cratonic settings. 

7.2.2 Results 

P- and S-wave traveltimes were picked in all the seven shots and identified 

the main seismic phases from the crust and uppermost mantle, which were 

used for modelling the P- and S-wave velocities down to 55 km depth using a 

ray tracing modelling approach. 

 

Figure 7.5. (a) P- and (b) S-wave velocity models and (c) Vp/Vs ratio along the UP-
PLAND seismic profile. 

Five layers can be identified in the depth range of interest: (1) sediments (Vp 

< 5.8 km/s), (2) upper and middle crust (5.8 < Vp < 6.8), (3) lower crust (6.8 

< Vp < 7.2 km/s), (4) lowermost crust (7.2 km/s < Vp < 7.6 km/s) and (5) upper 

mantle (Vp > 7.6). The main features of the resulting P-wave and S-wave ve-

locity models and their ratio (Figure 7.5) are: 
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• Thick cratonic crust; Moho depth in the South and North: 50-52 km; 

Moho depth in the middle: 45-47 km. 

• Thick (25-30 km) lower crust below the Ljusdal Batholith; thin (15-

18 km) lower crust below the Sörmland Basin and the Uppland Bath-

olith. 

• High velocity (7.2-7.4 km/s) in the lowermost crustal layer with high 

Vp/Vs ratio (1.76-1.83). 

• Thin (5-7 km) lowermost crustal layer below the Uppland Batholith, 

thicker (10-14 km) below the Ljusdal Batholith. 

• Change in the crustal Vp/Vs ratio at a major deformation zone (B3 in 

Figure 7.5). 

• High velocity of the Pn phase (8.5-8.6 km/s) below the Uppland Bath-

olith. 

Two terranes, which are separated by the Störsjon-Edsbyn Deformation Zone 

can be well distinguished: 

1. The Uppland Batholith with a low crustal Vp/Vs ratio (1.71), with 

a thin (5-7 km) lowermost crustal layer of high velocity (7.4 km/s) 

and the uppermost mantle with a very high velocity (8.5-8.6 km/s). 

2. The Ljusdal Batholith with a high crustal Vp/Vs ratio (1.78), with 

a thick lower crust (25-30 km) and thick lowermost crust (10-14 

km) of high velocity (7.25 km/s). The mantle is of typical velocity 

(8.0 km/s). 

Comparing Vp-depth profiles obtained from our model to calculated profiles 

for typical lower crustal lithologies (Wang et al., 2021) suggests that the Vp-

velocities in the lower crust correspond to granulites of mafic to intermediate 

compositions. The velocities of the uppermost mantle below the Ljusdal Bath-

olith correspond to STP (standard temperature and pressure) Pn-wave veloci-

ties of 8.0 km/s. Underneath Bergslagen, this corresponds to STP Pn-wave 

velocities of 8.4 km/s. 

In general, two unusual lithospheric features should be emphasized: 

1. The lowermost crustal layer with a continuous high velocity (>7.3 

km/s) over at least 350 km in lateral extent, which is very unusual for 

Precambrian cratons. In other cratons similar high-velocity zones are 

shorter (Janik et al., 2007; Korsman et al., 1999; Clowes et al., 2002; 

DOBREfraction Working Group, 2003; Thybo et al., 2003; Thybo 

and Artemieva, 2013). Magmatic underplating connected with litho-

spheric extension (DOBREfraction Working Group, 2003), hotspots 

(Thybo et al., 2003) or paleocollisions (Clowes et al., 2002; Korsman 



 

 46 

et al., 1999), is a common explanation for the origin of such high-

velocity layers in the lower crust. 

2. The very high upper mantle velocities (8.5-8.6 km/s) below the Up-

pland Batholith. Similar high velocities have been reported from only 

a few other sites, for example in the Trans-Hudson orogen of the Ca-

nadian Shield (Németh et al., 2005) or below the Markha kimberlite 

province of the Siberian craton (Suvorov et al., 2006). A possible ex-

planation for such very high velocities might be mantle anisotropy. 

However, without a crossing profile the anisotropy of the mantle can-

not be analysed. 

Nonetheless, three features make the Uppland Batholith unique: 

1. The high velocity in the lowermost crust. 

2. The 6-8 km thinner lowermost crust compared to neighbouring ter-

ranes. 

3. The very high Vp-velocities in the uppermost mantle beneath. We in-

terpret this structure by eclogitization of the original lower crust. 

Previous studies (Fountain et al., 1994; Ji et al., 2002; Kobussen et al., 2006; 

Abalos et al., 2011; Bascou et al., 2011; Worthington et al., 2013; Shulgin et 

al., 2020) have measured and calculated Vp and Vs velocities as well as den-

sity of eclogites and peridotites, revealing that the Vp and Vs velocities of 

both rocks are in the same range. Eclogites may have slightly higher Vs and 

lower Vp/Vs ratio than peridotites. Their densities differ significantly. This 

means that one cannot clearly distinguish mantle peridotite and eclogite by 

their seismic velocities, but by their densities. 

Therefore, additional gravity modelling was conducted along the profile. 

We converted the Vp velocities to densities (Herceg et al., 2016) and modelled 

the gravity response including a high-density body (3.40 g/cm3) below the 

Uppland Batholith (Figure 7.6), which represents the eclogite. For comparison 

we extracted the observed gravity data along the profile from the EGM2008 

gravity map (Pavlis et al., 2012). The modelling results are in good agreement 

with the observed gravity data, when the high-density body has a thickness of 

6-8 km. This implies a possible depth of the base of the high-density body of 

55 km. The fact that the lower boundary of the high-density body coincide 

with the Moho depth of its adjacent parts of the profile indicates that the eclo-

gite is part of the crust, rather than the mantle. 



 

 47 

 

Figure 7.6. (a) Gravity response of the model versus the observed (upward continued) 
gravity data along the profile and (b) the derived density model.  

7.2.3 Discussion 

The thin lower crust, the thin lowermost crust and the very high Vp-velocity, 

low Vp/Vs ratio and high density in the uppermost mantle below the Uppland 

Batholith led to suggest that the lowermost section of the lower crust is meta-

morphosed to eclogitic material. The eclogitic material is similar in seismic 

velocity to that of peridotite in the upper mantle, Therefore, the seismic Moho 

discontinuity is located above the metamorphosed zone hence the lowermost 

crust appears thinner in the velocity model, whereas the gravity model locates 

the compositional Moho below the eclogite body. 

Plotting the ratio of different crustal layer thicknesses along the profile onto 

a ternary diagram (Figure 7.7) (Artemieva and Shulgin, 2019), reveals the ge-

odynamic origin of the crust. We can clearly distinguish three different clus-

ters: 

1. An extensional crust typical of rifts below the Sörmland Basin. 

Here we observe low seismic velocities up to 8 km depth associated 

with meta-volcanic-sedimentary rocks, which might have been 

formed by lithosphere extension in a forearc setting. Mafic under-

plating, caused by the extension, produced a thick crust with a 10 

km thick high-velocity lower crustal layer  

2. Shield/platform crust below the Uppland Batholith. If the original 

continental arc crust and the present-day thickness of the upper-to-

middle crust did not change since the Paleoproterozoic, 9-13 km of 

mafic crustal material are missing. The assumed total depth of the 

whole crust would be at the same depth as the lower boundary of 

the eclogitic body in the gravity model (54-58 km depth), which 

indicates that the petrological Moho is deeper than the seismic 
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Moho. The subduction of oceanic lithosphere may have supplied 

enough water for the formation of eclogite. Based on the high ve-

locity and the high density in the uppermost mantle we estimated 

an eclogitization of the lower crust of 50-70 %. 

3. Volcanic arc crust below the Ljusdal Batholith. The thick lower 

crustal layer is preserved under a middle crust, which is thinner 

than in the adjacent terranes. Their velocities and densities indicate 

magmatic underplating and mafic rocks in the crust. Since we 

could not detect an eclogitization beneath the lower crust, we think 

that either no oceanic plate was involved in the Paleoproterozoic 

subduction, or the fluid and temperature regime were not suitable 

for eclogitization. 

The data set, which is very unique, presents one of the first well-documented 

geophysical evidence that a large eclogitic volume can exist at the cratonic 

crust-mantle transition and remain stable for about 2 billion years. In other 

places like the Siberian craton, the assumed existence of such an eclogite body 

is still a matter of debate (Kobussen et al., 2006). In Finland, similar high-

velocity zones associated with eclogite were suggested but just locally on a 

length scale of 50-100 km (Janik et al., 2009). This study offers new insights 

into Precambrian geodynamics, improved our understanding of the transition 

zone between crust and mantle and revealed how long Precambrian cratons 

can remain stable. 
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Figure 7.7. Ternary plot of the proportions of the sediments, upper and middle crust 
and lower and lowermost crust of the whole crust. The coloured circles represent the 
crustal structure based on our velocity model (Figure 7.5) sampled along the profile 
(orange – Sörmland Basin, green – Uppland Batholith, magenta – Ljusdal Batholith; 
profile distance in km is marked in the zoomed insert). 

7.3 Paper III: Velocity structure of the Fennoscandian 

Shield through ray tracing modelling of 

FENNOLORA and UPPLAND seismic profiles 

7.3.1 Introduction 

The FENNOLORA onshore seismic project in 1979 resulted in an over 2100 

km long WARR data set crossing the whole Fennoscandian Shield in south-

north direction. The main aim was to obtain velocity structures of the crust 

and mantle down to 400 km depth. Several studies based on ray tracing mod-

elling (Guggisberg, 1986; Stangl, 1990) and first-break traveltime tomogra-

phy of this data set (Abramovitz et al., 2002) are available. The seminal study 

of the seismic 8-degree discontinuity (Thybo and Perchuć, 1997) is also based 

on the FENNOLORA data (Perchuć and Thybo, 1996). These studies focused 

on the subcrustal structures and revealed a heterogenous upper mantle. 

The newly acquired high-resolution UPPLAND WARR profile (Paper II), 

located in the southwestern part of the Svecofennian orogen and partly collo-

cated with the FENNOLORA profile, led to derived models of P- and S-wave 
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velocities and their ratio. A 350 km long high-velocity (7.2-7.4 km/s) in the 

lowermost crust was detected, which was claimed to be unique for Precam-

brian cratons. A high-velocity lowermost crust is important for explaining the 

morphology and structure of the Moho. 

In this study, the recovered FENNOLORA (reduced to 8 km/s was made 

available) and UPPLAND data sets were merged, and a forward ray tracing 

modelling of the P-wave arrivals was performed with the aim to look for a 

high-velocity lowermost crust of a larger extent and at other places in the Fen-

noscandian Shield. 

7.3.2 Result 

Approximately 4270 picked P-wave traveltimes of different refraction or re-

flection phases were identified from all the sixteen shot records. A four-layer 

crust and three-layer mantle was modelled using RAYINVR (Zelt and Smith, 

1992) for forward ray tracing modelling. 

The resulting P-wave velocity model (Figure 7.8) displays several features: 

1. A varying crustal thickness, ranging between 35-54 km. 

2. A high-velocity (7.2-7.5 km/s) lowermost crust of varying thickness 

(2-18 km thick). 

3. A heterogenous uppermost mantle of varying depth (40-70 km) with 

zones of high velocity (8.3-8.5 km/s) below the Uppland Batholith the 

Bothnian Basin and the Caledonides. 

4. A low-velocity layer (8.1-8.2 km/s) of 10-15 km thickness between 

65-90 km depth, along the entire profile in the upper mantle. 

 

Figure 7.8. The refined P-wave velocity model along the FENNOLORA and UP-
PLAND profiles. 
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7.3.3 Interpretation and Discussion 

One of the main features in the refined FENNOLORA velocity model is a 

lowermost crustal layer of high velocities. Previous studies (Guggisberg, 

1986; Stangl, 1990) did not clearly exhibit such a feature. There are different 

interpretations for such a structure in the Fennoscandian Shield. It could either 

originate from late Svecofennian subduction (Andersson, 1991) or it is the 

original lower crust combined with delaminated mafic rocks from the collision 

of the Archean craton and Svecofennian island arcs (Houseman et al., 1981).  

Another observation about this high-velocity layer is its thickening towards 

the north, where the Archean basement of the Norrbotten province is located. 

A high-velocity lowermost crustal layer is usually observed in the Paleopro-

terozoic crust, but not in the Archean crust (Durrheim and Mooney, 1991). 

This indicates that the Norrbotten crust was reworked during the Paleoprote-

rozoic and is not an Archean crust. The velocity model of this study generally 

agrees with those of previous studies. The Moho is detected in similar depths 

and the upper mantle has a heterogenous character. In contrast to the previous 

models, the new model only reveals one low-velocity layer in the mantle, but 

several high velocities regions in the uppermost mantle. 

Additional S-wave modelling can help constrain interpretation of the re-

fined P-wave velocity model. Unfortunately, the recovered FENNOLORA 

data are limited to the P-wave phase, because of the 8 km/s reduced times, 

thus we currently have no S-wave data available for this purpose. 

Nonetheless, this study demonstrates that a large volume of the lowermost 

crustal high-velocity layer may exist. This interpretation is only based on the 

low-resolution FENNOLORA data set and should be treated with caution. 

Additionally, the P-wave part of the FENNOLORA data set has success-

fully been recovered and will be open to the scientific community for further 

studies. 
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8 Conclusions 

The lithosphere of the Fennoscandian Shield in Sweden was studied by ob-

taining a P-wave velocity model from the recovered legacy onshore seismic 

FENNOLORA WARR profile and by improved images of the subsurface 

structure obtained by reprocessing of the historical BABEL NVI offshore re-

flection data sets. Additionally, a new onshore WARR profile, UPPLAND, 

was acquired across the Bergslagen and Ljusdal terranes. Models of P- and S-

wave velocities as well as their ratio were determined from the new data set. 

To support the velocity interpretations, gravity modelling was conducted, and 

the velocities were compared to laboratory measurements of previous studies. 

All three articles deal with crustal and upper mantle structures of the Fen-

noscandian Shield but each focus on different features in the lithosphere. 

Paper I studies reflections from saucer-shaped sills in the upper crust, 

which are observed on the northern part of the offshore BABEL line 1 at dif-

ferent depths. Additionally, a transparent zone interrupting the reflections was 

interpreted to be part of a feeding dyke system for the sills. Their emplacement 

is explained to have occurred in an interconnected nested way, where an up-

domed melt-region in the lower crust fed deeper intrusions, which in turn also 

fed shallower ones. The study concludes that the observed offshore sills are 

related to saucer-shaped intrusions as also observed onshore. The reprocessing 

of these legacy data thereby provided new insights into the regional geological 

structures by providing a clearer image of the subsurface with a more distinct 

Moho boundary and newly detected features in the uppermost crust.  

Paper II examines lower crustal and uppermost mantle velocity structures, 

especially on the nature of the seismological Moho and the crust-mantle 

boundary below the central Fennoscandia Shield, based on the newly acquired 

UPPLAND data set. The resulting velocity model based on ray tracing for-

ward modelling reveals high velocities in the lowermost crust (7.3-7.4 km/s) 

over a range of 350 km and extremely high velocities (~8.5 km/s) in the up-

permost mantle below the Uppland Batholith. Such a seismic structure of a 

very high-velocity lowermost crust above a high-velocity upper mantle has 

never been observed before in cratonic settings. It is explained by eclogitiza-

tion (50-70%) of the very high velocity zone in the lowermost crust. The as-

sumption of a high density, derived from the high velocity, suggests that ec-

logitized materials are still present and that the crust did not delaminate as is 

usually assumed from an eclogitized body. Therefore, these findings challenge 
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conventional models for the role of lower crustal eclogitization and delamina-

tion in lithosphere evolution. 

The last paper of this PhD thesis, Paper III, presents a P-wave velocity 

model obtained by forward ray tracing modelling of the recovered FENNOL-

ORA and recent UPPLAND data sets. The central crustal part of the velocity 

model corresponds to the model obtained in Paper II. In addition, the Moho 

depth along the whole profile is in good agreement with those obtained by 

previous studies of the FENNOLORA data set. Furthermore, it suggests a 

high-velocity lowermost crust in the Fennoscandian lithosphere. However, 

this cannot be clearly clarified because of the poorer resolution of the FEN-

NOLORA data. 

All the three studies demonstrate that the reprocessing and reinterpretation 

of legacy seismic data are important and these data should be saved in a reus-

able manner for revisiting, new modelling works and studying geological and 

geophysical ideas. Good examples for open seismic data storage are for ex-

ample OpenFire (Aalto et al., 2016) or SeisDARE (DeFelipe et al., 2021). 

 Additionally, combining new data sets with historical ones can lead to fur-

ther improved interpretations, justifying why also new and higher resolution 

data are still important and should be acquired.  
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9 Summary in Swedish 

Fennoskandiska urbergsskölden är en kraton i Skandinavien som består av 

prekambriska bergarter. Skölden är indelad i Blekinge-Bornholm orogenesen 

(1,5–1,4 miljarder år gammal) i södra Sverige, svekonorvegiska orogenesen 

(1,1–0,9 miljarder år gammal) i sydvästra Sverige och svekokarelska oroge-

nesen (2.0–1.8 miljarder år) i östra Sverige och Finland. Den senare är den 

största delen av urbergsskölden och har blivit studerad med flera olika seismo-

logiska metoder. 

Seismik är en metod där man använder sig av vågorna som kommer från 

kontrollerade källor, som sprängningar eller en tung vibrator. Vågorna utbre-

der sig genom jorden och blir mottagna av geofoner som registrerar markvib-

rationer. 

Vanligtvis, undersöker man volymvågor som utbreder sig genom det inre 

av jorden. Det finns två typer av volymvågor: P-vågor och S-vågor. Vågor 

som svänger i utbredningsriktningen kallas för P-vågor och vågor som svänger 

vinkelrätt mot utbredningsriktningen kallas för S-vågor. Vågorna blir reflek-

terade eller brutna (refrakterade) när de träffar på en gränsyta mellan två me-

dier med olika densiteter och/eller seismiska hastigheter. Snells lag, även känd 

som brytningslagen, beskriver förhållandet mellan hastighet och vinklar på 

vägutbredningen. 

Denna avhandling använder seismiska metoder som kallas vidvinklig re-

flektions- och refraktionsseismik och nära-vertikal reflektionsseismik. Första 

metoden använder långa profiler med ett maximalt avstånd av mer än 20 mil 

mellan källa och mottagare för att undersöka hastighetsfördelning i jorden ner 

till mer än 10 mils djup. Den andra metoden använder istället kortare maxi-

mala avstånd mellan källa och mottagare och avbildar strukturen av jordskor-

pans och även översta jordmantels strukturer. 

Olika seismiska projekt har genomförts på Fennoskandiska urbergsskölden 

för att undersöka jordskorpan. År 1979 utförde man det så kallade FENNO-

LORA-projektet (Fennoscandian Long Range Project), som är en 210 mil lång 

vidvinklig reflektionsseimisk profil över hela Sverige, norra Finland och norra 

Norge (från Karlskrona till Nordkap). Projektet undersökte hastighetsstruk-

turen i jordskorpan och övre manteln under den Fennoskandiska urbergssköl-

den. 

En annan seismisk mätning var det så kallad BABEL-projektet (Baltic and 

Bothnian Echoes from the Lithosphere) som genomfördes 1989. Detta projekt 
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mätte mer än 220 mil marina reflektionsseismiska profiler i Östersjön, fram-

förallt i Bottniska viken. Detta kompletterades med vidvinkliga reflektions-

seismiska data. Dessa mätningar gav avbildningar av strukturerna i hela jord-

skorpan och översta jordmanteln. 

Resultaten av detta projekt har hjälpt till att förbättra förståelsen för paleo-

proterozoiska plattektoniska processer och även lett fram till olika tektoniska 

modeller för svekokareliska bergsformationen.  

För att bidra till diskussionerna och fortsätta att belysa den Fennoskandiska 

sköldens tektoniska historia så genomfördes en ny högupplöst vidvinklig re-

flektionsseismik profil 2017. Profilen kallas UPPLAND och genom korsar 

Södermanland, Uppland, Gästrikland och Hälsingland. 

Utvecklingen när det gäller datorkraft under de senaste 25 år gör att nya 

analyser av äldre seismiska data kan ge förbättrade avbildningar och hastig-

hetsmodeller än när datan mättes. Därför har historiska seismiska data från 

BABEL- och FENNOLORA-projekten räddats och återanalyserats inom detta 

projekt. 

I Artikel I presenteras resultatet av omprocesseringen av BABEL-data. 

Seismiska avbildningar visar tefatsformade bergartsgångar med en diameter 

på cirka 10 mil. Man har även hittat liknande intrusioner vid norrlandskusten 

nära Ulvön. Intrusionerna tolkades som sammankopplad. De var samman-

kopplade med en utåtbuktande undre skorpa fylld med magma. Magman in-

truderade uppåt och formade tefatliknande intrusioner, varifrån grundare in-

trusioner matats med magma. 

I Artikel II utvärderas den nya seismiska profilen UPPLAND med ”for-

ward”-modellering av de seismiska vågornas gångväg i jordskorpan. Med da-

tan upptäcktes en enastående hastighetsstruktur under Upplandbatoliten. Här 

hittade man höga hastigheter i nedersta jordskorpan (~7,3 km/s) och överste 

manteln (~8,5 km/s). En hastighetsstruktur med en så stor utbredning av höga 

hastigheter i nedersta skorpa över 35 mil har inte hittats någon annanstans ti-

digare. Strukturen i överste manteln tolkas som berg som delvis omvandlats 

till eklogit, vilket innebär att den petrologiska gränsen mellan skorpa och man-

tel inte är densamma som den seismologiska gränsen (Moho). 

I Artikel III presenteras nya rön av nedersta jordskorpan och överste man-

teln från omprocessering av historiska FENNOLORA-data tillsammans med 

utvärderingen av den nya UPPLAND-datan. Studien använder ”forward”- 

modellering av det seismiska vågornas gångväg för att avbilda hastighets-

strukturen i den Fennoskandiska urbergsskölden. Resultatet visar att hastig-

heten är samma; UPPLAND-och FENNOLORA-profilerna har nästan samma 

seismiska hastighet. Modellen visar också ett område i nedersta skorpan som 

har höga hastigheter (~7,3 km/s) över hela profilens längd och även flera om-

råden i den översta manteln som har höga hastigheter (8,2–8,5 km/s). 

Sammantaget visar de tre studier i denna avhandling att det finns stor pot-

ential i omprocessering av äldre seismiska data, men också i att mäta nya 

seismiska profiler med hög upplösning för att undersöka jordskorpan och den 



 

 56 

övre manteln. Att historisk BABEL- och FENNOLORA-data har räddats och 

nu även återanvänds som helt digitaliserad data har gjort det möjligt att förnya 

och förfina geofysiska och geologiska modeller som kunnat testas och även 

gett viktig ny kunskap om den tektoniska strukturen av kratoner. 
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