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ABSTRACT
Brittle structures describe the upper crustal deformation, and local cracks and faults
observed in the bedrock represent parts of the fracture system and regional tectonic
evolution. The formation of fracture systems occurs due to stress applied to the bedrock,
leading to different directions and movements of fractures. Furthermore, the stress
tensors correlate with the bedrock lineaments and fractures and form fracture systems of
different formation generations and orientations. Structural geological mapping with a
paleostress interpretation hence analyses the kinematic and age relationships of the
brittle fracture system and faults and their association to past or current tectonic
processes.
This study aims to provide a structural geological framework of the Boxö-Vårdö zone,
located in northeastern Åland. The Boxö-Vårdö zone is interpreted as a continuation of
the northwest-trending South Finland Shear Zone. The Boxö-Vårdö zone has therefore
been interpreted as a lineament, forming a northern extension to the shear zone.
Patterns between lineament features, regional fractures and fault data have been studied
between four domains, and the chronological narrative of the fracture system between
the domains was analysed. In addition, the relationship between the structural data from
the study area and the SFSZ was examined.
Faults, as well as fracture systems, are often formed as linear shapes in the bedrock.
Lineaments were digitised from Light Detection And Ranging, bathymetry and satellite
maps and regional fractures were digitised from drone images. Field measurements were
conducted to support the digitisation and interpretation of lineaments, regional fractures
and faults. Observations of similarities between structure directions and kinematics in
the domains are based on rose diagrams and stereonet projections. In addition, a

paleostress analysis of the faults was conducted, and the possible fracture and fault
system generations and the connection to the regional tectonic evolution were estimated.
The structural analysis shows that lineaments associated with faults have similar
orientations, and faults have infuenced the orientation of the fracture systems. The
paleostress feld analysis shows that two principal stress tensors have infuenced the
formation of fractures and faults. Existing patterns of the Boxö-Vårdö features suggest a
structural inheritance of the underlying structures and possible reactivation are related
to the SFSZ and the large-scale tectonic evolution. The paleostress analysis indicates
that the chronological succession of the fracture systems in the Boxö-Vårdö area is
separated into at least two main stages. The frst stage represents a generation of mainly
dextral strike-slip faults, and the latest deformation stage consists of a younger
generation of mainly sinistral faults associated with a sub-horizontal compression ca.
1.14 Ga.
Keywords: lineaments, faults, fractures, fracture networks, paleostress feld, brittle
structures, structural geology, southwestern Finland.
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ABSTRAKT
Spröda strukturer beskriver övre jordskorpans utveckling och deformation. De regionala
sprickorna och förkastningarna som kan observeras på berggrundsytan ar en del av
denna spröda utveckling, som har uppstått i och med den regionala tektoniska
utvecklingen. Spricksystem uppstår på grund av stress på berggrunden, vilket leder till
olika riktningar och rörelser i sprickorna. Detta betyder att spricksystem och
förkastningar ar aven kompatibla med olika stressfalt. En strukturgeologisk kartering
bidrar således med en analys av det spröda spricksystemet och förkastningars rörelseoch åldersrelationer, samt deras förhållande till de föregående eller nutida tektoniska
processerna.
Syftet med denna studie ar att skapa ett strukturgeologiskt ramverk över Boxö-Vårdözonen i nordöstra Åland. Boxö-Vårdö-zonen har tolkats som en fortsattning på den
nordvastliga Södra Finlands Skjuvzon och har darmed tolkats som ett lineament, som
bildar en nordlig fortsattning på skjuvzonen. Mönster mellan lineament, regionala
sprickor och förkastningsdata har undersökts mellan fyra olika doman, samt har den
kronologiska historian av spricksystemet analyserats.
Lineamenten ar digitaliserade från Light Detection And Ranging-, batymetri- eller
satellitkartor och bakgrundssprickor ar digitaliserade från drönarbilder. Faltmatningar
och kartering har utförts som en del av studien för att understöda digitaliseringen och
analyseringen av bakgrundssprickor och förkastningar. Observationer av likheter i
strukturernas riktningar och kinematik mellan domanen ar gjord på basis av
strukturdiagram. En paleostressanalys genomfördes för att utreda fördelningen av
förkastningarnas utveckling och möjliga åldersförhållanden mellan olika förkastningsoch sprickriktningar, samt den regionala tektoniska utvecklingen.

Resultaten från strukturella analysen visar att lineament ar förknippade med
förkastningar och har liknande riktningar och att förkastningar har inverkat på
riktningen hos bakgrundsspricksystemet. Paleostressfaltanalysen visar att två
stresstensorer ar associerade till bildningen av sprickor i tre huvudsakliga riktningar.
Boxö-Vårdö-lineamentens deformations historia och de strukturella mönstren hanvisar
möjligen till att området utvecklades som en följd av den senaste reaktiveringen av
SFSZ. Den kronologiska följden på spricksystemen i Boxö-Vårdö-området ar delat i
åtminstone två huvudstadier. Det första stadiet representerar en generation av framst
dextrala förkastningar, medan den senaste utvecklingen syftar på en yngre generation av
sinistrala förkastningar associerade med en subhorisontell kompression för ca 1.14
miljarder år sedan.
Sökord: lineament, förkastningar, sprickor, spricknatverk, paleostressfalt, spröda
strukturer, struktur geologi, sydvastra Finland.
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1 INTRODUCTION
Brittle structures describe the upper crustal deformation, and local cracks and faults
observed in the bedrock surface represent parts of the fracture system and regional
tectonic evolution. The formation of fracture systems occurs due to stress applied to the
bedrock, leading to different directions and movements of fractures (Keller & Pinter,
2001). Furthermore, the stress tensors correlate with the bedrock lineaments and
fractures and form fracture systems of different formation generations and orientations.
Structural geological mapping with a paleostress interpretation thus analyses the
movement and age-relations of the brittle fracture system and faults and the relationship
to past or current tectonic processes (Handy et al., 2007; Markou & Papanastasiou,
2018).
Structural interpretations are essential for understanding the development of upper
crustal behaviour and locating weaknesses in the bedrock (Middleton et al., 2015). Local
structures illustrate parts of a more extensive tectonic framework and by studying the
small-scale features, such as fracture networks and faults, the crustal development and
processes can be determined and modelled (Keller & Pinter, 2002). Processes and
features that can be determined include the chronological evolution and the
accommodation to stress in the bedrock (Handy et al., 2007).
Faults are defned as structural discontinuities, meaning faults form interruptions in the
bedrock, hence redistributing the stress of the crust. A fault forms to accommodate the
increasing strain and plate motion in the upper lithosphere; therefore, the study of faults
provides an insight into the brittle fracturing mechanics observed on the surface
(Schultz, 2019; Handy et al., 2007). The fault plane results from frictional sliding
between surfaces, expressing either a right-lateral or left-lateral horizontal displacement
(Schultz, 2019). The localised displacement leads to segmentation, resulting in the
formation of regional and tension fractures as the rupture strength of the rock is
exceeded (Fossen, 2010). Faults, as well as fracture systems, are often formed as
continuous linear shapes in the bedrock, which can be interpreted as lineaments
(Middleton et al., 2015).
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This study aims to defne the structural framework of the Boxö-Vårdö brittle
deformational zone. This framework encompasses the understanding of the correlation
and patterns between lineaments, regional fracture systems and faults, and the
chronological evolution of the deformation. Therefore, the analysis will also refect the
large-scale tectonic evolution and connection to the brittle behaviour of the Boxö-Vårdö
lineament. The main question is if a coherent structural system in the Boxö-Vårdö zone
exists and if it does, does any pattern provide an answer to the paleostress feld
development and the structural framework of the area.
The Boxö-Vårdö zone is located in the northeastern Åland archipelago, southwestern
Finland (Figure 1). The study area represents both a local and regional brittle
deformational development. The brittle regime consists of a network of regional
fracturing and mainly strike-slip faults visible on the barren skerries and shores. In
addition, a still unrecognised feature is interpreted to form a lineament through the
space between islands in an NW-SE orientation. This lineament is defned by the
geomorphological features of the Boxö-Vårdö zone and portrays a possibly signifcant
structural feature in the area.
The Boxö-Vårdö zone has been suggested to form a northern continuation or extension
of the E-W to NW-SE oriented South Finland Shear Zone (Vaisanen & Skytta, 2007) in
this study. The patterns between lineament features, regional fractures and fault data
have been analysed and compared between four domains, and the chronological
narrative of the fracture system between the domains has been analysed. In addition,
the relationship between the structural data from the study area and the SFSZ has been
examined. SFSZ is defned as a ductile to ductile-brittle crustal discontinuity formed ca
360 Ma before the Boxö-Vårdö regime. The effect of the SFSZ is considered to have
involved a wide-scale adjustment of the regional stress of southwestern Finland after the
Svecofennian orogeny (Torvela, 2007). This study does not, however, aim to confrm
that the Boxö-Vårdö zone is a continuous segment of the SFSZ.
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The study data comprises infnity lineament and regional fracture interpretations and
fault measurements. As a background for this study is a period of feldwork, collecting
data on regional fractures and faults in 10 locations. Field measurements were
conducted to support the digitisation and interpretation of lineaments, regional
fractures and faults. Lineaments were digitised from Light Detection And Ranging
(LiDAR), bathymetry and satellite maps and regional fractures were digitised from
drone images. The interpretations and digitisation of feld measurements were
conducted by comparing LiDAR images, drone images, bathymetric data and satellite
images using a Geographic Information System mapping software. The fault data and
3

regional fracture measurements and locations were achieved from feldwork. For
regional fractures and lineaments analysis, rose diagrams were produced on GIS.
Stereographic projections were generated to analyse fault data, and rose diagrams
describe the distribution of fractures and lineaments. Stereographic projections
distinguish dextral and sinistral fault data and the orientation of these faults. A
paleostress analysis of the faults was conducted, and the possible fracture and fault
generations and the connection to the regional tectonic evolution were estimated.
Paleostress feld projections provide information about the distribution of the stress
tensors based on faults and related tension fractures.
The framework of fracture analysis has been determined by dividing the study area into
four domains. Rose diagrams generated from each domain infnity lineament and
regional fracture trace show a high variation between regional fracturing and
lineaments orientations; nonetheless, three main orientations can be distinguished, and
additional minor orientations exist. Based on feld fault dip and dip direction
measurements, stereographic projections are produced for each domain separately. In
the comparison between the resulting diagrams and the lineaments, patterns between
dextral and sinistral faults, lineament and regional fractures were discovered. The
paleostress feld generation resulted in two stress tensors, which are used for analysing
the structural development of the Boxö-Vårdö zone and which fracture and fault data
sets provide information about the chronological and tectonic connection to the region.
A chronological order between fault and fracture directions and kinematics is suggested
in the discussion.
The structural analysis showed that lineaments associated with faults have similar
orientations, and faults have infuenced the orientation of the fracture systems. The
paleostress feld analysis showed that two principal stress tensors have infuenced the
formation of fractures and faults. Existing reactivation related structures and patterns of
the Boxö-Vårdö zone suggested the fracture system has formed due to a structural
inheritance of underlying structures. The reactivation therefore is possibly related to the
deformation of the SFSZ and the large-scale tectonic evolution of southwestern Finland
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(Mattila & Viola, 2014). The paleostress analysis indicated that the chronological
succession of the fracture systems in the Boxö-Vårdö zone is separated into at least two
main stages. The frst stage represented a generation of mainly dextral strike-slip faults,
and the latest deformation stage consisted of a younger generation of mainly sinistral
faults associated with a sub-horizontal compression ca. 1.14 Ga.
The study area has sparked interest due to its relevance in understanding the brittle
deformation history and rapakivi deformation of the Åland Islands. The large-scale
lineament, namely the Boxö-Vårdö lineament, shares a similar orientation with the
regional shear zone and has a possible relation to its tectonic history. The isotropy of the
crystalline rapakivi allows for a unique environment for studying rock mechanics and
related stress states (Skytta et al., 2021; Schultz, 2019). Structural mapping provides
information about the relations between lineament interpretations and feld data, which
improves our understanding of the association between faults and regional fracture
forming (Fossen, 2010) and the possible relation to the reactivation of large shear zones.
The study is carried out as a part of the KARIKKO-project, coordinated by the
Geological Survey of Finland, GTK. GTK and the Finnish research programme on
nuclear waste management KYT are co-funders of the project. One of the objectives of
the project is to study the brittle structures and structure data in various areas of
southern Finland and to compare the data to the Olkiluoto site in southwestern Finland.
The project has previously conducted a study on the scalability of lineament and
fracture data and the development of extraction of lineament and fracture data
(Ovaskainen, 2020).
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2 GEOLOGICAL BACKGROUND
2.1 Geology of southwestern Finland and the Åland Islands
The bedrock of southwestern Finland constitutes a part of the Svecofennian province
and consists of juvenile Palaeoproterozoic crust (Nironen, 2017). These include mainly
gneisses, metasediments, schists, migmatised granites, rapakivi granites, island arc type
volcanic rocks and other supracrustal rocks. The Svecofennian bedrock spans from the
Uusimaa Belt to the southern border of Pohjois-Pohjanmaa supracrustal belt (Vaasjoki
et al., 2005) and borders the Savo Belt in the east (Nironen, 2017). Most of the
Svecofennian bedrock formed during the Svecofennian orogeny between ca 1.93 and
1.80 Ga (Eilu, 2012; Vaasjoki et al., 2005). The rapakivi granite suites are younger and
formed batholiths between 1.65 and 1.54 Ga in the Åland archipelago, Lovisa-Viborg
and Oulu regions (Vaasjoki et al., 2005; Korja et al., 2001).
The Svecofennian orogeny was initiated due to the collision of microcontinents ca 1.89
Ga, which in turn caused the Tampere Belt to subduct. Afterwards, the Svecofennian
province amalgamated due to the collision and combination of continental blocks. The
latter stage of the Svecofennian orogeny began around 1.84 Ga, as the crust extended in
southern Finland and initiated high-temperature metamorphism (Nironen, 2017; Mouri
et al., 2005). The extension of the crust leads to the pushing of the crust towards the
southwest, which has been explained by volcanic arc accretion during high degree
metamorphism (Williams et al., 2008). According to Korja et al. (1993), accretion of
island arcs occurred due to collisions over subduction zones, which resulted in the
thickening of the crust. In the middle phase of the orogeny during high deformation, the
formation of shear zones began in southern Finland around 1.82 Ga. The shear zones
and faults cross-cut the basement rock (Rutland et al., 2001) and earlier deformed E-W
oriented structures (Williams et al., 2008). Rifting of the Baltic continent between 1.76
and 1.65 Ga is regarded as a leading cause of the magmatism resulting in the formation
of rapakivi granites and gabbros in Finland (Nironen, 2017).
During the frst half of the orogeny, ca 1.86 Ga, the Southern Finland Arc Complex
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underwent an extensional period. The Southern Finland Arc Complex (Vaisanen &
Skytta, 2007; Vaisanen et al., 2002) consists of the Uusimaa Belt and Hame Belt
(Vaisanen & Skytta, 2007). Following the extension, a new collision between the
Svecofennian and Baltic continents occurred, leading to the shortening of the crust,
which furthermore led the crustal melts to form granite and migmatite magmatism
(Mouri et al., 2005; Huhma, 1986). Following the crustal shortening highmetamorphism overprinted previous deformations (Vaisanen & Höltta, 1999), resulting
in strain relocalising in shear zones. The further deformation of the granites and
migmatites was caused by the localisation of strain (Vaisanen & Skytta, 2007; Nironen,
1999).
The rapakivi suite of Åland borders the older continental intrusive rocks of the southern
Finland subprovince (Luukas et al., 2017). The rapakivi magmatism of the Åland
Islands is considered to have occurred between 1.59 and 1.54 Ga during a crustal
extensional setting of the southern Fennoscandian shield (Nironen, 2017; Korja et al.,
2001). Anatexis of the lower crust initiated mafc magmatism (Eklund & Shebanov,
2005), which heated the lower crust. The voluminous amount of melting is considered
to trigger the formation of rapakivi granites (Ramö & Haapala, 2005), which became
emplaced in shallow conditions (Torvela, 2007). Ramö & Haapala (2005) suggest the
formation setting of rapakivi granites could be associated with subduction zones, which
triggered the southwestern magmatic activity. During the intrusion of the rapakivi
granites, the Svecofennian province was deformed, and the crust melted. The melting of
the crust has been discussed to relate to rift development in the Baltic Sea. The rift
forming has been associated with graben structures oriented NW-SE along the western
coast of Finland (Mattila & Viola, 2014).
Rapakivi magmatism is commonly bimodal, and felsic or mafc rocks are associated
with the formation. Coeval dikes occur in the proximity of rapakivi areas as well.
Intermediate associations are rarer (Ramö & Haapala, 2005). The rapakivi complex of
Åland is slightly younger than the batholiths of Viborg or southeastern Finland, and the
rapakivi rocks have an A-type anorogenic sub-alkaline granite composition (Ramö et
al., 2000). Bordering the rapakivi granites in the southeast are older granitoid rocks and
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schists dated to 1.89-1.88 Ga and the 1.65 Ga diabase dykes (Torvela, 2007; Nironen,
2017).
Southern Finland is abundant in shear zones, which describe the tectonic history of
wide-scale areas (Vaisanen & Skytta, 2007; Ehlers et al., 2004). The shear zone closely
related to the topic of this thesis is the major shear zone South Finland Shear Zone
(SFSZ), which spans ca 200 kilometres along the shore of southern Finland, from
offshore Helsinki to eastern Åland Islands. As the shear zone reaches the Åland
archipelago, it turns from an E-W orientation towards the northwest (Vaisanen &
Skytta, 2007; Ehlers et al., 1993).
This northwest oriented part of the SFSZ is called the Sottunga-Jurmo shear zone, and
the name SJSZ will be used in the discussion. The SJSZ represents a dextral segment of
the regional shear zone (Torvela, 2007). According to Ehlers et al. (2004), the shear
zone dates to ca 1.86 Ga based on mafc dikes. Studies claim the SFSZ evolved in a
contractional setting, resulting in the shear zone forming an E-W orientation along the
Southern Finland Arc Complex (Vaisanen & Skytta, 2007). This orientation is
considered sinistral (Torvela, 2007). Due to transpressional deformation, the shear zone
accommodated the stress and formed dextral structures conjugate or parallel to the
main shear line (Ehlers et al., 1993). Weichselian glacial landforms are abundant in
Fennoscandia and sometimes overlap these shear structures (Ojala, 2016).
The Åland Islands, including the study area, consist of barren bedrock, and only thin
moraine or glacial till structures are present (Ojala, 2016). Differences in moraine
distribution and locations are, according to Ojala (2016), classifed based on the
hillshaded LiDAR DEM models. The LiDAR models show, except for brittle structures,
various glacial landforms (Putkinen et al., 2017). In southern and southwestern Finland,
the striations show a generally prominent NW-SE direction according to the striae
directions by Glückert (1973) and the Åland Islands are featured by almost N-S
orientated striations.
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2.2 Study area
The Boxö-Vårdö study area spans approximately 34 kilometres in length and 4
kilometres in width (Figure 2). The NW-SE oriented Boxö-Vårdö area consists of
multiple skerries and islands, through which the Sagöfjard and Simskalafjarden form
linear openings. The larger islands include Boxö, Hamnholmen and Flatö in the northwestern end and Lövö and Vårdö municipalities in the southeastern end.
Field work observations on faults and regional fractures was conducted on the locations
Hundklobben, Kåpskörsklobben, Låkan, Flatö, Karinggrund, Hamnholmen, Vårdö,
Hastskar, Biskopssten and Östra Ören, which are marked in the map of the study area.
In this thesis, the linearity between the islands is considered a structure, which is
described as the Boxö-Vårdö lineament or the northern extension (e.g. O'leary et al.,
1976) of the South Finland Shear Zone. Throughout the study, the Boxö-Vårdö
extension is defned as a possible continuation of the shear zone; however, tangible
material of the association was not acquired during feldwork.
Most of the crystalline Åland rapakivi batholith in the study area is featured by
prominent alkali feldspar phenocrysts ovoids, with surrounding plagioclase mantle.
These characteristics illustrate the wiborgite rapakivi variation (Eklund et al., 1994).
Only in smaller numbers does the pyterlite variation, or mantle lacking rapakivi (Ramö
& Haapala, 2005) occur. Pyterlite is present in the northwest of the Boxö islands and
north-northwest of Vårdö, as seen from the Bedrock map of Finland by GTK (GTK,
2017). The study area consists mainly of the wiborgite bedrock. Slight variations in the
rapakivi grain size and heavily fractured aplite dikes occur. The isotropic characteristics
of the Åland rapakivi batholith affect the formation of regional fracture systems. The
isotropy of the rapakivi material indicates the lack of visible fabrics, which provides a
unique opportunity to study fracture and fault systems without ductile deformation
precursors or lithological variations (Skytta et al., 2021).
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3 THEORETICAL BACKGROUND
Deformation occurs due to forces acting on a body leading it to undergo physical
changes. The law of bodies exerting equal force on each other shows force works in
pairs (Zimba, 2009), which also applies to the formation of stress, which is force pairs
with the equal magnitude and direction acting on a body. The unit of force is given in
newton N (Park, 2005). In the upper crust stress-induced deformation results in what is
called brittle deformation. Consequently, bedrock prone to this type of brittle
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deformation is characterized by structures, such as fracture networks, faults, and joints
(Fossen, 2010). In the study area of Boxö-Vårdö, these types of brittle structures are
prominent and contribute to describing the structural background of the area.

3.1 Brittle deformation
A fracture is defned as a “planar discontinuity”, such as a regional fracture or fault in
the bedrock induced by stress (Passchier & Trouw, 2005). The term regional fracture is
used in this thesis to defne fractures unrelated to fault formation and may even have
formed at later stages. Regional fractures are formed by brittle deformation during
thermal contraction (English, 2012), locally induced stresses in the rock (Lorenz et al.,
1991) and possibly exhumation (Fossen, 2010).
Fractures can be formed by tectonic events and internal effects of, for example, heat
change. The type of deformation which forms fractures is called brittle deformation.
Brittle deformation can be described as the deformation process due to lithostatic stress
on the bedrock (Fossen, 2010; Torvela, 2007). The mechanism behind the deformation
is mainly the formation of micro-fractures and movement, which is along the surface of
the fracture. This mechanism is also called cataclasis. Compared to brittle deformation,
the mechanism for plastic deformation is based on dislocating movements of mass
(Guermani & Pennacchioni, 1998).
In some cases, the plastic deformation can transfer into brittle due to rapid cooling. For
example, the transfer may occur in examples, such as cooling after reactivation of
ductile deformed shear zones (Torvela, 2007). Other conditions affecting the brittle
deformation rate of rocks are pressure changes, involvement of water and increasing
strain (Guermani & Pennacchioni, 1998).
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3.1.1 Stress
Stress is produced due to forces acting upon a rock body, whereas the change we can
observe in that rock, such as the deformation, is defned as the strain of the body (Park,
2005). Stress (σ) is defned as the lack of resistance or shear resistance in a rock and may
occur locally and regionally. Therefore, understanding various deformations in the
bedrock requires insight into how regional or local forces have acted on the deformation
process. For example, the stress applied on the surface of a contact between two bodies
has the relation of force F/area A (Fossen, 2010; Keller & Pinter, 2002). We can
distinguish two types of stresses affecting a rock surface. Normal stress (σN) is a stress
vector applied perpendicular to a surface, whereas shear stress (τ) is parallel to that
surface (Fossen, 2010) (Figure 3).
A stress ellipsoid illustrates the stress conditions at a specifc location in the rock (Fossen,
2010). The stress ellipsoid consists of three axes, illustrating the stress vectors on a body.
The stress feld resulting from the axes is the same as the orientation of the axes. The
principal axes are hence σ1, σ2 and σ3. The σ1 stress represents the highest stress
reached at a certain point, and the shortest σ3 stress is the normal stress. When the
magnitude of these axes is equal, the stress is called lithostatic. However, when the stress
feld consists of varying magnitudes, the feld becomes an anisotropic stress feld
(Passchier & Trouw, 2005; Torvela, 2007).
If we consider a situation where the stresses are of different magnitude, the mean stress
on a rock will be the difference between the axes, σ1 - σ3. The difference is called the
differential stress (σdiff) and is critical for determining the deformation grade in a rock
(Sibson, 2003; Fossen, 2010). Differential stress is the factor describing when the stress
level of a still unaffected rock reaches the rupture threshold, in which case the rock will
fracture. By determining the magnitude of the stress, the rock undergoes either ductile
deformation, where the rock undergoes low strain changes or brittle deformation due to
high strain (Passchier & Trouw, 2005; Schultz, 2019).
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When a rock has exceeded its rupturing limit, it has reached its failure strength. Brittle
failure indicates that the crystal lattice of the rock has been dislocated and strained
(Passchier & Trouw, 2005). This may occur as a consequence of deforming conditions,
such as an increasing shear stress component, rock composition, hydrostatic pressure
(Park, 2005), rock type, and grain size (Passchier & Trouw, 2005). In compressive
conditions σN, the grade of failure of a rock is higher than in tensile conditions (Sibson,
2003). The compressive σN must exceed the shear stress τ for the brittle deformation to
occur. As a result of the compressional shear fracture failure in fault structures form
(Sibson, 1998). An applied stress feld to a rock surface causes the inner matrix of the
rock to change. If we regard the deformation process on a micro-scale, we can see the
grains of the rock are reorganized, and some grains will even be mangled (Fossen,
2010). The rate of the displacement of grains is what we would call strain. The higher
the strain rate, the more likely a rock will undergo brittle deformation instead of plastic
(Passchier & Trouw, 2005; Schultz, 2019).
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3.1.2 The classifcation of fracturing mechanisms
Three models have been suggested to illustrate the mechanisms in which fractures are
formed (Keller & Pinter, 2002). These are the Mode I, Mode II and Mode III modes
(Rao et al., 2003), which defne the growth type of fractures and displacement feld. The
Mode I fracture (Figure 4I) is also called the opening mode (Fossen, 2010), which results
in extensional fractures caused by tension. Extension fractures, or regional fractures in
this thesis, have a perpendicular extensional displacement towards σ3. Typically these
fractures are formed at low pressures (Ragan, 2009).
The Mode II or sliding mode (Figure 4II) is a type of displacement where the fracture
can form as shear is applied to pre-existing weaknesses in the rock. However, in nature,
the occurrence of Mode II fractures lacks connection to shear (Rao et al., 2003).
According to Broberg (1999), the difference between Mode I and Modes II and III is
that the latter two are shear modes. Compared to Mode I, these modes are affected by a
slip or shearing of the fracture walls. Mode II has a perpendicular slip, whereas Mode
III has a parallel slip (Figure 4III). Therefore, this Mode is also called the tearing mode
(Fossen, 2010). A Mode I type fracture occurs usually mixed in with the Mode II or III
displacement type, and the Modes II and III are commonly seen along the same
fracture, resulting in hybrid fractures (Philipp et al., 2013).
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3.2 Faults
Fracturing forms a discontinuity in the bedrock and a displacement of mass. In the
process, the minerals and grains of the rocks are deformed, such as mangled or split
(Fossen, 2010). This displacement has a parallel movement to the fracture surface and
forms frictional sliding between the displaced blocks. As two blocks move reciprocally to
each other, a slip surface is produced on one of the blocks (Schultz, 2019). During the
frictional sliding, the blocks undergo strain due to the increase in stress. If the strain
continues to affect the rocks, it breaks, leading to fault formation (Keller & Pinter, 2002;
Cox & Scholz, 1988; Handy et al., 2007).
Faults are typically formed during different times and have varying features. Hence,
faults are segmented and illustrate a history of their own (Keller & Pinter, 2002).
Compared to regional fractures or joints in the bedrock, faults are more accommodated
and tolerable to high strain. Although a shear fracture and fault share the identical
defnition, a fault displacement may grow over a metre. In contrast, shear fractures are
smaller structures with offsets on a scale of millimetres. Within faults, various shear and
extensional structures may occur (Fossen, 2010). Types of extensional fractures, such as
wing cracks, en échelon and horsetail fractures, occur within the faults of this study.
Faults form in low porosity rocks before any fractures have begun to propagate, and
microfracturing occurs in the rock. Propagation is a mechanism in which the strain
progresses through the still intact rock. These creeping faults are related to already
fragile or previously weakened planes, where brittle faulting can occur (Passchier &
Trouw, 2005). The surface of the fractured rock commonly crumbles and brecciates due
to the grinding of rock material (Fossen, 2010). Faults commonly form in multiple traces
called fault zones. Faults within fault zones are related and commonly form subparallel
(Keller & Pinter, 2002).
Faults are signifcant structures due to their abundance and distinct characteristics,
formed during brittle deformation (Cox & Scholz, 1988). They can provide information
about the stress felds and behaviour of the bedrock in a particular region and are
utilised for determining weakness zones and the quality of the bedrock (Palmström &
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Broch, 2006). According to Markou & Papanastasiou (2018), determining stress in a
fault plane may contribute to the understanding of the faulting mechanism and possible
reactivation stages of older fault zones.
Tectonic pseudotachylites (Sherlock & Hetzel, 2001) occur at times in fault cores
(Fossen, 2010). Pseudotachylite veins are defned by their aphanitic, intrusive microscale
features, with host rock clasts and sharp borders to fault zones (Magloughlin & Spray,
1992). The connection between pseudotachylites and shear zones is related to frictional
melting on fault planes (Clough et al., 1909). Consequently, pseudotachylite material is
optimal for dating the fault progression (Sherlock & Hetzel, 2001).

3.2.1 Tectonic regimes
Large-scale forces caused by tectonic events, such as extension or earthquakes, result in
stress formation. Tectonic stress leads to the deviation of the normal prevailing
conditions in the bedrock. The movement of oceanic or continental plates involves
large-scale regional tectonic stress, whereas smaller-scale stresses relate to fault forming
and propagation (Fossen, 2010). Tectonic conditions are classifed into three regimes
suggested by Anderson in 1951. Depending on the displacement stress vector, the
defnition of a fault is either normal, reverse or strike-slip with different Andersonian
stress tensors (Schultz, 2019) (Figure 5). Tectonic regimes are represented by specifc
paleostress feld orientations and can only coincide within these tectonic boundaries
(Heidbach et al., 2016).
According to the Anderson models illustrating the regimes, the shear stress on the fault
planes is zero. The principal stress affects the surface of the rock from one vertical
direction and two horizontal directions. The regimes are defned based on which of the
principal stresses σ1, σ2, or σ3 is on the vertical stress axis σv. In normal faulting, the σ1
stress is σv, in strike-slip faulting, the σ2 is σv, and in thrust faulting, σ3 is the vertical
stress component. In the case of a normal fault, the block pushes down the upper block,
which is called the hanging wall. The footwall is the wall with the opposite movement to
the hanging wall. As the name suggests, the hanging wall is above the footwall in a
16

reverse fault. In movements where the blocks are lateral, the fault is a strike-slip fault
(Fossen, 2010; Heidbach et al., 2016).

Faults are defned based on the sense of displacement relative to the surface or
kinematics. (Schultz, 2019). The horizontal displacement of a strike-slip fault type is
either left-lateral (sinistral) (Figure 6a) or right-lateral (dextral) (Figure 6b). In contrast,
reverse and normal faults have an upward respective downward movement (Schultz,
2019). Furthermore, faults may express a different steepness or dip between the walls
(Fossen, 2010). When defning the plane's specifc characteristics, both the plane's
orientation and the steepness are measured. The direction measured parallel to the
plane direction is the strike. The plane's inclination is the dip, measured from the
horizontal surface. The dip direction is measured by subtracting 90° from the strike
value (Park, 2005).

17

3.2.2 Damage zones
In growing faults, the primary geometry of the zone consists of a fault core, which is the
main slip surface and surrounding it is a voluminous deformed zone called the damage
zone (Kim et al., 2004). A damage zone is formed around the most brittle core and is
characterised by less fractured parts. In some cases, a rapidly propagating fault can
decrease the resistance between blocks of rocks, causing tension to build up. The tension
may release in the form of earthquakes (Passchier & Trouw, 2005; Torvela, 2007;
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Keller & Pinter, 2002). Fluid pressure within the rocks affects the strength and velocity
of a fault as well. For example, quartz veins are precipitated due to the fuids within the
rock, which weaken the effect of the fault (Passchier & Trouw, 2005).
Before forming a slip, surface fractures are formed in the initial deformation stages.
When the deformation has progressed to a particular stage, the fault will begin to form,
and the previously deformed zone of fractures becomes the damage zone of that fault.
The initial damage zone is left behind the fault as it propagates (Figure 7) (Fossen,
2010). The damage zone is also called the process zone and deforms the wall rock as the
fault propagates and expands the range of the fault zone (Cox & Scholz, 1988).
The width of the deformation zone can vary widely. In more porous rocks, faults tend
to form longer bands in the deformation process. However, determining the width and
expansion of a damage zone is commonly challenging due to the irregular growth of
faults. Faults can bend and fold if the processing zone reaches a lithologic contact or
layering (Fossen, 2010). The width of the damage zone can grow outside of the actual
fault zone as well due to concentrated stresses (Cox & Scholz, 1988).

3.3 Paleostress and kinematic analysis
Sheared rocks can undergo several phases of deformation and fracture reactivation
(Passchier & Trouw, 2005). The processes result in structural patterns, which form a
fault system of multiple components. Field observations allow for an analysis of the
characteristics of the fault movement and interpretation of the formation and patterns
(Dresen, 1991). For determining the previous orientations and magnitudes of stresses
during deformations, paleostress analysis is used. A new stress feld has replaced the
stress from previous reactivations, however, the effects of the stress are preserved.
Because stress varies with time at different points in the rock, the stress gauge is rather a
mean value than an exact value (Passchier & Trouw, 2005). The tool for conducting a
paleostress analysis is by observing the kinematic behaviour of a structure (Fossen,
2010). This study has focused on determining the kinematic properties of the faults seen
in the feld as well as the orientation of the displacements.
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The displacement vector of the most recent deformation stage is commonly found on
the hanging wall to which the footwall has been attached. Lineations on visible fault
surfaces are used to estimate the orientation of the displacement vector. However,
lineations can be misrepresentative of the orientation of the slip and only refect a part
of the evolution of the slip event of the fault. Kinematic criteria are therefore used to
perceive a reliable interpretation of the fault kinematics (Fossen, 2010; Schultz, 2019).
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3.3.1 Riedel shears and conjugate systems
Irregularities in the mineral growth, such as in extensional structures and subsidiary
fractures, which form on the slip surface or around the fault, provide the sense of slip.
These fractures can be classifed separately depending on the angle and orientation to
the main fault slip surface. T-fractures are open fractures commonly flled with
mineralised material (Fossen, 2010) and are also called tension gashes (Dresen, 1991).
The fractures form in extension and are oriented about 45° to the main slip. P-fractures
are characterised by a dipping opposite to the main slip surface and form a smaller
angle of 15° to the main slip (Davis et al., 2000). These fractures are typically seen in
thrust faults.
For distinguishing each fracture class, different kinematic criteria are used. The Tcriteria states that extensional T-fractures intersect parallel aligned grooves or striations
of the main surface (Fossen, 2010). Striations can be found on so-called slickenside
surfaces, which are smooth refective surfaces on faults. T-fractures may coexist with Pfractures. However, P-fractures can form due to undulations on the slip surface, which
causes striations on the contractional side instead. Hence, the P-criteria states that the
extensional side lacks striations (Fossen, 2010; Power & Tullis, 1989).
In a Riedel system, multiple fractures construct a deformation pattern (Figure 8). The
main feature of the Riedel system is an overstepping or en échelon structure (Davis et
al., 2000). If the slip surface striations are less developed, the fractures are not
intersecting the main slip surface. These types of shears are called R-fractures. Rfractures or Riedel shears form at low angles to the main fault surface and are associated
with normal and strike-slip faults. Shears formed at a high angle from the main slip
surface are R'-fractures. The progressive evolution of the Riedel system can form Pfractures (Davis et al., 2000).
Conjugate fault systems form as a product of deformation. Conjugate indicates
something is joined or paired with the opposite or inverse features. In a conjugate
system, the two or more fracture sets have the opposite dips and a constant angle
between the fractures (Fossen, 2010). A Riedel conjugate system consists of a set of
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opposing shears, the R and R' conjugate shears. The R-shears are in some literature
referred to as R1 and R'-shears as R2. R-shears are synthetic, whereas R' are antithetic
(Dresen, 1991) and oriented 45° to the main simple shear surface. The frst fractures to
form are the R-shears, followed by P-fractures (Coelho et al., 2006). According to
Fossen (2010), the formation of a shear fracture is towards the principal stress sigma.
The formation of two symmetric conjugate shears depends on the friction within the
rock and pore fuid pressure. From a conjugate set of fractures, we can deduce that the
faults correlate with the principal stresses affecting the fault at the time of deformation.

Deviations of stress orientations, tilting of the bedrock and rotation of stress felds occur
commonly in weaker fault zones. Fault slip data can be processed by paleostress analysis
(Mattila & Viola, 2017; Allmendinger et al., 2012). The main slip surface, as well as
possible lineations, are plotted on a stereonet.
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3.3.2 Strike-slip faults
When the displacement vector is along the same surface as the ground, the
displacement is also parallel to the strike of the fault (Schultz, 2019). The displacement
accumulation is less restricted by crust thickness and continues for several kilometres.
Compared to normal or reverse faults, the vertical component of depths restricts the
growth of such faults. Depending on the kinematic characteristics of the strike-slip fault,
we can divide them into transfer or transform faults. Transfer faults are featured by
transferring of the displacement to a further fault. This means the tip of the fault
terminates into the subsequent fault. Transferring the strike-slip displacement structures,
such as extension fractures and veins, are connected (Schultz, 2019; Fossen, 2010).
Strike-slip faults tend to form in zones restricted by the host rock. The host rock
commonly forms a more substantial zone around the existing, weaker fault zone.
Compared to other fault types, the growth of the strike-slip fault increases with the
accumulation of the displacement (Fossen, 2010).
Subsidiary fractures are fault-related structures and can be identifed based on their slip
direction. These fracture sets form as shear fractures to a slip fault. Riedel shear
fractures are called R-fractures in this thesis. R-fractures illustrate the general sense of
shear and form at a low angle to the main fracture zone, whereas the P-shear fractures
illustrate the fracture development after the formation of R-fractures. Commonly, Pshear fractures concur with R-fractures due to the formation of P-shear fractures in
variating stress felds in growing offsets (Fossen, 2010).
Strike-slip faults commonly form tension fractures or fssures, such as en échelon
fractures, due to displacement (Cloos, 1930; Tchalenko, 1970; Cunningham & Mann,
2007). As the displacement increases, linking between the fault segments begins to form
(Tchalenko, 1970; Cunningham & Mann, 2007), resulting in offset continuously linking
along the bends or offsets (Wilcox et al., 1973; Cunningham & Mann, 2007).
Segmented faults are featured by a step-over structure between the segments, linking the
surfaces (Schultz, 2019). A bend is usually curved, whereas step-overs are rhomboidshaped forming subparallel to the main fault zone. Nevertheless, these terms are used
interchangeably (Cunningham & Mann, 2007).
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The segmented surfaces of strike-slip faults form areas of slip along the fault plane,
which leads to side-stepping along the fault slip segment. Depending on the mechanics
of the stepping, the step-over structure can either form restraining or releasing bends
(Figure 9a, b) (Westaway, 1995). As the term suggests, a restraining bend restricts the
bend from moving freely. For example, in the case of a dextral fault slip with leftstepping, the bend will be restraining. In contrast, a releasing bend of a dextral fault
occurs when the bending is turned right (Crowell, 1974). Crowell (1974) claims the
restraining bends are associated with contraction and releasing bends associated with
the extension of the crust. A strike-slip fault along a transpressional zone may deform
into a restraining bend and lead to uplift and shortening (Mann & Gordon, 1996). Some
sources further suggest that the formation of step-over structures may occur in later
stages of the fault progression (Cunningham & Mann, 2007; Sieh & Natawidjaja, 2000).

Strike-slip structures, such as bends or step-over structures, form due to local
contraction (transpressional) or extension (transtensional) settings (Fossen, 2010). The
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initiation of transpressional and transtensional deformation is a consequence of plate
boundary convergence and divergence. These deformation types occur in multiple
variations of tectonic settings, where transpression occurs in forearc subduction zones or
back-arcs and transtension in back-arcs and rift zones on continents or in extension
during orogeny. Due to the component of shortening or extension, a strike-slip fault
under transpressional and transtensional deformation differs from a simple shear. The
deformation zone may be identifed by the steep dips of the fault (Dewey et al., 1998).
Structures may form as a consequence of fracture propagation. Because a slip plane
requires the expansion of shear fracture on a plane, the shear fracture will begin to
curve. During this process, the tip of the fault forms various fracture structures due to
the tension of the curvature (Fossen, 2010). Wing cracks occur as feather or fan-shaped
fracture patterns and are formed at the tip of a fault, where the quick release of tension
of the slip surface has occurred (Figure 10a). The formation occurs mainly in low
stresses and low confning pressures (Kim et al., 2004).
Horsetail fractures have a similar fan-like pattern as a wing crack, but the angle between
the fault plane and the cracks is smaller and found on adjacent sides of the fault (Figure
10b) (Engelder, 1989). The tensile joints are more abundant and closer as well. The
horsetail structures form mainly at the fault tip, where the slip becomes planar (Kim et
al., 2004), and the angle to the main slip vector is often around 10° and forms a gradual
ending to the slip. Horsetail fractures commonly provide a kinematic tool for
determining the sense of movement of a fault (Engelder, 1989). The wing cracks and
horsetail fractures tend to form at the tip of curving faults where the compressive stress
is parallel to the faulting (Kim et al., 2004).
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4 MATERIAL AND METHODS
The methods are used to study the Boxö-Vårdö lineament as a northern extension of
the SFSZ and how the structural network surrounding it relate to each other and have
been formed. The resulting data collected from lineament interpretation, fracture
digitizing based on drone images and feld mapping of regional fractures and faults have
been used as the primary material for this study. The geographic information system
platform ArcGIS 10.8 by ESRI, stereonet projection software Stereonet 11 by Richard
Allmendinger (Allmendinger, 2020) and paleostress analysis software Win-Tensor by
Damien Delvaux (Delvaux & Sperner, 2003) have been used to generate the plots and
analyse the fracture data in this thesis.
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4.1 Lineament interpretations
4.1.1 LiDAR data
For illustrating high-accuracy terrain models Light Detection and Ranging methods are
used (Smith & Pain, 2009). The specifc feature of LiDAR data is the digitalised
coordinate points in the terrain, which provide a source for modelling landforms (Xiu,
2008) and subsurface characteristics (Smith & Pain, 2009). Furthermore, the terrain
data achieved from LiDAR methods are used to generate Digital elevation models or
DEMs (Forlani & Nardinocchi, 2007), high-resolution models of the ground surface
(Smith & Pain, 2009).
DEMs used in this thesis are hillshaded, implying surface features are highlighted
(Smith & Clark, 2005). The LiDAR DEM dataset in this thesis has been used for
mapping linear landforms or lineaments. All LiDAR DEM and bathymetry data used in
this thesis are provided by GTK. Data for the characterisation and analysis of lineament
and fracture networks have been previously used in the KARIKKO-project (e.g.
Ovaskainen, 2020).

4.1.2 Lineament digitization
Lineaments are commonly used in structural geology and analysis of fracture systems
due to their recognisable features in various geological maps. A lineament is a linear,
usually continuous trace, distinguishable on the surface from, for example, topographic
and LiDAR maps (Middleton et al., 2015). Lineaments and fractures are not always
linear, and curvature of structures may occur in the topography (Ovaskainen, 2020).
Any structure can form a lineament, and on the map, these structures are visible as
traces and allow us to understand the tectonic environment and orientations of
structures.
Lineament traces illustrating geomorphological features in 2-D are drawn as polylines
on top of a hillshaded LiDAR map (Figure 11). The software used for the digitisation is
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the GIS platform tool ArcMap. The LiDAR map of the Åland Islands has a fxed scale
of 1:200 000, and the lineament paths are drawn in two different scales on the LiDAR
map: 1:200 000 and infnity scale. The interpretations on the scale of 1:200 000
represent the possible larger structures in the area. Multiple lineaments can be
distinguished as topographic linear features on a LiDAR map (Middleton et al., 2015).
Zooming in on the maps during the extraction of the lineament and fracture features
made the placing of traces more accurate (Ovaskainen, 2020). The higher contrast seen
in the LiDAR image correlates with low landforms and these landforms are challenging
to distinguish (Smith & Clark, 2005).
Vast areas covered by water and sedimentary covers cause censoring and distortion of
the continuity of the lineaments (Tirén, 2010). Therefore verifying existing lineament
structures in the feld is advised for differing between, for example, till or other glacial
landforms and structures (Nyborg et al., 2007). Therefore, the problem of concealed
lineaments or falsely interpreting lineaments occurs when interpreting and digitising
traces based on LiDAR images (Smith & Clark, 2005). Bathymetry maps (Figure 12)
have also supported the lineament interpretation to avoid misinterpretations.
The position of the lineaments is determined based on continuous shapes in the terrain
and visible surface planar features, such as faults or fractures, seen in topographical
satellite maps (Tirén, 2010; Fossen, 2010). Extrapolation of lineaments was done where
it was relevant in order to connect lineaments (Pickering et al., 1997) and was done
when continuing the path, for example, through water or other censoring effects
(Bonnet et al., 2001).

28

Of the 1:200 000 scale extracted lineaments, only the traces within the study area are
used in this thesis. The extraction of lineament traces in the infnity-scale represents a
more detailed mapping of potential lineaments within the study area. The 1:200 000
interpretation is drawn by comparing potential traces on the LiDAR, bathymetry and
satellite maps. Since the majority of the study area is covered by water and low contrast
areas, LiDAR combined with satellite maps is used for the infnity lineament
interpretation. The lengths of the lineament and fracture traces are disregarded in this
study.
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Lineament interpretations are used in this thesis as support for identifying the northern
extension of the Southern Finland Shear Zone as well as other structures. For this,
lineaments which correlate with other datasets are used to extrapolate the orientations.
The position of the Boxö-Vårdö lineament has been interpreted to form a prominent
gap between smaller islands and skerries. This type of open water landform is
commonly present in the south and southwestern archipelago of Finland and is called a
fjard (von Haartman, 1982). The location of the fjard can both be seen clearly in
satellite images (Figure 13) and the bathymetry map. The fjards, seen as the vast space
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in LiDAR and greater depths in the bathymetry, have been interpreted as a major
structure, dividing the study area lengthwise in two halves. In the lineament
interpretation, the structure is interpreted as a lineament, representing a larger
structure, possibly the northern extension of the Southern Finland Shear Zone.
However, its precise structural nature is unknown. Therefore, the Boxö-Vårdö zone or
Boxö-Vårdö northern extension has been used to describe the lineament.
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4.2 Pre-feld mapping and fracture digitization
4.2.1 Drone imagery
Prior to feld mapping, drone surveys were performed on exposed areas. Commercial
drones or Unmanned Aerial Vehicles have been used in structural geological studies
more actively in recent years due to their availability and photogrammetric functions.
For example, drone data collection in digitising structures and taking photographic
material from a study area has improved the work methods used in the feld (e.g.
Jordan, 2015; Rocca, 2016; Madjid et al., 2018; Ovaskainen, 2020).
A battery-operated drone is operated remotely by connecting the vehicle to a controller
and a smartphone. The autopilot survey settings, such as the altitude and image
overlapping, are manually controlled on a smartphone before a fight and simplify
remote surveying areas. Even challenging sites to reach, such as steep walls or outcrops
located on smaller skerries in the ocean, can be digitised by drone imaging. The drone
can automatically fy the fight program due to the built-in GPS (Jordan, 2015). The
acquisition of drone images may be divided into smaller areas depending on the need
for detail and enough overlap of images (Rocca, 2016). For georeferencing, the ground
control points are required. Nine feld locations were surveyed. The images were
captured at an elevation of 20 metres, except for Flatö, where the images were captured
at 5 metres. The resolution of the drone images is at Ground Sampling Distance, GSD,
which is 0.55 cm/pixel at the height of 20 metres and 0.14 cm/pixel at the height of 5
metres.

4.2.2 Fracture digitization
Local fractures and faults on outcrops are drawn on the drone imaging data. The
outcrops by the shore and barren islands were mainly visible and free from vegetation
and water. However, some locations with vegetation or non-planar terrain affected by
glacial deformation challenge the extraction of fractures. At the altitude of 20 metres,
most of the fractures and fracture networks are distinguishable, although the resolution
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of the data limits the identifcation of smaller fractures. A fracture network consists of
different sized individual fractures, which interact by forming a system of fracture sets
(Sanderson & Nixon, 2015). In this study, the fracture network represents regional
fracture networks.
The digitisation of fractures and fracture networks is produced by polyline drawing on
drone imagery, such as in the lineament extraction. The variation of the size of fractures
may span between millimetres and kilometres, although a single fracture or lineament
may appear disrupted and divided into shorter segments. In the fracture dataset, the
scale of fractures was from centimetres to kilometres. Similar misinterpretation
problems occur with lineaments and fractures when extracting from LiDAR or drone
images (Ovaskainen, 2020). The disruption is caused by truncation of the fracture
population, meaning the distribution of lineament or fractures is censored (Bonnet et al.,
2001). Pickering et al. (1997) suggest that the censoring results from displacement
shifting in faults. Decreasing displacement is seen at the tips of faults, limiting the
interpretation of the fault's actual length, thus producing uncertainty in data (Pickering
et al., 1997) and less accurate extractions (Ovaskainen, 2020). This issue can lead to
drawing shorter fractures than in reality (Bonnet et al., 2001). The fight altitude of
Flatö was set at fve metres for a detailed resolution of the image and consequently
improved extraction of smaller fractures.
In lineament and fracture interpretation, the length and connectivity of fracture lines
are extrapolated (Pickering et al., 1997), connecting linear traces to form networks. As a
result, lineaments and fractures are possible to trace further and interpret the
continuation through water and areas covered in vegetation (Ovaskainen, 2020).
Alternatively, uncertain areas, such as shaded or poor resolution parts of the drone
images, resulted in the extraction of shorter features and less accurate intersections.
Glacial landforms and striae are cautiously separated from the lineament and fracture
interpretations. Due to their dominant presence also in the study area, glacial landforms
are identifed in the LiDAR DEM models (Putkinen et al., 2017). In addition, the striae
are aligned in a persistent N-S to NNW-SSE orientation (Glückert, 1974) throughout
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the whole study area, which facilitates identifying the structures in the rose diagrams.
Although this method is used to separate the glacial striae from the wanted data,
misinterpretations may have occurred during lineament and fracture data
interpretation.

4.3 Fieldwork and feld observations
Following the lineament interpretation and fracture digitisation, feldwork was carried
out as a part of the KYT KARIKKO-project at GTK during the summer of 2020. The
duration of the feldwork lasted a total of three weeks, during which the nine locations
were mapped and photographed. Due to the separate islands being too large to map
completely, the locations are mapped in smaller sections and named as follows:
Hundklobben, Kåpskörsklobben, Låkan, Flatö, Karinggrund, Hamnholmen, Vårdö,
Hastskar, Biskopssten and Östra Ören. All the locations are not used as examples in this
study; instead, the domains will be described, and a few example locations of specifc
interest will be discussed.
Printed drone images, including the digitised fractures, were used to identify the
fractures and faults in the feld. Both regional fractures and faults were mapped and
documented on the drone images and sketched and described in a feld notebook. The
measured parameters of the regional fractures were coordinates, dip and dip direction.
For the faults, the kinematic indicators were mapped as well. Additionally, the certainty
of the fault kinematics was determined from 1-3, 3 being the most certain. Faults lacking
any apparent indicators of kinematics were defned as N/A. The degree of fracturing
and fault-forming were noted as well. Some of the faults include quartz veins,
pseudotachylites, and other alterations. The rock type parameter consisted of wiborgite
and pyterlite rapakivi types, although the number of pyterlite occurrences in the area
was negligible. The fractures and fault data were marked on the drone images and later
transferred to the digitised fracture data and the parameters inserted in an excel
document.
The main objective of the feldwork was to map the digitised fractures and locate
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structures based on the drone images. Additionally, identifed fault directions, tension
fractures and dips were measured, and their characteristics were described. The feld
observations are used as supporting material for the fracture and fault interpretations.

4.4 Statistical analysis of domain datasets
The assessment of the regional fracture and fault data was conducted by creating
datasets of four domains. The domains were determined by comparing various
parameters of lineaments and fractures to form comprehensible datasets. By achieving
datasets with similar fracture features for each domain, an analysis of the fracture
network within domains can be assessed. The datasets are determined based on the
orientation and kinematics of the fracture and lineament data. Dividing datasets into
domains provides a comparative analysis between each domain and the individual
characteristics of these domains can be identifed. Random fracture directions and other
outliers occur in the dataset statistics, leading to distortions in the interpretations and
further data analysis. The outliers are particularly visible in rose diagrams (Fisher,
1989).
Rose diagrams are circular histograms used for the statistical presentation of twodimensional vector data (Nemec, 1988). In this thesis, the rose diagrams project the
distribution of polygon trace data orientations, such as lineament, fracture or fault
traces, with respect to the plane axis (Nasseri & Mohanty, 2008). The diagrams show
the variation of data density and the magnitude and vector mean values (Nemec, 1988).
The diagrams are obtained from feld mapping of fractures and faults from each
domain and constructed using the NetworkGT tool for ArcGIS. The tool extracts twodimensional data, such as lineament or fracture traces, into geometric statistics and plots
fracture patterns (Nyberg et al., 2018). For constructing a rose diagram, either
lineament or fracture attributes of a domain are chosen. The rose diagrams of fault data
are obtained from the Stereonet 11 software. For clarifcation, the rose diagrams are
divided into three subsets per domain. The frst subset shows lineament traces, the
second illustrates regional fracture traces, and the third shows fault data.
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A stereographic projection is used to evaluate the distribution of orientations and
kinematics of faults (Ragan, 2009). A stereographic projection displays threedimensional data into two-dimensional lines on a sphere (Allmendinger et al., 2012).
This projection is used to recognise fault patterns and the sense of movement of selected
orientation (Lisle & Leyshon, 2004). In geometric analyses of a structure, a stereogram is
used for projecting the measured dip and dip direction values (Allmendinger et al.,
2012). The software Stereonet version 11 is used (Allmendinger, 2020). The dextral and
sinistral faults are separated using excel and projected in Stereonet 11 for each domain.
A colour-coding between different kinematic faults is also used, where red indicates
sinistral and blue dextral faults. Finally, the datasets are inserted into the software, and
the individual observations are defned as planes with a strike and dip (Cardozo &
Allmendinger, 2013).
For the paleostress analysis, the software Win-Tensor (Delvaux & Sperner, 2003) is
utilised. Analysis of the paleostress felds is used in determining the stress tensors of fault
systems in brittle regimes. A stress feld analysis provides information about the relative
magnitudes and orientations of the principal stress axes and how these stresses interfere
with the fault forming processes (Delvaux & Sperner, 2003). The four parameters which
determine the stress inversion in Win-Tensor are the σ1, σ2 and σ3 axes and the ratio
between these principal stress axes R=(σ2- σ3)/(σ1- σ3) (Angelier, 1989; Delvaux et al.,
1995). Stress inversion implies the deduction or determination of a stress tensor from an
existing structure (Pollard et al., 1993). According to Delvaux & Sperner (2003), WinTensor differentiates faults from regional fractures, where a fault is a reactivated
weakness on a plane containing a slip surface. Examples of fractures used in the
software are tension fractures, such as Reidel fractures. Fractures formed due to
compression are illustrated as surfaces perpendicular to the σ1 (Pollard & Aydin, 1988;
Delvaux & Sperner, 2003).
For the software to determine relevant stress felds compatible with the faults and
fractures, the data must be selected into subsets. The subset dividing method is based on
separation of data by stress inversion. For each subset stress tensors are optimised and
odd or misftting functions, in this case, misftting faults, are reduced and removed from
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the stress tensor (Delvaux & Sperner, 2003). The data, which is left unoptimised, forms
a subset of waste data (Mattila & Viola, 2014).

5 RESULTS
The results include the division of the study area domains, rose diagram projections
based on lineaments and regional fractures, fault distributions in stereonet projection
and paleostress- feld projections. The division of domains is based on the orientations
of lineaments and regional fractures, which were determined by comparing rose
diagrams displaying trace orientations. The division of domains is also based on the
distribution of dextral or sinistral faults and reoccurring patterns of the same fault
kinematics, which connect the different areas.

5.1 Domain 1
The frst domain is located in the northwestern part of the study area, south of the
Boxö-Vårdö lineament (Figure 14). The colour code of domain 1 traces is green. The
domain is separated from the other domains by a long cutting lineament in the east and
the study area boundaries in the northwest. Domain 1 consists of three study locations
characterised by mainly dextral faults. The following locations are included in the area:
Hundklobben, Flatö and Karinggrund. The rose diagrams of domain 1 show the
division of infnity lineaments in the area (Figure 15a). The dominant orientation is
NW-SE and N-S, about 125° and 010°. The rose diagram illustrating the digitised
regional fractures from domain 1 shows a primary orientation of about NW-SE or 140°
(Figure 15b).
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The stereonet projection of domain 1 (Figure 16) shows primarily E-W and NW-SE
oriented faults. In total 13 faults have been digitised in domain 1. Two of the faults are
sinistral, and 11 are dextral. Sinistral faults show a differing orientation to the dextral
faults in the stereonet projection. Meanwhile, sinistral faults display a more NNW-SSE
oriented trend at around 140-150°, and the dextral faults are mainly E-W and NW-SE
oriented, ca 088-125°. The less steeply dipping faults display a more E-W oriented
pattern, whereas steeper dipping dextral faults are NW- SE trending.
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Figure 16: The dextral and sinistral faults of domain 1 projected in the
stereonet. The blue lines represent dextral and the red lines sinistral kinematics.
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5.2 Domain 2
Domain 2, labelled with red traces, is located in the northeastern part of the study area,
north of the Boxö-Vårdö lineament (Figure 17). The domain is separated by a cutting
lineament in the northern part of the domain. In the south, the domain is framed by a
lineament of domain 3. Three longer lineaments cut through the domain in a NE-SW
orientation and one in the north in an NW-SE trend. Three study locations are
presented in the domain. These locations are Kåpskarsklobben and Låkan. The
majority of faults are dextral.
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The domain 2 rose diagram of the infnity lineaments in the area shows the primary
orientations are NW-SE and NE-SW, about 135° and 025° (Figure 18a). In the rose
diagram of the regional fractures from domain 2, the primary orientation is NE-SW,
which is about 025° (Figure 18b). The faults of domain 2 include a variety of
orientations (Figure 19). In total ten faults are observed in domain 2. Out of these faults,
three are sinistral and seven dextral. The plot shows three main orientations NE-SW, ca
115°, NNE-SSW, ca 155°, and NW-SE ca 025°. Faults showing sinistral kinematics are
mainly steeply dipping and NW-SE, NNE-SSW oriented. The variation of sinistral fault
orientations is more considerable than the orientations of dextral faults in domain 2.
Dextral faults are oriented NE-SW, E-W, about 045-088°and NW-SE ca 095-115° and
have more moderate dips.
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Figure 19: The dextral and sinistral faults of domain 2 projected in the stereonet.
The blue lines represent dextral and the red lines sinistral kinematics.

5.3 Domain 3
The third domain spans through the central part of the study area and encloses the
Boxö-Vårdö lineament on both the northern and southern sides (Figure 20). The traces
of domain 3 are labelled blue. A longer lineament cuts through the study area in a NESW orientation separating domain 3 from domains 1 and 2 in the north. At least fve
longer lineaments cut through the study area. There are equally many dextral as
sinistral faults within the two study locations faults. The following locations are included
in the area: Hamnholmen and Östra Ören. The domain 3 rose diagram of the infnity
lineaments in the area shows the primary orientation in the domain is N-S and NNESSW, about 010° and 185° (Figure 21a). In the rose diagram, the primary orientation of
the regional fractures from domain 3 is NE-SW or about 105° (Figure 21b).
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Domain 3 consists of four faults in two primary orientations, NW-SE and NE-SW
(Figure 22). Two sinistral and two dextral faults are measured in the domain. Lower dip
angles occur in sinistral faults and are oriented in NW-SE and NE-SW. The NE-SW
fault, ca 035°, is located on Hamnholmen in the northern part of domain 3. The fault
oriented NW-SE, ca 120°, is located on Östra Ören in the southernmost part of the
domain. The dextral faults of domain 3 are NW-SE, ca 110°, and NE-SW, ca 062°
oriented. The dextral fault dips are steeper than the sinistral faults. The NWW-SEE
fault is located in the northern part of domain 3. The fault oriented NE-SW is located in
the southern part of the domain.
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Figure 22: The dextral and sinistral faults of domain 3 projected in the
stereonet. The blue lines represent dextral and the red lines sinistral
kinematics.
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5.4 Domain 4
Domain 4 is located in the southern part of the study area and is framed to encompass
both sides of the Boxö-Vårdö lineament (Figure 23). The colour code of domain 4 is
orange. The domain is separated from domain 3 by a NE-SW oriented lineament and
in the SE framed by the study area border. Four longer lineaments cut through the
domain in a NE-SW orientation and one longer lineament in an NW-SE orientation.
Domain 4 is characterised by mainly sinistral faults. The following locations are
included in the area: Vårdö, Hastskar and Biskopssten. The domain 4 rose diagram of
the infnity lineaments in the area shows the primary orientation in the domain is
NNW-SSE, about 175° (Figure 24a). In the rose diagram of the regional fractures, the
primary orientation is NW-SE or about 35° (Figure 24b).
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The fourth domain includes ten faults, of which one is dextral and the remainder are
sinistral faults (Figure 25). Regarding the stereonet, the primary fault orientation is NWSE and NNW-SSE, or ca 110-160°. One NE-SW, ca 030° oriented fault appears in the
data. Sinistral faults within the domain display dominant NW-SE and NNW-SSE
orientations except for one NE-SW fault, ca 115°. Finally, domain 4 includes one
dextral fault, which has an orientation of NW-SE. The sinistral faults appear to display
steeper dips compared to the dextral fault.
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Figure 25: The dextral and sinistral faults of domain 4 projected on the stereonet.
The blue line represents dextral, and the red lines sinistral kinematics.
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5.5 Paleostress analysis
Two paleostress felds were generated from the fault-slip data stress inversion. The two
stress felds resulting from optimisation are separated into two subsets, stress tensor 1
(Figure 26a) and stress tensor 2 (Figure 26b) Schmidt net projections. Altogether 33 fault
samples were fed into in Win-Tensor. In subset 1, 11 out of 33 fault samples are
included. Most of the fault plane data are strike-slip faults, as seen in the Frohlich
diagram in the lower corner of the fgure (from: Win-Tensor by Delvaux and Sperner,
2003). One of the data points is located in the normal fault regime (Mokhoori et al.,
2021). The slip deviation alpha of the fault data is below 20, and most data points have
a sum of weights 20 at slip deviation alpha 10. The lower the distribution of faults sum
of weights below the slip deviation alpha, the more precise the result (Delvaux &
Sperner, 2003).
Subset 1 results in a near E-W σ1 and N-S σ3 principal stress axes. The maximum
compressive stress is defned by σ1 (circle) and extension σ3 (square) in the stress felds.
The maximum compressive stress is directed 01/265, and the orientation of the
maximum extensional stress is 03/175. Two main fault plane orientations are illustrated
(Ibrahim, 2013) in the projection, of which eight are sinistral and two are dextral. The
frst set comprises sinistral NW-SE striking faults and dextral NE-SW striking faults.
In subset 2, most of the fault plane data are strike-slip faults, as seen in the Frohlich
diagram. Two data points are oblique or normal to strike-slip faults (Mokhoori et al.,
2021). The fault data analysis of subset 1 shows the maximum compressive stress is
oriented 05/300 or NW-SE and the maximum extensional stress has a 05/209 or NESW orientation. Four fault plane directions are illustrated in the projection (Ibrahim,
2013). The faults with dextral kinematic are E-W and NW-SE oriented. Nine of the
faults are dextral in this paleostress feld and two are sinistral. The faults with sinistral
kinematics are NNW-SSE and NNE-SSW oriented.
Of the 33 samples, 12 fault samples remain outside the two resolved paleostress felds.
This data is left unprocessed in the study (Figure 26c). The type of fault data excluded
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from the 1 and 2 projections is heterogeneous and, therefore, inadequately ftting
(Mattila & Viola, 2014). Six of the fault data points are strike-slip faults, four are normal
to strike-slip faults and three are defned as normal faults. The orientations of faults are
scattered and contain both sinistral and dextral faults.
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5.6 Field observations
Examples of faults and related structures from each domain are presented below. The
examples of feld observations are illustrated with drone images of the locations as well
as feld photographs. The images of the structures support the understanding of the
relation between paleostress felds and structures and how various fault mechanics,
kinematics, and orientations relate to each domain.
On the outcrop of Flatö within the frst domain, two faults of different paleostress felds
are located (Figure 27). The sinistral fault curving towards NW in the top left corner is
compatible with the paleostress feld 1. The fault is measured 88/058 in the feld and
forms a weak wing crack at the NW end. The almost E-W oriented dextral fault spans
some metres into the island and possibly even cut through to the SE side. This fault is
compatible with the paleostress feld 2. Multiple aplite dikes are located adjacent to the
fault and cross the fault line, which has led to heavy fracturing of the rock surrounding
the fault. The dextral fault has an orientation of 89/176. The second sinistral fault has
an NW-SE orientation and features a thin quartz vein, which cuts through the fault.
This fault is minor and was excluded in the paleostress feld analysis, as the regional
fractures measured an angle too wide to the main fault orientation. The orientation of
the fault is 84/049. The outcrop fault system and fractures surrounding it bend similarly
towards the SE.
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Figure 27: In domain 1 on the example location of Flatö, the paleostress feld 1 is compatible with the
orientation of the sinistral fault 88/058. Paleostress feld 2 is compatible with the orientation of the
dextral fault 89/176. Sinistral fault 86/049 is excluded from the paleostress analysis. The stereonet
illustrates the orientations of the sinistral and dextral faults.

On the island of Kåpskarsklobben, domain 2, the northernmost sinistral fault is
compatible with the paleostress feld 1 (Figure 28). The fault has a direction of 81/200
and creates a steep fault wall with varying width and almost 30 metres in length. En
échelon type of fracturing is noticed on the opening of the fault towards the NW end.
The sinistral fault reaching from SSW-NNE is compatible with the paleostress feld 2.
The fault ends diffusely in a possible wing crack towards the NNE end. A third sinistral
fault is observed in the lower-left corner of the image. The fault, 89/250, is excluded
from the paleostress analysis.
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Figure 28: At Kåpskärsklobben, domain 2, the paleostress feld 1 is compatible with sinistral
fault 81/200. This fault has been associated with a possible damage zone. Paleostress feld 2
is compatible with the sinistral fault 88/293. Sinistral fault 89/250 is excluded from the
paleostress analysis. The stereonet illustrates the orientations of the sinistral faults.

At Östra Ören northwestern outcrop in domain 3, the sinistral fault is compatible with
paleostress feld 1 (Figure 29). The fault orientation is 82/031. The three other faults of
domain 3 were discarded as waste due to non-optimisation.
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Figure 29: In domain 3, Östra Ören, the paleostress feld 1 is compatible with sinistral fault
88/058. paleostress feld 2 is compatible with dextral fault 82/031. The stereonet illustrates
the orientation of the sinistral fault.

In the southernmost island of domain 4, Hastskar, the sinistral fault 72/033 is
compatible with the paleostress feld 1 (Figure 30). From the image, a step-over is
observed. The more prominent step-over is located at the northwestern end of the
primary faults, whereas the second, weaker step-over is located towards the SE end of
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the fault. At Biskopssten, a sinistral fault compatible with the paleostress feld 2 is
observed (Figure 31). The fault, oriented at 85/072, contains pseudotachylite flling.
The fault also ends in a wide horsetail structure.

Figure 30: At Hästskär, domain 4, the paleostress feld 1 is compatible with the sinistral fault
72/033. The image illustrates the presence of the sinistral step-over faults marked with blue
arrows.
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Figure 31: At Biskopssten, domain 4, the paleostress feld 2 is compatible with the sinistral
fault 85/072. The stereonet illustrates the orientation of the sinistral fault, including a
pseudotachylite and horsetail structure.

6 DISCUSSION
The analysis of the brittle fracture framework of the Boxö-Vårdö zone is based on feld
observations of lineaments, regional fractures and faults and structural analysis of the
collected feld data. Comparison between domain fracture networks is conducted by
targeting the similarities and differences between the four domains. The comparison
implies fnding connections between the regional fractures, lineaments and faults and
understanding how these patterns relate to the paleostress analysis. Understanding
which stress felds are associated with which fractures and faults provides insights into
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the age-relations and fracturing history of the fracture system. By analyzing repetitive
patterns and deviations in the data, an understanding of the kinematic characteristics
and fault segments may be achieved (Peacock, 1991).
Similarities and differences between domain variables are achieved by observing the
distribution of lineaments and regional fractures within rose diagrams and stereonets
and observing existing patterns between these variables. Evaluating the similarities and
differences is, therefore, an essential aspect of understanding the study area's structural
systems (Sanderson & Peacock, 2020). Similarities within the distribution of fracture
traces and fault kinematics and orientation in a location determined the division of the
domains. The resulting complex local and small-scale fracture directions and patterns,
such as the NNW-SSE or E-W oriented lineaments and regional fractures are ignored
in the study (Rawnsley et al., 1992) as they might refect misinterpretations.

6.1 Determination of domain borders
Determining the borders of the northernmost domains is based on the position of the
Boxö-Vårdö lineament, which divides the region into northwestern and northeastern
parts. This separation creates a structurally similar and unifed domain 1 (Figure 14).
However, domain 2 remains more scattered (Figure 17) and lacks visible coherency in
lineaments, fault orientations, and kinematics. The lineament orientations of domain 1
display the prominent NW-SE lineament orientation. Similar orientations of lineaments
occur in domains 2, 3 and 4, although the orientations on domains 3 and 4 rose
diagrams are evaluated as more NNW-SSE. Domain 2 illustrated the most proximate
lineament orientation to that of domain 1. Whereas the NW-SE lineament orientation
occurs in all domains, a NE-SW orientation is distinguishable in domains 2 and 4. This
orientation is almost negligible in domains 1 and 3.
Domain 3 differs from the other domains due to the lack of adequate feld
measurements in the whole domain. Domain 3 covers a vast part of the study area and
ca 10 kilometres of the Boxö-Vårdö lineament, and the primary dataset of the area
consists of the infnity lineament interpretations (Figure 20). The lack of more fault
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observations and regional fracture interpretations leads to the domain being compared
only by the infnity lineament interpretations and the Hamnholmen and Östra Ören
fault locations. The southern part of the study area consists of domain 4 (Figure 23),
through which the Boxö-Vårdö lineament intersects. The consistency in faults
kinematics determined the domain size and boundaries.
A notable aspect of discussing lineaments and their orientational features is the
disturbance of glacial striae on the surface of rocks or soil. Glacial striae might be
misinterpreted as lineaments in the bedrock as the characteristics of both are similar.
Striae are commonly distinguished by their multitude and parallel distribution due to
the direction of the ice fow (Glückert, 1974). Therefore, distinguishing glacial
landforms in LiDAR images posed a challenge for the lineament tracing. A comparison
with superfcial deposit data striations has been made to distinguish the resulting brittle
structural data from glacial data (GTK, 2018). Although attempting to avoid parallel
lines interchangeable to glacial striae, the rose diagrams of the lineaments of the
domains reveal multiple orientations of that of the ice fow of the western coast of
Finland. These NNW-SSE and N-S orientations (Glückert, 1974), such as the
orientations of domains 3 and 4, are hence attentively interpreted.

6.2 Analysis of structural patterns between domains
Domain 1 displays a dominantly NW-SE, ca 135° lineament orientation, which is
closely associated with the Boxö-Vårdö lineament orientation (Figure 14). The
lineament and regional fracture rose diagrams show a primary NW-SE orientation of
structures (Figure 15a, b). Regarding the domain 1 stereonet projection, a dominant
NW-SE orientation of dextral and sinistral strike-slip faults is present (Figure 16).
Compared to the fault stereonet projection results, this orientation correlates strongly
with sinistral fault orientations. The dextral faults share a somewhat sub-diagonal,
NWW-SEE, orientation related to the lineament and regional fracture orientations. The
main orientational similarities are found between the lineaments and dextral faults. The
lack of a more signifcant association between dextral faults, lineaments and regional
fractures may be due to fewer observations of fractures and lineaments to support the
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orientation. The minor NE-SW orientation of the lineaments and regional fractures has
no fault correlation. Although prominent, the near N-S lineament direction lacks any
related fault or fracture orientations. The sinistral fault orientations share more
similarities with the regional fracture orientations, and dextral fault trends resemble the
lineament orientations.
In contrast to domain 1, the domain 2 lineament orientations display at least two main
orientations, NW-SE and NE-SW. The NW-SE oriented lineament orientation
correlates more accurately with the Boxö-Vårdö lineament (Figure 18a, b). The
approximately 120° regional fracture orientation is similar to the large lineament
approaching the domain from the east. The sinistral fault orientations are similar to the
lineament NW-SE, NNW-SSE and NNE-SSW orientations. In contrast, sinistral
connections to the regional fractures are observed mainly in the NNE-SSW orientation
(Figure 19). The regional fracture rose diagram illustrates less coherent connections to
sinistral faults compared to the lineament orientations. Dextral faults are closely
connected to the NE-SW orientation of lineaments and regional fractures. Fewer
similarities are observed between faults and NNW-SSE lineaments and NW-SE
regional fractures.
In conclusion, the sinistral faults of domain 2 are associated with mainly a NW-SE
lineament and regional fracture orientation and the sinistral NE-SW orientation.
Dextral faults show a similar NE-SW orientation pattern with lineaments and regional
fractures. Due to the dominating dextral fault population of domain 2, this distribution
between orientations is signifcant for distinguishing which faults are related to larger
disturbing structures and what sense of movement these faults display. Longer
intersecting lineaments through the domain show approximately NE-SW orientations
and are likely related to lineaments, regional fractures and dextral faults, which display
a similar trend. On the contrary, the sinistral fault and lineament orientation share a
similar trend to the Boxö-Vårdö lineament.
Domain 3 rose diagrams illustrate a visible difference between lineament and regional
fracture orientation distribution. The main lineament direction is N-S (Figure 21a). The
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NW-SE trend resembles the Boxö-Vårdö lineament orientation, ca 135°. Lineaments of
domain 3 also display a NE-SW orientation, resembling sinistral fault trends, but the
intensity of these traces is low. Regional fracture orientations are roughly divided into
two main trends, NEE-SWW and NE-SW (Figure 21b). Associations between similar
orientations are found in NE-SW regional fractures and approximately NE-SW
trending lineaments within the domain.
Due to the limited number of faults included in domain 3, the results are divided into
roughly two orientations, NW-SE and NE-SW (Figure 22). When comparing the
sinistral faults with the fracture traces, an association between the NW-SE sinistral
oriented fault and a similar regional fracture orientation is observed. The NE-SW
oriented sinistral fault illustrates a similar orientation to the NE trending regional
fractures, but this represents a minor trend. The dextral faults are nearly E-W oriented.
The NWW-SEE oriented fault has a similar trend to the regional fractures of the
domain, whereas the NEE-SWW dextral fault lacks strong similarities to regional
fracture traces.
Contrary to the previous domains, domain 4 consists almost exclusively of sinistral
faults, which have a weak correlation to the lineament or regional fracture orientations
(Figure 23). Lineament and regional fractures appear to form an opposite directional
pattern; in lineaments, the trend is NW-SE, whereas in regional fractures, the trend is
NE-SW (Figure 24a, b). The orientation N-S occurs in both lineament and regional
fracture orientations. The lineament and regional fracture rose diagrams depict a
similar NE-SW orientation. In comparison to the domain infnity lineaments, the
regional fractures display a similar orientation pattern to the NE-SW oriented longer
lineaments. Faults display an opposite direction to the dominant lineament and regional
fracture orientations (Figure 25). Sinistral faults mainly exhibit NW-SE orientations and
correlate somewhat with the lineaments, whereas the dextral orientation lacks any
signifcant similarity. The only exception is one sinistral fault with a NE-SW orientation,
which shares a NE-SW orientation with the regional fractures.
Reoccurring orientational patterns between the domains are NW-SE and NE-SW
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oriented lineaments. NW-SE lineament orientations occur in all four domains, however,
the most prominent occurrences are within domains 1 and 2 where the number of
traces is higher than in, for example, domain 4. These lineaments are characterised by a
similar orientation to sinistral faults, although the number of dextral faults in this
orientation is high in domain 1 as well. A NE-SW oriented lineament trend is observed
in the domain 2 and 4 rose diagrams, correlating with dextral and sinistral fault
orientations. The number of dextral orientations within domain 2 is higher in the NESW trend than the number of sinistral faults. In domain 4, sinistral faults correlate
mainly with the NW-SE trend and one sinistral example in the NE-SW trend. Other
lineament orientations observed in the rose diagram analysis are N-S and sub-vertical
orientations, which are present in all domains.
NW-SE orientated regional fractures occur in domains 1, 2 and 3, whereas domain 4 is
characterised by mainly NE-SW oriented regional fractures. This NE-SW regional
fracture orientation is a dominant fraction direction in domains 2 and 3 as well. A
correlation between sinistral fault orientations and NW-SE fractures is observed. In
domain 3, this fracture orientation corresponds with dextral faults, and the NE-SW
direction corresponds with a sinistral fault. The overall pattern shows that the NW-SE
regional fracture orientation correlates well with sinistral faults in the northernmost
domains. A different regional fracture orientation characterises the southernmost
domains. The NE-SW fractures in domain 4 lack any signifcant connection to fault
orientation, except for one sinistral fault with this orientation. Compared to the other
domains, most domain 4 faults lack correlations with the fracture orientations. Domain
2 and 3 regional fractures feature mainly sinistral faults with the NE-SW orientation. A
weak NE-SW regional fracture orientation in domain 1 lacks any connection to fault
connections.
The domains display a scattered range of orientations and related fault kinematics and
orientations. The two main orientations are characterised by both dextral and sinistral
kinematic patterns, hence, establishing a coherent structural framework between
domains is challenging. Compared to the patterns observed between the domain
lineaments and regional fractures, the regional fractures generally show more
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connections to faults with similar orientations. Characteristic of the Boxö-Vårdö study
area, the northern domain 1, 2 and 3 lineaments and regional fractures express similar
NW-SE orientations to sinistral faults. Dextral faults, especially seen in domains 1 and
3, share this orientation, although to a smaller extent. Domains 1 and 2 are featured by
dextral faulting. In the southern part of the study area, the main pattern is observed
between NW-SE lineaments and dextral and sinistral faults and NE-SW lineaments and
regional fractures and sinistral kinematics. Domain 4 is featured by sinistral faulting.
This would indicate that the southern part of the Boxö-Vårdö zone has a different
fracture system and a weaker correlation between fault orientation and fractures.
Although prominent N-S and NNE-SSW orientations are present, these are regarded as
likely glacial landforms (Glückert, 1974; Tirén, 2010) to avoid ambiguous
interpretations. The number of N-S orientated lineaments is high in all domains, but
increases in intensity towards the southern parts of the study area. Compared to the
patterns observed between domain lineaments, the regional fracture orientations have
less orientation variation, whereas lineament interpretations include more N-S oriented
traces.
Mainly NW-SE oriented lineaments, regional fractures and faults, with both dextral and
sinistral kinematics are present in northern parts of the zone An exception to this
pattern is the prominent NE-SW orientation of regional fractures and sinistral and
dextral faults of domain 2. The domain 2 stereonet projection illustrates the widest
variety of fault orientations, which challenges the interpretation of its correlation to the
fracture system. The distinguished lineament orientations correlate with the fault
orientations, therefore, it is possible to deduce that lineaments with parallel orientation
to faults are associated with or represent concealed fault structures (Yassaghi, 2006;
Tirén, 2010). Domain 2 is located between two larger lineaments, which mirror the
fault orientations, suggesting that larger linear structures or fault zones might have
affected the anisotropic characteristics of the regional fracture systems (Yassaghi, 2006;
Skytta et al., 2021) of the northern region domains. According to Yassaghi (2006) and
Sylvester (1988), these lineaments could represent extensional zones, step-overs or
compressional zones. Indicators of strike-slip fault type movement are steep Riedel
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fracture inclinations (Bergman & Sjöström, 1994), which are observed in the NE-SW
oriented faults with corresponding lineament and regional fracture orientation.
In addition to fracture and lineament patterns, parallels between the Boxö-Vårdö
lineament and faults are observed. Sinistral faults in domains 1, 3 and 4 show a nearidentical orientation to the lineament. Domain 2 sinistral NW-SE fault is slightly more
E-W and hence subparallel to the lineament. However, this orientation may represent
the larger lineament north of domain 2. The dextral fault orientations observed in
domain 1 are parallel to the Boxö-Vårdö lineament, although dextral faults are less
frequent in this orientation. Regional fractures in domains 1, 2, 3 and 4, which form
orthogonal to the sinistral fault direction, are associated with possible lineament
landforms. Furthermore, fault trace continuity is regarded as coinciding with possible
lineament landforms (Tirén, 2010).
Existing orientational patterns between the domains are challenging to distinguish due
to variations between different locations. Due to brittle deformation in the bedrock, the
formation of regional fractures not related to fault formation and age relations (English,
2012) lead to varying strain and stress states. Regional fractures are considered to occur
at a later stage in the brittle deformation, suggesting the previously discussed relations
between regional fractures and faults are strongly age-related (Skytta et al., 2021). Most
of the regional fractures illustrated in this thesis are of mode I type mechanism,
indicating they form by extension due to tension (Fossen, 2010). As a result, the
orientational and stress patterns visible in the domains and between different domains
demonstrate a relation between later generated regional fractures and faults exists. The
formation of damage zones within the domains may result from the extensional
fractures formed during the fault formation (Skytta et al., 2021).

6.3 Interpreting the paleostress felds
The distribution of faults and different fault kinematics reveal structural patterns within
the study area. From rose diagrams and feld observations, parallels between resembling
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fault and regional fracture orientations and lineaments are achieved. The patterns also
show which fault kinematic types and lineaments correlate. By combining paleostress
feld analysis results and lineaments, a connection between fault and lineament
framework and age-relation is possible to form.
The resulting reconstruction of the tectonic stress tensors of the study area (Delvaux &
Sperner, 2003) suggests the two suitable stress tensors have left imprints on the study
area fracture system. In the analysis of the paleostress felds, the reactivation of preexisting faults or weak, previously modifed sections in the bedrock are observed as well,
assuming that weak planes have been formed before the slip factor began to accumulate
(Delvaux & Sperner, 2003). The frst paleostress feld 1 (Figure 26a) yielded a prominent
E-W oriented compression, corresponding to the σ1 stress tensor (Ibrahim, 2013). In the
second paleostress feld 2 (Figure 26b), the σ1 stress tensor is more NW-SE oriented
compared to the stress tensor in paleostress feld 1. The subset consisting of waste
(Figure 26c) is unoptimised data (Mattila & Viola, 2014) and excluded from the
discussion.
Due to various lineament and fault patterns in the study area, structural evolution is
assumed to have occurred in multiple stages. The principal stress axes obtained from
the paleostress feld analysis correlate fault orientation and the stress tensors. Regarding
stress tensor 1, the NW-SE oriented sinistral and dextral NE-SW fault planes are
formed due to an almost E-W compressive stress. In stress tensor 2, the relation
illustrates a somewhat similar system of NW-SE and E-W oriented dextral fault planes
and almost sub-vertical sinistral fault planes formed due to a NW-SE maximum
compressive stress.
Compared to the fault orientations, the stress tensor 1 consists of mainly sinistral faults
in the NW-SE trend, which correlate with lineament orientations in the domains. Most
of the sinistral faults in subset 1 are located within domains 1, 2, 3 and 4. The domain 3
sinistral fault orientation is ca 120° (Figure 29). This fault direction represents the
primary lineament orientation of domain 3. Additionally, the domain 1 lineaments and
sinistral fault share a similar trace orientation as the Boxö-Vårdö lineament. The
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domain 2 dextral fault has an orientation of around 040°, representing one of the
domain's main lineament orientations. The majority of the sinistral faults are located in
domain 4, however, the orientation differs from the lineament orientation, which is NESW. The majority of domain 4 lineaments are presumably represented by another
paleostress feld, whereas the faults are formed in subset 1.
In contrast to stress tensor 1, subset 2 consists of dextral faults located in domains 1 and
2. The prominently NW-SE and E-W oriented dextral faults are mainly part of domain
1 and these orientations concur with the domain lineaments. The subset lacks domain 3
faults, but includes similar NW-SE and NE-SW fault orientations and correlating fault
kinematics. An exception to the subset 2 dextral faults is the sinistral NW-SE fault of
domain 4 and the NE-SW fault located in domain 2. Although most faults in domain 2
are dextral, these faults are formed in stress tensor 1, which is dominated by sinistral
fault kinematics. The domain 2 sinistral fault, oriented almost sub-vertical to NE-SW,
shares a similar orientation to the lineaments of the domain. The NE-SW trend includes
both sinistral and dextral faults, however, the primary orientation of the lineaments and
correlating faults in this orientation indicate that the dominating sense of movement is
sinistral. The domain 4 sinistral fault has a similar NW-SE lineament orientation to the
stress tensor 2 orientation. The NE-SW oriented sinistral fault and lineaments correlate
with the subset 2 orientation, comparable to the domain 2 sinistral fault.
In the northern domains of 1, 2 and 3, correlations are observed between NW-SE
oriented lineaments and sinistral faults. The dextral faults present in domain 1 with
similar orientation are located mainly in domain 1. The southern ends feature a more
prominent NE-SW fault and lineament orientation correlating with sinistral fault
kinematics in domain 4 and dextral faults in domain 2 with comparable features.
Comparing these patterns to the two possible paleostress felds indicates that the stress
tensor correlating with sinistral NW-SE oriented faults and associated lineaments is 1,
and the NE-SW sinistral faulting is formed by stress tensor 2. The dextral faults
correlating with the NW-SE lineaments are formed by stress tensor 2, whereas the
southern NE-SW dextral counterparts by stress tensor 1.
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Faults illustrated in the paleostress felds correlate with the main lineament orientations
of the study area. Most faults of the stress tensor 1 are sinistral with a NW-SE
orientation. The NE-SW oriented dextral faults occur in subset 1. On the contrary, the
NW-SE and E-W orientation are dextral faults in subset 2. The majority of the sinistral
faults are compatible with the stress tensor 1. In contrast, the NE-SW oriented sinistral
faults and related lineaments are formed by the stress tensor 2, which forms an
exception to the paleostress feld pattern.

6.4 Local structures and the regional structural development
Ideally, strike-slip faulting occurs in a straight line, however, fault bending and other
displacements are expected in natural conditions. Oblique subsidiary segments may
form to the main fault line, leading to a displacement (Fossen, 2010). The relation
between pre-existing fractures and faults and stress felds is defned by the applied shear
stress on the fault plane. A bend or undulating characteristic of a fault may indicate the
shear stress between the contact with another surface has changed, leading to the
failure. Consequently, when an increase in stress has occurred and failure conditions of
the rock have been reached, the fault plane undergoes reactivation (Schwab et al.,
2017). The slip surfaces of a fault are prone to reactivation. Reactivation leads to strain
forming in damage zones, expanding their dimensions (Fossen, 2010), such as seen in
the Kåpskarsklobben domain 2 damage zone (Figure 28).
In typically segmented strike-slip faults, split shear fracture terminations form. These
segments show a different orientation to the main fault line (Westaway, 1995). Fault
segmentation is observed in all domains and includes mainly en échelon, wing crack
and horsetail structures with various dimensions. On several locations, such as
Biskopssten and Flatö, prominently curving horsetail and wing crack tension fractures
are observed at the termination of faults. According to Fossen (2010), curvature between
newly formed fractures and previously formed fractures results from perturbing stress
felds. The local stress feld of pre-existing fractures or faults interferes with the
development of younger fractures (Rawnsley et al., 1992), leading to curving of the
fractures towards previously existing fractures or faults. The greater curving observed at
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Flatö and Biskopssten indicates the perturbing stress felds involved have greater
differential stress.
Complex fracture pattern formations are controlled by shear and conjugate systems.
The observed Riedel shears related to faults in the study area may form these conjugate
systems (Dresen, 1991), however, no observations of conjugate systems were noted in
the feld. Considering the largest possible shear stress σ1 is perpendicular to the lowest
differential stress σdiff (σ1- σ3) in an unfaulted rock, a conjugate system of two planes
can occur. During the initiation of a strike-slip fault or reactivation of a fault the
conjugate planes intersect at 60° (Thatcher & Hill, 1991). Based on the assumption that
the intersecting point between two planes of opposite sense of movement can defne a
conjugate set, one possible conjugate set is identifed from the paleostress feld analyses.
The set is oriented NW-SE and NE-SW and compatible with stress tensor 1. The angle
between these planes is estimated at 60°. It is speculated whether this set, located in
domain 4, is an actual conjugate set as it was not observed in the feld and will not be
further discussed.
Step-over structures observed at Hastskar, domain 4, share the same sinistral sense of
slip as the faulting (Figure 30), which suggests the structures have occurred in a nonrotational setting (Westaway, 1995) with crustal extension (Mann et al., 1984). The
extension should, in this case, occur oblique to the vertical axes (Westaway, 1995). In
the stress tensor 1, the NW-SE oriented fault is oblique to the NNW-SSE oriented
extension. According to Cunningham & Mann (2007), sinistral step-overs with a linkage
to the left, such as the fault illustrated at Hastskar, are accommodating to extension.
These releasing bends are related to large-scale tectonic movement and complex
deformation zones (Mann et al., 1984; Cunningham & Mann, 2007) and could correlate
to the tectonic events surrounding the deformation of SFSZ (Mattila & Viola, 2014).
Although these step-over linkages are less prominent than the horsetail and wing crack
structures, they provide an overview of the active fault processes in the study area.
Structures associated with possible reactivation of faults at, for example,
Kåpskarsklobben, Hastskar and Flatö are indicators that deformation has occurred in
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several phases during the brittle evolution of the region. Whereas the study area
structures postdate the rapakivi magmatism, ca 1.57-1.58 Ga, and are likely related to
the reworking of the Svecofennian crust (Korja et al., 2001; Mattila & Viola, 2014), the
reactivation of the SFSZ occurred earlier during Paleoproterozoic, between 1.85 (Ehlers
et al., 2004) and ca 1.58 Ga. The later stages featured brittle deformation and
reactivation of faults in the SFSZ (Torvela, 2007). Because the deformational events of
the SFSZ occurred before the Boxö-Vårdö fracture system formed, the relation between
the two zones is suggested to involve the reactivation of underlying, older structures.
The reactivation of underlying structures and fabrics results from structural inheritance
(Schulte-Pelkum et al., 2020).
In contrast to transpression (Levin et al., 2005) and shortening of the crust occurring
along the SFSZ (Lahtinen et al., 2005), the step-over structure in domain 4 shows an
extensional component in the strike-slip zone (Fossen, 2010). Structures lacking signs of
shortening or contraction indicate the formation of the Boxö-Vårdö fracture system has
likely occurred in a post-transpressional phase of the southwestern Finland brittle
reworking. According to the model by Mattila & Viola (2014), the formation of
paleostress feld 2 would coincide with the period after the transpression. The structures
formed after this phase are possibly the result of the reactivation of underlying structures
formed by earlier deformation (Schulte-Pelkum et al., 2020). It is unknown whether the
lineaments representing equivalent orientations to the strike-slip faults in this study have
formed conjugate to the Boxö-Vårdö lineament to adjust to transpression, similarly to
the conjugate sets in the SJSZ (Torvela, 2007).
Studies suggest the almost E-W oriented sinistral SFSZ is conjugate to NE-SW oriented
dextral structures (e.g. Torvela, 2007; Ehlers et al., 2004; Bergman & Sjöström, 1994) in
the study area. However, feld observations lack sinistral E-W and dextral NE-SW
oriented conjugate sets. Instead, a possible conjugate set between the sinistral NW-SE
and the dextral NE-SW orientation is observed. Furthermore, an opposite conjugate set
to the SFSZ may have resulted from the reactivation of the shear zone and formed
dextral NE-SW zones in the brittle regime (Ehlers et al., 2004). Possible rotation of the
σ3 in previous structures in the early phases of the rapakivi cooling could have led to the
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stress regimes of the Boxö-Vårdö zone (Mattila & Viola, 2014; Högdahl et al., 2009;
Bergman & Sjöström, 1994).
Although the SFSZ structure is the product of older deformation events (Ehlers et al.,
2004) occurring before the Boxö-Vårdö zone formation, the shear zone shares the
similar orientations to that of the lineaments and faults in this study. The main sinistral
shear surface of the SFSZ shares a similar orientation the with the dextral faults located
in domains 1, 2 and 3. The general orientation of the SFSZ is NW-SE trending and has
a similar orientation with the sinistral faults in domains 4 and 3 and the dextral faults in
domains 1 and 4. Infnity lineaments and regional fractures in domains 1 and 2
correlate with this trend as well. The orientation of the sinistral shear zone of the SFSZ
correlates with the orientation of dextral faults in the northern domains 1 and 2 and the
sinistral faults in domain 4.
Little data supporting the association between the pseudotachylite and the fracture
system evolution is included in this study, and the pseudotachylite lacks a signifcant
connection to the rest of the fault and fracture system. The fault associated with the
pseudotachylite on Biskopssten (Figure 31) shares a similar NW-SE orientation to the
pseudotachylite occurrences in the SFSZ described in Torvela et al. (2008).
Pseudotachylites can illustrate events of reactivation of semi-ductile and brittle regimes
(Vaisanen & Höltta, 1999), such as in the later deformational stages of the SFSZ
(Torvela, 2007; Ehlers et al., 2004). However, no certain connections to
pseudotachylites and reactivation of faults can be made solely based on the data
collected for this study.

6.5 A tectonic framework of the Boxö-Vårdö zone
Although the study area consists of multiple orientations and signifcant differences
between the northern and southern domains, it illustrates the structural variety of the
location. Using the stress tensor computations, an attempt at determining age-relations
and the stress feld evolution of the Boxö-Vårdö lineament is made. On a tectonic scale,
the Boxö-Vårdö zone is young and the deformation and possible reactivation is affected
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by previous tectonic events (Viola et al., 2013; Saintot et al., 2011) in the form of
structural inheritance of underlying structures (Schulte-Pelkum et al., 2020).
The paleostress feld analysis can shed light on the age-relations between faults and
lineaments (Saintot et al., 2011) after the ductile period of southern Svecofennia around
1.59 Ga (Nironen, 2017). Comparing the paleostress feld data to examples observed in
the feld, indicators of age relations between faults and stress tensors are present. For
example, at Flatö, the NW-SE oriented SE curving dextral fault is formed and is
possibly cut by the NNW-SSE oriented sinistral fault, in which case the sinistral fault is
younger than the dextral fault (Figure 27). Similar age relations are noted in curving or
bending of the faults on locations, such as Flatö and Biskopssten. It is uncertain whether
this connection indicates the perturbing paleostress felds have resulted in the curvature
of the dextral fault (Peacock et al., 2017; Fossen, 2010).
Brittle deformation models coined in Mattila & Viola (2014) are used to determine the
age-relations of paleostress data and reconstruct the deformational history. Mattila &
Viola (2014) describe NW-SE and near E-W compression as characterised by
transpression in their study. The paleostress felds illustrated in this study are situated in
a post-transpressional state. According to the study, this period is characterised by
rapakivi magmatism, leading up to a transtensional stage ca 1.60 Ga, after which the
crustal extension commenced (Mattila & Viola, 2014; Kohonen et al., 1993). The stress
tensor formed after this phase is characterised by extensional faulting and the principal
stress axis σ3 oriented NE-SW, indicating the compression occurred in a NW-SE
orientation (Mattila & Viola, 2014). The description of the stress tensor resulting in this
phase is similar to the stress tensor 2 of this study.
Following the extensional stage, an E-W compression occurred and is interpreted as a
transpressional stage. The stage began around 1.14 Ga during the initiation of the
Sveconorwegian orogeny (Mattila & Viola, 2014; Bingen et al., 2008). This stage of the
model correlates with the paleostress feld 1, which displays a near-horizontal
compressional component (Viola et al., 2009). Datings of similar stage faults show
associations to late Mesoproterozoic shortening (Viola et al., 2013) and the Caledonian
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orogeny. This might suggests that the slip has been relocalised and accommodated to a
new paleostress feld caused by major tectonic events. A variety of fracture directions
formed from the compression (Mattila & Viola, 2014). Although this model supports the
hypothesis of an earlier stress tensor 2 and more recent subset 1, a degree of uncertainty
is involved due to the lack of fault traces in domain 3, which might affect the accuracy
of the paleostress feld generation.
The Boxö-Vårdö lineament correlates with the NW-SE oriented sinistral faults seen in
domains 1, 2 and 4. In domain 1, some dextral faults share a similar lineament
orientation, thus, the Boxö-Vårdö lineament sense of movement might have a dextral
component. The orientation of the domain lineaments shows that the trend of the
Boxö-Vårdö lineament is more likely to have formed due to an E-W compression
during the later stages of the tectonic evolution (Mattila & Viola, 2014). This is
represented by similarly oriented sinistral faults in domains 1 and 4 formed due to
brittle transpression along NW-SE structures around 1.1 Ga (Saintot et al., 2011).
Strike-slip fault orientations in stress tensor 1 illustrate the possible tectonic reactivation
of underlying structures, resulting in renewed faulting, such as step-over structures.
These structures accommodate the extension induced by transtension and form faults
compatible with the new stress tensor (Cunningham & Mann, 2007; Kohonen et al.,
1993).

6.6 Suggestions for further studies in the Boxö-Vårdö zone
The lineament interpretations suggest that the SFSZ continues towards the northwest in
the Åland Islands region and has undergone multiple stages of brittle deformation
postdating a ductile-brittle transition (Torvela, 2007) and the formation of dextral E-W
oriented zones along the main shear zone (Högdahl et al., 2009; Talbot & Sokoutis,
1995). The continuation of the shear structure from the southeast was determined based
on the linearity of the geomorphologic features in LiDAR, bathymetry and satellite
imagery. According to the interpretation, the Boxö-Vårdö lineament forms a new
branch to the northwest oriented SFSZ. However, the Boxö-Vårdö lineament could
naturally represent a different system rather than the same continuity as the SFSZ.
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The complexity of the structural evolution of the study area offers both an opportunity
and a challenge to understand the small scale processes and the larger tectonic events,
which may affect the fracture and fault systems down to outcrop-scale. Adequate fault
and regional fracture data were acquired from most feld locations. To achieve a more
uniform data coverage of the study area, fault-sampling from domain 3 is suggested.
Additionally, sorting glacial striae from non-glacial lineaments is necessary for preciser
lineament orientation results. The methods used in this study and the material acquired
have shown that several patterns exist in the study area. However, the lack of an equal
distribution of fault and regional fracture data in all domains reduces the reliability of
rose diagram data.
Further studies within the Boxö-Vårdö region would encompass improving the
understanding of the connection between the Boxö-Vårdö lineament and the SFSZ and
whether the lineament functions as an extension of the shear zone or represents a
completely different structure. The dating of the pseudotachylite in domain 4 supports
the determination of the inheritance of the Boxö-Vårdö zone structures and
understanding the fault progression (Sherlock & Hetzel, 2001). Additionally. The longer
crossing lineaments, which have a disrupting infuence on the local fracture network,
require a more detailed analysis to clarify their part in the regional structural system.

7 CONCLUSIONS
The determining of domain boundaries is based on coherency in lineament, regional
fracture traces and fault orientations, as well as the distribution of dextral and sinistral
faults. The domain division, partly based on the availability of fault and fracture data
and the placement of the Boxö-Vårdö lineament, yielded four domains of varying size
and structural features. Multiple associations between the orientations of regional
fractures and faults are found between the domains as well. The reoccurring
orientational and kinematic patterns between the domains show that the Boxö-Vårdö
region consists of structural systems of different ages. Glacial striae pose a challenge for
the lineament and fracture analysis process, and for distinguishing glacial landforms
from brittle structural data, a comparison with superfcial deposit data is used. Some of
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the domain features and fracture data ft poorly into the main structural patterns.
The paleostress feld analysis yielded two stress tensors, 1 and 2, which show three
distinguishable orientations. Stress tensor 1 contains a set of prominent NW-SE
oriented strike-slip faults formed by an almost E-W compressive stress. The majority of
faults with an NW-SE orientation are sinistral. Stress tensor 2 illustrates comparable
maximum NW-SE compressive stress. The main fault plane orientation varies between
NW-SE and E-W. The stress tensor 2 main orientations consist of mainly dextral faults.
Additionally, both stress tensors show a NE-SW set of faults, which express both dextral
and sinistral kinematics.
Various tension fractures are observed at the termination of faults, such as wing cracks
and horsetail fractures. These structures show a possible connection between stress
tensor 1 and brittle reactivation, which has resulted in sinistral fault formation.
Conjugate sets are possible to detect from the paleostress felds, however, no sets were
observed during feldwork. Step-over structures are a sign of accommodating to
extension, indicating large-scale tectonic involvement in the Boxö-Vårdö lineament
zone. Few associations to the pseudotachylite in domain 4 could be achieved within the
framework of this study and the relation between pseudotachylite and the SFSZ
deformation history is uncertain.
The results show a complex structural development of the Boxö-Vårdö lineament zone,
which involves multiple stages of deformation and the possibility of structures being
related to the large-scale tectonic evolution. Based on stress feld analysis, the
chronological framework of the Boxö-Vårdö lineament is divided into two main stages.
The stress tensor 2 is suggested to have formed by extensional faulting around 1.58 Ga
and the younger stress tensor 1 begins around 1.14 Ga and displays a sub-horizontal
compressional component. A possible reactivation of the structures in the study area is
related to the deformation of the SFSZ and the large-scale tectonic evolution of
southwestern Finland and the occurrence of brittle structures associated with
reactivation therefore suggests a structural inheritance of underlying structures in the
Boxö-Vårdö zone.
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7 SWEDISH SUMMARY – SVENSK SAMMANFATTNING
Ett strukturgeologiskt ramverk över den spröda utvecklingen av
Boxö-Vårdö-zonen, som en nordlig fortsättning på Södra
Finlands skjuvzon, nordöstra Åland
Strukturgeologiska tolkningar utgör en betydande del av förståelsen av utvecklingen av
övre jordskorpan och av upptackandet av svagheter i berggrunden (Middleton et al.,
2015). De regionala spricknatverken och förkastningarna som kan observeras på
berggrundsytan ar en del av den regionala spröda tektoniska utvecklingen av
jordskorpan (Keller & Pinter, 2001). En strukturgeologisk kartering bidrar således med
en analys av spröda spricksystemet och förkastningars rörelse- och åldersrelationer, samt
deras förhållande till de föregående eller pågående tektoniska processerna (Markou &
Papanastasiou, 2018).
Boxö-Vårdö-zonen defnieras av en spröd tektonisk utveckling, dar spår av olika
deformationsfaser och regionala spricksystem kan identiferas. Boxö-Vårdöstudieområdet ar belaget i nordöstra Ålands skargård inom Ålands rapakivibatolit i
sydvastra Finland. Sydvastra Finlands berggrund formades för ca 1.93 miljarder år
sedan under Svekofenniska orogenesen (Eilu, 2012; Vaasjoki et al., 2005) och
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rapakiviberggrunden på Åland för ca 1.54 miljarder år sedan (Vaasjoki et al., 2005;
Nironen, 2017). Även fera strukturer formades under orogenesen. Den öst-vastliga
Södra Finlands Skjuvzon (SFSZ) stracker sig langs söndra Finlands kust (Vaisanen &
Skytta, 2007; Ehlers et al., 1993) och svanger nordvast-sydost mot Åland dar den
praglas av dextral kinematik (Vaisanen & Skytta, 2007; Torvela et al., 2008). BoxöVårdö-zonen utgör en naturlig fortsattning på SFSZ i nordvast och har tolkats som ett
nordligt lineament till den duktila skjuvzonen.
Syftet med denna studie ar att defniera ett strukturgeologiskt ramverk av Boxö-Vårdözonen. Detta ramverk behandlar de olika relationerna och mönstren mellan lineament,
regionala spricksystem och förkastningar som ingår i studieområdets doman, samt den
kronologiska utvecklingen av spricksystemet. Avhandlingen behandlar aven BoxöVårdö-lineamentets förhållande till förkastningsdata, samt dess relation till SFSZs
tektoniska historia. Den huvudsakliga frågan ar om ett koherent spricknatverk
samverkar mellan blocken i Boxö-Vårdö-zonen och om mönstren kan förknippas med
den påföljande paleostressutvecklingen av området. Studien ar en del av KARIKKOprojektet, som ar delfnansierat av Geologiska forskningscentralen och Nationella
forskningsprogrammet för karnavfallshantering KYT.
Spricksystem uppstår till följd av berggrundens adaption till stress (Handy et al., 2007),
vilket leder till vaxlande riktningar och rörelser i sprickorna. Förkastningar defnieras
som diskontinuitetsytor, som bildar avbrott i de lineara strukturerna i berggrunden.
Förkastningar bildas således för att anpassa sig till den vaxande belastningen i övre
litosfaren (Schultz, 2019; Handy et al., 2007). Rörelsen av förkastningar innebar att
förkastningsplanen glider isar i endera en vansterhant eller högerhant riktning eller
kinematik, i förhållande till berggrunden. Förkastningar formas i segment, som bildar
regionala spricksystem då berggrunden har överskridit bristnings styrkan (Schultz, 2019;
Passchier & Trouw, 2005). Dessa segment kopplas ihop med sidosteg, eller så kallade
step-over-strukturer, som indikerar att förkastningen har påverkats av endera extension
eller kontraktion (Cunningham & Mann, 2007; Fossen, 2010).
Förkastningar och spricksystem utformas ofta som lineara spår i berggrunden och
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strukturer kan darmed tolkas och representeras av lineament i terrangen. Lineamenten i
studien ar tolkade och digitaliserade på basis av Light Detection And Ranging
(LiDAR)-, batymetri- och satellitkartor. Bakgrundssprickor ar digitaliserade från
drönarbilder med ArcGIS programvaran. Faltkartering har utförts för att understöda
digitaliseringen och analyseringen av bakgrundssprickor och förkastningar, samt för att
samla in riktnings- och kinematikmatningar. Observationer av likheter i strukturernas
riktningar och kinematik utfördes mellan fyra doman på basis av rosdiagram och
stereonatprojektioner (Allmendinger, 2020). En paleostressanalys genomfördes med
programmet Win-Tensor (Delvaux & Sperner, 2003) för att utreda fördelningen av
stresstensorer och förkastningar, samt de möjliga åldersförhållanderna mellan de olika
förkastnings- och sprickriktningarna.
Resultaten från den strukturella analysen visar att lineament och förkastningar har
liknande riktningar och att förkastningar har troligen inverkat på riktningen hos
bakgrundsspricksystemet. Paleostressfaltanalysen visar att två stresstensorer har inverkat
på utvecklingen av spricksystemet i tre huvudsakliga riktningar. Stresstensor 1 ar
kompatibel med framst nordvast-sydostliga sinistrala förkastningar, med en öst-vastlig
kompression. De öst-vastliga, samt nordvast-sydostliga dextrala förkastningarna ar
kompatibla med en nordvast-sydostlig kompression och kompatibla med stresstensor 2.
Nordost-sydvastliga förkastningar förekommer i båda stressfalten. Likheterna mellan
Boxö-Vårdö-lineamentet och de sinistrala förkastningsriktningarna tyder på att BoxöVårdö-lineamentet har formats senare an de dextrala strukturerna.
Boxö-Vårdö-zonens spröda utveckling och de strukturella mönstren, så som
förekomsten av sinistrala step-over-strukturer, hanvisar till att området utvecklades som
en följd av en möjlig reaktiveringen av SFSZ (Ehlers et al., 2004; Torvela, 2007) och en
extensions fas i skorpan (Mann et al., 1984; Cunningham & Mann, 2007). Förekomsten
av strukturer som relaterar till reaktivering har tolkats som en efterverkan av så kallad
strukturellt arv av underliggande strukturer (Schulte-Pelkum et al., 2020), som
harstammar från tidigare deformations handelser. Paleostressanalysen indikerar att den
kronologiska följden på spricksystemen i Boxö-Vårdö-området ar delat i åtminstone två
huvudstadier. Det första stadiet representerar en generation av framst dextrala
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förkastningar bildade under extension (Torvela, 2007), medan den senaste utvecklingen
syftar på en yngre generation av framst sinistrala nordvast-sydostliga förkastningar
formade under kompression för ca 1.14 miljarder år sedan (Mattila & Viola, 2014).
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