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Abstract

Ancient crystalline basement cratons are traditionally considered challenging geother-
mal targets due to their low heat flow, limited porosity, and low matrix permeability.
However, fractured and hydrothermally altered crystalline basement rocks can exhibit
substantial permeability and fluid storage capacity, making them viable unconven-
tional geothermal prospects. This study examines the brittle deformation processes

of the Vehmaa Batholith, a Proterozoic rapakivi intrusion emplaced in Southern Finland,
and has implications for geothermal exploration in stable cratonic regions. It evalu-
ates the batholith’s potential to host kilometer-scale geothermal reservoirs and offers
insights for exploring geothermal resources in crystalline rocks affected by faulting
and hydrothermal alteration. Detailed structural mapping, drone photogrammetry,
remote sensing, and paleostress analysis reveal two principal ENE-WSW and NNW-SSE
strike-slip fault systems transecting the batholith, interpreted to result from distinct
Mesoproterozoic tectonic events. These faults generated extensive fracture networks
that align with regional lineaments traceable for ~10-25 km, with scaling relation-
ships indicating damage zones ~100-250 m wide. These fracture networks also exhibit
high connectivity, with topological relationship values well exceeding the threshold
for continuous fluid pathways, and are typically associated with intense hydrothermal
alteration, including chloritization, sericitization, and dissolution-related porosity. The
spatial association between brittle structures and hydrothermal alteration supports

a model where fluid circulation is controlled by post-magmatic faults, which signifi-
cantly enhance reservoir properties in crystalline rocks. This has direct implications

for geothermal exploration in cratonic regions, where such structures may com-
pensate for otherwise poor hydraulic conditions and enhance advective heat flow.
Based on structural criteria, we define five major fault-controlled geothermal targets
within the Vehmaa Batholith, representing new exploration opportunities in crystalline
basement. Our findings provide the first systematic evidence of large-scale fracture
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connectivity and reservoir development in rapakivi granites and contribute to broader
strategies for identifying geothermal resources in stable continental crust.

Keywords: Geothermal reservoirs, Fault zones, Hydrothermal alteration, Crystalline
rocks, Fennoscandian Shield

Introduction

Precambrian crystalline basement cratons constitute extensive portions of the Earth’s
crust. They are characterized by low heat flow and very low rock-permeability, which
pose significant challenges for geothermal exploration (Jolie et al. 2021; Kukkonen et al.
2023). Nevertheless, faults and hydrothermal alteration can create fluid pathways that
enable circulation within the otherwise low-permeability crystalline basement, increas-
ing advective heat flow and making these regions viable unconventional geothermal
targets (Sausse and Genter 2005; Caspari et al. 2020; Kraal et al. 2021; Berger and Her-
wegh 2022; Bischoff et al. 2024; Harpers et al. 2024). Such viable geothermal systems
have been documented in multiple locations, including the Canadian Rocky Mountains
(Grasby and Hutcheon 2001), the Nepalese Himalaya (Whipp and Ehlers 2007), the Da
Qaidam Basin in China (Stober et al. 2016), the Swiss Alps (Diamond et al. 2018), the
French Pyrenees (Taillefer et al. 2018), the Basin and Range province in western USA
(Siler et al. 2019), and parts of Baja California, Mexico (Carbajal-Martinez et al. 2024),
where faults often enhance permeability, allowing fluids to reach significant depths and
form geothermal reservoirs. However, in ancient crystalline settings not experiencing
contemporary tectonic deformation, outcomes are often modest, as faults do not always
provide sufficient permeability to support commercially viable geothermal systems and,
in some cases, the low hydraulic conductivity of crystalline rocks has led to the closure
of geothermal projects (Kukkonen et al. 2023).

Despite this inherent thermo-hydraulic challenge of old cratonic regions, the explo-
ration of geothermal resources has already grown into a multi-million-euro market in
areas of crystalline basement, such as the Fennoscandian Shield (Arola and Wiberg
2022; Sanner et al. 2022). Unlike the generation of electricity, geothermal heating and
cooling applications rely on much lower working temperatures, enabling technologies
such as ground-source heat pumps, heat exchangers, and borehole fields to make an
impactful contribution to global energy markets. Currently, shallow (<1 km), low-tem-
perature (<150 °C) resources are estimated to supply about half of all geothermal heat
consumed globally, with nearly 10 GW, installed capacity in the Fennoscandian Shield
alone (IRENA 2022; IEA 2024). As technology advances, it creates significant potential
for expanding exploratory frontiers, particularly in the development of cost-competitive
geothermal systems in deeper (>1 km) crystalline settings.

The notable contrasting outcomes of geothermal projects in crystalline settings high-
light the need to better understand the mechanisms that govern permeability within
faults in these ancient cratonic areas, where present-day tectonic activity is minimal.
Recent studies have begun addressing these challenges by, for example, (i) advancing
our knowledge of the brittle tectonic evolution in central Fennoscandia (Skytté et al.
2021; Nordbéck et al. 2022, 2024); (ii) increasing understanding of fracture topology and
fault geometry at multiple scales (Nordbéck et al. 2023; Ovaskainen et al. 2023); and (jii)
establishing the links between faulting and hydrothermal alteration (Bischoff et al. 2024).
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Key unresolved questions are: How do faults and associated hydrothermal alteration
control the formation and connectivity of large-scale crystalline reservoirs in ancient
cratons? What are the key characteristics for identifying geothermal systems in such
settings?.

Inspired by geothermal developments in the Rhine Graben (France) and Cornwall
(UK), where faulted and altered crystalline reservoirs are exploited for fluid circulation
and heat production (Genter et al. 2010; Glaas et al. 2021; Reinecker et al. 2021; Farn-
dale and Law 2022), our study examines the role of faulting and hydrothermal alteration
in forming large-scale geothermal reservoirs in Finland. This is the first in a series of
two papers. Here, we present results from a multiscale analysis of brittle structures tran-
secting the 1.57 Ga Vehmaa Rapakivi Batholith in southwestern Finland (Lindberg and
Bergman 1993; Fig. 1). Complementary, investigations into mineral alterations and their
effects on petrophysical and thermal variations in the Vehmaa rapakivi rocks will be pre-
sented in a second paper and are not considered in detail here.

Using a diverse dataset, including regional lineament mapping, unmanned aerial vehi-
cle (UAV)-based photogrammetry, and field structural analysis of nearly 70 key loca-
tions across the Vehmaa Batholith, we investigate the formation, multiscale connectivity,
dimensions, and extent of faults intersecting this rapakivi body. Our multiscale analysis
provides critical insights for identifying possible fluid pathways and optimal targets for
geothermal exploration in ancient crystalline settings, while also providing first-order
estimations of heat production in low-enthalpy areas such as the Fennoscandian Shield.
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Additionally, our new data and interpretations significantly advance the understanding
of the tectonic and thermal evolution of the crystalline crust in southern Finland, par-
ticularly the timing, extent, and interplay of brittle deformation and hydrothermal alter-
ation events, enriching the existing literature on crystalline reservoirs (Ledésert et al.
2010; Achtziger-Zupancic et al. 2017; Duwiquet et al. 2021; Frey et al. 2022). Ultimately,
the insights gained from this study will support the development of numerical models to
quantify fluid flow parameters in crystalline reservoirs while enabling the energy indus-
try to assess how faults can form extensive geothermal targets, both in Finland and in
similar cratonic settings worldwide.

Geological background

Tectono-structural setting

Southwestern Finland bedrock is dominated by Paleoproterozoic granites, migmatites,
and supracrustal rocks that underwent ductile deformation and metamorphism during
the Svecofennian orogeny at 1.9-1.8 Ga (Fig. 1; Nironen 1997; Lahtinen et al. 2009). Brit-
tle deformation in southern Finland initiated between 1.79 and 1.72 Ga (Torvela et al.
2008; Marchesini et al. 2019; Prando et al. 2020) and involved reactivation of pre-exist-
ing Svecofennian ductile shear structures (Vidisanen and Skyttd, 2007), as well as the for-
mation of new brittle faults under NN'W-SSE compression (Mattila and Viola 2014).

After this initial Paleoproterozoic compressional regime, southern Finland experi-
enced multiple extensional phases associated with bimodal anorogenic magmatism and
the emplacement of rapakivi granites between 1.64 and 1.57 Ga. North—South extension
was dominant during the emplacement of the 1.64 Ga Wiborg Rapakivi Batholith (Fig. 1;
Nironen 1997), followed by E-W to NW-SE extension at around 1.59-1.57 Ga (Nord-
béck et al. 2024). Coeval with the later 1.59—-1.57 Ga rapakivi magmatism, diabase dykes
are reported across all southwestern Finland, all presumably related to E-W to NW-SE
extension (Suominen 1991; Rémo and Haapala 1995). This magmatic activity generated
large sheet-like batholithic intrusions and smaller plutons, including the Vehmaa (i.e., the
object of this study), Aland, and Laitila rapakivi granites (Fig. 1). Crustal thinning during
these stages initiate subsidence and the formation of an intracratonic sedimentary basin,
currently located near the southwestern coast of Finland and beneath the Bothnian Sea
(Korja et al. 1993). Sedimentary and igneous rocks deposited and emplaced during this
stage are preserved onshore within the Satakunta Formation (Pokki et al. 2013) that was
deposited into a fault-bounded basin north of the Laitila Rapakivi Batholith (Fig. 1), and
the Satakunta diabase intrusions. The minimum age of the Satakunta formation is con-
strained by the intrusion of 1.27 Ga diabase dykes and sills (Suominen 1991), while the
age of the oldest parts of the basin is estimated to range from 1.65 to 1.3 Ga (Simonen
1980; Kohonen et al. 1993; Pokki et al. 2013).

Detailed studies with regional coverage over the brittle structures in SW Finland have
been spatially restricted to analysis of the Aland Rapakivi Batholith (Fig. 1), indicating
two Mesoproterozoic strike-slip faulting stages: (i) the older 1.55-1.4 Ga WNW-ESE to
NNW-SSE compression and (ii) the younger 1.3-1.2 Ga NE-SW compression (Nord-
béck et al. 2024). The first stage is tentatively correlated with Mesoproterozoic extension
and late-rapakivi magmatism, while the second stage is time-constrained by K-Ar iso-
topic data of fault reactivation at the Olkiluoto nuclear repository site (Nordbick et al.
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2022; Fig. 1), coinciding with the intrusion of the 1.27 Ga Satakunta diabase. This sug-
gests that Mesoproterozoic tectonics in southwestern Finland may have involved local
strike-slip faulting during regional crustal rifting.

The youngest fault system recorded in the crust of southwestern Finland consists of
low-angle thrust faults, formed during the Sveconorwegian orogeny (ca. 1.1 Ga ago;
Mattila and Viola 2014; Nordbéck et al. 2022). Joints are also often observed in Finnish
rapakivi granites. Using crosscutting relationships between strike-slip faults and joints
in the Aland Batholith, Nordbick et al. (2024) estimated the maximum age of joint-
ing at around 1.2 Ga, and the presence of sedimentary dykes emplaced within these
joints (Bergman et al. 1982; Tynni 1982) further supports the interpretation that the
joints predate Cambrian sedimentation. Following the Sveconorwegian orogeny, brittle
deformation in southern Finland was largely limited to minor fault reactivations, and
it is generally accepted that from around 900 million years ago, the region transitioned
into a tectonically stable area (Mattila and Viola 2014; Green et al. 2022; Nordbick et al.
2022). Evidence of later activity is sparse; some fault reactivation during the Caledo-
nian orogeny (Late Cambrian to Early Devonian) has been identified from isotopically
dated fault gouge samples in southeastern Sweden (Saintot et al. 2011) and southwestern
Finland (Viola et al. 2011). Moreover, apatite fission-track thermochronology indicates
that the region experienced significant cooling following tectonic quiescence after the
Sveconorwegian orogeny, with only minor subsequent thermal perturbations through-
out the Phanerozoic, as paleotemperatures are inferred to have reached approximately
60+ 10 °C due to sedimentary burial (Kukkonen et al. 2025).

The present-day stress field in southern Finland is compressional (thrust), influenced
by the spreading of the Mid-Atlantic Ridge. Available stress data come from the upper
crust (depths<1 km), with the dominant orientation of the maximum horizontal stress
(0} being NW-SE to E-W oriented (Heidbach et al. 2025). In central Fennoscandia,
where post-glacial rebound is most pronounced, the strain field is, however, dominated
by extensional deformation, with rates reaching up to 5 nanostrain per year (Scherneck
et al. 2010). According to the seismic catalogue (Uski et al. 2025), the seismicity in south-
western Finland is low.

Vehmaa rapakivi batholith

Rapakivi batholiths in Finland typically cover hundreds to thousands of km? in surface
area and can reach thicknesses of more than 10 km (Elo and Korja 1993). The Vehmaa
Batholith is composed of multiple rapakivi intrusions emplaced between 1.58 and
1.57 Ga (Lindberg and Bergman 1993), spanning an area of roughly 700 km? (Selonen
et al. 2005). The outer, largest and oldest parts of the Vehmaa Batholith are dominated
by pyterlite (a local name given for a variety of granitic rock that contains some ovoidal
potassium feldspar megacrysts; see Rim6 and Haapala 2005). The central part of the
batholith contains three smaller rapakivi intrusions composed of medium-grained por-
phyritic intrusions, surrounded by a separate coarse-grained porphyritic intrusion. Fine-
to medium-grained aplitic intrusions are widespread across the entire Vehmaa body but
predominantly occur along the contacts of the multiple intrusions within the batho-
lith and along its margins. The mineralogy across the batholith is relatively uniform,
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consisting of potassium feldspar, quartz, plagioclase, and biotite. Hornblende is only
present in pyterlite (Selonen et al. 2005).

Geochemical composition of the porphyritic rapakivi indicates fractional magmatic
crystallization (Karell et al. 2009), while evidence of late magmatic and hydrothermal
processes can be found in the form of miarolitic cavities, quartz veins, and greisens
(Selonen et al. 2005). Anisotropy of magnetic susceptibility (AMS) data indicate: (i) gen-
tle dip of the tabular intrusive bodies away from the center of the batholith; (ii) moderate
outward dip of contacts with the host rock; and (iii) youngest magmatic pulses within
the batholith center. These findings could support either piston-like cauldron subsidence
(Selonen et al. 2005; Karell et al. 2009) or sheet-like pulsing, as seen in the concentric
Gotemar pluton in Sweden (Mattsson et al. 2024). Due to the anorogenic character of
the Vehmaa Batholith, no syn-magmatic tectonic fabric is evident. Therefore, these AMS
anisotropies result from the emplacement of the igneous body. Additionally, thermo-
barometer data indicate that the emplacement of the Salmi, Wiborg and Aland batho-
liths occurred at upper crustal levels, of 4 to 12 km, suggesting a similar depth range
for the emplacement of Vehmaa (Fig. 1; Eklund and Shebanov 1999). Breccias and sub-
stantial fracturing are not commonly reported at the contact margins of rapakivi bodies
in Finland. Instead, these contacts are typically sharp or gently undulating (Rdémo6 and
Haapala 1995; Haapala 1997; Karell et al. 2009), suggesting that the surrounding host
rocks accommodated the emplacement of the rapakivi bodies without significant brittle

deformation.

Methods and data

We employ a multiscale analysis approach to assess the formation of crystalline geo-
thermal reservoirs within the Vehmaa Batholith. At a regional scale, we use airborne
LiDAR, bathymetric maps, and aerogeophysical data to delineate km-scale structures
that transect the Batholith and surrounding regions (Fig. 2a—c). At the meso-scale, we
combine the remote sensing data with structural information obtained from UAV-based
photogrammetry to map structures from hundreds of meters down to structures of tens
of centimeters. At the outcrop scale, our focus was on identifying and mapping brit-
tle structures and associated mineral alteration intervals (Fig. 3). Additionally, we per-
formed paleostress analysis to evaluate the fault kinematics, as mapped at the outcrop
scale, within the Vehmaa Batholith. This analysis was cross-referenced with information
from the brittle deformation stages and structural orientations documented in the Aland
Rapakivi Batholith (Nordbéck et al. 2024).

Remote sensing mapping

Lineament mapping

Lineament mapping was conducted at two scales (i) 1:500 000, with the aim of under-
standing the contrasts and similarities between structures within and around the
Vehmaa Batholith, and (ii) 1:200,000 scale, focusing on a more detailed interpretation of
structures that transect the rapakivi intrusion. Interpretations at both scales were based
on a 2 m/pixel resolution airborne LiDAR data produced by the National Land Survey
of Finland (2019), combined with bathymetric data (Fig. 2a) collected at a 115 m/pixel
resolution (EMODnet Bathymetry Consortium 2018). Additionally, we used airborne
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Fig. 2 Remote sensing source datasets. a Topographic LIDAR (blue-red color scale) and bathymetry data
(magenta-blue color scale). b Magnetic data (red-blue color scale). ¢ Electromagnetic data (imaginary
component; blue—red color scale). Black polygon =outline of the Vehmaa Batholith

magnetic (Fig. 2b) and electromagnetic datasets (Fig. 2c) with a pixel resolution of 200 m
collected by the Geological Survey of Finland (GTK) (Hautaniemi et al. 2005; GTK
2007a, 2007b). Initially, each dataset was interpreted separately, and then combined into
a single integrated lineament map following the workflow described in Nordbick et al.
(2023) and Engstrom et al. (2025). This detailed integrated map was then compared with
field structural observations from over 40 locations across the Vehmaa Batholith, aiming

to validate the geological significance of the lineaments (Fig. 4).

UAY mapping

Based on the locations, extension, and connectivity of lineaments (see Sect. 3.3), as
well as the availability of substantial outcrop exposures, UAV surveys were conducted
at seven locations, with four key sites selected for detailed UAV fracture mapping. These
locations cover both the central part and the contact margin of the Vehmaa Batholith.
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M 5 .
Fig. 3 Field mapping of fault zones in the Vehmaa Batholith. a Strike-slip fault associated with mineral
alteration marked by the reddish coloration. b Example of a joint network with multiple orientations. ¢ A
SE-striking fault plane associated with a weak sub-horizontal fault lineation and observable secondary
porosity. d A S-striking fault plane with well-marked oblique slickenlines. The fault surface also exhibits steps,
which are useful for determining the sense of slip (slickenline orientation and the dextral sense of movement
on the fault surface are visualized with the yellow arrow). In both images ¢ and d, the compass lid and body
edge trends to the south

At three sites, areas of ~360 to 600 m? were surveyed from an altitude of 10 m,
achieving an average ground sampling distance (GSD) of 0.275 cm/pixel (for detailed
methodology see Ovaskainen et al. 2022). A larger site of approximately 19,200 m?
was imaged from an altitude of 20 m. Additionally, we documented two smaller sec-
tions of an outcrop from a 3-m altitude, capturing the relationship between mineral
alteration and fracturing. The images were processed in Agisoft Metashape and geo-
referenced using 6—-10 VRS-GPS ground control points collected at each surveyed
outcrop.

After processing the orthomosaics, we used the ArcGIS software to digitize linear
traces corresponding to fractures in the crystalline bedrock and polygons highlight-
ing altered areas of the bedrock. This generated 2D fracture networks showing the
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Fig. 4 Integrated lineaments interpreted from topographic and geophysical datasets at 1:200,000 scale
within the Vehmaa Batholith (outlined in white). Lineaments are overlaid on a combined raster background
of LIDAR (blue—red color scale) and bathymetry (magenta—blue color scale). Four major NNW-trending
lineaments are highlighted in black: VaFZ Vartsala Fault Zone, KuFZ Kustavi Fault Zone, TaFZ Taivassalo Fault
Zone and VeFZVehmaa Fault Zone. Other lineaments are shown in dark grey. The rose diagram illustrates the
distribution of lineament trend orientations, grouped into dominant sets (Set 1 and Set 2) as indicated by
dashed boundaries

location, extent, and connectivity of fractures at each studied location. Depending on
outcrop quality, the 0.27 cm/pixel resolution typically allowed capturing individual
fractures as small as 10 cm in length while the limited lateral extent of many outcrops
led to censoring of trace lengths of longer fractures. To enable topological analysis of
the fracture network, the digitization process adhered to the recommendations out-
lined by Nyberg et al. (2018).

Field mapping

We mapped fractures of different origins across the field area. Brittle discontinuities
with no reference to their origin are here referred to as ‘fractures’ ‘Joints’ describe frac-
tures that lack evidence of shear displacement between adjacent wall rock blocks. ‘Fault’
is used exclusively for structures associated with shear displacement. Faults displaying
a damage zone adjacent to one or multiple fault cores are here termed fault zones, fol-
lowing the schemes proposed in Mitchell and Faulkner (2009) and Peacock et al. (2016),
while ‘fault system’ is reserved for a network or group of related faults that occur in a
specific geological region and often share a common origin, stress regime, or structural
history. In this study, the terms fault zone and fault system are used in a scale-independ-
ent manner, and we recognize them both at outcrop and regional scales.

Structural mapping focused on roadcuts and coastal outcrops, where fracture planes
could be observed at scales of up to tens of meters, and in many cases, in three dimen-
sions (Fig. 3). Faults, joints and fractures were mapped at nearly 40 key locations across
the Vehmaa Batholith. For all mapped fractures, we recorded their plane orienta-
tion (DipDir-Dip), density, presence and type of mineral infill, evidence of alteration,
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relationships among structural elements, and visible porosity at outcrop scale (Fig. 3c).
To account for the magnetic declination, 9° were added to all compass measurements.
For faults, a complete kinematic dataset was collected, including the orientation of fault
planes and slip lineation, sense of kinematic movement (Fig. 3d), and the degree of cer-
tainty of these kinematic observations (high, moderate, or low; Table 2). The fault kin-
ematic dataset is presented in Appendix A.

Lineament and fracture network analysis

To conduct a comprehensive multi-scale analysis of lineament and fracture network
characteristics, we utilized fractopo, an open-source tool for geometric and topological
fracture network validation and characterization, following its application in compara-
ble geological settings (Ovaskainen et al. 2022; Nordbick et al. 2023; Ovaskainen 2023).
Fractopo operates within a user-defined target area, where all lineament and fracture
traces are clipped for analysis. As a result, all statistics and visualizations presented here
are derived exclusively from structures contained within these target-area boundaries.
Fracture and lineament orientations are displayed using equal-area, length-weighted
rose diagrams, in line with the recommendations of Sanderson and Peacock (2020).
These diagrams facilitate the classification of traces into dominant orientation sets with
boundaries defined according to the prevailing trends observed in both lineament inter-
pretations and outcrop measurements to capture orientation clustering.

Fracture network density was assessed using P,, fracture intensity which corresponds
to the total length of fractures per unit area. Connectivity was analyzed by calculating
connections per branch (Cp). These parameters were visualized through 1-m-resolution
contour grids following the approach of Nyberg et al. (2018). Higher P,,; values gener-
ally reflect zones of increased permeability, while C; provides a first-order measure of
fracture network connectivity. To compare connectivity across scales and data types,
node type proportions (X, Y, I) are presented in ternary plots, as outlined by Manzoc-
chi, (2002). Additionally, dimensionless branch intensity (B,,) values were calculated for
each target area, offering a scale-independent metric of fracture intensity (Sanderson
and Nixon 2015).

Paleostress analysis

Using paleostress analysis we aim to unravel the past stress conditions that produced
the brittle deformation of the rock, and to interpret the relationships between stress
fields and the development of high-permeability structures. In mechanically isotropic
materials, fault slip is typically aligned with the direction of the maximum shear stress, a
concept known as the Wallace—Bott hypothesis (Wallace 1951; Bott 1959). Under such
conditions, fault-slip data provide valuable insights for conducting paleostress inver-
sion analyses (Angelier 1994; Lacombe 2012; Pascal 2021). Overall, the Vehmaa Batho-
lith comprises homogeneous and non-foliated rocks with minor texture variation; thus,
exhibiting dominant isotropic properties at a mesoscopic scale of meters to hundreds
of meters. This minor compositional and textural heterogeneity makes it an ideal loca-
tion for applying Wallace—Bott principles to determine the paleostress orientation at the
time of the formation of the brittle structures. Furthermore, the anorogenic character
and age of emplacement, postdating major orogenic events such as the Svecofennian
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orogeny (1.9 to 1.8 Ga), contribute to the absence of significant mechanical anisotropies
in the Vehmaa Batholith.

Stress tensor calculations, including the orientation and relative magnitudes of prin-
cipal stresses, were performed using the “WinTensor’ software (Delvaux and Sperner
2003). The WinTensor software evaluates the quality of the resolved stress tensors,
assigning ratings from A to E. This evaluation considers various factors, including the
quantity of data, the deviation in slip, the confidence in slip sense for individual faults,
and the type of data used (Delvaux and Sperner 2003). Relative magnitudes were calcu-
lated as the stress ratio R (0, — 03/0, — 03), which describes the character of the stress
regime and the type of faulting (Delvaux et al. 1997). To divide our structural dataset into
subsets and calculate the paleostresses evolution of the study area, we apply the work-
flow detailed in Nordbéck et al. (2024) and Mattila and Viola (2014). Thus, the prelimi-
nary categorization of our fault-slip data into subsets using the right dihedron method
was followed by the iterative “rotational optimization” method to determine the opti-
mal stress tensor for each sub-set. During the rotational optimization phase, any data
with a misfit angle greater than 30° between the observed and theoretical slip directions
(as predicted by the stress tensor) was considered incompatible and discarded from our
subsets. The incompatible data points were then either reassigned to a different sub-set
or excluded from further analysis.

Sixty-nine fault kinematic observations were collected in the field. Of these, the sense
of slip was determined for 68 faults. The reliability of these kinematic observations was
classified as high (N =25), moderate (N=30) and low (N=13). In addition, nine of these
measurements were discarded during WinTensor validation due to an angular field
measurement error greater than 20° between the lineation and fault plane. Thus, we used
a total number of 58 observations for paleostress analysis.

Results

Lineament analysis

Our integrated 1:200,000-scale lineament interpretation (Fig. 4) highlights two dominant
orientations: Set 1 includes NW-NNW structures trending 100°-~165° and Set 2 encom-
passes ENE structures trending 20°—80°. Structures in Set 1 generally show greater con-
tinuity with typical lengths around 10 km and some reaching up to 27 km. In contrast,
Set 2 consists of shorter, more discontinuous features, with only two lineaments longer
than 10 km.

Within Set 1, four major NW-trending fault zones were recognized in the Vehmaa
Batholith: the Vartsala (VaFZ), Kustavi (KuFZ), Taivassalo (TaFZ), and Vehmaa Fault
Zones (VeFZ). These zones exhibit slight curvature and occur at a consistent spacing
of approximately 7 km. Except for TaFZ, all are over 25 km in length and extend from
the rapakivi granite into the surrounding host rock. VaFZ and KuFZ are located in the
offshore western part of the batholith and are therefore only partially exposed on a series
of islands. In contrast, TaFZ and VeFZ are situated onshore in the eastern part of the
batholith (Fig. 4).

In addition to these major structures, minor NW-trending lineaments are present
throughout the batholith. Some of these appear as secondary features that connect or
branch off from the major NW-trending structures, such as at step-overs and horsetail
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terminations. The area southwest of the VaFZ shows a rather different structural pat-
tern, with predominant WNW (Set 1) and NE (Set 2) lineaments. In the southeastern
part of the batholith, where outcrop exposure is more extensive, a cluster of shorter Set 1
lineaments appears proximal to the VeFZ. This southeastern area lacks Set 2 lineaments
(Fig. 4).

Set 2 lineaments are particularly common in between VeFZ and KuFZ within the
northern part of the batholith, whereas their spatial occurrence is more scattered in
other parts of the batholith. Set 2 structures commonly terminate against Set 1 struc-
tures, suggesting that they are younger (see e.g., Peacock et al. 2017; Li et al. 2024). An
exception to the topological relationship occurs in the TaFZ, which is intersected by
multiple Set 2 lineaments up to 10 km long (Fig. 4).

Regionally, the orientation of the NNW and ENE-trending lineaments within the
Vehmaa Batholith differs from the NNE and ENE lineaments within the surrounding
Paleoproterozoic bedrock (Fig. 1). An exception occurs northeast of the Vehmaa Batho-
lith, particularly near the Laitila Batholith and the Kynsikangas Shear Zone, where linea-
ment orientations are largely similar to those within the Vehmaa Batholith, at least partly
due to the prominence of KySZ that has an NN'W-SSE orientation (Fig. 1).

Despite the discontinuous nature of many Set 2 lineaments, collectively both linea-
ment sets form a connected network across the Vehmaa Batholith. The mapped linea-
ment network produces a connections per branch (Cg) value of 1.69 (Fig. 11), indicating
a moderately interconnected fault network where each fault branch, connects to an
average of 1.69 other branches. The overall lineament intensity (P,;) at 1:200,000 scale,
quantifying the total length of lineaments per unit area, is only 0.001. However, the
dimensionless intensity (B,,) of 1.96 suggests that, relative to the area, the network has a
high intensity.

Field and UAV observations

In total, we measured and analyzed the orientations and kinematic indicators of 69
faults and 509 joints. Figure 5 presents the orientation data compiled from mapped
lineaments, outcrop faults, and joints. The NNW-trending Set 1 is prominent among
the lineaments and faults, but is less distinct within the joint population. In contrast,
the NE-trending Set 2 is more consistently observed across joint networks and outcrop
faults. Additionally, in some outcrops, we identified an E-trending fault set, referred to
as Set 3. Most of the mapped faults and joints are subvertical or steeply dipping. Fracture
network intensity and connectivity data are summarized in Table 1.

Site 1: Central Vehmaa Batholith
Site 1 (Fig. 5) was surveyed using UAV photogrammetry at a flight altitude of 20 m,
covering a large, partially exposed outcrop approximately 130X 170 m in size. Due to
incomplete outcrop exposure, fracture mapping was limited to fractures longer than
10 m (Fig. 6a, b). The longest fractures at Site 1 exhibit orientations broadly consistent
with the dominant local lineament trends, particularly a NW-trending Set 1 and a NE-
trending Set 2 (Fig. 6a, c), with a subordinate E-trending Set 3 also present (Fig. 6a).
Field mapping revealed hydrothermal alteration along several Set 1 and Set 3 fractures,

including pervasive precipitation of epidote and chlorite. Three major structures were
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Fig. 5 Structural framework of the Vehmaa Batholith showing mapped lineaments, fault-slip observations,
fracture observations, and UAV orthomosaic sites. Lineaments are interpreted from airborne LiDAR and
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interpreted as faults based on offset indicators and alteration halos: two sinistral faults
within Set 1 (up to 90 m in length) and one dextral fault associated with Set 3.

The fracture network at Site 1 includes both large-scale individual fractures and clus-
ters of closely spaced joints. Several of the mapped fractures reach lengths of at least
90 m that transect all the area of the survey, indicating substantial lateral continuity. In
many areas, fractures occur in sets where individual fractures are spaced only centime-
ters to tens of centimeters apart (Fig. 6b). Although Site 1 provides important qualitative
insights into fracture orientation and hydrothermal features, the incomplete exposure of
the outcrop limits the quantification of network connectivity and intensity. Thus, frac-
ture network parameters from this site are not included in Table 1.

Site 2: contact zone of pyterlite and porphyritic granite

Site 2 is located near the contact between coarse-grained pyterlite and medium-grained
porphyritic granite (Fig. 5). The shoreline outcrop comprises a complex assemblage
of lithologies, including pyterlite, fine-grained aplitic dykes, and quartz veins hosting
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Fig. 6 Multiscale structural analysis of Site 1, linking outcrop observations with UAV and regional data. a
UAV orthomosaic of Site 1 (surveyed from 20 m altitude), showing digitized fracture traces (black), and fault
kinematics indicated by double-headed arrows. A rose diagram summarizes fracture orientations, grouped
into three dominant sets. b Field photograph from the southwestern edge of Site 1, looking southeast. The
location of the dotted fracture trace is indicated by an arrow. ¢ Digital elevation model from airborne LIDAR
data, showing the structural framework around Site 1. Grey lines represent interpreted lineaments. The rose
plot shows the orientation of lineaments within a 4 km radius from the site

miarolitic cavities—features commonly associated with late-stage magmatic and hydro-
thermal processes (Fig. 7a, b). Fracture orientations at Site 2 are broadly consistent with
those at Site 1 (Fig. 6a) and align well with the dominant local lineament trends. How-
ever, due to the greater length of NN'W-trending lineaments, these appear dominant in
the length-weighted rose plot (Fig. 7c). The shape and orientation of the shoreline itself
appear structurally controlled, reflecting the influence of persistent fracture sets on
landscape morphology.

No major faults were identified at Site 2 or in the surrounding area. However, the
outcrop displays a dense network of small-scale fractures, with individual lengths
reaching up to 10 m. The continuity of many fracture traces beyond the narrow
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their orientations summarized in the rose diagram. b Zoomed-in view of a section of Site 2 orthomosaic;
location shown in red in a. ¢ LIDAR DEM and interpreted lineaments (grey lines) in the surrounding regions
of Site 2. The rose plot shows the orientation of lineaments within a 4 km radius from the site. d Fracture
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outcrop width (~5 m) suggests longer structures that extend outside the surveyed
area (Fig. 7b). Fractures frequently occur in subparallel sets with close spacing—rang-
ing from a few centimeters to several tens of centimeters, particularly within the

aplitic portions of the exposure.

Quantitative analysis of the fracture network indicates an average fracture intensity
(P,;) of 1.44 m/m?, with localized values reaching up to 3.88 m/m? (Fig. 7c). Frac-
ture connectivity, as expressed by the average connectivity parameter (Cp), is 1.49

(Fig. 11), while the dimensionless fracture intensity (B,,) is 0.69 (Table 1).
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Site 3: southwestern contact of the Vehmaa Batholith
Site 3 is located within pyterlite at the southwestern contact of the Vehmaa Batholith
(Fig. 8). The fracture network is characterized by a well-defined orthogonal pattern
formed by Set 1 and Set 2 joints. Set 1 fractures are longer and more continuous—
reaching lengths of up to 17 m—while Set 2 fractures frequently terminate against
Set 1, suggesting a hierarchical fracture arrangement. The local lineament pattern
surrounding Site 3 closely mirrors these outcrop-scale fracture orientations (Fig. 8c),
indicating structural coherence across scales. No clear faulting or hydrothermal alter-
ation was observed within the UAV-surveyed area. However, a partially exposed SE-
striking sinistral fault was identified just northeast of the site and can be traced for
approximately 300 m in LiDAR data. Additionally, a smaller E-striking dextral fault
is located to the east of the outcrop (Fig. 8c), suggesting the area is structurally influ-
enced even if faults are not directly exposed or easily identified in the survey area.
Fracture intensity (P,;) ranges from 0 to 4.87 m/m? with an average of 1.72 m/m?
(Fig. 8d; Table 1). Due to the abundance of Set 2 fractures that interconnect the longer
Set 1 structures, the overall connectivity of the fracture network is relatively high.
Most parts of the outcrop exhibit Cy values above 1.5, with an average Cj of 1.78. The
dimensionless fracture intensity (B,,) is 1.17 (Figs. 8e, 11; Table 1).

185890

Connections per branch
m0.375-1.0
0-15
1,

6720150

Fig. 8 Structural analysis of Site 3 based on UAV and outcrop data. a Zoomed-in view of a section of
the outcrop shown in red in b. b UAV orthomosaic of Site 3 showing digitized fracture traces, with their
orientations summarized in the rose diagram. The position of the rapakivi contact is marked with a dotted
white line. ¢ Interpreted lineaments (grey lines) and mapped faults (double arrows) overlaid on the LIiDAR
DEM in the surrounding regions of Site 3. The rose plot shows the orientation of lineaments within a 4 km
radius from the site. d Fracture intensity contour map (P,,) calculated using a T m grid. e Fracture network
connectivity map, showing connections per branch (Cg) based ona 1 m grid
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Site 4: southwestern contact of the Vehmaa Batholith

Site 4, located approximately 5 km northwest of Site 3 and near the southwest-
ern margin of the Vehmaa Batholith (Fig. 5), shows a strong spatial association
between fracturing, hydrothermal alteration, and generation of secondary porosity.
As observed at Site 3, the dominant fracture sets are NE-trending (Set 2) and ESE-
trending (Set 1; Fig. 9a). While these orientations differ slightly from the broader lin-
eament trends observed within the batholith (Fig. 5), they are consistent with more
localized lineaments in the southwestern area (Fig. 8c). The longest mapped Set 1
fractures reach up to 11 m in length, although limited outcrop exposure prevents
tracing their full extent, as LIDAR data reveal that these structures can be traced for
several kilometers. In contrast to the relatively uniform fracture network properties
observed at Sites 2 and 3, Site 4 displays structurally controlled hydrothermal anom-
alies. Intensively fractured zones associated with Set 1 (WNW-striking) correspond
to porous, hydrothermally altered bedrock at the surface exposures. These zones are
frequently accompanied by thin, WNW-oriented mafic veins composed of chlorite
and amphibole (Fig. 9b). These altered zones also show elevated fracture intensity
and connectivity, with P,, values ranging from 0 to 10.42 m/m? (average 2.99 m/m?),
Cp averaging 1.72, and a B,, value of 0.76 (Table 1; Figs. 9¢, d, Fig. 11).

Drone and field observations suggest that Set 2 fractures are less continuous and exert
weaker control on alteration, although they are present within altered domains and often
intersect Set 1 fractures (Fig. 10). These intersections locally enhance network connec-
tivity and contribute to the high fracture intensity in structurally complex areas. Several
of the altered Set 1 zones were identified as faults, though their kinematic character-
istics vary. One fault zone (Fig. 10a, c) exhibits sinistral shear with a well-defined fault
core and surrounding damage zone that includes antithetic and extensional fractures.
Another fault (Fig. 10b, d) displays approximately 30 cm of dextral displacement along
an aplite vein. Many of the Set 1 fault planes also show evidence of mineral precipitation
and mafic veins, indicating sustained fluid flow along these structures. In contrast, such
mineralization and veining are absent in the extensional components of these structures,
suggesting that fault formation predated the hydrothermal event (Fig. 10a, c). Beyond
these two fault zones, we interpret a 5-m-wide, intensely fractured and altered corridor
in the central part of Site 4 (Fig. 9a) as a fault zone. Due to its highly heterogeneous and
disrupted character, a clear kinematic interpretation could not be established.

High-density fracture zones

High-density fracture zones (HDFZs) were observed at eight distinct locations
across the Vehmaa Batholith (Fig. 5). These zones consist of sets of closely spaced
(mm- to cm-scale), open fractures that often form linear or anastomosing patterns
at the outcrop scale (Fig. 12). The orientation and spatial distribution of these zones
are commonly aligned with strike-slip faults, indicating strong structural control
on their formation. Without exception, HDFZs strike roughly orthogonal to major
NNW-trending lineaments, suggesting they may represent subsidiary structures
that branch off from principal fault zones (Fig. 5). Their orientations are consistent
across all mapped locations, supporting a regionally persistent structural control. Due
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Fig. 9 UAV-based fracture trace analysis from Site 4 outcrops. a Digitized fracture network, with
northeast-trending fractures (Set 1: 30°-60°) shown in red and east-southeast-trending fractures (Set 2:
105°-145° in blue. Interpreted fault zones are outlined with dashed lines. A rose diagram summarizes fracture
orientations for the site (n=2505). b Digitized polygons showing visually identified zones of altered bedrock
(vellow). ¢ Fracture intensity (P,;) contour map calculated using a 1 m grid. d Fracture network connectivity
(connection per branch, Cg) calculated using a 1 m grid

to limitations in analyzing the cores of major ENE-trending lineaments, which are
often unexposed or submerged beneath the Bothnian Sea, we are unable to determine
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Fig. 10 Field examples from Site 4 showing the spatial relationship between faulting and hydrothermal
alteration. Southeast-striking strike-slip faults display alteration halos up to meter-thick, symmetrically
developed on both sides of the fault plane and oriented parallel to it. a Sinistral strike-slip fault with a
prominent alteration zone (reddish coloration), spatially associated with the intersection of the SE-striking
main displacement zone and a damage zone consisting of secondary fractures—interpreted as possible
extension fractures and antithetic faults—that crosscut it at a high angle. Secondary porosity is visible as
black dots at the outcrop surface. b Fault plane with a chlorite and amphibole vein and surrounded by a
30-cm-wide alteration halo. An aplite vein if offset by approximately 30 cm in apparent dextral sense. Panels ¢
and d show zoom-ins to aand b

whether these HDFZs are exclusive to NNW-striking structures or if they also occur
along ENE-striking faults.

Combining field observations with high-resolution LiDAR data, we found that
HDFZs are arranged in regular, subparallel sets, spaced from a few meters to several
tens of meters apart. Individual fracture clusters typically range from tens of centim-
eters to a few meters in width, and in many cases, can be traced continuously over
a kilometer along strike, indicating notable lateral continuity and strong structural
coherence within the batholith (Fig. 12). The presence of HDFZs transecting the
Vehmaa Batholith may significantly enhance rock permeability, acting as pathways
that facilitate subsurface fluid flow and promote mineral alteration, as reported in
various rock types worldwide (Questiaux et al. 2010; Sanderson and Peacock 2019; de
Joussineau 2023; Bischoff et al. 2024).

Sub-horizontal sets of HDFZs were also identified at two locations, where no clear
relationship with the main fault zones transecting the Vehmaa Batholith could be
established. These flat sheet-like structures could tentatively be interpreted as hav-
ing formed by the unloading of the granitic body during exhumation. While a
detailed analysis of their origin is beyond the scope of this study, their geometry and
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Fig. 11 Topological analysis of fracture networks based on UAV and lineament datasets, visualized as

the relative proportion of node types: I-nodes (isolated ends), Y-nodes (branching points), and X-nodes
(cross-cutting intersections). Each colored dot represents a dataset from Sites 1 to Site 4, and regional
lineaments. Gray dotted lines represent values for connections per branch (Cg). Networks with more Y- and
X-nodes show higher Cg values and better connectivity, which enhances fluid flow potential in crystalline
geothermal reservoirs

orientation are consistent with flat lying joints typically associated with stress release
in exposed crystalline rocks (Martel 2017; Penhoét et al. 2025).

Paleostress analysis
All 69 mapped faults within the study area exhibit strike-slip kinematics, character-
ized by steeply dipping main displacement zones (Fig. 5). Slip sense was determined for
68 faults, revealing a nearly balanced distribution: 36 faults show sinistral (left-lateral)
movement, while 32 display dextral (right-lateral) motion. The sinistral faults predomi-
nantly strike NN'W, aligning closely with the Set 1 lineaments, whereas the dextral faults
mainly strike NE, corresponding to lineament Set 2 (Fig. 13). Using the WinTensor soft-
ware for stress inversion, we identified two distinct strike-slip stress regimes, designated
as Stage 1 and Stage 2. Stress tensors calculated from the entire dataset showed minimal
variation compared to those based solely on high-certainty observations, underscor-
ing the robustness of the inversion results. Figure 14 compares the paleostress tensors
derived from (i) all kinematic data, (ii) only high-certainty data, and (iii) all data exclud-
ing low-certainty observations. Detailed tensor parameters are summarized in Table 2.
Stage 1 is characterized by a strike-slip regime dominated by sinistral Set 1 faults
and dextral Set 2 faults, with the principal compressive stress (o;) oriented WNW-
ESE (Fig. 14). The stress ratio (R), representing the relative magnitude of intermedi-
ate to maximum principal stresses, varies only slightly between 0.42 and 0.55 across
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Fig. 12 Examples of high-density fracture zones (HDFZ) shown in LIDAR maps (a) and observed in the field
(b, ¢), Central Vehmaa Batholith. Yellow lines represent lineaments from the integrated 1:200,000-scale map,
while white dashed lines indicate the mapped extension of the HDFZ based on LiDAR data and field mapping.
For the locations of these zones, refer to Fig. 5
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Fig. 13 Orientation data of the mapped fault planes, separated by kinematic sense of slip. The left stereonet
shows sinistral faults (N =36), while the right one shows dextral faults (N=32). Contour plots represent the
density of fault plane orientations

all datasets, indicating a stable and consistent pure strike-slip stress state for Stage 1.
Notably, the tensor derived from the full dataset achieved the highest quality rating

(A), reflecting strong confidence in this paleostress regime. At the time these structures
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Fig. 14 WinTensor paleostress inversion analysis results for the Vehmaa Batholith, shown separately for all
observations, high-certainty observations, and high- to moderate-certainty observations

formed, a stable stress field may have facilitated the development of steeply dipping
fractures intersecting at various angles along these faults, creating a complex, intercon-
nected network that represents promising targets for deep geothermal exploration (Sib-
son 1996).

Stage 2 comprises SE- to S-striking dextral faults (Set 1) and ENE-striking sinistral
faults (Set 2), reflecting a strike-slip stress regime with a principal compressive stress
(0,) oriented NNE-SSW, in contrast to the WNW-ESE compression observed in Stage
1 (Fig. 14). The stress ratio (R) varies depending on the dataset: 0.37 for all data (indicat-
ing a pure strike-slip regime), 0.76 for high-certainty observations (suggesting transten-
sional conditions), and 0.63 for combined high- and moderate-certainty data (consistent
with pure strike-slip). The Stage 2 stress tensor derived from the full dataset has a quality
rating of B, indicating slightly lower confidence compared to Stage 1.

Discussion

Timing of fault activity

Our paleostress inversion results show structural patterns consistent with observa-
tions from the Aland Batholith, where Stage 1 faulting was inferred to have occurred
between 1.55 and 1.4 Ga, and Stage 2 around 1.3 to 1.2 Ga (Nordbéck et al. 2024). As
in Aland, Set 1 structures in Vehmaa trend NNW and are more continuous, whereas

ENE Set 2 structures are shorter and often terminate against Set 1 faults, supporting the
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interpretation that Set 1 faults are older (e.g., Peacock et al. 2017). Paleostress analysis
in Vehmaa (Fig. 14) further supports previous studies of the Aland and Wiborg rapakivi
batholiths, indicating that orthogonal joints formed after faulting and developed primar-
ily within anisotropic bedrock influenced by pre-existing brittle structures (Skytté et al.
2021; Nordbick et al. 2024).

Despite the broadly similar structural patterns in the brittle deformation of the Vehmaa
and Aland batholiths, the principal compression directions show some variation. In
Stage 1, the o, axis in Vehmaa trends 06/286°, approximately 15° offset from Aland, while
in Stage 2 the difference increases to 28°. These discrepancies may reflect local variations
imposed by structural inheritance from pre-existing regional structures. In Aland, large-
scale faults align with older Paleoproterozoic shear zones such as the NW-trending Sot-
tunga—Jurmo Shear Zone, whereas in Vehmaa, the dominant NN'W-trending lineaments
fit the NNW-trending of the Kynsikangas Shear Zone (Fig. 1; Ovaskainen et al. 2023;
Nordbiack et al. 2024). Although these structural correlations suggest that strike-slip
faulting in the Aland and Vehmaa batholiths may have been coeval, further age determi-
nations of faults in both areas are required to confirm this interpretation.

Reservoir size, geometry, and connectivity

Brittle structures in Vehmaa show a strong correlation in orientation and spatial relation-
ships across scales, from regional lineaments to outcrop-scale fractures (Fig. 5). At the
outcrop scale, fault zones traceable for tens to hundreds of meters align with 1:200,000-
scale lineaments extending up to 25 km (Figs. 6, 7, 8 and 9). This multiscale consistency
indicates that the lineaments likely represent large fault systems (Tchalenko 1970; Bon-
net et al. 2001) and, together with our analysis of fault connectivity, suggests that these
structures may define kilometer-scale fractured reservoirs. The predominantly subverti-
cal orientation of faults and most joints (Fig. 5) implies that these systems could extend
several kilometers into the crust, consistent with strike-slip fault geometries (Bhattacha-
rya 2022). Such vertical structures can strongly influence deep fluid flow within the crys-
talline crust, as illustrated by the Pontgibaud fault zone in the French Massif Central,
where modeling suggests that a permeability of 1.6 x 10~'* m? could reach ~150 °C tem-
peratures at 2.5 km depth (Duwiquet et al. 2019). In Vehmaa, comparable permeabilities
may also be achieved in fault-controlled reservoirs (see "Geothermal exploration targets"
section for details); however, such high temperatures are unlikely given the lower geo-
thermal gradient of ~15-20 °C/km (Kukkonen et al. 2023), which would yield only ~50—
60 °C at 2.5 km depth.

In detail, the Central Vehmaa Batholith is transected by multiple SSE- and NNW-
trending lineaments that likely represent fault zones extending 10-25 km and continu-
ing beyond the contact with surrounding Svecofennian rocks (Figs. 1, 4, 5). Longer faults
are typically associated with wider damage zones and greater fracture densities. Based
on scaling relationships, faults of 10-25 km length could produce 10—-1000 m wide zones
of highly fractured rock (e.g., Scholz et al. 1993; Scholz 2007; Vermilye and Scholz 1998),
defining the largest reservoir volumes in the study area. Our LiDAR data show that most
kilometer-scale lineaments are surrounded by topographic discontinuities, suggesting
damage zones 100-200 m wide near the longest faults (Fig. 4). Additionally, P21 exceeds
10/m? near faults at Site 4, compared with values below 2/m? in more pristine parts of
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the rapakivi body (Table 1). Fracture connectivity exerts an equally important control on
reservoir permeability, with Cj values at Site 4 reaching ~1.7, comparable to the aver-
age for lineaments and well above the 1.3 threshold generally considered favorable for
continuous fluid pathways (Evans et al. 1997; Sanderson and Nixon 2018). Additionally,
Site 4 and nearby lineaments display a higher proportion of X-nodes than other sites
(Fig. 11), indicating a greater potential for fault intersections, consistent with observa-
tions from other fractured networks studies (Peacock et al. 2017; Peacock and Sanderson
2018).

To support the development of discrete fracture network (DFN) models, site-spe-
cific studies should investigate not only fracture intensity and connectivity, but also the
length distribution of brittle structures. However, due to the censored nature and irregu-
lar shape of outcrops in Vehmaa, length distribution analysis was beyond the scope of
this study.

Beyond fault-controlled fracture networks, orthogonal joint patterns in some more
pristine host rocks also form well-connected networks, with Cy values exceeding 1.5
(Figs. 5, 11). Overall, joint lengths, orientations, and frequency are typically more scat-
tered, and the dominant NNW trend observed in faults and lineaments is less pro-
nounced (Fig. 5). These differences likely reflect contrasting deformation mechanisms,
where faults accommodate displacement along discrete shear planes, whereas joints
generally form under tensile stress and develop in multiple orientations influenced by
local stress perturbations (Pollard and Segall 1987). From a geothermal perspective, this
distinction is crucial: fault zones serve as primary conduits for fluid flow, while well-
connected joint networks can increase effective reservoir volume, enhance overall per-
meability and recharge capacity, and potentially mitigate thermal short-circuiting during
geothermal production (Zhang and Dahi Taleghani 2023). For instance, although no
faulting was observed at Site 3, the orthogonal joint pattern and high connectivity values
(Figs. 8, 11) suggest favorable pathways for fluid circulation. Similarly, at Site 2, fracture
intensity and connectivity are elevated within aplitic dykes (Fig. 7), which likely acted
as fracture-prone zones within the granite host. No significant brecciation or fracturing
was observed at the contacts between the batholith and the surrounding paragneiss and
migmatites, further suggesting that post-emplacement brittle deformation is the domi-
nant process controlling the formation of fractured reservoirs in the Vehmaa body. How-
ever, since jointing typically decreases with depth in the crust, drilling data are needed to
understand the brittle properties at depths.

Faulting and hydrothermal alteration

Hydrothermal alteration in the Vehmaa Batholith is manifested by fractures infilled with
chlorite, epidote, and amphibole, as well as by color changes in the rock matrix adja-
cent to faults (Figs. 9, 10, and 15). This spatial association indicates that post-magmatic
faulting played a primary role in forming fluid pathways and localizing hydrothermal
alteration within the batholith. At multiple locations, alteration has led to mineral dis-
solution and the development of secondary porosity (Fig. 10), processes that enhance
fluid conductivity and permeability even at several kilometers’ depth in the crystalline
crust (Sausse and Genter 2005; Caspari et al. 2020; Bischoff et al. 2024; Harpers et al.
2024). Steeply dipping strike-slip faults, particularly Set 1, acted as primary conduits for
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Fig. 15 Examples of structures controlling the pathways of fluids and the formation of crystalline reservoirs
as observed in the field. a Steeply dipping fault from the northern part of the batholith. b NW-striking
strike-slip fault associated with chlorite and epidote precipitation observed at Site 1. ¢ Tube-like alterations
found at the main NW-striking strike-slip fault mapped at Site 4. d Steeply dipping NW-striking strike-slip fault
near the southern part of Site 3. e Closely spaced NW-striking network of fractures located 500 m east of Site
3

hydrothermal fluids, as indicated by the alignment of alteration zones with subvertical
faults, and the observed decrease in alteration intensity with increasing distance from
fault cores (Figs. 3, 6,9, and 10).

Intense mineral alteration at Sites 1 and 4 (Figs. 9, 10, and 15), associated with Stage
1 NW- to WNW-striking faults, provides crucial clues on this fault—alteration relation-
ship. At Site 4 in particular, hydrothermal veins are typically parallel to the main sinis-
tral strike-slip faults formed during Stage 1 (Fig. 10), areas that typically accommodate
compressional stress and are not expected to facilitate fluid flow. Conversely, antithetic
and extensional fractures associated with the same sinistral strike-slip faults lack veins
(Fig. 10a, c), despite the fact that such zones often promote fluid migration and vein pre-
cipitation alongside fault activity (Ford et al. 2009). These relationships indicate that vein
formation was not coeval with faulting, but instead point to a polyphase brittle defor-
mation—hydrothermal alteration evolution. Supporting evidence comes from the pres-
ence of two nearby WNW-striking faults at Site 4, one sinistral and the other dextral,
reflecting successive deformation phases (Fig. 10). Collectively, these observations dem-
onstrate that permeability in the Vehmaa Batholith has been primarily controlled by the
distribution of post-magmatic brittle structures, which can be further enhanced by min-
eral alteration over multiple subsequent tectonic and hydrothermal events. Although the
precise timing of alteration cannot be constrained from structural data alone, the clear
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structural control implies that hydrothermal processes postdated Stage 1 faulting, as will

be further discussed in the second part of this work.

Geothermal exploration targets

Selecting deep geothermal targets based exclusively on surface mapping presents inher-
ent limitations that constrain accurate resource estimation. These include: (i) uncer-
tainties in fault geometry and their continuity at depth; (ii) the hydraulic behavior of
fractures under increasing burial and confining pressure; (iii) the lateral continuity of
fracture networks in areas covered by sediments or water; (iv) uncertainty in thermal
properties at reservoir depth; (v) lack of in situ stress data, which is critical for assessing
fracture dilation tendency and permeability orientation; and (vi) the inability to validate
the hydraulic connectivity of lineaments without supporting geophysical and borehole
data. To provide a first-order assessment of promising geothermal targets within the
Vehmaa Batholith, we identify potential exploration zones based on the following crite-
ria: (i) the extent and continuity of fault zones mapped through lineament analysis; (ii)
the presence of fault intersections and terminations indicative of enhanced structural
complexity; (iii) fracture connectivity assessed via drone-based photogrammetry; and
(iv) the thickness and volume of the plutonic body, which may locally influence the geo-
thermal gradient.

The longest and most continuous lineaments likely represent major kilometer-long
fault zones with wide (>200 m) damage zones, which could serve as well-connected fluid
pathways, as pointed out by the overall fracture connectivity and intensity approaching
1.7 Cy and 2.0 B,,, respectively (Sanderson and Nixon 2018). In particular, the VaFZ,
KuFZ, TaFZ and VeFZ (Fig. 16) are identified as large-scale targets that may host kil-
ometer-scale fractured reservoirs, similar in nature to reservoirs utilized by successful
projects such as the United Downs Deep Geothermal Project in the UK and geothermal
systems in the crystalline basement of the Upper Rhine Graben (Béchler et al. 2003; Led-
ingham et al. 2019).

Global experience demonstrates that many geothermal reservoirs are not solely
linked to individual faults, but are more often associated with structurally complex
zones, such as fault intersections, horsetail terminations, relay ramps, step-overs, and
accommodation zones, which typically enhance fault permeability and support sus-
tainable fluid flow (e.g., Moeck 2014; Jolie et al. 2021). For example, the VaFZ and
KuFZ (Target 1 and 3, Fig. 16), exhibit multiple intersecting structures in their cen-
tral areas, including a 10-km-long SE-trending lineament and a nearby ENE-trending
feature. Additionally, both fault zones are associated with high-density fracture zones
(HDFZ; Fig. 12), which together may form localized zones of enhanced permeabil-
ity. Similarly, the northern part of the TaFZ displays multiple intersections of ENE-
and SE-trending lineaments (Target 4, Fig. 16), indicating the potential presence of
fractured reservoirs and fluid flow pathways. In contrast, the southern section of the
VeFZ is characterized by an anomalously high density of NNW-trending subsidiary
lineaments that align with the main fault zone trend (Target 5, Fig. 16), further sug-
gesting large-scale crystalline reservoirs with potential enhanced structural perme-
ability. Additionally, the region between the VaFZ and KuFZ (Target 2, Fig. 16), where
two NNW-trending lineaments terminate and appear to connect with SE-trending
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Fig. 16 Schematic representation of prospective targets for geothermal exploration in the Vehmaa Batholith,
with favorable locations highlighted in red on the LIDAR map at the top of the figure. Lineaments are
mapped on LiDAR-derived topography, with their width scaled to the estimated damage-zone width (1% of

lineament length), while major fault zones are deliberately exaggerated to enhance visualization. The figure’s
vertical dimension is exaggerated by about 3:1 relative to the horizontal

horsetail structures, exhibits increased lineament density, and suggests an extensional
geometry that could enhance fracture permeability and fluid flow.

The present-day stress field has not been directly measured within the Vehmaa
Batholith. The closest available data come from the Olkiluoto area, located approxi-
mately 70 km north of Vehmaa. In Olkiluoto, and more broadly across southern Fin-
land, stress measurements indicate a predominately E-W compressional regime,
which contrasts with the NW-SE orientations commonly observed in central Fen-
noscandia (Heidbach et al. 2025). Although an E-W compressional regime would not
enhance dilation along the NNE-trending main structures of Vehmaa, local stress field
deviations have been documented in southern Finland. Therefore, for any geothermal

Page 27 of 34



Nordbéck et al. Geothermal Energy

(2026) 14:1

Table 1 Summary of fracture network analysis results from 1:200,000-scale lineaments of Vehmaa
Batholith and UAV-derived fracture traces at four study sites

Data Area(m?)  Resolution Traces Min Max Mean P,, By, G
(cm/pixel)  count length length length
(m) (m) (m)

1:200000 683476542 200 137 112.29 18,12598  5729.02 0.001 196 1.69
lineaments

Site 1 19,269 0.55 86 279 91.00 21.84 - - -
Site 2 364 0.28 534 0.06 10.65 0.99 1442 069 149
Site 3 491 0.28 454 0.095 17.01 1.87 1724 117 178
Site 4 610 0.28 2505 0.017 10.92 0.73 2991 076 1.72

The maximum length data are limited by the size of the sampling area and are considered ‘minimum’ maximum lengths. For
lineaments that cross the entire batholith, length is here calculated only for the portion from within the rapakivi. For Site 1,
trace statistics are limited due to incomplete exposure, preventing the calculation of derived network metrics. P,, =fracture
intensity (m/m?); B,, =dimensionless branch intensity; Cg = connections per branch (network connectivity)

project, the prevailing stress conditions should be investigated in detail and at the
relevant crustal depths.

The exploration potential of fractured reservoirs in Vehmaa gains further context when
compared to regional geothermal conditions. For example, in southern Finland, the
geothermal gradient has been defined in detail, with the Metropolitan Helsinki region,
approximately 200 km southeast of the study area, showing values of about 17 °C/km
and a corresponding heat flow of roughly 52 mW/m? (Kukkonen et al. 2023). In Vehmaa,
the geothermal gradient is likely controlled by similar geological factors as in other parts
of southern Finland and may also be influenced by the total volume of the batholith,
which remains poorly constrained. Seismic reflection data and surface mapping indi-
cate that the Wiborg Batholith (Fig. 1) spans approximately 175 km in width and is esti-
mated to be around 30 km thick (Elo and Korja 1993). Assuming the Vehmaa Batholith
has a comparable thickness-to-width ratio, its base could extend to depths of around
6—7 km. This estimated depth is supported by seismic reflection data acquired across
the northwest margin of the Laitila Batholith, approximately 50 km north of the study
area (Fig. 1), where Kukkonen et al. (2010) interpreted the rapakivi granite to occur at
depths of at least 4 km. Additionally, rapakivi granite’s sheet-like geometry suggests that
thickness increases toward the batholith’s core (Selonen et al. 2005; Karell et al. 2009),
making the central regions particularly relevant for deep geothermal exploration. These
geometries of the rapakivi granites and their high concentrations of radioactive elements
such as potassium, uranium, and thorium, make them the most heat-producing rocks in
southern Finland (Veikkolainen and Kukkonen 2019). Consequently, the Vehmaa area
is expected to have a higher geothermal gradient than the surrounding bedrock, and to
be similar to the Cornwall region in the UK (Ledingham et al. 2019). In a conservative
thermo-hydraulic modeling scenario with a heat flow of 40 mW/m?, thermal conductiv-
ity of 3 W/Km, and a flow rate of 20 L/s, the thermal baseload capacity of a doublet geo-
thermal system exploiting a 100 m wide fault zone at 3 km depth is estimated to average
3 MW, over a 50-year production period (Bischoff et al. 2025).

These hydraulic conditions are likely achievable at such depths in crystalline cratons.
For example, calibrated thermal models of the Kola Superdeep Borehole suggest hydrau-
lic permeabilities ranging from 10> m? in the upper 2 km of the crust to 10! m? at
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Table 2 Stress tensor parameters derived from the paleostress inversion of fault-slip data

Dataset/stage n/nt o, g, a3 R R’ Stressregime Tensortype  Quality

Trend/plunge Trend/ Trend/plunge

plunge

All data/Stage 1 36/58  286/06 90/84 196/02 0.42 1.58 Strike-slip Pure strike-slip A
All data/Stage 2 16/58  205/02 326/86 115/03 0.37 1.63 Strike-slip Pure strike-slip B
High certainty/  16/22  291/04 95/86 201/01 0.55 145 Strike-slip Pure strike-slip B
Stage 1
High certainty/  6/22  223/11 344/69 130/17 0.76 1.24 Strike-slip Transtension D
Stage 2
High+Moder-  28/46 289/04 103/86 199/00 0.5 1.50 Strike-slip Pure strike-slip A
ate/Stage 1
High+Moder-  15/46 216/06 350/81 125/06 0.63 1.37 Strike-slip Pure strike-slip B
ate/Stage 2

The number of fault-slip data used versus total measured is represented as n/nt. The principal stress axes are denoted by o;,
0,, 03. The stress ratio is defined as R and R'is the stress regime index as defined in the methods. The stress regime indicates
the faulting style based on the orientation of principal stresses. Tensor type refers to the calculated stress regime and
corresponding stress geometry. Quality refers to the rating of inversion results, ranging from A (best) to E (worst), according
to WinTensor software rating parameters

15 km depth (Kukkonen and Clauser 1994; Mottaghy et al. 2005). At the Kivetty site in
Central Finland, a long-term cross-pumping test was conducted to evaluate the hydrau-
lic conductivity of fault-transecting granitic rocks at a depth of 900 m. The test sustained
a steady flow of ~0.3 L/s over 27 days, confirming lateral fluid pressure propagation
across distances of up to 1.5 km (Carbajal-Martinez et al. 2025). Although the extracted
flow was moderate and imposed by the test setup, transmissivity values reached
1.2x107* m? s}, and laboratory experiments showed that fracture-altered rocks retain
high permeability (~107'* m?) even under confining pressures up to 50 MPa, equivalent
to depths of ~2 km (Carbajal-Martinez et al. 2025).

These findings suggest that, under optimized production conditions and with con-
tributions from multiple interconnected fractures, flow rates of 10-30 L/s are feasible
in fault-controlled geothermal systems, even within ancient crystalline terrains lacking
active tectonics. These observations align with lessons learned from Enhanced Geo-
thermal Systems in analogous crystalline settings, yet higher-temperature settings. For
instance, the United Downs Geosystem has demonstrated flow rates exceeding 20 L/s
(Reinecker et al. 2021). Likewise, deep geothermal fields in the Upper Rhine Graben
have shown that fractured and altered granitic basement can deliver flow rates of up to
60 L/s, enabling production of approximately 1.7 MWe and 24 MWth (Frey et al. 2022).

To confirm the geothermal potential and guide future development of the Vehmaa
Batholith and similar crystalline settings, detailed thermo-mechanical-hydraulic (TMH)
modeling, supported by deep drilling, is essential. Integrating structural, thermal, rock
stress, and hydrological data, together with market trends and a robust policy frame-
work, will be critical for de-risking exploration targets, establishing rapakivi batholiths
as a strategic component of Finland’s broader geothermal energy roadmap.

Conclusions

This study demonstrates that the brittle structures of the Vehmaa Batholith exhibit a
coherent, multiscale pattern, indicative of a cogenetic development of faults and fractures
across different scales. The alignment of lineament trends, joint sets, and faults supports a



Nordbéck et al. Geothermal Energy (2026) 14:1 Page 30 of 34

consistent tectonic interpretation, dominated by two major strike-slip faulting phases under
WNW-ESE and NNE-SSW compressive-stress regimes. Although some differences exist
in paleostress orientations compared to the Aland Rapakivi Batholith, the general struc-
tural and tectonic parallels highlight a shared Mesoproterozoic deformation history across
southwestern Finland. In the Vehmaa Batholith, structural inheritance plays a central role
in the formation of fracture reservoirs in crystalline rocks, with evidence suggesting that
alteration zones are controlled by the location of post-magmatic strike-slip faults. The most
promising geothermal exploration targets in Vehmaa are associated with the large, sub-
vertical NNW-striking fault system. This system exhibits strong evidence of hydrothermal
alteration, elevated fracture intensity, and enhanced secondary porosity—key indicators of
effective fluid pathways and reservoir potential. Specific fault zones, such as VaFZ, KuFZ,
TaFZ, and VeFZ, likely exhibit the structural complexity, connectivity, and alteration fea-
tures that are favorable for geothermal development. Zones of intersecting lineaments and
horsetail fault geometries are particularly prospective, as they may localize enhanced per-
meability and promote fluid circulation. Conservative modeling suggests that doublet sys-
tems could sustain MW-scale thermal output, supporting the viability of deep geothermal
energy development in crystalline settings like Vehmaa. In the second part of this study, we
further investigate the processes controlling the formation of crystalline reservoirs, focus-
ing on the role of hydrothermal alteration in enhancing matrix porosity and permeability
for sustainable geothermal development in ancient crystalline terrains.
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