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Here we report on brittle deformation and post-magmatic hydrothermal alteration within the rapakivi granites of
the Vehmaa Batholith, Southern Finland. We observed that mineral alteration and porosity are structurally
controlled and mainly occur in association to NW-SE striking faults along precipitation of mineral assemblages
typical of hydrothermal processes. The results of fault kinematic paleostress suggest two stages of Proterozoic
strike-slip faulting, as previously interpreted from the Aland rapakivi. Our new results advance the understanding

of the brittle deformation and thermal evolution of the Fennoscandian crust during the Meso—Neoproterozoic,
providing valuable insights into the potential of crystalline rocks as geothermal reservoirs within granitic settings.
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1. Rationale

Reservoirs in crystalline rocks are typically formed by post-emplacement tectonics and
hydrothermal activity, which can result in fracturing and dissolution pore networks. Ancient
crystalline terranes, such as the Fennoscandian Shield, often experience multiple tectonic and
magmatic events, leading to a complex history of fault reactivation and hydrothermal activity
that can be challenging to unravel. The emplacement of rapakivi granites during the Paleo—
Mesoproterozoic marks the end of a series of major orogenic and magmatic events in Southern
Finland. Consequently, their anorogenic character and limited post-emplacement tectonic
deformation provide an ideal setting for studying the mechanisms resulting in crystalline
reservoir formation. To enhance understanding of these unconventional reservoirs, we
investigate the effects of brittle deformation and hydrothermal alteration in the Vehmaa rapakivi
Batholith, Southwest Finland.

2. Methods

We employed a multiscale approach including regional-scale lineament interpretation from
magnetic and electromagnetic aerogeophysical maps (Hautaniemi et al., 2005), LiDAR data
(National Land Survey of Finland, 2019) and bathymetric data (EMODnet Bathymetry
Consortium, 2018). Mesoscale (meters to hundreds of meters) interpretation involved drone
photogrammetry, fieldwork, and paleostress analysis, while at the microscale (mm to cm), we
conducted microscopic petrography and petrophysical laboratorial tests from key lithologies.
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3. Characterization of brittle structures within the Vehmaa Batholith

Our 1:200 000 scale lineament analysis of the Vehmaa rapakivi granite revealed two main sets
of lineaments with NNW and ENE trends, which contrast with the regional NNE orientation of
major lineaments within the surrounding Paleoproterozoic bedrock (Figure 1). The NNW
lineaments are relatively continuous over several kilometers, while the ENE lineaments
typically terminate against the NNW lineaments, suggesting that the ENE lineaments are
younger.
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Figure 1. The regional-scale lineaments as interpreted on integrated geophysical and
topographic data. Lineaments were interpreted at a 1:200 000 map scale within the Vehmaa
Batholith (outlined in white), while a 1:500 000 map resolution was used for extending and
interpreting the major lineaments of the surrounding areas. Rose plot displays lineament strikes
within the batholith. Source rasters comprise LiDAR (blue-red colour scale) and bathymetry
data (yellow-magenta colour scale).

In outcrop and drone photogrammetry, faults and fractured zones extend over tens to hundreds
of meters and aligning consistently with the location and orientation of larger lineaments. The
most prominent fault sets exhibit NW trends and strike-slip character (Figure 2A). Furthermore,
ENE trending strike-slip faults are also present, though they do not form a well-defined set but
exhibit instead scattered E to NE trends (Figure 2A). Paleostress analysis reveals two distinct
stress regimes: one characterized by WNW-ESE compression and another by NNE-SSW
compression, associated with transpressive and transtensive conditions, respectively (Figures
2B and 2C).
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Figure 2. Fault orientation data and paleostress analysis results based on kinematic field
observations. (A) Strike of mapped fault planes. Paleostress inversion with Wintensor software
resulted in the identification of two separate faulting stages: (B) transpressional and (C)
transtensional.

4. Relationship between faulting, mineral alteration, and crystalline reservoir formation
Our field and drone mapping revealed that many NW-trending strike-slip faults within the
Vehmaa Batholith correlate with zones of pervasive mineral alteration (Figures 3 and 4). Typical
mineral paragenesis within the alteration zones is chlorite, prehnite, and zeolite, indicating
hydrothermal events of nearly 300 °C. Typically, the fractured and altered rocks within these
zones display substantial porosity of ~10% and laboratory-measured permeabilities exceeding
2 x 1015 m? under 50 MPa confining pressure. The strike-slip fault networks are hundreds-to-
thousands of meters in total length and could form crystalline reservoirs with volumes exciding
1 km?, which are promising targets for geothermal resources. Our findings particularly highlight
that hydrothermal alteration linked to these faults can sustain high permeability even at depths
>2 km, an observation consistent with the results of Bischoff et al. (2024).

184420 184435 184440

o p—

* Fracture controlled alteratian ' 5 \ : Iteration (reddish) and porosity (dark'caAvities)'

6721905 6721905

6721000 g5 4 L " g 5 T 6721000
¥

6721895— 6721835

Figure 3. A drone orthomosaic image from an outcrop near Vuosnainen harbor, Kustavi, reveals
fracture-controlled alteration (visible from dark reddish staining) and porosity (dark cavities)
associated with NW-SE striking faults.
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Figure 4. An outcrop-overview of a right-lateral strike-slip fault associated with zeolite,
prehnite and chlorite alteration.

5. Conclusions

Our study of the Vehmaa rapakivi granite reveals that the batholith was affected by substantial,
low-displacement strike-slip faulting and subsequent hydrothermal alteration. The most
substantial alteration zones are mainly within NW-SE striking fault zones. The high-
temperature (>200 °C) mineral assemblages infilling the strike-slip faults and fractures suggest
Proterozoic hydrothermal processes. Results of the conducted paleostress analyses are
compatible with those in the Aland rapakivi Batholith (Nordbick et al., 2024), which further
links to stress stages and faulting stages within the Olkiluoto site in Southwestern Finland
(Nordbéck et al., 2022). These findings indicate that the majority of brittle post-rapakivi
deformation occurred between 1.55 and 1.2 Ga (Nordbick et al., 2024). By advancing our
understanding of the brittle tectonic and thermal history that shaped the Fennoscandian crust
during the Meso—Neoproterozoic, our study contributes to the identification of potential
geothermal targets in southern Finland and other crystalline settings worldwide.
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