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Faults within layered basaltic sequences significantly influence hydrothermal fluid flow in shallow geothermal
reservoirs and potentially during CO, sequestration and storage. Nevertheless, their characterization regarding
fault zone architecture, fluid flow, deformation mechanisms, and seismic potential remains underdeveloped. This
study addresses this gap by integrating structural and microstructural observations with X-ray diffraction ana-
lyses of exposed normal-transtensional faults associated with the seismically active Hisavik-Flatey Fault in the
Tjornes Fracture Zone, Northern Iceland. Our findings demonstrate that the evolution of basalt-hosted normal-
transtensional faults progresses through distinct stages: (1) low-displacement fault propagation from pre-existing
cooling joints; (2) fault linkage via dilational jogs; (3) damage zone/fault core growth through brecciation and
cataclastic processes; (4) shear localization along sharp slip surfaces; and (5) smearing of volcaniclastic interbeds
along the principal fault plane. Evidence of shear localization, truncated clasts, and hydrothermal breccias/veins
suggests repeated seismic slip events facilitated by overpressured fluids. Conversely, the presence of clay-rich
foliated cataclasite indicates aseismic slips during interseismic periods. Slip along fault jogs, bends, geometric
irregularities, and orientation changes causes the dilatant opening of the fault planes and extensional horsetail
fractures at fault tips. These structures create main tabular zones for lateral movement of hydrothermal fluids
parallel to the fault strike in shallow geothermal reservoirs situated in active extensional-transtensional tectonic
settings. In addition, the dilational jogs and the intersection of horsetail veins with the hosting faults may define
linear zones of high structural permeability and intense localized fluid flow parallel to the 62 paleostress
orientation and finally mineral precipitation. The results of this study can be utilized to improve models of
geothermal fluid flow for enhanced recovery in basaltic reservoirs and assess seismic risk in basaltic faults.

1. Introduction permeability of basalt-hosted faults is crucial, as these faults strongly

control fluid pathways and recharge areas in geothermal systems (Liotta

Layered basaltic sequences have recently garnered significant in-
terest due to their potential as reservoirs for both conventional and
enhanced geothermal fluids (Arnorsson, 1995) and for CO4 sequestra-
tion and storage, exemplified by the Carbfix CO»-injection facilities in
Iceland (Oelkers and Gislason, 2023). In geothermal exploration and
resource development, understanding the structural architecture and
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et al, 2020, 2021). Additionally, comprehending the deformation
mechanisms, frictional behavior, and sealing potential of basalt-hosted
faults is essential to predict the potential for induced earthquakes dur-
ing subsurface CO5 injection (White and Foxall, 2016) or fluid injection
operations associated with geothermal energy exploitation (Llenos et al.,
2013).
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Significant progress has been made in characterizing faults and fault-
rock assemblages in carbonate rocks (Delle Piane et al., 2017) and
layered clastic sequences (Vrolijk et al., 2016). However, the evolution,
structures, and microstructures of basalt-hosted faults, as well as their
frictional and permeability behavior, are still poorly understood. Cur-
rent knowledge primarily focuses on the general characteristics, me-
chanics, growth mechanisms, and interactions of near-surface (<500 m
depths) faults in basalts (Gudmundsson, 1992; Acocella et al., 2003;
Grant and Kattenhorn, 2004; Martel and Langley, 2006), particularly for
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dilatant faults (Holland et al., 2006; Tibaldi et al., 2016a,b, 2020;
Bubeck et al., 2018; Kettermann et al., 2019; von Hagke et al., 2019;
Weismiiller et al., 2019). However, only a few studies have addressed
the evolution, architecture, microstructure, hydraulic properties, and
fault-fluid interactions of fault zones formed at greater depths in layered
basaltic sequences (Walker et al., 2011, 2012, 2013a, 2013b; Liotta
et al., 2020, 2021; Bamberg et al., 2022, 2023). In addition, laboratory
studies on the frictional behavior and microstructures of basaltic gouges
are limited (Zhang et al., 2017; Giacomel et al., 2018, 2021; Ikari et al.,
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Fig. 1. (a) Simplified tectonic sketch of Iceland and adjoining oceans. The darker grey area refers to the onshore location of the axial rift zone. Modified after
Gudmundsson (1995). (b) Simplified geological map of northern Iceland. Faults are indicated only for the area between the Grimsey and Husavik-Flatey faults. The
solid rectangle shows the location of the map in Fig. 2. Modified after Gudmundsson (1995). (¢) Tectonic map of the Tjornes Peninsula and adjoining area, showing
major faults. The solid rectangle shows the location of the map of panel (d). Modified after Gudmundsson et al. (1993). (d) Geological map of the Hisavik area and of
Flateyjarskagi peninsula with a stereoplot including measured faults with kinematic indicators. Faded in the background, satellite photo from Google Earth. The solid
rectangles show the location of the maps in Figs. S1, S2 and S3 (Supplemental material).
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2020; Zhong et al., 2023) and often lack validation through comparison
with natural examples.

This study aims to bridge this gap by providing a detailed description
of fault zone structures, deformation mechanisms, and fault-fluid in-
teractions in natural fault zones exhumed from ~1.5 km depth
(Seemundsson and Karson, 2006). These fault zones, formed in an
interlayered basaltic-volcaniclastic sequence intersected by dikes, are
located within the seismically active (up to M6 earthquakes) Hisavik--
Flatey fault zone in Northern Iceland (Fig. 1), part of a transform fault
system (Gudmundsson, 1993).

The main objective of this research is to propose a conceptual model
for the development of normal-transtensional faults and fault-fluid in-
teractions in interlayered basaltic-volcaniclastic sequences, with impli-
cations for structurally controlled hydrothermal fluid flow in basalt-
hosted geothermal reservoirs and the seismic cycle. By combining
field structural analyses with microstructural observations, we studied
several exhumed faults with displacements ranging from <1 m to a few
tens of meters and associated fault-controlled mineralizations,
describing fault structures from the field to the micro-scale. We also
compared natural microstructures with those developed during shear
experiments on basaltic gouges. Our results are compared with other
studies of basalt-hosted fault structures exhumed from depths >500 m in
the Faroe Islands (Walker et al., 2012, 2013a, 2013b; Bamberg et al.,
2022, 2023) and Iceland (Liotta et al., 2020, 2021).

Given the increasing economic significance of subsurface reservoirs
in basalts, the results of this study are potentially of broad interest to
scientists working on geothermal exploration and exploitation, as well
as CO capture and storage, with implications for reservoir static and
dynamic modeling. Moreover, the Hisavik-Flatey Fault has been a site
for monitoring earthquake hydrogeochemical precursors for nearly two
decades (Skelton et al., 2019). This fault experienced a major earth-
quake in 1872, and a steady stress build-up since then is predicted to be
released by a future large earthquake (up to M6.8, according to Metzger
et al., 2013). Therefore, a better understanding of the structural archi-
tecture of this fault and fault-fluid interactions can provide new insights
into fault-related fluid circulation in seismically active faults and
enhance the surveillance and identification of potential earthquake
precursors.

2. Geological setting

Iceland is situated on the North Atlantic mid-ocean ridge, with
exposed rocks primarily comprising layered oceanic crust basalts,
interlayered basaltic-volcaniclastic sequences, and pyroclastic rocks
(Seemundsson, 1979). Specifically, Iceland lies at the intersection of the
Reykjanes Ridge to the south and the Kolbeinsey Ridge to the north
(Fig. la; Garcia et al., 2003). These ridges are offset by 100 km, a
displacement accommodated by the Tjornes Fracture Zone (TFZ) in the
north and the South Iceland Seismic Zone (SISZ) in the south, which are
the sites of Iceland’s largest earthquakes.

The TFZ is a seismically active, complex fracture and fault zone
extending 120 km east-west and 50 km north-south, characterized by
normal faults and grabens (Homberg et al., 2010; Rognvaldsson et al.,
1998; Eiriksson et al., 2021; Tibaldi et al., 2016a, 2016b, 2020). It
comprises three tectonic zones: the Grimsey Lineament (GL), the
Husavik-Flatey Fault (HFF), and the Dalvik Lineament (DL).

Stefansson et al. (2008) documented the earthquake activity in the
TFZ, listing all M > 6 earthquakes from 1755 to 2007, with ten such
events occurring in that period and one M 6 earthquake in 2020. In the
GL and DL, most earthquakes align more north-south compared to the
HFF. These alignments and the related focal mechanisms indicate
sinistral strike-slip motion along north-south faults, whereas the HFF,
striking SSE-NNW, exhibits dextral transtensional kinematics and acts as
a transform fault, almost parallel to the plate spreading vector.

The plate boundary is divided into two arms, the HFF and GL, with
the Tjornes Peninsula lying between them. Using GPS data, Metzger
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etal. (2013) estimated that about 40% of the spreading occurs along the
HFF boundary, and 60% along the GL. Several volcano systems along the
GL, arranged en echelon, connect the northern volcanic zone to the
Kolbeinsey Ridge. The onshore segment of the HFF has been locked since
the start of the Krafla rifting episode (1975-84) (Bjornsson, 1985), with
no observed earthquakes since, although strain is continuously
increasing (Metzger et al., 2013). The HFF terminates to the east at the
north-south trending Theistareykjabunga volcanic system. North-south
trending faults offset the 9800 B P Stéravitishraun lava, which is a
lava shield within the Theistareykjabunga volcano (Hjartarson, 2011).
An M 6 earthquake in 2002 at the junction of the Kolbeinsey Ridge and
GL, near the study area of this paper, has been studied and monitored to
understand earthquake hydrogeochemical precursors in groundwater.
In fact, the area has hosted a groundwater monitoring station for more
than twenty years for the identification of potential hydrogeochemical
precursors of earthquakes (Claesson et al., 2004; Skelton et al., 2016;
2019; Barbieri et al., 2021; Boschetti et al., 2022).

The HFF displays dextral transtensional kinematics (Angelier et al.,
2000; Bergerat et al., 2000) with pull-apart basins at right-stepping
overlap zones and push ridges at left-stepping overlap zones
(Gudmundsson, 1993; Tibaldi et al., 2016a, 2016b, 2020). In some
areas, sinistral strike-slip kinematics have been observed at the SE tip of
the Husavik-Flatey Fault (Liotta et al., 2021). The fault has accommo-
dated several kilometers, potentially tens of kilometers, of horizontal
displacement (Szemundsson, 1974) and several hundred meters,
possibly more than a thousand meters, of vertical displacement
(Gudmundsson, 1993).

Exposures of the HFF are located in the southern part of the Tjornes
Peninsula, near the town of Htsavik (Fig. 1a and b). In this region and in
the nearby Flateyjarskagi Peninsula (Fig. 1), subsidiary faults and fault
zones exhibit extensional to dextral strike-slip kinematics, consistent
with the regional dextral movement along the HFF (Bergerat et al.,
2000). These fault zones feature mineralized veins (Gudmundsson,
1999; Hummel et al., 2022; Wasteby et al., 2014). Mineralizations and
rock alterations associated with the Husavik-Flatey Fault have been
interpreted as resulting from fluids injected into the fault during
earthquakes (Andrén et al.,, 2016). Near Husavik, faults displace
Miocene (5.3-11 Ma) Kaldakvisl lava flows intercalated with volcani-
clastic deposits, and lava/hyaloclastite and glacial deposits, sandstones,
and conglomerates of the Breidavik Group (<1.2 Ma) (Eiriksson et al.,
2021).

3. Methods

To characterize the fault zone structures, we conducted geological-
structural mapping at a 1:10,000 scale along the coastal cliffs north-
east of Husavik (Fig. 2b and Figs. S1, S2, and S3). We studied in detail
fault zones exposed in ten localities and three dikes (Table S1). Most of
the faults exhibit displacements of less than 10 m. However, at
Hédinshofdi, we examined a fault with displacements of several tens of
meters. Field data collection included measurements of bedding, frac-
ture/vein, dike, and fault attitudes, as well as kinematic indicators such
as slickenfibers and slickenlines. These data were gathered using an
iPhone 12 Pro equipped with FieldMove Clino software (by Petroleum
Expert), with daily accuracy checks using a Brunton analog compass.

For microstructural and deformation mechanism characterization,
we prepared ten oriented thin sections of fault rocks and fault-related
veins. These sections were analyzed using a Motic microscope equip-
ped with a Nikon camera and NIS processing software, as well as a Zeiss
EVO MA10 SEM, both located at the CNR-IGAG laboratories.

To determine the mineralogy of fault-related veins, we analyzed 15
vein samples through X-ray diffraction (XRD) analysis (Table S2). The
whole rock samples were examined using a Bruker D8 Advance X-ray
system with a Lynxeye XE-T silicon-strip detector at the Department of
Earth Sciences, Sapienza University of Rome. The instrument operated
at 40 kV and 30 mA with CuKa radiation (A = 1.5406 10\). Samples were
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scanned between 2 and 70° 26 with step sizes of 0.02° 20, while spinning
the sample to ensure even exposure. Data collection used a variable slit
mode to maintain a constant irradiated area on the sample surface.

4. Results
4.1. Field mapping

The study area comprises Miocene (5.3-11 Ma) Kaldakvisl basaltic
lava flows intercalated with volcaniclastic deposits, and the Breidavik
Group (<1.2 Ma), consisting of glacial deposits, sandstones, shales, and
conglomerates (Fig. 1 and S1-S3) (Seemundsson and Karson, 2006). The
Kaldakvisl lava flows form a gently NNE-to ENE-dipping monocline
(Figs. S1 and S2), while the Breidavik Group deposits rest unconform-
ably atop the lava flows, dipping gently towards N-NNE and SSW to SE
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(Fig. S3). The Kaldakvisl lavas are cut by subvertical, NW- to
NE-striking, fine-grained basaltic dikes (Figs. S1-S3), with apparent
horizontal thicknesses between ~1 and ~10 m.

Subsidiary faults associated with the principal Hisavik-Flatey Fault
exhibit both extensional and strike-slip kinematics (Fig. 1). Normal
faults strike NW, WNW, or N (Fig. 1, S1-S3). A NW-striking, SW-dipping
normal fault juxtaposes the Breidavik Group sandstones and conglom-
erates in the hanging wall over the Kaldakvisl lavas in the footwall
(Fig. S3). Dextral transtensional to strike-slip faults strike N or NW
(Fig. 1, S1, and S3). Some faults display an apparent normal sense of
movement and strike NW, NE, N, or E (Figs. S1-S3). NW- and N-striking
apparent normal faults cut across the Breidavik Group sandstones and
conglomerates. Subvertical strike-slip faults with undefined motion are
mainly NNW-, ENE-, or NE-striking (Figs. S1-S3).
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Fig. 2. Normal-transtensional faults with displacements <1-2 m are characterized by vertical overlapping fault segments connected by dilational jogs, that are
crosscut by fractures, zeolite-filled veins, and hydrothermal crackle breccias (a-f). Horsetail veins occur at fault tip (f). In places, fault systems show anastomosed
geometry (b). Veins in dilational jogs can show stockwork pattern (c). Schematic model of fault zone structure for displacement < 1-2 m (g).
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4.2. Architecture of faults and dikes

Our field study focused on faults with clear normal and transten-
sional kinematics, which are well-exposed in vertical cliffs. These faults
exhibit displacements ranging from less than 1-2 m to a few tens of
meters (Figs. 2-5). Associated veins and breccia cements are predomi-
nantly mineralized by zeolite minerals (Table S1). Faults with dis-
placements of less than 1-2 m display undulating surfaces with
dilational jogs and horsetail terminations (Fig. 2a-g and 3a,b). Dila-
tional jogs are intersected by fractures and veins (Fig. 2a-g), often
showing stockwork textures. Crackle to chaotic hydrothermal breccias
(Woodcock and Mort, 2008) occur in dilational jogs (Fig. 2g). Fault tips
are characterized by horsetail veins branching from the principal fault
(Fig. 3a and b). Hydrothermal veins and breccias are characterized by
disseminated host rock clasts and reworked vein pieces suspended in
zeolite cement (Fig. 3b—e,f,g). Hydrothermal breccias occur in horsetail
zones and fault damage zones (Fig. 3b), while hydrothermal veins occur
along fault planes (Fig. 3e).

Faults with displacements between 2 and 10 m exhibit brecciated
fault cores (Fig. 4a—f) and/or thin cataclastic layers (Fig. 4e). In some
places, breccias are foliated (Fig. 4e and f), whereas reddish volcani-
clastic interlayers are sheared and smeared along some fault planes
(Fig. 4f).

led faults displacing
volcaniclastic 1a
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At Hédinshofdi, a left-lateral transtensional fault with displacements
of several tens of meters is characterized by a sharp, polished principal
slip surface (Fig. 5a—e), and subsidiary faults and breccia zones in the
hanging wall and footwall damage zones, each a few meters thick
(Fig. 5a-d). Volcaniclastic interbeds are smeared along the principal slip
surfaces, forming discontinuous layers or mixing into fault breccias
(Fig. 5a—d). Smeared volcaniclastic rocks are strongly foliated and
exhibit slip surfaces (Fig. 5g and h).

Basaltic dikes crosscutting the Kaldakvisl lava flow are intensely
veined, while the hosting lavas show little to no veining (Fig. 6a-h).
Veins in the dikes show a stockwork texture (Fig. 6b-g) and chaotic
breccia textures, characterized by host rock clasts suspended in the
breccia cement (Fig. 6f). Dike-host rock boundaries often show slick-
enlines, indicating shearing and faulting (Fig. 6g and h). Shear zones are
also present within the dikes (Fig. 6b).

4.3. Fault microstructures

Microstructural analyses revealed distinct features in hydrothermal
breccia from the damage zone of a low-displacement (<1-2 m) fault
(Fig. 3f) and in proto-cataclasite and cataclasite (Fig. 4e and f) from
sharp fault planes of a fault with >10 m displacement at Hédinshofdi
(Fig. 5a). Hydrothermal veins and breccias contain angular basalt clasts

Fig. 3. Normal-transtensional faults with displacements <1-2 m are characterized by horsetail veins (a) and hydrothermal breccias with clasts suspended in zeolitic
cement (b). In places, fault planes host fault-parallel veins (c-e). Hydraulic breccias and veins in the fault damage zone are characterized by host-rock clasts or
reworked vein fragments suspended within breccia cement formed by zeolite minerals (f,g).
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Fault structures
2 < displacement < 10 meters
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of volcaniclastic layer

Abrasion " &3
breccia

Fig. 4. Normal-transtensional faults with displacements between 2 and 10 m are characterized by: crackle breccia (a), intensely veined fault damage zone (b),
brecciated fault cores (d—f), in places foliated (e,f), and thin cataclastic layers (e). Interlayers of reddish volcaniclastic sandstones/shales can be sheared and smeared
along the fault planes (f). Schematic model of fault zone structure for displacement >2 m and <10 m (g).

within a zeolite cement (Fig. 7a). Proto-cataclasite comprises angular to
sub-angular basaltic clasts in a fine-grained matrix of crushed basalts
(Fig. 7b). Cataclasite includes a few sub-rounded to rounded clasts of
plagioclase and hornblende crystal fragments in a reddish fine-grained
basalt matrix (Fig. 7c). The sharp fault plane features a 1-2 mm thick
ultracataclastic layer with rounded basaltic clasts in a fine-grained
matrix (Fig. 7d) composed of fine basalt fragments or clay-sized mate-
rial (Fig. 8a-h). Ultracataclasite can display multiple parallel layers of
varying colors or foliated and non-foliated layers (Fig. 7e and f and 8a-c,
e). Contacts between ultracataclasite and host rock can be sharp
(Fig. 7d-f and 8a,d), also with truncated clasts (Fig. 8b). Clay minerals of
foliated ultracataclasite wrap, at places, basaltic clasts (Fig. 8g and h),
generating structures resembling those of mantled clasts (sensu
Passchier and Trouw, 2005).

4.4. X-ray diffraction

The X-ray diffraction analysis results are summarized in Table S2,
with related spectra presented in Figs. S4 and S5. Stockwork veins in
dikes are predominantly characterized by zeolite assemblages such as
mesolite, stilbite, and chabazite (samples HU30, HU56), and occasion-
ally laumontite (samples HU9 and HU19). Veins and breccia cements
(samples HU11, HU14, HU54) associated with normal-transtensional
faults primarily contain mesolite =+ stilbite and laumontite. Fault-
parallel veins with scattered host rock fragments are cemented by a
single mineral such as laumontite (sample HU52), mesolite (sample
HU10), or a zeolite assemblage of mesolite, chabazite, and laumontite
(sample HU21).

Faults through basalts are mineralized by laumontite (sample HU4),
whereas those through interlayered volcanoclastic layers exhibit a va-
riety of zeolite-rich mineralizations such as stilbite, chabazite, and
thomsonite (sample HU31), or mesolite and laumontite (sample HU36).
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Fig. 5. The transtensional fault at Hédinshofdi, showing displacements in the order of a few tens of meters up to potentially a hundred of meters, is characterized by a
sharp principal slip surface (a—c), interlayers of reddish volcaniclastic sandstones/shales sheared and smeared along the fault plane (b-g) and mixed within fault
breccia (d-e). Schematic model of fault zone structure for displacement >10 m (h).

Veins along strike-slip faults (sample HU60) contain chabazite, wair-
akite, and analcime, whereas faults through sandstones and conglom-
erates (sample HU29) are characterized by calcite with negligible
laumontite (1%). A similar mesolite, laumontite, and thomsonite
assemblage was also identified by Wasteby et al. (2014) in veins from
the Husavik-Flatey fault damage zone.

Some X-ray tracings display a small and broad peak at low diffraction
angles (about 6° 20), which has been interpreted as clay minerals
(smectite or mixed-layer minerals) formed during glass alteration
(Aldega et al., 2009) or as corresponding to basalt minerals (e.g.,
plagioclase), indicating host rock contamination.
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Fig. 6. Mesoscale structures within the dikes crosscutting the Kaldakvisl lavas. Generally the dikes are intensely veined (frequently with stockwork texture), while
the hosting lavas show no or limited veining (a-e,g,h). Chaotic breccia texture, with host rock clasts disseminated within the breccia cement, can be observed in the
dikes (f). The dike walls are sheared and faulted (g,h), although shear zones can be observed also within the dike (b).

5. Discussion
5.1. Fault development in layered basalt-volcaniclastic successions

The studied faults exhibit two primary displacement types: normal
and dextral strike-slip (Fig. 1). The slip vectors for normal faults indicate
an E-W extension direction, consistent with the extension direction of N-
striking normal faults in the Tjornes Fracture Zone (Fig. 1; Tibaldi et al.,
2016a, 2016b, 2020; Eiriksson et al., 2021). The right-lateral oblique to
strike-slip faults align with the dextral strike-slip movement of the
WNW-striking Husavik-Flatey Fault (Gudmundsson, 1993; Angelier
et al., 2000; Bergerat et al., 2000; Tibaldi et al., 2016a, 2016b, 2020).
The coexistence of extensional and dextral transtensional to strike-slip
faults supports the transform-rift junction evolution model proposed
by Tibaldi et al. (2016b), who suggest a horsetail/imbricate fan of
N-striking normal faults splaying from the propagating tip of the
WNW-striking, dextral transtensional Hisavik-Flatey Fault. Local stress

variations at the tip of a propagating transtensional fault can indeed
generate normal faults. The NW- and N-striking normal faults that cut
across the Pleistocene sandstones and conglomerates of the Breidavik
Group suggest they are the youngest faults in the area.

The following discussion focuses on normal-oblique faults, which are
best exposed in vertical cliffs cutting perpendicularly to the fault strike.
These faults exhibit various deformation mechanisms, providing fossil
snapshots of normal-transtensional fault geometry and deformation
mechanisms at different displacement increments.

Faults with displacements of <1-2 m typically feature overlapping
fault segments connected by dilational jogs (Fig. 2a-g), similar to other
low-displacement basalt-hosted faults (Walker et al., 2013a; Liotta et al.,
2021) or dilatant normal faults cutting through heterogeneous sedi-
mentary successions (Ferrill et al., 2003). Horsetail terminations at the
tips of low-displacement faults show upward or downward steepening
(Fig. 2g and 3a,b), indicative of shallow crustal deformation reflecting
low lithostatic load and low differential stress. This is common in
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Fig. 7. Microstructures of hydrothermal breccias and different cataclasite types. (a) Zeolite cemented hydrothermal breccia with suspended (i.e. clasts not touching
each other) sub-angular to angular basaltic host rock clasts. (b) Proto-cataclasite with host rock basaltic clasts scattered within matrix (<50% in total volume). (c)
Cataclasite, (d) ultracataclasite, and (e,f) foliated cataclasite along a slip surface from the fault of Fig. 5, showing sharp contacts with the underlying, less deformed

host basalt.

normal-transtensional basalt-hosted faults developed at shallow burial
depths in Iceland (Kettermann et al., 2019; Von Hagke et al., 2019;
Weismiiller et al., 2019).

Faults with displacements between 2 and 10 m are characterized by
breccias and thin cataclastic layers along the slip surfaces (Fig. 4a-f),
indicating the activation of cataclastic processes. Volcaniclastic layers
can be smeared along the slip surfaces (Fig. 4f). The fault at Hédinshofdi,
with displacement >10 m, shows a continuous principal slip surface
with associated subsidiary slip surfaces, indicating shear localization
with increasing displacement, and 4-5 m thick breccia layers in the
damage zone (Fig. 5a-d). The discontinuous volcaniclastic material
along the principal slip surface (Fig. 5a-d) suggests ductile drag and
smearing processes of volcaniclastic interbeds. Sharp shear planes and
strong foliation in smeared volcaniclastic material (Fig. 5g) suggest
brittle-ductile deformation processes. Fault breccias are also character-
ized by a red volcaniclastic matrix, indicating mixing between basaltic

breccia clasts and volcaniclastic material (Fig. 5f).

The described features of these faults can be conceptualized through
progressive evolutionary stages of an individual normal fault with dis-
placements ranging from <1 to 2 m to several tens of meters. We propose
a conceptual model for fault evolution at depths <1.5 km cutting
interlayered basalt-volcaniclastic sequences (Fig. 9a—c).

(a) Initial Phase (Displacement <1-2 m): Propagating and over-
lapping faults, probably originating along former cooling joints in
basalts optimally oriented with the local stress field, generate
undulating faults characterized by dilational jogs (Fig. 9a).

(b) Intermediate Phase (2 m < Displacement <10 m): Pre-existing
faults connect and cataclastic processes begin. Crackle breccias
form between overlapping faults (Fig. 4a), and breccias and thin
cataclastic layers develop in the fault core (Fig. 4c—e,f and 9b).
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b

Fig. 8. Microstructures of the principal slip surface from the fault at Hédinshofdi (Fig. 5). (a—e) Foliated and non-foliated cataclasites with basalt clasts scattered
within a clay-rich matrix and showing diffuse to sharp contact, (b) in places with truncated clast, with the underlying less deformed host basalt. (f) Detail of basalt
clasts wrapped around by clay and cataclastic material, with structure similar to that of mantled clasts (sensu Passchier and Trouw, 2005). (g,h) Clay minerals
aligned parallel to cataclasite foliation planes and wrapping around scattered basaltic clasts.
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Fig. 9. (a—c) Schematic block diagrams illustrating fault zone evolution in layered basaltic-volcaniclastic succession. (d,e) Schematic block diagram illustrating fluid
flow direction controls in faulted basalt at shallow depths (<1.5 km) in potential geothermal reservoirs. Modified from Rhys et al. (2020). (f) Geological-structural
map of the Krafla active geothermal system, productive wells, and isotherms. Modified from Liotta et al. (2021).

Initial smearing of volcaniclastic material from nearby volcani-
clastic interbeds occurs (Fig. 4f).
(c) Advanced Phase (Displacement >10 m): Breccias form up to

sedimentary  successions characterized by alternating
shale-sandstone or marl-limestone (Vrolijk et al., 2016 for a re-
view). This fault development model aligns with previously

~4-5 m thick tabular zones in the damage zone. Shear
displacement localizes along a principal slip surface and subsid-
iary slip planes in the damage zone (Fig. 5a-d and 9c). Increasing

proposed models for basalt-hosted fault development in the Faroe
Islands (Walker et al., 2011, 2012, 2013a, 2013b; Bamberg et al.,
2022).

displacement results in further smearing of volcaniclastic in-
terbeds along the fault core, potentially becoming discontinuous
(Fig. 5a-d and 9c¢). This smearing process is also observed in
basalt-hosted faults with displacement >1 m crosscutting
basaltic-volcaniclastic successions in the Faroe Islands (Walker
et al.,, 2011, 2013a) and is similar to processes in faulted

5.2. Implications for hydrothermal fluid flow in geothermal reservoirs
The studied faults developed at depths of less than 1.5 km
(Seemundsson and Karson, 2006). The presence of zeolites such as stil-

bite, mesolite, chabazite, and laumontite in veins and breccia cements
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indicates fluid circulation at temperatures ranging from ~25 °C to
230-260 °C (Kristmannsdottir and Témasson, 1978; Weisenberger and
Selbekk, 2009). This suggests that the studied faults may represent
tectonic structures that develop in low to high-enthalpy basalt-hosted
shallow geothermal systems located in extensional-transtensional tec-
tonic settings. Active basalt-hosted geothermal systems in such settings
are currently exploited or explored in regions like Iceland (Arnorsson,
1995), the Faroe Islands (Fidesgaard et al.,, 2019), Greenland
(Hjartarson and Armannsson, 2010), the USA (Faulds et al., 2010),
Ethiopia (Didana and Heinson, 2015), and India (Kumar and Thiagar-
ajan, 2011).

Field data show that faults with displacements of less than 1-2 m are
heavily mineralized with zeolite veins or hydrothermal breccias, mostly
located in dilational jogs or at fault tips and horsetail veins (Fig. 2a-h
and 3a-d). This suggests that past fluid flow was localized in low-
displacement faults due to their dilatant behavior at shallow depths.
Slip along fault jogs, bends, geometric irregularities, and orientation
changes causes the dilatant opening of the fault planes and extensional
horsetail fractures at fault tips (Sibson, 1996; Rhys et al., 2020). These
structures create main tabular zones for lateral movement of hydro-
thermal fluids, parallel to the fault strike. Additionally, the dilational
jogs and the intersection of horsetail veins with the hosting faults may
define linear zones of high structural permeability and intense localized
fluid flow and mineral precipitation, as observed in fossil geothermal
systems and epithermal mineral deposits (Sibson, 1996; Rhys et al.,
2020). This intersection is parallel to the 62 paleostress orientation and
perpendicular to fault movement (Sibson, 1996; Rhys et al., 2020; Liotta
et al., 2021). Such linear zones have different plunges based on fault
kinematics. For normal faults, the linear zone is sub-horizontal, pro-
moting lateral fluid movement (Fig. 9d). In transtensional faults, the
linear zone is gently to moderately dipping, facilitating the ingress of
fluids from reservoirs located above and/or below the fault (Fig. 9e).

Therefore, shallow geothermal reservoirs in extensional-
transtensional tectonic settings with low-displacement and dilatant
normal or transtensional faults may be characterized by sub-horizontal
to gently-moderately plunging pathways of enhanced hydrothermal
fluid flow. The circulation of hot hydrothermal fluids is consistent with
the presence of minerals like wairakite, analcime, and laumontite in
fault-related mineralizations (Table S1), indicating fluid temperatures
above 100 °C and below 230-260 °C (Kristmannsdottir and Tomasson,
1978; Weisenberger and Selbekk, 2009) within fault zones developed at
depths less than 1.5 km (Szzmundsson and Karson, 2006).

The concept of a linear zone of high structural permeability and
localized fluid flow can be applied to the Krafla field, located ~50 km
southeast of the study area, at the intersection of the WNW-striking
Husavik-Flatey Fault and the ~N- to NNE-striking faults of the Krafla
fracture swarms (Khodhayar, 2018; Liotta et al., 2021) (Fig. 1). This
zone of fault intersection is considered an efficient channel for the
vertical upflow of hot to super-hot geothermal fluids (Liotta et al.,
2021). The NNE-striking normal faults are favorable loci for enhanced
local permeability and hydraulic conductivity (Thorsteinsdéttir et al.,
2020). This can be explained by NNE-trending, sub-horizontal fluid
pathways along NNE-striking dilatant normal faults, enabling the lateral
redistribution of geothermal fluid. Most productive wells align along a
WNW-striking trend (parallel to the Husavik-Flatey Fault, Fig. 9f; Liotta
et al., 2021), while some align along NNE-striking trends (Fig. 9f; Liotta
et al., 2021), supporting the idea of NNE-trending fluid pathways. It is
assumed that dilatant structures (e.g., dilational jogs and horsetail veins)
observed in the studied low-displacement normal faults also occur at
depth along the NNE-striking normal faults of the Krafla field. Fault
connectivity at depth along dilatant basalt-hosted normal faults is also
supported by analog laboratory experiments and numerical modeling
(von Hagke et al., 2019; Weismiiller et al., 2019).

Mineral precipitation can also seal fractures, hindering fluid flow
(Moore et al., 2001; Liotta et al., 2021). Therefore, understanding the
relationship between the present-day stress field and fault-fracture
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orientation is crucial during exploration to determine which structures
remain open to fluid flow. Additionally, the fault slip history and min-
eral precipitation rates are also important in defining the hydraulic
conductivity at depth. In a slow-sliding fault where cementation rates
exceed the rate of dilation, all fractures are likely to be sealed.
Conversely, in seismically active faults where cementation rates are
slower than the dilation rate, fractures will likely remain open for a long
time after significant slip.

In the study area, basaltic dikes intruding the layered basalt-
volcaniclastic succession are heavily pervaded by stockwork zeolite
veins and hydrothermal breccias (Fig. 6a-h), indicating intense past
fluid flow. It is proposed that dikes, likely more competent than the
hosting basalts, were prone to hydrofracturing, possibly during co-
seismic release of trapped overpressured fluids (see section 5.3). Thus,
in basalt-hosted geothermal reservoirs, dikes can form conduits for
localized geothermal fluid flow or tabular zones for fluid storage.

The fault at Hédinshofdi, with displacements over 10 m, shows little
to no evidence of mineralization, suggesting limited or absent past fluid
flow due to low permeability, clay-rich cataclasite development
(Fig. 8a-h), and/or smearing and mixing of clay-rich volcaniclastic
material along fault surfaces (Fig. 5a-h). This material can reduce fault
permeability, creating a barrier for fluid flow across the fault, as seen in
faulted sedimentary successions with alternating shale-sandstone in-
terbeds (Vrolijk et al.,, 2016). Specifically, clay-rich cataclasite and
smeared clay-rich volcaniclastic material can reduce across-fault
permeability, while permeability parallel to the fault may remain high
due to breccias and fractures in the damage zones.

Field data by Walker et al. (2013a) show that zeolite veins can occur
in smeared, clay-rich volcaniclastic material. They suggest that faults
with displacements over 1 m can serve as channelized pathways for fluid
flow parallel to the fault due to the brittle behavior of volcaniclastic
material at depths below 3 km. Porosity measurements indicate that
fault rocks from low displacement (<1 m) faults have relatively low
permeability (10717 to 1072° m?), while those from higher displacement
(>1 m) structures have comparatively high permeability (107> to
1017 m?) (Walker et al., 2013a, 2013b). The low fault permeability is
attributed to the precipitation of clay minerals in low-displacement
faults, whereas high permeability is attributed to fracture creation in
high-displacement faults (Walker et al., 2013b). These measurements
reflect fault permeability in static conditions (i.e., without fault slip). We
believe that dynamic permeability creation and destruction during
natural or induced seismic slip along faults in basaltic reservoirs should
be properly considered when modeling the hydraulic behavior of active
basalt-hosted faults (Bamberg et al, 2022, 2023) in geothermal
reservoirs.

5.3. Evidence of fluid-assisted seismic cycle

Meso- and micro-structures of the studied faults and dikes provide
evidence of different phases of past fluid-assisted seismic cycles. Zeolite-
cemented hydrothermal crackle to chaotic breccias and filled veins in
dilational jogs and horsetail fault tips (Fig. 2a-g and 3a,b) are consistent
with co-seismic dilatant openings, aligning with the “suction pump"
model by Sibson (2000) (Fig. 10a and b). These observations suggest
that newly created voids, which are zones of extremely low pressure,
cause surrounding fluids and host rock fragments to be rapidly drawn
towards the fault zones. The sudden pressure drop favors the rapid
precipitation of zeolite minerals, suspending clasts in the fluid (Bamberg
et al., 2022, 2023). This process is consistent with the presence of
angular clasts in hydrothermal breccias (Fig. 8a), which could only be
preserved if transport-related wear was minimal and zeolite precipita-
tion was nearly instantaneous. Reworked veins and hydrothermal
breccia fragments (Fig. 3f and g) indicate multiple events of co-seismic
dilation, fluid flow, and zeolite precipitation.

Low-permeability clays typically develop in damage zones of basalt-
hosted faults with displacements less than 1 m, in fault cores of basalt-
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Coupled fluid-shear stress cycle in basalt-hosted normal faults
at shallow (< 3 km) depth
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Fig. 10. (a-f) Coupled fluid-shear stress cycle in basalt-hosted normal faults at shallow (<3 km) depth, following the “suction-pump” and “fault-valve” models of

Sibson (2000). Modified from Sibson (1994, 2000).

hosted faults with displacements greater than 1 m due to clay redistri-
bution (Walker et al., 2013b; Bamberg et al., 2023), and in basalt-hosted
faults with displacements greater than 10 m due to clay smearing
(Walker et al., 2013b). This was also observed along the fault at
Hédinshofdi (Fig. 5f-h). These fluid potential barriers may lead to
cross-fault fluid compartmentalization, pore fluid trapping, and fluid
pressure rise during the interseismic phase (Byerlee, 1993; Caine et al.,
20105 Sutherland et al., 2012, Fig. 10c), resulting in fluid overpressure
release during co-seismic slip and hydrofracturing. Stockwork veins in
basaltic dikes (Fig. 6a-h) and hydrothermal veins along slip surfaces
(Fig. 3e and 4c) suggest co-seismic release of overpressured fluids,
following the “fault-valve" model by Sibson (2000) (Fig. 10d). Such fluid
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release can transiently decrease frictional strength (Faulkner et al.,
2018) in velocity-weakening portions of a fault, i.e., where basalt is in
contact with basalt, eventually triggering seismogenic slips. Subsequent
zeolite precipitation could cement and restrengthen the slip zone,
decreasing fault permeability and triggering a new fluid-earthquake
cycle (Sibson, 1994; Bamberg et al., 2022, 2023) (Fig. 10). For
instance, complete fracture cementation by zeolite precipitation during
the interseismic phase may occur 8-10 years after a seismic slip
(Wasteby et al., 2014; Bamberg et al., 2022).

Laboratory shear experiments indicate that basalt gouges exhibit
velocity strengthening behavior (prone to slip aseismically) at pressures
below 5 MPa (Zhong et al., 2023). The transition from velocity
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strengthening to velocity weakening behavior (capable of generating
seismic slip) occurs at pressures equal to or greater than 10 MPa
(Giacomel et al., 2018, 2021; Zhong et al., 2023) and temperatures
above 300 °C (Zhang et al., 2017). These pressure and temperature
ranges are typical of shallow geothermal reservoirs (Arnorsson, 1995) or
CO4 sequestration and storage sites in basalt, such as the Carbfix
COy-injection facilities in Iceland (Oelkers and Gislason, 2023). The
transition from velocity strengthening to velocity weakening behavior is
associated with shear localization along sharp slip surfaces, character-
ized by intense grain size reduction compared to the surrounding cata-
clasite (Giacomel et al., 2021; Zhang et al., 2017). In contrast, the
velocity strengthening behavior in basalt-hosted faults is linked to the
presence of clay minerals coating the rims of large and strong basalt
grains (Ikari et al., 2020), consistent with the behavior observed in
clay-rich sedimentary fault rocks (e.g., Boulton et al., 2014; Tesei et al.,
2014).

Our structural and microstructural evidence from the principal slip
zone of the fault at Hédinshofdi reveals both velocity weakening-related
structures, such as shear localization with intense grain size reduction
along sharp slip surfaces (Fig. 7d,e, 8a-e), and velocity strengthening-
related structures, such as clay-rich foliated cataclasite (Fig. 8a-h).

These inferences are further supported by comparisons with meso-
and micro-structures observed in other fault rock types. Foliated brec-
cias (Fig. 4e) and foliated clay-rich cataclasites (Fig. 8a-h), observed in
basalt-hosted faults, resemble those found in carbonate- or clay-rich-
hosted faults, which develop during slow aseismic creep (Tesei et al.,
2014; Vignaroli et al., 2020). Conversely, the presence of truncated
clasts along sharp slip surfaces (Fig. 8b) may indicate past seismic slip,
similar to laboratory experiments in carbonate gouges showing that
truncated clasts form during seismic slip rates (Fondriest et al., 2013).
Mantled clasts (Fig. 8f) can represent both aseismic (Smeraglia et al.,
2017) and seismic slips (Smith et al., 2011; Rempe et al., 2014). Similar
structures have been observed in basalt-hosted faults with displacements
greater than 10 m in the Faroe Islands (Walker et al., 2013a, 2013b;
Bamberg et al., 2022).

The discussion above suggests that basalt-hosted faults with tens of
meters of displacement likely accommodated cycles of seismic slips and
aseismic creep (Fig. 10e and f), akin to mechanically heterogeneous fault
zones in sedimentary successions or tectonic mélanges. These fault zones
consist of velocity strengthening layers rich in clay (prone to aseismic
slip) and velocity weakening layers in more competent rocks (capable of
generating seismic slips) (Tesei et al., 2014; Volpe et al., 2022, 2023).

6. Conclusions

We integrated structural and microstructural observations with X-
Ray diffraction analyses on exposed normal-transtensional faults
exhumed from depths less than 1.5 km and fault-related veins associated
with the seismically active Husavik-Flatey Fault in Northern Iceland.
The results reveal several key insights.

First, the evolution of basalt-hosted normal-oblique faults with
increasing displacement can be synthesized into sequential phases.
These include low-displacement fault propagation from pre-existing
cooling joints, fault linkage through dilational jogs, damage zone and
fault core growth through brecciation and cataclastic processes. With
increasing displacement shear localizes along sharp slip surfaces within
the fault core and damage zone, and finally volcaniclastic interbeds are
smeared along the principal fault plane. The smeared volcaniclastic in-
terbeds can create cross-fault barriers for fluid circulation, promoting
compartmentalized and discontinuous pockets of overpressured fluids.

Second, the studied faults show evidence of multiple, fluid-assisted
seismic cycles. Features such as shear localization with intense grain
size reduction, truncated clasts, and hydrothermal breccias/veins sug-
gest multiple episodes of seismic slip assisted by pressurized fluids,
consistent with the “suction pump” or “fault valve” behaviors.
Conversely, clay-rich foliated cataclasite indicates aseismic slips during
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interseismic phases. Specifically, the occurrence of smeared, clay-rich
fault rocks along slip planes can promote velocity strengthening
behavior and aseismic slips, while the transition from velocity
strengthening to velocity weakening behavior can be associated with
localization along slip surfaces and grain size reduction relative to the
surrounding cataclasite.

Third, the zeolite assemblage of stilbite, mesolite, chabazite, and
laumontite in fault-related veins and breccia cements suggests fluid
circulation at temperatures between approximately 25 °C and 230 °C.
Therefore, the studied faults may represent tectonic structures that
develop in low to high-enthalpy basalt-hosted geothermal systems
located in extensional-transtensional tectonic settings.

Fourth, slip along fault jogs, bends, geometric irregularities, and
fault orientation changes causes the dilatant opening of fault planes and
extensional horsetail fractures at fault tips. These structures create main
tabular zones for lateral movement of hydrothermal fluids parallel to the
fault strike. Additionally, the dilational jogs and the intersection of
horsetail veins with the hosting faults may define linear zones of high
structural permeability and intense, localized fluid flow parallel to the
02 paleostress orientation, promoting mineral precipitation. Sub-
horizontal to gently plunging linear pathways can facilitate the lateral
movement of hydrothermal fluids within a geothermal reservoir, while
moderately plunging linear pathways can promote the upflow of deep,
hot hydrothermal fluids into the reservoir.

Lastly, basalt-hosted faults can be prone to both seismic and aseismic
slips. Pockets of overpressured fluids may be generated where low-
permeability clay-rich volcaniclastic material is smeared along slip
surfaces. Seismic slip may be triggered by overpressured fluids if the
fluid compartment is breached, along velocity-weakening (i.e., prone to
slip seismically) portions of the same fault characterized by intense
basalt grain size reduction. Conversely, portions of the same fault with
smeared clays may exhibit velocity strengthening behavior (i.e., prone
to slip aseismically). Understanding basalt-hosted fault slip behaviors is
crucial for better modeling induced seismicity in basalt reservoirs, both
for enhanced geothermal fluid recovery or industrial CO5 storage and
sequestration, and for improved borehole planning during geothermal
fluid extraction.
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