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10 Abstract. Smgla Island, situated within the Mid-Norwegian passive margin, contains crystalline basement-hosted intricate

fracture and fault arrays formed during a polyphase brittle tectonic evolution. Understanding-similarfracture-patterns-within
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Its detailed study may

potentially strengthen correlative efforts between the well-exposed onshore domain and the inaccessible offshore domain and

improve our understanding of the passive margin evolution. Integrating geophysical and remote sensing lineament analysis

along with field mapping, high resolution drill hole logging, three-dimensional (3D) modelling, petrographic and

microstructural data, and fault gouge K-Ar geochronology, we identify five deformation episodes having affected Smgla

through time: 1) D, caused sinistral transtension leading to syn- to post-Devonian epidote-prehnite steep ENE-WSW tensile

veins and sinistral shears related to the post-Caledonian evolution of the Mgre Trendelag Fault Complex (MTCF), and a later
~N-S contraction associated with inclined NW-SE normal, and ~NNW-SSE to NNE-SSW strike-slip features. I1) D, formed

diffuse sericite-chlorite-calcite structures during two phases in the Carboniferous (~300 Ma) and Late Triassic-Early Jurassic
(~204-196 Ma). The first, associated with sinistral strike-slip movements along the MTFC, produced ~E-W and NE-SW

sinistral strike-slip faults and fractures, ~N-S normal faults, and ENE-WSW reverse faults. The second, associated with MTFC

dextral strike-slip faulting, formed ENE-WSW dextral strike-slip faults, ~N-S reverse faults, and ~E-W to NE-SW normal

faults. 111) Ds formed chlorite-hematite breccias and gouges in response to Cretaceous (~128-100 Ma) extension, half-graben

development and deepening of local basins. This episode is associated with normal to oblique-normal faults striking NNE-

SSW and NE-SW. 1V) Dq s responsible for the formation of hematite-zeolite-calcite features, which formed after ~75 Ma

during Cretaceous to Late Cretaceous crustal extension, associated with NNE-SSW, NE-SW normal dip-slip faults or tensile

veins. V) Ds formed NE-SW and NW-SE striking quartz-calcite shear and tensile veins during continued crustal extension

preceding the Greenland-Norway break-up. Multiscalar modelling at scales of 100 m, 10 m, and 1 m shows the extent and size

of deformation zones, with D, structures exhibiting the greatest strike continuity and D, features the most localised. Overall,

the approach presented here is of great utility for on/offshore correlation and studying basement volumes, particularly with

complex brittle tectonic histories.

1 Introduction

Offshore crystalline basement highs are important structural elements of rifted passive margins (Peron-Pinvidic et al., 2013;
Zastrozhnov et al., 2020). Fhey-are-however-veryHowever, accessing and studying these features is challenging due to study
when-in-their locations beneath deep oceanic waters and bereath-younger sedimentary cover. Constraining their structural

characteristics and tectonic evolution-in-these-settings typically relies on relatively low-resolution datasets, such as seismic
surveys and scattered drill hole data (e.g-;. Holdsworth et al., 2019; Tanner et al., 2020), which limits detailed reconstructions.
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Most of the geological knowledge on offshore basement highs derives from hydrocarbon exploration work, which, hewever;

until recently enlymostly focussed on and around their faulted outermost edges, with limited interest in the basement volumes

themselves (Riber et al., 2015). On the other hand, following indications that fractured and weathered basement may represent

productive unconventional hydrocarbon reservoirs or act as pathways for oil and gas migration, they have alse-recently begun
to receive considerable attention (e.g-;. Hartz et al., 2013; Trice, 2014; Riber et al., 2015; Belaidi et al., 2018; Holdsworth et
al., 2019).

Crucially—aA conceptual “gap’gap remains relating-te-the-understanding-of-regarding the effective role of “intrabasement
structuresconnected natural fractures and faults hosted within basement volumes (intrabasement structures) in an offshore

context. (Holdsworth et al., 2019). These structures effshere-are difficult to study-investigate offshore because they-are-their
size is commonly sub-below seismic resolution-seale-in-size (Tanner et al., 2020). Consequently, characterising geelogical
structures-that-range-in-size-from-the-sub-seismic reselution-through-to regional-sealesscale structures, and resehving-a-related
andtheir potentially long-lived tectonic evolution, cannet-be—dene—fremrequires more than just low—-resolution data
alonedatasets. To mitigate these challenges, analogue onshore basement exposures are-attractingresearchers’attentioncan be

of great assistance as they provide significant-advantages-such-as-more extensive and ready site access, and data availability
atfrom regional to micro-scale resolutions: (e.g. regional geophysical data, field mapping, and thin sections).

The island of Smgla-stand, within the Mid-Norwegian passive margin, isforms a subaerial exposure of crystalline basement
rocks {Fig—1)-(Figure 1a). The island is an ideal natural-laboeratory-where-to-study-an-analogue effor basement highs offshore
Central Norway, owing to both its proximity to the offshore Frgya High, and the similarity of basement geology feund-at both
locations (Renning and Elvebakk, 2005; Slagstad et al., 2011). As-such,-Smelarepresents-—a-wealthy-archive-of-evidence
ofSmgla has abundant local and regional-seale-structural-features structures, which;-if-properly-interpreted;-may-yield-much
informatien-on_document the tectonic episedes-that-have-affected-evolution of the margin through time. AnyAs such, any
geological insights from Smgla could then potentially be applied to basement highs offshore, thus-furthering the understanding
of their internal structure, and aiding in the reconstruction of their tectonic evolution-and-improving-hydrecarbon-exploration
strategies.
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The brittle tectonic evolution of onshore basement exposures along the Norwegian passive margin has been extensively studied

(worked-on-by-amoengstothers-Redfield et al—., 2004}, Davids et al—., 2013} \Viola-et-al{2016);, Ksienzyk et al{., 2016},

Scheiber et al—{., 2016);, 2019; Scheiber and Viola-{, 2018),-and-; Tartaglia et al., 2020; Fossen et al—{., 2021); Hestnes et al.
2022), with Tartaglia et al. (2023) providing the mest+ecentlatest insights everfor the Mid-Norwegian portion-by-TFartaglia-et
ak—{2022)-Although-previeus-studies-provide-. Applying the tight constraints;-applying-a-nevel-multi-technigue_from these

studies, and a new three-dimensional (3D) perspective from four diamond drill holes on Smgla Island, we present a case study

that describes and

Here-we-deseribe-and-testtests a comprehensive workflow for characterising onshore basement blocks. Fhe-adopted-tools
ineludeOur multiscalar approach integrates surface geological- tools (outcrop mapping and sampling), structural—and
petrographical—in-addition-tepetrography, regional datasets (airborne magnetic surveys and digital terrain models ~(DTMs)-

along with K-Ar geochronology;—which-constrains_to constrain the absolute time dimension of the reconstructed tectonic

phases. Finalhy-asAs fault and fracture arrays in crystalline basementrocks control the-local secondary permeability (Gillespie
etal., 2020), our work has significant implications on understandingresolving reservoir characteristics associated with offshore
basement high-hosted-uncenventional-hydrecarbon-reserveirshighs, and basement deformation more generally;—providing-.

This study, therefore, offers a method to generate crucial deterministic inputs te-futurestudiesaiming-to-medelfor modelling
basement fracturingfractures and petrophysical behaviour over time.

2 Geological framework
2.1 Regional perspective

Smgla Island, located in Central Norway, is set withinalong the Mid-Norwegian passive margin; (Figure 1Aa), a region shaped
by a prolonged and complex geological history (Peron-Pinvidic &and,Osmundsen, 2020). The island (Figure 1B8b) is comprised

by 445.7 + 3.8 Ma plutonic magmatic-arc rocks (Tucker et al., 2004; Slagstad et al., 2011) and oceanic crustal units, all of
which were emplaced and accreted just prior to the Silurian-Devonian (~430 to 400 Ma) Scandian Phase of the Caledonian
Orogeny (Tucker et al., 2004; Gee et al., 2008; {Corfu et al., 2014; Gee-et-al2008;Slagstad &and, Kirkland, 2018;Fuckeret

al2004)). Caledonian shortening led to nappe and thrust fault development, with transposition of the Smgla rocks along major
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detachments over both the allochthonous continental Neoproterozoic Baltoscandian nappes and the underlying autochthonous
Palaeo- to Mesoproterozoic Baltican crystalline basement of the Western Gneiss Region (WGR) (Fossen, 1992; Tucker et al.,
2004; Corfu et al., 2014)-(Figure +&)-1c).

During the Early Devonian-{Late-Caledenian-times),—orogenic collapse of the by then overthickened orogen resulted in
significant crustal extension by both reactivation of favourably oriented contractional structures (Fossen, 2010; Fossen et al.,
2017) and development of new crustal-scale extensional shear zones, and regional exhumation (Figure 1) (Osmundsen et al.,
2006). Late-CaledentanDevonian extension also caused the Smala rocks to be translated, within response to both strike-slip
offset-and down-faulting across the Mare-Trendelag Fault Complex (MTFC), a regional fault system with muttiple-strands
and-complex kinematics that was repeatedly activatedreactivated through time (Gronlie and Roberts, 1989; Granlie et al.,

1994; {Redfield et al., 2004; Watts et al., 2023). Smala experienced limited metamorphic overprint (on average sub-greenschist
facies conditions) and only localised ductile deformation (Tucker et al., 2004). Alse-asseciatedAssociated with the Devonian

tectonic inversion, extensional (possible pull-apart) basins formed in response to brittle extensional faulting, such as the
MTFC-related Edgyfjorden Basin proximal to Smala (Figure 1b) (Bge et-ak-1989;Bge-&and, Bjerkli, 1989; FessenBge et al.,

20171989; Osmundsen et al., 2006); Fossen et al., 2017).
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Figure 1. The geological context of Smala Island, Central Norway. A) Regional setting of Smgla on the
Mid-Norwegian Passivepassive margin. Smgla is separated from the Western Gneiss Region (WGR) by the Mgre-Trgndelag Fault
Complex (MTFC), with two fault strands, the Hitra-Snasa Fault (HSF) and the Verran Fault (VF). The Hgybakken
DetachementDetachment (HD) is shown to the NE of Smgla. FeMajor basins are present are to the NW of Smgla, in the offshore
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domain,-major-basins-are-present-_(e.g-. Mare Basin), bound by normal faults and structural highs (e.g-. Fraya High) (modified
from Faleide et al., 2008; Bedrock map of Norway, Geological Survey of Norway, 2021), B) The local geology of Smgla-Island,
showing the Caledonian and Devonian geology. Significant lineaments and faults (interpreted from airborne geophysics, DTM, and
field studies) crosscut the island—Fhe-trace-of, with the MTFC (HSF strand) istrace indicated. The drill holes (red stars) and outcrop
mapping locations (yeHewqreen circles) are shown (modified from Fediuk and Siedlecki, 1977), C) Onshore-offshore interpretive
geological cross section (X-Y-Z) as shown in Panel A, showing major regional structures and crustal anatomy relative to Smgla.
Including the two strands of the MTFC (HSF and VF) and the Fraya High offshore (modified from Zastrozhnov et al., 2020),

Post-Caledonian extension and rifting continued to the Late Cretaceous/Early Palagocene, eventually leading to the Greenland-

Eurasia plate break-up at ~54 Ma and opening of the North Atlantic, forming the Norwegian passive margin (Peron-Pinvidic

and Osmundsen, 2018; Bunkholt et al., 2022). This prolonged process involved multiple tectonic phases: rift initiation during

the Carboniferous, Permo-Triassic crustal stretching and rifting, Late-Triassic to Jurassic crustal thinning, renewed Mid-

Jurassic to Early Cretaceous rifting, with extension of the margin during the Late-Cretaceous to Paleocene, and early seafloor
formation and spreading during the Paleocene-Eocene (Mosar et al., 2002; Faleide et al., 2008; Peron-Pinvidic and Osmundsen
2018; Gernigon et al., 2020).

These events produced discrete generations of basins (such as the Froan—gring; and Mare Basins) along the newly-forming
Norwegian shelf, which progressively infilled with synrift sediments (Figure 1A-&Ca & c) (Faleide et al., 2008; Zastrozhnov
et al., 2020). In places, structural highs of Caledonian-aged and underlying Baltica crystalline basement, such as the Frgya
High to the NW of Smgla formed through rift-related exhumation between these basins,{Mufiez-Barrera-et-al—2020) leading
to a remarkable host and graben series (Mufioz-Barrera et al., 2020). Bounding the structural highs and the different basins,
are crustal-scale extensional faults (Figure 1A-&-Ca & c) (Mosar et al., 2002; Skilbrei et al., 2002). Overall, this protracted
rifting and hyper-extension history resulted in a highly attenuated offshore domain, reactivating, and overprinting the existing
Caledonian deformation features (Figure 1A-&-Ca & c) (Mosar et al., 2002; Zastrozhnov et al., 2020).

2.2 The geology of Smgla

Smgla is composed of several Caledonian-aged bedrock types traditionally attributed to the Caledonian Upper Allochthon

(Roberts &and,Gee, 1985) (Figure 1Bb), including diorite (the most common lithology), gabbro, tonalite, alkali granite, quartz

monzonite to monzo-granite, quartz-feldspar and amphibolite-biotite gneiss, limestone and volcanic rocks (andesitic to
rhyolitic in composition in a faulted block on the SE-portion of Smgla). Late, felsic to mafic dykes crosscut all other rock
types (—(Brunton-& Beckehie 1979 Fediuk &and, Siedlecki, 1977; H-Bruton and Bockelie, 1979; Roberts, 1980; Gautneb,
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1988; Ha—Gautneb &and, Roberts, 1989;-Reberts;1980)). In addition to the 445.7 + 3.8 Ma (1o) U/Pb intrusive age of a dated

granodiorite (Tucker et al., 2004), a granitic dyke was dated to 428 + 10 Ma (20) (Rb/Sr) ({--Gautneb, 1988), providing an

Ordovician-Silurian age envelope for the plutonic rocks on the island. To the S and SE of Smgla-(e.g--EdgyfjordenBasin—

Figure-1B) the Caledonian bedrock is unconformably overlain by the late Silurian-mid Devonian sedimentary cover of the

Smgla Group, and later Jurassic-Cretaceous sedimentary successions ({Bge-et-al—1989;-Bge-& Bjerkh 1989 Fediuk &and,
8
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Siedlecki, 1977); Bge and Bjerkli, 1989; Bge et al., 1989). These include siliciclastic deposits of red-oxidised polymictic
conglomerate, siltstone, and sandstone (Bge et al., 1989), and-infithwhich fill in Devonian extensional basins (e.g. Edgyfjorden
Basin, Figure 1b) along the MTFC (Bge &and, Bjerkli, 1989).

ContinuingFurther to the S and SE of Smala (and bounding the Devonian basinbasins), the ~NE-SW striking MTFC is the
most proximal and dominant regional-scale structural-featurestructure to the island. This wide (10 to 50 km) structure extends

for >600 km from Central Trgndelag into the northern-part of the North Sea, and branches into two sub-parallel strands, the
Hitra—Snésa Fault (HSF) to the NW (the most proximal to Smgla), and the Verran Fault (VF) to the SE (Figure 1a,b, & c)
(Watts, 2001; A-B+&C){(Olsen et al., 2007; Watts,-2001-Watts et al., 2023). The kinematiestructural evolution of the MTFC
is complex, with a polyphase deformation history from the Devonian until the Cenozoic (e.g-. Grenlie and Roberts, 1989;
Seranne, 1992; Watts, 2001; Redfield et al., 2004; Tartaglia et al., 26222023; Watts et al., 2023)2023)--tn-comparison-to-the

3 Materials and methods

This study’s multi-technique approach involves a variety of 2D and 3D datasets, ranging from the regional-scale through to
the micro-scale. Integrated into this-array—ofthese datasets is—alse the absolute time dimension, provided through K-Ar
geochronology of structurally well-characterised fault rocks, which previdesgive chronological constraints on all other
datasets. We briefly outline the methods below-the-apphied-teslbex, with a more detailed description in the supplementary

material.

3.1 Geophysical and remote sensing data and lineament mapping

The geophysical and DTM data used in this study waswere acquired by the Geological Survey of Norway (NGU) (Nasuti et
al., 2015), with details on survey parameters and data processing available in the supplementary material. Our lineament
picking and mapping followed White (2014) and Scheiber and Viola (2018), making use of both the magnetic geophysical and
DTM imagery within a geographic information systems (GIS) software platform (Figure 2). The description of the

methodology used to identify and place the lineaments is also available in the supplementary decumentmaterial.

3.2 briltField work and drill hole logging-ard-field-methods
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acquisition involved standard geological field methods, including the systematic mapping of representative outcrops (Figure

1B)ntotalb) and ground-truthing of possible exposed deformation zones identified in the lineament mapping. In total, sixty-

six outcrop sites were studied, with data collected recording deformation feature types, fracture/vein mineral infill, fault slip
information, host rock lithology, and cross-cutting/genetic relationships between the various features. The four diamond drill
holes used in this study (stored in Trondheim, Norway) were drilled in 2019 and were designed to target major structures, and

sample weathered basement rocks. Geological features in the drill cores (Figure 4) were systematically logged downhole (for

a total investigated length of 364.9 m of diamond drill core), recording lithology and rock alteration, deformation types,

fracture/fault characteristics, mineral infill, and cross-cutting relationships. These data were also used for the 3D modelling

of intersected deformation zones in drill holes BH1 and BH2 (Figure 8). The methodology used to measure structural data in

drill core followed both the methods of Holcombe (2013) and Blenkinsop et al. (2015). A more detailed description of the

methodology is available in the supplementary material.

3.3 X-ray diffraction and K-Ar dating

Seven structurally- controlled fault gouge and breccia samples (Figure 9) were collected {Figure-8)-from fault and deformation
zones in both drill core and outcrop, and subsequently processed at the dedicated-NGU laboratory in Trondheim, Norway.
Initially, all-the samples were disintegrated and separated into <0.1 um, 0.1-0.4 pm, 0.4-2 um, 2-6 um, 6-10 pum size fractions.
Each of these size fractions then underwent quantitative analysis for both potassium (K) and argon (Ar) using total digest ICP-
OES, and a Isotopx NGX multi collector noble gas mass spectrometer system respectfuthyrespectively. X-ray diffraction
(XRD) analysis was performed on each fraction to determine and quantify the mineralogical composition. A full description
of both the XRD and-the K-Ar analysis methodology is available in the supplementary material and in Viola et al. (2018).

4 Results
4.1 Lineament mapping from geophysics and DTM data

The analysis of regional-scale features such as geophysical lineaments and topographic features (Figure 2) formed the initial
stageofthestudy. hese-features-occur-on-the kilometre ale-and-can-be-traced-overlarge-areas-botho and-onshoreThese

features occur on the kilometre-scale, and using both geophysical and DTM imagery, can be traced over both off- and onshore

areas. The >2000 mapped lineaments (available within the supplementary data repository) are linear, curvilinear to irregular

features which either crosscut or terminate against one another (Figure 2a & b). The lineaments are classified based on length

and hierarchy of formation: First-order lineaments are potentially major regional structures; second-order lineaments,

10
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commonly >10 km in length, are typically major splays or secondary features off the first-order lineaments; while third-order

lineaments, typically <10 km in length, constitute the remaining lineaments.

The #OO&mapped—lmeamem&areJmeaH%uwmﬂearflrst second and%&me&megulaﬁeata{e&andremsseuwpsepmme
ien:-1third-

Together the-1%2%_and 3% orderlineamentspessess-at-leastsub-divided into eight deminantorientation trends-everthe-study
area-with-various-age-and, which are labelled: L1) N-S, L2) NW-SE, L3) E-W, L4) ENE-WSW, L5) NE-SW, L6) WNW-

ESE, L7) NNE-SSW, and L8) NNW-SSE (Figure 2b) (hereinafter as L1 to L8). Determining precise cross-cutting relationships
between the-differentthese lineament trends—Fhese-age_is often challenging due to imagery resolution and defining lineament

end points. However, where possible, interpretive cross-cutting relationships and-the-spatial-distributioncan provide a relative
timing of lineament formation. The age, cross-cutting, and termination relationships of the specific lineament trends by-demain

area-are summarised in Table 1, and selectively illustrated by colour in Figure 2B-2b.

11
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lineaments mapped from both the magnetic data and DTM data. Airborne magnetic survey imagery from Nasuti et al. (2015). The
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area over Smgla onto the WGR region is demainedsub-divided into A (north of Smgla), B (western and SW of Smgla), C (area over
the MTFC), D (NE Smgla), E (SE Smgla), and F (WGR area). Rose plots of strike trends of mapped lineaments are shown by

275 demainarea. B) ‘Zoom in’ blocks showing representative examples of cross-cutting relationships between the different lineament
trends:_(coloured by trend) on both DTM and geophysical imagery (DTM data from the NGU). Locations of the ‘zoom in’ blocks
are displayed on the adjacent schematic map of Smgla—_(coastline map courtesy of the NGU) along with rose diagrams showing
orientation trends of lineaments with >10 km and <10 km lengths. Rose plots are coloured the same as the lineaments on the ‘zoom
in’ blocks and are labelled to show the L1 to L8 lineament trends.

280
Table 1. Agelnterpretive age relationship matrix between the main lineament trends-with-the-eceurrence-and-relative-abundanee
{etterorder). The lineament trends are ordered as thev are discussed in the demam-a#ea&ef—ﬁgwe@—text Relatlonshlp types |nclude
m—mutualx Cross- cuttlng,

i T = terminating, ? = uncertam
Younger
Lineaments N-S NW-SE E-W ENE-WSW NE-SW WNW-ESE NNE-SSW NNW-SSE Domain
N-S mxd)  xd,s,i?) xds,i?) x(d) X(s) X x a B,A CF
NW-SE m x(d) x(d, s) x(d) x(s) X ma B,D EAC
E-W x(r) m a m ax X a E,D,C A
g ENE-WSW m a X(s) x? x c.B
6 NE-SW a, x(d,r) a X, a x(i?), a A DE,B,F
WNW-ESE m a a X AF
NNE-SSW m, X(r) X(r) m? D, B
NNW-SSE m m? F.E
285
The N-S lineaments.
. Younger
Lineament g
trends N-S NW-SE E-W ENE-WSW NE-SW WNW-ESE NNE-SSW NNW-SSE
L) Ns X X X X X X XT
(@ NwsE X X X X X X X, T
© ew X X T X T.X X, T
A
3 ENE-WSW X T X X? X
S (1 Nesw T.X T X1 X7
WNW-ESE X T T x?
(L) NNE-ssW X X x?
NNW-SSE X X2
290 L1 is most common in the western part of Smgla and offshore in areas A and B on Figure 2a. These lineaments are typically

3"second- to 2°-third-order-lineaments, are eress-cutcrosscut by all other lineaments, except for the NNW.-SSE lineaments 8
which, in places, abutterminates against the-N-S-tineamentsL1 (Figure 2Bb.1). Fhe-N-S-and-NW-SE-lineaments-are-tikely
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coeval-or-conjugate-owing-to-theirAs there are local mutual cross-cutting relationships—Fhe-N-S-and-E-W,-ENE-WSW, |1
and L2 are likely coeval or conjugates. L1 and the L3, L4 lineaments have complex cross-cutting relationships, with L1 being

potentially horizontally offset (dextrally and sinistrally) with multiple possible reactivations in places (Figure 2Bb.1 ard-B\4);
with-& b.11).

and-A—The-NW-SE lineaments-are-MTFC, over most parts of Smgla and offshore (areas A, B, D, and E on Figure 2a). L2 is

similarly effsetcrosscut by many of the other lineaments (Figure 2B-H)-although-the-E-\W-Hineaments-only-dextrally-offset-the
NW-SE lineaments(Figure-2B-HH:b). L2 crosscuts L3 and there-is-no-apparent-dip-slip-offset-by-any-other-lineaments—The
NW-SE lineaments-offset-the E-\W-and-the NE-SWthe L5 lineaments, as well as the magnetic grain (Figure 2B:\/b), but this
may be due to later reactivations-{typicatly-dextral-offsets).. The NVW-SEL 2 and the-NNW.-SSEL 8 lineaments have rare mutual
cross-cutting relationships, but otherwise L8 tends to terminate up against L2.

The L3 lineaments are most common in central Smgla, particularly in areas B, D, and E, clustering on the NW side of the
MTFEC (Figure 2B-\ i i
lineaments-are-most-common-over-domains B-DE.a). L3, mostly occurring as second-order lineaments and in-the-nhorth-in
R

The E-W-lineamentsfrequently classed-as- 2% order lineaments-and-representing-possible fault-splays orRiedel-shears-off the
1% first-order MTFC (HSF) lineament representing-the- HSF-(Figure 2Aa), are cross-cut by NW-SE-NNE-SSWI 2, L7 and
NNW-SSE—tineamentsL8 (Figure 2Bb.1I;—BHH)—Fhe—E-\W-lineaments). L3 also exhibitexhibits mutual cross-cutting
(potentially coeval) relationships with ENE-WSWIL 4 (which are-splays-efin turn typically splay off the E-W structures) and
WNW-ESE-(Figure 2B-}-B- ineaments—AH-three lineament-trends—possess-similar—cro utting—relationships-with-the

WINW-ESE retationsb.l). Frequently, L1, L 2, and L3 (third-order lineaments only) are similarly crosscut by the same lineament

trends, indicating that the L1-L.3 lineaments may have formed coevally (Figure 2B-4-B-H);-possibly-representing-3-b.11). The
longer L3 second-order lineaments do however crosscut most other lineaments (Figure 2b.1), suggesting either a later formation

or a longer period of activity/reactivation.

The L4 and L5 lineaments are pervasive across Smgla within areas A, D, E, B, and F (Figure 2a). These lineaments are typically

third-order lineaments and sub-parallel to the MTFC (HSF) trend. In the eastern part of Smgla (areas E and D), they cluster

on and terminate against the N/NE sides of L3 (Figure 2b.1), possibly representing third-order Riedel shears or splays off the
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335

340

345

350

355

N\ -side)-and-A-second-order L3. In the western part of Smgla they form prominent elongate topographical valleys in the

DTM and terminate less commonly against L3. These lineaments crosscut and dextrally offset both the L1 and L2 (less

distinctly) and terminate against L3 and L6 (Figure 2b.11). L4 and L5, however, are either locally crosscut by, or are terminated

up against by L6, L7, and L8 ( Figure 2b.11).

The-NE-SW lineaments-are-typically-3-orderlineaments{L6 is present throughout the study area, although mostly NW of the
MTEC, and are either second or third-order lineaments. L6 crosscuts all other lineaments, with only rare examples of L7 and

L8 crosscutting it (Figure 2B\A-

TFhe-L2 displays similar mutual cross-cutting relationships as L6. The two least common lineament trends, the-NNE-SSWL7

and L8, are most abundant in the areas D and B (for L7), and areas F and E (for L8) over Smgla and the WGR. L7 and NNW/-
SSE lineaments,L8 mutually crosscut one another, although this is mostly seen in the-Bomainarea F (Figure 2A)-Simiarhy,
ips-a). Overall, these lineaments
either-crosseut-or-abutterminate against and crosscut all the other lineaments wﬁheut—bewg%resseut—a%—eﬁset—by—any—e&her
Hineament-(Figure 2B-V
B e et

Fhe-availability-ofb.1 & b.11), suggesting an early formation and a possible late reactivation.

4.2 Field, drill hole, and petrographic results

Field observations (Figure 1b) and four diamond drill holes (Flgure 1B-andb & Flgure 34) confersoffer a novel 3D view-into
thegerspectlve on Smgla’s geology 0

Various minerals has-been-decorating fracture surfaces, fault rocks, and veins are systematically documented-as-decerating
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associated-deformation-features-exhibit-either-, showing coeval or crosscutting relationships, and orientation trends. (Figure

360 63}, 5 &6). As such, assemblages of coeval infill minerals have been used to group the decurented-deformation features-and
mineratisation based on the relative timing (summarised, and labelled D1 to Ds in Figure 7). The coeval mineral assemblages,
alsowith corresponding-te consistent deformation styles and orientation trends, may represent distinct mineralisation events
associated with discrete deformation episodes (e.g-. Drake et al., 2009; Viola et al., 2009).

365 We now systematically describe the progressive deformation and mineralisation and-deformation-history-of the study-areatypes
starting from the apparent earliest to the latest features. As a part of the structural characterisation, we have included both the
field and drill hole structural data (Figure 3). However, the drill hole data were localised in specific parts of the island and
biased towards including shallowly dipping features (e.g. Terzaghi, 1965). Therefore, field data primarily inform the structural
descriptions, as informed-by the relative age relationships between the different mineral-assemblages-and-deformation features.
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[a] Field data Drill hole data
All planes Slip lines Fault slip trends All planes Slip lines Fault slip trends
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Figure 3. A) Equal area, lower hemisphere stereonet plots of deformation features in outcrop or drill core, sortedGraphic-tegs
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380 assemblages. All plane plots Kamb contoured at 2o interval, with D1-=drill hole stereonets not Terzaghi corrected. B) Rose plots

showing strike orientation trends (frequency) of all features (combined outcrop and drill core) by deformation episode. Mineral

types: Ep=epidote-, Prh=prehnite, B2=Ser=sericite-, Chl=chlorite-, Cal=calcite, D3-=-¢chlerite-Hem=hematite-{+/-calecite), BD4=
hematite-, Zeo=zeolite-caleite—and-B5—=-_ Qtz=quartz ite.
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4.2.1 D1: epidote-prehnite-stable faulting and veining

The earliest recognised brittle deformation features on Smgla are epidote and prehnite veins, hydraulic breccias, and
cataclasites involving at least three different generations of epidote (epiEp 1, 2, ard& 3 on Figure 45A-& B).Thesefeatures

Field data reveal two clusters of the shear fractures and veins: one striking ENE-WSW with steep SSE dips, and the other NW-

SE with steep NE dips. Major structures associated with fault rocks (red great circles on the 'All planes' plots on Figure 3),

primarily strike ENE-WSW with steep SSE dips. Slip lineations show varied orientations but have moderate to shallow

plunges, trending E or W. Kinematically, most structures with slip-trend information exhibit strike- to oblique-slip motion,

predominantly oriented E-W. Overall, the data suggest a sinistral strike-slip regime with NNE-SSW contraction and WNW-

ESE extension. Drill data also exhibit similar strike orientations, with an additional trend NW-SE dipping shallowly NE.

Kinematically, shear features are mostly normal, dipping moderately to shallowly NE, indicating a mean NE-SW extension

direction.
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405

410

415

h_QI_es._Measured structural data are shown distributed downhole grouped by mlneral assemblage (and deformatlon tesode) with

D1 = epidote-prehnite, D, = sericite-chlorite-calcite, D3 = chlorite-hematite (+/- calcite), D4 = hematite-zeolite-calcite, and Ds = quartz-
calcite. Measured structures are also represented plotted as glanes on the adjacent stereonets. Each stereonet represents at least

The epidote mineralisation is-either-anconsists of early pale/light green-yellow (epiEp 1 and 2) or a later grass-green type
(epiEp 3). Fhe-earhierEarly epidote typically infills tensile or shear veins, with well-developed slickenside surfaces on the vein-
host rock interfaces or internally on crack-seal surfaces (Figure 45A)—TFhea). In contrast, later grass-green epidote
mineralisation-however-is-different-eceurringoccurs as infill of irregular, bifurcating to anatomising veins (Figure 45B8b),
which in places erosseutcrosscuts and reworkreworks the early epidote. All three types cross-cut host rock lithological features,
such as aplitic veins.
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Prehnite veins, significantly less abundantcommon than epidote veins, occur in drill holes BH1 and BH2 together with epidote.

Prehnite is-cemmeonlytypically pale grey-green-in-celour-and, infills veins, belenging-teand can form dense networks grading
to proper-dilatant hydraulic breccias (Figure 45A—a, drill core). In the case of the hydraulic breccias, included fragments are
either host rock fragments of polycrystalline aggregates of quartz-feldspar or reworked epidote cataclasites/veins (in places

with host rock fragments with included veins; Figure 56<c).

The earlier epidote locally forms the matrix mineral of at least two generations of cataclasite to ultracataclasite, which are

associated with

major structures on Figure 3a. The earliest epidote cataclasite to ultracataclasite (epiEp 1) is typically enby-preserved as isolated
fragments (1-5 mm in size-ane-may-have-originally-formed), which possibly originated as thin discrete pockets with a weak to
distinct foliated to banded matrix dominated by very fine-grained epidote and clay (forming up to 75 %-90 % of the pockets).

The included clasts are fine-grained (average size <60 pm), poorly sorted and subangular, and are typically mono- to
polycrystalline aggregates of quartz-feldspar host rock (Figure 56Ba & b). The secend-generation-oflater epidote cataclasite
(epiEp 2) occurs as localised zones (typically <10 cm in width), with a massive matrix (making up 60 %-70 % of the zones)
formed by fine-grained epidote and clay (Figure 56A-&-Bb). The included fragments are very fine- to coarse-grained (10 pm-
6 mm), poorly sorted, angular- to sub-angular, and polycrystalline fragments of host rock (quartz-feldspar) or reworked
fragments of the earlier epidote ultracataclasite. The included epiEp 1 and host rock fragments within the epiEp 2 cataclasite
exhibit minor offset and rotation from each other, suggesting that there was limited to no rigid-body rotation and mechanical

comminution of the fragments.

Rarely, prehnite ultra-cataclasites occur as discrete zones 3-5 cm in width, striking NNW-SSE and NW-SE, and-dipping

shaHowlywith shallow to mederatelymoderate dips (30°-65%)—with-the—prehnite—matrix—forming®) (Figure 3a, drill data).
Prehnite comprising >90 % of the matrix of these zones—Overall-they-are, is very fine-grained, with interspersed clay. The

included clasts are fine-grained (<50 um-1 mm), moderately sorted, subrounded to angular, and made up of mono to
polycrystalline fragments of host rock and epidote cataclasite. The prehnite ultracataclasites are associated with the epidote

cataclasites, with both the cataclasites mutually reworking one another.
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4.2.2 Da: repeated sericite-chlorite-calcite-stable faulting

D, sericite-chlorite-calcite shear features (Figure 45)e) invariably rework Ds structures. Fhey-strike-on-average- NE-SW-or;

) o
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These structures occur as single shear fractures or dense networks and semelocal brittle-ductile shear zones.
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wp&,\: -A- F) Scratch pen for scale 13 cm, B) Scale bar arrow = 10 cm.

Field data reveal three main trends of the shear fracture orientations (Figure 3a): E-W to ENE-WSW striking, steeply to

moderately S dipping; NE-SW striking, moderately SE dipping; and NNW-SSE striking, steeply E dipping. Slip lineations

mostly plunge steeply, indicating dip-slip kinematics, with shallower trends toward W or SE. Kinematically, most shear

features exhibit normal or oblique-normal shear-sense, striking E-W or NE-SW. Some N-S striking, steeply E-dipping reverse

faults are also observed. Sinistral and dextral strike- to oblique-slip features strike E-W, dipping moderately N or S. Overall,

these features indicate an extensional regime with a mean NW-SE extension direction. Drill data show predominantly NW-SE

striking, shallowly NE dipping fractures and veins. Major structures mostly dip shallowly SE, with steeper dipping features

striking E-W. Kinematically, shear features are mostly reverse, dipping SE or NE, with some normal and strike-slip features.

The well-developed deformation zones, with locally foliated gouge with highly fractured and disaggregating host rock clasts

and early deformed calcite veins (Figure 45C)—typicatystrike—from-NE-SW-to-E-W.—and-dip-at-either 15°-20° 6r sub-
verticalhyc) are typically oriented the same as the first two shear fracture outcrop trends (Figure 3a). D, structures, especially

the well-developed deformation zones, are almost phyllitic at the microscale (Figure 56Bd & E), locally involving fine to
medium-grained sericite/muscovite (30-40 %), chlorite (30 %), and clay (>5 %), with elongate domains of fine-grained
recrystallised quartz (>20 %; the matrix forms ~80 % of the total volume). The host-rock clasts—included within this
groundmass are 20 pm-1 cm monocrystalline quartz fragments or polycrystalline aggregates of subrounded quartz and altered

feldspar-with-subreunded-shapes.

Microstructural relationships indicate at least two distinct deformation events: an early event with localised shearing along
axial planar cleavages in an early folded sericite groundmass with calcite veins (Figure 56D);d); and a subsequent event, which
invelved-the-reworking and retation-ofrotating the earlier axial planar cleavage shear planes (S-surfaces) by later C’-planes.
This resulted in the development of an extensional crenulation cleavage (ECC)-—-)-type fabric (Figure 56E).e) (e.g. Passchier
and Trouw, 2005). These ECC zones also rework D; epidote cataclasite and fragmented host rock. The host rock fragments

locally form o porphyroclasts with very fine-grained quartz in the strain shadows, and the sericite-and--chlorite groundmass
(and very fine-grained clay) deflected around them.
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4.2.3 Ds: chlorite-hematite-decorated fault rocks and shear fractures

orshe a ommeodatina-top-to-the-EN A A-and-NNWLhorm o-obligue-norm o

Brewnd), involve brown-red staining or ‘dusting’ of hematite and chlorite eceratedecorating and infiHinfilling these
structures. Ds structures occur as individual anastomosing shear fractures, which locally have hematite slickensides, grading

to networks, and breccias and gouges (and possible cataclasite-or-indurated-gouge).—The-chlorite-hematite breccias to-gouge

on-averagecataclasites).

Field data show four trends of these shear fractures: NE-SW striking, steeply SE dipping; N-S striking, subvertical to steeply
W dipping; NE-SW striking, shallowly SE dipping; and WNW-ESE striking, steeply SSW dipping. Tensile veins mostly strike

ENE-WSW and dip moderately to steeply SSE. Major D3 structures (with breccia and gouge) are sub-parallel to these trends.

Slip lineations vary, with steep dip-slip predominating and shallower strike-slip orientations trending NE, W, and SW.

Kinematically, shear features are mainly normal to oblique-normal, striking NNE-SSW, with shallow S-dipping thrusts and

vertical N-S striking reverse faults. Sinistral strike-slip features strike ~ENE-WSW, with occasional dextral features striking

NE-SW. These features suggest associated WNW-ESE to NW-SE extension. Shear fractures and veins from drill data,

primarily strike ENE-WSW and dip shallowly SE. Major drill core structures have shallow dipping geometries, either S or

NW. Shear features are predominantly dip-slip and reverse, dipping either ~E or NW, with some dextral features striking E-

W to NE-SW. Overall, these structures suggest a mean NW-SE contraction.

The chlorite-hematite breccias to gouges, typically diffuse zones (up to ~3 m thick), exhibit abundant D3 fractures forming

damage zones around them. The gouges are indurated and are moderately to well consolidated features in hand specimen
(Figure 45B)-

The-breecia-and-gouged). These features at the microscale are cemented by chlorite (40 %), hematite (30-50 %), and clay (10-
20 %), with the matrix forming 5-20% of the overall zones (rarely up to 60 %; Figure 56Ff). The chlorite grains-are, either
overprinting or have-grownas growths between the fragmented host rock (and host rock clasts), fermingform elongate grains
in places. The hematite cement is dark red-brown to opaque in PPL, with the staining/ ‘dusting” occurring as very fine-grained
particles within fractures/matrix and overprinting the host rock. The host rock clasts themselves are typically medium- to
coarse-grained in size (2 mm-1 cm), moderately to poorly sorted, clast-supported, and comprised by altered quartz-feldspar
(feldspar is partially altered to sericite) polycrystalline fragments. Elsewhere, the D3 structures are associated with thin pockets
of hematite-rich foliated to banded cataclasite/indurated gouge (<2 cm in thickness; Figure 56Hh), with a very fine-grained

27



matrix (up to 80% of the zone) comprised of hematite (80%), clay (15%), and chlorite (5%), with incorporated fine-grained

(20-600 pm), poorly sorted and sub-rounded host rock clasts.

D1 D2 D3 D4

n=307 n=342 n=177 n=184
Ep-Prh Ser-Chl-Cal Chl-Hem Hem-Zeo-Cal Qtz-Cal
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veins (Cal 1), and highly altered host rock minerals (feldspars). G) Zeolite-calcite (+/- interstitial hematite in the zeolite)

relatively undeformed vein, with the zeolite crystals subhedral to euhedral crystal faces within the calcite, H) Hematite

which PPL.

4.2.4 Da: hematite-zeolite-calcite veining

The D4 hematite-zeolite-calcite structures, mostly tensile veins (0.1-6 mm in thickness) (Figure 45E-&F)-whiche & f), crosscut

the earlier epidote, sericite-chlorite-calcite (¢leCal 1)), and chlorite-hematite structures;—pessess-variable-strike-orientations:

The Ds-hematite-zeolite-calcite structures-are-mostly-tensile-veins-(0.1-6-mm-in-thickness),-which. D, veins are pervasive
across Smgla (Figure 45E-&F—e & f, drill core), along with-ether-mere rare examples of hydraulic breccias and shear fractures

with slickenside surfaces-alse-present—.

Field data indicate the tensile veins strike ~ENE-WSW, dipping steeply SE or NW. Shear fractures primarily strike NNE-SSW

to NE-SW with moderate to steep ESE dips. The D4 major structures (breccias and gouges) strike WNW-ESE, steeply dipping

SSW. Slip lineations typically plunge steeply, showing dominant dip-slip, with subordinate shallower strike-slip lineation

orientations ~NE/SW. Kinematically, features are mainly normal shear-sense, striking NE-SW, with minor sinistral strike-slip
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(NNE-SSW strike) and rare dextral strike-slip (ENE-WSW strike) features, possibly representing conjugate features. This

580 suggests NW-SE extension with NE-SW contraction. The drill data indicate shallow NE-dipping fractures and veins, with

major structures striking NW-SE or NE-SW (steeper dipping). Kinematically, these features are mostly moderately dipping

oblique- to strike-slip, with sinistral features dipping NE and dextral features dipping SW. Subordinate normal features dip

moderately to steeply SSW or ENE. Overall, this indicates a mean ~NNE-SSW extension direction.

585 Along with zeolite, the-hematite-component typically occurs as a bright-red type,- (different from the Dg-related hematite;),
along with a later less deformed type of calcite (cleCal 2) (Figure 7). In outcrop and in drill core, D4 structures mest-commoenty
oceurasare associated with coarse-grained ‘sugary’ masses of zeolite-calcite, locally mineralising over pre-existing veins of

epidote or chlorite-hematite (Figure 45E)-

590 e). At the microscale, the D4 veins are-comprised-byconsist of zeolite (laumontite) occurring as fine to medium-grained,
decussate, subhedral prismatic crystals, in places with interstitial Fe staining. a-theplacesLocally, where zeolite crystals have
intergrown with late calcite, they form bounding comb-type textures with euhedral crystal morphologies (Figure 56Gg).
Additionally, radial masses of zeolite occur as grain boundary growths within the calcite portions of the veins, indicating the
coeval mineralisation of both minerals. The zeolite, hematite, and late calcite (eleCal 2) components in these veins show little

595 to no significant post-crystallisation deformation, implying the D4 veins are indeed relatively late.
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Dykes - W Brittle-ductile shear fabric
? ¥ Crush breccia/gouge
Ductile precursor s Y¥ Dilatory vein (low strain)
i ¥ Deformation episode

Epidote 1 }(LG) — Ep-Prh

Epidote 2

Epldite3 (G8) ol Ser-Chi-Cal  Chi-Hem
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4.2.5 Ds: quartz-calcite veining

The Ds quartz-calcite veins, involving the late calcite variety (Cal 2) and mineralised quartz, rework and offset all other

The shear fractures and veins in outcrop strike NE-SW, dipping steeply SE or moderately NW. Major structures strike the

same but dip more moderately SE. Slip lineations are mainly dip-slip, plunging steeply, with shallow strike-slip lineation

orientations toward NNE and ENE. Kinematically, the features have predominantly normal shear-sense, and NE-SW striking.

The sinistral and dextral strike-slip planes, possibly conjugates, are oriented similarly to the normal features. Overall, the

geometries and kinematics indicate a mean ~E-W extension orientation. In drill core, fractures and veins show a dominant

NW-SE strike, shallowly dipping NE. Tensile veins strike similarly NW-SE but with shallow to steep NE or SW dips. Major

structures are subparallel to the fracture trends. Kinematically, most features are shallowly NNE/SSW-dipping, WNW-ESE to

NW-SE striking normal dip-slip features, indicating a mean NNW-SSE/N-S extensional direction.

The Ds quartz-calcite veins, in outcrop or-intersected-in drill core, are translucent to opaque white, exhibit crack-seal layering
parallel to the vein-host boundary and are planar to bifurcating features (Figure 45Ff). The veins occur as singular narrow to
wide veins (0.1 mm-22 cm) or-as complex vein networks, and in places, hydraulic breccias with included angular fragments
of the host rock. Commonly, these late veins are within and subparallel to existing deformation features, such as sericite-
chlorite deformation zones, and may represent a later tensile reactivation of these features (the-earlierfeatures-beingexploiting
mechanically weak planes-within-the-hestrock-veolume) (Figure 45Bd). The late quartz-calcite veins crosscut the earlier calcite
veins (eleCal 1; Figure 45Ff), which are less quartz-rich, relatively massive, more opaque white, and possess deformed non-
planar morphologies to disaggregated irregular domains (for example in Dp).
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Deformation Episodes Early Late

D1 D2 D3 D4 D5
.
zir%;tlggglé " 445.7 £ 3.8 Ma % Cataclasite
= [@28:10Ma" r Hydraulic vein & breccia
Dykes - i Brittle-ductile shear fabric
? ¥ Crush breccia/gouge
Ductile precursor W ¥¥ Dilatory vein (low strain)
¥ Deformation episode
Epidote 1 1w —%  Ep-Pih G
Epidote 2

By (0) o Ser-Chi-Cal  Chl-Hem
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Sericite s- --*----.-..
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Eigure 7. Chronological table of showing relative mineralisation times of different mineral types, key deformation features associated
with each mineral type is shown in relative chronology, with clustering of mineralisation and deformation features grouped into five
main_deformation episodes. These episodes are associated with specific mineral assemblages. Mineral types: Ep=epidote,
Prh=prehnite, Ser=sericite, Chl=chlorite, Cal=calcite, Hem=hematite, Zeo=zeolite, Qtz=quartz. *Host rock age provided by (Tucker
et al., 2004); **Age of dyke emplacement by Gautneb (1988).

At the micro-scale, the-Ds veins contairexhibit medium to coarse-grained calcite crystals, typically anhedral, exhibitingwith
distinct cleavage, withor show fine-grained gquartz-grain-rims alengon the berders-ergquartz grains and between theadjacent
calcite grains (Figure 564). In places, the-quartz-is-coarser-grained,—ferming quartz form comb-type textures with euhedral
crystal terminations into the larger calcite crystals. Commonly, quartz and calcite also mineralise as vein border-parallel
alternating bands-paraHelto-the-vein-border, indicating multiple crack-seal mineralisations. AltheughFinally, while these veins
are-notsignificanthy-deformed-after-exhibit minimal post-mineralisation;-simiarhyas deformation (like Da4;), the calcite in the
veins is twinned, suggesting the-veins-have-experiencedsome later strain.
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Tahla?2 Symmaryof K Ar
T PA

i Orientation ~ Deformation .
Sample  Site/BH Host rock (dipidip direction) _ episode Description
Monzogranite, Hydraulic breccia to crackle breccia and
SK2008 BE2 fault rock 107285 By hematite-bearing shear veins.
Monzogranite Shear foliation within sheared and foliated
2012 2 : 15/320 D
= A Tault rock gouge band.
Monzearanite Well milled gouge, some residual veins, and
SK2015 BH2 shearedgmaficl> 37/183 D, lithic fragments present (possibly from bound-
. ing monzogranite).
120714 BH4 Diorite, 54/059 D.D Fnaple gouge in shear band, clay rich, with
clays 34 zeolite veins.
SK1024_1 1024 Diorite, 73179 D Sample from upger portion of exposed sub-
fault gouge 2 vertical structure; well developed gouge.
Monzodiorite, Gouge sample, green, chloritic, structure
SKk1020.1 1029 fault gouge 80/166 D, parallel to major E-W structure.
SK1033_1 1033 Gabbro 80/1557 D Possible fault gouge within saprolite zone.
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Sample 40Ar* K Age Data

Fraction (um) Mass (mg) mol/g 0 (%) 40Ar* % Mass (mg) wt% 0 (%) Age (Ma) o (Ma)

<0.1 2088 2.894E-10 0.57 404 50.6 163 1.76 99.6 1.8

0.1-0.4 2036 3.821E-10 054 539 51.6 146 1.78 144.9 26

SK2008 04-2 209 6.728E-10 050 77.2 52.8 179 174 204.7 35
2-6 3604 1.161E-09 046 89.6 522 306 164 206.5 33

6-10 2672 1.376E-09 047 947 51.0 385 158 195.2 3.1

<01 2016 2065E-09 049 903 51.0 575 143 196.1 238

0.1-0.4 3654 2221E-09 046 924 52.0 546 144 220.5 31

SK2012 0.4-2 2938 2716E-09 046 956 52.8 540 144 268.9 3.8
2-6 2524  2536E-09 047 983 50.9 450 1.53 298.8 44

6-10 2452 2.106E-09 047 986 50.9 385 1.58 290.7 4.4

o= 2E06—2-036500—047—200A &4=E &84 1.44 201.4 29

0.1-0.4 3.048 2202E-09 046 93.1 51.3 533 146 2237 32

SK2015 04-2 3122 2522E-09 046 955 516 516 147 261.8 3.8
2-6 3.612 1.832E-09 046 97.0 511 337 1.62 289.1 4.5

6-10 2466  1.370E-09 047 984 50.9 254 1.69 287.0 4.7

<0.1 2750  5.869E-11 1.24 8.2 50.7 044 191 74.7 1.7

0.1-0.4 1368  1.122E-10 126 145 50.7 0.58 1.90 109.0 24

120714 04-2 3.600 1.844E-10 047 2838 50.8 0.77 1.88 132.6 25
2-6 2710 2.786E-10 045 516 50.1 1.11 185 138.8 25

6-10 2554 3.933E-10 042 51.0 526 141 182 153.6 27

0.1-0.4 2220 1.982E-10 0.58 423 50.5 067 1.92 162.1 3.1

SK1024 1 04-2 1600 3.118E-10 059 31.1 50.4 095 1.89 180.5 34
= 2-6 2568 3.196E-10 045 429 526 100 1.88 176.1 3.2

6-10 3.186 2.926E-10 042 53.2 54.6 099 188 163.5 3.0

<01 2618  5.023E-10 041 504 51.3 134 185 204.1 37

0.1-0.4 3.728 5895E-10 0.38 573 57.2 118 1.85 267.3 4.7

SK1029_1 04-2 3.136 9.189E-10 038 774 56.0 154 1.82 314.9 54
2-6 2582 B8.275E-10 039 849 62.8 192 1.76 2328 3.9

6-10 1636 8.246E-10 045 883 525 205 178 218.2 3.8

<01 2224 1.814E-11  9.36 0.8 51.7 0.08 1.97 128.1 11.8

0.1-0.4 2236  2.085E-11 7.31 0.9 514 0.09 1.97 126.0 9.2

SK1033_1 04-2 2854 9.294E-11  1.33 5.0 53.2 021 1.96 234.5 5.2
2-6 3.042 1.020E-10 0.91 9.0 60.3 022 1.95 247.2 5.0

6-10 2.354 1.219E-10 0.98 8.6 545 025 1.95 263.3 54
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<0.1 Trace XX X0
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<0.1 X000 XX XX
0.1-0.4 X000 2000¢ XX
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2-6 2000 000K X0 X
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<0.1 X000¢
0.1-04 XK
SK1033_1 04-2 Trace  x0X
2-6 Trace XXX
6-10 Trace  Trace x0X




730

735

740

745

750

755

four oriented drill holes (Figure 34, with locations on Figure 1B)-we-can-additionallyb) provide a 3D view of the-SmglaSmgla’s
geology. Using the-Leapfrog Works (Seequent, 2022) 3D modelling software, we could delineate the hangingwall and footwall

boundaries of deformation zones using Jogged downhole intersections of relevant deformation-features-and selected-orientation
iei i -. Implicit 3B-volumes were
thusthen generated eenstrainingto reproduce the trueactual thickness-and, orientation-of therelevantstructures—tn-the-case-of
BH1-and-BH2 -modelled-structures-that-extend, and extent of zones through mere-than-one-drill-hele-provide3D space. The
modelling of different zones in one volume provides insights into the strike-continuity and extent of these-deformation zones,

and-theas well as potential fracture connectivity

. Furthermore, as-we-can-incorperateby
incorporating both relative (defermation-episedes-outlined-abeve—in-(Figure 7) and absolute deformation ages (alse-see
abeve(Figure 11b), the modelling also includes thea temporal dimension.

Asln this study, we have specifically used drill holes BH1 and BH2 for the modelling. These drill holes are preximalclose

enough together;—features-can-be-successfuty-matched to allow confident correlations between them;-and-modelied:the drill
holes, These drill holes intersected deformation zones, highly-fluid-altered-and-veined intervals, and shear zones/fault cores

(Figure 34). Considering the geological and deformation characteristics of each of these zones, particularly the fault core
intersections (assumed to have the greatest strike continuity) and the associated damage zones, we can-rterprethave correlated
at least four zones between the drill holes. The correlations between-these-different zones—Fhese-correlations-are-and modelling
also guided-byused the orientations of bounding deformation features around-the-fault-cores{such-as-shear-fractures)-helping
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to resolve the complete-geometries of these zones. Examples of modelled zones which are correlated between BH1 and BH2
760 (labelled I-1V in Figure 8a) are the following:
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BH2 - Zone 1

D, and D, zones

765

Host rock
W Damage zone
N Fault core

Ny

N-S section

D2, D3 deformation

E-W
=
zones (Chl-Ser-Cal 1-Hem)

n=6

Host rock
% Damage zone
B Fault core

N«
94m B D1 veins
Qtz-Cal 2 veins B D5 veins
1) BH1 (37.46 m-37.81 m) and BH2 (12.94 m-23.59 m) intersect a S-dipping E-W striking zone characterised by

early D epidote veins and hydraulic breccia (Ep 2) crosscut by D, chloritic/sericitic fractures and breccia, and

late Ds quartz-calcite veins (Cal 1 and Cal 2).
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1) Both BH1 (70.6 m-70.77 m) and BH2 (79.39 m-81.78 m) intersect a NE-SW striking NW-dipping zone, which

widens in BH2, involving early D, epidote veins and later chlorite-hematite (Ds) breccia, with stronger hematite

mineralisation in BH2. The zone also features deformed early calcite veins (Cal 1).
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BH2 - Zone I

D,-D,-D,zones Host rock
W Damage zone

B Fault core

50 m

Bl D, zone (Chl-Hem)
M D, D, zone (Chl-Zeo)
=

T 3

/|

n=6
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B Damage zone 7
Ng ki
<
94m B D1 veins
Qtz-Cal 2 veins W D5 veins

Figure 208. A) 3D model of major intersected brittle structures (green, red, and purple planar volumes) in drill holes BH1 and BH2.
Modelling completed in Leapfrog using bounding deformation features, such as shear fractures (plotted in included stereonet). Zones
11 to 41V are representative of the-B3-B4 deformation zones present in one or both the drill holes, descriptions include in the text.
775 N-Sand E-W cross sections included on the right of the figure, with the N-S sections taken through each drill hole. B) 3D models at

different scales to A;(a), with both quartz-calcite (Ds) and epidote-prehnite (Dz) modelled from drill core structures (included in — [ Formatted: Subscript

associated stereonet plots). ) [Formatted- Subscript
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m-70:77-m)- NE-SW striking N
SHSw%methgﬂabmdanpeaH%D epidete#ems—and—eress-eumn&ehleme#wmame—ésﬂengephemame

nshallowly
S-dipping zone in both BH1 (92.03 m-96.33 m) striking-NE-SW;-and shauewly-mppmg—alseﬁresermBHZ
(83.33 m-84.51 m), characterised by a D; epidote cataclasite that-has-been-reworked by deformation-asseciated
with-chlorite and zeolite {zeelite-is-in-places-Hmited-to-the-deformation features (host rock fragments);-these are
overprinted by zeolite). These cataclasites and-breceias-are also cross-cut by D4 zeolite-calcite and abundant-late

Ds quartz-calcite veins lecatly-forming-a-(dense vein network;-ane-1\).

1V) More clearly intersected in BH2 (108.08 m-111.1 m), a moderately to shallowly SW-dipping zone;—mesthy«

intersectedHin-BH2{108.08-m-1111-m) characterised by intensely sheared D, sericite-chlorite gouge and phyllitic
bands, with a broader damage zone of sericite and chlorite fractures, which-is also intersected at the base of BH1
(96.57 m-99.24 m).

The modelled zones crosscut each other, assumed here with no offsets or lateral terminations. Their true thicknesses range

from 1 m to 6 m and exhibit some dip and thickness variation (as shown in N-S and E-W sections in Figure 8a). The zones

display different orientation trends: with the D-related zones moderately S to SE-dipping, and Ds-related zones shallowly W-

dipping.

To explore Smgla's deformation features across scales, 3D models were created for selected intervals, such as: Ds quartz-

calcite veins in BH2 (~10 m scale) or epidote-prehnite (D;) veins in BH1 (~1 m scale) (Figure 8b). These models, along with

Figure 8a (~100 m scale), demonstrate the systematic to semi-systematic fracture arrays at various scales. Additionally, they

illustrate differences in aperture widths and potential strike extents among structures associated with different deformation

episodes: D, structures, for example, typically have the widest apertures and longest strike extents, while D features exhibit

the smallest apertures and the least lateral continuity on average but have the highest number of fractures per modelled volume.

4.3 K-Ar hronol nd X-r iffraction

Seven fault gouge samples (Table 2, Figure 9) were collected from drill holes BH2 (SK2008, SK2012, SK2015), BH4 (120714)
(Figure 4), and outcrops on Smgla Island (SK1024 1, SK1029 1, SK1033_1) for dating of potential authigenic and
synkinematic potassium (K)-bearing clays. The dated samples compositions by X-ray diffraction (XRD) is shown in Figure

10, with the K-Ar dating results in Table 3 and Figure 11a are sub-divided by grain size fraction for each sample (<0.1 to 6-
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10 um). The orientations of the sampled structures (Figure 11b) is provided in the text as dip inclination (0-90°) and dip

direction (0-360°). None of the samples have associated kinematics, apart from sample SK1033 1. The samples descriptions

are ordered by interpreted deformation episode, with the full sample characterisations available in the supplementary material.

4.3.1 Field relationships and XRD results

Sample SK2012 is from a 25 cm-wide foliated gouge/phyllite to cataclasite interval (Figure 9a), oriented 15/320, in

monzogranite. The zone has strong chlorite and sericite (D2) mineralisation and host rock fragments. XRD results indicate the

K-Ar ages are provided by K-bearing illite/muscovite and smectite. Both illite/muscovite and smectite content increases with

decreasing grain size fraction, with highest abundance in the <0.1 pm fraction. Quartz is present in the coarser size fractions

(0.4-2 to 6-10 um), deriving from groundmass or host rock fragments.

Sample SK2015 is from a 20 cm-wide well-milled, foliated, clay-rich gouge zone (Figure 9b), oriented 37/183. The interval is

within a well-defined damage zone of highly fractured monzogranite. The gouge has abundant host rock and guartz-calcite

vein fragments. XRD results show the K-Ar ages derived from illite/muscovite, smectite, and potassium feldspar. The

illite/muscovite content increases in the finer fractions. The coarser fractions (2-6 to 6-10 pm) are quartz-dominated, with

minor calcite and potassium feldspar.

Orientation Deformation

Sample Site/BH Host rock (dip/dip direction)  episode Description
Monzogranite, D From 108.3 m in BH2, involving a sheared and
SK2012 2 fault rock 15/320 2 foliated gouge band, possibly phyllitic.

Monzogranite, From 109.74 m in BH2, from a well-milled gouge,

SK2015 BH2 37/183 D, some residual veins, and lithic fragments
fault gouge - .
present (possibly from host monzogranite).
Monzodiorite, Gouge sample, green, chloritic, structure
SK1029_1 1029 80/166 D, D 9 p'e; greef, »
= fault gouge # 7% sub-parallel/inclined to major E-W structure.
Monzogranite, D From 79.7 m in BH2, involving a hydraulic breccia
$K2008 BE2 fault rock 10/265 o to crackle breccia with hematite-bearing veins.
SK1033_1 1033 Gabbro 80/155? D, Possible fault gouge within saprolite zone.
120714 BH4 Diorite, 54/059 D, D, _Collected at31.3m in BHz_t, |nvol\{|ng fr_|able gouge
clays in shear band, clay rich, with zeolite veins.
SK1024 1 1024 Diorite, 73/179 D, D, San_}ple from upper portion of exposed sub-
- fault gouge vertical structure; well-developed gouge.
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Field sample SK1029 1 is from a ~5 cm-wide chlorite-clay-rich gouge zone, within monzodiorite (Figure 9f), oriented 80/166

and extending >10 m. The zone is proximal and inclined to a major E-W structure, mapped as a second-order L3 lineament

(Figure 2). XRD results indicate the K-Ar ages are from smectite, illite/muscovite, and zeolite. The size fractions are dominated

by chlorite-smectite mixed clay (tosudite). Illite/muscovite is absent in finest fraction, but present in the 0.1-0.4 to 6-10 um

fractions. Zeolite is abundant in the coarser fractions (2-6 to 6-10 pum).
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7020000N

T Cal 1 vein §
O Kk-Ar sample - /domain

) fractured.
host rock

K2008, SK20 and SK20 0 0 dfro dd 0 and samples SK20 K10 and SK10 0 d

840 from field locations. Map adapted from DTM data courtesy of the NGU. Scratch pen for scale = 13 cm, or scale bar arrow = 10 cm.

Sample SK2008 is from an 8 cm-wide indurated gouge to micro-vein breccia (Figure 9c), oriented 10/285. The interval is

within a ~5 m wide damage zone of chlorite-hematite (D3) mineralised and altered monzogranite. XRD results show the K-Ar

ages derived from illite/muscovite, smectite, and potassium feldspar. Hematite is present in all size fractions except the <0.1
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um fraction. Illite/muscovite is present in all fractions but a minor component in the <0.1 um fraction. Smectite increases

towards the finer fractions. The coarser fractions (2-6 to 6-10 um) contain potassium feldspar, calcite, and quartz.

Field sample SK1033 1 is from a ~25 cm-wide possible weathered gouge zone within a saprolite horizon (Figure 9g), bound

by adjacent chloritic-hematite slickensides, oriented 80/155 with low confidence (due to poor preservation), possibly dip-slip

(slickenlines too subtle to orient accurately). XRD results indicate the K-Ar ages come from smectite and illite/muscovite. The

size fractions are dominated by smectite, with minor chlorite, and illite/muscovite only present in coarsest fraction (6-10 pum).

Sample 120714 is from a 40 cm-wide friable clay-rich gouge within a shear band, oriented 54/059, in diorite, with cross-cutting

zeolite veins (Figure 9d). XRD results show the K-Ar ages derived from smectite, illite/muscovite, and potassium feldspar.

Smectite is dominant in all size fractions, comprising the <0.1 pm fraction entirely. Illite/muscovite is present in coarser

fractions, and the 0.1-0.4 um fraction. Potassium feldspar, plagioclase, and calcite are present in the coarser fractions (2-6 to
6-10 pm).

Field sample SK1024 1 is from a ~8 cm-wide foliated chloritic gouge zone (Figure 9g), oriented 73/179, within an 8 m wide

damage zone with hematite fractures. The gouge zone, a D, to D3 feature, is crosscut by zeolite veins. The XRD analysis for

the finest fraction was not possible due to insufficient material. XRD results however indicate the K-Ar ages come from

smectite, illite/muscovite, and zeolite. Minor illite/muscovite is present in all size fractions, with major amounts of smectite

and chlorite. Zeolite and quartz are particularly abundant in the 0.4-2 to 6-10 um size fractions.
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Figure 10. Pie charts with mineral compositions by weight percent (wt%) from X-ray diffraction results of the K-Ar
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Zeo = zeolite, Amp=amphibole. Note that due to poor

crystallinity and/or the lack of structural data for mixed-layer clay minerals, only semi-quantitative assessments could

be made.
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4.3.2 K-Ar geochronology results

The K-Ar geochronology results (Figure 11 & Table 3) indicate that the samples can be grouped into four groups associated

with mineral assemblages and deformation episodes (D, to D4):

Associated with Dy, samples SK2012, SK2015, and SK1029 1 returned K-Ar ages for the finest fractions (<0.1 um) of 196.1
+ 2.8 Ma, 201.4 + 2.9 Ma, and 204.1 + 3.7 Ma respectively. These ages likely correspond to authigenic illite-muscovite-
smectite. Samples SK2012, SK2015 yielded coarsest fraction (6-10 um) K-Ar ages of 290.7 + 4.4 Ma and 287.0 + 4.7 Ma

respectively. Both samples SK2012, SK2015 have similar inclined age spectra curves with a plateau at ~300 Ma. The plateau

implies an inherited component (potentially inherited illite/muscovite) from an earlier tectonic episode. Sample SK1029 1

returned a much younger coarsest fraction K-Ar age of 218.2 + 3.8 Ma. The younger ages are attributed to zeolite, with

potentially radiogenic “°Ar loss from the crystal structure, leading to lower age results (e.g. Levy and Woldegabriel, 1995).

Associated with Ds, samples SK2008, SK1033_1 yielded <0.1 pum fraction K-Ar ages of 99.6 + 1.8 Ma and 128.1 + 11.8 Ma
respectively, associated with likely authigenic illite-muscovite-smectite. The coarsest fractions provided ages of 195.2 + 3.1

Ma and 263.3 + 5.4 Ma respectively. The SK2008 fractions 0.4-2 to 6-10 um have ages clustering at ~200 Ma, coinciding with
the finest fraction ages for samples SK2012, SK2015, and SK1029 1, implying D, inheritance. The SK1033 1 ages may

reflect authigenic clay growth during saprolite formation or hydrothermal activity, suggesting this sample’s results should be

treated with caution.

Sample 120714, associated with D3 and D4, yielded a <0.1 um fraction K-Ar age of 74.7 + 1.7 Ma, and a 6-10 um fraction age

of 153.6 + 2.7 Ma. The finest fraction age is likely authigenic, but the coarsest fraction age, owing to the presence of potassic

feldspar and illite/muscovite may represent an inherited/protolithic age. The zeolite veins (not in the XRD results), crosscutting

the sampled gouge, would have mineralised after the ~75 Ma age, indicating a possible upper limit on the timing of Da.

Sample SK1024 1 lacked enough material for the <0.1 um fraction and is for demonstrative purposes only. The K-Ar ages
range from 162.1 + 3.1 Ma (0.1-0.4 um fraction) to 163.5 + 3.0 Ma (6-10 pum fraction), with the oldest age (180.5 + 3.4 Ma)

associated with the 0.4-2 um fraction. The age spectra curve on Figure 11a, a convex-upward shape, indicates the zeolite

presence in the coarser fractions is also lowering ages, like sample SK1029 1.

50



Table 3. K-Ar analysis age results of the Smgla samples by size fraction.

Sample 40Ar* K Age Data
Fraction (um) Mass (mg) mol/g 0 (%) 40Ar* % Mass (mg) wt% o (%) Age (Ma) o (Ma)

<0.1 2088 2.894E-10 0.57 404 50.6 163 1.76 99.6 1.8

0.1-0.4 2036 3.821E-10 0.54 539 51.6 146 1.78 144.9 26

SK2008 04-2 209 6.728E-10 0.50 77.2 52.8 1.79 1.74 204.7 35
2-6 3.604 1.161E-09 046 896 52.2 306 1.64 206.5 33

6-10 2672 1.376E-09 047 947 51.0 385 1.58 195.2 3.1

<0.1 2016  2.065E-09 049 90.3 51.0 575 143 196.1 28

0.1-0.4 3654 2221E-09 046 924 52.0 546 144 2205 31

SK2012 04-2 2938 2.716E-09 046 956 52.8 540 144 268.9 38
2-6 2524  2.536E-09 047 983 50.9 450 153 298.8 4.4

6-10 2452 2.106E-09 047 986 50.9 385 1.58 290.7 44

<0.1 2596  2.036E-09 047 904 51.5 551 144 201.4 29

0.1-0.4 3.048 2.202E-09 046 93.1 51.3 533 1.46 2237 3.2

SK2015 04-2 3122 2522E-09 046 955 51.6 516 147 261.8 3.8
2-6 3.612 1.832E-09 046 97.0 51.1 337 1.62 289.1 45

6-10 2.466 1.370E-09 047 984 50.9 254 169 287.0 4.7

<0.1 2750 5.869E-11 1.24 8.2 50.7 044 191 747 5T

0.1-0.4 1.368 1.122E-10 126 145 50.7 058 1.90 109.0 24

120714 04-2 3.600 1.844E-10 047 288 50.8 0.77 1.88 132.6 25
2-6 2710 2.786E-10 045 516 50.1 111 1.85 138.8 25

6-10 2554  3.933E-10 042 51.0 52.6 141 1.82 153.6 2.7

0.1-0.4 2220 1.982E-10 0.58 423 50.5 067 1.92 162.1 31

SK1024 1 04-2 1600 3.118E-10 059 311 50.4 095 1.89 180.5 34
= 2-6 2568 3.196E-10 045 429 52.6 1.00 1.88 176.1 32

6-10 3.186 2.926E-10 042 53.2 546 099 1.88 163.5 3.0

<0.1 2618 5.023E-10 041 504 51.3 134 185 204.1 3.7

0.1-0.4 3728 5.895E-10 0.38 57.3 57.2 118 1.85 267.3 47

SK1029_1 04-2 3136 9.189E-10 0.38 774 56.0 154 1.82 314.9 54
2-6 2582 8.275E-10 0.39 849 62.8 192 176 232.8 39

6-10 1636 8.246E-10 045 88.3 525 205 1.78 218.2 38
<01 2224 1.814E-11 9.36 0.8 51T 0.08 1.97 128.1 11.8

0.1-0.4 2236  2.085E-11 7.31 0.9 514 0.09 1.97 126.0 9.2

SK1033_1 04-2 2854  9.294E-11  1.33 5.0 53.2 021 1.96 234.5 5.2
2-6 3.042 1.020E-10  0.91 9.0 60.3 022 195 247.2 5.0

6-10 2354  1.219E-10 0.98 8.6 545 025 1.95 263.3 54

905

Overall, the K-Ar age results by structure orientation (Figure 11b) indicate that the D,-associated structures striking NE-SW,

E-W, ENE-WSW yielded authigenic Triassic-Jurassic (~196 — 204 Ma) ages, with possible inherited Carboniferous-Permian
(=287 — 291 Ma) ages. The Ds-associated structures striking NNE-SSW, ENE-WSW vyielded authigenic Cretaceous (100 —
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910 128(?) Ma) ages, with inherited Triassic-Jurassic (~200 Ma) material. Lastly, structures striking NW-SE, crosscut by later D4

zeolite veins, yielded Cretaceous (75 Ma) ages.

E 350
300 |Carboniferous- 2ElMaZ M
Permian
K-Ar Samples
250 A 120714
204 Ma A sK2008
& 200 i SK1024_1
§_ 196 Ma z . = Triassic-Jurassic
§, . z = & sK1033_1
128a & ska012
SK2015
100 ot Cretaceous /
a
SK1029_1
75Ma ol —
Age results reported
50 with an uncertainty of
1-sigma
™ Deformation episode
0
<0.1 0.1-04 04-2 2-6 6-10
Size Fraction (um)
120714 —
\ Deformation SK2012
episode
SK1033
SK1029_1
SK2015 | oo! o | ! Z [ SK1024_1
Ma 300 200 100 Ma
Size fraction (um)
B A%
0610 @26 0042 ©01-04 @<0.1 Strike and dip of fault P

Figure 11, A) K-Ar age spectra results for the seven samples. Data are expressed by size fraction of the sampled medium against
915 determined age, with age clustering indicating possible authigenic (and deformation) episodes; B) Radial plot showing dated samples
with K-Ar ages and size fraction (coloured circles) plotted on lines indicating the strike orientations of sampled structures.
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5 Discussion
5.1 Polyphase evolution of Smgla and the passive margin

Based on our new multiscalar and multi-technique results, we rew-propose aan evolutionary tectonic history for Smgla (Figure
12) and elaborate-on-the-bigger-sealediscuss its implications erfor the evolution of the passive margin::

The D; epidote-prehnite mineralisation, although not directly dated in this study, has been shown in other areas of the
Norwegian margin to have formed from syn- to post Devonian times down-to-until ~290 Ma ({tndrevaer-et-al-2014;-Seranne,
1992; Sherlock et al., 2004; Indrever et al., 2014; Watts et al., 2023). The D brittle structures (Figure 45ABa, b, & Figure

108Bb) rework primary host rock features, and are systematically offset by the D2 to Ds structures, indicating that epidote and

prehnite mineralised

i prior to all other deformation episodes (Figure 7). The Ds tensile veins or sinistral

strike-slip features, striking ENE-WSW (subvertical to steep SSE dips, shallow-plunging slip lineations) (Figure 3a), likely
formed during post-Caledonian brittle sinistral transtension on the MTFC (Seranne, 1992: Watts et al., 2023) and WNW-ESE

extension (represented on Figure 12).

Fhese-Later, the NW-SE striking features can-be—related-(moderately to regional-scale-D Hneaments;—oriented-NW-SE-to
shallowly NE dipping), as well as the ~NNW-SSE and-N-S-which-eceur-overto NNE-SSW striking features (steeply ~E

dipping), being either normal dip-slip features or both dextral and sinistral (conjugate) features, may have formed because of

local N-S to NNE-SSW shortening. This shortening direction is also implied by the Mid-Late Devonian development of E-W

trending folds in the Edgyfjorden Basin Devonian rocks (Bge et al., 1989 and Fossen, 2010) (Figure 12). From relative timing

and structural data correlations, the lineaments L1, L2, L4, and L8, may have formed during D1, with later reactivations.

Overall, despite being the least strike-continuous features (as shown in the 3D model in Figure 8b), D1 is pervasive across

Smgla, the Devonian-aged Edgyfjorden Basin, and the WGR to the SE of the MTFC,(Figure 2A-&Ba & b1, 1INV V/-& Figure
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The D; sericite-chlorite-carbonatecalcite structures (Figure 45Cc, and Figure 56BD-&E),d & e) are dated to between~300-and
~200~204-196, Ma {(finest fractions for samples SK2012, SK2015, and SK1029 1 on Figure 911)-are-associated-with-the-E-

W-and-NE-SW-oriented-structures-{TFable-2,-Figure-8C,-D-&F)—Fhe-). However, microstructural and field evidence indicates
at-least-(Figure 6d & e) and the plateau in the age-spectra graph for the fjwo defermation-phases-accommodated-by-these

955  struetures—The-coarsest fractions for SK2012 and SK2015 (Figure 11a), suggest a possibility of an earlier inherited deformation
phase—during—the—Late—Carboniferous-episode at ~300 Ma. Early Permian—may—well-be—attributed—to—faulting-related

sericitisation of host rock feldspar (e.g. Wibberley, 1999) could explain the coarsest fraction illite/muscovite content and this
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inherited age. As such, two deformation (sub-)episodes may be associated with the sericite-chlorite-calcite mineral assemblage

and thus tentatively to D,. Considering these two possible deformation phases, we can sort the complex array of D, structures

(Figure 3a, b) into two structural frameworks: 1) The sinistral strike-slip ~E-W, and NE-SW striking features (moderately to

steeply dipping ~N, SSW, NW), the normal faults striking ~N-S (moderately to steeply dipping W), and the ENE-WSW
striking (steeply SSE dipping) reverse dip-slip features; and 2) the ENE-WSW striking (steeply SSE dipping) dextral strike-

slip features, the ~N-S striking (steeply E dipping) reverse faults, and the ~E-W to NE-SW striking (moderately to steeply

dipping ~N/S to SE) normal dip-slip features.

The first set of structures indicate sinistral strike-slip or transtension conditions along the HSEMTFC, with ~WNW-ESE

crustal extension and ~NNE-SSW shortening. This is largely consistent with the Late Carboniferous-Early Permian MTFC
evolution as suggestedproposed by Seranne; (1992) and Watts et al. (2023)—Fhe-NNE-SSW-te-NE-SW lineaments (Figure 12).
Furthermore, the ~N-S striking normal dip-slip features,on Smgla-alse have a similar geometry to the ~N-S extensional faults

(Raudtinddalen Fault) off the VF, which have been associated with a similar age and kinematics {\Aatts-et-al2023)(Watts et
al., 2023). The moderately to shallowly south-dipping D, features in drill holes BH1 and BH2, as shown in 3D modelling

(Figure 8a), likely coincide with the damage zone of the nearby major E-W structure. Adjacent to the drill holes, the major

~E-W structure also locally changes strike to a NW-SE trend (Figure 2b.1). The shallow dipping D, features, although possibly
the result of local stress perturbations (e.g. Kim et al., 2004), may have formed from local shortening associated with the strike

rotation of the major E-W structure (forming a restraining bend) (e.g. Cunningham and Mann, 2007) further supporting sinistral
faulting.

TFhe-Do-E-W-to WNW-ESE 2*_order-lineaments-and-the NE-SW-3"_order-lineaments-Based on the above interpretation, the
~E-W, ENE-WSW, and NE-SW sinistral and reverse features may correspond to the L3, L4, and L5 (Figure 2B4-& Hi-indicate

sinistral shearwith-the NE-SWo-NNE-SSWHinearmentseitherb.1 & I1) second to third-order lineaments, and the ~N-S striking
normal dip-slip features correlate with the L7 lineaments. Within this setting, the L5 lineaments could represent sinistral R and
R’ Riedel shears off the E-\W-WNW-ESEL3, L4 lineaments (Figure 2B-H}):b.1), with the L7 lineaments predominantly
involving extensional dip-slip features accommodating ~E-W/WNW-ESE extension. Additionally, the-E-W-to WNW-ESE 2%
order-Hneaments-may-during this phase, the L3 second-order lineaments which correlate with the major E-W structures and

steep sinistral features (with sub-horizontal slip lineations) could also behave formed as synthetic P-shears off the main MTFC
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the-formation-ofduring the Late Carboniferous-Early Permian (timeline on Figure 12), resulting in the Late Palaeozoic basins

such as the Froan Basin and Hgybakken fault-related basin (Kendrick et al., 2004; Faleide et al., 2008; Peron-Pinvidic and
Osmundsen, 2018).

set of structures may be associated with the ~200 Ma ages constrained by the finest grain size fractions of the D, associated

samples. These structures suggest dextral strike-slip along the MTFC, with an overall extension direction ~NNE-SSW.

Moreover, the steeply-dipping ENE-WSW striking dextral strike-slip features (with a horizontal slip lineation), being sub-

parallel to the HSF (MTFC) trend, also correspond to the L4 lineaments. These L4 lineaments do show rare dextrally offsets

of both the L1 and L2 lineaments, further suggesting some dextral kinematics is subtlety preserved (Figure 2b.1).

Based on the above interpretation, both the steep ~N-S striking reverse faults associated with D,, and the major E-W structures

(L3 lineaments) converging on the NE side of the Edgyfjorden Basin (Figure 2B+-&\/—TFhis-phase-istikely-torelate-to-the
~200-Ma-ages-detected-on-these-Do-structures-including the ENE-WSW ures.

a) where there is a ENE-WSW to NE-SW strike rotation of the MTFC, may indicate a possible restraining band (associated

with dextral strike-slip) (represented on Figure 12). As such, the E-W structures could represent a positive flower structure

forming off the MTFC due to local transpression (e.g. Cunningham and Mann, 2007). The ~E-W to NE-SW _moderately

dipping normal features (with steeply plunging slip lineations) however indicate that over Smgla extensional conditions mostly

prevailed, and many of the ~E-W structures formed during earlier D times, were reactivated as steep normal faults, or involve

oblique dextral-normal kinematics. Additionally, the shallow D2 structures 3D modelled in Figure 8a, dipping south towards

the major E-W structures might represent shallow-dipping antithetic or conjugate features formed during an extensional setting

(related to late MTFC dextral faulting and extension). The shallow dipping D, structures in BH3 and BH4, in contrast, are

within diorite and gneiss units (Figure 1b) and may involve the reactivation foliation planes during either early or late D, times,

commonly associated with more micaceous intervals.
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Dextral kinematics has-been-suggested-on the MTFC (primarily on the VVF) was proposed during the Jurassic by Grgnlie and
Roberts (1989), with Watts et al. (2023) however suggesting thisit occurred later along the \VF, during the Late Jurassic/Early
Cretaceous-en-the-\/F. The dextral strike-slip faulting may-be-aresult-efcould have resulted from poorly understood Triassic-
Jurassic slab-pushfar-afield compressive forces along—the—margin—focussingacting on a mechanically weak MTFC and
associated structures—{including-over-Smala)(Pascal-& Gabrielsen, 2001 Watts-et-al—2023).. However, at this time, the
margiaregion was experiencing the start of an extensional phase with regional subsidence (Tsikalas et al., 2012; Peron-Pinvidic

and Osmundsen, 2018), with commonly ~E-W crustal extension (Gernigon et al., 2020; Tartaglia et al., 2022)2023) (shown
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on the timeline on Figure 12),; which does not fit well with dextral kinematics, suggesting this tectonic phase remains peorky
reselveduncertain.

TFheAssociated with D3, the hematite-bearing NNE-SSW-and-NE-SW-eriented-structures (Fable2Table 2, Figure 89A-G)

returned-authigeniec, g) vielded finest size fraction K-Ar ages of between ~200-Ma128 and ~120-100 Ma (Figure 911)-Fhese

Associated-with-Ds-the). Importantly, however, the ~128 Ma age from sample SK1033 1 may a reflect a saprolite age instead

of D3, even though most Norwegian margin saprolite ages correspond to Triassic/Jurassic ages (e.g. Fredin et al., 2017; Knies

et al., 2022; Olesen et al., 2023). The age spectra plateau trend for sample SK2008, corresponding to ~200 Ma (fractions 0.4-
2 t0 6-10 um), and the finest fraction K-Ar ages for samples SK2012, SK2015, and SK1029 1, also suggests a D, inheritance

within the coarser fractions of this sample. Thus, the D3 outcrops structures (Figure 3) can be sub-divided into two groups: 1)

The majority of the normal to oblique-normal features striking NNE-SSW (dipping steeply W) and NE-SW (dipping

moderately to steeply SE), the ~ENE-WSW sinistral strike to oblique-slip features (moderately to steeply NNE, SE dipping,

with inclined to sub-horizontal slip lineations), and the ~NW-SE striking reverse dip-slip features (moderately ENE, and

steeply SSW dipping); and 2) ~N-S striking (steeply W dipping) reverse faults, and the dextral features striking ENE-WSW

(steeply NW dipping, inclined slip lineation, suggesting oblique-normal kinematics).

The first group of structures (dominated by dip-slip features, with steeply plunging slip lineations), being subparallel to the

trace of the MTFC and the axis of the Edgyfjorden Basin, probably relate to a WNW-ESE to NW-SE extension, half-graben

development, and Mesozoic sediment deposition within the Edgyfjorden Basin (Bge and Bjerkli, 1989). A subset of pervasive
NE-SW,NNE-SSW-L5, L7 lineaments (mostly 3"-third-order)), also correspond to the moderately SE or steeply W-dipping
normal dip- to oblique-slip faults, either formed afterDi-and-Bo-as-or reactivated during D3 (suggested by thetheir lack of
offset across the earlier lineaments—Mereever-differenthyto-). The strike-slip features however (mostly sinistral) could involve
the coeval reactivation of steeply dipping D-the sinistral features within an extensional setting. Associated to these features,
some lineaments also have limited horizontal offsets of magnetic fabric over the D3 lineaments suggest-these-lineaments-are
crsderanh e o e eblos e ol (Figure 20 A e b s e e e s s s e o e Lol e

he of the Edevfiorden-Basin—and-thus-mav-h develoned coe he basin-stretched her-and-deenened-during

the-Mesezoic—Hyper-b.11). Regionally, this relates to Jurassic-Cretaceous extension and exhumation-ef-the-margin-during-the
Jurassic-Cretaceous-drove-, with regional rifting and basin development;—forming-the-significant-_(Figure 12), leading to
numerous Cretaceous basins (including the Mgre and Vering basins;iFigure-11)) (Faleide et al., 2008; Peron-Pinvidic and
Osmundsen, 2018).
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Folowing-this; The second group of structures, particularly the steeply W-dipping ~N-S striking reverse faults, indicate ~E-W
shortening. This corresponds to gentle felding-ef-folds (N-S oriented fold axes) in the Mesozoic basin rocks areune-N-S

oriented-fold-axes-oceurred-during-late-Di-times(Bge-& Bjerkh;-1989).in the Edeyfjorden Basin (Bge and Bjerkli, 1989). The
steep NNW-SSE, N-S significant structures (red great circles on the D3 ‘all planes’ stereonets Figure 3) and the shallowly

SE/W dipping thrusts, which is 3D modelled on Figure 8a, are also associated to this setting. Geometrically, these folds indicate

Late Mesozoic dextral transpressional conditions after dip-slip faulting on the HSF/MTFC, with ~E-W shortening of the basin
sediments (Bge &and, Bjerkli, 1989). Watts et al. (2023) however, relatedassociated the late dextral strike-slip kinematics

tewith zeolite-calcite mineralisatiormineralisations on the VF (less distinct on the HSF; D4 in this study),

The D4 zeolite and calcite structures-which-from-field-evidence-cross-eut-the-Dy-to-Ds-features(Figure 4E-&F-and-Figure
5G); are not directly dated in this study- (Table 2, Figure 9d, & Figure 11). However, these veins maywould have formed after
~150-Ma-to~75 Ma (Fable 2 -Figure-8B,-& Figure-9),-owing to cross-cutting relationships (Figure 89d). B)-Similarzeolite-
caleite-mineralisation-has-been-identified-by-Tartaglia et al. (20222023) and Watts et al. (2023) noted similar zeolite-calcite

mineralisation, in other parts of the margin (Hitra and Runde Islands) and on the Fosen Peninsula;-#here-itis associated with

the VF (only locally eceurring-along the HSF). Fhese-otherstudiestink-the-zeolite-caleite-structures This mineralisation has
been attributed to-a-cembination-of: 1) earlier Mesozoic dextral strike-slip to transpressional faulting related to the N-S folds
in the Edgyfjorden Basin (D3 structures);, this study); and I1) later extensional dip-slip faulting on the HSF post-dating the
zeolite-calcite features (Watts et al., 2023);; or 111) Late Cretaceous extension in the distal part of the rift margin {Gernigon-et
al—2020;—TFartagha—et—al,—2022)(Gernigon et al., 2020; Tartaglia et al., 2023).. The Ds NNE-SSW _and ENE-WSW
sinistral/dextral faults, and associated L7 and L4 lineaments may therefore preserve evidence of the earlier D3 Mesozoic
(Jurassic) dextral strike-slip movement on the MTFC, and the NNE-SSW to NE-SW normal features (dipping ESE/W), with

corresponding L2 and L8 lineaments, attributed to a later D4 Cretaceous to Late Cretaceous (NW-SE) extension.,

Representing the last Cretaceous-Palaeocene deformation episode, the Ds quartz-calcite veins (Figure 45Ff, and Figure 564
&-th & i) are similar to calcite veins analysed-for-U-Pb agesdated in SWW Norway and the WGR (Hestnes et al., 2023).
Different veins oriented NE-SW returnedyielded ages efbetween ~90 Ma teand ~80 Ma, associated with Cretaceous
reactivation of the MTFC; ~NW-SE (and NE-SW) veins formingformed between ~70 Ma to 60 Ma, associated with regional
uplift ewdngpossibly related to the doming of the proto-Icelandic plume; and NE-SW veins forming <50 Ma, associated with
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different Cenozoic extensional processprocesses (lithospheric flexure, uplift from far-field tectonic stresses) (Hestnes et al.,
2023).

A

Regionally;-the-lineament-trends-associated-with-beth-B,The Ds structures, mostly normal dip-slip features or tensile veins,
strike NE-SW (dipping steeply to moderately NW/SE), and Ds-eresseut-alt-the-otherNW-SE (steeply NE dipping) (Figure 3)

and correspond to the L2, L5, L6, L7, and L8 lineaments-{Figure 2BV-& ) -indicating they-are-indeed-late-features—Similar

of Smgla; and te-the-SE of the MTFC (HSF) in the WGR (Figure 1112)Subparaliel-to-the NW-SE-Dy-and-Ds-Hneaments;
there-are-NW-SE-SW/NE-dipping-). Overall, they suggest ~E-W to NE-SW crustal extension. Similar to these Ds structures,
and likewise indicating a late timing for Ds, Bge and Bjerkli (1989) also documented NW-SE striking normal faults (SW/NE-

dipping) offsetting the-Mesozoic sediments within the Edgyfjorden Basin-which-are-orthogonal-te-the HSF{Bge-& Bjerkli;

089} _Overa he-geometries-of these neament-and-vein-orientations-suagest ~E-\W-to-N A extension-on

. Based on geometry and timing, the D4 and Ds structures potentially relate to both thea Cretaceous reactivation of the MTFC
and the Cretaceous-Palaeocene rifting preceding the break-up of Greenland and Norway (Faleide et al., 2008). Importantly,
the D4 and Ds features are subparallel to extensional structures offshore, particularly to the beunding-Klakk Fault Complex on
the western side of the Frgya High, and the Halten Terrace, as well as the HD to the NW of Hitra and Fraya, suggesting a
temporal and geemetricgenetic association.

5.2 Apphication-te-and-implicationsSmgla as an analogue for similar offshore basement volumes

Smpgla Island represents an ideal onshore analogue for offshore basement highs in the area. The Frgya High, offshore
e

Froya-Highbeing-analogeusNorway, as an example (owing to it having similar basement rocks as Smala;), is likewise pound

to-the-west-byby major structures, such as the Klakk Fault Complex, a major west-dipping extensional fault zone—with

intrabasement structureslocated-in-the footwall-of thisstructure (Mufioz-Barrera et al., 2020). The Fraya High experienced a

comparable polyphase deformation related to crustal stretching and thinning efthe-margin-duringfrom the mid-Carboniferous;

ng-the Late-Jura arly-Cretaceousand-eventual-break-up-during to

2008, 2015; Peron-Pinvidic and Osmundsen, 2018). Fherefore—the

ur-study-on-Smela-which-has-unraveled-a-To unravel its complex

polyphase-tectonic history,

The crucial-toolset-in this ond-d gu 0 da ud

atrborne-magnetic-data(Figure2)—Numereusstructural high would therefore require a similar approach as our Smgla study.
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Although numerous drill holes have been completed along the mid-NerwayNorwegian margin, with at least three drill holes
on Froya (e.q.{e-g- Slagstad et al., 2008; Bunkholt et al., 2022), withthe quality of the drill heles-everthe-FrayaHigh
summarised-inTable-5-The-drit-hole material frem-these-heles-invelves-is poor (only rock cuttings or rock plugs) (Mufioz-

Barrera et al., 2020). This, along with the lack of drill-hole orientation and spatial data available, further highlights how th

Similarly, margin-wide geophysical (magnetic, gravity, and 2D, 3D seismic reflection surveys) datasets are also available

Mufez-Barrera-et-al2020;-Skilbrei-et-al-2002)(Skilbrei et al., 2002; Mufioz-Barrera et al., 2020)--Recently;-utiising-many

esolution-as-the-Smgla-tectonic-evolution-framework,-detailed-structu ogging-of-th

the-ability-to-undertake-microstructural-analyses-is-required—, but most will only afford the ability to interpret at or above the

seismic resolution-scale. The advantage, therefore, of using an onshore analogue such as Smgla is the access and the

availability of numerous datasets. without these limitations.

' End of hole Top of basement "
Drill ID depth (m) (™) Geology Area U-Pb ages
6407/10-3 2972.1 2959.0 Granite Froya High 436.6 +4.4 Ma

S Meore Basin/
6306/10-1 3158.5 2989.0 Diorite Freya High 4469 +4.1 Ma
Brecciated .
6305/12-2 3158.3 3145.0 siitstone Mere Basin n/a

FracturedMoreover, investigating fractured and weathered basement is a-eritical-research-areainterms-of characterisingcrucial
for understanding basement-hosted oil and gas reservoirs or fluid pathways (Trice, 2014; Trice et al., 2022). Altheugh-eut-of

the-scope—of-this-study,—theThe, petrophysical attributes of the—differentvarious deformation features which—are—+elated-to

associated with the Dy to Ds defermation-gpisodes may-have-significanteffects-oncould significantly impact, fluid migration

or storage-aleng-and-withinrelevant-deformation-features, As these features exhibit cross-cutting relationships and different

Formatted:

Font color:

Auto

Formatted:

Font color:

Auto

Formatted:

Font color:

Auto

orientation trends, structural permeability anisotropy is clearly present in the Smgla basement volume. Therefore,

predueingusing an onshore analogue to produce high--resolution structural characterisations aided by the absolute time

dimension, may be crucial in the future understanding of basement-hosted plays offshore.
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6 Conclusions

The integration of various methodologies and data types including

multiscalar geophysical, drill core, outcrop, 3D modelling, microstructural datasetsdata, and geochronological results, resuts

ingive the following key conclusions:

1) From regional to microscale evidence, at-leastwe have identified five distinct tectonic events-have-beenrecognised-as
having-affected-Smala-episodes since the Devonian affecting Smgla associated with specific mineral assemblages and
structural trends (Figure 1112):

The earliest D1 episode is associated with epidote-prehnite syn- to post-Devonian ENE-WSW;-\WNW-ESE-te

NW-SE- striking epidote-prehnite-brittle-structures-are-associated-with-(subvertical to steep SSE dips) tensile
veins and sinistral strike-slip features, from brittle sinistral transtension along the MTFC,—ewing—te—pest-
Caledenian-. A later ~N-S contraction resulted in NW-SE (moderate to shallow NE dips) normal features, and

~NNW-SSE to NNE-SSW (steep ~E dips) strike-slip features.

The D; sericite-chlorite-calcite structures document two brittle-ductile phases, the first during the Carboniferous

L.

(=300 Ma), and a later during the Late Triassic-Early Jurassic (~204-196 Ma). The first phase accommodated

sinistral strike-slip/transtension along the MTFC, associated with ~E-W and NE-SW sinistral strike-slip features
(moderate to steep ~N, SSW, NW dips), ~N-S normal faults (moderate to steep W dips), and ENE-WSW reverse
faults (steep SSE dips). The second phase involved possible dextral strike slip along the MTFC (with local

transpression related to a restraining bend east of the Edeyfjorden Basin), associated with ENE-WSW dextral

strike-slip features (steep SSE dips), ~N-S reverse faults (steep E dips), and ~E-W to NE-SW normal features
(moderate to steep ~N/S to SE dips).
The Ds chloritic-hematite breccias and gouges are due to Cretaceous (~128-100 Ma) WNW-ESE to NW-SE

extension of-the-margin—

This episode is characterised by mostly dip-slip normal to oblique-normal features striking NNE-SSW (steep W
dips), NE-SW (moderate to steep SE dips), the ~ENE-WSW oriented sinistral features (moderate to steep NNE,
SE dips), and the ~NW-SE reverse faults (moderate to steep ENE, SSW dips). A possible later ~E-W shortening
during dextral transpression on the MTFC also caused ~N-S trending folds within Mesozoic sediments
(Edgyfjorden Basin) and ~N-S striking D3 reverse faults (steep W dips).
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V. Later, NE-SW-to-NNW-SSE-and - WNW-ESE striking-The D4 hematite-zeolite-calcite structures,—frequently

associated-with-reactivated-pre-existingfeatures—is-related-to-both_form after ~75 Ma and are associated with
NNE-SSW to NE-SW striking normal dip-slip faults and tensile veins (moderate to steep ESE/SE, W dips). These

structures developed during Cretaceous to Late Cretaceous ~E-W crustal extension. Additionally, D4 may have
accommodated late Mesozoic dextral strike-slip movement on the MTFC, and-~E-\W-erustal-extension-ewing-to
regional-stretching-and-rifting—which is related to NNE-SSW and ENE-WSW striking sinistral/dextral features
(moderate to steep ESE/NNW dips).

V.  FhefinakDs, a possible Cretaceous to Paleogene NW-SEWNW-ESE-and-NNE-SSW-striking-episode, is
associated with NE-SW (moderate to steep NW/SE dips), and NW-SE (steep NE dips) quartz-calcite veins-which
eross-euttingshear (normal dip-slip) and tensile veins. These veins crosscut all previous deformation features.
TFhese-mostly-tensile-veins-may The Ds features are likely to have formed fremduring continued ~E-W/ NE-SW
crustal extension ef-the-marginrelated to reactivation of the MTFC and rifting preceding the Greenland-Norway
break-up.

2) Fhe-Using the drill logging results and the temporal constraints of this study, 3D modelling of-the—structures

demenstrateshas revealed the complex geometric characteristics of basement deformatlonwuh%eiea&wesauigmg
. The modelling allowed
several deformation episedesrequire-modeHing-at-different-zones to be modelled, with four zones correlated between the
BH1 and BH2, characterised by epidote veins (D), chlorite-sericite foliated gouge (D), chlorite-hematite breccia (D3),
and zeolite-calcite veins (D4). For comparison, models were produced at scales;—with-the-structures-possessing-various
of 100 m, 10 m, and 1 m based on D2-Da,
Ds, and D; features. These models highlight how the D> structures possess the greatest size/strike extents, and the D1

features the most localised. Additionally, the modelling eenfirmsprovides indications that some of the featureszones (Do,
D.) can be linked to adjacent major structures, such as-the-Do-structures-being inclined splays from the nearby major E-W
structures.

This study therefore-offerspresents a promising-approach-te-unravetiingmethod for understanding the tectonic evolution and
structural characterisation of basement blocks-that-have-aceommedated-long-and-volumes with complex geological histories.
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The teelbex-approach used here-alse-has-apphication-in-thecould be valuable for studying offshore demain-and-may-help-te
further—understand—offshere—basement—structures, such as the Frgya High, and other fracture-hosted unconventional
hydrocarbon reservoirs related-to-theseassociated with basement features-highs.
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