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ABSTRACT

We report the first absolute deformation ages for the Mykonos Detachment that juxtaposes, in the context of the
current Aegean rifting, Miocene siliciclastic deposits in the hanging wall against metabasites and synkinematic
granites in the footwall. We identified and characterised 16 brittle structural facies (BSFs) within the detachment
fault architecture through fieldwork, optical microscopy, and X-ray diffraction. BSFs dating by K-Ar of synki-
nematic mixed layer illite-smectite shows that the preserved BSFs formed during repeated slip events, thus
constraining protracted faulting between 13.5 and 6.5 Ma. Dating, structural and mineralogical characterisation
allowed for the time-constrained evaluation of the activation/de-activation of the involved deformation mech-
anisms and of the processes, including (i) fault zone nucleation, (ii) deformation partitioning, (iii) cataclasis,
gouge formation and (iv) the final deformation localisation, that govern the evolution of brittle detachments,
shaping the local current upper crustal structure. Our results provide new insights into the understanding of wide
active and fossil rift systems.

1. Introduction

Temporal constraints on protracted and complex geological histories
are necessary to understand the characteristics and intricacies of the
governing geodynamic and tectonic processes (e.g., Fossen and Cav-
alcante, 2017; Tartaglia et al., 2020). Extensional detachments (brittle
and ductile) represent remarkable players of such histories, thus
deserving to be analysed in detail (e.g., Lister and Davis, 1989; Lee and
Lister, 1992; Singleton et al., 2014; Heineke et al., 2019). Unfortunately,
long-lasting and continuously localising strain and deformation therein
tend to obliterate much of the evidence of their progressive evolution in
space and time, which, at the outcrop, is represented by complex shear
zone and fault architectures accommodating superposed multiple
deformation events (e.g., Braathen et al., 2009; Musumeci et al., 2015;
Tartaglia et al., 2020). These records may be found in highly localised
structural domains, whose identification, characterisation and dating
thus becomes crucial.

Even though extensional detachments have been thoroughly inves-
tigated as key features in areas of significant crustal extension and in the
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exhumation of deeply subducted and buried rocks (e.g., Ring et al.,
1999; Mehl et al., 2005; Mancktelow et al., 2016; Rossetti et al., 2017;
Coleman et al., 2019; Jolivet et al., 2021; Montemagni and Zanchetta,
2022), only little attention has so far been paid to the time-constrained
reconstruction of their progressive development following initial local-
isation. Additionally, most studies focused on extensional detachments
wherein brittle deformation and related structures form only by reac-
tivating and exploiting inherited and ductile structures (e.g., thick
mylonitic shear zones) during the late stages of the detachment evolu-
tion en route to surface (e.g., Lister and Davis, 1989; Lee and Lister, 1992;
Dinter and Royden, 1993; Gautier et al., 1993; Grosjean et al., 2004;
Mehl et al., 2005, 2007; Johnston et al., 2007; Vignaroli et al., 2009;
Jolivet et al., 2010; Lecomte et al., 2010; Rossetti et al., 2017; Wu et al.,
2020). In those systems, most of the extension and the overall detach-
ment history have been temporally constrained by essentially dating the
ductile fabrics (e.g., Hartz et al., 2000; Isik et al., 2004; Mulch et al.,
2005; Cottle et al., 2007; Schneider et al., 2013; La Roche et al., 2016),
whereas only little attention has so far been paid to the brittle structures.
This mostly reflects the challenges of dating brittle deformation,
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particularly in the case of architecturally complex mature faults (e.g.,
Van Der Pluijm et al., 2001; Haines and van der Pluijm, 2012; Torgersen
and Viola, 2014; Aldega et al., 2019; Viola et al., 2022; Tartaglia et al.,
2023). However, conceptual and analytical advances with the K-Ar
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dating of synkinematic illite and mixed layer illite-smectite formed
during multiple faulting episodes within the same fault now allow for
the deconvolution of even complex fault histories deriving from
repeated fault activation over long time spans (e.g., Viola et al., 2016).
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To understand the time-constrained progressive localisation and
architectural development of the brittle component of extensional de-
tachments, we present a detailed analysis of the brittle Mykonos
Detachment (MD-Aegean Sea, Greece), which represents a regional
scale detachment that nucleated and evolved entirely under brittle
conditions, without exploiting former ductile fabrics (e.g., Lecomte
et al., 2010). We propose an evolutionary model for the MD that only a
high-resolution analysis of its internal architecture and the dating of
many fault domains made possible. By coupling structural analysis,
X-ray diffraction and K-Ar dating of seven gouge samples, we have
constrained continuous deformation over at least ~7 Myrs (from ~14
Ma to ~6.5 Ma), i.e., from the first fault structuring phase to the last
extreme deformation localisation recorded by the fault. We show that
brittle deformation was highly compartmentalised, and migrated pro-
gressively dip-ward along the detachment during increasing displace-
ment, in response to the formation, cooling and progressive exhumation
of a synkinematic pluton in the footwall of the detachment. Based on an
unprecedented structural/geochronological resolution, we thus provide
quantitative insights into the modes of brittle detachment formation and
evolution in space and time, which may assist in the interpretation of
similar tectonic features elsewhere.

2. Geological setting

Mykonos Island in the central Aegean Sea (Fig. 1A-B) geologically
pertains to the Hellenides, which are composed of a stack of continental
(Pelagonian and Apulia) and oceanic (Pindos and Vardar) units
(Fig. 1A). The evolution of this portion of the Hellenides can be related
to the contractional formation of the Cycladic Massif (Fig. 1B), climax-
ing in the Cretaceous-Oligocene, during the convergence between Africa
and European plates (e.g., Rosenbaum et al., 2002; Jolivet and Brun,
2010; Aravadinou et al., 2022; Gazzola et al., 2023). Clearcut evidence
of this contractional phase, however, are not preserved on Mykonos
Island, whose tectonic evolution and present-day structural configura-
tion are instead mainly related to a phase of post-orogenic collapse (e.g.,
Jolivet and Faccenna, 2000; Jolivet et al., 2010). This collapse, cli-
maxing in Miocene time and related to the slab roll-back-driven Aegean
rifting (e.g., Hejl et al., 2002; Jolivet et al., 2015), steered the exhu-
mation of the HP-LT rocks of the blueschist Cycladic complex (not
exposed in Mykonos Island), favoured by the activation of multiple
regional scale north- and south-dipping extensional detachments (e.g.,
the North Cycladic Detachment System - NCDS and the South Cycladic
Detachment System; e.g., Jolivet and Faccenna, 2000; Brichau et al.,
2006, 2010; Jolivet et al., 2010; Jolivet and Brun, 2010; Ring et al.,
2011; Grasemann et al., 2012; Mancktelow et al., 2016, 2018; Bakowsky
et al., 2023; Fig. 1).

Mykonos Island is mainly composed of a ~13-15 Ma old granite
(Fig. 1C-D), intruded during crustal extension within the Cycladic
basement (micaschist, migmatitic gneiss and marble) that is exposed
only in the westernmost part of the Island (Apollonia peninsula; Fig. 1C)
and in the nearby islands of Delos and Rhenia (e.g., Faure et al., 1991;
Jolivet et al., 2010; Lecomte et al., 2010). The syntectonic granite,
which compositionally varies between monzogranitic to leucogranitic
(e.g., Lecomte et al., 2010; Gazzola et al., 2023), mainly crops out in
central and eastern Mykonos and is structurally overlain by a suite of
Jurassic metabasites, which were intruded by the granite starting in the
Middle Miocene (Fig. 1C; e.g., Brichau et al., 2008; Bolhar et al., 2010).
The preserved tectonostratigraphic sequence on Mykonos Island is
topped by Miocene syntectonic siliciclastic deposits that tectonically rest
on the metabasites or the granite (e.g., Sanchez-Gomeéz et al., 2002;
Lecomte et al., 2010). However, a well-constrained age is not yet
available for those sedimentary deposits, their inferred age being only
based on dated clasts from the upper portion of the siliciclastic succes-
sion (Sanchez-Goméz et al., 2002).

The northeastern sector of the island is dissected by the ductile
Livada Detachment (juxtaposing the metabasites against the granite;
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Figs. 1C-D and S1) and the brittle Mykonos Detachment (bringing the
Miocene siliciclastic deposits onto the metabasites/granite; Fig. 1C and
D), both belonging to the North Cycladic Detachment System (Fig. 1B;
Jolivet et al., 2010; Glodny and Ring, 2022; Gazzola et al., 2023).
Extension began under ductile conditions at ~15-14 Ma (age of granite
crystallisation; e.g., Bolhar et al., 2010). The granite intruded the- and it
is in tectonic contact with both the Cycladic basement and the meta-
basites of the Upper Cycladic Unit (Fig. 1). The tectonic contact is rep-
resented by the thick and laterally continuous mylonitic shear zone of
the basal Livada Detachment (LD; e.g., Jolivet et al., 2010; Lecomte
et al.,, 2010; Menant et al., 2013). The LD, which presumably accom-
modated a significant component of the bulk tectonic displacement on
Mykonos Island, and promoted the exhumation and cooling of the
granite in the footwall, is spectacularly exposed in the central-northern
portion of the Island (Fokos and Mersini localities; Figs. 1, and S1A-C)
and towards Cape Evros in the north-east (Fig. S1D and E). Mylonitic
to ultra-mylonitic fabrics there overprint the granite and commonly also
the metabasites (Fig. S1), with a clear top-to-the NE sense of the tectonic
transport, locally also transposing aplitic dikes and sills related to the
emplacement of the Miocene granite (Fig. S1A-C; e.g., Menant et al.,
2013).

Brittle deformation associated with the MD is instead believed to
have localised starting ~10 Ma ago (e.g., Jolivet et al., 2010, 2021), it
being only partially coeval with ductile strain localisation along the LD
(e.g., Lecomte et al., 2010).

3. Methods

Our structural analysis followed the Brittle Structural Facies (BSF)
approach by Tartaglia et al. (2020), whereby a BSF comprises a rock
volume formed by a specific fault rock type, mineral assemblage, colour,
texture, and age. Some of the BSFs defined in our study (Figs. 2, 3, 4 and
5) are composed of gouges that we sampled for K-Ar dating on synki-
nematic mixed layer illite-smectite. Where visible, cross-cutting re-
lationships between juxtaposed BSFs were used to constrain their
relative timing of formation. Different gouge generations and BSFs were
recognised by: (i) a different colour with respect to the surrounding BSFs
(e.g., BSF4, Fig. 5A), (ii) sharp structural boundaries delimiting the
identified gouges (e.g., BSF6, Fig. 5C), (iii) a specific composition as
appreciable in the field (i.e., granular vs. plastic or cohesive vs.
un-cohesive) and (iv) a specific structural style (e.g., BSFH3 which
corresponds to a C-surface within a SC/C’ domain). Every gouge (and
thus the related BSF) was then dated by K-Ar so as to constrain the time
dimension of the detachment evolution. The numbering of BSFs is based
on their structural and geometrical position at the outcrops, thus
adopting a sequential numbering from the base to the top of the fault
zone (e.g., BSF1 and BSF7 thus being the lowermost and uppermost
recognised BSFs at the CE1l exposure, respectively). Samples were
collected by carefully avoiding potential mixing between different
gouges (i.e., different BSFs), in order to constrain possible multiple ac-
tivations of the fault, as recorded by each gouge. About 2 kg of material
were sampled for each gouge.

K-Ar geochronology of syn-kinematic clay minerals from seven
gouge samples was performed to constrain the timing of fault activation
at the Cape Evros and Cape Haros exposures (see below). Separation of
grain size fractions and K-Ar dating were performed at the Geological
Survey of Norway (NGU), Trondheim, by following the standard
analytical procedure for the separation, characterisation and dating of
fault gouges used at the NGU Lab. More in detail, five grain-size fractions
(from 6-10 to <0.1 pm) were separated, characterised and dated from
gouges following the procedure by Viola et al. (2018). Illite polytype
determinations by Rietveld refinement were performed to assess the
proportion of detrital illite/muscovite (2M; polytype) vs. synkinematic
illite-smectite (1My polytype) formed during faulting. Polytype pro-
portions were normalised to 100 % (Table 1; Fig. S5) and plotted as
apparent K-Ar date vs. % of detrital illite/muscovite, and linearly
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extrapolated to 0 % and 100 % illite/muscovite-2M; by York regression.
The last slip event age corresponds to the intercept on the Y-axis (Illite
Age Analysis, IAA; Pevear, 1999; Curzi et al., 2024).

4. Results

The MD was studied at three outcrops (Figs. 2, 3, S2 and S3). Out-
crops Cape Evros 1 and 2 (CE1-CE2, respectively; Fig. 2), in northeastern

Mykonos Island, are located along the detachment ~2 km down-dip
from the Cape Haros (CH) site (Fig. 1D). At all outcrops, the MD is a
spectacular top-to-the-NE fault zone juxtaposing Miocene siliciclastic
deposits in the hanging wall (Figs. 1, 2 and 3) against the metabasites
(Upper Cycladic Unit; Fig. 1) in the footwall (Figs. 2 and 3).

Outcrop CEl1 is located on the western side of Cape Evros
(37°28'26.34'N; 25°27'24.38'E; Fig. 2A), whereas CE2 is located toward
the tip of the promontory (37°2826.55'N; 25°2730.38'E; Fig. 2D). CH
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domain of BSFH6 at CH, and of the gouge of BSFHS5 that cuts and re-elaborates the cataclasite of BSFH4. (E) Overview of the basal top-to-the NE SC domain of outcrop

CH truncated at the top by BSFH2.

instead crops out in a more internal part of Mykonos Island
(37°28'26.09"N; 025°27'31.45"E; Figs. 1 and 3), to the northwest of
Cape Evros. The fault zone is from ~1 to ~5 m thick and at all outcrops
is sandwiched between SC/C’ foliated domains, formed at the expense of
both the footwall and the hanging wall, exhibiting a general top-to-the
NE sense of shear (Figs. 2 and 3). In both the upper and lower foliated
domains, variably sized slivers and lithons of metabasite (in the foot-
wall) and conglomerate (in the hanging wall) are embedded within the
SC/C’ foliation. The MD fault core is characterised by several layers of
cataclasites and plastic gouges, which show mutually cross-cutting re-
lationships. In order to architecturally define all the structures above,

the identification and characterisation of the various BSFs are described
below.

4.1. Brittle structural facies analysis

At CE1, the MD forms a ~3-4 m thick fault zone sandwiched by two
SC/C’ domains (Figs. 2A-C and S2A-B), which correspond to BSF1 and 7,
respectively, that are composed of metabasites in the footwall and of
Miocene siliciclastic deposits in the hanging wall (Figs. 2 and 4A-B).
Decimetre- to metre-scale slivers and lithons of both metabasites and
siliciclastics deposits are locally dismembered and transposed within
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BSF1 and 7. The laterally continuous coarse- to fine-grained reddish
cataclasite forming BSF3, mainly formed at the expense of the hanging
wall siliciclastic deposits, cuts across-, reworks and partially deforms
BSF1 and 7 (Figs. 2A-C and 4C) and is in turn cut and reworked by the
foliated greenish gouge of BSF4 (Figs. 2A-C and 5A), which is formed by
laterally discontinuous lenses of plastic material with a few dispersed
clasts of the hanging wall block. The BFS4 foliation is in turn cut by the
laterally continuous, granular and ~0.4 m thick foliated reddish gouge
of BSF5 (Figs. 2A-C and 5B), which reaches its maximum thickness in the
southwestern part of outcrop CE1 (Fig. 2C), and geometrically cuts
downwards across the gouge of the BSF4. The clastic contentof BSF5 is
mainly composed of hanging wall block reworked material. The gouge-
rich core of the fault is topped by the thick and lensoidal plastic black/
grey gouge of BSF6, which composes the northeastern core of exposure
CE1 and is well exposed in the along-strike section of the outcrop
(Fig. 2B-C and 5C), without clear evidence of cross-cutting relationships
to the other gouges. However, also in this case BSF6 partially reworks

the SC/C’ domains of BSF1 and 7. All BSFs, however, are dissected by
BSF2, which is made of a sharp, reddish strongly Fe-oxides mineralised
(e.g., Menant et al., 2013) principal slip surface (Figs. 2A-C and 4A-C),
attesting to late slip localisation. Multiple late high-angle normal faults
accommodating centimetric displacements also dissect the detachment
core as well as the SC/C’ domains, eventually rooting into the PSS or
exploiting gouge-rich layers to propagate (such as BSF5, Fig. 5B). These
faults represent the youngest structures within the detachment
architecture.

At CE2 (Fig. 2D), the MD is made of a ~3 m thick fault zone floored
by the ~50 cm thick SC/C’ domain of BSF1 (Fig. 4A), formed at the
expense of the footwall metabasites, which are commonly dismembered
and transposed into centimetre- to decimetre-thick lithons within- the
SC/C’ fabrics. The structurally higher SC/C’ BSF9 (Fig. 2D) formed, in
contrast, at the expense of the siliciclastic deposits of the hanging wall
and forms a significant part of the fault zone. The yellow and laterally
continuous foliated and cohesive BSF8 gouge (Figs. 2D and 5D) is
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embedded between- and partially deforms the two MD bounding SC/C’
domains, with clasts mainly from the siliciclastic deposits. The top of the
exposed fault zone is marked by the black, lensoidal and foliated BSF10
gouge (Fig. 2D), which is transitional to the hanging wall. As in the case
of CE1, the youngest recognised structure is a sharp slip surface (BSF2;
Figs. 2D and 5D) that cuts across all other BSFs and on which, as in the
case of CE1, root multiple high-angle normal faults that dissect all the
other BSFs.

The MD in Cape Haros is composed of a ~3 m thick fault zone,
generally yellow in colour, displaying strong deformation partitioning
within the whole fault zone volume. The fault zone is bounded by two
SC/C’ domains (BSFH1 and H6; Figs. 3A-C and 4D-E), formed at the
expense of the metabasites at the bottom and the Miocene siliciclastic
deposits at the top, respectively, and locally reworking lithons and
blocks of the hanging wall and footwall blocks. C planes within the fault
zone are at times decorated by the variably thick (from 2 to > 10 cm)
gouge layers of BSFH2 and small C planes within BSFH3 (Figs. 3 and 5E).
Both of these BSFs contain yellowish to brown foliated gouge stringers.
The SC/C’ domains are interrupted by the continuous and ~20 cm thick
yellowish and poorly consolidated cataclasite of BSFH4 (Figs. 3C and
4D), composed of clasts of metabasites and siliciclastic deposits
dispersed within a clay-rich matrix. BSFH4 is cut and deformed by the
thin black and poorly foliated gouge of BSFH5, which embeds the earlier
cataclasite clasts (Fig. 3C and 5F) and remains below the upper SC/C’
domain, which is, in turn, overlain by the siliciclastic deposits (Fig. 3).

Table 1
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4.2. Gouge compositional data

Thirty-five grain size fractions (6-10, 2-6, 0.4-2, 0.1-0.4, and <0.1
pm) were analysed to evaluate the distribution of synkinematic and
detrital minerals within the gouge samples (Table 1, Figs. 5 and 6). All
samples generally show the same bulk composition, which varies with
respect to the grain-size fraction (Table 1, Fig. 6). Four samples were
collected from outcrops Cape Evros 1 (MY2305 - BSF4, MY2306 — BSF5,
MY2307 — BSF6) and Cape Evros 2 (EV39 — BSF8) and three further
samples from Cape Haros (MY2309 — BSFH5, MY2310 — BSFH3, and
MY2311 - BSFH2). All samples are a mixture of detrital and synkine-
matic clay minerals (long-range ordered mixed layers illite-smectite
with 1M4 polytypysm). In the coarser fractions of all samples (6-10,
2-6 pm), inherited minerals such as quartz, muscovite-2M;, and K-
feldspar prevail, with small amounts of dolomite, kaolinite, chlorite,
barite, jarosite, dawsonite, goethite, halite and Ti-oxides (Table 1;
Fig. 6). The finer fractions (0.4-2, 0.1-0.4 pm) are enriched in mixed
layer illite-smectite while inherited minerals gradually decrease pro-
gressively toward the <0.1 pm fraction, which only contains muscovite-
2M; and mixed layer illite-smectite.

MY2305, MY2306, and MY2307 (Table 1; Fig. 6) are mainly
composed of quartz (9-66 wt. %, for samples MY2306 and MY2305,
respectively), muscovite-2M; (12-30 wt. %, for samples MY2305 and
MY2307, respectively), K-feldspar (21-30 wt. %, for samples MY2305
and MY2306, respectively), and small amount of barite, jarosite,
goethite, and Ti-oxides in the 6-10 pm and 2-6 pm grain-size fractions,
that progressively disappear in the <0.1 pm fractions, which consist of

Results of the Profex Rietveld refinement quantification of gouge samples EV39 and MY23/05/06/07/09/10/11. Minerals abbreviation: I-S: mixed layers illite-
smectite (1Mq4 polytype): muscovite (2M; polytype), Kln: kaolinite, Chl: chlorite, Qz: quartz, Ant: anatase, Rt: rutile, Kfs: K-feldspar, Dol: dolomite, Gth: goethite,
Mlc: malachite, Brt: barite, Jrs: jarosite, Dwn: dawsonite, HI: halite; tr: traces (<1 %).

Sample ID  Size Fraction = BSF  whole-rock composition (wt.%) Illite polytype normalised to
100%
(um) 1-S Ms Kin Chl Qz Ant Rt Kfs Dol Gth Mlc Brt Jrs Dwn Hl 1-S Ms
1My 2M; 1My 2M;
EV39 <0.1 8 99 1 - - - - - - - 99 1
0.1-0.4 96 2 - - 2 - - - - - 98 2
0.4-2 77 2 1 3 - - 17 - - - - - 97 3
2-6 24 9 2 27 - 3 - 35 - - - - - 73 27
6-10 23 2 2 33 1 2 - 37 - - - - - 92 8
MY2305 <0.1 4 86 14 - - - - - - - - - - - - 86 14
0.1-0.4 69 25 - - 5 tr 1 - - - - - tr - 73 27
0.4-2 53 30 - - 11 tr 5 - - - - - 1 - 64 36
2-6 0 20 - - 54 1 24 - - tr 1 - tr - 0 100
6-10 0 12 - - 66 tr 21 - - tr 1 - - - 0 100
MY2306 <0.1 5 95 5 - - - - - - 95 5
0.1-0.4 84 16 - - - - - - - - - - - 84 16
0.4-2 50 29 - - 3 - 16 - 2 - - tr - - 63 37
2-6 34 26 - - 9 tr 28 - 2 - 1 tr - - 57 43
6-10 26 23 - 15 1 30 - 2 - 3 tr - - 53 47
MY2307 <0.1 6 84 16 - - - - - - - 84 16
0.1-0.4 80 20 - - - - - - - - - - - - 80 20
0.4-2 55 40 - - 2 tr 2 - - - 1 - - - 58 42
2-6 0 30 - - 38 1 27 - 1 - 1 2 - - 0 100
6-10 0 18 - - 49 1 26 - 1 - 3 2 - - 0 100
MY2309 <0.1 H5 64 36 - - - - 64 36
0.1-0.4 61 39 - - - - - - - - - - - - 61 39
0.4-2 46 42 - - 5 tr 1 1 4 - - - 1 - 52 48
2-6 0 39 - - 52 1 1 1 4 - - 1 1 tr 0 100
6-10 0 28 - - 66 1 1 1 2 - - 1 tr tr 0 100
MY2310 <0.1 H3 79 21 - - 79 21
0.1-0.4 65 34 - - - - - 1 - - - 66 34
0.4-2 51 46 - - - - tr - - 2 1 - - 53 47
2-6 0 54 - 1 23 2 1 7 tr 9 - - 2 1 tr 0 100
6-10 0 41 - 1 37 2 1 9 tr 8 1 tr tr 0 100
MY2311 <0.1 H2 55 45 - - - - - - - - 55 45
0.1-0.4 46 54 - - - - - tr - - - - - 46 54
0.4-2 42 54 - - 2 - tr 2 - - - - - 44 56
2-6 0 55 - - 32 tr 2 11 - - - - - 0 100
6-10 0 40 - - 49 tr 2 - 0 100
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Fig. 6. Whole-rock composition of grain size fraction separated from gouge samples.

mixed layer illite-smectite (69-95 wt. %, for samples MY2305 and
MY2306, respectively) and muscovite-2M; (5-25 wt. %, for samples
MY2306 and MY2305, respectively). Only sample MY2306 shows mixed
layer illite-smectite in the coarser fractions (26-34 wt. %; Table 1;
Fig. 6). EV39 shows a mineral assemblage composed of quartz, goethite,
muscovite-2M;, mixed layer illite-smectite, and minor K-feldspar and
kaolinite in the 6-10 pm fraction. These minerals become progressively
less abundant in the finer fractions, where a significant increase of mixed
layer illite-smectite is instead observed from 23 wt. % to 99 wt. %
(Table 1; Fig. 6).

MY2309, MY2310, and MY2311 are mainly composed of quartz
(22-60 wt. %, for samples MY2310 and MY2309, respectively),
muscovite-2M; (28-55 wt. %, for samples MY2309 and MY2311,
respectively), goethite (2-11 wt. %, for samples MY2309 and MY2311,
respectively), K-feldspar (7-9 wt. %, only in MY2310), and small
amounts of dolomite, jarosite, dawsonite, and Ti-oxides in the coarser
fractions (Table 1; Fig. 6). The neoformed mixed layer illite-smectite
occurs from the 0.4-2 pm fractions and increases its content to 55-91
wt. % (for samples MY2311 and MY2310, respectively) in the finest

ones, together with 9-45 wt. % of muscovite-2Mj, (for samples MY2310
and MY2311, respectively).

4.2.1. Significance of the detected mineralogical assemblages

Detrital silicate minerals, quartz and K-feldspar in gouge samples
likely derive from the hanging wall Miocene siliciclastic deposits, which
contain granite and low-grade metamorphic rock clasts (e.g.,
Sanchez-Gomeéz et al., 2002). The gouge composition is fairly constant
among the analysed BSFs suggesting that the detachment evolved at
similar crustal levels during the multiple slip events registered by the
different K-Ar gouge ages (see section below), and indicating that the
Miocene siliciclastic deposits always formed the hanging wall of the MD
during the studied deformation history. Additionally, the lack of
high-grade metamorphic mineral phases within the gouge samples is
indicative of the absence of blueschist and eclogite HP rocks within the
basal portion of the siliciclastic deposits in the hanging wall (e.g.,
Sanchez-Goméz et al., 2002). Hydrothermal-related mineralogical pha-
ses (e.g., barite and Fe-Ti-oxides) crystallized from Fe- and Ba- rich fluids
circulating within the fault zone during the progressive cooling of the
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footwall granite during extension (e.g., Menant et al., 2013). Those
phases occur in most of the grain size fractions (6-10, 2-6, 0.4-2,
0.1-0.4 pm) from all gouges and, at the outcrop, they are formed by (i)
nodular concretions within gouge layers that cut across the foliation of
the gouges (Fig. S4), commonly in association with a clear alteration
halo (Fig. S4A), or (ii) veins at high angle to the foliation in the gouges
(e.g., Menant et al., 2013) that cut across and the entire MD fault core.
The latter observation suggests that the ingress of most hydrothermal
fluids postdates gouge formation and the main fault activity. Occurrence
of carbonate (e.g., dolomite, dawsonite, malachite) and sulphate min-
erals (e.g., jarosite), as well as halite, attest to the interaction of hy-
drothermal fluids with meteoric/marine waters due to the subaerial
exposure and/or supergene conditions (e.g., Chukhrov, 1981; Fulignati,
2020; Marchesini et al., 2024).

Table 2
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4.3. K-Ar dating

K-Ar results are plotted in S6A and charted in Table 2. The results of
the Illite Age Analysis (IAA - see below) are shown in Fig. 7A and S6B,
where polytype proportions were normalized to 100 % (Fig. S5), and
plotted as apparent K-Ar date versus percent of detrital illite, and line-
arly extrapolated to 0 % and 100 % illite/muscovite-2M; by York
regression. Samples from CH, record a first slip event at 13.34 & 0.77 Ma
and 12.47 + 0.40 Ma (BSFH3-H5, respectively; Serravallian, coeval with
granite crystallisation; Figs. 7A-B, Table 2), recorded by mixed layer
illite-smectite in gouges along C planes within the SC/C’ domains of the
fault zone, in the northwestern and more internal investigated exposure
(Fig. 7B). Samples from CE1 and CE2 constrain four distinct slip events
within a ~3 Myrs time span (Fig. 7A-B, Table 2). The first slip recorded
is at 9.75 + 0.4 Ma (middle Tortonian, sample MY2305, BSF4; Fig. 7;
Table 2). Considering that at Cape Haros (more internal and up-dip part
of the detachment; Fig. 7B) there are no evidence of slip recorded by

Summary of sampled and dated gouges from Cape Evros 1, 2 and Cape Haros exposures. IAA: K-Ar illite age analysis.

Sample ID and Location Grain-size fraction AOAr+ K K-Ar Age Data IAA K-Ar Age data
BSF
(um) Mass mol/g c AOpr* Mass wt% o Age c Age o (Ma)
mg (%) % mg (%) (Ma) (Ma) (Ma)
EV39 Cape Evros 2 <0.1 2.538 8.404E- 1.07 50.6 50.7 6.780 1.35 7.1 +0.1 7.1 +0.17
BSF8 37°28'26.47'N 11
25°27'31.04"E 0.1-0.4 2.298 8.825E- 1.12 52.4 52.0 7.053 1.31 7.2 +0.1
11
0.4-2 1.114 7.599E- 2.31 51.5 51.0 6.172  1.40 7.1 +0.2
11
2-6 2.152 4.638E- 1.95 42.0 50.5 3.362 1.65 7.9 +0.2
11
6-10 2.336 3.711E- 2.24 34.8 50.6 2.873 1.70 7.4 +0.2
11
MY2305 Cape Evros 1 <0.1 2.310 1.22E-10 0.81 32.9 53.1 7.012 1.28 10.0 +0.2 9.5 +0.4
BSF4 37°28'26.95'N  0.1-0.4 2.128 1.754E- 0.68 68.9 52.2 7.240  1.27 13.9 +0.2
25°27'25.38'E 10
0.4-2 4.164 2.854E- 0.40 80.8 52.4 6.991 1.30 23.4 +0.3
10
2-6 3.818 2.24E-10 0.43 85.7 57.2 4563 1.51 28.1 +0.4
6-10 2.186 1.370E- 0.79 78.8 52.9 3.505 1.66 22.4 +0.4
10
MY2306 Cape Evros 1 <0.1 4.696 6.272E- 0.78 46.2 50.3 4.006 1.63 9.0 +0.2 6.37 +0.21
BSF5 37°28'26.95'N 11
25°27'25.38"E 0.1-0.4 2.410 1.162E- 0.80 37.6 51.3 5.863 1.43 11.4 +0.2
10
0.4-2 2.480 2.486E- 0.50 67.0 51.7 6.590 1.35 21.6 +0.3
10
2-6 1.964 3.07E-10 0.52 77.7 50.9 6.959  1.32 25.2 +0.4
6-10 1.992 2.87E-10 0.53 74.7 50.9 6.786  1.34 24.2 +0.3
MY2307 Cape Evros 1 <0.1 1.116 1.49E-10 1.33 54.0 51.5 6.837 1.33 12.5 +0.2 8.07 +0.52
BSF6 37°28'26.95'N  0.1-0.4 1.440 1.95E-10 0.87 58.6 50.5 7.292 1.29 15.4 +0.2
25°27'25.38'E  0.4-2 3.240 2.93E-10 0.42 74.7 52.7 7.312  1.26 23.0 +0.3
2-6 1.866 4.31E-10 0.48 82.5 53.0 5.717  1.42 43.0 +0.6
6-10 3.096 3.13E-10 0.42 79.4 53.6 4.453  1.55 40.0 +0.6
MY2309 Cape Haros <0.1 3.522 3.4E-10 0.40 77.4 52.8 6.783 1.31 28.7 +0.4 13.34 +0.77
BSFH5 37°29'2.35'N 0.1-0.4 1.584 5.260E- 0.49 79.3 50.4 6.985 1.33 42.9 +0.6
25°25'24.38"E 10
0.4-2 3.312 7.38E-10 0.38 90.1 51.0 6.582  1.36 63.5 +0.9
2-6 2.868 4.47E-10 0.40 90.6 53.1 3.478 1.66 72.6 +1.2
6-10 2.326 3.004E- 0.48 77.1 49.9 2.620 1.77 64.9 +1.2
10
MY2310 Cape Haros <0.1 3.778 2.909E- 0.41 81.6 51.7 7.228 1.28 23.1 +0.3 12.47 +0.4
BSFH3 37°29'2.35"N 10
25°25'24.38'E  0.1-0.4 3.636 4.58E-10 0.39 88.9 54.8 7.565  1.20 34.5 +0.4
0.4-2 2.858 7.32E-10 0.39 91.3 53.7 7.288 1.25 57.0 +0.7
2-6 2.432 1.09E-09 0.39 94.5 51.8 5.585 1.45 109.3 +1.6
6-10 3.426 8.81E-10 0.37 90.8 52.9 4.744 1.53 104.1 +1.6
MY2311 Cape Haros <0.1 3.822 3.29E-10 0.40 86.9 58.0 7.601  1.14 24.8 +0.3 - -
BSFH2 37°29'2.35'N 0.1-0.4 3.432 5.37E-10 0.38 90.6 52.2 7.760  1.22 39.5 +0.5
25°25'24.38"E 0.4-2 2.796 8.891E- 0.39 93.7 51.5 7.353 1.27 68.4 +0.9
10
2-6 2.458 1.11E-09 0.39 94.3 50.7 4.692 1.56 131.8 +2.0
6-10 3.130 9.28E-10 0.38 92.5 50.6 3.693 1.66 139.3 +2.3

10
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gouge formation younger than ~12.5 Ma (Fig. 8A-B), the 9.75 + 0.4 Ma
age constrains the down-dip migration of deformation localisation from
Cape Haros to Cape Evros sector, which forms the more external and
down-dip exposed part of the detachment (Figs. 7B and 8). The other
three gouges from CE1 and CE2 constrain protracted faulting at 8.07 +
0.52 Ma, 6.37 + 0.21 Ma (samples MY2307 — BSF6 and MY2306 - BSF5,
respectively; Fig. 7; Table 2) and 7.10 £ 0.17 Ma (sample EV39 — BSFS8;
Fig. 7; Table 2), thus documenting deformation localisation from the
middle-upper Tortonian to the middle Messinian (Fig. 7B). These ages
thus record ~2 km of down-dip migration of deformation localisation
during a ~2.5 Myrs time interval (Fig. 7B), which constrains an average
~1mm/yr slip rate during the formation of the detachment (Fig. 7B).
BSFH2 did not yield a meaningful age, with a negative intercept at 0 %
illite/muscovite-2M; (Fig. 3C) due to the large amount of detrital illite/
muscovite in the finer fractions (Figs. 4 and 5; Table 1).

5. Discussion and conclusions

In comparison to other brittle detachments representing the rela-
tively late evolution stage of early and successively deactivated ductile
shear zones (e.g., Tinos Detachment, Simplon Detachment; Mehl et al.,
2005; Montemagni and Zanchetta, 2022), the MD is a remarkable
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example of an extensional detachment nucleating and evolving entirely
under brittle conditions. The MD thus provides useful insights into how
deformation in the upper brittle crust progressively localises during
crustal-scale rifting, footwall exhumation and synkinematic magmatism
(Fig. 8). Starting from our data, we present a conceptual and
time-constrained model (Fig. 8) for the evolution of such rifting-related
crustal-scale structures. From base to top, the tectonic stack in the model
(Fig. 8), is composed of:

- The Cycladic basement, in the middle-lower crust, representing part
of the footwall of the ductile basal detachment (e.g., Jolivet et al.,
2010);

- The Cycladic Blueschist unit in the footwall of the ductile basal
detachment, (e.g., Jolivet et al., 2010);

- A syntectonic granite pluton, which emplaced, was exhumed and
cooled down in response to strain localising along the Livada ductile
basal detachment at mid- to deep-crustal conditions;

- An upper plate, representing (i) the hanging wall of the Livada
ductile basal detachment and (ii) the footwall of the MD brittle
detachment in the upper crust;

- Syntectonic siliciclastic deposits representing the structurally higher
unit and infilling a range of supradetachment basins, in the hanging
wall of the MD brittle detachment.

We propose that, while ductile fabrics formed at lower to middle
crustal conditions allowing for granite emplacement and progressive
exhumation (~15 Ma; Fig. 8A), detachment hinge-rolling and progres-
sive crustal thinning were accommodated by multiple, moderately
dipping brittle detachments (such as the MD) that localised at shallow
depth by forming incipient fault zones (Fig. 8A). Early brittle deforma-
tion localised therein at the boundary between the upper plate and
syntectonic siliciclastic deposits, infilling supradetachment basins
(Fig. 8A).

At ~13.5Ma, MD deformation localised at shallow structural levels
with gouges along C surfaces (BSFsH3-5; site I; Fig. 8B), whereas deeper
down deformation partitioned into SC domains (site II; Fig. 8B)
reworking the upper plate and siliciclastic deposits, causing the overall
widening of the MD (Fig. 8B). At the same time, the exhuming granite
was progressively involved into the deformation along the Livada basal
ductile detachment, and a ductile proto-mylonitic shear zone started to
form at the top of the uprising pluton (Fig. 8B). After 2.5 Myrs, basin
deepening and increasing extension caused the MD deformation to
migrate down-dip (from site I to site IT in Fig. 8C) and the shallowest MD
deactivated. As suggested by the absence of ages younger than ~12.5
Ma at site II (see paragraph 4.3 K-Ar DATING; Fig. 7) slip did no longer
localise at that structural position, such that this part of the detachment
can be thus considered as a “fossil” domain which underwent a pro-
gressive exhumation, recording and preserving the earliest deformation
increments (as documented by our dating results; Fig. 8C). Down-dip
deformation started to localise along the fault plane (site II, Fig. 8C)
assisted by cataclasis and gouge formation (BSF4, 9.75 Ma; Fig. 8C),
accompanied by further granite exhumation to shallow depths. This led
to the progressive cooling of the granite, and to progressive deformation
being accommodated within the ductile-brittle transition zone, even
though ductile deformation continued to localise at deeper structural
levels, on top of the granite, producing ultra-mylonitic fabrics (Fig. 8A-
Q).

The MD fault core (site II; Fig. 8D) grew farther down-dip, through
progressive and continuous gouge formation, leading to fault narrowing
through repeated slip (BSFs4, 5, 6, 8; 8.07 — 6.37 Ma; Fig. 8D). The end
of granite exhumation (at ~8 Ma, (U-Th)/He apatite; Brichau et al.
2008) and cooling of the system triggered final deformation localisation
at 6.37 Ma (BSF4; Fig. 8D), that is, ~7 Ma after faulting initiation
(BSFH5, 13.34 Ma; Fig. 8A). Finally, a principal slip surface (PSS, <6.37
Ma; Fig. 8D) cut across all other domains, dissecting the fault core.
High-angle secondary normal faults rooted into the PSS and cut across
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the siliciclastic deposits (that in the meantime had infilled the supra-
detachment basins and became juxtaposed against the exhumed granite;
Fig. 8D), while brittle structures progressively overprinted former
ductile fabrics along the top of the already deformed granite in the
footwall (Fig. 8D).

This model depicts the evolution of a dynamic detachment system at
shallow crustal levels during the uplift, cooling and exhumation of a
granite pluton, in which the first crystallisation of the granite is coeval
with the onset of brittle deformation in the upper crust (Fig. 8). Our
study makes it possible to completely constrain the activation of various
deformation mechanisms through space and time and to define their role
in forming brittle shallow detachments that shape upper crustal archi-
tectures (Fig. 8). New high-precision geochronological constraints
covering a ~7 Ma time interval (Fig. 7) document coeval brittle and
ductile deformation, steering regional crustal thinning and footwall
exhumation through protracted deformation (Figs. 7 and 8). Early
localisation (~15-13.5 Ma, from the granite crystallisation to first gouge
formation, respectively; Figs. 7 and 8) attests to a rapid shear zone
structuring, where the hanging wall siliciclastics, infilling basins, are
rapidly involved in SC/C’ domain formation (Fig. 8).

For the first time, we could constrain a complete suite of structures
along a brittle detachment that never exploited former ductile fabrics
during its evolution, and document the evolution through-time of the
progressive deformation mechanisms migration under brittle conditions
along the detachment (Figs. 7 and 8). Deformation localisation took (i)
~2.5 Ma to migrate dip-ward, as testified by first cataclasis in Fig. 8C
and (ii) further ~3.4 Ma to reach conditions triggering a slip plane
formation, which can localise and propagate only after granite exhu-
mation and system cooling, also corresponding to the embrittlement of
the exhumed ductile basal detachment that at that stage put in contact
the siliciclastic deposits directly onto the granite (Fig. 8D). Our new
ages, constraining 6 slip events through at least 7 Myrs-long protracted
deformation localisation along the same detachment, point the attention
on the importance of fault architecture analysis, sampling and dating of
its structural domains. Even though detailed constraints on the absolute
dating of brittle detachments do exist (e.g., Haines and van der Pluijm,
2008; Hetzel et al., 2013; Mancktelow et al., 2016; Heineke et al., 2019;
Miinch et al., 2021), in most cases they only constrain one single age of
activation of the investigated structure or, alternatively, do not take into
account the relationship between ages and deformation mechanisms
along the detachments, running the risk of oversimplifying fault evo-
lution histories. Our data prove instead that complex and mature faults
and detachments, such as the MD, are intricated objects, made of a
plethora of tectonic structures activated at different times during a long
deformation history. Our approach (e.g., sampling, analysis and dating
of every fault gouge) demonstrates that even in a short time span (~7
Myrs in our study) a single age cannot describe the entire fault evolution,
which is instead documented by several ages recording multiple and
protracted slip along the same structure. These findings might have a
strong impact also on the consideration of such structures from a
regional perspective, being their activation central also toward the un-
derstanding of deformation partitioning in both the lower and upper
crust during the exhumation of even deeply subducted crustal slices. We
thus demonstrate that only a detailed analysis as that applied can
deconvolute such complex histories.

In conclusion, this study documents the overall response of the upper
brittle crust during the onset and evolution of crustal-scale stretching as
accommodated at shallow depth by brittle low-angle detachments. We
provide for the first time a time-constrained model that efficiently ac-
counts for how, when, and in what time span brittle detachments can
form, and how deformation localises or partition in response to crustal
thinning, footwall exhumation and synkinematic magmatism. Our re-
sults provide novel insights that are readily applicable to similar de-
tachments elsewhere, in the context of rift and metamorphic core
complex systems.
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