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Highlights: 7 

 We document Normal-sense Compactional Shear Bands (NCSBs) in 8 

porous volcaniclastics.  9 

 Pumice vesicles are zones of mechanical weakness promoting cataclasis 10 

development. 11 

 Glass alteration is expressed by corrosion embayments and smectites 12 

neoformation. 13 

 This study details hydraulic self-sealing of NCSBs in the vadose zone.  14 

Abstract: 15 

Deformation bands in porous volcaniclastics are little studied structural 16 

heterogeneities despite their relevance for constraining the modalities of 17 

deformation development and related fluid-rock interactions in volcanic areas.   18 

We document a dense network of normal-sense Deformation Bands 19 

(Normal-sense Compactional Shear Bands (NCSBs) affecting upper Pliocene 20 

felsic glassy tuffites in Milos, Greece. NCSBs probably formed between 300 and 21 

500 m of burial depth, in response to NE-SW directed extension which is related 22 

to volcanic rift development in the area. They accommodate mm- to m-shear-23 

offsets, trend either N105  10° or N070  10°, and show mutual cross-cutting 24 

relations. The NCSB fault rock is made of ultracataclasite in which the cataclastic 25 

mechanisms have affected both the mineral fraction and the volcanic glass. 26 

Minerals are fractured along their cleavages whereas the pumices are interestingly 27 

fractured along their vesicles.  28 

The development of chemical alteration (dissolution and cementation) 29 

essentially into the ultracataclasite is expressed through glass-hosted corrosion 30 

gulfs and smectites filling the intergranular porosity. These observations support 31 

that NCSBs preferentially retained water, have been the seat of greater fluid flow, 32 

and are the locus of ongoing phyllosilicate self-sealing in the vadose zone. A 33 

significant decrease (up to one order of magnitude) in porosity is measured within 34 

the studied NCSBs. 35 

  36 
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1. Introduction 37 

“Volcaniclastics” is a term introduced by Fisher (1961) to name sedimentary 38 

rocks containing at least 10% of volcanic materials. The mechanical deformation 39 

(brittle and / or plastic) of porous volcaniclastic rocks (porosity Φ > 15%) under 40 

the effect of tectonic stresses has been poorly documented compared to other 41 

porous rocks such as carbonates (e.g. Antonellini et al., 2008; Rotevatn et al. 42 

2016) and clastic sandstones (e.g. Aydin, 1978; Fossen et al., 2007). The diversity 43 

of volcaniclastics in terms of mineralogy (i.e. cleaved minerals, volcanic glass, 44 

alteration phases) and microstructures (e.g. grain and pore size, shape and 45 

angularity) leads to a complex and inhomogeneous mechanical behavior during 46 

deformation that deserves to be further described and contextualized through 47 

natural examples (Heap and Violay, 2021). Understanding deformation processes, 48 

deformation bands (Dbs) and/or fracture occurrence/development and related 49 

fluid-rock interactions in volcaniclastics is crucial for investigating fault strength 50 

variability (Ikari et al., 2013; Tschegg et al., 2020; Kameda et al., 2019), 51 

modalities of volcanic edifice collapse (Evans and Bradbury, 2004; Soden and 52 

Shipton, 2013; Blahut et al., 2022), ore deposits and factors controlling their 53 

occurrence (Lindsay, 1982), sealing capacities of CO2-sequestration sites 54 

(Annunziatellis et al., 2008) and both geothermal and hydrocarbon reservoirs (Zhu 55 

et al., 2011; Schutter, 2003; Zou, 2013). We focus here on small-displacement 56 

(millimeter-meter throw) deformation bands and faults cutting porous glass-rich 57 

volcaniclastic rocks.  58 

Deformation bands (Dbs) are the most common structural elements related to 59 

strain localization in deformed porous granular media (Aydin, 1978; Antonellini 60 

and Aydin, 1994; Fossen et al., 2007). They are tabular-planar structures of finite 61 

mm-width in which grain sliding, rotation (i.e. granular flow) and/or fracturing 62 

(cataclastic flow) act individually or in concert during compaction, dilation and/or 63 

shearing processes (e.g. Du Bernard et al., 2002; Fossen et al., 2007).  64 

Dbs have been described in different types of volcaniclastics (Bates and 65 

Jackson, 1987) such as non-welded ignimbrites (Wilson et al., 2003; 2006; Riley 66 

et al., 2010; Dinwiddie et al., 2012;), basaltic porous tuffs (Okubo, 2014), pumice-67 

rich non-welded tuffs with no devitrification (Evans and Bradbury, 2004) and 68 

phenocryst-rich andesitic volcaniclastic sandstones (Lin and Huang, 2014; 69 

Cavailhes and Rotevatn, 2018). They have been studied in compressive settings 70 

where they exhibit both reverse-sense and strike-slip kinematics (Cavailhes and 71 

Rotevatn, 2018) as well as in extensive/transtensional settings where they show 72 

normal-sense kinematics (e.g. Evans and Bradbury, 2004; Wilson et al., 2006; 73 

Riley et al., 2010). Adopting a kinematics classification, Pure-Compactional 74 

Bands (PCB), Pure-Dilation Bands (PDB), Simple Shear-bands (SSB), 75 

Compactional Shear-Bands (CSB) and Dilation Shear-Bands (DSB) have all been 76 

recognized in such rocks in which high porosities are systematically required for 77 

Dbs development (e.g. Dinwiddie et al., 2006; Okubo, 2012; Okubo, 2014; 78 

Cavailhes and Rotevatn, 2018). They commonly form at very shallow burial 79 
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depths of deformation (Okubo, 2014), from  0.1 km (Okubo, 2012), > 0.2 km 80 

(Bradbury and Evans, 2004) to  0.5-1.5 km (Cavailhes and Rotevatn, 2018). 81 

They occur as a single strand or anastomosed multi-strand features, preferentially 82 

localized into the fault damage zone of both currently active and inactive faults 83 

(Dinwiddie et al., 2006; Riley et al., 2010; Okubo, 2012). The degree of welding, 84 

the presence of water, the grain nature (glass, mineral, lithophysae), their grain 85 

size, shape and structure (e.g. presence of mineralogical cleavages) all have an 86 

impact on cataclasis development, related granular flow, and therefore on multi-87 

scale fault-zone architecture (Zhu et al., 2011; Price and Bauer, 1985; Moon, 88 

1993a,b, Okubo, 2012). Such microstructural factors control grain contact areas 89 

and geometries responsible for the mechanical response of the rock (microcracks 90 

and cataclasis development) to the local stress field (Antonellini and Pollard, 91 

1995; Liu et al., 2021). Deformation in Cataclastic Deformation Bands (CDBs) 92 

can be explained by a shear localization preferentially affecting the relatively 93 

weak glass phases whereas the magmatic minerals (e.g. plagioclase, pyroxene, 94 

amphibole) are less comminuted and therefore considered a strong phase, despite 95 

their cleavage planes and inherited microfractures, promoting fracturing and 96 

sliding (Wilson et al., 2006; Cavailhes and Rotevatn, 2018). In addition to this 97 

observation, well-developed S-C structures within the contractional relays of such 98 

CDBs argue for a duality of grain strengths during the deformation (Finch et al., 99 

2020) in shallow burial conditions (0.5-1.5 km). This contribution addresses how 100 

the cataclastic deformation does affect porous volcaniclastics that are rich in 101 

highly vesiculated pumices. To our knowledge, this point has never been 102 

addressed so far.  103 

1.1 Diagenetic alteration 104 

Alteration of volcaniclastics depends upon the interplay between compaction 105 

and/or shear-enhanced compaction and fluid-rock interaction, the latter leading to 106 

dissolution, neoformation of diagenetic products e.g. phyllosilicates and/or 107 

cementation (Mathisen and McPherson, 1991; García-Romero et al., 2005; Allen 108 

et al., 2022). Volcanic glass alteration can be overdeveloped into CDBs where the 109 

intense comminution along with the resulting increase of the total volumetric 110 

surface area of clasts in relation to cataclasis development seems to promote 111 

newly-formed mineralogical phases (Wilson et al., 2006).  112 

Numerous factors come into play in the alteration process including Si 113 

activity, pH, alkalinity, the activity of alkalis and alkaline earth elements, 114 

temperature, pressure and the partial pressure of H20 (Hay, 1977; Iijima, 1980; 115 

Christidis, 2001).  116 

The nature of the diagenetic products strongly depends upon the openness of 117 

the diagenetic system. In the one hand, dissolution of unstable volcanic glass may 118 

lead to neoformed smectites where the 
(Na++K+)

H+  activity is low i.e. where alkalis 119 

are leached in a well flushed system (Sheppard and Gude, 1973; Hay, 1977; 120 

Dibble and Tiller, 1981; Senkayi et al., 1984; Hay and Guldman, 1987; Christidis 121 

and Scott, 1997; Christidis, 1998, 2001; Godelitsas et al., 2010). On the other 122 
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hand, a higher ratio of 
(Na++K+)

H+  activity, as encountered in semiclosed / closed 123 

systems, shall favor formation of alkaline zeolites over that of smectites (Hess, 124 

1966; Sheppard and Gude, 1973; Dibble and Tiller, 1981; Hay and Guldman, 125 

1987).  126 

The required amount of Mg (and perhaps Fe) for smectite formation may be 127 
sustainably supplied by the pore fluids (Christidis, 2001), mostly seawater 128 
(Godelitsats et al., 2010), or may also be provided by small uptakes from the solid 129 

phase and by local migration (Christidis and Dunham, 1997). Smectites can form 130 
via a localized in situ alteration (replacement) process, via a 131 
dissolution/precipitation process including a transport stage or via a translocation 132 
process i.e. from an external source by colloidal transport (e.g. soil; Wilson et al., 133 
2006). It has been reported for faulted systems that the newly-formed phases 134 

require in all cases fluid-rock interactions which can be due to (i) a higher fluid 135 

flux into the fault zone than into the host rock (HR) or (ii) a preferential retention 136 

of fluids by the fault rock thanks to capillarity processes due to grain-size 137 
reduction, such as described in deformed sandstones, poorly lithified sediments 138 
and volcaniclastics into the vadose zone (Sigda and Wilson, 2003; Wilson et al., 139 
2006; Cavailhes et al., 2009).  140 

1.2 Petrophysical properties of Dbs and faults in volcaniclastics 141 

With the exception of dilation bands, Dbs in volcaniclastics are systematically 142 

characterized by a reduction of porosity relative to the host rock (Dinwiddie et al., 143 

2006; Wilson et al., 2003; Evans and Bradbury, 2004; Lin and Huang, 2014). This 144 

is particularly true in CDBs where cataclastic processes can reduce the Db 145 

porosity by one order of magnitude compared to host rock (Cavailhes and 146 

Rotevatn, 2018).  147 

Despite the work of Okubo (2012) addressing the whole fault zone 148 

permeability into porous volcanic tuffs, permeability measurements in individual 149 

Dbs have not been published so far. There is no direct, nor simple relationship 150 

between (1) permeability, i.e. open vs. closed system and (2) porosity and/or pore 151 

size. For example, in the vadose zone, in a semiarid to arid climate, low-porosity / 152 

small-sized-pore Dbs preferentially retain water and can ultimately be much more 153 

permeable than the surrounding host-rock protolith (Wilson et al., 2006). As 154 

reported by these authors in non-welded ignimbrites, anastomosed Db strands can 155 

act as a true open system and thus represent preferential flow pathways promoting 156 

smectite neoformation much more than in the surrounding high-porosity host 157 

rock. Such observations of Dbs self-sealing processes e.g., by smectite 158 

neoformation, are presently lacking for deformed porous glassy andesitic 159 

volcaniclastics. 160 

 161 

The objectives of this contribution are (i) to accurately describe an easily 162 

accessible “remarkable” outcrop exhibiting spectacular Dbs network in porous 163 

volcaniclastics, (ii) to describe the structures and the microstructures of a highly 164 

developed Dbs network affecting porous glassy volcaniclastics under a local 165 

extensional stress-field, and (iii) to extract the different deformation and alteration 166 
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mechanisms (e.g. corrosion and cementation), as well as their controlling factors, 167 

leading to the present-day state of the studied deformation features. In addition, 168 

we aim (iv) to discuss the poorly documented hydraulic behavior of the Dbs 169 

affecting porous volcaniclastics into the vadose zone, and its consequences on 170 

self-sealing processes. To address these four original points, we study in detail the 171 

so far non-investigated outcrops of Sarakiniko located along the north shore of 172 

Milos Island (Greece).  173 

Terrestrial case studies as the current one may also help to document smectite 174 

occurrence on extra-terrestrial faulted volcaniclastics (e.g. Mars, Okubo, 2012; 175 

Sarhar et al., 2022). 176 

 177 

2. Geological setting 178 

The studied area is located in Milos (Cycladic islands, Greece) which is part 179 

of the Aegean volcanic arc, which results from the northwards subduction of the 180 

African plate underneath the Aegean microplate in an overall convergent setting 181 

(Pe and Piper, 1972; Le Pichon and Angelier, 1981; Kassaras et al., 2020). The 182 

subduction started ∼145 My ago and, since the upper Oligocene (∼30 Ma), the 183 

position of the magmatic arc has started its southward motion due to slab retreat 184 

(Jolivet and Brun, 2010; Ring et al., 2010). A coeval regional back-arc extension 185 

started ∼30 Ma ago, as expressed by a continental crust thinning across the 186 

Aegean Sea (Ring et al., 2010; Jolivet et al., 2021). This crustal thinning results in 187 

the development of deep offshore basins bounded by seismogenic faults and a 188 

Moho discontinuity located at relatively shallow depths (Anastasakis and Piper, 189 

2005; Nomikou et al., 2014).  190 

The island of Milos is made of four main geological units: (i) the alpine 191 

metamorphic basement (Mesozoic in Fig. 1), (ii) the Neogene sedimentary rocks 192 

(Upper Miocene – Lower Pliocene in Fig. 1), (iii) the volcanic sequences (Mid 193 

Pliocene to upper Pleistocene in Fig. 1) and (iv) the alluvial cover (Recent in Fig. 194 

1) (Sonder, 1924; Fytikas, 1977; Fytikas et al., 1976, 1986; Zhou et al., 2021).  195 

Upper Miocene to early Pliocene volcaniclastic sediments have been 196 

nonconformably deposited into WNW-SSE-trending extensional post-orogenic 197 

basins overlying the metamorphic basement of the Aegean micro-plate (Mercier, 198 

1981; Van Hinsbergen et al., 2004). Volcanism in the Milos archipelago started 199 

subsequently, about 3.5 Ma ago, and has built in concert with tectonic uplifts of 200 

the present-day islands (Fytikas et al., 1986; Stewart, 2003; Stewart and McPhie, 201 

2003). The Milos volcanic succession is composed of calc-alkaline volcanics, 202 

from basaltic andesite to rhyolite with a predominance of andesites and dacites 203 

(Fytikas et al., 1986; Stewart, 2003; Zhou et al., 2021).  204 

Milos is situated within a complex system of crossing neotectonic grabens that 205 

can be interpreted as part of 10 km-scale submerged volcanic rifts (Pe-Piper and 206 

Piper, 2005; Nomikou et al., 2013; Preine et al., 2022, Fig.1b). Plio-Quaternary 207 

deformations are therefore complex, multi-directional, partly synchronous, cross-208 
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cutting, seismogenic, and subjected to volcanism (Fytikas, 1989; Papanikolaou et 209 

al., 1993; Kokkalas and Aydin, 2013). The alluvial cover is mainly deposited in 210 

these structurally-controlled depressions.  211 

- During the Pliocene, NE-SW extension has been described by Jarrigue, 212 
1978).  213 

- Late Pliocene NW-SE extension was expressed along ENE striking faults 214 
systems (Angelier, 1979; Mercier, 1981; Phase I in Kokkalas and Aydin, 215 
2013). 216 

- During the lower Pleistocene (noted “Calabrian” (1.8; 0.8 Ma) in Mercier, 217 
1981), an unconformable sedimentation in Milos has been described and 218 
tentatively related to a lower Quaternary poly-directional compressional 219 
event recognized in the back-arc domain (Angelier, 1977; Jarrigue, 1978; 220 

Mercier, 1981).  221 

- During the Middle to the Upper Pleistocene, a N-S directed 222 
faulting/fracturing event is consistent with an E-W direction of extension 223 
in both onshore and offshore domains of Milos (Mercier, 1981; 224 
Anastasakis and Piper, 2005; Kokkalas and Aydin, 2013). Simultaneously, 225 

the NW-SE trending Vromolimni-Kondaro fault bounding the western side 226 
of the Milos gulf has showed a strong tectonic activity, triggering upper 227 
Pleistocene hydrothermal circulations (Liakopoulos et al. 2001). 228 

- A clear Quaternary reactivation of the existing NW-SE normal faults has 229 

been described by Angelier (1979). This NW-SE-trending network of 230 
normal faults is likely responsible for the current-day physiography of 231 
Milos, in particular the NW-SE elongation of its gulf, along the 232 

Vromolimni-Kondaro fault. This NE-SW direction of extension is also 233 
consistent with the one derived from the focal mechanisms of 1987’s 234 

earthquakes at shallow depths, which were aligned along the NW-SE 235 
graben (1-10 km; Ochmann et al. 1989). The studied Pierre fault (see 236 

section 4.3) appears subparallel and probably contemporaneous to these 237 
structures. Positive geothermal anomalies are clearly associated with the 238 

Plio-Quaternary structural heterogeneities which localize and favor the 239 
hydrothermal circulation (Angelier, 1977; Fytikas, 1989, Ochmann et al., 240 
1989).  Surprisingly, the GPS-derived horizontal velocity across Milos is 241 
perfectly N-S directed with a velocity of 2.66 mm yr

-1 
(Bohnhoff et al., 242 

2006). 243 
 244 

2.4 Sarakiniko geology 245 

The studied area is located along the northern shoreline of Milos and includes 246 

a crowded touristic white cove called Sarakiniko beach (Figs. 1b and 2). The 247 

morphology of the white-colored coastline displays sharp, jagged and irregular 248 

morphologies leading to N-S elongated and dissected coves, 10 m-deep canyons 249 

and drowned erosional features (erosional meanders) that are characteristics of a 250 

fractured and rapidly submerging area (Figs. 2 and 3a).   251 

Sarakiniko’s volcaniclastic porous rocks are part of the upper Pliocene tuffites 252 

succession previously described as shallow-water-reworked acid/felsic tuffs 253 
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exhibiting porous sandstones and conglomerates, composed of pumiceous clasts 254 

usually up to 15 cm in diameter, rarely 50 cm, and a fine glassy matrix of ash or 255 

sand ( Fytikas et al., 1977; Stewart and McPhie, 2003). The studied porous rocks 256 

are overlain by up to 30 m–thick Quaternary reworked porous tuffs made of 257 

reddish fine volcanic materials that can be locally fossiliferous (Fytikas et al., 258 

1977). These poorly-consolidated volcaniclastic sediments which have been 259 

filling pre-existing N-S canyons, have therefore smoothened the coastal 260 

morphologies before being incised by the present-day erosion (Figs. 2 and 3a).  261 

Based on the structural cross-sections displayed in work by Fytikas (1977), 262 

the maximum burial depth of the studied Upper Pliocene porous tuffs could have 263 

reached 450 m at Sarakiniko, mainly due to Quaternary andesitic lava dome 264 

settlement.  265 

3. Methodology 266 

A multi-scale structural analysis was conducted nearby the Sarakiniko beach 267 

in 2021/2022. Structural bedding dips, faults, fractures, and Dbs have been 268 

mapped and studied using satellite images, drone imagery and detailed fieldwork. 269 

The attributes of the structural heterogeneities have been measured in situ (i.e., 270 

strike, dip, thickness, length, spacing and connectivity; e.g. Fig. 3a).  271 

Rock sampling was oriented with respect to measured structural bedding dip. 272 

Db samples (13 samples for 21 thin-sections) have been carefully collected and 273 

oriented according to their strike, dip and slip vector, the latter being inferred 274 

from local bedding offset. The collected samples were subsequently dried during 275 

48 hours before impregnation using an epoxy resin. The samples were cut along 276 

the X-Z deformation axes plan containing the slip vector (Cavailhes et al., 2014). 277 

Petrographic and microstructural analyses were performed using an optical 278 

microscope and a scanning electron microscope (SEM) on representative thin-279 

sections. The SEM was an environmental ThermoFisher/FEI QUANTA 250 FEG 280 

(I2M, France). Observations were made in a low vacuum of 75 to 100 Pa using 281 

low to moderate acceleration voltage and beam current. Electronic micrographs 282 

were acquired either in secondary electron (SE) mode (topographical contrast) or 283 

in backscattered electron (BSE) mode (phase contrast). Elemental analysis and 284 

chemical/mineralogical characterizations were done by X-ray Energy Dispersive 285 

Spectrometry (X-EDS) using an integrated EDAX spectrometer. X-EDS 286 

characterization of the mineral/grain fraction was complemented by optical 287 

Raman spectroscopy using a Renishaw/INVIA Raman micro spectrometer fitted 288 

with a 785 nm monochromatic laser wavelength.  289 

Local porosity values were estimated based on the analysis of SEM 290 
micrographs of representative Db thin sections. Image analysis involved 291 
binarization of grey-level SEM images (e.g. Torabi et al., 2015), using a standard 292 

image processing platform (ImageJ) and following a similar workflow as that of 293 
Rotevatn et al. (2016). For each thin-section, local porosity estimations were made 294 

within Dbs and in the adjacent host rock (HR). The size 𝑙 of the local sliding 295 
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window over which porosity was measured is a function of grain size and of the 296 

width of the structure for Dbs. In the HR, the characteristic size 𝑙 of the local 297 
measurement window was 1.5 mm versus 0.5 mm in Dbs. Measured local 298 
porosity values were last averaged in the HR, and in the Dbs, over sub 299 

centimetric-wide bands normal to the Db/HR boundary and 10 times wider than 300 
the size of the measurement window, which allowed to quantify local porosity 301 
dispersion.  302 

 303 

4. Results  304 

4.1 Structural lineaments mapping 305 

From Mandrakia to Konstantinos, the northern shoreline of Milos displays 306 

dissected and jagged coastal morphologies related to the presence of three main 307 

sets of structural discontinuities, expressed by structural lineaments (e.g. Sander et 308 

al., 2007 for mapping limitations). The latter were mapped using aerial picture 309 

analysis and partly calibrated with field structure orientation measurements (Fig. 310 

2a). Upper Pliocene strata show 5 to 20° eastwards bedding dips.  311 

(i) The main structural pattern is given by NW-SE striking lineaments (spatial 312 

deviation  090 – 130°, Fig. 2b) which do not exhibit any clear spatial 313 

clustering (Fig. 2a). Fault slip analysis around Mandrakia and east of 314 

Sarakiniko reveals striations consistent with N-S to NE-SW extension 315 

(Fig. 2a). Interestingly, this set of lineaments seems to display a slight 316 

change of direction at Sarakiniko, striking  090 (Figs. 2a and 3a). The 317 

orientation of the Sarakiniko fault could be either related to the spatial 318 

deviation of NW-SE structural trend and/or to unknown < 100 m-scale 319 

structural complexities leading to local stress rotation.  320 

(ii) A nearly N-S ( 015) striking structural fabric is also observed all over the 321 

area. This second set has a less pervasive geomorphologic expression than 322 

the previous set. This direction seems to control both the incision and the 323 

filling related to Q.tv volcaniclastic deposition (Fytikas, 1977).  324 

(iii) A third trend expressed by sharp NE-SW structural lineaments ( 045-325 

070) is locally identifiable through the western peninsula of Konstantinos 326 

nearby Pachena, as well as in the eastern Mandrakia Peninsula (Fig. 2).  327 

At the 100 m-scale of investigation represented in Fig. 2, the three 328 

aforementioned sets cut the studied Upper Pliocene succession whereas only both 329 

of the NW-SE and N-S sets seem to cut the Quaternary deposits previously 330 

mapped as Q.tv by Fytikas (1977). A detailed field structural analysis shows that 331 

locally in Sarakiniko (Fig. 3b), the NE-SW fractures crosscut the others, i.e. they 332 

have clearly postdated both the E-W (belonging to set (i) above) and the N-S 333 

trending networks of structures.  334 

4.2 Host rock characterization  335 
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The depositional environment of the Upper Pliocene tuffs has been 336 

successfully investigated by Stewart and McPhie (2003). A detailed lithologic log 337 

of the Sarakiniko tuffs is provided in this study (Fig. 3c) in order to (i) estimate 338 

the shearing displacement of the faults / Dbs cutting the relatively homogeneous 339 

studied formation, and to (ii) characterize any possible lithological control on 340 

deformation style, type and occurrence.  341 

The studied Upper Pliocene volcaniclastic interval is 22 m -thick and dips 342 

10-15° eastwards (Figs. 3a and 3c). It is made of bedded, graded and laminated 343 

porous sandstones and conglomerates, composed of pumiceous clasts wrapped 344 

into a fine glassy matrix of grey to white ashes or sand (Fig. 3d). Three m-thick 345 

intervals are relatively massive and exclusively made of grey ashes exhibiting m-346 

scale chaotic ball and pillow structures, such as commonly described for seismites 347 

(Montenat et al., 2007; at 5 m, 17 m, and 20 m in Fig. 3c). These layers (labelled 348 

in Fig. 3a) have a notable geomorphologic consequence at Sarakiniko in partly 349 

shaping cuestas. An anisopac greenish layer composed of fine sand and ashes 350 

constitutes a reliable marker for estimating fault and Dbs offsets (at 4-5 m on Fig. 351 

3a and labelled GL in Fig. 3c). This layer has been mined and excavated along the 352 

western cliff of the Sarakiniko canyon.  353 

The studied volcaniclastics are mainly composed of acidic volcanic glass 354 

shards (10-50 µm-scale) which aggregate in mm-scale clasts, mm to cm-sized 355 

vesiculated pumices (Figs. 3d and 4), and phenocrysts of infra-mm-sized 356 

feldspars. There is no post-depositional welding of glass shards (Stewart and 357 

McPhie, 2003).   358 

 359 

4.3 Structural geology of Sarakiniko  360 

The studied Dbs are part of a 100 m - spaced normal fault network including 361 

(amongst others) from north to south, the Chaos fault (CF), the Sarakiniko fault 362 

(SF) and the Canyon fault (Fig. 3a). The SF is an E-W trending structure that 363 

crosses and slightly shapes the Sarakiniko natural cove as expressed by fractured 364 

concave shorelines in its middle part (Fig. 3a).  The SF dips southwards 365 

approximately  70° and shows  12 meters of estimated normal displacement. 366 

Such displacement was estimated from stratigraphic correlation, in particular by 367 

investigating the vertical displacement between the two fault blocks hosting the 368 

GL stratigraphic marker (Figs. 3a and 3c).  369 

The SF fault damage zone, in the sense of Caine et al. (1996), is expressed by 370 

N090 to 130 NW-SE striking clusters of Dbs and appears relatively symmetrical 371 

in its northern and southern fault blocks (Figs. 3a and 3e). The hanging wall fault 372 

block hosts the Sarakiniko Canyon where numerous Dbs and clusters of Dbs with 373 

cm to m-offsets displace among others the GL stratigraphic marker (Fig. 3e; 374 

cross-section B-B’). Synthetic and antithetic Db clusters are spaced by meters to 375 

tens of meters and define m-scale to 10 m-scale systems of horsts and grabens. 376 

The density of Dbs is slightly increases from south to north, starting 40 m away 377 
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from the SF (Fig. 3e). This area is therefore defined as the SF outer wall damage 378 

zone (Choi et al., 2016).  379 

The footwall of the SF exhibits numerous homogeneously distributed clusters 380 

of 070-120 striking Dbs. Occurrence of brittle fractures appears limited to the 381 

vicinity of the SF fault (Fig. 3a). Dbs density does not clearly increase towards the 382 

SF at the 10 m -scale (Figs. 3c and 3e).  383 

The following is a characterization of Pierre Fault located 10 meters further 384 

north from the SF.  The Pierre fault can be interpreted as either part of the SF 385 

damage zone or as part of the background fracturing (Figs. 3a, 3e and 4a). Indeed, 386 

as other authors e.g. Wilson et al. (2006) and Cavailhes and Rotevatn (2018), we 387 

aim to characterize and understand incipient deformation processes and related 388 

alteration on a m-offset cluster of Dbs cutting volcaniclastics.  389 

 390 

4.4 Macrostructural analysis of Pierre fault Dbs network (Sarakiniko) 391 

Dbs at Sarakiniko are light-colored tabular structures accommodating mm- to 392 

m-shear-offsets (Fig. 4a; e.g. Fossen et al., 2007) and dissecting the porous 393 

volcaniclastic succession. They are in positive relief compared to surrounding 394 

volcaniclastic rocks, most likely in response to their higher resistance to 395 

weathering (Fig. 4b).  396 

The Dbs trend either N105  10° or N070  10°, dip both northwards and 397 

southwards, and have mutual cross-cutting relations, therefore supporting their 398 

contemporaneous development (Fig. 4a). The spacing between structures ranges 399 

from 10’s of centimeters to meters.  400 

The Dbs occur either as individual strand or multi-strand clusters (up to 10 cm 401 

in thickness) of anastomosing bands (Fig. 4b). On the one hand, Dbs of a given set 402 

can rotate in the vicinity of another set of Dbs, therefore appearing parallel and 403 

branched to the latter. On the other hand, the Dbs of a given set can simply be 404 

crosscut by another set (Fig. 4a). Both antithetic and synthetic structures are 405 

recognized for both Db sets, the smaller structures tending to connect the major 406 

ones (Fig. 4a).  407 

The Db segment lengths are 1 to 5 meters, individual strand lengths being 408 

usually lower than 3 meters (Fig. 4a). Clusters of Dbs can be hundreds of meters 409 

long (Fig. 3a). 410 

Single Db shear-displacement ranges from millimeter to centimeter whereas 411 

Dbs cluster shear-displacement, such as recognized in the studied Pierre fault, can 412 

reach more than 1 meter (133 cm; Figs. 4a and b).  Qualitatively, the thicker and 413 

longer is the structure (Db or cluster of Db), the more important is the shear-offset 414 

on this structure (Figs. 3e and 4a).  415 

Single Db or clusters of Dbs at Sarakiniko do not exhibit clear striation such 416 

as reported in other porous volcaniclastics (e.g. Cavailhes and Rotevatn, 2018). 417 

Some slight grooves have been tentatively interpreted as slickensides, without any 418 

clear and conclusive evidence for it. This point will be discussed further below.  419 

 420 

4.5 Microstructural analysis of the Db samples (Sarakiniko, Pierre fault) 421 
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The m-displacement Pierre fault exhibits cm-thick deformation band fault 422 

rock bounded by sharp sliding planes (Fig. 4c). Grain-size reduction is visible in 423 

the Db compared with the surrounding host rock (HR), at both the outcrop and the 424 

sample-scale (Figs. 4b and 4c). Volcanic glass clasts within the Db appear more 425 

greywhite, more angular, crushed and comminuted by intragranular and 426 

intergranular fracturing than in the surrounding host rock (Fig. 4c). Yet, some of 427 

the clasts seem to retain the protolith initial grain-size (Fig. 4c). Grains within the 428 

Db are predominantly volcanic glass grains. The surrounding rock is slightly 429 

fractured without any clear kinematical relation with the deformation architecture 430 

into the band (Fig. 4c). Sparse iron oxide-hydroxide grains of about 500 µm are 431 

located both inside and outside the Db (Fig. 4c). These oxides-hydroxides are not 432 

significantly fractured in comparison to the glass grains, suggesting that 433 

mineralization postdates glass fracturing.  434 

Generally speaking, the Db fault rock is exclusively made of ultracataclasite 435 

in the sense of Nogueira et al. (2021) i.e. more than 90% of the Db fault rock 436 

shows a grain-size significantly smaller than 1 mm (Figs. 4c and 5a).  437 

4.5.1 Mechanical deformation 438 

Deformation of vesiculated pumices  439 

At the vicinity of the Dbs, the angle between fractures and the elongated 440 

vesicles in pumices can be either low (Figs. 5a and b) or high (Fig. 5c). 441 

In the first case (Fig. 5a), a cm-scale pumice clast (HR side) exhibits a 442 

volcanic fabric typified by 500 μm-long ellipsoidal vesicles. The vesicles are 443 

slightly rotated along the Db/HR shear-plane without any clear fracturing and 444 

shearing such as described for convex normal drag fold (Fig. 5a; Brandes and 445 

Tanner, 2014). Grain-size reduction is clearly recognized across the sharp Db/HR 446 

shear-plane boundary (Fig. 5a). The pumice clasts in the Db show grain-sizes in 447 

the range 10 - 500 μm versus a cm-size in the HR (Fig. 5a). The quite varied 448 

orientation of the elongated vesicles of the small-sized Db pumice clasts (which 449 

contrasts with the uniform orientation on the HR side) strongly supports that they 450 

have been rotated (Fig. 5a). The reddish color into the Db is probably explained 451 

by iron oxides (Fig. 5a). SEM microstructural analysis shows that μm-scale 452 

shearing can occur between subparallel vesicles, leading to a kind of extensional 453 

relay expressed by dense fractures and related micro-clast genesis (Fig. 5b). The 454 

newly-formed clasts appear mechanically incorporated into the band (Fig. 5b). 455 

In the second case (Fig. 5c), synthetic and antithetic shear-fractures offset the 456 

vesicles of a cm-scale pumice clast in the HR side at the vicinity of a Db. The 457 

fractures are spaced by less than 1 mm and are connected to the main Db volume. 458 

Grain-size reduction is also recognized into the Db and demonstrates the damage-459 

zone development by grain fracturing (Fig. 5d). Density and connectivity of both 460 

intra-granular and transgranular fractures increase in the vicinity of the Db (Fig. 461 

5d), such as commonly reported in brittle fault rock development (Zhu et al., 462 
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2011). Interestingly, the volcanic glass displays μm-hemispheric gulfs (Fig. 5d) 463 

suggesting alteration processes that are described and discussed further below.      464 

 465 

Deformation of plagioclases  466 

In cross-polarized light, plagioclase phenocrysts appear fractured and crushed 467 

in the vicinity of the Db (Fig. 6a). This results in a decrease of mineral grain size 468 

along the Db which is typified by communited μm-sized dragged (mechanically 469 

incorporated) clasts (Figs. 6b and 6c). Near the Db edge, angles between the 470 

fractures are around 70°, some of them display μm-shear-displacements (Figs. 6b 471 

and 6c). Fractures seem preferentially located along plagioclase cleavage planes 472 

and localize the shearing displacement (Fig. 6c).  473 

4.5.2 Fluid-rock interaction, alteration and neoformed phases (diagenesis) 474 

In the studied cataclastic Db fault rocks, SEM-micrographs taken in Dbs e.g. 475 

Fig. 7a reveal the common occurrence of honeycomb-shaped (rigid bladed plates) 476 

neoformed minerals filling the intergranular porosity (e.g. Fig. 7b) or, less 477 

frequently, coating volcanic glass shards (e.g. Fig. 7c). X-ray EDS spectra 478 

acquired locally over the honeycomb-shaped-material are essentially compatible 479 

with the generic stoichiometry of dioctahedral smectites (e.g. Fig. 7d).  480 

A HR/Db boundary is illustrated in the SEM micrograph provided in Fig. 7e. 481 

As shown by the X-EDS chemical mapping provided in Fig. 7f, the Db shows a 482 

clear enhancement in magnesium (Mg) compared to the HR-side (i.e. the brighter 483 

the yellow color, the higher the concentration (At%). Mg-enrichment in the Db is 484 

obviously related to the filling of the intergranular porosity (and the coating of 485 

comminuted volcanic glass clasts to a lesser extent) by neoformed smectites (e.g. 486 

Figs. 7b and 7c).  487 

Neoformed smectites are far less prevalent in the HR compared to Dbs. In the 488 

HR, smectites can be found only locally in the form of large plates coating glass 489 

grains (Fig. A1.A) and/or fresh reactive surfaces (Fig. A1.B). In contrast to Dbs, 490 

smectites are not found in the HR as a secondary cement filling the intergranular 491 

porosity. 492 

SEM micrographs reveal also the common occurrence of corrosion 493 

(hydration) as micron-sized hemispheric gulfs on volcanic glass shards in the 494 

sense of Knight et al. (2000) (Figs. 8a and 8b). These corrosion embayments are 495 

either isolated or coalescent (Figs. 7a, 7c and 8a-b). In some rare instances, the 496 

floor of these embayments can show slight traces of smectite (Fig. 8b).  497 

Halite crystals can be locally found in Db areas where the intergranular 498 

porosity is filled with neoformed smectite (Fig. 8b). EDS chemical mapping 499 

highlights massive halite cementation along some Db/HR boundaries, HR side 500 

(Figs. 8c and 8d). The halite cement clearly seals the intergranular porosity in the 501 

HR. The µm-sized cubic-shaped halite crystals do not display any fractures. This 502 

cementation event obviously postdates Dbs formation (Fig. 8d). 503 
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Sub-millimeter porous pumices dissolved to varying degrees and locally 504 

coated with smectite can be observed within single strand Dbs or in between Db 505 

strands (e.g. Figs. 8e and 8f).  506 

 507 

4.6 Dbs porosity 508 

The SEM micrographs collected in this study reveal a significant loss of 509 

porosity within the Dbs which have accommodated  1 m or  1 cm of shear-510 

offset (Fig. 9). Host rock values range from 16 to 33%. Db porosity values for m-511 

offset are comprised between 2 and 3% against 4 to 6% for cm-offset. These 512 

values are consistent with those reported for cm-offset cataclastic Dbs in 513 

volcaniclastics showing reverse and strike-slip kinematics (Cavailhes and 514 

Rotevatn, 2018; Fig. 9).  515 

In Dbs, porosity is mainly associated with intragranular pores such as 516 

previously described for vesiculated pumices (e.g. Fig. 5a), intergranular pore 517 

space related to cataclasis as well as structural porosity in the form of more or less 518 

connected intra-granular and transgranular fractures (e.g. Figs. 5 and 6). These 519 

distinctive features therefore introduce a structurally-driven porosity anisotropy in 520 

the studied rocks.  521 

5. Discussion  522 

Dbs in Sarakiniko are conjugated tabular structures of mm- to cm-scale width 523 

in which cm- to m-shear displacements are generally accommodated by each 524 

single strand (Aydin, 1978; Fossen et al. 2007). Based on the measured low 525 

porosity within the Dbs (Fig. 9), their kinematics (Fig. 4a), their microstructural 526 

characteristics (i.e. the presence of cataclasis, Fig. 6b) and according to the 527 

terminology used in work by Aydin et al. (2006), the studied Dbs are hereafter 528 

referred to as Normal-sense Compactional Shear Bands (NCSB). These NCSBs 529 

clearly accommodate a combination of compaction and shear, by means of grain 530 

crushing, grain fracturing and cataclasis, aided by grain 531 

reorganization/disaggregation.  532 

 533 

5.1 Normal-sense Compactional Shear Bands and the geology of Milos 534 

The porous volcaniclastics of the Sarakiniko formation hosting the studied 535 

NCSBs are Upper Pliocene in age (1.85 – 1.8 my) (Fytikas, 1977; Stewart, 2003). 536 

The network of structural heterogeneities (that has been built by NW-SE-trending 537 

NCSBs) is clearly top-sealed by a major unconformity and the subsequent alluvial 538 

Quaternary deposits which are labelled Q.tv on the geological map of Fytikas 539 

(1977) (Figs. 2 and 3). These observations suggest that the NE-SW-directed 540 

extension responsible for the NCSBs formation occurred at the transition between 541 

the Late Pliocene and the Earliest Quaternary, as suggested for the phase I 542 

described in the figure 4 of Angelier (1979). The studied NW-SE trending NCSBs 543 

are clearly postdated by N-S trending brittle-style fracturing (Fig. 3b). The N-S 544 
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brittle fracturing event would be associated with the Middle to Upper Pleistocene 545 

extension described in Mercier (1981) and in the tectonic phase 2 mentioned in 546 

Kokkalas and Aydin (2013).  547 

These two types of features associated with two different deformation events 548 

are respectively subparallel to the NW-SE Milos gulf graben and the N-S 549 

quaternary Zephyria graben (Fig. 1); they can therefore be seen as part as two 550 

overlapping damage zones which are located between two diachronous volcanic 551 

rifts.  The studied ~N110-trending Db network is almost perpendicular to the 552 

nearest part of the subduction trench and could be seen as a simple back arc-553 

extension (Brun et al., 2016) or as a wing-like extensional quadrant of the major 554 

Mid Cycladic Lineament (Kokkalas and Aydin, 2013). Nevertheless, these 555 

inferences do not explain the presence of the 5 km-scale N-S trending Zephyria 556 

graben (Fig. 1b). This simple observation severely complicates the geometry of 557 

the system where multi-striking, crossing and imbricated volcanic rifts have been 558 

simultaneously actives in the recent times (Fytikas, 1977).  559 

Particularly along the E-W Sarakiniko fault (SF), the top-sealing Q.tv tuffs 560 

display a slight NW-SE brittle fracturing pattern, although they are porous (Figs. 2 561 

and 3a). The SF, mainly associated with NCSBs development at the end of the 562 

Late Pliocene, also cuts the Quaternary deposits (Q.tv) and does exhibit a brittle 563 

deformation style made of open fractures (Fig. 3b). In addition, the Sarakiniko 564 

fault (SF) crosscuts the Dbs network and seems to have a limited post Quaternary 565 

normal displacement < 3 m (Fig. 3). The aforementioned facts do suggest that the 566 

SF has been slightly reactivated during the recent times (late Quaternary), as 567 

suggested by its sharp fault trace along the northern shore of Milos; remarkably, 568 

this last fault movement did not reactivate the surrounding studied NCSBs 569 

network (Fig. 4a).  570 

 571 

5.2 Network architecture  572 

The studied Pierre fault is made of a cluster of NCSBs affecting porous 573 

volcaniclastics (Fig. 10a).  This cm-thick cluster is part of a background pattern of 574 

synthetic and antithetic Dbs that are located between 10 m-offset normal faults 575 

(Fig. 3). The synoptic diagram in Fig. 10a highlights the sub-seismic scale of our 576 

study (< 20 m) where NCSBs are numerous, conjugated, and clearly undetectable 577 

using both conventional and high-resolution seismic data (e.g. Faleide et al., 578 

2021). Indeed, a simple transect perpendicular to the 10 m-offset faults would 579 

cross tens of the structural heterogeneities that have been described in this 580 

manuscript (Figs. 3 and 10a).  581 

Both the high frequency of NCSBs and the high connectivity of the network 582 

suggest that these tectonic structures must be taken in account in quantifying 583 

reservoir fault-seal properties, as previously demonstrated in siliciclastic 584 

sandstones (e.g. Fisher and Knipe, 1998; Davatzes, 2003). 585 

 586 

5.3 Deformation mechanisms  587 

5.3.1. Cataclasis, burial depth and shear-displacement 588 
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In clastic sandstones, the formation of Dbs is strongly pressure-sensitive (Mair 589 

et al., 2002); when Dbs formed, increasing burial depth generally promotes 590 

cataclasis (e.g. Fossen et al., 2007). In addition, both the shear displacement and 591 

shear magnitude induce and enhance cataclasis development in Dbs even at low 592 

confining stress conditions (e.g. Mair et al., 2002; Rotevatn et al., 2008; Ballas et 593 

al., 2015). Pizzatti et al. (2020) have shown that particulate flow predates and 594 

conditions cataclasis development during increasing shear-displacement, in 595 

particular by reducing the initial porosity of the fault rock to 5-6%.  596 

In porous mineral-rich volcaniclastics and for a similar range of burial depth 597 

of deformation, Cavailhes and Rotevatn (2018) have shown that compactional 598 

shear bands exhibit cataclasis whereas pure compaction bands (PCBs) do not.  599 

The shearing process seems de facto necessary for cataclasis development without 600 

excluding a burial depth control. Indeed, the transition depth from granular flow 601 

to cataclastic flow would be located at ∼ 300 ± 100 m for fragile tuffitic 602 

components (Beke et al., 2019). Frictional sliding concentrates on discrete fault 603 

planes at the margin of Cataclastic Deformation Bands (CDBs) or along a fracture 604 

plane at ∼500 ± 100 m of burial depth during deformation in volcaniclastics (Beke 605 

et al., 2019). 606 

At Sarakiniko, observations show that the last stage of normal faulting 607 

crosscutting the Q.tv Quaternary deposits did not generate any NCSB within the 608 

studied Upper Pliocene succession in near-surface conditions of deformation (Fig. 609 

3a). Instead, open fractures developed whereas (i) the high porosity of the host 610 

rock and (ii) the shear displacement associated with normal faulting were 611 

respectively still present and effective. Based on these facts and neglecting the 612 

possible variability in kinetics of mechanical deformation during the two distinct 613 

deformation events, we suggest that burial depth is also a critical parameter to 614 

form and effectively develop cataclasis in deformed porous glassy volcaniclastics 615 

(Fig. 10b). In addition, cataclastic flow has also been recognized into the Dbs with 616 

mm-shear-displacement, therefore suggesting that particulate flow would not be a 617 

precursor to cataclasis development, in contrast to porous arkosic clastics (Pizzati 618 

et al., 2020). 619 

 620 

5.3.2 Inferring the burial depth during deformation 621 

Deformation processes can be used to determine the range of depths in which 622 

the studied NCSBs developed. This is particularly true for porous volcaniclastics 623 

in extensional settings (Beke et al., 2019). Given the presence of cataclasis into 624 

the Sarakiniko NCSBs, we can consider that the burial depth of deformation was 625 

higher than 300 m ± 100 m, the depth at which cataclastic mechanisms become 626 

effective in these lithologies. This range of burial values is slightly shallower than 627 

the one previously proposed for cataclasis development in porous mineral-rich 628 

volcaniclastics under a transpressive regime (Cavailhes and Rotevatn, 2018), but 629 

still consistent with CDB observed in highly porous sandstones (Soliva et al., 630 

2013). Using an independent approach, this depth of deformation (300 m ± 100 631 
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m) would be consistent with the possible eroded overlying rock thickness inferred 632 

from the cross-sections provided with the geological map of Fytikas (1977). 633 

5.3.3 Mechanical contrasts in the host volcaniclastics 634 

Minerals vs glass deformation.  635 

The minerals in the studied volcaniclastic sandstones (essentially plagioclase 636 

phenocrysts) are fractured along mineralogical cleavages, therefore promoting 637 

mechanical deformation along these natural mechanical weaknesses (Fig. 10b; 638 

e.g. Cavailhes and Rotevatn, 2018). Owing to cleavage-guided-fractures, these 639 

minerals are subsequently sheared and dragged into the NCSBs (Figs. 6b and 6c). 640 

The feldspars are not altered in contrast with the volcanic glass (Fig. 6).  641 

The volcanic glass is crushed at the vicinity of the NCSBs by connected and 642 

conjugated planes of brittle fractures (Fig. 5d). The increase of both the density 643 

and connectivity of these fractures, as well as an increase in shear displacement 644 

along these fractures lead to cataclasis development towards the edge of the 645 

NCSB (Fig. 10b). Fracturing of glass grains also leads to pore collapse. 646 

Deformation therefore uses the initial pore spaces for grain reorganization by 647 

granular flow. Along that line, the particular rheology of pumices can lead to 648 

vesicle collapse at very shallow depth (tens of meters), reducing the pore volumes 649 

more than the volcanic glass (Peterson, 1979).  650 

Cataclastic flow within NCSBs is therefore promoted by mechanical 2D 651 

weaknesses (cleavage planes) within the mineralogical phenocryst fraction and a 652 

bulk weakness associated with the glass fraction and its intra-grain porosity 653 

(vesicles); contribution from the pumice vesicles has been certainly overlooked in 654 

the literature. The glass fraction being here far more important than the 655 

phenocryst fraction (mainly plagioclases) cataclasis is more intense than in 656 

phenocrysts-rich porous materials, and probably self-sustained. 657 

 Striation and S-C structures 658 

Surprisingly, slickensides along the NCSBs surfaces are absent at Sarakiniko, 659 

whereas very-well expressed striation and S-C structures have been reported along 660 

the Shihtiping Cataclastic Shear-Compaction Bands in Taiwan (Cavailhes and 661 

Rotevatn, 2018).  662 

In our case study, the absence of well-defined striation during NCSB 663 

development is consistent with distributed shearing expressed by both granular 664 

and cataclastic flow (Fossen et al., 2007); the transition from cataclastic flow to 665 

brittle faulting (generating discrete fault planes) therefore did not occur (Wong et 666 

al., 1997; Rotevatn et al., 2008). The significant shear offset observed on the 667 

studied structures (e.g. 1.33 m at the Pierre fault; Figs. 4 and 10a) is surprisingly 668 

even more important that the one reported for the aforementioned Shear 669 

Compaction Bands of Taiwan; this fact suggests an offset-independent 670 

mechanism for striation occurrence. This difference in rheological style is most 671 

likely related to compositional differences in HR mineralogy, differences of burial 672 

depth during deformation and/or a non-evaluated difference in stress-ratio during 673 
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deformation (Angelier, 1989; Philit et al., 2019). Indeed, the porous 674 

volcaniclastics studied here are essentially glassy. This composition constitutes a 675 

major difference compared to work by Cavailhes and Rotevatn (2018) in which 676 

phenocrysts were more abundant. Brittle deformation and striation development at 677 

Sarakiniko were restricted to the surrounding 10 m-offset main faults (sensu 678 

Ramsay, 1967) (Fig. 3). 679 

S-C structures have not been recognized at Sarakiniko. This suggests that the 680 

surrounding rocks did not macroscopically accommodate any rock-mass 681 

deformation. This duality/variability in deformation styles between Taiwan and 682 

Milos may simply be related to the high abundance of glass at Sarakiniko, in 683 

contrast to the numerous phenocrysts recognized at Shihtiping. Indeed, the 684 

rheology is notably controlled by the relative percentage of mechanical “strong” 685 

phases in comparison to the glassy “weak” phase, therefore promoting S-C 686 

structures development in Taiwan (Finch et al., 2020 for numerical modelling).  687 

 688 

5.4 Fluid-rock interactions  689 

5.4.1 Chronology of the alteration 690 

The neoformed phyllosilicates, essentially smectites, are not deformed, 691 

compacted, reshaped or sheared by (i) the faulting phases and/or (ii) cataclasis 692 

development (e.g. Figs. 7c and 10b). Smectites exhibit pristine honeycomb 693 

morphologies, which suggests that phyllosilicate formation postdates cataclasis 694 

(Figs. 7b, 8b and 10b). Given the weak stability of volcanic glass, we propose that 695 

the deformation stage (cataclasis in NCSBs) occurred early during the geological 696 

history of the studied volcaniclastics, and was followed by a later alteration. 697 

5.4.2 Spatial distribution of alteration 698 

Both hydration / corrosion gulfs (i.e. the dissolution of Si) and neoformed 699 

smectites are preferentially observed within the NCSBs, (Fig. 7f) where pores are 700 

smaller than in the host rock. As smectite neoformation requires fluid(s)-rock 701 

interactions, this supports that NCSBs preferentially retained water and have been 702 

the seat of greater fluid flow (Wilson et al., 2006). Such a situation is expected in 703 

the vadose zone (i.e. two-phase flow) of semiarid climates (Sigda and Wilson, 704 

2003; Wilson et al., 2006) as in the case of the studied formation.  705 

In addition, the ubiquitous addition of smectites, and the absence of zeolites, 706 

in NCSBs support that the pore fluids acted as a sink in NCSBs, which have been 707 

accordingly well flushed (Hess, 1966; Mariner and Surdam, 1970; Hay, 1977; 708 

Dibble and Tiller, 1981; Senkayi et al., 1984; Steefel and van Cappellen 1990; 709 

Christidis and Scott, 1997; Christidis, 1998, 2001; Godelitsas et al., 2010).  710 

In NCSBs, smectites are essentially observed as a cement filling some of the 711 

intergranular voids (e.g. Figs. 7b and 8b) irrespective of the location of corrosion 712 
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gulfs which are basically void of any smectite
1
. We consistently see smectite-free 713 

hydration embayments on glass shards and cementitious smectite in some of the 714 

intergranular voids. In some locations, hydration gulfs are present and the 715 

intergranular porosity is smectite-free. This suggests (1) dissolution of volcanic 716 

glass in NCSBs and (2) smectite addition are spatially and temporally decoupled 717 

events, the former preceding the latter. This obviously implies a transport stage 718 

between dissolution of the glass at hydration gulfs e.g. (SiOH)4
°

(aq) (Kamei et al., 719 

2000) and smectite addition in intergranular voids. Seawater was most likely the 720 

vector for transport as supported by NaCl crystals located in NCSBs (e.g. Fig. 8b) 721 

and its direct proximity (Fig. 3). Thus, alteration and subsequent local filling of 722 

intergranular voids by smectite occurred most likely in a submarine environment 723 

in an open system as reported elsewhere at Milos (Christidis, 1998) (at depth, the 724 

groundwater is the seawater). Alteration involved leaching of alkalis and Si 725 

(dissolution of the volcanic glass by the reaction with seawater) along with an 726 

uptake of Mg (may be Fe also) from seawater (Godelitsas et al., 2010) flowing 727 

preferentially through NCSBs (Wilson et al., 2006). Smectites precipitated 728 

subsequently in local zones where the vadose fluid was supersaturated cf e.g. 729 

through evaporation of seawater.  730 

More marginally, smectites in NCSBs can form in-situ during the dissolution 731 

of the volcanic glass or more precisely, at the expense of the volcanic glass, 732 

probably through a poorly crystalline Si-rich allophane precursor cf e.g. Fig. 7c, 733 

which may be paralleled to Figure 7 in Christidis (2001). In this latter case, 734 

smectites coat altered glass shards and shall be viewed as pore-lining smectites vs. 735 

pore-filling smectites in the more general case described above.   736 

In the HR, typified by much larger pore dimensions, the alteration looks quite 737 

different from that prevailing in NCSBs. Corrosion embayments are basically 738 

absent and smectite addition is observed in some rare local areas in the form of 739 

large plates coating glass grains and/or fresh reactive surfaces (Fig. A1 in 740 

Appendix A). This suggests that (within the vadose zone of semiarid climate) the 741 

HR remained essentially dry due to unfavorable pore size. Of course, this main 742 

trend does not exclude that locally within the HR, the volcanic glass could be 743 

temporarily in contact with essentially non-flowing water. In this situation, 744 

comparable to a local closed to semi-closed system, Na and K are, as always, first 745 

depleted (White, 1983) and smectites can form in-situ during the early stages of 746 

alteration onto weathered glass surfaces (Fig. A1 in Appendix A)
2
 (as 747 

occasionally seen within NCSBs e.g. Fig. 7c, in more open chemical and 748 

hydrologic conditions). As the residence time of water pockets in the HR is 749 

limited due to evaporation (as expressed e.g. by halite cementation in Figs. 8c and 750 

8d), high ratios of  
Na++K+

H+
 activity could not be reached in the basically non-751 

                                                           
1
 Only in some rare instances e.g. Fig. 8b, the floor of a corrosion embayment can include slight traces of 

smectites.  
2
 In such closed or semiclosed microenvironments, random ripening of smectite might also have occurred 

(Christidis, 2001).  
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flowing water pockets and zeolites did not postdate smectites within the rare HR 752 

closed microenvironments.  753 

Alteration of the sub-mm porous pumices that can be seen in NCSBs may be 754 

viewed as a compromise between the end-members alteration situations discussed 755 

above i.e. NCSBs vs. HR. Highly dissolved materials (Fig. 8e) are clear evidence 756 

of enhanced fluid fluxes episodes that typify NCSBs while occurrence of pore-757 

lining smectites (Fig. 8f) is more typical of HR porosity dimensions and water to 758 

rock ratio. See also Fig. A2 in Appendix A.  759 

5.5 Normal-sense Compactional Shear Bands and reservoir properties 760 

The loss of porosity into the studied Normal-sense Compactional Shear Bands 761 

(NCSBs) is clearly related to cataclastic mechanisms and pore collapse leading to 762 

enhanced close-packing of grains that are reduced in size (Figs. 9 and 10b). 763 

NCSBs porosity is one order of magnitude smaller than in HR (Fig. 9), which is 764 

much more significant than porosity reductions previously reported in other types 765 

of Dbs in volcaniclastics (Dinwiddie et al., 2006, 2012; Wilson et al., 2003; Evans 766 

and Bradbury, 2004; Lin and Huang, 2014).  767 

On the one hand, the high connectivity of the NCSB network (Fig. 10a), the 768 

common cm-to dm- NCSB cluster thickness, and the significant and systematic 769 

loss of porosity associated with ultracataclasite development, support that these 770 

“sub-seismic scale” faults shall act as preferential subsurface water pathways in 771 

the vadose zone of semiarid climate (network connectivity e.g. Shipton and 772 

Cowie, 2001; Shipton et al., 2005; vadose zone i.e. Wilson et al., 2006). In other 773 

words, the studied NCSB network shall act as capillarity conduits as described in 774 

sandstones (Sigda and Wilson, 2003: Cavailhes et al., 2009; Balsamo et al., 2012) 775 

and volcaniclastic tuffs (Wilson et al., 2006). As discussed above, this most likely 776 

explains preferential addition of pore-filling smectites within the low porosity 777 

ultracataclasites rather than within the host rock.  778 

Evolution of these conductive NCSBs can lead to enrichment in pore-filling 779 

phyllosilicates, which is ultimately expected to decrease the permeability of these 780 

fault-zones (e.g. Yielding et al., 2002; Kaproth et al., 2010; Lommatzsch et al., 781 

2015). Self-sealed ultracataclasite NCSBs may therefore finally act as seawater 782 

barriers which may play a role in the NaCl cementation, HR side, seen in Figs. 8c-783 

d. This observation may be paralleled to bucket effects described in sandstones for 784 

iron oxides localization (Eichhubl et al., 2004; Cavailhes et al., 2009). Another 785 

candidate explanation for the halite cementation illustrated in Figs. 8c-d is that 786 

seawater that preferentially resides in flows through NCSBs in the vadose zone of 787 

semiarid climate spills out of the ultracataclasite channels, HR side along 788 

HR/NCSB boundaries, where it gets trapped due to unfavorable pore size for two-789 

phase flow (e.g. Lux and Anguy, 2012), and ultimately evaporates leading to 790 

halite cementation.   791 

The above hydrological inferences on NCSBs appear crucial for assessing 792 

fractured porous volcaniclastic subsurface reservoirs associated with buried 793 
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volcanoes (e.g. Bischoff et al., 2017) and characterizing fault self-sealing 794 

properties in geothermal reservoirs in which hydrous weathering and neoformed 795 

phyllosilicates are prone to compartmentalize fluid flow (Fytikas et al., 1989).  796 

 797 

 798 

6. Conclusions  799 

The present study documents:  800 

- A dense network of Dbs classified according to their petrophysical and 801 

structural characteristics as Normal-sense Compactional Shear Bands 802 

(NCSBs) affecting porous felsic glassy volcaniclastics; NCSBs formed at 803 

shallow depth, probably between 300 and 500 m.  804 

- The deformation is consistent with the damage-zones of polyphased 805 

volcanic rifts in Milos. The main faults have been reactivated during the 806 

Quaternary whereas the NCSBs network was not, probably in response to 807 

shallower conditions of burial (i.e. near-surface conditions) during this 808 

latter event. 809 

- Cataclastic mechanisms do affect both the mineral fraction (essentially 810 

plagioclase) and the volcanic glass (shards and pumices).  811 

- Development of alteration (dissolution and cementation) through 812 

corrosion gulfs and honeycomb-shaped smectites in NCSBs.  813 

- Mineralogical and elemental differentiations between HR (host rock) and 814 

NCSBs suggest NCSBs preferentially retained water and have been the 815 

seat of greater fluid flow.  816 

- A significant decrease (up to one order of magnitude) in porosity is 817 

measured within the studied NCSBs. 818 

This study provides an example of ongoing phyllosilicate self-sealing of 819 

ultracataclasites in volcaniclastics in the vadose zone of semi-arid climates (i.e. 820 

two-phase flow).  821 
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 1245 

Figures 1246 
 1247 

 1248 
Figure 1: (A) Structural map of the South Aegean region showing the main 1249 
volcanic centers and the main faults/structural lineaments. The structural mapping 1250 

is based on published work by Gautiez et al. (1993), Tibaldi et al. (2008), 1251 
Pavlides et al. (2009), Nomikou et al. (2013), Tsampouraki et al. (2015,2021) and 1252 

Sakellariou et al. (2016). MCL: Mid-Cycladic Lineament. (B) Structural sketch of 1253 
the Milos Archipelago showing the multi-direction interacting volcanic rift 1254 

systems. The onshore structural sketch is based on work by Fytikas (1977, 1989). 1255 
The offshore structural mapping is based on the bathymetry published in 1256 
Nomikou et al. (2013). The poor quality of bathymetric data between the Myrtoon 1257 
basin and the Milos Island explains the lack of accuracy of the structural mapping 1258 
in this area.  1259 

 1260 
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 1261 
Figure 2: (A) Structural sketch of the Sarakiniko study area 1262 

highlighting the main structural lineaments based on aerial images (Google Earth, 1263 
CNES – AIRBUS, July 2013) and the stereoplots of faults, Dbs and fractures from 1264 

field work. Displayed lithologies are based on work by Fytikas (1977). (B) Rose 1265 
diagram displaying all structural data of lineaments along the northern coast of 1266 

Milos. Data are represented as vertical fractures for synthetic purposes. The 1267 
chronology of deformation is given in the text (section 4.1.) and is sketched in 1268 
Figure 3b. 1269 

 1270 
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 1271 
Figure 3: (A) Structural sketch of the Sarakiniko area showing the main 1272 
structural lineaments based on drone imagery. Stereoplots are given for faults, 1273 
Dbs and fractures based on typology inferred from fieldwork.  (B) Representative 1274 
example of the observed cross-cutting relationships between (i) E-W trending 1275 
Deformation Bands (Dbs), (ii) N-S fractures and (iii) 045-trending fractures (cf 1276 

Section 4.1 in the text). (C) Sedimentological log of the Sarakiniko Canyon 1277 

studied succession. (D) Outcrop picture showing the undeformed tuffs (host rock). 1278 

(E) North-South trending structural cross-sections of the study area displaying the 1279 
measured offsets in cm. The cross-sections layouts are displayed on A. 1280 

Orientation of structures (i.e. Dbs, fractures, faults) are given in the equal-area and 1281 
lower hemisphere projections. The images in Figure 3a were captured in 2019 1282 
using a DJI Mavic 2 Pro equipped with a Hasselblad L1D-20 camera. 1283 

  1284 
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 1285 

 1286 
Figure 4: (A) Outcrop picture of the studied DBs network (Pierre fault) and 1287 

associated structural interpretation and stereoplot data. (B) Outcrop picture, 1288 
structural data and structural interpretation showing the Dbs cluster sampled in 1289 

this study. (C) Sample-scale details of the Db and related structural interpretation. 1290 
Both intragranular and transgranular fracturing are recognized in the Db, which is 1291 
accordingly typified by grain-size reduction compared to the host-rock (HR).   1292 

 1293 
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 1294 
Figure 5: Microstructural observations of Dbs (A) Plane-polarized light optical 1295 

microscope image (left) and corresponding sketch (right) of a pumice clast located 1296 
at the DB vicinity (damage zone). The drastic grain-size contrast highlights a 1297 
sharp transition between the host-rock (HR) and the Db. Db damage zone is 1298 
expressed by fractures sub-parallel to the elongated vesicles of the pumice. (B) 1299 
SEM image of fractures and shearing along fractures into a pumice fragment at 1300 

the vicinity of a DB. The fractures are preferentially localized along the pumice 1301 

vesicles. An extensional relay between two slip surfaces individualizes a 10-m 1302 
scale glass clast. (C) Plane-polarized light optical microscope image (second row; 1303 

right) of a pumice located at the Db/host-rock transition and corresponding sketch 1304 
(third row; left). Intra-granular fracturing develops sub-perpendicularly to the 1305 
elongated vesicles. (D) SEM image of non-vesiculated volcanic glass showing 1306 
both intra-granular and transgranular fracturing. Glass comminution and fracture 1307 
growth lead to a drastic grain-size reduction.  1308 
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 1309 

 1310 
Figure 6: Mechanical deformation related to Db development. (A) Optical 1311 

microscope image (cross-polarized light) (left) and corresponding sketch (right) 1312 
showing fractured plagioclases (Pl) at the transition between a Db and the HR. 1313 
Intra and transgranular fracture development leads to mineral comminution, grain-1314 

size reduction and therefore cataclasis. The cataclastic grains appear to be 1315 
mechanically incorporated into the Db. (B) SEM image (left) and corresponding 1316 
sketch (right) of a plagioclase (Pl) crystal at the HR/Db transition. The interpreted 1317 

sketch shows two crystallographic cleavages representing likely mechanical 1318 

weaknesses i.e. fracture planes. (C) SEM image (left) and corresponding sketch 1319 
(right) showing deformation of a plagioclase at the HR/Db contact.  Fracture 1320 
intensity, length and connectivity increase towards the Db. Note that 1321 
mineralogical cleavages are also used by the mechanical deformation and localize 1322 

shearing. 1323 
 1324 
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 1325 

 1326 
Figure 7: SEM and X-EDS local analysis of altered local zones in relation to 1327 
fluid-rock interaction. (A) SEM image of volcanic glass comminuted fragments in 1328 

deformation band displaying hemispheric gulfs which may be interpreted as 1329 

evidence of dissolution. (B) Close-up view Fig. 7a) on honeycomb-shaped 1330 
material interpreted as smectite filling the interclast (intergranular) porosity. (C) 1331 
Close-up on honeycomb-shaped material coating a volcanic glass and interpreted 1332 

as smectite (see D). The smectite seems to form at the expense of the volcanic 1333 
glass (through a precursor phase of likely allophane composition; Christidis, 1334 
2001). The small spherules are opal-CT representing diagenetic byproducts 1335 
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formed by co-precipitation of silica during the neoformation of smectites (see (D) 1336 

(Christidis, 2001). (D) Local EDS spectrum measured on Fig. 7c and associated 1337 
ZAF atomic (%) quantification. These EDS data can be structurally interpreted as 1338 

a mix of 70 % of (𝑁𝑎, 𝐾, 𝐶𝑎)0.4 (𝐴𝑙, 𝑀𝑔, 𝐹𝑒)2 𝑆𝑖4 𝑂10(𝑂𝐻)2 (which is essentially 1339 
compatible with the stoichiometry of a generic dioctahedral smectite) and 30 % of 1340 

𝑆𝑖𝑂2. 𝐻2𝑂 (opal-CT) along with traces of halite
3
. This structural interpretation at 1341 

the first order
4
 may be tentatively refined by considering that smectite is partially 1342 

illitized, consistently with previous findings in Milos Island e.g. Christidis and 1343 
Dunham (1993). This is supported by the EDS data in (D) which are fully 1344 
consistent with a threefold structural interpretation: a mix of 50 % of a 1345 

Montmorillonite type smectite i.e. (𝑁𝑎, 𝐶𝑎)0.3 (𝐴𝑙, 𝑀𝑔)2 𝑆𝑖4 𝑂10(𝑂𝐻)2, 15 % of 1346 

illite (here 𝐾 𝐴𝑙2 (𝐴𝑙 𝑆𝑖3) 𝑂10(𝑂𝐻)2) and 35 % of hydrated siliceous 𝑆𝑖𝑂2. 𝐻2𝑂. 1347 
(E) SEM image showing a Db/HR boundary and (F) X-EDS chemical mapping 1348 

(At%) showing a marked Mg-enrichment in the Db with a preferential localization 1349 

of Mg-rich minerals in intergranular spaces. Note that the bright grains (Mg-rich) 1350 

in the Mg EDS mapping (F) are orthopyroxenes present in the Db and in the HR.  1351 

  1352 

                                                           
3
 In order to unmix the mixture (i.e. in order to assess a lower bound of the relative fraction of 

the siliceous phase in the mixture), we considered as an approximation that Al is essentially 6-

coordinated in the phyllite component of the mixture.  
4
 There is a slight excess of interlayer cations in the phyllite within in this chemical interpretation 

of the EDS data.  
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 1353 
Figure 8: SEM images of altered local zones in relation to fluid-rock interaction. 1354 
(A) Comminuted volcanic glass fragments within a Db showing corrosion. (B) 1355 
Detailed view within a Db showing neoformed smectite filling the intergranular 1356 
porosity and corrosion gulfs on a volcanic glass grain. The floor of one gulf shows 1357 
a discrete trace of smectite. Note the presence of a halite grain in the Db. (C) 1358 

HR/Db transition where halite cementation has been unambiguously identified by 1359 

X-EDS chemical mapping (lower left inset). This mineralization is located along 1360 

the HR/Db transition within the host porous tuff (HR side).  (D) Details of the 1361 
halite cementation. Halite crystals display an undeformed cubic-like crystal shape 1362 

suggesting a post-Db cementation. (E) and (F) Alteration of a sub-mm porous 1363 
pumice located in between Db strands (damaged zone). The pumice is highly 1364 
dissolved and coated by smectite.   1365 
 1366 
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 1367 
Figure 9: Plot of measured porosity () values, displaying Db porosity versus HR 1368 
porosity values at Sarakiniko. The darker area is associated with a reduction of 1369 
porosity in the Db relative to HR. Reduction factor lines are displayed to ease the 1370 

quantitative reading of the plot. Each point for Sarakiniko corresponds to the 1371 

mean value of Db/HR along a sub centimetric-wide band normal to the Db/HR 1372 

boundary. Error bars are calculated as errors on the average i.e.  
𝜎

√𝑁
 where 𝑁 is the 1373 

number of porosity measurements in a sample and 𝜎 is the standard deviation (which 1374 
characterizes the dispersion around the average). Data for reverse and strike-slip Dbs 1375 

are taken from Cavailhes and Rotevatn (2018).  1376 
 1377 
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 1378 
Figure 10: (A) Present-day 10-m scale architecture of the NCSBs network 1379 

affecting the studied porous volcaniclastic tuffs under an extensional tectonic 1380 
regime. NCSBs are interpreted as a background deformation despite the presence 1381 

of the 10 m-displacement Sarakiniko fault. (B) Synoptic sketch of the observed 1382 
structures, the inferred deformation mechanisms and related fluid-rock 1383 
interactions. Cataclasis development seems to be promoted where the HR shows 1384 

lowered mechanical properties e.g. pumice elongated vesicles or mineral 1385 
cleavages. Smectites are preferentially observed within the Dbs which are typified 1386 

by a higher fresh reactional surface due to enhanced cataclasis. The dissolution of 1387 
the unstable volcanic glass into the NCSBs probably leads to smectite 1388 

neoformation. Undeformed halite mineralizations are present locally along the 1389 
HR/Db boundary. This may support that seawater flow responsible for this 1390 

mineralization postdates Dbs formation. This observation may also suggest that 1391 
Dbs also act as a permeability barrier for fluid-flow at the dm-scale after self-1392 
sealing takes place.  1393 

 1394 
 1395 
 1396 

  1397 
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Appendix A. Supplementary material 1398 
 1399 
 1400 

 1401 
Figure A1. SEM micrographs of the HR illustrating occasional plates of 1402 

neoformed smectites coating volcanic glass grains (Fig. A1.A) and/or fresh 1403 
reactive surfaces (Fig. A1.B).  1404 
 1405 

 1406 
Figure A2. SEM micrographs within a single strand Db illustrating the alteration 1407 

of a sub-mm porous pumice showing plentiful corrosion gulfs (clear evidence of 1408 
enhanced fluid fluxes episodes that typify Dbs) and occurrence of pore-lining 1409 
smectites (more typical in this study of HR porosity dimensions and water to rock 1410 

ratio (Fig. A1).  1411 


