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Ischia Island (Italy) is an impressive example of the rare phenomenon of caldera resurgence. The emplacement
and replenishment of magmas at shallow depth resulted in a vertical uplift of about 900 m, concentrated in
the western portion of Mt. Epomeo (789 m a.s.l.). As a consequence of this uplift, the island has experienced sev-
eral slope instabilities at different scales since the Holocene, from shallow mass movements to large rock and de-
bris avalanches. These mass wasting events, which mobilised large volumes of greenish alkali-trachytic tuff (the
Keywords: Mt. Epomeo Green Tuff, MEGT), were strictly related to volcano-tectonic activity and the interaction between the
Slope stability volcanic slopes and the hydrothermal system beneath the island. Deep-Seated Gravitational Slope Deformation
Ischia (DSGSD) at Mt. Nuovo, located adjacent to densely populated coastal villages, is an ongoing process that covers
Mechanical behaviour an area of 1.6 km?. The Mt. Nuovo DSGSD involves a rock mass volume of 190 Mm? and is accommodated by a
Mass rock creep main shear zone and a series of sub-vertical fault zones associated with high-angle joint sets. To improve our un-
Tuff derstanding of this gravity-induced process, we performed a physical (porosity and permeability) and mechan-
Hydrothermal system ical (uniaxial and triaxial deformation experiments) characterisation of two ignimbrite deposits - both from the
MEGT - that form a significant component of the NW sector of Mt. Epomeo. The main conclusions drawn from our
experiments are twofold. First, the presence of water dramatically reduces the strength of the tuffs, suggesting
that the movement of fluids within the hydrothermal system could greatly impact slope stability. Second, the
transition from brittle (dilatant) to ductile (compactant) behaviour in the tuffs of the MEGT occurs at a very
low effective pressure, analogous to a depth of a couple of hundred metres, and that this transition is likely
moved closer to the surface in the presence of water. We hypothesise that compactant (porosity decreasing) be-
haviour at the base of the layer could therefore facilitate slope instability. Although our results show that tran-
sient exposure to 300 °C does not influence the short-term strength of the tuff, we speculate that the high in-
situ temperature could increase the efficiency of brittle and compactant creep and therefore increase the rate
of slope deformation. Taken together, our experimental data highlight a potentially important role for the hydro-
thermal system (that reaches a minimum depth of ~1 km) in dictating the DSGSD at Mt. Nuovo. An understand-
ing of this deformation process is not only important for the proximal coastal villages, at risk of engulfment by a
large debris avalanche, but also for the towns and cities along the coast of the Gulf of Naples that are at risk to a
secondary consequence of such an avalanche - a tsunami wave.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Volcanic resurgence is a common phenomenon in large calderas all
over the world and occurs as a direct result of magma inflation or mag-
matic pressurisation (Smith and Bailey, 1968; Marsh, 1984; Lipman,
1997; Gudmundsson, 1988; Ulusoy et al., 2004; Cole et al., 2005). Mag-
matic inflation or pressurisation can produce a resurgent block (Civetta
et al,, 1988; Molin et al.,, 2003) or cause the caldera floor to dome (e.g.,
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Bailey et al., 1976; Lipman, 1984; Heiken et al., 1990). A strong role is
typically ascribed to regional tectonic structures, which can control
the tectonic setting of a caldera and influence the shape of the calderic
depression as well as its resurgence mechanism (Acocella et al., 2001;
Moran-Zenteno et al., 2004; Spinks et al., 2005).

The rejuvenation of calderas can be sufficiently energetic to create
reverse faults or reactivate normal faults on the their boundary (Chen
et al,, 1995; Galindo et al.,, 2005). Major tectonic elements created dur-
ing the collapse of the caldera may, in fact, condition the uplift by guid-
ing the resurgence, building new relief characterised by steep slopes
(Acocella and Funiciello, 1999) that are prone to the effects of gravity.
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Tectonic activity can also directly control the triggering of slope instabil-
ities (Radbruch-Hall, 1978) or promote the transition from stationary
viscous deformation to accelerating creep (Moro et al., 2007).

Resurgent calderas typically host active geothermal systems
(Wohletz and Heiken, 1992; Orsi et al., 1996; Gonzales et al., 2014;
Stelling et al., 2016; Molina and Marti, 2016). In these systems, acidic
hydrothermal fluids can alter the host rocks, significantly modifying
their physical, mechanical, and hydraulic properties (Browne, 1978;
del Potro and Hiirlimann, 2009; Pola et al., 2012; Frolova et al., 2014;
Wyering et al, 2014; Pola et al, 2014; Heap et al, 2015;
Sanchez-Alfaro et al., 2016; Heap et al., 2017). Such alteration can there-
fore weaken the rock mass and promote gravitational instabilities
(Lopez and Williams, 1993; Reid et al., 2001; Reid, 2004; John et al.,
2008).

Thermal anomalies produced by the presence of long-lived hydro-
thermal systems can pressurise the system, creating, in the presence
of a low-permeability caprock, a fluid overpressure that can also nega-
tively influence rock strength and promote slope instabilities (Day,
1996; Voight and Elsworth, 1997; Reid, 2004). Pore pressure can also
rise if the rocks are deformed on a timescale that precludes fluid move-
ment (Heap and Wadsworth, 2016). Further, systematic laboratory
tests have demonstrated that temperature can promote thermal stress-
es leading to thermal microcracking (Fredrich and Wong, 1986;
Homand-Etienne and Houpert, 1989; David et al., 1999) and, conse-
quently, increase rock permeability (Vinciguerra et al., 2005; Reuschlé
et al., 2006; Nara et al., 2011) that will promote fluid circulation and
outgassing. Thermal microcracking can also lead to a decrease in mate-
rial strength (e.g., Alm et al., 1985). Further, mineral transformations as
aresult of exposure to high temperature, such as the breakdown of ther-
mally unstable zeolites, the dehydroxylation of clays, or the decarbon-
ation of carbonate minerals, can also induce increases to porosity and
permeability and decreases to rock strength (Mollo et al., 2011; Heap
etal, 2012, 2013, 2014).

A combination of topographic disequilibrium, due to rapid volcanic
growth or resurgence, and passive controls operated by pervasive alter-
ation, inherited discontinuities (i.e. fault, fractures, foliation, deposition-
al surface), and local geothermal anomalies, present a predisposing
framework for the triggering of flank instabilities (Clague and
Denlinger, 1994; Siebert, 1984; van Wyk de Vries et al., 2000;
Romagnoli et al.,, 2009; Hurlimann and Marti, 2000). Indeed, evidence

for large-scale mass movements is provided by symptomatic shallow
landforms, the distribution of which is driven and controlled by the in-
teraction of lithological and morpho-structural features (i.e. faults, bed-
ding, foliation) (Dramis and Sorriso-Valvo, 1994; Agliardi et al., 2001;
Ambrosi and Crosta, 2006; Esposito et al., 2007; Della Seta et al.,
2017), reflecting deep subsurface structural elements. These slope-
scale instabilities are commonly defined as deep-seated gravitational
slope deformation (DSGSD). The mechanisms driving DSGSD are collec-
tively referred to as mass rock creep (MRC) and are responsible for
micro- and meso-scale folding, banding, and shear and tension fractures
(Chigira, 1992). Landforms typically produced by MRC include double
ridges, composed trenches and bulging (Chigira, 1992; Agliardi et al.,
2001).

We focus in this study on the DSGSD affecting Mt. Nuovo, located in
the NW sector of Ischia Island, Italy (Fig. 1). The slope in question, de-
scribed in detail in the next section, results from the asymmetric uplift
of Mt. Epomeo (also on Ischia Island), related to the resurgent caldera,
for which all the passive controls and conditioning are concurrent and
potentially responsible for its onset. We will explore, through laboratory
experimentation, the mechanical behaviour and failure modes of two
rock types (two porous tuffs) important for the assessment of the stabil-
ity of the slope. We aim to: i) better understand the mechanisms that
drive the slope deformation, ii) verify the consistency of the conceptual
model proposed by Della Seta et al. (2015b), and iii) provide the basis
for 2D numerical modelling designed to back-analyse the process and
estimate the impact of inner forcing, a factor that could initiate slope
failure.

2. The Mt. Nuovo (Ischia Island) case study
2.1. Geological and volcanological features

Ischia Island represents the westernmost part of Phlegraean Volca-
nic District (Central Italy; Fig. 1). The formation of this district is related
to the ascent of magma along the Tyrrhenian margin of the Apennine
chain during the Plio-Pleistocene extensional phase that generated the
Campanian plain graben (Orsi et al., 2003). The Campanian plain graben
formed along NW — SE normal fault and conjugated NE — SW transfer
faults (Ippolito et al., 1973). Volcanic activity at Ischia Island began
prior to 150 ka (Vezzoli, 1988) and continued until the beginning of

Fig. 1. Location of study area (Ischia Island, Italy) with respect the Campanian Plain. Inset shows a map of Italy. The caldera rims for the Phlegraean Fields and Ischia Island are shown by

dashed white lines.
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the 14th century (the Arso lava flow in 1302 A.D.). The erupted products
belong to the LK-series (low potassium series; Appleton, 1972) and vary
in composition (mainly trachytic and alkali-trachytic rocks; Civetta et
al., 1991). During a second phase of activity (150 — 74 ka), mostly effu-
sive in style, trachytic and phonolitic lavas were emplaced that largely
outcrop as small lava domes on the eastern side of the island (Fig. 2)
(Chiesa et al.,, 1987; de Vita et al., 2006, 2013).

A third period of activity (55 ka) marked the end of a quiescent
phase and the age of major explosive caldera-forming eruptions. One
of these eruptions led to the emplacement of the Mt. Epomeo Green
Tuff (MEGT) (Orsi et al., 1991; Tibaldi and Vezzoli, 1998; Brown et al.,
2008), a massive greenish alkali-trachytic pyroclastic flow deposit. The
emplacement of the MEGT was originally assumed to be within a sea-
water-rich environment (Rittmann, 1930), although the signatures of
marine emplacement are yet to be fully identified (Altaner et al.,
2013). The MEGT, produced by the largest known eruption on Ischia Is-
land, has an estimated volume of 40 km? (Tomlinson et al., 2014). Re-
vised proximal-distal tephra correlations define a dispersal axis to the
south-southeast and deposits are found as far as 540 km from Ischia Is-
land. Four cm-thick tephra was found in cores from the Ionian Sea and
in the mainland at Monticchio Lake (Wulf et al., 2004) and San Gregorio
Magno (Tomlinson et al., 2014 and references therein). The MEGT wide-
ly outcrops in the central and western sector of Ischia Island and forms
the relief of Mt. Epomeo (789 m a.s.l.) and Mt. Nuovo (513 m a.s.l.) (Fig.
1). Brown et al. (2008) divided the MEGT in two components: i) an
intra-caldera sequence, made up of two pyroclastic flow deposits (the
Upper and Lower MEGT) separated by a volcanoclastic member with a
thickness varying from 20 to 50 m; ii) an extra-caldera sequence
emplaced outside the caldera rim, characterised by pumice ash-fall de-
posits and widespread lag-breccia deposits.

According to Vezzoli (1988), the MEGT overlies alkalitrachytic lava
flows (133 ky + 5.5 kyr) that outcrop in Rione Bocca (Fig. 2). This

outcrop has been recently interpreted as subvolcanic intrusions with
limited lateral continuity (Sbrana and Toccaceli, 2011). The following
eruptive period (55—33 ka) was punctuated by magmatic and
phreatomagmatic explosive eruptions fed by vents located in the NW
and SW sector of the island, the deposits of which are exposed in the
Citara and Mt. Vico cliffs (Fig. 2) (Rittmann, 1930; Vezzoli, 1988; de
Vita et al., 2006). The post-MEGT activity differs in eruptive style and
magma composition (Civetta et al., 1991; Brown et al., 2008), showing
a progressive increase in magma-water interaction and a different geo-
chemical and isotopic marker (Brown et al., 2014).

The collapse of the caldera was followed by the asymmetric and dis-
continuous resurgence of the Mt. Epomeo block (Fig. 2). The tectonic
setting strongly conditioned the geological evolution of the caldera
and its resurgence along NW — SE- (clearly visible in the sharp scarps
bordering the Falanga plain), NE—SW-, and N —S-trending faults
(Molin et al., 2003), which isolate the polygonal shape of the Ischia re-
surgent block (Acocella and Funiciello, 1999). The resurgence produced
a maximum net uplift of about 900 m in the last 28 — 33 ka, as docu-
mented by the current elevation of marine sediments and the temporal
clustering of landsliding (Orsi et al., 1991; Buchner et al., 1996; Tibaldi
and Vezzoli, 1998; Della Seta et al., 2012). Based on the results of struc-
tural surveys and modelling, Acocella and Funiciello (1999) and Molin
etal. (2003) proposed a “trapdoor” asymmetric mechanism, tectonical-
ly controlled by a network of sub-vertical and NW-SE oriented faults
(Fig. 2). According to Molin et al. (2003), the uplift occurred through
the reverse reactivation of regional E — W and NE — SW oriented tecton-
ic elements (Fig. 2), and the resultant gravitational outward-sliding of
the rock volume bordered by inverse faults. The resurgence resulted in
the formation of differentially displaced and tilted polygonal blocks
that can be clearly seen in satellite or aerial photos (Fig. 3b). The resur-
gence could have been generated by the emplacement of a shallow lac-
colith (Rittmann, 1930; Carlino et al., 2012) or by an increase in volume
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from the top of Mt. Epomeo showing tectonically displaced blocks. Faults that displace the Mt. Nuovo block and Falanga plateau are indicated by F1 and F2, respectively. c) View from the
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white dashed line. Large blocks and boulders are also indicated. Secondary lahar deposits outcrop in Citara shore and Forio Town (shown in orange). Both the lahars and the avalanche
deposit reached the sea. Mass movement ID (grey circles) are shown following the classification proposed by Della Seta et al. (2012). d) Lateral view of the ongoing deformation and

apical zone of the rock avalanche deposits.

and pressure in a shallow magmatic chamber (Orsi et al., 1991; Tibaldi
and Vezzoli, 1998).

Volcanic activity on the island is documented until 1302 A.D. (the
Arso eruption), with small volume events characterised by effusive
and sporadic explosive magmatic and hydro-magmatic style eruptions,
almost all located in the eastern part of the island (Vezzoli, 1988; Orsi et
al,, 1996; de Vita et al., 2006, 2010). The present-day state, revealed by
differential interferometry synthetic aperture radar (DInSAR) and geo-
detic measurements, shows a general trend of deflation (ascribed to tec-
tonic- or hydrothermal-related subsidence; Manzo et al., 2006; Sepe et
al., 2007) punctuated by landslides.

2.2. The Ischia Island hydrothermal system

The fast resurgence at Ischia Island led to the exhumation of a vigor-
ous hydrothermal system that reaches a minimum depth of ~1 km and
is heated by a magmatic reservoir located at a depth of ~2 km (Sbrana et
al,, 2009; Carlino et al,, 2012, 2014). Fluid circulation beneath the island
is controlled by the presence of multilayered aquifers hosted in the frac-
tured trachytic lavas (Chiodini et al., 2004 ) that are recharged by mete-
oric water and a seawater inlet (Di Napoli et al., 2009, 2011, 2013;
Carlino et al., 2014). The hydrothermal system feeds several thermal
springs (De Gennaro et al,, 1984; Lima et al., 2003) and hot (~100 °C) fu-
maroles located in the NW sector of the island (the Donna Rachele and
Cimmento Rosso fumarolic fields; Fig. 2) (Vezzoli, 1988; Tedesco, 1996;
Inguaggiato et al., 2000). The hydrothermal system is characterised by a
high heat flux (200 — 400 mW/m?) and a geothermal gradient ranging
between 180 and 220 °C/km (Cataldi et al., 1991; Penta and Conforto,
1951a, 1951b). These high geothermal gradients have attracted interest

in geothermal energy exploitation since 1939 to the present day
(Carlino et al., 2014; Paoletti et al., 2015).

CO,, flux measurements provide evidence for a structural control for
the outgassing of fluids (Chiodini et al., 2004). The highest fluxes in the
Donna Rachele fumarolic field are along NW — SE-trending faults that
border Mt. Epomeo block (Fig. 2). The composition of the gases
outgassed from the fumaroles located along these faults indicates a
high fraction of separated vapour, a testament to the high energy of hy-
drothermal system at depth (Chiodini et al., 2004). The stress changes
responsible for the “explosion” at a well in 1995 (Chiodini et al., 2004
and references therein) provide further evidence for the existence of
an energetic system able to produce highly pressurised fluids trapped
beneath a low-permeability caprock.

Most of the hydrothermal activity reveals a structural and lithologi-
cal control for fluid migration to the surface. Gas emissions are typically
aligned with the regional tectonic discontinuities (i.e. fault lines)
(Chiodini et al., 2004) and concentrate at a particular level in the
volcanoclastic stratigraphy - the high-permeability “lithic breccias”
layer (Della Seta et al., 2015a, 2015b). The rising fluids migrate laterally
along the high-permeability lithic breccias due to the presence of the
overlying Lower MEGT unit, which is characterised by a much lower
permeability (Della Seta et al., 2015b). Intense alteration can be seen
within the lithic breccias at Donna Rachele (Fig. 2) where the fumaroles
form as the gas reaches the surface.

2.3. Deep-seated gravitational slope deformation at Mt. Nuovo

The volcano-tectonic activity and, in particular, the resurgence event
created a landform prone to slope instabilities. Geological and
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geomorphological studies (Vezzoli, 1988; Mele and Del Prete, 1998; Del
Prete and Mele, 2006; de Vita et al., 2006; Della Seta et al., 2012), com-
bined with archaeological surveys and extensive historical chronicles
(Buchner, 1986), document a large number of slope instabilities that dif-
fer in size, mechanism, and triggering agent. Excluding shallow land-
slides that occur in response to intense meteo-climatic events
(Ascione et al., 2007; Mazzarella and De Luise, 2007), the island has ex-
perienced several large-scale phenomena, including large lahars, debris
avalanches, rock avalanches, and slumps in the last 3 ka. In particular,
large-scale mass movements (Della Seta et al., 2012) appear to be strict-
ly related to volcano-tectonic processes (de Vita et al., 2006). A new
magmatic injection, as hypothesised by de Vita et al. (2006), would re-
sult in a reawakening of the resurgence and thus uplift and slope over-
steepening, which, accompanied by seismicity (Cubellis, 1985; Alessio
et al., 1996), provides the conditions required for slope instabilities.
The larger events, which have volumes ranging between 0.5 and
1.5 km? (“Ischia Debris Avalanche” (IDA); de Alteriis et al., 2010; “Pietre
Rosse Avalanche”; Della Seta et al., 2012) and affected the intensely
jointed and hydrothermally altered rock masses of the most uplifted
sectors of Mt. Epomeo, were often associated with the intersection of re-
surgence-related fracture systems and associated fumarolic emissions
(Della Seta et al., 2015b).

The most unstable slopes are located to the north, northwest, and
southwest of Mt. Epomeo, where large debris avalanches, documented
by their huge deposits, have detached from the outer edge of the resur-
gent block (Fig. 3a—c). In detail, these deposits detached from the
hanging wall of NE — SW- and NW — SE-trending faults, which provide
the kinematic arrangement for slope deformation (Della Seta et al.,
2015b). The temporal occurrence and geometric relation of major
mass movements attest to the close connection between volcano-tec-
tonic activity, local seismicity and flank instabilities (Tibaldi and
Vezzoli, 1998; de Vita et al., 2006).

The biggest debris avalanches expand into the lowlands south of the
town of Forio and into the Serrara Fontana basin, as testified by scar
areas and submarine hummocky deposits (Chiocci and de Alteriis,
2006; de Alteriis and Violante, 2009). Part of the proximal facies of
these deposits outcrops in Rione Bocca (Fig. 3b), close to the Donna
Rachele fumarolic field. The topography of this area consists of typical
marginal and distal cliffs, linear ridges, and a distinctive hummocky
morphology due to the megaclasts contained within the massive chaot-
ic matrix of MEGT (Siebert, 1984; Glicken, 1998). A large volume of this
debris avalanche reached the sea and spread on the continental shelf
(Fig. 2¢). Tinti et al. (2011) modelled the propagation of the tsunami
wave generated by the impact of the IDA, highlighting the severe conse-
quences for the coastal area of the Latium and Campanian regions. The
possible earthquake-triggered collapse of the residual portion of Mt.
Nuovo was analysed by a simplified limit-equilibrium approach by
Paparo and Tinti (2017). This approach reveals a multi-risk scenario
from the catastrophic mass failure of Mt. Nuovo (Paparo and Tinti,
2017). The tsunamigenic potential for the potential slope collapse of
Mt. Nuovo (Fig. 3) was highlighted by Zaniboni et al. (2013), and was
based on the ongoing deep-seated gravitational slope deformation
identified by Della Seta et al. (2012) and the recognition of diagnostic
features (Crosta et al., 2013 and references therein).

The DSGSD at Mt. Nuovo covers an area of 1.6 km? (Fig. 3a and b)
and is located to the NW of Mt. Epomeo (i.e. downslope of Falanga
plain) in the most uplifted part of the resurgent block (Figs. 2c and
3b). Based on a geological, geomorphological, and geophysical recon-
structions, Della Seta et al. (2015b) estimated the volume of rock in-
volved to be 190 Mm?. These authors also suggested that the DSGSD is
accommodated by a low angle, 250 m deep shear zone, leading to a
mainly translational mechanism. Such ongoing deformation is clearly
seen in the bulging and opening of deep trenches (Fig. 3a and b) that
superimposed on and filled by detrital materials, a direct consequence
of the tensile stress field acting in this sector. In particular, the Mt.
Nuovo DSGSD can be classified as a “type E” structurally-defined

compound “constrained at toe” slide (Hungr and Evans, 2004) in
which the main rupture surfaces contain high-angle joint sets (related
to J2 in the Schmidt net inlayer on Fig. 2).

Based on the reconstructed model, the basal shear zone does not ap-
pear to be controlled by any lithological or structural discontinuity, sug-
gesting that different processes must explain its propagation. Geo-
structural (i.e. faults and joints) and geomorphological similarities (e.g.,
the geometry of the scar area) between the DSGSD at Mt. Nuovo and ad-
jacent historic debris avalanche (Della Seta et al., 2015b) suggest that on-
going slope deformation involves the residual portion of a wider
deforming block that had only partially achieved the conditions for col-
lapse. However, despite the importance of dynamic input in slope stabil-
ity, given the time-scale and the multiple factors affecting long-term
time-dependant gravitational slope deformations, a more comprehen-
sive rheological and thermo-mechanical approach should be considered.

3. Physical and mechanical characterisation

To better understand the mechanism responsible for driving the
DSGSD at Mt. Nuovo, as well as to constrain possible factors that can
trigger or accelerate the ongoing gravity-induced process, we per-
formed a physical and mechanical characterisation of two pyroclastic
units that locally form a significant portion of the slope (Brown et al.,
2008; Della Seta et al., 2015b). In particular, our goal was to investigate
the mechanical interaction between the hydrothermal system beneath
Ischia Island and the development or evolution of slope deformation.

A significant component of this study is a suite of triaxial experi-
ments performed on the two pyroclastic units that form the Mt.
Nuovo slope. Although our knowledge of the mechanical behaviour of
sedimentary rocks is robust (e.g., Wong and Baud, 2012), only recently
have studies begun to investigate the mechanical behaviour of volcanic
rocks. Triaxial deformation experiments have been performed on an-
desite (e.g., Bauer et al., 1981; Smith et al., 2009; Loaiza et al., 2012;
Heap et al., 2015; Farquharson et al., 2016; Heap and Wadsworth,
2016; Siratovich et al., 2016; Heap et al., 2017), basalt (e.g., Bauer et
al., 1981; Shimada, 1986; Violay et al., 2012; Adelinet et al., 2013;
Violay et al., 2015; Zhu et al., 2011), and dacite (e.g., Kennedy et al.,
2009; Smith et al,, 2011; Kennedy and Russell, 2012; Heap et al,, 2016).

However, the recent studies listed above are biased towards extrusive
volcanic rocks and studies that investigate the mechanical behaviour and
failure mode of tuffs under triaxial conditions are relatively scarce (e.g.,
Aversa and Evangelista, 1998; Zhu et al., 2011; Heap et al., 2014; Heap
etal, 2015). Zhu et al. (2011) performed triaxial experiments on samples
of high-porosity (30-40%) tuff from the Alban Hills volcanic complex
(Italy). They found that the micromechanism responsible for shear frac-
turing in the brittle regime was pore-emanating microcracking. In the
ductile regime, the cataclastic collapse of pores was the micromechanism
driving deformation. Ductility in porous tuffs from Alban Hills was
achieved at effective pressures as low as 5 MPa (analogous to a depth
of a few hundred metres) (Zhu et al,, 2011). The observations of Zhu et
al. (2011) are echoed by recent studies on tuff from the Phlegraean Fields
(Heap et al., 2014) and Whakaari volcano (New Zealand) (Heap et al.,
2015). Both of these latter studies also show that cataclastic pore collapse
is the micromechanism responsible for ductile behaviour in high-porosi-
ty tuffs. Further, the tuffs of the Phlegraean Fields (Neapolitan Yellow
Tuff, porosity 44%, and the grey Campanian Ignimbrite, porosity 48.5%)
were ductile at an effective pressure of 5 MPa (Heap et al., 2014), while
the tuffs from Whakaari (porosity 30-45%) were ductile between 10
and 20 MPa (Heap et al., 2015). Taken together, these studies suggest
that porous tuffs that outcrop at Mt. Nuovo can deform in a ductile man-
ner at shallow depths by the mechanism of cataclastic pore collapse.

3.1. Experimental materials

Intact blocks of rock of both the Upper MEGT (Brown et al., 2008,
hereafter named UGT) and the Lower MEGT (hereafter named LGT)
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(Fig. 4) were collected from representative outcrops (see Fig. 2 for out-
crop location). Textures and mineral assemblages were obtained on
representative samples by optical microscopy to recognise the main
and accessory minerals and evaluate their modal abundances. In order
to identify authigenic phases the samples were also analysed by (1)
Scanning Electron Microscope (SEM) using a FEI quanta 400 equipped
for microanalysis with an EDAX Genesis system and (2) X-ray diffrac-
tion powder (XRPD) analyses using a Siemens D5000 X-ray powder dif-
fractometer, both available at the Earth Science Department of
“Sapienza” University of Rome. The XRPD instrument operates in
Bragg-Brentano 6/26 geometry equipped with monochromator (Cu ko
0.154 nm radiation) operating at 60 kV and 300 mA.

The UGT block consists of a pale green-coloured (chartreuse), poorly
welded ignimbrite that contains sub-rounded pumice (<2 cm in diam-
eter), lithic fragments (<1 cm in diameter) and crystals within an al-
tered ash matrix. The primary mineral assemblage of the collected
UGT block includes fresh sanidine (~16 vol%), plagioclase (~4 vol%), bi-
otite (~4 vol%), clinopyroxene (~1 vol%), and oxide phenocrysts
(~1 vol%; Fig. 5a). The phenocrysts occur both as glomerocrysts and as
single grains (Fig. 5a). The groundmass consists mainly of glass shards
and scarce microlites of alkali-feldspar (in prevalence) and biotite. The
glass shards have been partially replaced by zeolites and calcite. Elon-
gated and flattened pores, as well large macropores (0.5—1 mm in di-
ameter), are also present within the rock (Fig. 5c and e). SEM and
XRPD (Fig. 4c) analyses on these materials reveal the presence of
minor quantities of apatite microphenocrysts and authigenic calcite,
analcime, K-feldspar, quartz, and sulfides (Fig. 5).

The LGT block shows some petrographic and mineralogical differ-
ences with respect to the UGT block. Macroscopically it appears more
compact and less vesicular, possibly due to the vesicle sealing as result
of the precipitation of secondary minerals. Yellow- to orange-coloured

veins/patches reflect the widespread oxidation of the block. The prima-
ry mineral assemblage consists of phenocrysts of sanidine (~10 vol%),
plagioclase (~2 vol%), biotite (~2 vol%), and oxide (<1 vol%); we did
not find any authigenic calcite (Fig. 5b). SEM and XRPD analyses show
that argilisation is diffuse, as evidenced by the presence of agglomera-
tions of fibrous minerals (Fig. 5d) and the analcime overgrowths around
sanidine phenocrysts (Fig. 5f). The authigenic phases recognised include
analcime, K-feldspar, phillipsite, and Fe-sulfides (Fig. 4f and Fig. 5d-f).

On the basis of authigenic mineral associations, Della Seta et al. (2015b)
showed that MEGT experienced several low-temperature (<160 °C) alter-
ation events. These events, according to observations by Altaner et al.
(2013), are related to the massive debris avalanche that detached from
the southern slopes of Mt. Epomeo at Serrara Fontana.

3.2. Experimental methods

All of the laboratory tests were performed at the Géophysique
Expérimentale laboratory at the Institut de Physique du Globe de Stras-
bourg (IPG Strasbourg). Rock physical properties were first measured
(connected porosity and permeability) on cylindrical samples of both
the UGT and LGT. These samples were cored to a diameter (D) of
20 mm and cut to a nominal length of 40 mm (giving a length to diam-
eter ratio of at least two). We cored the samples from the collected block
in the same orientation, and in dry conditions to avoid the washout of
the fine fraction. Samples were then precision ground on both sides,
to obtain flat and parallel end faces. Based on the size of our experimen-
tal samples (D = 20), we avoided large macropores and pumice clasts
during our sample preparation.

Prior to measurements of porosity and permeability, the samples
were dried in a vacuum oven at 40 °C for at least 24 h. Values of connect-
ed porosity and permeability were measured using a helium

Fig. 4. Photographs of exemplary collected blocks of UGT (a) and LGT (d) and respective laboratory samples (D = 40 mm) (panels b-e). X-ray powder diffraction performed on UGT (c)
and LGT (f) reveal the presence of biotite (Bt), sanidine (Sa), analcime (Anl), calcite (Ca), and minor phillipsite (Ph). Based on the diffraction intensity, we assume a higher content of Ph in

LGT than in UGT (panels (c) and (f)).
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Fig. 5. Optical microscope photomicrographs of the UGT (a) and LGT (b) collected for this study showing the primary mineral assemblage. Sa - sanidine; Bt - biotite; Pl - plagioclase; Ox -
oxides. Backscattered scanning electron microscope photomicrographs of features of note showing sulfides in UGT (panel (e)) and LGT (panel (f)). Authigenic calcite is also present (e).
Elongated and flattened pores, as well as macropores can be seen in panels (¢) and (d). Panels (d) and (f) show alteration textures within the matrix of the LGT (e.g., analcime (Anl) and Fe-

sulfides).

pycnometer (AccuPyc II 1340 Micromeritics®) and a steady-state gas
(nitrogen) permeameter, respectively (Farquharson et al., 2016; Heap
and Kennedy, 2016). Permeability was measured under a confining
pressure (P.) of 1 MPa. Volumetric flow rate Q measurements were
taken (using a gas flowmeter) under several pressure gradients AP
(i.e. the upstream pressure P, minus the downstream pressure Py). Py
is simply the atmospheric pressure (taken here to be 101325 Pa). The
slope of the graph of Q as a function of AP multiplied by the mean

pore fluid pressure Py, (i.e. (P,+ P4)/2) yields the raw permeability
kraw using the following relation:

0Q  (uLPq)

kaw =5 APPy) A M

where pis the viscosity of the pore fluid (taken as the viscosity of nitro-
gen at20°C = 1.76 x 107> Pass), and L and A are the sample length and
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cross sectional area of the sample, respectively. We then checked
whether any ancillary corrections - namely the Forchheimer and
Klinkenberg corrections - were required. We find, due to the high per-
meability of the materials studied, that the Forchheimer correction
was required in each case. The true permeability was therefore taken
as the inverse of the y-intercept of the best-fit linear regression in the
plot of 1/kyqy, as a function of Q.

Uniaxial compressive strength tests were performed on 20 mm-di-
ameter dry (dried in a vacuum oven at 40 °C for at least 24 h) and
water-saturated samples (vacuum-saturated with deionised water
and deformed within a water bath) at a constant strain rate of
10> s~ L up to failure. During deformation, axial load and displacement
were continuously monitored by the use of a load cell and a linear var-
iable differential transducer (LVDT), respectively. Axial load and dis-
placement were converted to axial stress and strain using the sample
dimensions. Larger diameter samples (40 mm in diameter and nominal-
ly 80 mm in length) were also prepared in order to investigate any pos-
sible scale-effects on both uniaxial compressive strength and
deformability of the MEGT.

UCS experiments were also performed on samples (20 mm-diame-
ter) thermally stressed to a range of temperatures up to 300 °C (i.e. tem-
peratures relevant for hydrothermal system at Ischia Island) in order to
evaluate the loss of mass through dehydration and any thermally-in-
duced mechanical weakening. The samples to be thermally stressed
were selected based on their essentially equal porosity (maximum var-
iation lower than 0.2%) to minimise the influence of sample variability,
which could potentially mask any thermal effect. The samples were
heated to the target temperature at a rate of 1 °C/min (at room pres-
sure) and left for two hours at the target temperature before being
cooled back room temperature at the same rate. We consider that
two hours is sufficient based on back-of-the-envelope calculations
for the time constant for temperature equilibration, given by r?/d,
where ris the sample radius (1 x 1072 m) and d is the thermal diffusiv-
ity (~1 x 10~% m?/s; Hendrickson, 1975). This time constant is about
100 s. We also highlight that one hour at high temperature was

sufficient to remove the zeolites present in the Neapolitan Yellow Tuff
of the Phlegraean Fields (Heap et al., 2012).

A suite of triaxial tests was performed using a conventional triaxial
apparatus (see Heap et al., 2014) on dry and water-saturated samples
(20 mm-diameter) at a constant strain rate 10> s~ ! under drained
conditions (ensured by their high permeability; Table 1; Heap and
Wadsworth, 2016). The samples were wrapped in very thin copper
jackets to aid their post-deformation recovery from the triaxial appara-
tus. Experiments were performed under a range of effective pressures
(Pefr): between 0.5 and 5 MPa for the UGT and between 1 and 10 MPa
for the LGT (the testing conditions are reported in Table 1). These pres-
sure conditions (analogous to depth) are relevant for the gravity-driven
slope deformation at Mt. Nuovo. For the wet experiments, a pore pres-
sure (P,) of 10 MPa was chosen. We assume here a simple effective
pressure law, Pegr = P. — alPp,, were poroelastic constant « is equal to
unity. During the hydrostatic phase of the experiment, the confining
pressure was increased at a servo-controlled rate of 0.003 MPa s~ .
Prior to deformation, the samples were kept at the target effective pres-
sure for at least 12 h to ensure microstructural equilibrium. Due to the
inherent variability of porous volcanic rocks, the triaxial tests were
performed on samples (D = 20 mm) with mean porosity of 45 + 2%
and 21 + 1%, for UGT and LGT, respectively (Table 1). Axial load, axial
displacement, pore volume change (in the wet experiments), and con-
fining volume change were all monitored during deformation using a
load cell, an LVDT, and a pore pressure intensifier/volumometer, respec-
tively. These measurements were converted to axial stress, axial strain,
and porosity change, respectively, using the sample dimensions. We use
the confining fluid volume change to provide an estimate for the poros-
ity change in the dry experiments. The samples were unloaded slowly
following deformation.

Permeability was then remeasured (using the same method as be-
fore) on the samples deformed at effective pressures between 0 and
10 MPa under dry conditions to evaluate how the failure mode (i.e. brit-
tle or ductile) might influence fluid migration within the slope. This var-
iation could modify fluid flow in two ways: increasing the ease at which

Table 1

Experimental summary for the experiments performed for this study.
Sample  Connected Bulk Intact Test type Saturation Thermal Confining Pore fluid Effective Peak Differential

porosity density permeability condition stressing pressure pressure pressure differential stress at C*
(%) (kg/m?)  (m?) (dry/wet) temperature (°C) (MPa) (MPa) (MPa) stress (MPa)  (MPa)

UGT_2 453 1341 25%x 107" Triaxial Wet room 15 10 5 - 1.45
UGT_6 46 1330 1.4x 107" Triaxial Wet room 12 10 2 - 2.6
UGT_7 45.7 1346 24x107"  Triaxial Wet room 11 10 1 - 3.7
UGT_8 48.2 1287 1.0x10~"®  Uniaxial Dry room - - - 53 -
UGT.9 444 1376 6.6 x 107" Uniaxial Wet room - - - 3.55 -
UGT_10 47 1341 1.9x 10~  Triaxial Dry room 1 0 1 6.2 -
UGT_11 485 1309 25x 107 Uniaxial Wet room - - - 1.8 -
UGT_15 464 1360 39x 10" Triaxial Dry room 0.5 0 0.5 5.8 -
UGT_20 434 1449 - Hydrostatic Dry room - - - - 11 (P)
UGT_21 46.1 1381 1.2x 1073 Uniaxial Dry 100 - - - 4.9 -
UGT_22 47 1332 22x 107" Triaxial Dry room 5 - 2.6
UGT_23 463 1385 - Uniaxial Dry 200 - - - 49 -
UGT_25 464 1374 - Uniaxial Dry 300 - - - 6.4 -
UGT_26 47 1354 1.0x 10~ Triaxial Dry room 2 2 4.6 -
UGT_L2 446 1384 - Uniaxial Dry room - - - 4.4 -
LGT_1 20.7 2031 1.1x 107 1'%  Triaxial Wet room 11 10 1 274 -
LGT_3 205 2057 1.5x1071®  Triaxial Dry room 0 5 40.8 -
LGT_6  21.1 2051 32x107'®  Uniaxial Dry room - - - 37.8 -
LGT_7 21.7 2022 - Uniaxial Dry 200 - - - 331 -
LGT_9 21.7 2049 1.1x 1071 Uniaxial Dry 100 - - - 26.9 -
LGT_11 207 2058 13x 1071 Triaxial Wet room 15 10 - 25.7
LGT_12 218 2041 - Uniaxial Dry 300 - - - 345 -
LGT_14 21 2069 - Uniaxial Dry room - - - 335 -
LGT_16  20.7 2095 1.9x107'®  Triaxial Dry room 0 1 39.6 -
LGT_17 204 2106 1.4 %107 '®  Triaxial Wet room 12 10 2 34 -
LGT_18 214 2076 6.3x107'®  Uniaxial Wet room = - 26 -
LGT 20 204 2041 1.1x107'®  Triaxial Dry room 0 35 -
LGT_31 227 2057 1.2x 107 "% Triaxial Dry room 10 0 10 - 41
LGT_L 2 202 2039 - Uniaxial Dry room - - - 30 -
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fluid can flow (i.e. improving outgassing) along newly formed fractures
or decreasing the ease at which fluid can flow, potentially generating
fluid overpressures.

We also performed a dry “hydrostatic” experiment (0; = 0, = 03)
on a sample of UGT. In this experiment, performed in the triaxial defor-
mation apparatus, the confining pressure was slowly increased while
monitoring the sample porosity change (estimated using the change
in confining volume). The purpose of this experiment was to define
the onset of inelastic compaction as a consequence of hydrostatic pres-
sure, termed P* (see Wong and Baud, 2012). Throughout this study, we
adopt the convention that compressive stresses and strains are positive.

4. Results
4.1. Rock physical properties

The average connected porosity of the UGT and the LGT was 47.7 and
21.2%, respectively (Table 1). The average intact permeability of UGT
and LGT was 1.6 x 10~ '3 and 3.0 x 10~ '® m?, respectively (Table 1).
The UGT is therefore about a factor of two more porous and about
three orders of magnitude more permeable than the LGT (Table 1; Fig.
6). We note that there is no obvious relationship between porosity
and permeability within the UGT and LGT sample sets (Fig. 6).

4.2. Uniaxial compression experiments

Wet and dry UCS tests were performed on both rock types (UGT and
LGT). These data, together with the UCS values derived for large-diam-
eter samples and ones obtained following thermal stressing, are plotted
as a function of connected porosity in Fig. 6b. We find that the LGT (UCS
values between ~25 and ~38 MPa; Table 1) is much stronger than the
UGT (UCS values between ~2 and ~7 MPa; Table 1). The UCS tests per-
formed on larger-diameter samples (i.e. UGT_L2 and LGT_L2; Table 1)
show comparable results, with maximum strength of 4.4 and 30 MPa,
respectively (Fig. 7). In detail, our data show that dry UCS is systemati-
cally higher than wet UCS, an observation that holds true for both UGT
(Fig. 7a) and LGT (Fig. 7b). The ratio between wet and dry UCS,
expressed as a percentage, is 35 and 68% for UGT and LGT, respectively.
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However, we find that there is no systematic change in UCS for the sam-
ples thermally stressed to 100, 200, and 300 °C (Fig. 8c and d).

4.3. Triaxial compression experiments

To inform on the deformation mechanism driving the ongoing deep
slope deformation, a suite of triaxial deformation experiments was per-
formed on dry and wet samples of UGT and LGT to better understand
the role of confining pressure on the mechanical behaviour and failure
mode of the MEGT. These data, that can be considered representative
of the sample lengthscale, will represent the fundamental data for me-
chanical zoning of rock masses which, following equivalent continuum
approaches (Hoek et al., 2002; Sitharam et al., 2001), will allow labora-
tory results to be upscaled to longer lengthscales (e.g., the slope scale)
by accounting for slope scale discontinuities, such as joint sets
(Esposito et al., 2007).

The mechanical data for the dry experiments are shown in Fig. 8. The
stress-strain curves for the dry samples of UGT are typical of those for
rock deformed in compression (e.g., Hoek and Bieniawski, 1965). They
all contain an initial concave part (typically attributed to the closure of
pre-existing microcracks) followed by a pseudo-linear elastic portion
(Fig. 8a). A convex stage, associated which irreversible deformation, oc-
curs before a peak stress is reached (Fig. 8a). A strain-softening phase
(i.e. a stress drop, the mechanical signature of brittle deformation) fol-
lows the peak stress (Fig. 8a). Despite the observation of strain-soften-
ing, the experiments performed at effective pressures of 1, 2, and
5 MPa were compactant throughout, as shown in the porosity change
data (red curves in Fig. 8a); only the experiment at an effective pressure
of 0.5 MPa was dilatant (blue curve in Fig. 8a).

The stress-strain curves for the dry LGT samples are qualitatively
similar to those of the UGT (Fig. 8b). However, the amount of strain soft-
ening following the peak stress is gradually reduced as effective pres-
sure is increased and, at an effective pressure of 10 MPa, there is no
strain softening mechanical behaviour indicative of a ductile response.
This assertion is supported by the porosity change data (Fig. 8b) that
show that dry LGT was dilatant at effective pressures between 1 and
5 MPa and was compactant at an effective pressure of 10 MPa.
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Fig. 6. a) Intact gas permeability as a function of connected porosity for the UGT (green symbols) and the LGT (orange symbols). Measurements were performed under a confining pressure
of 1 MPa. b) Uniaxial compressive strength (UCS) as a function of connected porosity for dry, wet, and thermally stressed samples of UGT (green symbols) and LGT (orange symbols).
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Fig. 7. Stress-strain curves from uniaxial compressive strength (UCS) tests on UGT and LGT. Panels (a) and (b) show dry (solid curves) and wet (dashed curves) experiments performed on
samples of UGT and LGT, respectively. Stress-strain curves for the larger diameter samples (D = 40 mm) show that their strength are not dissimilar to those found when using the smaller
diameter (D = 20 mm) samples. Panels (c) and (d) show stress-strain curves for thermally stressed (from 100 to 300 °C) samples of UGT and LGT, respectively, together with curves for

intact UGT and LGT samples. All experiments were performed at room temperature.

If we interpret the compactant UGT experiments as ductile, the brit-
tle to ductile transition for dry UGT occurs at an effective pressure of
about 1 MPa (equivalent to a depth of ~100-200 m). By contrast, the
brittle to ductile transition in dry LGT occurs at an effective pressure be-
tween 5 and 10 MPa (depth up to ~1 km).

The mechanical data for the wet (pore pressure = 10 MPa) experi-
ments on samples of UGT and LGT are shown in Fig. 9. The presence of
water influenced the mechanical behaviour in two ways. First, the
peak stress at an equivalent effective pressure is lower when wet than
in the dry condition (Figs. 9 and 10). Second, although the wet and
dry experiments performed on LGT at an effective pressure of 5 MPa
were both dilatant (i.e. brittle) (Fig. 8b), the experiment performed in

the wet condition showed much less in terms of dilation (Fig. 9b). In-
deed, at the end of the wet experiment performed at 5 MPa, the sample
had suffered net compaction (Fig. 9b).

4.4. Post-deformation permeability measurements

In order to understand how failure modes (i.e. brittle or ductile) can
influence permeability and thus condition fluid migration in the shallow
part of the slope, gas permeability measurements were performed under
a confining pressure of 1 MPa on samples of dry UGT and LGT deformed
by triaxial tests. These data are plotted alongside the intact permeability
values as a function of the effective pressure during deformation in Fig.
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Fig. 8. Dry triaxial tests on UGT (a) and LGT (b). The effective pressure of the experiment is labelled next to each curve. The porosity change was estimated using the change in confining
fluid volume. Dilatant porosity change curves are shown in blue and compactant porosity change curves are shown in red. The grey and white zones highlight net compaction and net

dilation in the porosity change graphs, respectively.

10. For UGT we find that permeability increased (by a factor between two
and four) following deformation at effective pressures between 0 and
2 MPa, and that permeability was decreased by a factor of about two fol-
lowing deformation at 5 MPa (Fig. 10). The permeability of LGT increased
by up to two orders of magnitude following deformation at effective
pressures between 0 and 5 MPa (Fig. 10). Following deformation at an ef-
fective pressure of 10 MPa, the permeability of the LGT only showed a
very minor increase from the intact permeability (Fig. 10).

5. Discussion
5.1. Rock physical properties

The lower porosity, and therefore lower permeability, of the LGT
compared to the UGT is the result of hydrothermal alteration

experienced by the LGT (Fig. 5). The intact permeability of the UGT
and LGT -6 x 10~ ' and 3.0 x 10~ '® m?, respectively - could be con-
sidered as low when one considers their high porosity (47.7 and
21.2%, respectively). These results align with previously published
measurements for high porosity tuff (Montanaro et al., 2016). The
lower porosity of LGT, combined with clay-alteration of rock matrix
(Fig. 5), hinders fluid flow and, as such, the LGT layer could therefore
be considered a fluid barrier (i.e. aquitard). The hydrothermal alter-
ation filled the porous structure, densifying the deposit and thus
lowering its permeability. As an example, the permeability of the
uniformly sorted Fontainebleau sandstone containing a porosity of
~21% (i.e. the same porosity as LGT) is ~2.5 x 10~ 2 m? (Bourbié
and Zinszner, 1985). It has been previously observed that high-po-
rosity tuffs are characterised by anonymously low permeabilities,
thought to be a consequence of their complex porosity structure
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graphs, respectively.

(Vinciguerra et al., 2009; Heap et al., 2014). For example, the Neapol-
itan Yellow Tuff (from the Phlegraean Fields), which contains a po-
rosity of ~44%, has a permeability of ~10~'> s~ (Heap et al.,
2014). The absence of a correlation between the porosity and perme-
ability of samples within the lithological groups (i.e. UGT and LGT) is
likely the result of the natural variability between samples cored
from the same block of material. At longer lengthscales, meso- and
macro-scale fractures can govern the fluid mobility and thus the
rock mass permeability (e.g., Matsuki et al.,, 2006; Heap and
Kennedy, 2016). With this in mind, an upscaling approach could be
applied that relates intact laboratory permeability measurements
and in-situ hydraulic conductivity measurements by means of rock
mass quality indexes (EI-Naqa, 2001; Barton, 2002). This approach
can therefore upscale measurements to be used in the hydro-me-
chanical numerical model of the slope system.

Finally, we note that the porosities of our samples differ from the
“slightly altered” and “highly altered” samples of Green Tuff reported
by Pola et al. (2014), which were 25.5 and 29.7%, respectively, a testa-
ment to the variable nature of the MEGT.

5.2. Uniaxial compression experiments

Our data show that the LGT has a higher UCS than the UGT (Fig. 6b),
interpreted a consequence of its lower porosity as a result of intense hy-
drothermal alteration (Fig. 5). Previous experimental studies on volca-
nic rocks have shown that porosity is negatively correlated with UCS
(e.g., Al-Harthi et al., 1999; Schaefer et al., 2015). Our values of UCS
(Fig. 6b) are within the range found for the “slightly altered” and “highly
altered” samples of Green Tuff by Pola et al. (2014), which were 5.7 +
0.9 (25.5% porosity) and 16.3 4 0.9 (29.7% porosity), respectively. UCS
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Fig. 10. The change in gas permeability following deformation at effective pressures
between 0 and 10 MPa for samples of dry UGT and LGT. Measurements were performed
under a confining pressure (Pc) of 1 MPa.

tests on larger diameter (40 mm) samples show a comparable strength
respect to the small diameter (D = 20 mm) samples (Figs. 6b and 7a-b).
We further note the strengths of the 20 and 40 mm-diameter samples
are almost identical if the values are corrected to equivalent 50 mm di-
ameter strength using the empirical relationship from Hoek and Brown
(1980):

0w = %0 (3)0'18 @)

where 0 is the strength measured on a sample with diameter, D, and
Osp is the equivalent strength of a sample with a diameter of 50 mm.
Due to size limitations of the triaxial test apparatus, a scale-effect on
the mechanical behaviour could not be investigated at higher confining
pressures.

The mechanical properties and its response to applied stressed is
strongly controlled by the presence of water, as previously observed
in other tuffs (Heard et al., 1973; Schultz and Li, 1995; Topal and
Doyuran, 1997; Topal and Sé6zmen, 2003; Tuncay, 2009; Zhu et al.,
2011), as well as in sandstones (e.g., Hawkins and McConnell, 1992;
Baud et al., 2000; Demarco et al., 2007) and limestones (e.g.,
Vasarhelyi and Van, 2006; Baud et al., 2009). Altered or weathered vol-
canic rocks by their nature are highly sensitive to moisture content var-
iation, which can be stored within the structure of clay minerals
(Deriszadeh and Wong, 2014). This effect becomes important where
fluids can efficiently circulate and interact with the rock mass and
where cyclic (seasonal or aperiodic) perturbations occur (Vergara and
Triantafyllidis, 2015). The rocks within a hydrothermal system are
therefore likely to be particularly prone to water-weakening. Indeed,
experiments on sandstone have previously shown that the UCSy.y
UCSg;y ratio is higher for clay-rich sandstones than for siliceous sand-
stones (e.g., Hawkins and McConnell, 1992). Our data show that the
UCS of both UGT and LGT is lower in the presence of water. We plot
our UCSe;/UCSqyy ratios for UGT and LGT — 34% and 69%, respectively,
together with previously published data on water-weakening in tuffs
(compiled in Zhu et al,, 2011), in Fig. 11. When compared with the pre-
viously published data on porous tuffs (Montanaro et al., 2016;
Marmoni et al., 2017 and references therein), the UGT and LGT show a
high level of water-weakening (Fig. 11). This is attributed here to the doc-
umented presence of zeolite (analcime and minor phillipsite) (Fig. 4)

within UGT and LGT (Fig. 5). Although not detected in our SEM or XRPD
analysis, the presence of chabazite and illite/smectite was documented
by Altaner et al. (2013) and Pola et al. (2012), testifying once again to
the variability of the alteration within the MEGT.

Our uniaxial data also show that transient exposure to 100, 200, and
300 °C (the temperatures expected within the shallow part of the slope
at Mt. Nuovo) does not systematically influence the short-term strength
of UGT or LGT (Fig. 8c and d). However, a previous study showed a sig-
nificant and systematic reduction in strength for thermally stressed ze-
olite-bearing tuff (Heap et al., 2012). These authors found that zeolites
contained within the rock dehydrated and broke-down at temperatures
of a couple of hundred degrees. Since zeolites such as chabazite and
phillipsite represent the “cement” that promoted the initial lithification
of the original pozzolanic material, their breakdown significantly re-
duced the strength of the tuff (Heap et al., 2012). Although it is therefore
surprising that we do not observe a weakening with thermal stressing
temperature in UGT and LGT, we must conclude that any influence is
likely masked by the natural variability of samples cored from the
same block of material (even when samples were selected for their sim-
ilarity in porosity), or could be explained by the low content of zeolites
within the tested materials (Fig. 4).

5.3. Triaxial compression experiments

Our triaxial experiments show that the UGT shows compactant be-
haviour at effective stresses of ~1 MPa (Figs. 9 and 10), corresponding
to a depth between ~100-200 m. The onset of compactant (i.e. ductile)
behaviour occurs at a higher effective pressure of ~10 MPa for LGT (Figs.
9and 10), a consequence of its lower porosity (a result of intense hydro-
thermal alteration; Fig. 5). Rocks containing higher porosities typically
transition to ductile behaviour at lower effective pressures (e.g., Wong
and Baud, 2012; Heap et al,, 2015). As noted above, high-porosity tuffs
(30-50%) have previously been shown to switch to compactant (i.e.
ductile) behaviour at very low effective pressures, equivalent to depths
of a few hundred metres (e.g., Zhu et al., 2011; Heap et al., 2014, 2015).
We infer here that the mechanism driving ductile behaviour in the tuffs
studied herein is cataclastic pore collapse, as observed in previous
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Fig. 11. The ratio of UCSye/UCSqry, expressed as a percentage, for UGT and LGT and a
compilation of previously published data on water-weakening in tuffs. Modified after
Zhuetal. (2011).
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experimental studies on high-porosity tuffs (e.g., Zhu et al., 2011; Heap
et al., 2014, 2015).

The triaxial data for UGT (the rock type for which we have the most
data) can be summarised on a graph of differential stress (Q; i.e. 03-03)
required for failure versus effective mean stress (P, where P = (o
+ 203)/3 — Pp) (Fig. 12). The peak stress delineates the failure envelope
in the brittle regime, while the onset of shear-enhanced compaction,
termed C*, maps out the compactive yield envelope. Graphs of this
type map the stress conditions for which the rock is intact (inside the
failure envelope) and the stress conditions for which the rock will fail
in the brittle regime (outside the failure envelope on the left-hand
side) and the ductile regime (outside the failure envelope on the
right-hand side). The onset of hydrostatic pore collapse, termed P*,
plots along the x-axis (since Q = 0 MPa). Although the data are few,
we could conclude that the compactive yield envelope for UGT is linear,
as observed for recent studies on compaction in volcanic rocks (Heap et
al., 2015, 2015, 2016). By contrast, compactive yield envelopes for po-
rous sedimentary rocks are typically parabolic (reviewed in Wong and
Baud, 2012). A linear compactive yield envelope has been previously
interpreted as the consequence of pre-existing microcracks and, al-
though we could arrive at the same conclusion for the UGT (microcracks
are present in the intact material; Fig. 5), we highlight the extreme mi-
crostructural complexity of this material. More data on these tuffs, and
other porous volcanic materials, are required to better understand the
rock attributes that produce linear compactive yield envelopes.

The construction of the failure envelope for UGT allows us to com-
pare its behaviour to other porous tuffs. The data of this study (average
porosity of 47.7%) are plotted alongside data from Aversa and
Evangelista (1998) (FGT - fine-grained Neapolitan tuff; porosity 47%),
Zhu et al. (2011) (PA - Tufo del Palatino (porosity 32%); PI - Tufo
Pisolitico (porosity 35-36%), and Heap et al. (2015) (WI21 - tuff from
Whakaari; porosity 28-30%) in Fig. 13. The data of Fig. 13 show that
the UGT is much weaker than the other tuffs studied. Although this
can be largely explained by the lower porosity of the other tuffs, we
note that the UGT is also considerably weaker than the similarly-porous
fine-grained Neapolitan tuff (Aversa and Evangelista, 1998). This is like-
ly the result of the large pores (sometimes a few mm in diameter) pres-
ent within the UGT (Fig. 5). By contrast, 75% of the pores within the fine-
grained Neapolitan tuff had a radius < 1 pum (Aversa and Evangelista,
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Fig. 12. Failure envelopes (in P-Q space) for UGT deformed under dry and wet conditions.

1998). These data (Fig. 13) therefore highlight that porosity and pore
size are important in controlling the mechanical behaviour of porous
tuff.

The presence of water influenced the mechanical behaviour of both
tuffs under triaxial conditions. We find that the peak stress at an equiv-
alent effective pressure is lower when wet than in the dry condition
(Figs. 9 and 10), as observed in the uniaxial experiments (Fig. 11). Inter-
estingly, we also find that the presence of water can suppress dilation
(when comparing experiments performed at the same effective pres-
sure) and may therefore be able to alter the failure mode. Although
the experiments performed on dry and wet LGT at an effective pressure
of 5 MPa were both dilatant (i.e. brittle) (Figs. 9b and 10b), the experi-
ment performed in the wet condition did not dilate to the same extent
as the dry experiment (Figs. 9b and 10b). We speculate the brittle-duc-
tile transition in both tuffs is likely shifted to lower effective pressures in
the presence of water. We interpret the change in mechanical behaviour
due to the presence of water as the result of the presence of analcime
and phillipsite (zeolites) within UGT and LGT (Altaner et al., 2013;
Della Seta et al., 2015b; Fig. 5).

It has been clearly demonstrated that repeated wetting and drying
cycles can control the swelling behaviour in clay rocks, irreversibly af-
fecting its stress-strain behaviour (Vergara and Triantafyllidis, 2015).
It follows that the observed strength decay might represent the mini-
mum condition. For this reason, the impact of this effect on failure
mode (i.e. suppression of dilation) could be underestimated in the ex-
periments performed herein.

5.4. Post-deformation permeability measurements

Gas permeability measurements ( performed under a confining pres-
sure of 1 MPa) showed that the permeability of the UGT increased and
decreased by a factor of two following deformation at effective pres-
sures between 0 and 2 MPa and at 5 MPa, respectively. However,
while the experiments between 0 and 0.5 MPa were dilatant, and there-
fore we can expect an increase in permeability due to the increase in
microcrack porosity and the formation of a shear fracture
(Farquharson et al., 2016), the experiments performed at effective pres-
sures from 1 to 5 MPa were compactant (Fig. 8a). While this appears
counterintuitive, because the porosity is decreasing, an increase in per-
meability at the initial stages of compactant (ductile) deformation has
been previously observed in porous andesites (Loaiza et al., 2012;
Farquharson et al., 2016). It is interpreted in these studies, and here,
that distributed microcracking at the early stages of ductile deformation
serves to interconnect isolated porosity thereby forming more efficient
pathways for fluid flow in the samples. The permeability of the LGT in-
creased by up to two orders of magnitude following deformation at ef-
fective pressures between 0 and 5 MPa (Fig. 10), interpreted here as
the result of the formation of a shear fracture (Farquharson et al.,
2016). The increase in permeability was dramatically reduced following
deformation at an effective pressure of 10 MPa (Fig. 10), a consequence
of the compactant nature of the LGT at this effective pressure (Fig. 8b).

5.5. Implications for slope stability at Mt. Nuovo

DSGSD are commonly constrained by geo-structural and weathering
conditions; faults and joint sets, as well as meso- or micro-scale folding
and foliation (Zorzi et al., 2014), provide ubiquitous anisotropy within
the rock mass and/or produce weak layers where slope deformation
can initiate and progress (Hou et al., 2014). Pervasive rock chemical al-
teration and physical degradation are often invoked, while the contribu-
tion of mechanical failure modes on slope-scale dynamics are usually
less considered (Eberhardt et al., 2004). The geological setting of Mt.
Nuovo (Della Seta et al., 2015a, 2015b) demonstrates that the inherited
volcano-tectonic structures (i.e. NE—SW fault related to resurgence) of
the slope play a crucial role in conditioning the ongoing DSGSD. In par-
ticular, the geological setting, together with the depth and geometry of
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after Zhu et al. (2011).

shear zone, induces a structural control on the kinematic elements
resulting in shear zone clustering and growth, constraining the geome-
try of biplanar compound slide. The high-angle tectonic elements and

al,, 2005).

basal permeable lithic breccia layers have been ascribed an important
role in the underground fluid circulation and outgassing (Galindo et
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Fig. 14. Schematic cross section of the Mt. Nuovo (NW flank Mt. Epomeo) slope before the onset of deep-seated gravitational slope deformation. Fluids rise from the shallow convective
hydrothermal system along tectonic elements and can move laterally within more permeable levels of lithic breccias when they reach the LGT, which is characterised by a much lower
permeability. As a result, the fluids emerge on the slope face, forming a fumarolic field. The failure mode transition (brittle to ductile) occurs at a shallow level, where a compaction
zone favours shear zone nucleation. Isobars of lithostatic (i.e. confining pressure) obtained by preliminary stress-strain numerical modelling are shown by the black dashed lines.
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Our triaxial deformation experiments have shown that the failure
mode of dry and wet UGT will transition from brittle to ductile at a
depth of 100 —200 m (i.e. depths relevant for the Mt. Nuovo slope)
(Figs. 9, 10 and 14). Although the experiments on dry LGT show that
compactant (ductile) behaviour occurs at a lithostatic pressure equiva-
lent to a depth greater than the basal contact of LGT (i.e. within the un-
derlying trachytic lavas in Mt. Nuovo; Della Seta et al., 2015b) (Fig. 8b),
the presence of water may move the brittle-ductile transition to
shallower depths (i.e. depths relevant for the Mt. Nuovo slope) (Fig.
9b). We also highlight that compactant (ductile) deformation requires
a lower differential stress as effective pressure (i.e. depth) increases
(Fig. 12). Therefore, the slope will be increasingly prone to inelastic
compaction as depth increases. We further note that influxes of meteor-
ic water and hydrothermal activity will not only weaken the UGT and
LGT (since wet strength is consistently lower than dry strength; Fig.
11), but may also push the brittle-ductile transition to shallower depths.
For these reasons, inelastic compaction (cataclastic pore collapse) may
be the mechanism that explains the concentration of shear strains re-
sponsible for driving the DSGSD at Mt. Nuovo. Importantly, the strong
influence of the presence of water on the mechanical behaviour of the
tuffs highlights the importance of the hydrothermal system in
governing the mechanism of the slope deformation.

Volume reduction driven by cataclastic pore collapse may have con-
tributed to the formation of the thick shear zone where lithostatic
stresses are sufficiently high to promote inelastic compaction. As
noted above, ductile deformation can occur at low differential stress.
Building on the theoretical approaches proposed so far (Mencl, 1968;
Feda, 1973; Mahr, 1977), the combination of brittle and ductile behav-
iour may be responsible for the large-scale slope deformation. We pro-
pose that deformation occurs in a flow-like compactive manner
upslope, where the shear zone is under a higher lithostatic pressure
(Fig. 14), and in a brittle manner downslope, where the shear zone is
more surficial. The discrete brittle shearing surfaces (Fig. 14) and the re-
lated dilatant MRC are reflected in the observed bulging and associated
shallow landsliding at the observed at the foot of the slope (Della Seta et
al., 2012). This observation is in contrast to the model described by Feda
(1973) in which no bulges were found and downward failure evolution
was assumed. Based on this stress-strain conceptual model, the progres-
sive slope failure migrated upslope at Mt. Nuovo, generating a
compactant shear zone that terminates on the inherited sub-vertical
fault zones (Fig. 14).

The theory for mass rock deformation by compactant creep was re-
vised by Mahr (1977) to explain the mechanisms of deep-seated gravi-
tational slope deformation of the granodiorites of Chabenec Ridge (Mt.
Tatras). The idea was originally proposed by Nemcok (1972), who con-
sidered a compactant shear zone to justify volume changes and mass
balances. Although it requires very high stress to evolve (Crosta,
1996), and that most of the deep-seated gravitational slope deformation
is the result of mass rock creep (Chigira, 1992), the high porosity and
the very shallow brittle to ductile transition for the Mt. Nuovo tuffs
(i.e. the MEGT), as well as the high temperature typical of volcanic
and hydrothermal environments, could be the specific condition
where compactant creep can operate efficiently. Although transient ex-
posure to high temperature (up to 300 °C) did not greatly influence the
short-term strength of the UGT and LGT, the long-term strength of tuff,
at least in the brittle regime, is significantly influenced by in-situ tem-
peratures as low as 80 °C (Ye et al,, 2015). For instance, time-to-failure
in a brittle creep test was reduced from 525 to 150 mins upon increasing
the temperature from 40 to 80 °C (Ye et al., 2015), a result of tempera-
ture-sensitive stress corrosion cracking (Kranz et al., 1982; Meredith
and Atkinson, 1985). Although no experiments exist to date, we antici-
pate that increasing temperature will also increase the rate of
compactant creep in tuff. We also do not rule out a change in failure
mode (from brittle to ductile) upon increasing the in-situ temperature,
although we note that the experiments of Ye et al. (2015) show that tuff
can be brittle at in-situ temperatures of 80 °C.

Landforms (e.g., multiple trenches, Cavallin et al., 1987) and the
total displacement cumulated so far along the reconstructed shear
zone suggest that the gravitational deformation is already accelerat-
ing towards failure (i.e. brittle creep), the rate of which is perhaps
increased by the high temperature provided by the hydrothermal
system (see experiments of Ye et al., 2015). This evidence is in
agreement with seismic investigations consisting of ambient noise
measurements (Della Seta et al., 2015a) that output a 1D resonance
of the DSGSD due to the higher porosity and jointing of the rock
mass with respect to the deeper substratum. Such evidence is com-
parable with those deduced from the mechanical transition here de-
scribed, leading us to not exclude a general slope collapse as a
possible final catastrophic paroxysm (Evans et al., 2006). We further
note that cyclic expansion and contraction due to temperature
changes as a result of hydrothermal activity can also be responsible
for rock mass thermo-mechanic fatigue, a process not limited to the
shallow subsurface (Bonaccorso et al., 2010; Gischig et al., 2011),
and may also contribute to the incremental inelastic strain within
the rock mass.

The pre-existing tectonic elements (high angle fault zones; Fig.
14), genetically related to caldera resurgence, also provide preferen-
tial paths for fluid transport. Fluids that rise towards the surface ei-
ther reach the surface at the top of the fault, or move laterally into
an intersected high permeability layer, such as the basal lithic brec-
cia, and escape where the breccia layer meets the surface (Fig. 14).
Indeed, clusters of fumaroles are seen where the basal lithic breccia
outcrops (as mentioned above). Our experiments have shown that
brittle deformation of the tuffs can significantly increase permeabil-
ity, in some cases by a couple of orders of magnitude (Fig. 10). Fur-
ther, we have found that, somewhat counterintuitively, compactant
behaviour at the base of the deposits can also increase permeability,
interpreted here as the result of connection of previously-isolated
porosity. Although these findings suggest that fluid pressurisation
may become increasingly unlikely as deformation progresses, an in-
crease in permeability could increase the flow of, and/or provide ad-
ditional pathways for, hydrothermal fluids that can intensely alter
the host rock. For instance, pore-filling precipitation can then reduce
the permeability to a value lower than the pristine (undeformed)
host rock, and hydrothermal alteration can reduce the strength of
the host rock (Browne, 1978; del Potro and Hiirlimann, 2009; Pola
et al., 2012; Frolova et al., 2014; Wyering et al., 2014; Pola et al.,,
2014; Heap et al., 2015; Sanchez-Alfaro et al., 2016), factors that
could initiate shallow landslides within the weathered debris cover
(Fig. 14).

The increase in the pore pressure within the hydrothermal system as
aresult of the shallow emplacement of new magma batches from depth
can reduce the effective pressure acting on a rock mass, thereby encour-
aging brittle deformation at depths where the rock would normally de-
form in a ductile manner (Farquharson et al., 2016). Earthquakes or
tremors related to the volcanic system, generally characterised by
short-period vibrations, could produce a transitory increase in pore
pressure that could be responsible for rapid changes to the effective
stress field of the rock mass. On the other hand, long-period seismicity
or teleseismic events could severely influence mountain slope deforma-
tion (Hungr et al., 2014) by interacting with the slope on the slope-scale
as a function of the characteristic period related to the frequency con-
tent of the seismic signal (Lenti and Martino, 2013; Lenti et al., 2015).
Therefore, fluid circulation within the hydrothermal system may play
a key role in influencing the mechanical behaviour of the rock and
therefore the stability conditions at the slope-scale (Lénat et al., 2012;
Kiryukhin et al., 2012; Kiryukhin, 2016; Reid et al., 2001; Reid, 2004;
Lopez and Williams, 1993). In the case of a paroxysmal collapse, the re-
lated stress release may also indirectly influence the volcanic system
and initiate explosive phreatic and hydrothermal eruptions (Bozzano
et al.,, 2013; Procter et al., 2014; Mayer et al., 2015) and/or a tsunami
wave in the Gulf of Naples.
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6. Conclusions

Flanks of volcanoes and resurgent calderas are often prone to slope
instabilities. Their steep topography, and the often altered and weak na-
ture of the poorly assembled volcanic materials, renders them especially
hazardous in both an economic and humanitarian sense. Here we exam-
ined DSGSD at Mt. Nuovo, a process that affects the NW sector of Mt.
Epomeo on Ischia Island (Italy). Although of particular interest, the
slope deformation at Mt. Epomeo is complicated by the local geological
setting and enhanced by the presence of an active hydrothermal system.

To increase our understanding of this DSGSD, we performed a phys-
ical and mechanical characterisation of two ignimbrite deposits - both
from the MEGT - that form a significant part of the NW sector of Mt.
Epomeo. Both of the collected ignimbrites are involved in the deforma-
tion of the slope. With this aim in mind, we investigated the influence of
water and thermal stresses on the mechanical behaviour of MEGT tuffs.
We find that the presence of water dramatically reduced the strength of
the MEGT, in both the uniaxial and triaxial case, suggesting that meteor-
ic water or the movement of fluids within the hydrothermal system
could dramatically impact slope stability. Although our results show
that transient exposure to 300 °C does not influence the short-term
strength of the tuffs that comprise the MEGT, we highlight that the
high in-situ temperature could increase the efficiency of brittle and
compactant creep and therefore increase the rate of slope deformation.
Our triaxial experiments show that the MEGT are capable of deforming
in a compactant (ductile) manner at a depth of a couple of hundred me-
tres (i.e. at depths relevant for the slope). We hypothesise that the com-
paction of the MEGT at the base of the layer could assist the onset and
development of the DSGSD at Mt. Nuovo (captured in our schematic
cross section; Fig. 14). Ancillary permeability measurements show
that permeability increases following deformation in both the brittle
and ductile regimes. Brittle deformation provides additional microcrack
porosity and a shear fracture that serve to increase permeability, while
ductile deformation, although compactant (i.e. porosity is reduced), in-
creases permeability through the connection of previously-isolated po-
rosity. An increase in permeability could promote fluid circulation and
therefore alteration and pore-filling precipitation, weakening the rock
and decreasing its permeability (perhaps to a value lower than that of
the pristine host rock), respectively. Taken together, our experimental
data highlight a potentially important role for the hydrothermal system
in dictating the DSGSD at Mt. Nuovo, acting as active and passive control
that conditions the short- and long-term response of the volcanic
slopes. The laboratory data presented herein will be used for
geomechanical zoning of an engineering-geological cross section to per-
form stress-strain numerical models aimed at depicting scenarios of fu-
ture evolution for the DSGSD at Mt. Nuovo.

The data presented herein will help (1) evaluate the mechanical re-
sponse of the slope system with respect to transient input, (2) estimate
the influence of thermo-mechanical and long-term mechanisms on
MRC, and (3) understand the possible evolution of the DSGSD at Mt.
Nuovo towards a generalised paroxysmal failure which represents, be-
cause of its ability to trigger tsunami waves and hydrothermal or mag-
matic eruptions, a crucial topic in multi-risk management in the
Mediterranean area.
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