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Abstract

Limestone in volcanic baments has been identifiedaakazardn terms of edificestability
due tothe propensityof calciteto decompose intarhe and CQat high temperaturgs600

e Codausing alecrease imechanical strengtf.o date, such hypotheses have bestedoy
experiments erfformed at ambient pressuighe present workleterming the mechanical
strength of limestone undsubvolcanicconditions ofpressureandtemperature and
evaluatsthe effect ofcalcitedecompositionTo this endwe useMt. Etna as a case study
deforming sukEtneancarbonate samplesder triaxid compression using Paterson
deformation apparatu$Ve evaluate the effect tiermal decompatson of calciteon sample
strengthby comparing closedndopen systemand measuring the permeability evolution
under static conditiondlechanical andhicro-structural observations at a constant strain rate
of 10 °< ! and ataconfining pressure &0 MPa indicate that the rocks are brittle u@twl
including300€C. At higher temperatures the deformation becomes macroscopically ductile,
i.e., deformation is distributed throughout the samglke brittle to ductile transition is
accompanied by an irreversiblermeability @creasérom ~10% to ~10'° m? between 200
and 6 Wépreselt nevevidence thapermanent change in permeabilgydue toductile
processeslosingthe initial porespace Samples deformed at temperatunpsto 900eC do

not containany decarbonation productst thesetemperaturespermeability is sufficiently
low to permitCO, pore pressures facreasethereby increasing local GQugacity, which in
turn strongly limitsthe decarbonation reactioWe note that, for nopure calcite rocks,
permeability might be sufficient to allow decarbonation reactions to a&swsuch,

variability in lithologiesmayslightly influence the effiency of decarbonation reactionge
concludethat in a closed systerthe irstability of Mt. Etna isrelatedto high temperature
inducedductileflow of basement limestone rather than chemical / mineralogical changes

This mayhave important implication fdhe stability of volcanoes with carbonaterich



50 basementas carbonates become significantly weak at high temperathieh may increase
51 the risk of sector collapse
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1. Introduction

Volcanc edifices arghe result oliccumulation oflepositdrom effusive and/or explosive
eruptiors (Odbert et al., 2015However, heir heterogeneity and rapid growth promote
instability: in theworstcasescenariahis might result irsector collapsée.g.Mt. St. Helens,
Christiansen &eterson1981). Such instabilities are complex aliicely result from the
interplaybetweenmmagmatigorocesses, active tectonics and gravitational cadlafise
consequences of sector collapse are often catastramthicay subsequentlyrigger new
volcanicunrest Thiscantakethe form ofrapid influx of magma, as shown fBoufriere

Hills Volcang Monserrat (Cassidy et al., 2015)r increasing the eruptive potential of a
magma due to decompression (Alidibir ov and Dingwell, 1996)or this reason
deformation of volcanic edificeand their basements aetively monitored though varied
methodssuchas GPS (Segall and Davis, 198bnacorso et al., 2011), INSAR (e.g. Hooper
et al., 2004) antbcation oflocal earthquake(e.g.McNutt, 2005). These measurements are
importantin monitoring and forecastingdifice stabilityandto infer the physicamechanims
taking placan the subsurface.

Previous work hasuggested thdhe overall stability of volcanic edificais controlled bythe
properties of theishallowstructurealong withthatof the basement on whitheyarebuilt
(van Wyk de Vries & Brgia, 1996)A thoroughunderstanding of the subsurface geology
terms of itsmechanical behavior of the involved lithologisshereforecritical when
attempting to linksurface deformatioto subsurface processeSeveralolcanic edifices

such a€l Chichon, Mexico (Duffield et al, 1984Merapi, Indonesia, (Troll et al., 20),2

Vesuvius, Italy (lacondMarziano et al., 2009) and Etna, Italy (Mollo et al., 2011; Heap et al.,

2013)are buit on a carbonate basemelntthe case of MtEtna theedificeis made of <~2
km thicklavas and pyroclastsmconformablycoveringa sedimentary basementhichis part

of thefold and thrust beltleveloped at the margin tife Africa promontoryuringthe
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Neogene&Quaternary Européfrica convergencéWiesmaer et al., 201p This basement
comprisesa ca.2 kmthick stackof Miocene thrussheetof clays, sandstones and
carbonatescollectivelyknown aghe ApenninieMaghrebian Chain (AMC{Branca et al.,
2011) Theseahrust sheetgest on the foreland domaia thick Mesozoic to MiePleistocene

carbonate su@ssion collectively called the Hyblean Plate@tatalano et al., 2004).

In general, volcanic basements are subjected to anomalously high geotjadieitsi.e. a
relatively shallow rocknass (~&m) can be ahigher temperatures than normainging
betweerb0-150e C/ k m a s IcadapdicgesdtieetngFlovenz andsaemundsson,

1993. This is further enhanced by the existence of dykes and sills carrying magma to
relatively cool country rock especially in areas where layered media exist of differing
mechanical properties (e.g. Gudmundsson and Loetveit, 2005). The lithological contrast
between volcanic deposits and basement carbonates, along with the large thermal gradients

and complex geologat structures at depth, generates a complex strength profile.

Mt. Etnapossesssan unstable eastern flankhich has been a topic of extensive st(elyg.
Apuani et al., 2013)A combination of different monitoring techniques hagealedarge
scale deormation at deptlfe.g.Lundgren et al., 2004; Neet al., 2004)supportinghe
hypothesis that a largeetachmengxists at depth & km)within the carbonate®.g.
Acocellaand Puglisi2013)and morepotentialdetachmensurface between 1.5 and idn
depth(e.g. Palano et al., 200Rlicolosi et al., 201% To furtherour understanding dhe
carbonate basement . Etna recent studies haw®nductedock deformatiorexperiments
(e.g. Mollo et al.2011; Heap et al., 2018Viesmaier et al., 20)5Whilst such data are
important togainfirst orderinsights into thanechanical processe$the sedimentary units

beneath Mt Etnahe experiments of the aforementioned studies were conducted under



107 uniaxial conditions (i.e. room pressurép obtain a mee complete understanding, such
108 studies need to be extended to higher pressure and temperature conditions. Howeaey these
109 difficult to obtaindue to the challenging pressuand temperature conditiotiatexistin

110 volcanic areage.g.Flovenz, O. G., 8&aemundsson, K1993.

111

112 Fromathermoechemicalperspectivecarbonateocks are prone téhermal decompositioby
113 the breakdown of calcite when exposed to temperaowas0 0 (RoGriguezNavarroet
114 al, 2009; suchtemperatureareeasilyreached in volcanic settingbhis processs known as
115 decarbonation and implies tdecomposition o€alcite(CaCQ into lime (CaO) anaarbon
116 dioxide (CQ) (Mollo et al., 2013 and references thereift)e expelledcarbon dioxide can
117 potentially enrich nerby magmatic bodies (e.g. Marziano et al., 2@hiodini et al. 2011)
118 contributing to the overall CQlecarbonatiopwhich is considered a reliable marker of
119 impending eruptions (e.g. Aiuppa et al., 2008)rthermoreCO, canbuild updirectly as

120 local pore pressurehanging the effective confining pressure and subsequently affect the
121 mechanicabehaviorof the sampleFor exampleas the brittle ductile transition is pressure
122 dependent, a reduction in effectisenfiningpressure could cause aitsln from ductile to
123 the brittle regimeSuchmechanismsubsequentlghangehe strength of thevolcanic edifice
124 in generalln any case, the key parameter controlling the pore pressurepesrtheability,
125 whichindirectly determireshow easily the gasan escape from the rock. Permeabikty
126 notablyaffectedby deformationduring whichthe internal structuref rocksis modified(e.g.
127 Fischer & Paterson, 199Zhu and Wong, 1997Furthermoredeformationis changedy
128 elevatedoore pressuras the effective stresses are reduced. Local pore pressayes

129 significantly increasavhen the permeability is lovespeciallyin the case of isolated pores
130 (e.g. Zhang et al., 1994)

131
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Previousstudieshave investigated theffect of temperaturen the strength of carbonate

rocks from the basement of Mt. Etpauttheyhave been limited tanconfined conditions
(Mollo et al, 2011 Heap et al.2013) In Mollo et al.(2011), brittle behaviorwasseenin all
experimentaip to7 6 0 wgh@ hoticeable trehof decreasetbtal strain before failuras
temperaturencreasedConverselyHeap et al(2013)reportedbrittle-ductile transition

(BDT) at approximatelyp50 .dnGhis work, the BDT is defined as the transition frafoss
of strength during strain accumulation to strain accumulation without loss of strength (see
Byerlee, (1968) and Rutter, (198a3oth Mollo et al., (2011) and Heap et al, (2013Jicate
thermal decompositioby the presence of the minegrtlandite in posttest sample analysis,
which itself formeddue to lime reacting with ambient wat@&o confirm this observation
Mollo et al., (2012) studiethermal decompositiowithin aclosed system (i.e. no free
outflow of CQ) by controllingthe carbondioxide fugacityduring experiments. Thepund
thatdecarbonatiois arrested in a closed systamdarguel that closed systems might not be
realistc due to thermal microcrackingthereby ay CO; produced would likelyscape
throughthe enhanced permeability duetihe microcracksHowever theseexperimentsvere
conducted aambient pressur@n effective pressure aero)in the CQ fugacity experiments
(Mollo et al., 2012 Therefore, these resultsaynot reflect the process depthwhere
confining pressurgemperature@nd differential stressegould influence the physio
mechanical behavior of the rock mass.

One of the most extensively studied rocks for which reliable mechanical dataesist
carbonatege.g. Rutter 1999Renner & Evans2002. Many experiments have focuseud o
singlecrystals or singlphase aggregates of tgpl minerals such as calcite.g.Wang et al.,
1996;De Bresse& Spiers, 199Y. However defrmation ofa natural assemblage from
volcanic area havreceived less attentionliterature The goal of this studis to extendthe

previous work tdiigh confiningpressure and temperatar&oreover, we aimto better
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understandhow elevated pressure/temperatooaditionsaffect the rheological behaviaf
carbonatesnd investigate the therratnemical reaction ithe carbonatelseneath th&tnean
volcanicsystem.The workfocuses o atemperaturgangef r o m t29 @ GaadC
confiningpressurs from50 to 100 MPa (depth equivaleéx km). We additionallyassess

how high temperatures may modify the permeability of-salzanic carbonates
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2. Material and Methods

2.1  Sampling Material

We usel ComisoLimestonghereaftelCL), part of the large successiontbfck Mesozoic to
Mid-Pleistocenearbonatesf the foreland are@Hyblean Plateau, Fig)1Cross sectios
suggesthatthe CLcan be found a4-6 km below Mt. Etn@ s  [(Beaach et al., 201}1)
althoughrock typessimilarto CL mayoccur at shallower le\®@whereadargecarbonate

lensesare alsdknownin the subsurface unit$\jesmaier et al., 2035

12°E 13°E 14°E 16°E
B ; ‘

Messina.. 20’
38°N
140’

20

37°N

40’

Figure 1: Simplified geological map of Sicily After Manzi et al., 2011.

The CL formationoutcropss0 km to the south of Mt. Etna and is quarried for building
purposes. Sample blocks were obtained from a quaaythe town ofComiso
(36e560658. 306 §MNg.1).The eoldnatidrboBsists mank omud and
wackstonesvith occasional besiof ddomite andmarls Themineralogicakcomposition has
been characterized b§RD (see methodand results Spectra indicatthe samples consist

purely ofcalcite(see figure h Pre-test sample characterization using a texture goniometer
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(Seifeti ScintagXDS200Q installed at ETH Zurich, Geological Instituegtablished thahe
sampledave an isotropitabric, and we therefore treat the samples as homogeriEoes.
initial bulk density of the samplassed in this study was 2468/ky® with aninitial

connectegorosityof 8.7% measured usinglelium pycnometer.

2.2 Methods

2.2.1 Sample and assemblyreparation

Cylindrical samples were drilled using a diamond coring dfi#itherl2 mmor 15 mm
inside diameter and cut to a 2.5 to 1 standard letogdiiameter ratio using a diamond blade
saw.All samples used in this study are all drilled from the same bkea#t.faces were
ground perpendicular to the coring direction and plane parallel to within 0.0 Bamples
were storedn adryingovena t  7fdr at E2d324 hours to ensuithat they were completely
dry. Deformationexperiments werperformedusingthe fiPaterson type triaxial cell
(Paterson1990) installed at the Rock Deformat Laboratory at ETH Zirich. Using an
internal furnace ahArgon as confining medium, the apparatus can rpeetsure and
temperatureR/T) conditions up to 600 MPa and 120D respectivelySamplesare held
betweeraluminaandzirconia pistons and trentireassembly jacketed using cop@erniron

to isolatethe sampleand pore pressure (if applicabfedm the confining mediumTo reduce
the effect of jacket strength, copper jacke wer e used at eandiem i ment s

jackets ahighertemperaturgas copper becomes too weak.

2.2.2 Triaxial deformation experiments

Conditions of interestvere choseasconfining pressuieat 50 and100 MPawithout
imposing pore pressurand a temperature range of200 C, spanningheanomalouly

steep fot) geothernfound involcanicareas The higlesttemperature of 80 C would
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representhatclose to thanagmatioplumbing systenfalthoughnot in direct contactwhile
2007 400 C would represent more distal parts of the volcaagementThe depth range
investigated here does not strictly represkatdepth range where the CL forioatoccurs
underneath Mt. Etna.he Hyblean plateau is inferred to start at a depth of abtmub #m
underneath the volcano with an average thickness of abdum {€.g. Tibaldi and Groppelli,
2002). Thismplies our onfining pressureorresponds to thehallow partof CL at depth.
Howevercarbonatess ubiquitous within the volcan 6sedimentary basement (starting at 1.5
km, (Branca et al., 201})thus theconfining pressures of relevance for the upper part of the
volcaric edifice

Triaxial deformatiorexperimentsvere performedh open(permittingfree outgassindo the
atmosphere) andosed(sealed environmentonstant volumejonditions.In open

conditions samples were in contact with the atmosphetepoandoottom face®f the

sample, by2 mm diameter hote These ar@resent in the middle of the ceramics and
assembly used tapply a pore pressure to the sample gladea thermocouple close to the
sampleln closal conditionswe placechonporousceramicspacer®n either side of the

sample which are impermeable on experimental timescale. To ensure there were no leaks

along the interfaces of the spacers with pistons, we additionally ran tests where a thin copper

plate was placed in between, thick enougkdal but not thicknoughto influence the
mechanical data.

The furnace is prealibrated to ensure little to no thermal gradient across the sample length
(max 0.2 C/mm).During all the experiments@nstanteaing/coolingr at e of 15
was usedslow enougho heat ughe sampleelativelyhomogeneousyl| thereby preventing
thermal cracking, but still fast enough to reach the experiment conditions q@cklgthe
desired PT conditionswerereachedand stabilized~15 minutes)the axial pistonwasdriven

to achievea constanstrainrateof 10° s1: Force wasneasured vian internalload cell

eC/r



229 measurindlifferential axial load upo a maximum of 8 KN. Thiscorrespondto amaximum
230 differential stres®f roughly700 MPaacross a 12 mm diametgample(~450 MPa at 15

231 mm). Pistondisplacemenivasmeasuresgimultaneouslysing internal linear variable

232 displacement transducgisvDT s), in order to calculate sample strairhe total strairof all

233 experiments wakept belowca.12% beyondwhich stresdecame hetegeneously

234  distributedin the samplelue to influence of thepperand lower pistonfRaw datavere

235 processed to correct for jacket strength (estimated from Frost and Ashby)(t88ape in

236 sample diameter due to deformation (blng effect), and distortion due to machine stiffness

237 and deformation in zirconia and alumina pistons.

238 2.2.3 Permeability tests

239 The apparatus was equipped withae pressure system, comprisingipf and downstream
240 pore-pressure sensors connecteditber endof the sample assemb(see also Violay et al.,
241 2015) In the upstreangircuit, the system is fitted with servecontrolledvolumometetthat
242 may be used in botmydrostatic conditios as well asluring deformation tests (i.e.

243 differential stresapplied).This systenpermitspore pressureontrolandpermeability

244  determination vidhe transient step meth@Brace et al., 1968

245 Using the methoddescribed aboveve measurd gaspermeabilityat an effective pressure of
246 50 MPa (a confining pressuoé 75 MPa andmequilibrium pore pressure of 25 MPa

247 assuming a simple effective pressure)ladvporepressure difference of 5 MPa between
248 upstreamand downstream reservoirngs applied; the decay of thpsessurehange withltime
249 wasfitted with aninverse exponential decay order to calculate the permeabil{§race et
250 al., 1968) The transient flovdepend®n the pressure differeneadonthe volumes of the
251 upstream and downstream reserspivhichare8600and 2260 mrh respectivelyThe small
252 volume changes of the reservoulseto pressure changehave been neglected due to the

253 significant storageapacityand high rigidity ofoothreservoirsPressurehangs due
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temperature@ariationshavealsobeen neglected sinteereservois are sufficiently far from

thefihot zon®, i.e. where the sample sitd/e have evaluated the effect of gas slippage
(Klinkenberg 1941), and found that threean gas pressure was high enough (>3 MPag to
negligible forpermeability determinations (Peach, 1991).

In gas permeability measuremgmarticular care must be taken to seal the surface within the
jacket We decidednot to use room temperature as the initial temperaluego the fact that
calibration runs withmpermeable test samples (metal cylinders) revealed leaks between
sample and jacket. It was found that 200 eC
the jacket via the rheological properties of copper and conditions shallow enough to represent
a low endmember for investigatiol.o mitigate leaksnd ensureull saturation of the

sample the sample assembly was held at a confining pressure of 75 MPa and a pore pressure
of at least 8MPa, at room temperature, for at least 12 hours béfeating ughe assembly

and measurements were conduct#weé. measur@the permeability at differerstages of a
temperatureycle while maintaininga constant effective pressurtemperature wastepwise
increased fronl200to3 00, 400, 500 Ifahe tmetoireach bquifpriuh0 0 e C.
betweerreservoiravas sufficiently low(less than 30 minuteghe permeability was

measured twice to evalualatarepeatability The upper temperature limit was imposed due

to theuse of thecopper jacket, chosen for gsiperiorsealing properties between the jacket

and the sampland thereforerucial for such low permeability experimeninally, to check

for hysteresis effects, additional permeabititgasurementsere made during the decreasing
temperature cycle @0 0 a n d. M2aBWemenE at temperatuhégher thar6 0 0 wegeC
conducted using iron jackews ironwas found to be sealifgpm7 0 0 ongv&ds.
Giventhetime-dependent nature tfie transient flow methodye only measured

permeability under staticonditiors assample mechanical relaxation (when in the flow

regime, particularly at high temperatueg)d sample porosity héad) impedeaccurate



279 permeability measementsduring deformationEven in hydrostatic conditions time

280 dependant deformation migbecur at high pressure and temperature, however we assume
281 these processes to be much slower than the timescale of our permeability measurement.
282 Indeed following Renner and Evans (2002), under our permeability measurement conditions
283 time dependant mechanis are activated at ¥&?, at whichthe timescaleto reach 1% strain

284 s two orders of magnitudasterthan a permeability measurement.

285 2.2.4 XRD analysis

286 The starting materias well agri-axially deformedsamplesvere analyzed usingn X-ray
287 diffractometer (Bruker, AXS B Advance, equipped with a Lyayesuperspeed detector, as
288 installed at ETH, Institute for Geochemistry and Petrologgr posttest samples the XRD
289 spectra were obtained within hours of running the test, such to monigtallization and / or
290 alteration by exposure to ambient water (lime to portland®e$ttest samples wemry-cut
291 to thedimensions acceptable for XRD analysis

292 We compared samples held at confinement at different temperaturds/avgamples helat
293 800e C in an oven at ambient pressure for a
294 and cooling regime as the samples held confined, to confirndélcatbonatiomeactions do
295 occurwhen there is noonfining pressure

296 Obtained XRD spectra weoempared witlcrystal structurelata derived from the American
297 MineralogistCrystal Structure Database (d2ewnsand HaltWallace 2003

298
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3 Results

3.1 Mechanical data

In all experiments, the apparatusd the samplmitially deformed elastically (i.estress
increased linearly witlstrain) until theyield strengthwas overcome angermanent
deformationof the samplénitiated StaticY o u nrgodutuswas determined by fitting &'1
order polynomiato the stresstrain curvebetween 0.2 and.6-0.8% strain. The lower limit
was imposed to reduce ndinear behavioresulting from closure of any residual space
between piston and sampbes well as the crack closure threshate upper limit by the yield
point (i.e. strain at which yielding occurre(Brace, 1965

Fortheroom temperaturé 2 0 eg @ e r i me nrhoduludvasappipdnsatelyd4 (+/-

2) GPadecreamgto 16(+/- 2) GPa & temperature is increasedddd 0 e C. We f ound
Young®s modulus isndependenof the confining pressurésuplementarymateria) item 3.

At aconfining pressure of 50 MRand temperatures between&®300 C, samples yield
around 30 MPa andl% strain.Peakstressvasat 375,390and 430MPa, andat 1.6, 2.5and
7.0% strain for the 20, 200and 300 C experimentsrespectivelyStrain weakening occurred
after peakstresauntil thesamplesventuallyformed a sheairacture In all these
experiments, a common feature is the increasieanotalstrainbefore failure as temperature
increases, asvidenced by the strain at whialsudden stress drop occur(@db, 4.5 and 8%
for experi ment s afterfdlle, coritifuOus defordnatiBnOnds rec@ded
with adifferential stress of 25t 280MPa In the casef the experiment conductexd 200

e (& clearstick-slip frictional behaviowas observed
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321 Figure 2: Differential stress (MPa) versus Strain (%) curves for Comiso Limestone for different temperatures

322 (indicated by line style and colo), all experiments at aPc = 50 MPa andstrain rate = 10° s*. Jacket contribution is

323 plotted for experi ments at 200, 300 and 400ase@lasaat higher
324 room temperature where a polymer (heat shrink tube) was sed

325

326 Where brittle fr act expdrimegts cordacted at tendperatiypesino 3 00
327 excessoB0 0 e C shawegnlaceoscopically ductilbehavior The yield point is

328 primarily dependent oremperaturehowever a secondary dependernmypfiotonc hardening
329 between 5 to 10 MPa per % strairas also been measur@tieflow stresgmeasureat 5%
330 strainandata strain rate of 10s?) decreasefrom 310, 250180to 10 MPaattemperatures
331 of 400, 500600to 800e (FespectivelyA similar behavior was found 400 MPaconfining
332 pressureincreasing temperatures lead to a switcimflwittle to ductilebehavior(supp.

333 material) In detail when ompaing two experimentperformedat different confining

334 pressuresind low temperater ( 2 0 , , th@yeld stren@thand peak strengthoth

335 increa® with increasingconfinemenpressureAt 400and6 0 0, we dbserved

336 macroscopically ductile behavior, withhigherhardening ratat higherconfining pressure
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Comparing open and closednditions (all at 50 MPa of confining pressur@g yieldstress
and sample strength as measured at 600 and 800 eC,
pressures to escapebuild up A very minorchange irpost peaknechanicabehaviorwas
obsered(figure 3) Forclosal systensa t  6,0h@ stres€ slowly reaches a maximuncanf
200MPa at dinite strain of 8% compared t@ stress ofa.220 MPafor open systenat 600
eCAt 800 eC we dondot observe si gevenflowc ant

sample strength.

200

|

— 600 °C, closed
— 600 °C, closed
— 600 °C, open
600 °C, open
600 °C, closed
— 800 °C, open
- 800 °C, closed

—
a
o

—
o
o

Differential Stress (MPa)
o)}
o

4 6
Strain (%)

Figure 3: Differential stress (MPa) versus Strain (%) curves for Comiso limestone, all experiments at T = 6@ad 800
eC and a conf ilaFrb0MPaand ecenstant strainadte of 10 s*. Open refers to dained experiments
(free outgassingallowed) and closed toconfined (constant volumg.

3.2  Deformation textures and microstructures

Postdeformation thirsections were investigated undes@anning Electron Microscope
(SEM, type JEOL-JSM6300F installed at ETH Zurich Institute of Geochemistry and
Petrology (Figure 4). At 25€C strain was localizedyenerallyalong a main fault ass@ted

with smaller subparallar intersecting cracks and faulldost of the cracks weraclined

cha
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30 tothe compression directioBetween 20@C and 30GC about 100 to 50Qm thick
anastomosinghear bands developedost ofthem at30 - 40° to the compression direction,
the angle increasingith increasedemperatureGrain-size reductionmicro-cracking, and
rigid-rotation and frictional sliding diragmentscan be observed within shear bands
Samples dformed at00 °C and highe( u p t o ar®dhdacterized by the absence of

strainlocalization.
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361 Figure 4: SEM imagesof postexperimentsamples, all deformed aPc = 50 MPa.Upper panel sample deformed at
362 room temperature, a) conjugate sets of microcracks, land c) localization features with c) as main shear fracture.



363 Middle panet sample deformed at T =200e Csimilar to top panel, d) microcracks, e) and f) main localization
364  features.Lowerpanets amp | e def o r,msignifieant miéroctacks of localization features.

365

366 3.3 XRD results

367 Two samples heated up to 800°C imnovenat ambient pressurshow distinctive peaks at

368 two-theta angles associated wiittne. In onecase some residual calcite could be detected. In
369 contrastfor samplesheldunder a confining pressua¢ 50 MPaand attemperaturesanging

370 from5009 0 0 XRDOCdata showonly thepresenceof calcite.Peaks for portlandite ahlime

371 have nobeenidentified out of the background noise. For the experirmpetformedat 800

372 and 900 QOwe chose to orient the XRD sata such that enthce of the sample was

373 measured. At this face the sample was connected with the atmospliee® loym

374 thermocouple feetitough, however no decarbonation products were detected.
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377 Figure 5: 2-theta spectra derived from XRD measurementsfgre- and posttest samples. Paks are correlated with
378 calcite and lime lattice planes, (respectively CG# and L-#, data derived from mindat.org), Y-axis (counts per second)
379 is kept constant and relatively low such that minor peaks may be identified, whelmajor peaks plot outside of the
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3.4  Permeability

Permeability was measured prtorsampledeformation, under hydrostatic stress condgion
(Peit = 50 MPa) Permeability decreased witbmperature from.5 x 10'’ m? at 200eCto 3.5
x10¥m?at 6 (Fig. 7)eT@e decrease can be describedvéstlog-linear fit of the form

k = 107M@r+b) with a =-4.5126 x103, b =15.8829 permeability(k) in m? andtemperature

(Min. eC

Permeabilityessentially remains unchanged, at approximately 2% 8, duringstepwise

sample coolingimplying it is not recoverablaVe preformed a second permeability test

using an iron jacket, suitable for higher te
showedhe permeabilityvas too low to be measurbeg the transient sp methogdindicating

the permeability iprobablybelow 10°° m?. Posttest porosity measuremermtithat sample,

with helium p/cnometershowedhatporosity haddecreasetb less thar2%.
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Figure 6: Permeability evolution with increasing and subsequently decreasing temperatures as indicated with the
arrows.
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4, Discussion

Decarbonation has been identified as a cause for stredjthtionin carbonatesxposed to
high temperatures (Mollo et al., ZDMHeap et al., 20138s well as a cause of nomagmatic
COpi sourcein magmatic system(Chiodini et al.2011) However,decarbonatiomeactions
relevant to volcanic basemenmtsterms oftemperatur@ndpressurghave not beerevidenced
so far Here, we have assesseld deformation properties tww porositycarbonateocks at
elevated temperatusend pressurem the context othevolcanic systenof Mt. Etna, with

special interestn the effect ofdecarbonatiomn mechanical strength.

41  Comparison with uniaxial experiments

Experimentsat confining pressure @0 MPadocumented a distinchange in the nature of
faulting with increasingemperatureChanges in the deformation mode correlate with the
stressstrainbehavour in both suites of samplelecalization corresporgto strain weakening
with increasing deformatignvhereas distributed deformatioorrespondto strain
hardeningThe degree of localization and grain comminution decreagbdemperature.
The failure mode changed fromedgesp i t t i ng (togheatruptur2 u®to W@, )
following the classification of Evans and Kohlstet®99)to homogeneous flow (from300
to 900 eC). As differentmechanismsef deformation may occur simultaneously, itificult

to identify ther relativeroles However in ourexperimentgi.e. 50 MPa of confining
pressure and a strain rate of°i€}), theBDT can be placed arourd$0 ++5 0 , \wh€reby
the BDT is definedsthe switch of thenateriab s ¢ at@deforin toya substantial stnai
without stress drogRutter, 1986Heap et al., 2003 This definition doesot imply any
particular deformation mechanisinstead, thelefinition is a macroscopic characterization
of thesampledeformation Previous studies on carbonate bearing rquieslict that

distributed deformation at high temperataral confining pressuie mainly accommodated



424 by intracrystalline plasticity and diffusion mechanisms (Rutter 1995; Rennewand,E
425 2002; Kushnir et aR015)

426  Previous work has bee@wonductedn sib-Etnean limestone ianiaxial compressive (UC)
427 experiments (Mollo et al., 2011; Heap et al., 20T8e measuredtrength (UCS) was lower
428 Dby a factor of 2 than the strength measured undexiai conditions (TCS{present study)
429 Moreover, forthe saméaboratory strain ratél0° s?), the BDToccurred aapproximately
430 1 5 0 lowe@temperature thannder uniaxial compressidb00 ++/5 0 ; lge@p et al., 2013)
431 A likely hypothesis for théower BDT temperature ia decreasegropensity for

432 microcracking as cracks are harder to open and / or propagate under confining pressure.
433 Moreover plastic deformation mechanisms are more prevalent at higher pr¥ssiane €t
434  al., 2013.

435 Further differences between the UC and TCravealed through changesahemstry of the
436 posttest materialsin UC testsdecarbonation productsihe andor portlanditg were found
437 in samples exposed temperaturemore thar650 °C. Decarbonation products were not
438 foundin TC testgoper), at comparable temperature®r at higler temperatures (up to 900
439 e CWMore evidence oinhibition of decarbonation reactions aridgsthe similarity between
440 theopenandclosedexperimentssuggesting thagitherdecarbonatiowloes nosignificantly
441 influence thesamplestrength or it didnot occur sufficientlyon the timescale obur

442  experimeniseveral hours)We ascribe the differensé decarbonatiobetweenJC tests
443 and TC test$o permeability reduction due ttuctile flowof the sampleinder confining

444  pressureDuctile deformatiorieads to theclosure of pore connectivityherebytrappgng CO;
445 in the pors, thussufficienty increasing locaCO; fugacity tolimit decarbonatiomeactiors
446 (seeMollo et al.,2012) However, in natural cases, if deformation is accompanied by dilation
447  (e.g. dyking events}his might provide sufficient pathways for € escapat least

448 transiently and thereby the decarkaiion reaction can occur localljote thathe



449 sedimentary basement of Mt. Etna also consists otzaranites (Wiesmaier et a22015).

450 Thequartzcomponents could provide a framework, resisting compaction and thereby
451 allowing a sufficient permeabilitst PT conditiongor decarbon@on reactions to occur.

452  Moreover, our tests were conducted on a timescale of several hours. Gagiogétime

453 scaleCO; would be able to diffuse out of the sample, even if the permeabittnsiderably
454 reducedIn such a case it is likely that the local pore pressure andug@city will remain
455  high enoughd limit decarbonation reactions, butt to exclude them entirelyo quantify
456 such #ectson long timescales beyond the limitations of our experimeand would

457  require a setup able to hold samples at stable PT conditions for weeks, months or even years.
458 It should be oted thatpermeabity experimentavereonly run undeistaticconditionsas no
459 reliable resultsnaybe obtainedvith the current setup whilst samples are beiefprmed

460 The transient permeability method is thdependent, which poses a problem in the ductile
461 field where vigous relaxation occurs during the equilibration ofttihee reservoirand stress
462 strain conditiong€amat be kept constanHowever,axial deformation can potentially change
463 the permeability and subsequently tate at which C®is liberated For low poraity rocks,
464  existinglaboratory measurements indicate thatth dilatancy (porosity increasing with

465 strain) and permeability increasfer duringbrittle failureandsubsequentataclastic flow on
466 the fracture planéZoback and Byerlee, 1975; Zhu and Wobhg97 De Paola et al., 2009
467 Converselyfor high porosity rocks shear failuneay be accompanied byparmeability

468 decreasée.g.David et al., 199 In the ductile domainhigh porosity rocks caform

469 compaction bands, thereby decreasing the pernitggleilg. Baud et al., 2012 whereadow
470 porosity rocks can be associated vattherminor dilatancy or compactiodepending of the
471 deformation mechanisifviolay et al, 2015. Permeabilityexperimentsun withaharmonic
472 method(rather than transient flow methaodi)ring deformatiorare desirabléo investigate

473 the modifications of pore space induceddeyormation.
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42  Implications for Mt. Etna

Decarbonatioin carbonatdasement of Mt. Etnhas beelnvokedasakey factor
influencingedifice stability(Heap et al.2013. Our new experimentalesults suggéshat
confining pressurecombiredwith high temperatureepresentativef volcanicsystems
doesnot significantlyalter themineralcompositionof carbonates (i.e. neresence of lime
instead of calcitedn a laboratory time scal€his is due to a sufficiently lowered
permeability Based on this observatigand considering that ductiteeformationis dominant

at volcanicemperatureandhigh confiningpressurs, we proposethat the edifice collapse
canbe due tauctile flow of limestone at deptlin contrast, the lowered rock strength due to
decarbonation reactions suggested by Heap et al. (2013) can only be effective in an open
system at shallow levesich thatCO; is able tadiffuse slowly over geological timescalen
deeper partef the systemthepermeabilityof pure calcite limestonill have significantly
decreaseduch that decarbonation reactions @masiderablyimited. This in turn causes the
rate ofstrength changes due to decarbonation reactions to decrhasefore strength
changes at high confinement due to decarbonation reations 6 OaeinggQifjcant

compared to the effect of temperature.

Ournewresultssuggest that ductile deformatias likely to be pervasive and widely
distributed withinMt. Et nads sedi ment ar y5knakeaoeeptial at
model of Tibaldi and Gropelli (2002)vokestwo slip surfacea | | ow mov e ment
eastern flankThe shallower of the two jglaced within the sulktnean clay horizong&.g.
Nicolosi et al., 2014)The deepesurfaceof the twowould bewhere magma intrusien
induced slip is thought to occun this model most of the deformation is accommodated by

these two slip surface®ur study suggests that the deformation maglbepartially

dept

of
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accommodated by ductile flow of the carbonate drhts statement fitaumerical modeling
(Apuani et al. 2013wherea diffuse deformation zone suggestedHowever, it should be
noted thatthe presented experiments were done at a limited set of PT conditions, and for a
single strain rate. Because ttoeks are deforming by both cataclastic and plastic processes,
the exact scaling of strength with effective lithostatic pressure;fluadepressure, and
deformation rate needs further clarificatiovhich will be treated in a subsequent manuscript.
Finally, we have shown that limestone cifiormin a ductile manneinvolving very low
strengthwhen exposed to high temperatuaesl high confimg pressureWe have also
demonstrated that decarbonation reaction are iibitat least strongly limited under
confining pressure representative of volcanic sysWweaknesses in the volcariasement

can cause sector collapse (van Wyk de Vries &iBpi996). Mechanisms suchiasolved

in Mt. Etnad s e #HasK, aerlikely to occur in other volcanic edificeshvcarbonateich
basements as welhdeedvolcanoeswith carbonateich bagmens often show
geomorphological evidence of sector cadlage.gEl Chichon, Mexico (Duffield et al,

1984), Merapi, Indonesia, (Troll et al., 2012), Vesuvius, Italy (laddacziano et al.,

2009). However, it should be noted thedctor collapseannot be exclusivelgxplained by
ductile flowwithin the basement, other mechanisms sagfracturing and faultinghould be
considered (e.g. van Wyk de Vries & Borgia, 19%)ch effects can be quantified by field

investigations and numerical modelling.
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5. Conclusiors

The deep structure of volcagsxontrolthe risk of edifice collapsé.imestone in volcanic

basements has been identified as a hazard due to the propensity of calcite to decompose into

imeandCQat high temperatures (>600 eC), <causin

In this studywe have performeexperiments at pressures and tempeeatanditions
representative ofolcaro-tectonicsettings(i.e. 24 km depth and a high temperature range)
on pure calcite limeston€omiso LimestoneOur resultsshow thatComisoLimestone
experiencea brittle to ducte transition at 30+/-5 0 agl&boratory strain rat€$0° s1).
New measurements conductadComisoLimestoneattemperaturesp toand including

900e @vhile at 50 MPa confining pressusbow thatcontrary to previosiarguments,

decarbonation reactions do not occur to a measurable extent under confining pressure on the

timescale (hours) of our experiments. There are uncertainties when scaling up to geological
timescales, but our results suggest that decarbonatidioreaare significantly limited
Decarbonation reactis ardimited for the following reasons: Bightemperatures cause a
reduction in rock strength, favorimgpmpaction2) compactiorieads to the closure of pore
network. 3)local pore CQi fugacity is able to build ugimiting the decarbonatiomeaction.

We note thabur results are also applicable to limestone with a higher initial porosity.
Howeverif other carbonate rocKe.g. with siliciclastic componentsystain a lesser degree

of compaction, then the permeability might be sufficient to allow decarbonation reactions.
This has important implications in the interpretatiothef deformation oMt . Et nabs
flank. We proposéhatdeformation is pervasive and mainly accommodateduztile flow

of carbonatdasementnits.

Thesenewresults may have important implication for otkiefcanoes witlcarbonate rich
basemerg where ductile flow at depth m&gpuse a significant increase in the rislseftor

collapse.
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Figure Captions:

Figure 1 (width: one column):.

Simplified Geological Map of SicilyAfter Manzi et al., 2011.

Figure 2 (width: one column):

Differential stress (MPa) versus Strain (%) curves for Comiso Limestone for different
temperatures (indicated by line style and color), all experiments at a Pc = 50 MPa and strain
rate = 1¢ s*. Jacket contribution is plotted for experiments at 200,8300d 400 e C, at
temperatures the contribution is negligible as well as at room temperature where a polymer

(heat shrink tube) was used.

Figure 3(width: one column)

Differential stress (MPa) versus Strain (%) curves for Comiso limestone, allregpésiat T

= 600 and 800 eC ang¢g=5aMRaandf constam gtraipratecd®ur e o f
1 Open refers to drained experiments (free outgassing allowed) and closed to confined

(constant volume).

Figure 4(width: one columm)

SEM images opostexperiment samples, all deformed at Pc = 50 MPa. Upper panel: sample
deformed at room temperature, a) conjugate sets of microcracks, b and c) localization
features with ¢c) as main shear fracture. Mid
to top panel, d) microcracks, e€) and f) main localization features. Lower panel: sample

def ormed at 600 eC, no significant microcrac

Figure5 (width: two columrs):
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2-theta spectra derived from XRD measurements ofge postest samples. Peaks are

correlated with Calcite and lime lattice planes, (respectivehp#@@d L-#, data derived from
mindat.org), ¥axis (counts per second) is kept constant and relatively low such that minor
peaks may be identified, while major peaks platside of the range. Portlandite peaks are to

be expected aroundt2h et a angl es of 18 eThapamk!labded ( He ap
AUnconfined 800 eCo refers to wthateflegitee kept

confinement

Figure 6(width: one column)
Permeability evolution with increasing asdbsequentlgecreasing temperaturas

indicated with the arrows

e
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747  Figure 1(color version, web usage)
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749 Figure 1 (grayscale, printed version)
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