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Abstract

The Santa Barbara and Aragona areas are affected by mud volcanism (MV) phenomena, consisting of continuous or
intermittent emission of mud, water, and gases. This activity could be interrupted by paroxyserdk.ewith an

eruptive column composed mainly of clay material, water, and gases. They are the most hazardous phenomena and,
nowadays, it is impossible to define the potential parameters for modeling the phenomenon. In 2017, two Digital
Surface Models (BSQa 0 6 SNB LISNF2NNXYSR 6@ RNRYyS Ay 026K NBlFaz (K
the covered areas by the previous events.

Detailed information about past paroxysms was obtained from historical sources and, with the analysis of the 2017
DSMs a preliminary hazard assessment was carried out, for the first time at two sites. Two potentially hazardous
paroxysm surfaces of 0.12 km2 and 0.20 km2 for Santa Barbara and Aragona respectively, were defined. In May 2020,
at Aragona, a new paroxysm coedra surface of 8,721 n After this, a new detailed DSM was collected with the aim

to make a comparison with the 2017 one. Since 2017, a seismic station was installed in Santa Barbara. From preliminary
results, both seismic events and ambient noise shdadrequency of 80 Hz.
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1.0 Introduction
The mud volcanoes (MV) activity is a typical expression of the sedimentary volcanism mainly océurthrey
compressive tectonic regimelongdiscontinuitiesfor the presencat depth,of under pressure gases or by diapirism
phenomenalt consiss manly of a slow andcontinuouéntermittentuprising of mud, composed of a mixture of saline
water, clay and gases (essentially metham& heavyhydrocarbong from petroleumsegage(natural gas and oilt
deptht o t he E a(Mbazhid et al.20179. h aome cases, violent and instantaneous explosi@paroxysnd) of
mud, wate and gases could interrupt thastivity.
Thousands of mud volcanoes occur globatig they develop in greateambers in offshore regions than on IgHiygins
and Saunders, ¥4; Guliyiev andreizullayev, 1998; Milkov, 200; Dimitrov, 2002; Kopf, 2002Deville, 2009.
In the world within the42 geagyraphical aregsas well as Alpinddimalayan, Rcific and Central Asian foldingones, in
the deepwater zones of the CaspidBlack and Méliterranean seas and on thegdas margins of the continentstotal
of 2508 mud volcanoes and mudicanicmanifestationgre present (Aliyev et al.,2015.
The largest number of mud walnoes, including the biggest, most frequeatlypting ones anitt general, all their known
typesare located in Eastern Azerfzai and the adjacent water area of the S@athpian. It is in accordance with these
factors that Azerbaijaregion,i s consi deredcrt @anhbde of h eninddhtyticte are 353md O .
volcanoes 199 of which arderrestrial A complete etalogueof theparokysm eventgrom 1810 t02018 for this region
is reportedin Baloglanov et al.2018
According to a detailed study performed ([d4ellors et al, 2007), for the mud volcanoes in Azerbaijan, the temporal
correlation between earthquakes and eruptismeost pronounced for nearby earthquakes (within 100 km) and with
intensities of Mercalli 6 or greater. According(®onini et al, 2009), mud volcanoes of the Péé@ennine margin in
Italy, are intimately connected with rising fluids trapped in the obm@mnticlines associated with the seismogenic Pede
Apennine thrusts.
Monitoring the activity ofthe mud volcanoes, in terms of gas outflow, could be helpful to pradigtureparoxysmal
event From geothemial point of view, the monitoring is generally carried out by capturing gaseous emisaiotie
emitting conduits (Kopf et al., 201®ciarra et al., 2016, monitoring the soil gas concantrd22Rn, CO2, CH4), have
carried different geochemical surveys in 2006 in the Sidoarjo district (Eastern Java Island, Ihddoggaer, this
approach is not always effective and applicable, due to logistic difficulties, which make this kind of measurement
infeasible and expensive in many contexts. For this reason, sevétialisciplinary monitoring approachésmve been
proposedn different MVs in the wod. Morerecently,Mazzini et al., 2021, hawestimatel the total CH emissions from
Lusi using both grounthased andor, the first time satellite (TROPOMI) measuremeniSO, emission is additionally
measured by grourAdased techniquetn May and October 2011, it was documented the activity with-tegblution
time-lapse photography, opgrath FTIR, and thermal infrared imagery (Vanderkluysen et al.,)2014
In areas characterized Vs the gas "bubbling"phenomena can be effectively recordedgepphysical monitoring
system, as local seismic network.ow permeability of clays in muglolcano areas (Kopf, 2002) suggests that, in the
lack of large mud outflow (typical of quiescent phases), gas propagation from the reservoir maispyteeiuprising
of gas bubbles (Etiope andartinelli, 2002; Albarello, 2005). Recent researches (Albarello et al., 2012) showed that
seismic monitoring could provide useful signals to characterize the activity of mud volcanoes. The seismic signals
recorded on the Dashgil mud volcano allowed to ehofiseveral transients as a surface effect of resonant gas bubbles
in a shallow basin just below the volcano (Albarello et al., 2012). The interpretation of transient events in seismic tremor
in terms of bubble resonance suggests a new approach toastigak emissions in the mud volcano.
In Italy, the mud volcanoes are clustered in three main geographical zoni northern Apennines (mainly in the
Emilia Romagna Bgion); in central Apennines (Marche and Abruzzo Region#)gisouthern Apennines (in Basilicata,
Calabria and Campania Regions) and in Sicily where 13 mud volcanoes areas are present both in central and western
sectorsThe szes and shapes of the ltal mud volcanoes vary considerably. AccordingMavrtinelli et al, 2004), only
a small proportion (20%) can be d asleanly 9 ecedcecad @ mimh heightge 6 w
In Sicily, mud volcanoes are mostly located within Caltanissetta and Agrigento Provinces (S. Barbara and Aragona
locations respectively). The name of these phenomena is known as "maccalube” (or madaikthdgrives from Arabic
and it owrmigd., Rn some cases, a vVvi ol e npgaroxgsmictouldocautaadht ane o
the erupted material, consistiofmud breccias composed of a mud matrix with chaotically distributed angular to rounded
rock clasts from a few millimeters to metadiameter, could reach a long distance from the emission point. The volume
of the erupted materials is generally in the order of tens cubic meters and &duigrportion of the surface. Gty
September 2014 at Maccalube of Aragona two kids died coumyetiick erupted muddeposis, during a violent
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paroxysm At Santa Barbara village, the last paroxysmal episode occurred in Augusta0&8&y significantdamages

to houses, roads, electric and water pipelines.

The majority of the mud eruptions occurred in the absence of any earthquake, suggesting that mud volcanoes may erupt
in response to a seismic input only if the internal fluid pressure approaches the lithost#&idameancytime is needed

for triggeringan eruption, related to the production rate of the driving gas to overcome the permeability of the system at
depth(Bonini et al., 2009).

In this paper, we have gathered some historical information about the pre apdnpagsmal eventhatoccurred irthe

past at both study areasastarting point for a correct hazard assessment.

In October 2017, a seismic monitoring station was installed at Santa Barbara, in order to collect some seismic information
of the site. Moreover, a numberdrone surveys are performed both at Santa Barbara and Aragona. Finally, at Aragona

a drone survey has been carried @fw daysafter the last paroxysm event occurred ofi My 2020, with the aim of

mapping the surface of the erupted material and estimating valndchthickness.

Mor eover, a Digital Surface Model (DSM) has been el ab
mapped. Based on the DSM analysis and our historical information, two main hazardous paroxysm areas at $anta Barba
and Aragondave been elaborated, in this paper, for the first.time

2.0The qudy areas

Santa Barbara and Aragoht/s areasre located in the central and soutbstsectorof the Sicily Regionrespectively,
inside the Caltanissetta Bas{focations in Fig. 1) These two areas;onsistingof Late Miocene to Pleistocene
accretionary prism, have been forngéchultaneously with the Tyrrhenian Sea openihging the convergence between
the AfricanandEurasian plates the Neogen&uaternaryCatalano et al., 2000eaching a deposit thickness of the
order of some km

Palermo
B0

% Siracusa
.

Fig.1. Location of the two investigated mud volcanoes ar®@asta Barbara (&@ltanissetta Provingeand Aragona
(Agrigento Provincg(image from ESRI).

At Santa Barbara, the mud volcanism is located eastwfidd@Ca |l t ani ssetta town, near the
composition of its deposits consists essentiafliclay, clayey marly and sandy composed. Around the main mud
emission, in the northen sect or, different residential buil dings ar

the southern sector, twenty mefamiliar houses (Figa). Several public facilities are present at the western side of the
mud volcano and, electric pifpeés, roads and services for about 4,000 resident people should be considered for a correct
risk assessment of the entire area.
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Fig 2. Location of the two mud volcano are&anta BarbargA) and Aragona(B). Image of ArcGis 10.5, ESRI
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The AragonaMV areais located about 3.5 km from the town, in the SW direcfldre Maccalube of AragondV area
is a beautiful natural touristic attraction over time and in 1995 has been establigtyedl NaturalResere, nowadays
managed by Legambient&he geology of the entirarea ismainly characterized by clageposits clayeysand and
marls, alternating with sandstortbat favour low-relief geomorphologyFig.20). No residential buildings and public
facilities are present arourttie main mud emissioneabut the site representsraturalisticattraction fortourists After
the 2014paroxysm where two kids died, the entire area was closed.

3. The historical background: a tool for the hazard assessment

The Maccalube of Aragorend Santa Barbara have been affected in the past by different paroxysmal events, characterized
by violent explosiosof gas and mud, which periodically cause the interruption of the normal degassing activity, with a
rapid emission of considerable quamstiof clayey material and ballistics, accompanied by strong rambles. The
paroxysmal activity, reaching a maximuoolumn height of about 2B0 meters is generally, determined by the
accumulation and the sudden release of pressurized gases (mainkiticBb-97% vol) at depth. The volumes of the
expelled mud during these events have reached tens of thousands of culd@ntktemsequentlyafter a paroxysmal

event a drastic variation in the morphology occurs. Sometimes, during historical paroxysmnialstagions, the emitted

gas giving rise to suggestive manifestations like burning fountains (Grassa et al., 2012). However, MVs do not represent
only a relevant geological phenomenon as they also act as edeohdrdzard. Therefore, the understandingthef
occurrence of historic events, together with the intensities of thalgostevidences associated with this phenomenon,
could be a useful tool for the Civil Protection authorities in order to define the most probable hazard scenariosdor a corre
risk assessment in both study areas.

3.1 The Santa Barbarahistorical paroxysns

The old naturalists and geologists have described the activity of the mud volcano at Santa Barbd@)G@reporting

some of their major paroxysmal eve(@arnemolla2017) The first scientificdocumentwasproducedn 1823 witha
manuscripentitled"Descrizionegeologicemineralogicaneidintorni di Caltanissettaby Gregorio Barnaba La Viavho
documented one of the pl[&r] onxMasmi 1823cat 5:2p PM, the wind &gmahe ndrtm g : fi
with strong and broken turbines, the sky being clear, a few dense clouds with long stripes apfearearthquakes

occurred in 9 seconds without damages at factories. Goimguith volcano with the Villarosa dekLuigi Barrile and

Livolsi abbot, that observed since 1818 the phenomenon, increasing up to 50 cm the width of the cracks at the maccalube
(that were 27 cm) and observing an increasing of the height of the mud volcano with a continuous emissioratémud, w

and hydrogen sulphide at 2.30 m heipf o.

The Livolsi abbot, in his studgntitledi S wdlcanoa er e o di Ter r apireppreditheidescri@ianiot ani s
the entire area of the mud volcaiipé ] Its surface is conical in shape, and at first glance offers the appearance of an

4



172  extinctvolcang..]o . A c ¢ chisdnanosgript; different paroxysms occurred in 1783, 1817, 1819 andM84d8nia

173 etal, 2011)

174  The intense phenomehaveoccurred continuously over timandthere is evidence of a significant evématoccurred

175  between the yeak930-40.

176  On August 11, 2008, near the village of Santa Barbara, a sudden emission of natural gas occurred, accompanied by the
177  expulsion oflarge quantities of clayey materiglasand water, reaching maximumheight d about30 metersFrom the

178 morning,the village was affected by intense phenomensoifcrackingcausingdiffuse damags to civil and industrial

179  buildings. A generalplift of the areaaround the mud volcandogetherwith the presence ofariablefractures with

180 horizontal and vertical rejectiomgereobserved DRPC report, 2008Puring the period jst before the paroxysmal event,
181  from December 200% Augug 2008 Cigna et al., (2012) recorded up idcsXm of progressive movements accumulating
182 inthedirection towards the satellite withe Satellitebased synthetic aperture radar interferometeghod.

183 Asaconsequence of these phenomena heavy damages to faatadssresidential buildings and public facilities (water,
184  gas, electricity pipelines) occurredhe Regional Department of Civil Protection forcdéd evacuation of several
185  buildings both in theoutrernsector of the mud volcararea at a short distance (hundreds of meters) from the MVs area
186 as well as at a distanc&5 km far from the main area, where, a large scale of soil deformations and fracturing occurred
187 (DRPC, 2008).

188 At 16.52 of the same d&it 1" August)a paroxysm oaarred next to the Santa Barbara village, accompanied by strong
189 rumble and by @ about30 meters column height composed mainly by clayey materialamghsvater that covered in
190 seven minutegbout12,000 n? of the area with an estimaterolume ofabout9,550 n? (INGV, Report 2008) The

191  maximumwidth of thedeposit was 3.5 meters next to the emission pajnto 30 cnin the SE direction reachingtatal

192  distance of about 136 from the main ventsThe paroxysmal event lasted several minutes andawsipated by a
193 telluric event (Madonia et al., 2011}hat occurred a few hours before in the whole Terrapektaa and,

194  contemporaneously, in the neighbouring area of St. AAcaording to Madonia et al.,, 2011, in august 2008, 5
195 earthquakes occurred thimagnitudes ranging from 1.7 to 2.4 in the radius e53.®&m from the sitesAfter the end of

196 the paroxysm, arincreasein the length of the prexisting fracturesoccurred.The main pre and posthistorical

197  observations of these events ahewnin table 1.

198
199 Table 1. Pre and post observation of thistorical paroxysm events at Santa Barbara.
200
Pre-event observations Paroxysm Postevent observations
Event
V Large scale soil fractures 1783, V  Paroxysm related to large scale fracturi
1817,1819
V five earthquakes felt by population in 9 V' Erupted clayey ma.terlél up to 2,30 mete
seconds 5th March . height;
V Increasing of soil fractures from 27 cmtc 1823 V' Increasing of the mud volcano surface
V  Water and gas bubbles with theSH
50 cm
presence;
V  Audible roar up to a few hundred meter
V  Maximum height of the column of clay
material mixed with water, gas and
11"AUGUST 20087 MORNING: ballistic = 30 meters;
V Soil displacement, decimetric to metric V  Cover of 12000 rhwith a newly formed
fracturing with damages to civil and 11th clay deposits;
industrial buildings, roads and electrical August V  Volume of erupted material of about 95(
networks 2008 ms;
V Uplift of the entire area,; hours: V  Presence of lithics with a particle size
V Deformations up to 2.5 km far fromthe  16:52 from decimeters to centimeters;
mud volcano. V  Extent of fractures about 1 km from the
V Seismic event eruptive center;

V  Maximum thickness of the new eruptec
deposit = 3.5 meters near the mud
volcanoes;




V  Diffuse methane flux up to 85 gmday
with a NNW-SSE direction;
V  Maximum distance reached by the
erupted material towards SE direction :
136 meters.

201

202

203 3.2 The Aragonahistorical paroxysns

204

205 The activity of the Maccalube of Aragonaicarding toGreek, Roman andArab historical evidenceshas occurredat

206 leastfor 2,500 yearsThe cosmetic and therapeutic use of the mud, emitted from these geological manifestations, has
207  been reported biylatae Aristotle, DiodordSiculo and Pliio. In 1777, he first big mud eruptioftodaycalledparoxysm)

208 has beemlocumentedy Abruzzesg1952), reporting [€0] In the early hours of September2%he inhabitants of the

209 neighbaring felt a stong shaking of the ground ammhservel a copious mud flovirom the craters up to different

210 heighso.

211  FurthermoretheFerraraabb ot descri bed the same paroxysm[éd®&ntlene of
212  September Zahey heard before a roaring noise in all the surroundings. The gretiagtingaround a great chasm

213 f or med up a arfeaommousicélam sf mldédse up to almost a hundred feet high, having been abandoned
214 by the force that pushed it upwdrdé the terrible explosion lasted half an hour, then calmed down, but recovered after
215 a few minutes and intermittently continued all day but the shasked all nightIn all the time of the phenomenon the

216  very strong smell of hydrogen sulphide gas was felt at a great distance in all the surroundings.

217  An unknown authoreports the same eruption onf3fescribing [éfi] on September 301777, after hH an hour when

218 the sun had risen, a murmur was heard in the above mentioned place, which, momentarily advancing, surpassed the roar
219  of the strongest thunderghe earth begins to tremble, and shows the deep cracks, which widened more than usual to ten
220 palms, the main crater, from where the clay and the murky water emerged perpetually, like a cloud odltmooikgs,

221  somewhereitwasflarmolored] é . ] t hi s eruption | ast ed -howinteralarépfiedthree hour
222  more times. The next day, the clay material emitted, however, appeared at the natural consistency, in such a way that it
223 allowed the curious to approach the mudcamo. The claynaterial eruptedtill retained the smell of sulfur, which more

224  penetrathg was felt during the eruptiain

225 On October 19, 1936, 45, some oAragona and Giancaxioeighborvillagesheard tworumbles like thundes, which

226  had followed on@nother in a short periodf time.A violent explosion destroyed the central part of the Maccalube from

227  where an imposing fountain of mud raised, which in its ascent dragged blocks of marl mixed with sandstones and gypsum.
228  This fountainreachredten to fiteen metermn height.

229  Only atthe sunrisghepeoplenoticed that a large black mass had covered thacplwhere the mud volcanoes are located

230 for about 2 hectares-rom thesurveys dataetected byProf. Ponte and ProA b r u z z esincee Februaty]193there

231  were thepresence of aoil fractureextending for about 400 o E direction, then distancing 600 m towards teln

232  March 193, at the proximityof the fracture, several mud volcanaesse, some of which reached a height of one meter.

233  The main pre and post observationshafse historical paroxysnas Aragonaareshowedn table 2.

234

235

236 Table 2. Pre and post observation of thistorical paroxysm events at Aragona.

Pre-event observations Paroxysm Event Postevent observations
V  Mud, ballistics, water and gases
column up to 30 m height;
V  Half an hour duration with
V  September intermittent activity for all day;
2901777 V  Presence of Hydrogen
Sulphide smell at consgdable
distance from the mud
volcano;

V  Seismic events felt by population
V  Large scale soil fractures
V  Rumbles




237
238
239
240
241
242
243
244
245
246
247
248

V  Presence of lithics of various
sizes aligned on the both side
of the mud volcano.

FEBRUARY 1935:
V  Presence of a soil fracture
extending for about 400 mto E
direction, then distancing 600 r

V  Emission of mud mixed with
water, gas and lithics with a

V  October19h column height <= 15 meters;
towards the W 1936 V  Cover with newly formed
MARCH 1935: | Newly
clayey material of 2 hectares «
V  Appearance of some mud
thesurface.

volcanoes set on the previousl
fracture, with heights of 1 mete

AUGUST 2014: V  Emission of mud mixed with watel
. V  September . .
V  Large scale soil fractures N and gas with a column height <=1
27" 2014 meters;

Since 1995the year of establishment of the Natural Reserve, eight paroxysmal events took place in 1998, 2002, 2005,
2008, 2010, 201¢Fig.3)2014and the last one occurred on 19 May 2020. Grassa €l2) reported the volumes and

the covered areas for each of tinst six events. The largest event was in 2005, with an estimated volume of about 19,600
m?® (Fig.3B) covering an area @hbout 16,350 f(Fig.3A). It is interesting to note that a strong correlation existsveen

the erupted material and the coveraedace areafor the paroxysmthatoccurred from 1998 to 2012 (nelumedata

are available for the 2014 pagmm)asis demonstrated bihe highcorrelationcoefficient (R=1) and showed inigure

3C. From the same plpthe 2020 paroxysneventfalls far from the generdtend previously highlighteccoveringa
smallersurface(approximatelya half) rather tharthe expectedne. In ouropinion, this could bdinked to a different
location of the main emissive vent, being 2020 the onlyemoentricevent, and/or tthe different nature of the emitted
material
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Fig.3. A) Estimated volume ar) interesing surfaces at Aragona mud volcanoes during paroxysmal ev@nts
Correlation coefficient for erupted volume and inteirggsurfacefor the 19982012 events (Grassa et al., 2012,
modified). In blue the linear correlation witl?RL. The red square represerttsee 2020 paroxysm.

4. Associated hazards at Saa Barbara and Aragonamud volcanoes
Fromthe historicalinformation obtained by the past documentary sources, it is aledevidenthat the moshazardous
phenomea existng in both areas are the paroxysms.
They are quite commoespecially at Aragonand thereforgit is likely to hypothesize that othelnazardougvens, with
the same magnitude or higher, could repeat in the future



260 In all of the paroxysmal eventhatoccurred in the pashoth at Santa Barbara and Aragdfables 12), diffuse soil

261 fractures andleformationseven at considerable distaséemm themud volcanism areaccurred during a prparoxysm

262  period In particular, at Santa Barbara the population has felt several seismic events before the 2008 paroxysm.

263  Another important element that emerges from historical descriptions is thawifajlthe paroxysmgeopleapproaching

264  the mud volcano areassuallydetected a stronacridsmell ofgas, reasonably beidpS. It could be lethal to human life

265 if breathed in higltoncentrationdt is a toxic,corrosive, irritant and colorless gas with the characteristic unpleasant smell
266  of rotten eggslt can cause chronic diseases of the respiratory organs through prolonged exposure even at very low
267  concentrations; at concentrations of ZX8D ppm it can cagspulmonary edema and risk of death, while at 1,000 ppm it

268 is immediately lethal (NIOSH, 1981).

269

270

271 5. Methods

272

273 5.1Digital Surface Model (DSM

274

275  High-resolution DSM maps dfothstudy areahave been performeih 2017while, in 2020 only at Aragona M\Wyith

276  arange of 0.10.15 m.For these surveysye used a DJI Phantom Il Professional drone (quadcopter) with a mounted 12
277  Mega Pixel digital camerbens FOV 9422 0 mm, Sony Sensor EXMOR 1/ 2.30, effe
278 Before conducting drone apping, we planned the flight paths and areas for each flight misElmndrone was set to

279 take aerial photographs using fAautopil ot modeodo with a
280  were conducted with the camera mounted 99&ways. We selected 75% forward and sideways overlap of images.

281 The acquisition of field data requires the determination of several control points on the ground, known as GCPs (Ground
282  Control Points). Therefore, 11 points distributed within the defined,avere recorded using a GPS NAVCOMEHRO0

283  with angular accuracy of 1 cm

284  The images were processed with a Strueftom-Motion (SfM) and multiview stereo approach, in order to produce a

285 highresolution DSM Digital Surface Model) and to identify the morphological structures linked to the sedimentary
286  volcanic activity. These approaches allow the geometric constraints of camera position, orientation and GCPs from many
287  overlapping images to be solved simultaneously throughtamatic workflow. The image datasets were processed with

288 the software Agisoft Photoscan (Agiso016). The posprocessing of the acquired data merged in GIS software
289  (ArcGIS 10.5), allowed to extrapolate the thickness and the volume of the erupteidimatidr its reached distance.

290

291 5.2 Hazard assessment

292

293 In order to define the potentiphroxysmhazardous scenarios for both areas, in this paper, we consider the maximum real
294  distances reached by the erupted material over time through the analysis of tfesbigtion (12x12 cm) DSM acquired
295 by the drone during the 2017 surveys at Aragona anch&arbara areas.

296 At Santa Barbara mud volcano, threiptedmaterial, has reached a total distance along its majoiratie main event
297  of 2008 of aboutl136 meterswhile atAragona, it has reached a total distaot&50 metersin the2014paroxysmevent
298 at Aragonathe distance reached the erupted materiabas111 m(Fig.4).

299

300
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Fig.4. Historical distances reached by tleeupted paroxysm materiad) Santa BarbaraB) Aragona (Source: 2017
D S M@n#ArcGIS 10.5)

In both areasaccording to the historical sourcéise maximum estimategfupted column heighis in the range oébout
20-30 metersDuring the 2008 paroxysmhe erupted clay materidhllout at Santa Barbaraovered an area @bout
9,000 nt with a maximum thickness ofbout3.5 meters n&t to the emission poiat(INGV, 2008 report) while at
Aragona during the 2014nes the affectedsurfacewas7,525n?.

In this preliminary phase, in order to motiet potential hazard scenasiove assumed that both areash@next future,
will be affected by similaerupted fallout deposits that reasta maximumdistancesf 136 mand 150 nfor Santa
BarbaraandAragonaarearespectively

For these reasonstartingfrom our 201DSM, we identifiedthe mud volcanoes and bubbling pooidoth area¢rFig.5)
asthe potential emission points for generatinfuture paroxysmal evenBy using thekernel density tool in AGIS
10.5, we defieddifferent clustersnaps(Fig.4), with two maindirectionsappeared mostly highlighting N\SE and NE
SW directions at Aragon@rig.5b) while, at Santa Barbara, the distribution at shefaceseems to be inhomogeneous
(Fig.5a)
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41 5?325

+_Potential emission poi o «  Potential emission points =
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Fig.5. Density maps of the potential emission poimestigatedRed: highdensityvalues Yellow: lowdensityvalues

A) Santa BarbaraVV area and aB) Maccalube of Aragona(Source: 201D S M inArcGIS 10.5)

Secondlythrough the elaboration in ArcGis 10vBe createdrom each emission point checkad2017, differenomni
directionalbuffer circumferencesonsideringan increase in distance of 30% with respect to the greatest historical
distance reachedlue tothe creaton of the safety limitsin both areas~or the hazard assessment, we elaborated 117 and
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165 buffer circumferences with a radius of 180 m and 195 m at Santa Barbara and at Aragona respecteefn@Fig.
b).

Thefinal potential paroxysmal hazardowses, in both areas, ansidered as the envelope amaing entirebuffer
circumferences elaborat€gig.7).
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Fig.6. Buffer circumferenceis ArcGIS 10.5at Santa BarbaraX) and AragonaB) mud volcanoes areaéSource:
2017 DSMé6s in ArcGl S 10.5)

5.3 Uncertainties
Theapplication of the methodology for the hazard assessement in both study areas, inevitably, is based on assumptions
which could give us some uncertainties. At the same time, the absence of a modelling approach for the paroxysm events
at both study areas anithe poor availability of data from all the past events, follow a-sgrantitative approach for the
hazard definition. The Digital Surface Model elaborated on 2017 was used to calculate, with some uncertainties, in ArcGis
10.5 the maximum distance readHgy the erupted fallout materials. The emission points checked in 2017 at S.Barbara
and Aragona may change the location over time due to their constantly evolving, also depending on the seasonality, on
the weather conditions or to a new deposition oftupted clay materials.

5.4 Seismic monitoring activity at Santa Barbara
Since October 207, a seismic INGV statiowasinstalled at Santa Barbara (see Fig.2 for location). It was equipped with
a Lennartz 3ELITE/1s short period velocimetewith flat response in the bandwidti8D Hz, and a 2bit seismic data
logger RefTek 130 model. To take full advantage of the sensor frequency band, the sampling frequency was set at 200
Hz, while the signals were synchronized via GPS.

6.0 Results
6.1 Paroxysm hazard assessment

The hazalous paroxysm areas for batfeas were created through the envelope of all buffer circumferencescoNrig.
area of 0.12 khand 0.20 krfy potentially exposed to possible paroxysmal evemiscalculated fothe Santa Barbara
and Aragonaiterespectively (Fid). In these two hazardous paroxysm ayelifferentgeophysicaphenomena as well
as deformation, fracturing and seismic events together with geochemical ones couldrocthat reason, these two
exposedareasshould be interdietd to visitors, residential or public activities, due to their correlated hazardous
phenomena that could occur befoderingand after a paroxysm evein. both areasa dedicated safe path, outside the
hazardougparoxysm areasf Fig.7 should becreated in order to permit the safety observations of these geological
phenomena to visitors.
The decreasing of the gas output in the central area of the Maccalube of Aragona before the paroxysmal events could be
an important parametdt. mayoccur, according to Grassa et 012, due to he increamg of the tectonic stress field
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