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Abstract. San Salvador Volcanic Complex (El Salvador) and Nefapidtepe Volcanic Complex (Nicaragua) have been
characterized by a sifficant variability in eruption style and vent locatidhensely inhabited cities are built on them and
their surroundingsincluding the metropolitan areas of San Salvador (~2.4M people) and Managua (~1.4M people),
respectively. In this study we presevel vent opening probability maps for these volcanic complexes, which are based on
a multtmodel approach that relies on kernel density estimdtogsarticular, we preseriiematicvent opening maps, i.e. we
consider different hazardous phenomena sgply;, including lava emission, smaltale pyroclastic density currents, ejection

of ballistic projectiles, and lovntensity pyroclastic fallouOur volcanological dataset includes: (1) the location of past vents,
(2) the mapping of the main fault sttuces, and (3) the eruption styles of past events, obtained from the critical analysis of
literature and/or inferred from volcanic deposits and morphological features observed remotely and in the field. Teo illustrat
the effects of considering the expectzdption style in the construction of vent opening maps, we focus on the analysis of
smallscale pyroclastic density currents derived from phreatomagmatic activity or frointkwgity magmatic volcanism.

For the numerical simulation of these phenomeraadopted the recently developed branching energy cone model by using
the program ECMapProb. Our results show that the implementation of thematic maps of vent opening can produce significantly

different hazard levels from those estimated with traditiomakthematic, maps.

1 Introduction

Volcanic hazard assessment is typicailyuencedby eruption style and the associated eruptive phenomena (e.g., pyroclastic

fallout, ballistic projectiles, pyroclastic density currents, lava flows). A widely adopted methodology for assessing volcani
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hazard is based on the determination and analysisneimber of expectable eruptive scenarios (&lgwhall and Hoblitt,

2002 Cioni et al., 2008; Neri et al., 2008; Marti et al., 2012; Ferrés et al., 2048nall and Pallister, 201 Mright et al.,

2019). These scenarios artemmonlybased on the charaeistics of past eruptions, while their potential effects in the
surrounding area can be evaluated by coupling field observations, uncertainty quantification and numerical simulations (e.g.
Bonadonna et al., 200Bel Negro et al., 201Bayarri et al., B15; Neri et al., 2013Bevilacqua et al., 2017bjlead and

Magill, 2017;Strehlow et al., 201 Rutarindwa et al., 2019). In addition to the expected magnitude and eruption style, other
sources of uncertainty for volcanic hazard assessment may derivahfeoomknown position of the vent during future
eruptions, especially for volcanic fields associated with large calderas or controlled by regional testpni@snnor et al.,

2019). Accordingly, vent opening probability maps have become fundamentafdothe assessment of hazard and risk in
different volcanic systems (e.g. Alberico et al., 2002nnor et al., 201Bevilacqua et al.2015;2017a; Thompson et al.,
2015;Poland and Anderson, 2020). The procedures adopted to construct these mapsdgpgider the data associated with

vent position of past eruptions and, sometimes, major fault structures. Thus, they require the availability of a datsged dat

of geological and volcanological information (Marzocchi and Bebbington, 2012; Cormlgr2015; Németh and Kereszturi,
2015)

Vent opening maps have been developed for a growing number of volcanoes, such as Campi Flegrei (Alberico et al., 2002
Selva et al., 2012; Bevilacqua et @D,15; 2017} SommaVesuvius (Tadini et al2017a; 2016), Etna (Cappello et al., 2012;

Del Negro et al., 2020), Yucca Mountain Region (Connor and Hill, 1995; Connor et al., 2000), Main Ethiopian Rift (Mazzarini
et al.,2013; 201), Auckland Volcanic Field (Bebbington, 2013; 2015; Asigal., 2020), Long Valley Volcanic Region
(Bevilacqua et al2017a; 201} El Hierro Island (Becerril et al., 2013), Pacaya Volcanic Complex (Rose et al., 2013); Harrat
Rahat Volcanic Field (Runge et al., 2014), Snake River Plain (Gallant et al., Zaip}y Volcanic Zone (Késik et al., 2020)

and Aluto volcano (Clarke et al., 2020among others. Furthermore, the expectedbtion styleand resulting volcanic
phenomena are likely influenced by vent positisnother words, vent position is notly important for volcanichazard
assessment because it controls the final dispersal of volcanic products, but also because it can be correlated vétpleruption
and intensityHowever, there are significant difficulties associated with interpreting and limodie dependenceetween
eruption style and vent positide.g. Thompson et al., 201€larke et al., 2020 A number of different volcanic processes

may produce this correlation, such as the involvement of different portions of the plumbing systerestree of
groundwater or surface water in specific zones of the volcanic field, or variations in the mechanical characteristics of the
country rocks (e.g., Andronico et al., 2005; Coppola et al., 2009; Aravena et al., 2020b). This is evident forieyamtjaldy
submerged calderas, in which the style of activity of vents in the submerged zones is clearly influenezgosition either
increasing the explosivity by magmater interaction, or reducing explosivity in deep water conditi®osiqi et al., 2015;

Sandri et al., 201&aris et al., 2019 hus, the spatial distribution of the expected style of activity could be strongly relevant
when vent opening maps are used to producetemng hazard maps for different eruption scenarios.

In this @ntext, in order to deal simultaneously with the uncertainty associated with vent position, eruptive style and their

interdependence, here we preg@etmaticvent opening maps that consider separately the occurrence of four selected volcanic
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phenomena: lava emission, smsdhle pyroclastic density currents, ejection of ballistic projectiles, andntewsity
pyroclastic fallout. The input geological information adopted for the construction of these maps includes the mapping of the
main faultstructures, the position of past eruptive vents, and various information on the eruption styles and processes. This i
deduced from a critical analysis of literature, the study of volcanic deposits, and from remote analysis of their maiphologic
characteistics. The resulting thematic probability maps include uncertainty quantification both on past vents locations and on
model parameters. To illustrate the effects of using thematic vent opening maps instead of orditlzgynatio maps, we

show a systentiz application of the recently developed branching energy cone model (Aravena et al., 2020a), which is able
to describe the invasion area of pyroclastic density currents considering channelization processes.

In this investigation, done in the ambiencetef RIESCA project, funded by the Italian Development Cooperation and aimed

at promoting applied training in risk scenarios in Central America, we construct thematic vent opening maps for two volcanic
complexes of the Central America Volcanic Arc: San &dv VVolcanic Complex (SSVC, El Salvador; Figure 1a) and Nejapa
Chiltepe Volcanic Complex (NCVC, Nicaragua; Figure 1b). SSVC and NCVC are both associated with the subduction of the
Cocos Plate beneath the Caribbean Plate at an average rat8fif/yearBarckhausen et al., 2001; DeMets, 2001) and

pose particularly critical volcanic risks due to the presence of densely inhabited communities in the surrounding areas,
including the metropolitan areas of San Salvador (~2.4M people) and Managua (~1.4N), pespéztively (Figure h).

This implies that any future volcanic activity could threaten the life of hundreds of thousands of people. Thus, int@ddition
be an interesting application of our new methodology, the availability of vent opening mapebeetavant for improving

hazard assessment in these regions.

In this paper, after the description of the geological framework of SSVC and N8GC %), we present new thematic vent
opening maps for the two studied volcanic compleg8est( 3). Then, wepresent invasion probability map$ smallscale
pyroclastic density currents (PDGVhich arederived from the application of the branching energy cone model (program
ECMapProb) and the adoption of the thematic vent opening maps described pre8edsH)( Finally, Sect.5 andSect.6

present the discussion and conclusions of this study.

2 Geological framework and volcanological dataset

We performed a detailed literature analysis in order to collect volcanological data and structural informatiolCam8SV
NCVC (Figure 1ab).

First, we collected information about past vent locations and their uncertainty areas, which were defined using polygons (Fig
lab). Inside these polygons the probability is distributed uniformly. Small polygons are asswitiated!l constrained vent
locations (e.g., by the existence of a wakkserved crater), while large polygons are related to significant uncertainty in vent
position. Figure 1d presents the eruptive sequence of the two volcanic complexes addressedviorkh whereyellow

symbols represent their walbcumented eruptions (see Tables 1 and 2) and black symbols represent regional stratigraphic

markers. In this figure, eruption numbers refer to the source vents (see-Bigntlarables 1 and 2) while theters are used
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to identify different eruptions from a single vent. In both the case studies there are many monogenetic vents and only one
polygenetic ent, i.e. San SalvadeiBoquerd volcano and Apoyeque volcano, respectively.

Then, we considered timeajor fault structures present in the studied volcanic areas (Figiae which likely had a significant
influence in the vent position of past events because of their effect in magma ascent dynamics (Gaffney and Damjanac, 200
Valentine and Krogh, 2@) Ferrés et al., 2011; Avellan et al., 2012; Le Corvec et al., 2013).

Finally, we considered the range of eruptive phenomena associated with past events, mainly based on the nature pf the differe
volcanic edifices and deposits, and on the availableanological literature (see Tables 1 and 2). In this way, for each vent,

we defined one of four probability levels, i.e. Y =1, PY = 0.75, PN = 0.25, and N = 0, associated with the occurrence of fou
different eruptive phenomena: (1) lava emission, (2) lsetale pyroclastic density currents associated with phreatomagmatic
activity or lowintensity magmatic volcanism, (3) ejection of ballistic projectiles, and (4jritemsity pyroclastic fallout due

to Strombolian, violent Strombolian or Vulcanian actiisee Tables 1 and 2 and their footnotéslkse probability levels
arethenused to weight the importance of the different vents in the construction of thematic vent opening maps, as describec
below. We remark that, although stfflinian to Plinian eruptins able to produce largeale pyroclastic flows and fallout
deposits are also present in the geological record of SSVC and NCVC, this eruption type was only associated with the twc
main central edifice§.e. San Salvador volcano and Apoyeque volcanspeetively. Thus, the probability of vent opening

for these phenomena is largely concentrated on the apical part of these edifices and, consequently, the construction of ve
opening maps for these events is not considered in this work.

2.1San Salvador \Wblcanic Complex (SSVC)

The Pleistocenglolocene San Salvador Volcanic Complex (SSVC, El Salvador; Figure 1a) sks\taending graben and

is formed bya summit conealledBoquerd Volcano (BV)enclosed by the remnants of tlecientvolcanic edificeof San

Salvador Volcano (SSYand by at least 25 monogenetic volcanic edifices located at the SE, NW, and N of the main edifice
(Figure 1a). The monogenetic edifices include scoria cones, maars, tuff rings, tuff cones, and explosion craters.idieir posit
are strongly influenced by two N\¥ending normal faults (Figure 1a). In this work, following Ferrés et al. (2013) and Ferrés
(2014), these structures are referred as faults A (i.e., the NdWing fault) and B (i.e., the N65%kending fault; see Fige

la).

Ferrés et al. (2013) and Ferrés (2014) identified three main periods in the eruptive history of SSVC:

(a) Stage | (>72 ka 36 ka) corresponds to the construction and collapse of SSV. It is represented by pyroclastic deposits
intercalated with arekitic and basaltic andesitic lavas, and fallout sequences associated with the Coatepeque caldera (Kutterol
et al., 2008; Ferrés et al., 2011). El Picacho (~1960 m a.s.lUgtEli(~1400 m a.s.l.) and the SW portion of the current
volcanic edifice arehe present remnants of the collapsed and deeply eroded SSV (Fig. 1a; Ferrés, 2014). No monogenetic
centers have been identified during this stage (Ferrés, 2014). The collapse of the SSV was a consequence-&fiaiphreato
eruption responsible of the @tacement of the pyroclastic sequence G1 (event 25a in the nomenclature adopted in Fig. 1c;
Sofield, 1998).
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(b) Stage Il (36 kai 3 ka) represents the estruction of the activ@oquerd Volcano (volume of circa 8.5 kinFerrés,

2014). It includes both afsive and explosive volcanism associated with the emission of basaltic andesitic and andesitic
magmas, intercalated with pyroclastic deposits from the llopango caldera (Kutterolf et al., 2008; Ferrés et al., 204tl; Smith
al., 2020). During this periodava flows were issued from the SSV (in particular, fourteen lava flows were recognized by
Fairbrothers et al., 1978), while the explosive activity included at least six events after the pyroclastic sequencésG1 (even
25b-g in the nomenclature of Fig. lthe last one marked the limit between Stages Il and IIl; Ferrés et al., 2013).

(c) Stage lll (3 kai present)includes eruptive activity mainly concentrated in the flanks of the BV and in the plain nearby.
Sofield (1998) suggests that this shift was relatethe reaching of the critical height of the younger edifice (i.e., BV). Several
monogenetic edifices were formed during this period as a consequence of both explosive and effusive volcanism, whick
frequently involved magma interaction with externalavasuch as Crater La Escondida and Loma Caldera (Table 1). In any
case, no hydromagmatic explosions have occurred in the area in the last 1000 years (after Talpetate |, see Fig. 1c; Sofiell
1998), possibly as a consequence of a reduction in the legedwidwater in the flanks of the volcano.

Ferrés (2014) suggests that the enlargement of the volcanic field during Stage Il is associated with a general decrease
activity in the Central Crater. It is important to note that, although flank activitedtapproximately 10 ka ago, it has been
dominant only during the last 3 ka, exhibiting a strong structural control (Fig. 1a). On the other hand, during thiB\period,
volcanic activity has included at least three volcanic events: Talpetate | (San Anéfreshich includes fallout and surge
deposits widely distributed toward SW, event 25h in the nomenclature of Fig. 1c), Talpetate Il (event 25i in the nomenclature
of Fig. 1c), and the last eruption (i.e., A.D. 1917 event, vent 29; Fig. 1c and Tableeh) minor explosive activity in the

central crater, associated with the construction of the-arateric Boqueroncito tuff ring, coexisted with an important lava
effusion from parasitic vents of the N flank (vents 27 and 28 in our nomenclature, Figl Talale 1).

Sofield (2004) proposed five different eruption scenarios: (1) hydromagmatic flank eruption of3/ER)YLmonogenetic
magmatic eruption of VEI-B, (3) smaHscale eaption of VEI 13 within Boquerd crater, (4) sudPlinian eruption from the

central vent (VEI 45) and (5) Plinian eruption from the central vent (VEI 6). Major et al. (2001) also described plausible
scenarios associated with lahar occurrence. A first hazard assessment exercise for BV was done by Ferrés et al. (201
consideringash fall, ballistic projectiles, and pyroclastic density currents issued from the central vent. However, since a
recurrence period of 85+50 years was proposed by Sofield (1998) and Sofield (2004) for flank eruptions during the Stage I,
the most probabl&uture event is associated with monogenetic volcanism, and thus the analysis of the hazard associated with
flank eruptions is of paramount importance in SSVC in order to complement the recent literature.

In this study, we focused on theste886 ka of volanic activity atSSVC (i.e. our analysis starts with the end of Stage |, when

the collapse of SSV occurred). In particufatlowing Sofield (1998), Ferrés et al. (2011), and Ferrés (2014), we considered

29 vents in the SSVC (Fig. 1a and Table 1), motheih with a monogenetic character (the only exception is vent 25, i.e., the
central crater). Mainly considering the edifice type, the deposits characteristics, and the historical activity, forceaih vol

vent we defined the probability of occurrencettod four volcanic phenomena studied here (i.e., lava emission-sratdl

PDCs, emission of ballistic projectiles, and {owensity pyroclastic fallout; Table 1). In general terms, sis@dle PDCs were
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not associated with the activity of scoria conghijle all the four volcanic phenomena considered here have been linked,
although with different probability of occurrence, to maars, explosion craters, tuff cones, and tuff rings as wellcntmthe
activity of BV. It is important to highlight thahe products of Plinian and s#linian volcanism, which have been produced

at the central vent of SSVC, were not considered in the construction of our vent opening maps due to the small uncertainty i

vent positiorfor these events.

2.2 NejapaChiltepe Volcanic Complex (NCVC)

The Pleistocen&lolocene Nejap&hiltepe Volcanic Complex (NCVC; Figure 1b) is located at the western edge of the active
Managua grabemicaragua. It includes at least 31 volcanic vents mainly emplaced following the Méjafares lineament

(NML in Fig. 1b; Espinoza, 2007; Avellan et al., 2012). At its northern limit, NCVC includes the polygenetic Apoyeque
stratovolcano, and severabmogenetic volcanoes including maars, tuff rings, tuff cones, and scoria cones (Table 2, Avellan
et al., 2012). One of these vents, named Tiscapa maar (vent 26 in the nomenclature presented in Fig. 1d and Table 2) a
whose emplacement was controlled by feismically active Tiscapa fault, is located inside the city of Managua (Wdrd et a
1974; Freundt et al., 2016reundt and Kutterolf, 2019).

NCVC deposits are intercalated with pyroclastic deposits derived from Apoyo and Masaya calderas, whicit teafese
stratigraphic markers (Figure 1d; Kutterolf et al., 2008). Apoyeque products are mainly dacitic to rhyolitic in composition,
while the products of monogenetients range from basaltic to andesitic basaltic (Avellan et al., 2012). Most of thtéoar.
associated with NCVC involved hydromagmatic activity, possibly triggered by the interaction between rising magma and
shallow aquifers (Avellan et al., 2012). The possible presence of sources of surface water is so of primary importance for
volcanichazard assessment in this area.

No clear trends are recognized in the temporal evolution of vent position and eruption style, even if important clitiats varia
have been documented in this zone during the Holocene (Freundt et al., 2010). In anyiscasppitant to highlight that
phreatomagmatic activity in central and southern NCVC has been dominantly observed relatively near the Nejapa fault (e.qg.
El Plomo craters, Ticomo craters, Refineria crater), while scoria cones are preferentially olstiregubripheral zone (e.g.,
Motastepe, Altos de Ticomo, San Patricio). A detailed description of the eruptive history of NCVC, particularly of its centra
and southern parts, is presented in Avellan et al. (2012), while Pardo et al. (2008) and Fralr(@D&0) focus on the
youngest eruptions of NCVC, which created the Asososca and Tiscapa maars. Details on Plinian eruptions of Apoyeque
volcano are present in Kutterolf et al. (2011) and Avellan et al. (2014). A previous hazard assessment exe@¥&e fas\

done by Connor et al. (2019) by adopting an elliptical kernel density estimator. However, thesecmapsseon 28 past

vent locations, did not consider uncertainty in vent locations, and did not incorporate fault structures neither themformat

on the past eruptive styles. The main differences between our approach aratéheiisfly discussed in Seét.

Based on Pardo et 42008), Freundt et al. (2010), Avellan et@012), and Avellan et al. (2014), we considered 31 vents in

the NC\VC (Fig. 1b and Table 2). Also in this case, for each volcanic vent we defined the probability of occurrence of the four

volcanic phenomena studied in this work, mainly based on the edifice type, the characteristics of the documented deposits, ar
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the currat presence of surface waterhich may induce an eruption dynamics controlled by magatar interaction
processeg¢Table 2). In general terms, scoria cones were mainly related to the production efalomak fallout deposits,

ejection of ballistic pragctiles and the emission of lavas. On the other hand, the hydromagmatic activity typical of maars, tuff
cones, and tuff rings has been linked to the emission of ballistic projectiles and generation of relatively small Pi@stand fa
deposits; while lavflow activity is generally absent at this type of edifices. Finally, in Apoyeque volcano (i.e., vent 31, Fig.

1d and Table 2), we consider that the typical volcanism is characterized by the emission of ballistic projectiles artdahe eve
generation of elatively small volumes of fallout deposits and sksatile PDCs. We remark that the analysis of lage
explosive eruptions, which have characterized the activity of Apoyeque volcano, is beyond the objective of this work and thus
they were not consided in the construction of our vent opening map& choose taconsider thevolcanic activityin
Apoyequevolcanoand in other zones of this volcanic systiena common framework to assess volcanic hazalttiough
volcanoes of the Nejapdiraflores lineanent and those of the Chiltepe peninsula have different stglenmgma composition,

it is undoubtful that their activity was strongly intefingered in the recent past (Kutterolf et al., 2007), and that the tectonic
structures controlling these volcanoes strectly interrelatedlt is worth notingthat the influence of this assumption in the
analysis of smalscale events is limited becausfeherestricted influence of a single vent within the entire volcanic system

and because the weight assigned to the different volcanic phenomena at Apoyeque caldera is null or small in most of the cas

(for threeof the four consideredolcanic phenomena).

3 Probability maps of vent opening
3.1 Methods

In both the case studie§ 8SVC and NCVC, we adopt the kersilsed multimodel approach developed in Bevilacqua et al.
(2015), Bevilacqua et al. (2017a) and Tadini et al. (2017b). These ar¢éelomgassessments based on the record of past
eruptions and mapped faults, which lie the assumption that a new vent will likely open close to previous vents and to
geological structures that, in the past, have favoured the ascent of magma to the surface.

We linearly integrate two models nandddel 1landModel 2 with weights affected byncertainty (Fig. 2)Model 1considers

the faults and the position of past v@fdllowing a Bayesian approacid lies in the assumption that new vents will likely
occur near structures that interacted with ascending magmas in tli&lpdst et al.,2004; Jaquet et al., 2012)n the other
hand,Model 2adopts a Gaussian kernel density estimator applied on a uniform distribution within the uncertainty areas
enclosing the past venSadini et al., 2017b)This model does not consider structures buy @ameasure of the expected
distance between past and future vent positfesremark that in both the models past vents do not comprise simple points,
but areas of uncertainty of different extent. Each area can cover several cell$@fouresolutio computational grid, some

of them completely, others only partially. Therefore, for each cell, it was taken into account the fraction of each arezertain
that it contains (Bevilacqua et al., 2015; Tadini et al., 2017a). Both models are reviewedppéeheix A. A key novelty of

this study is the fact that we weight the past vents differently according to the chance that the new vents relatedllito them w
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be the source of a specified hazardous phenomenon, based on the past eruptions locally deethesdafic weights, which

leadto the production of thematic maps, are reported in Tables 1 and 2.

The location of the next eruptive vent is madddlas a random variable X with a continuous probability density function (PDF)

in the spatial domain. Theent opening map is then displayed as the probability density of the variable XJp&v&mremark

that the probabilities of vent opening that we obtain are conditioned on the occurrence of a new eruption and there is nc
associated temporal window. We didt count the polygenetic vents multiple times irstraodels. InSect.5 we discuss this
assumption and we test the opposite choice.

We remark thaour estimates are doubly stochastic (e.g., Cox and Isham, 1980; Daley antbieseQ03; 2008 Jaquet &
al.,2008;2012 2017), which means that the statistical distribution of the location of the next eruptive vent is represented using
ill -constrained parameters that are treated as uniformly distributed random variables (e.g., Bevilacqua, 2016 aritese par

are two distance valu€® and'Q tuning the kernel bandwidth of the two maglednd two probability valugs andr tuning

the probabilistic relevance dflodel 1 compared tdModel 2and of the mapped faults compared to unknown structures,
regectively. As a consequence of this approach, the PDF values will have their own confidence intervals.

In particular, the two map layers associated with different conceptual mdttadiel( 1andModel 2 are linearly cenbined

with specific weightsf) and p 1 , for the development of a multmodel vent opening map (Fig. 2). A similar approach

is adopted insiddodel 1to define the prior fault map as the combination of two layers, weightadd p 1 . One layer,

& , is related to the mapped faults (i.e. fault outcrops), and the otherdayisra uniform PDF representing the unknown (i.e.
buried) faults. Figure 2a illustrates the logic of this vent opening model combination. Figure 2b shows the two models and
their differences when applied to the test example of a past vent near a fault.

The input parametey 5 1 EEW was constrained through a straightforward expert judgment after the assumption that
Model 1should have a greater relevance thModel 2 This is because both SSVC and NCVC are characterized by robust
geological information which suggests significant relationships between past vents, fault structures and volcanisnralvith seve
aligned vents along the main faults. Similarly, 51 EEfp was chosen through expert judgment due to the greater
relevance of mapped faults compared to unknown structures thatsan@ed to baniformly distributed in the region. Thus,

the vent opening maps produced here are dominatébligl 1and by the informadn of mapped faults, but the possibility

of a new vent not influenced by structural alignment or by an unknown fault is considered. Further research fazused on
deeper understanding of the two case studies of SSVC and NCVC could improve these corsth@nthirough more
structured expert judgment techniques (Bevilacqua,e2@L5; Tadini et al2017a) likelihood based techniques (Bevilacqua

et al.,2017a; 201Band/or through other geophysical models able to address regional volcanism (e.g. Martin et al., 2004;
Jaquet et al., 2012; Runge et al., 2016; Deng et al., 2017).

On the other hand, our multiodel approach depends on two additional paramé@erandQ (see Appendix A). The
parametelQ in Model lis the average distance between-patallel regional faults. Different distances are measured in
different subregions, thus defining the uncertainty rang@&afSpecifically,Q 5 1 BRENE | for both S&C and NCVC.

The parameteé® in Model 2is the average of the distance of i#h nearest neighbor of each past vent. The nurtier

8



varied in plo to consider the presence of spatial clusters, thus defining the uncertainty raRdgeSpiecificaly, Q
265 51 pE® EiforSSVCandd 51 BREE I for NCVC.
In summary, ifQé is the PDF oModel 1and’Qé is the PDF oModel 2 then the multimo d e | fiintegrated?o

map is given by:

&6 /HQ0  p 1 Qo , (1)
that is:
270 &oMAQ 7 / QYR p N QoY p N QM 2)

where we also expressed the dependen&®oofthe mapped faults , the uniformly distributed map of unknown faulds,

and the distance parameter. \We also included the dependeraf"Qonthe distance parameter.

3.2 Results
3.2.1 San Salvador Volcanic Complex

275 Figures 3 and 4 present the resulting vent openiiag associated with SSVC for two of the four hazardous volcanic
phenomena considered in this work: lava emission and sce&k PDCs, respectively. The results related to the emission of
ballistic projectiles and the generation of snslle fallout depsits are described in Figures S1 and S2 in the supplementary
material. Each figure presents the mean value of the computed probability distribution and the results associated' with the 5
percentile and the 95percentile, expressed in terms of probépitiensity per ki) in percentage. For comparison purposes,

280 Figure 5a presents the results associated with the mean value ofteenttic vent opening map constructed using the same
procedure but with all the vents adopting the same weight. Pleasenagtentpractice, this map is equivalent to the vent
opening map of ballistic projectiles (Fig. SI).general, we remark that if almost all past eruptions are characterized by a
common volcanic hazardous phenomenon (e.g. the small scale fallout), rdepoarding thematic map will be very similar
to the northematic map (Fig. S2).

285 Results exhibit significant differences between the various thematic maps. While the highest vent opening probability
associated with smaticale PDCs follows the N&%-trendingfault B (Figure 4), in the other thextic maps the highesent
opening probabilities tend to locate along the northern portion of 46@/Nrending fault A (Figs. 3, S1 and S2).

In particular, in the case of events able to produce lava flows (Fidgie3laximum probabtly density is located on thgWw
flank of San Salvador volcano along the fault A, reaching probabilities of up to 1.0% pér e mean value map, with

290 90% confidence interval [0.7%, 1.6%)] per kr@onsidering the mean value map, thial probability of vent opening in a 4
km wide belt across the northern portion of fault A is 39.3%, excluding the pixels that are closerBdHaulto fault A On
the other hand, the total probability of vent opening close to fault B is 13.9%vadlheswas also computed by considering a
4 km wide belt across the fault under examination. Please ndtéhibariterion is also used the analysis of the other

thematic maps.
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Instead, as mentioned above, the region of maximum probability of vemihgpmnditioned on the occurrence of an eruption

able to produce smadicale PDCs is located along the Né&rending fault B(Fig. 4), with a peak probability in the mean

value map of 1.1% per Kywith 90% confidence interval [0.8%, 1.6%] perrm this case, in fact, the total probability of

vent opening near the fault B (i.e. 23.5%) is significantly higher than the results observed in the thematic map oslama emis
Instead, the probabilities of vent opening along the northern and soptréams of fault A are 26.8% and 6.1%, respectively.

The thematic maps associated with ballistic projectiles (Fig. S1) are quite similar to the case of lava emission, with the
maximum values observed along fault A. These maps slp@ak probability densi of 0.9% per krain the mean value map,

with 90% confidence interval [0.7%, 1.3%)] per¥krihe probabilities of vent opening near the northern portion of fault A, the
southern portion of fault A and fault B are 35.0%, 7.1% and 16.7%, respectively.

Finally, the vent opening mapelated to eruptions able to produce srsahile fallout deposits (Fig. S2) are similar to those
presented for lava emission and ballistic projectiles. The maximum probability of vent opening, located at the NW flank of th
volcang is 0.9% per k) with 90% confidence interval [0.7%,2%)] per kn?. In this case, the probabilities of vent opening
close to the northern portion of fault A, the southern part of fault A and fault B are 35.1%, 6.5% and 16.3%, respectively.

Results are sumarized in Table 3.

3.2.2 NejapaChiltepe Volcanic Complex

The thematic vent opening maps associated with NCVC are presented in Figures 6 (lava flows);stgtmaDCs), S3
(ballistic projectiles), and S4 (smatale fallout pyroclastic deposits). &g, each figure presents the mean value of
probability per km, in percentage, including the results of tHepBrcentile and the $5percentile as well. Instead, Figure 5b
shows the mean value of a nthematic vent opening map, i.e. with no differenagethe weight of the different vents. Also

in this case, this map is equivalent to the vent opening map of ballistic projectiles (Fig. S3).

All the maps show the maximum probability near Asososca maar (vent number 13 in Fig. 1b,d and Table 2), &d the on
significant differences are related to theShextent of the higiprobability zone, which tends to be longer in the maps associated
with the occurrence of smadcale PDCs (Fig. 7). A secondary peak is observed near Miraflores scoria cone.

In particular the peak value of vent opening probability density in the mean value map related to the emission of lavas is 1.6%
per knt, with 90% confidence interval [1.0%, 2.3%] per%{fig. 6). The maximum values in the other maps are: 1.7% per

km? for events abléo produce smaikcale PDCs, with 90% confidence interval [1.2%, 2.5%] per(Kig. 7); 1.6% per ki

for ballistic projectiles, with 90% confidence interval [1.1%, 2.2%] pef @ig. S3); and 1.6% per Knfor eruptions that
produce smalbcale fallout dposits, with 90% confidence interval [1.1%, 2.3%] pef kifig. S4). The resulting probabilities

of vent opening inside the limits of Managua are 28.9%, 35.1%, 31.2% and 32.0% for events able to produce lava flows, small
scale PDCs, ballistic projectileaésmaliscale fallout deposits, respectiveliso these results are summarized in Table 3.

The previous hazard assessment exercise in Connor et al., (2019) produced spatial density maps which differ from our result
As said above, they did not associats uncertainty area to the past vent locations, they considered slightly less events, and

they did not use the map of the main fault structures. Moreover, their method is not doubly stochastic, thus they dtiynot qua
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the uncertainty affecting theiesults. In other words, their spatial map is not a PDF but a spatial density. However, once
divided by the number of past vents considered, it becomes a vent opening map. Their maximum probability values are ~2.8
3.2% per kriand shifted of ~1 km towards west compared to ours. Their region above 1% probability’ peskarsimilar

areal extent to ours, but is significantly stretched in ti& dNrection, due to the use of an elliptical kernel. Further comparison

would be neeed to fully evaluate the strengths and weaknesses of both approaches.

4 Numerical simulation of smallscale PDC invasion hazard maps

For both SSVC and NCVC we extracted 100 sets of 1024 samples of vent position by using the thematic vent opening map
asso@ted with smaliscale PDCs. Each set of 1024 vent positions is associated with one of 100 different arrays of the model
parametersr M KQAQ adopted in the construction of our thematic vent opening maps. The sampling method is based on a
Latin Hypercube Sampling scheme, generalized with Orthogonal Arrays to increasdilfipggeroperties (e.g., Bevilacqua

et al., 2019b; Patra et al., 2020). We modified the method to work under the assumption-ahdaranPDF, as detailed in
Appendix A.In particular, our set of PDC initiation points changes for each of the 100 LHS designs explored (Rutarindwa et
al., 2019), and we did not rely on a number of fixed grid cells as initiation points (e.g. Sandri et al., 2018; Clark@2€X)al.

The sampleare denser where vent opening probability is higher, and their total number is great enough not to leave any region
free of testing.

Through the use of the branching energy cone model, implemented in the program ECMapProb and described in Aravena ¢
al. (2020a), we performed these 100 x 1024 simulations (i.e., 102,400 simulations) for each volcanic doaspliéx.the
branching energy cone model (Aravena et2812() is able to consider channelization processes in the construction of PDC
invasion maps,he topographies of both volcanic systems do not present significant channelization zones. Under these
conditions, the branching energy cone model tends to present similar tethatsaditional formulationalthough not equal

The reason for runningfiiérent sets of simulations for each volcanic system is to investigate the propagation of the uncertainty
associated with our vent opening maps in the resulting probability maps of PDC inundidixed the other PDC initial
conditions. In particular, @assumetD v it andO Ad 1@ Ui.ex p 1).JThese input conditions are consistent with

the runout distances observed in the small phreatomagmatic deposits recognized in(ihe fiélthe order of 2 kilometrgs)

e.g., Loma Caldera in SSVC, and are assumed to be representative of the studieth RX<study we focus on gravity

driven PDCs, but we remark that small scale phreatomagmatic eruptions may also produce dominantly inertial dilute fully
turbulent denisy currents, whose dynamics is better replicated by thealled boxmodel approach (Huppert and Simpson
1980).We decided not to use variable input conditions for initial PDC characteristics, so our hazard assessment is only valid
in thisspecificscenaio of PDC size and friction ang(&r examples of friction angle variability in studies based on the energy
cone model, see Hayashi and Self, 1992; Sheridan and Macias, 1995; Tierz et al., 2016b; Sandri et Almafs 8pmplete

PDC hazard assessnmeronsidering variable size and friction properties would require additional information to properly

calibrate these input paratees (e.g., Cioni et al2020)and/or complementary data coming from analogue volcanoes (e.g.
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Tierz et al., 2016a; Clarke et.,a2020. Further analysis could investigate the sensibility of numerical results on these
parameters, and increase the number of inputs that are sampled in the LHS scheme, also considering correlations between P!
size and friction properties, but thislheyond the purpose of this study (e.g., Spiller et al., 2014; Ogburn et al., 2016; Ogburn
and Calder, 201 ierz et al., 2018Rutarindwa et al., 2019; Patra et al., 2020).

Figures 8 and 9 present the invasion probability of sswlle PDG at SSVC andNCVC, derived from the systematic
application of the branching energy cone model (Aravena et al., 2020a) and the adoption of the thematic vent opening map
shown in Figures 4 and Rumerical simulations were performed using a D&#0 mresolution PDCinvasion probabilities

are described in percentage, including the mean value at each pixel of the mépeteestile and the 95percentile. These

results derive from the coupled effect of the vent opening probability distribution, controlled by structures and pastdvents,

the transport dynamics of PDCs, controlled by volcano topography and the characteristics of the bnaexdhirgee model.

In the case of SSVC, results show a zongigh PDCinvasion probability located at NW of San Salvador volcano, with a
maximum value of 23%, with 90% confidence interval [19%, 29%] and high invasion probabilities near the &itiesof

Sitio del Nifio and Lourdes (Fig. 8Modelled invasion probability at the SE flank of San Salvador volcano and in the city of
San Salvador tends to be low, where a significant effect is exerted by the topographic barrier of Cerro El Picacha, as well a
of the entire volcanic edifice of SSVC (Fig. 8). This is because-ogeniing probabilities are highn the NW flank of the

volcano and on the surrounding plain to th&W of the edifice, while significantly lower probabilities of vent opening were
computedon the E flank of the volcano (Fig. &he highest PDGnvasion probability calculated at the metropolitan area of

San Salvador, ~3%, is located in its western sector, between the western sector of San SalvadoiSamta TeclaThese

values mightbe explained by the peak in vemening probability shown in Figure 4 and/or by the high slope of the main
edifice and the absence of significant topographic barriers on the southern sector of the SSVC edifice.

Instead, in the case of NCVC, numerical tesindicate the highest invasion probabilities along the Nejapa fault, near the
western border of Managua city and inside it. The maximum values of invasion probability, i.e. 22% and 23% in the mean
value map, are associated with the Jelevation areasfoAsososca maar and Nejapa maar, respectively (Fig. 9): Non
negligible invasion probabilities have been calculated at the eastern portion of Ciudad Sandino as well, while the invasion
probability of smaHlscale PDCs at the northern part of the studied,Zamenear Apoyeque volcano, tends to be low (Fig. 9).
Finally, for the two volcanic complexes addressed here, Figure 10 presents the difference between the mean PDC invasio
probability percentages obtained by adopting thematic vent opening mapsy§.68d-and 9a) and the equivalent results that
would be derived from the application of nethematic vent opening maps, i.e. by using the maps displayed in Higese

results show clearly the relevance of using thematic vent opening maps in the asisesBazard at volcanoes where eruptive

style may significantly change with vent locati®ositive values (i.e. red zones) represent the portions of the map where the
application of thematic vent opening maps implies an increase in the calculated RIBGrirprobability, while negative

values (i.e. blue zones) are the sectors where the use of thematic vent opening maps instead of the traditional @steds manif

in a reduction of the computed PDC invasion probability. SSVC exhibits differences rénoging.2%, on the NNNE flank

of Boquerd Volcano (BV), south of Quezaltepequt® +5.8% on the NW flank of BVjear Lourdeg¢Fig. 10a). These results
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involve dramatic modifications in the computed PDC invasion probability. In fact, atitkelE flank of BV, the PDC
invasion probability is halved when thematic vent opening maps are consideredywhité@ilityincrease®y 70% in sane
portions of the NW flankf BV. On the other hand, the computed differences for NCVC are moderate and varf.9&tn

in the northern portion of NCVC to +3.2% in the southern portion of this volcanic field, including a significant area that
belongs to the city of Managua. In any case, in relative terms the differences between the results derived from tloa applicati

of thematic and nethematic maps aremalkr both in Managua and in its surroundings.

5 Discussion

Several probabilistic assessments of vent opening at different volcanoes have been presented during the last decade (e.
Marzocchi and Bebbington, 201Zonnor et al., 208, Poland and Anderson, 20R0mproving the methodologies
implemented to construct these maps and sensibly increasing the number of vejeamicsfor which a probabilistic
assessment of vent opening is available. It is remarkablexéonple, the inclusion of structured expert judgment procedures

to constrain the input parameters of the models adopted to construct these maps (Chapman et al., 2012; Bevilacgba et al., 20:
Tadini et al., 2017a; Bebbington et al., 2018), and their aogiplith models aimed at describing the dispersal of volcanic
products (e.gDel Negro et al., 201Neri et al., 20157 hompson et al., 201Fierz et al., 2018Gallant et al., 2018; Hyman

et al., 2019; Rutarindwa et al., 2018)growing effort is aimed at the production of shmtm vent opening maps which can

modify the longterm estimates aftexiugging-in the monitoring information that progressively evolves during volcanic unrest
(e.g.,Sandri et al., 2012; Chaussard anaiélung, 2012Selva et al., 201Bevilacqua et al., 2019¢020a; 2020bPatra et

al., 2019 Sandri et al., 2020).

In this context, in this work we adopted a novel approach where we have considered separately different volcanic hazardou
phenomena (i.e.neission of lava flows, smalicale PDCs, ballistic projectiles, and snsaale pyroclastic fallout). This led

to the construction of thematic vent opening maps which allow to assess the hazard that different volcanic phenomena involvi
separately. We remlathat previous studies already produced vent opening maps devoted to specific types of eruptions (e.g.
Plinian and suliPlinian eruptions in Tadini et al., 201 %y pumiceconeforming eruptions in Clarke et al., 202fo eruptions

inside selected sulegions (Bevilacqua et al., 2017b) or to a suite ofiprposed eruptive scenarios (Ang et al., 2020

worth highlighting thathie approach adopted here, where the resulting vent opening maps are conditioned on the occurrence
of a specific volcanic pmmena, is opposite from the strateggopted ira series o$tudies of hzard assessment (elNgri

et al., 2015;Thompson et al., 201%evilacqua et al., 2017djierz et al., 2020), where the probability of having a specific
hazardous phenomenon a gecific eruption sizés conditioned on vent location. Although boiteenativescan be useful

for hazard assessment, their suitability is controlled by the expected applieatibthe two approaches are linked through

the application of the Bayes Theon Our approach seems to be more appropriate for the constructibenedtichazard

maps fora specificvolcanic phenomesn anderuption sizewhile the opposite strategpossiblycoupled withevent trees,

seems to suit bettém the formulation ohazard maps that combine multiple phenomena and/or multiple eruption sizes
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In orderto apply ourapproachin addition to the mapped faults and the record of past eruptions, we considered the eruption
style and the likely eruptive phenomena that thegrattions could have produced, on the basis of deposits and morphological
features of volcanic edifices. This is justified by the suggested relation of vent position and eruption style andheatmsity,

has been observed at different volcanic fieldg. (@ndronico et al., 2005; Coppola et al., 2088 mundsson et al., 200L0n

particular for the studied volcanic fields, at SSVC, sraallle PDCs have been preferentially produmgvents located along

the N65W-trending faultB (Fig. 1a and Table 1)yhile lava flows have been commonly observed in yttated along the
N40W-trending fault A (Fig. 1a and Table 1). Apparently, no sfeadlle PDG have been issued in the past from thereén

vent of the preseriioquerd volcano. On the other hand, a€MC, maars and tuff rings have been mainly produced in events
whose vent was located near the Nejapa fault, while scoria cones are predominant in the peripheral zones. Additional evidenc
is reported also for the possible presence of hydromagmatic eraptiters located in the soutkestern corner oKolotlan

Lake.

As expected, the integration of this information in the construction of thematic vent opening maps is manifested inttheir res
(Figures 3, 4, 6, 7 and &34), which in some cases present significant differences as a function of the considered hazardous
phenomenon. We also estimated how these changes are sensible to some of the main sources of uncertainty. In fact, the 9
confidence intervabf the ventopeningprobability per km can strongly enhance the differences between thematic maps as
can be obse&ed, for example, in Figures 3c and 4c.

The design and implementation of mitigation strategies of volcaniariskeefy associateavith the characteristics of the
volcanic process under consideration and vent position. In this sense, the importaiog tifematic maps when the studied
volcanic complex shows a vent positioontrolled eruption style has been illustrated by modeling the propagation dynamics

of smaltscale PDCs. Our results, which were obtained by adopting the branching energy con@rawdaa et al., 2020a),

show the coupled effect of vent opening maps and volcano topography in determining the PDC invasion hazard. Results stres
that the adoption of thematic vent opening maps is able to produce significant effects in the constratiard maps, which

are particularly relevant for SSVC.

Finally, an important aspect in our analysis is that we did not count multiple times the pdtygené&t (San Salvador
Boquerd volcano in SSVC, and Apoyeque volcano in NCVC), i.e. every vastweighted only in consideration of its past
eruptive phenomena and not the number of eruptions. Similarly, in Connor et al. (2019) the Apoyeque volcano counted one ir
the production of their spatial density maps. In contrast, a straightforwardcaweting approach could lead to different
results, and this fact deserves some additional comments.

In the case of SSVC weounted nine explosive everntsring the lasB6 ka, including the collapse of SSV at the end of Stage

I: six eruptionsduring Stage ll,andthree duringStage 11l (Figure 1c). Moreover, in Stage Il at least fourteen lava flows were
issued from the SSV (Fairbrothers et al., 1978). In the NCVC we counted three explosive eruptions from Apoyeque, and nc
lava flowsduring the lasB0 ka (Fig. 1d). In our results we did not follow an event counting approach because of several
reasons explaineoklow.
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Firstly, an event counting approach would rely on the assumption that the volcanic system is stationary over the time perioc
consideredn the statistics. In contrast, fexample SSVCapparently shifted from a central volcanism to the development of

the monogenetic field on the flanks of the BV and in the plain néakayagoMost of the twentyeight known monogenetic
eventsoccurredafter 3 kaBP, while only tireeof the BV eruptionsire associated witihis period In addition, how much the

Central Crater should count depends on the time interval considered. In a similar situation, Bevilacqua et al. (20d7a) treate
the uncertainty ated to a shift of volcanic activity from Long Valley Caldera to Mdngo chain by weighting the events

in the older site from 0% to 50% of the more recent events. Bevilacqua et al. (2015) weighted differently the ventgén the th
past epochs of Campiegrei postcollapse activity, after an expert elicitation. Again, the older vents tended to weigh less than
the more recent vents.

Secondly, in the two case studies of SSVC and NCVC the specific knowledge of many eruptive centers is variable and
sometimes poor, underecording is likely, and a robust event counting is not possible. However, the possible errors in event
counting are not the same in the various thematic maps. For example, in the casesfadeBIDCs at SSVC the capability

of producing bw energy events in the central edifice should not be substantially different from monogenetic vents. In contrast,
BV is a stratovolcano built after a large number of lava flows, while monogenetic vents typically produce a single flow.

Figure 11 shows twdlustrative examples of modified vent opening maps of SSVC after following an event cebatiad
approach. We only present the results of SSVC because the potential effect ofdifisation would be minor in NCVC

due to the relatively small numbef known polygenetic events. In particular, Figure 11a shows a vent opening map for lava
flow emission that counts the central crater 16.25 times, i.e. 14 times for the past lava flows in Stage Il, plus @esX@5 ti

the past explosive eruptionsiring the lasB6 ka. Figure 11b shows a vent opening map for ballistics that counts the central
crater 9 times, i.e. the past explosive eruptidiigsure S5 and S6 in the Supporting Information show therid the 95
percentile values of these mahie sgnificant concentration of vent opening probability towards the polygenetic center is
evident inthesefigures. Conversely, in terms of hazard assessment, our choice (i.e. with no consideration of a higher weight
for polygenetic vents) spreads the ventripg probability further from the central volcano and potentially closer to highly
inhabited areas. In summary, to improve this aspect of the analysis, separate maps for the central volcano and thg surroundi

volcanic field could be produced, and theiifetiential weight better constrained after additional research.

6 Conclusions

In this study, we have presented vent opening probability maps for two Central American velcanics San Salvador
Volcanic Complex and Nejap@hiltepe Volcanic Complex.ike many other volcanoes in theorld, thesevolcanic fields

present some features that make critical the availability of this tool for the design and implementation of volcanic risk
mitigation procedures: (1) they are next to highly inhabited citie§a®e Salvador (2.4M people) and Managua (1.4M people),
respectively; (2) they present a significant variability in vent position; and (3) they produced a number of differesft types

eruption style.
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We implemented quantitative vent opening probability estd® which are based on main fault structures and past vent
positions, and include uncertainty quantification and the type of activity of the documented eruptions. We produced different
thematic naps related to emission lafva, smallscale pyroclastic deity currents, ballistic projectiles and smstlale fallout
deposits.

The main findings derived from the new vent opening maps are:

(a) At SSVC, the maps show their maximum values on the NW flank of San Salvador volcano and in the northern region of
thisvolcanic complex. In particular, results indicate that the zone of high probability of vent opening (>0.5% mean probability
per kn?) of events able to produce smatlale PDCs follows thel65W-trending fault B, while the higprobability zone

related to &va emission, ballistic projectiles and the production of sumdlime fallout deposits follows tHe40W-trending

fault A. This shows that the separate consideration of different hazardous phenomena is able to produce relevant difference
in vent opening mbability maps.

(b) At NCVC, results show that the maximum vent opening probability is located near Asososca maar. The only differences
between the different thematic maps is th& Mxtent of the higiprobability zone, which tends to be larger in the snap
associated with smaticale PDCs than in the other thematic maps. Importantly, a significant portion of the vent opening
probability distribution is located ind& the limits of Managua Cityyhich implies major challenges in managing the volcanic

risk associated with NCVC

We remark that we did not consider the occurrence of large volume pyroclastic deposits derived #rtimaubr Plinian
eruptions, e.g., largeolume fallout or PDC deposits. Indeed, in the past they were only emitted from thermdlggentral

vents of both volcanic complexes, i.e. San Salvador and Apoyeque, respectively. Thus in these cases the construction of ve
opening probability maps is not meaningful at the scale of the other thematic maps, i.e. tens of kilometers.

Finally, we have adopted the branching energy cone model described in Aravena et al. (2020a) to illustrate the use of the
thematic vent opening maps presented here. In particular, we performed a Monte Carlo simulatidsrofit$6ale PDCs,
representative ofibse derived in the past from phreatomagmatic activity oifitbensity magmatic volcanism. We varied the

vent location following a doubly stochastic approach that enabled us to estimate the effects of the uncertainty affecting the
vent opening PDF. We ditbt change the size and the friction properties of the flow to better analyse the effects of the different
vent opening maps.

Results of this new hazard assessment show that:

(a) At SSVC, a significant effect is exerted by volcanic topography. The highlests of invasion probability are observed

at NW of San Salvador volcano, with high invasion probabilitiesQ% in the mean value map) near the citieswfvo Sitio

del Nifio and Lourdes. Invasion probability in the city of San Salvador tends tabealglsmall, with the highest values- (2

3% in the mean value map) observed at the western sector of the urbanized zores{es,zone of San Salvador Sahta

Tecla). The use of the thematic map increased the $0dll invasion hazard estimates thie western side of BV, while

decreased the same hazard in the northern side of the volcano.
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(b) At NCVC, the high vent opening probability inside and near the limits of Managua produces higRBf@afvasion
probabilities inside this city (~120% in the mean value map). High invasion probabilities-1:886 in the mean value map)

are computed at the eastern portion of Ciudad Sandino as well. The use of the thematic map increase@ie swadlion

hazard estimates in the southern part of NML, whieeasd the same hazard in the northern part.

(c) In both case studies, the examination of thaid 9% percentile maps show that hazard values can change of ca. +30
50% because of the uncertainty sources affecting the vent opening PDF. The effeittg afthematic map in tlsenallscale

PDC hazard estimates are evident in both SSVC and NCVC, but significantly stronger in the first case. This is enhanced by
considering the uncertainty range.

The findings presented in this paper represent relevant information for the management of vielcamithese volcanic
complexes, and complement previous works focused on the hazard assessmieathafactivity in the central vents (e.g.,
Avellan etal., 2012; Ferrés et al., 2013). Coupling of thematic vent opening probability maps with numerical models able to
describe other eruptive phenomefmag. lava flows andballistic projectiles)would provide further relevant data for the

assessment of volcarhazard, as shown here for PDCs.

Appendix A

In the following we review the detaildodel 1landModel 2 and the nowniform Latin Hypercube Sampling scheme adopted

in this work.

A.1 Model 1: Kernel-based Bayesian update of fault map

Model 1merges the faults and past vents locations following a Bayesian approach. This model is also detailed in Bevilacqua
et al. (2017a), but differs in the method gelect the distance paramefer We assume that the mapped faults provide
information in theforecast of future vent locations (e.g., Felpeto et al., 2007; Cappello &5, 201). In fact, we expect

the new vents to more likely occur near mapped faults that previously interacted with rising magma (Martin et al., 2004; Jaqu
et al., 2012)The key idea irModel 1is that the vent opening map depends on an additional spatial parameterh-
representing theurface projectioof a fault interacting with a future potential rising dike. We ¢dhe prior PDF of, i.e.

the prior faul map. Namely@ & is the distribution of mapped faults, atd & is the distribution of unknown fault&
particular,& is uniform insidea 100 mbuffer along the fault outcrop, whid not sensibhaffecting the results because it is

an order of magnitude lower th@h. Considering that linear averaging is not commutative with the Bayes theeessmerage

the posterior probability magsecausein this way, the linear weights directly impact thesfi results, and they are not altered

by the multiplicative step.

For each past vent locatio it , we use Bayes theorem to calculate the posterior probability density gatubs wh |

up to a multiplicative normalization constantletailed below. This represents the fault locations that may have interacted
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with the rise of magma that led to the past vesiity . We integrate past vent locatioi® pf8 ) on their uncertainty

areas’Q), according to the expression:

a0 60 asQ,$Q,, (3)

where"QD Jis a Gaussian likelihood defined below (Eqg. 4). We calculate different posterior probabilities, one for each past
vent consideredQ pf8 R , and we define the global posterior-odis the weighted average of them, with weights 0

where0 is related to the specified hazardous phenomenon (see Tables 1 and 2). Different hazards will lead to different
posterior maps.

Then, conditioned on the value of parametere define thdikelihood for a vent locatio®as a symmetrical, two dimensional

Gaussian function of meanand covariance matrix :
N —AOD —m -4& 4)

This kernel function creates a link between the past vents and the portions of theestitsthem, i.e~. The value of the
standard deviation is 'Q7¢, whereQ is the average distance between-pakallel regional faults. In other words, we
assume thabn averageabout 95% of the vents that are related to a fault will open dioaerthe next suparallel fault. This

is a different strategy from that adopted by Bevilacqua et al. (2017a), where the distance bound was obtained through
geometric argument on the maximum depth of the @ilkt interaction and the dip angle of tlzailts.

Finally, we calculate the vent opening map applying again the kernel fuf@®nO to the global posterior probability
distribution of—. So, the kernel function creates a link betweamd the new vents. Thus, the vent opening probabilitgitien
"Qaccording tdModel 1is defined by:

"0 V% B —B a4 -0 Q- (5)

> A

whered with 'Q plt are the two posterior probability density functions-pé M , andd p n.

A.2 Model 2: Kernel density estimator

Model 2is a Gaussian kernel density estimation applied on a uniform distribution within the uncertainty areas enclosing the
past vents (Bebbington and Cronin, 2011; Connor et al., 2012; Bevilacqua et al., 2015). This method is detailed in Tadini ef
al. (2017b),but differs in the selection of the distance parani@teiThe kernel function describéise expected distance
between past and future eruptive veise kernel function can be any positive functiothat integrates to one (Weller et al.,

2006), and irgeneral, given a finite sample: ~ who |, a kernel density estimator can be defined as follows:

o

0F -B o0 -2 (6)
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where"Qis the bandwidth, and are the vent weights related to the specified hazardous phenomenon. Weassyuméto

a twodimensional radially symmetric Gaussian function, @lislthe standard deviation parameter. In this study we consider
Q. ¢QT, whereQ is the average dhe distance of th&®th nearest neighbor of each past vent, formally represented by a
Rayleigh distribution. This is a different procedure from that adopted by Tadini et al. (2017b)/@vhgrandQ Q.

A.3 Non-uniform Latin Hypercube Sampling

Our sanpling technique of the input variables in the PDC simulations is based on the Latin Hypercube Sampling (LHS) idea,
and in particular, on the improved spditkng properties of the orthogonal arrdpased Latin Hypercubes.

The LHS is a welkestablished preedure for defining pseud@ndom designs of samples with good properties with respect to
the uniform probability distribution on an hypercub#p . In particular, if compared to a random sampling, LHS: (1)
enhances the capability to fill the space; é2pids the overlapping of point locations projections; and (3) reduces the
dependence on dimensionality (Stein, 1987; McKay et al., 2000; Ranjan and Spencer, 2014).

Once the desired number of samples selected,mp is divided in0 equal bins, theeach bin will contain one and only

one projection of the samples over every coordinate. Tiseeelarge number of possible designs, i.e. the number of
permutations of thé bins in théQ-projections. If these permutations are randomly sampled, cludtpints or regions of

void space may be observed. For this reason, we base our design on the orthogonal arrays, which constrain the samples to
the space with respect to a regular grid at a coarser scale than the LHS bins (Owen, 1992; Tangetl@O2®i6; Patra et

al., 2018 2020;Bevilacqua et al., 2019b).

In this study we further modified a twdimensional LHS to work under the assumption of amoiform PDF, i.e. the vent
opening probability maff2 . This approach was also implementedevilacqua et al. (2019a). In particular, for any given y

we defined the conditional PDF alonglitection:

« Osw D "Qaftd 76 (7)

whered is the appropriate normalizing constant

Then we calculated the marginal PDF alondjngction:

Qo . QuwQe (8)
where® & and® @ are the limits of the mapping region along @eirection for any givera

For any value @Qin mip we define the transformation:

"'0"HQ ‘B0 QRO Q 9

where  sw andO are the cumulative functions of g0 and™Q |, respectively

Thus, once sampled a uniformly distributed LHS, we apply the transforni@tiotio obtain a set of input variables that are

distributed according tthe vent opening mai® , but preserves the good spditéng properties of the original LHS.
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910

Figure 1: (a-b) Topographic maps of San Salvador Volcanic Complex (a), mainly based on Ferrés et al. (2011), ar@hiigjppa
Volcanic Complexb), mainly based on Avell&et al. (2012). Data associated with the vents of past eruptions and major structures are also
presented, which were employed for the construction of thematic vent opening probabilitynnpapel (a)the letterA refers to a N4OW

915 trending fault andheletterB refers to a N65Wrending faultEruptions 25a+36 kaBP) and 25g £3 kaBP) mark the limits between the
three evolution stages defined for SS\ICpanel (b), NML refers to thejapaMiraflores lineamentThe green zones present indicative
limits of the urbanized areagc-d) Schemes of the eruptive sequences associated with San Salvador Volcanic Complex (c) and Nejapa
Chiltepe Volcanic Complexd). Yellow symbols represent their eruptions (see Tables 1 and 2) and black symbols represedit region
stratigraphic markers. Eruption numbers refer to the vents (see panels a and b) and letters are used to identifyugifienerfr@n a

920 single ventBifurcations are used to separate sets of eruptions whose chronostratigraphic relationshipismot kn
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(a) ( VENT OPENING MAP }
|

p; = Unif(0.75, 1) 1 - p; =Unif(0, 0.25)
Model 1, d1= Unif(al, bl) Model 2, d2 = Unif(az, b2)
Bayesian update of faults map Kernel density estimator

|
(Unknown faults

p, = Unif(0.75, 1) W 1 - p, =Unif(0, 0.25)

(uniform dist.)

(b)

Model 2 Fault

Figure 2: (a) Logic tree of the mukinodel scheme, presenting epistemic uncertainty sources. Random variables modeling epistemic
uncertainty sources are displayed. Red boxes show the two maps of prior probability of faults locat®dserfigtic example of the
925 application of the two models used in this work in the test case of a past vent near a fault.
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San Salvador Volcanic Complex - Lava emission
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Figure 3: Density distribution of the probability of vent opening at San Salvador Volcanic Complex, associated with the occurrence of
volcanic activity able to produce lava flows. (a) Mean value. {tp)eicentile. (c) 98 percentile. Results are expressed in percentage per
930 kn?.
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Figure 4: Density distribution of the probability of vent opening at San Salvador Volcanic Complexjatsd with the occurrence of
volcanic activity able to produce smaltale pyroclastic density currents. (a) Mean value. {lpeBcentile. (c) 98 percentile. Results are
935 expressed in percentage per’km
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