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Abstract. The hazard of pyroclastic density currents (PDCs) at Vesuvius is investigated basing on past eruptions. Analysis is
extended to all the eruptions that left substantial deposits on the ground.

The currents are bipartite, with a basal highly-concentrated part, which was fed from the impact of the eruptive fountain on
the ground, and an overlying part generated by the squeezing of the collapsed material that fed a dilute and turbulent shear
flow.

Dynamic pressure, particle volumetric concentration, temperature and flow duration are hazardous characteristics of PDCs
that can impact buildings and population and are defined here as impact parameters. They have been calculated by means of
an implementation of the PYFLOW code, which uses the deposit particle characteristics as input. The software searches for
the probability density function of impact parameters. The 84th percentile has been chosen as a safety value of the expected
impact at long term (50 years). Maps have been constructed by interpolation of the safety values calculated at various points
over the dispersal area, and show how impact parameters change as a function of distance from the volcano. The maps are
compared with the red zone, which is the area that the National Department of the Italian Civil Protection has declared to be
evacuated in the impending of an eruption. The damaging capacity of currents over buildings and population is discussed both

for the highly concentrated part and the diluted one.

1 Introduction

Pyroclastic density currents (PDCs) originate from a variety of processes during explosive volcanic eruptions, e.g. the
fountaining of the gas-particle mixture (aka eruption column) issuing from a crater or by the avalanching of a volcanic dome.
In the first case, the parent current can evolve into a highly concentrated, massive underflow and an overlying, dilute, fully-
turbulent current (Sulpizio et al., 2014). PDCs represent the most hazardous events of volcanic eruptions, with historic cases
causing destruction and deaths over vast areas (Baxter et al., 1998; Cao et al., 2003; Sulpizio et al., 2014). Understanding the
processes characterizing PDCs, such as transport and deposition of pyroclastic particles, from the study of deposits from PDCs

is essential for developing effective hazard assessment and risk management strategies (Jones et al. 2023).
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Various attempts have been made to define specific flow characteristics that are useful for evaluating the damaging capacity
of PDCs, such as dynamic pressure, which is a measure of the impact force of a current that can solicit the resistance of
buildings to lateral loads (Valentine et al., 1998; Spence et al., 2004; Zuccaro et al., 2008).

Other damaging factors are the flow temperature, the content of ash particles, and flow duration, which directly or indirectly
affects the survivability of people caught unprotected by a PDC (Horwell and Baxter, 2006; Jenkins et al., 2013; Baxter et al.,
2017). The latter become important especially over distal areas, where the mechanical strength of the current decays but the
lethal effect of the gas-particle mixture remains, as it occurred at Pompeii during the historical eruption of 79 AD (Dellino et
al., 2021), which represents an unvaluable source of information of the actual impact of PDCs.

No systematic analysis of these flow characteristics, which we define here as impact parameters, has been made so far for
assessing quantitatively the hazard of a volcano. At Vesuvius, PDCs have been studied in previous papers (Sulpizio et al.,
2007; Dellino et al., 2008; Sulpizio et al., 2010a; Mele et al., 2011; Dellino et al., 2021), but a detailed investigation of the
impact parameters for the aim of a probabilistic hazard assessment is still not satisfactory.

PDCs at Vesuvius may be very dangerous, being the area surrounding the volcano highly populated, with around 700.000
inhabitants included in the red zone (Gurioli et al. 2010), which is the area to be evacuated in case of an impending eruption
(Civil Protection Department, 2014). The red zone is undifferentiated as it concerns the effects that the PDCs could have on
buildings or people. In this paper, we try to cover this gap and investigate the distribution of the impact parameters over the
volcano’s surroundings, including the red zone.

Since pyroclastic deposits are the only records left by PDCs at Vesuvius, deposits from past eruptions are the only way to get
hints about the expected range of impact parameters. To follow this line, it is necessary to investigate the PDC deposits first,
then define a general model of the current that links deposit characteristics to flow dynamics, and finally reconstruct the impact

parameters that better represent flow intensity in terms of damaging potential. This is the way the paper is organized.

2 Reconstruction of the facies architecture of PDC deposits

Volcanism at Vesuvius, as reconstructed by deposit stratigraphy, dates back to around 39 cal. ky BP (Brocchini et al., 2001;
Santacroce et al., 2008), with predominantly effusive eruptions forming the Monte Somma volcano. About 22 cal. ky BP, the
activity changed into largely explosive eruptions, which formed the polyphased summit caldera of Mt Somma (Cioni et al.,
1999). After Pompeii Plinian event of 79 AD, volcanism continued mainly within the Mt Somma caldera, with the formation
of Mount Vesuvius. The last eruption occurred in AD 1944 (Cole and Scarpati, 2010).

The best preserved PDC deposits refer to the eruptions of Pomici di Mercato, 8.9 cal. ky BP (Santacroce et al., 2008; Mele et
al., 2011), Pomici di Avellino, 3.9 cal. ky BP (Sulpizio et al., 2010b; Sevink et al., 2011), AP2, 3.5 cal. ky BP (Cioni et al.,
2008), Pompeii (AD 79; Sigurdsson et al., 1985; Cioni et al., 1992), Pollena (AD 472; Sulpizio et al., 2005) and AD 1631
(Rosi et al., 1993). Other PDC deposits can be found in other eruptions (i.e. Pomici di Base and Greenish; Bertagnini et al.,

1998; Cioni et al., 2003), but do not show the outcropping continuity necessary for the hazard analysis of the present research,
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and are not considered here. According to Selva et al. (2022), there is a 34% probability of an eruption at Vesuvius in the next
fifty years, which we consider as a reference time for the long-term hazard. Spotty data about input parameters have been
published in the past using both geological data (Sulpizio et al. 2010a; Mele et al. 2011; Dellino et al. 2021) or numerical
simulations (e.g. Neri et al. 2007; Esposti Ongaro et al. 2008), but a comprehensive indication of the expected intensity of
PDCs in the Vesuvius area is still not available.

To take into account the whole eruptive history of Vesuvius, and to get an unbiased range of the variation of impact parameters,
all the eruptions which show well-preserved deposits in the field are considered in this paper. This means that no particular
event is used to propose a specific hazard scenario, but all the suitable PDC-forming eruptions are considered, in order to
obtain a representative sample of the impact parameters of PDCs.

The field study, which extended from the gullies on the volcano flank to the plain surrounding Vesuvius, shows that a PDC
deposit is composed of a sometime repetitive succession of beds in stratigraphic continuity. Combining observations of all
deposits, a general “facies architecture” has been defined, synthesizing the lateral and vertical succession of beds associated
with a current (Figure 1). The general facies architecture well represents the common behaviour of PDC emplacement at

Vesuvius, and is the base for the PDC emplacement.
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Figure 1. Deposits of pyroclastic density currents at Vesuvius. a) a massive, structureless deposit of ash, lapilli and bombs. b) a
decimeter to meter thick dune-bedded layer of ash and lapilli with internal lamination and traction structures. c) the fining upward
succession formed by the passage of a PDC: A = coarse clast entrained at the base of the current. The clast is 7 cm long. B =laminated
layer. C = thin, fine ash layer. d) Fine-ash deposit.

In the proximal area, along the gullies that cut the volcano slope, the vertical facies architecture is generally composed of
meters thick poorly-sorted massive layer of ash, lapilli and bombs (Figure 1a). It is followed by a decimetre to meter thick
stratified, sometimes dune-bedded bed of ash and lapilli with internal lamination and traction structures (Figurelb, c). The
facies architecture is closed by fine-grained ash layer(s) of centimetric thickness (Figurelc). Coarse grained massive facies
occur close to the break in slope between the volcano and the surrounding apron, at the mouth of the main valleys draining the
volcano slopes. Stratified facies predominate in overbank deposits, and, for Avellino and Pompeii eruptions also beyond the
break-in slope up to the distal area (tens of km from the volcano). As a general rule, the stratified facies decreases in thickness

and grain size with distance from the source, while the fine-grained ash facies remains almost constant in grain size (Figureld).
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The facies cropping out along the gullies are the result of a basal highly-concentrated underflow, which forms the massive
facies, and an overlying dilute current, forming the stratified facies and the fine-ash one. The contemporaneous occurrence of
a massive underflow together with a dilute overcurrent has already been reported (Druitt et al., 2002; Gernon et al., 2013;
Breard and Lube, 2017). This deposit architecture can be interpreted in terms of a current that in its early phase of development
was separated into two parts, depending on a different balance between the sedimentation rate and shear rate (i.e. the bedload
transportation capacity of the current).

Our interpretation is that the massive layer was fed directly from the impact of the pyroclastic fountain or column collapse to
the ground, which was characterized by a high sedimentation rate that dumped turbulence due to a high particle concentration.
It has already been demonstrated that thick, massive deposits can be formed directly from suspension, because of a high
sedimentation rate, also called suspended-load fallout rate, which inhibits traction at the bedload (Lowe, 1982, 1988; Fisher,
1990; Druitt, 1992; Kneller and Branney, 1995; Branney and Kokelaar, 2002; Woods et al., 2002; Postma et al., 2009).
Furthermore, experiments show that massive beds are formed from suspension where the sedimentation rate exceeds the
bedload transportation rate by two orders of magnitude (Dellino et al. 2010; 2019).

The underflow was channelised along the volcano valleys and stopped abruptly at the break-in slope (Figure 1a).

The lateral stress generated by the impact of the collapsing column on the ground led to the “squeezing” (fluidization) of part
of the collapsed material and fed an overlying shear flow decoupled from the massive flow (Dellino et al. 2020). It evolved
laterally into a highly expanded, fully turbulent, gas-particle current that formed both the stratified facies (Figure 1b,c) and the
fine-grained ash from gentle settling of the suspended material during the waning phase of the current. It has a long time of
sedimentation trough the atmosphere, and can be easily drifted away from lower atmosphere winds over the plain surroundings

the Vesuvius.

3 Physical modelling of impact parameters: the example from the Mercato eruption

Before showing the hazard maps obtained by integrating data from all eruptions, the approach used in the reconstruction of
the impact parameters is illustrated by the example of one PDC of the Pomici di Mercato eruption.

The stratigraphy of the Pomici di Mercato eruption (Mele et al., 2011) is made up of alternating fallout and PDC deposits that
are well-exposed in the northern sector of the volcano (Figure 2a). The PDC deposits considered here are from the first phase
of the eruption and consist of a meter-thick poorly-sorted massive layer of lapilli and scattered bombs and blocks set in an ash
matrix (Figure 2b, c), which is related to the highly-concentrated underflow, and a dune-bedded, stratified layer (Figure 2c, d),
which is related to the overlying dilute current. When cropping out on the gentle slope of the volcano flank, the stratified layer
shows a thickness of 0.5 m and small dunes of lapilli and ash of 1 m wavelength and 0.1 m in height (Figure 2c).

The physical characteristics of the bipartite current need to be to reconstructed by means of two separate models.
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Figure 2. Field pictures showing the Mercato eruption deposits used as a case study. (a) The labels b, c and d refer to the deposits
shown in b, ¢ and d. The black circle represents the zone of impact of the eruptive fountain (the digital elevation model by Tarquini
et al., 2023). The white shaded area represents the dispersal area of the PDCs. (b) The massive deposit emplaced by freezing at the

125  break in slope. (c) The stratified layer at the base of the massive layer at the split location. Structure spacing is about 1.0 m, height
about 0.1 m. (d) The stratified layer on top of the massive layer at the split location.

In the following, the model of the overlying dilute current, which represents the deposition of the dune-bedded layer, is
discussed first. Afterward, the model of the highly-concentrated undercurrent forming the massive bed, is presented. Such an
130  order of illustration is motivated by the fact that data from the overlying current help constraining the flow model of the

underlying one.

3.1 Model of the overlying dilute current forming the dune-bedded layer

The overlying dilute current, which formed the stratified dune-bedded layer, is modelled as a turbulent boundary shear flow
(Furbish, 1997; Dellino et al., 2008) that takes solid particles into suspension. Flow movement is initiated by the shear stress
135 acting on the volcano slope, which is due to the density difference between the volcanic gas-particle mixture and the

surrounding atmosphere. The current is made up of a mixture of magmatic gas, volcanic particles, and atmosphere-air entrained
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by turbulence during runout. It is stratified in terms of velocity and particle concentration, hence density (Middleton and
Southard, 1984; Valentine, 1987). As a consequence of sedimentation and air entrainment, the volumetric particle
concentration decreases down to a point where the density difference with atmosphere is nullified and the current stops its
lateral movement and becomes buoyant. The final deposition from the buoyant part of the current forms the fine-ash layer that
closes the layer sequence.

The distribution of particles of different sizes in the deposit layering, suggests that a link exists between current flow dynamics
and particle attitude to be first taken into suspension, then to sedimentation, and finally by traction on the ground. Such a link
allows the use of particle characteristics (size, density and shape), as measured in the laboratory on sediment samples, for
constraining the flow model and calculate the impact parameters. A detailed formulation of the physical model (Dellino et al.,
2008) and of the numerical software code PYFLOW v2.5 (Dioguardi and Dellino, 2014; Dioguardi and Mele, 2018) is deferred
to Appendix A. The main data used as input are reported in the Zenodo repository (Mele et al. (2024)).

Since model solutions depend on particle characteristics (mainly grain size, density and aerodynamic coefficients) and since
deposits are characterized by a broad distribution of particle size and densities, solutions of impact parameters are given in
terms of a Probability Density Function (PDF), which depends on the statistic distribution of deposit particles characteristics.
The 84th percentile is considered here as a safety value for evaluating the damaging effect of the impact parameters.

In the following, the results of flow dynamic pressure, particle volumetric concentration, temperature, and flow duration,

representing the impact parameters, are illustrated for the study case of the Pomici di Mercato eruption.

3.1.1 Flow dynamic pressure and particle volumetric concentration

In order to illustrate how flow characteristics vary in the stratified current, the profiles of particle concentration, density,
velocity, and dynamic pressure are shown in Figure 3. Results are presented by means of the 84th, 50th and 16th percentile of
the PDF, which were calculated with the method of Dioguardi and Dellino (2014; see the method in Appendix A) and show

the statistic variability in terms of percentiles.
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Figure 3. Profiles of the impact parameters representing the flow dynamic pressure. The curves refer to the minimum (16th
percentile), the average (S0th percentile) and the maximum (84th percentile) of the probabilistic model solution. (a) Velocity profiles.
(b) Particle volumetric concentration profiles. (c) Density profiles. (d) Dynamic pressure profiles.

Velocity (1) logarithmically increases upward in the flow (Figure 3a), reaching values in the range of tens m/s (a list of symbols

is provided in Table 1). Particle volumetric concentration (C) decreases with height (Figure 3b), and already in the first few

meters is lower than 0.001. The density profile (pmix) mimics the trend of the concentration profile (Figure 3c), and rapidly

decreases down to a value lower than atmosphere, making the upper part of the current buoyant. The dynamic pressure Py
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has a maximum in the first few meters (Figure 3d). Higher in the current, dynamic pressure ranges around 1 kPa. The Py

value integrated over the first 10 m of the current, which we consider helpful for representing the stress acting on a typical

building, is 1.7 kPa. With such a value, moderate mechanical damages are expected (Zuccaro et al., 2008; Zuccaro and Leone,

2012).

Table 1. Notation

Symbol | Description Units

Ay Aggradation rate ms!

C Particle volumetric concentration -

Co Reference particle concentration in the Rouse equation -

Cu Drag coefficient -

Cea Volumetric concentration of the entrained air -

Cearel Relative volumetric concentration of the entrained air -

Com Volumetric concentration of the magmatic gas -

Com,rel Relative volumetric concentration of the magmatic gas -

Cpm Specific heat at constant pressure of the magmatic gas Jkg!K!
Cps Specific heat at constant pressure of the particles Jkg!K!
d Particle size m

dent Entrained particle size m

g Gravity acceleration m s
Haep Total deposit thickness m

Hiam Thickness of the laminated layer m

k Von Karman’s constant -

ks Substrate roughness m

Payn Dynamic pressure Pa

Py Particle Rouse number -

Pravg Average Rouse number of the particles in the current -

Prsusp Average Rouse number of particles in turbulent suspension -

P; Normalized Rouse number of the current -

Pi Rouse number of the i solid fraction in the deposit -

Ra Specific gas constant of air Jkg!'K'!
Re, Particle Reynolds number -

Rn Specific gas constant of the magmatic gas Jkg!' Kt
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Sy Sedimentation rate kg m?s!
T Flow temperature K

t Time of deposition s

Ta Air temperature K

Tn Temperature of the magmatic gas K

T Particle temperature K

u Velocity ms’!
u, Shear velocity ms!
Wi Particle settling velocity ms!
z Vertical coordinate -

z0 Reference height in the Rouse equation m

Zsf Shear flow thickness m

Ziot Total flow thickness m

o Substrate slope °

0 Shields parameter -

u Fluid viscosity Pas
Patm Atmospheric density kg m3
De Gas density kg m3
Pmix PDC flow bulk density kg m3
Ps Particle density kg m3
Ps.ent Entrained particle density kg m3
Psi Density of the i solid fraction in the deposit kg m3
T Flow shear stress Pa

) Yield strength Pa

oi Weight fraction of the i solid fraction in the deposit -

Pep Deposit density kg m

3.1.2 Flow temperature

Flow temperature was calculated by using as input in eq. (A13; see the appendix A) the values of density, concentration,
temperature and specific heat of the three components of the gas particle mixture, namely: magmatic gas, air and volcanic
particles. The temperature of magmatic gas T and of volcanic particles was set to 850 °C, which is compatible with the
temperature of Vesuvius magmas (Cioni et al. 2004). Average density was set to 1700 kg m for the volcanic particles, to 0.2

kg m™ for volcanic gas at 850 °C and to 1.2 kg m™ for air at 18 °C, respectively. The specific heats were set to 2200 J kg™! K-
10
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! for volcanic gas, 700 J kg'! K'! for the volcanic particles and 1005 J kg! K! for air. As for the particle concentration, an
average value of 0.001 was set, which was obtained by integrating the concentration profile over flow height at 10 meters (see
Figure 3b) by means of Eq. (A7). The relative concentrations of air and magmatic gas were obtained by means of the method
illustrated in Appendix A and resulted as 0.941 and 0.058, respectively. A temperature about 500 °C was obtained, in the first
few meters of the current, by solving Eq. (A17).

The low temperature obtained in the distal areas is due to the very low content of solid particles and a high content of cold

atmosphere air in the current, which is attributed to the air entrainment process that characterizes PDCs along runout.

3.1.3 Flow duration

Flow duration was calculated by dividing layer thickness (Huep) by the sedimentation rate (S;). The method is described in
Appendix A. The input data: particle concentration, Rouse number and settling velocity, are all functions of the shear flow
density, which was calculated in terms of a PDF with PYFLOW v2.5 (Dioguardi and Mele, 2018). As a consequence, also
flow duration is expressed in terms of probabilities. The average value of flow duration was about 20 min at section 14 of
Fig.2, representing the case study of Mercato eruption. The duration is quite long when compared to the couple of minutes
considered as a survivable time for people engulfed in a PDC, even at low temperature (Horwell and Baxter, 2006; Baxter et

al., 2017).

3.2 Model of the highly concentrated undercurrent that formed the massive bed

In order to constrain the general model of the basal part of PDCs that forms the massive deposits, we can start from the
experimental data on granular flows of volcanic material passing over a break in slope (Sulpizio et al. 2016). The method was
successfully tested against granular avalanches of 1944 eruption at Vesuvius and for some of the volcaniclastic flows occurred
on May 5-6, 1998, in the Sarno area. In particular, Sulpizio et al. (2016) provided an equation linking velocity and distance

travelled beyond the break in slope, using different slope ratios:

v

=1+mD+nD*+pD? 1

Umax

where v,,,, 1s the velocity at break in slope, D is the distance beyond the break in slope, and m, n and p are parameters

depending by AH, defined as the difference in height between the source area and the front of the deposit:

m=—
AH
b
n=_— )
_C
P=%n

11
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where a, b and ¢ are parameters depending on the slope ratio (SR), defined as the ratio between the slope downvalley and

upvalley of the break in slope:

—a = 4.91e 1SR
b = 15.56e 35158 (3)
—c = 16.73¢*88SR

In order to get the velocity at different distances beyond the break in slope we have to set AH and v,,,,.. For the case under
study, the height of impact on the ground of the collapsing pyroclastic material was set around 800-900 m and the height of
deposits occurrence was set around 200-300 m, which resulted in a AH of 600-700 m. The velocity at the break in slope can
be set around 15 m s™!, similar to that measured for volcaniclastic flows of May 5-6, 1998 in the Sarno area (Zanchetta et al.
2004). The present-day SR around Vesuvius is close to 0.5, which has been used as input value in equation (3). Figure 4 shows
the results for a DH of 600 m. It is worth noting that the deposit distance for SR=0.5 is around 800-900 m, quite in agreement
with the field data (Gurioli et al. 2010).

Velocity (m/s)

800 1000

Distance (m)

Figure 4 .Velocity profiles beyond the break in slope for different SR.

In order to constrain the specific flow model of the massive undercurrent of Mercato eruption, we used data from the stratified
layer formed by the overlying current. When cropping out on the gentle slope of the volcano flank, the stratified layer is 0.5 m
thick. When it occurs along the steeper slopes of the gullies departing from the crater rim, it is split into two parts by the
intercalated massive layer of the underflow. The split consists of a 0.15 m thick basal part (Figure 2¢) and a 0.35 m thick top

12
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part (Figure 2d). The intercalated massive layer is 1.6 m thick (Figure 2c). The different speeds of the two flows moving
downslope justify such interpenetrating stratigraphy between the massive and the dune-bedded layer. The dilute current, being
faster, overtook the slower basal flow and started forming the dune-bedded layer by aggradation. After the massive flow passed
over, the aggradation of the dune-bedded layer continued as long as the current was fed from the source. This kind of
sandwiching stratigraphy is quite common for sedimentary deposits, as reported for turbidites (e.g., Talling et al., 2004).

The speed of the underflow can be estimated by the ratio between the distance from the crater rim and the total time the
underflow took to reach the dune-bedded layer at the ‘split’ location. The total time is evaluated by summing the time the
overcurrent took to reach the ‘split’ location plus the time that the overcurrent took to accumulate, by aggradation, the part of
the stratified layer found under the massive one (0.15 m). The former time, 95 sec, was calculated by the distance, 4 km,
divided by the speed of the overcurrent, ca 42 m s}, which was calculated by means of the turbulent boundary-layer shear flow
approximation (Eq. (A6)) using PYFLOW v2.5 (see sample 13/4, in Table 2 and Mele et al. (2024)). With the software, the
time of aggradation of the stratified layer found under the massive layer was calculated, and resulted in 1140 sec. The total
time that the underflow took to reach the split location was 1235 sec, corresponding to a velocity of the massive undercurrent
of 3.23 m s}, which is much slower than that of the overcurrent, as expected for a highly concentrated massive flow moving
downslope, and in good agreement with the range of Figure 4.

The massive facies stops at the base of the volcanic cone where, as a consequence of the decrease of the slope angle, it freezes
in a 2 m thick layer (Figure 2b). Such a behaviour is typical of flows with a high internal yield strength that does not allow
downslope flowage until a minimum shear stress is overcome, similarly to a Bingham-plastic (Furbish, 1997). Such flows stop
when the slope decreases and the yield strength equals shear stress. Assuming that flow density was not much different from
that of deposit, i.e., 1400 kg m™ (as calculated by considering a known volume of deposits and weighing it), the yield strength
m can be equated to the shear stress acting on the slope, which results in the minimum stress for the down-slope movement of
the massive flow:

To = Paepg SN AHygp (1)
With a slope angle a of 1.5° and a deposit thickness Haep of 2 m, the yield strength is 700 Pa.

By inverting the equation of the height-averaged velocity of a Bingham-plastic;

—_— Pdepd Sin aH
uz) = H (M2 R ﬁ) )

and using the value of yield strength w previously obtained, the thickness H of the massive layer, and a slope angle at the
‘split’ location of 6.5°, a viscosity u of 200 Pa s results, which completes the rheological characterization of the massive
underflow. Such a rheology is compatible with other massive sedimentary flows, to which massive pyroclastic flows have

already been compared in the literature (Fink et al., 1981; Major and Pierson, 1992; Palladino and Valentine, 1995; Major and

13
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Iverson, 1999; Capra et al., 2018). While such type of flows maintain mobility only inside channels and stop at the gully apron,
they are still destructive at the foot of the volcano because of a dynamic pressure over of 7 kPa, and high temperature, which

270 is due to the high particle concentration.

4 Hazard maps and expected impact

The impact parameters of the PDCs were reconstructed from the deposits of all eruptions that showed, in the field, a good
enough exposure to both characterize the deposit structure and to sample the pyroclastic material for the laboratory analyses.
275 Multiple deposits cropping out along the dispersal area were investigated for each eruption. A list of the locations of the
deposits’ taken into analysis is provided in Table 2 and a map is displayed in Figure 5. The input and output files of all the
PYFLOW simulations for each deposit is provided in Mele et al. (2024). The models used in the PYFLOW code for calculating
the impact parameters are the same as those illustrated in the previous section’s example of the Pomici di Mercato eruption

and explained in more detail in the Appendix A.

280

Figure 5. Map of sample locations at Vesuvius (see Table 2 for more details). The digital elevation model (Tarquini et al., 2023),
territorial bases and census variables (Istat, 2011) are used as the topographic base for data set visualizations.

285 Table 2. List of the sample locations (cartographical reference system WGS 84-UTM 33N.

Eruption Unit sample X (m) Y (m)
AD 1631 1631 MS1/4 456008.13 4518724.03
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(Rosi et al., 1993)

S1 vs17/6 452734.67 4523363.56

S1 vs19/9 451810.00 4523595.88

S1 vs22/2 450944.56 4523960.21

S1 vs2/1 456416.53 4519450.54

S1 vsd/1 455205.03 4516400.34

S2 vs23/5 457160.09 4516331.52

S2 vs2/2a 456466.04 4519547.75

S2 vs4/3 455224.57 4516447.74

S2 vs23/2 457284.24 4516635.62

Pollena (AD 472) S2 vs13/2 Massive 454938.93 4517904.16
(Sulpizio et al., 2005) S2 vs13/2 455088.76 4517858.92
S2 vs2/3 456213.00 4519171.41

S2 vs12/1 455358.48 4518422.88

S2 vs23/4 457179.51 4516514.30

Sy vs26/1 455613.39 4520674.32

Sy vs4/6 455228.34 4516482.65

Sy vs2/5 456186.41 4519330.02

Sy vs13/3 455098.74 4517964.11

Sy vs4/5 455252.46 4516521.57

Sy vs2/4a 456327.61 4519414.50

EU3pf PM_PP2 455153.96 4516044.29

EU3pf PM pr2-2 457748.39 4516468.36

EU3pf PM pr2 457596.00 4516572.87

EU4 PM_PP3 455125.20 4515969.86

EU4 PM_p.mary-1 448383.07 4518488.93

Pompeii (AD 79) EU4 PM_PR4 457532.66 4516201.35
(Cioni et al., 1992) EU4 PMvsl Massive 449818.91 4522825.06
EU4 PMvsl 449669.96 4522919.38

EU4 PM_Oplontil 453805.10 4511968.91

EU4 PM_CPollena 448750.75 4521753.94

EU4 PM_PPCupl 448182.52 4516805.40

EU4 PM_PPCup2 448379.34 4516597.53
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EU4 PM5-2 456987.12 4511000.96
EU4 PM25-1 456374.22 4511259.25
EU4 PM22c-1 456467.72 4510935.56
EU4 PM12-23 456757.24 4511281.08
EU7 PM_p.mary-4 448507.65 4518263.67
AP2

AP2 vs3-2 448658.59 4518710.98

(Cioni et al., 2008)
EUS a AV2/2 449209.95 4522930.73
EUS b AV2/5 449142.01 4522869.39
EUS b AV2/7 449208.65 4523011.56
EUS b AV1/9 447451.73 4525799.95
Cava San Vito AVSanVito Massive 447987.83 4520035.70
Cava San Vito AVSan Vito 448091.94 4520384.36

Pomici di Avellino
EUS b AV Tav2 443690.19 4528476.65

(Sulpizio et al., 2010)

EUS b AV4/4 442120.93 4527426.14
EUS b AV5/4 440790.89 4525942.00
EUS5 b AV7/3 443439.30 4529463.26
EUS ¢ AV7/11 443623.49 4529801.35
EUS ¢ AV3/12_Massive 449968.79 4523028.51
EUS ¢ AV3/12 449978.44 4523138.63
EU4 MCvsl 449777.76 4522964.23
EU4 MCvs2 450072.39 4523203.00
EU4 MC13/3 449064.39 4522395.94
EU4 MC8/3 452056.53 4523272.95
EU4 MC10/3 451918.93 4523181.88
EU4 MC10/3 Massive 451662.41 4523113.25

Pomici di Mercato
EU4 MC14/1 449126.76 4522613.68

(Mele et al., 2011)
EU4 MC14/2 449129.16 4522678.89
EU4 MC19/2 454328.68 4521073.78
EU6 MC13/4 Massive 449242.12 4522437.32
EU6 MC13/4 449036.04 4522328.96
EU6 MC12/5 448943.77 4521846.17
EUS8 MC12/7 448965.37 4521944.05
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Upon processing data with the PYFLOW code, only results that were significant after a t-test on grain size, at 5% probability,
were included in the final database (see PYFLOW user manual for more details). The resulting dataset consists of 65
georeferenced data points distributed around the volcano, each containing values of the four impact parameters: dynamic
pressure, particle volumetric concentration, temperature and flow duration. The 84th percentile of the PDF, which we consider
as a safety value of the intensity of PDC:s, is used for constructing the hazard maps.

By the analysis of data shown in Figure 6, which are arranged in order of eruption age, no temporal trend of PDC intensity (as
expressed here by the dynamic pressure) emerges at Vesuvius. The variability inside an eruption (between different PDCs)
covers a broad range as it is also the variation of parameters among eruptions. Therefore, there is no reason to choose one
specific eruption as representative of the hazard of PDCs, which, in the long term, means in the next fifty years. It is also to
note that if one considers the scale of eruptions as represented by the total volume of volcanic material emitted (which also
includes deposits of other origin with respect to PDCs, such as Plinian fallout), which is an often used metric in Volcanology,
there is not any correlation between eruption size and PDC intensity. This is likely to be related to the fact that the material
erupted during a single PDC is a very small fraction of the total eruption volume, and still, each current is very dangerous. An
example is the Pollena eruption, whose PDCs are not weaker than those of Mercato or Pompei, but have a total volume 5 times

smaller (Sulpizio et al., 2005; 2007).
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Figure 6. Dynamic Pressure (Pa) values (over the first 10 m of the current), calculated from the deposits of all studied eruptions.

305
All data points of all eruptions have been, therefore, used for drawing the hazard maps, without any choice of a particular case

as a specific scenario to be expected in the long term.

Hazard maps representing the isolines of the expected safety values of the impact parameters are shown in Figure 7. The maps

were produced using the open source QGIS software. To reconstruct the maps, it was first necessary to add “zeroes” (zero
310 wvalues of impact parameters), representing points where PDC deposits do not crop out. Then we applied the QGIS contour

plugin in order to spatially interpolate the data (Crook and Rouberyrie, 2024). Each map of Figure 7 represents one impact

18



https://doi.org/10.5194/egusphere-2024-2971
Preprint. Discussion started: 9 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

parameter. Also, data were rasterized based on a regular grid at 250 m resolution, and are provided in the Zenodo repository

(Mele et al. 2024), which could be useful for vulnerability analysis.

i3 ﬁs VS x ‘:_ ,N'\ ».~..

N

315 Figure 7. Hazard maps of pyroclastic density currents at Vesuvius. The red solid line represents the boundary of the red zone
proposed by the Italian National Civil Protection Department (2014). a) Dynamic Pressure (Pa) integrated over the first 10 m of the
current. b) Particle volumetric concentration integrated over the first 2 m of the current. c) Flow temperature (°C) in the first 2
meters of the current. d) Average flow duration (s). The digital elevation model (Tarquini et al., 2023), territorial bases and census
variables (Istat, 2011) are used as the topographic base for data set visualizations.

320
From all the maps a decrease of PDCs intensity emerges as a function of the distance from the volcano, which helps
differentiating the potential impact of PDCs over the territory with respect to the undifferentiated red zone proposed by the
National Civil Protection Department of Italy (Civil Protection Department, 2014) , which is delineated on the maps in Figure
7 by the red solid line. Our maps tend to cover quite well the extension of the red zone, the only exception being the northwest
325 area, where the maps extend a little further than the red-zone limit. This is because our maps include the PDCs of the Avellino

eruption, which spread over northwest but were not used in the drawing of the red-zone map because they were considered as
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representative of a too big scenario. On the contrary, they were included in our study because, as discussed earlier, we do not
choose any particular scenario as representative of the hazard in the long term, but consider the PDCs of all eruptions.

Our maps, by including intensity information, allow us inferring the potential impact of PDCs on buildings and the population,
and could serve as a constraint for projecting the mitigation actions in the different areas around the volcano.

A constraint to the flow mobility exists toward northeast, which is represented by the remnants of Monte Somma, while toward
southwest there is the sea, which is not considered in the red zone.

At the centre of the maps, around the Vesuvius cone, the massive undercurrents occur and result in high values of impact
parameters, with dynamic pressure over 8 kPa (Figure 7a) and temperature over 500°C (Figure 7c), caused by the high particle
concentration. These flows are totally destructive and do not allow, to our knowledge, to project any sustainable structural
action for protecting buildings or populations (aside from evacuation). This conclusion is supported by data at Herculaneum,
where the massive flows of the Pompeii eruption left a massive deposit that caused the breaking of thick Roman walls and
charred woods (Giordano et al. 2018). Results of the calculations for the massive undercurrents in the locations, where it has
been possible to apply the model of section 3.2, are provided in the Zenodo repository (Mele et al. 2024).

Moving away from the cone, the isolines of the impact parameters refer to the overlying dilute currents, since the massive
underflow stops at the base of the volcano. Values of the impact parameters vary significantly moving away from Vesuvius,
implying a different impact in the various zones around the volcano.

Concerning the impact over buildings, dynamic pressure (Figure 7a) shows values even over 8§ kPa in the more proximal zones,
both toward northwest and southwest, while they reduce to less than 1 kPa at the margin of the red zone. This is due to the
decrease of both speed and concentration. Engineering investigations (Spence et al., 2004; Zuccaro et al., 2008; Zuccaro and
Leone, 2012) show that values higher than 5 kPa can significantly damage buildings, while pressure under 1 kPa has minimal
to no consequence on structures or infrastructures. Different impacts can be indeed expected on buildings as one moves away
from the volcano, and while in proximal areas severe damages are expected, on distal locations, such as Pompeii, 10 km from
the volcano, the mechanical effects of the dilute currents strongly decrease down to a value lower than 1 kPa. No damage to
walls should be expected with such a flow strength (Spence et al., 2004; Zuccaro et al., 2008; Zuccaro and Leone, 2012), which
is consistent with the fact that at Pompeii, during the 79 AD eruption, the walls of Roman buildings do not show evidence of
damage (Luongo et al., 2003; Gurioli et al., 2007) related to the passage of the PDC. While this is not the proper place to
discuss in detail the engineering actions that can be used for protecting existing buildings or to propose guidelines for new
constructions against the impact of PDCs, our map of Figure 7a suggests that already a few km away from the volcano, but
still well inside the red zone, actions for protecting openings and walls (which are the weaker elements of buildings) against a
dynamic pressure of a few kPa could be economically viable.

Concerning the effects of PDCs on the population caught unprotected over free space, the combination of data from maps of
particle volumetric concentration, temperature and flow duration of Figure 7 b, ¢, and d, respectively, allows to assess that
even in distal zones, where the mechanical effect of dynamic pressure drastically decays, the effect of hot fine-ash needs to be

considered as a primary impact over the population. In fact, it is emerging that even in areas far from a volcano, where particle
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concentration, temperature and dynamic pressure strongly decrease, people engulfed in the flow have “high probability of
receiving fatal skin burns and inhalation injury of the upper and lower respiratory tract, unless the duration is very brief”
(Baxter et al., 2017). The presence of fine-ash particles suspended in air for a long time, even in very small amounts, can be
very harmful to human health, and represents one major cause of injury (Horwell and Baxter, 2006). Our maps show that
temperature decays from 500°C in the zone characterized by the massive undercurrents around the cone, which is justified by
the high particle volumetric concentration, down to values lower than 200°C at the margin of the red zone (Figure 7b). This
decrease is due to the large volume of cold air entrained in the current during runout. The low temperature of the PDCs of the
79 AD eruption calculated at Pompeii (about 115°C) is due to the much higher content of cold atmosphere air in the current,
with respect to the hot magmatic gas. Exposure to pure hot air at 200-250 °C can be survived for 2—5 minutes (Buettner, 1950),
but the presence of inhalable hot fine ash drastically reduces survival times (Baxter et al., 2017). As expected, our map of
particle concentration (Figure 7c) shows an abrupt decay passing from the area around the cone, which is characterized by the
massive undercurrent, to values much lower than 0.001, typical of the dilute overlying current in distal reaches. Even a
volumetric concentration of ash in suspension this low can be unbreathable and is one of the main causes of mortality of PDCs.
This is consistent with the observation of historical eruptions, where the flow lasted for several minutes to hours (Lube et al.,
2007). During that period the territory was engulfed by thick, expanded, fast and hazardous currents, loaded with unbreathable
hot ash (Horwell and Baxter, 2006).

The exposure time becomes indeed a major factor in determining the impact of PDCs on population, since it quantifies the
residence time of hot volcanic ash that can be inhaled by people potentially exposed to the currents (Horwell and Baxter, 2006).
Our map of Figure 7d, shows that flow duration ranges always exceeds several minutes. These values refer only to the overlying
dilute currents, since the massive undercurrent, that freeze at the foot of the cone are much shorter lived. In the case of Pompei
eruption of 79 AD a value of 17 min had been calculated, which combined with the concentration of ash particles (about
0.001), was a long enough time to cause death by asphyxia at Pompeii.

There are reports of recent eruptions showing that in the marginal reaches of the current, where the flow duration was only a
few minutes, people were able to survive (Baxter et al., 2017). In other cases, longer flow durations did not permit survival
and death was caused by fine-ash inhalation (Baxter et al., 2017; Nakada, 2000). Flow duration is a key factor for assessing
the impact of PDCs on human beings, especially in distal areas, where the primary risk to life is asphyxiation, as at Pompeii.
We agree with Baxter et al. (2017) that the emergency planning for explosive eruptions should concentrate on the distal parts
of PDCs where survival could be likely, and where the primary risk to life is asphyxiation from ash inhalation, rather than
thermal or mechanical injury. It is important to take note of such information when projecting for emergency plans and risk-
reduction measures.

Now, considering that multiple closely-timed currents characterize the sequence of events of eruptions at Vesuvius, it seems

quite unlikely the survival of people caught unprotected even at the margin of the red zone.
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5 Conclusion

Among volcanic phenomena, PDCs represent the major cause of destruction and injuries in urbanized areas. Since it is
impossible to predict the exact dispersal area or the magnitude of an eruption, a probabilistic approach that accounts for the
variability of the intensity of pyroclastic density currents of past eruptions is a better choice to inform structural mitigation
and, in case of an impending eruption, sustainable evacuation plans.

Starting from data of deposits of past eruptions, by means of a physical model of the current, the probability density function
of impact parameters has been calculated at each deposit location. By considering the 84th percentile of the distribution as a
safety value, hazard maps have been drawn that show the distribution over the territory of pyroclastic density currents intensity
in the long term. These maps differ from the red-zone map of the Italian Civil Protection Department in two main aspects:

1. Our maps include the distribution of the PDCs intensity (as represented by impact parameters). In contrast, the red-
zone map is undifferentiated since it was constructed simply by delineating the outer margin of deposit dispersal, but
not the PDCs intensities. In fact, the red-zone map is used to delimit the area to be evacuated, and not to project for
possible mitigation actions.

2. Our maps are extended more toward northwest with respect to the red-zone map, because in our case all eruptions of
Vesuvius are included, while in the construction of the red-zone map the Avellino and Pompeii eruptions were not
considered, because it was assumed that eruptions that big should not occur. Actually, it is not the scale of the entire
eruption (in terms of total material emitted) that is proportional to the intensity of a PDC, since one single PDC is a
small fraction of the total volume. An example is that the bigger eruption of Pompeii had weaker currents than the
smaller eruption of Pollena.

It is indeed to note that since our maps extend a little bit more toward northwest with respect to the red-zone map of the
Department of Civil Protection of Italy, it should be useful to consider an extension over that direction of the evacuation zone
around Vesuvius.

In this study, an integrated model resolving the impact parameters of both the underlying massive part and of the overlying
dilute part of the current was used, allowing to differentiate their respective impact. The Bingham plastic rheology used to
approximate the massive underflow is similar to that proposed for other massive flows that occur both on volcanoes and on
sedimentary terrains. To our knowledge this is the first time that such an integrated approach, resolving the complexity of both
the concentrated and the dilute part of the flow, is used for constructing hazard maps, and deserves to be taken into
consideration also on other volcanoes that show a complex stratigraphy of PDCs. Such complex stratigraphy, at Vesuvius,
implies that during an explosive eruption multiple currents occur, making it reasonable to assume that PDCs can continue for
hours or days or more, and that their multiple, cascading effect, need to be considered when projecting for mitigation actions.
The maps of impact parameters make it possible to back calculate the initial and boundary conditions of PDCs at the crater
and to simulate, by 3D Computational Fluid Dynamics, the propagation of currents over the actual morphology, including the

urbanized area around the Vesuvius, which is the next step of the present research.
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Our choice of the 84th percentile as a safety value could appear as a particularly severe one, but it is often used in Geophysics
and in Engineering (Bradley, 2011; Fang et al., 2020), so we decided to comply with this value. The PYFLOW code allows,
anyway, to reconstruct any percentile of the probability density function of the impact parameters, in case other percentiles
should be preferred for the emergency planning.

The precision of parameters used in the PYFLOW code needs to be tested against alternatives to assess the modelling
approach’s epistemic uncertainty. An extension of this work will be dedicated to such a subject, in order to assess the
multimodel variability of results. We think, anyway, that the method used here to prospect probabilistically the hazard in the
long term, and to take as a safety value the 84th percentile of PDF, covers an ample range of the aleatoric uncertainty of results,

likely covering also the higher end of the epistemic uncertainty.

Appendix A. The flow model and the numerical code

The reconstruction of the impact parameters of PDCs is based on a flow model that starts with the assumption that the current
is velocity and density stratified (Valentine, 1987; Dellino et al., 2008; Brown and Branney, 2013). The model is implemented
in the Fortran numerical code PYFLOW v2.5 (Dioguardi and Dellino, 2014; Dioguardi and Mele, 2018).

In the stratified multiphase gas-particle current, the basal part is a shear flow that moves attached to the ground and has a
density higher than atmosphere. The upper part is buoyant, because particle concentration decreases with height down to a
value that, combined with the effect of gas temperature, makes the mixture density lower than the surrounding atmosphere.
The inputs needed, in our model, for the calculation of the impact parameters are reported in the input files of the Zenodo
repository (Mele et al. 2024). Some of the input data are obtained directly in the field, such as deposit and layer thickness.
Deposit density is obtained by weighing a known volume of deposit. Other data come from laboratory analyses on samples
extracted from the deposit. In the laboratory, first, the grain-size distribution is determined, then from each size class a sample
of particles per each component (crystal, glass, lithics) is extracted, and density data are obtained on such particle samples by
means of pycnometers (Mele et al., 2015). Particle shape parameters, which are needed for the calculation of settling velocity,
are obtained by image analysis methods (Mele et al., 2011).

In a dilute PDC, particles are mainly transported by turbulent suspension and sedimentation is controlled by a balance between

flow shear velocity u,, which is controlled by fluid turbulence and favours suspension, and particle settling velocity wr:

w, = 4gd(ps—Pmix) (Al)
\l 3CaPmix

which favours sedimentation, where g is gravity acceleration, d is particle size, ps is the particle density, pmi is the bulk flow
density and Cu is drag coefficient. The median of the grain-size distribution was used for particle size. PYFLOW allows

selecting among multiple shape-dependent drag laws; in this work, the drag law of Dioguardi et al. (2018) was used. The

capacity of a current to transport particles in suspension is quantified by the Rouse number (Rouse, 1939) P, = :Tt, where k
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is the Von Karman constant (0.4). At the limit of transportation by turbulent suspension when P, = 2.5, from its defitinion,
since k=0.4, it follows that:

Wy = u, (A2)
This is the suspension-sedimentation criterion (Middleton and Southard, 1984), which means that particles stay suspended
until their settling velocity is less than the flow shear velocity. In other terms, particles in the deposit that are settled from
suspension (the laminae-forming bed load) give an indication of the current shear velocity, once their terminal velocity is
defined. Upon combining (A1) and (A2), it follows that:

4gd - i
uf 349 (Ps—Pmix) (A3)
3CaPmix

which leads to the shear stress at the base of the current:

T = P (A4)
There can be also particles that are never transported in suspension but can be moved over the substrate by the overlying
current’s shear stress (e.g., particles for which B, > 2.5 or that are already on the ground before the passage of the dilute PDC).
The latter phenomenon can be described by the Shield or entrainment criterion (Miller et al., 1977), which compares the dilute

PDC shear stress to the buoyancy force of the coarse particle in the flow:

. 2

g = —Pmxt (AS)

s,ent— Pmix ent
(p Pmix)9d

where ps.enr and den: are the density and diameter of the entrained particle, respectively;  is a parameter which is equal to 0.015

for a particle Reynolds number Re, = Pm%*dent (where u is the fluid viscosity) larger than 1000 (Miller et al., 1977), a

condition that holds for most dilute PDCs (Dellino et al. 2008).
Both methods are implemented in PYFLOW v2.5 and can be alternatively activated depending on the PDC’s deposit’s
architecture. When the typical complete stratigraphic sequence attributed to a dilute DPDC is observed (e.g., Figure 1c¢), that
is:

1. acoarse layer of lapilli and bombs moved by shear at the base of the current;

2. alaminated layer of ash formed by particles settled from turbulent suspension)
it is possible to apply both the Shield and the suspension-sedimentation criteria for calculating the flow parameters. However,
the layer of entrained coarse lapilli or bombs, which is typical of proximal locations around the eruptive vent, is often missing
in distal outcrops, thus preventing to use the Shield criterion far away from the volcanic vent. In that case, an alternative
method based on the hydraulic equivalence of particles can be used.
In both cases the parameters needed to calculate the vertical profiles of velocity, particle concentration (hence flow density),
flow temperature and dynamic pressure are obtained. Specifically, the velocity profile u(z) follows the equation of a turbulent

boundary layer shear flow moving over a rough surface (Furbish, 1997):

w@ _ 1y 2
=InZ+85 (A6)

*

where ks is the roughness parameter of the substrate. The concentration profiles is taken from Rouse (1939):
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C(z) = C, (_o M)P” (A7)

Ztot—Z0 2
in which z is the total flow thickness, zo is the height at which the particle concentration is known (Co). From (A7), the flow
bulk density profile can be defined as:
Pmix(2) = (1= C(2))pg + C(2)ps (A8)
PYFLOW first estimates the shear flow height zy by solving the system of equations composed of eq. (A4) and:
T = (Pmix = Parm) g SIN A Zsy (A9)
where pam 1s the atmospheric density and a is the slope of the ground, measured in the field, on which the dilute PDC was
flowing.
The shear current is composed of gas and a mixture of particles, in which those with P, = 2.5 are at settling condition. Finer
particles are held in suspension by turbulent stress and contribute to the concentration profile C(z), but their average Rouse
number Pnsusp, which is lower than 2.5, is unknown. In addition, the thickness of the PDC z: and the flow gas density pg are
unknown. In order to get these three unknowns, PYFLOW solves for the following system of three equations:

_ Pn,susp
Pam = Py + ((ps — py)Co (2 e ) ) (A10)

Ztot—Z0  Zsf

1 s ot— Pn,susp
Pmix = P fzzof ,Dg + ((ps - pg)C() (Ztozt—o_zo¥> )] dz (Al 1)
H am am
Zyor =~ = 5t (A12)
Ps—Pg

The first equation (A10) states that the atmospheric density is reached at the top of the shear flow zy; the second one (Al1)
defines the average flow density calculated between zo and z; the third equation (A12) defines the total flow thickness as the

ratio between the thickness of the laminated layer Hi. in the deposit and the average concentration in the flow C, which is

defined as:
_ Pmix—Pg
C= —ps—pg (A13)

In this work Co is set to the maximum packing for pyroclastic particles (0.7) (Dellino et al., 2008), hence zo is taken as the
minimal sedimenting thickness.

Subsequently, PYFLOW uses p; to calculate the flow temperature profile 7(z), assuming the flow is composed by the solid
particles, the magmatic gas and entrained air, if the user provides in input: the temperature of the magmatic gas 7o, the air
temperature 7, (set by default to 293 K if not provided), the temperature of the solid particles T, the specific gas constant of
the magmatic gas R» and air R, (set by default to 287 J kg! K!), the specific heat at constant pressure of the magmatic gas
Cpm and of the solid particles Cps and the average density of the solid particles ps. First, the density of the magmatic gas and

entrained air are obtained by solving for the equation of state:

P = 2= (Al4a)

" RqTq
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Po = Pa (A14b)

" RmTm

hence with the assumption that the gas phases are at constant atmospheric pressure (set to 101325 Pa if not specified in input
by the user). From these densities and the flow gas density pg, one can calculate the relative volumetric concentration of the

magmatic gas Cemrel and entrained air Cm,rer:

Pg—Pa
Comrel = P‘ZL_Pa (Al5a)
Coarer =1 = Cgm (A15b)

These concentrations are still not the real magmatic gas Cg» and entrained air Cg o volumetric concentrations in the multiphase
flow that includes the solid particle concentration calculated C via Eq. (A13), hence they need to be rescaled so that the sum

of their rescaled values equals /-C:

Cgm = gm,rel(l -0) (Al6a)
Cg,a = ga,rel(1 -0) (Al6b)

Finally, the flow temperature can be calculated using the following equation:

T(Z) _ PmCgm(2)TmCom+paCy,a(2)TaCPa+psC(2)TsChs
PmCgm(2)Com+paCq,a(z2)CPa+psC(2)Cps

(A17)

By combining the velocity (A6) and density (A8) profiles, the dynamic pressure profile is finally obtained:

Payn(2) = % pmix (2)u(2)? (A18)

Concerning flow duration, in a PDC, sedimentation occurs at a rate S, that represents the mass of particles settling over a unit
area in the unit time. Deposit thickness grows by aggradation of particles during the time-integrated passage of the current.
The aggradation rate 4,, which is the rate at which deposit thickness grows, is equal to the sedimentation rate divided by
deposit density psep. The total time of aggradation, ¢, which is a proxy of flow duration, is equal to deposit thickness Huep
divided by A4

¢ = e (A19)

Ar
Deposit density and thickness are measured in the field, consequently the only missing quantity for the calculation of flow
duration is the sedimentation rate.

Dellino et al. (2019), recently proposed a model for the calculation of the sedimentation rate:

®i/ps; ‘c Pi+1/Ps;+1 .
n I bi/ps; tot X Piv1/Psy tot
S = | L1 sy — *0.7 + — x0.3 | | - 0.01 (A20)
<(10.065*P’F)+0-1579> ((10.065* P’,}l)+o.1579>
n n

with the subscript i referring to the i particle-size class, 7 being the number of size classes of the grain-size distribution of the

sediment, ¢, psi and Pni being the weight fraction, the density and the Rouse number of the i grain-size fraction, respectively.
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P . . . . .
Py = Pn'ﬂ is the normalized Rouse number of the current, i.e., the ratio between the average Rouse number of the solid
n.susp

material in the current and the Rouse number at maximum suspension capacity. The model considers the contribution of each
size class of particles to the sedimentation, and not the average grain size, because the solid load constituting a suspension
current, especially in the case of PDCs, is made up of a mixture of different components (lithics, glassy fragments and crystals)
with different size, density and shape, thus different terminal velocity. The average Rouse number of the solid material in the
current is calculated as the average of the particulate mixture:

Prasg = 2ty Pug Ci/C (A21)
When PB; > 1, a current has a particle volumetric concentration in excess of its maximum capacity, e.g. it is over-saturated of
particles, which favours sedimentation. When it is lower than 1, a current has a particle volumetric concentration lower than
its maximum capacity, e.g. it is under-saturated, and could potentially include additional sediment in suspension by erosion
from the substrate. For more details see Dellino et al. (2019).

Finally, PYFLOW calculates probability density functions of all the parameters presented above starting from a Gaussian
distribution. From these functions, it is possible to obtain the values of the impact parameters at the desired exceedance

probability.
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