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Key Points: 

 Lithic component data can be used to study conduit geometry evolution during 

explosive eruptions and constrain eruptive parameters. 

 The onset of the Plinian phase of the 79 AD Vesuvius eruption was characterized by 

intense crater excavation processes. 

 Exit pressure and velocity decreased during all the Plinian phase of this event, 

consistent with a shift to a collapsing column dynamics.  
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Abstract 

Dynamics of explosive eruptions is often strongly controlled by temporal changes in conduit 

geometry. Quantitative constraints to this problem are difficult to define, but basic information 

on the lithic fraction in pyroclastic deposits can be used as an input of numerical models to 

infer conduit and crater evolution in terms of shape and dimension. Field data on the 79 AD 

Pompeii eruption (Vesuvius, Italy) are used here to constrain depth-dependent variations in 

conduit geometry. The different lithology of the accidental components, resulting from the 

erosion of a conduit/crater system crosscutting a well-known subsurface stratigraphy, helps in 

defining the provenance depth of the eroded fragments. We reproduced the eruption evolution 

by considering three periods of the Plinian phase, associated with the white phonolitic pumice 

clasts (EU2a) and the tephro-phonolitic gray pumice clasts (EU3a and EU3b). Results constrain 

the evolution of key eruptive parameters, and are consistent with the estimates of mass 

discharge rate (MDR) and volume of eroded lithic fragments, which require the involvement 

of conduit geometries with depth-dependent diameters rather than a constant-radius shape. The 

onset of the Plinian phase (EU2a) was characterized by intense crater excavation processes. 

The MDR increase during the transition from EU2 to EU3 coincided with a significant increase 

of conduit diameter at bottom. After the peak of MDR (EU3b), a significant deeping of the 

fragmentation level and an abrupt inlet pressure drop probably occurred. Exit pressure and 

velocity would have decreased during all the Plinian phase, consistent with a shift to a 

collapsing column dynamics. 

1 Introduction 

The analysis of pyroclastic deposits provides the fundamental information for 

understanding the behavior of explosive eruptions. From the study of the dispersal features and 

thickness of pyroclastic fall deposits, we are able to deduce useful data for estimating the 

intensity and magnitude of volcanic eruptions [Carey and Sigurdsson, 1989; Pyle, 1989; Carey 

et al., 1995; Bonadonna and Costa, 2012], which represent key information for volcanic hazard 

assessment [Connor et al., 2001; Macedonio et al., 2008; Macedonio et al., 2016]. The detailed 

analysis of juvenile fragments can provide valuable information for understanding a wide 

family of volcanological processes, such as changes in magma ascent dynamics [Cashman, 

1988; Cioni et al., 1992a; Gurioli et al., 2005; Shea et al., 2010; Vinkler et al., 2012], 

interaction with external water [Wohletz, 1986; Barberi et al., 1989; White and Valentine, 2016; 

Aravena et al., 2018a], and the nature of magma fragmentation [Klug and Cashman, 1996; 

Spieler et al., 2004; Büttner et al., 2006; Vinkler et al., 2012]. Crystal content, size distribution 

and composition have been widely employed for studying pre-eruptive conditions of magma 

reservoirs and syn-eruptive conduit processes, where the use of geochemical tools is frequently 

involved [Hammer et al., 1999; Blundy and Cashman, 2001; Gurioli et al., 2005; Shea et al., 

2009; Cioni et al., 2014]. Still, the state of the art for interpreting pyroclastic deposits is quite 

limited when we study some additional features, such as the nature and volume of lithic 

fragments. Therefore, part of the potential information that pyroclastic deposits can provide 

may be systematically dismissed. Indeed, even considering that lithic fragments can represent 

a significant part of pyroclastic deposits, the factors controlling their inclusion in the erupted 

mixture are still poorly understood, as well as the effects of conduit geometry on the eruptive 

dynamics. 

Lithic fragments in pyroclastic fall deposits can derive from erosion of the conduit walls 

(fluid shear stress, pyroclast impact), from collapse processes of the conduit/crater system, 

and/or from crater excavation near the surface (i.e., mechanical erosion of the vent produced 

by the high-pressure, high-velocity erupted mixture) [Eichelberger and Koch, 1979; 

Macedonio et al., 1994; Doubik and Hill, 1999; Valentine et al., 2007; Keating et al., 2008; 
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Harp and Valentine, 2015; Aravena et al., 2017]. Macedonio et al. [1994] presented a 

pioneering work on the analysis of conduit erosion mechanisms and the content of lithic 

fragments in pyroclastic deposits, using the 79 AD Vesuvius eruption for illustrating their 

observations, and two recent works addressed the mechanical stability of volcanic conduits 

using an approach based on numerical modelling [Aravena et al., 2017; Aravena et al., 2018b]. 

Since conduit widening is controlled by country rock mechanical properties and the pressure 

and velocity profiles along the conduit [Varekamp, 1993; Macedonio et al., 1994; Aravena et 

al., 2017], the volume and type of lithic fragments eroded from the conduit can be potentially 

employed for studying the internal dynamics of volcanic conduits and their geometric features 

whenever the subsurface stratigraphy is known. For example, the geometric evolution of the 

feeding system of the Pomici di Avellino eruption was recently studied by Massaro et al. 

[2018]. The main sources of uncertainty of these methods are associated with the necessity of 

fixing simplified models to describe conduit geometry and the nature of the procedure adopted 

to quantify the lithic content. In particular, Massaro et al. [2018] assumed that a volcanic 

conduit evolves from a dyke connected to the surface to a hybrid dyke/cylinder feeding system. 

Their model does not consider crater excavation, and conduit erosion is preferentially 

concentrated in the deep domain of the conduit. However, considering the mechanisms of 

conduit erosion during explosive eruptions [Macedonio et al., 1994; Aravena et al., 2017], 

plausible conduit geometries are expected to be characterized by larger dimensions near the 

vent, associated with the occurrence of conduit collapses above the fragmentation level, 

pyroclast impact, and crater excavation [Doubik and Hill, 1999; Valentine and White, 2012]. 

In this work, we use quantitative lithic component information on the 79 AD Vesuvius 

eruption and conduit modelling to make estimates of syn-eruptive changes in conduit geometry, 

considering three main periods during the Plinian phase of the eruption. The well-known 

subsurface stratigraphy [Bernasconi et al., 1981; Brocchini et al., 2001] and the availability of 

useful works for constraining the input parameters and constitutive equations of numerical 

simulations support the choice of this case study [Carey and Sigurdsson, 1987; Cioni et al., 

1992b; Cioni, 2000; Cioni et al., 2000; Neri et al., 2003; Shea et al., 2009; Shea et al., 2012]. 

Numerical modelling is also based on field data complemented with literature-derived 

information, which allowed to calculate the volume and mass of the different types of lithic 

fragments present in the pyroclastic deposits through the use of isomass and isopach maps. In 

this way, MDR-controlled changes in the dispersal area and density differences between lithic 

fragments and vesicular, low-density pyroclasts (and thus, differences in their terminal 

velocities and spatial distribution in pyroclastic deposits) do not bias the estimates of the 

proportion of the different components present in the pyroclastic deposits. We remark that this 

is not true when height-normalized sections are used to quantify the evolution of lithic content 

during an eruption. This work includes five parts. First, we present the geologic framework of 

this case study. Then, we describe the methods, including the treatment of field data and the 

conduit model adopted here. Third, we present the results associated with the use of field data; 

followed by the numerical modelling results. Finally, we present the discussions and 

conclusions associated with this investigation, providing constraints to the evolution of key 

eruptive parameters during the event and showing that conduit geometries with depth-variable 

dimensions are needed to reproduce the different phases of this eruption. 

2 Geologic framework 

Somma-Vesuvius volcanic complex (SVVC) is a composite volcano located in 

Southern Italy (Fig. 1a). It has been active during the last 39 ka and its products are mainly 

associated with the emission of silica-undersaturated potassium-rich magmas [Di Renzo et al., 

2007; Santacroce et al., 2008]. Because SVVC is located in the metropolitan area of Napoli 
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(>1 million inhabitants) and because it has produced different eruptive phenomena over its 

history, from lava flows to large pyroclastic flows and fallout deposits, Vesuvius volcano poses 

important challenges for volcanic hazard and risk assessment [Neri et al., 2008]. Several sub-

Plinian and Plinian eruptions are recognized in the pyroclastic record of SVVC, which have 

been studied extensively during the last decades [Lirer et al., 1973; Sigurdsson et al., 1985; 

Cioni et al., 1999; Cioni et al., 2008; Sulpizio et al., 2010]. 

Among these, the 79 AD eruption was one of the most catastrophic volcanic events in 

the history, destroying the Roman towns of Herculaneum, Pompeii, and Stabiae [Sigurdsson et 

al., 1985]. The eruptive sequence was divided into eight eruptive units (EU1-EU8) by Cioni et 

al. [1992b] and Cioni et al. [1995] (Fig. 1b). The eruption onset was characterized by a small 

phreatomagmatic explosion, with the deposition of a thin basal ash layer (EU1) [Cioni et al., 

1992b; Cioni et al., 2000]. This phase was followed by a Plinian phase which deposited a thick 

blanket of white phonolitic (EU2) and gray phono-tephritic (EU3) pumice [Lirer et al., 1973; 

Sigurdsson et al., 1990], interrupted by at least four pyroclastic currents [Sheridan et al., 1981; 

Cioni et al., 1992a]. The Plinian phase was followed by a phase dominated by repeated 

pyroclastic current formation with minor fallout episodes (EU4 to EU8), and increasing 

contents of external water [Cioni, 2000]. The transition from fall phases to pyroclastic currents 

was studied in detail by Shea et al. [2012], showing the incorporation of magma from the 

conduit margins as an efficient mechanism for increasing the proportion of dense pyroclasts in 

the erupted mixture. Further insights into the shift from a fully buoyant eruption plume to a 

collapsing column during the transition from EU3 to EU4 were provided by Neri et al. [2003], 

who also discussed the effect of microlite content in controlling magma viscosity and 

eventually eruptive dynamics. 

EU2 is mainly composed by white pumice with sparse sanidine phenocrysts. At 

proximal and medial sites, this unit exhibits a symmetric gradation, with a reversely-graded 

base capped by a thin, normally-graded top. Using the maximum grain size level as an 

isochronal marker, two sub-units were defined: EU2a and EU2b. At some proximal sites, a 

thin, whitish to gray, ash layer marks the transition between EU2 and EU3 [Cioni et al., 1992a]. 

EU3 gray pumice is richer in phenocrysts (mainly clinopyroxene and sanidine) and microlites 

(mainly leucite) with respect to the EU2 white pumice, and the deposit exhibits a larger 

dispersal area and a generally coarser grain size. Several pyroclastic current deposits are 

intercalated with EU3, which, like EU2, presents a symmetric gradation, with a reversely-

graded base and a normally-graded top. Also in this case, the maximum grain size level 

represents an isochronal marker, allowing to define two sublevels: EU3a and EU3b. Because 

deposits in the proximal sites were affected by the erosive effects of pyroclastic currents, the 

symmetric grading is more evident in the medial and sometimes distal sections. Above these 

fallout deposits, pyroclastic current deposits prevail, representing the end of the Plinian phase 

and marking the caldera collapse [Cioni et al., 1999; Shea et al., 2011].  

The lithic fragments are composed by lavas, limestones, marbles, and scarce skarns and 

cumulate rocks (detailed information associated with the different components identified in 

this eruption can be found in Cioni et al. [1995]). Lithic fragments have variable abundance in 

the different subunits of the fallout deposit, with lava fragments being always predominant, 

and carbonates (i.e., limestone and marbles) occurring mainly in EU3. 
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3 Methods 

3.1 Lithic fragments data 

3.1.1 Sampling and complementary information 

In order to characterize the fallout deposits of EU2 and EU3, the following measures 

were taken at 22 sampling sites: (1) total thickness and (2) thickness of the four subunits defined 

here. Additionally, bulk samples were collected along all the subunits in order to characterize 

the grain size distribution, density, and componentry (Table S1). Published information was 

included in the studied dataset, considering thickness data of some additional sites, for the 

whole deposit, EU2, and EU3 (Table S1) [Carey and Sigurdsson, 1987]. 

3.1.2 Sample analysis 

Samples were dried and then the bulk density of some selected samples was measured, 

assuming to obtain a representative value of the deposit density. For that, the weight of each 

sample was measured, and samples were then poured into a graduated cylinder and gently 

tapped five times, before measuring the volume. This procedure was repeated three times for 

each sample, and the different measures averaged. In order to study the grain size distribution 

of the collected samples, samples were mechanically sieved between 𝜙 = −5 and 𝜙 = +4, 

where 𝜙 = − log2(𝐷/𝐷0), 𝐷 is pyroclast diameter, and 𝐷0 = 1 mm. Additionally, samples 

were split into six groups: (1) pumice, (2) limestone and dolostone, (3) marble, (4) loose 

crystals, (5) cumulate and skarn rocks, and (6) other intrusives, using the granulometric classes 

with 𝜙 ≤ 0 (please note that cumulate and skarn rocks are grouped in the same class because 

they are interpreted as part of the magma chamber walls; Cioni et al., 1995). The mass fraction 

of each class for each sampling site and subunit was then calculated using the grain size 

distributions, and finally, thickness and density data were used to compute the mass per unit 

area of each component for each sampling site and subunit (Tables S2-S4). 

3.1.3 Isomaps 

Based on our stratigraphic data and literature-derived information, we traced isopach 

and isomass maps of the following levels: EU2, EU2a, EU2b, EU3, EU3a, and EU3b. The 

main uncertainty sources of this procedure derive from the irregular distribution of the 

sampling sites, which is mainly a consequence of the deposition in the sea of the western 

portion of the dispersal lobe, and from the occurrence of significant erosion of the proximal 

deposits by pyroclastic currents [Cioni et al., 1992a; Cioni et al., 2000]. Furthermore, based on 

the grain size distribution and componentry analysis, we traced additional isomass maps of the 

studied subunits for specific components: pumice, loose crystals, total lithic fragments, lavas, 

and carbonates. From these results and using different estimation methods (exponential with 

one and two segments, Weibull, and power law-based estimates; Table S5) [Pyle, 1989; 

Bonadonna and Costa, 2012], we calculated the total mass of the different types of lithic 

fragments (Mli and Mci for lavas and carbonates, respectively) ejected during the different 

phases of the eruption. Mass estimates were then converted to volume (Vli and Vci for lavas and 

carbonates, respectively) using a reference lithic fragments density (ρlf). 
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3.2 Numerical modelling 

3.2.1 Steady-state model 

In order to study the eruptive dynamics of the 79 AD Vesuvius eruption, we use the 

1D-steady state model (http://demichie.github.io/MAMMA) presented by de' Michieli Vitturi 

et al. [2011] and La Spina et al. [2015]. The model is capable of describing the evolution of 

magma properties along the conduit (e.g., velocity, pressure, density), accounts for the most 

important processes acting on ascending magmas (e.g., rheological changes, fragmentation, 

crystallization), and allows consideration of conduits with depth-dependent dimensions (Text 

S1). We selected an appropriate set of constitutive equations for describing magma rheology, 

crystallization, water exsolution, outgassing, and the equations of state for this specific case 

study (Table 1), and additional parameters were calibrated using literature data: magma 

crystallinity, critical volume fraction of exsolved gas for magma fragmentation, and bubble 

number density (Table 2). We considered the emission of two different magma compositions 

throughout the eruption (phonolite and tephritic phonolite; Table 2), with different rheologies 

[Giordano et al., 2008]. Finally, we assumed that magma chamber overpressure is a linear 

function of the erupted mass, and varies between two arbitrary limits: +20 MPa and -40 MPa. 

This wide range was selected by considering the caldera-forming character of the eruption, 

which would require a significant pressure drop in the magma reservoir [Martı́ et al., 2000] 

and is consistent with the pressure variation assumed by Massaro et al. [2018] for a similar 

Plinian eruption of SVVC. 

3.2.2 Conduit geometry 

Based on crystallization experiments, phenocryst assemblage, and the study of melt 

inclusions, Scaillet et al. [2008] suggested that the reservoir that fed the 79 AD Vesuvius 

eruption was located at 7-8 km depth. Thus, in this work we assumed a magma reservoir depth 

(𝐿) of 8000 m, and we also considered that the limit between lavas and carbonates (hcl) in the 

central part of the caldera is located at 2300 m depth (i.e., hcl = 5700 m) [Bernasconi et al., 

1981; Balducci et al., 1985; Brocchini et al., 2001]. Based on the expected erosion processes 

in explosive eruptions [Macedonio et al., 1994; Aravena et al., 2017], we considered three 

different geometric configurations whose dimensions are variable during the eruption: (1) 

cylindrical conduit (type C, Fig. 2a); (2) two coaxial cylindrical portions connected by an 

axisymmetric transitional zone (type NC2, Fig. 2b); and (3) cylindrical conduit in deep domains 

with an axisymmetric, shallower portion of upward linear enlarging (type NC3, Fig. 2c). All 

these geometric configurations are then connected to the surface through a crater area (an 

inverted truncated cone), whose deeper cross section represents the upper boundary of the 

conduit for numerical modelling. It is worth highlighting that a dyke-like geometry for the 

conduit is likely to characterize the initial part of an eruption, when rock fracture is the process 

that dominates the onset of magma ascent, eventually influenced by the existence of previous 

conduit systems. However, as the model used for conduit simulations is steady-state and we 

did not consider the opening phase of the eruption, this transient phase does not represent the 

focus of our simulations. Indeed, as evidenced in several natural cases [Fink, 1985; Quareni et 

al., 2001], dyke-like geometry rapidly shifts to a focused flow along one or more points of the 

fracture, thus developing cylinder-like conduits. We assume here that this geometry can be 

considered dominant under fully-developed steady-state conditions. 
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Considering field data-based geometrical constraints (in particular, the volume of lavas 

and carbonates estimated in the pyroclastic deposits of each eruptive unit, Appendix 1), for the 

three geometric configurations considered as representative of likely volcanic conduits (i.e., 

types C, NC2, and NC3), we obtained a set of geometric parameters compatible with the 

volume of the different types of lithic fragments eroded from the conduit during each phase of 

the studied eruption. For type C geometric configuration, only one conduit geometry, 

characterized by specific values of Rfixed, Rc, and hc (Fig. 2a), is able to satisfy a given estimate 

of the volume and type of lithic fragments, where Rfixed is conduit radius, Rc is crater radius, 

and hc is the distance between conduit base and crater bottom. For types NC2 and NC3, an 

infinite group of conduit geometries is consistent with a given estimate of the eroded volume 

and type of lithic fragments, and each one of them is fully characterized by two geometric 

parameters: he and R2 (i.e., the other geometric parameters can be unequivocally calculated 

for known values of he and R2, see Appendix 1), where he is the distance between conduit 

base and the position of conduit enlargement for geometric configurations NC2 and NC3, and 

R2 is a characteristic radius that defines the magnitude of conduit enlargement for geometric 

configurations NC2 and NC3 (Fig. 2b-c). 

In addition to the estimates of the volume of lithic fragments, conduit geometry is 

expected to be able to produce modelling results consistent with two other conditions: (1) the 

MDR of each phase of the eruption (MDRe), where we use published information [Carey and 

Sigurdsson, 1987] (see Section 4.1); and (2) the position of the fragmentation level, which 

should be located slightly above he (see Fig. 2b-c and Appendix 1). This latter condition is the 

only way to reasonably make a given conduit geometry with depth-variable dimensions by 

considering a mechanical stability-based approach, because the erosion processes are expected 

to be more intense near and above the fragmentation level due to the likely occurrence of 

collapse processes and the effect of pyroclast impact [Aravena et al., 2017; Macedonio et al., 

1994].  

Using conduit geometries compatible with the volume of the different types of lithic 

fragments eroded from the conduit, we developed a set of numerical simulations of magma 

ascent and then we evaluated their output parameters through the analysis of the degree of 

agreement of the simulated MDR and fragmentation level, which was performed by 

considering appropriate mathematical expressions (see Appendix 1). In this way, we can 

determine the set of conduit geometric parameters that best fit the prescribed MDR and the 

expected fragmentation level, and thus we can propose the temporal evolution of conduit 

geometry and other key eruptive parameters. Here we study the conduit evolution during three 

stages of the Plinian phase of the 79 AD Vesuvius eruption (subunits EU2a, EU3a, and EU3b). 

The reason for disregarding EU2b is explained in Section 4.1. 

4 Results 

4.1 Erupted mass, erupted volume, and mass discharge rate 

The masses and volumes of the studied units, subunits and componentry classes, 

calculated from the isomass and isopach maps, are shown in Table 3 (more detailed information 

is presented in Figures S1-S6 and Tables S5-S8). It includes the mass of lithic fragments eroded 

from the conduit during each eruptive subunit, which were converted into volume using a 

reference density of 2700 kg/m3. These values contributed to the input parameters used in 

numerical simulations (Table 4). 

Because the definition of the eruptive subunits considers different criteria than those 

employed by Carey and Sigurdsson [1987], some additional assumptions are necessary. 
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Considering that the tops of EU2a and EU3a represent the levels with the maximum grain size 

of each eruptive unit, they likely record the maximum eruption rates. This is in agreement with 

the MDR evolution of EU3 presented by Carey and Sigurdsson [1987], but it is inconsistent 

with a monotonic increase of MDR during the emission of EU2 [Carey and Sigurdsson, 1987]. 

Because the temporal evolution of MDR estimates is based on the analysis of height-

normalized stratigraphic sections [Carey and Sigurdsson, 1987], they implicitly assume a 

constant dispersion area during the eruption, which is not in agreement with the results 

presented here. According to our results, >75% of the EU2 juvenile mass was emitted during 

EU2a, and thus an intermediate value of the last stages of subunit EU2 [Carey and Sigurdsson, 

1987] seems to be a good approximation for the end of EU2a, whereas EU2b was not included 

in numerical simulations because of the lack of reliable information for constraining the MDR. 

The volume of lithic fragments eroded during EU2b was, however, added to the next phase 

considered in numerical simulations (i.e., EU3a). For the end of EU3a, we have employed the 

first sublevel of EU3 defined by Carey and Sigurdsson [1987] (i.e., the peak of MDR); while 

EU3b represents an intermediate value of the remaining sublevels. In this sense, although the 

last value of MDR of EU3 [Carey and Sigurdsson, 1987] could be considered the most 

appropriate estimate for the end of EU3b, the occurrence of large pyroclastic currents during 

the final stages of EU3 [Cioni, 2000; Shea et al., 2011] is expected to produce an important 

reduction in column height-based estimates of MDR. The adopted values of MDR during the 

eruption, which are expected to be representative of the last stages of each eruptive phase, are 

presented in Table 4 and graphically described in Figure S7. We remark that a significant 

uncertainty is associated with these estimates of MDR [Carey and Sigurdsson, 1987], which 

are based on a procedure that assumes a very simplified plume dynamics and poorly-

constrained meteorological conditions. Because our procedure is strongly controlled by the 

MDR estimates, this likely propagates in a relevant uncertainty in the numerical results 

presented here. It is also important to stress that MDR is not an input parameter in magma 

ascent simulations but an output, which is employed to assess the degree of agreement of the 

modelled MDR with respect to the estimated value for the different phases of the eruption 

[Carey and Sigurdsson, 1987]. 

The density of pyroclastic deposits varies between about ~660 kg/m3 and ~780 kg/m3, 

with values sensibly higher for those units with a larger dispersion (i.e., EU2a and EU3b). This 

is a consequence of the higher densities typically measured at distal sampling sites. The mass 

fraction of lithic fragments varies between 15% and 19%, with higher values for the two upper 

units (i.e., EU2b and EU3b). The proportion of carbonates in the lithic component is consistent 

with Macedonio et al. [1994], exhibiting higher values for EU3 and varying between 0.19 and 

0.26.  
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4.2 Temporal evolution of conduit geometry 

Field data-derived information on the erupted mass, volume of the different types of 

lithic fragments, and literature-derived information of the MDR evolution and subsurface 

stratigraphy were used to constrain the evolution of conduit geometry in the course of the 

eruption. Modelling results associated with the different geometric configurations considered 

here are discussed below (Table 5 and Figures 3-5). 

4.2.1 Geometric configuration C 

Table 5 presents the results derived from the assumption of an erosion process 

characterized by the generation of conduits with fixed dimensions in depth, considering the 

three phases of the 79 AD Vesuvius eruption addressed in this work. Results indicate that 

cylindrical conduits are not capable of producing consistent values with the 79 AD Vesuvius 

eruption. In particular, numerical modelling predicts an important increase in MDR between 

EU3a and EU3b (from 1.6·108 kg/s to 2.7·108 kg/s, Table 5) as a consequence of an abrupt 

conduit radius increase (from ~23 m to ~36 m), which is highly inconsistent with literature data 

(Table 4). 
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4.2.2 Geometric configuration NC2 

Phase EU2a 

Considering the geometric configuration NC2, the most probable conduit geometry 

fitting the data at the end of phase EU2a is characterized by a deep portion with a radius of ~17 

m and a shallower portion with a radius of ~35 m, with the bottom of the enlargement zone at 

2450 m depth (he equal to 5550, Fig. 3a-c). Consequently, the fragmentation level would have 

been located at 2300 m depth, around the limit between carbonates and lavas. This geometry 

is associated with a crater radius of ~195 m and a crater depth of ~280 m (Fig. 5a-e), implying 

that crater excavation would have produced ~47% of the total mass of lithic fragments eroded 

during the ejection of EU2a. 

Phase EU3a 

At the end of phase EU3a, conduit geometry would have been characterized by a deep 

portion with a radius of ~23 m and a shallower portion with a radius of ~55 m (Fig. 3d-f). The 

conduit dynamics would have produced a slightly shallower fragmentation level than the 

previous phase (2250 m depth, i.e., he equal to 5600 m). In this case, crater excavation was 

less significant, producing ~24% of the total mass of lithics fragments eroded during the 

emission of this subunit, resulting in a crater radius and depth very similar to those of phase 

EU2a (~220 m and ~280 m, respectively). 

Phase EU3b 

Results indicate that the most probable conduit geometry at the end of phase EU3b was 

characterized by a deep portion with a radius of ~25 m and a shallower portion with a radius 

of ~70 m (Fig. 3g-i). Additionally, fragmentation level was located at 3050 m depth (he equal 

to 4800 m), much deeper than the previous phases of the eruption. Significant crater excavation 

is estimated for this phase, representing ~50% of the total volume of lithics fragments eroded 

during the emission of this subunit. This process is associated with a crater radius and depth of 

~305 m and ~395 m, respectively.  

Figure 5a presents a summary of the temporal evolution of conduit geometry, whereas 

Figure 5b-e presents the evolution of key eruptive parameters. Exit velocity (i.e., erupted 

mixture velocity at crater base) experienced an abrupt decrease between EU2a and EU3a, 

mainly as a consequence of the lower water content of the tephri-phonolitic magma of gray 

pumices. Conversely, the transition from EU3a to EU3b was characterized by an abrupt drop 

in exit pressure (i.e., erupted mixture pressure at crater base) and only minor changes in exit 

velocity. 

4.2.3 Geometric configuration NC3 

Phase EU2a 

During the end of phase EU2a, the most probable geometry was characterized by a deep 

portion with a radius of ~17 m and an enlargement zone starting at 2400 m depth (R2 around 

70 m; Fig. 4a-c). This condition is associated with a fragmentation level located at 2100 m 

depth. This conduit geometry involves the presence of a crater radius of ~165 m, implying that 

crater excavation would have produced ~20% of the total mass of lithic fragments eroded from 

the conduit during EU2a, significantly lower than that predicted with geometric configuration 

NC2. 

Phase EU3a 
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At the end of phase EU3a, conduit geometry would have been characterized by a deep 

portion with a radius of ~23 m and the bottom of the enlargement zone at 2200 m depth (R2 

around 105 m; Fig. 4d-f). The water content decrease resulted in a shallower fragmentation 

level than that predicted for the end of phase EU2a (in this case, 1900 m depth). Finally, weak 

crater excavation would have occurred during this phase (crater radius of ~185 m), representing 

~10% of the lithic fragments eroded during the emission of EU3a. 

Phase EU3b 

For the end of this phase and considering geometric configuration NC3, the degree of 

agreement between numerical results, the estimated MDR and the expected fragmentation 

depth is sensibly lower than that obtained for geometric configuration NC2 and for the previous 

phases of the eruption, and unrealistic values of Δf (e.g., >600 m) are required for obtaining a 

satisfactory degree of agreement (i.e., a global degree of agreement near 1.0, see Appendix 1). 

Still, numerical simulations indicate that the most probable conduit geometry was characterized 

by a deep portion with a radius of ~31 m and an enlargement domain starting very deep, at 

3400 m depth (R2 around 140 m; Fig. 4g-i). Fragmentation level is much deeper than the 

obtained for previous phases (depth of 3100 m), which is consistent with the results derived 

from the use of geometric configuration NC2. In this case, in contrast to the results obtained 

with geometric configuration NC2, weak crater excavation is expected to have occurred during 

this phase (~3% of the lithic fragments eroded during the emission of EU3b are associated with 

crater excavation, with a crater radius of ~200 m). 

Figure 5f exhibits a summary of the temporal evolution of conduit geometry for 

geometric configuration NC3, whereas Figure 5g-j presents the evolution of fragmentation 

depth, exit pressure, exit velocity, and crater radius during the eruption. Although geometric 

configuration NC3 is characterized by much lower exit pressures (Figs. 5c and 5h), results 

produce very similar trends of temporal evolution for fragmentation level, exit pressure and 

exit velocity for both geometric configurations with depth-variable dimensions (Figs. 5c-d and 

5h-i for comparisons). 

 

  

 

5 Discussion 

Based on the analysis of the volume and type of lithic fragments eroded from the 

conduit during the 79 AD Vesuvius eruption and their use as inputs of conduit models, we 

reconstructed the temporal evolution of this eruption, constraining key characteristics such as 

conduit geometry, crater dimensions, exit pressure, and exit velocity. 

Two feasible geometric configurations with depth-dependent dimensions were tested 

in this work (types NC2 and NC3, see Fig. 2b-c). They exhibit reasonably consistent results, 

and are capable of reconstructing the temporal evolution of the 79 AD Vesuvius eruption. 

Geometric configuration NC2 shows a better performance than geometric configuration NC3, 

whereas modelling results for fixed diameter, cylindrical conduits (type C, see Fig. 2a) are not 

consistent with the eruptive dynamics of the eruption. Indeed, in general, it seems difficult to 

reproduce the waning stages of explosive eruptions with a cylindrical conduit enlarging with 

time, at least for realistic decreases of inlet pressure (e.g., <80 MPa). 

Numerical simulations indicate that the abrupt increase of MDR between the first stage 

of the Plinian phase (i.e., EU2a) and the peak of MDR (i.e., EU3a) was the product of a 

particularly efficient increase of conduit dimensions in deep domains, which tended to produce 
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almost cylindrical geometries in the carbonate zone and counterbalanced the MDR-decreasing 

effect produced by the progressive depressurization of the magma reservoir. During these 

phases, the magma fragmentation depth experienced slight modifications, and was located near 

the limit between carbonates and lavas. Conduit erosion during the emission of EU3b produced 

slight changes in the conduit radius in deep domains and significant enlargement tendencies in 

the upper portion of the carbonatic basement, which required the occurrence of deep magma 

fragmentation (>3 km depth for both geometric configurations with depth-variable 

dimensions). This process, along with an abrupt inlet pressure drop, was manifested in a general 

decrease of MDR. 

Results suggest that the increase of crater dimensions was particularly intense during 

the initial stages of the Plinian phase of the eruption (i.e., EU2a), reaching quickly a crater 

radius larger than 150 m (in particular, at the end of phase EU2a, ~195 m and ~165 m for 

simulations associated with geometric configurations NC2 and NC3, respectively). Between 

the end of EU2a and the peak of MDR (i.e., the end of EU3a), a stabilization of crater 

dimensions is suggested by our simulations, with a relative variation in crater radius lower than 

10%. In fact, the fraction of lithic fragments injected by crater excavation in the eruptive 

mixture drops from ~47% to ~24% between the phases EU2a and EU3a when NC2-type 

geometries are considered; and from ~20% to ~10% when NC3-type geometries are adopted. 

A new intensification of crater excavation processes is predicted during the emission of EU3b, 

which may have announced the occurrence of important conduit collapses favoured by a 

significant deepening of the fragmentation level. Because a significant part of the eroded lithic 

fragments may come from crater excavation processes (lava fragments), our results suggest 

that crater excavation represents a critical process to consider in the reconstruction of conduit 

geometry through the use of the volume and type of lithic fragments. We highlight that these 

modifications in the intensity of crater excavation and fragmentation depth are not manifested 

in dramatic changes in the fraction of lithic fragments in pyroclastic deposits, and the increase 

in the ratio between carbonates and lavas between EU2 and EU3 is only moderate. 

Exit pressure and exit velocity would have experienced a monotonically decreasing 

tendency during all the Plinian phase, mainly conditioned by the decrease in water content 

between EU2a and EU3a and the abrupt increase in the conduit radius in shallow domains 

between EU3a and EU3b. This tendency is consistent with a shift of the eruptive dynamics 

from a convective plume to a collapsing column, as described for the studied eruption [Carey 

and Sigurdsson, 1987; Cioni et al., 1999]. 

6 Concluding remarks 

The volume and type of lithic fragments erupted during an explosive event can be 

successfully employed to reconstruct the temporal evolution of past volcanic eruptions, 

constraining different parameters such as conduit geometry, crater dimensions, exit pressure, 

and exit velocity. The presence of several sources of information is required for this type of 

reconstruction: 

(a) The volume of lithic fragments, which derives from field data. An appropriate 

procedure for calculating it includes measures of thickness of pyroclastic deposits, 

density, grain size distribution, and componentry; the design of isopach and isomass 

maps; and the application of appropriate methods for estimating the total mass of each 

component in the pyroclastic deposits.  

(b) Additional information for constraining the input parameters and constitutive equations 

used in numerical simulations and for setting other features of the eruption. In this case, 
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we use the MDR, but any well-constrained eruptive parameter can be useful for these 

purposes (e.g., exit velocity, exit pressure). 

We reconstructed the temporal evolution of the Plinian phase of the 79 AD Vesuvius 

eruption. We showed that only conduits with depth-dependent dimensions can reproduce a 

temporal evolution consistent with the dynamics of the studied eruption. Results suggest that 

the onset of the Plinian phase was characterized by intense crater excavation processes. The 

increase in MDR during the transition between EU2 and EU3 coincided with an efficient 

increase of conduit diameter at depth and, after the peak of MDR, a significant deepening of 

the fragmentation level and an abrupt inlet pressure drop would have occurred, manifested in 

the decreasing MDR. Exit pressure and exit velocity would have experienced a monotonic 

decreasing tendency during all the Plinian phase, consistent with the shift to collapsing columns 

and pyroclastic currents observed in this eruption. 

7 Appendix 1 

The expressions adopted to describe the geometric configurations C, NC2, and NC3 

(Fig. 2) are: 

(1) R(h) = {
Rfixed if h ≤ hc

Rcb + ϕc(h − hc) if h > hc
 

(2) R(h) = {

R1 if h ≤ he

R1 + ϕ1(h − he) if he < h ≤ he + Δe

R2

Rcb +  ϕc(h − hc)
if he + Δe < h ≤ hc

if h > hc

 

(3) R(h) = {

R1 if h ≤ he

R1 + ϕ2(h − he) if he < h ≤ hc

Rcb + ϕc(h − hc) if h > hc

 

where R(h) is conduit radius as a function of the height h (h = 0 is conduit bottom, and h = L 

represents the surface), Rfixed, R1, R2 and Rc are the characteristic dimensions of the conduit 

for the different geometric configurations, he is the height of the enlarging zone bottom in 

NC2-type and NC3-type conduits, hc is the height of the crater bottom, Δe is the length of the 

transitional zone in NC2-type conduits, ϕ1 = (R2 − R1)/Δe, ϕ2 = (R2 − R1)/(L − he), ϕc 

measures the crater angle (here assumed to produce a crater slope of 60º, Table S10) [Moon et 

al., 2005], and Rcb is conduit radius at crater bottom and it is computed in order to satisfy the 

continuity of R(h) when h = hc (Fig. 2). 

Given the volume of lithic fragments (lavas and carbonates) eroded from the conduit 

during subunit 𝑖, we can constrain its geometric parameters: 

(a) The volume of carbonates eroded for producing a given conduit geometry must be equal 

to the volume of carbonatic fragments calculated from field data (Table 3). 

(b) The volume of lavas eroded to produce a given conduit geometry must be equal to the 

volume of lava fragments estimated from field data (Table 3). 

These constraints result in: 

(4) Vci =
Mci

ρlf

= ∫ π ∙ (Re
2(h) − Ri

2(h))dz
z=hcl

z=0

 

(5) Vli =
Mli

ρlf

= ∫ π ∙ (Re
2(h) − Ri

2(h))dz
z=L

z=hcl
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where Re(h) = max(R(h), Ri(h)) is the effective conduit radius as a function of height (i.e., 

considering the geometry inherited from the previous phases) and Ri(h) is the inherited conduit 

radius as a function of height (i.e., estimated for the previous phase). Initially (i.e., for EU2a), 

because of the lack of reliable geometric constraints, we assumed that Ri(h) = 0, which is 

justified by the negligible volume of the pyroclastic deposits associated with EU1 in 

comparison with EU2 and EU3. Please note that Vci, Mci, ρlf, Vli, and Mli are known values for 

each eruptive subunit, derived from the analysis of field data (see Section 4.1 and Table 3). 

For geometric configuration C and assuming that hcl < hc, we have that Vci =
Vci(Rfixed) is a monotonic function of Rfixed, and only one conduit geometry is able to satisfy 

the condition related to the volume of carbonates eroded from the conduit (Eq. 4). This 

geometry is associated with unequivocally defined values of Rc and Rcb in order to satisfy the 

condition related to the eroded volume of lavas (Eq. 5) and the continuity of R(h).  

On the other hand, for geometric configurations NC2 and NC3, we have two scenarios: 

(a) The enlargement zone is located above the carbonates-lavas limit (i.e., he  > hcl): in 

this case, Vci = Vci(R1) is a monotonic function of R1, and only one value of R1 is 

compatible with the volume of carbonates derived from field data (Eq. 4; indeed, R1 =
Rfixed). Given fixed values for Δe and ϕc (Table S10), we developed a set of 

simulations with variable values of R2 (between R2i = R1 and R2f) and he (between 

hei1
= hcl and hef1

), where R2f and hef1
 are arbitrary iteration limits. It is worth 

stressing that each pair (R2, he) is associated with unequivocally defined values of Rc 

and Rcb in order to satisfy the condition related to the volume of lavas eroded from the 

conduit (Eq. 5) and the continuity of R(h). 

(b) The enlargement zone is located below the carbonates-lavas limit (i.e., he < hcl): in 

this case, given a fixed value of Δe, Vci = Vci(R1, R2, he). For a given pair (R2, he), 

Vci = Vci(R1) is a monotonic function of R1, and we can calculate an only value of R1 

for satisfying the condition related to the volume of carbonates derived from field data 

(Eq. 4; in this case, R1 < Rfixed). Therefore, we developed a set of simulations with 

variable values of he (between hei2
 and hef2

= hcl) and R2 (between R2i = R1 and R2f), 

where hei2
 is an arbitrary iteration limit; while the corresponding value of R1 can be 

unequivocally determined for each pair (R2, he). Also in this case, each pair (R2, he) 

is associated with unequivocally defined values of Rc and Rcb in order to satisfy the 

condition related to the volume of lavas eroded from the conduit (Eq. 5) and the 

continuity of R(h). 

For each simulation associated with geometric configurations NC2 and NC3, we 

evaluated the degree of agreement between numerical results, the estimated MDR [Carey and 

Sigurdsson, 1987], and the expected fragmentation level by using the following expressions: 

(6) Degree of Agreement of MDR =  AMDR =  exp (−0.5 ∙  (
log10(MDRe) – log10(MDRs)

σa

)

2

) 

(7) Degree of Agreement of Fragmentation Level =  AFL =  exp (−0.5 ∙  (
FLs– he − Δf

σb

)
2

) 

where MDRs is the simulated mass discharge rate, FLs is the simulated fragmentation level 

(with respect to conduit base), σa and σb are constant tolerance values, and Δf  is the height 

difference between the fragmentation level and the bottom of the enlarging zone of geometric 

configurations NC2 and NC3 (Fig. 2). Because numerical simulations exhibit an abrupt 
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pressure drop that starts some hundreds of meters below the fragmentation level, Δf should 

adopt values within that range. The global agreement degree (GA) is defined by: 

(8) GA =  AMDR ∙ AFL 

GA, AMDR and AFL range between 0 and 1, where 1 represents perfect agreement and 0 

represents null agreement. For clarity, a notation summary is presented in Table S10. 
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Figure 1. (a) Map of the Campanian region (Italy) including the Vesuvius volcano position. 

(b) Stratigraphy of the deposits of the 79 AD eruption. Modified from Gurioli et al. [2005]. 
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Figure 2. (a) Cylindrical conduit. (b) Two coaxial cylindrical portions connected by a 

transitional zone. (c) Cylindrical conduit in deep domains with a shallower portion of upward 

linear enlarging. All these geometric configurations are then connected to the surface through 

a crater zone. hc is crater bottom position, Rcb is conduit radius at crater bottom, Rc is crater 

radius, and Rfixed, R1, R2, he and ∆e are the characteristic geometric parameters that define 

conduit geometry between its base and crater base (see Appendix 1).  
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Figure 3. Contour plots of the parameters measuring the degree of agreement of MDR and 

fragmentation level, for the end of phase EU2a (a-c), the end of phase EU3a (d-f), and the end 

of phase EU3b (g-i). These results are related to the use of geometric configuration NC2 for 

modelling the evolution of conduit geometry during the 79 AD Vesuvius eruption. The external 

white zone represents incompatible geometries with the volume of lithic fragments eroded from 

the conduit. The parameters adopted to measure the degree of agreement between numerical 

results, MDR estimates and the expected fragmentation level vary between 0 and 1, where 1 

represents perfect agreement and 0 represents null agreement (see Appendix 1). 
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Figure 4. Contour plots of the parameters measuring the degree of agreement of MDR and 

fragmentation level, for the end of phase EU2a (a-c), the end of phase EU3a (d-f), and the end 

of phase EU3b (g-i). These results are related to the use of geometric configuration NC3 for 

modelling the evolution of conduit geometry during the 79 AD Vesuvius eruption. The external 

white zone represents incompatible geometries with the volume of lithic fragments eroded from 

the conduit. The parameters adopted to measure the degree of agreement between numerical 

results, MDR estimates and the expected fragmentation level vary between 0 and 1, where 1 

represents perfect agreement and 0 represents null agreement (see Appendix 1). 
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Figure 5. Temporal evolution of conduit geometry, fragmentation depth, exit pressure, exit 

velocity, and crater radius during the 79 AD Vesuvius eruption, using geometric configurations 

NC2 (a-e) and NC3 (f-j). 
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Table 1. Constitutive equations used in conduit simulations. 

Parameter Model 

Viscosity model Giordano et al. [2008] 

Crystallinity model de' Michieli Vitturi et al. [2010] 

Influence of crystals on viscosity Costa [2005] 

Influence of bubbles on viscosity Costa et al. [2007] 

Solubility model Polynomial fit (1) 

Outgassing model Forchheimer’s law (2) 

Exsolved gas equation of state Ideal gas 

Equation of state of melt, crystals and dissolved gas Mie-Grüneisen (3) 

(1) Based on Carroll and Blank [1997]. (2) Degruyter et al. [2012]. (3) Le Métayer et al. [2005].  

Additional information is presented in Table S9. 
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Table 2. Fixed input parameters used in conduit simulations [Macedonio et al., 1994; Cioni et 

al., 1995; Gurioli et al., 2005]. 

Magma composition White magma 

(Phonolite) 

Gray magma  

(Tephritic phonolite) 

Subunit EU2 EU3a EU3b 

SiO2 [wt. %] 56.71 54.73 54.73 

TiO2 [wt. %] 0.21 0.54 0.54 

Al2O3 [wt. %] 21.17 19.36 19.36 

Fe2O3(t) [wt. %] 2.44 4.60 4.60 

MnO [wt. %] 0.13 0.14 0.14 

MgO [wt. %] 0.42 1.60 1.60 

CaO [wt. %] 2.81 5.35 5.35 

Na2O [wt. %] 6.35 4.49 4.49 

K2O [wt. %] 9.75 9.04 9.04 

P2O5 [wt. %] 0.02 0.18 0.18 

Temperature [ºC] 850 950 950 

Water content [wt. %] 6.0 4.0 4.0 

Crystallinity at conduit bottom [vol. %] 9 10 8 

Maximum crystallinity [vol. %] 39 52 53 

Critical fraction of exsolved gas [vol. %] 77.9 62.0 69.2 

Bubble number density [mm-3] 3.0×106 6.6×105 2.5×106 
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Table 3. Summary of masses and volumes of the studied subunits, calculated from the isomass 

and isopach maps.  
 EU2 EU3 EU2a EU2b EU3a EU3b 

Total Volume [m3] 8.7·108 1.3·109 6.6·108 2.1·108 2.7·108 1.1·109 

Total Mass [kg] 6.1·1011 1.0·1012 4.7·1011 1.4·1011 1.9·1011 8.3·1011 

Pumice [kg]   3.5·1011 1.1·1011 1.5·1011 5.8·1011 

Crystals [kg]   5.4·1010 1.6·109 7.1·109 8.4·1010 

Lithics [kg]   7.1·1010 2.6·1010 2.9·1010 1.6·1011 

Lavas [kg]   5.7·1010 2.1·1010 2.1·1010 1.3·1011 

Mass fraction (*)   0.80 0.81 0.74 0.78 

Carbonates [kg]   1.4·1010 4.9·109 7.7·109 3.5·1010 

Mass fraction (*)   0.20 0.19 0.26 0.22 

Additional information is presented in Table S5. 

(*) Calculated with respect to the total mass of lithics of each eruptive subunit. 

 

 

 

 

 

 

Table 4. Isomass maps-derived input parameters used in numerical simulations. The MDR of 

each subunit is also reported [Carey and Sigurdsson, 1987]. 

 EU2a EU3a (*) EU3b 
Volume of lavas eroded from the conduit 

(Vli) [m
3] 

2.1·107 1.6·107 4.6·107 

Volume of carbonatic fragments eroded 

from the conduit (Vci) [m
3] 

5.2·106 4.6·106 1.3·107 

MDRe [kg/s] 6.0·107 1.5·108 8.0·107 

Inlet overpressure [MPa] +2.6 -10.6 -40.0 
The graphical representation of the MDR of each subunit is presented in Figure S7. 

(*) The volume of lithics also includes the lithics ejected during EU2b. 

 

 

 

 

 

 

 

 

Table 5. Results associated with cylindrical conduits simulations. 

Subunit EU2a EU3a EU3b 

Conduit radius (Rfixed) [m] 17 23 36 

Crater radius [m] 220 265 350 

Crater depth [m] 350 420 540 

 MDR [kg/s] 4.3·107 1.6·108 2.7·108 

Fragmentation depth [m] 1440 760 1030 

Exit pressure [MPa] 6.4 10.5 7.5 

Exit velocity [m/s] 185 177 170 

 


