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A B S T R A C T

Somma-Vesuvius is well known for its powerful Plinian explosive eruptions, however during the last eruptive
cycle (1631–1944), persistent activity took place on the stratovolcano as mild and violent Strombolian, and
effusive eruptions, forming more than one hundred lava flow fields. An important mechanism of lava transport
within lava flow fields is the formation and development of lava tubes. The presence of lava tubes in a flow field
can greatly increase their distance of emplacement. Observations of lava tubes at Vesuvius have been docu-
mented in historical records and speleological reports but no modern scientific studies are available. This work
focuses on lava tubes formed in the compound lava flow field of the long-lived 1858 eruption (from 27 May 1858
to 12 April 1861) that was fed by seven eruptive fissures. The temporal and spatial evolution of the 1858 lava
flow field was reconstructed using historical documentation. The exposed lava flow field surface was analysed
using a 1-m resolution lidar Digital Surface Model (DSM). Surveys to fully digitize the interior and the overlying
surface of the largest lava tube found in the 1858 lava flow field were conducted using a terrestrial laser scanner,
optical cameras, and an Unmanned Aerial Vehicle (UAV). The accurate 3D model obtained was used to precisely
quantify the inner dimensions and to better constrain the morphologies of the lava tube. Observed internal
features were described and used to gain information on the formation and activity of the lava tube. Our data
allowed us to understand that the described lava tube formed as an inflated lava flow inside which lava flowed
through during an extended period ultimately draining out completely at the end of the eruption. Understanding
how lava flow fields develop and how lava tubes form on Vesuvius is crucial to re-evaluate the last effusive
activity of the volcano and its impact on hazard assessment.

1. Introduction

Somma-Vesuvius is one of the first and most studied volcanoes in the
world. Most of the attention of the scientific community was on its
explosive activity, especially on the famous 79 CE Plinian eruption.
However, the last eruptive cycle of Vesuvius, that started in 1631 with a
sub-Plinian eruption and stopped in 1944, was predominantly effusive
(Carta et al., 1981; Arno et al., 1987; Arrighi et al., 2001; Cioni et al.,
2008; Santacroce et al., 2008). For this eruptive activity many historical
descriptions, chronicles of the time, drawings, paintings, and maps are

available. Modern studies on the effusive activity of Vesuvius are limited
in comparison to the ones on its explosive behaviour. Apart from the
works of Belkin et al. (1993), Trigila and De Benedetti (1993) and Vil-
lemant et al. (1993) on the petrology and mineralogy of the lavas of
Vesuvius and the study of Ventura and Vilardo (2008) on the 1944 lava
flows, the emplacement mechanisms of lava flows on Vesuvius and their
associated surface features were not fully investigated. During more
than three hundred years, over one hundred lava flows were emplaced
on the slopes of Vesuvius. Despite the low hazard linked to effusive
eruptions due to the usually slow progression of lava flows, they can still

* Corresponding author.
E-mail address: thomas.lemaire@unina.it (T. Lemaire).

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

https://doi.org/10.1016/j.jvolgeores.2024.108197
Received 2 May 2024; Received in revised form 10 September 2024; Accepted 27 September 2024

Journal of Volcanology and Geothermal Research 455 (2024) 108197 

Available online 29 September 2024 
0377-0273/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:thomas.lemaire@unina.it
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2024.108197
https://doi.org/10.1016/j.jvolgeores.2024.108197
https://doi.org/10.1016/j.jvolgeores.2024.108197
http://creativecommons.org/licenses/by/4.0/


pose a danger for populations living on the flanks of volcanoes (Duncan
et al., 1996; Chester et al., 2007). In the past, fatalities caused by lava
flows have occurred (Harris, 2015; Brown et al., 2017). The main
problem caused by lava flows for the population is the destruction of
immovable properties like houses, businesses, agricultural lands, and
critical facilities such as schools, hospitals, roads, and administrative
buildings (Coltelli et al., 2012; Jenkins et al., 2017; Del Negro et al.,
2019; Carracedo et al., 2022; Meredith et al., 2022, 2024). Lava flows
can also cause secondary hazards such as wildfires or air pollution
(Ainsworth and Boone Kauffman, 2009; Vasconez et al., 2018; Filippi
et al., 2021; Carracedo et al., 2022; Hernández et al., 2022).

An important mechanism of lava transport in lava flows is by the
development of lava tubes (Swanson, 1973; Greeley, 1987). Lava tubes
are defined as ‘roofed conduit of flowing lava, either active, drained or
plugged’ (Kauahikaua et al., 1998; Halliday, 2003), and in this study we
apply this term independently of their shape or size. The presence of lava
tubes can significantly increase lava flow length due to the insulation of
the hot molten lava by an overlying cooled crust (Swanson, 1973;
Peterson et al., 1994; Keszthelyi, 1995; Witter and Harris, 2007). Lava
tubes on basaltic volcanoes are thoroughly described and their forma-
tion has been observed in active flows (Greeley, 1971a, 1971b, 1987;
Hon et al., 1994; Peterson et al., 1994; Calvari and Pinkerton, 1998;
Kauahikaua et al., 1998) or theorized through the study of cooled lava
tubes (Atkinson et al., 1975; Calvari and Pinkerton, 1999). Five forma-
tion mechanisms of lava tubes by channel roofing or inflation have been
theorized: (1) the rooted crust mechanism; (2) the accretional levees
mechanism; (3) the slabs aggregation mechanism; (4) the pahoehoe lobe
extension mechanism; and (5) the inflation lava mechanism (Greeley,
1971a, 1971b, 1987; Hon et al., 1994; Peterson et al., 1994; Calvari and
Pinkerton, 1998; Kauahikaua et al., 1998; Sauro et al., 2020).

The flanks of Vesuvius are intensely urbanized with more than
300,000 inhabitants (Pesaresi et al., 2008; Harris et al., 2016) presently
living in the path of lava flows emplaced from 1669 to 1944. On Vesu-
vius, lava flows from the last eruptive cycle primarily affected the
western and southern flanks, occasionally reaching the coastline, more
than seven kilometres away from the summit cone. Urbanization around
Vesuvius continues to expand, especially in municipalities along the
coastline, which are currently the most densely populated (Petrosino
et al., 2004). Several rural dwellings are located at the footslopes of
Vesuvius, and many houses or residential complexes have been built
around the half of last century along the main roads which from the
towns of Ercolano and Torre del Greco reach the crater. Consequently, in
the event of an effusive eruption, the risk of lava flow destroying
buildings is very high. Although lava tubes are commonly observed in
basaltic lava flows (Ollier and Brown, 1965; Greeley, 1987; Peterson
et al., 1994; Kauahikaua et al., 1998), some have been observed in
phonotephritic lava flows (Belkin et al., 1993) of Vesuvius (Palmieri,
1859; Phillips, 1869). Malladra (1917) describes a lava tube in the 1858
lava flow that emplaced on the western slopes of Vesuvius. This lava
tube was visited in 2006 by speleologists (Damiano and Del Vecchio,
2006), but no scientific investigations were carried out either on the
1858 lava flow field of Vesuvius nor on its lava tubes.

In this study, we focus our interest on the 1858 lava flow field of
Vesuvius as it was produced by a long duration eruption, shows a large
variety of surface features, and is up-to-now the only flow field with
preserved and accessible lava tubes at Vesuvius. We present a recon-
struction of the temporal and spatial evolution of the 1858 lava flow
field and an analysis of its surface features. We describe the morphology
and internal features of the lava tubes found in this lava flow field and
analyse in detail the morphology of the largest lava tube using high-end
technology. Finally, based on all the observations, we propose an
interpretation of the mechanism that allowed the formation and devel-
opment of the largest lava tube.

2. Geological setting

2.1. Somma-Vesuvius

The Somma-Vesuvius complex is located in the southern part of Italy,
to the East of Naples in the southernmost part of the Campanian plain
(Fig. 1a). The Somma-Vesuvius is a composite stratovolcano formed by
(a) a pre-existing edifice, Monte Somma, that has collapsed repeatedly in
consequence of highly explosive eruptions to form a composite caldera
(Cioni et al., 1999; Arrighi et al., 2001; Cioni et al., 2008), and (b) a
younger cone, Vesuvius (1281 m a.s.l) that grew after the 79 CE Plinian
eruption (Cella et al., 2007; Cioni et al., 2008). Four major Plinian
eruptions were identified: Pomici di Base (22,000 yr BP), Mercato (8800
yr BP), Avellino (3800 yr BP) and Pompeii (79 CE) (Santacroce et al.,
2008). The last eruptive cycle of Vesuvius started after the sub-Plinian
eruption of 1631 and continued as a prolonged period of open conduit
condition with mainly effusive eruptions intercalated by Strombolian
and Hawaiian eruptions (Carta et al., 1981; Arrighi et al., 2001). Eigh-
teen cycles of activity separated by short repose periods, maximum
seven years long, were characterized by Arno et al. (1987). This eruptive
cycle ended with the 1944 eruption that destroyed the village of San
Sebastiano (Chester et al., 2007; Cubellis et al., 2016). Following this
event the volcano entered in a phase of quiescence that continues to
date. The lava flows emplaced during the 1631–1944 cycle have both
‘a’ā and pāhoehoe surfaces. Lavas erupted on Vesuvius have in majority
phonotephritic compositions, with few basanites and trachy-basalts
(Belkin et al., 1993). Lavas show a range of silica content from 47.00
to 49.30 wt% with a mean of 48.00 wt% and a high alkali content
ranging from 6.42 to 11.87 wt% with a mean of 9.60 wt% (Belkin et al.,

Fig. 1. a) Location of Vesuvius on the west coast of southern Italy, east of the
city of Naples; b) Location of the 1858 lava flow and its lava tubes on the west
flank of Vesuvius.
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1993). Lavas are porphyritic with an average of 40 % phenocrysts
mostly leucites and clinopyroxenes (Trigila and De Benedetti, 1993).

2.2. The 1858 eruption

Like many eruptive events on Vesuvius, the 1858 eruption was
observed by the inhabitants of the Naples Bay but also by tourists and
scientists coming from Western Europe. Several books were published
on the volcanoes of Southern Italy (Hamilton, 1772; Mercalli, 1884;
Johnston-Lavis et al., 1891) describing the eruptions of Etna
(Gemmellaro, 1819; Maravigna, 1819; Gemmellaro, 1844), Stromboli
(Mercalli, 1881, 1888), Vulcano (Mercalli, 1888, 1889) and Vesuvius
(Pigonati, 1767; Guarini et al., 1855; Phillips, 1869). Geological maps
depicting the extent of lava flows were made (Marsigli, 1832; Roth,
1857; Le Hon, 1866; “Monte Vesuvio,” 1860s (unknown precise publi-
cation date)). Many paintings and drawings were produced by artists or
scientists capturing eruptions at a certain time or shedding light on
strange phenomenon such as lava tubes (Phillips, 1869). Luigi Palmieri,
director of the Vesuvius Observatory at the time, described in detail the
course of the 1858 eruption up to July 1859 in the annals of the Ob-
servatory (Palmieri, 1859) and resume the 1858 eruption in a report to
the Accademia Pontaniana (Palmieri et al., 1862). The 1858 eruption
started on the 27 of May and lasted nearly three years to end the 12 April
1861 (Palmieri et al., 1862; Scandone et al., 1993). During this eruption,
seven eruptive fissures opened, and a compound lava flow field
emplaced on the western flank of Vesuvius (Fig. 1b). The lava flow field
reached a maximum of five kilometres from the vents and inundated two
deep valleys. Two samples of the 1858 lavas were analysed using X-ray
fluorescence (XRF) by Belkin et al. (1993). Lavas are phonotephritic
with a mean SiO2 content of 47.45 wt% and a mean alkali content of
9.90 wt% (Belkin et al., 1993). Lavas of the 1858 eruption are strongly
porphyritic with an average crystal content of 40 % (Trigila and De
Benedetti, 1993). The 1858 lava flow has a pāhoehoe surface with a
variety of surface features. These inflated surface features form by local
overpressures that cause crustal uplift creating a few meters high reliefs
(Walker, 1991; Rossi and Gudmundsson, 1996; Duncan et al., 2004;
Anderson et al., 2012). The lava tubes we describe in this study are
found in the shallowest portions of the flow field. Other and previous
lava tubes might have been covered by the 1858 last lavas or by more
recent lava flows (1895–1899, 1944), thereby obscuring them from
observation. Up to now, these lava tubes are unique features on Vesuvius
because they are the only ones discovered, preserved and accessible.

3. Materials and methods

3.1. Historical and contemporary documents

Historical documents were used to reconstruct the temporal and
spatial evolution of the 1858 eruption, the 1858 lava flow field contours
and to obtain information about lava tubes. We carried out a thorough
literature review and found eight geological and topographical maps
from 1832 to 2016 (Marsigli, 1832; Roth, 1857; Le Hon, 1866; “Monte
Vesuvio,” 1860s (Unknow author, unknown precise publication date);
Istituto Geografico Militare, 1908a, 1908b; Santacroce and Sbrana,
2003; Paolillo et al., 2016). The two maps from 1832 (Marsigli, 1832)
and 1857 (Roth, 1857) show the topography or the lava flows prior to
the 1858 lava flow. The two maps from the end of the 1860s (Le Hon,
1866; Unknow author “Monte Vesuvio,” 1860s (unknown precise pub-
lication date)) show the 1858 lava flow before being largely covered by
the 1895–99 lava flow. The four other maps were published in 1908
(Istituto Geografico Militare, 1908a), 1908 (Istituto Geografico Militare,
1908b), 2003 (Santacroce and Sbrana, 2003) and 2016 (Paolillo et al.,
2016).

Moreover, we analysed paintings of the 1858 eruption (Fig. 2a, b) to
better reconstruct its development through time. We also used a precise
description of the evolution of the 1858 eruption by the director of the

Vesuvius Observatory, Luigi Palmieri, reported in the 1859 Annals of the
Vesuvius Observatory. In the literature, an important paper from Mal-
ladra was published in 1918 where the author described in detail the
lava tube formed by the 1858 lava flow of Vesuvius.

3.2. Topography

Two different elevation datasets were used to describe lava flow
morphology, lava flow surface and lava tubes surfaces: a Digital Terrain
Model (DTM) with a 1-m resolution from the municipality of Naples
(www.cittametropolitana.na.it/pianificazione_territoriale/) and a DTM
covering the entire Italian territory with a 10-m resolution from the
Tinitaly project (Tarquini et al., 2023) of the Istituto Nazionale di
Geofisica e Vulcanologia (INGV). From the 1-m DTM we extracted three
topographic parameters: slope, relative relief, and aspect (Ventura and
Vilardo, 2008). Slope and aspect were calculated using the Horn for-
mulas (Horn, 1981). Relative relief was calculated as the difference
between minimum and maximum altitude within a five pixels radius to
highlight fine scale features and within a hundred pixels radius to
identify large scale features. We produced precise Digital Elevation
Models (DEM) of the overlying surface of the lava tube in order to
describe precisely the morphology of the surface over the lava tube. The
proceedings to scan this surface are described in the next section.

3.3. 3D scanning of the lava tube

The lava tube interior was captured using a time-of-flight terrestrial
laser scanner (TLS), the Riegl VZ-400, which has an angular measure-
ment resolution of 0.0005◦ (Fig. 3a). The data was acquired during field
work in March 2024. Nineteen scans from different points of view were
necessary to obtain a satisfactory result by minimizing shadow areas
produced by the morphology of the tube (collapses, tube extensions).
Reflectors of varied sizes were used for common points of reference
between the scans. Twelve out of the nineteen scans made during the
survey (Fig. 3b) were used to build the 3D model in RiSCAN Pro.
Additionally, photogrammetry work was performed in the northern and
southeastern points of the tube using a Gopro 10 camera to complete the
3D scan obtained by the TLS.

The overlying surface of the lava tube was scanned using a DJI Ma-
trice 300 RTK UAV. Markers were placed on and in the lava tube to
facilitate scan alignment. Three flights were performed in March 2024.
(1) A global photogrammetric survey of a large area around the lava
tube was carried out using the UAV equipped with a Zenmuse P1 optical
camera. (2) A low altitude flight over the lava tube using the same op-
tical camera, and (3) a survey using the UAV equipped with a Zenmuse
L1 LiDAR (Light Detection And Ranging) sensor were done. The optical
data was processed in Agisoft Metashape Professional to obtain point
clouds, meshes and DEMs, while the LiDAR data was treated using the
DJI Terra software.

Another survey of key parts of the lava tube, the skylight and a large
fracture in the roof, was conducted with a Gopro 10 camera to perform

Fig. 2. Paintings of the 1858 eruption. a) painting with a point of view from the
observatory by an unknown artist, private collection; b) Painting Chiaro di Luna
durante l’eruzione del 1858 by Giovan Di Battista Gatti representing the 1858
eruption during a full moon, 48 h after its beginning, from the north side of the
Gran cono.
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photogrammetry work. This survey allows the connection between the
scanned georeferenced surface and the scanned interior. These images
were transformed into point clouds and meshes with textures using
Agisoft Metashape. The 3D scan of the interior of the lava tube was
aligned with the georeferenced DTM surface in CloudCompare to form a
complete 3D representation.

4. Results

4.1. The 1858 lava flow field

4.1.1. The 1858 eruption and the emplacement of the lava flows
The historical documents that describe the 1858 eruption were used

to reconstruct its temporal and spatial evolution (Fig. 4). The complete
contour of the 1858 lava flow field and the position of the vents were
extrapolated from old geological maps (Le Hon, 1866; Unknow author,
“Monte Vesuvio,” 1860s (unknown precise publication date); Istituto
Geografico Militare, 1908a, 1908b; Santacroce and Sbrana, 2003; Pao-
lillo et al., 2016). From the descriptions of the 1858 eruption, we
extracted the position and formation time of the different vents, but also
the position and direction of the flow fronts and the size and speed of the
lava flows at different dates.

In the 1859 Annals of the Vesuvius Observatory, Palmieri described
the 1858 eruption (See Table 1) by saying that it started with the
opening of a fissure in the west side of the Gran Cono (the cone that grew
within the Monte Somma caldera, now called Vesuvius) on the 27 of

Fig. 3. 3D scan setting. a) Photograph of the Riegl VZ-400 terrestrial laser scanner during the lava tube survey; b) Scan and reflector positions into the lava tube.

Fig. 4. Sketches of the temporal and spatial evolution of the 1858 lava flow field reconstructed using historical documents, paintings and geological maps. Fissures or
vents are red circles. Lava flow is solid black. Blue lines are the boundaries of the main actual and past valleys. Red diamond is the position of the former Observatory.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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May 1858 at 04:17 a.m. He observed the opening of a second fissure on
the same day (precise time of opening is not mentioned by Palmieri) in
the Atrio del Cavallo and at the end of the 27 of May, he saw that the lava
erupting from this vent was starting to flow into the Fosso della Vetrana
(Fig. 4). Palmieri calculated that, on the 27 of May, the lava had a ve-
locity of 2 ms− 1. The next day, he stated that a third fissure opened in the
Piano delle Ginestre at 04:30 a.m. (Fig. 4). Soon he observed a fourth
vent opening next to the third and abundant lava flowing out of it
(precise time of opening is not mentioned by Palmieri). This painting by
Giovan Battista Gatti called “Chiaro di luna durante l’eruzione del 1858”
represents the 1858 eruption during a full Moon seen from the north side
of the Gran Cono (Fig. 2b). We determined the date on which the artist
painted this representation using a mean lunar cycle of 29 days, 12 h, 44
min, and 3 s (29.53058885 days). The painting was probably depicted
during the night of Friday 28 of May 1858, about 48 h after the begin-
ning of the eruption. The overall extension of the flows at that time can
be determined using this painting. Palmieri described the development
of the eruption noting that the lava was then flowing into a ~ 100-m-
deep valley called Fosso Grande. He described the opening of a fifth
fissure next to the second one and the opening of a sixth fissure in the
eastern part of the Gran Cono from which a moderate amount of lava
flowed out.

According to Palmieri, most of the vents stopped emitting lava after a
few days to a few weeks. He noticed that vents 4 and 5 were the only
ones active on the 16 of June 1858 and that fissure five stopped emitting
on the 30 of June 1858. Palmieri wrote in a report to the Accademia
Pontaniana that only fissure 4 in the Piano delle Ginestre kept emitting
lava until the end of March 1860 (Palmieri et al., 1862). Eight days after
the closure of vent 4, a seventh fissure opened 600 m higher and emitted
lava until the 12 of April 1861 (Palmieri et al., 1862; Scandone et al.,
1993).

4.1.2. Flow margins of the 1858 lava flow
Six historical and recent geological maps from the 1860s to 2016

were used to extrapolate the flow margins of the 1858 lava flow field.
When georeferenced into a GIS (Fig. 5), discrepancies between the
covered areas appear. Some discrepancies are related to the deposition
of new lava flows after 1858, some are dependent on the choices of the
authors, and some are due to errors during the georeferencing of the
oldest geological maps. In an attempt to overcome the addressed dis-
crepancies amongst geological maps, new margins were redefined, one
of which represents the outline of the exposed 1858 lava flow field and
the other represents the outline of the complete lava flow field. Both
were defined based on the geological maps, on the 1-m and 10-m res-
olution DEMs and on detailed field work (Fig. 5). Using these new flow
margins, we measured that the area of the complete flow field is 3.9
million square meters and that the exposed area is 1.3 million square
meters which implies that 66 % of the 1858 lava flow field is covered by
other flows. Centre lines were determined using the methodology of
Kereszturi et al. (2016). A minimum flow field length of 3.069 km and a
maximum of 5.207 km were measured. We measured the width of the
lava flow field every hundred meters along the centre lines, the mean
width being 0.607 km with a minimum width of 0.116 km and a

maximum width of 1.496 km. Volume and thickness of the 1858 lava
flow field are not measurable but will be estimated in the following
sections.

4.1.3. Topographic parameters and surface features
Using the 1-m DEM of Vesuvius, a surface analysis of the 1858 lava

flow field was carried out. Three topographic parameters were used to
describe the still exposed part of the 1858 lava flow field (Fig. 6): slope,
relative relief, and aspect (Ventura and Vilardo, 2008). The slope of the
surface is comprised between 0.01◦ and 84.41◦ with an average of
15.87◦. Three breaks in slope are visible in the western part of the lava
flow field. The relative relief calculated using a five meters radius shows
a large number of very fine-scale features with a mean difference of
altitude of 0.17 m. These correspond to small tumuli or tilted slabs of
lava. On the other hand, the relative relief calculated using a one hun-
dred meters radius shows tens of large-scale features. These correspond
to large tumuli a few meters high or dome-shaped features up to sixty
meters in diameter. These large surface features are mostly present in
the western distal part of the lava flow field, while the eastern proximal
part has a flatter surface (Fig. 6). Similarly, the aspect shows these large-
scale features but also the overall south to north south direction of the
lava flow. We can observe more surface features in the distal part of the
lava flow field, but the description of the lava flow field surface is made

Table 1
Chronology of events for the 1858 eruption of Vesuvius.

Date Time Event

27 May 1858 4:17 a.m. Opening of vent 1 on the western side of Vesuvius.
27 May 1858 Not mentioned Opening of vent 2 in the Atrio del Cavallo.
28 May 1858 4:30 a.m. Opening of vent 3 in the Piano delle Ginestre.
28 May 1858 Not mentioned Opening of vent 4 next to fissure 3. Opening of vent 5 next to vent 2. Opening of vent 6 on the eastern side of Vesuvius.
Not mentioned Not mentioned Closure of vent 6 after low emission of lava.
15 June 1858 Not mentioned Closure of vent 1,2 and 3. The eruption seemed to have come to an end but vent 4 and 5 still emit.
30 June 1858 Not mentioned Closure of vent 5 after a month of activity.
March 1860 Not mentioned Closure of vent 4 after nearly two years of activity, eight days later, opening of vent 7.
12 April 1861 Not mentioned Closure of vent 7 after a year of activity, end of the eruption after 1051 days of activity.

Fig. 5. Representation of the flow margins of the 1858 lava flow field extracted
from six georeferenced historical and recent geological maps (coloured lines)
and from the results of this study (solid orange).
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difficult by covering of more recent lava flows and by the presence of
dense vegetation.

4.1.4. Estimation of the emitted volume and eruption rates
Using the historical description of the 1858 eruption (Palmieri,

1859), we know the opening and closing times of the eruptive vents
(Fig. 7). Vents 1 and 2 opened the first day followed by vents 3 and 4 the

second day and by vents 5 and 6 the fourth day. Most of the vents
stopped emitting lava after a few days to a few weeks. Vents 1, 2 and 3
stopped erupting on the 15 of June 1858, twenty days after the begin-
ning of the eruption. Vent 5 stopped emitting lava on the 30 of June
1858, after thirty-two days of activity. The closing of vent 6 was not
described but probably occurred a few days after its opening as Palmieri
wrote that a moderate amount of lava was emitted from this vent. Only

Fig. 6. Surface parameters for the exposed areas (uncovered by more recent lava flows) of the 1858 lava flow field. Top left, slope. Top right, aspect. Down left,
relative relief with a radius of 5 m. Down right, relative relief with a radius of 100 m.

Fig. 7. Opening and closing time of the eruptive vents of the 1858 eruption and estimated eruption rates. Eruption rate estimated based on the volumes of Palmieri
(solid blue line), mean output rate of the 1858 eruption (dashed blue line), characteristic effusion rates for the 1858 eruption based on the characteristic curves from
Zuccarello et al., 2022 (solid orange lines) and exponential effusion rate trend based on the estimated volume and mean output rate of the 1858 eruption (solid green
line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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vent 4 kept emitting lava until March 1860. Vent 7 opened eight days
after the closure of vent 4 and was the only vent to emit until the end of
the eruption.

Palmieri estimated an erupted volume of 120 million cubic meters of
lava in July 1859, with 36 million cubic meters emitted from vent 4. This
value is inevitably underestimated because the eruption stopped more
than eight months later. If we consider the time of emission of this
volume from the 27 of May 1858 to the 1 of July 1859 (400 days) and
use the eruption rate equation:

Q = Vt/t (1)

then the mean eruption rate during this period is 3.47 m3s− 1 (Fig. 7).
We calculated the eruption rate at vent 4 which is 1.04 m3s− 1 for the
same period. Using the average eruption rate of the whole flow field
from day 1 to day 400 and the eruption rate of vent 4 for the rest of the
eruption, we estimated the total volume of the lava flow field at the end
of the eruption (after 1051 days of eruption) to be 178 million cubic
meters. The mean 1858 flow field thickness is then equal to 45.85 m. The
thickness of the flow field can seem high compared to other flows at
Vesuvius like the 1944 lava flow that has a mean thickness between 6
and 17 m (Ventura and Vilardo, 2008). This difference could be

explained by the pre-emplacement topography, consisting in deep val-
leys cut within pyroclastic deposits, by the compound morphology of the
flow field and by the long duration of the eruption. Based on the
calculated volume and duration of the eruption we estimate the mean
output rate to be 1.97 m3s− 1.

To have an idea of the emplacement dynamics, it is necessary to
define effusion rate trends, namely both the trends based on eruption
duration and a trend based on initial effusion rates, estimated volume
and mean output rate. We used the characteristic effusion rate curves
identified on Etna by Zuccarello et al., 2022; Fig. 7) as for lava flow
morphology, erupted volumes, and emplacement on steep slopes,
eruptions at Etna are similar to those that occurred during the
1631–1944 cycle of Vesuvius, thus making the work of Zuccarello et al.
(2022) a good proxy to estimate eruption rates. There are three curves
corresponding to the 25th, 50th and 75th percentiles of the occurrence
of effusion peaks. These curves have classic waxing and waning phases.
Applied to the 1858 eruption, these characteristic curves yield instan-
taneous effusion rates attaining maximum effusion peaks of 4.6 to 9.9
m3s− 1 after 29 to 170 days of eruption and diminishing to 2.7 and 3.3
m3s− 1 (respectively) after 260 to 365 days.

We defined an exponential curve to represent a waning phase after

Fig. 8. Photographs of the three lava tubes found in the 1858 lava flow field. a) Exterior surface of tube 1; b) Exterior of tube 2; c) Exterior surface of tube 3; d)
Interior of tube 1; e) Interior of tube 2; f) Interior of tube 3.

Fig. 9. Lava tube surface. a) Photograph of the lava tube surface from the north west with a reference point (red circle); b) colorized DEM with the contour of the lava
tube (solid red line) and a reference point (red circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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the effusion peak using the equation from Wadge, 1981; Fig. 7):

Qt = Q0e− Ⲗt (1)

In which Q0 is the initial effusion rate and Ⲗ a constant. Firstly, we
calculated the effusion rate at each vent after 15.5 and 39.5 h from the
beginning of the eruption using the equation of Wadge (1978) that is
based on the length of the lava flow:

Q = 4.8L (2)

This equation yields a total effusion rate of 17.14 m3s− 1 at 15.5 h and
31.44 m3s− 1 at 39.5 h. We modified eq. (1) as:

Qt = Qpe− Ⲗt + c (3)

Where Qp is the effusion rate at its peak, and c a constant. Con-
strained by the volume of the lava flow field and the mean output rate of
the eruption, eq. 3 becomes:

Qt = 31.44e− (0.154t) +1.04 (4)

4.2. Lava tubes in the 1858 lava flow field

4.2.1. Description of the lava tubes
We found three lava tubes in the distal part of the 1858 lava flow

field (Fig. 1b), each showing a different size and morphology. The first
one is a small lava tube, labelled 1 in Fig. 1, located next to a tumulus,
and formed in one of its pahoehoe lava outpourings (Fig. 8a). Its roof is
formed by two thin layers of ropy pāhoehoe lava and is a few centi-
metres thick. This small lava tube has a twenty centimetres internal
diameter (Fig. 8d). The second, labelled 2 in Fig. 1, is located in a steep
part of the 1858 lava flow field. It is an early-stage lava tube that was
probably active for a few hours to a few days. It is five meters long and
nearly two meters high (Fig. 8b). Inside we observed ‘a’ā rubbles fringed
by squeezed out toothpaste pāhoehoe (Fig. 8e). The third one, labelled 3
in Fig. 1 (Fig. 8c, f), is the largest found in the 1858 lava flow field and
possibly the largest ever found at Vesuvius. It is located in a very flat
area of the flow field. Its morphology is described in detail in the next
section.

4.2.2. Morphology of the largest lava tube
On the different Digital Elevation Models showing the 1858 lava flow

field, the largest lava tube appears as a triangularly shaped relief one to
two meters high oriented north south (Fig. 9). A skylight, by which it is
possible to enter the lava tube, appears as a small depression. The high-
resolution DEM of the lava tube surface produced by UAV photogram-
metry shows the slabs of ropy pāhoehoe lava forming the roof of the lava
tube and the fractures separating them. The exterior of the lava tube has
a strong morphological resemblance to a tumulus.

Inside, the lava tube (Fig. 10) also has a triangular shape with a
length of 30.15 m (A-R) in the north south direction and a width that
varies from 1.20 m at the northern point (A) to a maximum of 17.41 m in
its southern part (S-B). We measured a mean inside height of 1.40 m
with a maximum height of 2.47 m in the southern part of the lava tube
(Fig. 10). Flow direction in the lava tube was from north to south. The
lava entered by a twenty-five centimetres wide vent and exited the lava
tube to the southwest by a small passage at point C (Fig. 10). A section of
34.46 m along that flow path (A-M-C) showed an average slope of 4.43◦.
The slope inside the tube from B to S is 2.80◦. We defined a plane by
taking three points at the tips of the tube (A, B and C) and calculated an
overall slope of 5.05◦ to the southwest. We measured the internal floor
surface of the lava tube being 222.6 m2 and the actual volume of the lava
tube being 328 m3 ± 41 m3. An area of the roof collapsed forming a
skylight, from where it is possible to enter the lava tube. In addition,
several blocks fell from the roof covering some sections of the floor of the
lava tube. This is especially true under the east west fracture at point M
(Fig. 10) where a large pile of rock debris is present. For every vertical
section, we measured the roof thickness at distances of one meter. The

mean roof thickness is 2.40 m for the A-C section, 2.15 m for the A-R
section, 2.73 m for the S-B section and 2.19 for the E-T section (Fig. 10).
The overall roof thickness is 2.37 m with a thinner area of 0.74 m and a
thicker area of 4.29 m.

Taking into account the resources available at the time, Malladra
masterfully described the overall morphology of the lava tube in com-
parison with our high-resolution model (Fig. 11). However, few differ-
ences appear when we compare the same sections as Malladra drew and
using the same points of reference. One of the main differences is at the
southern end of the lava tube where the eastern extension is narrower in
the drawing of Malladra. On his sections, he measured 33 m for the A-R
distance, which is 3 m longer than our measurement. Malladra measured
42.80 m for the flow path A-M-C, which is more than 8 m longer than
what we measured. B-C length is 24 m on his drawings, more than 6 m
longer than the length we measured. Malladra measured a difference of
altitude between point A and point C of 3 m, corresponding to a slope of
4.01◦, which is very close to the 4.43◦ that we measured on the 3D
model. These differences show the importance of new morphology

Fig. 10. Four axonometric 3D sections and cross-sections of the lava tube with
measured roof thickness and inside height values every meter.
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analyses using high-end technologies in order to obtain extremely
detailed measurements.

4.2.3. Internal features
Inside the lava tube we observed several features showing evidence

of prolonged lava flowage (Fig. 12). Where parts of the wall collapsed,
we observed that the lava tube is lined with at least twelve, millimetres
to centimetres thick, layers of lava (Fig. 12a). The thickness of those
linings depends partly on the rheology of the lava that filled the tube,
and the number of linings depends on the number of times the lava tube
filled and drained (Calvari and Pinkerton, 1999). The last lining is five to
seven centimetres thick indicating that a higher viscosity lava flowed
into the lava tube before it ultimately emptied completely. In certain
areas, this wall lining detached from the wall and rolled down on itself
forming rolls on the sides of the lava tube (Fig. 12b). It indicates that the
lava tube emptied rapidly while this lining was still plastic, in contrast
with the outer linings that were already rigid and stable. In other areas,
we can observe vertical grooves in the wall lining (Fig. 12c). This in-
dicates a vertical drop of solid lava that marked the plastic wall lining
when the flow suddenly dropped inside the lava tube flowing at a lower
level. Gas blisters are visible on the walls of the lava tube where the last
lining detached or collapsed (Fig. 12d, e). Their diameters are comprised
between 4 and 10 cm. Gas blisters are remnants of gas bubbles that were
present in between linings. Some of them indicate that the gas bubble
was still surrounded by molten lava when the lining detached leaving
thin glassy lava. The ceiling of the lava tube has large bulbous in shape
features on its surface (Fig. 12f). On the roof at the northern and
southwestern points of the tube (A and C, Fig. 10), small stalactites with
a maximum length of two centimetres are present (Fig. 12g). These
stalactites have smooth surfaces and are covered by a thin light brown
glassy film. They have a cone-like shape and form along small ridges
aligned in the flow direction. This type of stalactite is believed to be
formed by remelting of the lava by hot gases accumulating at the roof of
the tube (Peterson et al., 1994; Kauahikaua et al., 1998). On the walls of
the lava tube, we also observed pull-apart stalactites where the lining
detached. Those stalactites form by the stretching of still plastic lava in
between two linings that confers them a spiky morphology (Calvari and
Pinkerton, 1999). Their length is less than half a centimetre. Another
type of stalactite can be observed on the walls of the lava tube as thin
horizontal tubular features with a length up to half a centimetre
(Fig. 12h). From a conical base, a thin tube goes out and at the tip of this
kind of stalactite is usually present a small spherical piece of lava. Where
a part of the wall collapsed, we can observe the coating of a portion of a
block with fluid lava (Fig. 12i). The fissure that detached this block was

Fig. 11. Sections and cross-sections of the lava tube from Malladra (1917).

Fig. 12. Photographs of the observed internal features. a) Wall linings; b)
Rolled down wall lining; c) Vertical grooves; d) Imprint of a gas blister; e) Gas
blister; f) Bulbous in shape features on the lava tube ceiling; g) Cone shaped
stalactites; h) Horizontal tubular stalactites; i) Lava coating on a fallen block; j)
Last lava entering the lava tube.
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formed before the lava tube emptied. The last lava that entered the lava
tube via the entry point (Point A), flowed and solidified as a ropy
pāhoehoe flow (Fig. 12j). It emplaced 6.60 m inside the lava tube and
has a maximum width of 1.40 m. It is confined by 0.20 m wide levees.

5. Discussion

This study gives insights into lava flow emplacement and morphol-
ogies of lava tubes on Vesuvius. We conducted a spatial and temporal
reconstruction of the 1858 lava flow field emplacement on Vesuvius, a
detailed morphological and surficial analysis of the 1858 lava flow field
and a complete morphological analysis of its associated lava tubes.

The 1858 eruption was a fountaining event with seven eruptive vents
that formed a compound lava flow field that inundated deep valleys on
the western flank of Vesuvius. The low eruptive rates and long duration
of the 1858 eruption, as well as the confined emplacement topography
contributed to the compound morphology of the lava flow field
(Anderson et al., 2005). Most of the 1858 lava flow field shows a
pāhoehoe surface with features that are evidences of inflation within the
last flow-unit where the molten lava uplifted its overlying crust. These
inflation structures are tumuli that inform us about local overpressures
and flow accumulations that happened during lava flow emplacement.
The western part of the 1858 lava flow, furthest from the vents, was
much more affected by these processes.

After one hundred years, we reconsidered the presence of lava
tubes in the 1858 lava flow field of Vesuvius and scientifically studied
one of them using modern technologies. The 1858 lava flow has a
phonotephritic composition, demonstrating the possibility of lava tube
formation and development in volcanic systems that erupt more alkaline
and highly porphyritic lavas such as Vesuvius.

We presented a detailed morphological analysis of the largest lava
tube and its overlying surface using a complete 3D model of the area. In
term of shape and size, the studied lava tube is much smaller and has a
different morphology than lava tubes in basaltic settings such as Hawaii,
Canary Islands, Iceland or Etna where lava tubes are hundreds to
thousands of meters long, tens of meters wide, and shaped like mean-
drous rivers (Ollier and Brown, 1965; Greeley, 1971a, 1971b; Hróarsson
and Jónsson, 1991; Peterson et al., 1994; Kauahikaua et al., 1998; Cal-
vari and Pinkerton, 1999; Tomasi et al., 2022; Calvari et al., 2024). On
Vesuvius, this lava tube is relatively small in size, measuring only 30 m
in length, and has a triangular shape typical of a pāhoehoe breakout. A
more reasonable comparison can be made with lava tubes formed at
Mount Etna. One lava tube formed by pāhoehoe lavas at Mt. Etna is the
105 m long Mt. Arcimis lava tube (Calvari et al., 2024). While being
small in size like the studied tube at Vesuvius, the Mt. Arcimis lava tube
has a near tubular braided morphology. The morphology of the lava tube
at Vesuvius shows signs of lava inflation processes, not as the succession
and connection of pāhoehoe lobes (Crown and Baloga, 1999) but as a
small breakout that inflated (Byrnes and Crown, 2001; Patrick et al.,
2017). The surface of the tube is composed of uplifted slabs of pāhoehoe
lava. Its surface morphology strongly resembles the morphology of a
satellite tumulus (Duncan et al., 2004), unlike the Mt. Arcimis lava tube
overlaid by lava channels, inflated flows and tumuli (Calvari et al.,
2024). These characteristics interrogate us on the way the lava tube at
Vesuvius formed and developed.

Inside the lava tube, we observed internal features showing that lava
flowed within the lava tube from north to south. Stalactites formed by
remelting of the ceiling by hot gases indicate a prolonged lava flowage
into the tube. The multiple layers of wall lining also indicate that the
lava filled and drained the tube several times (Calvari and Pinkerton,
1999), possibly feeding secondary flows and vents. In addition, wall
lining thickness increases from the outer to the innermost portions of the
lava tube, testifying an increase in the viscosity and thus a change in the
rheological behaviour of the lava flowing inside the lava tube. The last
wall lining shows that the lava tube drained suddenly while the wall
lining was still plastic allowing it to detach from the wall and roll down

on itself to form rolls on the lava tube floor and small spiky horizontal
stalactites on the wall. These internal features showed the evolution of
the conditions inside the lava tube, its formation and development.

An interpretation of the mechanism that formed the lava tube is in
Fig. 13. (1) Initially, a small lava flow of a few tens of meters emplaced.
The outer part cooled rapidly and formed a crust, while the internal part
stayed hot. The emplaced lava flow was soon under compressive forces
as its front and sides cooled down and solidified. (2) The lava flow
inflated and the cooled surface crust started to lift. Fractures appeared in
the cooled crust forming slabs of pāhoehoe lava. (3) A sustained lava
supply allowed the support and consolidation of the fractured roof. (4)
The lava tube emptied partially or completely coating the walls and
ceiling with lava. (5) The supply of lava increased, and the lava tube was
filled again by lava. This process of emptying and refilling of the lava
tube took place multiple times. Every time it emplaced a new layer of
lava on the walls and ceiling forming numerous wall linings. Throughout
time the rheological properties of the lava changed, increasing its vis-
cosity. (6) After a long-lived activity, the supply of lava stopped, and the
lava drained out of the lava tube rapidly, leaving a pāhoehoe flow sur-
face and an empty cavity.

The study of lava tubes is essential to comprehend how lava is
transported in lava flows as it affects their distance of emplacement. We
described a lava tube that was able to transport lava to a limited

Fig. 13. Step evolution model of the lava tube formation mechanism proposed
for tube 3 based on the lava flow inflation process.
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distance. However, it must be stressed that this tube is located in the
shallowest part of the lava flow field and transported lava for a time long
enough to inflate, fill and drain several times. Thus, it could be inferred
that larger tubes were present within the lava flow field at a deeper level,
feeding the distal margins of the flow field. In addition, it is here worth
noting that the volcanic and anthropogenic context in which this lava
tube is situated can be even distressed by a limited reach. The highly
inhabited flanks of Vesuvius are easily affected in case of lava flow
emplacement and the effect of a lava tube as we described in this study
can have a significant impact in the reach of damageable areas. Knowing
the conditions of lava tube formation and their possible ways of devel-
opment is fundamental to evaluate and respond adequately to the haz-
ard during or even prior volcanic crises, especially in volcanic areas
where constructed and agricultural lands are very close to the eruptive
activity.

6. Conclusion

On Vesuvius, the effusive processes are not well studied, given that
most of the scientific literature concentrated on the past explosive ac-
tivity. Our study is one of the first in several decades to focus on the
effusive activity and its processes at Vesuvius. This study focuses on the
morphological description of the 1858 lava flow field and on the mor-
phologies and mechanisms of formation of lava tubes in the same lava
flow field at Vesuvius.

The reconstruction of the development of the 1858 lava flow field at
various stages was inferred from historical documents. This recon-
struction shows the dynamics of lava flow emplacement which helped
understand the formation and development of a lava tube in that lava
flow.

Through the digitization and description of this lava tube we showed
the presence of lava tubes in volcanic systems in which effusive phases
were fed by alkali-rich magmas, different from the typical basaltic
magmas. The largest lava tube found in the 1858 lava flow field was re-
examined after more than 100 years with the aid of new technologies.
The complete 3D scan allowed the study of the lava tube morphology.
The presence of internal features such as multiple inner coatings and
lava stalactites is evidence that lava flowed into the cavity and therefore
that this cavity could be described as a lava tube. Internal features are
also important to know and understand the thermal and rheological
history of the lava flowing inside the lava tube. The shape in plan view of
this lava tube is explained by its origin, namely the emplacement of a
pāhoehoe breakout eventually drained. The formation of this lava tube
is mainly explained by the process of lava flow inflation (Hon et al.,
1994).

In the frame of hazard assessment at Vesuvius, this study is the first
step into getting knowledge about the presence and mechanism of for-
mation of lava tubes in the lava flows of Vesuvius. The possible forma-
tion of lava tubes, even of limited size, has to be taken into account when
forecasting the reach limit of lava flows as it can quickly affect populated
and built-up areas.
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