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Existing 3-D density models of the Somma-Vesuvius volcanic complex (SVVC), Italy, largely disagree.
Despite the scientific and socioeconomic importance of Vesuvius, there is no reliable 3-D density model
of the SVVC. A considerable uncertainty prevails concerning the presence (or absence) of a dense body
underlying the Vesuvius crater (1944 eruption) that is implied from extensive seismic investigations. We
have acquired relative gravity measurements at 297 stations, including measurements in difficult-to-
access areas (e.g., the first-ever measurements in the crater). In agreement with seismic investigations,
the simultaneous inversion of these and historic data resolves a high-density body that extends from
the surface of the Vesuvius crater down to depths that exceed 2 km. A 1.5-km radius horseshoe-shaped
dense feature (open in the southwestern sector) enforces the existing model of groundwater circulation
within the SVVC. Based on its volcano-tectonic evolution, we interpret volcanic structures that have
never been imaged before.

The Somma-Vesuvius volcanic complex (SVVC) is one of the volcanoes with the highest volcanic risk worldwide
(it threatens 800,000 residents living on its slopes)!~*. The main volcanic hazards are pyroclastic flows and fallout,
earthquakes, lahars, lava flows and floods. According to recent studies, the total economic impact of a subplinian
eruption in the Vesuvian area, representing the reference scenario for the emergency plan™5, is estimated to 90
billion Euro’. The SVVC is a Quaternary composite stratovolcano located 15 km southeast of Naples (southern
Italy) in the Piana Campana semi-graben structure. It is bordered by Mesozoic carbonate shelves at the intersec-
tion of northwest-southeast and northeast-southwest trending oblique-slip faults and east-west trending normal
fault systems®-11. The history of the SVVC began 0.3-0.5 million years ago'? and is characterized by periods of
closed conduit rest lasting up to 1000 years that are interrupted by plinian and subplinian explosive eruptions'.
These eruptions display the same eruptive and syn-eruptive phenomena, but they differ in terms of the volume
of emitted magma and the energy of the eruption'. The SVVC is composed of a multistage and older summit
caldera (Mt. Somma, 1132 m a.s.1.) and a nested younger cone (Mt. Vesuvius, 1281 m a.s.1.) (Fig. 1). In the last
22 ka, four plinian caldera-forming eruptions (22 ka Pomici di Base, 9.7 ka Mercato, 4.3 ka Avellino, and AD 79
Pompei) and at least three major subplinian eruptions occurred (17.6 ka Pomici Verdoline, AD 472 Pollena, and
AD 1631)™. Each plinian eruption produced a summit collapse that modified the dimensions and shape of the
Mt. Somma caldera, presently characterized by steep walls in the northern sector and a gentle morphology in the
southern one'®. SVVC products include lava flows and pyroclastics emitted from summit craters and calderas,
as well as from parasitic lateral vents, eruptive fissures and exogenous tholoids that are related to both explosive
and effusive eruptions. Pyroclastic deposits of plinian and subplinian eruptions blanket the northeastern sector of
Mt. Somma with thicknesses up to 70 m in topographic depressions on the lower slopes, while the southwestern
sector of the SVVC is mainly covered by historic lava flows’®. Since the AD 1631 subplinian eruption, preceded
© by about 500 years of rest'’, Vesuvius entered in an open conduit phase that lasted until March 1944 when, after a
- violent Strombolian eruption, the volcano entered in a new close conduit quiescence.
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Figure 1. The main volcanic features of the SVVC!* 44> with geographical names and topography produced
from a digital elevation model®” using Surfer (version 14; http://www.goldensoftware.com/). Dashed lines refer
to sectors of inferred plinian calderas that would have been removed by subsequent caldera forming events. The
trajectories of the vertical sections shown in Fig. 3 are indicated by blue lines.

Geophysical 3-D imaging may offer important insights about the history of the SVVC and provide geometric
constraints on past magma feeding systems. Several 3-D gravimetric inversion studies have been performed in
the surroundings of the SVVC'3-22, but they strongly disagree among each other and some of them are inconsist-
ent with respect to other geophysical findings. For example, it is expected that the high-velocity zone underlying
the Vesuvius crater that is prominent in seismic investigations?*~>* should correspond to a high-density body with
a clear and unambiguous gravimetric signature. A central anomalous body is also evidenced by aeromagnetic
data and can be explained by a central highly magnetized body that extends from the surface down to at least 2km
below the sea level®. Nevertheless, the highest resolution 3-D gravimetric inversion study to date® largely dis-
misses the seismic findings based on a density model that features a low-density body below the Vesuvius crater.
This result contrasts with another 3-D density model®! that indicates a central high-density body, but the sparse
station distribution used in the latter study yields a poor model resolution. It is important to better constrain and
understand the origin of this central anomalous body as most of the present-day seismicity is confounded along
its boundaries®” %8. Magnetic studies® suggest that its top is located at shallow depths below the crater, while
seismic studies disagree about its upper limit (e.g., 1.5km depth? or in the near subsurface'®). It is recognized
that the top interface is poorly defined by available seismic data and that the absence of a high-velocity body at
shallow depths might simply be an artifact of the initial model used in the inversion®’. The actual geometry of
this high-velocity body, its origin and constitution is still uncertain. It is well-established that it takes its origin at
depths that are considerably larger than the depth to the underlying carbonate basement®*, which strongly sug-
gests that it has an intrusive magmatic origin. A survey of seismic and seismological studies at other volcanoes
worldwide reveals that central high-velocity bodies are commonly interpreted as magmatic intrusions®. Initially,
it was suggested that the high-velocity body was made up of slowly cooled magmatic dikes*®, while later work has
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Figure 2. Local Bouguer anomaly of the (a) historic data and (b) new data set constructed using a density of
2200kgm~. The region in (b) is represented by a black square in (a). The values are given with respect to the
reference station of the new data set (indicated with a x-sign). The maps were created using Matlab (version

R2013b; www.mathworks.com).

argued that such an interpretation is incompatible with the time-scales associated with the magma cooling pro-
cess®. Instead, an alternative explanation was proposed in terms of very fast solidification by magma quenching?®.

Using new (and old) gravimetric data and a recent inversion algorithm conceived for volcanic targets®', we
present the most detailed density model of the SVVC to date. We have acquired and processed gravimetric data
from 297 new stations (precisely positioned using differential Global Positioning System (DGPS)) with locations
chosen to complement previous studies. Furthermore, we cover the summit area in much more detail than previ-
ously (the data set include the first gravimetric data within the Vesuvius crater). In the inversion, we account for
the topography by incorporating a modern digital elevation model (DEM) based on light detection and ranging
(LIDAR) data at a resolution of 5m. We present this detailed 3-D density from the surface down to depths of
1-2km. The main objectives of this study are to (1) provide a definite answer concerning the presence or not of
a dense body underlying the Vesuvius crater and (2) interpret our high-resolution 3-D density model in terms of
the evolution and present structure of the SVVC.

Results
Local Bouguer anomalies provide a first visualization of the available gravimetric data (Fig. 2). In agreement with
previous work??, we used a density of 2200 kg m 2 for topographic and Bouguer plate corrections. We referenced
the local Bouguer anomalies to a base station that was located close to the historical building of the Osservatorio
Vesuviano (Fig. 1). From these data, we removed a regional trend that was inferred as part of the inversion pro-
cess. Figure 2a presents the distribution of the historic data in a square of size 20km x 20km that is centered on
the Vesuvius crater. These data (and additional data outside this region) have been used in previous 3-D inver-
sions?!. Our new data set was acquired within the central 10 km x 10km square region shown in Fig. 2a. It is clear
that the coverage of the historic data is poor in this central region, partly because of the difficult access. The cov-
erage of our new data set (Fig. 2b) is comparatively homogeneous with a refinement in the summit area. This new
data set also includes the first-ever gravity measurements in the Vesuvius crater. The new local Bouguer anomalies
(Fig. 2b) clearly highlight that the central area of the SVVC is denser than 2200kgm™>.

To better appreciate the resolution of the gravimetric inversion results, we calculate the depth of investigation
(DOI)* based on inversion results with a 2000 kg m > and 2400 kg m 3 reference model, respectively. Two vertical
slices (see Fig. 1) that cross in the Vesuvius crater demonstrate that the best-resolved region corresponds to the
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Figure 3. Depth of investigation (DOI) and vertical sections of the 3-D density model obtained with model
regularization in terms of an isotropic roughness and damping constraints around 2200kg m=3: (a) DOI for the
west-east section at a latitude of 4519050 m and (b) the south-north section at a longitude of 451580 m; (c,d)
corresponding density models. In (c,d), the DOI values are used to provide a qualitative (using transparency)
assessment of how the model resolution decreases with depth. These sections also highlight how the inversion
grid cells adapt to conform to the topography of the land surface at a resolution of 5m. The locations of the

two transects are highlighted in Fig. 1. The vertical sections were created using Matlab (version R2013b; www.
mathworks.com).

central part of the SVVC (Fig. 3a,b). In this region, the DOI is below 0.6, while the resolution is poor at deeper
depths and increasing horizontal distances. Consequently, we mainly limit our discussion and interpretation to
model features from the sea level and upwards.

Two vertical sections (Fig. 3¢,d) highlight some of the main features of the density model obtained from the
gravity inversion. The region below the Vesuvius crater is markedly denser (>>2450kg m~) than the surrounding
flanks of the volcano (<2350 kg m~2). This central dense region appears continuous from the surface down to at
least 2km depth from the land surface, after which the model resolution is too poor to allow for definite state-
ments about its continuation. Another prevalent feature is the dense body (>2400kg m~) that is found 1.5km
to the east (Fig. 3¢) and to the north (Fig. 3d) of the Vesuvius crater. This dense body appears to be connected
with the central dense body at depth, even if this cannot be confirmed given the poor model resolution at depth
(Fig. 3¢,d). The geometry of this central dense body is in strong agreement with seismic results (e.g., published
figures: Fig. 7%, Fig. 10%* and Fig. 3%°), as well as with aeromagnetic investigations (e.g., published figure: Fig.
10%). Its presence is also suggested by certain 3D gravity inversion results (published figures: Figs 6! and 72!). A
3-D rendering of the dense regions (Fig. 4) highlights the geometry of the two dense bodies and the comparatively
low densities below the flanks of the Gran Cono (Fig. 1).

Discussion

The geological interpretation is based on representative horizontal slices at decreasing altitudes. The slice at 950 m
(Fig. 5a) displays a central roughly circular high-density feature corresponding to the inner part of Gran Cono
(Fig. 1) and is delimited by the 1906 crater. We attribute the high-density values to the feeder conduit and to dense
(low porosity) lava layers emitted at the beginning of the 20th century (1906-1915%%; Fig. 119 in ref. 35) that over-
lap in correspondence to the buried rim. The porosity increases (density decreases) outside of the buried crater as
lava flows are more scoriaceous and light ash, lapilli and scoriae deposits become more common. Moving to the
north, a high-density feature is found that we attribute to the presence of abundant radial dikes and dense lava
flows outcropping on the south wall in this sector of Mt. Somma3®%’.

At an altitude of 750 m (Fig. 5b), the high-density body is still positioned below the 1906-1944 tangent cra-
ters. It is surrounded by a roughly circular low-density body that hosts the shallow hydrothermal system of Mt.
Vesuvius®*~%. It consists of more porous material filling the depression created by the 1631 caldera-forming erup-
tion, and in older times by the 79 AD Pompei eruption. Outside of this low-density region is a horseshoe-shaped
high-density body that is partially open in the southwestern sector (this is also clearly seen in the 450 m slice in
Fig. 5¢). This denser body is related to the presence of dikes and old lavas belonging to the Mt. Somma edifice,
whose upper part, reaching 1900 m a.s..'*, was destroyed by two plinian caldera-forming eruptions (the Mercato
eruption in the northwest to northeastern sector and the Pompei eruption in the northeast to southeastern sec-
tor)!* 1. South of the Mt. Somma scar, the persistent high density (showing up as a plateau in Fig. 4) is likely a
manifestation of the accumulation of lava flows in the up to 400 m deep and originally narrow Atrio del Cavallo
and Valle dell'Inferno valleys*! (Fig. 1). Outside of the horseshoe-shaped high-density body, the inferred densities
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Figure 4. 3D representation using Blender (version 2.78¢c; www.blender.org) of the comparatively low densities
found between the Vesuvius cone and Mt. Somma. The rendered orange surface indicates a body with a density
above 2370kgm ™ and the denser red body a density above 2440 kg m~2. The present surface topography is
represented by a black mesh and a satellite image from the same point of view is provided in the inset (Imagery
©2017, Map data ©2017 Google).

decrease due to the increasing thickness of more porous products downslope'é. Many of the parasitic vents
located on the southeastern limit of the Mercato caldera are characterized by high-density values. In contrast to
the general model of shallow and low-angle dike propagation at Vesuvius*»*, our results rather suggest for most
of those parasitic vents, as well as for the 1937 exogenous tholoid (Fig. 1), a deep and sub-vertical migration of
magma from the source to the surface (c.f,, Fig. 3¢,d).

In the slice at 450 m (Fig. 5¢), we still find the central conduit and the horseshoe-shaped dense body that
marks the buried structures of the Mercato and Pompei calderas. On the northwestern rims of the Pompei and
Mercato calderas, there is no clear high-density evidence of the conduits feeding the Pomici Verdoline vent,
the 472 AD subplinian eruption'* or the 1895-1899 eruption of the Colle Umberto exogenous tholoid (Fig. 1).
The lack of denser structures delimiting the Avellino caldera is explained by the fact that the remnants of that
eruption are low-density tuffs originating from a giant tuff cone'®. Within the Avellino caldera center, a denser
body is seen that might be related to the shallow dike intrusion feeding the 1794 and 1861 eruptive parasitic vents
located downslope and aligned along east-west striking fissures'® 445, The high-density body located north of the
Avellino caldera is explained by the accumulation, in a topographic depression, of thick layers of lavas erupted
during 4 eruptions between 1855 and 1944% and possibly in previous eruptive events. In the northern and eastern
sectors of Mt. Somma, several radial higher-density bodies could indicate the presence of sub-horizontal radial
dikes feeding presently buried parasitic vents developed more than 16.1ka ago?.

The shape of the high and moderately high density region (green, yellow and red) in the —50 m slice (Fig. 5d)
highlights the complex tectonic setting of the SVVC. The most pronounced feature is associated with an elonga-
tion in the northwest-southeast direction that corresponds to a major regional fault system (see. Fig. 2 in ref. 10).
A similar elongation in the northeast-southwest direction coincides with another major regional fault system (see.
Fig. 2 in ref. 10). These results underline how the development of the SVVC has been influenced by the tectonic
Plio-Quaternary Campanian Plain depression that is buried 2 km below a polygenic filling®. Part of this filling
surrounding the high-density body and laying on top of the Mesozoic carbonate basement!* *® is represented by
the 37ka old deposit of Campi Flegrei Campanian Ignimbrite*’. At this depth, the remnants of the ring structures
produced by the four Plinian eruptions are either absent or unresolved.

We now discuss our results in terms of the hydrogeological setting of the SVVC, notably to provide constraints
indicating if the SVVC is hydrogeologically connected to its surroundings or if it is closed by impervious caldera
rims. This has important consequences in terms of groundwater geochemistry and flow. A hydrogeochemical
study®® suggests that groundwater circulation within the SVVC is largely dependent on the volcano-tectonic
structures'® *8 and the asymmetric topography of Mt. Somma'®>!. In the south-southwestern sector of Mt.
Vesuvius, their sampled groundwater suggests strong interaction between volcanic aquifers and the main degas-
sing system of the volcano, while no such intense interaction appears in groundwater samples from the Mt.
Somma sector. This suggests that Mt. Somma acts as a barrier to groundwater flow in the northwestern sector. Mt.
Vesuvius groundwater receives only a negligible contribution from Tyrrhenian seawater and thermal water, indi-
cating an essentially meteoric origin and a predominant south-southwest flow direction. The proposed model of
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Figure 5. Horizontal slices of the 3-D density model at different altitudes with respect to the sea level: (a)
950m, (b) 750m, (c) 450 m and (d) —50 m. The overlain geological features are detailed in Fig. 1. The maps were
created using Matlab (version R2013b; www.mathworks.com).

groundwater circulation (their Fig. 13°°) is fully consistent with our horseshoe-shaped anomaly (Figs 4 and 5c¢,d)
that suggests more porous and permeable subsurface deposits in the southwestern sector of the SVVC.

We now attempt to explain the main underlying reasons for the strong differences between our 3-D density
model and previously published 3-D density models. A previous 3-D study® at a similar scale and resolution as
in our study led to a completely different density model. In that model, the region below the Vesuvius crater is
comparatively light and the flanks of Gran Cono are comparatively dense. Given the expected positive relation
between density and seismic velocity, these results were used to question seismic evidence?*~?* of a high-velocity
central quasi-spherical body below the crater surrounded by rocks of lower seismic velocities. We suggest that
this discrepancy is rather explained by the use of a far too coarse DEM in this gravimetric study®’. For example,
by comparing our vertical profiles (Fig. 3c,d) with their corresponding figures (their Figs 122° and 13%°), it appears
as if they do not account for the topography of the 300 m deep crater (i.e., the crater is absent in their profiles).
This omission will inevitably force the smoothness-constrained inversion to compensate by introducing a large
region of artificially low densities. It is also likely to introduce a surrounding halo of comparatively higher den-
sities (in accordance with their results)?. Another illustration of the coarseness of their DEM is that they do not
account for the strong topography of the Mt. Somma flank (compare the topography of their Fig. 122° with the
one in our Fig. 3d). Based on these arguments (and given that the results are inconsistent with extensive seismic
investigations), we argue that this model?® is unreliable in regions affected by strong topography (i.e., throughout
the SVVC).

Another study®! used a similar-sized model domain as in our study based on 400 of the historic data presented
in Fig. 2a. The resulting density model is partly consistent with our results (e.g., a central high-density body and a
structure that appears to be related with our horseshoe shaped dense body are found; see the slice at —1000m in
their Fig. 6*!), but the results suffer from a low model resolution due to the very coarse station distribution in the
central part of the SVVC (see Fig. 2a). If one would use their inversion approach with a finer discretization (pos-
sible today due to increased computing capabilities) and our new data, this would most likely make their results
more comparable with our results. Nevertheless, their inversion cells do not conform to the surface topography,
which leads to very limited information about the density distribution above the sea level (their presented depth
slices are given from the sea level and downwards, while the peak of Mt. Vesuvius is at 1281 m a.s.l.). We stress
that the focus of ref. 21 was placed on deeper structures and that it is largely complementary to our present study.
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A more recent study® resolves two dense bodies with locations that coincide with the northern and southern
parts of the horse-shaped dense body. Unfortunately, this model appears to be adversely affected by the coarse
model discretization used (815m x 800 m in the horizontal dimensions compared to 100 m x 100 m with local
adaptation to account for surface topography at a resolution of 5m in our model). Such a coarse discretization will
inevitably lead to a poor model resolution and the risk of introducing inversion artifacts. This may also explain
the corresponding data misfit that is 7 times larger than for our inversion model.

An integrated modeling and inversion study that considered both seismic and gravimetric data'® constituted
the first 3-D density model of the SVVC. The emphasis of that study was large-scale structures (e.g., they use inter-
polated gravity data every 2.5km) and their 3-D model is based on the interpolation of 2-D results. Furthermore,
their algorithm relies on the assumption of a strong and known relationship between seismic P-wave velocity
and density. Despite these caveats, their model (their Fig. 8') seems to indicate a denser body below the crater
and lighter material on the sides. These results were improved by considering full 3-D modeling and inversion'®
(albeit with a very coarse discretization of 2km x 2km x 0.5km). The results confirm the presence of a thick and
dense intrusion beneath the Vesuvius crater that they attribute to solidified dikes. An underlying assumed rela-
tionship between seismic velocity and density implies that this structure is not resolved by the gravity data alone.

Methods

Modeling and inversion framework. Our gravimetric data consist of relative variations of the vertical
acceleration of gravity with respect to a base station (see Fig. 2b). These relative gravimetric data are mainly
sensitive to the density distribution below the survey area. After appropriate data processing, it is possible to use
them to obtain (by inversion) a 3-D density model. Traditionally, gravimetric data are interpreted in terms of
density variations around a pre-defined background model. This is a sound approach for flat topography given
that the acquired gravimetric data will then not carry any information about the mean density of the subsurface.
Luckily, the pronounced topography of most volcanoes can be used to infer realistic density values (not only
density variations). This was recently demonstrated at Stromboli volcano, Italy, in which a targeted processing
flow and inversion provided, without any prior assumptions on density values, a density distribution that was in
good agreement with density measurements on representative rock samples’'. In this work, we largely follow this
methodology®'.

We discretize the SVVC and the surrounding region in terms of parallelepipeds and compute their for-
ward responses using an analytic solution®. The parallelepipeds making up the central and interior part of the
modeling domain are discretized with side-lengths of 100 m. Model cells that intersect the topography or the
bathymetry of the Mediterranean Sea are refined to account for the topography at a spatial resolution of 5m. The
horizontal extent of the modeling domain over which topography is accounted for is 30 km x 30 km. The model
cell dimensions grow towards the sides and with depth. A total of 564,988 model cells are used in the inversion.

There is an infinite number of density models that can explain a given gravimetric data set™. To obtain a
unique solution, it is necessary to add penalties on how model parameters vary in magnitude and space (this is
termed model regularization). Here, we rely on traditional isotropic roughness constraints in each spatial direc-
tion to ensure that the inferred density varies smoothly. Repeated inversions are performed (by trial-and-error)
to find the regularization weight, ), that provides a model with a forward response that explains the observed data
to a user-defined error level. This procedure enables us to avoid obtaining a model that fits the data poorly (yield-
ing a too smooth model) or a model that overfits the data (yielding a too rough model with inversion artifacts).
Most inversion algorithms are based on a least-squares formalism®. After a first least-squares inversion step, we
employ an additional iteration using iteratively reweighted least-squares®>. By mimicking /;-norms (i.e., assuming
underlying symmetric exponential distributions of the data misfit and model roughness), we decrease the sensi-
tivity to data outliers and image sharper density contrasts. Compared with previous work at Stromboli volcano®,
we also employ sensitivity scaling®® to enhance the imaging of structure at depth. This is achieved by scaling the
regularization weight of every model cell to its accumulated sensitivity to all gravity data (i.e., the sum of absolute
values). This ensures that model cells with a high data sensitivity will have strong roughness constraints. The
sensitivity scaling leads to slightly lower density variations close to the surface (where the sensitivity is very high)
and enhanced imaging of structures at larger depths. Nevertheless, the results are overall similar to those obtained
without sensitivity scaling.

Another methodological addition is that we also incorporate a model regularization term that weakly penal-
izes deviations (so-called damping constraints) from a homogeneous pre-defined density model. By performing
several inversions with different reference densities, we can assess to what extent the data (and not the model
regularization) determines the inferred density values. This is achieved by using the concept of depth of investi-
gation (DOI)* that is widely used in geoelectrical studies to quantify model resolution in non-linear inversions.
This approach is used herein to highlight the regions of the inversion model that are the most reliable. The DOI
is obtained by performing two separate inversions with damping constraints around two different homogeneous
reference models. The DOI for a given model cell is given by the difference between the two inversion results
divided by the difference between the two reference models. A DOI of 0 suggests that the inferred density value
is very well resolved (the inversion result is insensitive to the reference model), while a value of 1 suggests that
the inferred density value is completely unresolved (the reference model wholly determines the inferred value).

We consider relative gravity data from which the influence of instrumental drift, earth tide, latitude, the accel-
eration of the sea mass for a known bathymetric model and the free-air effects have been removed®. The latitude
and free-air corrections (associated with the normal gravity at the observation points) are made with respect to
the reference station. This is done because our forward code provides relative responses of the density model with
respect to the local reference, and not with respect to the normal reference ellipsoid. These local free-air anom-
alies with the sea effect removed that are used for inversion are only affected by the mass distribution below the
discretized topographic surface®. We invert these residual anomalies on the topographic surface and account for
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the density distribution within our model domain that is bounded on the top by the irregular topography. This
is the reason that we do not (and should not) make any topographic corrections to our data prior to inversion.
The local Bouguer anomalies presented in Fig. 2 are not used for inversion, only for visualization. The inversion
algorithm finds the most appropriate density value of each model cell together with parameters that describe a
linear trend in the gravity data. This linear trend estimate is used to partly remove the influence of deep structures
that we cannot resolve with our station distribution. The bathymetry is described by a bathymetric model with a
resolution of 20 m*’, while the land surface is described by an upscaled (5 m) version of a high-resolution (1 m)
DEM obtained from LIDAR data (Digital Terrain Model by INGV-Osservatorio Vesuviano). This high-resolution
DEM does not cover the whole area of interest and the topography of some of the external areas of the model
domain is represented using the 20 m resolution DEM.

Data acquisition and processing. The new gravimetric data were acquired during the time period of
October 5-20, 2014. The survey was designed to obtain a rather uniform distribution within a radius of 10km
from the Vesuvius crater with a refinement in the summit area and other areas of particular interest (see Fig. 2b).
The relative gravimeter (CG-5, Scintrex) used returned the average response after measuring 30s at 5Hz. At each
station, this sequence was repeated five times and the median value was retrieved for further analysis. The drift of
the gravimeter was estimated by performing measurements at our local base station before and after the survey of
each day. In addition, a network of additional reference stations was used to tie the measurements with the data from
the previous days. The average drift correction each day was on the order or 0.03 mGal. The measurement locations
and heights were obtained using DGPS (Topcon GR-5) and the local continuous GPS monitoring network®. It was
sometimes difficult to obtain accurate positions for stations in the lower-lying areas located within pine forests. To
improve the positioning capacity, we used the DGPS to search for station locations in the vicinity of the intended
measurement point that had the best satellite configuration. The agreement between the DEM altitude and the one
obtained by the DGPS was nevertheless not always good. To avoid inversion artifacts, we had to discard 25 stations
with poor positioning accuracy. These points are mainly found in the forested landscape and it is likely that both the
DGPS and the DEM positioning are less accurate in such regions. This leaves us with 297 new data points that were
used in the subsequent inversion after the processing described above (free-air anomalies with sea effect removed).

The processed data set was merged with historic data®! that had previously been referenced to an absolute
gravity station in Naples®. By occupying repeated points of the gravimetric monitoring network®, it was
possible to link our relative measurements to the absolute gravity and, thus, to the historic data. The meas-
urement locations of these old data are not very precisely determined as the data were acquired before the
advent of DGPS. We assume uncorrelated data errors and that the combined errors of our new data have a
mean deviation of 0.1 mGal. We assigned a mean deviation of 1 mGal for the historic data even if the actual
errors might be slightly lower. For example, previous works suggest that the offshore data have a standard
deviation below 0.7 mGal®? and the historic land-based data have been fitted to a standard deviation of
0.36 mGal®!. Our reasoning for choosing the relatively high error level in the historic data was to force
the inversion to resolve large-scale regional features and trends by including the larger survey area of the
historic data (Fig. 2a), while ensuring that the new data (Fig. 2b) carry most of the weight in resolving the
structure below the SVVC. For the new data, we have complete control and knowledge of the acquisition,
positioning and processing.

References
1. Barberi, E, Davis, M., Isaia, R., Nave, R. & Ricci, T. Volcanic risk perception in the Vesuvius population. Journal of Volcanology and
Geothermal Research 172, 244-258 (2008).
2. Marzocchi, W. & Woo, G. Principles of volcanic risk metrics: Theory and the case study of Mount Vesuvius and Campi Flegrei, Italy.
Journal of Geophysical Research: Solid Earth 114, B03213 (2009).
3. Neri, A. et al. Developing an event tree for probabilistic hazard and risk assessment at Vesuvius. Journal of Volcanology and
Geothermal Research 178, 397-415 (2008).
4. Baxter, P. et al. Emergency planning and mitigation at Vesuvius: A new evidence-based approach. Journal of Volcanology and
Geothermal Research 178, 454-473 (2008).
5. DPC. Pianificazione Nazionale d Emergenza dell’ Area Vesuviana (Dipartimento della Protezione Civile, Roma, 1995).
6. DPC. Dossier: Update of the National Emergency Plan for Vesuvius. http://www.protezionecivile.gov.it/jcms/en/view_dossier.
wp?contentld=DO0S37087, Accessed: 2017-02-22 (2015).
7. Zuccaro, G., Leone, M. E, Cogliano, D. D. & Sgroi, A. Economic impact of explosive volcanic eruptions: A simulation-based
assessment model applied to Campania region volcanoes. Journal of Volcanology and Geothermal Research 266, 1-15 (2013).
8. Santacroce, R. Somma-Vesuvius, vol. 251 (CNR Quaderni de “La Ricerca Scientifica” 114, 1987).
9. Marzocchi, W, Scandone, R. & Mulargia, F. The tectonic setting of Mount Vesuvius and the correlation between its eruptions and
the earthquakes of the Southern Apennines. Journal of Volcanology and Geothermal Research 58, 27-41 (1993).
10. Bianco, E, Castellano, M., Milano, G., Ventura, G. & Vilardo, G. The Somma-Vesuvius stress field induced by regional tectonics:
evidences from seismological and mesostructural data. Journal of Volcanology and Geothermal Research 82, 199-218 (1998).
11. Acocella, V. & Funiciello, R. Transverse systems along the extensional Tyrrhenian margin of central Italy and their influence on
volcanism. Tectonics 25, TC2003 (2006).
12. Santacroce, R. et al. Age and whole rock-glass compositions of proximal pyroclastics from the major explosive eruptions of Somma-
Vesuvius: A review as a tool for distal tephrostratigraphy. Journal of Volcanology and Geothermal Research 177, 1-18 (2008).
13. Cioni, R,, Sulpizio, R. & Garruccio, N. Variability of the eruption dynamics during a Subplinian event: the Greenish Pumice eruption
of Somma-Vesuvius (Italy). Journal of Volcanology and Geothermal Research 124, 89-114 (2003).
14. Gurioli, L. et al. Pyroclastic flow hazard assessment at Somma-Vesuvius based on the geological record. Bulletin of Volcanology 72,
1021-1038 (2010).
15. Cioni, R,, Santacroce, R. & Sbrana, A. Pyroclastic deposits as a guide for reconstructing the multi-stage evolution of the Somma-
Vesuvius Caldera. Bulletin of Volcanology 61, 207-222 (1999).
16. Ventura, G. & Vilardo, G. Tomomorphometry of the Somma-Vesuvius volcano (Italy). Geophysical Research Letters 33, L17305 (2006).
17. Rosi, M., Principe, C. & Vecci, R. The 1631 Vesuvius eruption. A reconstruction based on historical and stratigraphical data. Journal
of Volcanology and Geothermal Research 58, 151-182 (1993).

SCIENTIFICREPORTS | 7: 8434 | DOI:10.1038/541598-017-07496-y 8


http://www.protezionecivile.gov.it/jcms/en/view_dossier.wp?contentId=DOS37087
http://www.protezionecivile.gov.it/jcms/en/view_dossier.wp?contentId=DOS37087

www.nature.com/scientificreports/

18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
31.

32.
33.
34,
35.
36.
37.

38.
39.

40.
41.
42.
43.
44.
45.
. Nazzaro, A. Il Vesuvio: storia naturale dal 1631 al 1944. In Bollettino della Societa dei Naturalisti in Napoli, Officine Grafiche
47.
48.
49.

50.

51.

57.

58.
59.

60.

Tondi, R. & de Franco, R. Three-dimensional modeling of Mount Vesuvius with sequential integrated inversion. Journal of
Geophysical Research: Solid Earth 108, 2256 (2003).

Tondi, R. & de Franco, R. Accurate assessment of 3D crustal velocity and density parameters: Application to Vesuvius data sets.
Physics of the Earth and Planetary Interiors 159, 183-201 (2006).

Cella, E, Fedi, M., Florio, G., Grimaldi, M. & Rapolla, A. Shallow structure of the Somma-Vesuvius volcano from 3D inversion of
gravity data. Journal of Volcanology and Geothermal Research 161, 303-317 (2007).

Berrino, G. & Camacho, A. G. 3D gravity inversion by growing bodies and shaping layers at Mt. Vesuvius (Southern Italy). Pure and
Applied Geophysics 165, 1095-1115 (2008).

Capuano, P, Russo, G. & Scarpa, R. P-wave velocity and density structure beneath Mt. Vesuvius: a magma body in the upper edifice?
Annals of Geophysics 56, S0437 (2013).

Di Stefano, R. & Chiarabba, C. Active source tomography at Mt. Vesuvius: Constraints for the magmatic system. Journal of
Geophysical Research: Solid Earth 107, 2278 (2002).

Zollo, A. et al. Bayesian estimation of 2-D P-velocity models from active seismic arrival time data: imaging of the shallow structure
of Mt Vesuvius (Southern Italy). Geophysical Journal International 151, 566-582 (2002).

De Natale, G., Troise, C., Trigila, R., Dolfi, D. & Chiarabba, C. Seismicity and 3-D substructure at Somma-Vesuvius volcano:
evidence for magma quenching. Earth and Planetary Science Letters 221, 181-196 (2004).

Fedi, M. & Rapolla, A. 3-D inversion of gravity and magnetic data with depth resolution. Geophysics 64, 452-460 (1999).

Lomax, A., Zollo, A., Capuano, P. & Virieux, J. Precise, absolute earthquake location under Somma-Vesuvius volcano using a new
three-dimensional velocity model. Geophysical Journal International 146, 313-331 (2001).

De Natale, G., Troise, C., Pingue, E,, Mastrolorenzo, G. & Pappalardo, L. The Somma-Vesuvius volcano (Southern Italy): Structure,
dynamics and hazard evaluation. Earth-Science Reviews 74, 73111 (2006).

De Natale, G., Capuano, P, Troise, C. & Zollo, A. Seismicity at Somma-Vesuvius and its implications for the 3D tomography of the
volcano. Journal of Volcanology and Geothermal Research 82, 175-197 (1998).

Zollo, A. et al. Seismic evidence for a low-velocity zone in the upper crust beneath Mount Vesuvius. Science 274, 592 (1996).

Linde, N. et al. 3-D density structure and geological evolution of Stromboli volcano (Aeolian Islands, Italy) inferred from land-based
and sea-surface gravity data. Journal of Volcanology and Geothermal Research 273, 58-69 (2014).

Berrino, G., Corrado, G. & Riccardi, U. Sea gravity data in the Gulf of Naples. a contribution to delineating the structural pattern of
the Phlegraean Volcanic District. Journal of Volcanology and Geothermal Research 175, 241-252 (2008).

Oldenburg, D. W. & Li, Y. Estimating depth of investigation in dc resistivity and IP surveys. Geophysics 64, 403-416 (1999).
Ricciardi, G. P. Diario del Monte Vesuvio (Edizioni Scientifiche e Artistiche, 1999).

Imbo, G. Volume unico celebrativo del I centenario dell’ Osservatorio Vesuviano V (Annali dellOsservatorio Vesuviano, V Serie, 1949).
Principe, C., Rosi, M., Santacroce, R. & Sbrana, A. Explanatory notes to the geological map. In Santacroce, R. (ed.) CNR Quaderni
de “La Ricerca Scientifica”, vol. 114, chap. 10, 11-51 (1987).

Porreca, M. et al. Geometric and kinematic features of the dike complex at Mt. Somma, Vesuvio (Italy). Earth and Planetary Science
Letters 245, 389-407 (2006).

Celico, P. et al. Caratterizzazione idrogeologica e idrogeochimica dell'area vesuviana. Italian Journal of Geoscience 117, 3-20 (1998).
Manzella, A., Volpi, G., Zaja, A. & Meju, M. Combined TEM-MT investigation of shallow-depth resistivity structure of Mt Somma-
Vesuvius. Journal of Volcanology and Geothermal Research 131, 19-32 (2004).

Ricci, T. et al. Fluid circulation at Somma-Vesuvius volcanic complex inferred by electrical resistivity tomography, self-potential,
temperature and soil degassing. In Cities on Volcanoes 8, Yogyakarta (Indonesia), September 9-13 (2014).

Nazzaro, A. Leruzione del 1631 ed il collasso del Vesuvio in base all'analisi delle fonti contemporanee. In Rendiconti della Societa
Italiana di Mineralogia e Petrologia, vol. 43, 725-732 (1989).

Acocella, V., Porreca, M., Neri, M., Mattei, M. & Funiciello, R. Fissure eruptions at Mount Vesuvius (Italy): insights on the shallow
propagation of dikes at volcanoes. Geology 34, 673-676 (2006).

Acocella, V., Porreca, M., Neri, M., Massimi, E. & Mattei, M. Propagation of dikes at Vesuvio (Italy) and the effect of Mt. Somma.
Geophysical Research Letters 33, TC2003 (2006).

Santacroce, R. & Sbrana, A. Geological map of Vesuvius (SELCA, Firenze, 2003).

Paolillo, A. et al. Volcanology of the Southwestern sector of Vesuvius volcano, Italy. Journal of Maps 12, 425-440 (2016).

Napoletane, Naples, Italy (1986).

Andronico, D., Cioni, R. & Sulpizio, R. General stratigraphy of the past 19,000 yrs at Somma-Vesuvius. In Vesuvius Decade Volcano
Workshop, International Association of Volcanology and Chemistry of the Earth’s Interior, Naples, Italy, 17-22 September (2014).
Bruno, P. P. G, Cippitelli, G. & Rapolla, A. Seismic study of the Mesozoic carbonate basement around Mt. Somma-Vesuvius, Italy.
Journal of Volcanology and Geothermal Research 84, 311-322 (1998).

Di Vito, M., Sulpizio, R., Zanchetta, G. & Calderoni, G. The geology of the south western slopes of Somma-Vesuvius, Italy, as
inferred by borehole stratigraphies and cores. Acta Vulcanologica 10, 383-394 (1998).

Federico, C. et al. Magma-derived gas influx and water-rock interactions in the volcanic aquifer of Mt. Vesuvius, Italy. Geochimica et
Cosmochimica Acta 66, 963-981 (2002).

Ventura, G., Vilardo, G. & Bruno, P. P. The role of flank failure in modifying the shallow plumbing system of volcanoes: an example
from Somma-Vesuvius, Italy. Geophysical Research Letters 26, 3681-3684 (1999).

. Banerjee, B. & Das Gupta, S. P. Gravitational attraction of a rectangular parallelepiped. Geophysics 42, 1053-1055 (1977).

. Blakely, R. J. Potential Theory in Gravity and Magnetic Applications (Cambridge University Press, 1995).

. Menke, W. Geophysical Data Analysis: Discrete Inverse Theory (Academic Press, 2012).

. Farquharson, C. G. Constructing piecewise-constant models in multidimensional minimum-structure inversions. Geophysics 73,

K1-K9 (2008).

. Minsley, B. J., Sogade, J. & Morgan, E. D. Three-dimensional source inversion of self-potential data. Journal of Geophysical Research:

Solid Earth 112 (2007).

D’Argenio, B. et al. Digital elevation model of the Naples Bay and adjacent areas (Eastern Tyrrhenian sea). In Pasquaré, G., Venturini,
C. & Groppelli, G. (eds) Mapping Geology in Italy. Ed. APAT (Roma), Dipartimento Difesa del Suolo-Servizio Geologico d'Italia
(S.EL.CA. Firenze), vol. 21-28 (2004).

Tammaro, U. et al. Somma Vesuvius volcano: ground deformations from CGPS observations (2001-2012). Annals of Geophysics 56,
50456 (2013).

Berrino, G. Absolute gravimetry and gradiometry on active volcanoes of Southern Italy. Bolletino di Geofisica Teorica e Applicata 37,
131-143 (1995).

Berrino, G., d’Errico, V. & Ricciardi, G. Thirty years of precise gravity measurements at Mt. Vesuvius: an approach to detect
underground mass movements. Annals of Geophysics 56, s0436 (2013).

SCIENTIFICREPORTS | 7: 8434 | DOI:10.1038/541598-017-07496-y 9



www.nature.com/scientificreports/

Acknowledgements

We are grateful to the Herbette Foundation for covering the field expenses. We are indebted to INGV -
Osservatorio Vesuviano for the logistic support and for providing continuous GPS data and Digital Elevation
Models, to Parco Nazionale del Vesuvio and Corpo Forestale dello Stato for granting access to restricted roads
and areas of the National Park and to Guide Alpine e Vulcanologiche del Vesuvio for their courtesy and support
during the field campaign and to Guido Ventura for insightful discussions.

Author Contributions

N.L,, T.R,, A.S. and L.B. conceived the experimental layout and conducted the measurements, N.L., A.S. and L.B.
processed the data, N.L. inverted the data, N.L., T.R.,, L.B., A.S. and G.B. interpreted the results and wrote the
article, G.B. provided the historic gravity data.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 8434 | DOI:10.1038/541598-017-07496-y 10


http://creativecommons.org/licenses/by/4.0/

	The 3-D structure of the Somma-Vesuvius volcanic complex (Italy) inferred from new and historic gravimetric data

	Results

	Discussion

	Methods

	Modeling and inversion framework. 
	Data acquisition and processing. 

	Acknowledgements

	Figure 1 The main volcanic features of the SVVC14, 44, 45 with geographical names and topography produced from a digital elevation model57 using Surfer (version 14 http://www.
	Figure 2 Local Bouguer anomaly of the (a) historic data and (b) new data set constructed using a density of 2200 kg m−3.
	Figure 3 Depth of investigation (DOI) and vertical sections of the 3-D density model obtained with model regularization in terms of an isotropic roughness and damping constraints around 2200 kg m−3: (a) DOI for the west-east section at a latitude of 45190
	Figure 4 3D representation using Blender (version 2.
	Figure 5 Horizontal slices of the 3-D density model at different altitudes with respect to the sea level: (a) 950 m, (b) 750 m, (c) 450 m and (d) −50 m.


