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Abstract

A model of the electrical resistivity of Mt. Vesuvius has been elaborated to investigate the
present structure of the volcanic edifice. The model is based on electrical conductivity
measurements in the laboratory, on geophysical information, in particular, magnetotelluric
(MT) data, and on petrological and geochemical constraints. Both 1-D and 3-D
simulations explored the effect of depth, volume and resistivity of either one or two
reservoirs in the structure. For each configuration tested, modeled MT transfer functions
were compared to field transfer functions from field magnetotelluric studies. The field
electrical data are reproduced with a shallow and very conductive layer (~0.5km depth,
1.2km thick, 50hm.m resistive) that most likely corresponds to a saline brine present
beneath the volcano. Our results are also compatible with the presence of cooling magma
batches at shallow depths (<3-4km depth). The presence of a deeper body at ~8km depth,
as suggested by seismic studies, is consistent with the observed field transfer functions if
such a body has an electrical resistivity >~1000hm.m. According to a petro-physical
conductivity model, such a resistivity value is in agreement either with a low-temperature,
crystal-rich magma chamber or with a small quantity of hotter magma interconnected in
the resistive surrounding carbonates. However, the low quality of MT field data at long
periods prevent from placing strong constraints on a potential deep magma reservoir. A
comparison with seismic velocity values tends to support the second hypothesis. Our
findings would be consistent with a deep structure (8-10km depth) made of a
tephriphonolitic magma at 1000°C, containing 3.5wt%H20, 30vol.% crystals, and

interconnected in carbonates in proportions ~45% melt - 55% carbonates.

1. Introduction

Mt. Somma-Vesuvius is characterized by a high volcanic risk because of its
dangerous past activity in a densely populated area. Its eruptive history has been marked
by an alternation of effusive and explosive activity over the last 20kyrs. Since 1944,



however, Mt. Vesuvius volcano has entered a dormant period, being nowadays
characterized only by a widespread but cold fumarolic activity in the inner slopes and
bottom of the crater [Chiodini et al., 2001] and a moderate micro-earthquake activity
[DeNatale et al., 2006]. Yet, Mt. Vesuvius is still considered as a very dangerous volcano,
its volcanic history suggesting that the longer the quiescent period, the more violent the
renewal of activity [Santacroce et al., 1994].

The determination of plausible eruptive scenarios in case of volcanic re-awakening
has an obvious direct impact on hazard assessment plans in the Neapolitan area. However,
large uncertainties remain with respect to the existence of a present magma reservoir and
its storage conditions, in particular size and depth. Past eruptions have been widely
investigated and their pre-eruptive conditions are well constrained [e.g. Santacroce, 1983;
Rosi and Santacroce, 1983; Rolandi et al., 1993; Cioni et al., 1995; Scaillet et al., 2008].
Proposed future scenarios range from a sub-plinian eruption, similar to 472 or 1631 AD
eruptions [Scandone et al., 1993; Santacroce et al., 2005] up to devastating AD79 Pompei-
type events associated to a larger magma storage zone that would extend well beyond the
size of Mt Vesuvius cone [e.g. Auger et al., 2001; Nunziata et al., 2006].

Numerous geophysical studies aimed at investigating the present inner structure
beneath Mt. Vesuvius, which is characterized by various seismic, magnetotelluric (MT)
and gravimetric anomalies. In particular, a conversion of P to S seismic waves has been
evidenced at ~8-10km depth and interpreted as the top of a large magma sill [Zollo et al.,
1996, 1998; Auger et al., 2001; Nunziata et al., 2006]. Such an anomaly has also been
detected by the MT study of Di Maio et al. [1998]. However, based on combined time-
domain electromagnetic and magnetotelluric soundings (TDEM-MT investigation),
Manzella et al. [2004] argue that the conductive anomaly detected below Mt. Vesuvius
corresponds to a superficial brine layer rather than to the presence of a deep conductive
magma body. This is consistent with the gravimetric observations from Berrino and
Camacho [2008] that could not detect the deep anomalous layer interpreted by seismic
tomography as an extended sill but attributed the different deep anomalies to solidified

magma bodies.

In the present paper, we propose a new approach for an improved characterization
of the present day plumbing system of Mt. Vesuvius. We elaborated a model (both 1-D

and 3-D) of the electrical resistivity of the upper crust underneath Mt. Vesuvius. This



model is based on laboratory measurements of electrical resistivity performed on natural
Vesuvius samples [Pommier et al., 2008], on petrological information, in particular, the
phase equilibrium relationships of Mt. Vesuvius magmas, and on previous geophysical
and geochemical studies. The aim of this paper is three-fold: 1) to define the structure of
the volcanic complex that best reproduce the field MT data and that matches petrological
constraints, 2) to establish the most reliable hypotheses regarding the storage conditions
of a potential magma reservoir, and 3) to underline the need for the acquisition of new MT
measurements across Mt Vesuvius cone, particularly for deeper investigations with long
period data (>100s).

2. Volcanological background and petrological constraints

Mt. Somma-Vesuvius volcanic complex probably originated from the regional
tensile Quaternary tectonics that dissected the Apennine units and deepened the carbonate
basement in the Campanian Plain [Bruno et al., 1998; Bianco et al., 1998]. Mt. Vesuvius
area is intersected by two regional sets of faults trending NW-SE and NE-SW
[Santacroce, 1987] and its present seismic activity has been attributed to both regional and
local stress fields [Marzocchi et al., 1993; Bianco et al., 1998 and references therein;
DeNatale et al., 2000].

The volcanic activity of Mt. Somma-Vesuvius started between 18 and 37 ka B.P.
[Principe et al., 1999], although the earliest magmatic events in the Vesuvian area go back
to ca 400 ka [Brocchini et al., 2001; Di Renzo et al., 2007]. It alternated frequent open-
conduit activity (effusive eruptions and Strombolian events) with closed conduit
conditions, the latter giving rise to Plinian or sub-Plinian eruptions following periods of
dormancy lasting several centuries or millennia [Arno et al., 1987; Santacroce et al.,
2008]. The volcano underwent several caldera collapses, produced by at least four Plinian
eruptions [Cioni et al., 1999], and the present cone (Mt. Vesuvius) was formed since the
famous Pompei eruption in 79 AD. Small batches of primitive magmas were discharged
during Strombolian events (<0.001km3) while larger reservoirs of more evolved magmas
were involved in Plinian eruptions (from 0.1 to a few km3) [Rosi et al., 1987].



The variety of rocks forming the volcanic complex is presented in Table 1.
Geophysical investigations, constrained by one deep drilling (Trecase well), allowed to
define the shallow structure of the volcanic edifice. The subsurface of the volcano is made
of volcanic deposits (thickness<3km), consisting of highly fracturated interbedded lava,
pyroclastic materials and volcanoclastic, marine and fluvial sedimentary rocks of
Pleistocene ages [Santacroce et al., 1983; Zollo et al., 1998, 2002; De Matteis et al.,
2000]. The presence of a shallow brine, included within the volcanic-sedimentary deposits
and extending vertically down to the top of the underlying carbonates, has been inferred
from various geochemical and geophysical lines of evidence [Chiodini et al., 2001; Caliro
et al., 2005; Manzella et al., 2004]. The nature of the present-day fluids circulating in this
hydrothermal system is a saline liquid phase coexisting with a CO,-rich vapor phase
[Chiodini et al., 2001; Caliro et al., 2005], Vesuvian magmas being characterized by both
high chlorine and CO2 contents [Cioni et al., 1998; Marianelli et al., 2005; Balcone-
Boissard et al., 2008], associated to elevated CO2 diffuse emissions [Chiodini et al., 2001;
lacono-Marziano et al., 2009 and references therein]. Seismic and gravimetric surveys
indicate that the underlying Mesozoic carbonates have a thickness of ~8km, the top being
at 2-3km depth in Mt. Vesuvius area, deepening westward from the adjacent Apenninic
belt [Bruno et al. 1998; De Natale et al., 2004; Cella et al., 2007]. This carbonate thick
layer is dissected by normal faults at a regional scale, causing a horst and graben-like
structure. The metamorphic Campanian basement is encountered at a depth greater than
11km, being characterized by a high density (2,800kg/m3) [Berrino et al., 1998]. The
presence of a deep (mantellic) magma source is poorly constrained but is inferred to lie at
60km depth below Mt. Vesuvius [Joron et al., 1987]. It would be located in the mantle
wedge consistent with the presence of a subducted lithospheric slab [Panza et al., 2007].
The Moho discontinuity beneath Mt. Vesuvius is located at ~30km depth [e.g. Ferrucci et
al., 1989].

Mt. Vesuvius magmas are generally highly potassic, ranging from slightly silica
undersaturated (K-basalt to trachyte) to highly silica undersaturated (K-tephrite to K-
phonolite) [Joron et al., 1987; Ayuso et al., 1998; lacono-Marziano et al., 2009]. Several
petrological and geochemical studies contributed to define the pre-eruptive conditions for
the past eruptions [e.g. Rosi and Santacroce, 1983; Civetta and Santacroce, 1992;
Villemant et al., 1993; Cioni et al., 1995; Marianelli et al., 1995; Fulignati et al., 2004a;

Scaillet et al., 2008]. Pressure, temperature and crystal content of the magmas that were



involved in the main volcanic events of Mt. Vesuvius, like the Pompei Plinian eruption
(79AD), the Pollena subplinian eruption (472 AD) and the last eruptive event from 1944,
are presented in Table 1. Petrological and geochemical (isotopic) studies suggest the
presence of a “shallow” magmatic system (<~4km) periodically recharged with the arrival
of K-rich magma batches from a “deep” reservoir (>10km depth) [Marianelli et al., 1995;
Cioni et al., 1999; Civetta et al., 2004]. Major differences regard both the depth and the
size of the magma chamber [e.g. Santacroce, 1983; Marianelli et al., 1999]. The phase
equilibria obtained on various Mt Vesuvius magmas led Scaillet et al. [2008] to conclude
that the reservoirs that fed the past eruptions migrated from 7-8km to 2-3km depth
between AD79 and 1944 events [Cioni et al., 1995; Marianelli et al., 1999; Scandone et
al., 2008]. Given that such a shift goes along with an eruptive style, from Plinian to
Strombolian [Scaillet et al., 2008], a correct location of the current reservoir depth is
central for a proper definition of future eruptive scenarios. The reservoir depth is an
important parameter in the forward modeling. The occurrence of high P wave velocities
above 3km depth and of local volcano-tectonic earthquakes shallower than 6km depth
[Bianco et al., 1998; Lomax et al., 2001] suggest that superficial magma reservoirs of

significant size are unlikely.

3. Laboratory and field electrical studies applied to Mt. Vesuvius

The electrical properties of rocks and melts can be investigated both in laboratory,
using impedance measurements obtained during experiments under pressure and
temperature [Pommier et al., 2008 and references therein], and in the field from
magnetotelluric (MT) investigation. Several studies [e.g. Wannamaker et al., 2008] have
shown that laboratory measurements allow to interpret the MT responses, particularly in

terms of storage conditions of a partially molten material.

The electrical resistivity of the main parts of the volcanic edifice used in our
model is shown in Table 2. The electrical response of various representative Mt. VVesuvius
melts (from tephritic to phonolitic compositions) has been studied at high pressure and
temperature by Pommier et al. [2008], from which a model to calculate the electrical



conductivity of Mt Vesuvius magmas as a function of temperature, pressure, chemical
composition, including water content and crystal load has been established (Figure 1).
This model allows us to estimate the resistivity of the magma stored in the volcanic
complex under the different configurations considered in the forward modeling. The aim
of the forward modeling is to define the possible range of the different parameters
(resistivity, volume, and depth of the reservoir).

A few magnetotelluric studies have been conducted on Mt. Vesuvius [Di Maio et
al., 1998; Muller et al., 1999; Manzella et al., 2004; Troiano et al., 2008]. These
investigations have provided MT transfer functions at a series of sites on the volcano
(Figure 2) presented in form of apparent resistivity and MT impedance phase as a function
of the frequency, or the period. These data express the complex electromagnetic induced
response of the Earth to the fluctuations of the natural electromagnetic field, which is a
function of the distribution of electrical resistivity in the substratum [e.g. Simpson and
Bahr, 2005]. Apparent resistivities are shown in the studies from Di Maio et al. [1998]
and Manzella et al. [2004]. Only Manzella et al. [2004] show phase data. The position of
the stations is presented Figure 2. The apparent resistivities from Manzella et al. and Di
Maio et al. show comparable patterns as a function of frequency at all sites on the volcano
(see Figure 8 in Di Maio et al. [1998] and Figure 2 in Manzella et al. [2004]).

Manzella et al. [2004] discussed in detail the quality of the MT data acquired in
this region affected by local and regional noise. This region seems perturbed by railways
DC noise, which is known to produce biased signal on long period MT (> 1s). With their
limited number of sites and no remote reference, Manzella et al. could not characterize
quantitatively the long period noise which was suspected in the observations by a rapid
increase in apparent resistivity and a phase close to zero at periods more than 1-10 s.
However while Manzella et al. modeled their data set with emphasis on periods less or
equal to 1 s, the resulting models could fit reasonably well the apparent resistivity and to
some extent the phase at some sites (Fig 4. in Manzella et al. [2004]). This observation
suggests that although the long period noise is present and clearly seen in the phases
going to zero, the structure of the data is in first approximation coherent with earth
models. As a result in this study, we considered the data by Manzella et al. 2004 suitable

to investigate further the structure of the volcano.



This observation suggests that 1) the horizontal structure at the scale of the
volcanic edifice may be considered homogeneous to a first approximation, and 2) small-
scale heterogeneities at depth affect only mildly the MT transfer functions. The values of
the apparent resistivity between the two MT studies are however shifted one with respect
to the other (Figure 3). Apparent resistivity values from Di Maio et al. [1998] are ~2 log
unit higher than the values from Manzella et al. [2004]. As stressed out by Manzella et al.
[2004], the data from Di Maio et al. [1998] are probably distorted by static shift effects,
which, in contrast, have been taken into account by Manzella et al. [2004]. According to
Troiano et al. [2008], the phases obtained by Di Maio et al. (unfortunately not published)
show no significant differences with the phases of Manzella et al. [2004]. This
observation is in agreement with a static shift in the data from Di Maio et al., since static
shift corresponds by definition to a frequency-independent offset of the magnitudes of MT
transfer functions that leaves impedance phases unchanged [e.g. Simpson and Bahr,
2005]. The interpretation of the transfer functions by Di Maio et al. [1998] and Manzella
et al. [2004] are also very different. Di Maio et al. interpret the change in apparent
resistivity by the presence of a magma reservoir located at ~8km depth, in agreement with
some seismic studies (Zollo et al., 1998; Auger et al., 2001), while Manzella et al.
attribute the observed apparent resistivity changes to a shallow conductive brine layer and
no deep reservoir is defined.

4. Petro-physical resistivity model
4.1. Field and laboratory resistivities used in the forward modeling

In this study, we consider that the data set by Manzella et al. 2004 is suitable to
investigate whether a possible deep reservoir suggested by several authors is resolved by
MT. Both apparent resistivity and phase are available. They are corrected for static shift
and the MT penetration depth (e.g. Simpson and Bahr, 2005) is probably large enough to
allow us to infer possible structures at depths greater than 4 km. However, as underlined
by Manzella et al., the low frequency MT data (<1Hz) are probably strongly affected by
coherent electromagnetic noise. Clearly, this problem of the quality of the data prevents
from making strong conclusions as regards the deep structure of Mt. Vesuvius. But if
they are used together with petrological constraints and other geophysical (seismic) data,
these MT data can allow the formulation of likely hypotheses regarding the present state



of the deep structure of the volcano. On the other hand, the number of sites is too small
for a thorough 3-D inversion. A different approach is used here. We defined a resistivity
model of the volcano edifice based on our knowledge of the lithology, of the resistivity of
the main parts of the volcano, and of a petro-physical model of the electrical resistivity of
Vesuvius magmas. With this model, we simulated the MT response functions and
compared them to the data from Manzella et al. (2004). The aim of these simulations was
to define the possible range of the different parameters of shallow and deep reservoirs

(resistivity, volume, and depth).

The electrical resistivity of the main parts of the volcanic edifice is shown in Table
2. The characteristics (depth, thickness and volume) of the volcanic deposits, the brine
layer, the underlying carbonates and basement as well as the magma reservoir came from
geophysical and petrological previous studies (see references in Table 1). The resistivity
values of the volcanic deposits, the carbonates and the basement were obtained after the
studies of Di Maio et al. [1998] and Manzella et al. [2004], while the resistivity values of
the brine and the magma were determined using electrical measurements in laboratory
(respectively Quist and Marshall [1968] and Pommier et al. [2008]). The resistivity of the
magma stored in the volcanic complex under the different configurations considered in
our MT simulations was estimated using the petro-physical model of Pommier et al.
[2008].

In order to obtain a resistivity value for the brine, we considered a two-phase
material, composed by volcanic deposits and a NaCl aqueous solution under the
conditions of Chiodini et al., [2001] (Table 1). We assumed that the effect of the CO2
vapor phase on brine resistivity is negligible compared to the effect of the dissolved NaCl.
The resistivity of the NaCl solution was determined using data from the literature [Quist
and Marshall, 1968]. The resistivity of magmatic liquids was determined using the model
of Pommier et al. [2008], as explained above. Two hypotheses were considered for the
calculation of the bulk resistivity of the corresponding magma reservoir, either the
reservoir was a mixture of magma and a solid matrix (carbonates or volcanic deposits) or

it was a homogeneous “chamber” filled with partially crystallized magma.

The Hashin-Shtrikman upper bound, denoted HS+, was used to calculate the bulk
resistivity of the two-phase mixture (either brine or magma reservoir) [Hashin and

Shtrikman, 1962]. This model considers a high-conductivity liquid phase (in our case,



NaCl solution or magma) surrounding a less conductive material (carbonates or volcanic

deposits) [Ten Grotenhuis et al., 2005]. The effective conductivity (or resistivity) is given
by:

1 1-X;
= O-l =+
Pett 1o, —0y) +X, /30, (1)

where [ and )efr are respectively the effective conductivity and resistivity of the two-
phase material, [ is the conductivity of phase 1, [ is the conductivity of phase 2, X; and
X, are the proportions (volume fraction) of the two phases (X1=1-X5). Resistivity values
calculated using the Hashin-Shtrikman formalism were found to match the resistivity
range provided by the modified Archie’s law [Glover et al. 2000; Pommier et al., 2008],
suggesting that both models can be used to estimate the resistivity of the two-phase

mixtures considered in this study.

4.2. Strategy

Our preliminary modeling strategy consisted in calculating 1-D resistivity models
at each station of Manzella et al. [2004], using the MTInv program of the University of
Oulu [Pirttijarvi, 2004]. The initial three-layer model represented the volcanic deposits,
the carbonates-basement and the deep magma source (the half-space). Thicknesses and
resistivity values come from the literature (see references in Table 1) and the
characteristics of these layers are presented in Table 2. We merged the carbonates and the
basement into one single layer, because of their similar resistivity values (Table 1). We
added a conductive layer, figuring either the brine layer suggested by Manzella et al. 2004
or a large magma reservoir (Di Maio et al. 1998, Zollo et al. 1998). We also considered

cases with the two conductive bodies.

The 1-D simulations were extended to 3-D in order to account for the finite size of
the magma chamber and to test the impact of major features on the data, such as the coast
effect, the topography, the graben-like structure and the carbonates deepening (see section
2). The 3-D forward problem is solved with the finite difference algorithm proposed by
Mackie et al. [1993]. An example of 3-D model is presented in Figure 4. The grid used

for 3-D modeling covers the entire VVesuvius area and is centered on the volcano. A higher



resolution was adopted in the central area. The model is parameterized by 50 blocks in the
x direction, 50 blocks in the y direction (see spatial orientation in Figure 2) and 37 layers
in the vertical, z direction. We used a set of 17 periods from 0.1-1000s for the modeling.
This period range matches those from Di Maio et al.[1998] and Manzella et al.[2004].

4.3. Negligible structures and topography effect

Before using the 3-D model to investigate the effect of a magma chamber, notably
its volume, we tested the influence of the main known resistivity contrasts. The 3-D
structures were embedded into a mean 1-D model derived from the values in Tables 1 and
2 (Figure 4). At first, we included in the model the limits of the shoreline. The value of the
electrical resistivity of the sea water was taken to 0.3ohm.m. We found this effect
negligible at the sites on the volcano in the period range of interest (less than 200 s). Some
structural characteristics like the graben-like structure and the carbonates deepening were
also included in the first 3-D simulations. Their influence on the MT transfer functions
was also found negligible, owing to 1) a too low contrast in resistivity between the
volcanic deposits and the carbonates and 2) the small dimensions of both the graben and
the westward deepening. The inclusion of topography turned out to be numerically
challenging. Edge points represented the main problem for modeling the topography when
topographic steps were beside a site. We observed that the topography effect calculated
numerically was essentially responsible for static shifts at the observation sites. We
concluded that the corrections carried out by Manzella et al. (2004) were taking care of
this problem. While this is probably a severe approximation, we did not find in the
modeling any self-induction of the static shift that could have biased the corrected
response function of Manzella et al. (2004). These corrections have probably taken care of
other superficial local static shift effects as well. We trust that the resulting corrected data
are representative of the main induction processes in the volcano that may be modeled
with a flat model. This hypothesis has to be tested further with a more complete set of
data.

5. Results



The petro-physical 1-D model described in the previous section comprised
volcanic deposits, the association carbonate-basement and the deep magma source (as
half-space), their thickness and resistivity being listed in Tables 1 and 2. The electrical
response of this initial model is presented in Figures 5a and 5b. This model clearly did not
reproduce the observation. The data require a conductive layer, as suggested by Manzella
et al. [2004]. With the addition of such a layer, the parameters (depth, thickness and
resistivity) of the model were varied in order to fit the observed MT transfer functions.
We introduced a shallow conductive layer and subsequently a 1-D and a 3-D conductive
structure at a greater depth. The main parameters considered in the 3-D modeling were the
depth, the volume and the resistivity value (i.e. the composition) of the deep conductive 3-
D body. Because of the low quality of field data at high periods, we essentially compare

modeled MT transfer functions for different configurations of the deep volcanic structure.

5.1. Effect of a superficial conductor

The shallow conductive layer introduced in the 1-D model was set at depths
ranging from a few hundreds m to a few km. The presence of a conductive layer resulted
in a minimum in the apparent resistivity curve as well as a decrease in the impedance
phase. The effect of the resistivity of this layer is presented in Figure 5a. This trend is
observed in the data of both Di Maio [1998] et al and Manzella et al. [2004] at periods ~1-
5s. For each site, the field data from Manzella et al. [2004] were successfully fitted when
the top of the conductive layer is at 0.2 to 0.6km depth, with a resistivity of ~4-50hm.m
and a thickness ranging between 1 and 1.7km, depending on the site position (Figure 5b).
These parameters did not change much from one site to the other. Hence, based on the
layer models obtained for each site, a general 1-D model of the electrical resistivity below
Mt. Vesuvius was defined and is shown on Figure 5c. The superficial conductive layer
represents the main conductive body below the volcano, since the field data are
reproduced by its only presence. Note that the resistivity here is the effective resistivity

described in the previous section.

5.2. Effect of a deep conductive body



Several 1-D simulations were performed to investigate the effect of a deep
additional layer on the MT transfer functions. The shallow conductive layer was not
included. The parameters were varied as follow: depth from 3 to 15km, thickness from 0.1
to 2km, resistivity from 0.3 to 20000hm.m. These wide ranges of values allow numerous
configurations of the deep structure below the volcano to be tested. The main results of
these simulations are presented in Figure 6. In particular, several simulations were
performed with a 200hm.m-resistive layer placed at 8km depth, since these values are in
agreement with the anomaly detected by Di Maio et al. [1998] as well with the value

proposed for magma storage by seismic studies [Zollo et al., 1996; Auger et al., 2001].

As shown in Figure 6, the effect of the resistivity value of the layer is visible at
periods >0.1s. The shape of the transfer functions is affected if the resistivity of the
conductive layer is <~100ohm.m. For high resistivity values, the curves are similar to the
one obtained with the initial model (i.e. with no additional layer, Figure 6a). Increasing
the depth of the conductive layer (200hm.m) increases the apparent resistivity and the
phase (Figure 6b). The curves obtained when placing a conductive body at great depths do
not fit well the data, whatever the resistivity and thickness. Increasing the thickness of the
layer jointly decreases the apparent resistivity and increases the phase (Figure 6c).
Increasing the thickness from 1 to 2km decreases the apparent resistivity from around
2000hm.m at T>2s and increases the phase of ~10° until 20s. Figure 6 underlines that a
good fit to the field data is not achieved when a deep conductive layer alone is imposed in
the initial model. This is probably partly due to a problem of the quality of the field data at
these high periods but it may also provide pieces of information as regard the presence of
one or more conductive bodies below Mt. Vesuvius. Whatever the values of the
parameters of the conductive layer, the MT data are not reproduced by the presence of this

single deep conductor.

5.3. Joint effect of shallow and deep conductive bodies

Calculations with two conductive bodies placed respectively at shallow and large
depths were performed using 1-D and 3-D simulations. The conditions on the shallow
layer were fixed according to the 1-D model presented in Figure 5c. The 3-D simulations
serve principally to investigate the effect of the volume of the conductive deep reservoir

on the transfer functions.



As shown on Figure 7, the effect of a deep conductive layer on the transfer
functions, when a shallow conductive body is present in the model, is visible for periods >
1s. For example, a 1km-thick conductive layer placed at 5km depth with a very low
resistivity (4ohm.m) has an effect at long periods on the apparent resistivity values <
60ohm.m and on the phase values < 30°. A highly conductive deep body is therefore
detectable in this period range on both the apparent resistivity and phase values. The
effect of the depth of this deep conductor (here 50hm.m) is presented in Figure 8 for
periods larger than 1s. A significant effect on the MT transfer functions is observed when
changing the depth from 4 to 15km. In summary, the presence of an extended thin
conductive layer simulating an infinite magma chamber impacts the MT transfer functions
significantly at the longest periods available and increases the misfit between the model
response and the data in this period range.

Using the 3-D simulation, we tested on the MT transfer functions the effect of the
volume of a 200hm.m conductor -in agreement with the resistivity value proposed by Di
Maio et al. [1998] -of finite size located at 8km depth as suggested by Auger et al. [2001]
(Figure 9a). The largest differences in apparent resistivity and phase between a model
with no deep reservoir and a model with a very extended 20ohm.m-resistive body
(equivalent to a 1-D layer) reach a few tens of ohm.m and a few degrees, respectively, as
noticed in Figure 8. When the body is of smaller size, a clear difference between the two
perpendicular response functions (xy and yx) is observed. We also observed that these
relatively small bodies several km in depth did not produce appreciable diagonal
components in the MT transfer function tensor. The overall change in the apparent
resistivity and phase is smaller than for the infinite case, nevertheless substantial. Figure
9b proposes another way to visualize and to explore the volume effect on the apparent
resistivity. We present the apparent resistivity as a function of the deep reservoir volume
for different periods. For all periods, the misfit is the smallest for small volume, excepted
at 1s period at which no effect of the conductive body is visible (Figure 9a). Should the
field data at high periods be usable, the trend suggests that a large magma chamber does

not reproduce the field data well.

Figure 10 presents the effect on the MT transfer functions of the electrical
resistivity of an infinite (1-D) 2km thick deep conductor, placed at 8km depth (in
agreement with Auger et al. [2001]). The misfit between the data and the model response

increases significantly at long periods when the deep layer has a bulk resistivity smaller



than ~100ohm.m. In Figure 9a, this was the 1-D infinite magma chamber that maximized
the misfit. Here, for this end member case, the misfit is minimized — or equivalently the
best fit to the field data is obtained - with a resistive deep reservoir, with a bulk resistivity

>~1000hm.m.

6. Discussion

MT response functions provided by the 1-D and 3-D simulations reproduced
successfully the field data. The presence of a shallow conductive structure at a depth
<~2km proposed by Manzella et al. [2004] was confirmed. This conductor was observed
beneath all sites and could indicate a highly conductive brine [Manzella et al., 2004].
While such a conductor should filter out appreciably the effect of the deep structures, our
modeling based on geological and petro-physical constraints suggested that a large
magma chamber at depths proposed by other geophysical investigations [e.g. Nunziata et
al., 2006] should have produced a detectable signature at the longest periods available in
the data set (1-200s). Even if field data are limited in number and probably affected by
coherent electromagnetic noise (MT phases are particularly noisy), the effect of a large
magma chamber is likely above the noise level, especially on the apparent resistivity. At
the proposed depth of ~8km [Zollo et al., 1998; Auger et al., 2001], the modeling
provided a lower bound for the bulk (or effective) resistivity value of the magma chamber
(~1000hm.m).

6.1. Shallow brine

The presence of gas-steam escaping at the summit of Mt Vesuvius suggests that a
large amount of hot saline water is present at depth [Chiodini et al., 2001]. The gas-steam
is probably of meteoric origin, as observed on other volcanic systems [e.g. Zimmer and
Erzinger, 1998]. As suggested by Manzella et al. [2004], hot saline water would be
responsible for the observed low resistivity detected by MT data. Our results are

consistent with this result, since the MT field data are reproduced by the only presence of



a shallow conductor with a resistivity of about ~4-50hm.m (Figure 5) located at a depth
<2km. The conductor depth is in agreement with the observations made by Chiodini et al.,
[2001] and Manzella et al. [2004]. Using a modified Archie’s law [Glover et al., 2000],
~4-50hm.m corresponds to a mixture of 98% volcanic deposits and 2% NaCl solution (2-
3m in concentration, 450°C, Tables 1 and 2). The salinity of this hot shallow aquifer
provides a sufficient amount of conducting material to explain the modeled bulk
conductivity. Hydrothermal brine is likely to cause the high conductivity detected in the
transfer functions, thus representing the main present-day conductive body below Mt.

Vesuvius.

The large thickness of the brine determined in the forward layer model (~1.2km
thick, Figure 5c) is consistent with what has been detected on other volcanic edifices. For
instance, 1km-thick brines with resistivities <10ohm.m have been also inferred at Mt.
Unzen [Kagiyama et al., 1999], Merapi [Muller and Haak, 2004], and Mt. Fuji [Aizawa et
al., 2005] volcanoes. The presence of such a thick brine may be explained by the fact that
meteoric and hydrothermal fluids probably circulate during several tens of thousand years

in the shallow depths of the volcanic structure.

6.2. A magma chamber at shallow depth (<3-4km)?
6.2.1. The case for a shallow magma chamber

The hypothesis of a shallow magma reservoir originates from the documented
decrease of the magma chamber depth with time [Scaillet et al., 2008] and by the fact that
small shallow reservoirs located at ~2-4km depth were involved in the last eruptive events
(1906 and 1944 eruptions), [Santacroce et al., 1993; Marianelli et al., 1999; Scandone et
al., 2008]. It has been underlined that the shallower the reservoir, the hotter the erupted
magma [Scaillet et al., 2008]: pre-eruptive magma temperature for the eruptions of 1906
and 1944 (reservoir depth at about 2km) is estimated at 1100°C [e.g. Fulignati et al.,
2004b], while for the Pompei eruption (reservoir depth at about 6-8km), it is at 815°C
(Cioni et al., 1995; Scaillet et al., 2008]. The resistivity of a shallow magma can be very
low and would thus fit well into the ~4-50hm.m-resistive structure present at shallow
depths (Figure 5c). Pommier et al. [2008] have shown that Mt. Vesuvius magmas can be

as conductive as a brine. For example, the resistivity of tephritic to phonolitic magmas



under specific conditions ranges between ~1 and 5ohm.m at 1000°C, for typical magmatic
crystal contents at Mt Vesuvius (Figure 1).

The volumes of the shallow magma chambers at Mt. Vesuvius have been
estimated to be a few tenths of km® [e.g. Santacroce, 1987], corresponding to a cube in
edge line smaller than ~300m. Seismic studies also have suggested that potential shallow
reservoirs of significant size are unlikely [Bianco et al., 1998; Lomax et al., 2001]. Such a
small conductive body could explain the minimum in apparent resistivity and the decrease
in phase curves for observation sites close to the center of the volcano. However, it would
be unable to reproduce the similar transfer functions obtained at sites far from the crater,
like Sites 3 and 4 in Di Maio et al. [1998] (see Figure 2). Therefore, we suggest that a
brine of large lateral extension is the main conductive shallow body below Mt. Vesuvius.
This does not rule out the possibility that a cold magma body is present at shallow depths
below the volcano. However, any such body should be sufficiently resistive so as not to

affect significantly the transfer functions obtained at sites close to the crater.

6.2.2. Unerupted magmas from the 1631-1944 period

Several studies have suggested that no input of fresh magma at shallow depths
occurred after the end of the last eruptive event [Chiodini et al., 2001; De Natale et al.,
2004]. The 1631-1944 period probably left unerupted magmas shallow in the volcanic
edifice that are probably the thermal source of the hydrothermal brines. As suggested by
Chiodini et al. [2001], the observed decrease in the temperature of the crater fumaroles
(from ~700 to 95°C between 1944 and the present time) is best explained by the
progressive cooling of shallow magma bodies. These residual batches could correspond to
the shallow bodies evidenced in the gravity study of Berrino et al. [1998] since they have
a lower density than the density of the surrounding volcanic deposits (2100 and
2400kg/m3, respectively). With progressive cooling, the resistivity of the magma
increases, as modeled by Pommier et al. [2008] and as observed on other volcanoes [e.g.
Matsushima et al., 2001]. The bulk resistivity of cooling magma batches at Mt. Vesuvius
would thus be higher than ~4-50hm.m. For example, a hydrous tephriphonolitic magma
(3.5wt%H,0) containing 80vol.% crystals (leucite and clinopyroxene) at 700°C has a

resistivity of ~200ohm.m, which is within the range of resistivity of the volcanic deposits



(~100-3000hm.m). These cooling magma batches would be hardly detectable by the MT

soundings (irrespective from their size).

6.3. Possible deep (>3-4km) magma chamber beneath Mt. Vesuvius

As underlined in Figure 7, the presence at shallow depths of the high conductive
brine is probably responsible for a screen effect that makes detection of deeper conductive
bodies difficult. Deep anomalies below a superficial conductive layer are detectable by the
MT method in volcanic contexts [e.g. Whaler and Hautot, 2006; Umeda et al., 2006].
However, their detectability requires a large volume (several tens of km3) of very
conductive magma ()<10ohm.m). A crystal-rich magma body would be difficult to detect
at Mt. Vesuvius because of a low resistivity contrast with the surrounding carbonates. As
suggested by Figure 9a, it would also be difficult to detect a small magma chamber below
the conductive superficial brine even if the magma resistivity is low. The volume of the
magma chambers located at depths £3-4km that fed the Pollena and Pompei eruptions was
estimated to be a few km® [Rosi et al., 1987]. More generally, the maximum volume of
magma chambers for the past eruptions during the last 20kyrs is a few km® [e.qg.
Santacroce, 1983]. Considering a mean alimentation rate at Mt Vesuvius of 1.6.10-
3km®/yr, in agreement with the estimation made by Rosi et al. [1987], a volume of
0.104km® of fresh magma could be stored since 1944 eruption. Since a conductive body
below the brine is hardly detectable (Figure 7), these small volumes of magma will only
slightly affect the transfer functions. Therefore, even considering the hypothesis of an
input of fresh magma, the MT response functions would not significantly change because

the volume of hot magma would be very small.

From the forward model simulations, we inferred that a very large and hot magma
chamber, of an extension much larger than the size of Mt Vesuvius cone, is not likely. As
shown in Figure 9b, such a reservoir did not provide the best fit to the data. Should this
result be confirmed by less noisy field data, it would contrast with the interpretation of
several seismic experiments [Zollo et al., 1996, 1998; Auger et al., 2001; Nunziata et al.,
2006] that suggest the presence of an extended (>400km? and 1-2km thick, according to
Auger et al. [2001]) low-velocity layer at 8-10km depth. However, both lateral and
vertical extensions of the deep anomaly are difficult to constrain from seismic data, as



stressed by Zollo et al. [1998]. Our simulation results are consistent with the gravimetric
observations from Berrino et al. [1998] and Berrino and Camacho [2008] that did not
detect a potentially extended magma reservoir below Mt Vesuvius. It is likely that a large
deep anomaly would affect gravimetric profiles, since the density of molten magma
(<2,480kg/m®, Cassano and La Torre, 1987) is significantly lower than that of the
surrounding carbonates (2,600-2,800kg/m®, Berrino et al., 1998). The deep anomalies
detected by gravimetric studies were interpreted as solidified magma bodies [De Natale et
al., 2004; Berrino and Camacho, 2008]. More generally, we note that the unlikely
presence of an extended hot magma reservoir also represents a case against a potential

interconnection of Mt Vesuvius and Phlegrean Fields feeding systems.

Our forward model showed that the existence of a deep conductor did not
significantly improve the fit to the field data and tend to suggest that field data can be
reproduced by the sole presence of the superficial brine (Figure 7). However, the model is
also compatible with the presence of a deep level of magma storage. The field response is
indeed still reproduced when a resistive reservoir is placed at depth, as long as the bulk
electrical resistivity of the magma storage zone is >100ohm.m (Figure 10). Using the
modified Archie’s law (Eg. 1) and the Hashin-Shtrikman formalism [Glover et al., 2000;
Hashin and Shtrikman, 1962], a resistive anomaly >100ohm.m allows two hypotheses to
be considered (Figure 11). A first hypothesis (hypothesis #1) considers the presence of a
waning chamber. According to the model of Pommier et al., [2008], a magma resistivity
>100o0hm.m would correspond to phonolitic or tephriphonolitic melts at 800°C, with 6 or
4wt%H,0 respectively, and with a crystal content (clinopyroxene) >80%uvol. It would
thus be consistent with a low-temperature, crystal-rich magma chamber. This deep
reservoir could be in the final stage of solidification, i.e. hardly or not eruptable. A second
hypothesis (hypothesis #2) considers the presence of a deep growing magma chamber. In
this case, the magmatic system would be composed of a magma with a crystal content that
matches pre-eruptive conditions (i.e. 20-30% crystals, Figure 1), interconnected in the
more resistive carbonates. The quantity of magma requested to match a bulk resistivity
value of 100ohm.m corresponds for example to ~30% of a tephriphonolitic magma
(800°C, 4wt%H,0, 25vol.%crystals) interconnected in 70% carbonates or to ~2% of the
same magma at 1000°C (fully liquid) interconnected in 98% carbonates [Glover et al.,
2000; Pommier et al., 2008].



6.4. Comparison with seismic studies

As mentioned above, the results from our simulations are compatible with a low-
conductive reservoir whose depth is in agreement with the depth of the anomaly detected
by seismic studies (8-10km) [Zollo et al., 1996, 1998; Auger et al., 2001]. However, even
if our results at periods >1s would deserve being compared to high-quality field data, our
study would tend to suggest that the reservoir size is probably smaller than the size
proposed by seismic interpretations. Still, P and S waves values depend on the material
properties and can thus be compared to the two hypotheses regarding magma storage
conditions formulated on the basis of our model (Figure 11). The low-velocity zone,
interpreted as a partially molten layer [Zollo et al., 1996, 1998; Auger et al., 2001,
Nunziata et al., 2006], is characterized by Vs values of about 0.6-1km/s and Vp values
<3km/s. Since the seismic properties depend on the composition and microstructure of
melt and crystals, models have been proposed to relate seismic waves to properties of
partially molten rocks, principally based on the effective media theory [Mainprice, 1997,
Taylor and Singh, 2002]. Partial melt can explain the seismic velocity values recorded
below Mt. Vesuvius, but it is important to note that a well-defined melt fraction is
difficult to determine due to the wide range of values inferred from different experimental
results [Rondenay et al., submitted]. We considered the two hypotheses presented in
Figure 11. According to the models from Mainprice [1997] and Taylor and Singh [2002],
a reservoir filled with a liquid matrix and solid inclusions (crystals) (hypothesis #1, Figure
11) would have Vp values well above 3km/s, which is not in agreement with the Vp

values measured in seismic studies.

We considered the model of Mainprice [1997] to test hypothesis #2. Based on Vs
and Vp values, this model provides an estimation of the fraction of a low-polymerized
melt at 1200°C connected in a denser rock matrix at 6-8km depth. However, petrological
studies have shown that Mt Vesuvius magmas stored at these depths probably have lower
temperatures, (800°C-1100°C) (Table 1). Laboratory seismic studies have underlined that
decreasing the melt temperature increases Vs and Vp values [e.g., Caricchi et al., 2008].
Seismic models also suggest that S and P-waves values will be unchanged if the fraction
of a colder melt decreases. According to the study of Caricchi et al. [2008] and the model

of Mainprice [1997], the Vs and Vp values recorded below Mt Vesuvius appear to be in



agreement with >50% of melt stored at 1200°C interconnected in <50% of carbonates
(rock matrix). Since such an anomaly has a minimum bulk electrical resistivity of
1000hm.m, a minimum resistivity of the melt of about 50ohm.m is calculated using the
modified Archie’s law. This resistivity range is in agreement with a primitive K-basaltic
magma near liquidus containing 3wt%H,O [Pommier et al., 2008]. For melt temperatures
lower than ~1100°C, the field value of Vs is in agreement with a greater melt fraction
(and, thus, a smaller carbonate proportions), while the field value of Vp is too low to be
reproduced by the seismic model of Mainprice [1997]. For instance, the Vs value (0.6-
1km/s) is in agreement with >60% of melt stored 800°C and <40% carbonates but the Vp
value (<3km/s) corresponding to these conditions is estimated to be >4km/s. Hence, when
considered together, the results from both magnetotelluric and seismic studies suggested
that the deep geophysical anomaly could be due to a hot magma interconnected in the

surrounding carbonates.

7. Conclusions

A model of the electrical resistivity of Mt. Vesuvius was elaborated using the
available electrical measurements in laboratory, geophysical data and petrological
constraints. This model reproduces successfully the field data from magnetotellurics
studies. Although the field data are of low quality, particularly at periods >1s, their
combination with petrological constraints allowed the formulation of likely hypotheses as
regards the present state of Mt. Vesuvius. The shallow brine was identified as the main
conductive body beneath the volcano since the field transfer functions are reproduced by
its only presence. Regarding the occurrence of a shallow magma reservoir, the presence of
cooling magma was found to be possible, whereas the hypothesis of a hot magma appears
unlikely, although it could not be totally excluded. Both 1-D and 3-D simulations showed
that the resistivity of a conductive reservoir located at 8-10km depth should be
>1000hm.m. The model would also tend to suggest that the volume of the reservoir was
unlikely to extend spatially well beyond the cone dimensions. Our findings suggested that
the deep anomaly detected by geophysical studies could correspond to either a low-

temperature and crystal-rich magma or a hotter magma interconnected within the



surrounding carbonates. A comparison with seismic wave velocity values, using seismic
models to interpret wave velocities in terms of magma structure, favored the second
hypothesis. The quantity and the quality of MT data at Mt Vesuvius are nevertheless the
main limit to the forward modeling, underlining the need for the acquisition of new MT
measurements on Mt Vesuvius, particularly at high periods and with a higher resolution.
The acquisition of data at these periods would help to place constraints on the deep

magma feeding system.
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Figure captions:

Figure 1: Electrical resistivity of Mount Vesuvius magmas in pre-eruptive conditions for
several past volcanic events, using the model of Pommier et al. [2008] and phase relation
works from [Scaillet et al., 2008]. Magmatic compositions correspond to the Pompei, the
zoned Pollena and 1631 eruptions and the last 1944 volcanic event. Calculations were
performed assuming crystals as clinopyroxenes. Dots represent the phenocryst contents of
the eruptive products.

Figure 2: Location map of the Somma-Mount Vesuvius volcanic area (after Manzella et
al. [2004]) and location of MT soundings. Boxes with site numbers and profiles AA’ and
BB’ from Manzella et al. [2004]. Ellipses with site numbers and profile CC* from DiMaio
et al. [1998]. Sites 8 and 9 from Manzella et al. are not presented since no transfer
functions are available for these stations and site 6 was discarded because transfer
functions were only partially recorded for this station. ex, ey and ez indicate the X, y and z
directions, respectively, used for the 3-D forward model presented in the present study.
TC: Trecase well.



Figure 3: Comparison between apparent resistivity curves from DiMaio et al. [1998]
(DM) and Manzella et al. [2004] (M) for two close observation sites (see Figure 2) on Mt
Vesuvius. A systematic shift of about 2log-units is observed between the curves from the
two studies (underlined by the double narrow), whatever the position of the volcano. The
data from DiMaio et al. are probably affected by static shift (see text for details). The
rectangle serves to locate the position of the systematic minimum in the curves (between
0.4 and 7s).

Figure 4: Example of 3-D model of the electrical resistivity distribution under Mount
Vesuvius volcano. The figures on the cube edges are in km. A) External view of the
model. Layers characteristics presented in Table 2. B) Cut in the middle of the structure,
showing the presence of a magma chamber (8kms, at 7.5km depth, with a resistivity of
20ohm.m). The sea was taken into account in the boundary conditions. Note that a
homogeneous half space (200hm.m) is placed at a depth >60km.

Figure 5: Effect of a superficial conductor on the transfert functions (1-D model) and
comparison with the data from Manzella et al. [2004] (M et al. 04). A) Effect of the
resistivity of a 1km-thick layer placed at a depth of 0.6km at site 3 in M et al. 04 (see
Figure 2). Full line corresponds to the absence of a conductive layer in the model (initial
model). B) Best fit to field data in Site 3 and Site 4, obtained with a about 1.1km-thick
layer, at 0.6km depth and with a resistivity of 4.7 and 4ohm.m, respectively. C)
Resistivity vs depths profiles (dashed lines) for each site in M et al. (04). The general 1-D
model is represented by the full line.

Figure 6: Effect of a deep conductor on the transfert functions (1-D model) (Site 5, M et
al. 04). A) Resistivity effect of a deep 1km-thick conductor placed at 8km depth.
Comparison with field response (xy (open circles) and yx curves (filled squares)) from
Manzella et al. [2004] shows that the only presence of a deep conductor does not allow to
reproduce the field response. B) Depth effect of a 1km-thick conductor with a resistivity
of 20ohm.m, from 3 to 12km. C) Effect of the thickness of a 200hm.m conductive body
placed at 8km depth. In the three cases, the effect on the transfert functions is visible for
periods >0.1s.

Figure 7: Joint effect of a shallow and a deep conductor on the transfert functions (1-D
simulations). Both conductors have a 40hm.m resistivity. A) Effect on the transfert
functions and comparison with the field data from Manzella et al. [2004] (M et al., 04,
Site 3). The field data are reproduced by the only presence of a shallow conductor. The
addition of a deep conductive body has a small effect on the apparent resistivity and phase
curves. B) Resistivity profiles vs depth for the three configurations tested in A) (shallow
conductor, deep conductor and shallow and deep conductors), pointing out the resistivity,
thickness and depth of the conductors.

Figure 8: Effect of the depth of a deeper conductor in presence of a shallow conductive



body (Site 3, Manzella et al. [2004]). Conditions of the shallow conductor correspond to
the best fit in Figure 4 for Site 3 (resistivity of ~50hm.m, 1km thick, 0.6km depth).
Decreasing the depth decreases the apparent resistivity (narrow). Increasing the depth fits
better the field data. For comparison, results with only a shallow conductor (no deep
conductor) are presented.

Figure 9: Effect of the volume of a deeper conductor in presence of a shallow conductive
body (1-D and 3-D simulations). Same conditions on the shallow body as in Figure 8. A)
Field and modelled transfert functions for Site 3 in Manzella et al. [2004]. The deep
conductive body has a bulk resistivity of 200hm.m, is placed at 8km depth and is 1km
thick. Volumes were varied by changing in the x and y dimensions (see Figure 2 for
spatial orientation). The curves are slightly affected by significant changes in volume
reservoir (no visible differences between simulations with 4 and 8kms). B) Apparent
resistivity values from A) as a function of the volume of the reservoir for different
periods. This kind of representation clearly suggests that a voluminous chamber do not
provide the best fit to field data. Regression lines are just a guide for the eye.

Figure 10: Effect of the resistivity of a deeper conductor in presence of a shallow
conductive body (1-D simulations). Same conditions on the shallow body as in Figure 8.
A) Field and modelled transfert functions for Site 3 in Manzella et al. [2004]. Deep
conductive body placed at 8km depth and is 2km thick. No chamber simulation
corresponds to a reservoir as resistive as the surrounding carbonates (r=20000hm.m). A
significant effect is observed on the field response for very conductive deep body. B)
Apparent resistivity values from A) as a function of the bulk resistivity of the reservoir for
four different periods. For periods >10s, the trend obtained suggest that high conductive
deep body greatly affects apparent resistivities and thus does not reproduce the field
response. Regression lines are just a guide for the eye.

Figure 11: Possible scenarios concerning the presence of a deep magma chamber below
Mt. Vesuvius based on the results from the forward modelling of the resistivity and
petrological and geophysical constraints. A first hypothesis (Hyp.1) considers a low-
temperature and crystal-rich magma. The second hypothesis (Hyp. 2) explains the deep
geophysical anomaly by the presence of a hot (crystal-poor) magma interconnected within
the surrounding carbonates. Models relating the seismic wave velocities to magma
structure and properties [Mainprice, 1997] support Hyp.2. See text for details.
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