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ABSTRACT

Small-scale buried structures in volcanic environments could present
an extreme relevance, due to their link to the eruptive activity of in-
dividual monogenetic edifices, but require, to be detected, a high-reso-
lution geophysical imaging. In such context, the Electrical Resistivity
Tomography is often able to recover primary knowledge about the
heterogeneity of the buried layers, despite the reduced investigation
depth. In this paper an example of such matter is proposed, concern-
ing the Posillipo hill, in the southeastern sector of the Campi Flegrei
Caldera (Ttaly), where an electrical resistivity survey has been car-
ried out in the roman age Seiano tunnel. In such a way, details of
the Trentaremi tuff cone buried structure have been revealed, with
a maximum depth of exploration of about 100 m. The obtained re-
sults have been compared with geological observations on the exposed
rocks, interpreting their underground continuation. The geophysical
image reconstructs the inner structure of the Trentaremi cone. At the
same time, its relationships with respect to the deposits belonging to
Neapolitan Yellow Tuff eruption have been highlighted. Reconstruct-
ing this stratigraphic sequence, indications about the past volcanic
dynamics have been obtained, presenting valuable implications for the

future activity forecasting.

1. Introduction

The geophysical imaging represents a powerful
tool for acquiring detailed knowledge about the bur-
ied structures in a wide range of settings [Namson and
Davis 1998, Bedrosian et al. 2007, Troiano et al. 2009].
In particular, the volcanic districts are nowadays well
characterized firstly thanks to the structural knowl-
edge gained through the different geophysical explora-
tion methods. In such a sense, the applied geophysics
have assumed a prominent role in the volcanological
studies providing useful results in terms of volcan-

ic hazard evaluation and mitigation [Chiarabba et al.
2000, Finizola et al. 2006, Battaglia et al. 2008, De Sie-
na et al. 2010, Capuano et al. 2013, Casas et al. 2013,
Brothelande et al. 2014].

Once integrated with the findings of field survey
on exposed rocks, the indirect imaging permits the
reconstruction of the overall stratigraphic sequence,
constraining the lithological and geometrical features
of the edifices. In such context, methods reconstruct-
ing the electrical resistivity distribution are among the
most powerful techniques, thanks to the large variabil-
ity and great diagnostic capability of this parameter in
volcano-geothermal areas [Spichak and Manzella 2009,
Berkthold, 1983, Troiano et al. 2008, Troiano et al.
2014]. In particular, the Electrical Resistivity Tomog-
raphy (ERT) has a specific capability to resolve local
small-scale features of the buried deposits, thanks to its
extremely high-resolution power [Casas et al. 2013, Di
Giuseppe et al. 2015, Isaia et al. 2015]. Often, such kind
of structures presents a great volcanological interest,
despite their limited spatial extension, being their ar-
ticulate morphology an indicator about the dynamic
of such short time-life monogenetic volcanoes. The
understanding of the depositional characteristic of
events lasting usually few days or weeks could in fact
highlight great information about the way the erup-
tions develop.

In this paper an example of such a capability is
given, related to an application of the ERT imaging
to the Campi Flegrei Caldera (CFc) area (Figure. 1),
which coastal zone results particularly exposed to a se-
ries of natural and anthropogenic hazards, including
earthquakes, landslides and erosion [Beneduce et al.
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1988]. CFc geophysical imaging has already been un-
dertaken, but in several sectors the stratigraphy still
results uncharacterized.

Here, the buried structures of the Trentaremi
Tuff Cone, located in the southeastern sector of the
caldera, are investigated (Figure 1). This sector results
relatively less interested by ground deformation dur-
ing the recent unrest [D’Auria et al. 2011, Troiano et
al. 2011], but its morphology, strictly related to the
intense past dynamics, could be indicative about the
character of the future scenarios in the caldera. The
structures are investigated through ERT imaging, end-
ing in an electrical model up to an about one hundred
of meters depth. The ERT findings have been com-
pared with the (poor) available knowledge about the
structure of this sector and geologically interpreted,
considering also the field observations on the exposed
rocks, which underground continuation has been de-
tected through the indirect imaging. In such way, the
stratigraphic sequence of that part of the caldera has
been reconstructed. Furthermore, the morphology of
the Trentaremi tuff cone and its relationship with the
surrounding deposits highlights knowledge about the
volcanism occurred between the two main events that

formed the caldera, the Campanian Ignimbrite (CI)
and the Neapolitan Yellow Tuff (NYT).

2. The study area

The Campi Flegrei caldera (CFc) includes a conti-
nental and a submerged part [Somma et al. 2016]. It is
an active volcano which history was dominated by two
huge eruptions happened at about 39 and 15 ka [Rosi
and Sbrana 1987, Orsi et al. 1996]. Vertical ground
movements with rates from centimeters to meters
per year characterize the dynamics of this area even
during quiescent periods [Dvorak and Mastrolorenzo
1991, Di Vito et al. 1999, Iuliano et al. 2016]. Since 1969,
the area has been affected by several phases of ground
uplift following several centuries of subsidence dating
back to AD 1538, when the last eruption occurred [Di
Vito et al. 1987, Di Vito et al. 2016]. The largest recent
episodes of intense ground deformation are the two
unrests of 1969-1972 and 1982-1984, causing a cumu-
lative maximum uplift of over 3.5 m, accompanied by
intense seismicity [D’Auria et al. 2011]. After a period
of relative quiescence, a new unrest phase has begun
starting from the 2011 characterized by a cumulative
maximum ground deformation of about 0.34 m [Isti-
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Figure 1. Structural sketch map of the Campi Flegrei caldera (Italy). Faults and main fractures have been highlighted in red. Neapolitan
Yellow Tuff rim has been indicated in purple [after Orsi et al. 2006]. Campanian Ignimbrite rim also is indicated, in blue [after Orsi et al.
1996] and black [after Rosi and Sbrana, 1987 and De Natale et al. 2017]. In the black box the study area is highlighted.
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tuto Nazionale di Geofisica e Vulcanologia et al. 2017].

Only recently, the most active zone within the
CEFc, located in the proximity of the Solfatara cra-
ter, has been surveyed by electrical and EM methods
[Troiano et al. 2014, Di Giuseppe et al. 2015, Isaia et al.
2015]. The large-scale structure of the volcano, down
to a few kilometers depth, has been fairly well imaged
by natural (MT) and controlled (CSAMT) magnetotel-
luric survey. The recognized structure have been inter-
preted as the evidence of a dominating maar-diatreme
evolution of the Solfatara area [Isaia et al. 2015]. Nu-
merical studies have shown how this structure could
result of extreme relevance into the dynamics of the
overall caldera unrest [Troiano et al. 2011, Carlino et
al. 2015 a,b, Chiodini et al. 2016].

Less is known about other parts of the CFc and
its more external parts still result poorly or not con-
strained. Among them, the Posillipo hill is a ridge lo-
calized on the eastern rim of the caldera along a coast-
al segment of the Napoli metropolitan area. The hill
reaches an altitude of 150 m above sea level (a.s.l.).
The Coroglio and Trentaremi cliffs, on the southwest-
ern side of the hill, constitutes its rocky front, directly
exposed to the wave erosion action, that was formed

Punta del Cava

during the large caldera collapse associated to the Ne-
apolitan Yellow Tuff (NYT) eruption, at 15 ka [Deino
et al. 2004]. The Posillipo structure constitutes the
eastern boundary of the Bagnoli-Fuorigrotta depres-
sion and represents a segment of the structural bor-
der of the caldera [Orsi et al. 1996, Vitale and Isaia,
2014], partially modified by erosive and dismantling
processes [Calderoni and Russo, 1998]. Prior to the
NYT eruption, the area was mostly emerged and char-
acterized by older vents, namely the Trentaremi tuff
cone, whose products have been overlain by the NYT
deposits [Scarpati et al. 2013]. The youngest volcanic
activity in the area is represented by the eruption of
Nisida tuff cone, dated at 4 ka [Di Renzo et al. 2011,
Scarpati et al. 2013].

An artificial tunnel from the Roman period, called
“Grotta di Seiano”, crosses the ridge interior. It passes
through the Posillipo hill (Figure 2). It is believed that
the tunnel was originally a quarry for the retrieval of
building material and subsequently had function ve-
hicular access to the villa Pausilypon [Damiano et al.
2008]. The Seiano cave is located at an altitude of ca.
30 m a.s.]. and it is about 770 m long, NW-SE trending,
from 3 to 7 m wide, and 4 to 8 m high. Starting from the
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Figure 2. The study area, highlighted in Figure 1, is here magnified. The three main sectors of Coroglio (A), Cala Badessa (B) and Trentar-
emi (C) are indicated. The Trentaremi crater rim is evidenced with a green line. The Seiano cave location, where the ERT profile has been
carried on, is indicated with a black line (also the differences in the covering walls type are evidenced).
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western entrance of the tunnel it is possible to discern
that this part of the hill is constituted almost entirely
by NYT, mainly lithified and dipping northeastward.
This tuff is mantled by a sequence of loose pyroclas-
tics (LP, mainly pumice lapilli and ash) interbedded
with paleosols, with the same attitude of the tuff and
emplaced by fallout and minor pyroclastic density
currents of major eruptions of the last 15 ka. Roman
design for the ventilation and lighting envisaged the
construction of lateral tunnels, which open in the face
of the cliff over Trentaremi Bay. The first 471 m of the
Seiano cave are completely cased with walls and rein-
forcements of Roman and more recent ages. At 471 m
there is a small tunnel excavated toward the cliff expos-
ing the pyroclastic material of the TTC, composed by
coarse pumice bombs and lapilli. After this small tun-
nel the cave is again cased with walls of different ages
for about 123 m. The eastern exit of the tunnel is free
of case and exposes the NYT, which has an attitude
toward east progressively decreasing between 20° and
12°. The NYT is strongly lithified due to a zeolitiza-
tion process. There are other small tunnels at 565 and
668 m from the W entrance excavated in NYT lithoid
facies, not cased. In the last decades several block fail-
ures occurred along the Coroglio and Trentaremi cliffs
[Matano et al. 2016] due to fracturing and weathering
of tuffaceous rock mass. Laser scanning surveys have
been performed on selected cliffs (Figure 3) in order to
analyze the susceptibility to failures of Phlegrean tuffs
[Matano et al. 2015, 2016, Somma et al. 2015].

3. Geological field data

The southeastern cliffs of the Posillipo hill show
the geological sequence of the rocks that constitute
the promontory (Figure 3). In order to reconstruct this
rock sequence, a geological survey has been performed
both along the Posillipo hill coast and slopes and in the
Seiano Roman tunnel. The retrieved sequence is de-
scribed from top downward:

1 - All the upper portion of hill, well visible along
the cliffs (Figure 3), is composed by a loose pyro-
clastic sequence (LP). Itis a 15 m to 30 m thick
succession of pumice and ash layers interbedded
with paleosoils. The pyroclastic layers were gen-
erated by recent explosive eruptions (< 15 ka) of
the CFc, whereas paleosoils were formed during
quiescent periods of the caldera [Di Vito et al.
1999]. This succession has a general sub-hori-
zontal attitude and overlies the NYT. The strati-
graphic reconstruction of a continuous core
drilled in the central area of “Parco Virgiliano

(top of the Posillipo hill - Figure 2), confirms the
overlapping between LP and NYT at depth of
ca. 30 m [Maresca et al. 2014].

The main part of the hill is composed by Nea-
politan Yellow Tuff. It is formed by a sequence
of coarse and fine ash layers and lenses, strong-
ly stratified in the basal portion (Lower Mem-
ber, Orsi et al. 2004) and massive in the main
intermediate and upper parts (Upper Mem-
ber, Orsi et al. 2004). The sequence, mainly
emplaced by pyroclastic density currents is
characterized by high thickness variations
with thickening in the preexisting lowlands.
The NYT is affected by a post-deposition lith-
ification process due to zeolitization, whose
intensity increases in the thicker parts, ev-
idenced by the yellowish color of the depos-
it. The lower and upper parts of this unit are
less lithified and gray in color. This succession
is also characterized by a complex system of
fractures, mostly steep and planar with highly
variable density, with well-developed NE-SW
and NW-=SE directions, and subordinate N-S
and E-W trends [Di Vito et al. 1999, Froldi,
2000, Matano et al. 2016]. The fracture pat-
terns genetically associated with the structural
evolution of the caldera rim overlaps with the
regional extensional structures [Calcaterra et
al. 1988, Acocella, 2010, Vitale and Isaia, 2014].
The remnants of the Trentaremi Tuff cone
(TTC) lie below the NYT. The contact is well
exposed along the Coroglio cliff (Figure. 3a)
where the rim and outer and inner slopes are
well visible. The finely laminated, scarcely
lithified ash layers composing the tuff cone
dip towards NW (outer slopes) and SE (inner
slopes) (Figure 2 and 3a). In the central sec-
tor of the cliff, known as Cala Badessa (Figure
3b), the TTC is filled almost completely by the
NYT down to the sea. Here the NYT is >100
m thick and is almost completely lithified
(Yellow facies). This area likely corresponds
to the TTC crater. Along the Trentaremi bay
and cliff, located East of Cala Badessa (Figure
3¢), the eastern portion of the TTC edifice is
exposed. In particular the rim and the inner
and outer slopes are well visible, dipping to-
ward West and East, respectively. The TTC
also constitutes the Punta del Cavallo small
peninsula. Along this sector of the cliff the
TTC is mantled by NYT with significant thin-
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Figure 3. Stratigraphic features along the cliffs of three sectors of the study area evidenced in Figure 2. a) northern sector (Coroglio); b)
central sector (Cala Badessa); c) southern sector (Trentaremi). Lines on the panels (explained in Legend) respectively indicate: 1. Exposed
contact between the Trentaremi Tuff Cone (T'TC) and Neapolitan Yellow Tuff (NYT) units; 2. Buried contact between the TTC and NYT
units; 3. Relict of the Trentaremi Tuff Cone rim. 4. Stratigraphic contact between recent units (LP - loose yroclastic sequence; DT - slope
debris) and volcanic units (NYT, TTC). 5. Tunnel path projection on cliff or on ground.

ning over the rim of the preexisting cone. The
NYT becomes very thick toward East, where
the NYT composes all the cliffs down to the
sea and is almost completely lithified. From
a lithological point of view, the TTC con-
sists of a highly stratified sequence of layers
composed mainly by fine to coarse ash and
by pumice lapilli and bombs. The tuff is gen-
erally low lithified due to a low degree of a
zeolitization post-deposition process, apart
from the Punta del Cavallo peninsula (Figure
2) lower strata. Locally (Cala Badessa, Figure
2) the TTC and NYT are separated by a thin
sequence of paleosols and ash deposits [Orsi
et al. 1996]. The rock face associated with the
Trentaremi unit is markedly controlled by the
bedding of pyroclastic deposits and is charac-
terized by diffused vesicles and vacuoles due
to expansion of gas during emplacement and
to differential erosion. The low lithification
of the unit does not allow the observation of
well-developed fractures in the rock face.
The analysis of geological exposures along the
entrances and the interiors of the Seiano tunnel,
described above, permits the integration of the de-
scribed geological sequence and gives a feedback
about the complex geological structure of the area.

4. The ERT survey

Geological field observations and literature data
from boreholes help in reconstructing the stratigraphy
outcropping in the coastal area of the Posillipo hill.
However, the buried volcanic sequences along the rim
of the hill can be well defined just through a tomo-
graphic approach. To such aim, an electrical survey
has been carried in the roman age Seiano cave, a tun-
nel cutting the Posillipo hill. In such a way, an attempt
has been undertaken to have more information about
the electrical resistivity distribution vs. depth, taking
into account also the logistic characteristic of the area.

4.1. Survey outline

The ERT Profile has been made in the interior of
the Seiano tunnel, across a 700 m long profile covering
almost its whole extension (ERT Profile in Figure 2)
following the NW-SE trend of the Seiano cave. Along
the profile a dipole-dipole (DD) electrode configura-
tion has been deployed. The DD has been preferred
with respect to other configurations due to its pene-
tration depth that results greater with respect to oth-
er kind of source-receiver coupling, facilitating depth
evaluation of anomaly source bodies [Ward, 1990].
Moreover, it results compact and particularly sensitive
to the presence of lateral discontinuity in the electrical
resistivity due to the alternation of anomalous bod-
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ies along the survey line. As final consideration, the
2D character of the acquisition, necessary due to the
Seiano cave morphology, has to be considered. In prin-
ciple, the possibility of lateral effects on the ERT im-
age cannot be excluded, but literature studies confirms
the consolidated field tendency to adopt conventional
2D resistivity arrays, which lighten the data collection
with a slight lost of resolution (Nyquist et al. 2007,
Moreira et al. 2016). A full array of 70 electrodes has
been installed, separated by 10 m minimum electrode
spacing. A multi-channels IRIS Syscal Pro® System has
been employed in order to carry on the survey, pre-
senting a maximum output voltage and current of 800
V and 2 A, respectively.

A 2D inversion of the ERT profile has been ob-
tained using the RES2DINV® commercial software
[Loke and Barker, 1996]. The inversion algorithm used
is based on a smoothness constrained least-squares in-
version [Sasaki, 1994]. The inverted section, called elec-
trical tomography, represents the result of an iterative
process that tends to minimize the difference between
measured and calculated resistivity values [Loke and
Barker, 1996]. The Root Mean Squared (RMS) error
gives a measure of this difference. In the present case
an about 7 RMS have been obtained, which appears
an acceptable result, being of the same magnitude of
the values that characterize inversion of data collected
in volcanic environment [Van Zijl, 1985, Bruno et al.
2007, Loke, 2014, Di Giuseppe et al. 2015].

4.2. ERT results

The obtained tomographic section of the ERT Pro-
file is shown in Figure 4. A reconstruction of the elec-
trical features located in the first 120 m with respect to
the Seiano tunnel ground level (located about at 30 m
a.s.l.) is obtained. Essentially, a first resistive layer (of a
few hundreds of (2'm, indicated as A in Figure 4) has
been retrieved in the first 40 m depth. Alternated resis-
tive bodies characterize this heterogeneous layer along
its whole length. This resistive stratum overlies a more
conductive zone (presenting an electrical resistivity of
a few (2'm; indicated as B in Figure 4). The interface
between these two layers appears well evident in the
section, as indicated in Figure 4 with a dashed white
line. It is located at depths starting from about 10 m
below the sea level (b.s.l.) and it is characterized by an
almost horizontal shape. A further anomaly appears in
the ERT findings as a resistive oblique body (character-
ized by an about 200 €2 ‘m resistivity; indicated as C1
in Figure 4) cutting almost in half the lower conduc-
tive layer. The head of this resistive feature emerges at

about 350 m along the profile and it is located at a 10
mb.s.l. The anomalous body extends downward to the
SE up to the end of the resolved depths. A second resis-
tive anomaly appears at about 150 m along the profile,
indicated as C2 in Figure. 4. It is centered at about 10
m b.s.l. and it is characterized by a several hundreds of
Q) ‘m electrical resistivity.

5. Volcanological interpretation and discussion
As described in the previous sections, the knowl-
edge gained through the geological field data acquired
both in the Seiano tunnel and in the Posillipo hill ex-
posed sectors (Coroglio, Cala Badessa, Trentaremi)
indicate the sequence of strata displayed in Figure 5,
which can be listed from top downward as:
1. Sequence of pumice, ash and paleosol layers (<15
ka; LP in green);
2. Neapolitan Yellow Tuff (15 ka; NYT in brown);
3. Trentaremi Tuff Cone (>15 ka; T'TC in orange).
Figure 5 shows also the TTC remains partially ex-
posed along one of the lateral tunnels of the Seiano
cave.

The sequence of Figure 5, however, consists
just in a qualitative hypothesis of the real rocks pres-
ent in the underground. Any heterogeneity in the in-
ner morphology can be appreciated just through the
quantitative and rigorous approach that concerns the
applied geophysics. In the same time, the guidelines
provided from the geological field data results of great
relevance for the resolution of the ambiguous linking
between the geophysical parameter and the lithotypes.
In the presented model, the different classes of resis-
tivity values are associated to geological units through
what observed in the exposed rocks. This integration
between geological field data and geophysical pros-
pecting is summarized in Figure 6. Along the central
sector of Seiano tunnel the alternation of resistive and
conductive bodies which characterize the heterogene-
ous layer indicated with A in Figure 4 well corresponds
with the thickening of the NYT sequence (the yellow
layer) filling the TTC crater depression and to the TTC
rims (the orange layer), on the outer edges, as also ev-
idenced by the analysis of the Coroglio cliff. The NYT
high degree of zeolitization and its low porosity result
compatible with the observed high resistivity in the
central part of this first layer. The underlying TTC
layers are characterized by oblique shapes deepening
toward the East and likely West, representing the outer
flanks of the tuff cone, characterized by dense strati-
fication and deepening of the strata both toward the
outer flanks of the cone and toward the crater. This
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Figure 4. Tomographic section of the ERT Profile, which location has been indicated in Figure 2. The main electrical anomalies, discussed
in the text, are labeled with capital letters. A common logarithmic scale has been adopted for the electrical resistivity.

geometry is confirmed by the observations along the
cliff (Figure. 3). The conductive body indicated as B in
Figure. 4 islocalized within the crater area of TTC and
could be associated with a heterogeneous and coarse
filling of the T'TC crater zone, in turn associated with
the C1 and C2 resistive bodies shown in the ERT to-
mography. In such interpretative context, the ERT
tomogram gives consistence to the geological frame-
work of the Trentaremi structure, evidencing its rims
and the boundary between the related deposits and the
ones belonging to the NYT eruption.

As last remark, the higher conductivity of the B
zone could be associated with the major permeability
of the filling material and consequently to the higher
water content, dominantly seawater. The surface of
the ground water associated to the ingression of the

seawater in the Posillipo hill is also evident along the
profile. It is lower in the center of the profile and it
rises of few meters at the western and eastern margins
of the section. This feature can be explained with the
major distance from the coast of the central area of
our profile determining the deepening of the top of
the salt ground water, below the fresh ground water
(with higher resistivity).

6. Conclusion

An ERT survey, carried out along the roman age
Seiano cave, located in the eastern sector of the CFc,
has been presented and discussed in order to recon-
struct the buried volcanic structures. The previously
available knowledge about the volcano-tectonic struc-
ture of the area was limited to the qualitative recon-
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Figure 5. Sketch of the volcanic buried structure in the study area, obtained considering the geological data collected both along the Seiano
tunnel and the Coroglio-Trentaremi sea-cliff. Contrasts between the main layers are evidenced with distinct colors. Also the characteristics
of the wall covering are reported.
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Figure 6. Combination of ERT imaging (shown in Figure 4) and geological sketch related to the Seiano tunnel and the Coroglio-Trentaremi

sea-cliff (shown in Figure 5).

struction of the main layering, which were possible to
extrapolate from the geological field observations.

The ERT findings, once geologically interpreted
considering this information, provides a quantitative
high-resolution reconstruction of the Trentaremi tuff
cone structure. The morphology of the cone results
well evident in the section, together with its relation-
ship with the surrounding deposits. In such way, an
insight is provided about the volcanism occurred be-
tween the two main events that formed the caldera,
the Campanian Ignimbrite (CI) and the Neapolitan
Yellow Tuff (NYT).

The presented application marks the effectiveness
of ERT tomography to reconstruct the main strati-
graphic sequence also in its details, constraining the
lateral and vertical heterogeneity of the structures.
This remarkable ability of the ERT tomograms rep-
resents a key feature in heterogeneous environments
such as the volcanic ones where the complex alter-
nation of deposits gives an extreme relevance also at
small structures. The extensive application of ERT in
the Campi Flegrei area, following the example of the
Trentaremi cone, could give a deeper insight in the
connected volcanism and the adoption of a time-lapse
approach could result of relevance in the understand-
ing of the present dynamic.
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