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ABSTRACT

We present in this paper the results of a geophysical and geochemical survey of self potential, diffuse soil CO, flux, soil temperature and

gas permeability carried out in the Fondi di Baia craters on the western sector of Campi Flegrei caldera, one of the most hazardous active

volcano in Italy. Work was aimed at highlighting the small-scale volcano-tectonic structures of this Holocene edifice and at evaluating its

state of fracturing, in order to ascertain possible volcanic hazard for future vent reopening. The central sector of Campi Flegrei (Solfatara

volcano-Pisciarelli) is indeed the one most affected by ground deformation and intense high-temperature fumarolic activity, nevertheless

it cannot be ruled out a future vent opening along the western collapsed margin of the caldera, where Fondi di Baia craters are located.

Our results show that the Fondi di Baia craters are characterized by a medium-high release of hydrothermal fluids through fractures that

mimic the main volcano-tectonic structures of this portion of the caldera. Moreover, results indicate that, in case of a future volcanic re-

activation, these previous structures could as well be possible paths for magma ascent. We provide a first estimate of the total flux of CO,

from Fondi di Baia diffuse degassing structure, quantified in 10.06 + 1.07 t*d-!.

1. INTRODUCTION

Campi Flegrei caldera and Vesuvius volcano are the
southernmost active portion of the Quaternary volcanic belt,
aligned with the NW-SE trending Tyrrhenian extensional
margin of central and southern Italy [e.g. Serri et al., 1993].
Campi Flegrei caldera is one of the most hazardous volcano
in the world, due to its young age and the ubiquitous pres-
ence of several monogenic and polygenic volcanic centers.
Presently the majority of researches and monitoring is fo-

cused on the central sector of the caldera where ground de-
formation and degassing are prevailing, such as in the Sol-
fatara volcano and Pisciarelli area [e.g. Isaia et al., 2015;
Chiodini et al., 2016]. However, recent studies [Selva et al.,
2012; Bevilacqua et al., 2015, 2017] indicate a moderate
probability for new vents opening also in the western sec-
tor of the Campi Flegrei. Hence, we present a geophysical
and geochemical study of the Fondi di Baia craters (Figure
1). This multidisciplinary study of self potential, soil CO,
flux, soil temperature and gas permeability of soils, is
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aimed to identify buried volcano-tectonic structures and to
evaluate their present state of activity. Simultaneous mea-
surements have been performed, because of their relevance
to hydrothermal activity [Finizola et al., 2003]. Emission of
€O, from soil to atmosphere can be generated by different
processes both biological (the so called “soil respiration”) and
endogenous like the release from magma bodies or hy-
drothermal reservoirs. Surveys of diffuse CO, flux or in-soil
gas concentration succeeded in finding anomalies in zones
often corresponding to faults [Aubert and Baubron, 1988;
D’Alessandro et al., 1992; Barberi and Carapezza, 1994; Gi-
ammanco et al., 1997, 1998; Allard et al., 1998; Azzaro et
al., 1998; Etiope et al., 1999]. €O, anomalies on active vol-
canoes are generally associated with highly permeable
zones, which may also drain heat and other fluids [e.g. Fini-
zola et al., 2003; Aubert and Baubron, 1988]. Hydrothermal
systems in volcanic environments usually generate high
amplitude SP anomalies [Zablocki, 1976; Aubert et al.,
1984; Aubert and Dana, 1994; Di Maio and Patella, 1994;
Malengreau et al., 1994; Zlotnicki et al., 1994; Patella,
1997; Finizola et al., 1998; Lénat et al., 1998], mainly due
to streaming potential [Corwin and Hoover, 1979] related to
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shallow water flow in the hydrothermal system. Several au-
thors presented analysis and integration of geochemical,
temperature and electrical data [e.g. Finizola et al., 2003;
Lewicki et al., 2003; Revil et al., 2011], a few of them
specifically devoted to the Campi Flegrei area [Bruno et al.,
2007; Gresse et al., 2017; Di Giuseppe et al., 2017].

Self potential, soil CO,, flux, soil temperature and soil gas
permeability are parameters correlated to volcano-stimu-
lated hydrothermal activity. Concurrent measures presented
in this work, the analysis of their anomaly patterns, coupled
with the examination of the geologic observations, led us
to a funded structural interpretation, which outlines the cir-
culation of hydrothermal fluids below the Fondi di Baia
craters through volcano-tectonic structures and points to a
possible hazard in case of a future vent reopening,

2. GEOLOGICAL SETTING

The Campi Flegrei area includes a ~12 km wide caldera

(Figure 1), consisting of two nested down-sag collapses
[Barberi et al., 1991; Acocella, 2008].

MAIN VOLCANIC
EVENTS

Monte Nuovo
[ (1538 AD)

2 _

[ 27 eruptions
including the
Agnano-Monte

[_ Spina

I Paleosol

®

(B

7 eruptions
Paleosol

>32 eruptions
including the
Agnano-Pomici

K-YEARS BEFORE PRESENT
)

14| Principali
Neapolitan
T " aveiowtart |
— -
:l >9eruptions
=

— 39Kka Campanian

o Ignimbrite
== > 20 eruptions and
some vents within the

= City of Naples.

I
B0k
]

|:| reworked sediments 1

Group 3 volcanics with age<15 ka
a: proximal, mainly pyroclastic
flow and surge deposits

b: distal, fallout deposits

volcanics with ages

Group 2
between 15 and 39 ka
1

A\

R clananyr S T Gl:lmu including the NYT
<] " caldera boundaries apo Miseno : i study area i Campanian Ignimbrite
3 i i and older volcanics
../ recent (<15 ka) caldera-crater boundaries m—— (age=39 ka)
| | | | |
14.05 14.1 long.E (°) 14.15 14.2 14.25

FIGURE 1. (A): Structural-geological map of Campi Flegrei (modified from Vitale and Isaia, 2014) showing location of the study area
and of the main degassing sites of Solfatara and Pisciarelli. (B) Main volcanic events in the CF.
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Two major eruptions of Campi Flegrei, the strongest in
the Mediterranean area, were responsible for the outer and
inner collapses (Figure 1): respectively the ~40 ka Cam-
panian Grey Tuff ~-TGC- or Campanian Ignimbrite [Bar-
beri et al., 1978; Rosi et al., 1983; Rosi and Sbrana,
1987] and the ~15 ka Neapolitan Yellow Tuff ~-TGN- [Orsi
et al., 1992; Scarpati et al., 1993; Wohletz et al., 1995].

After each caldera collapse, volcanism restricted along
the borders and within the collapsed portion, thus all the
<15 ka eruptive vents aligned along the TGN caldera or
opened especially in its northeastern sector (Figure 2A)

[D’Antonio et al., 1999; Di Vito et al., 1999; Wholetz et
al., 1999; Bevilacqua et al., 2015]. At least 70 eruptive
events occurred until recent times, prevailingly
phreatomagmatic with low to medium magnitude (vol-
umes <0.1 km?) [Di Renzo et al., 2011]. These eruptions
have been grouped into three eruptive epochs separated
by periods of quiescence marked by two paleosoils:
Epoch1 spanning 15 to 10.6 ka BP; Epoch2 (9.6 to 9.1 ka
BP); and Epoch3 (5.5 to 3.5 kya BP) [Di Vito et al., 1999;
Isaia et al., 2009; Smith et al., 2011]. The most recent event
was the Monte Nuovo eruption of 1538 BCE [Guidoboni
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and Ciuccarelli, 2011; Di Vito et al., 2016].

Baia-Fondi di Baia eruptions (Figure 2), dated at
9.696-9.525 ka [Smith et al., 2011], opened the second
epoch after a 1000 year-long quiescence. Pistolesi et al.
[2017] reported a complete study of stratigraphy and
chemistry of these events, to which we refer for detailed
description and discussion on eruptive dynamics. Authors
recognize five units, belonging to two eruptive phases
separated by short time break. The Baia episode developed
in a shallow water environment and produced a basal
breccia followed by alternation of purely magmatic fall-
out and pyroclastic density current (PDC) deposits. Vents
shifted southwards and on-land during this phase. Fondi
di Baia phase took place at the southernmost sector (Fig-
ure 2) after a short time lapse, with the emplacement of
an opening breccia unit followed by PDCs and obsidian
ballistic deposits [Pistolesi et al., 2017].

3. METHODS

Diffuse soil CO, flux measurements were performed
with the accumulation chamber methodology [Chiodini
et al., 1998] by placing an open-bottomed chamber di-
rectly on the soil surface. The contained air, enriched in
effusing soil CO,, was circulated within the chamber by
a fan and its CO, concentration ([CO,]) was measured
every second by means of a Li-COR820 non-dispersive
infrared gas analyzer (accuracy < 3% of reading). Soil
CO, diffuse flux was calculated from the [CO,] vs. time
gradient.

Soil temperature was measured at 0.2 m depth with a
DeltaOhm HD2301.0 portable thermometer with a
PT473P penetration probe (Accuracy +0.25 °C) on the
same points of soil CO, flux.

Gas permeability of soils was measured at 0.8 m depth
with the PRM3 permeameter manufactured at the Geo-
chemistry Lab of Roma TRE University. Theoretical
framework of the PRM3 permeameter is based on Darcy’s
equation, where the soil is assumed to be homogeneous
and isotropic and standard conditions are considered. A
constant cavity was created at the bottom of a probe
driven into the soil at 0.8 m depth. Air was pumped out
from the soil by a miniature vacuum pump. The intrin-
sic gas permeability was then calculated by measuring
the pressure difference between atmosphere and probe, as
described in Castelluccio et al. [2015].

Self-potential survey was conducted by mapping the
quasi-static natural electrical field at the ground surface,

LEGEND
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and temperaturef

FIGURE 3. Location of the CO, flux and temperature (red dia-
mond), gas permeability (light blue square) and self
potential (yellow circle) measurements. Vertex coor-
dinates are in UTM, projection WGS84 33N.

following the rationale presented in Di Maio et al. [1996].
The measurement equipment consisted of a high-
impedance voltmeter, a pair of Cu/CuSO, non-polarizing
electrodes and an insulated electric cable.

Potential drops were acquired across a passive dipole
(50 m in length) continuously displaced along intercon-
nected circuits linking the points reported in Figure 3.
An optimal electrical contact with the ground was re-
trieved (always <200 kQ and generally <20 k€). The SP
drops were detected one after the other between every
two consecutive position of the electrodes (leapfrog tech-
nique), after reaching stable signal conditions. The
adopted acquisition method involved averaging a set of
data sampled at a constant time interval over a period of
tens of seconds. In order to eliminate drift and/or locally
spurious signals, the close circuits were surveyed by turn-
ing back to the initial point and the misfit was equally
distributed over all dipolar SP drops.

Approximately 0.25 km? of the Fondi di Baia craters
were surveyed by mean of 85 measurements of soil CO,
flux and temperature; 0.10 km? by 48 self potential mea-
surements; and 0.18 km? by 32 gas permeability mea-



surements (Figure 3). Measurements were made at the
crater bottom, and over the slopes when possible, de-
pending on morphology and free access to private areas,
thus sampling scheme resulted in a random, but not clus-
tered, pattern throughout the surveyed area.

4. RESULTS

Diffuse soil CO, flux ranged from 14.8 to 96.2
g*m~2d"!, with a mean of 30.7 g*m~2day'. Soil temper-
ature spanned 9.4 to 19.2 °C, with a mean of 14.6 °C. Gas
permeability ranged from 3.9%107!3 to 8.0*10"!! m?, with
a mean of 2.1¥10""" m2. Self potential varied from -75.0
to 47.0 mV (average = -19.6 mV) (Table 1).

Proportion %

- Population A 67.12
2

Gas Permeability k (m?) Population B 12.88
Self Potential SP (mV) 100.00

Population A 40.96
Soil CO, flux ®(g m2d") Population B 42.08

Population C 16.96
Temperature T (°C) 100.00
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respiration CO, fluxes are lower than few tens of
g*m2d! [e.g. Rey et al., 2002; Carapezza et al., 2015],
while hydrothermal or magmatic diffuse effluxes span
tens to several thousands of g*m=2d!, like in the near
Solfatara di Pozzuoli degassing area [Chiodini et al.,
2010]. Thus, we considered fluxes up to 23.3 g'm=2d"! be-
longing to soil respiration processes. Conversely, CO,
fluxes higher than 42.2 g*m2d™! are fed by a weak hy-
drothermal anomaly. Intermediate fluxes are likely to be
considered as a mixing between the two sources (Table 1).

The maps of permeability, self potential, soil CO, flux
and temperature (Figure 5) were made with ordinary krig-
ing in Golden Software, Inc. Surfer11®. Each interpolated
grid has the same geometry, being composed by 6x6 m
cells. Furthermore, grid cells of soil CO, flux, soil tem-

Min Max Avg Std Dev
3.86*10713 2.67*107 1 1.14*10°1 8.10%10712
3.99*10° 7.95*10° 4.00*10° 1 2.21¥10°1

-75.0 47.0 -19.6 23.5

14.8 23.2 19.0 2.6

23.5 40.5 30.2 6.1

43.9 96.2 60.6 18.3

9.4 19.2 14.6 2.5

TABLE 1. Main statistical parameters of the Fondi di Baia measurements.

Figure 4 shows the normal probability plots of the
field measurements. Although CO, flux, gas permeabil-
ity and self potential data seem to be skewed, indeed a
log-likelihood criterion shows that only self potential and
temperature are normally distributed. Conversely, gas
permeability and CO, flux data are respectively bimodal
and trimodal. Statistical analyses and distribution as-
sessment were made in Matlab® R2017a.

Based on the normal probability plot of gas perme-
ability (light blue squares in Figure 4), we can evidence
a change in slope at k=3.33*10""" m? (33.3 pm?). This
value separates data characterized by low-medium gas
permeability from high k measurements (Table 1). Simi-
larly, in the normal probability plot of CO, flux (red di-
amonds in Figure 4) we can evidence two changes in
slope, one at 23.3 and another at 42.2 g*m~d'. Table 1
reports the main statistics of the field measurements.

Emission of CO, from soil to atmosphere can be gen-
erated by different processes both biological (the so called
“soil respiration”) and endogenous like the release from
magma bodies or hydrothermal reservoirs. Generally soil

perature, gas permeability and self potential are all fully
stacked. However, each grid has been extrapolated only
within the area covered by the relative field measure-
ments (Figure 5). Each map has a customized color scale
in order to highlight sectors characterized by different
geophysical or geochemical patterns.

In the soil CO, flux map (Figure 5A), blue colors show
zones with soil respiration fluxes. Green colors indicate
areas of intermediate flux. Yellow to orange colors high-
light zones characterized by high CO, release. High soil
flux values are roughly NNW-SSE aligned in the western
sector out of the crater rim, and NNE-SSW aligned in the
central investigated area at the craters bottom. The total
CO, emission rate from the investigated area could also
be calculated, given the kriging estimates and the parti-
tioning of CO, measures into three flux classes. The CO,
flux from soil respiration is calculated in 1.05 + 0.10
t*d"! from 45,144 m?. The CO, emissions from the inter-
mediate flux class are calculated in 7.25 + 0.78 t*d"! from
171,972 m?. Finally, CO, emission rate for the hy-
drothermal source sums up to 2.81 + 0.29 t*d™! from an
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FIGURE 4. Normal probability plot of Fondi di Baia measurements. Gas permeability is expressed in pm?.

area of 29,412 m2.

Considering the sum of the two latter contributions,
Fondi di Baia crater area releases 10.06 + 1.07 t*d™! from
an anomalous area of ~200,000 m?.

The gas permeability map (Figure 5B) evidence zones
of very low gas permeability with blue colors, medium
permeability in light yellow colors, and high gas perme-
ability in orange colors. Gas permeabilities are lowest in
each of the two crater bottoms, while maxima align in a
NNW-SSE direction, which partly superimposes to the
central CO, anomaly.

In Figure 5C, blue colored zones are characterized by
low soil temperature (below 15.1 °C; corresponding to the
95% Student’s-t upper confidence limit of a normal dis-
tribution) and two yellow areas fence soil temperatures
above 17.5 °C. Soil temperatures are ubiquitously low in
the northern crater, but two higher T areas are found in
the southern portions. A first area, NNW-SSE elongated,
matches the CO, maxima outside the western crater rims.
Another high T area is present at the southern crater bot-
tom and has a semicircular shape that partly stacks over
both soil flux and gas permeability maxima.

Areas with self potential (SP) lower than -20 mV are
blue-colored; areas with SP spanning -20 to 0 mV are

light blue-colored; Orange colors evidence sectors with
positive SP (Figure 5D). An area of SP down to -75 mV
is only found in the northern crater, while the southern
one is characterized by mild negative SP values (min ~ -
50 mV) in the middle and at the southernmost corner.
Positive areas occur along the slope-feet to the north, the
south and in the center of the investigated area.

5. DISCUSSIONS

Geochemical and geophysical results indicate a low
volcano activity mainly related to the hydrothermal de-
gassing, furthermore the maps of self potential, temper-
ature, gas permeability and soil CO, flux (Figure 5)
evidence zones with contrasting geophysical and geo-
chemical behaviors that in turn highlight possible vol-
cano-tectonic structures.

The highest measured CO, fluxes are not comparable
to those measured at the Solfatara crater and Pisciarelli
area, which can be orders of magnitude higher [Chiodini
et al., 2010]. Nevertheless, soil €O, flux values measured
at Fondi di Baia are higher than typical soil respiration
fluxes of central Italy [Rey et al., 2002; Carapezza et al.,
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2015]. Values above 40 and up to ca. 100 g*rm=2d"! are able terrains. Similar findings were made on other vol-
likely low fluxes from a hydrothermal source contami- canic-hydrothermal areas of Italy: e.g. Vesuvio cone
nated by air entering from highly fractured and perme- [Frondini et al., 2004; Granieri et al., 2013], Stromboli
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FIGURE 6. A) Main inferred buried fractures (dashed blue and grey lines) and faults (dashed red line) of Fondi di Baia craters, in-
ferred from self potential and soil flux data along a transverse transect (white stippled line) through the northern crater.
B) Self potential (orange dots) and CO, soil flux (blue dots) values along the transect. The full grey line shows the eleva-
tion along the trace section. Red arrows indicate the main inferred hydrothermal pathways.

[Carapezza et al., 2009] or Colli Albani [Carapezza et
al., 2012].

Maps of soil CO, fluxes (Figure 5A) evidence two
main mild degassing lineaments clearly aligned along
two directions (respectively NNE-SSW and NNW-SSE)
at the crater bottoms and outside the western rim. NNE-
SSW directed degassing zone is consistent with the
alignment of the centers of Fondi di Baia craters and
Baia crater, the latter currently partially exposed (Fig-
ure 1). We suggest that this lineament can correspond to
the feeding fracture of these three volcanoes. Further-
more, this degassing zone is about parallel to the main
fault reported in the official cartography (Figure 2).
Total CO, efflux from abiogenic source is evaluated at
10.06 + 1.07 t*d-!, which means that Fondi di Baia is a
medium-high intensity degassing structure.

A NNE-SSW/NE-SW alignment is also depicted by
high gas permeability (> 3.33*10"!! m?) across the two
craters (Figure 5B). This alignment clearly corresponds
to the high CO, flux one. Gas permeability of soils is
instead very low (<4.0 *10°!13 m?) to the north and to
the south of this lineament. Such features indicate the

presence of self-sealing phenomena, alike observable at
the bottom of other craters [e.g. La Fossa di Vulcano;
Granieri et al., 2006, 2014].

The temperature map of Figure 5C shows a warmer
area to the west that corresponds to the high CO, flux
sector outside the crater rims. Another warmer area,
with a semi-annular shape, occurs at the bottom of the
southern crater and it almost encircles the low gas per-
meability zone. Measured temperatures (Table 1) are not
high compared to soil temperatures of other volcanic
centers which can be as high as the water boiling tem-
perature when standing on a bi-phase hydrothermal
system, or even higher [Chiodini et al., 2005]. Never-
theless, soil temperature was measured in late autumn,
so a heating by solar radiation can be ruled out. Likely,
such temperature anomalies point to a weak release of
hydrothermal fluids, but only beneath the southern
crater. We envisage the occurrence of a main E-W fault
that separates the two craters and other two structures
NNW-SSE and NNE-SSW directed located in the bot-
tom of the southern crater (Figure 5C).

Also self potential characteristics are different be-



tween the two Fondi di Baia craters (Figure 5D). The
northern one has, in fact, lower values (down to -75
mV) with respect to the southern one. Likely, the nega-
tive SP anomalies are due to a streaming potential from
circulation of meteoric water. In addition, the mildly
negative SP anomalies of the southern crater are a com-
bination of streaming potential and of a positive signal
due to upflow of hydrothermal fluids.

Finally, in Figure 6, we show the inferred faults/fis-
sures, resulting from the geophysical and geochemical
maps analysis. In order to evidence the links between
local tectonics and surveyed data, we extrapolated a
transect of both self potential and soil flux from the rel-
ative maps.

This SW-NE/NE-SW transect (white stippled line in
Figure 6A) cuts through the main anomalies of the north-
ern crater that is displayed in a Google Earth 3D bird’s
eye view. Figure 6B shows the variation of self potential
(orange dots) and soil flux (blue dots) along the trace.
Three clear anomalies are found: i) the western one (red
dashed line) is likely related to a buried fault whose ori-
entation connects to the caldera collapse; ii) at the crater
center two parallel anomalies (blue dashed line) are
linked to the main feeding fissure; iii) the last one (grey
dashed line) stands along the crater bottom and is likely
connected to the border fracturing produced by the vent
opening.

Such as discussed before, the buried structure of the
Fondi di Baia craters is hence characterized by a NNE-
SSW oriented structure likely corresponding to the main
feeder fissure, and other additional structures such as a
NNW-SSE caldera fault and large fractured zones along
the vents borders.

6. CONCLUSIONS

We investigated Fondi di Baia craters by a multidis-
ciplinary survey of self potential, gas permeability, soil
CO, flux and temperature. This study adds new informa-
tion for the reconstruction of buried volcano-tectonic
structures in this sector, highlighted by a mild circula-
tion of hydrothermal fluid. In fact, diffuse soil CO, flux,
soil temperatures, self potential and gas permeability
clearly trace volcano-tectonic structures. One of these
structures is a small caldera fault that lies westward of the
crater rims. Other features, occurring within both craters
with a NNE-SSW direction, are likely connected to the
highly fractured zone of the primary feeding fissure.

FONDI D1 BAIA VOLCANIC HAZARD ASSESSMENT

In addition, all the geophysical and geochemical data
evidence a midsize, but clear, circulation of hydrothermal
fluids especially below the southern crater. Gas perme-
ability is lowest at the crater centers for self-sealing pro-
cesses. Soil temperature anomalies have a semi-annular
shape surrounding the low gas permeability area. The
mid-negative self potential values are likely due to over-
lapping of streaming potential of shallow groundwater
with ascending hydrothermal fluids. Soil CO, flux fol-
lows the temperature pattern at the crater bottom and
pursues towards NNE along the feeding fracture. The total
release from a hydrothermal source is calculated in 10.06
+ 1.07 tons of CO, per day from a ~200,000 m? area.

Findings, compared to available and original struc-
tural and stratigraphic data, well integrate in the general
volcanic scenario of the Campi Flegrei. Concurrent geo-
chemical and geophysical investigations highlighted per-
vious structures that mimic the local volcano-tectonic
pattern. Our results thus indicate that the borders of the
resurgent caldera are possible sites of future vent open-
ing, as well as is, obviously, the most strained central
portion [Selva et al., 2012; Bevilacqua et al., 2015, 2017].
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