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Abstract. Since 1981, relative gravity measurements have
routinely carried out at the Campi Flegrei caldera, a densely
populated area. The gravity network also includes two abso-
lute stations periodically measured with a laboratory absolute
gravimeter, which does not permit field measurements.

At the end of 2014, the Osservatorio Vesuviano, Section
of Napoli of the Istituto Nazionale di Geofisica e Vulcanolo-
gia INGV-OV), acquired a portable absolute gravimeter that
allows field operations on outdoor sites. Therefore, in 2015
a dense absolute gravity network was established in Campi
Flegrei. This will permit an advanced approach for volcano
monitoring. The net consists of 36 stations, 34 of which lo-
cated inside the caldera and placed upon or very close to
gravity stations belonging to the relative network. Five sur-
veys were carried out on June 2015, on February and Novem-
ber 2017, on October 2018 and on October 2019. The com-
parison with height changes suggests that significant Ag are
partly due to the uplift occurred over the same time intervals
and mostly to shallow processes associated to the dynamic
of the local hydrothermal system. The comparison with the
gradients observed during the last large uplift (1982-1984)
and the following subsidence (1985-2003) confirms this ob-
servation. These results suggest that the present activity may
be due to a transient or pulsating phenomenon as the alternat-
ing recharge/discharge of fluids in the surface hydrothermal
system. Gravity changes detected by absolute measurements
are in good agreement with those obtained by relative ones,
and confirms the feasibility of this methodology for volcano
monitoring. Finally, they also encourage replacing the rel-
ative networks with absolute ones, with all the consequent
advantages.

1 Introduction

Measurements of the time-space changes of the grav-
ity field are a powerful approach to detect the mass
change/redistribution in the underground, such as those oc-
curring at active volcanoes. The most common approach to
detect gravity precursory signals is the use of repeated high-
precise relative measurements. The combination of relative
and absolute measurements has been demonstrated as a reli-
able way to reduce some uncertainties on the relative mea-
surements (e.g. Berrino et al., 1999, 2013; Berrino, 2000;
Sugihara and Ishido, 2008; Greco et al., 2012; Sofyan et
al., 2016). Relative measurements have some limitations (i.e.
the need of a stable in time reference station, the long-term
changes of the instrumental characteristics and the demand-
ing field procedures). The absolute ones have several advan-
tages: they are independent from any reference, are directly
linked to standards of time and length so they are indepen-
dent from instrumental references and drift. Moreover, the
absolute value of gravity can be used without loop reduc-
tions, post processing and benchmark links.

The best solution is the establishment of a dense network
of absolute stations in the dynamic area, but this is often diffi-
cult, mainly on volcanoes, if laboratory instruments are used
because they does not permit field measurements since they
need the availability of buildings/like-laboratory sites to be
protected. Actually, there are some examples of the use of a
portable instrument (i.e. the micro-g_LaCoste FGS5) for out-
door measures, but this required more logistics and precau-
tions mainly due to the length of the measure session (e.g.
Kazama and Okubo, 2009; Greco et al., 2012, 2015; Kazama
et al., 2015; Carbone et al., 2017).

The availability of a portable field absolute gravimeter
(Micro-g_LaCoste A10), helps overcome these difficulties. It
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has the advantage respect to the portable laboratory absolute
gravimeters to perform faster and easier measurements also
maintaining the characteristics of a laboratory instrument.

During the last decade several researches provided the
high efficiency and accuracy of A10 and its suitability for
modernizing gravity change detection (e.g. Ferguson et al.,
2008; Krynski and Sekowski, 2010; Dykowski et al., 2014).
Many researchers have already carried out encouraging ap-
plications in geodesy and geophysics to: set up reference ab-
solute gravity networks (e.g. Pujol, 2005); monitor geother-
mal fields on volcanoes (e.g. Sofyan et al., 2014, 2015);
characterize the groundwater storage changes (e.g. Koth and
Long, 2012; Hinderer et al., 2009); study Fennoscandia Post-
glacial rebound and/or gravity changes due to ice mass dis-
tribution (e.g. Makinen et al., 2013; Nielsen et al., 2014).

This paper presents the results of several absolute gravity
measurements carried out with an A10 gravimeter on a wide
network at the Campi Flegrei.

The Campi Flegrei caldera, located west of Naples (South-
ern Italy), is an active densely populated volcanic complex,
worldwide known as a site of notable slow vertical ground
movements (bradyseism). The most recent big and rapid
bradyseismic episodes occurred in 1970-1972 and 1982—
1984 producing 170 and 180 cm of maximum uplift respec-
tively (Corrado et al., 1977; Berrino et al., 1984; Dvorak and
Berrino, 1991). Large horizontal ground displacement, in-
tense seismic activity, significant changes in geochemical pa-
rameters and significant gravity changes accompanied those
events; gravity changes also helped to detect underground
mass changes/movements during the 1982—-1984 crisis. A
sinking phase followed both uplifts, associated with annual
oscillations of variable amplitude in the first case (e.g. Cor-
rado and Luongo, 1981; Berrino et al., 1984) or interrupted
by some occasional minor uplift episodes of the order of few
centimeters during the second (e.g. Berrino, 1998; Del Gau-
dio et al., 2010).

In 2005, an arising seismicity and large compositional
variations of the main fumaroles accompanied a new and still
ongoing slow uplift phase (e.g. Chiodini et al., 2015). This
uplift shows a different behavior respect to the 1970-1972
and 1982-1984 uplifts being slow and not continuous. In ad-
dition, the accompanying seismicity is different, remaining
low. After a one year period of no ground deformation and
almost null seismicity, both uplift and seismicity increased
again from 2014 (e.g. Chiodini et al., 2017).

The analyses of recent seismic activity and geochemical
data (e.g. D’ Auria et al., 2011; Cardellini et al., 2017; Chio-
dini et al., 2017; Siniscalchi et al., 2019) suggest that the
source may be associated to a transient and increasing up-
ward migration of fluids from the deeper magmatic source
into the shallower hydrothermal system up to the surface.

Moreover, Chiodini et al. (2017) also indicate that at the
beginning of the new millennium the behavior of the system
changed. Gravity data also showed that behavior (e.g. Tode-
sco et al., 20006).
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2 Characteristics of gravity changes and new
gravimetric approach

Gravity changes during the strong 1982-1984 uplift and the
subsequent subsidence, till the beginning of 1990s, showed
at all time (both on the long and the short periods) an in-
verse correlation with the elevation changes (Fig. 1a), and
the same space distribution as the observed height changes.
The latter show a quasi-bell-shaped symmetry (Fig. 1b), con-
stant during both uplift and subsidence phases, as detected by
levelling data since 1970 (e.g. Corrado et al., 1977; Berrino
et al., 1984; Berrino, 1994) and confirmed by present day
continuous GPS data. Figure la shows, as an example, the
time gravity and elevation changes at the station Pozzuoli
Serapeo (in the center of the caldera); it also shows the trend
of the gravity residuals, obtained after removing the effect
of height changes. Gravity variations allowed hypothesiz-
ing magma replenishment not sufficient to trigger an erup-
tion during rapid uplift between 1982 and 1984, and a com-
bination of magma drainage and removal of fluids from a
deep hydrothermal system for the deflation phase till 2001
(Berrino et al., 1984, 1992; Berrino, 1994; Gottsmann et al.,
2003; Camacho et al., 2011; Trasatti et al., 2011). Otherwise,
some authors suggested hydrothermal variations also as the
trigger for the uplift phase (Bonafede and Mazzanti, 1998).

Since the mid of 1990s, but mostly evident from 2000, the
inverse Ag/Ah correlation is observed only over the long-
term, except that during some short periods of renewed up-
lifts when it is visible also on the short-term changes (e.g.
2013-2015 and 2016-2017) (Fig. 1a). In the period 2000-
2017 the gravity changes, sometimes at the limits of statis-
tical significance, generally affect very limited areas occur-
ring mostly along the east coastal strip of Pozzuoli and in the
Solfatara-Pisciarelli area, suggesting the effect of localized
and rather shallow sources. Starting from June 2013, tem-
poral oscillations are visible in the ratio Ag/Ah which sug-
gest the alternation of filling/ emptying phenomena in shal-
low systems and also that the effects due to deep sources may
be excluded at least for short periods.

From 1981 gravity changes are detected by means of rel-
ative gravity measurements carried out on a dense network
presently formed by 44 stations (Fig. 1b) each coinciding
with, or very close to, benchmarks of the levelling circuits
(e.g. Berrino et al., 1984; Berrino, 1994). The reference point
is the absolute gravity station in Naples (blue open trian-
gle in the Fig. 1b), outside the volcanic area, whose long-
time stability has been periodically checked through the rep-
etition of the absolute measurements, firstly carried out on
1986 (Berrino, 1995). It is also checked indirectly by the
comparison between gravity changes independently obtained
by relative and absolute measurements at the station on Mt.
Vesuvius (e.g. Berrino et al., 2013, 2015). The reference sta-
tion also belongs to the “Italian Zero Order Gravity Net”
(IZOGN-1995; Berrino et al., 1995; Berrino, 2020). Two ab-
solute stations were also set up in the center of the Campi
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Figure 1. (a) Gravity (red full squares) and height (blue full points) changes from 1982 up today at the Serapeo station (see text for details)
and related gravity residuals (violet full squares) after that the effect of the elevation changes have been subtracted. The pink rectangle
highlightes the discussed time interval. (b) Present day relative (red full points) and absolute (blue open squares) gravity networks at the
Campi Flegrei. The blue open triangle indicates the absolute gravity station in Naples that is the reference station for the relative network.
The pink and yellow triangles in Pozzuoli (along the coast in the center of the caldera) respectively indicate the tide-gauge in Pozzuoli Harbor
and the RITE permanent GPS station. The hatched concentric circles show the schematic representation of the vertical ground movements
pattern (see text for details). The area is divided into four sub-areas represented in terms of percentage of the maximum vertical deformation
(mvm) occurring in the center of the caldera and indicated with a black open circle.

Flegrei caldera on selected benchmarks to validate the long-
term gravity changes obtained by relative measurements.

Absolute measurements, performed on the Neapolitan vol-
canoes from 1986 to 2012, were commissioned or carried out
in the framework of cooperation with the Istituto Nazionale
di Ricerche Metrologiche (INRiM — Turin) using their trans-
portable instrument (IMGC and since 2005 the new IMGC-
02, D’Agostino et al., 2008). The replacement of relative
gravity networks with the absolute ones on Neapolitan volca-
noes is one of the target to improve the volcano monitoring
system. This has been now possible due to the availability
of a portable field absolute gravimeter (the micro_g-LaCoste
A10#39) owned by the Osservatorio Vesuviano, Section of
Napoli of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV-0V), at the end of 2014 (Berrino et al., 2015). This in-
strument, permitting very fast and easier field operations, will
allow a more frequent measurements and more frequent in-
tegration of relative and absolute measurements, much more
monitored sites and the opportunity to replace the relative
networks with absolute ones. This avoid loss of long-term
information and is a big benefit for repeated measurements
on networks that are necessary to detail the space-time evo-
lution of gravity and the associated processes. All this can
be translated into large advantages, such as saving of human
resources, survey’s time and costs.

Therefore, in June 2015 we established the first absolute
gravity network of the Neapolitan volcanoes in Campi Fle-
grei. This is one of the few cases of dense absolute gravity
network, since at most, as in the case of the Italian active

https://doi.org/10.5194/adgeo-52-41-2020

volcanoes, absolute measures are carried out on few stations
in strategic points or on a large-scale network (e.g. Berrino,
1995, 2000; Behncke et al., 2006; Berrino and Corrado,
2008; D’ Agostino et al., 2008; Greco et al., 2012, 2013).

Data acquired and absolute gravity changes over the 2015—
2019 time interval (enclosed in the pink rectangle in Fig. 1a)
are presented and discussed with the aim of determining the
real development that field absolute measures can bring to a
monitoring system.

3 Data acquisition and results

The Campi Flegrei absolute gravity network presently con-
sists of 34 sites coinciding with, or close to, the relative grav-
ity sites and distributed over the whole area inside the caldera
(Fig. 1b). From 2015 to 2019 some stations that showed a
very high local noise, mostly of anthropic origin, have been
discarded (e.g. Miseno, Serapeo, Pozzuoli promenade) and
settled again in very close sites. Furthermore, by the end of
2017, 3 sites in the Solfatara crater are no longer measurable
due to the temporary inaccessibility of the site. Two addi-
tional stations are located in Naples outside the edge of the
caldera; one of them (blue triangle in Fig. 1b) is the refer-
ence station for the relative gravity network. A greater con-
centration of sites is along the coastline, from Bagnoli to
the Pozzuoli Serapeo, and in the area from the coastline to
Solfatara-Pisciarelli (Fig. 1b). Those are the areas where re-
spectively fall the zone of maximum uplift and where the
seismic/geochemical activity is concentered. Here, 20 sta-
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tions are located on an area of about 2 x 3.5 km (7 km? with
a distribution of about 3 stations per km?).

Absolute gravity field surveys were carried out on the
whole network in June 2015 (in between two consecutive
relative campaigns), in February 2017 (just before the an-
nual relative gravity survey), in October 2018 and in Oc-
tober 2019. At the end of October 2017, we also measured
some selected sites of the network. During the time interval
2015-2019 a phase of slow uplift (about 1cmyr~! — Bul-
letins of Volcanic Monitoring — http://www.ov.ingv.it/ov/it/
bollettini.html, last access: 21 August 2020) restarted accom-
panied by a small increasing seismicity.

Absolute gravity measurements are collected with a bal-
listic absolute gravimeter that works using a free-fall method
(i.e. a test mass is dropped in a vacuum dropping cham-
ber) and the absolute g value is obtained through the re-
constructed trajectory of the dropping mass, subjected to the
gravity field, and measuring the time it takes to fall a spec-
ified distance. Because the final g value is a statistical one,
enough drops are necessary in order to obtain an absolute
g value whose statistical precision is less than the system
uncertainty (~ 10 uGal). Data have acquired during several
sets; the typical set up parameters for field measurements in
high-speed mode, length about 30 min as suggested by the
Manufactures, is made by 6-8 sets each with 100—150 drops.
If we use this, 8 sets and 120 drops (for a total of 960
drops) are set up. However, more frequently and due to the
high level of noise, the instrument parameters are set up for
sessions of 1h (20 sets each with 120 drops for a total of
2400 drops) to obtain reliable values of g.

The dedicated software “g9” automatically acquires ab-
solute gravity data, provides the real time processing and
the automatic data storage. It also automatically corrects the
measured g value for the gravity changes due to the solid
Earth tides, selecting the Tide Correction ETGTAB routine,
and oceanic loadings, polar motion and local atmospheric
pressure change effect (for details see micro-g_LaCoste “g9”
User’s manual; http://www.microglacoste.com/pdf/g9Help.
pdf, last access: 21 August 2020). The values are not reduced
to the ground, but are referred to the instrumental constant
height of measure (0.72 m). This is possible because we use
the absolute values exclusively for the evaluation of the tem-
poral variations of g, and thanks to the fact that all g val-
ues measured at all benchmarks refer to a fixed instrumental
measurement height, it permits to avoid an additional error
due to the reduction to the ground or to another height.

The distribution of the absolute gravity changes (Ag)
measured during the three consecutive time intervals when
data were collected on the whole network, i.e. June 2015—
February 2017, February 2017—October 2018 and Octo-
ber 2018—October 2019, are shown in the Fig. 2. The gravity
changes plotted with a contour interval of 10 pGal in consid-
eration of the errors on the measurements, resulted in gen-
eral of few pGals, anyway within the declared accuracy and
repeatability for this type of instrument that are £10 pGal.
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The considered error, variable from station to station mainly
according to the local noise, is the final combined uncer-
tainty and, being it a statistical uncertainty, also depends by
the acquisition set up of the instrumentation. The final un-
certainty is calculated considering both the statistical uncer-
tainty (given by the set scatter — i.e. the standard deviation-
divided by the square root on the number of sets) and the total
systematic uncertainty (based on the estimated uncertainties
for many different components of the measurement: Mod-
elling, System, Environmental and Set-up). For the latter, we
consider a value of 3.34 uGal as the best representative value
of the sum of all these contributions; in this value, the esti-
mated uncertainty for the Gradient, (i.e., the measured local
value), is not considered. Later, we apply this reduction in
a non-automatic way and if necessary only for specific use
of the measured absolute value, also to be free to reduce the
measured g value at the most convenient height; we calcu-
late the related uncertainty in function of the error on the
measured local vertical gravity gradient.

Finally, even if the combined uncertainty is in general less
than 10 pGal, but considering A10 is designed to be a 10 uGal
field instrument, the significant gravity change is considered
to be 1015 pGal.

Figure 2, for each time interval, also shows:

— the elevation changes (Ah — panels a2, b2 and c2) com-
puted at each gravity benchmark from the RITE perma-
nent GPS data in the way later described;

— azoom of each Ag (panels a3, b3 and c¢3) in the area of
major interest (from the east coast of Pozzuoli to Solfa-
tara — Pisciarelli zone).

During the analyzed periods, and if levelling data were not
available, data acquired at the RITE permanent GPS station
(Fig. 1b) were used to compute the height changes at any
gravity station. Those last are computed using coefficients
calculated for each gravity station by means of the linear re-
gression correlating the height at the RITE permanent GPS
station and that measured by levelling surveys at the grav-
ity stations from 2000 to 2012, as was done in past using
the tide-gauge data recorded at the Pozzuoli harbor (Berrino,
1994, 1998). The error on the vertical component of the GPS
is declared to be +3 mm.

At the bottom of the figure, the areal gravity changes de-
tected on few stations on February—October 2017 time inter-
val are shown (Fig. 2d) together with the results from rel-
ative gravity measurements over a very close time interval
and zoomed on the area covered by absolute measurements.

A description and discussion of what observed during each
period, including the time interval February—October 2017,
follows.

3.1 June 2015-February 2017 gravity changes

The comparison among absolute g values measured in
June 2015 and February 2017 was possible only for 14 sta-
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Figure 2. Areal pattern of the absolute gravity changes from June 2015 to October 2019, represented with a contour interval of 10 pGal
considering the uncertainties on measures. In each column are respectively shown (from the top to the bottom) the absolute gravity changes,
the height changes (see text for details) and a zoom of the gravity changes over the Pozzuoli East coastline-Solfatara-Pisciarelli-Astroni area.
Columns (a), (b) and (c) respectively refer to changes over the June 2015-February 2017, February 2017-October 2018 and October 2018—
October 2019 time intervals. The red full points in (al), (b1), (c1) and (a3), (b3), (c3) indicate the absolute gravity stations used for plotting;
the blue full triangle in (a2), (b2), (c2) represents the RITE permanent GPS station. At the bottom of the figure, in (d), the areal pattern of the
February—October 2017 absolute gravity changes (filled field) at four stations (red full points) along the east coastline of Pozzuoli is shown.
In it the space distribution of relative gravity changes in the period March—-November 2017 is also represented for comparison; the blue and
green contour lines respectively indicate negative and null gravity changes.

tions because some sites mostly located along the coastline
and at the edge of the caldera, showed abnormal or dubi-
ous changes and some stations were relocated or new. Any-
way, the 14 useful stations permitted to define the back-
ground field and to detail it in the presently most active areas
Solfatara-Pisciarelli.

The space distribution of the gravity changes are repre-
sented in the map of Fig. 2al, where also the useful stations
are shown with red full points. The absolute gravity change

https://doi.org/10.5194/adgeo-52-41-2020

field has been drawn with a contour interval of 10 uGal tak-
ing into account the total uncertainty on each final g value
(generally between 2 to 6 uGal) and the instrumental repeata-
bility, as declared by the instrument Manufacturer and also
verified in instrumental testing (Berrino et al., 2015).

The comparison shows that during the time interval
June 2015-February 2017 a general gravity decrease oc-
curred in the whole Campi Flegrei area. The background
field defines a NS linear trend showing changes from +10

Adv. Geosci., 52, 41-54, 2020
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observed during intense uplift and subsidence phases. In (d) the diagram for interpreting the variations in gravity/height changes (Ag/Ah)
in terms of mass changes (after Brown and Rymer, 1991; Berrino et al., 1992; Gottsmann et al., 2003) is also inserted; it is the combination
of the diagrams in the two last mentioned papers (for all see text for details).

to —30 pGal (Fig. 2al), respectively at the North edge of the
caldera and in its center along the coastline; this last is the
area mostly affected by the significant elevation changes. The
field is disturbed by a well-defined and closed area located
in the Solfatara-Pisciarelli zone with null gravity changes or
within the error, which however respect to the surrounding
area is characterized by a high horizontal gradient leading to
a relative increase of about 30 pGal (gravity values rapidly
change in a narrow area from —30 to OuGal). The larger
gravity decrease (—40pGal) is restricted to the Astroni sta-
tion, at NE of the Solfatara crater (Fig. 2al). Figure 2a3
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shows a zoom over the central area, from the coastline to
Solfatara-Pisciarelli zone.

The background gravity decrease and its pattern are in a
good agreement with the uplift occurred during the same
time interval (maximum of 11.5cm), as deduced by GPS
network (Fig. 2a2). Elevation change field shows that the
maximum uplift is positioned along the east coast of down-
town Pozzuoli (in correspondence of the RITE GPS station
— Fig. 1b) and symmetrically decreases to the edge of the
caldera where is practically null. This replicates the same
quasi-bell-shaped geometry detected during the big uplift
and the following subsidence episodes (Corrado et al., 1977;
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Berrino et al., 1984; Dvorak and Berrino, 1991). It may jus-
tify almost totally the background gravity changes, particu-
larly the most significant (—30/—20 uGal) from the coastline
to the Solfatara-Pisciarelli (excluding the Astroni site which
shows a very local effect). In fact, the uplift in this area varies
from +11.5 to about 5cm (Fig. 2a2) that is equivalent to a
gravity change ranging from —33 to about —15 uGal, calcu-
lated using the value of the locally measured vertical gravity
gradient (Berrino et al., 1984; Berrino, 1994).

An attempted interpretation of the general pattern of both
background gravity and elevation change fields using a sim-
ple geometrical mass (e.g. a spherical body) suggests that its
depth is about 3km. It has been estimated considering the
simple formulas that take into account the shape of the Ag
field and the distance at which it is the half of Agnax (e.g.
Grant and West, 1965; Sazhina and Grushinsky, 1971).

On the contrary, the localized gravity variation in the
Solfatara-Pisciarelli area (that is a relative gravity increase
respect to the surrounding area), is not justified by the local
height changes, indicating positive gravity residuals, of 4-20
and 430 puGal, which may be associated to a small under-
ground mass redistribution in a restricted area. We obtained
gravity residuals after removing the effect of the elevation
change from gravity changes, using the measured local verti-
cal gravity gradient. The error on the residuals is variable as it
depends on the errors on the correction of the height change,
on the vertical gradient and on the variations of g. We eval-
uated the error on the residuals in £8 uGal, considering the
maximum elevation change occurred over the analyzed time
interval and the maximum error on gravity value.

The amplitude of residuals and the limited extension of
the anomalous area suggest that the replenishment might oc-
curred in a very shallow and small area and can be most likely
associated to the dynamics of the local hydrothermal system,
such as fluid injections at shallow depth. In fact, an evalua-
tion from gravity residuals around the Solfatara area, using
again a simple source as mentioned above, indicates a depth
of about 300 m b.s.I. (that is about 400 m b.s.1. respect to the
ground).

3.2 February—October 2017 gravity changes

At the end of October 2017, measurements were carried out
at few stations located along the east coastline of Pozzuoli
(Fig. 2d). Unfortunately, an instrumental malfunction did not
allow checking the entire network. The small areal distribu-
tion of the absolute gravity changes (filled field in Fig. 2d)
shows a gravity decrease with a main E-W trend. The maxi-
mum gravity decrease is about —55 uGal at the station closest
to the area of maximum vertical deformation. This is con-
firmed by relative measurements carried out over the whole
network at the beginning of November 2017 (few days later),
which respect to March 2017 show a general gravity de-
crease mostly concentrated along the east coastline of Poz-
zuoli (blue and green contour lines in Fig. 2d). Errors on the
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relative field survey were respectively +13 and £4 uGal. The
maximum value of about —50 uGal occurs at the same station
affected by the maximum absolute gravity decrease. Taking
into account the errors and the resolution of the two different
methods, it results that absolute and relative measurements
are in a very good agreement, in terms of both amplitude and
distribution. The detected gravity changes suggest the occur-
rence of loss of mass (e.g. loss of mass due to the escape
of fluids in a porous medium) which, as confirmed by rel-
ative measures, is mainly concentrated along the coastline,
at a depth of about 1.7km if considering a simple source
(e.g. a sphere) for an attempt of interpretation. Obviously,
we cannot exclude seasonal effects (e.g. fall in the water ta-
ble) due to the analyzed time interval (and considering that
severe drought characterized the 2017 summer).

3.3 February 2017-October 2018 gravity changes

25 sites were measured during the field survey carried out
on October 2018, including two new benchmarks (along the
coastline and along Via Campana, halfway between Serapeo
and Quarto) and the replacement of some others because
damaged or proved to be affected by high anthropogenic
and/or meteo-marine noise. The collected data have been
compared with those acquired in February 2017 and Octo-
ber 2017.

The comparison between October 2017 and October 2018
surveys was possible for only four sites along the east coast
line of Pozzuoli, and did not show any significant gravity
change.

On the contrary, the comparison of data on 19 stations
(Fig. 2b1) over the whole network and a longer time interval
(February 2017-October 2018 — Fig. 2bl) indicates a gen-
eral gravity decrease and an extension of the field observed
in the previous period towards the central-eastern area of the
caldera. It has an almost SW-NE background trend and is
mostly concentrated on few stations along the east coast line
of Pozzuoli (maximum gravity decrease of about —53 pGal)
and in the Pisciarelli area (—60 pGal). A restricted and closed
area of maximum gravity decrease is detectable in the Pis-
ciarelli area. As for the previous discussed cases, a zoom of
the space distribution of gravity changes over the coast line-
Solfatara—Pisciarelli area is shown in the Fig. 2b3. The gen-
eral field of the gravity changes does not inversely reflect the
vertical deformation pattern (Fig. 2b2) as in the previous time
interval; this suggests that the measured gravity variations are
not compensated by elevation changes and may be almost to-
tally considered as gravity residuals. This also suggest the oc-
currence of mass/density decrease, possibly an empting pro-
cess like for example the escape of fluids (void “formation”)
in a porous medium. Taking into account the extension of the
area affected by the most significant changes, the deduced
process may occur at rather shallow depth (i.e. some hun-
dreds of meters). In this case also, we cannot exclude sea-
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sonal effect (e.g. fall of water table) due to the compared
months.

3.4 October 2018-October 2019 gravity changes

We measured 30 stations but only 24 of them were useful
for comparison in October 2019. Generally, we observed no
significant gravity changes (Fig. 3c1) over the whole caldera
during this time interval. However, we measured a statisti-
cally significant gravity increase only at four stations in the
central-eastern sector of the caldera (Pisciarelli Tennis Ho-
tel, Pisciarelli Soffione, Agnano, Astroni), on two not close
stations along the east coast line of Pozzuoli (La Pietra Villa
Anna and Lungomare Chiesa Sacro Cuore) and at the stations
in Arco Felice, west of Pozzuoli.

The significant increases are between 28 and 32 uGal; ex-
cept at the Pisciarelli Tennis Hotel station where an increase
of 60 uGal was measured which cancels the decrease of the
same amplitude observed over the period February 2017—
October 2018 (Ref. Fig. 2bl). In addition, the variometric
field is in general opposite to that all negative one previously
observed. Also during this time interval, the significant grav-
ity change in the Pisciarelli area does not show a clear in-
verse linear correlation with the height changes. Therefore,
we can assume it mostly indicates an inverted process of
mass/density increase, like a small replenishment (i.e. injec-
tion of fluids) in a rather shallow source, in general of the
order of hundreds of meters as mentioned above.

We can conclude that also the absolute measurements, as
suggested by the relative measures since 2013, indicate an
ongoing process characterized by alternated periods of de-
crease/increase in mass/density in rather shallow depth of
some hundreds of meters (e.g. removal/injection of fluids
from/to the local hydrothermal system through existing frac-
tures/voids).

This is coherent with the results of several authors, as for
example Siniscalchi et al. (2019), who suggest the presence
in the central-eastern part of the caldera of a conductive clay
cap interrupted beneath the Solfatara-Pisciarelli area due to
the presence of faults related to the geochemical emission.
They also suggest the presence, at the eastern outer flank
of the Solfatara, of a resistivity vapour-dominated reservoir
whose top is located at about 500 m b.s.1.

In addition, Carlino et al. (2012) indicate, from data of an
old drill close to the Pisciarelli area, a shallow aquifer in the
upper 200 m and a deeper one at 1400 m. Results from a re-
cent deep drilling in the eastern sector of the caldera indi-
cate high permeability and porosity values. This suggest the
presence of underground fractures/voids of relatively hard
rocks at relatively shallow levels (< 1000 m) also confirmed
by an inverted temperature gradient below 400 m and the in-
creasing total gas monitored during drilling (Carlino et al.,
2018). Moreover, repetitive drops of pressure recorded dur-
ing several tests of the drilling have been related to fluid flow
through the contacting rocks between 422 and 501 m depth.
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The effects of hydrothermal fluids circulating in a highly
fractured system was also deduced by heat flow data mea-
sured in Campi Flegrei (Corrado et al., 1998); those authors
also indicated that a good estimate of the thickness of the
aquifer is about 1 km.

4 Discussion and interpretation

To verify and refine the previous interpretations, we drew
the direct correlation between absolute gravity and height
changes for all the analyzed time intervals. We interpreted
the gravity/height gradient in terms of changes in mass or in
density when it departs respectively from the free-air (FAG)
and the Bouguer + Free-air (BCFAG) gradients, indicating
the effect of height changes and of the deformation, respec-
tively (e.g. Berrino et al., 1992). The diagram shown in the
Fig. 3d, added to understand quickly the distribution of re-
cent data, explained this. Brown and Rymer (1991) proposed
that diagram also applied to Campi Flegrei (Berrino et al.,
1992), and later developed (Gottsmann et al., 2003). The di-
agram shown in the Fig. 3d is a combination of the diagrams
in Berrino et al. (1992) and Gottsmann et al. (2003).

Diagrams in Fig. 3a show the Agu,s/Ah correlations,
highlighted in a red box; only data from field surveys carried
out overall the network and the stations that generally show
the most significant variations, i.e., those located in the center
of the caldera, are considered. For this analysis, the selected
stations have been divided into three groups, according to the
area in which they are located, and namely:

— the coastal strip (from Nisida/Bagnoli to Arco Felice —
red symbols) called “zonel”;

— the road crossing between the coastline and the area of
Pisciarelli (from Agnano — Accademia Aeronautica to
the entrance of the Solfatara — blue symbols), called
“zone 27

— the area including the stations located on the internal
north (when measured) and the eastern outer edges of
the Solfatara crater, and those in the Pisciarelli-Astroni-
Agnano area (green symbols), called “zone 3”.

In order to verify the evolution of the dynamics on short
time, we considered separately the single intervals among
consecutive absolute field surveys. Absolute field surveys
were sometimes carried out far from the relative ones; how-
ever, the comparison with the relative data acquired before
and after the absolute measures allows better defining the
time interval during which the observed events happened.
Therefore, we compared the Agaps/Ah correlations with the
closest Agre1/Ah correlations from relative measurements.

The analyzed gradients (Fig. 3a) do not show in general a
clear linear regression; they are difficult to interpret in terms
of mass/density changes and can reflect noise during the
gravity survey, as also suggested by Gottsmann et al. (2003)
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for gravity/height correlation at Campi Flegrei in previous
time intervals when similar gradients have been observed. In
other volcanoes (e.g. Askja, Krafla and Kilauea), similar gra-
dients have been suggested as reflecting shallow processes of
hydrothermal system (fluid migration) or dyke emplacement
(Rymer and Tryggvason, 1993; Rymer et al., 1998, 2000).

Although they are very scattered, it is clear that in general
the overall uplift get along with an “excesses” gravity de-
crease or increase. Anyway, their constant distribution rather
close to the vertical axis and their alternating fall into regions
I and II suggest shallow processes (as previously said depths
of some hundreds of meters, sometimes within 2 km), as also
deduced by the space distribution of gravity changes, also re-
flecting an overall alternation of sub-surface replenishment
and emptying.

The absolute gravity/height gradient displayed by the
June 2015-February 2017 changes (Fig. 3a) shows that the
most of the significant gravity changes fall in the region
I, corresponding to stations mostly located in “zone 1”
and “zone 2”. This suggests that these areas are subjected
to an emptying process (e.g. void “formation” due to es-
cape/migration of water/fluids in a porous medium). The rest
of the points shows a distribution close to the Free-air (FAG)
and the corrected Bouguer (BCFAG) gradients, or not signif-
icant values being within the errors (like the only one point
in region II). This supports what said above that the gen-
eral gravity decrease and its pattern are in good agreement
with the uplift. Anyway, considering the amplitude of both
gravity and elevation changes, the global distribution of the
points also indicates that the absolute gravity changes are due
to rather shallow processes. In order to delimit the period in
which this phenomenon occurred, the gradients obtained dur-
ing a very close period (March 2015-March 2017 — Fig. 3a)
from relative measures, including the time interval of abso-
lute measurements, has been considered. The relative gravity
changes show again a not clear linear correlation with the
height changes, and show themselves as a little cloud depart-
ing from the vertical axis. Most of the points fall in the region
II suggesting a possible mass/density increase, like a replen-
ishment process. As previously suppose, looking at the re-
gression from absolute measurements during the June 2015-
February 2017 time interval, this replenishment probably oc-
curred in a time interval between March and June 2015. It
has been later followed by a possible loss of mass (empty-
ing process), as detected by absolute measurements. The de-
fined time interval for the replenishment (March—June 2015)
is also confirmed by the Agr/Ah correlation of the im-
mediately preceding period (November 2014—-March 2017 —
Fig. 3a) showing points mainly concentrated in the region
I, suggesting a possible emptying process. They are located
mainly along the vertical axis, indicating that gravity changes
are due to processes occurring at shallower depth (always no
less than some hundreds of meters) respect to those implied
during the following time. We can conclude that from 2014 to
2017 an alternating process of emptying and filling occurred.
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Anyway, the distribution of points close to the axes does not
indicate the effect of deep sources.

The mass/density decrease process seems to continue in
the time interval February 2017-October 2018 even if mainly
affecting the “zone 3” and only 2 points in the “zone 2”. The
rest of the points fall on the FAG — BCFAG gradients or they
are not significant being within the error. The comparison
with the regression between relative gravity and elevation
changes over a shorter period (March 2017-March 2018)
confirms what said and suggests that this phenomenon ini-
tially affected mainly the “zone 1”.

We observed an increase of mass/density extending the
analysis until October 2019, indicating a replenishment
process. It mainly affects “zone 17 and “zone 3, and
the comparison with relative measurements over the pe-
riod March 2018-February 2019, straddling the two abso-
lute measures, suggests it lasted until February 2019. The
Agrel/ AR March 2018-February 2019 regression shows a
cloud of points mainly close to the FAG-BCFAG regressions
suggesting a main effect from height changes, apart from few
points in “zone 1” and “zone 2”.

Once again, there is still an alternation of de-
crease/increase in mass/density, suggesting an alternation of
emptying/replenishment processes, and the distribution of
the points rather close to the axes again suggests processes
occurring at shallower depth (always no less than some hun-
dreds of meters), so excluding the effect of deep sources.

To reinforce how much previously deduced, confiding in
the ascertained good agreement between relative and abso-
lute gravity measurements and considering both, we tried
to calculate the space-time intermediate gravity changes
(i.e. March—October 2018, October 2018—-February 2019 and
February—October 2019) by the global temporal trend of the
gravity changes at all the useful stations. In Fig. 4 we plot-
ted the corresponding variometric fields and the curves rep-
resented with a contour interval of 15 puGal in consideration
of the errors on the two types of measurements.

This attempt confirms the conclusions previously deduced,
clearly indicating that during 2019 (Fig. 4c) the entire area
has been affected by not statistically significant changes, ex-
cept on two distant stations located on the eastern coast of
Pozzuoli. On the contrary, significant gravity changes oc-
curred prevalently during the 2018, also showing the alter-
nation of general gravity decrease (March—October 2018 —
Fig. 4a) and gravity increase (October 2018-February 2019
— Fig. 4b). These two calculated fields show almost the same
shape and the same amplitude; their sum is practically null
as confirmed by the global field obtained by relative mea-
surements (March 2018-February 2019 — Fig. 4d) show-
ing no significant change over the longer term. The calcu-
lated fields in Fig. 4 also confirm the occurring of alter-
nated period of mass/density decrease to mass/density in-
crease. Of course, considering the compared periods, we
cannot neglect seasonal effects. A computation of the sea-
sonal effect in the area is not very simple due to the local
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complex hydrological situation. Anyway, considering the ex-
treme of the annual/seasonal fluctuation of the shallower wa-
ter table level in several wells (e.g. Valentino and Stanzione,
2004; Allocca et al., 2019), and taking into account the high
value (about 40 %; e.g. Carlino et al., 2018) of porosity
in shallower medium, this effect can be evaluated ranging
from 2 to 16 uGal in different areas. The Agcac/Ah regres-
sions have been also plotted for each calculated time interval
(Fig. 4e); they confirm the occurrence of inverted processes
of mass/density increase/decrease in time and in different
zones, evidencing their differential behavior. They also high-
light that no significant changes occurred during 2019, apart
from a small “replenishment” effect on two single stations on
the coast.

Once again the distribution of points does not show in gen-
eral a clear inverse linear correlation between gravity and
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height changes and the proximity to the vertical axis contin-
ues to suggest the dynamic of rather shallow sources, an al-
ternation of emptying/replenishment processes, and a rather
shallow depth of the phenomenon.

The Agaps/Ah gradients have been compared with the
gradients observed during the long-term February 1982—
January 1985 and 1985-2003 (Fig. 3b respectively red and
blue points) obtained by relative gravity measurements at the
stations in the central areas that were affected by the most
significant changes. This in order to emphasize the occur-
rence of shallow processes during the analyzed time interval
and on short time. They indicate that the 1982 uplift and the
following 1985-2003 subsidence phases can be in general
due to deeper sources (about 3 km) in which mass and den-
sity changes respectively occur (Ref. for details Berrino et
al., 1992; Berrino 1994; Gottsmann et al., 2003).
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In the Fig. 3b the represented Ag,ns/Ah regressions are
very close to the vertical axis supporting the interpretation
that the observed gravity changes are due to the effect of
shallower sources respect to those involved during intense
bradyseismic crises both during short and long periods. This
is confirmed when the cumulative Agans/ AR 2015-2019 re-
gression is considered (Fig. 3c). In both representations, the
most recent distributions are similar to those observed at
the beginning of the 1985 deflation phase, when the ground
movement reversed (Berrino, 1994).

Many times since 2003 the alternation of superficial emp-
tying and filling phenomena has been hypothesized in the
short term (e.g. Berrino and Corrado, 2008; Minet et al.,
2012a, b). This has never been observed over short-term
from 1982. Also considering the area where the most signifi-
cant changes occur, it suggests that the present ongoing phe-
nomenon is a pulsating and/or transient shallow processes
due for example to alternating recharge/discharge of fluids
in the surface hydrothermal system, as well as suggested by
other authors (e.g. D’ Auria et al., 2011; Chiodini et al., 2017,
Cardellini et al., 2017).

5 Conclusions

This paper presents and discusses the absolute gravity
changes collected on a dense absolute gravity network at
the Campi Flegrei active caldera. This is the first absolute
network deployed on the Neapolitan active volcanoes where
only few absolute stations have been checked since 1986.

The results of the field surveys carried out during a period
of renewed slow uplift do not show in general a clear inverse
linear correlation between gravity and height changes indi-
cating a predominantly mass/density change process at rather
shallow depth. In addition, a time alternation of gravity de-
crease/increase has been detected; it suggests an alternation
of emptying/replenishment processes.

Absolute gravity data and related gravity variations show
a very good agreement with those acquired by means of rela-
tive gravity measurements. Their integration has also permit-
ted to better define the evolution of the space-time involved
processes, also confirming the interpreted process of alternat-
ing fluids recharge/discharge in the superficial hydrothermal
system.

Therefore, these results exclude, at least over short time
and during the analyzed time interval, the direct effects due
to deeper sources and then to magmatic masses.

The acquired data and their quality demonstrate the re-
liability of absolute gravimetric measurements even if ac-
quired with a field instrument and in very urbanized areas
heavily disturbed mainly by anthropogenic noise. They also
demonstrated and confirmed the feasibility of this method-
ology for volcano monitoring, and that it implies large ad-
vantages, such as saving of human resources, survey’s time
and costs. Actually, as regard the length of the field surveys,
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for the present absolute and relative networks at Campi Fle-
grei and without snags, respectively about 5/6 and about 15
working days are usually necessary.

Finally, these results encourage the replacing of relative
gravity networks with absolute ones, with all the advantages
that derive from it also involving an advanced approach in
the study of dynamic areas.
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