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The Italian area is affected by on-going deformations and/or mass transfers, both of
geophysicaland human origin, which act on very different temporal scales and significantly
modify the gravity field over time. The current Italian gravity database contains gravimetric
measurements taken on land and sea by various research institutions and services. Data
were acquired at very different epochs, with different instruments, some now obsolete
and mostly lacking inter-comparison, and also with non-uniform operational procedures
of data acquisition and analysis. Thus, these data are not homogeneous and do not
represent an updated image of the Italian gravity field. This paper shows the main steps
followed towards the realisation of a new reference network for absolute gravity in the
Italian area. The choices are in line with the resolutions approved by the International
Association of Geodesy during its 2015 general assembly. The goal is to update the existing
absolute gravity network by adding gravity stations according to the new standards so as
to align this infrastructure to the highest level of precision and accuracy. Based on this,
an overall revision of the Italian gravity database will be possible, thus, leading to a better
estimate of the gravity potential.

reference gravity networks, Italian area, gravity measurements, vertical gravity gradient,
network positioning.

1. Introduction

A modern zero-order gravimetric network (GO) is being realised in Italy based on absolute
gravity measurements, thanks to funding provided by the projects “Pianeta Dinamico” (INGV,
2019-2023) and research programs of significant national interest (PRIN - Progetti di ricerca di
Rilevante Interesse Nazionale, 2020) (MUR — Italian Ministry of University and Research, 2022-

2025).

The necessity to create a new network arises from the following: 1) the need to align various
gravimetric networks (recent and historical) into a single reference frame, including older
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measurements available in Italy, currently referring to the International Gravity Standardization
Net 1971 (IGSN71) standard (Morelli et al., 1974), which does not adhere to present scientific
and technical requirements; 2) the availability of new high precision absolute measurements and
the need to align them to the new international standards proposed in 2015 by the International
Association of Geodesy (IAG; IAG Resolution 2 at the IAG/IUGG General Assembly in Prague,
2015: https://office.iag-aig.org/doc/5d7b8fd9d31dc.pdf); 3) the need to define an updated
gravity reference network in Italy (selected absolute gravity points) to be used as reference for
the relative measurements, and 4) the existence of intense geodynamic and anthropic processes
producing temporal variations in gravity due to various phenomena of mass variations (volcanoes,
earthquakes, hydrology, etc.), which affect the entire Italian peninsula (e.g. Riguzzi and Doglioni,
2020 and references therein). Further technical and scientific implications also concern the
advancements related to metrology and gravity measurement with atomic interferometry
(Ménoret et al., 2018; Zhu et al., 2021; Antoni-Micollier et al., 2022; Zhong et al., 2022; Richard,
et al., 2024).

The absolute gravity reference system, officially adopted by the scientific community to this
day, is the IGSN71 standard established by IAG and implemented in Italy through the IGSN71-
ITALIA standard (Morelli et al., 1974). It consists in stations located along the Hannover-Catania
calibration line, integrated with stations in Rome, Milan, and Trieste, the Bologna-Ferrara
calibration line, and eight sites of a pre-existing network (RFI55). The Italian network was framed
in the first order world gravity network composed of 50 stations equipped with pendulums and
absolute gravimeters spread in different continents; the gravimetric connections were complete
with relative gravimeters. A detailed description of the state of the art of gravimetry in Italy to
this day is reported in Berrino (2020).

2. The reference gravity network design

A census of the still existing absolute gravity sites in 2017 has brought to light that from
1976 to 2011, 44 sites have been measured with different aims (volcanic monitoring, geophysical
prospecting, and calibrations). Therefore, most of the GO network stations are new; all are located
indoor to ensure power and protection from outdoor conditions, with absolute gravimeters
operating in all the surveys during the late afternoon and night, to reduce noise caused by
human activity.

Based on this selection, an initial set of 30 stations has been defined over the peninsular
part of Italy and the two main islands of Sicily (Fortunato et al., 2020; Greco et al., 2021, 2024)
and Sardinia (Fig. 1). The Global Geodetic Observing System (GGOS) core station of Matera [the
“Giuseppe Colombo” Centre for Space Geodesy of the Italian Space Agency (ASI)] is one of the
network points required in the documents of the GGOS-Bureau of Networks and Observations
(https://ggos.org/about/org/bureau/). Matera will provide the link between the Italian national
absolute gravity network and the GGOS of IAG, following the international standards. The
Sicilian network was first realised with five stations (Catania, Centuripe, Milazzo, Palermo, and
Noto) connected to the reference stations of the International Earth Rotation and Reference
Systems Service providing the geocentric Cartesian components of the baselines between the
new gravimetric point and the reference benchmarks of Very Long Baseline Interferometry and
Global Navigation Satellite System (GNSS) NOT1 (Greco et al., 2024).
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Fig. 1 - The new absolute gravity network GO: measured stations (green dots); Italian site at the INRIM in Turin (TO) of
gravimeter intercomparison (yellow star); stations still to be measured (yellow triangles).

3. Gravimetric surveys

The measurements were carried out using three absolute gravimeters (Fig. 2): two Micro-g
LaCoste FG5 [the first (#238) owned by Eni S.P.A. and on loan for use to the Etna Observatory of
the Italian National Institute of Geophysics and Volcanology (INGV-OE); the second (#218) owned
by ASI, Matera] and one IMGC-02 [developed and maintained by the Italian National Metrology
Institute (INRiM) (D’Agostino et al., 2008)]. The FG5 gravimeters are based on the principle
of free-fall measurement using laser interferometry with an atomic clock providing an ultra-
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accurate time reference for measuring the time of free-fall, whereas the IMGC-02 gravimeter is
based on laser interferometry to measure the symmetrical free rising and falling motion of a test
mass in the gravity field. The IMGC-02 serves as the national reference of absolute gravimeters.

Fig. 2 - The absolute ballistic gravimeters used in the frame of the project: FG5#238 (on the left) and IMGC-02 (on the
right).

FG5 has a vibration isolation system able to minimise the influence of external vibrations
and environmental noise on the measurement as well as a control and data processing unit
to manage the experiment and the collected data. FG5#238 operated in all the surveys during
the late afternoon and night, to reduce the noise caused by human activity. The measurements
were planned into sets, with about 50 to 100 drops per set. During the sessions, multiple drop
sets (generally of about 12 hours) were carried out, thus, achieving very high accuracy with final
standard uncertainties of about 2-3 uGal. The FG5 reference height measure is about 1.21 m, a
value which can be slightly variable (within 2-5 mm) from one installation to the other, due to
the level setup of the gravimeter.

IMGC-02 uses the symmetric method in which the body is launched upwards in a vacuum
launch chamber (approximately 0.1 Pa), recording its space-time trajectory during its ascent
and descent motion: during the flight (of the order of 0.2 m), a very large number of equidistant
positions (stations) are located. The measurement method consists in measuring the time
intervals that the body requires to travel the distances between two successive stations. The
time taken by the body to travel these distances is measured by means of a counter with a
resolution of the order of 100 ps. A rubidium atomic clock provides sufficient stability to serve as
a time standard for this counter. The set of these data pairs (i.e. distances always constant, and
times taken to travel them) are processed by solving the equation of motion with a polynomial
equation (in first approximation of second degree) with the least square method. For each launch,
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the g value is obtained as one of the coefficients of the interpolating equation. This value refers
to a point located below the top of the trajectory at a distance equal to approximately 1/6 of the
useful length of the trajectory itself (approximately 0.48 m from the ground). During the sessions
(generally overnight), the values of the standard deviation of the regression coefficients are
examined for each launch. The normality condition with the x2 test is verified and a Chauvenet
exclusion test to eliminate those observations clearly affected by irregularities in the trajectory
or by the concomitance with microseisms is applied in order to calculate the average value of g
only on the launches with a regular course.

For both instruments, the observations have been reduced for the known effects (e.g.
polar motion, solid Earth’s tides, oceanic loading, atmospheric pressure, self-attraction,
and diffraction). The influence of the atmospheric mass variations at each station has been
corrected using the barometric admittance factor of -0.3 pGal/hPa and the difference between
the measured and the nominal atmospheric pressure, depending on the elevation of the
station. Outliers beyond the 3o range have been computed and rejected during the acquisition
stage. The corrected g values are associated to a statistical uncertainty given by the standard
deviations of the absolute gravity values obtained for each set (o_ ) divided by the square root
of the number of sets, N__:

Ostat = Uset/\/ Niet. (1)

In order to ensure measurement traceability, as required by the international standards on
gravity measurements (Marti et al., 2014; Vinnichenko and Germak, 2017; Facello et al., 2025),
the absolute gravimeters used in the measurements participated in international and national
comparison campaigns, as follows:

e lLast Key Comparisons of IMGC-02 and FG5#238: Regional Key Comparison

EURAMET.M.G-K3, 2018 (Falk et al., 2020) and EURAMET.M.G-K2.2023 (Wziontek et al.,
2025) at the Geodetic Observatory in Wettzell (Germany);

e Llast Key Comparison of FG5#238 and FG5#218: International Key Comparison
CCM.G-K2.2023, (Newell et al., 2024) organised in 2023 at the Table Mountain Geophysical
Observatory (TMGO) in Boulder, Colorado, USA;

e Inter-comparison between FG5#218/IMCG-02 and FG5#238/IMGC-02: Inter-comparison
sessions at INRiM at two different dates (Session A, November 2023, for FG5#218/IMCG-
02 and Session B, January 2024, for FG5#238/IMCG-02).

Absolute gravity measurements have been supplemented with the direct measurements of
the local value of the vertical gravity gradient (VGG), in order to reduce to the ground reference
level the absolute values measured by different instruments at varying heights and avoid the use
of standard free-air VGG of 0.3086 mGal/m. Moreover, at each station, an associated outdoor
gravity point is measured, with respect to the absolute point, by relative gravity observations
and materialised in accessible positions in order to facilitate the link to the GO reference point
by other users.

4, Positioning surveys

The gravity field campaigns have been assisted by topographic survey campaigns, enabling
centimetric georeferencing of the gravity stations within the European Terrestrial Reference
Frame 2000 (ETRF2000) (2008.0), the official reference frame in Italy.
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Fig. 3 - The relative gravimeters used in the frame of the project: LaCoste & Romberg, model D (left); Scintrex CG-6
(middle) both employed to measure the VGG and the gravity difference from the absolute to the auxiliary outdoor
point; example of measurement scheme and tripod frame employed to measure the VGG at the absolute stations
(right).

For most gravity stations, the surveying scheme that has been adopted for referencing the GO
points is based on the integration of GNSS observations and three-dimensional (3D) total station
local survey. Outside each GO station, a GNSS campaign, was performed on at least two points.
Starting from these GNSS points, 3D closed loop traverse schemes were, then, adopted to survey
the GO points located inside buildings. In particular sites (for example Catania, Noto, Palermo,
and Rome), GNSS permanent stations were included in the traverse scheme in order to improve
the robustness of the surveys.

The associated gravity points outside buildings were also included as points of these 3D
traverse schemes.

Collected GNSS observations have been processed in the precise point positioning approach
using final products (i.e. precise satellite orbits and clocks) in order to estimate precise coordinates
of the GNSS points in the current realisation of the International Terrestrial Reference System
(ITRS) in which final products are provided (ITRF2020).

Station coordinates were finally obtained by rigorous least square adjustment of the GNSS/
traverse surveys. In this way, GO station points (both the main and the associated ones) were
referred to the current realisation of the ITRS.

Since the Italian official reference frame is ETRF2000 realised by the Italian National Dynamic
Network [Rete Dinamica Nazionale] (IGMI, n.d.), coordinates in the ETRF2000 were also computed
using the official transform parameters published by the Reference Frame Sub-Commission for
Europe (EPN Central Bureau, n.d.).

As an example, the surveying scheme of the INGV-Catania station is presented in Fig. 4. The
measurements were carried out by surveying two GNSS sites located in the courtyard of the
INGV-OE building (200 and 300 in Fig. 4) and, subsequently, by measuring the distances and
angles between these sites and the gravimetric site CAT located downstairs indoor the laboratory
with the total station (100). The survey has also been connected to the permanent GNSS stations
of EllV operating on the rooftop terrace of the INGV-OE.
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Fig. 4 - The survey scheme of the
INGV-Catania GO station (CAT), EIIV
is the permanent GNSS station;
100, 200 and 300 are the auxiliary
points to measure the coordinates
of the gravity station.

5. Site descriptions

In order to provide all the useful details of the site characteristics and accessibility to other
users, datasheets containing the information on the site name, measurements with uncertainties,
survey epoch, and instruments used have been prepared. Furthermore, a description of the site,
the contact person, the map to reach the location and some pictures are also reported. For
example, the datasheet of the IIM-Genova station is given in the Appendix.

6. Comments and conclusions

The collected data will be validated and reduced following the internationally accepted
standards and ultimately will be published through a dedicated web page of the project.
These data will also be submitted to the absolute gravity database maintained by the Bureau
Gravimétrique International/Bundesamt fuer Kartographie und Geodaesie where the absolute
gravity data that will contribute to the new global absolute gravity reference system are collected.

The average standard uncertainties obtained after the absolute gravimetric surveys are within
2-4 uGal at instrumental height; those obtained from relative gravity surveys are 2-6 pGal/m
(VGG) and 2-6 pGal (auxiliary points). The average uncertainties achieved after the positioning
measurements are about 3 cm in height and 1 cm in planimetric coordinates.

The new National Reference Gravity Network represents a modern reference system in Italy,
aligned with European and international standards, to support all scientific and technological
activities in the fields of geodesy and geophysics. This system would make it possible to: i)
harmonise all gravimetric and elevation data of different origins already available across the
Italian territory, leading to the revision of the current national gravimetric/altimetric database;
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ii) homogenise Bouguer anomaly maps on all scales; iii) reference all new gravimetric surveys
conducted on the ltalian territory, on different scales and for different purposes, to a single
system; iv) reprocess all available gravimetric data in order to calculate the important lithospheric
structure represented by the Moho.

The newly measured absolute gravity values will also be important for estimating gravity
field temporal variations at stations where previous absolute gravity values are available. As an
example, the INRiM stations in Turin can be cited. The actual measured value at ground level is
980534318.2+8.9 mGal (9 January 2024), while the previous value was 980534337.9+8.7 mGal
(2-28 November 2005).

In addition, the observed VGG values provide important information on the Italian gravity
field. The VGG values measured over 22 GO stations, range between -385.5 mGal/m and -233.0
mGal/m showing a significant variability.

Ultimately, this new infrastructure will supplement the Italian fiducial gravimetric network of
10 stations equipped with superconducting and absolute gravimeters in continuous (or quasi-
continuous) recording. At present under construction, the network will enable the determination
of the temporal variations of the long-term and long-wavelength gravity field in the Italian area..
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Appendix: The datasheet of the IIM-Genova station

Absolute gravity point (P0) at IIM-Genova
Passo dell’Osservatorio 4, Genova
Lat = 44.41937113° N Long = 8.92134757° EH = 92.827 m h = 137.827 m

Date Meter and Actual Number of ‘g at Actual measured t d
Time UTC (from+to) | measurement height t l;n: der o height ga géolun
P (hPa) (m) otal drops (uGal) (nGal)
24-25 February 2024 .
18:10+ 09:38 IMGC-02 (INRiM) 2316 980543168.2+11.0 | 980543308.3+11.1
998.90 0.4906

Gradient: -285.5 + 2.7 (uGal/m) — from 15 measurements, on 27 June 2024 with instrument LCR-G737.

*g value at the actual measurement height, including all corrections (e.g. diffraction, self-attraction), with gradient se to zero.
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Associated gravity point (P1) at IIM-Genova
Passo dell’Osservatorio 4, Genova
Lat = 44.41911306° N Long = 8.92165224° EH = 75.417 m h = 120.416 m

Date )
Time UTC (from-=to) Instrument Obs:lrvepdodlff:rlence gat g(; olund
P (hPa) - (l‘l a ) (P« a )
27 June 2024
13:37 +15:01 LCR-G737 39354+1.2 980547243.7 £11.1
1002.15

Point cordinates are given in ETRF2000(2008.0) at the same time of the gravity measurement;

orthometric heights are computed using ITALGEOOQS.

Coordinates are given with an accuracy better than 3 cm. The position is jointly surveyed by

total station and GNSS.

Contacts and location

Luca Repetti (luca_repetti@marina.difesa.it)

The absolute gravity point is inside the military base and in order to access it you should
contact the person listed above. The associated point is on the left side before the entrance gate

of the military base.
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Pictures of PO

Gravity gradient observations.
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