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Abstract. In this paper, the new dynamic geophysical and geochemical MUItiparametric DAtabase (MUDA) is
presented. MUDA is a new infrastructure of the National Institute of Geophysics and Volcanology (INGV), pub-
lished online in December 2023, with the aim of archiving and disseminating multiparametric data collected by
multidisciplinary monitoring networks. MUDA is a MySQL relational database with a web interface developed
in PHP, aimed at investigating possible correlations between seismic phenomena and variations in endogenous
and environmental parameters in quasi real time. At present, MUDA collects data from different types of sensors
such as hydrogeochemical probes for physical-chemical parameters in waters, meteorological stations, detec-
tors of air radon concentration, diffusive flux of carbon dioxide (CO;) and seismometers belonging both to the
National Seismic Network of INGV and to temporary networks installed in the framework of multidisciplinary
research projects. MUDA publishes data daily, updated to the previous day, and offers the chance to view and
download multiparametric time series selected for different time periods. The resultant dataset provides broad
perspectives in the framework of future high-frequency and continuous multiparametric monitoring as a starting
point to identify possible seismic precursors for short-term earthquake forecasting. MUDA can be accessed at

https://doi.org/10.13127/muda (Massa et al., 2023).

1 Introduction

Today, there is an increasing awareness of the role played by
the interaction between tectonics and fluid dynamics in trig-
gering seismicity. Yet, the simultaneous monitoring of the
relevant key factors is still lacking, even though it could be
crucial in recognizing precursory signals. Changes in wa-
ter chemistry and levels, spring discharges, soil flux regimes
(e.g. CO,, CHy, radon), and compositions of dissolved gases
in water are well-documented in the literature (e.g. Italiano
et al., 2001, 2004; Chiodini et al., 2020; Gori and Barberio,
2022, and references therein), as being pre-, co- and post-
seismic modifications as well as markers of the local tectonic
stress acting in the crust. These recognized seismic-induced
variations in groundwaters and springs have led, in recent
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years, to scientists giving more attention to the development
of multiparametric monitoring, in order to capture the main
evidence concerning abrupt changes in chemical and phys-
ical parameters recorded before (and also after) energetic
seismic events (Rikitake and Hamada, 2003; Cicerone et al.,
2009; Martinelli, 2018, and references therein). The ultimate
goal is to find systematic signals that can be assumed as pos-
sible “precursors” or indicators that a seismogenic process
is ongoing (Hubbert and Rubey, 1959; Briuer et al., 2003;
Miller et al., 2004; Chiarabba et al., 2009; Di Luccio et al.,
2010; Malagnini et al., 2012; Keranen and Weingarten, 2018;
Napolitano et al., 2020; De Matteis et al., 2021; Gabrielli et
al., 2022, 2023; Ventura and Di Giovambattista, 2012). At
the Italian scale, several studies have described the utility of
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groundwater and spring parameters and soil gas emissions
to catch seismic-related signals as well. However, only a
few studies reported continuous, high-frequency monitoring,
mainly of groundwater level or hydraulic pressure (De Gre-
gorio et al., 2012; Barberio et al., 2017; De Luca et al., 2018),
such as Gori and Barberio (2022) concerning spring monitor-
ing (i.e. temperature, pH, electrical conductivity (EC), dis-
solved oxygen and carbon dioxide) or D’Alessandro et al.
(2020) on soil radon emissions related to seismic activity.

MUDA (geophysical and geochemical MUlItiparametric
DAtabase), a new dynamic multiparametric database pub-
lished online in December 2023 on the website at https:
//muda.mi.ingv.it (last access: 15 October 2024) (Fig. 1), has
been developed in such a framework. MUDA is a new in-
frastructure of the National Institute of Geophysics and Vol-
canology (INGV, https://www.ingv.it, last access: 15 Octo-
ber 2024) devoted to archiving daily data and distributing
quasi-real-time geophysical and geochemical multiparamet-
ric data recorded in continuous or near-continuous mode at
selected sites installed at the most tectonically active Italian
areas (Fig. 2). MUDA was designed in the framework of the
INGV Dynamic Planet S2-project (i.e. 3D structure of Italy
from multidata analysis. Passive/active seismic, magnetic,
magnetotelluric, electrical, and gravimetric surveys (https:
/lprogetti.ingv.it/it/pian-din, last access: 15 October 2024)
are now ongoing in the framework of the INGV Dynamic
Planet GEMME project (Integrated Geological, gEophysical
and geocheMical approaches for 3D Modelling of complex
seismic site Effects).

The need for an infrastructure capable of acquiring, stor-
ing, organizing and publishing multiparameter data in near
real time arose following the installation of the Garda mul-
tiparameter seismic network, PDnet (https://eida.ingv.it/it/
networks/network/Z0, last access: 15 October 2024), in-
stalled starting from 2021 as part of the Task-S2 of the INGV
Dynamic Planet project (Ferrari et al., 2024). In this frame-
work, MUDA collects information from different types of
sensors, such as seismometers, accelerometers, hydrogeo-
chemical sensors for physical-chemical parameters in wa-
ters, geochemical sensors for measuring the diffusive flux
of carbon dioxide (CO;) from the soil or detecting the air
radon concentration, and meteorological stations. The aim
is to constraint the influence due to exogenous parameters
in order to make potential correlations between seismic phe-
nomena and variations concerning monitored parameters (i.e.
groundwater level, temperature, electrical conductivity, CO;
soil flux, air radon concentration; Barberio et al., 2017; Chio-
dini et al., 2020; Mastrorillo et al., 2020).

The challenge of MUDA is to provide the end user a high-
quality dynamic but also simultaneous and continuous mon-
itoring of groundwater physical parameters, meteorological
data and seismic signals, together with gas concentration
such as radon or soil CO,—CHy4 fluxes (Fig. 3). In order to
furnish the main information for a detailed interpretation of
local phenomena in the framework of multi-hazard assess-
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ment, the multiparametric data are provided together with all
necessary stations and sites metadata, supplied with a com-
plete geological and morphological description (Fig. 4).

2 Seismotectonic framework and seismicity

The multiparametric sites now included in MUDA are lo-
cated in five main target areas (Fig. 2): Lake Garda, the
eastern Alps, the Po alluvial basin, and the northern and
central Apennine chains (Table 1). Concerning instrumen-
tal seismicity (http://terremoti.ingv.it/, last access: 15 Oc-
tober 2024), in the last 40 years, thousands of small- to
moderate-energy seismic events (Fig. 2) have occurred in
northern Italy. Despite the low-to-medium seismic hazard of
the area (Stucchi et al., 2011), the high level of exposure
(e.g. metropolitan areas, industrial plants), the local geologi-
cal conditions and the proximity of active buried seismogenic
structure (Burrato et al., 2012) make many portions of north-
ern Italy a zone of medium to high seismic risk (Massa et al.,
2022b; Lai et al., 2020).

In particular, the Garda region (Area 1, Fig. 2) is charac-
terized by low-to-moderate seismicity, with the active tec-
tonic regime located on the margin of the southern Alpine
chain controlled by the Africa—Europe convergence. The
main active faults affecting the area consist of mainly
NNE-SSW-trending thrusts (Galadini and Messina, 2001).
For instance, the 24 November 2004, Vobarno M, 4.8
earthquake (https://terremoti.ingv.it/event/1564989, last ac-
cess: 15 October 2024), generated maximum macroseis-
mic intensities (Imax) of VII/VIII (https://emidius.mi.ingv.
it/CPTI15-DBMI15/, last access: 15 October 2024, Locati et
al., 2022). It is worth noting that in the past, the same area
was struck by several powerful events, such as the 30 October
1901, Salo My, = 5.4 earthquake (https://emidius.mi.ingv.it/
CPTI15-DBMI15/, last access: 15 October 2024, Rovida et
al., 2020).

Moving eastwards (Area 2, Fig. 2), the highest rate of
energetic events in northern Italy is associated with the
south-verging thrust faults typical of the central and east
southern Alpine chain (Battaglia et al., 2004; Serpelloni
et al., 2005; D’Agostino et al., 2008), due to the north—
south convergence between the Adriatic microplate and the
Alps. The most recent destructive earthquake occurred in
Friuli, during the seismic sequence of 6 May 1976, with
My, = 6.5 (Pondrelli et al., 1999, and references therein),
whereas the largest historical event was the 1695 Asolo
earthquake, with an estimated M\, = 6.48 (https://emidius.
mi.ingv.it/CPTI15-DBMI15/, last access: 15 October 2024)
broadly associated with the thrust system of the Montello
area (Danesi et al., 2015).

South of the Alps, the Po alluvial plain (Area 3, Fig. 2)
represents a very deep foreland basin of two opposing verg-
ing fold-and-thrust belts developing in the framework of the
African and European plates’ relative convergence (Pieri and
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Figure 1. MUDA home page: https://muda.mi.ingv.it. Examples of interactive pop-ups are reported in map indicating the available main
options concerning station data and metadata, Italian seismic hazard (Stucchi et al., 2011), seismicity rate, and both composite and single
seismogenic sources (DISS database, DISS Working Group, 2021). The base map is provided by © OpenStreetMap contributors 2024.
Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

Groppi, 1981; Bigi et al., 1990). Despite the flat morphol-
ogy, the Po Plain is far from being an undeformed domain,
since the outermost and most recent thrust fronts of the
two belts are buried by the Plio-Quaternary sedimentary se-
quence (Burrato et al., 2012). The historical and instrumental
Italian seismic catalogues show that the southern Po Plain is
affected by low to moderate seismicity, with My, up to 5.8
during the 2012 sequence (Luzi et al., 2013). Considering
the historical seismicity (Rovida et al., 2020), the central part
of the Po Plain was struck by the more significant north Italy
earthquake on 3 January 1117, with an estimated My, = 6.52.

Moving southwards, the northern Apennines (Area 4,
Fig. 2) underwent the regional seismicity associated with the
Apennine fronts defined by different arcs of blind, north-
verging thrusts and folds (Mazzoli et al., 2015; Chiaraluce
et al., 2017), capable of generating moderate-energy seis-
mic events with a maximum magnitude of around 6 (i.e.
5 June 1501, My, 6.05, Rovida et al., 2020). In particular, this
area hosts the Nirano site (Table 1), in the Regional Natural
Reserve of Salse di Nirano (Giambastiani et al., 2024), an
area lying upon an anticline structure of the north-east verg-
ing fold-and-thrust Apennine belt characterized by one of the
largest mud volcano fields in Europe (Bonini, 2008; Castal-
dini et al., 2005) coupled to the emission of CH4-dominated
gases (e.g. Buttitta et al., 2020).

Finally, two stations included in MUDA are installed in the
surroundings of the Norcia alluvial basin (Area 5, Fig. 2), an

Earth Syst. Sci. Data, 16, 4843-4867, 2024

area characterized by high seismic hazard and seismicity rate
due to dense extensional NW-SE active fault systems (e.g.
Galadini and Galli, 1999; Brozzetti and Lavecchia, 1994) ca-
pable of generating high-magnitude earthquakes (Galli et al.,
2018, 2019), such as the 14 January 1703, M,, = 6.9 earth-
quake or other moderate events such as the 1328, M, = 6.3
earthquake; the 1730, M, = 5.9 earthquake; the 1859, My, =
5.5 earthquake; and the 1979, M,, = 5.8 earthquake (Rovida
et al., 2020). The recent instrumental seismicity highlights
the two main events occurring on 24 August 2016 and on the
30 October 2016, with M, 6.0 and 6.5, respectively, in an
area a few kilometres of the Norcia plain (e.g. Improta et al.,
2019, and references therein).

3 State of the art

At present, in Italy and Europe, the seismological commu-
nities in general are fairly advanced in their running of both
network data management and seismic data sharing. In Italy,
the main seismic network is represented by the National Seis-
mic Network (RSN, https://eida.ingv.it/it/networks/network/
IV, last access: 15 October 2024, Margheriti et al., 2021),
managed by INGV and sometimes integrated for real-time
data exchange by many local or regional networks (Massa et
al., 2022a). The RSN permanent network is codified through
the IV code assigned by the International Federation of Dig-
ital Seismograph Networks, FDSN (https://www.fdsn.org/,

https://doi.org/10.5194/essd-16-4843-2024
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Figure 2. Target areas and relative multiparametric sites. Each panel indicates the multiparametric site (yellow triangles), the Italian seismic
hazard map in terms of horizontal peak ground acceleration (PGA) with 10 % probability of exceedance in 50 years on hard ground (Stucchi
et al., 2011), the instrumental seismicity from 1985 (black circles, https://terremoti.ingv.it, last access: 15 October 2024), the historical
seismicity (red circles, CPTI database, Rovida et al., 2020) and the seismogenic sources (CSS-DISS database, DISS Working Group, 2021).
The base maps are provided by © OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open Database License

(ODbL) v1.0.

last access: 15 October 2024). The RSN station codes
are registered at the International Seismological Centre,
ISC (http://www.isc.ac.uk/, last access: 15 October 2024),
while data, recorded following the SEED (Standard for the
Exchange of Earthquake Data, http://www.fdsn.org/seed_
manual/SEEDManual_V2.4.pdf, last access: 15 October
2024) format, are shared (Danecek et al., 2021) through the
EIDA-Italia node (European Integrated Data Archive, https://

https://doi.org/10.5194/essd-16-4843-2024

eida.ingv.it/it/, last access: 15 October 2024). In Italy, INGV
provides many websites and thematic databases for real-time
data quality and distribution, such as EIDA-Italia, ISMDq
(INGV Strong Motion Data quality, https://ismd.mi.ingv.it,
last access: 15 October 2024, Massa et al., 2022a), ITACA
(ITalian Accelerometric Archive, https://itaca.mi.ingv.it, last
access: 15 October 2024, Pacor et al., 2011), ESM (Engineer-
ing Strong Motion database, https://esm-db.eu/, last access:

Earth Syst. Sci. Data, 16, 4843-4867, 2024
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15 October 2024, Luzi et al., 2016), BSI (Italian Seismic
Bulletin, https://terremoti.ingv.it/bsi, last access: 15 October
2024, Marchetti et al., 2016), TDMT (Time Domain Moment
Tensor, https://terremoti.ingv.it/tdmt, last access: 15 Octo-
ber 2024, Scognamiglio et al., 2009) and ShakeMaps (https:
/Ishakemap.ingv.it/, last access: 15 October 2024, Michelini
et al., 2020).

Differently, the geochemical community has still not de-
veloped such a capillary network of automatic stations for
data acquisition, management and sharing, as the seismic
community has. This mostly depends on the fact that only
a few geochemical parameters/tracers can be measured di-
rectly in the field and in near real time (e.g. diffusive flux of
CO, from the soil through the accumulation chamber method
(Chiodini et al., 1998; Carapezza et al., 2004; Inguaggiato
et al., 2011a; Rizzo et al., 2015); radon concentration in the
atmosphere or from the soil with specific Geiger counters;
concentration of H,O, CO,, SO3, H,S and CH4 halogens in
the atmosphere through MULTIGAS sensors (Aiuppa et al.,
2005; Shinohara, 2005) or the FTIR technique (e.g. Allard et
al., 2005); and the SO, flux in the atmosphere by differential
optical absorption spectroscopy (DOAS) and UV techniques
(Burton et al., 2009; Aiuppa et al., 2005)). It must also be
highlighted that most of the automatic measurements of geo-
chemical parameters reported above were developed and ap-
plied in volcano monitoring, while only recently has the geo-
chemical community been moving to apply some of those
tracers to seismic monitoring. In terms of hydrogeochemi-
cal monitoring, apart from the physical-chemical parameters
in water (e.g. temperature, water level, electric conductivity,
and others such as pH and Eh but with less precision and ac-
curacy) for which automatic sensors have existed for a long
time, the automatic and high-frequency measurement of the
water’s composition is limited to a few sensors developed in
the last decade or so, which mostly focus on the concentra-
tion of a few gas species dissolved in waters (e.g. CO,, CHy,
total gas pressure; De Gregorio et al., 2005; Inguaggiato et
al., 2011b). As for gas sensors, most of the automatic mea-
surements of water’s composition were developed for vol-
cano monitoring applications.

At present, in Italy, hydrogeochemical and geochem-
ical seismic monitoring is limited to selected areas or
sites, and it is essentially performed by several depart-
ments of INGV in the framework of individual initia-
tive such as the Alto Tiberina Near Fault Observatory
(TABOO; https://ingv.it/en/monitoring-and-infrastructure-a/
monitoring-networks/the-ingv-and-its-networks/taboo,
last access: 15 October 2024, Chiaraluce et al., 2014)
or recent and ongoing INGV projects such as the
Dynamic Planet (https://progetti.ingv.it/it/pian-din,
last access: 15 October 2024), FURTHER (https:
/lprogetti.ingv.it/en/further, last access: 15 October 2024),
MYBURP (https://progetti.ingv.it/it/pian-din#myburp-
modulation-of-hydrology-on-stress-buildup-on-the-irpinia-
fault, last access: 15 October 2024), Multiparametric
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Networks or Rebuilding Central Italy, DL50 and re-
lated tasks (e.g. Idro-DEEP CO;, Idro-Calabria, Idro-
Nord), concerning the groundwater continuous mon-
itoring (e.g. springs and thermal waters) of different
areas of mainly the central and southern Italian Apen-
nines  (https://www.pa.ingv.it/index.php/progetti/,  last
access: 15 October 2024) and radon monitoring (IRON
project, https://ingv.it/monitoraggio-e-infrastrutture/
reti-di-monitoraggio/l-ingv-e-le-sue-reti/iron,  last  ac-
cess: 15 October 2024). In particular, the Alto Tiberina
Near Fault Observatory is managed by the EPOS (Eu-
ropean Plate Observing System) research infrastructure
(https://www.epos-eu.org/, last access: 15 October 2024) of
which the mission is to foster the integration of solid earth
data and their by-products made by the entire European sci-
entific community: in this case, seismological, geophysical,
geodetic and geochemical data recorded by the TABOO
Near Fault Observatory are accessible via the FRIDGE
European web portal (https:/fridge.ingv.it/index.php, last
access: 15 October 2024).

Further local monitoring initiatives are provided by other
institutions or universities through the installation of geo-
chemical stations and probes in different parts of the na-
tional territory such as in Tuscany, by the IGG-CNR (In-
stitute of Geoscience and Earth Resources, https://www.igg.
cnr.it/en, last access: 15 October 2024); in southern Italy,
by the IMAA CNR (Institute of methodologies for environ-
mental analysis, https://www.cnr.it/en/institute/055/institute-
of-methodologies-for-environmental-analysis-imaa, last ac-
cess: 15 October 2024); or central Italy, by the Department
of Earth Sciences (DES, https://www.dst.uniromal.it/en, last
access: 15 October 2024) of Sapienza University in Rome
(Martinelli et al., 2021).

Consequently, at a national scale, the hydrogeochemical
and geochemical monitoring is not organized using an ad hoc
reference institutional database or web portal able to homo-
geneously archive and distribute high-quality multiparamet-
ric data to the scientific community. At present and to the best
of our knowledge, the only existent databases focus only on
mapping gas emissions (e.g. MaGa, http://www.magadb.net/,
last access: 15 October 2024) or thermal springs, without
archiving data from a regular monitoring. A first attempt
was recently made in the framework of an agreement be-
tween the National Institute of Geophysics and Volcanol-
ogy (INGV) and the National System for Environmental Pro-
tection (SNPA, https://www.snpambiente.it/, last access: 15
October 2024, comprising the Regional Environmental Pro-
tection Agencies, ARPA, and the Italian Institute for En-
vironmental Protection and Research, ISPRA, https://www.
isprambiente.gov.it/, last access: 15 October 2024), with the
aim of sharing data from the continuous monitoring of water
wells and springs, in particular the piezometric level, tem-
perature, electrical conductivity, salinity and total dissolved
solids (Comerci et al., 2019).
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Figure 3. Dynamic multiparametric data web page: https://muda.mi.ingv.it/dat.php (last access: 15 October 2024). From top to bottom:
hydrogeochemical data (light-blue panels: water level, m; water electrical conductivity, uS cm™~!; water temperature, °C), meteorological data
(green panel: soil temperature, °C; rain, mm), seismic data (light-brown panels: rms, ground motion velocity, cm s~ FFT, cms 1 Hz™1;
FFT(f),cms “THz 1, CO; data (grey panels: soil flux, g m—2d~1; humidity, %; soil temperature, °C) and radon data on air (yellow panel:
Bq m~3). All time series (CSV format) and each single graph (PDF and PNG formats) are downloadable using the menu available in the top

right corner of each panel.

4 MUDA database

MUDA is a dynamic and relational multiparametric database
designed and built using a table structure that can correlate
data of a different nature (i.e. seismic, hydrogeochemical,
geochemical, meteorological). It is adaptable to further types

https://doi.org/10.5194/essd-16-4843-2024

of data from other projects and capable of integrating per-
fectly with those already acquired via both real-time and of-
fline transmission vectors (Fig. 5).

The MUDA database is based on MySQL (https://www.
mysql.com/it/, last access: 15 October 2024), a popular and
efficient open-source relational database management sys-
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Figure 4. Multiparametric site web page: https://muda.mi.ingv.it/stazione.php (last access: 15 October 2024). The single site web page
indicates the main features of both instrumentation and installation; downloadable thematic maps, such as the geological map (1 : 100 000,
Societa Geologica Italiana http://www.isprambiente.gov.it/it/cartografia/, last access: 15 October 2024) and the topographic map (base at
1:25000, Istituto Geografico Militare, http://www.igmi.org/prodotti/cartografia/carte_topografiche/, last access: 15 October 2024); and log
and stratigraphy, concerning the available wells for water, a preliminary geophysical soil characterization in term of horizontal-to-vertical
spectral ratio performed on ambient seismic noise and the complete hydrogeochemical time series. Sources for base maps: Esri, DigitalGlobe,
GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS user community.

tem for handling large amounts of data. Particular attention
has been paid to optimizing and, above all, integrating all the
different types of data taken from different sources while try-
ing to maintain a certain structural uniformity and also being
open to possible future new implementation.

Data collection takes place separately for each type of
monitoring station (Table 1), each according to its preferred
channels (email, FTP system, application programming in-
terface (API), structured query language (SQL)) with the ef-
fort to improve each procedure, avoid data loss and minimize
the time taken to receive data.

Data are acquired and then archived on a centralized server
from which all pre-processing procedures are then carried

Earth Syst. Sci. Data, 16, 4843-4867, 2024

out to insert this data, after appropriate checks and automatic
analysis, into the MUDA database (see next chapter for de-
tails). All data downloaded from the remote stations, after
the check and processing phase, are stored in files before the
population of the MySQL database. This is also convenient
to have a native and complete data backup, for future require-
ments.

The MUDA database is structured to consider all the dif-
ferent types of monitoring stations at the same multiparamet-
ric site through a univocal internal site code, linked to all
different types of data. At the same time, however, the inde-
pendence of the data of each different station is also main-
tained, as each individual site may have its own particular

https://doi.org/10.5194/essd-16-4843-2024
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Figure 5. MUDA database scheme and processing flowchart.

condition and metadata. For each type of monitoring station,
the MUDA database includes two tables, one for the station
metadata and the other for the recorded data, linked by a
unique station ID.

4.1 Processing of raw data

The MUDA project currently includes five types of data:
hydrogeochemical, meteorological, radon, CO; and seismic.
All data are pre-processed to align each time series to the
common UTC (coordinated universal time) time. Hydrogeo-
chemical, seismic, meteorological and radon data are more-
over resampled in order to have representative data every
few minutes (i.e. from 1 to 5), namely a good enough in-
terval to see possible cross-correlation signals on different
parameters. A data resample is necessary a priori in order
to, at first, homogenize data for viewing and comparison but
also to allow the web page to have a fast response to any
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query involving long time periods (actually up to a maximum
of 30d) of continuous and high-frequency multiparametric
recordings. In particular, while hydrogeochemical, gas and
meteorological data are uploaded into the MUDA database
as raw data with only a consistency check, the seismic data
are pre-processed in order to obtain waveform metadata to be
included in the MUDA database and to be easily comparable
in terms of time series to the other parameters.

The processing of raw data for each of the five parameters
included in MUDA is described in detail in the following.

The hydrogeochemical data are acquired by two different
types of instrumentation, the first provided by Van Essen In-
struments (https://www.vanessen.com/, last access: 15 Octo-
ber 2024) and the second by STS-Italia S.r.l. (https://www.
sts-italia.it/, last access: 15 October 2024). Data recorded
by Van Essen Instruments and STS-Italia are set to sam-
ple records every 1 and 10 min, respectively. In both cases,
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groundwater level (m), electrical conductivity (uS cm™ )
and temperature (°C) are obtained using probes (e.g. CTD-
Diver®, https://www.vanessen.com/, last access: 15 October
2024) installed in correspondence of wells or springs using
weir flowmeters; the recorded chemical and physical param-
eters are sent at defined time intervals to the remote com-
pany head offices and then to the INGV acquisition cen-
tre by proprietary API or email. At present, remote stations
send data in ASCII format twice a day (i.e. 09:00 and 21:00,
central European time, CET) as an email attachment or by
FTP protocol. Depending on the target instrumentation, be-
fore populating the MUDA database, pre-processing is nec-
essary: as an example, the Van Essen probes for water wells
need a barometric compensation to account for atmospheric
pressure variations in order to provide the corrected water
level value (Ferrari et al., 2024). Automatic data acquiring
and processing tools have been developed in Python (https:
/Iwww.python.org/, last access: 15 October 2024), while au-
tomatic tools for populating the MUDA database have been
developed in PHP language (https://www.php.net, last ac-
cess: 15 October 2024).

The meteorological data included in MUDA are pro-
vided by Davis Vantage Vue® instrumentation (https://www.
davisinstruments.com/, last access: 15 October 2024). Each
single meteorological station, placed near the water well,
provides information on atmospheric pressure (mbar), tem-
perature (°C), humidity (%), rainfall amount (mm), and wind
speed and direction. Also in this case, data take advan-
tage of GPRS/LTE technologies and are gathered by a dedi-
cated WeatherLink Live cloud platform, making them avail-
able in real time on the dedicated website (https://www.
weatherlink.com/, last access: 15 October 2024). With sam-
ples every 1min, data are archived into the Davis server
cloud and then shared by payment to the end users (e.g.
INGYV server) through proprietary Application Programming
Interface (API) set into an automated ad hoc-developed
Python tool, suited for all the different kinds of meteorolog-
ical instrumentation at each site. Just as for hydrogeochem-
ical data, meteorological parameters are then automatically
inserted into the MUDA database twice a day (i.e. 09:00 and
21:00 CET) using a procedure developed in PHP.

The radon data are provided by the IRON net-
work (Italian Radon mOnitoring Network, https:
/fingv.it/monitoraggio-e-infrastrutture/reti-di-monitoraggio/
l-ingv-e-le-sue-reti/iron, last access: 15 October 2024,
Cannelli et al., 2018). Stations, placed next to the water
well, measure the concentration of gas in the air using a
photodiode detector (AER Plus, Algade), with a sensitivity
of 15Bqm™3 by countsh™!. Data are measured and ac-
quired every 4h together with temperature and humidity,
and radon data are transmitted in real time by the Sigfox
(https://www.sigfox.com, last access: 15 October 2024)
0G-technology and archived at the Sigfox Cloud, with the
exception of particularly remote sites where a periodic local
data downloading is also necessary. Radon data are provided
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in CSV format, where the concentration is measured in
Bqm™3, and then uploaded into the MUDA database using
an ad hoc-developed PHP tool. In this case, the procedure is
manually started after each single data downloading.

The CO; soil flux measurements are acquired using an
accumulation chamber provided by THEAREN S.r.1 (https:
/Ithearen.com/, last access: 15 October 2024). The permanent
stations have a no-stationary flux chamber and are equipped
with an infrared analyser measuring CO; concentrations
(gm~2d~!) in a time frame of 3 min. A single CO, flux
measure is returned each hour already corrected for pressure
(mbar) and temperature (°C) recorded inside the chamber.
Soil temperature and humidity (%) and meteorological pa-
rameters (atmospheric pressure, temperature, humidity, rain,
wind speed and direction) are acquired concurrently. Data
are sent to the head company server cloud through a dedi-
cated modem with automatic data transmission. Data are ac-
quired daily by the INGV acquisition centre through an ad
hoc server to server link using an internal INGV VPN (vir-
tual private network) connection. Data provided in CSV for-
mat are then automatically inserted into the MUDA database
daily using an ad hoc-developed PHP tool.

The seismic data are acquired by selected stations of the
Italian National Seismic Network (RSN, https://eida.ingv.it/
it/networks/network/IV, last access: 15 October 2024) and
the multiparametric network of northern Italy (PDnet, https:
/leida.ingv.it/it/networks/network/ZO, last access: 15 Octo-
ber 2024) placed near the water well used for hydrogeochem-
ical data. Recorded data are codified following the interna-
tional standard commonly used by the seismological commu-
nity, namely the FDSN (https://www.fdsn.org/, last access:
15 October 2024) network-station code and SEED (Standard
for the Exchange of Earthquake Data, http://www.fdsn.org/
seed_manual/SEEDManual_V2.4.pdf, last access: 15 Octo-
ber 2024) format supported by European Integrated Data
Archive, EIDA (https://eida.ingv.it/it/, last access: 15 Oc-
tober 2024) and maintained by the FDSN. Data are trans-
mitted by different technologies (LTE, satellite, etc.) to the
INGV Milan acquisition centre where they are archived
through a Seiscomp4 (https://www.seiscomp.de/doc/apps/
seedlink.html, last access: 15 October 2024) client to im-
prove the SeedLink real-time data acquisition protocol. Data
are archived in the standard binary miniSEED format (http://
ds.iris.edu/ds/nodes/dmc/data/formats/miniseed, last access:
15 October 2024) and organized in a structured archive. Seis-
mic data are pre-processed every night considering the 24 h
of all miniSEED files recorded by stations on the previous
day and then checked for quality before being automatically
included in the MUDA database using an ad hoc-developed
PHP tool.

In dependence of the adopted sampling rate (i.e. 100 Hz
for seismometers and 200 Hz for accelerometers) the amount
of continuous data stream per day, relative to a single chan-
nel at each single station, ranges between 6 and 10 MB for
seismometers and between 15 and 20 MB for accelerome-
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ters. Considering many seismic stations, the result is a to-
tal daily archive on the order of gigabytes, not easy to or-
ganize in the framework of a quasi-real-time data distribu-
tion provided by a thematic web portal. In this framework,
also considering the sampling rate of the other multipara-
metric instrumentation (i.e. spanning one record per minute
to one record every 4 h), the continuous seismic data streams
are processed in order to conform the contents to the web
portal requirements before inclusion in the MUDA database.
In particular, every night at 02:00 miniSEED files relative
to the 24 h recordings of the previous day are selected at
each station and processed using an ad hoc procedure devel-
oped by merging the Bash and SAC (Seismic Analysis Code,
https://ds.iris.edu/files/sac-manual/, last access: 15 October
2024) scripting languages.

The processing scheme starts by downloading 24h of
miniSEED files at each single recording station; data are then
separated into 288 sub-windows, each one with a length of
5 min starting from the origin time of each single miniSEED
file (usually corresponding to the 00:00:00 UTC if the sta-
tion works well). Then, for each 5 min windows, raw data
recorded in counts are converted to the proper unit of mea-
surements (cms ™! for seismometers and gal for accelerome-
ters), and the sensor response curves are removed by decon-
volution and finally filtered using a fourth-order Butterworth
filter in the range 0.1-20 Hz. For each single sub-window rel-
ative to a specific channel recorded by a specific station, the
rms (root mean square; e.g. Goldstein et al., 2003), the maxi-
mum ground shaking in terms of velocity (cms~!), the mean
amplitude value of the whole fast Fourier transform (FFT)
(cms ~! Hz™ 1) (fast Fourier transform, e.g. Bormann, 2012)
and the maximum amplitude of the FFT for frequency inter-
val spanning 0.1 to 20 Hz, are calculated, providing for each
parameter 288 values per day, corresponding to the daily up-
load of hydrogeochemical and meteorological data. In partic-
ular, the rms is calculated for the entire time windows using
the following equation:

Xms = /[1/n(x12 +x22 4+ ...+ xn?)], 1)

where x is the amplitude of the single sample, and n the num-
ber of samples of the trace considered. Daily time series of
rms, peak ground velocity (PGV), FFT mean and FFT(f) are
finally uploaded into the MUDA database using an ad hoc-
developed PHP tool.

4.2 Data availability and dissemination

MUDA publishes and shares the available data recorded at
each site through a specific web interface developed in PHP
(https://www.php.net/, last access: 15 October 2024) to eas-
ily and effectively interact with the MUDA SQL database
and using a responsive design in HTMLS5, capable of adapt-
ing automatically to any device on which it is displayed (i.e.
PC, tablet, smartphone, etc.). As a final step, the data pub-
lication required assigning a regular DOI associated with

https://doi.org/10.5194/essd-16-4843-2024

4853

the DB and provided by INGV data management office
through a standard procedure. The final DOI of MUDA
is https://doi.org/10.13127/muda (Massa et al., 2023). Data
have been licensed using the Creative Commons License CC
BY 4.0. The MUDA web portal publishes multiparameter
data daily that are updated to the previous day. It offers the
chance to view and download dynamic time series for all
available data and for different time periods, up to a maxi-
mum of 30 d. In reference to longer periods, an e-mail request
can be sent to muda@ingyv.it.

The web portal has a main page showing an interactive
map of northern and central Italy, as at present MUDA ac-
quires data from automatic stations located in this part of the
country, where the multiparametric stations are indicated by
triangles with pop-ups showing the main features (i.e. coordi-
nates and available instrumentation) of the target site, includ-
ing the direct access to the dynamic data viewing (Fig. 3) and
to the single station page (Fig. 4). The home page in the top-
right corner shows a pop-up menu with selectable thematic
layers, including the reference seismic hazard map of the na-
tional territory in terms of peak ground acceleration (MPS04
working group, http://zonesismiche.mi.ingv.it/, last access:
15 October 2024, Stucchi et al., 2011), the seismogenic areas
and the active faults taken from the Database of Individual
Seismogenic Sources database (DISS, https://diss.ingv.it/,
last access: 15 October 2024, DISS working group 2021), re-
cent (https://terremoti.ingv.it/, last access: 15 October 2024)
and historical (https://emidius.mi.ingv.it/CPTI15-DBMI15/,
last access: 15 October 2024) seismicity bulletins, and the
location of seismic stations of the National Seismic Net-
work (RSN, https://eida.ingv.it/it/networks/network/IV, last
access: 15 October 2024) managed by INGV.

The “View & Download DATA” web page, accessible
from the horizontal tool bar of the home page, opens the dy-
namic data viewing (Fig. 3). Users can select the time series
to be displayed backwards in time for each multiparameter
site (i.e. 1, 7, 15, 30d), starting from a selected date. Once
the site and period have been chosen, the available data auto-
matically appear synchronized with respect to UTC (coordi-
nated universal time). From top to bottom, these are hydro-
geochemical data from well or spring sensors showing water
temperature (°C), electrical conductivity (uS cm™!) and the
value of the water column (m) above the sensors; meteoro-
logical data showing air temperature (°C) and rainfall (mm);
seismometric data showing the rms, the maximum ground
velocity values (cms™!), the average FFT amplitude values
and the Fourier spectrum values for frequency bands selected
in the interval 0.1-20 Hz; and radon gas emissions (Bqm™)
and soil CO; flux (gm~2d~!). All interactive graphs can be
zoomed in on with the left mouse button, and they enable
selecting individual functions using pop-up layers. In each
graph, in the top right-hand corner, it is possible to view the
individual image in full screen and download the selected
data in CSV (comma separated values) format as well as the
images in PDF (portable document format), PNG (portable
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network graphic), JPEG (joint photographic experts group)
and SVG (scalable vector graphics) formats. The last se-
lectable item, on the right of this page, gives the possibility of
viewing a single parameter, for a more detailed observation.

A further topic of the MUDA web portal is the single sta-
tion web page (i.e. link “STATIONS”), also reachable from
the horizontal tool bar. This web page is designed to provide
a first and general geophysical and geochemical characteri-
zation of each multiparametric site. In particular, each single
station web page shows, on the left, a thematic map indi-
cating the location of the monitoring site. Below the map,
the two links provide a geological and morphological setting
of the area. For each recording site, a portion selected from
the geological map at a 1 : 100 000 scale (Societa Geologica
Italiana, http://www.isprambiente.gov.it/it/cartografia/, last
access: 15 October 2024) is provided, with topographic
base at 1:25000 scale (Istituto Geografico Militare, http:
/Iwww.igmi.org/prodotti/cartografia/carte_topografiche/, last
access: 15 October 2024). Concerning morphology, for each
recording site, a topographic map (i.e. Slope and Ridge)
is proposed by considering the available digital elevation
model (ASTER GDEM with a cell size of 10m, https://
www.earthdata.nasa.gov/news/new-aster-gdem, last access:
15 October 2024). Starting from the processed DEM, the
slope map was constructed with three topographic classes (0—
15, 15-30 and > 30°), considering the break values defined
in the current Italian seismic code (Ministero delle Infrastrut-
ture e dei Trasporti Aggiornamento delle Norme Tecniche
per le Costruzioni, 2018). The ridgelines were extracted us-
ing the Topographic Position Index (TPI) algorithm (Pessina
and Fiorini, 2014). On the right, the web page shows thematic
tables relative to the installed instrumentation. At each site,
besides the general information on coordinates and technical
features of the instruments, a geophysical characterization of
the site is also provided in terms of polarized horizontal-to-
vertical spectral ratio (HVSR) on ambient noise (Nakamura,
1989) and each single log performed in the wells regarding
water electrical conductivity and temperature as a function of
the available stratigraphy, together with the main features of
monitored well or spring. Finally, on each station web page,
graphs relative to the whole hydrogeochemical time series
are also downloadable.

5 Data records

At present (i.e. 31 March 2024), MUDA includes data from
25 multiparametric sites (Table 1) located in northern and
central Italy (Fig. 2), both already monitored by permanent
INGYV infrastructures or installed in the framework of re-
cent INGV research projects. It is worth mentioning that
not all multiparametric sites are characterized by homoge-
neous multiparametric instrumentation (Fig. 6). In any case,
all available data are always sent in real time to the INGV
acquisition centres. In particular, concerning seismic data,
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the multiparametric sites include seven stations belonging
to the permanent National Seismic Network (RSN, https:
/leida.ingv.it/it/networks/network/I'V, last access: 15 Octo-
ber 2024) and 12 stations belonging to the temporary mul-
tiparametric network of northern Italy (PDnet, FDSN code
Z0, https://eida.ingv.it/it/networks/network/Z0, last access:
15 October 2024), installed in the framework of the INGV
Dynamic Planet S2-project. These sites are located in north-
ern Italy, around the Lake Garda, at the southern limit of
the eastern Italian Alps and in the central portion of the Po
Plain (Fig. 2). Two further seismic stations (PDN11, PDN12,
Table 1) have recently been installed in the framework of
the INGV Dynamic Planet GEMME (Integrated Geologi-
cal, gEophysical and geocheMical approaches for 3D Mod-
elling of complex seismic site Effects) project, in Norcia
basin (Apennine chain in central Italy) and its surroundings
(Fig. 2). Finally, one seismic station (PDN10, Table 1) has
been installed in cooperation with the Dynamic Planet PRO-
MUD (Definition of a multidisciplinary monitoring PROto-
col for MUD volcanoes) project, in the Salse di Nirano Re-
serve (Italian northern Apennines, Fig. 2).

In general, seismic stations are equipped with high-
dynamic 24-bit digital recording systems coupled to enlarged
(5 s owner period) or broadband (120 s owner period) seis-
mometers. In particular, at Oppeano multiparametric site (Ta-
ble 1), borehole instrumentation is installed at 150 m depth.
Even if in some cases, accelerometer sensors are coupled to
the target seismometer (velocimeter), MUDA only includes
seismometric data due to their higher sensitivity and best res-
olution with respect to possible occurrences of natural phe-
nomena such as microseismicity, local weak motion earth-
quake occurrences, and/or teleseisms or environmental mod-
ifications (i.e. landslides, low atmospheric pressure, tides,
etc.).

Hydrogeochemical data are recorded in all 25 multipara-
metric sites (Table 1), at both wells and springs set up in
the framework of INGV Dynamic Planet projects (S2 and
GEMME) and INGV Multiparametric Networks or the Re-
built central Italy, DL50 project. The Toppo site (Table 1),
installed in the eastern Alps in the framework of the ECC-
SEL ERIC consortium (https://www.eccsel.org/, last access:
15 October 2024), is managed by OGS (National Institute
of Oceanography and Applied Geophysics, https://www.ogs.
it/en, last access: 15 October 2024) in cooperation with the
University of Ferrara (Department of Physics and Earth Sci-
ence, http://fst.unife.it/en, last access: 15 October 2024) and
the INGV. At present, data included in MUDA are recorded
at 22 wells and 3 springs (Recoaro, Recoarol, Feltre, see
Table 2). In general, wells have depths ranging from a few
metres (< 10 m) to a maximum of 300 m for Toppo and Mi-
randola sites (Table 2). The instrumented wells have a mean
depth between 5 and 150 m. Monitored sites are mainly char-
acterized by cold waters, whose average temperatures range
from 10.3 to 17.4 °C, except for Triponzo site that contains
thermal water (~ 30 °C; Table 2). A wide variety of water

https://doi.org/10.5194/essd-16-4843-2024
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Figure 6. Single station dataset for multiparametric sites with at least 6 months of data and three different types of acquisition. S: seismic
data (red); ID: hydrogeochemical data (blue); M: meteorological data (green); R: radon data (grey); C: CO; data (yellow). Yellow and orange
stars indicate recorded earthquakes at each site with magnitude (moment or local) lower and higher than 4, respectively.

electrical conductivity values (~ 130-88000uScm™!; Ta-
ble 2) are illustrative of heterogeneous compositions and salt
contents. Information on the presence of a borehole pump
(Table 2) and the frequency and intensity of water pumping
was carefully collected from well owners. Water level, tem-
perature and electrical conductivity changes are observed be-
cause of pumping for water chemical analysis (e.g. Balconi)
or irrigation purposes (e.g. Norcia) or functioning of spa
(e.g. Triponzo). These anthropogenic variations must be ac-
counted for when analysing groundwater data. A comprehen-
sive example of data-processing able to recognize in ground-

https://doi.org/10.5194/essd-16-4843-2024

water time series both natural phenomena and anthropogenic
noise signals is reported in Ferrari et al. (2024) for the site of
Balconi.

All sites monitored by hydrogeochemical instrumentation
are also equipped with a meteorological station able to cap-
ture the main atmospheric variations.

Four sites (i.e. Montelungo, Bondo, Norcia, Triponzo;
Table 1) are currently equipped with instrumen-
tation able to record the radon concentration in
the air. Sensors for radon monitoring are part of
the IRON network (Italian Radon mOnitoring Net-

Earth Syst. Sci. Data, 16, 4843-4867, 2024
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Table 2. Main features of hydrogeochemical probes and seismic monitoring stations. Bold values indicate wells with thermalism (i.e. Triponzo site) and the borehole seismic sensor
installed at 150 m depth (i.e. Oppeano site). In detail, water level is the water depth below ground level at the time of installation; water column is the water column above the sensor
at the time of installation; water temperature is the average values of water temperature. Water-specific electrical conductivity is also recorded. It is worth noting that for some sites the
averages are merely indicative as they refer to short recording intervals (see Table 1 for installation dates). Specific electrical conductivity is recalculated at 25 °C. Water pump is the
absence (0) or presence (1) of water pump.

Code Area  Geology Topography  Site Well  Water Water Water Water- Water  Seismic  Seismic ~ Recorder Sensor

(100 000) type depth level column temperature specific EC  pump network station

(m)  (m) (m) (°C)  (uSem™) code

Balconi 1 fluvio-glacial deposits  plain well 100 533 46.7 14.1 873 1 7O PDN2 Lunitek ATLAS  Tellus-5S
Bondo 1 alluvial deposits valley well 180 44 136 11.1 377 0 ZO PDN3 Reftek-130 Lennartz-5s
Bulgarelli 3 alluvial deposits plain well 8 1.5 6.5 14.5 2639 1 1V CAVE GAIA2 Trillium-120s
Casaglia 3 alluvial deposits plain well 130 35 126.5 17.2 3616 0 Iv FERS GAIA2 Tellus-5s
Cesena 4 alluvial deposits plain well 8.3 3.1 52 16.0 1338 0 1Iv BRSN GAIA2 Lennartz-1s
Feltre 2 limestone relief spring - - - 13.4 488 0o - - - -
Fonte 2 sandstone relief well 120 7.7 112.3 135 840 0 1Iv ASOL Lunitek ATLAS  Tellus-5s
Gere 1 fluvio-glacial deposits  valley well 60 31.3 28.7 10.3 406 1 ZO PDN6 Lunitek ATLAS  Tellus-5s
Maser 2 sandstone relief well 157 71.3 85.7 13.2 511 0 IV ASOL Lunitek ATLAS  Tellus-5s
Medolla 3 alluvial deposits plain well 50 3 47 153 5190 0 Iv CAVE GAIA2 Trillium-120s
Milan 3 alluvial deposits plain well 152 18 135 14.0 250 0o 1Iv MILN GAIA2 Trillium-40s
Mirandola 3 alluvial deposits plain well 300 54 294.6 17.2 87864 1 1V CAVE GAIA2 Trillium-120s
Montelungo 1 morainic deposits hill well 150 52.8 97.2 15.3 885 0 ZO PDN4 Reftek-130 Lennartz-5s
Nirano 4 mudstone hill mudhole 11 0 11 16.2 12024 0 ZO PDN10  GAIA2 Lennartz-5s
NIRANOI1 4 mudstone hill mudhole 11 0 11 14.8 2873 0 ZO PDN10  GAIA2 Lennartz-5s
Norcia 5 alluvial deposits valley well 64 30 34 12.0 535 1 ZO PDNI11  Reftek-130 Lennartz-5s
Oppeano 3 alluvial deposits plain well 60 4.6 55.4 13.9 607 0 ZO PDN9 SARA-SL06 SARA-SS08-120s
Recoaro 1 sandstone relief spring - - - 114 2148 0 ZO PDN13  Lunitek ATLAS  Tellus-5s
Recoarol 1 sandstone relief spring - - - 11.3 3724 0 ZO PDN13  Lunitek ATLAS  Tellus-5s
Renazzo 3 alluvial deposits plain well 6 1.5 4.5 17.4 1193 0 Iv RAVA GAIA2 Lennartz-5S
Secchia 3 alluvial deposits plain mudhole 1 0 1 17.5 2343 0 1Iv CAVE GAIA2 Trillium-120s
Toppo 2 alluvial deposits valley well 300 114 186 12.7 591 0o - - - -
Triponzo 5 limestone crest well 53 3.1 49.9 29.7 2487 1 ZO PDN12  Reftek-130 Lennartz-5S
Veronello 1 fluvio-glacial deposits  hill well 198 90 108 14.0 703 0 ZO PDN1 Lunitek ATLAS  Tellus-5S
Vobarno 1 alluvial deposits valley well 36 11.2 24.8 133 240 0 Iv VOBA  Lunitek ATLAS  Tellus-5s
Volargne 1 fluvio-glacial deposits  valley well 99 50 49 12.0 129 0 ZO PDNS Reftek-130 Lennartz-5s
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work, https://ingv.it/monitoraggio-e-infrastrutture/
reti-di-monitoraggio/l-ingv-e-le-sue-reti/iron,  last  ac-
cess: 15 October 2024) of INGV. Finally, just one site (i.e.
Nirano; Table 1) is equipped with instrumentation for carbon
dioxide (CO») soil flux measurements.

In general, the multiparametric sites show co-located in-
strumentation, with a few exceptions due to logistic difficul-
ties during the site installation or other technical problems
(e.g. sites with a very high level of background seismic ambi-
ent noise or working pump installed in the well). In all cases,
the reference seismic station is installed in the same geolog-
ical, morphological and hydrogeological context as the other
instruments, possibly co-located or at least in the proximity.
Hydrogeochemical stations installed in a narrow area (e.g.
Bulgarelli, Medolla, Mirandola and Secchia sites; Table 2)
might refer to the same seismic station.

5.1 Data quality check

In order to verify the completeness and correctness of the
recorded data, we carried out several checks.

Concerning seismic data included in MUDA, the results
of the processing procedure to produce 5 min interval data
are verified to check the capacity of the proposed process-
ing scheme to represent a real marker to detect earthquakes
or environmental phenomena. Figure 7 reports an exhaus-
tive example at the Oppeano site for events recorded by the
seismic station on 29 December 2020. Figure 7a (top) the
occurrences of subsequent events in a narrow time window
spanning 29 December 2020 14:02:40 to 15:36:57 UTC. The
first evident transient is related to the regional My, = 6.3
Croatia earthquake on 29 December 2020 at 12:19:54 UTC
(https://terremoti.ingv.it/event/25870121, last access: 15 Oc-
tober 2024). A few hours later, a small sequence of three
local weak earthquakes was recorded 12km south-west of
Oppeano and localized by the INGV bulletin on 19 Decem-
ber 2020 at 14:02:40, 14:44:51 and 15:36:47 UTC with mag-
nitudes of My, = 3.4, My =2.8 and M,, = 3.9, respectively
(https://terremoti.ingv.it/event/25871441, last access: 15 Oc-
tober 2024). In the bottom of panel (a), the results of our de-
tector procedure in terms of FFT interval are shown for the
288 data points of the 29 December 2020. It is evident how
all transients have been clearly recognized by marked peaks:
in particular, the regional event, occurring about 400 km east
of the Oppeano well highlights a notable contribution at low
frequency, showing a clear peak for the FFT around 0.1 Hz.
Conversely, the local seismicity is well described by peaks
detected at higher-frequency content, in particular ranging
from 1 to 10 Hz. In this case, it is worth noting how the high-
frequency content of FFTs also highlights variations in ambi-
ent noise level between night and day. In Fig. 7b, the results
of the detection procedure are presented in terms of relative
rms, ground motion velocity and averaged FFTs (from top to
bottom).

https://doi.org/10.5194/essd-16-4843-2024
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In order to publish reliable results, all continuous seismic
data streams for all seismic stations are checked daily for
quality by the interoperability between MUDA and ISMDq
(INGV Strong Motion Data quality; http://ismd.mi.ingyv.it,
last access: 15 October 2024, Massa et al., 2022a). In this
way all seismic stations included in MUDA are checked for
gaps (%), availability (%) and ambient noise level variation
in terms of PSD (power spectral density) and PDF (proba-
bility density function) (in dB), as calculated by McNamara
and Buland (2004). Through ISMDq, it is possible to build
temporal time series with a maximum time length of up to
2 years for all stations included in MUDA in order to first
check the correct functioning of the stations, the accuracy of
used metadata, daily and seasonal variations of ambient noise
level, and transient or permanent anthropic disturbances. In
particular, in the case of failure in data transmission, the con-
tinuous monitoring of data gaps and availability allows us to
retrieve data directly from station memories, thereby avoid-
ing important gaps in the data.

Hydrogeochemical and geochemical data are checked
daily for availability and gaps, usually due to a temporary
lack of data transmission platforms (i.e. cellular line or satel-
lite), in particular during rainy and stormy days or more
rarely due to malfunctioning of the instrumentation. In the
first case, the recorders, thanks to their internal memory
and data-logging capacity, are able to archive data up to a
maximum of 30d. If needed, the recovery of data is possi-
ble through a manual download. Subsequently data are up-
loaded into the MUDA database by calling the same ad hoc-
developed tools for populating the database for each param-
eter, with appropriate flags. In some cases, water level time
series show unusual abrupt peaks (i.e. spurious spikes that
are filtered) due to some problems during the compensation
of atmospheric pressure performed by the recording system
in order to obtain the correct values of water level: in gen-
eral, misalignments in pressure compensation lead to wrong
water level values, usually with differences of ~10m, as a
consequence of the measured atmospheric pressure usually
around or slightly above 1000 mbar, considering that all the
stations are within a few hundred metres above sea level.

Other data included in MUDA (i.e. meteorological, radon,
CO; flux) do not need particular processing. In any case, for
all meteorological, radon and CO, measurements, data are
always checked for gaps and possible spurious peaks that are
deleted. In particular, meteorological data regarding the plu-
viometry are archived and uploaded into MUDA as a sin-
gle sample recorded each minute or, even better, in some
cases, at each individual movement of the rain gauge’s tip-
ping bucket (0.2 mm every time). In these cases, before pub-
lishing the rain values on the website, data are cumulated in
intervals of 1h directly in the SQL query made by the web
portal, in order to better highlight heavy storms or other par-
ticular meteorological phenomena.

Earth Syst. Sci. Data, 16, 4843-4867, 2024


https://ingv.it/monitoraggio-e-infrastrutture/reti-di-monitoraggio/l-ingv-e-le-sue-reti/iron
https://ingv.it/monitoraggio-e-infrastrutture/reti-di-monitoraggio/l-ingv-e-le-sue-reti/iron
https://terremoti.ingv.it/event/25870121
https://terremoti.ingv.it/event/25871441
http://ismd.mi.ingv.it

4858 M. Massa et al.: MUDA
E - - - - - — h s
¢ ! arl | IOPPE -« HHE = | L -
34 { : " DR | e
0 s TR "
R g Ao L/i,'-._ | I
é B ] I"-\.-!A_L BT _|
= anl =g I = 1=t I- s -|
-: #o4A TR W D tad WA 1F 316 o) PRk Smd
2 4 FPILES - T B
431 T . :;- s 19 __{'—__ i e |
= E 5 | Ee—— | Y I.
= B 1 H_ I
E O] s s =aformali st T |.'l'".'n-—-_.-|_.|,.._._.___._____|
5 " 4 ¥ EooH .
N ] 1k = i ! LB ; !
! | -y 36 44 7R OBE 130t A bR TI0 De0 36 pAE
7 | o4 "rhy‘ll‘l-q" b . I 220 -
S oo L) =G D!
T i - o | —————r e — —
=l . " s oy e et e |
- !-."""'"'-""“'\-“'"“'-‘\-.".1-'.‘1-, I:'Tl"""' i i ; F oo 1 d-""_f .= i . |
L e | T e 5 - [iTr i1 j | ..;-_1“:_ i
W | § ooooi I''.-/---,_,,-t-\--a-----""""“'l e ‘_"'"'*‘*-.—-—-d-\.mn.-,
1 |
1o | L s ; i T e e
i il B St LE T L M O T ¥ X G v T PR MO DM MBS

DR - 24 B OB 2T - 24 b
Figure 7. Quality check of seismic data at Oppeano site (Table 1). Panel (a) (top) shows the time series recorded on 29 December 2020, by
IV.OPPE station (https://terremoti.ingv.it/instruments/station/OPPE, last access: 15 October 2024) showing consecutive earthquakes: the first
with My = 6.3, occurred in Croatia land (https://terremoti.ingv.it/event/25870121, last access: 15 October 2024) 450 km east of [V.OPPE and
the others with epicentres 11 km south-west of IV.OPPE with maximum My, = 3.9 (https://terremoti.ingv.it/event/25871441, last access: 15
October 2024). Earthquake origin times (UTC) are reported in the top panel (a). The bottom of panel (a) shows the FFT functions calculated
considering 15 frequency intervals from 0.1 to 20 Hz, considering 288 consecutive 5 min-time windows (i.e. 24 h) selected on the vertical
component of motion. Panel (b) shows, from top to bottom, the rms; the ground motion velocity; and the mean FFT calculated for 288
consecutive time windows, with a duration of 5 min. Red, blue and green indicate the vertical, the north—south and the east—west horizontal

components of motion. The solid black lines indicate the cumulative functions.

6 Multiparametric monitoring

In this section, some examples of comparison among mul-
tiparametric data are presented and discussed in the frame-
work of their possible applications for research and services
devoted to natural hazard risk reduction.

An interesting example of multiparametric monitoring,
concerning groundwater level variation presumably related
to large landslide phenomena has been collected at the Bondo
(Table 1) site and aquifer (Lake Garda area, Fig. 2), where on
1 November 2023, the water column above the sensor in the
well abruptly increased by ~ 20 m. This significant modifi-
cation, also combined with the diminishing temperature and
electrical conductivity (Fig. 8a), happened as a consequence
of 2d of intense rainfall with measured values of precipita-
tion up to 400 mm in a narrow area surrounding Bondo. It
is important to highlight that the stratigraphy below Bondo
is mostly made of fractured karstified limestones belonging
to the Dolomia Principale formation (Upper Triassic). To ex-
plain such a notable groundwater level variation, additional
and contemporary natural phenomena should be hypothe-
sized; on the basis of the information provided by the local

Earth Syst. Sci. Data, 16, 4843-4867, 2024

media, in the same period the area was affected by diffuse
landslides. In particular, between 31 October and 1 Novem-
ber 2023, a clear seismic transient (Fig. 8b) was recorded on
all three components of ZO.PDN3 station (Table 2), charac-
terized by very long duration (i.e. some hours), higher am-
plitudes with respect to the local ambient noise level (i.e. the
PGV was equal to 0.01 cms™!, comparable to a local earth-
quake with magnitude ranging from 2.5 and 3.0), prevalent
high-frequency content (~5-30Hz) and a strong polariza-
tion with preferential amplification of motion along the N—
S direction (Fig. 8c). In this case, the recorded transient at
Z0O.PDN3 could in fact be attributable to local and diffuse
landslides that could have modified the volume and/or the
extent of the aquifer and eventually the water flow infiltra-
tion and circulation through the rock fractures by influencing
the water level and leading the aquifer to be more sensitive
to meteorological events.

Meteorological events, in particular the intense rainfall pe-
riod, also seem to have a strong influence on radon emission
measurements, usually adopted as a possible marker in case
of a tectonic event. An example can be observed considering
the complete radon time series at the Bondo site where data

https://doi.org/10.5194/essd-16-4843-2024
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Figure 8. Example of multiparametric data recorded at the Bondo site (Table 1). Panel (a) shows the hydrogeochemical data recorded in the
time period from 15 October to 15 November 2023: solid black, red and green lines indicate the water level (m), the electrical conductivity
(uS cm_l) and the water temperature (°C) variations, respectively. Panel (b) shows the seismic data recorded at ZO.PDN3 station (Table 2)
on 31 October and 1 November 2023, while panel (c¢) shows the polarization analysis in terms of rotated horizontal-to-vertical spectral ratio.

highlight a positive correlation with the seasonality, with in-
creasing values in summer and decreasing values in winter,
following the trend of both atmospheric pressure and tem-
perature. At least during the monitored period, at the Bondo
site no correlation with local seismicity appears to be notice-
able, while clear correlations between radon outliers and the
rainfall period are evident (Fig. 9a). It is worth mentioning
how not all radon sensors show the same behaviour with re-
spect to the season. At the Montelungo site (Table 1), for
instance, data show a complete anti-correlation with the sea-
sons (Fig. 9b), with lower values in summer and higher val-
ues in winter, probably as a consequence of the different local
geological and morphological setting.

A further example regards the CO; flux variation, mea-
sured at the Nirano site (Table 1) in October 2023 (Fig. 10a)
during an intense period of weak motion earthquakes local-
ized very close to ZO.PDN10 station, installed in the area of
the Salse di Nirano regional park. Starting from June 2023,
the area of Nirano showed an increase in the local seismic-

https://doi.org/10.5194/essd-16-4843-2024

ity. In the period 1 June to 15 November 2023, 32 earth-
quakes with local magnitude (M) in the range 2.0-3.5 were
recorded with a maximum epicentral distance from Nirano
of 30 km. In particular, the strong events with My = 3.5 oc-
curred on 30 October 2023 (04:25:53 UTC). Considering the
CO; time series recorded at Nirano and a time period span-
ning 15 October to 15 November 2023, it is possible to high-
light the presence of many CO; data points with values ex-
ceeding the limit of 41 standard deviation (Fig. 10b), with
respect to the average values of the period. Many outliers
were recorded just before and also soon after the My, = 3.5
target earthquake. It is worth noting that this evidence should
be carefully evaluated also considering other parameters (for
instance, atmospheric pressure, soil moisture and tempera-
ture), even though no relevant rainfall episodes occurred in
that period.

Further case studies concern the correlation between me-
teorological (i.e. temperature and rainfall) and groundwater
parameters. Understanding water level fluctuation patterns is

Earth Syst. Sci. Data, 16, 4843-4867, 2024
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spring, sum: summer).

one of the pillars for designing adaptive management prac-
tices that can mitigate the impacts of extreme water lev-
els on infrastructure and associated economic activities (e.g.
Gerten et al., 2013; Alley et al., 2002; Taylor and Stefan,
2009; Russo and Lall, 2017). Groundwater recharge is diffi-
cult to estimate, especially in fractured aquifers, because of
the spatial variability of the soil properties and because of
the lack of data at basin scale. A possible solution consists
in inferring recharge directly from the observation in bore-
holes (Guillaumot et al., 2022), even if the direct measures
in wells overlook the impact of lateral groundwater redistri-
bution in the aquifer. When evaluating the effect of exoge-
nous parameters on groundwaters, rainfall is the main factor
in promptly influencing all monitored groundwater parame-
ters (e.g. Mancini et al., 2022; Guillaumot et al., 2022), with
a variable aquifer response with respect comparable amounts
of precipitation in the same period. Figure 11 shows an exam-
ple of groundwater recordings related to the meteorological
event of October 2023 at Volargne and Fonte sites (Table 1).
It is worth noting how in the first site (Fig. 11a) a gradual
and moderate rise in water level is contrasted by a faster and
larger (less than 2 h) increase in water level at the Fonte site
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(Fig. 11b), which shows an intense influence of the rainfall,
also proved by the extremely variable temperature and con-
ductivity records not observed in the other sites (Ferrari et al.,
2024). The light-grey box in Fig. 11 highlights another in-
stant response of Fonte groundwater to precipitation, which
is even more sharper than the one described above and also
involves electrical conductivity decrease and temperature in-
crease.

The atmospheric temperature is moreover proven to af-
fect groundwater temperature, especially in aquifers down to
~20m depth (e.g. Lee et al., 2021; Taylor and Stefan, 2009;
Menberg et al., 2014). Monitoring sites with at least 1 year
of recordings are taken into account to analyse groundwa-
ter temperature seasonal oscillations and correlations to air
temperature. In our case, the absence of seasonality is de-
tected at the Bondo, Montelungo and Volargne sites (Table 1)
where the constant groundwater temperatures could be ex-
plained by the aquifer depth (~ 50 m). In other cases, such as
the Casaglia site (Table 1), despite the depth of aquifer of a
few metres below ground level, the relevant water (~ 40 m)
column above the hydrogeochemical sensor dampened pos-
sible temperature fluctuations (Bucci et al., 2020; Egidio et

https://doi.org/10.5194/essd-16-4843-2024
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Figure 10. Panel (a) shows the CO, flux (g m—2d~ !, black line) recorded at NIRANO multiparametric site. Solid red and green lines
indicate the smoothing function of CO; flux and the temperature (°C), respectively. The orange box indicates the time window represented
in the bottom panel. Panel (b) shows the detailed monitoring for the period 25 October to 15 November 2023, where a seismic sequence,
with a maximum local magnitude of 3.5 (vertical dashed yellow lines), occurred at Nirano’s mud volcanoes. Dotted and dashed orange lines
indicate the mean values %1 standard deviation of CO; flux recorded during the analysed time period. Rain values (mm, light blue) and soil
temperature (°C) are also indicated. Black dots indicate the CO, measures (g m~24d-! ).

al., 2022). Conversely, at the Balconi site (Table 1), despite
the aquifer depth being greater than 50 m, a nearly seasonal
variation, characterized by maximum values reached in sum-
mer and minima in winter, is observed, in agreement with the
measured air temperature periodicity (Ferrari et al., 2024).
However, it should be evaluated whether this temperature
variation in specific seasons is directly attributable to meteo-
rological reasons or to anthropogenic causes, due to intense
irrigation occurring in the area of Balconi during the most
dry and hot months of the year.

7 Data availability
Data and metadata presented and described in this paper can

be accessed under https://doi.org/10.13127/muda (Massa et
al., 2023).

8 Code availability

All the procedures to acquire and process data coming from
multiparametric remote stations have been specifically de-

https://doi.org/10.5194/essd-16-4843-2024

veloped for the MUDA project in Bash scripting language,
Python and PHP language, using, when necessary, propri-
etary API taken from the manufacturers of the installed re-
mote instrumentation, as detailed in the text. Seismic data
are acquired and archived through a Seiscomp4 (https://doi.
org/10.5880/GFZ.2.4.2020.003, Helmholtz-Centre Potsdam
— GFZ German Research Centre for Geosciences and gempa
GmbH, 2008) client, thereby improving the SeedLink real-
time data acquisition protocol. Some processing steps on the
seismic data are undertaken using the Seismic Analysis Code
(SAC, https://ds.iris.edu/ds/nodes/dmc/software/downloads/
sac/, Goldstein and Snoke, 2005), a software designed for
both real-time and offline seismological analyses of time se-
ries data. The MUDA database is developed with MySQL
open-source software. The MUDA web portal is developed
in PHP and HTMLS languages, and all data are published
under the Creative Commons License CC BY 4.0 licence.
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Figure 11. Groundwater recharge at Volargne (a) and Fonte (b) sites (Table 1) recorded on 30 October 2023. In both panels, solid black, red
and green lines indicate the water level (m), the electrical conductivity (uS cm™!) and the water temperature (°C) variations, respectively,

while the solid blue lines indicate the cumulative rain.

9 Usage notes and conclusions

The technical validation allowed us to obtain a reliable and
homogeneous dataset of continuous multiparametric time se-
ries and associated metadata. Hydrogeochemical, meteoro-
logical, radon and CO; data are published in a raw format
after a pre-processing step, whose main scope was just to
detect gaps and spurious peaks to be deleted from the time
series. Seismic data are published after applying a 5 min re-
sampling to the raw miniSEED 24 h continuous data and then
by converting the velocity ground motion (cms™!) in rms
and FFT discrete time series. The raw seismic waveforms
are however downloadable from the EIDA-Italia web service
(https://eida.ingyv.it/it/, last access: 15 October 2024).

For the first time, at least in Italy, high-frequency and con-
tinuous multiparametric data are dynamically updated daily
and published soon after for end users. Data can be used for
different purposes, ranging from (i) information regarding
environmental and meteorological temporal trends with re-
spect to the global climate change problematic; (ii) details
on local aquifer features and seismicity; (iii) recommenda-
tions for the civil protection; and (iv) multiparametric geo-
physical, environmental and geochemical data for research
studies. In particular, all seismic stations included in MUDA-
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db with the code ZO (PDnet, https://eida.ingv.it/it/networks/
network/ZO, last access: 15 October 2024) contribute to the
national seismic monitoring by sharing a continuous data
stream in real time to the INGV National Seismic Network
(https://eida.ingv.it/it/networks/network/IV, last access: 15
October 2024). In addition, the dense ZO network installed
around Lake Garda contributes significantly to improving the
minimum magnitude threshold detection of the area, as re-
ported in Ferrari et al. (2024).

Seismic data, together with all geological, morphological
and geophysical information collected at each site included
in MUDA, can moreover be used to investigate the site re-
sponse in terms of seismic amplification, in particular for
sites installed in the central part of the Po Plain, a deep basin
characterized by a significant thickness of incoherent alluvial
deposits. Seismic events recorded at each station can also be
used for local investigations into the microseismicity of the
area and seismic source recognition or to improve the avail-
able seismic velocity models at a local scale.

Hydrogeochemical and geochemical data will be used in
the framework of a recent agreement between the National
Institute of Geophysics and Volcanology (INGV) and the
National System for Environmental Protection (SNPA, com-
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prising the Regional Environmental Protection Agencies —
ARPA and ISPRA), aimed at gathering information on seis-
mic activity and aquifer/spring status from various acquisi-
tion sources, in some cases reaching near-real-time monitor-
ing through the SINAnet facility (https://www.snpambiente.
it/attivita/sistema-informativo-nazionale-ambientale/,  last
access: 15 October 2024).

In general, the multiparametric monitoring is the basis
by which to understand and identify possible seismic pre-
cursors, an objective not yet achieved in earthquake stud-
ies. In particular, the short-term earthquake forecasting re-
mains elusive and largely unattained. An effective solution
for such a major issue might be found, in the future, in sys-
tematic high-frequency and continuous measurements with
multiparametric networks operating over the long term. Ow-
ing to the influx from deep crustal fluids in active tectonic
areas, groundwater monitoring may especially be considered
a fundamental tool for investigating pre-seismic signals of
rocks undergoing accelerated strain (e.g. King, 1986; Skel-
ton et al., 2014; Barberio et al., 2017).
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