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Abstract we apply a blind source separation algorithm to the ground displacement time series recorded
at continuous Global Positioning System (GPS) stations in the European Eastern Alps and Northern Dinarides.
As a result, we characterize the temporal and spatial features of several deformation signals. Seasonal
displacements are well described by loading effects caused by Earth surface mass redistributions. More
interestingly, we highlight a horizontal, nonseasonal, transient deformation signal, with spatially variable
amplitudes and directions. The stations affected by this signal reverse the sense of movement with time,
implying a sequence of dilatational and compressional deformation that is oriented normal to rock fractures
in karst areas. The temporal evolution of this deformation signal is correlated with the history of cumulated
precipitations at monthly time scales. This transient horizontal deformation can be explained by pressure
changes associated with variable water levels within vertical fractures in the vadose zones of karst systems.
The water level changes required to open or close these fractures are consistent with the fluctuations of
precipitation and with the dynamics of karst systems.

Plain Language Summary Groundwater levels in aquifers are commonly monitored at local scales
by wells. Space geodesy, however, can provide measurements of time-variable deformation associated with
variable groundwater levels at mesoscales. Here we show how Global Positioning System (GPS) time series
from regional networks can precisely measure spatially integrated deformation signals related to variable
water levels in karst aquifers, which are an important source of drinking water worldwide. Blind source
separation algorithms, as the one used in this work, help scientists to detect and precisely measure ground
displacements associated with both tectonic and nontectonic processes, improving our ability to describe
the space and time evolution of surface movements and the dynamics of faults and geological bodies.

1. Introduction

Long-term strain accumulation, fault slip rates, and seismic activity along plate boundaries are mainly driven
by plate tectonics. However, it has been shown that several surface and subsurface processes, both of natural
and anthropogenic origin, can affect the long-term tectonic deformation and even modulate or trigger seis-
micity (e.g., Amos et al., 2014; Bettinelli et al., 2008; Hainzl et al., 2006). Geodetic methods are now commonly
used to study load processes (e.g., ocean tide and atmospheric loading, changes in continental water storage,
and ice and snow coverage), which mainly generate vertical displacements from millimeter to decimeter,
with different spatial scales and periodicities (e.g., Chanard et al., 2014; Fu et al,, 2013; Jiang et al., 2010;
Wabhr et al., 2013). The analysis of these signals is attracting more and more attention since accounting for
these variations is important to accurately measure secular geodetic velocities (Blewitt & Lavallee, 2002)
and to properly infer and accurately measure timing and amplitude of tectonic deformation transients,
including those occurring in slowly deforming regions (e.g., Gualandi, Nichele, et al., 2017).

At local scale, the influence of rainfall on crustal deformation has been described using tilt and strain meters
in several tectonic settings (e.g., Dal Moro & Zadro, 1998; Evans & Wyatt, 1984; Gilli et al.,, 2010; Jacob et al,,
2010; Jahr et al., 2008; Kiimpel et al., 1988; Takemoto, 1995). However, the literature on the spatial extent
of rainfall-induced deformation is still scarce. Recently, Global Positioning System (GPS) data have evidenced
horizontal and vertical displacements correlated with rainfall, superimposed on the long-term tectonic
motion, in karst areas (e.g., Devoti et al.,, 2015; Moreau & Dauteuil, 2013). Devoti et al. (2015), in particular,
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Figure 1. Map of the study region, showing in yellow areas where carbonate rocks outcrop (http://web.env.auckland.ac.nz/our_research/karst). The gray lines are
faults from Serpelloni et al. (2016). The gray arrows show horizontal Global Positioning System velocities (with 95% error ellipses) in an Adria-fixed frame (from
Serpelloni et al., 2016). The cyan circles indicate the Global Positioning System stations located within the black polygon and included in the time series analysis. The
dark gray circles indicate stations excluded from the analysis because of short time series or large data gaps. The white stars indicate locations of M > 5.5 earthquakes
from http://emidius.mi.ingv.it/CPTI15-DBMI15. ESA = Eastern Southern Alps; LM = Lessini Mountains; PAF = Periadriatic Fault; BVT = Bassano Valdobbiadene
thrust fault; MTF = Montello thrust fault; AP = Asiago Plateau; CP = Cansiglio Plateau; IP = Istria peninsula; MGC Anticline = Monte Grappa-Monte Cesen anticline.

described a localized active slope deformation signal, highlighted by GPS and tiltmeter stations, in a karstic
limestone plateau in the southeastern Alps (the Cansiglio Plateau, CP in Figure 1), which correlates with
rainfall data. Silverii et al. (2016) discussed seasonal and multiyear deformation in GPS time series affecting
a wider region, the southern Apennines of Italy, which have been associated with groundwater variations
in karst aquifers. Karst systems appear thus ideal settings for investigating the effects of rainfall, rainwater
infiltration, and changes in the water table on crustal deformation, potentially affecting the earthquake rates.

Large part of the tectonically active peri-Adriatic mountain belts (the Apennines-Alpine-Dinaric chain) is
formed by limestone, characterized by diverse karstification levels. The same area is also characterized by a
good coverage of continuous GPS (cGPS) networks (Devoti et al., 2017; Serpelloni et al., 2016). Since several
tectonic and nontectonic processes are contributing to generate Earth’s surface displacements (Dong et al.,
2002), an accurate estimate of the ground deformation associated with the hydrological cycle would require
the identification of the different deformation sources contributing to the ground displacements measured
by GPS. Because different physical sources may have different temporal and spatial features, multivariate
statistical analysis represent an efficient approach to address this problem and is now widely used (e.g.,
Amiri-Simkooei et al., 2017; Boergens et al., 2014; Dong et al., 2006; Ji & Herring, 2012). The identification
of transient signals of nontectonic origin is even more important when transient tectonic deformations are
expected to be smaller or of the same order of magnitude than hydrological deformation, thus making
misinterpretation possible (e.g., Amoruso et al., 2017).

In this work, we applied a blind source separation algorithm to the position time series of cGPS stations oper-
ating in the area encompassing the Italian central and Eastern Southern Alps (ESA) and northern Dinarides in
Slovenia and Croatia (see Figure 1). We adopted an approach that has been successfully used, in recent times,
to separate both continental-scale hydrological signals from tectonic transients in several tectonic settings

SERPELLONI ET AL. 4414


http://web.env.auckland.ac.nz/our_research/karst
http://emidius.mi.ingv.it/CPTI15-DBMI15

AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1002/2017JB015252

(Gualandi, Avouac, et al., 2016; Gualandi, Perfettini, et al., 2017). The outputs of this analysis are the temporal
evolution and the spatial response (i.e., the amplitude at each measuring station) of the individual signals
contributing to the total observed geodetic ground displacements. After describing the geologic setting of
the study region (section 2) and the data used (section 3), section 4 focuses on the individual signals obtained
from the analysis carried out on de-trended position time series. Here we discuss the annual (seasonal) sig-
nals and present the analysis on a nonseasonal signal inducing a succession of extensional/compressional
deformation. In section 5, this latter signal is correlated with precipitation data. Results are discussed in
section 6, where we concentrate on the area with the highest density of GPS stations and develop a model
to capture the first-order features of the displacement field. The successful exercise provides preliminary indi-
cation on the possible physical mechanism causing the time-variable strain observed in the karts sectors of
the study area.

2. Geologic and Tectonic Settings

The Alps were developed from the Cretaceous onward by subduction of a Mesozoic ocean followed by colli-
sion between the Adriatic (Austroalpine-Southalpine) and European (Penninic-Helvetic) continental margins.
The continent-continent collision started after the subduction and thrusting of the Penninic flysch units,
during the Eocene (~50 Ma) (Decker & Peresson, 1996). According to the direction of tectonic transport,
the Alps are subdivided into two belts of differing size, age and geological significance: (1) the Europe-
verging belt, a thick collisional wedge of Cretaceous-Neogene age (~145-2.5 Ma), consisting of continental
and minor oceanic units radially displaced toward the Molasse foredeep and European foreland; (2) the
Southern Alps, a minor, shallower (nonmetamorphic) and younger (Neogene to present, ~23-0 Ma) thrust-
and-fold belt displaced to the south (Adria verging), which developed within the Alpine hinterland of the
Adriatic upper plate. The two belts are separated by the Periadriatic lineament or Periadriatic fault (see
Figure 1), a major fault system of Oligocene-Neogene age (~34-2.5 Ma). The Dinaric Alps (or Dinarides) are
part of the Alpine, Carpathian, Dinaric system (AlCaDi, after Schmid et al., 2008) and are a Late Jurassic to
recent, mainly SW vergent fold-and-thrust belt that extends from the Southern Alps in the NW to the
Albanides/Hellenides to the SE. The Eastern Alps and northern Dinarides (see Figure 1) marks the boundary
between the Adriatic and the Eurasian plates through a wide zone of deformation including a variety of
tectonic styles within a complex network of crustal and lithospheric faults (see Serpelloni et al., 2016, for a
recent synoptic view). The large part of the Adria-Eurasia convergence is now accommodated across the
southernmost ESA thrust front, where the highest geodetic strain rates are observed in its central segment
(the Montello and Cansiglio thrusts; Danesi et al., 2015; Serpelloni et al., 2016; see Figure 1). Cheloni et al.
(2014) and Serpelloni et al. (2016) showed that the ESA thrust front presents variable interseismic coupling,
but uncertainties on coupling values, in particular for its central (i.e., Venetian) sector, are large, due to uncer-
tainties in long-term motion rates of GPS sites located in the Cansiglio Plateau, which are affected by hydro-
logical deformation transients (e.g., Devoti et al., 2015). Moreover, Serpelloni et al. (2016) have shown that
GPS velocity gradients along the Adria-Eurasia convergence direction across the Montello-Cansiglio thrusts
are difficult to be explained with elastic coupling models.

2.1. The South Alpine and Dinaric Karst

The Venetian Southern Alps, the southernmost sector of the Italian Eastern Alps, are composed by carbonate
rocks, where the principal formations are well-bedded limestones of Jurassic age (the Calcari Grigi and the
Rosso Ammonitico) that are overlaid by cherty or marly, more densely fractured, Cretaceous limestones
(Maiolica formation, a chalk, and the Scaglia Variegata Alpina). The Dinarides are formed largely of
Mesozoic and Cenozoic sedimentary rocks like dolomite, limestone, sandstone, and conglomerate. The study
area is characterized by the presence of different karst massifs (see Figure 1), among which the most impor-
tant ones are the Lessini Mountains, the Asiago Plateau and the Cansiglio Plateau along the Venetian
Southern Alps front, and the Classical Karst, extending across the border between SW Slovenia and NE
Italy, having a special place among karst regions in the world.

Karsts are found in widely scattered sections of the world (http://web.env.auckland.ac.nz/our_research/karst)
and contain aquifers that are capable of providing large supplies of water, with more than 25% of the world’s
population either living on or obtaining its water from karst aquifers. Conditions that promote karst develop-
ment are well-jointed limestone near the surface, a moderate to heavy rainfall and good groundwater
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circulation. Karsts terrains are characterized by barren, rocky ground, caves, sinkholes, underground rivers,
and the absence of surface streams and lakes, resulting from the excavating effects of underground water
on soluble limestone. Rainwater quickly moves through the crevices into the ground, sometimes leaving
the surface soil parched between rains. Karst aquifers are characterized by a network of conduits and caves,
formed by chemical dissolution, allowing for rapid and often turbulent water flow, and may be present even
when there are no discernible karst landforms at the land surface, and even when there are no known and
accessible caves. An important way that karst aquifers differ from other aquifers is that a groundwater basin
boundary may have little relationship to surface watershed boundaries. Recharge water may originate from
the karst area itself or from adjacent nonkarstic areas, with infiltration occurring through the soil and unsatu-
rated zone but being also concentrated via shallow holes/sinks and fractures. The properties of karst aquifers
greatly vary in space and depend on the orientation of geologic fabric elements. Openings forming karst
aquifers may be partly or completely water filled. The water tables in karst areas (i.e., the region where all
pores are filled with water) can be highly irregular in elevation, because water-carrying conduits can develop
at various elevations. Moreover, the water table in karst aquifers can sometimes fluctuate tens or even
hundreds of meters even in relatively short periods of time (hours to days).

3. GPS Data and Time Series Analysis

The daily position time series of all cGPS networks operating in the study region (see Figure S1 in the support-
ing information for site locations and stations codes) were obtained analyzing the raw data with the
GAMIT/GLOBK (Herring et al., 2015) and QOCA software (http://qoca.jpl.nasa.gov), following the three-step
procedure described in Serpelloni et al. (2006, 2013). More details on the GPS data analysis are provided in
the supporting information (Altamimi et al., 2011; Blewitt & Lavallee, 2002; Boehm et al., 2006; Dong et al.,
2002, 2006; Herring et al., 2015; Lagler et al., 2013; Lyard et al., 2006; Petrie et al., 2010; Schmid et al., 2005,
2007; Serpelloni et al., 2006, 2013). A continental-scale common mode signal was estimated using principal
component analysis, as in Serpelloni et al. (2013, 2016) and removed from the time series, bringing an
increasing signal-to-noise ratio (SNR) in displacement time series.

The displacement time series of the stations located within the black polygon in Figure 1 were analyzed using
the variational Bayesian independent component analysis (vbICA) method (Choudrey & Roberts, 2003),
modified and tested on GPS position time series by Gualandi, Serpelloni, and Belardinelli (2016). The vbICA
approach uses a generative model to recreate the observations. Every independent component (IC) is
described by a mix of Gaussians (MoG), which allows for more flexibility in the description of the sources with
respect to classical independent component analysis (ICA) techniques. The vbICA method carries with it other
two advantages: first, it allows to consistently taking into account missing data in the data set (see Chan et al.,
2003); second, it provides an estimate of the uncertainty associated with each IC. The output of this analysis is
the definition of a limited number (L) of sources or components. Each source has a specific spatial distribution
(U) and follows a specific temporal evolution (V). Both the spatial and temporal responses associated with
every IC have unit norm, so that a weight coefficient S (in mm) is necessary to rescale their contribution in
explaining the original data. The displacement time series at a given station can be reconstructed by linearly
summing up the contributions from all the ICs, each of which is obtained by multiplying the specific spatial
distribution by the associated weight times the temporal evolution. The probability density function (pdf) of
each time function V;,i=1, ..., L, is modeled via a MoG. Given a sufficient number of Gaussians, any pdf can be
reproduced by a MoG. The vbICA searches for the parameters of the MoG such that the pdfs of the temporal
functions are as much independent as possible while being able to explain satisfactorily the observations.
This data-driven approach allows extracting the spatiotemporal information of independent sources without
imposing any specific spatial distribution or temporal function but extracting them directly from
the observations.

We used de-trended time series, removing the linear trend estimated from the absolute (i.e., IGb08) time
series, corrected for known offsets due to changes in stations equipment. Only stations with >3.5 years of
data are retained in this analysis. Using de-trended time series reduces the correlation of the data set, improv-
ing the ability of the vbICA algorithm to correctly separate the sources (Gualandi, Serpelloni, & Belardinelli,
2016). In order to limit missing data, we removed from the analysis stations presenting large data gaps,
obtaining a total coverage of 65%. The stations used are shown in cyan in Figure 1. The analysis yields that
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Figure 2. (a) Temporal evolution (V) of the five independent components determined from the variational Bayesian independent component analysis and
(b) corresponding power spectral density plots, where the red, green, blue, purple, and orange symbols and lines refer to IC1, IC2, IC3, IC4, and IC5. Gray

bars are one standard deviation errors.

five ICs are required to properly reconstruct the time series, where this number is based on the automatic
relevance determination criterion and the estimation of the negative free energy associated with the
generative model, as described in Gualandi, Serpelloni, and Belardinelli (2016).

4, ICA Results

4.1. ICs Temporal and Spatial Features

The temporal evolution (V) and the power spectral density of the five ICs are shown in Figure 2. Map views of
the spatial response (U) corresponding to each IC and the associated weight (S in mm) are shown in Figure 3,
where the color of circles and the length of the green arrows indicate the direction and the amplitude of U at
each station in the vertical and horizontal components, respectively. The uncertainties on the IC are calcu-
lated following Gualandi, Avouac, et al. (2016) and might be underestimated since spatial and temporal
correlations are neglected. For each station and each IC, we computed the SNR value as the ratio of the
squared difference between the maximum and minimum displacements associated with each IC and the
mean uncertainty (one standard deviation) of the GPS measurements. Figure S2 in the supporting informa-
tion shows maps of the spatial response for the five ICs for the stations with SNR > 1 at least in one of the
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Figure 3. Map views of the spatial response, U, for the five independent components, where the green arrows show the horizontal response and the color scale refers
to the vertical response. The weight S (in mm) for each independent component is shown in the upper left corner. The spatial response describes the directions
along which the Global Positioning System station move and the arrow length, or color, is proportional to the importance of this specific component at each single station.

horizontal components or in the vertical one. For each IC the number of stations with SNR > 1 provides an
indication on how important is the single IC in describing the measured displacements time series.

The frequency analysis (Figure 2b) shows that the temporal evolution of the first and third ICs (V1 and V3) has
peaks corresponding to annual signals, and the two annual signals have a phase lag of 96 + 2 days, with V3
anticipating V1. V2 and V4 have more power at low frequencies, with V4 representing a multiyear signal. V2,
in particular, combines different long-period signals with smaller power at annual and semiannual periods,
displaying a noncyclic signal that varies in amplitude during the investigated time span. The time spans pre-
senting larger variations of V2 are shown in gray in Figure 2a and correspond to the two time intervals later
considered in this work for more in-depth study. During periods of rapid increase (light gray areas in Figure 2)
the signal seems to have a linear trend, whereas during periods of decrease (dark gray areas in Figure 2), V2
shows a nonlinear behavior. V5 has significantly less power than the other ICs and no dominant peaks,
suggesting that this component represents mainly noise in the GPS time series.

SERPELLONI ET AL.

4418



~1
AGU

100 Journal of Geophysical Research: Solid Earth 10.1002/2017JB015252

ADVANCING EARTH
'AND SPACESCIENCE.

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
121 CANV e 1 6/ ROVR T T BRSE T "TRIE 0

3
o

o

————
12F 1 jc2 163 Icd

TN U

WA A P VOV Ra A U W

East(mm)
o

North(mm)

Up(mm)

24 f . El
1 L I i I I i3 g I I | L | g L L L L I -8 L L L i L
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year Year Year Year

Figure 4. De-trended observed (blue dots) and reconstructed (red line) displacement time series obtained from the determined five independent components (ICs),
for four Global Positioning System stations located in the three areas shown in Figure 6. The dark gray lines show fit to the observations with an annual + semiannual
model obtained by least squares fit of the Global Positioning System observations using the QOCA analyze_tseri package (https:/qoca.jpl.nasa.gov). The dis-
placement time series associated with each of the five ICs are reported in the bottom panels with different colors. The gray areas indicate time intervals where the
cumulative displacements associated with the second IC are larger.

In terms of spatial response (shown in Figure 3), IC1 and IC3 look like common mode signals, with stations
moving at annual periods coherently in the same direction; for IC1 mostly up and down and for IC3 mostly
NW-SE, since no stations have SNR > 1 in the vertical components for IC3, while for IC1 the direction at sites
with SNR > 1 in the horizontal (see Figure S2) is variable. IC2, on the contrary, shows a more heterogeneous
spatial response in the horizontal component, with high SNR at stations located in the Southern Alps and
northern Dinarides (see Figure 6). On the other hand, only very few sites have SNR > 1 in the vertical compo-
nent for IC2. For IC4 and IC5 only 1-10% of sites have SNR > 1 and marginally contribute in describing the
measured displacements at very few stations.

Figure 4 shows the observed (in blue) and reconstructed (in red) time series for four stations, as obtained
by combining the five ICs with their weights and site-specific spatial response, and the time series of the
displacements associated with each IC for all GPS stations. The dark gray lines in Figure 4 show the
annual + semiannual model, commonly used in GPS time series modeling (Dong et al., 2002), obtained
by least squares fit of the GPS observations using the QOCA analyze_tseri package (https://qoca.jpl.nasa.
gov). The observed and modeled time series for all GPS stations are provided as supporting information
data set.

The temporal evolution of IC2 is indeed similar to the displacement time series measured at CANV station,
where the high peak-to-peak displacements observed at CANV (e.g., between 2011 and 2012) have been
associated with rainfall-induced southward slope movements of the Alpago-Cansiglio karst plateau (CA in
Figure 1) by Devoti et al. (2015). The presence of a similar signal over a much wider region points toward a
common physical source, suggesting that rather than being a local feature, ground deformation induced
by precipitation is active at a much larger scale. In order to strengthen this hypothesis, we run the ICA analysis
excluding CANV. Figure S3 shows the temporal evolution and spatial response associated with 1C2 as
obtained not excluding CANV. We found no differences both in terms of temporal evolution and spatial
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mated from the ERA-interim (European Centre for Medium-Range Weather
Forecasts, ECMWF reanalysis) model (see section 4.2) for a few stations in the
study region. In gray the normalized temperature variations at each station
from the E-OBS (Haylock et al., 2008) daily gridded observational data set.

response of the ICs, with ICs ordered in terms of weight as in the analysis
including CANV. For this reason, in the following we use the results
obtained including CANV in the vbICA analysis.

4.2, Seasonal Common Mode Signals

Seasonal displacements, mainly in the vertical components, are well
known and described in the literature (e.g., Davis et al., 2012; Dong et al.,
2002). Most of seasonal motions can be attributed to loading effects
caused by Earth surface and subsurface mass redistributions (e.g., Amos
et al,, 2014; Argus et al,, 2014; Borsa et al,, 2014; Tregoning & van Dam,
2005; van Dam et al,, 1994). In the study region IC1 and IC3 represent
common mode annual signals, displaying rather uniform spatial responses
(i.e., with sites moving coherently along the same direction) in the vertical
and in the horizontal components, respectively (Figure 3). IC1 describes
the larger vertical seasonal displacements (see Figure S4 in the supporting
information), with average (median) amplitude of ~3.5 mm and maximum
values up to ~10 mm in the vertical component and larger amplitudes at
sites located in the pedemountain area. In the horizontal components,
IC1 describes much smaller seasonal displacements, with an average
(median) amplitude of ~1 mm. In the vertical component, positive peaks,
describing uplift of the study region, are in June, and negative peaks,
describing subsidence of the area, are in January, being in phase with tem-
perature seasonal variations (see Figure 5). IC3, which is not in phase with
temperature, shows positive peaks in spring and negative peaks in
autumn, describing annual displacements mainly in the NW-SE directions
(see Figure S2), with an average (median) amplitude of ~0.8 and 1.5 mm in
the east and north components, respectively.

We compared the displacements associated with IC1 and IC3 with displa-
cements due to the redistribution of fluids at the Earth’s surface estimated
using recent global reanalysis models. We used predictions provided by
http://loading.u-strasbg.fr (Gegout et al, 2010). This service provides
global gridded 3-D displacements for atmospheric, hydrological, and non-
tidal ocean loading obtained from different global models. Surface displa-
cements are computed using Green's function formalism (Farrell, 1972)
based on the preliminary reference Earth model assuming a spherically
symmetric, nonrotating, elastic,c and isotropic Earth (Dziewonski &
Anderson, 1981). Daily 3-D surface displacements are provided in the
center of figure reference frame with a spatial resolution of 0.5° in longi-
tude and latitude. We used hydrological loading displacement values esti-
mated from ERA-interim (European Centre for Medium-Range Weather
Forecasts, ECMWF reanalysis) model (Berrisford et al.,, 2009; Dee et al.,
2011) and from the Global Land Data Assimilation System (GLDAS)/Noah
(Rodell et al., 2004) model, for which global grids are provided.

In order to evaluate the agreement between model and geodetic (in terms of ICs) displacements, we use the
Lin concordance correlation coefficient (Lin, 1989, 2000), which takes into account similarities on both ampli-
tudes and shapes of two time series. Figures S4 and S5 in the supporting information show maps of the Lin's
correlation coefficient values calculated comparing the displacements associated with IC1 and IC3 in the east,
north, and vertical components, with hydrological loading displacement values estimated from the ERA-
interim and GLDAS models, respectively. The Lin concordance correlation coefficient varies between —1
and 1, with values of 1 denoting perfect concordance and —1 discordance, and a value of 0 denotes its com-
plete absence. The vertical seasonal displacements associated with IC1 are in good agreement with GLDAS
and ERA-interim reanalysis hydrological loading models, both in terms of phase and amplitude, whereas
the agreement in the horizontal components is poorer. Figure 5 shows the vertical hydrological loading
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displacements calculated from the ERA-interim model and the vertical displacements associated with IC1 for
a few sites of the study region that are also influenced by the IC2 hydrological signal (see Figure 3).

As regards 1C3, both ERA-interim and GLDAS modeled displacements show a better agreement in the north
component than the east one (Figures S5 and S6). The displacements obtained by summing IC1 and IC3 show
a slight improvement of the agreement with the modeled displacements (see Figures S5 and S6), suggesting
anyway that also horizontal seasonal displacements are associated with surface hydrological loading. While it
has been well established by Farrell (1972) that assuming a spherical and layered model is the correct way to
model both horizontal and vertical components simultaneously, Chanard et al. (2018), modeling Gravity
Recovery and Climate Experiment observations, showed that the fit to the phase and amplitude of both
horizontal and vertical data can be improved by estimating a degree-1 deformation field rather than using
the degree-1 coefficients from Swenson et al. (2008). Regional misfits may also arise from lateral variations
of the Earth’s elastic parameters, although to a lesser extent than proposed by Chanard et al. (2014) once
degree-1 contribution has been adjusted. It is worth considering that other systematic errors in GPS time
series can contribute to the annual signals, as shown by Dong et al. (2002), but they marginally contribute
to the observed displacements.

4.3. Time-Variable Ground Deformation Associated With I1C2

Figure 6 shows the spatial response of IC2 only at sites having a SNR >1. Comparing Figure 6 and Figure 3, it is
clear that vertical components associated with IC2 are above the noise level only at a few sites, and for this
reason here we focus on the horizontal deformation signal. For IC2 the largest horizontal spatial responses
are found at GPS sites located in three sectors of the study region: the Lessini Mountains (area 1 in
Figure 6), the Venetian sector of the ESA fold-and-thrust belt, across the Monte Grappa Anticline, (area 2 of
Figure 6) and the northern Dinarides (area 3 of Figure 6), across part of the Classical Karst. It is worth
considering that being U and S time independent, if Vincreases (or decreases) between two epochs, the total
displacement at a given GPS station between these two epochs will be in the same (or opposite) direction
with respect to the green arrows (U vectors) in Figure 6. For example, focusing on the area 2, if we consider
the two time intervals where V2 shows large variations, from mid-September to end of December 2010 and
from January 2011 to end of April 2012 (T1 and T2 shown in gray tones in Figure 2), in Figure 6 the stations
pointing toward SE move southeastward during T1 and then, on average during T2, toward NW (e.g., stations
CANV, TAMB, VITT, MGRD, VALX, and MTO03), whereas the stations pointing toward NW move northwestward
during T1 and then, on average during T2, toward SE (e.g., stations MAVE, FELT, BRSE, BLO1, and BLNO). For
the T1, T3, T2 and T4 time intervals the cumulative horizontal displacements of GPS sites in area 2 are shown
in Figures 7a and 7b, respectively. Excluding CANV, the largest displacements are of the order of ~8 mm. The
uncertainties on the cumulative displacement are calculated as the square root of the squared sum of the
uncertainties at the two epochs T1 and T2, consistent with the idea that the uncertainties at two different
epochs are independent and thus uncorrelated.

A similar behavior, with sites moving alternatively in the opposite directions, is found in the Lessini Mountains
(area 1) and in the northern Dinarides (area 3), resulting in a sequence of contractional and extensional defor-
mation associated with the IC2 signal in the three areas. We estimated the temporal evolution of the horizon-
tal strain associated with 1C2 using the analyze_strain program of the QOCA software (http://qoca.jpl.nasa.
gov) applied to the displacement time series associated with IC2 (green lines in Figure 4) for three polygonal
areas shown with red lines in Figure 6. The red arrows in Figure 6 show the principal strain directions
computed in the three areas with arrows length referring to 2011.0, when strain values are the largest. It is
worth considering that the strain axes associated with this signal are oriented consistently with strain rate
axes estimated from GPS velocities for long-term tectonic deformation (Figure 5 of Serpelloni et al., 2016).

We analyzed the 90-m resolution Shuttle Radar Topography Mission (http://www?2.jpl.nasa.gov/srtm) digital
elevation model to characterize the length and orientation of lineaments from topography using the
TECLINES software (Rahnama & Gloaguen, 20143, 2014b). The rose diagrams in Figure 6 show the preferred
orientations of these lineaments in the three areas where the spatial response of IC2 is high (dashed boxes in
Figure 6). In area 3 lineaments are oriented parallel to the main Dinaric faults, a major active right-lateral
strike-slip fault system (Serpelloni et al., 2016). In area 2 lineaments are mainly oriented parallel to the moun-
tain front, where a SW-NE striking active fold-and-thrust-belt is present (Serpelloni et al., 2016). In area 1 there
are two different groups of lineaments: one, NW-SE oriented, parallel to Schio-Vicenza fault (see Figure 1) and
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Figure 6. Spatial response (U) of IC2 for the vertical (colored circles) and the horizontal (green arrows) components, respectively, as in Figure 3. Here only stations
having a SNR > 1 in one of the horizontal component or in the vertical are plotted. The position of other sites (with SNR < 1 for IC2 in all the three components) is
plotted as white circles. The red arrows show the principal horizontal strain axes when the highest value of dilatation strain is attained during T1, see Figure 7.
Strains are computed using Global Positioning System stations within the associated red polygons. The blue lines show major rivers. The top left inset displays the
rose diagrams showing the angular distribution of lineament orientations for the areas delimited by the dashed black boxes (1, 2, and 3), which include sites
displaying the largest horizontal spatial response for IC2. The dark and light gray areas represent “highly productive fissured karst aquifers” and “low and moderately
productive fissured karst aquifers” from the International Hydrogeological Map of Europe 1:1,500,000 (http://www.bgr.bund.de/ihme1500). MGCA = Monte Grappa-
Monte Cesen anticline.

the other one, NE-SW oriented, parallel to the ESA front (as in area 2). The principal strain axes associated with
IC2 (red arrows in Figure 6) are normal to the preferred orientations of the lineaments from topography in the
three areas. In the area 1 the displacements associated with IC2 at the five stations considered describe two
directions of deformation acting about normal to the two main lineament orientations, but the NW-SE
oriented strain is smaller and with larger uncertainties.

Focusing on area 2, where the density of GPS sites is higher, the time series of the dilatational strain (Figure 7¢)
displays a sequence of extensional (positive slopes) and contractional (negative slopes) phases occurring
across the Monte Grappa-Cesen Anticline (Figure 6). In the computation of the strain time series for area 2
we have excluded CANV, considering that its larger IC2 spatial response and associated displacements are
likely amplified by local topographic/geomorphological effects (Devoti et al., 2016). For areas 1 and 3 the time
evolution of dilatational strains is the same, but acting along different directions, as shown in Figure 6.
Figure 7c shows that there are two peaks of positive dilatational strain values (with values >0.15 p strain in
area 2), at the end of December 2010 and February 2014, reached through rapid, with an average constant
positive rate, increase of dilatational strains, followed by a slower decreasing phase, whose average rate mag-
nitude is decaying with time. The minima (around —0.08 microstrain) occur in autumn 2017, spring/summer
2012 and autumn 2015. It is worth considering that the positive dilatation rate calculated during T1, shown in
Figure 7c, is 0.69 microstrain/year ', which is an order of magnitude greater than the rates of tectonic defor-
mation from GPS velocities in this area (in the range of 0.01-0.06 microstrain/year™'; Danesi et al., 2015).

5. Precipitation Data and I1C2

In this section we compare the time evolution of the deformation signal associated with 1C2 (i.e., V2) with
precipitation. We made use of gridded precipitation data, in the form of daily mean values (in mm) for
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Figure 7. (a, b) Horizontal displacements associated with the IC2 signal in the T1 and T2 (blue arrows) and T3 and T4 (red arrows) time intervals, corresponding to the
two periods where larger variations of V2 are present, as discussed in section 4.3. (c) Time series of the dilatational strain (with 1o uncertainty error bars) obtained
from the displacements time series associated with IC2 of stations included in the black polygon shown in (a) and (b). The gray areas indicate the two time intervals
(T1 and T2) considered in (a) and (b). The dashed red lines and numbers show the linear fit of the dilatation time series and dilatation rates estimated in T1.

0.25° x 0.25° resolution cells, obtained from the National Aeronautics and Space Administration precipitation
measurement missions (https://pmm.nasa.gov), consisting on satellites carrying advanced radar/radiometer
systems to measure global precipitation from space. In particular, we used data from the Tropical Rainfall
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Figure 8. (a) The 0.25° x 0.25° grid of the Tropical Rainfall Measuring Mission-Global Precipitation Measurements precipitation data, where the blue, red, and green
regions are the sectors used to compute the curves of cumulative precipitation for the three areas in (b). (b) Correlation coefficient between V2 and the curves of
cumulated precipitation as a function of the number of days used to calculate cumulative precipitation values for the three areas shown in (a), as described in
section 5. Solid and dashed lines refer to curves obtained using precipitation, P, and P-ET, respectively. (c-e) V2 (in black) and the curves of cumulative precipitation
obtained using the number of days providing the maximum value of the correlation coefficient for the three areas in (a) using precipitation, P (solid lines), and P-ET
(dashed lines).

Measuring Mission, integrated for 2017 by data from the Global Precipitation Measurements (GPMsatellite
mission (Goddard Earth Sciences Data and Information Services Center (2016). In the supporting
information (Texts S1 and S2) we provide a comparison between the precipitation curves obtained from
satellite measurements, local pluviometric stations and other gridded data sets from meteoclimatic models
using data from European pluviometric networks (Haylock et al., 2008).

We focus the analysis on the three areas where the spatial response of IC2 is larger, using the grid cells shown
in Figure 8a. We perform this analysis using both the original precipitation values (P) and the precipitation
corrected for the potential evapotranspiration (ET) component, P-ET. It is important to emphasize that real
ET is difficult to measure or estimate (Villagra et al., 1995), since it depends on different controlling factors,
among which the most important ones are temperature and humidity of the air, water condition of the soil,
and land use and pedological characteristic of the catchment. Moreover, it is worth considering that the high
permeability of rocks outcropping in karst regions favors a rapid infiltration; thus, models of ET applied in
these areas may be inaccurate. To evaluate the influence of ET, we used daily ET values calculated from
the ECMWF meteorological model (Dee et al., 2011), which are provided with the same temporal and spatial
resolution of the gridded precipitation data.

We found no correlation between V2 and the daily precipitation. The correlation between V2 and the cumu-
lative (for the 2007-2017 time span considered) and de-trended precipitation curve for the three areas is also
low (see Figure S11 and Table 1). Computing the cross correlation, we found a slight improvement of the
correlation (Table 1), with the precipitation curve anticipating V2 of 9 to 30 days. Considering P-ET slightly
improves both the correlation and cross-correlation values with V2, with correlation coefficients between
0.3 and 0.5. We then compared V2 with curves of cumulated precipitation over different time windows. In
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Table 1
Results of the Correlation and Cross-Correlation Analyses Between V2 and Precipitation

Area  CUM_DET  PET_CUM_DET CUM_DETCC TL(days) PET_CUM_DETCC TL_E(days) CUM_VW N.Days PET_CUM_VW  N.days

1 0.2677 0.3732 0.2924 31 0.4051 25 0.6985 250 0.8493 150
2 0.4143 0.5023 0.416 9 0.5134 14 0.7034 300 0.746 200
3 0.2592 0.3252 0.2631 9 0.3338 1 0.6888 240 07111 220

Note. P. CUM_DET: correlation coefficient between V2 and de-trended cumulative precipitation (estimated over the entire 2007-2017 time span); PET_CUM_DET:
correlation coefficient between V2 and de-trended cumulative P-ET (estimated over the entire time span); CUM_DET_CC: cross correlation between V2 and de-
trended cumulative P-ET: TL: time lag between V2 and de-trended cumulative P-ET curve (where CUM_DET_CC anticipate V2); PET_CUM_DET: correlation coeffi-
cient between V2 and de-trended cumulative P-ET (estimated over the entire time span); TL_E: time lag between V2 and de-trended cumulative P-ET curve (where
PET_CUM_DET_CC anticipate V2); CUM_VW: correlation coefficient between V2 and the cumulated precipitation curve obtained by using the number of days (N.
Days) that maximize the correlation; PET_CUM_VW: same as CUM_VW except that P-ET is used.

particular, for each area we computed cumulated precipitation curves by summing, and for each day, the
precipitation occurred during a certain number of days before. The correlation coefficient between V2 and
the curve of cumulative precipitation depends on the number of days of cumulated precipitation (solid
lines in Figure 8b), with the highest correlation (~0.7) found using 250, 300, and 240 days for areas 1, 2,
and 3, respectively. Panels (c)-(e) in Figure 8 compare the corresponding cumulative precipitation curves
(solid lines) with V2. Using P-ET provides an improvement of the correlation coefficient, which is
maximized using 150, 200, and 220 days of cumulated P-ET values (see Table 1).

6. Interpreting the Link Between Precipitation and Deformation

The correlation between V2 and cumulated precipitation curves points toward a common hydrological for-
cing for the observed time-variable deformation signal in the ESA and northern Dinarides. The orientation
of the horizontal strain axes associated with 1C2 (Figure 6) suggests that this hydrological forcing acts on
existing rock fractures and the signal is amplified in karst terrains. At a local scale, water infiltration and asso-
ciated pressure change was proposed to explain tilt and surface deformation signals in fractured outcrops
(e.g., Devoti et al., 2015; Jacob et al.,, 2010; Longuevergne et al.,, 2009; Schuite et al., 2015). Important water
level changes (of the order of tens of meters) are common in karst environments (Milanovi¢, 2005, 2014),
where narrow fractures can drain water from large areas, focusing the effects of pressure changes within thin,
subvertical structures. Water level rise and subsequent draining could therefore account for the observed
alternating phases of extension and contraction across fractures. The time windows that maximize the corre-
lation between V2 and cumulated precipitation curves (Figure 8) might relate to the time needed to saturate
and then drain these structures and depends on the different rates at which groundwater can flow in a karstic
environment. According to Maillet (1905), the emptying of a reservoir through a porous outlet is described by
Q; = Qg exp(—at), where Q; is the discharge at time t, Qq is the discharge at the start of the recession, and « (in
d™") is a recession coefficient that depends upon the geological and morphological structure of the catch-
ment. This equation has been widely used to describe the discharge hydrographs of karst aquifers to
constrain their transportation and storage characteristics. Recession coefficients evaluated for karst springs
systems in France and Jordan Valley are in the range of 0.004 + 0.006 d~' (e.g., Fleury et al, 2007;
Forkasiewicz & Paloc, 1967; Milanovi¢, 1981; Sauter, 1992; Schmidt et al., 2014). These values indicate that
the time scale of the diffusion time of the water within a karst aquifer is generally about 160 + 250 days, which
is consistent with our results.

Opening/recharge phases reflect faster water flows associated with positive linear trends of dilatational strain
(e.g., T1in Figure 7c), while the closing/discharge phases relates to slower and nonlinear negative trends (e.g.,
part of T2 in Figure 7c). This different behavior resembles that of typical unit hydrographs or karst spring
hydrographs (Milanovi¢, 1981). This could be explained by different dominant flow regimes characterizing
the hydraulic responses during the recharge and discharge phases, as also proposed by Devoti et al.
(2015) for the Cansiglio Plateau.

The spatial extent of the detected hydrogeodetic deformation suggests that this is likely the cumulated result
of several distinct sources within the fractured karst system; together, these sources form a geodetic signal
whose wavelength is longer than that of signals recorded at a local scale, using tiltmeters installed in natural
caves (e.g., Grillo et al., 2011). The contribution of each distinct deformation source is practically impossible to
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Figure 9. (a and b) Observed (black) and modeled (red) horizontal displacements during the T1 and T2 time intervals (see also Figure 7), respectively, using an effec-
tive vertical tensile dislocation (dashed red line), as discussed in section 6. The blue line is the Piave River and the cyan diamonds show locations of major karst
springs (Cavallo et al., 2003). The dark and light gray areas represent highly productive fissured karst aquifers and low and moderately productive fissured karst
aquifer from the International Hydrogeological Map of Europe 1:1,500,000 (http://www.bgr.bund.de/ihme1500). (c) Simplified sketch of the geological structure of
the Belluno syncline and the Monte Grappa-Monte Cesen Anticline, with fold terminology from Ramsay and Huber (1983).

estimate because of the numerous parameters involved, including fractures number, density, dimension,
position, orientation, and opening/closing values. However, we can approximate their overall behavior as
the one due to a single, equivalent tensile fracture (e.g., Jade & Sitharam, 2003; Sitharam et al., 2001), to
gain a first-order estimation of the pressure changes required to explain the observed horizontal
displacement patterns. A similar approach has been used by Silverii et al. (2016) to model displacements
associated with karst aquifers in the southern Apennines with elastic dislocation.

We focus on area 2 (Figure 6), where the GPS network is denser than areas 1 and 3, thanks to past geodetic
experiments (Danesi et al.,, 2015) and used only horizontal displacements. We have excluded the site CANV,
since the larger displacements observed at this site may also result from topographic amplification of the
rainfall-induced deformation signal (Guglielmi et al.,, 2005), being this station located at the edge of the steep
slope of the Cansiglio plateau (see also Devoti et al., 2016). In area 2 the horizontal principal strain axes asso-
ciated with IC2 are normal to the seismically active pedemountain front and parallel to the direction of the
long-term tectonic and geological deformation (see Figure 5 in Serpelloni et al., 2016). For this reason, the
deformation associated with this hydrological signal could be potentially misinterpreted with a transient of
tectonic origin, for example, if analyzed only across limited time intervals. Moreover, some of the stations
largely affected by the hydrological deformation, coincides with stations that poorly fit elastic interseismic
models (see Figure 10 of Serpelloni et al., 2016), posing the problem of how these stations can be used for
tectonic studies.

Considering the two time intervals T1 (mid-September to December 2010) and T2 (January 2011 to April
2012), corresponding to extensional and compressional phases (Figure 7c), we can describe the displace-
ments associated with IC2 (black arrows in Figures 7a and 7b) as due to a variable opening of a tensile dislo-
cation (i.e, the equivalent tensile fracture). The observed ground displacements are best reproduced
considering a rectangular, vertical tensile dislocation in an elastic half-space (Poisson’s ratio of 0.25) whose
orientation is consistent with orientation of lineaments from topography (Figure 6 and Text S3 in the support-
ing information; Cervelli et al., 2001; Okada, 1985), while fixing its center position. While length and strike are
rather well constrained, the depth (1.1 km) is affected by a greater uncertainty (Figure S12), indicating any-
how that the deformation wavelength of the signal is likely associated with a structure as deep as 1 km.
This is in agreement with the presence of a deep-rooted karst system in this area (Mietto & Sauro, 2000).
Structurally, this area corresponds to a NE-SW oriented syncline-anticline pair confined between two regional
thrusts, the Bassano-Valdobbiadene thrust, and the Valsugana thrust (see Figure 9c¢). The idealized equivalent
tensile fracture might correspond with subvertical synfolding fractures originated in the hinge zone of the
Monte Grappa-Monte Cesen-Col Visentin Anticline, where a “highly productive” karst aquifer (following the
notation of the International Hydrogeological Map of Europe) is present along the anticline structure
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(Figure 9). We can speculate that this system of fold-related subvertical fractures represents relatively narrow
structural features that may drain water from large areas and react to the related pressure changes, causing
the observed anisotropic displacements at the GPS stations.

Assuming a rigidity modulus of 30 x 10° Pa and a uniform pressure change along the tensile fracture surface,
with a geometry defined by the mean parameter values (red dashed line in Figure 9), the horizontal displace-
ments can be modeled through a boundary elements approach (Ferrari et al., 2016). For the T1 and T2 inter-
vals, a pressure increment of 790 kPa in ~110 days and drop of 950 kPa in ~450 days, respectively, minimizes
the misfit between modeled (red arrows in Figure 9) and measured horizontal displacements. Similar root-
mean-square misfit values of 2.1 and 2.6 mm are obtained by uniform opening of 4.3 cm and closing of
5.2 cm in the tensile dislocation model as well, capturing the first-order features of the original displacements.
The pressure changes associated with opening and closing of the vertical tensile dislocation in area 2 corre-
spond to a water level increase of ~80 m during the opening phase (T1) and a water level drop of ~97 m
during the closure phase (T2). Groundwater fluctuations of the same order of magnitude (tens to hundreds
of meters) over time spans like T1 and T2 (months) are common in high-developed karsts (Milanovi¢, 2005,
2014). Similar values of positive pressure changes (i.e., water level rise) can be expected for a second period
of larger positive variations of V2, which is between November 2013 and February 2014 (T3 in Figure 7), after
which there is a general negative trend of the dilatational strain lasting to 2017, with two smaller phases of
positive trends in the winter 2015 and summer 2016.

We can speculate that the same mechanism is active in the Lessini Mountains (area 1) and the Classical Karst
(area 3), where subvertical strike-slip faults, oriented normal to the observed hydrogeodetic strain axes, are
well developed and deep-rooted karst aquifers are present. In these two areas, however, additional cGPS sites
would be necessary to better characterize the kinematic pattern of this deformation signal. Similarly, addi-
tional cGPS stations would be necessary to better describe the spatial extent of the hydrogeodetic signal
around the Cansiglio Plateau, which would also help discriminating eventual different sources of deformation
associated with the Monte Grappa-Cesen Anticline and the Cansiglio Plateau regions.

7. Conclusions

GPS ground displacements in the ESA and northern Dinarides are driven by hydrological processes acting at
different spatial scales and with different temporal evolution. Changes of surface hydrological loads are
responsible for the observed seasonal common mode displacements, which are significantly larger in the
vertical components showing the whole region moving up and down with an annual period. On the contrary,
we found new evidence of rainfall-induced horizontal deformation with amplitudes and orientations
controlled by structural and geological features in karst terrains. In three different karstic areas of the study
region we observe stations moving in the opposite directions and reversing the sense of movement in time,
implying a succession of extensional/compressional strains with variable amplitudes through time, acting
normal to rock fractures. The evolution of ground displacements and dilatational strains associated with this
signal correlate with cumulated precipitation curves obtained by summing, for each day, the precipitation
occurred during a certain number of days before, with the number of days maximizing the correlation
varying between 150-220 and 240-300 days, if P-ET is used or not, respectively.

We propose that the observed alternating phases of dilation and contraction are modulated by the hydrogeo-
logical cycle, where the balance between meteoric recharge (precipitation and infiltration from a wide area)
and water discharge determine the elevation of the water table within fractures, controlling the distribution
of hydrostatic pressure and its temporal fluctuations. Focusing on the sector where the GPS network allows
for a better sampling of this hydrogeodetic deformation signal, which is the Monte Grappa-Cesen Anticline,
we found that pressure increment of 790 KPa in ~110 days and pressure drop of 950 KPa in ~450 days, in
an equivalent tensile fracture extending down to ~1 km from the surface, are required to reproduce the
first-order features of the displacement field during the two periods of larger variations of the strain values.

We have shown that optimal source separation in GPS displacement time series is a fundamental task in order
to accurately measure small (millimeter-level) nonseasonal or transient deformation signals, such as the ones
associated with precipitation and groundwater flow. The impact of rainfall-induced deformation processes
on the tectonic deformation needs to be reconsidered. Possible implications regard the length of the GPS
time series required for an accurate estimate of the linear tectonic trends and the influence of this time-
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variable deformation on the stress state at depths, and eventually on the seismicity rates. Karst systems
confirmed to be peculiar geological features where space geodesy may significantly contribute in monitoring
groundwater resources. Future works will include the inclusion of additional GPS stations and the develop-
ment of hydrological and numerical models.
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