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The increasing accuracy and spatiotemporal resolution of space geodetic techniques have positively
impacted the study of shallow crustal deformation in response to the redistribution of water masses.
Measurable deformations have been documented in areas where snow and water variability is large
and persists over sufficiently long periods. Here we analyze GPS time series and hydrological data from
the Central-Southern Apennines, a tectonically-active region hosting large karst aquifers. We document
the occurrence of regional-scale horizontal and vertical transient deformation that is clearly correlated
Keywords: to seasonal and multiyear hydrological variability. These transient signals, which are most strongly
transient signal observed at GPS sites surrounding the main karst aquifers, modulate long term tectonic deformation.
GPS Our results suggest that the karst aquifers in this region experience alternating periods of expansion and
karst aquifers contraction in response to increasing/decreasing precipitation and, consequently, higher/lower hydraulic
non-tectonic deformation head in the aquifers. Thanks to the availability of a dense continuous GPS network and complementary
Apennines hydrological datasets, we are able to verify the processes causing the observed deformation. We model
the shallow crust in the region as a continuous anelastic solid and use Green’s functions for finite strain
cuboid sources to estimate the strain rate distribution associated with the GPS observations. We use
the My, 6.1 L'Aquila earthquake, which struck the Central Apennines in 2009 and whose effects are
evident in geodetic data, to document the potential effects of moderate earthquakes on karst aquifers
and to demonstrate the importance of correctly discerning tectonic from nontectonic signals in geodetic
time series. Enhanced understanding of the karst aquifers behavior is of primary interest for improved
management of this vital water resource and for a better understanding of the possible interactions
between groundwater content and pore pressure variations in the crust and seismicity.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction tectonic stress and seismicity (Johnson et al., 2017) and on the
correct estimation, detectability and possible misinterpretation of
long-term trends and tectonic transients (Amoruso et al., 2017).
Since the elastic Earth response to surface loading acts pri-
marily in the vertical direction, most investigations focus on the

vertical component of the deformation. The horizontal component

Space geodetic techniques such as GNSS and InSAR, which pro-
vide temporally continuous and wide scale observations, are in-
creasingly being used to detect transient signals of non-tectonic,
hydrological origin at various spatial (tens of meters to hundreds

of kilometers) and temporal (hours to years) scales and to es-
timate global and regional scale water mass redistribution and
aquifer-system response (Argus et al.,, 2017). Rising awareness of
the potential of hydrological forcing to significantly deform Earth’s
crust is furthermore drawing interest to possible interactions with

* Corresponding author.
E-mail address: fsilverii@ucsd.edu (F. Silverii).

https://doi.org/10.1016/j.epsl.2018.10.019
0012-821X/© 2018 Elsevier B.V. All rights reserved.

is however important because it can be used to better constrain
the spatial distribution of loading (Wahr et al., 2013) and to high-
light different kinds (e.g., anelastic) of responses to hydrological
forcing, such as in alluvial or karst aquifers (King et al., 2007;
Serpelloni et al., 2018).

In this paper, we analyze long (~12 yr) GPS time series span-
ning North-Central to Southern peninsular Italy, highlighting a
hydrologically-related multiyear transient signal that is primarily
expressed in the horizontal displacement components of GPS sites
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close to the carbonate aquifers. This work expands and substan-
tiates our earlier study on a section of the Southern Apennines
(Silverii et al., 2016), showing that similar hydrological processes
pervasively affect karst aquifers along the entire Apennines moun-
tain range with noticeable differences and complexities.

The Central-Southern Apennines represent a tectonically-active
area, characterized by long-term ~3mmy/yr tectonic extension per-
pendicular to the mountain range (D’Agostino, 2014) and notably
affected by moderate seismicity (Rovida et al., 2015). Two im-
portant seismic sequences recently struck this area: the L'Aquila
sequence, which commenced with the mainshock on April 6, 2009
(Cheloni et al., 2014), and the Amatice-Norcia sequence, which be-
gan on August 24, 2016 and is still ongoing (Cheloni et al., 2017).
We avoid the effects of the most recent sequence by analyzing
displacement data only through August 23, 2016. Conversely, the
M,y 6.1 L'Aquila earthquake and its coseismic and postseismic ef-
fects are included in this study, offering a unique context for the
analysis of the superimposition and possible interactions between
hydrological and tectonic deformation.

We first present GPS and hydrological time series and describe
the observed deformation. Given the large (hundreds of kilome-
ters) spatial scales involved, we use a continuum approach to char-
acterize the average poroelastic deformation of the shallow crust
by applying the Green’s functions for distributed strain sources
by Barbot et al. (2017). Finally, we discuss the effects of tectonic
and non-tectonic contributions in geodetic time series spanning
the L'Aquila earthquake.

1.1. The carbonate aquifers of the Apennines

The Apennines range hosts extensive regional aquifers (blue
shaded area in Fig. 1) consisting of Mesozoic carbonate rocks that
are highly permeable due to the karst and fissuring processes re-
sulting from their recent tectonic history (Boni, 2000). The Quater-
nary evolution of the Apennines was characterized by crustal ex-
tension and regional uplift, which caused extensive block faulting,
dropping of base levels, and, locally, the deposition of thick conti-
nental depositional sequences between carbonate ridges. The latter,
altering the base flow level and affecting groundwater flow of the
surrounding fractured carbonate aquifers, hinders the development
of a mature karst network in the discharge areas. Consequently,
water circulation at lower elevations takes place mainly through
a dense net of fractures, and groundwater flow does not immedi-
ately respond to seasonal recharge from precipitation (Romano et
al., 2013). At their contact with the carbonate aquifer, the deposits
act as a permeability boundary giving rise to the basal springs of
the regional groundwater, with mean discharges between 1 and
18 m3/s (Boni et al., 1986; Boni, 2000). In many cases, the het-
erogeneity of these deposits (clastic fluvial, lacustrine, and traver-
tine deposits all with different permeabilities, Petitta et al., 2015)
leads groundwater seepages from carbonate aquifers, favoring the
recharge of alluvial aquifers by karst aquifers (Schurch and Vuataz,
2000). In summary, the carbonate massifs of South-Central Italy
have mature karst features in higher-elevation recharge areas, but
rarely in discharge areas (Amoruso et al., 2013).

2. Data
2.1. GPS data

We use daily observations from 186 permanent GPS stations in
Central and Southern Italy, most of which belong to the Rete In-
tegrata Nazionale GPS network (RING; Avallone et al., 2010). We
select GPS time series with at least 4.5 yr of data between epochs
2004.5000 (July 1, 2004) and 2016.6434 (August 23, 2016), and

we exclude stations possibly affected by ongoing volcanic defor-
mation along the Tyrrhenian coast. To reduce the common mode
signal, we adopt an updated version of the Eurasian terrestrial
reference frame described in Métois et al. (2015). In order to em-
phasize the long-term, secular ~3mm/yr NE-SW directed active
extension across the Apennines, we reference GPS station veloci-
ties to a frame defined by minimizing the horizontal velocities of
stations located on the Tyrrhenian coast (Fig. 1). Details about GPS
data processing are described in Section S1 of Supplementary ma-
terials, and the coordinates and velocities of analyzed stations are
listed in Supplementary Table S2.

We attempted to remove effects of long-wavelength (hundreds
of kilometers) hydrological and atmospheric loading from the GPS
times series (full details in Section S2 of Supplementary Materials).
This correction, however, caused a noticeable increase (up to 70%)
in time series variance, especially for the horizontal components.
Since the transformation to the Eurasian reference frame, which
lowers the common mode error at a continental scale, is likely to
partially remove the effects of large scale loads, we decided not to
explicitly correct the GPS time series.

The GPS time series (Figs. 2 and S6) show noticeable an-
nual and multiyear oscillations superimposed on the long-term
(~2004.5-2016.6) tectonic trend. The horizontal components of
these oscillations exhibit symmetry about an axis running roughly
along the crest of the Apennines from Northern to Southern Italy
(hereafter, “central axis”), with stations on either side moving sys-
tematically towards and away from each other. This effect is par-
ticularly strong at sites near carbonate rocks along the Apennines
and decreases towards the Tyrrhenian and Adriatic coasts.

We quantify the behavior of multiyear oscillations in terms of
deviations in time series slope relative to its long-term trend. From
the time of local maxima and minima shared by several hori-
zontal time series, we highlight five episodes of opposite inward
(T1: 2006.4-2008.8, T3: 2011.5-2012.75, T5: 2014.0-2016.6) and
outward (T2: 2008.8-2011.5, T4: 2012.75-2014.0) motion (Fig. 2).
Starting from the detrended time series, we estimate the slopes
and associated uncertainties of the longest (>2.25 yr) time inter-
vals T1, T2 and T5, only considering GPS stations having at least
60% of the possible observations in each interval (Fig. S7). Here-
after, if not specified differently, we refer to the velocity deviations
in the different time intervals simply as “velocity”.

The spatial pattern of the calculated horizontal velocities clearly
shows alternate shortening/extensional episodes across the cen-
tral axis of the Apennines, with consistent behavior from Central
to Southern Apennines (Fig. 3, top). In particular, stations with
the largest velocities (up to 5 = 0.8 mm/yr) are preferentially lo-
cated close to the limestone massifs hosting large karst aquifers,
whereas more distant sites are characterized by lower velocities
(<1.5 mm/yr) and do not display a clear evidence of such mul-
tiyear deformation. Note that we do not include GPS sites in the
near-field (~30 km radius) of the L’Aquila earthquake in the T2
analysis (Fig. 3, central panel) to avoid introducing potential bias
from transient deformation associated with the event.

The GPS vertical component has a lower signal-to-noise ratio
than the horizontal components, which could obscure patterns of
vertical multiyear signals at individual stations. Clear multiyear os-
cillations are however visible in several vertical time series of Cen-
tral Apennines (e.g., sites highlighted in yellow in Fig. 2) and show,
in accordance with the horizontal components, alternate trends
(up to ~7 £+ 2 mmy/yr) in the selected time intervals. We find
two main patterns of vertical velocities: one associated with sites
close to karst aquifers, and one with sites near or outside them
(Fig. 3 bottom). To enhance the signal-to-noise ratio, we stack the
daily values of detrended vertical time series for several selected
stations with long records and clear multiyear trends (Fig. 4). We
cluster stations in three groups: (a) sites on karst aquifers of Cen-
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Fig. 1. Map of the study area (red rectangle in the top right inset). a) GPS horizontal long-term velocities in a Tyrrhenian reference frame with 95% CI ellipses (black arrows).
Red circles indicate the GPS sites used to define this reference frame. The black dashed line sketches the drainage divide and the magenta star indicates the position of
L’Aquila 2009 mainshock epicenter. The bottom left inset shows a zoom over L'Aquila area (dashed rectangle in the map), where the gray rectangle is the surface projection
of the fault plane model from Cheloni et al. (2014) and the blue areas outline the exposures of carbonate rocks as shown in b). b) Hydrological data source locations. The
blue areas outline the exposures of carbonate rocks. The blue circles and red triangles respectively indicate the location of San Giovenale (SG), Acqua Marcia (AM), Tirino
(TI) and Caposele (CP) springs and Leonessa (LS), Campoli Appennino (CM), Senerchia (SC) and Gioi Cilento (GC) rain gauges. The initials with white background indicate the
location of the main hydrological units mentioned in the main text: Giano-Nuria (GN), Velino (V), Gran Sasso (GS), Simbruini (S), Monti della Meta (MM) and Picentini (P).
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Observed (colored dots) North (left), East (center) and Up (right) displacements time series for selected sites along a cross section across Central Apennines (see Fig. S5
for the stations locations). The black dashed lines represent a 6 month Gaussian filter of the time series (i.e., the weights are given by the Gaussian function, and the width is
6 times the conventional Gaussian sigma). GPS sites are ordered from the Tyrrhenian coast (Ty, bottom) toward the Adriatic coast (Ad, top). The vertical gray stripes outline
5 time intervals of alternating multiyear trends. The vertical dashed line indicates L'Aquila earthquake mainshock epoch (notice that the coseismic offset has been previously
removed). The dotted black oblique lines separate stations characterized by symmetrical horizontal behavior. The station names highlighted in yellow denote sites with clear

multiyear vertical trend.

tral Apennines, affected by multiyear signal on both horizontal and
vertical components; (b) sites near karst aquifers, affected by mul-
tiyear signal on both horizontal and vertical components, but with
different vertical motion to sites in group (a); and (c) sites far
from karst aquifers without significant multiyear deformation on
the horizontal components, but affected by vertical signal similar
to group (b). The vertical stacked time series are roughly oppo-
site and phase-shifted between the sites of group (a) and those
of groups (b) and (c). These results show that sites near karst
aquifers display a prevailing vertical signal (uplift) positively cor-
related with transient dilatation centered on karst aquifers. Sites
farther from the karst aquifers and not significantly affected by
horizontal show the opposite behavior, with prevailing negative
vertical signal (subsidence) during phases of horizontal dilatation
centered on karst aquifers.

2.2. Hydrological data

Climate in Central and Southern Apennines is of the moun-
tain variety of the Mediterranean type, with rainy/snowy autumn-
winters and dry summers. Similar to the rest of Southern Europe,
precipitation patterns are influenced by global climate phenomena
such as the North Atlantic Oscillation (De Vita et al., 2012; Romano

and Preziosi, 2013). The temporal climatic patterns of the Apen-
nines strongly control the recharge of karst aquifers, which occurs
prevalently in winter and spring (due to direct precipitation and
snow melt at high altitudes).

Here we present two kinds of observables providing informa-
tion about hydrology of the region under examination: rainfall data
at representative rain gauges, and discharge data at some of the
main karst springs of the Apennines. The hydrological data sources
are summarized in Supplementary Table S3.

2.2.1. Rainfall data

Annual precipitation in our study area ranges from 1000 mm to
2000 mm (at the highest elevations), with rainfall typically reach-
ing a maximum in November and a minimum in July (Di Matteo
et al,, 2013; Allocca et al, 2014). We show cumulative monthly
rainfall data (Fig. 5) of four rain gauges that, for their record com-
pleteness and their position, can be assumed as indicative of the
precipitation trend in the last decade in the Central (Leonessa and
Campoli Appennino) and South-Central (Gioi Cilento and Sener-
chia) Apennines (Fig. 1). Detrended daily cumulative precipitation
from Leonessa and Campoli Appennino is also shown in Fig. 4 to
accentuate deviations relative to the long-term (~2003-2016.8)
average trend. The data show a similar pattern from Central to
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Fig. 3. Observed horizontal (top; black arrows with 95% CI ellipses) and vertical (bottom; color coded circles) GPS velocities calculated as deviation from the long-term trend
in the three selected time intervals (T1, T2 and T5) corresponding to distinct multiyear hydrological trend variations. The gray lines contour the carbonate aquifers of the
Apennines and the black dashed line sketches the drainage divide. The green star indicates the position of L'Aquila 2009 mainshock epicenter. Note that sites in the near

field of L’Aquila epicenter have been excluded in the T2 interval.

Southern Apennines, with precipitation generally concentrated in
November-February, but subject to noticeable multiyear variability
such as the significant reduction during droughts in 2006-2008,
2012 and 2014-2016.8. The previously identified 5 time intervals
clearly correspond to periods of anomalously low (T1, T3, T5) or
high (T2, T4) precipitation.

2.2.2. Spring discharge data

We present discharge data (Fig. 5) for four karst springs along
the Apennines (locations in Fig. 1). The San Giovenale spring, lo-
cated in the northern part of the Central Apennines at 475 m a.s.l,
has a mean discharge of 0.36 m3/s. The Acqua Marcia springs, in
the Central Apennines, are composed of several springs located
between 322 and 329 m as.l. at the northern end of the Sim-
bruini Mts. aquifer and have a mean discharge of about 5 m3/s.
The Tirino river springs are located at the south-eastern boundary
of Gran Sasso massif and are fed by the main groundwater flow
in this part of the aquifer (Amoruso et al., 2013; Fiorillo et al.,
2015b). Discharge data refer to a gauging station (Bussi Madon-
nina, Abruzzo) along the Tirino river, where waters coming from
the main springs are collected. Being direct runoff from the Tirino
catchment negligible, the river flow mainly corresponds to spring
discharge from the higher part of the Tirino valley (Amoruso et al.,
2013; Fiorillo et al., 2015b). The mean discharge calculated at the
Bussi gauging station is about 6 m3/s. The data show only small
seasonal changes, but noticeable variations over longer (~4 yr)
periods (Boni et al, 2002). The Caposele spring is one of the
largest karst springs of Southern Italy (417 m a.s.l., mean discharge
4 m3/s). Located along the north-eastern boundary of the Picentini
Mountains, it is primarily fed by the Cervialto massif (Celico and
Civita, 1976) and can be considered the only basal spring draining
this aquifer (Fiorillo et al., 2015a). The time series of this spring
have already made an important contribution to the understand-
ing of hydrologically-related deformation for Southern Apennines
(Silverii et al., 2016).

Despite differences in local characteristics of the aquifers feed-
ing these springs (e.g. geological-geomorphological setting, karst
conditions, areal extent of catchment), some clear common fea-
tures stand out between the discharge time series (Fiorillo et al.,
2015a). In particular, the seasonal maximum discharge usually oc-
curs in springtime, some (~4-5) months after the precipitation
peak (Fig. 5). The smooth shape and delayed discharge present in
all the hydrographs indicate that the spring discharge is in gen-
eral not affected by single rainfall events, but respond to the pre-
cipitation accumulated over several months (Fiorillo and Doglioni,
2010). This is mainly due to the prevalence of diffuse flow through
fractures (Section 1.1) and can be influenced by further factors
such as the time shift between snowfall and snow melt, the ex-
tent of the catchment area, and the potential presence of low-
permeability barriers to subsurface water flow. Furthermore, all the
hydrographs show clear multiyear fluctuations in response to suc-
cessive years of decreasing/increasing precipitation. In particular,
the 5 time intervals defined on the basis of GPS data match with
multiyear aquifer depletion (T1, T3, T5) or recharge (T2, T4) periods
(Fig. 5). In agreement with previous results obtained in a limited
part of the Apennines, the close correlation between geodetic tran-
sient signals and hydrological phases of recharge/discharge of karst
aquifers, points to a causal relationship between deformation and
hydrological factors.

3. Comparison between GPS and hydrological time series

As previously highlighted, both the geodetic and hydrological
time series show alternating trends in successive multi-year inter-
vals (Figs. 2 and 5). The GPS horizontal time series at stations close
to the karst aquifers are highly correlated with spring discharge,
as emphasized in Fig. 6, where we compare the East component
at selected GPS sites and some hydrological time series. We per-
form cross-correlation analysis after applying a low-pass 6-months
Gaussian filter to the time series (i.e., the weights are given by the
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Gaussian function, and the width is 6 times the conventional Gaus-
sian sigma). The results show high correlation values with mini-
mal (£0-1 month) time delay between deformation and discharge
(negative/positive delay corresponds to deformation preceding/fol-
lowing spring discharge) (Fig. 7). This is the case not only at the
local (<10 km) scale, e.g., between Acqua Marcia springs and CERT
station (correlation 0.81, 13 days delay, distance = 9 km) and Ca-
posele spring and MCRV station (0.94, —22 days, 6 km), but also
at larger scales, e.g., between Acqua Marcia spring and CERA (0.88,
—19 days, 90 km) and MCRV (0.82, —5 days, 220 km). These obser-
vations confirm the regional nature of the presented hydrological
records, i.e., the hydrological records can be used as a proxy for
karst water storage both near and far from the point of observa-
tion (the variability in the time delays is probably due to local
hydrogeological features). In the reasonable assumption of a linear
relationship between spring discharge and water table elevation in
the aquifers, these observations also suggest that the observed hor-
izontal deformation depends, to first order, on processes sensitive
to the hydraulic head inside karst aquifers.

Hydrological deformation in the Southern Apennines (Silverii et
al., 2016) and Eastern Alps (Serpelloni et al., 2018) is character-
ized by significant anisotropy between the horizontal and verti-
cal components, assumed to be due to different physical forcing
mechanisms. Horizontal deformation in these regions has been as-
sociated with variable hydrostatic pressure in the fractured karst
aquifers, whereas the more spatially uniform vertical signal has
been related to the elastic response to hydrological loads acting
at continental scales (Silverii et al., 2016; Serpelloni et al., 2018).
This elastic load response, causing subsidence in high precipita-
tion periods and uplift in drought periods, is visible in most of
the vertical time series analyzed in our work, including those
from sites located far from the Apennines and showing no no-
ticeable horizontal deformation (Fig. 4c) and many located on or
near karst aquifers (Fig. 4b). However, several sites we analyzed
in the Northern and Central Apennines (e.g. ALRA, INGP, LNSS,
RENO, RIET and TERM in Figs. 2, S6 and S7) respond roughly
isotropically to hydrological forcing (Fig. 4a). These sites show
positive correlation (~0.7) with spring discharge in both verti-
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The vertical line indicates L’Aquila earthquake mainshock epoch.

cal and horizontal components, implying that periods of aquifer
recharge are associated with vertical uplift and horizontal exten-
sion. This behavior is particularly prominent at the multiyear scale
and cannot be simply related to the poroelastic response of al-
luvial aquifers, since not all the sites showing this behavior are
located on alluvial aquifers and, vice versa, not all the sites on
alluvial aquifers show this kind of response. The subsiding trend
associated with the severe 2006-2008 drought (interval T1) and
the subsequent uplift associated with the sequence of high pre-
cipitation years between 2009 and 2011 (interval T2) are notably
distinctive (Fig. 4a).

In the Central Apennines, the spatial distribution of interannual
velocity changes (Fig. 3) shows an approximately radial pattern
around the main carbonate aquifers, roughly following the spatial
distribution of the carbonate massifs. This pattern suggests that
most of the deformation is associated with the large hydrogeo-
logical units from GN-V and MM (Fig. 1), whereas the GS massif
seems to play a less important role. A smaller but consistent hori-
zontal deformation pattern also characterizes some sites in Central
Italy located near but not right over the carbonate aquifers in the
vicinity of the L’Aquila earthquake (e.g., MOSE, MORO and TERA in
Figs. 2 and 3). As discussed later (Sections 4.2.1 and S3), the veloc-
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Fig. 6. Comparison between selected GPS time series (East component) and hydrological records (monthly rainfall and normalized springs discharge). Note that displacements
for CERT, GUAR, OCRA, TERI and VAGA are inverted for clarity. The vertical line indicates L'Aquila earthquake mainshock epoch.

ity estimations at these sites could be partially (<20-30%) affected
by the effect of postseismic processes of the 2009 L'Aquila event.
In summary, a general deformation pattern can be recognized:
during periods of high precipitation and consequent sustained
aquifers recharge (e.g. intervals T2 and T4), the sites on/near the
carbonate aquifers experience horizontal extension and vertical
uplift; whereas an opposite trend characterizes low precipitation
periods (e.g., intervals T1, T3 and T5). The sites outside karst
aquifers experience lower/negligible horizontal deformation and
roughly opposite multiannual vertical behavior relative to sites on
the aquifers. This vertical behavior is likely related to the elastic
Earth response to surface loads acting at large (continental/re-

gional) scales, with subsidence during high precipitation periods
and uplift in dry periods (Figs. 3 and 4). We expect that the elas-
tic response to surface loading affects the vertical deformation of
the entire region under examination, but it is partially/entirely ob-
scured by the various (poroelastic) processes occurring in the karst
regions.

4. Discussion
The results presented in the previous sections show a clear cor-

relation between the transient deformation at GPS sites and the
hydrological time series representing the trends of recharge and
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Fig. 7. Cross correlation analysis between the GPS (East component) shown in Fig. 6 and Acqua Marcia (red line) and Caposele (blue line) 6-months filtered (Gaussian filter)
time series. Note that vertical axis for CERT, GUAR, OCRA, TERI and VAGA is inverted for clarity.

discharge of the main carbonate aquifers of the Apennines. The
pattern and magnitude of observed horizontal deformation are not
likely related to the elastic response of the solid Earth to surface
loading that, conversely, would cause subsidence and smaller (by a
factor of 2-3, Wahr et al., 2013) horizontal inward motion toward
the loads during periods of high hydrological loading.

Due to the presence of topographic relief, we considered the
possible contribution of the thermoelastic strain due to surface
temperature variations (Ben-Zion and Leary, 1986; Tsai, 2011).
The temperature data at Leonessa (Fig. 5) show seasonal peak-to-
peak variations of up to ~35°C and show that drought periods
(e.g. 2006-2008 and 2012) are characterized by higher tempera-
tures and slightly lower (~4°C) peak-to-peak amplitudes relative
to those in wet periods (e.g., 2009-2011). As estimated by Silverii
et al. (2016) in a similar context, the deformation associated with
such temperature variations cannot explain the amplitude of the
multiyear signal observed in the horizontal time series, but could
contribute slightly (~1-3 mm) to the observed vertical displace-
ments, especially at seasonal periods.

Since neither elastic response to surface loading nor thermoe-
lastic strain can explain observed GPS deformation, we consider an

alternative explanation based on volumetric anelastic strain due to
changes in karst aquifer hydraulic head.

4.1. Distributed anelastic strain rate from karst aquifers filling and
draining

4.1.1. Model

According to simplified water circulation models in uncon-
fined karst aquifers (Fiorillo, 2011; Amoruso et al, 2013), the
spring discharge fluctuations can be associated with variations
in the aquifer hydraulic head Ah, which would result in inter-
nal pressure variations given by AP = p,, gAh (p, water density,
g gravitational acceleration). Carbonate aquifers can experience
considerable seasonal fluctuations in the height of the water ta-
ble, up to several tens of meters (LeGrand and Stringfield, 1971;
Bella et al., 1998; Milanovi¢, 2014). The spatial distribution of
observed surface deformation (near/on the main aquifers of the
Apennines) and its correlation with spring discharge suggest that
deformation is related to the variation of the hydraulic head inside
the aquifers in the shallow crust and, in particular, to the opening
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of conductive, interconnected water-filled fractures that pervade
the carbonate aquifers of the Apennines (Section 1.1).

GPS data highlight a deformation pattern with nearly isotropic
episodes of expansion/contraction in most of Central Apennines
and mostly anisotropic horizontal deformation with a preferential
NE-SW expansion direction in South-Central Apennines. The origin
of this effect is unclear but is possibly related to the cumulated re-
sult of several fractures and microcracks within the fractured karst
system and to their preferential alignment. An accurate simulation
of this process would require specific information (fractures spac-
ing, dimension, aperture, and penetration depth) about the spatial
distribution and mechanical characteristics of the karst aquifers
that is not available at the broad scale of our analysis area. We
instead apply a continuum approach to the aquifer domain, using
the Barbot et al. (2017) Green’s functions for distributed defor-
mation to infer an upper crust strain rate distribution consistent
with the hydrological trend deviations. Barbot et al. (2017) calcu-
lated closed-form solutions for the displacement and stress gen-
erated by an arbitrary distribution of anelastic deformation in the
Earth’s interior, where the deformation was assumed to be related
to thermodynamically irreversible processes (e.g. thermoelasticity,
poroelasticity, and viscoelasticity). The solution, given for anelas-
tic deformation in finite cuboid volumes embedded in a uniform
elastic half space, can be linearly combined to form more complex
configurations of strain.

We separately invert the hydrologically related GPS velocities in
time intervals T1, T2 and T5 to estimate the corresponding distri-
bution of strain rates (€11, €22, é33; axis x; and x, oriented respec-
tively perpendicularly and in parallel to the Apennines axis, x3 ver-
tical axis) within a three-dimensional grid of 8 km x 8 km x 1 km
cuboids over our analysis area (Fig. 8). We assume typical conti-
nental crust values for Poisson’s ratio (0.25) and shear modulus
(30 GPa). We use regularized least squares inversion to solve the
direct problem

—

d G
0 |=| kv2 |m,
0 vCp

where d is a 1 x 3N; vector of North/East/Up velocity observations
(Ns = number of sites) and m is the 1 x (3N¢ + 3) model vector
of strain rates (N; = number of cuboids). The matrix G includes
the Green’s functions related to the 3 strain rate components, and
an additional 3 columns (one for each component North, East, Up)
that assimilate rigid translation rates common to the whole dataset
(e.g. related to common mode noise and smoothly-varying atmo-
spheric and hydrological signals with wavelength comparable to
the model area which affect similarly all GPS sites). We weight the
observations by multiplying_c? and G by a diagonal weight matrix
W formed by the inverse of velocity uncertainties (no covariance
components are included). V2 is a 3-d finite-difference approxima-
tion of the Laplacian operator, and the factor k controls the amount
of smoothing and is selected from a trade-off curve between model
roughness and data misfit. Cp is a matrix composed of zeroes
and ones used to penalize strain in cuboid sources outside sur-
face exposure of carbonate rocks. The weight of this penalization
is controlled by the hyperparameter y that has been selected by
performing trial inversions and choosing the value that provides
negligible strain rate outside the carbonate areas. We tested the
inversion sensitivity by varying the number of cuboid layers (i.e.
the model depth) and determined the best fit model associated to
every model depth value.

4.1.2. Results
Fig. 8 shows the dilation rate and calculated velocities for the
three selected time intervals from our best-fit strain rate solutions

for a model depth of 5 km. Our strain rate models successfully re-
produce the main pattern of observed surface deformation in the
T1 (Fig. 8, top), T2 (middle) and T5 (bottom) time intervals, in-
cluding the vertical deformation in the proximity of karst aquifers.
These results strongly suggest that poroelastic aquifer deformation,
induced by variations in hydraulic head and elastically coupled
to the surrounding crust, provides a realistic, first-order descrip-
tion of GPS-observed surface deformation. The generally smaller-
amplitude deformation outside the aquifers is mostly due to the
elastic Earth response to anelastic aquifer deformation and, es-
pecially for the vertical component, likely reflects common-mode
translation due to large scale processes.

The distribution of dilatation rate shown in Fig. 8 highlights the
different contributions of various hydrostructures, as the main role
played by the aquifers between GN-V and MM in the Central Apen-
nines and the lower influence of minor aquifer units and of the GS
aquifer (particularly visible in the T5 interval thanks to increased
availability of nearby GPS stations). This pattern could reflect the
high infiltration capacity (Boni, 2000) and the high homogeneity of
hydrogeological behavior of the large hydrogeological units extend-
ing from the GN-V to MM and, conversely, the stratigraphic irreg-
ularity characterizing the extreme northeast sector of the Abruzzi
Apennines (e.g., GS massif), at the margin of the carbonate shelf,
where the regional thrust fault act as a primary aquitard (Boni,
1975).

From the standpoint of interpreting our models in terms of
changes in hydraulic head (or aquifer water storage), one chal-
lenge is that source depth and the magnitude of dilatation rate
are not uniquely constrained by the inversion, since the same level
of data fit can be achieved with different values of model depth
and because the dilatation rate inducing a specific level of sur-
face deformation increases with increasing model depth. We can
partly resolve this problem by focusing on relative, rather than
absolute, changes. For this analysis, we compute the total model
dilatation rate Z’;"(élwézz + é33) and the mean dilatation rate
for each of the 3 time periods (T1, T2, T5), and the ratio of both
between T1/T2 and between T1/T5 (Table 1). Comparing results for
models at both 5 km and 2 km depth, we note that the ratios are
independent of model depth and are thus robust features of our
analysis.

If we assume that positive/negative dilatation rates are associ-
ated with increasing/decreasing water table height changes inside
the aquifers, then the calculated dilatation ratios indicate the rela-
tive rate of water volume change in different hydrological phases.
For comparison, we calculate the same ratios from rainfall rate and
spring discharge time series (Table 1). We only include time series
with sufficient (60%) data in the three time intervals, and we omit
results for San Giovenale springs, which are not compatible with
the other data due to their dominant seasonal fluctuations and a
slightly anticipated response (i.e., discharge occurs earlier than cor-
responding changes in the other springs). The resulting ratios are
compatible with those from the strain rate models. Specifically, the
average T1/T2 ratios are 0.98 (strain rate), 1.14 (rainfall), 1.13 (dis-
charge), which are within 16% of each other. The T1/T2 ratios are
uniformly lower than the corresponding T1/T5 ratios of 1.82, 2.51
and 2.03 (respectively), which exhibit more scatter. This analysis,
while not comprehensive, provides an independent confirmation
of the model results and suggests a direction for further model
validation.

In a complementary study, D’Agostino et al. (submitted for pub-
lication) applied this model to analyze the correlation between
hydrologically induced deformation and seismicity in a spatially
constrained area in Southern Apennines, where a dense seismic
network is available.



E Silverii et al. / Earth and Planetary Science Letters 506 (2019) 23-37 33

1
T1

2006.50-2008.80

43°

Dilat_rate

41°H

nstrain/yr

Horizontal
5 mm/yr (calc) —»>
S5 mm/yr (obs) —=

40°

Vertical
S mm/yr (calc)

S5 mm/yr (obs)

43°

Dilat_rate

41°H

nstrain/yr

Horizontal

5 mm/yr (calc) =
5 mm/yr (obs) ==

Vertical
S mm/yr (calc)

S mm/yr (obs)

43"~

42°

Dilat_rate

41°H

nstrain/yr

Horizontal

5 mm/yr (calc) —»>
5 mm/yr (obs) ==

40°

Vertical
S mm/yr (calc)

S mm/yr (obs)

T T T T T T
11° 12° 13° 14° 15° 16° 17°
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4.2. The L’Aquila earthquake

The 2009, M,, 6.1 L'Aquila earthquake occurred after a strong
2006-2008 drought period (interval T1) and at the beginning of a
multiyear high precipitation period (interval T2) (Fig. 5). Since this
event was located in the Central Apennines (inset in Fig. 1), nearby
GPS sites were influenced by both the hydrologically induced de-
formation described above and the coseismic and postseismic dis-
placements associated with the earthquake (Cheloni et al., 2014).
In the following paragraphs, we discuss the possible consequences
of the spatial proximity of this seismic event to big karst aquifers.
In particular, we examine the influence of earthquake-related de-
formation on the estimation of hydrologically induced deformation

and the effect of the latter on the identification and interpretation
of transient signals possibly related to the earthquake.

4.2.1. Surface displacements from the L’Aquila earthquake

The L’Aquila mainshock occurred on a ~50°SW dipping, 135°-
140°N striking normal fault (inset in Fig. 1; Cheloni et al., 2014) lo-
cated ~15 km east of the drainage divide that separates regions of
opposite horizontal motion due to hydrology (i.e. the “Tyrrhenian”
and “Adriatic” sides, Figs. 2 and 3).

GPS and InSAR observations over an area extending ~30 km
from the epicenter recorded visible postseismic deformation,
mainly related to afterslip, with an exponential time-decay con-
stant of T ~10-30 days (i.e. ~99% of the postseismic signal
occurred in the first ~100 days after the mainshock) (Cheloni
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Table 1

Comparison between the rates calculated in the three time intervals T1, T2 and T5 from the total and mean
dilatation rates and several hydrological time series. The T1, T2 and T5 columns report, for each interval, the
mean dilatation rates estimated by the inversion using two different model depths and the slopes estimated from
spring discharge and cumulative detrended rainfall time series. The last two columns display the ratios of T1 and,
respectively, T2 (yellow background) and T5 (green) rates and show a good agreement between the ratio values

calculated from the different sources.

Time interval
T1 T5 T1/T2 T1/T5
Quantity
Total Depth 2 km -254148.57 266299.12 -136555.14 0.95 1.86
dilatation
rate
(nstrain/yr) | Depth 5 km | -422588.40 420109 98 -237825.17 1.01 1.78
Mean Depth 2 km -83.33 87.31 -44.70 0.95 1.86
dilatation
rate
(nstrain/yr) | Depth 5 km -55.42 5510 -31.19 1.01 1.78
Leonessa -283.42 229.88 -102.84 1.23 2.75
Cumulative | C2MPOl -312.35 290.22 -138.09 1.07 2.26
. Appennino
rainfall
rate Senerchia -390.71 328.84 X 118 X
(mm/yr)
Gioi
. -384.03 355.57 X 1.08 X
Cilento
Spring Tirino -0.90 0.93 X 0.98 X
discharge
rate Caposel 0.57 0.45 0.28 127 2.03
(m¥/s)/yr) aposele -0. . -0. . d

et al, 2014; Gualandi et al, 2014). In general, the observed
postseismic displacement shows a NE orientation on the north-
eastern side of the fault (foot-wall block, e.g. CATO and TERA in
Fig. 2), a SW orientation on the south-western side of the fault
(hanging-wall block, e.g. AQUI, INGP and ROPI in Fig. 2) and sub-
sidence at the sites on the hanging-wall block in the near field
of the fault (e.g., AQUI, CONI, INGP, OCOC, ROPI and SGRE in
Fig. 2).

At longer time spans (~years) and larger spatial wavelength
(tens of km), postseismic viscoelastic relaxation could potentially
affect the motion of GPS sites in Central Italy, with an amplitude
and spatial pattern dependent on the thickness of the elastic upper
crust and the viscosity of the lower crust/upper mantle. Generally,
if the viscoelastic source is fairly deep, coseismic and postseismic
horizontal displacements have the same sign, whereas their verti-
cal displacements have opposite signs (Feigl and Thatcher, 2006).
As shown by simple postseismic viscoelastic models of L'Aquila
earthquake (Silverii, 2016, Section 6.3.1), the horizontal viscoelastic
deformation associated with L'Aquila earthquake would be directed
to the NE on the foot-wall block and to the SW on the hanging-
wall block, whereas the direction of vertical deformation (uplift)
would be opposite to that produced by coseismic slip and after-
slip, over an area dependent on the elastic layer thickness (Feigl
and Thatcher, 2006).

The L'Aquila horizontal postseismic deformation (related to
both afterslip and viscoelastic relaxation) would therefore generate
diverging displacement across the fault, with a direction similar
to that of the hydrological deformation in the same period (in-
terval T2). The exception is the motion of the hanging-wall block
of the fault on the right side of the drainage divide, where the
hydrological trend and the postseismic deformation have opposite

directions, as shown by the time series of AQUI, CONI and INGP
in Figs. 2 and 9. This postseismic deformation could potentially in-
fluence the estimation of the long-term trend and, consequentially,
the trend deviations in time intervals T1, T2 and T5, particularly
at sites located adjacent to the SW and NE sides of the faults. The
earthquake moderate magnitude and the remarkable similarity be-
tween the detrended time series of sites in the epicentral area with
those of Southern and North-Central Apennines (Fig. 9) rule out a
substantial variation of the velocity estimation, even if we can’t
exclude some effect (up to ~20-30%), especially in the T2 inter-
val (a detailed analysis is reported in Section S3 of Supplementary
Material).

4.2.2. Evidence for a transient aquifer response to the L'Aquila
earthquake

The broad similarity of hydrologically-induced deformation
across Southern and Central Italy (Section 3) provides an op-
portunity to use the displacement time series of sites likely not
affected by the L'Aquila earthquake as a baseline for identifying
deformation anomalies in the near-field of the seismic event. In
Fig. 9 we compare time series of several stations in the epicentral
hanging-wall region of the fault (AQUI, INGP, ROPI and TERM) with
two distant stations not significantly affected by the earthquake:
MRLC, located ~250 km south in the Southern Apennines, and
RENO, located ~50 km north of the epicenter, used as a proxy for
the peculiar vertical deformation of the aquifers of Central Apen-
nines.

As shown in GPS velocity maps (Fig. 3) and vertical stacked
GPS time series (Fig. 4), the drought period preceding the L'Aquila
earthquake (interval T1) generated horizontal contraction and sub-
sidence across the large aquifers of Central Apennines. The L’Aquila
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earthquake, which occurred at the beginning of interval T2, mod-
ified the subsequent displacement behavior of nearby stations in
the hanging wall of the fault. The nominal motion of these stations
from ongoing hydrological deformation should have been to the
north and east in the horizontal (Fig. 9a-b, station MRLC) and up-
lifting in the vertical (Fig. 9c, station RENO). Instead, the coseismic
offset and the afterslip-related deformation caused a clear anomaly
in the North (rapid, decaying southward motion), East (westward
motion) and Up (subsidence) displacements over several months
following the earthquake.

Approximately 8 months after the mainshock, hydrological de-
formation took over from afterslip as the dominant source of
surface deformation. Interestingly, at some sites this recovery oc-
curred at higher rates than expected without the earthquake oc-
currence (e.g., horizontal components at AQUI, INGP and ROPI in
Fig. 9a-b). At INGP the expected uplift related to the high precip-
itation period T2 underwent a rate increase starting from 2009.9
(Fig. 9¢), consistent with InSAR-observed acceleration in the same
area (Moro et al.,, 2017).

A mechanism for these rate anomalies is suggested by obser-
vations that in aquifers dominated by fracture porosity and per-
meability, seismic shaking can change aquifer properties due to
the formation of micro-cracks (Casini et al., 2006), unblocking of
pre-existing fractures, fracture cleaning, and/or fracture dilatancy
and closing (Brodsky et al., 2003; Wang and Manga, 2010). Several
works have highlighted clear post-earthquake effects on fractured
aquifers in the Central-Southern Apennines (Celico, 1981; Carro et
al., 2005). Both short-term (minutes to hours) and medium-term
(weeks to months) effects following L’Aquila earthquake have been
recorded in several kinds of hydrological observations (Amoruso et
al., 2011; Adinolfi Falcone et al., 2012). In particular, Amoruso et
al. (2011) associate the observed medium-term effects to transient
changes in permeability induced by fracture cleaning and unblock-
ing of pre-existing fractures, with the most significant impact close
to the coseismic rupture area and reaching maximum values about
3 years after the event. We suggest that the rate increase ob-
served in the GPS time series is related to temporary changes in
groundwater hydrodynamics (i.e. increase of hydraulic conductiv-
ity parameter) that accelerate the ongoing deformation related to
aquifer recharge in T2.

4.2.3. Hydrological deformation preceding L'Aquila earthquake

Previous studies, using InSAR data, reported subsidence starting
three years (~2006) before the L’Aquila mainshock in the nearby
Pizzoli and Preturo plains (a minor discharge area of the GN-V
hydrostructure; Moro et al., 2017) and in a wider region located
~20-30 km SW of the mainshock fault (Atzori et al., 2013). This
subsidence was interpreted to be a preseismic phase of the main-
shock (Moro et al.,, 2017) or was suggested to be related to the
fluid pressure variability within the crust occurring contemporane-
ously with, and possibly in advance of, large earthquakes (Atzori
et al,, 2013).

Given the spatially distribution of the highlighted preseismic
subsidence (corresponding to the GN-V hydrostructure and its sec-
ondary discharge areas), its timing (coinciding with the aquifer
depletion period T1), the analogous behavior (i.e. vertical subsi-
dence in drought periods - T1, T3 and T5 - and uplift in periods
of high precipitation — T2 and T4) observed at GPS sites tens of
kilometers far from L'Aquila area (e.g. ALRA, LNSS, RENO and RIET
in Figs. 2, S6 and S7), and the general presence of alternate multi-
year periods of uplift and subsidence, we propose an alternative
interpretation that associates the observed subsidence preceding
L'Aquila earthquake to non-tectonic multiyear hydrological defor-
mation acting at the scale of the entire Central Apennines.

Recently Devoti et al. (2018), focusing on a local area around
L’Aquila, drew similar conclusions about the presence of hydrolo-
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Fig. 9. Comparison between the time series of some selected sites in the very near
field of L’Aquila mainshock epicenter, AQUI, INGP, ROPI and TERM (colored circles
and superimposed 6-months Gaussian filter — dotted lines) and time series at MRLC
(for North and East components) and RENO (for the Up component), that are used
as a reference for comparison (black triangles in the background and thick black
dashed lines in the foreground representing a 2.5 yr Gaussian filter). In case of time
series with both pre- and post-mainshock data, the post-mainshock data have been
vertically shifted in order to superimpose with the reference time series and make
the trend comparison more clearly visible. The vertical axis for the East component
of TERM site has been reversed for sake of comparison.

gically-driven multiyear deformation and the non-tectonic cause of
the preseismic subsidence. We show that this deformation affects
all Apennines and we insert the vertical displacement observed
at INGP in a larger context involving the main aquifers of Central
Apennines.
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5. Conclusions

By integrating GPS with hydrological data, we highlight a no-
ticeable non-tectonic transient signal over a broad region from
Central to Southern Apennines. This finding underlines the poten-
tial of certain hydrogeological environments, such as karst aquifers,
to produce significant deformation at large scales that can be
recorded by geodetic instruments. The significance is twofold:
i) spatial geodetic data such as those from dense GNSS networks
are revealing unexpected usefulness in the study of aquifer prop-
erties at accuracies and spatiotemporal resolutions not achievable
with traditional hydrological datasets; ii) considerable non-tectonic
deformation can overlap and modulate both long-term and tran-
sient tectonic signals.

Regarding the first point, we highlight the similar response (ex-
pansion in high precipitation periods and contraction in drought
periods) of the main aquifers of the Apennines to common hy-
drological forcing. However, we also see significant differences be-
tween aquifers, as the nearly isotropic deformation of the main
aquifers of Central Italy compared to the more anisotropic response
of Southern Apennines, or variability in the deformation response
of different hydrological units, which likely reflects the different
recharge conditions and storage capacity of different aquifers and
the depth reached by the deformation process. We apply the so-
lutions for distributed anelastic strain by Barbot et al. (2017) to
model non-tectonic deformation. This model inevitably represents
an oversimplification of the relevant physics, but it provides a use-
ful continuum approach to characterize the average anelastic defor-
mation of the shallow crust at large spatial scales and it suggests
that the karst aquifers of the Apennines are indeed the source of
much of the observed crustal deformation in Southern and Central
Italy.

The Apennines, analogous to other mountainous regions of the
world such as the Himalayas, are deforming because of both tec-
tonic (e.g., interseismic and co- and post-seismic) and non-tectonic
(e.g., hydrologically-induced) processes. The occurrence of L'Aquila
earthquake in the time span under examination clearly stresses
the importance of taking into account significant non-tectonic sig-
nals in the estimation and identification of long-term velocities
and small amplitude tectonic deformation. As we pointed out
in the GPS times series of the L'Aquila epicentral area, the co-
location of large aquifer systems and active faults likely favors
post-earthquake effects on fractured aquifers, as has been observed
also during the recent Central Italy sequence (Petitta et al., 2018).
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