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Present ground surface dynamics in the North Adriatic coastland
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RIASSUNTO

Dinamica attuale del suolo nella pianura costiera dell’alto Adriatico

Le livellazioni geometriche sono state nel secolo scorso 1'unico metodo di
rilievo altimetrico che abbia consentito di misurare con precisione 'entita della
subsidenza “ moderna” dell’area c ostiera nord adriatica. So lo alla fine degli
anni 1990 ¢ stata istallata una rete per misure GPS in differenziale (DGPS) e in
continuo (CGPS). Nell’ultimo decennio inoltre, l'utilizzo del radar ad apertura
sintetica (SAR) su vettori satellitari ha consentito lo sviluppo e I’af finamento
dell’analisi interferom  etrica dif ferenziale  (InSAR) e dell’analisi
interferometrica su riflettori p ersistenti (IPTA) che si sono dim ostrati di
estrema efficacia per lo studio dei movimenti verticali del suolo. Nel caso della
pianura costiera Veneta, sono stati u tilizzati i satelliti ERS-1/2 ed ENVISAT
dell’ Agenzia Sp aziale Europea, rispe ttivamente per il periodo 1992-2005 e
2003-2009, ed il satellite TerraSAR-X dell’Agenzia Spaziale Tedesca, per il
biennio 2008-2009. Oggi si dispone di una densita di da ti SAR che, data la
risoluzione spaziale dei satelliti tra 20 e 3 m, ¢ maggiore di circa 2 ordini di
grandezza nelle I’analisi a sc ala regionale e piu di 3 ordini pe r analisi locali
rispetto alle misure tradizionali su capisaldi. Cio ha permesso la mappatura dei
movimenti del suolo a scala “regionale” (100100 km?), locale (10x10 km?) e
puntale al livello di singole strutture. Le serie di dati SAR sono stati calibrati e
validati con le misure altimetriche di liv ellazione, DGPS e CGPS nella rete di
monitoraggio ISES- IRMA. Grazie all’elev atad ensita diin formazioni,
all’ottima riso luzione spazialeea  ccuratezza ver ticale m illimetrica del
monitoraggio SAR ¢ e mersaun a dinamica verticali d el territorio costiero
Veneto diversa da quanto o ttenibile utilizzando le sole tecniche di livellazione
tradizionale. L’immagine attuale indica che il processo subsidenziale si esplica
conuna forte variabilita spaziale, siaa scala regionale che locale. L’analisi
integrata dei dati altimetricie delle num erose nuove informazioni sul
sottosuolo, recentemente acquisite nell’ambito di una serie di ricerche condotte
dagli Autori, ha permesso la caratterizzazione delle componenti dei movimenti
verticali del suolo della pianura costiera Veneta in funzione della profondita
alla quale agiscono e la loro distribuzione areale.
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This work was developed in the framework of the North Adriatic Coastland
Land Su bsidence Re search Programme (ISMAR-CNR/DMMMSA-
University of Padov a/Gamma Rem ote Sensing ) within the projects
VECTOR (Action 3 - R esearchline 5, C LIVEN), CN R DG.RSTL.156,
Co.Ri.La 3.16, INLET, SHALLOW, and TerraSAR-X supported by MIUR,
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Remote Sensing.

INTRODUCTION

Land su bsidence r epresents on ¢ o f the most geologic
hazards threading the low-lying coastal areas worldwide.

The Lag oon of Venice, Italy, is emblematic of a coastal
area prone to progressive submersion by the rising sea. Indeed,
relative sea level rise (RSLR),i.e.th e in teraction b etween
eustatic r ise and 1 and subsidence, has pr oduced 2 5 cm of
elevation 1 oss in Ve nice ov er the 20 th ¢ entury (CARBOGNIN
and TosI, 2002; CARBOGNIN et alii, 2004; CARBOGNIN et alii
2006; CARBOGNIN et alii, 2009) that significantly increased the
flood frequency with severe damages to the urban heritage and
to the lagoon morphology.

Geodetic su rveys h ave b een periodically car ried out to
monitor land subsidence in the Ven ice coastal area since the
end of the 19th century. Starting from the 19 80s, space-based
geodetic t echniques s uch a s the Global P ositioning System
(GPS) have been adopted to m onitor vertical movements, and
mostly from the late 90’s because GPS m easurements reached
a point where millimeter-level positioning became achievable
(Tost et alii, 2000; TosI et alii, 2007a)

The land su bsidence monitoring in the Ven ice co astland
has b een s ignificantly improved o ver the last f ew years by
space borne earth o bservation techniques b ased on Sy nthetic
Aperture Rad ar (SAR) -based interferometry.  SAR
interferometry has been used to complement the ground-based
methods. Firstly, Differential InSAR (DInSAR) and afterward
Interferometric Po int Tar get Analysis (IPTA)hav e been
applied (T osI et alii, 2002; TEATINI et alii, 200 5; TEATINI et
alii, 2007; STrOZzI et alii, 2009).

This w ork d escribes the m ajor r esults achieved by the
ISMAR, DMMMSA, an d G AMMA REMO TE S ENSING
Working Group in recent research activities that have allowed
to produce high resolution maps of the present ground vertical
movements in the Veneto coastland (Italy) b oth at “reg ional”
(100x100 km?) and “local” (few km?) scales.

GROUND VERTICAL MOVEMENTS OF THE VENETO
COASTLAND

The mapping refers to the three periods 1992-2005, 2003-
2007, and 2008-2009 and is based on images acquired by the
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Fig. 1 — Map of the 1992-2007 ground vertical movements (cm) obtained by the integration of ERS-1/2 and ENVISAT IPTA results. Green dots: position of
the IGM34 (IRMA54) leveling line benchmarks used for the comparison between IPTA and leveling results.

ERS-1/2 and ENVISAT satel lites of the E uropean Sp ace
Agency and the new Terr aSAR-X laun ched by the German
Space Agency, respectively. Fi gure I sh ows the total
displacements occurred form 1992 to 2007 and obtained by the
integrationo fE RS 1/ 2 a nd E NVISAT acquisitions. The
calibration and validation of the SAR data using high precision
spirit I evelling (Figure 2) and differential a nd continuous
Global Positing System (GPS) allo wed to verify the high
accuracy of the (SAR)-based interferometric analyses.

The inv estigation o n the Ven eto co astland po inted o ut a
significant spatial variability of the ground vertical movements,
both at r egional an d local scales, and disp lacement rates
ranging from a slight (1-2 mm/yr) uplift to a serious subsidence
of more than 10 mm/yr.

Tectonics, differential consolidation of the Pleistocene and
Holocene deposits, and human activities, such as groundwater
withdrawals, land reclamation o f m arshes an d swam p areas,
and f armland co nversion in to urban areas, su perimpose to
produce the observed displacements.

Accordingto T os1 et alii,2 009,t hed isplacement
components have been distinguished on the basis of the depth
of their occurrence.

Deep causes, acting at a depth generally greater than 400-
600 m below m.s.l., refer to d ownward movements of the pre-
Quaternary basement and 1 and uplift (up to 2 m m/yr) m ost
likely related t o n eo-tectonic activity ~connected with  the
Alpine thrust belts and a NW-SE fault system.

The d isplacement facto rs located in the medium dep th
interval, i.e. between 400 and 50 m below m.s.1., are of both
natural and anthropogenic o rigin. T he former ref ers to the
Medium-Late P1 eistocene d eposits th at exhibit a larger
cumulative thick ness o fclayey com pressible | ayers at the
lagoon ext remities wi th respect to the central lagoon area
where stiffer sandy formations prevail. Land subsidence due to
aquifer ex ploitation mainly o ccurs in the north-eastern sector
of the coastland where thousands of active wells are located.

In a 10-15 km wide coastal strip the thickness, texture, and
sedimentation environment o f the Holocene deposits (TosI et
alii, 20 07b; T os1 et alii,2 007c; Z EcCCHIN et alii, 20 08;
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Fig. 2 — Comparison between leveling and IPTA results along the IGM34
(IRMAS54) line.
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RizzeTTO et alii, 200 9; T osI et alii, 20 09; ZECCHIN et alii,
2009) play a significant role in controlling shallow causes of
land subsidence. Other f actors th at co ntribute in increasing
land sinking at a smaller areal extent are the salinization of clay
deposits due to saltwater intrusion and biochemical oxidation
of out croppingp eats oils (GAMBOLATI et alii, 20 05;
CARBONGNIN et alii, 2 006). E ven t he 1 oad of bui ldings a nd
structures after the conversion of farmland into urbanized areas
causes local shallow compaction.
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