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Land subsidence: quantification of the past occurrence
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Land subsidence: consequences
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WHAT INSAR SHOWS


A very complex pattern, with a large range of movements
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Velocity map for the northern and southern
portions of the Po River coastland obtained by PSI
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Several processes superpose and concur to the overall measured
subsidence
Each process requires a specific approach to be properly
reproduced/predicted by models:
#

Process

Peculiarity

1

Natural consolidation of
transitional landforms

Release of the “infinitesimal
displacement” hypothesis

2

Oxidation of peat soils

Relationship dependent of water
content, soil temperature,
agricultural practices

3

Surface loading due to
new structures

Fully-coupled Biot model

4

Groundwater withdrawal “Standard” model

5

Hydrocarbon production
from deep reservoirs

Three-dimensionality
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1.

Natural consolidation of transitional landforms
Sketch of the
various
instrumentations
established in the
Venice salt marshes
to investigate their
vertical dynamics.
The foundation and
reference depths
(dashed line) are
highlighted. After Da
Lio et al., RSE, 2018

(a) Average land displacement η2008 − 2013 (mm/yr)
detected by PSI in the vegetated and bare parts of
the Crevan salt marsh. (b) Profile of the recorded
displacement along the AA’ alignment shown in (a).
After Da Lio et al., RSE, 2018

Key parameter:
compressibility vs
porosity (void index) of
COMPACTION
OF A 2-m
shallow (i.e., just
deposited)
soils.
CAN
AMOUNT
FROM
Data from an oedometric
test on a 0 – 0.23 m
sample cored in a Venice
Lagoon saltmarsh

DEPTH SOIL
10 TO 50%
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Adaptive mesh is
used to follow the
marshland
dynamics

Evolution and compaction for a marshland over a 1000 yr
time interval. After Zoccarato & Teatini, AWR, 2017
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2.

Oxidation of peat soils

Instrumentation
established in
the farmland to
measure peat
subsidence and
CO2 efflux. After
Camporese et
al., JGR, 2008

Displacement history for a few PTs

(↑) Displacement rates from IPTA at the
Zennare Basin averaged over the 1992–
2000 period. (↓) Surficial sediment map
of the Zennare Basin derived from
remote sensing. After Teatini et al., JGR,
2007
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Peat breathing:
swelling or
shrinking
related to
drying/wetting
cycles. After
Zanello et al.,
JGR, 2011

Quantification of
peat breathing by
a Richards’
equation with
saturationdependent void
ratio
(a) Hourly precipitation, (b) soil temperature, (c) depth to the water table,
and (d) land displacement between January 2002 and February 2006
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0.5 cm/yr
2.0 cm/yr

Comparison
between the
measured
irreversible land
subsidence (grey
line) and the
prediction from
the calibrated
Stephens et al.
[1984] model
(black line). After
Zanello et al.,
JGR, 2011

Stephens et al [1984] model:

s : biochemical subsidence
a,b : calibration parameters
k : reaction rate
T0 : threshold soil temp.
Assumption:
 Arrhenius’s law
 constant organic matter content

Stephens et al [1984] modified model
to take into account the reduction of
organic matter content:

C fraction at
time t
C fraction at
present

The actual C fraction
is updated:
 reduction due to C oxidation
 reduction due to the finite peat
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3.

Surface loading due to new structures

Land displacement at the Venice coastland detected by PSI. After Tosi et al., SR, 2009; RS, 2018
The soil profile
below the
embankment

The Treporti trial embankment.
After Castelletto et al., CG, 2015

6.7 m

20 m

The embankment
(loading)
evolution
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Coupled Biot model with a MFE formulation:
(Linear momentum
balance)
(Fluid mass balance)
(Darcy’s law)
Measured vs simulated displacements. After Castelletto et al., CG, 2015

radial disp.
vs depth

vertical disp.
vs depth
land subsidence /uplift
vs time
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4.

Groundwater withdrawal

 ‘Classical’ groundwater flow equation:
 ‘Classical’ 1D (vertical) compaction
model:
 Auxiliary relationships:

Location of the existing (Ro
Ferrarese) and planned (Guarda
Ferrarese) wellfields in the
surrounding of the Ro River
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10 Mm3/year

Perspective view of a portion
of the tetrahedral FE mesh
around the well-fields
1 wf

2 wf

Withdrawal rates from
the two well-fields as
implemented into the
FE model

Vertical cross section of the tetrahedral FE
mesh (below) with corresponding to the
lithological section (above)

Land subsidence (cm) along the Po
River embankment (a) from 1930 to 2005
and (b) from 2005 to 2035. Distance is
measured along the embankment red
line as is shown above in the map. After
Ferronato et al., 2007
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5.

Hydrocarbon production

uW-E

Displacement decomposition along vertical and WE for the 2008 - 2013 PSI outcome (RadarSAT)



Displacement and stress fields are simulated using the 3D equilibrium equations (based on Biot):

displacement field

pressure change

G : shear modulus
 : Lame constant
 : Biot coefficient
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Production
history

Measured vs simulated
land subsidence

displacement (cm)

Reservoir and
surrounding aquifer

3D FE discretization

1971-1998
1998-2012
2032-2062
2012-2032

6

CONCLUSIONS & TAKE AWAY
Major points:
 Usually, various processes contribute to the observed land subsidence in
coastlands (e.g. the Po River coastland)
 Recent monitoring techniques provide information for:
 understanding geomechanical processes at scales ranging from a
single structure to aquifer systems
 developing and calibrating simple / complex (the “most appropriate”)
models

 Models properly calibrated on allow robust predictions

UNDERSTANDING
THE MECHANISM
PECULIARITIES

MONITORING THE
OCCURRENCE

CHOOSING THE MOST
APPROPRIATE MODEL
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