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Abstract This study uses the InSAR technique to analyse
ground subsidence due to intensive exploitation of an
aquifer for agricultural and urban purposes in the Montel-
lano town (SW Spain). The detailed deformation maps
clearly show that the spatial and temporal extent of sub-
sidence is controlled by piezometric level fluctuations and
the thickness of compressible sediments. The total vertical
displacement measured with multi-temporal InSAR,
between 1992 and 2010, is 33 mm that corresponds with a
decrease of 43 m in the groundwater level. This technique
allows monitoring the evolution of settlement related to
water level fall in an area where subsidence has not yet
been reported by population or authorities through infras-
tructure damages and to discuss the effect of the aquifer
recovery. This information is, therefore, valuable for
implementing effective groundwater management schemes
and land-use planning and to propose new building regu-
lations in the most affected areas.
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Introduction

Natural hazards and their relationship with land-use plan-
ning have been the main focus of research together with the
development of methodologies to assess them (Mitchel
1998). Among others, ground deformation has been
reported as a main task in planning present-day human
settlements (Wang et al. 2004). World population increases
has compelled to the occupation of less suitable territories.
In this context, ground subsidence induced by intensive
aquifers exploitation to meet the needs of the rapid
evolving industries and urbanization has become particu-
larly relevant (Hu et al. 2004; Perissin and Wang 2011).
This phenomenon, the consolidation of the aquifer system
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(aquifers and aquitards), has a huge socio-economic impact
as it affects wide areas and many cities along the world—
Mexico D.F., Shangai (China) or Bangkok (Thailand)—
(Osmanoglu et al. 2011; Chai et al. 2004; Aobpaet et al.
2013). Precisely evaluating long-term response to pumping
and recharge is of great importance to avoid heavy
expenses to the local or national administrations due to
damages to infrastructures, decrease in water resources or
water contamination (Ortiz-Zamora and Ortega-Guerrero
2010).

InSAR data applied to ground displacements, when
combined with information about groundwater levels and
management practices, have contributed to the hydrogeo-
logic understanding of aquifers (Amelung et al. 1999;
Galloway and Hoffmann 2007; Davila-Hernandez et al.
2014). General subsidence due to water withdrawal has
been previously described in Spain at the cities of Murcia
(Rodriguez Ortiz and Mulas 2002; Tomas et al. 2005) and
Granada (Sousa et al. 2007, 2010, 2011; Fernandez et al.
2009), at rates of up to 10 mm/year.

The aim of this contribution is to determine the pat-
tern and timing of the aquifer system response to
pumping and successive natural recharge in an inten-
sively exploited aquifer in the Montellano area (SW
Spain). We focus on the relationship between lithology

Atlantic Cadiz ,
Ocean *

|:| Neogene sediments

- Internal Zones
|:| Flyschs

Sevilla

- External Zones
1
°W
Fig. 1 Location of the study area in the geological context of the

Betic Cordillera. The SAR data coverage used in the study in
indicated by a black rotated box, indicating with an arrow the

@ Springer

and differential settlement through the analysis of the
results obtained with the multi-temporal InSAR (MTI-
InSAR) technique. The dataset consists of 51 ERS-1/2
SAR and 20 Envisat ASAR scenes acquired from June
1992 to July 2000 and from February 2003 to September
2010, respectively. These results are compared with the
current stress history of soils in the area, expressed as
the preconsolidation stress and the overconsolidation
ratio (OCR) to establish the future behaviour of soils
related to the pumping activity.

Geological and hydrogeological setting

The study area is located in the external zones of the
western Betic Cordillera (Fig. 1). Its tectonic structure is
characterized by a detached NE-SW to ENE-WSW fold-
and-thrust belt (Kirker and Platt 1998). The frontal sector is
progressively more deformed toward the west and is dis-
rupted into Mesozoic carbonated blocks—up to several
kilometres long—surrounded by a Miocene mélange unit
mainly consisting of viscous Triassic clays and gypsum
(Martin-Algarra and Vera 2004; Pedrera et al. 2012). This
structure conditions the reduced extension and complex
geometry of the aquifers in this area.
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descending satellite pass (track). The radar is most sensitive to
deformation in the radar line-of-sight (LOS), dashed arrow. Our study
area, Montellano, is indicated by the star
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The study zone corresponds to Montellano (Seville), a
town in SW Spain (Fig. 2). It was developed by occupying
the plain in the western side of the San Pablo carbonate
range. The aquifer was not exploited up to the 1990s since
the use of running river water was more common. How-
ever, changes in agricultural practices from non-irrigated to
irrigated land favoured intensive groundwater exploitation.
The area has a Mediterranean type climate, with an average
annual precipitation of 720 mm and an average annual
temperature of 18 °C (Duran-Valsero et al. 2003). In this
context, a severe drought period from 2004 to 2010
increased the effect on groundwater reserves.

The Montellano aquifer (Fig. 2), with an outcropping
surface of 23 kmz, is divided into two sectors (Duran-
Valsero et al. 2003). The eastern or carbonate one is con-
stituted by up to ~600-800 m of Jurassic carbonate rocks
(6 km?) confined toward the west by an aquitard mélange
unit mainly constituted by clays and gypsum (IGME 1988).
The western or detritic sector is formed by 17 km? of Mio-
Pliocene to Quaternary sediments in contact with clays and
gypsum at its base. Its stratigraphic sequence starts with
Upper Miocene sandy marls and calcarenites (~20 m) and
Lower Pliocene yellow sands and calcarenites of up to
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60 m thick. Over them, there are ~20 m of Middle Plio-
cene green clays superposed by ~20 m of Upper Pliocene
limestones with gastropods. Finally, at the top of the
sequence, there are alluvial and colluvial sand, silts and
gravels of Quaternary age.

Recharge of the aquifer is mainly due to the rainfall
water infiltration with estimated rates of 25 % for the
detritic sediments and 50 % for the carbonate rocks.
Transmissivity values are scarce but, in average, are around
10 m*/days (Durin-Valsero et al. 2003). The main output
of the system is the pumping activity for human con-
sumption and agricultural irrigation. The height and tem-
poral evolution of the groundwater level (Fig. 3), north and
south of the main thrust that deforms the carbonate range,
reveals different hydrogeological behaviour. In the north-
ern half of the aquifer, the piezometric level remains
stable through time (Fig. 4; P4 and P5) and the springs
remain active although with low flow rates (around 2 L/s).
Extractions are mainly located in the southern half (Fig. 2;
P1, P2 and P3) where a high cumulated decrease of the
groundwater level could be observed (Fig. 3; 45 m from
1993 to 2010 in P1). In the last years, a water salinity
increase has been observed in the wells located in the
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Fig. 2 Hydrogeological map of the Montellano aquifer; UTM coordinates in km, zone 30S. Q quaternary, UP upper Pliocene, MP middle
Pliocene, LP lower Pliocene, UM upper Miocene, MM middle Miocene, C—P Paleogene—Cretaceous, J Jurassic
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Fig. 3 a Evolution of the piezometric level and b rainfall (red bars)
together with accumulated deviation of monthly precipitation (blue
line), for the period 1992-2013 in the Montellano area. The

southern sector. This process may be related to the high
exploitation rates of the carbonate aquifer that produces a
mixture of the bicarbonate waters with the sulphate-en-
riched waters coming from the clays and gypsum unit.

Data
Meteorological and hydrogeological data

Time evolution of the piezometric level (Fig. 3a), together
with meteorological data, rainfall and accumulated devia-
tion of monthly precipitation with respect to the average
(Fig. 3b), is analysed from 1992 to 2013 to infer inter-
connection with the deformation pattern. The data come
from the nearest pluviometric station of the Junta de
Andalucia network, located in Los Molares, 20 km north-
westward of Montellano. The accumulated deviation of
monthly precipitation (blue line) gives an estimate of the
relative deficit or surplus of precipitation. To calculate it,
the average monthly precipitation is obtained for a long-
term period (here, 1992-2013) and then this value is suc-
cessively subtracted to the precipitation value for each
month.

@ Springer

piezometer data shown in a are sampled at the sounding locations
P1-5 shown in Fig. 2. Drought periods correspond to grey-shaded

areas

Several drought periods could be easily recognized
along the trend of the rainfall accumulated deviation:
1992-1995, 1998-2001 and 2004-2009. Concurrently,
the piezometric evolution shows a particular hydrological
behaviour. First of all, an evident decaying tendency for
the piezometric level is observed in the piezometers
located at the detritic aquifer (P1, P2 and P3) together
with a fast recovery after rainy periods (1996-1998 and
2002-2004). Secondly, a very stable groundwater level is
registered in the piezometers located at the carbonate
aquifer.

For the first one drought period, the water level
decrease was registered at P1 piezometer (13 m). During
the other two drought periods, the decrease was 15 and
37 m, respectively, with a mimetic pattern in the P1, P2
and P3 wells. Over the whole period, from 1993 till
2009, the excessive pumping of the aquifer caused an
average decrease of 45 m in the groundwater levels as
observed at P1 (Fig. 4). For P2-5, piezometric data
available are discontinuous because of the change in the
water management agencies responsible of water level
records (IGME, TRAGSA, CHG), thus we are not able
to precisely address the contribution of each extraction
well to subsidence.
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Fig. 4 Lithological column of the piezometric boreholes, with
estimated decrease of water table

Satellite datasets

The Montellano area is covered by a total of 51 ERS-1/2
SAR scenes from descending satellite track 94 from June
1992 to July 2000 (Table 1), and by a total of 20 Envisat
ASAR scenes from descending satellite track 94 from
February 2003 to September 2010 (Table 2). Figure 1
shows the location of this track, which is the same for both
satellites, over the study area. Due to ERS-2 on-board
gyroscope problems on January 2001, only images until the
end of 2000 were selected to avoid high Doppler centroid
differences of more than the critical value of 700 Hz.

Soil samples

Fifty undisturbed samples of sediments and carbonated
rocks from the Montellano aquifer area have been char-
acterized (Table 3). They represent the main lithologies
cropping out in the region: Jurassic limestones, red clays
from the mélange, the Miocene sandy marls and clays and
the Quaternary deposits. The preconsolidation stress and
the overconsolidation ratio have been obtained
(“Geotechnical characterization and tense-deformational

behaviour”) as they are the two main parameters that allow
us to determine the tense-deformational information.

MTI-InSAR
Processing methodology

Differential synthetic aperture radar (SAR) interferometry
(DInSAR), first introduced in 1974 for topographic map-
ping, is a cost-effective measuring geodetic technique used
to detect changes on the ground surface with a centimetre-
to-millimetre accuracy at a spatial resolution of tens-of-
metres over a large area (Gabriel et al. 1989). DInSAR
systems are based on extracting the phase difference from
two single-look complex (SLC) SAR images relative to the
same area by creating an InSAR image (also called an
interferogram). The interferometric phase Ad;y,, or differ-
ence in the line-of-sight (LOS) path length AR from the
radar antenna to the surface (Fig. 5), in the original inter-
ferogram contains the superposition of the following
contributions:

A(ﬁint = A(Pﬂat + A¢topo + A(ﬁdisp + A¢atm + A(l’)noise (1)

where A¢q, (also A¢yg) is the phase difference due to
differences in the satellite orbits when the two SAR images
were acquired (changes of the relative distance satellite-
target for flat earth), A¢p, is the phase difference due to
topography, A¢.m, is the phase difference due to atmo-
spheric propagation delays, A¢g;sp is the phase difference
due to the ground displacement in the slant-range direction,
or LOS, between both SAR acquisitions, and A¢,i is the
systematic and environmental noises. Since the incidence
angle of the ERS and Envisat data used in this study is
0~23° (ERS-1/2 SAR and Envisat ASAR Image Swath
1S2) (Fig. 5), the interferometric phase is more sensitive to
vertical displacements.

To estimate ground deformation Adg;sp, the different
phase contributions have to be determined by means of
differential processing. A¢g, and A¢op, depend on the
perpendicular baseline and can be calculated accurately
using precise satellite orbit data and a digital elevation
model (DEM). However, large temporal and satellite sep-
aration between both SAR acquisitions (perpendicular
baselines), as well as DEM errors, add decorrelation noise
due to a change in scattering characteristics of the ground
objects over time. On the other hand, atmospheric artefacts
A am, that is, the atmospheric conditions in both tropo-
sphere and ionosphere, can vary considerably between both
SAR acquisitions causing phase disturbances. The latter is
only significant for dispersive frequencies, like L-band
SAR systems, and is not applicable to our study in which
C-band data from Envisat and ERS is wused. The

@ Springer
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Table 1 ERS-1/2 SAR data for the Montellano area (Track 94 descending, Frame 2859)

Acq. date Orbit  Sensor B, (m) Biemp (days) f4. (Hz) No. Acq. date Orbit  Sensor B, (m) Biemp (days) fy. (Hz)

1 12/06/1992 4748 ERS-1 460 —1879 415 27  04/08/1997 11,972 ERS-2 0 0 97
2 17/07/1992 5249 ERS-1 —125 —1844 388 28  08/09/1997 12,473 ERS-2 497 35 113
3 21/08/1992 5750 ERS-1 161 —1809 367 29 13/10/1997 12974 ERS-2 430 70 119
4 30/10/1992 6752 ERS-1 898 —1739 378 30 17/11/1997 13,475 ERS-2 289 105 117
5  04/12/1992 7253 ERS-1 132 —1704 411 31 26/01/1998 14,477 ERS-2 —166 175 111
6 08/01/1993 7754 ERS-1 —-322 —1669 389 32 02/03/1998 14,978 ERS-2 —700 210 97
7 12/02/1993 8255 ERS-1 437 —1634 364 33 11/05/1998 15,980 ERS-2 729 280 161
8  23/04/1993 9257 ERS-1 834 —1564 401 34 15/06/1998 16,481 ERS-2 966 315 150
9 28/05/1993 9758 ERS-1 —156 —1529 401 35  20/07/1998 16,982 ERS-2 —520 350 143
10 02/07/1993 10,259 ERS-1 —-356 —1494 373 36 24/08/1998 17,483 ERS-2 -89 385 151
11 06/08/1993 10,760 ERS-1 450 —1459 378 37  28/09/1998 17,984 ERS-2 813 420 142
12 10/09/1993 11,261 ERS-1 846 —1424 398 38 02/11/1998 18,485 ERS-2 946 455 143
13 19/11/1993 12,263 ERS-1 804 —1354 364 39 07/12/1998 18,986 ERS-2 —367 490 160
14 16/04/1995 19,621 ERS-1 105 —841 384 40  22/03/1999 20,489 ERS-2 134 595 232
15 21/05/1995 20,122 ERS-1 —54 —806 407 41 26/04/1999 20,990 ERS-2 —350 630 184
16 30/07/1995 21,124 ERS-1 448 —736 371 42 13/09/1999 22,994 ERS-2 -—-704 770 929
17 31/07/1995 1451 ERS-2 411 —735 84 43 18/10/1999 23,495 ERS-2 —-256 805 114
18  04/09/1995 1952 ERS-2 —341 —700 79 44 22/1171999 23,996 ERS-2  —41 840 142
19 08/10/1995 22,126 ERS-1 618 —666 353 45 27/12/1999 24,497 ERS-2 631 875 190
20 26/02/1996 4457 ERS-2 923 —525 116 46 31/01/2000 24,998 ERS-2 112 910 164
21 19/08/1996 6962 ERS-2 —239 -350 98 47 06/03/2000 25,499 ERS-2 -30 945 -53
22 02/12/1996 8465 ERS-2 877 —245 123 48 10/04/2000 26,000 ERS-2 390 980 —208
23 06/01/1997 8966 ERS-2 —56 -210 163 49  15/05/2000 26,501 ERS-2 981 1015 —234
24 17/03/1997 9968 ERS-2 57 —140 153 50  19/06/2000 27,002 ERS-2 —115 1050 —401
25 26/05/1997 10,970 ERS-2 14 -70 119 51 24/07/2000 27,503 ERS-2 —151 1085 -350
26 30/06/1997 11,471 ERS-2 -226 -35 139

Parameters are relative to the master acquisition, acquired on 04/08/1997. Perpendicular baselines, temporal baselines, and fy. Doppler centroid

are listed with respect to the master acquisition

bibliography on SAR interferometry is extensive. A
detailed review of the main principles can be found in
Bamler and Hartl (1998), Massonnet and Feigl (1998),
Biirgmann et al. (2000), Rosen et al. (2000), and Hanssen
(2001).

Time series InSAR techniques address the problem of
decorrelation by identifying a small subset of radar targets,
called “Persistent Scatterer” (PS) pixels (also referred to as
a “Permanent Scatterer”), that exhibit a stable phase
characteristic in time, leading to an improved signal-to-
noise ratio. PS pixels often correspond to point-wise scat-
terers or manmade objects on the Earth’s surface (building,
metallic objects, exposed rocks, etc.) which dominate
background scattering and maintain reflective characteris-
tics along the series of SAR images. Time series InSAR
methods include the persistent scatterer interferometry
(PST) methods and small baseline (SB) techniques.

@ Springer

Because PSI and SB approaches are optimized for res-
olution elements with different scattering characteristics,
they are complementary, and techniques that combine both
approaches are able to extract the signal with greater
coverage than either method alone (Hooper 2008; Ferretti
et al. 2011). In our study we use StaMPS-MTI. The Stan-
ford method for persistent scatterers (StaMPS) is a software
package that implements a PSI method developed to work
even in terrains devoid of manmade structures and/or
undergoing non-steady deformation (Hooper et al. 2012,
2013). In addition, StaMPS-MTI (multi-temporal InSAR)
is an extended version of StaMPS that also includes an SB
method and a combined multi-temporal InSAR method,
allowing the identification of scatterers that dominate the
scattering from the resolution cell (PS) and slowly decor-
relation-filtered phase (SDFP) pixels, that is, pixels whose
phase when filtered decorrelates little over short time
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Table 2 Envisat ASAR data

for the Montellano area (Track No. Acq. date Orbit Sensor B, (m) Biemp (days) fa. (Hz)
94 descending, Frame 2859) 1 24/02/2003 5158 ASAR 514 ~1925 283
2 15/03/2004 10,669 ASAR 687 —1540 233
3 28/06/2004 12,172 ASAR —627 —1435 230
4 11/10/2004 13,675 ASAR 340 ~1330 231
5 20/12/2004 14,677 ASAR —104 ~1260 237
6 04/04/2005 16,180 ASAR 482 —1155 241
7 09/05/2005 16,681 ASAR 646 ~1120 235
8 18/07/2005 17,683 ASAR 719 ~1050 237
9 22/08/2005 18,184 ASAR 355 ~1015 246
10 31/10/2005 19,186 ASAR 510 —945 259
1 13/02/2006 20,689 ASAR —402 —840 258
12 05/03/2007 26,200 ASAR 351 —455 267
13 24/03/2008 31,711 ASAR 231 ~70 257
14 02/06/2008 32,713 ASAR 0 0 264
15 29/12/2008 35,719 ASAR ~13 210 260
16 18/05/2009 37,723 ASAR 58 350 261
17 27/07/2009 38,725 ASAR _85 420 268
18 31/08/2009 39,226 ASAR 248 455 270
19 16/08/2010 44236 ASAR ~50 805 284
20 20/09/2010 44,737 ASAR 206 840 276

Parameters are relative to the master acquisition, acquired on 02/06/2008. Perpendicular baselines, tem-
poral baselines, and fy. Doppler centroid are listed with respect to the master acquisition

intervals (Hooper 2008). The PSI technique identifies
phase-stable PS pixels using primarily correlation of their
phase in space, not requiring any approximate model of
displacements. The SB method uses amplitude dispersion
values and then identifies the SDFP pixels performing
phase analysis in space and time. Finally, both selections
(PS + SDPF) are combined and a 3D phase unwrapping
algorithm is applied to isolate the deformation signal,
based on these pixels. The inner workings of this software
package are described in more detail in Hooper (2008,
2010, 2006) Hooper et al. (2004, 2007), and Sousa et al.
(2010, 2011).

A DEM with 25 m resolution provided by the Instituto
Geografico Nacional de Espafia was used to remove the
contribution of the topographic phase to the interferometric
phase. Using highly precise orbit data for ERS-1/2 and
Envisat satellites calculated by TU Delft (Scharroo and
Visser 1998) and ESA, the reference phase was computed
and subtracted from the interferometric phase.

MTI-InSAR results
We applied the StaMPS-MTI method, combining PS and

SB approaches, over the Montellano area. For the ERS
dataset, we constructed 50 interferograms using the PS

approach, and 182 interferograms using the SB approach
(Fig. 6). We used the scene of 4 August 1997 as master
date in our network. For the Envisat ASAR dataset, we
constructed 19 interferograms based on the PS approach,
and 45 interferograms using the SB approach (Fig. 6).
There, we used the scene of 2 June 2008 as master date.

For the SB approach, Figs. 1 and 2 of the Appendix
show the residuals between the unwrapped phase of the SB
interferograms and the estimated SB interferograms when
redundancy was removed by inverting to a single master
network first. No spatially correlated residuals are identi-
fied indicating the absence of unwrapping errors. A
sophisticated tropospheric correction like in Bekaert et al.
(2015) is not being needed as delay variation over the city
is expected to be small.

Figures 7 and 8 show the unwrapped phase in mil-
limetres for each stack of scenes referred to the first
interferogram, respectively, for ERS 1/2 and Envisat.
Throughout our study, we assumed our InSAR reference
area to be centred in the old part of the village. This area
showed a stable behaviour in previous processing crops
where a different reference area outside the village was
chosen. For ERS-1/2 (Fig. 7), it can be seen that the
southern part of the city is subjected to a subsidence with
respect to the northern part in the period November 1993 to

@ Springer
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Fig. 5 DInSAR basic concept.
At 1, a point P is sensed. At t,,
the surface has deformed and
point P moves to P’

maximum curvature point (more important when more
ductile is the material), we have applied the methodology
described by Gregory et al. (2006). Triaxial water perme-
ability test, due to aquitard character of most of the sam-
ples, was performed as defined by ASTM D 5084, except
for the limestones. In the rest of the tests performed we
have followed the procedures proposed by UNE-AENOR.
The results of this test for the red clays and gypsum unit
(Middle Miocene) are plotted on a logarithm of the normal
effective stress (kg/cmz) against void ratio (%), as shown in
Fig. 11. These rocks are the ones that widely constitute the
lithological column in the subsiding area (P1 and P2;
Fig. 4) and those that provide higher consolidation values.
The graph shows, for each sample, two different lines. The
upper one is characterized by low deformations that are
recoverable if unloading occurs. The lower one occurs for
higher stresses than the former and it is characterized by its
linearity and for the strains being irrecoverable. The point
that separates the two lines is the preconsolidation stress.
The values obtained are very uniform for all kind of rocks
studied (Table 3) and range between 104 and 139 kPa.
The overconsolidation ratio (OCR) is another useful
parameter to complement the tense-deformational infor-
mation of a soil. This value is the ratio of preconsolidation
stress to current natural overburden stress and indicates
whether the soil is overconsolidated (OCR >1), normally
consolidated (OCR = 1) or underconsolidated (OCR <1).
A soil is said to be overconsolidated when it has been
exposed to vertical effective stresses higher than the ones

acting at present. In this study, we performed consolidated
and undrained (CU) triaxial tests in accordance with the
appropriate international standard ASTM D 4767. The
results show OCR ratio values varying from 0.89 to 1.19,
with an average value of 0.90. Accordingly, soils seem to
be normally consolidated to slightly underconsolidated
close to the surface (unless the green clays samples that
provide overconsolidated values). Taking into account the
lithology distribution in the surroundings of the P1 well
(where the maximum vertical displacement is observed) a
subsidence of up to 30 cm is expected, one order of mag-
nitude higher than the vertical displacement estimated with
InSAR for the same location. However, it is important to
note that this maximum expected subsidence should be
higher than the real subsidence as it is evaluated consid-
ering surface conditions and for a total compression of the
sediments.

Discussion

Decrease in pore-water pressure leads to compression of
the granular structure of the aquifers (coarse grain deposits)
and/or aquitards (silt and clay), and indeed to consolidation
of these compressible sediments (Leake 1990; Galloway
et al. 1998). In the Montellano aquifer, the decline in pore-
water pressure related to groundwater pumping likely
controls the land subsidence revealed by the INSAR data in
the period 1992-2010. Unfortunately no ASAR data have
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Fig. 6 Temporal vs. spatial 1000
baseline distribution for our
interferometric ERS-1/2 (a) and
ASAR (b) SAR data used in this 750
study (red circles). The master
image used in the PSI
processing is indicated by the — 500
red star. The small baseline E
interferograms used in the SB 2
processing are represented by E 250
the continuous green lines &
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been acquired after 2010, due to the unexpected loss of
contact with Envisat. Associated with this decrease, there
was an increase in effective stresses in the subsoil, causing
consolidation of the clayey sediments. Analysis of these
results has allowed the identification of two main sectors
with different ground surface behaviour. The southern
sector, placed on recent, deformable quaternary colluvial
sediments deposited over Triassic clays and the northern
one, over colluvial cemented sediments overlying Middle
Pliocene and Jurassic limestones.

@ Springer
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The settlement map retrieved from multi-temporal
InSAR, combining ERS and Envisat, shows evolution of
ground subsidence in the Montellano area. Figure 12
shows the temporal comparison between the vertical dis-
placement observed, the accumulated deviation of monthly
precipitation and the evolution of the groundwater level in
the piezometer P1, closer to the subsiding area, where a
well trend correlation can be distinguished. A maximum of
33 mm of land subsidence for the whole period studied is
observed at this sector. Three important subsiding periods
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Fig. 7 Unwrapped phase for the MTI processing (PS + SB) for the ERS-1/2 stack referred to the first data. All the single master interferograms
are ordered by dates from left to right and up to bottom. The unwrapped phase is represented in millimetres
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Fig. 8 Unwrapped phase for the MTI processing (PS + SB) for the
ASAR stack referred to the first data. All the single master
interferograms are ordered by dates from left to right and up to
bottom. The unwrapped phase is represented in millimetres

could be distinguished, 1992-1995, 1998-2001 and
2004-2009, in tight relationship with the meteorological
data and, consequently, with an excessive pumping activ-
ity. These fluctuations has been observed in the wells
located over the detritic aquifer meanwhile wells located
directly over the carbonates show very stable levels in the
whole time series. Along the period comprised between
1992 and 2000, the total displacement recorded was of
10 mm, at a rate of 1.5 mm/year. In the period 2001-2002,
the piezometric level globally remains stable. Afterwards,
the 2004-2010 drought caused a generalized lowering of
the piezometric level of 37 m. From 2003 to 2009, the
southern area was gradually affected by average settle-
ments that exceeded 23 mm, with typical settlement
velocities of about 4 mm/year. This was the most important
subsiding period.

Although deformation in an aquifer system is generally
elastic and recoverable (Poland 1961), aquitard sediments
respond both elastically and inelastically depending upon
whether the maximum preconsolidation stresses are
exceeded when the piezometric level decreases (Xue et al.
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Fig. 9 a, b Mean SAR amplitude images of the study area for ERS-1/
2 and ASAR stacks zooming in the village of Montellano. c,
d Geocoded radar line-of-sight velocity, assuming a linear deforma-
tion rate, superimposed over a Google Earth image for ERS-1/2 and
ASAR datasets. The white star indicates the reference area for phase
unwrapping and the white dots some wells in the area. The white

2005). They then undergo a slow, accumulative and irre-
versible rearrangement of their pore structures. With long-
term water-level decline, the aquitards will continue to

@ Springer

5

triangle designates the position of an area (P) of radius 50 m which
exhibits the maximum deformation and which temporal time series is
shown in Fig. 10. e, f Linear deformation standard deviation for ERS-
1/2 and ASAR stacks. ERS-1/2 SAR scenes span the period from June
1992 to July 2000, and Envisat ASAR scenes from February 2003 to
September 2010

exhibit delayed drainage and residual compaction even
though groundwater levels in the aquifers may have
recovered (Helm 1984; Bell et al. 2008). Such delayed
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Fig. 10 Displacement time series resolved by ERS-1/2 and ASAR descending observations for PS P (the area that exhibits the maximum
deformation) and the P1 well. The deformation history is in the LOS direction (see Figs. 2 and 9 for location)
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Fig. 11 Graphical estimation of preconsolidation stress of the red
clays

compression is not so evident in the pattern of residual
subsidence found in the Montellano aquifer. In 1995,
rainfall recharge produced the arising of the groundwater
level and this effect was observed, with a small time lag, at
the deformation time series.

In many of the affected areas, subsidence has been
finally reported after the observation of some local prob-
lems as underground utility lines cracking, seawater
intrusion or settlements of buildings and civil infrastruc-
tures (Tomas et al. 2010; Jiang et al. 2011). Anticipation to
this problem will avoid the spending of great amounts of

money, as direct and indirect economic costs, in addressing
them. Indeed, much of the subsidence occurring in aquifers
subjected to high pumping activity is irrecoverable,
resulting in a loss of aquifer storage. This is why the multi-
temporal InSAR technique could act as an alarm to draw
attention to the excessive withdrawal of groundwater (Chai
et al. 2004; Shi and Bao 1984) in areas filled with com-
pressible deposits and thus prone to land subsidence and
where these effects are not so evident yet, as in the Mon-
tellano area. However, the applicability of this methodol-
ogy is subject to the spatio-temporal distribution of the
piezometric data and the location of geological columnar
sections. This information is frequently provided by the
national Geological Surveys (as the Instituto Geoldgico y
Minero of Spain in http://info.igme.es/catalogo/?tab=2) but
its availability differs from one country to another.

Estimation of the spatio-temporal distribution of the
settlement is crucial to locate the most damaged areas, to
predict their evolution and to establish counter measures to
eliminate, or at least mitigate, the causes (Bell et al. 2008;
Chaussard et al. 2014). In the Montellano sector, subsi-
dence rates are likely representative of the amount of water
extracted and the thickness of the compressible deposits.
The southern half of the village is affected by subsidence in
the range of 33 mm. The first human settlements were
located over the stable Middle Pliocene limestones, in the
north part of the present-day village. However, expansion
since the 1980s has extended the building area towards the
South over uncemented colluvial sediments that overlie
Triassic clays, causing consolidation of the clayey sedi-
ment layers. Characterization of the subsidence distribution
will help to reshape the future urban development plans
and better define the urban expansion and land uses.
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Fig. 12 a Time evolution of the piezometric level in the P1 well (red
line) together with the displacement time series from radar interfer-
ometry (blue line) and the rainfall accumulated deviation (black line)
for the period 1992-2011. The drought periods are shaded in the plot.

Conclusions

We applied a multi-temporal InSAR technique to analyse
ground subsidence due to intensive exploitation of an
aquifer for agricultural and urban purposes during the
1992-2010 period in the town of Montellano (SW Spain).
We demonstrate that this technique allows monitoring the
evolution of settlement related to water level fall in an area
where subsidence has not yet been reported by population
or authorities through infrastructure damages. In time, we
found a correlation between the piezometric level changes
and subsidence as observed from InSAR. In addition,
interrelation among subsidence and shallow rock distribu-
tion has been demonstrated showing that deformations are
higher where Triassic clays are thicker in respect to areas
where Middle Pliocene or Jurassic limestones crop out. Our
study provides valuable information that can be used to

@ Springer

b, ¢ Geocoded radar line-of-sight velocity, assuming a linear
deformation rate, superimposed over a Google Earth image for
ERS-1/2 and ASAR datasets, respectively; The main geological
lithologies are superimposed

implement effective groundwater management schemes,
land-use planning, and to propose new building regulations
in the most affected areas. The obtained results provide
very useful spatial and temporal data about the incidence of
intensive pumping at a low cost.
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