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Foreword

The project LIFE EBRO-ADMICLIM puts forwards pilot actions for adaptation to and
mitigation of climate change in the Ebro Delta (Catalonia, Spain), an area vulnerable to
sea level rise and subsidence. One of the main expected results of this project is to
obtain an accurate assessment of Ebro Delta subsidence, which a priori has been
estimated to be ~2-3 mm/year, and to identify the most vulnerable to rising relative sea
level areas (expected to be 30-40% of the total area).
The project aims to achieve these results through an action entitled Assessment of
areas vulnerable to subsidence and sea-level rise in the Ebro Delta (implementation
action B.6 of the project). To carry out this action has been required to establish two
main working groups, which are aimed at:
1) Estimating the actual subsidence rates and distribution, as well as historical, through
differential interferometry of satellite radar images (DInSAR)
2) Determining the geometrical, geological and geotechnical characteristics of the
superficial sedimentary deposits which are capable of generating subsidence. The
project anticipated that to conduct this characterization it was required four working
stages based on:
2.1. Compilation, homogenization and georeferencing of the pre-existing geological,
geotechnical and geophysical information.
2.2. Geophysical testing of existing surveys and seismic and electrical exploration
campaigns.
2.3. Construction of a geological model of the Ebro Delta from the integration of the
compiled information (pre-existing and newly acquired).
2.4. Analysis of the delta vulnerability to subsidence.
Based on the analysis of the information derived from these procedures, a zoning of
the subsidence susceptibility of the Ebro Delta has been developed, which can be
consulted in this report. The subsidence susceptibility zoning of the Ebro Delta is
presented in the third report within the framework of action B.6 of the EBROADMICLIM project. Previously it has been submitted:
-Historical analysis of the subsidence, Pérez-Aragüés et al.,(2015)
-Geophysical characterization, Benjumea et al.,(2017)
The project planning foresees that the works associated to action B.6 finish with the
submission of the 3D Geological Model: “Reconstruction of the Architecture of the
Holocene Deposits of the Ebro Delta Plain”.
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Introduction

Modern river delta plains, as the Ebro Delta plain, represent alluvial tracts of land
deposited at or near the mouth of rivers near the sea.
Global survey of radiocarbon-dated sedimentary sequences in these modern marine
deltas reveals that were mainly formed during the Holocene in a variety of geographic
and geologic settings on coastal margins of world oceans (Stanley et al., 1997)
Sea-level change is the only process that could bring about the simultaneous
worldwide initiation of Holocene deltas. Surveys of sea-level history (Siddall et al.,
2003; Doyle et al., 2015) indicate a marked deceleration in sea-level rise at ~8000 yr.
BP. Holocene deltaic sequences began to accumulate as former incised river valleys
filled with sediment to the point that the rate of fluvial sediment input exceeded the
declining rate of sea level rise along coasts. This transition from marine transgression
and coastal erosion to sediment accretion and progradation at the mouth of rivers,
began to form 6,500 to 8,500 years ago, as sea level stabilized following the end of the
last glacial period.
From a historical perspective river delta plains are considered as natural environments
characterized by a generally prograding shoreline and increasing land area, permanent
freshwater sources, high water table, aquatic habitats (fresh, brackish, marine), well
developed and relatively stable system of distributary channels, and fertile silt-rich soil.
On the other hand, proximity of water sources on river delta plains offers perennially
available protein and other aquatic food sources and ease of regional travel and trade.
These features made modern river delta plains a particularly attractive environment for
human settlements. It is estimated that currently more than 500 million people live on
or near river delta plains, often in megacities or large conurbations. Outside of the
urban activities, a significant surface area of the modern river delta plains is dedicated
to the development of agricultural and aquicultural operations. Deltas are also home to
innumerable wetlands, mangrove forests and ecological reserves. Consequently, these
resources make river delta plains some of the most important economic and
environmental areas on Earth.
The modern river delta plains in general are areas very susceptible to flooding as a
result of their low elevation. Human activities, especially since Industrial Revolution,
since the beginning of the nineteenth century, have a deep impact on flooding hazard
of the delta plain (Syvitski et al., 2009). Most of the world’s major river deltas are
sinking relative to their local sea level. Given that sea level will continue to rise even if
greenhouse gas emissions stabilize, the need for adaptation measures is evident and
urgent (Church et al., 2011; Jevrejeva et al., 2012; Stocker et al., 2013). This is the
case of the Ebro delta plain, where some areas are below sea level and up to 40% of
its area is less than 50 cm above it.
Aside from the sea level rising, the flooding hazard of delta plains can also increase as
a result of subsidence processes. In this work the term subsidence is defined as the
vertical change in delta plain surfaces despite to local mean sea level. The reason for
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this consideration is that satellite information does not contemplate local sea level, but
absolute displacements.
In delta plains, surface elevation change is a complex phenomenon involving many
interwoven natural processes: crustal motion, climate, vegetation dynamics, availability
of sediment from the watershed, the mechanical, biological and chemical compaction
of sediment, eustatic sea level changes, or the drift of the sediment related to the
dynamics of waves, tides, currents and storms. Apart from the natural processes, the
anthropic activity also influences the compaction of the modern delta plains.
Subsurface mining (oil, gas or groundwater), human-influenced soil drainage and
accelerated oxidation, can exceed natural compaction by an order of magnitude
(Syvitski et al., 2009). The interception of upstream river-borne sediment by modern
dams may leave a river with relatively clean water, with flows of reduced magnitude
which give rise to drastic decrease in the sediment contribution to the deltaic systems.
Furthermore, the use of artificial levees combined with reductions in the number of
distributary channels can prevent river flooding onto the delta plain.
Determination of the modern delta plains subsidence rates is a topic of increased
complexity due its broad multidisciplinarity, requiring methods from sedimentology,
solid-earth geology, oceanography, biology, hydrology, and engineering to measure
their effects which are essential to develop research on land management and coastal
defence measures to protect such vulnerable areas.
Tide gauges, extensometers, sediment cores, GPS devices and marker horizons allow
point measurements of subsidence and/or sedimentation rates. However, each method
can resolve only certain pieces of delta surface elevation change at certain spatial and
temporal resolutions (Higgins, 2016). Recent advances in DInSAR and LiDAR satellite
technology allow high resolution mapping of absolute subsidence.
The differential interferometry SAR (DInSAR) is a remote sensing technique which can
be used for the quantitative description of dynamic processes on Earth surface. This
technique is based on the phase sensibility of the radar images on the terrain
topography and elevation changes, occurred between consecutive orbit tracks over the
same area. In general, this technique allows the acquisition of high resolution precise
terrain movement trends (Ideally over 1 cm), on large areas. The movement estimation
resolution can vary from few millimetres to a centimetre per year, depending of different
parameters such as electromagnetic wavelength emitted by the radar system,
dispersion properties of the targeted area, observation geometry, the amount of
available images and its temporal distribution, and the orbit track frequency related to
the average velocity of the process monitored.
The purpose of the present study is to define a zonation of subsidence susceptibility on
the Ebro Delta plain. This zonation is developed based on the combination of an
exhaustive analysis of the different relevant geological factors that condition
subsidence and the determination of subsidence through DInSAR images-based data.
The modern (Holocene) Ebro Delta is located on the NE coast of the Iberian Peninsula,
covers an area around 2200 km2, and represents one of the five largest Mediterranean
deltaic systems together with Danube, Nile, Rhône and Po. Only about 320 km2 of the
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Ebro Delta correspond to the sub-aerial part, known as the Ebro delta plain, the subject
of the present study.
The Ebro Delta plain, like other deltaic areas of the planet, is a geological system that
is in permanent evolution because of the activity of the erosion, transport and
deposition of materials throughout the Ebro Basin (Figure 1); the drift of the NW
Mediterranean coast; the variation of sea level; and the lithospheric dynamics of the NE
margin of the Iberian plate.

Figure 1. Shaded relief image of the Ebro watershed (red boundary) and Ebro margin constructed from
HydroSHEDS (2006) and EMODnet (2017) digital elevation models.

In the Ebro delta plain the Holocene sediments related to the deceleration of sea level
rise (since ~8000 years BP) have a maximum thickness of ~60 metres (Maldonado,
1972; Maestro et al., 2002). The Holocene succession of the Ebro Delta plain as a
whole, define a wedge-shaped body that thickens from the west to the east, from the
foothills of the Montsià and Cardó-Boix towards the offshore.
The Holocene sediments, related to the recent evolution of the delta, lie above a
succession of Pleistocene and Pliocene deposits that at some points exceeds
thicknesses of 1000 meters. This succession represents the sedimentary record of the
Ebro river basin evolution through the last 5 million years, since the end of Messinian
Salinity Crisis (Lofi et al., 2010). The Pliocene sediments cover a basement
compartmentalized by normal faults which includes Miocene and Mesozoic formations,
similar to those that outcrop in the surroundings of the margins of the Ebro Delta plain.
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The Ebro Delta plain is a low relief wetland (Figure 2) of great international importance.
It is considered one of the coastal systems most vulnerable to climate change in
Catalonia and Spain (Generalitat de Catalunya, 2016), and one of the most vulnerable
in the Mediterranean and Europe (Day et al., 2011).

Figure 2. Elevation map of the Ebro delta plain showing the distribution of the main wetlands, urban areas,
the ancient river channels (dotted light blue lines) and other relevant geomorphologic features. The
elevation base map is derived from the LIDAR digital elevation model of 2 meter of spatial resolution
provided by ICGC.

Due its high natural interest, about 7,800 ha of the deltaic surface are protected under
the designation of Natural Park. This area comprises the zones of highest
environmental value in the delta plain, including freshwater, brackish and saline
lagoons, salt marshes and coastal sandy areas.
The anthropogenic activity transformed around three quarters of the surface of the
delta plain in cropland, mainly in rice fields (~65% of the delta plain). Rice production
require the flooding of the cropland annually from April to September. The water used
7
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for irrigation in the Ebro Delta plain is taken in a weir 56 km upstream of the river
mouth, and is transported to the delta by means of two irrigation channels running
parallel to the river course. On the delta plain, the water is distributed through a
hierarchical and complex irrigation network in order to reach all the rice fields. Rice
production changed the hydrological regime and has important effects on the other
aquatic systems of the delta plain such as the coastal marshes, the lagoons and the
wetlands, though to the groundwater rise.
Currently the Ebro Delta plain suffers the loss of wetlands and rice fields due to coastal
regression caused by the decrease on deposition of fluvial sediments, which are
retained in the reservoirs of the Ebro river basin (Guillén et al., 1997; Ibáñez et al.,
1997). The long period of rapid progradation of the Ebro Delta plain stopped
dramatically after the construction of hydropower dams, between 1950 and 1975
(Vericat et al., 2006; Xing et al., 2014). As a consequence, coarse-grained sediment
supply to the delta has decreased from ~70 kg/s to ~12 kg/s (Nelson, 1990; Vericat et
al., 2006; Tena et al., 2011). From a geomorphological point of view, it is estimated that
during the main part of the last millennia the Ebro Delta had a behaviour characteristic
of the river-dominated deltas (Jiménez et al., 1997), coarse-grained sediment input
limitation changed this trend, shaping the Ebro coast into a more wave-dominated
delta, with smooth shoreline and single thread distributary network.
The regression of the shoreline was higher than 10 m per year during the period from
1994 to 2004 in the present Ebro river mouth and surrounding areas (CIIRC, 2010).
This problem is largely attributed to sea level rise and subsidence. It is estimated that
about 50% of the delta plain can be flooded during this century (Ibáñez et al., 1997)
due to a rate of sea level rise of ~3 mm/year (Church et al., 2011; IPCC, 2013) and a
loss of elevation by subsidence estimated at ~2-3 mm/year (Ibáñez et al., 2010; Day et
al., 2011). Nevertheless subsidence rates vary with the approach. Somoza et al. (1998)
obtain an average subsidence rate in the Ebro Delta of 1.75 mm/year during the last
7,000 years on the basis of the depth of dated buried peat. Recently, in the frame of
the Ebro-ADMICLIM project, Pérez-Aragüés & Pipia (2015) obtained a mean rate of
subsidence from <1 mm/year to ~3mm/year during the past 2 decades using DInSAR
techniques. This variability add uncertainity to subsidence values, and hence should be
carefully analysed.
The goal of the present study is to determine a subsidence magnitude and
susceptibility zonation of the Ebro Delta plain, understood as the possibility of a
geographical area to be affected by this process.
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Methodology

In this work the term subsidence is defined as the vertical downward change in delta
plain surfaces relative to local mean sea level.
According this definition, proposed by Syvitski et al. (2009), vertical change in delta
surfaces relative to local sea level (∆RNM) is determined by five factors:
1) The delta’s aggradation rate (A), that represents the volume of sediment delivered to
and retained on the subaerial delta surface as new layers.
2) The eustatic sea-level rate (∆E), that represents the changes to the volume of the
global ocean over time, as influenced by fluctuations in the storage of terrestrial water
(for example glaciers, ice sheets, groundwater, lakes and reservoirs) and fluctuations in
ocean water expansion due to water temperature changes.
3) The natural compaction of sediments (CN), that represents changes in the void
spaces within sedimentary layers as a consequence of the compression from the
weight of overlying material (grain-packing realignment) as well as dewatering, organic
matter oxidation, and/or solution of other components.
4) The accelerated compaction (CA), that represents the anthropogenic contribution to
volume change as a consequence of subsurface fluid extraction (groundwater, oil,
gas), modifications of the drainage and oxidation soil conditions and other human
activities that promote the compaction of the ground.
5) The deformation of the lithosphere (M), that represents the vertical movement of the
land surface related to the lithosphere response to geodynamic processes involving
Earth’s mass redistribution such as sea level fluctuations, sedimentation and erosion of
the delta system, thermal relaxation of the lithosphere or tectonic activity.
Considering these five factors, the vertical change in delta surfaces relative to local sea
level (∆RNM) can be expressed with the formula:
∆RNM = A - ∆E - CN - CA ± M
To analyse the neat subsidence Eustatic sea-level rate is discarded, and Syvitski et
al.(2009) formula adapted to subsidence (∆S) as:
∆S= A - CN - CA ± M
To determine the subsidence of the Ebro Delta plain, a first stage was to carry out a
bibliographic review of the main literature (maps, scientific articles, thesis, technical
reports) which describe the subsidence and delta context, especially the geology and
geological processes of the Ebro Delta plain and its area of influence (Ebro river basin,
Baix Ebro basin, Serra del Montsià, Serra del Boix, Ebro margin). The main information
sources referred considered and used on the present report are presented on table 1.
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Thematic interest
Historical and recent geological maps
The geological structure, the stratigraphy and the
paleonthology of the pre-holocene deposits from
the Ebro delta’s emerged margin
Geological characteritzation of the Ebro Delta plain
and its recent morphodynamic evolution

Recent sedimentary balance and dynamics of the
Ebro river basin

Seismic stratigraphy and the Quaternary and
Neogene depositional facies of the Ebro margin
Pliocene and Quaternary evolution of the Ebro
margin
Structure and general geological context of the
Ebro margin and its sorroundings

Coastal dynamics of the Ebro Delta and its
associated risks

References
(Faura i Sans, 1923; Faura i Sans et al., 1923;
IGME, 1976a, 1976b, 1976c, IGC et al., 2006a,
2006b)
(Maldonado, 1972; Santanach et al., 1980; Agustí
et al., 1983; Arasa Tuliesa, 1990, 1996; Fleta et al.,
1991; Arasa, 1994; Arasa et al., 1995; Gibert,
1995; Aguirre et al., 2014)
(Maldonado, 1972; Guillén et al., 1997; Ibáñez et
al., 1997, 2010, Somoza et al., 1998, 2014; Canicio
et al., 1999; Maestro et al., 2002; Cearreta et al.,
2016)
(Maldonado, 1972; Alberto Palanques et al., 1990;
A. Palanques et al., 1990; Guillén et al., 1992,
1996, 1997; Arnau et al., 2004; Liquete et al., 2004;
Vericat et al., 2006; Négrel et al., 2007; Xing et al.,
2014)
(Maldonado, 1972; Catafau et al., 1987; Stampfli et
al., 1989; Alonso et al., 1990; Díaz et al., 1990,
1996; Farran et al., 1990; Field et al., 1990; Frey
Martinez et al., 2004; Bertoni et al., 2005;
Cameselle et al., 2014)
(Maldonado, 1972; Nelson, 1990; Nelson et al.,
1990; Urgeles et al., 2010; Mauffrey et al., 2017)
(Maldonado, 1972; Dañobeitia et al., 1990; Clavell
et al., 1991; Roca et al., 1992; Amblas et al., 2004;
Gaspar-Escribano et al., 2004; Maillard et al.,
2006; Arche et al., 2010; IGC et al., 2010; Perea et
al., 2012; Garcia-Castellanos et al., 2015)
(Sánchez-Arcilla et al., 1996; Jiménez et al., 1997;
Sánchez Arcilla et al., 1997; Sanchez-Arcilla et al.,
1998)

Natural hazard and vulnerability of the Ebro Delta
plain

(Fatorić et al., 2012; Alvarado-Aguilar et al., 2012)

Subsidence of the Ebro Delta plain

(CEDEX et al., 1996)

Table 1. Different topics and studies of interest considered on the bibliographical review, which describe
the context, geology and geological processes of the Ebro river delta and its area of influence

The information contained on the literature presented on table 1 allowed a better
understanding of the geological structure and the geodynamic processes that can
influence subsidence in the Ebro Delta plain. Nevertheless, as the main objective of the
present study is focused on the subsidence, the details of each of these information
sources are not developed in this section, although many of the references of table 1
are contextualized on other sections of the present study. For a deeper understanding
of used references, we address the reader to delve into each of the subjects of interest.
From this knowledge and the development of the data of the geophysical report
(Benjumea et al., 2017), a geological and geotechnical characterization of Holocene
deposits comprising the Ebro Delta was implemented, as these deposits are the most
susceptible to suffering processes of compaction.
At the same time, the variation of height in the Ebro Delta plain was monitored through
the analysis of DInSAR images. Specifically, the altimetric variation was analyzed
based on SENTINEL, ERS and ENVISAT images. The processing of these images
10
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allows an analysis of the altimetry variations during two intervals of the last 26 years
(1992-2010 ERS-ENVISAT, 2014-2017 SENTINEL). The ERS and ENVISAT results
presented on the historical Study of Delta Ebro subsidence within the EBROADMICLIM framework (Pérez-Aragüés et al., 2015), were subjected to a more
extensive statistical analysis with the aim to evaluate its consistency and to improve the
ground movement estimates. Firstly, the altimetry variation of the entire delta plain was
evaluated, and subsequently divided into domains of high interest and coherent data
point density. These domains are representative of the delta plain. On these interest
areas, the subsidence has been analysed in more detail In order to correlate the
DInSAR data with the subsidence sources.
To compare with DInSAR data, a subsidence analysis of the different factors that are
considered to be dominant on the Ebro Delta plain was performed. In particular, it was
estimated the subsidence associated with natural mechanical compaction of Holocene
delta deposits, based on their geometrical, geological and geotechnical characteristics.
In addition it was analysed the contribution on subsidence of the flexion related to the
deposition of water and sediment in the Ebro margin during the Last Glacial Maximum,
and the regional and tilting of the Ebro margin during the Quaternary Period.
The subsidence estimates associated with these three factors are compared with the
DInSAR measured subsidence. In addition to the main factors, the obtained results are
also qualitatively discussed considering other minor factors and features able to locally
modify the Ebro Delta plain subsidence, such as recent sedimentary dynamics (i.e.
aggradation-erosion), the chemical and biological compaction, and the anthropogenic
activities.
The joint analysis of the different information sources allowed the composition of the
Ebro Delta plain subsidence susceptibility map.
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3

Geological frame of Ebro Delta

The Ebro River basin is located in the north east of the Iberian Peninsula, occupying a
surface of ~85.4 Km2. Its watershed is partly in France and Andorra although its main
surface is on Spain, being its larger hydrographic area, with a 17.3% of its total surface.
Ebro basin is limited by the Cantabrian Mountains and Pyrenees on the north, the
Iberian System on the south-east and the Coastal Catalan mountains on the east. Ebro
source is located at Peñalara with an altitude of 1980 m.a.m.s.l. The Ebro River length
is of 910 Km, flowing from north-west to south –east, from the Cantabrian Mountains to
the Mediterranean Sea where forms the Ebro Delta (Barceló et al., 2011) (Figure 3).
Due its extension and diversity of mountain ranges, Ebro watershed presents geologies
from the Proterozoic, on the Pyrenees and Iberian system, to Quaternary filling older
basins, in the river proximities and in the delta plain (Figure 4).

Figure 3. Hipsometric map of the Ebro River watersheet (red boundary) and Ebro Margin constructed from
HydroSHEDS (2006) and EMODnet (2017) digital elevation models

The subsidence of an specific delta plain is conditioned by the processes of the river
system that provides its sediment (erosion, transport, deposition) and the structure and
geodynamics of the continental margin that supports it. (Amblas et al., 2004). In the
case of the Ebro Delta plane, it is characterized as a coastal plain formed at the mouth
of the Ebro River, after the accumulation of sediments during the Holocene, from
~10,000 years before present (BP)(Somoza et al., 1998; Cearreta et al., 2016).
12
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At present time, Ebro Delta plaint has a sub-aerial surface of about 330 km2 and a 50
km-long sandy coastline. The geological structure of the Ebro Delta plain is closely
related to the development and evolution of its drainage basin and the NE continental
margin of the Iberian Peninsula (Figure 4), specifically to what is called the Ebro Margin
(Amblas et al., 2004) (Figure 5).

Figure 4. Geological map of the Ebro River watersheet and the Ebro Margin constructed from the Mapa
Geológico de la Península Ibérica 1:1000000 (Rodriguez Fernandez et al., 2015)

Figure 5. Distribution of the Ebro Margin and lower Ebro River watershed characteristic regions.
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Topstratum

Figure 6. Regional geological map of the Ebro delta plain, Ebro Margin Shelf and lower Ebro River
watershed

The geological substrate of the Ebro river delta plain is structured into two main groups
of geological units grouped by age, as the Substratum and the Topstratum, which
materials are comparatively much more compressible.
The Substratum encompasses deposits of the basement materials (Paleozoic,
Mesozoic and Paleogens) before the opening of the Ebro Margin and the Neogene and
Pleistocene sediments (until ~20,000 years BP) related to the opening of the margin.
The Topstratum deposits are associated with the last Mediterranean Sea level rise,
which is on-going from the last 20.000 years (Benjamin et al., 2017). These deposits
include Holocene sediments (0-11000 years BP) and Upper Pleistocene offshore
sediments (up to 20000 years BP) (Figure 6).
The subdivision of the geological structure of the delta plain in Substratum and
Topstratum is based on the significant differences of each group composing materials
geo-mechanical behaviour, and particularly its compaction capacity. The sediment
compaction is one of the most important factors that influence subsidence of the deltaic
areas, especially those deposits associated to the last sea level rise. For this reason,
this section is focused primarily on describing the Topstratum composition and
geometry. However, to contextualize the Topstratum units, a brief review of the nature
of the geological Substratum is supplied.
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3.1 Substratum
Based on the regional geological context it can be considered that the Substratum of
the Ebro Delta plain and its neighboring areas is constituted by ten main
chronostratigraphic sedimentary units separated by discontinuities of regional
significance (Figure 7). These units, that encompass a geological record from
Pleistocene to Triasic, rest on a bedrock basement affected by the Hercynian
tectonism, metamorphism and magmatism.

Figure 7. Synthetic chronostratigraphic panel of the main regional chronostratigraphic units of the Ebro
Delta plain

These sedimentary chronostratigraphic units can be differenciated to two main groups.
Pleistocene and Neogene sediments related to the apperture of the Ebro Margin and;
Pre-Neogene materials that can be considered as the basement of the margin.
15
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As the present study addresses subsidence phenomena, it is important to consider that
Pleistocene and Neogene sediments filling Ebro Margin are significantly softer and
more compressible than its Pre-Neogene basement. The sedimentary materials
previous to the opening of the Ebro Margin define 7 of the 10 main chronostratigraphic
units. Which chronologically are: Triassic, Lias-Dogger, Malm-Necomian, BarremianAptian, Albian-Senonian, Paleocene-Eocene, Oligocene. Over the Pre-Neogene there
are three units that from bottom to top are: Miocene, Pliocene and Pleistocene. The
lithotypes and depositional environments of each chronostratigraphic unit are
presented on Figure 7.
An overall synthesis and reconstruction of the materials and structure of the Ebro Delta
Plain substratum is developed by Maestro et al. (2002). The Pre-Neogene basement
underlying the Ebro Delta plain consist mostly of Jurassic limestones, dolomites and
early Cretaceous marls and bioclastic limestones. The depth of this Mesozoic
basement varies from 214 m at the San Carlos 1 borehole on the landward side of the
delta to 1595 m at the Amposta borehole, and 2560 m at Delta C1 borehole located on
the present prodelta (Lanaja et al., 1987). These Mesozoic rocks are extensively cut by
normal faults of strike NNE to NE. These faults define a complex system of uplifted and
depressed blocks largely parallel to the the delta plain margin.
The Miocene has been located only at the Amposta 1 borehole (from 1595 to 1125
meters) directly overlying the Mesozoic basement. From 1595 to 1480 meters, it
includes a Lower Miocene succession (attributed to the Alcanar Formation) composed
of anhydrite beds, plastic calcareous clays interbedded with dolomite, limestone and
thin sandy layers. From 1480 to 1125 meters, it includes an Upper Miocene succession
(attributed to the Castellon Group) composed of calcareous clays with some
intercalations of dolomite and sandstone layers.
The top of the Miocene deposits coincide with a regional unconformity related to the
erosion during Messinian Salinity Crisis (~5 Myr BP.) (Lofi et al., 2010). The Messinian
unconformity dips steeply basinward, passing downward from 192 m (San Carlos 1
borehole) to 1125 m (Amposta 1 borehole), and to 1864 m (Delta C1 borehole) at the
delta front. This deepening across the delta plain reflects Plio-Quaternary subsidence
rates and original Messinian-aged relief.
Above the Messinian unconformity, Miocene strata are overlain by siliciclastic deposits.
In the Amposta borehole the Plioquaternary defines a coarse-up succession including
three main units: between 1125 and 700 m a basal unit rich in muds named Ebro Clays
from the early and middle Pliocene, between 700 and 550 an intermediate unit rich in
sands named Ebro Sandstones from the late Pliocene and early Pleistocene, and
between 550 and 50 m an upper unit with gravels interbedded with clays from the early
and middle Pleistocene.
Beneath the deltaic plain, the higher part of the upper unit defines a body of wellrounded heteroclastic, non-cemented gravels. The base of these gravels dip seaward,
from ~100 m in the inner delta plain to ~120 m in the shoreline.
Within the Ebro ADMICLIM project, Benjumea et al.(2017) estimated the depth of the
base of the Quaternary and Neogene succession by using the Horizontal-to-Vertical
spectral ration of seismic noise technique (H/V). This horizon represents an important
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geo-mechanical discontinuity, since it is assumed that the Pre-Neogen materials are
significantly more consolidated than the sediments that support. The analysis of H/V
measurements indicates that the thickness of the Quaternary-Neogene deposits
ranges between 0 and 1700 meters with a gradual increase from northwest to
southeast (Figure 8). Bedrock outcrops are detected in the south-western sector of the
study area. The bedrock topography is characterized by important variations of depth,
with changes of hundreds of meters in few kilometres, maybe related to the system of
horsts and grabens proposed by Maestro et al., (2002).

Figure 8. Bedrock topography map of Ebro Delta plain derived from the soil fundamental frequency derived
from the H/V measurements as presented in Benjumea et al.(2017).

3.2 Topstratum
The geological structure of the modern Ebro Delta plain is closely related to the
evolution of the continental shelf over the last 20.000 years (the last glacial maximum).
As discussed, worldwide research on modern marine delta formation ages indicate
that, regardless of latitudinal and climatic regime most of these depocenters are formed
within a restricted period, i.e. between 8000 and 6500 radiocarbon years before
present (Stanley et al., 1994). Sea level rose rapidly from about 120 m below sea level
18000-20000 years ago (last glacial maximum), to about 16 m below sea level at 8000
years BP. Several studies determined that deltas in the Mediterranean, as in other
oceans, formed when sea level rise began to decelerate, i.e. from 8000 to 6500 years
BP.In Ebro Delta coastal area, this was a time of major geological change, from
formation of coastal transgressive sandy sediment to accretion, usually of finersediment. This evolution is supported by radiocarbon datings (Díaz et al., 1990;
Somoza et al., 1998, 2014; Cearreta et al., 2016).
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The modern Ebro delta is composed of transgressive and highstand deposits
accumulated on the onshore and offshore environments, during the Late Pleistocene
and Holocene (20000 years ago to present). Due the type and age of these sediments,
its natural compaction capacity strongly influences the subsidence, and can undergo to
significant physical modifications as a result of fluvial, coastal and marine dynamics.
In accordance with Benjumea et al.,(2017), the sediments of the Ebro Delta Holocene
sedimentary prism (onshore and offshore) can be classified within five major
environments: alluvial, marsh, lagoon/bay, delta front and prodelta with the
approximate distribution presented on Figure 9. These Holocene sediments transition
upstream to the fluvial deposits of the lower Ebro Valley.

Figure 9. Generalized stratigraphic section depicting the late Pleistocene to Holocene subsurface geology
of the Ebro delta plain (no thickness scale shown or implied).

Generally it can be assumed that the Holocene deposits accumulated during the last
~8000 yr. BP, during the progradation of the delta plain related to the deceleration of
the sea level rise. The limits between the different sedimentary environments varied
over time. The limit between environments in many cases is not clear, generally being
a transitional boundary. However, the deposits associated with each of these
environments generally have specific lithological, physical and/or chemical
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characteristics that make them likely to be differentiated if enough quality information is
available.
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Figure 10. a) Hypsometric map and contacts of the main geological units of the Ebro Delta (top).
Schematic cross sections of the Holocene sedimentary prism (top) and the Neogene-Quaternary infill
(bottom) of the Ebro Delta.

The Holocene deposits overlay unconformably the fluvial and shallow marine
transgressive sediments deposited during the rapid sea level rise occurred from
~20000 to 8000 yr BP. Hence, the transgressive deposits generally define a finingupward, prograding sequence.
Summarizing, the Topstratum sequence can be synthetized in eight main geological
units, corresponding to Upper Pleistocene and Holocene epochs (Figure 10, Table 2).

Unit

Description

Figure

QPtc

Upper Pleistocene transgressive coarse grained, sandy, deposits

Figure 11

QPtf

Upper Pleistocene transgressive fine grained, muddy, deposits.

Figure 12

QHprd

Holocene prodelta deposits

Figure 13

QHfd

Holocene delta front deposits

Figure 14

QHl

Holocene lagoonal (bay) deposits

Figure 15

QHm

Holocene marsh deposits

Figure 15

QHpd

Holocene overbank and alluvial channel deposits

Figure 15

QHf

Holocene overbank deposits of the Ebro river valley

Figure 15

Table 2. Topstratum units of the Ebro Delta plain

It is estimated that the base of QPt trangressive deposits define a major sub-aerial
unconformity that mark a significant hiatus in the stratigraphic record related to the drop
of sea level from ~120000 to ~20000 yr. BP.
From a stratigraphical point of view, this sub-aerial unconformity deposits represents
the basal boundary of a major sequence that include the transgressive and the normal
regressive deposits, which are named QPt and QH respectively. Hence, QPt and QH
are considered jointly as a post glacial operative unit QH20 (Figure 10).
As outlined by Benjumea et al.,(2017), based on the analysis and correlation of
borehole and geophysical data, it has been defined the base contour lines of the
geological units QPtc, QPtf, QHprd, QHfd and QHlmpd (which includes the QHl, QHm
and QHpd deposits).
From these contour lines, 3D surfaces have been reconstructed and thickness model
of the QPtc, QPtf, QHprd, QHfd, QHlmpd,QH and QH20 were obtained (Figure 11 to
Figure 15 as seen in Table 2; Figure 16, QH and Figure 17 QH20)
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Figure 11. Isobaths map of the base of the basal Upper Pleistocene transgressive unit (QPtc) depicted by
contour lines at 5 meter elevation intervals (top) and isopach map of this unit (bottom) showing an
approximate deposit maximum thickness of 22 meters.
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Figure 12. Isobaths map of the base of the top Upper Pleistocene transgressive unit (QPtf) depicted by
contour lines at 5 meter elevation intervals (top) and isopach map of this unit (bottom) showing an
approximate deposit maximum thickness of 18 meters.
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Figure 13. Isobaths map of the base of the prodelta unit (QHprd) depicted by contour lines at 5 meter
elevation intervals (top) and isopach map of this unit (bottom) showing an approximate deposit maximum
thickness of 50 meters.
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Figure 14. Isobaths map of the base of the delta front unit (QHfd) depicted by contour lines at 5 meter
elevation intervals (top) and isopach map of this unit (bottom) showing an approximate deposit maximum
thickness of 17 meters.
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Figure 15. Isobaths map of the base of the QHmlpd unit (lagoon/bay, margin, overbank and alluvial
channel deposits) depicted by contour lines at 5 meter elevation intervals (top) and isopach map of this
unit (bottom) showing an approximate deposit maximum thickness of 25 meters.
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Figure 16. Isopach map of the Holocene Quaternary unit (QH) showing an approximate deposit maximum
thickness of 58 meters.

Figure 17. Isopach map of the Quaternary unit (QH20) showing an approximate deposit maximum
thickness of 62 meters.

The importance of the thickness and distribution of the Holocene sediments on the
Ebro Delta plain subsidence is further discussed on the subsidence analysis section.
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3.3 Historical evolution of the Ebro Delta plain
The Ebro Delta is an active sedimentary system that throughout recent history has
undergone very significant changes (Figure 18). The distribution of the fluvial levees,
the flood plains, the distributary channels, the peat fields, the marshes, the eolian
dunes, the beach ridges, the spit bars, the lagoons and other sedimentary features
characterics of the delta plain are in permanent evolution.
a)

b)

c)

d)

Figure 18. Historical geomorphometries of the Ebro Delta plain depicted on historical maps. a) Ptolomeu et
al., (1492). b) Vrients (1608). c) Aparici (1720) d) de San Miguel (1786)

Delta plain changes can occur at progressive or catastrophic rates, as a consequence
of a large number of interrelated factors including climate variations and changes,
erosion of the watershed and sediment delivery, the sea level change, wave impact,
currents, storms and tides, area of delta plain sediment accommodation, biological
dynamics or tectonic activity (i.e. Maldonado 1972, Somoza et al., 2014). These factors
evolve over time conditioning at different degree the subsidence of the delta plain.
Knowledge of geomorphological evolution can provide some constraints on the
subsidence of the delta plain, such as the emerged time and exposure to change, as
areas that recently have not undergone changes can be considered more stable than
areas recently emerged. Based on the analyses of historiographic documentation and
radiometric data, (Canicio et al., 1999) reconstructed the evolution of the Ebro Delta
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during the last millennia (Figure 19). During this period three main deltaic river
channels are located at Riet Vell (3000 yr BP – 14th century), Riet de Zaida (10th – 18th
century) and Migjorn (18th – 19th century) (Ibáñez et al., 1997). The study of the fluvial
dynamics of these channels and their associated sedimentary lobes allows
reconstructing the evolution of the Ebro delta.

~3000 yr BP

th

th

th

9 to 10 Century

th

10 to 13 Century

1580

1749

1878-1887

Figure 19. Historic evolution of the Ebro Delta plain modified from Canicio et al.,(1999).

The southeastern Riet Vell lobe was the main active mouth of the delta at the
beginning of the second millennia (Canicio et al., 1999). Somoza et al.,(2014), based
on borehole logs and radiometric ages of sediments, proposes that the southeastern
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Riet Vell lobe was the main active mouth of the delta in middle of the XII century and
was probably abandoned by the middle of the XIV century. This abandonment
provoked the retreat of the Riet Vell lobe and the beginning of the development the La
Banya spit (Canicio et al., 1999). After this avulsion, the main mouth of the Ebro Delta
moved northward to the Riet de Zaida lobe, which was already active the second half
of the XVI century (Somoza et al., 2014). This lobe was separated from the old Riet
Vell lobe by a large palaeobay (Port Fangos), and it developed from the proximal zone
of the delta, suggesting that it was built by the switching of the river near the Gracia
Island (Canicio et al., 1999).

Figure 20. Distribution of the marshes (blue areas), marsh channels (cian lines) and the shoreline
(magenta line) about 1890 derived from the georeferentiation of the historical nautical charts.

The maps of the mid-eighteenth century show the existence of a central active river
channel, the Migjorn channel, and that the Port Fangos paleobay was complete filled.
The abandonment of the Zaida river channel, which occurred between the 17th and 18th
centuries, led the retreat of the deltaic lobe by marine erosion and the subsequent
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development of the Fangar spit. The historical maps reveal a rapid progradation of the
Migjorn lobe during the XIX century (Figure 19). Despite its valuable morphological
information, the cartographic documentation available prior to the 19th century generally
does not allow a precise quantitative analysis of the morphological evolution of the
Ebro Delta plain, as in general are small scale maps without sufficient information to be
georeferenced with precision (kilometric scale errors).
From the second half of the 19th century, more detailed and precise cartographic
documentation is available, allowing a more exhaustive analysis of the morphological
evolution of the Ebro Delta plain through its georeferencing. Based on the projection of
the 19th century maps, some of the most relevant changes on Ebro delta can be
described. In particular, The nautical charts of the Hydrographic Commission of 18781880 (Galvan et al., 1887) and 1886-1887 (Riudavets et al., 1890) allow the location of
the shoreline and marsh domains of the Ebro Delta area about 130 years ago (Figure
20).

Figure 21. Evolution of the shoreline of the Ebro delta over the last 95 years.
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The geological maps of Faura i Sans (1923) and the nautical chart of 1976 published
by Instituto Hidrográfico de la Marina also provide valuables information to study the
recent evolution of the Ebro Delta Plain. This historical documentation combined with
the ortophotographic catalogue of ICGC allow the profiling of the Ebro Delta shoreline
evolution during the last century (Figure 21 and Figure 22).

Figure 22. Details of the evolution of the shoreline in el Fangar spit (top), the present Ebro river mouth
(center) and la Banya spit (bottom) over the last 95 years.
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Combining the nautical charts of 1890 and 1976 and comparing its bathymetries, it can
be estimated the sedimentary budget during the 1890-1976 period (Figure 23).
a)

b)

c)

Figure 23. a) Georeferenced nautical chart of 1890. B) Georeferenced nautical chart of 1976. c)Offshore
sedimentary dynamics between 1890 and 1976. Magenta domains represent meters of sediment
accumulated and cyan domains represent meters of sediment eroded.

Finally, the analysis of the ortophotographic catalogue of ICGC systematically updated
since the 90s allows the quantification of sedimentation and erosion areas during the
last decades.
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Figure 24 shows the progradation rate of the shoreline of the Ebro Delta plain from
1995 to 2004 and Figure 25 from 2005 to 2014. Its comparison indicates that during the
first decade (1995-2004) a clear regressive trend affected the delta, which suffered a
delta plain area decrease. However, during the last decade (2005-2014) this trend
reversed and Ebro Delta plain plain principally prograded. Nevertheless, in both
intevals, the river estuary area tends to importantly decrease.

Figure 24. Shoreline evolution of the Ebro delta front from 1995 to 2004.

Despite obvious processes such as sea dynamics and fluvio-sedimentary regime of the
river, subsidence is another important factor which conditions the morphological
changes of the Ebro Delta plain. In return, morphological changes also affect the
subsidence rates; an example is sediment redistribuition in the delta front, which can
generate accretion or lowering of some areas of the delta.
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Changes of the water exposure and oxidation conditions on some of the materials,
such as organic matter-rich sediments and soils, can also produce biochemical effects
which can increase or decrease the subsidence rates.

Figure 25. Shoreline evolution of the Ebro delta front from 2005 to 2014.

Despite this importance, the quantitative evaluation of the contribution of the recent
sedimentary dynamics in the subsidence of the delta plain exceeds the objectives and
resources of the project its effects were not considered on the quantitative subsidence
analysis. However, this information is qualitatively presented as natural subsidence of
recent sediments should be higher than older of the same sedimentary units, affecting
the subsidence distribution on the coastal areas of the Ebro Delta plain, where
sediments are accumulated.
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4

Geotechnical properties of the topstratum units

The geotechnical properties of the modern delta sedimentary prism units (Holocene;
QHpd, QHm, QHl QHfd, QHprd), is considered based on its characteristics. The
geotechnical parameters considered are obtained from the available soil and borehole
sample information, and assigned to each sedimentary unit. This information combined
with extrinsic properties as thickness water content and depth of units, is used to
determine its natural compression capacity and its maximum plausible contribution to
superficial subsidence.

4.1 Geotechnical parameters
As presented in the “Geophysical and Geological Studies for Subsidence Assessment
of the Ebro delta” deliverable (Action B6), the compilation and evaluation of soil and
borehole sample data is performed in three steps:


Compilation of available soil and borehole sample data



Revision and homogenization of the soil samples parameters



Assignation of samples to geological units

A total of 585 soil and borehole samples are compiled from the Institut Cartogràfic i
Geològic de Catalunya (ICGC) and the Instituto Geológico y Minero de España (IGME)
databases, scientific articles and PhDs, and from boreholes drilled for the current EbroAdmiclin LIFE project.
The soil and borehole samples compiled were primarily collected for diverse purposes
and therefore the available parameters present some variations such as different grain
size ranges and density considerations. Consequently, a parameter homogenization
and reclassification has to be performed prior to unit assignment. The final parameters
gathered are presented in Table 3.
The factors which have influence on sediment compressibility can be intrinsic of the
sedimentary (physical and chemical characteristics of these sediments) or the
environmental factors, such as confinement degree, water content or effective
pressure.
The unit assignment is decided based on the location and depth of sample collection,
compared with spatial distribution and depth of the units (geological environment of the
sample), as well as its coincidence on geological and morphological characteristics.
The resulting geotechnical parameters assigned to units is plotted and compared in
order to obtain an initial approach about its characteristic values and variability range
within each unit and between units. (from Figure 26 to Figure 32).
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Parameter

Unit/Code

Dry Density

3

Definition

kg/m

Dry mass ratio on the total volume of a sample

Grain density

kg/m

3

Dry volume on the dry mass of a sample

Organic Matter content (OM) %

Sample weight percentage of organic matter

Carbonate

%

Sample weight percentage of carbonate

Sand

%

Grains weight with diameter between 0.08 and 2 mm

Coarse sand

%

Grains weight with diameter between 0.4 and 2 mm

Fine sand

%

Grains weight with diameter between 0.08 and 0.4 mm

Fines

%

Grains weight with diameter under 0.08 mm

Silt

%

Grains weight with diameter between 0.004 and 0.08 mm

Clay

%

Grains weight with diameter under 0,004 mm

Liquid Limit (LALL)

%

Plastic Limit (LALP)
Plasticity Index (LAIP)
USCS
SPT
Void ratio
Compressibility index
Constrained Modulus

The water content for soil state change from plastic to liquid
The water content for soil state change from semi-solid to
%
plastic
Soil plastic state water range as the extent between liquid
%
and plastic limits
Code
Unified Soil Classification System
Number of
Standardized penetration resistance based on a N value
blows
from the Standard Penetration Test assay
Dimensionless Volume of voids ratio on a volume of solids
Relative void ratio change under an increment of the
Dimensionless
effective pressure (Lambe et al., 1962)
The relative finite difference of the confined strain in vertical
Pa
direction as a response to an increment of the vertical
effective stress. Equivalent to the edometric modulus.

Table 3. Parameters considered for the geotechnical characterization of modern delta sedimentary prism
units.

Figure 26. Sample materials classified on a sand grain-size Ternary plot.
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Figure 27. Sample materials classified on a sand, silt and clay ternary plot.

b)

a)

Figure 28. Fine-grained materials observed on the samples data compared with a) Depth and b) Organic
matter content.
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a)

b)

Figure 29. Carbonate content determined on the samples data compared with a) Organic matter content,
b) Fine-grained size materials.

b)

a)

c)

d)

Figure 30. Dry density variability determined on the samples data compared with a) Depth, b) Fine-grained
size materials, c) Organic matter content and d) Carbonate content.
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Figure 31. Plasticity index of data samples, considering a) All the units and b) Joining the shallow units,
classified using the Unified Soil Classification System (USCS), based on the Atterberg limits and
Casagrande plasticity chart (Casagrande, 1948)

Figure 32. Results of standard penetration test (SPT) preformed on samples, considering a) All the units
and b) Joining the shallow units.

4.2 Geotechnical characterization of units
A geotechnical characterization of the units was preformed by using a statistical
analysis of the geotechnical parameters data gathered and its depth distribution.
QHpd Unit (Holocene overbank and alluvial channel deposits): The materials of
QHpd unit present a variety of grain sizes although they are mainly fine-grained (silt
with low percentage of clay) with a fraction of fine sand and scarce coarse sand (Figure
26 and Figure 27). Contents of fine sand and silt fractions decrease with depth while
content of clay is constant (Figure 28). Median (p50) carbonate content of QHpd
composition is 36% and has 0.63% of organic matter, being one of the lowest contents
of all units, although values up to ~9% can be found in fine grained materials (Table 4).
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Regarding density, QHpd materials vary between 1052 and 1885 kg/m3 with a median
value of 1560 kg/m3 (Table 4), being higher near the surface, and decreasing in depth.
In this unit, denser materials present lower amount of organic matter (Figure 30).
Parameter
Ap. Density (kg/m3)
OM (%)
Carbonate (%)
Total sand (%)
Coarse sand (%)
Fine sand (%)
Fines (%)
Silt (%)
Clay (%)
LAIP (%)
LALL (%)
LALP (%)
SPT (N30)

Num

min

55
104
153
177
177
176
178
160
160
15
17
16
23

1052
0.1
4
0
0
0
0
0
0
4
20
18.90
2

p10

p25

p50

1424 1493 1560
0.33 0.44 0.63
30.01 34
36
1.8
5
16
0
0
0
1
3
13
10.35 47
80.5
5.7 35.75 59
4
9
14.5
4.66 6.65
8.1
25.18 27
29.2
19.10 19.53 20.90
4
5
6

p75

1600
1.06
37.26
46
2
34.25
93
67.25
27
13.6
35.3
22.13
9

p90

max

1734 1885
2.19 8.91
39
66
77
99
7
87
63.5
99
97
100
73
84
36.1
46
23.32 24.5
43.46 47.4
22.80 23.40
9
11

Table 4. Statistical analysis of QHdp unit geotecnical parameters, including number of samples (Num),
percentiles p10, p25, p50, p75 and p90, maximum (max) and minimum (min)

QHm Unit (Holocene marsh deposits): QHm materials present the highest grain size
variability of all units. Its predominant sediment sizes are silt and clay with an important
fraction of fine sands and less significant fraction of coarse sand (Figure 26 and Figure
27). Contents of fine sand increase with depth while content of silt decrease. Content of
clay remain constant (Figure 28). QHm has a median value of 35% of carbonates and
2,14% of organic matter, although this value can increase up to ~18% in fine grained
materials (Table 5, Figure 28).
Parameter
Ap. Density (kg/m3)
OM (%)
Carbonate (%)
Total sand (%)
Coarse sand (%)
Fine sand (%)
Fines (%)
Silt (%)
Clay (%)
LAIP (%)
LALL (%)
LALP (%)
SPT (N30)

Num

23
121
139
136
133
133
138
133
133
1
1
1
2

min

p10

p25

p50

p75

p90

max

914 1097 1315 1413 1486 1591 1722
0.2
0.52
0.9
2.14 4.42
9.1
18.1
1
26
30.8
35
43.5 55.42 90
0
0
3.75
16
44.8
94
99
0
0
0
1
8
49.2
86
0
0
2
8
21
71.2
99
0
0
6.25 73.5
93
97
100
0
0
4
46
58
65
88
0
0
3
23
35
42.6
58
18.9 18.9 18.9 18.9 18.9 18.9 18.9
41.9 41.9 41.9 41.9 41.9 41.9 41.9
23.00 23.00 23.00 23.00 23.00 23.00 23.00
3
4
6
10
13
15
16

Table 5. Statistical analysis of QHm unit geotecnical parameters, including number of samples (Num),
percentiles p10, p25, p50, p75 and p90, maximum (max) and minimum (min)

Density of QHm presents a wide range of values, from 914 to 1722 kg/m3, without
depth trends (Figure 30). Its median value is of 11413 kg/m3 which is lower than the
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QHpd materials, despite QHm has lower minimum density (Table 5). As in QHpd,
denser materials have less organic matter (Figure 30).
QHl Unit (Holocene lagoonal deposits): The QHl materials are sand (unsorted and
coarse, 53.4%) mixed with mud (26.8 % of fine-grained materials). This unit has a
median carbonate content of 32.45%, and a 4.8% of organic matter, which vary from
0.27 to 20.7% (Table 6).
Parameter
Ap. Density (kg/m3)
OM (%)
Carbonate (%)
Total sand (%)
Coarse sand (%)
Fine sand (%)
Fines (%)
Silt (%)
Clay (%)
LAIP (%)
LALL (%)
LALP (%)
SPT (N30)

Num

0
50
46
7
5
5
7
4
4
1
1
1
1

min

p10

p25

p50

p75

p90

max

0.27 0.77 2.23
4.8
7.15 8.71 20.7
22.4 27.8 30.05 32.45 33.55 34
40.9
0
0.36 20.8 53.4 81.6 92.4
96
0
0
0
12
48
58.2
65
0
0.24
0.6
28
31
37.6
42
0
2.4
7
26.8 52.8 75.16 99.4
0
0.6
1.5
3.5
13.5 28.8
39
0
0.6
1.5
3.5
8.75 15.5
20
10.8 10.8 10.8 10.8 10.8 10.8 10.8
33.6 33.6 33.6 33.6 33.6 33.6 33.6
22.80 22.80 22.80 22.80 22.80 22.80 22.80
1
1
1
1
1
1
1

Table 6. Statistical analysis of QHl unit geotecnical parameters, including number of samples (Num),
percentiles p10, p25, p50, p75 and p90, maximum (max) and minimum (min)

QHfd Unit (Holocene delta front deposits): QHfd materials are essentially sand with
a small fraction of mud (99.3% of sand, Table 7). Finer materials increase with depth
although without a clear trend (Figure 28). This unit present a median of 31% of
carbonates. Organic matter is found on sandier layers with content varation from 0.5 to
7% with a median value of ~2.1 %. Density of QHfd unit ranges from 1173 to 1875
kg/cm3 and has a median value of 1677 kg/cm3(Table 7).
Parameter
Ap. Density (kg/m3)
OM (%)
Carbonate (%)
Total sand (%)
Coarse sand (%)
Fine sand (%)
Fines (%)
Silt (%)
Clay (%)
LAIP (%)
LALL (%)
LALP (%)
SPT (N30)

Num

19
8
6
43
34
34
42
4
4
1
1
1
37

min

p10

p25

p50

1173 1388 1462 1677
0.5
0.53
1.3
2.07
29.15 29.57 30.1 30.99
26
62
86.5 99.3
0
0
0
0.05
0
28.6 62.15 91
0
0
0
0.71
0
0.06 0.16 0.46
0
0
0
0
6.7
6.7
6.7
6.7
26
26
26
26
19.30 19.30 19.30 19.30
1
4
5
7

p75

p90

max

1710 1750 1875
3.88
5.6
7
32.35 33.2 33.8
100
100
100
2
17.1 100
100
100
100
13.75 29.7
74
0.79 0.92
1
0.25
0.7
1
6.7
6.7
6.7
26
26
26
19.30 19.30 19.30
10
12
17

Table 7. Statistical analysis of QHfd unit geotecnical parameters, including number of samples (Num),
percentiles p10, p25, p50, p75 and p90, maximum (max) and minimum (min)
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QHprd Unit (Holocene pro-delta deposits): QHprd is essentially fine-grianed (98.9%
of mud, Table 8) with traces of fine sand, which decrease in depth (Figure 28). This unit
median organic matter content is of 5.69%, being the highest of all units (Table 8).
Organic matter concentration increases with fine grained materials percentage
increase, from 50 to 70%, decreasing for higher fine contents (Figure 28). QHprd
density has a range from 1166 to 1500 kg/m3 with a median value of 1350 kg/cm3,
increasing with depth (Figure 30).
Parameter
Ap. Density (kg/m3)
OM (%)
Carbonate (%)
Total sand (%)
Coarse sand (%)
Fine sand (%)
Fines (%)
Silt (%)
Clay (%)
LAIP (%)
LALL (%)
LALP (%)
SPT (N30)

Num

18
11
0
23
16
16
21
0
0
16
16
16
36

min

p10

p25

p50

1166 1176 1210 1350
0.91
1.6
1.81 5.69
0
0
0
1.1
0
0
0
0
0
0
0
0.3
36.7 52.8 69.8 98.9
9.5
11.5
12
16.1
33.9
34 36.75 39.3
22.20 22.70 23.48 23.70
1
2
3
7

p75

1428
7.25
32.65
0
1.33
100
16.78
40.85
24.40
9

p90

max

1473 1500
8.8 11.21
49.52 100
0.1
0.1
33
100
100
100
17.25 19.1
41.05 42.8
24.95 25.90
11
17

Table 8. Statistical analysis of QHprd unit geotecnical parameters, including number of samples (Num),
percentiles p10, p25, p50, p75 and p90, maximum (max) and minimum (min)

4.3 Constrained modulus and permeability
Data from the piezocone penetration test (CPTu) was used to determine the
compression capacity and permeability of the Ebro Delta plain materials.

Figure 33. CPTu test sites on Ebro Delta.
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CPTu test is an in-situ testing method used to determine the geotechnical properties of
soils and assess subsurface stratigraphy, relative density, strength and equilibrium
groundwater pressures. The test is a special type of Cone Penetration Test (CPT)
which allows additional measurement of pore pressure.
In Ebro Delta plain, the information of 8 CPTus was collected from the integration of
tests done in 2015 by the company Bosch & Ventayol and in a previously study (Figure
33). Tests 1771P1, 1771P2, 1771P3 and 1771P4, reach depths of about 10 m which
indicate thinner sedimentary layer. 1740PZ1 and 1740PZ2 reach depths of about 25 m
and 1806P1 and 1806P2 have depths from 40 to 50 m.

4.3.1 Constrained modulus
The constrained modulus (Me) is an elastic modulus used to characterize isotropic
homogenous materials defined as the ratio of axial stress to axial strain (onedimensional) (Mavko et al., 2009).
Me is one of the results typically derived from CPTu tests. The Me data on Ebro delta
indicate different behaviour at different depths, and at the same depth in different
sampling sites, showing an important spatial variability (i.e. 1806P1 and 1806P2,
Figure 34).
Nevertheless, Me clearly indicates two types of layers with values below and over 30
MPa, which can be assimilated to fine and coarse sediments respectively. Despite the
strong differences between the two types, it can be observed an increase of Me values
with depth.
In particular, graphs of sites 1806P1 and 1806P2 indicate an increase higher than 100
MPa in the first 25m on the materials with highest Me (1806P1), and 2 MPa between
30 and 48m on the materials with lowest Me (1806P2).
CPTu data was divided based on each sedimentary unit identification depth. Data
corresponding to shallow depths correspond to units QHpd, QHfd, QHl and QHm
(shallow units), while QHprd is reflected on deeper registers.
Shallow units present low values of the constrained modulus for the fine-grained
materials and high values for the sands, with values trend to increase in depth. Due its
geotechnical characteristics, Me > 30 MPa was assigned to the QHfd materials (sand
rich), and Me < 10 MPa was assigned to the QHpd material (fine grained).
It is considered that QHl and QHm units are mixed with the QHlfd since its geotechnical
parameters show high variability and does not allow its classification.
The Me values of QHprd covariates around a medium value of 1.52 MPa, although the
in-depth values can increase to 5 MPa.

43
LIFE13 ENV/ES/001182

Proyecto piloto de medidas de adaptación y mitigación al cambio climático en el Delta del Ebro

Figure 34. Constrained modulus obtained through CPTu test in Ebro Delta.
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4.3.2 Permeability
Permeability (k) is defined as the capacity of a porous material to allow fluids pass
through it. As stated by Jorgensen (1980), typical range values of permeability based
on granulometry are as presented in Table 9.
Material

k (m/s)

Clay

3.5x10

Silt

3.5x10 -1x10

Very fine and silty sand

1x10 x1x10

Fine to medium sand
Medium sand

2x10 -3x10

Medium to coarse sand

3x10 -3.9x10

Coarse sand

3.9x10 -4.2x10

-4

-4

Very coarse sand

4.2x10 -4.6x10

-4

-4

Sand and gravel

4.6x10 -1x10

-10
-7

-5

-4

1x10 -2x10

-4

-4

-4

-4

-4

-4

-5

-4

-3

Table 9. Typical permeability range of values stated by (Jorgensen, 1980).

CPT-based tests can determine the Soil Behaviour Type (SBT) permeability, since the
cone responds to the in-situ soil behaviour and not to soil classification criteria.
Fortunately, soil classification often relate reasonably well to in-situ soil behaviour types
and hence, there is often good agreement between USCS-based classification and
CPT-based SBT (Robertson, 2010). Due this correspondence, typical range values of
hydraulic properties can be compared with CTPu results.
Similarly, to the results obtained for Me, Permeability shows an important spatial
variability between different depths, and at the same depth in different sampling sites,
(i.e. 1806P1 and 1806P2, Figure 35).
Results on Figure 35 indicate proportionality between high and low values of
permeability and Me (Figure 34). This coincidence allows assigning the permeability to
materials and the different units based on Me.
QHfd can be defied as a sand rich unit located on the shallow section of the
permeability profiles, with permeability values higher than 10-5 m/s.
QHpd, QHl and QHm units can be defined as fine grained, predominantly on the silt
fraction of the shallow section of the permeability profiles, with values between 10-7 and
10-8 m/s.
At last, QHprd unit can be defined as fine-gained, with predominance of clay fraction
located at the deep section of de permeability profiles, and showing values of about 109
m/s.
Comparing this results with the permeability ranges defined by Jorgensen (1980), it is
noticed that composition of units is consistent with the obtained Me and k through the
CPTu data.
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1771P1

1806P1

1771P2

1806P2

1771P3

1771P4

1740PZ1

1740PZ2

Figure 35. Permeability (k) obtained through the CPTu test in Ebro Delta plain

4.4 Sediment compaction
As stated by Terzaghi (1925), the grains or particles constituting a soil, join in a porous
material with elastic properties. The voids of this elastic skeleton can be filled by water
and determine the total soil compression capacity under a determined load.
Nevertheless, a soil under load does not assume an instantaneous deflection, but
settles gradually at a variable rate as a consequence of a gradual adaptation of the soil
to the load variation. This process is known as soil consolidation or compaction. In
deltaic environments, the soils are periodically overlayed by newer sediments which
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add mechanical loads to the previous (deeper) layers setting a natural time-dependant
consolidation. As a consequence, sediment porosities will typically decrease with
depth, acquiring a new equilibrium of stresses and strains after each load change, with
a higher pore water pressure. For this reason, the determination of underground
porosity and effective pressure can be used to define the compression capacity of the
different deltaic layers, and hence, potential loss of volume due its natural
accumulation.
In this sense, Athy (1930) proposed a simple exponential decrease of porosity with
depth for a given rock type described only with an initial porosity (
) and a
compressibility parameter “cv” (constant), although, as stated by Hantschel and
Kauerauf (2009), effective stress ( ) rather than total depth should be used in the
compaction law. A corresponding simple exponential porosity–effective stress function
was first proposed by Smith (1971), and based on this function, effective stress can be
defined as:

Where“i” the depth at which the variables are calculated

The geotechnical data gathered on Ebro Delta allowed determining the compressibility
parameter and initial porosity. Initial porosity was determined from the formula of dry
density ( ) as:

Where”

” is the particle density

Compressibility parameter was defined based on the compressibility function definition
“C”, at surface conditions:

Based on previous formulas and accordingly to Bahr (2001) and Hantschel and
Kauerauf (2009), porosity at a certain depth ( ) and accumulated compaction ( )
can be defined as:
Porosity:

2

Where “i” the depth at which the variables are calculated, “g” is the gravitational acceleration (9.81m/s ),
3
“hi” the depth considered,”
” the water density (1000 Kg/m ) and “k1” the inverse of void index,
calculated as k1=(1- )/ . (Bahr et al., 2001).
Accumulated compaction:

47
LIFE13 ENV/ES/001182

Proyecto piloto de medidas de adaptación y mitigación al cambio climático en el Delta del Ebro

Based on these expressions and the geotechnical properties of the delta units, three
characteristic surface values of dry density ( ), initial porosity ( ) and constrained
modulus (Me0) were considered (high, low and medium). The different plausible
settlements were analysed by combining the different surface values of and Me,
following the classification shown in Table 10, and the values from the geotechnical
characterization presented in Table 11.
Initial

Initial Me

Clasification

Low porosity

Low constrained

pc

Low porosity

high constrained

pC

High porosity

high constrained

PC

High porosity

low constrained

Pc

Medium porosity

medium constrained

mm

Table 10. Classification of

and Me characteristic parameters.

3

Unit

Classification
Low

1100

0.358

2

QHlmpd

Medium

1400

0.472

5

High

1700

0.585

10

QHfd

QHprd

Me0 (MPa)

(Kg/m )

Low

1200

0.396

40

Medium

1400

0.472

50

High

1600

0.547

60

Low

900

0.585

1

Medium

1000

0.623

1.5

High

1100

0.66

2

Table 11. Low, medium and high surface values of dry density, initial (superficial) porosity and constrained
modulus for each considered unit.

Due the similarities and the overlying values of the parameters between overbank,
lagoon and marsh units, most of their parameters cannot be individualized. As a
consequence, QHl, QHm and QHpd were grouped within QHlmpd unit.

Compaction of QHlmpd unit: The results of the compaction equations considering
the characteristic parameters QHlmpd indicate a loss of porosity regardless of the
parameter value, although with sensible differences. While mm, pC and PC indicate a
linear trend, pc and Pc show a progressive resistance to porosity reduction in depth
(Figure 36). These trends are also reflected on the constrained modulus as a
progressive increase of this parameter for pc and Pc classifications (higher for pc),
while mm, pC and PC indicate a linear trend.
Auto-compaction values also increase with depth in all classifications. The
classification with higher auto-compactions is Pc with values of about 10.5 m at 50 m of
depth and 40.9 m at 100 m of depth. The classifications with lower auto-compactions
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are pC and PC with values of 2 m at 50 m of depth and 7.8 m at 100m of depth.
Considering the medium classification, auto-compaction of QHlmpd unit is of 4.1 m at
50 m of depth and 15.8 m at 100 m of depth.

Legend
QHlmpd mm
QHlmpd pC
QHlmpd pc
QHlmpd PC
QHlmpd Pc

Figure 36. Porosity, constrained modulus and maximum auto-compaction variation with depth, calculated
with the low medium and high surface values of characteristic parameters gathered from geotechnical
analysis of QHlmpd unit.

Compaction of QHfd unit: The results of the compaction equations considering the
characteristic parameters of the QHfd unit indicate a low loss of porosity regardless of
the parameter value, with a linear trend, Figure 37. These trends are also reflected on
the constrained modulus. Auto-compaction increases in depth in all classifications. The
classifications with higher auto-compactions are Pc and pc with values of about 0.5 m
at 50 m of depth and 2 m at 100 m of depth. The classifications with lower autocompactions are pC and PC with values of 0.3 m at 50 m of depth and 1.4 m at 100 m
of depth. Considering the medium classification, auto-compaction of QHlmpd unit is of
0.4 m at 50 m of depth and 1.6 m at 100 m of depth.
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Legend
QHfd mm
QHfd pC
QHfd pc
QHfd PC
QHfd Pc

Figure 37. Porosity, constrained modulus and maximum auto-compaction variation with depth, calculated
with the low medium and high surface values of characteristic parameters gathered from geotechnical
analysis of QHfd unit.

Compaction of QHprd unit: The results of the compaction equations considering the
characteristic parameters of QHprd unit indicate a loss of porosity with a linear trend for
mm, pC and PC, and a progressive resistance to porosity reduction in depth for pc and
Pc (Figure 38). Contrarily to the other units, constrained modulus in QHprd present a
progressive increase in all classifications, being higher for pc and lower for pC and PC.
In this unit, auto-compaction increase with depth in all classifications.
The classification with higher auto-compaction is Pc with values of about 22.1 m at 50
m of depth and 84.1 m at 100 m of depth. The classification with lower autocompaction is pC with values of 10.5 m at 50 m of depth and 40.8 m at 100 m of depth.
Considering the medium classification, auto-compaction of QHlmpd unit is of 14.3 m at
50 m of depth and 55.6 m at 100 m of depth.
50
LIFE13 ENV/ES/001182

Proyecto piloto de medidas de adaptación y mitigación al cambio climático en el Delta del Ebro

Legend
QHprd mm
QHprd pC
QHprd pc
QHprd PC
QHprd Pc

Figure 38. Porosity, constrained modulus and maximum auto-compaction variation with depth, calculated
with the low medium and high surface values of characteristic parameters gathered from geotechnical
analysis of QHprd unit.

Auto-compaction of the Holocene Ebro Delta sediments can be very variable (from
1.4;QHfd minimum, to 85%; QHprd maximum, at depth of 100m), depending on the
initial parameters considered. Although these values are extremes, they indicate the
minimum and maximum compactions plausible on the delta plain based on values
gathered from all the geotechnical data collected on the delta plain, and hence should
be considered. Nevertheless, in order to define a range of auto-compaction of the delta
sediments where most of the data is represented, it is reasonable to use the results
obtained from the medium characteristic parameters of each unit (Figure 39).
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Legend
QHlmpd mm
QHfd mm
QHpdr mm
QHfd PC
QHprd Pc

Figure 39. Comparison of auto-compaction variation with depth of QHlmpd, QHfd and QHprd units,
calculated from the extremes and medium surface values of characteristic parameters from geotechnical
analysis.

These values of total settlement determine that the plausible volume loss of the delta
plain sediments, considering a maximum sedimentary column of 50 m (roughly Ebro
Delta plain Holocene sediments maximum thickness), is between 0.4 and 14.3 m, and
will not be over 22.1 m regardless its sedimentation rates and age. It has to be
considered the limitation that that these thresholds are based on the maximum
compaction results and the geotechnical characteristics of the units determined from
the gathered information and samples. Hence, they should be considered with caution
since the structure of units may include some levels not described, which can have an
influence on compaction, such as organic rich horizons. It also has to be considered
that the present analysis discuss the total plausible sediment based on geotechnical
characteristics despite the settlement period of the materials. The time-dependant
settlement will be discussed on the analysis of subsidence sources section.

4.5 Organic matter content
As previously stated, the presence of horizons rich in organic matter can have a
sensible influence on compaction of the sedimentary units. On the geotechnical
characterization, the content of organic matter was estimated based on the available
information on soil and boreholes. Estimations showed that, within the Holocene
sedimentary prism, the higher content of organic matter (5-14 %) is on the lagoon and,
specially, marsh units (QHm). This range is below the peat (35%) and organic soil
(20%) considerations (Huat et al., 2014). Nevertheless, this estimation considers the
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units as whole, while organic matter in sedimentary environments is disposed on
organic rich layers (organic soils). This distribution can be observed on the soil
trenches images, available on the database of soils of Catalonia (Figure 40), where
thick layers rich in organic matter, which can be classified as peat, can be observed on
the marsh unit (QHm).

N

Figure 40. Examples of soil trenches on inner Ebro Delta plain, where different layers with high organic
matter content can be observed. information gathered from the ICGC database of soils of Catalonia
(ICGC, 2007)

Peat has higher compaction potential than the terrigenous sediments. For this reason,
Its compaction potentially leads to substantial amounts of land subsidence (van
Asselen et al., 2009). This property underlines the usefulness of identifying the delta
plain regions with potential concentration of thick peat layers. To evaluate peat and
organic soils distribution over delta plain a edaphological classification of Ebro Delta
plain was used (Figure 41), based on soil map of Catalonia at scale 1:250000 whose
release version is being edited by ICGC.
The classification used for the definition of the edaphological map is based on the
information of trenches and physicochemical data of soil samples acquired from the
database of soils of Catalonia(ICGC, 2007).
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Figure 41. Soil map of Ebro Delta plain, based on the Soils map of Catalonia 1:250000

This database includes the organic matter content as well as its environmental
conditions, and other physicochemical variables such as pH, Calcium carbonate
content, sediment-size, cationic exchange capacity, gravimetric humidity and dry
density, which allow the edaphological classification. Based on the obtained variables,
the 1:250000 scale soils map and the classifications of the USDA (USDA, 1999) and
the FAO (FAO-UN, 2014), each type of soil observed in Ebro Delta Plain was identified
and described (Table 12).

Delta Soil

USDA

FAO

S1

Hydric Haplohemist

Hemic Histosol

S2

Thapto-Histic Fluvaquents

Gleyic Histic Fluvisol

S3

Oxyaquic Xerofluvents

Haplic Fluvisol

S4

Typic Psamments

Haplic Arenosol

S5

Aeric Fluvaquents

Gleyic Fluvisol

Table 12. Delta soils classified following USDA (1999) and FAO (2014) descriptions
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S1 Soils are deep and rich in organic matter with low degree of decomposition under
water-saturated conditions during most part of the year. These soils are developed on
lacustrine and swampy peat-rich environments. On Ebro Delta plain, these soils are
located south of Amposta village, at the western section of the plain, on a narrow fringe
with N-S orientation (Figure 41).
S2 Soils are deep and mid-to-fine grained with low amount of coarse materials and
intercalations of small layers of organic matter with low decomposition degree, under
water-saturated conditions. These soils are developed on depressed sedimentary
layers, generally of lacustrine environments. On Ebro Delta plain, these soils are
located at the western and southern sections of the plain (Figure 41).
S3 Soils are deep, mid grained and well drained. Usually show oxidation stains below
1 m from the surface, as a result of phreatic level oscillation. These soils are developed
on alluvial sediments on the high and mid sections of the fluvial levees. On Ebro Delta
plain, these soils define important areas of the delta plain, following the actual Ebro
River course (Figure 41).
S4 Soils are deep and sand size grained with low amount of coarse materials and well
drained. These soils are developed on beach and coastal sandy sediments. On Ebro
Delta plain, these soils define a semi-continuous broad fringe of 1 to 3 km, parallel to
the coastline, interdigitating with S5 soils (Figure 41).
S5 Soils are transitional soils between S2, S3 and S4. These soils are developed on
alluvial lacustrine and/or coastal sediments. On Ebro Delta plain, these soils are
located in all delta plain, interdigitated with S1, S2 and S3 (Figure 41).

Figure 42. Section of the 1:25000 Amposta soil map where S1, S2, S3 and S5 Soil types correspond to
BAL, CBS,MTJ and CPT respectively.
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In addition, to the 1:250000 scale map, There is a more detailed soils map available
(scale 1:25000), Unfortunatelly only one map that cover ~10% of Ebro Delta Plain is
available at the moment (ICGC et al., 2015). The delta plain section covered includes
S1, S2, S3 and S5 soil types. As does not cover coastal zones, S4 soil type is not
included (Figure 42).
The detailed soil map supply with a better estimate of the organic matter content
statistical values and distribution. Results are limited to a 2 m deep and considered as
two blocks over and under a depth of 40 cm (Table 13).

Delta Soil

OM content <40 cm (%)

OM content >40 cm (%)

BAL (S1)

< 4%

30% - 70%

CBS (S2)

< 4%

15% - 30%

MTJ (S3)

2.5% – 3.5%

1% - 1.5%

CPT (S5)

0.5% – 6%

0.5% – 6%

Table 13. Organic matter (OM) contained in each soil based on the detailed soils map of Amposta (ICGC
et al., 2015)

Despite the lack of soil S4 data on the detail map, the data available on the soils
database of Catalonia indicate that its organic matter content is approximately 2%.
Based on the values of Table 13 and the records of the soils database of Catalonia, the
only soils of Ebro delta which can be considered organic soils are S1 and S2. Its
organic content values indicate that S1 can be categorized as a peat, while S2 is an
Organic Soil (Huat et al., 2014).
Peat in modern deltas is common, especially on its distal parts (van Asselen et al.,
2009), although it remains poorly known which organic facies are present in fluviodeltaic successions and how these are distributed whithin the delta sedimentary prism
(Bos et al., 2012).
As the soils observed in Ebro Delta plain are restricted to a few shallow meters, levels
rich on organic matter can be buried under other areas of delta. This can be seen on
the geological map of 1923 (Faura i Sans, 1923), which show an area defined as a
peat at southern hemi-delta, at north east of Sant Carles de la Ràpita (qturb unit, Figure
43). This area is characterized as a soil S2 on the updated soils map (Figure 41).
Maldonado (1972) also identifies different underground peat layers through the core
sample analysis of about 300 shallow boreholes, principally on the central and external
sections of southern hemi-delta, with thicknesses over 120 cm (Figure 44). Peat
deposits are also found by Macau Vilar (1961), who indicate peat and muddy peat
layers close to 10 m thick, intercalated with sandy and muddy materials, observed on
borehole data, with lateral extensions wider than 100 m (Figure 45).

56
LIFE13 ENV/ES/001182

Proyecto piloto de medidas de adaptación y mitigación al cambio climático en el Delta del Ebro

Figure 43. Detail of the 1923 Geological map of Goles de l’Ebre, scale 1:100000 (Faura i Sans, 1923),
turb
which indicate a peat unit (q )

Figure 44. Map of Peat deposits determined by Maldonado (1972) within the Ebro Delta plain
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Figure 45. Detail, location and cross section of the delta plain sediments adapted from Macau Vilar (1961)

More recent geological maps do not identify peat formations (IGME, 1976a, 1976b,
1976c; IGC et al., 2006a; Somoza et al., 2014). As a consequence, the present peat
distribution on the Ebro Delta plain subsoil cannot be represented with enough
reliability with the available information. Despite this limitation it is considered that the
deep peat deposits have a small effect on surface subsidence. This consideration is
based on Kosters (1987) who states that most compaction of peats takes place in the
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upper 70-80 cm and is negligible below that depth for sediments of up to 3000 years
old. This conclusion agrees well with that of Coleman and Smith (1964) who, on
different grounds, argued that differential compaction of organic-rich horizons is
minimal. Similar results are presented by van Asselen (2011), which approaches
demonstrate that present subsidence rates on delta plains due to peat presence are
relatively low (<0.2 mm/year), if the peat layer has already experienced compaction.
Despite its loss of compaction capacity in depth, peat presence has other potential
affections which can translate to subsidence. Some examples are chemical processes
such as oxidation, changes in effective stress and biological processes such as
microbiological decomposition under different humidity environments (van Asselen et
al., 2009). Especially important is the subsidence or uplift of the delta plain as effect of
the pressure increase resulting from the methane gas concentration due anaerobic
bacterial decomposition processes (Whelan et al., 1978). These affections can be
produced by variations on sea level, or anthropic actions such as overloads at surface
(construction) or extraction of resources (water/ oil/ gas).

Figure 46. Water emerging from Ebro-Admiclim exploration well, pushed by the presence of underground
biogenic gas.

In Ebro Delta plain emanations of biogenic gas occurred in several borehole drilling
campaigns within the Holocene sedimentary prism and the Plioquaternary succession,
including some of the performed during the present project (Figure 46). As described
by Maestro et al.,(2002), in adition to the biogenic gas accumulated on the shallow
sediments, thermogenic gas reservoirs can be found in several Mesozoic and Miocene
successions, under the PlioQuaternary succession of the Ebro delta shelf.
The origin of the gas in the Ebro Delta sediments are a consequence of organic matter,
decay anaerobic degradation, in organic rich deposits prevented from oxidation as a
consequence of high sedimentation rates or rapid burial. The resulting gas tend to
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migrate upwards through the overlaying sediments where can be liberated to the
atmosphere, through a diffuse process which involves a settlement of the sedimentary
succession of the delta plain. Anyhow the available data, does not indicate a significant
influence of this process on the delta plain subsidence. A possible reason for this lack
of influence is the presence of impermeable deposits, such as the prodeltaic Holocene
sediments, which can seal the porous layers and prevent the gas emanation
generating overpressure. In this case, the loss of the overpressure trough gas
liberation can incur in important subsidence rates (Macau Vilar, 1961).
Based on the different results and considerations, it can be concluded that the
presence of organic matter within the Ebro Delta plain sediments, on surface or shallow
depths, can induce a local increase of subsidence. On the contrary, undisturbed layers
of organic matter rich materials shall not affect sensibly the general subsidence.
Nevertheless, the disturbance of these layers due sea level changes, mechanical
overloads or perforations can incur on local or regional significant subsidence.
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5

Measuring delta-subsidence using DInSAR data

5.1 General methodological aspects of DInSAR technique
Differential Interferometry (DInSAR) is a remote sensing technique that uses a stack of
satellite images to monitor the surface motion with millimetric precision. The satellite
images correspond to the Synthetic Aperture Radar (SAR), which is a specific sensor
operating with microwave signal. This remote sensing technique allows obtaining
subsidence maps of large areas, with a large amount of measurement points and
without field work.
The SAR signal, which is used to measure surface motion, is composed by several
components:





Atmospheric artefacts: This contribution is related with the disturbance that the
microwave signal suffers when travelling from the satellite to the ground. It is a
non-desirable signal that adds noise to the measurement.
Thermal noise: Electrical fluctuations arising from the random thermal motion of
electrons in the electronic devices that make up the radar transmitter and
receiver.
Topographic error: A Digital Elevation Model (DEM) is necessary to remove the
topographic component of the signal backscattered to the radar. This DEM is
not perfect, and this error component must be taken into account.
Ground motion: The desired component which provides information about the
surface motion during the observation period.

During the last years different DInSAR processing techniques were developed with the
objective of separating the ground motion component from the rest of non-desired
components. Several approaches have demonstrated their capability to obtain
measurements with millimetric precision, in terms of surface velocity and time series
detection.
DInSAR techniques can measure surface points that do not undergo major changes
during the monitoring period, and are usually found with a high density in urban areas,
infrastructures and zones of low vegetation.
The ICGC has recently developed a new methodology to process large quantities of
SENTINEL-1 images, which allows obtaining a high density of measurement points
(depending on the land cover) no matter their non-linear motion behaviour. The ICGC’s
DInSAR processor is divided into the following parts:


Classical DInSAR: In this first step the stack of images is co-registered to a
single master acquisition and interferograms are generated. These
interferograms are created by comparing radar signal from different pairs of
images, and their signal components are described above.
 Advanced DInSAR: This part of the processor is known as Persistent Scatterer
Interferometry (PSI), and tries to separate the different components of the
interferometric signal, obtaining the final ground motion measurement.
The diagram block of the ICGC’s processor is shown in the following Figure:
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Figure 47: Block diagram of ICGC’s PSI processing chain.

5.2 Analysis of recent data (SENTINEL-1: 2014-2017)

5.2.1 Methodology and used data
Two stacks of SENTINEL-1 images, corresponding to the ascending and descending
orbits, are used to monitor subsidence in Ebro delta plain. As shown in Table 14 and
Table 15, these stacks cover the temporal period from November 2014 to September
2017. Note that this is the maximum temporal span available with SENTINEL-1
satellites during this project.
A single satellite orbit is only able to measure ground motion in the Line Of Sight (LOS)
direction. The LOS is the orthogonal projection of the real vector displacement onto the
line of sight of the satellite, as it is shown in Figure 48. The use of the two orbits,
ascending and descending, allows the decomposition of the LOS motion in the vertical
and horizontal (East-West) components, but only in the common points of both orbits
(Figure 49).
Finally, under the assumption of a vertical subsidence motion, a projection of the LOS
on that direction can be performed (Figure 50). It is important to note that this
projection must be only done when it is previously known or assumed that the principal
motion component corresponds to the vertical direction.
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1

12/11/2014

23

13/12/2015

45

26/09/2016

67

05/06/2017

2

06/12/2014

24

25/12/2015

46

08/10/2016

68

11/06/2017

3

28/02/2015

25

06/01/2016

47

20/10/2016

69

17/06/2017

4

12/03/2015

26

18/01/2016

48

01/11/2016

70

23/06/2017

5
6

24/03/2015
05/04/2015

27
28

30/01/2016
11/02/2016

49
50

13/11/2016
25/11/2016

71
72

29/06/2017
05/07/2017

7

17/04/2015

29

23/02/2016

51

07/12/2016

73

11/07/2017

8

29/04/2015

30

06/03/2016

52

19/12/2016

74

17/07/2017

9

11/05/2015

31

18/03/2016

53

31/12/2016

75

23/07/2017

10

23/05/2015

32

30/03/2016

54

12/01/2017

76

29/07/2017

11

04/06/2015

33

11/04/2016

55

24/01/2017

77

04/08/2017

12

16/06/2015

34

23/04/2016

56

05/02/2017

78

10/08/2017

13

28/06/2015

35

05/05/2016

57

17/02/2017

79

16/08/2017

14

10/07/2015

36

29/05/2016

58

01/03/2017

80

22/08/2017

15

22/07/2015

37

10/06/2016

59

13/03/2017

81

28/08/2017

16

15/08/2015

38

04/07/2016

60

25/03/2017

82

03/09/2017

17
18

27/08/2015
08/09/2015

39
40

16/07/2016
28/07/2016

61
62

06/04/2017
18/04/2017

83
84

09/09/2017
15/09/2017

19

20/09/2015

41

09/08/2016

63

30/04/2017

85

21/09/2017

20

02/10/2015

42

21/08/2016

64

12/05/2017

86

27/09/2017

21

19/11/2015

43

02/09/2016

65

24/05/2017

22

01/12/2015

44

14/09/2016

66

30/05/2017

Table 14: List of Sentinel-1 acquisitions in ascending mode.

1

30/11/2014

26

12/01/2016

51

20/10/2016

76

19/03/2017

2
3

06/03/2015
18/03/2015

27
28

24/01/2016
05/02/2016

52
53

26/10/2016
01/11/2016

77
78

25/03/2017
31/03/2017

4

30/03/2015

29

17/02/2016

54

07/11/2016

79

06/04/2017

5

11/04/2015

30

29/02/2016

55

13/11/2016

80

12/04/2017

6

23/04/2015

31

12/03/2016

56

19/11/2016

81

18/04/2017

7

05/05/2015

32

24/03/2016

57

25/11/2016

82

24/04/2017

8

17/05/2015

33

05/04/2016

58

01/12/2016

83

30/04/2017

9

29/05/2015

34

17/04/2016

59

07/12/2016

84

06/05/2017

10

10/06/2015

35

29/04/2016

60

13/12/2016

85

12/05/2017

11

04/07/2015

36

11/05/2016

61

19/12/2016

86

18/05/2017

12

16/07/2015

37

23/05/2016

62

25/12/2016

87

24/05/2017

13

28/07/2015

38

04/06/2016

63

31/12/2016

88

05/06/2017

14
15

09/08/2015
21/08/2015

39
40

28/06/2016
10/07/2016

64
65

06/01/2017
12/01/2017

89
90

17/06/2017
29/06/2017

16

02/09/2015

41

22/07/2016

66

18/01/2017

91

11/07/2017

17

14/09/2015

42

03/08/2016

67

24/01/2017

92

23/07/2017

18

26/09/2015

43

15/08/2016

68

30/01/2017

93

04/08/2017

19

08/10/2015

44

27/08/2016

69

05/02/2017

94

16/08/2017

20

01/11/2015

45

08/09/2016

70

11/02/2017

95

28/08/2017

21

13/11/2015

46

20/09/2016

71

17/02/2017

96

09/09/2017

22

25/11/2015

47

26/09/2016

72

23/02/2017

97

21/09/2017

23

07/12/2015

48

02/10/2016

73

01/03/2017

24

19/12/2015

49

08/10/2016

74

07/03/2017

25

31/12/2015

50

14/10/2016

75

13/03/2017

Table 15: List of Sentinel-1 acquisitions in descending mode.
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Figure 48: Line Of Sight (LOS) measurement of single SAR orbit, ascending (left) and descending (right).

Figure 49: Vertical and horizontal (East-West) decomposition from LOS ascending and descending
measurements.

Figure 50: Vertical projection of LOS measurements, ascending (left) and descending (right) orbits.
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Two different PSI DInSAR processings were performed using the available stacks of
SENTINEL-1 images. In the first processing interferograms (comparison between two
SAR images) were used no matter their temporal baseline (time span between both
acquisitions), and in the second processing, this temporal baseline was restricted to a
maximum value of 1 year. This temporal restriction was applied in order to obtain a
higher density of measurement points. The reason to do so is that Ebro Delta area is
primarily composed by crops and vegetal-covered zones, affected by high levels of
temporal decorrelation and therefore low point density. In addition, to improve the
response on critical points, a set of artificial corner reflectors (CR) were installed
distributed on the delta area. The CR’s installed are aluminium trihedral structures
placed on the ground and oriented towards the ascendant orbit of the satellite, assuring
high quality measurement points (Figure 51).

Figure 51. Location and example of the corner reflectors (CR) installed on the Ebro delta. In green, CR
located on the delta. In red, CR retired (vandalized)

5.2.2 PSI DInSAR Results (no fixed baseline)
Subsidence determination over the Ebro Delta plain is performed based on PSI
DInSAR data from SENTINEL-1 satellite. As first approach, the original data
determined on the Line Of Sight of the satellite (LOS) was compared on its ascendant
and descendent trajectories. From this information the vertical displacement over the
delta was defined (Figure 52).
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Figure 52. Vertical displacements calculated through the coincidence of points of ascending and
descending SENTINEL over the Ebro Delta plain.

As stated, this technique has an important limitation which is that the same point has to
present coherence (measures quality) on both trajectories. This limitation narrow down
the number of available information points including the corner reflectors installed on
the field, which only can be oriented to one of the satellite trajectories. This is an
important limitation in the delta area where “natural” reflectors are scarce.
Nevertheless, due the critical equilibrium between sedimentation and displacements
over delta plains, it can be assumed that all de displacements detected over a delta are
primarily vertical. This assumption allows the use of all the data from both trajectories,
greatly increasing the amount of information data points on areas of low response (not
urban, Vsat, Figure 53)
As presented in the previous historical DInSAR analysis over the delta plain, its general
displacement is of about 3 mm/year which is approximately the detection limit of the
PSI technique using C-band data (Pérez-Aragüés et al., 2015; Crosetto et al., 2016).
And hence its reliability should be considered with caution. For this reason the
displacements between -3 and 3 mm/year were filtered, in order to identify the
displacements over the detection limit. Nevertheless, this filtering eliminates most of
the data (Figure 54)
For this reason, in order to determine the reliability of the displacements magnitudes
and trends, the data interpretation was performed following different statistical and
analytical techniques.
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Figure 53. Vertical displacements calculated through the re-projection of ascending and descending
measure points on the SENTINEL trajectories over the Ebro Delta plain.

Figure 54. Points presenting displacements above 3mm/year detected with SENTINEL over the Ebro Delta
plain.
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The main variables used to analyse the displacement are the velocity and accumulated
displacement. Velocity quantifies displacement-time relation through the subsidence
during the study period, while displacement quantifies the total deformation on the delta
data points. As a first approach subsidence trend over Ebro Delta plain was considered
linear, wich is plausible if it is accepted that the water table level does not suffer
significative seasonal changes.
In this case, average velocity defined as a linear trend of the accumulated
displacement was used. One of the main limitations of this velocity is that is strongly
influenced by the outliers. For this reason, percentiles were calculated to reduce the
data range (filtering the outliers). The calculated percentiles are P10, P25, P50, P75
and P90. For percentile calculation, daily displacement of each data point was
harmonized in time by dividing each measure by its interval, reducing data to daily
time-step. Filtering the available data contained between the P10 and P90 percentiles
the 80% most representative data is obtained. In order to discuss the yearly
subsidence ratio, the calculated daily values were extrapolated to a yearly time-step
(Figure 55). The amount of information points with values of displacement higher than
3mm/year is importantly increased, although there is a stronger variability between
uplift and subsidence in small distances as a consequence of calculating the
percentiles for each point (no consideration of the surrounding points).

Figure 55. Points where displacement data between 10 and 90 percentiles (80% of data) is above
3mm/year over the Ebro Delta plain.

Same filtering is performed between P25 and P75 obtaining the 50% most
representative data (Figure 56). These results also present an increase on the amount
of information points and variability. Results of percentile filtering can be useful to
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obtain the most “clean” trends for each point, although the differences between points
is increased for the reasons previously presented. These results show that percentile
analysis delivers more significant displacements although the spatial consistency is
reduced proportionally to the data narrowing.

Figure 56. Points where displacement data between 25 and 75 percentiles (50% of data) is above
3mm/year over the Ebro Delta plain.

A second approach to determine a higher amount of representative points is to define
the velocity as the accumulated displacement divided by the whole measurement
interval for each data point (Vac, Figure 57). This consideration also increases the
amount of points with displacements greater than 3mm and its variability. Nevertheless
its variability between contiguous points is lower than the percentile-based filtering.
Lower variability is partly caused by the high susceptibility of this consideration to the
last measure increase, which confidence interval can be influencing the result. To
narrow the effect of the confidence range and the influence of the last measure if it is
an out-layer, and considering that the displacement magnitude is small (very slow
movements), the average displacement velocity was calculated by averaging
separately the first tree and tree last measures, and its difference divided by the
averaged time interval between them (V3, Figure 58).
Results present less points of displacement higher than 3mm/year than the previous
considerations, but lower variability. Nevertheless, the amount of points over the 3
mm/year threshold is higher than the original data.
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Figure 57. Displacement velocity over 3mm/year, calculated as accumulated displacement divided by the
measurement interval over the Ebro Delta plain (Vac).

Figure 58. Displacement velocity over 3mm/year, calculated as the average of the tree first and tree last
displacement values divided by the measurement interval, over the Ebro Delta plain (V3).
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Based on the spatial dispersion of results obtained through the different considerations,
it is determined that the best approaches are the ones based on the accumulated
velocity (Vac) and the averaged from the firsts and lasts measures (V3). Nevertheless
the obtained results do not have enough data density to define subsidence trends in all
the delta extension. Taking into account the short temporal period of the study, from
November 2014 to September 2017, the expected subsidence rates and the precision
of PSI DInSAR technique (about 3 mm/year), it can be concluded that the general
subsidence trends in all the delta cannot be measured with the current available
SENTINEL-1 data. For this reason the absolute subsidence was converted to relative
subsidence focusing on the main urban areas (high coherence) and especially
sensitive areas (coastal areas and organic matter-rich soils, Figure 59), resulting in a
total of ten study areas, which were considered subsidence domains. Reference zero
point was defined by locating the point with less variations, which is on Amposta
domain. In addition, the maximum temporal baseline in the generated interferograms
was limited to a maximum value of 1 year, in order to maximize the number of
measurement points. The following sections present the results of these approaches.

Figure 59. Domains determined for the reinterpretation of SENTINEL data analysis, based on urban
development and area sensibility (soils).

5.2.3 PSI DInSAR Results (Max. Baseline 1 year)
The vertical displacements derived from the consideration of 1year limit for maximum
baseline, obtained combining ascending and descending LOS measurements,
significantly increase the amount of information points (Figure 60). The information
increase allows a better recognition and monitoring of areas affected by subsidence
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patterns. The results considering the restriction to a maximum baseline of one year
were converted to relative displacements and velocities, centred on the defined
domains. In addition, displacement values were filtered, considering the satellite data
(Vsat, Figure 61, the accumulated displacement velocity (Vac, Figure 62) and the
average from firsts and lasts measures (V3, Figure 63), between -3 and 3 mm/year, and
based on the different considerations applied on the analysis without fixed baseline.

Figure 60. Vertical velocity Vsat calculated through the reprocessed SENTINEL-1 data considering a
maximum temporal baseline of 1 year.

Figure 61. Vsat velocity above 3mm/year on the domains considering a maximum temporal baseline of 1
year.
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Figure 62. Vac velocity above 3mm/year on the domains considering a maximum temporal baseline of 1
year.

Figure 63. V3 velocity above 3mm/year on the domains considering a maximum temporal baseline of 1
year.
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Complementarily, a statistical analysis was performed over the velocity data in each
domain, to determine the displacement range and dispersions for each type of velocity
(Vsat, Table 16; Vac, Table 17; V3,Table 18)
Domain

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

0.02

3.13

-4.38

-1.19

-0.66

0.07

0.59

1.27

Amposta

-0.34

5.49

-9.14

-2.66

-1.24

-0.04

0.77

1.63

Banya

-0.03

6.59

-9.62

-2.59

-1.31

0.02

1.33

2.45

Deltebre

0.06

6.47

-10.39

-1.53

-0.63

0.18

0.87

1.51

Eucaliptus

-0.04

6.60

-10.83

-1.64

-0.86

0.00

0.80

1.66

Muntells

0.11

3.98

-4.86

-1.56

-0.68

0.24

0.96

1.68

Platjola

0.12

7.66

-7.80

-2.41

-1.16

0.11

1.35

2.63

Riumar

0.14

6.75

-7.22

-1.55

-0.67

0.07

0.90

1.94

Sant_Jaume

-0.05

6.75

-14.56

-2.12

-0.83

0.16

0.97

1.68

Ullals

-3.18

5.83

-15.90

-9.20

-5.92

-2.74

-0.05

1.66

Delta

-0.07

7.66

-15.90

-2.24

-0.95

0.09

0.99

1.93

Table 16. Average, minimum, maximum and characteristic percentiles of Vsat (mm/year) for each domain,
considering a maximum temporal baseline of 1 year.
Domain

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

0.29

Amposta

-0.05

5.63

-5.03

-1.93

-0.77

0.30

1.37

2.26

7.14

-11.17

-2.68

-1.27

0.05

1.30

2.42

Banya

0.30

11.11

-10.65

-2.99

-1.34

0.34

2.03

3.49

Deltebre

0.36

8.41

-8.56

-1.89

-0.68

0.44

1.49

2.46

Eucaliptus

0.26

8.18

-11.66

-2.02

-0.94

0.31

1.35

2.77

Muntells

0.31

5.37

-7.29

-2.25

-0.77

0.47

1.64

2.62

Platjola

0.39

8.58

-8.46

-3.08

-1.39

0.56

2.15

3.68

Riumar

0.41

8.01

-6.95

-2.15

-0.75

0.34

1.58

2.86

Sant_Jaume

0.26

8.39

-16.72

-2.23

-0.91

0.40

1.55

2.65

Ullals

-2.43

7.75

-15.57

-8.52

-4.73

-1.85

0.38

2.35

Delta

0.25

11.11

-16.72

-2.56

-1.05

0.36

1.65

2.96

Table 17. Average, minimum, maximum and characteristic percentiles of V ac (mm/year) for each domain,
considering a maximum temporal baseline of 1 year.
Zone

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

0.28

5.41

-5.50

-1.50

-0.69

0.35

1.16

2.14

Amposta

0.04

6.92

-9.34

-2.46

-1.01

0.18

1.26

2.33

Banya

0.33

9.80

-9.83

-2.72

-1.19

0.39

1.90

3.28

Deltebre

0.41

7.00

-8.98

-1.59

-0.50

0.50

1.40

2.27

Eucaliptus

0.33

7.35

-11.92

-1.70

-0.80

0.38

1.37

2.46

Muntells

0.37

4.22

-6.17

-1.80

-0.48

0.47

1.58

2.30

Platjola

0.45

7.65

-6.96

-2.58

-1.14

0.49

2.02

3.29

Riumar

0.46

7.66

-7.30

-1.74

-0.55

0.41

1.53

2.63

Sant_Jaume

0.30

8.22

-15.42

-2.00

-0.70

0.47

1.47

2.47

Ullals

-2.41

6.57

-14.57

-8.28

-4.69

-1.75

0.40

2.31

Delta

0.29

9.80

-15.42

-2.25

-0.86

0.41

1.57

2.71

Table 18. Average, minimum, maximum and characteristic percentiles of V 3 (mm/year) for each selected
zone, considering a maximum temporal baseline of 1 year.
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Results of the analyses indicate that Ullals is the unique domain over the delta, which
present subsidence considering average and percentile 50, for all characteristic
velocities (Vsat, Vac, V3,). Another domain which presents subsidence at average and
percentile 50 is Amposta, but only for the satellite velocity data (Vsat) and for average
accumulated displacement velocity (Vac). Banya, Eucaliptus and Sant Jaume, also
show subsidence considering satellite velocity data (Vsat) as average. The rest of
domains show a general uplift trend, although with values below 1 mm, which is below
3 mm/year (PSI DInSAR precision with a short temporal period of monitoring), and
hence should be considered with caution.
Regarding extreme displacements, Eucaliptus, Banya, Amposta, Sant Jaume and
Muntells, present specific measurement points affected by significant subsidence
regardless the velocity approach considered. In general, maximum subsidence (lower
negative values) is also higher that maximum uplift (higher positive values) considering
all velocities, with the exception of Riumar for Vac and V3, and Ampollamar, Banya and
Platjola for Vac.
The important differences between velocities and domains indicate variations in time
on the considered areas, which are not well represented trough velocity (function of
time). For this reason, a second approach to the the statistical analysis was done
considering the displacement. This analysis over all the domains of Ebro Delta plain
indicates a null displacement (average and percentile 50) with similar outlayer limits on
the upper and lower sections of the data (Percentiles 90 and 10 respectively) and
higher outlayer values for subsidence than for uplift (Figure 64).

Figure 64. Average, minimum, maximum and characteristic percentiles of accumulated displacement over
Ebro delta, considering a maximum temporal baseline of 1 year.

Displacement analysis was performed grouping coastal and inner delta domains
(Figure 64 and Figure 65 respectively).
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Figure 65. Average, minimum, maximum and characteristic percentiles of accumulated displacement over
the coastal domains of Ebro Delta from north to souh, considering a maximum temporal baseline of 1 year.
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Figure 66. Average, minimum, maximum and characteristic percentiles of accumulated displacement over
the inner domains of Ebro Delta from west to east, considering a maximum temporal baseline of 1 year.
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Displacement analysis of the individual domains show similar trends than the ones
observed over delta (Figure 64), and considering velocity (Table 16,Table 17 and Table
18). With the exception of Ullals domain, the average and 50 percentile values indicate
almost no displacement and with 80 % of values (between percentiles 10 and 90)
under 10 mm range. Ullals show a clear trend to subsidence of about 8 mm during the
entire observation interval which translates to a subsidence velocity of about 2 - 3 mm
year. Despite Ullals results, the PSI DInSAR data gathered trough SENTINEL-1
indicates that the average motion over Ebro Delta is nearly zero, since the detected
global motion rate is below 3 mm/year. To overcome this limitation, at similar low rate
of movement, a longer period of observation is needed. Based on this observation and
the assumptions made for the SENTINEL data analysis, the historical data of ERSENVISAT was reinterpreted.

5.2.4 Corner reflector measurements
Several corner reflectors (CR) were installed to ensure measurement points in areas of
the Ebro Delta plain where temporal decorrelation was expected to be high (low point
density). Results presented in this project combine information from measurements of
natural and corner reflectors (Figure 67 and Figure 68). The goal of using CRs is to
obtain high-quality measures in vegetated and crop areas using aluminium thriedrals
oriented to the satellite orbit, providing a signal to noise ratio much higher than when
measuring natural points. The installation of a CR network is not only useful for the
present project, but for future monitoring of the Ebro Delta plain.

Figure 67. Vertical displacement time series for CR-08 corner reflector. Temporal period from February
2016 to November 2017.
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Figure 68. Vertical displacement time series for EC-01 corner reflector. Temporal period from February
2016 to November 2017.

As illustration, Figure 67 and Figure 68 present examples of displacement time series
for two CRs installed on Ebro Delta plain. Due to their orientation, these CRs can be
only measured with satellite images acquired with the ascending orbit. The temporal
period was adjusted to the dates when most of the CRs were already installed, namely
from February 2016 to November 2017. Note that in the presented examples the
measuring points are only located over the CRs, and the surrounding crop areas do not
have enough backscattering quality to be measured with the radar sensor. Note also
the low noise level of the measures, showing the high quality of the retrieved time
series using CRs.

5.3 Historical data reinterpretation
The study of historical DInSAR data between 1992 and 2010 over the Ebro Delta
indicated the presence of differential subsidence. Detected subsidence trend was
higher on the northern hemi-delta with a maximum value of 5 mm/year, nonconsidering local effects. It also states that the deformations under 3 mm/year is prone
to be overestimated since it is within the error range of the technique and should be
considered carefully.
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Figure 69. Domains determined for SENTINEL data, used for the reinterpretation of Historical data.

After data acquisition with SENTINEL-1 sensor for the period between November 2014
and September 2017, the historical data was reinterpreted focusing on the urban (high
coherence) and especially sensitive domains (figure 69), in order to discuss the
differences between satellites information (different coherence points). To do so, the
absolute subsidence detected on the historical analysis was converted to relative
subsidence for the SENTINEL-1-defined domains with zero subsidence on Amposta.
Banya was not included on the analysis, since there are no data points of historical
DInSAR on this domain.
The minimum displacement point of the selected domains was determined considering
the standard deviation of each data point for the whole interval and the minimum
absolute displacement of the point (range between maximum and minimum values).
The lowest value of the combination of the two factors was considered as general
reference “0” point. This reinterpretation was done for ERS-ENVISAT combinedsatellite information. Due its low amount of DInSAR images, and the radar backscatter
consequence of soil moisture influence on L-band (Ulaby et al., 1978; Kasischke et al.,
2011), ALOS-PALSAR information was not considered.
Vertical velocity motion above 3 mm/year in the selected domains show a sensitive
decrease of available data compared with SENTINEL-1. This is a consequence of the
temporal period of monitoring (about 20 years), which is much longer than for
SENTINEL-1 (less than 3 years). Long timespans imply changes on the surface and as
a consequence, loss of coherence. However, due its low variability, data points of ERSENVISAT have less noise than SENTINEL-1 data points.
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Figure 70. Vsat velocity above 3 mm/year over the selected domains acquired by ERS and ENVISAT
satellites.

Figure 71. Vac velocity above 3 mm/year over the selected domains acquired by ERS and ENVISAT
satellites.
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Figure 72. V3 velocity above 3 mm/year over the selected domains acquired by ERS and ENVISAT
satellites.

In order to compare datasets, velocity types considered for the ERS-ENVISAT are the
same than for SENTINEL-1. Velocity derived from the satellite data (Vsat) show few
coherent points with displacement over 3 mm/year, located on Amposta and Sant
Jaume domains (Figure 70). In the rest of the domains displacement velocity is lower
than 3mm/year. Same domains with coherence points are shown by the velocity
determined as the accumulated displacement divided by the whole measurement
interval for each data point (Vac, Figure 71), and the average displacement velocity,
calculated by averaging separately the first tree and tree last measures, and its
difference divided by the averaged time interval between them (V3, Figure 72).
Domain

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

-0.2

0

-0.8

-0.6

-0.4

-0.1

0

0

Amposta

-1.6

0.4

-4.8

-3.5

-2.5

-1.1

-0.8

-0.2

Deltebre

-0.8

1.9

-2.5

-1.5

-1.2

-0.9

-0.5

0

Eucaliptus

0.2

0.6

-0.3

0.1

0.1

0.2

0.4

0.4

Muntells

0.1

1.5

-1.2

-0.4

-0.2

-0.1

0.4

0.8

Platjola

1.7

2.7

0.5

0.9

1.2

2

2.2

2.3

Riumar

-0.4

1.7

-1.9

-1.5

-1

-0.6

0.1

0.8

Sant_Jaume

-1.5

0.9

-3.7

-2.8

-2.3

-1.5

-0.7

0

Ullals

-2

-1.1

-2.7

-2.6

-2.6

-2.4

-1.2

-1.1

Delta

-0.7

2.7

-4.8

-1.8

-1.3

-0.8

-0.2

0.5

Table 19. Average, minimum, maximum and characteristic percentiles of V sat (mm/year) for each selected
domain, considering ERS and ENVISAT collected data.
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Domain

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

0.4

0.7

-0.5

-0.1

0.3

0.6

0.7

0.7

Amposta

-0.9

0.5

-4.6

-2.8

-1.8

-0.5

0

0.1

Deltebre

-1

0.7

-2.6

-1.6

-1.2

-1

-0.7

-0.4

Eucaliptus

-0.5

0.1

-1

-0.9

-0.6

-0.5

-0.4

-0.3

Muntells

-0.2

0.5

-1.4

-0.9

-0.4

-0.2

0

0.5

Platjola

1.1

1.7

0.1

0.6

0.9

1.1

1.3

1.5

Riumar

-0.5

1.6

-2.2

-1.4

-1.2

-0.5

0.3

0.8

Sant_Jaume

-1.4

0

-3.2

-2.1

-1.9

-1.4

-1

-0.7

Ullals

-1.6

0.3

-2.8

-2.6

-2.2

-1.7

-1.5

-0.4

Delta

-0.8

1.7

-4.6

-1.8

-1.3

-0.9

-0.4

0.3

Table 20. Average, minimum, maximum and characteristic percentiles of Vac (mm/year) for each selected
domain, considering ERS and ENVISAT collected data.

As in SENTINEL-1 data, in addition to location of coherent points with displacements
over 3 mm/year, a statistical analysis was performed for each type of velocity in each
domain (Vsat, Table 19; Vac, Table 20; V3, Table 21)
Domain

Average

Max

Min

P 10

P 25

P50

P75

P90

Ampollamar

0.2

0.6

-0.7

-0.3

0.3

0.4

0.5

0.6

Amposta

-0.9

0.8

-3.5

-2.6

-1.6

-0.5

-0.1

0.2

Deltebre

-0.8

1

-2.5

-1.4

-1.1

-0.8

-0.5

-0.2

Eucaliptus

-0.3

0

-0.7

-0.6

-0.4

-0.3

-0.2

-0.2

Muntells

0.1

0.9

-1.3

-0.7

-0.2

0.1

0.5

0.7

Platjola

1.2

2.1

0.1

0.5

0.8

1.3

1.6

1.7

Riumar

-0.6

1.6

-2.2

-1.5

-1.2

-0.7

0

0.6

Sant_Jaume

-1.4

0.4

-3.3

-2.3

-2

-1.3

-0.8

-0.3

Ullals

-1.6

-0.1

-2.4

-2.3

-2.1

-1.9

-1.6

-0.7

Delta

-0.7

2.1

-3.5

-1.7

-1.2

-0.8

-0.2

0.3

Table 21. Average, minimum, maximum and characteristic percentiles of V 3 (mm/year) for each selected
domain, considering ERS and ENVISAT collected data.

Results of the analysis indicate subsidence in Amposta, Deltebre, Riumar, Sant Jaume
and Ullals on the average and percentile 50 values, for all characteristic velocity (Vsat,
Vac, V3,). The only domain that does not present subsidence at average or percentile
50 in at least one of the velocities is Platjola. Higher rates of subsidence are detected
in Ullals, despite not presenting values of ERS-ENVISAT over 3mm/year. The general
trend considering all the domains indicates a general subsidence with values of 0.7-0.8
mm/year. As seen in Figure 70, Figure 71 and Figure 72, the only domains with
displacement values over 3 mm/year are Amposta and Sant Jaume with maximum
subsidence rates between 3.5 - 4.8 mm/year and 3.7 - 3.2 mm/year respectively. In
order to discuss the temporal evolution of subsidence also a statistical analysis of the
displacement was performed. The Ebro Delta plain results, indicate a subsidence
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pattern that can be detected as a consequence of the long temporal period of
monitoring (average and percentiles) with similar outlayer limits on the upper and lower
sections of the data (Percentiles 90 and 10 respectively, although all presenting
subsidence).

Figure 73. Minimum maximum and average relative accumulated displacement calculated over the
combination of all domains (data from ERS and ENVISAT sensors).

Figure 74. Minimum maximum and average relative accumulated displacement in each domain calculated
over the combination of all domains (data from ERS and ENVISAT sensors).
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As in SENTINEL-1 results, outlayer values are higher for subsidence than for uplift
(Figure 73). Based on the acquired results, average subsidence of Ebro Delta is 2.3 cm
for all the period, percentile 25 is 3.1 cm and percentile 75 is 1.3 cm which translates to
a mean subsidence velocity of 1.3 mm/year with a range between 0.7 and 1.8
mm/year, considering the 50% most representative values.

Figure 75. Minimum maximum and average relative accumulated displacement in each domain calculated
over the combination of all domains (data from ERS and ENVISAT sensors).
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Displacement analysis of the individual domains show similar trends than the ones
observed on the delta plain (Figure 64) and considering velocity (Table 16, Table 17
and Table 18). With the exception of Platjola domain, the average and 50 percentile
values indicate a subsidence pattern (Figure 74 and Figure 75). Nevertheless, northern
and central domains (Ampollamar, Riumar, Deltebre and Sant Jaume) present higher
average values of subsidence than southern domains (Platjola, Eucaliptus and
Muntells). Platjola show a clear uplift of about 1.5 to 2 cm during the entire observation
interval which translates to a velocity of about 0.8 to 1.1 mm year.

5.4 Superficial displacements
In order to summarize the results of the different considerations analysis and periods,
the different velocities and displacements considered are summarized gathering the
minimum and maximum extreme values for each domain, as well as the minimum
percentile 25, the maximum percentile 75 and the average of averages. The results
obtained are shown on Table 22 and Table 23.
Average

P 25

P75

Max

Min

Ullals

-2.7

-5.9

0.4

7.8

-15.9

Amposta

-0.1

-1.3

1.3

7.1

-11.2

Sant_Jaume

0.2

-0.9

1.6

8.4

-16.7

Eucaliptus

0.2

-0.9

1.4

8.2

-11.9

Ampollamar

0.2

-0.8

1.4

5.6

-5.5

Banya

0.2

-1.3

2.0

11.1

-10.7

Muntells

0.3

-0.8

1.6

5.4

-7.3

Deltebre

0.3

-0.7

1.5

8.4

-10.4

Platjola

0.3

-1.4

2.2

8.6

-8.5

Riumar

0.3

-0.8

1.6

8.0

-7.3

Delta

0.2

-1.1

1.7

11.1

-16.7

Table 22. Average percentiles 25 and 75, and extreme values of velocity in mm/year resulting of all the
considerations applied on the data obtained from SENTINEL-1.

Average

P 25

P75

Max

Min

Ullals

-1.7

-2.6

-1.2

0.3

-2.8

Sant_Jaume

-1.4

-2.3

-0.7

0.9

-3.7

Amposta

-1.1

-2.5

0.0

0.8

-4.8

Deltebre

-0.9

-1.2

-0.5

1.9

-2.6

Riumar

-0.5

-1.2

0.3

1.7

-2.2

Eucaliptus

-0.2

-0.6

0.4

0.6

-1.0

Muntells

0.0

-0.4

0.5

1.5

-1.4

Ampollamar

0.1

-0.4

0.7

0.7

-0.8

Platjola

1.3

0.8

2.2

2.7

0.1

Delta

-0.8

-1.3

-0.2

2.7

-4.8

Table 23. Average percentiles 25 and 75, and extreme values of velocity in mm/year resulting of all the
considerations applied on the data obtained from ERS-ENVISAT.
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a)

b)

Figure 76. Average displacement velocity rates for each domain based on a)ERS-ENVISAT and
b)SENTINEL1 data

The analysis of PSI DInSAR data from SENTINEL-1 sensor does not allow the
identification of a clear motion trend over the Ebro Delta, although the location of its
most and less active areas can be detected (Figure 76). This limitation is due the
combination of the slow movements of the delta plain (under 2 mm/year) and the
technique detection limit for short time spans (PSI DInSAR precision 3 mm/year).
Nevertheless the quality and quantity of data gathered with this sensor, allow the
definition of statistical and spatial tools which can be used to optimize the analysis of
scarcer data with longer time span. Despite the fact that at the moment no sensible
results are available due the short operating time of SENTINEL project satellite, the
quality and amount of data gathered indicate that with time, the limitation of
displacement will be overcome allowing an accurate approach to the delta subsidence
displacement rates, especially on the high quality points (corner reflectors).
The assumptions and approaches determined with SENTINEL data were used for the
reinterpretation of ERS-ENVISAT data which cover a time span of 18 years. Results of
these sensors indicate an average subsidence motion over the Ebro Delta plain with
global movement rates of 0.8 mm/year and a plausible range between 0.2 and 1.3
mm/year (P25-P75). Data scarcity does not allow quantifying differential spatial trends
over the delta with enough confidence, although a higher subsidence is noted for the
northern hemi-delta and the central delta plain (Figure 76). Although with lower values
than the previous historical DInSAR data analysis, the displacements determined on
the ERS-ENVISAT data reinterpretation are in accordance with the trends described in
it. The difference in values is a consequence of not considering the ALOS satellite for
the reinterpretation, as a consequence of its signal characteristics (L band affected for
humidity) and image scarcity (low amount of images).
The determination of subsidence based on satellite data performed on this section
does not consider the subsidence causes. Its origin and potential consequences will be
discussed on the analysis of subsidence section, and included on the subsidence
model.
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6

Analysis of the subsidence sources

Subsidence is a complex process that is dependent on many variables which are not
easily quantifiable, especially on broad flat areas with generalized movements (lack of
stable reference points). DInSAR techniques supply a tool which can be extremely
useful since its results are not limited to a local surface reference, but its detection
range is a constraint to identify small displacements. For low movement rates, the
DInSAR technique allows to identify trends but not to quantify displacements with
enough confidence. To overcome this limitation, it is necessary to describe and
quantify the different plausible subsidence mechanisms of Ebro Delta plain, and
combine them, in order to compare and identify the subsidence scenarios with higher
radar data agreement.
As presented on the methodology section, an approach to subsidence quantification is
based on its definition as the vertical change in delta plain surfaces relative to local
mean sea level, dependent of five main factors (Syvitski et al., 2009). These factors are
Delta aggradation rate (A), eustatic sea-level rate (∆E), natural compaction of
sediments, (CN), accelerated compaction (CA) and displacements due Earth’s mass
redistribution (M; related to sea-level fluctuations, thermal subsidence or tectonic
activity). Based on these parameters, Syvitski et al.(2009) define the vertical change in
delta surfaces relative to local sea level (∆RNM) with the formula:
∆RNM = A - ∆E - CN - CA ± M
In this study, Earth mass redistribution factors considered to have an influence on
subsidence of the Ebro Delta plain are the flexural effect of the sea level change, and
the tilting of the Ebro Delta shelf.
Besides its mechanical influence on the flexural effect, as this section is aimed to
analyse the neat subsidence of Ebro delta plain, eustatic sea-level rising rate is not
considered. The remaining subsidence factors presented are analysed and considered
or dismissed based on the gathered data, its influence over subsidence and the
available bibliographical and historical information.

6.1 Aggradation
Aggradation over Ebro Delta is strongly influenced by human activities, on delta plain
and especially on Ebro watershed. During the last two centuries, the evolution of the
Ebro Delta was characterized by a tendency towards an exponential decrease of the
expansion rate of the delta plain (Sanchez-Arcilla et al., 1998). Ebro Delta plain was
importantly expanded from 1749 to 1915 when a period of equilibrium was reached
(Sanchez-Arcilla et al., 1998). This equilibrium was altered by the construction of the
170 dams that cross the river, build from early 1960s, which reduced its sedimentary
load to less than 1% of pre-dam construction (Ibàñez et al., 1996; Higgins, 2016).
In addition to natural aggradation, Ebro Delta plain was subjected to a functional
protection strategy from 1860s, as a consequence of rice farming. This protection
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consisted of the active application of fresh river water rich in sediment that was
delivered to the wetlands through the system of irrigation canals in order to grow rice
on the salt marsh areas (Ibáñez et al., 2014). The sediment-rich field-floods supplied
enough sediment to achieve accretion rates from 4.7 to 7.4 mm/year (Ibáñez et al.,
1997), due the high percentage of delta covered by rice fields (Figure 77).

Figure 77. Reclassification of Ebro Delta soil uses, indicating Urban soil rice fiels irrigation channels and
water masses, based on the Land Cover Map of Catalonia (CREAF, 2009).

After a few years of water river supply to the marsh areas, a new layer of several
centimetres of fertile fluvial sediment was deposited allowing rice cultivation. This
procedure supplied with aggradation rates of ~5 mm/year during the period 1860-1960
(Ibáñez et al., 2014). The dam construction drastically reduced the sediment content on
the river, to the point that, despite the field flooding techniques, the sediment budget of
the rice fields at the present time indicate a net export of sediments equivalent to an
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elevation loss of about 0.2 mm/year (Ibáñez et al., 1997). Nevertheless, farmers keep
increasing the elevation of their rice fields with non-deltaic sediments, trucking imported
soil to keep the field salinity low (Ibáñez et al., 2014). This artificial filling, combined
with the extremely low sediment delivery from the river, translates to the present null
long-term/large-scale sedimentary delta plain aggradation and delta coast sedimentary
budgets (Sanchez-Arcilla et al., 1998).

6.2 Natural compaction of the modern delta sediments
In this section, natural compaction refers to the reduction in sediment volume as a
result of pore compression and voids reduction, including fluid expulsion, as a
consequence of the gravitational load of overlying sediment (overburden) (Terzaghi,
1925; Smith, 1971; Meckel et al., 2007; Cavalié et al., 2015).
Pore pressure add a temporal variable to the settlement (compaction rate), which is
non-lineal and tend to the total compaction previously determined. As a consequence,
to determine the compaction rate of the sediments, it is necessary to know its
accumulation period. In addition, on in deep sedimentary compaction approach, should
be considered that the different Ebro Delta plain Holocene units described, are based
on the data gathered on the surface and shallow sedimentary layers. This is an
important limitation since its deep distribution and exact proportions add an important
uncertainty to the sedimentary columns, and its compaction. To cope with these
limitations, Meckel et al (2007) developed a methodology to define the autocompaction
state on deltaic sedimentary bodies. In this approach 6 types of facies were considered
which are peat, bar sand, natural levee, bay mud and prodelta. The geotechnical
characteristics of these facies, are similar to the different Holocene units defined on the
Ebro Delta plain (QHprd-prodelta, QHfd-bar sand and QHlmpd natural levee, bay mud
and natural peat), and for this reason Meckel et al (2007) approach has been used,
combined with the gathered geotechnical data, to define the compaction capacity of
Holocene Ebro Delta plain sediments.

Figure 78. CDF of present compaction rates considering different compacted thicknesses and
accumulation periods. Colours differentiate average net accumulation rates.
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Meckel et al (2007) modelled data indicate that low density, highly compactable
deposits such as peat at the surface can be associated with a wide range of
compaction rates, which reflect the deeper geology. High density, permeable
sediments such as sand, at the surface (typically considered relatively stable) can be
associated with high compaction rates, especially if they overlie thick peat deposits.
To cope with compaction rates distribution uncertainty, a total of 361000 stratigraphies
are defined resulting from the of use stochastic forward models of incremental
sedimentation and compaction on 1000 stratigraphic columns for each combination of
thickness from 10 to 200 m with a 10 m span and accumulation time from 1000 to
20000 years with a 1000 years span. Results allow to constrain present-day
compaction rates for stratigraphies with specific present-day compacted thicknesses
and time of accumulation on shallow deltaic environments (< 200m depth), and to
identify stratigraphic characteristics that influence these compaction rates. The different
results of the stochastic models are compiled as Cumulative Probability Distribution
Functions (CDFs, Figure 78). This method has the limitation that natural compaction on
thick sediment columns in low compressible materials might be slightly overestimated.
CDFs are used to develop a particular Holocene sequence graphical correlation of the
present compaction rate if its compacted thickness and the total accumulation time are
known. Due the broad range of considerations of the method, the compaction rates
were compared with the proportion and distribution of the different facies taking as a
reference the highest (P90) and lowest (P10) limits (Figure 79).

Figure 79. Meckel et al (2007) results of P90 (a) and P10 (b) present compaction rates from the cumulative
probability distribution functions (CDFs) plotted with their corresponding thickness and accumulation time.
This figure can be used to determine the P10-P90 range of probable present compaction rates for any
shallow stratigraphy with known compacted thickness and time of accumulation. Dashed red lines
represent constant net accumulation rates (NAR) of 5 and 20mmyr_1. Black curves contour constant
compaction rates

The different values observed on Figure 79, are conditioned by the facies distribution
within the stratigraphic columns. Based on its combinations some qualitative important
observations were determined. High proportions of deposited peat favour present
compaction rates >P10; High proportions of natural levee favour present compaction
rates <P90; High proportions of bay mud favour a compaction rate in the P10-P90
range; Some stratigraphies with low proportions of peat have present compaction rates
>P90; Faster compaction rates are favoured by high proportions of compactable facies
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(i.e. peat) that are loaded with dense and permeable materials, such as sand bars.
Slower compaction rates are favoured by low proportions of compactable material
deposited combined with high proportions of facies that make good hydrologic seals
(i.e. prodelta mud). Despite the importance and the usefulness of this approach,
percentiles P10 and P90 deliver a broad range, which needs to be narrowed in order to
discuss the most plausible compaction rates in our study. As a consequence, although
the lower and upper limit P10 and P90 are kept, Meckel et al (2007) graphics have
been reinterpreted and combined in order to compute the average of the two graphs
which is representative of the P50 value (Figure 80).
a)

b)

c)

Figure 80. Percentile P90 (a) and Percentile P10 (b) compaction rates plotted as a relation between
thickness and accumulation time, reinterpreted from Meckel et al (2007), and used to calculate the
Average present compaction rate (c) (equivalent to P50). Horizontal lines indicate the minimum thickness
to be considered (10 m). Vertical lines indicate the minimum accumulation interval (1000 years)

The present compaction - accumulation time graphs shown in Figure 80 consider
feasible sedimentary deltaic distributions and materials with geotechnical properties
that were assimilated to Ebro Delta plain Holocene units (QH). As a consequence, this
data can be used to determine the present-day Ebro Delta plain natural compaction as
a function of its sedimentary accumulation time.
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As presented on the geological constrains section, the Holocene materials (QH) of the
Ebro delta plain have been accumulated during the last 8000 years (mid, 8K) with a
2000 years uncertainty. This result delivers a lower limit of accumulation of 6000 years
(6K), and an upper limit of 10000 years (10K).
The combination of these limits with the results presented on Figure 80 allow the
definition of a compaction rate-compaction thickness graph, considering percentiles
P10, P50 and P90 for mid and both limits of accumulation intervals (Figure 81).

Figure 81. Compaction rate versus compacted thickness relationships derived from sectioning the P90,
P50 and P10 grids at 6K, 8K and 10K years.

Results of Figure 81 show a clear slope increase from lower percentile data (P10) to
higher (P90) as well as between shorter sedimentation intervals (6K) to longer (10K).
Despite its slope, all the compaction rate-compacted thickness curves show a clear
linear trend which can be fitted though a linear equation, which allow the estimation of
the average present compaction rate value as a function of present thickness of
sediments (Table 24).
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Model

Percentile Ac. time (yr)

2

Compaction fit formula

Determination coefficient (R )

0.997
0.991
0.995
0.994
0.986
0.993
0.985
0.986
0.981

8KP50

P50

8K

C = 0.012 * T + 0.408

6KP50

P50

6K

C = 0.016 * T + 0.464

10KP50

P50

10K

C = 0.010 * T + 0.376

8KP90

P90

8K

C = 0.016 * T + 0.793

6KP90

P90

6K

C = 0.019 * T + 0.101

10KP90

P90

10K

C = 0.014 * T + 0.849

8KP10

P10

8K

C = 0.007 * T + 0.023

6KP10

P10

6K

C = 0.008 * T + 0.086

10KP10

P10

10K

C = 0.007 * T + 0.056

Table 24. Linear equations of compaction rates (C) as function of present thickness (T) with its
determination coefficients, calculated for the three considered percentiles (P10, P50 and P90) and
accumulation times (6000, 8000 and 10000 years)

The equations presented on Table 24 allow using the layers thicknesses and
distribution to estimate the present compaction rates over the Ebro Delta plain.
Nevertheless, the equation to be used depend on which accumulation time and the
percentile curve based on Meckel et al (2007) are considered. In addition, as presented
on the geological constrains section; the different delta units have an important spatial
and depth variability, which adds uncertainty to this approach, and has to be taken into
account.
Based on the relations of Figure 81, it can be stated that the considered percentile has
more weight on the final compaction-thickness relation than the accumulation period,
and hence at least one model for each percentile has to be considered. The extreme
percentiles (P10-P90) indicate the 10% lower and higher values, and 6000 and 10000
years are the absolute extremes of the accumulation period, and hence have the
lowest probability. As a consequence the models resulting from the combination of
extremes have been dismissed, only considering a period of 8000 accumulation years
for Percentiles P10 and P90. For the most probable percentile P50, all the intervals
have been taken into account, including a model considering QPtf with accumulation
period of 8000 years (8KP50p), to cope with thickness effect uncertainty (Figure 82).
The models presented in Figure 82 indicate that the most plausible reference model
(8KP50) show a present compaction rate from 0.4 to 0.9 mm/year, being higher on the
river estuary and lower on the inner delta. This sedimentary distribution trend is
maintained between models. On the contrary, sedimentary rates present important
changes which strongly depend on the considered percentile and, in lower measure, on
accumulation period, presenting more significant changes if the accumulation interval is
lower (increase of rate up to 0.4 on the estuary for an accumulation of 6000 years) than
higher (same rate with different distribution for an accumulation of 10000 years).
The addition of sediment thickness through the inclusion of pre-Holocene deposits,
also has a mild effect on compaction rates slightly increasing the compaction on Banya
area (south-central-west section of the 8K50p model), and in the inner delta plain
where can increase the compaction up to 0.1 mm/year. Nevertheless, pre-Holocene
sediments are older than 8000 years, and hence its influence, if present, will be lower.
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Figure 82. Most plausible models of Ebro delta present compaction rates, based on Percentiles P10, P50
and P90 of Meckel et al (2007) approach, accumulation periods of 8000 ± 2000 years and thicknesses
including pre-Holocene sediments.

It should be considered that zonations shown in Figure 82 are consequence of applying
the probabilistic results of the Montecarlo approach presented by Meckel et al (2007)
applied over the measured thicknesses of Ebro Delta sedimentary units. Hence, the
shown models should be considered as a range of plausible values in any location of
the delta plain, since considered facies are not likely to have single parameter values.
Nevertheless these values can be compared with Holocene units thicknesses
distribution and DInSAR measurements. As an example, the model 8KP90, although a
probabilistic extreme, can be representative of areas of recent thick peat deposits with
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high compaction rates, while the model 8KP10 can be characteristic of areas with thick
layers of sandy materials which have a rapid compaction rates shortly after deposition
As a synthesis, it can be stated that the main auto compaction values on the inner delta
are included within the models of percentile P50 with 6000 and 10000 years of
accumulation period (6KP50 and 10KP50), with possible values ranging from 8KP10 to
8KP90 on areas with thick accumulations of some of the sedimentary units. The
location and distribution of these areas can be assessed based on the surface
movements and the structure of Holocene units composing the modern Ebro Delta.

6.3 Human-induced subsidence on the delta plain
Human influence on Ebro Delta subsidence is driven by three main factors, terrain
overload, rice field flooding and resources withdrawal (Ibáñez et al., 1997; Ericson et
al., 2006; Cavalié et al., 2015).
Terrain overload is generated by the construction of structures on top of shallow porous
materials, and is especially critical on layers with high compressibility such as recent
sediments and superficial deposits of organic matter (van Asselen et al., 2009).
Regarding non organic sediments, it is difficult to descrimiate which would be the
compaction fraction resulting from the human overload, since this type compaction is
detected on recent sediments prone to high rates of natural auto-compaction (Cavalié
et al., 2015). Due its superficial influence area, terrain overload produce increased
settlement in a short periods of time (~20 years), which are proportional to the load
weight and should be detectable through the satellite information (Mazzotti et al.,
2009).
Rice field flooding procedure has cause aggradation rates of 5 mm/year during the
period 1860-1960 (Ibáñez et al., 2014). Dams constructions reduces net export of
sediments to an elevation loss of about 0.2 mm/year (Ibáñez et al., 1997),
nevertheless, elevation of terrains is artificially maintained, importing soils (Ibáñez et
al., 2014). This artificial filling, combined with the extremely low sediment delivery from
the river, translates to the present null influence to long-term/large-scale subsidenceuplift trends.
Regarding resources extraction, Ebro delta plain does not host relevant water well
exploitation, neither oil or gas extractions. Nevertheless, as stated on the geotechnical
characterization, and observed on the drilled boreholes, there are evidences of
biogenic gas trapped within the different sedimentary successions of the Ebro Delta
plain (Maestro et al., 2002). This fact should be considered on drilling planning, since
pinning the gas reservoirs can incur to an important loss of pressure, which can
translate to important local or regional subsidence increase derived from gas liberation
(Macau Vilar, 1961), being able to form craters and pockmarks. As there is no record or
evidence of human-induced subsidence, its possible contribution is analized through
the DInSAR measures in section 6.6
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6.4 Flexural effect of sea level change
The outermost layers of the Earth deflect in response to a load applied to it. One
loading source is the increase in the weight of water overlying flooded areas during
marine transgressions (Hutton et al., 2013). On geological time scales, global sea level
changes are tied primarily to long-term (107–108-year scale) tectonism and short-term
(103–106-year scale) changes in continental ice volume (Pedoja et al., 2011; Rohling et
al., 2015).

Figure 83. Up:Sea level evolution of the last 130000 years extracted from Miller Dataset (2013), based on
Miller et al. (2011). Down: Sea level reconstruction (curve) of the last ~20000 years derived from a 1018
point running mean of oxygen isotope paleothermometry ( δ O) data from Siddall et al.,(2003).
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After the last glacial maximum (~20000 years before present; BP), relative sea levels
rose 120 m with rate that exceeded 10 times the modern rate of rise (> 40 mm/year
versus ~ 3 mm/year) (Miller et al., 2011). Nevertheless, a large drop of atmospheric
carbon (Younger Dryas onset, ~11000 years BP) progressively reduced ice melting
rate (Edwards et al., 1993; Siddall et al., 2003) (Figure 83).
The de-acceleration on ice melting, progressively reduced the sea-level rise rate to a
highstand, which in the Mediterranean was dated at ~6500 years BP (Goy et al., 1996),
after which the sea level rise continued at lower rate (Benjamin et al., 2017) . The sea
level rise rate reduction allowed the initiation of modern marine delta sedimentary
deposition from ~8500 to ~6500 years BP (Stanley et al., 1994; Siddall et al., 2003).
The post glacial maximum sea level rise of ~120 m registered the last ~20000 years,
generated a load increase on the continental shelves, inducing a quantifiable
lithospheric flexure (Hutton et al., 2013).
The evaluation of lithospheric flexure of the Ebro shelf related to the sea level rise was
primarily considered based on Hutton et al. (2013) approach. This approach derives an
analytical solution for the deflection of a linear slope due to sea level fluctuations,
based on a one-dimensional elastic plate model, considering increases/decrease in
water loading, effective elastic thickness (which is a proxy for the strength of the
lithosphere) and the local shape of last glacial maxima continental shelf (Figure 84).

Figure 84. Parameters of the shelf flexural response to rising sea level Hutton et al.,(2013) approach.

The Ebro Delta shelf is ~65Km wide with a maximum depth of ~120 m below the
current sea level, which imply a mean shelf slope gradient of ~0.00185 (Figure 85).
According the lithospheric modelling studies developed by Gaspar-Escribano et
al.(2004), the elastic thickness of the northeast Iberian plate ranges from 15 to 25 km.
Its average (20km) imply a Flexural parameter (α) of 55 km. This plate characterization,
the Ebro Delta shelf geometry, the gravity acceleration (9.81 m/s2), the average density
of the lithospheric materials 3300 Kg/m3 and water density (1000 Kg/m3), allowed the
simulation of lithospheric deflexion associated to a eustatic sea level fall of 120 meters,
using the software Flex2D (Cardozo, 2018)(Figure 86).
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Figure 85. Bathymetry (up) and representative cross section (down) of the Ebro Delta plain and shelf.

Figure 86. Simulation of the Ebro delta plain and shelf seafloor assuming a sea level fall of 120 m

As previously presented, modern marine delta sedimentary deposition was triggered
due a progressive reduction of ice melting. The overload generated for these
sediments, denser than water, also has an influence over the lithospheric flexure, and
should be considered for the deflection approach. For this reason, deflection was resimulated as presented for a eustatic sea level fall of 120 meters, considering the
sediments deposited during the last ~20000 years. The sediment characterization was
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based on the analysis of the geotechnical data, considering a wet density of sediment
of 1850 kg/m3 , equivalent a deposit with a particle density of 2700 Kg/m3 and 50% of
porosity (Figure 87). Comparison between simulations not considering and considering
sediment overload (Figure 86 and Figure 87), shows that this overload produces a
difference on shelf deflection between 3m (alluvial valley-delta plain boundary) and
10m (shelf-deep basin boundary).

Figure 87. Simulation of the Ebro delta shelf profile assuming a sea level fall of 120 m and the overload of
the delta sediments. Numbers on top axis identify water (blue) and sediment (grey) thicknesses.

To constrain the deflection models, the average elastic thickness (Te) was analysed,
based on the provable values of the northeast Iberian plate presented by GasparEscribano et al.(2004) (Figure 88).

Figure 88. Deflection due water and sediment loads simulation over Ebro Delta area considering plate
thickness (Te) of 15, 20 and 25 Km.
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Elastic thickness analysis results indicate that regardless the value considered of Te,
deflection on the limit between delta plain and shelf is of ~20 m. On the contrary the
limit between the alluvial valley and the delta plain, differ ~3 m between Te =15 km
(~10m) and Te=25 Km (~13m). Anyhow, for any Te considered the resulting deflection
affects the whole delta, indicating maximum differential deflection over delta plain of 8
to 10 m.
Based on the geological structure and basin distribution of materials on Ebro Delta
area, it can be assumed that the deflection will be perpendicular to inner margin
between the delta plain and the slope. Based on this assumption, a tri-dimensional
model of deflection has been implemented by projecting the reference deflection values
parallel to the coastal margin direction and the shelf slope (Figure 89).

Figure 89. Tri-dimensional model of deflection, considering the average parameters of plate thickness and
the main deflection direction perpendicular to the delta slope.

The model total displacement coincide with the total deflection of the last 20000 years
with an uncertainty range of 2 m. Anyhow, if a linear trend of subsidence is assumed,
Ebro River mouth should have a present day lithospheric deflection contribution to
subsidence of ~1.1 mm/year. This rate does not coincide with observed DInSAR
measured subsidence, as a consequence of a load driven deflection rate decay after a
load stabilization (Lambeck, 1988; Hutton et al., 2013) (Figure 90).

101
LIFE13 ENV/ES/001182

Proyecto piloto de medidas de adaptación y mitigación al cambio climático en el Delta del Ebro

Figure 90. Deflection as function of time. Dashed line indicate load charged twice as quickly as solid line
(eustatic water load from the last glacial maximum).Extracted from Hutton et al. (2013)

Considering the sea level rise starts at the last glacial maximum (~20000 years before
present; BP) and the sediment overload increase, the time-dependant deflection curves
presented on figure 90, indicate that present day deflection on Ebro Delta plain is over
90% of equilibrium deflection. This trend is reinforced by the the reconstruction of the
evolution of the Mediterranean sea level (Goy et al., 1996; Siddall et al., 2003;
Benjamin et al., 2017),which rise rate reduction imply aso a reduction on loading rate.
Calculating the linear deflection rate considering the highstand at 80% deflection
(conservative since sediment overload is not considered) and 90% deflection, absolute
present day subsidence should be less than 0.3 mm/year on the Ebro Delta plain.

6.5 Tilting of the Ebro Margin
From a geological point of view, deltas are sedimentary basins. River systems transfer
sediment from hinterland source terrains to the shelf and from there to the slope and
basin floor by marine processes. Modern deltaic deposits are deposited over thick
sedimentary Quaternary and Neogene shelve sequences. Without subsidence
processes, these sequences would not be preserved.
The first-order control on accommodation space (space available along a basin for
sediment accumulation) in the continental shelves is thermal subsidence (Pitman III,
1978). Thermal subsidence is especially important along passive margins (as the ones
that that compose the Valencia Trough, including Ebro margin), and arises from the
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cooling of rifted (stretched) lithosphere. As it cools, the lithosphere thickens and
becomes denser, causing it to subside. The age of the lithospheric rift influences the
subsidence rate, being young margins which present higher subsidence rates. This
rate also decreases towards the hinge line or the transition zone between extended
and un-extended continental lithosphere at the edge of the initial rift.
The Gulf of Lyon is a well-characterized example of margin subsidence largely ruled by
a general tilting of the whole continental shelf (Rabineau et al., 2006), where
subsidence reaches a rate of 250 m/Myr at 70 km from the coast, for the last 5.3 Myr.
This subsidence effect is clearly shown on seismic profiles where erosion surfaces,
which represent the same environment at different times, show slope increase with age
(with depth below earth surface).

Figure 91. Bathymetry of the study area locating profiles MA 81-35, CL4534 and IL3212 and boreholes
DELTA EBRO 1, SAN CARLOS 1, AMPOSTA AND FORNAX

On the Ebro delta, the paleontological study of the Fornax borehole logs, located at the
Ebro middle shelf, about 40km from the coast and ~90 m under the sea level (Figure
91), indicate that the Plio-Quaternary limit is under ~1550 meters of Quaternary
sediments which define the sea floor, accumulated over the last ~2.5Myr (Mauffrey et
al., 2017)(Figure 92).
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Figure 92. Bathymetry architecture of the Plio-Quaternary sequence on crossline CL4534 (A) and inline
IL3212 (B) from the Ebro Delta 3D seismic survey of Mauffrey et al,(2017). Crossline (A) presents the
Fornax borehole chrono-stratigraphic information from bio-stratigraphic constraints and gamma-ray log.
The location of the seismic lines and boreholes is shown in Figure 91.

The sedimentological characteristics of this point in the Plio-Quaternary limit situate it
on an environment of continental shelf or fluvial plain, depending on the sea-level. By
using the sea-level curve of Miller et al. (2011) as a reference, it can be assumed that
sea level was similar to the present one. Consequently, the absolute elevation (or
paleobatimetry) of the Fornax site during the Plio-Quaternary boundary was most likely
in the range 20-above-to-120-under sea level. This depth does not match with its
present location under 1,550 meters of Quaternary deposits on the Fornax borehole.
To reach such a depth, this point had to subside with a sustained rate of ~0.6 mm/yr
during the last 2.5 Myr.
Due its magnitude and development interval, this value is not significativelly affected by
the subsidence related to the autocompaction of the Holocene deposits and the flexure
of the lithosphere due the water and sediment overloading. Hence, this displacement is
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considered to be a tilting process related to the thermal subsidence of the Ebro margin,
the lithospheric response to the loading and compaction of the Pleistocene deposits
and the geodynamics of the overall margin. To avoid confusion with other processes,
this will be called margin subsidence.
Results of the Fornax Borehole and CL4534 and IL3212 profiles (Figure 91) (Mauffrey
et al., 2017), indicate that on its longitudinal section (NW-SE, CL4534, Figure 92 A),
the horizons dated in the Fornax borehole define bodies of sigmoidal geometry that can
be easily outlined from middle shelf to slope, while in the transverse section (SW-NE,
IL3212, Figure 92 B), the traces are incised by canyons, which are interpreted by
Mauffrey et al., (2017) as paleovalleys formed during sea level drops. These
morphologies indicate that the intra-Pleistocene horizons are of shallow sedimentary
origin, and can be used to calculate a subsidence approach. ON Figure 93, The
Gelassian Calabrian Boundary (Horizon H3), dated ~1.8 Myr, located at 950 mbsf,
imply a ~0.53 mm/year margin subsidence rate. The Mid Pleistocene Transition
(Horizon H4), dated ~1.2 Myr, located at 790 mbsf, imply ~0.66 mm/year margin
subsidence rate. Additional Quaternary horizons identified on the seismic profiles but
without bio-stratigraphic data are H5 (~530 mbsf), H6 (~415 mbsf) and H7 (~310 mbsf).
Mauffrey et al., (2017) obtain an age of ~0.87, ~0.51 and ~0.40 Myr respectively, by
assuming a constant accumulation rate. In addition, these 3 erosional surfaces match
well the peaks of the 3 coldest glacial periods during the last million years, which are
MIS 12, 16 and 22. The ages of theses glacial stages in the δ18O curves are
respectively 0.87, 0.63 and 0.43 Myr, which is fairly close to the Mauffrey et al., (2017)
estimates, and supply with margin subsidence rates of 0.61, 0.66 and 0.72 mm/yr for
the horizons H5, H6 and H7.
In addition to Mauffrey et al., (2017) results, other studies indicate a similar structure of
the Plio-Quaternary deposits on the Fornax borehole neighboring area (Urgeles et al.,
2010; Cameselle et al., 2014), and on other domains of the Ebro Delta shelf (Frey
Martinez et al., 2004; Bertoni et al., 2005). Nelson et al. (1990) estimate an average
thickness of Quaternary Pleistocene deposits (~ 1.65 Myr) of ~616 m on the inner shelf
and ~1267 m on the mid-outer shelf. These thicknesses imply an average rate of the
margin subsidence ranging from 0.37 to 0.76 mm/yr, which is compatible with the
Fornax approached rates.
In addition to the offshore information, different onshore studies indicate compatible
subsidence rates of margin subsidence.
Maestro et al. (2002) obtains a structure contour map of the Mesozoic basement
beneath the Ebro Delta, and assign a thickness of the Quaternary-Neogene succession
ranging from 200 to 1000 meters with a broad decrease westwards. However, this
tendency is modified by listric faults with N-S direction and paleochannels associated to
the Messinian Salinity Crisis. According Maestro et al. (2002) structure, the Messinian
unconformity in the Ebro Delta plain dips steeply basinward, passing downward from
192 m (San Carlos 1 well) at the inner delta plain to 1125 m (Amposta 1 well) and 1864
m (Delta C1 well) at the delta front. This deepening across the delta plain reflects PlioQuaternary subsidence rates and original Messinian-aged relief (Figure 93). Pliocene
deposits show a wedge-like shape beneath the delta plain, overlain by Pleistocene
deposits which are mainly composed by gravels with mud-rich intercalations. The base
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of the Pleistocene deposits, which can be correlated with the H3 horizon of the Fornax
borehole, was found at 144 m on San Carlos 1 and at 550 m on Amposta boreholes.
According to Maestro et al (2002) the Ebro Delta plain upper section of the Pleistocene
succession is primarily constituted by gravel. Analysis of different core logs indicates a
depth of these gravels of 100 to120 meters. The gravel boundary is clearly identified in
the VHR seismic lines that run along the Ebro river and across the delta plain. Maestro
et al. (2002) consider that gravel boundary can be correlated to the Mid Pleistocene
Transition. This hypothesis imply that this boundary at 100-120 meters on the delta
plain should be correlated with the H4 horizon, which in the Fornax borehole is at 880
mbsl, indicating a progressive thickness increase of the Pleistocene deposits towards
the outer delta plain and offshore. Assuming that the age of these deposits base is ~1
Myr, the associated subsidence rate during this period should be of 0.1 mm/year in the
inner delta plain and of 0.6 mm/year in the outer shelf.
A

B
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Figure 93. Migrated seismic line MA-81-35 (A) interpreted and correlated with the wells San Carlos 1 and
Amposta 1 Boreholes (B) (Maestro et al., 2002)

At last, Farran et al.,(1990), propose a growth pattern model for Ebro margin during the
Late Pleistocene, based on the interpretation of high resolution seismic reflection
profiles. In this model, a change in the subsidence gradient across the shelf with
sediment input increasing during low sea-level stand is described. Farran et al.,(1990),
interpreted that the subsidence during the Late Pleistocene was sufficient to
compensate the sea-level decrease, allowing the development of shelf deltas and
shelf-margin deltas on the middle and outer shelf during low sea-level stands. The
seismic data allow the interpretation of erosion surfaces, which represent the same
environment at different times, with angles of inclination that increase regularly with
age, which imply that the Pleistocene deposits subsided at near-constant rate without
substantial local deformation. Farran et al.,(1990) approach support the consideration
of a constant subsidence driven by a linear tilt at regional scale.
The overall information of Ebro shelf displacement indicate that the Ebro delta plain
subsides as a result of a tilting of the whole Ebro Margin. The tilting hinge line location
is on the border of the Ebro delta plain, largely defining a linear strip connecting the
urban cores of l’Ampolla and Sant Carles de la Ràpita. This location is determined by
the presence of geological features observed on the NE coast of l’Ampolla (Morro de
Gos peninsula, Santa Llucia beach and els Bufadors). In this area, around 0-0.5 meters
of elevations, it is identified a vast polygenetic horizontal surface with abundant marine
fossils that according Bardají et al.,(2009) are related to the paleo-shoreline of the last
interglacial stage (~130 kyr, the Marine Isotopic Stage 5e, MIS 5e, Figure 94).
Acording to Pedoja et al., (2011) relative sea level dropped 2 to 4 m compared with
MIS 5e level. As a consequence the presence of the marine rasa reinforces the
hypothesis of its location being at the hinge zone of Ebro Margin.

Figure 94. View of the marine rasa of Morro de Gos-Santa Llucia-els Bufadors (NE of l’Ampolla. left) and
detail of the fossil-rich sediments (reddish materials) related to the paleo-shoreline of the last interglacial
stage (~130 kyr BP, the MIS 5e, right)

Considering the Ampolla-Sant Carles hinge line and an average margin subsidence of
~0.6 mm/yr in Fornax borehole site, based on the lineat tilt determined from Farran et
al.,(1990), it can be established a lineal subsidence rate along the entire Ebro delta
plain and shelf (Figure 95). With this gradient it is obtained an average margin
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subsidence rate in the outer delta plain ~0.25 mm/yr with a ± 0.05 mm/yr uncertainty if
all dated Pleistocene horizons identified in the Fornax borehole are taken into account.
As previously stated, the margin subsidence is independent of other subsidence
processes such as flexure due sea-level rise or natural compaction of sediments.
Hence margin subsidence should be added to other subsidence processes affecting
the Ebro Delta plain.

Figure 95. Margin subsidence rate distribution (tilting) considered on the Ebro Delta plain and shelf.

6.6 Surface movement relation to subsidence mechanisms
The Ebro delta subsidence is a result of different geological and geomorphological
processes which overlay to deliver the present-day movement. Altrough welldocumented and consistent with the samples and data acquired, the many
assumptions made to determine the different subsidence sources make necessary the
validation of the subsidence rates. To do so, the DInSAR data was used and compared
with the different subsidence sources and its superposition.
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As satellite data was recalculated as relative displacements in a set of selected
domains, in order to be able to compare them with the subsidence sources, the
sources ranges have to be recalculated considering the DInSAR domains, the
reference zero point for subsidence and the Holocene units thicknesses (Figure 96 and
(Table 25).

Figure 96. Domain defined on the DInSAR data analysis section presenting its thickness and the reference
zero point for subsidence.

Domain
Riumar
Platjola
Eucaliptus
Muntells
Banya
Sant Jaume

QHlmpd
thickness
(m)
0-0
0-1
0-1
2-3
0-7
5-7

QHfd
thickness
(m)
14-17
11-15
13-15
11-13
6-15
10-11

QHprd
thickness
(m)
31-41
32-41
30-32
21-28
3-35
1-22

QPtf
thickness
(m)
0-3
1-4
1-1
1-3
0-5
2-16

QPtc
thickness
(m)
1-5
2-6
3-3
1-4
1-8
1-9

QH20
thickness
(m)
49-58
49-62
48-51
38-48
12-55
35-48
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Deltebre
Ullals
Amposta
Ampollamar

5-10
0-11
4-19
0-3

5-11
0-5
0-4
0-7

0-22
----

1-14
0-7
0-6
--

1-7
0-12
0-13
--

25-44
14-30
16-34
0-7

Table 25. Thickness of the different Quaternary sedimentary units on each Domain defined on the DInSAR
data analysis section

Following the structure of the subsidence analysis, the different mechanisms are
presented following the adaptation to subsidence of Syvitski et al.,(2009) formula. As
shown on the analysis of the subsidence sources.
Despite its different sources and dynamics, subsidence contribution of each factor
cannot be analysed completely independently, since the only information available for
comparison is the final subsidence (S). Nevertheless, considering the plausible values
of each factor, a limited semi-quantitative analysis can be performed. The analysis
results should be more accurate as more significant is each factor to the total
subsidence.

6.6.1 Natural compaction influence
As seen on the analysis of subsidence sources, natural compaction is the main factor
producing subsidence on Ebro Delta. The analysis of the natural compaction was
focused on the total Holocene sedimentary prism thickness, and particularly, its
compaction range between percentiles 10 and 90 based on Meckel et al (2007) results
for a deposition interval of 8000 years BP.
To validate this approach, the results of the natural compaction simulations have been
compared with the Surface DInSAR measurements for each of the considered sensors,
SENTINEL and ERS-ENVISAT.
This comparison show that while SENTINEL data exceeds the both extremes of the
natural compaction range estimated at any sedimentary thickness (Figure 97), ERSENVISAT data is mainly contained within the estimated range. Anyhow data
comparison shows some outliers of higher subsidence on low-thickness domains and
of marked uplift on high-thickness domains (Figure 98). Results shown on Figure 97
and Figure 98 indicate that, as previously stated on the analysis of SENTINEL data
section, the detected global motion rate is below 3 mm/year which make the shorttimed measures uncertainty of the technique too broad to determine any clear trends
over the Ebro Delta plain. On the contrary, ERS-ENVISAT data values are contained
within the considered range, with some outliers, which should be discussed on more
detail on each domain. Based on these results, and despite its valuable high resolution
and frequency measures, the SENTINEL values have been discarded for further
analysis of the main subsidence mechanisms, which are compared with ERS-ENVISAT
records. It should be reminded that Banya and Ampollamar domains are also not
included on analysis, since there is no coherence on these domains on ERS-ENVISAT
measure area and interval. Despite not being considered for the main subsidence
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analysis, SENTINEL data can be used to detect punctual displacements over the
3mm/yr. limit, and will be used in the future, when longer-time record available.

Figure 97. SENTINEL-1 Subsidence data compared with Meckel-based percentiles 10 and 90 Thresholds,
considering a sediment accumulation interval of 8000 years BP.

Figure 98. ERS-ENVISAT Subsidence data compared with Meckel-based percentiles 10 and 90
Thresholds, considering a sediment accumulation interval of 8000 years BP.

In order to determine the sources of outliers, each of the considered domains was
analysed individually. To do so, domains were compared with its equivalent values of
Meckel et al (2007) approach (Figure 99), and the thickness of the different
sedimentary units on each domain considered. The reason to do so is that Meckel et al
(2007) approach supply with a range of plausible compaction values of the Holocene
sediments regardless its sedimentary units. As seen on the geotechnical analysis of
the Ebro Delta plain Holocene units, its approximate thickness and its mechanical
characteristics can differ significantly. As a consequence, the Meckel-thickness
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comparison with Holocene units distribution and characteristics allow to discuss the
possible origin of the outliers.
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Figure 99. ERS-ENVISAT Domains Subsidence data compared with Meckel-based percentiles 10 and 90
Thresholds, considering a sediment accumulation interval of 8000 years BP.

Figure 99 present the different domains classified from offshore to onshore. Riumar,
Platjola, Eucaliptus and Muntells are the domains with thicker layer of Holocene
sediments, being mostly of QHprd and QHfd units. In these four domains, Figure 99
indicate very low subsidence (generally < 1mm), mostly lower of the Meckel-defined
range and in some cases uplift, especially in Riumar and Platjola domains. These low
values of subsidence can be as a consequence of the high amount of sands (QHfd)
which tend to a full compaction shortly after deposition. In addition, the most
compressible sedimentary unit (QHprd) is also the oldest of the Holocene sequence
(deeply buried), and as a consequence, relatively the most compacted (particularly in
these domains with thicker overlying units). Due the thick sediment columns in these
domains, the difference between theoretical and measured subsidence is maximized.
Regarding uplift, this is detected mainly on Riumar and Platjola domains. It has been
observed that some of the DInSAR points on these domains are located over beach
sand. Due its changing nature, beach sand surface should not be coherent areas for
DInSAR measures. Hence, it is possible that the uplift is a consequence of a record
error of a sandy surface which changed in time, but this change is not detected by the
satellites. Under this basis, the vertical accretion can be a consequence of a sand
accumulation onshore characteristic of a regressive beach profile during a coastregressive period as is part of the interval covered by ERS-ENVISAT (1992-2010),
according the modern delta morphological evolution.
The delta mid-plain domains, Deltebre and Sant Jaume, are also the most urbanized.
As a consequence have a considerable density of data points. In these domains,
DInSAR data coincide fairly well with the Meckel-defined interval, with the exception of
a part of the thinnest columns of Sant Jaume, which present a subsiding outlier. This
subsidence values can be related with organic-matter-rich layers present on the
QHlmpd unit which can induce an increased subsidence. As for Deltebre domain, it can
be seen a certain progressive trend of subsidence values with thickness increase, to
the subsiding limit of Meckel-based range. This trend can be consequence of a higher
compressibility of the sediments, or the influence of not-compaction-related factors of
subsidence. Hence this particular case will be further discussed after joining the
flexural ant tilting effects to the analysis.
At last, the domains closer to mainland (Amposta and Ullals), present values of
subsidence generally higher than the Meckel-defined range. These domains are mainly
composed by QHlmpd unit which as presented at Sant Jaume domain, has organicmatter-rich layers which can accelerate the subsidence beyond the range. A clear case
is the Ullals domain which includes an area with the highest subsidence rate of all the
delta plain, even detectable with SENTINEL, as seen on the SENTINEL analysis.
The natural compaction determined by using Meckel. (2007) approach, fits fairly well
the total subsidence data detected with DInSAR, which indicate, as expected, that
natural compaction is the main source of subsidence on Ebro Delta plain. Nevertheless
as seen in this section Meckel approach does not fit all the subsidence data and
present outliers and trends which have to be discussed based on the knowledge of the
characteristics and distributionof the different units, and other subsidence sources.
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6.6.2 Human-induced compaction
The results of the comparison between natural compaction influence and DInSAR data
do not indicate the presence of anomalies on the subsidence directly due human
activities, beyond the accretion limitation. Nevertheless, in order to detect the possible
human induced overloads favouring the subsidence on Ebro Delta plain, the built area
on each domain was considered from 1992 until 2013 (Table 26).
Results show a slightly higher urbanization activity during the period between 1999 and
2010, on consolidated urban zones which does not have recent sedimentation. Hence,
subsidence influence of these constructions shall not be significant, unless there are
significant organic matter layers underneath, in which case its location and short-range
surroundings might suffer a local increase on subsidence rates.
Year
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
1992
to
2013
Total
built
area
Total
area

Amposta
0.18
0.16
0.06
0.31
0.45
1.11
0.08
7.32
0.18
0.18
0.10
0.10
0.26
0.19
0.51
0.38
1.00
0.06
0.02
0.02
0
0

Deltebre
1.88
2.20
2.98
3.41
4.45
1.65
1.83
1.97
4.54
2.74
2.90
3.62
3.84
5.47
6.47
6.04
3.90
2.51
2.49
1.46
1.87
0.23

Eucaliptus
0
0.10
0
0.12
0.10
0
0
0.13
0.45
0.20
4.15
0.26
0
0.63
0.13
1.39
0.18
0
0
0
0
0

Muntells
0.11
0.18
0.06
0.11
0.04
0.03
0.04
0.06
0.14
0.08
0.15
0.15
0.07
0.14
0.62
0.25
0.29
0.25
0
0
0
0.06

Platjola
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Riumar
0.35
0.54
0.57
1.03
0.53
0.75
0.90
3.00
0.60
1.22
0.88
1.68
0.76
1.27
0.51
0.61
0
0.51
0.29
0.08
0.06
0

Sant Jaume
0.44
2.38
0.12
0.53
0.14
0.32
0.18
0.28
0.65
0.63
0.47
0.62
0.46
0.65
1.70
2.25
1.69
0.73
0.05
0.38
0.20
0.04

Ullals
0.05
0.01
0
0.02
0
0
0
0.13
0.11
0.02
0
0.02
0
0.01
0
0
0
0
0
0
0
0

12.66

68.45

7.87

2.81

0

16.12

14.91

0.36

80.95

423.64

20.93

19.31

0.02

209.41

89.94

3.26

675.58

772.81

81.12

143.15

214.70

317.05

358.53

507.01

4

Table 26. Area built per year in each zone within Ebro Delta (in Ha, 10 m)

The urban grow patterns does not coincide with the temporal evolution of subsidence
DInSAR data. Hence, there are no evidences that the anthropic overload affected the
subsidence rates in any domain. Other sources of subsidence such as water extraction
were not detected.
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6.6.3 Flexural effects and tilting contribution
Flexural effect on the delta plain and tilting contribution to subsidence cannot be
isolated based on the available DInSAR information, as both are of similar magnitude
and extension (regional). Hence, they have been considered together for its
comparison with DInSAR data.
Regarding the flexural effect, as seen in the analysis of subsidence sources, it affects
the whole delta plain, including the reference zero point in Amposta. For this reason the
total subsidence determined over the delta has to be converted to relative.
Based on the data used for the flexural effect analysis, the flexural difference between
the reference point and Ebro River mouth is of ~10m which correspond to half of the
displacement on this point. Hence the relative flexural effect has to be half of the total
flexural-driven subsidence value. This correction does not affect tilting as its hinge line
approximately crosses the reference point.
Adding the flexural and tilting effects, the resulting subsidence range fits with better
accordance than the Meckel-only approach over most of the delta, with similar outliers
(Figure 100).

Figure 100. ERS-ENVISAT measured subsidence and upper-lower subsidence thresholds calculated as
the sum of natural compaction, flexural and tilting approaches for all the Ebro Delta domains.

As for the natural compaction analysis, for an in-deep analysis of the trends and
outliers, each of the domains was analysed individually, comparing DInSAR values with
the range determined by the sum of Meckel natural compaction, flexural effect of water
and sediment load and regional tilting of the margin (Figure 101)..
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Figure 101. ERS-ENVISAT Domains measured subsidence and upper-lower subsidence thresholds
calculated as the sum of natural compaction, flexural and tilting approaches.
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As previously stated, the domains with thicker sedimentary accumulation are the ones
located on the delta plain further from the mainland. These domains also present the
higher displacement derived from tilting and flexural distributions on the delta margin.
Hence, as can be seen on the comparison between Figure 99 and Figure 101, the
range of subsidence is sensibly displaced tot the subsiding domain. As a consequence,
the distance between the lowest subsidence threshold and the measured data
increases. Despite this increase of the gap between data and calculated subsidence,
the difference is below 0.5 mm. As a consequence the new outlier gap can still be
explained as the effect of vertical accretion, and the extremely low compaction of the
sandy units.
Despite the increase on the outlier-threshold gap, on Riumar domain, which is the most
urbanized and hence the one with more data available, the range displacement
improve the fitting of the thresholds around the highest density of points, which imply a
better approach for this domain (Figure 101).
The fitting improve is also observed on the delta mid-plain domains, especially in
Deltebre which is the most urbanized domain (most data) on the delta plain. In this
domain, the progressive trend of subsidence values with thickness increase described
on the natural compaction disappears, and the subsidence range fit with very good
accordance the data density. Hence it can be assumed that the increase on
subsidence is due the tilting and flexural effects, not higher sediment compressibility.
As for Sant Jaume, the range displacement increases the gap on the low-subsidence
outliers but reduces the gap on the high-subsidence outliers. As most of outlier data of
the natural compaction approach was subsiding, the range displacement also improves
the data-range fitting.
Due its proximity to the reference zero point, the domains closer to mainland present
almost the same range than the natural compaction approach, which imply that,
regarding the used DInSAR approach, subsidence on Ullals and Amposta domains is
consequence of natural compaction, probably accelerated on organic matter-rich
areas.
In summary, as expected, the main subsidence mechanism on Ebro Delta plain is the
natural compaction. Nevertheless, this compaction on the “external” domains is low,
despite having the highest contributions to subsidence of tilting process and flexural
effect. The low subsidence can be a consequence of low compressibility state of its
sedimentary units, and certain coastal accretion as a response to a regressive coastal
profile. On the contrary the domains with higher subsidence are located closer to inland
as a consequence of the presence of highly compactable organic matter-rich
sediments, despite having an almost negligible contribution of tilting and flexure. In
mid-plain domains the detected and calculated subsidence coincide significantly, which
indicate the validity of the simulation approach.
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7

Subsidence susceptibility map of the Ebro Delta plain

The geological and geotechnical characterization of the Holocene deposits, the study
of the recent dynamics of the Ebro margin and the analysis of the DInSAR measures
presented in the preceding sections, allowed the determination of the subsidence
susceptibility of the Ebro Delta plain.

7.1 Model description and assumptions
As seen along this report, the Ebro Delta plain subsidence is a result of a complex set
of interactions between natural and human induced phenomena (or factors) that
constrain the present accretion-subsidence dynamic. The analysis of these factors
allowed its priorization based on its significance towards subsidence. Specifically, the
factors controlling the present subsidence rates of the Ebro Delta plain are natural
compaction and the flexure and tilting of the shelf.
Natural Compaction was considered as the range of statistical values of the sediment
column maximum and minimum compaction, applying the probabilistic results of the
Montecarlo approach presented by Meckel et al (2007), assuming similar geotechnical
characteristics of Ebro Delta sediments. Under this assumption, units have similar
compaction rates as function of depth. As the exact sedimentary arquitecture of the
different units within the Ebro Delta plain is not precisely known, the compaction is
presented as a range containing from the percentile 10 to the percentile 90, which
allow a set of sedimentary configurations within the same sediment thickness.
The flexure and tilting of the shelf are slow processes that affect extensive areas. As a
consequence, the variation of the contribution to the delta plain subsidence variation is
low. For the flexural effect, there is a 2m uncertainty for a period of 20000 years; which
has to be adapted to the time-deflection variation curve. Hence the uncertainty
associated to the flexural effect is less than 0.1 of the total flexural effect (0.3 mm/yr)
which translate to 0.03 mm/yr. uncertainty. Tilting effect assumes different Pleistocene
horizons which supply with slightly different subsidence for the last ~2.5Myr.
Considering all these horizons the tilting uncertainty is of ~0.05 mm/yr.
As presented, aggradation, which is a phenomenon that can counteract the delta plain
subsidence, show null values in Ebro Delta plain, with the exception of a narrow fringe
of coastal sandy materials where some aggradation is detected, presumably as a
Summarizing, the subsidence susceptibility model is presented as a susceptibility
range based on flexural effect, tilting of the shelf and natural compaction median and
extreme values (percentiles50, 10 and 90), resulting on a quantitative range which is
an approach to the subsidence rates of the Ebro Delta plain without considering the
different units distribution. As the magnitudes of the elaborated subsidence
susceptibility model fit well DInSAR-based subsidence measurements, the subsidence
model developed is considered to be a good approach to the subsidence process over
Ebro Delta plain.
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The developed subsidence model is a quantitative approach to the subsidence,
included on the subsidence susceptibility map of the Ebro Delta plain. Other relevant
factors that may influence subsidence rates, such as highly compressible units
thickness, could not be quantified in this study, they were considered qualitatively.

7.2 Map description
The presented map represents a general distribution of the Subsidence susceptibility of
the Ebro Delta Plain. This map is designed to be printed at scale 1:50 000 (DIN-A1)
using the same scale topographic base map of the ICGC.
As mentioned, subsidence information is presented as a quantitative distribution
through a contour map, overlaid by a series of domains which qualitatively indicate
areas with higher subsidence susceptibility (Figure 102). Both types of information are
considered as it follows:
- Quantitative information is presented as a range of the most provable values of
subsidence for the delta plain surface (colored areas). Emerged delta plain is
presented with brighter colors, while in submerged delta, color is diluted. Subsidence
probability values are calculated as the sum of natural compaction capacity, shelf tilting
and lithospheric flexure displacement. The contour lines indicate the median
subsidence values (percentile 50) at 0.25 mm interval and include, within parentheses,
the provable range of subsidence values (defined by percentiles 10 and 90). Maps
corresponding to the estimated maximum and minimum subsidence, based on natural
compaction percentiles 90 and 10 are presented as complementary maps at 1:250 000
scale (down-right section of the map). The subsidence susceptibility map reveal an
increase of subsidence rate from mainland towards the sea. This trend is driven by the
trends of the different factors controlling the subsidence rate distribution (sediment
thickness and lithosphere flexure and tilting). As different values of natural compaction
are based on material capacity for compaction maintaining the sediment thickness, this
trend is observed regardless the natural compaction percentile considered.
- Qualitative information is presented as a sensitive domains (textured areas), where
subsidence is expected to be on the high-end values of the quantitative range. The
map identifies three main types of sensitive domains: areas with thick highly
compressible deposits, organic-matter rich areas and the enveloping area of the recent
position of shoreline that suffered changes since 1923.
Highly compressible deposits are considered to be related with QHlmpd and QHprd
units, where its accumulation is expected to be thicker than 10m, which is the minimum
thickness assumed able to generate a significant subsidence anomaly.
Organic matter-rich areas are characterized by the potential presence of abundant
near-surface organic matter-rich deposits. These areas are divided in two types:


Organic matter-rich superficial soils are areas with an elevate potential for
natural compaction which are actively subsiding at the present, and which
subsidence can be higher than the quantitative ranges.
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QHm unit deposits are areas with a higher probability to contain shallow organic
matter-rich deposits.

Coastal enveloping area is the areas defined by all the coastline progradation and
retrogradation changes of the Ebro Delta plain since 1923. On the map, areas of
present delta plain within the coastal envelope are terrains emerged during the last
~100years. Therefore a relative higher natural compaction capacity can be expected.

Figure 102. Reduced version of the map of subsidence susceptibility of the Ebro Delta plain (18% of the
original size). This map is designed to be printed in a DIN-A1 format page.

7.3 Utility and limitations of the map
The presented map is a general view of the Ebro Delta plain indicating a zonation of
average, high and low limits of subsidence, based on the mechanic properties of its
sediments and some regional lithospheric aspects. The resulting subsidence is
coherent with the satellite DInSAR information. Nevertheless, values presented are an
approach from which subsidence in specific areas can present significant differences.
The obtained subsidence values indicate that despite some particular cases with high
content of organic matter at shallow depths, the subsidence rates over the Ebro Delta
plain are below 2.3 mm/ year.
The domains with high content of organic matter at shallow depths are the areas where
the effects of subsidence may be more important. Load increases and water-level
changes on shallow organic-rich layers can increase significantly the subsidence rate.
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It is plausible that these effects, which can be accelerated by different human activities,
take place in non-identified areas with abundant organic-rich deposits in the nearsurface.
Due its rate, below 3mm/year, subsidence it is not considered to be a critical factor for
the delta conservation by itself. Nevertheless its effects contribute magnifying the
relative sea level rise. In addition, this combined effect is not compensated by
accretion, due the low sediment transport rates of the Ebro River.
This subsidence susceptibility map is envisaged as a useful tool to prevent geological
risk and to improve the environmental and urban planning of the Ebro Delta plain,
serving to the sustainable development of this valuable and very vulnerable site in the
near-future.
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