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Introduction

Groundwater lowering due to excessive pumping, drought, and climate change; causes severe and
long-term effects on the Earth's surface. Due to the increasing demand for food, dense agricultural
activities have been carried out over the study area of Konya Closed Basin (Figure 1) (Calo et al., 2017).
The underground water used for irrigation increased mainly due to overpumping from unregistered
wells. The lithology of the study area is composed of clay, limestone, silt, sandstone, and its
characteristics play an essential role in forming karstic depressions, often resulting in sinkholes
(Ozdemir, 2015, Bayari et al., 2009). These human-induced and naturally developed phenomena affect
the region and have threatened people heavily for the last thirty years. A previous study showed the
spatial distribution of surface deformation using a small baseline Interferometric SAR (InSAR)
approach on using Envisat data (2002-2010). The maximum observed subsidence rate was 15 mm/yr
(Calo et al., 2015). A recent study carried out over the region using both Cosmo-SkyMed (2016-2017)
and Sentinel-1 (2014-2018) found Line of Sight (LOS) deformation velocity ranging between -70 and
10 mm/yr in the area, while GNSS indicated 25 mm/yr (Orhan et al., 2021). Abdikan et al (2020) studied
the performance of the PAZ satellite over the region and detected a 200 m sinkhole. The high-
resolution PAZ based analysis pointed out the contribution of high-resolution X-band SAR for the
extraction of small-scale sinkholes that may be harder to detect using Sentinel-1. Previously, the
potential of PAZ for surface movement and scattering characterization was also explored over the
Netherlands with co-polarized multi-temporal data (Chang & Stein, 2021). Abdikan et al. (2022)
showed the contribution of the PAZ data over the study area using sequential interferograms with
small-scale sinkhole shaped surface displacement.

The main contributions of this study are as follows:

e We produce a new map of subsidence rate due to groundwater levels declining in an
agriculture dominated region.

e We evaluate the performance of PAZ data based on a Persistent Scatterer Interferometry (PSl)
analysis over the karstic region.
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Figure 1 The study area

Methods and data

This study determines the surface deformation pattern using the Persistent Scatterer Interferometry
(PSI) method. Freely available Sentinel-1A images from the European Space Agency (ESA) were used
for this application. Image preprocessing was performed with the Open-Source Sentinel Application
Platform (SNAP) software. For the following steps, the open-source StaMPS (Stanford Method for
Persistent Scatterers) software was used (Hooper et al., 2010). With this software, processing steps
such as PS selection, DEM error correction, and unwrapping of interferograms were carried out.
Interferograms were generated in primary and secondary geometry. In total, 76 images of Sentinel-
1A acquired along descending orbit are used and 75 interferograms are obtained between 2016 and
2021. One arc-second SRTM (30 m x 30 m) DEM was used to eliminate the topographic phase effect.
For the PAZ analysis, 38 high resolution (1m) StripMap data (2019 Oct - 2021 Oct) were analyzed and
37 interferograms were generated. The stripmap mode PAZ data is also acquired in descending orbit
and in VV polarization. All processing steps for Sentinel-1 are given in Figure 2. In the processing of
PAZ data, interferograms are created using the software DORIS and the PSl is applied in the StaMPS
(Figure 2). In the previous studies, the analysis indicates that the surface deformation is mainly
developed along the vertical direction due to underground water depletion (Calo et al., 2017, Orhan
et al., 2021). In this study, the results are extracted along the LOS direction.
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Figure 2 Flowchart of data processing for Sentinel-1 data

Results and discussions

The spatial distribution of surface deformation detected from the PSI analysis of Sentinel-1 data is
shown in Figure 3. The maximum velocity of displacements reaches up to about -20 mm/yr (x1mm/yr)
during the observed period (2016-2021). This points out that the deformation continues at an
increasing rate. The subsidence pattern has similarities to the previous studies (Calo et al., 2017, Orhan



et al., 2021). Furthermore, as we used the PSI approach in this study, we also extracted deformation
over man-made structures; see the white boxes in Figure 3.

Moreover, the agriculture fields are highly decorrelated areas. However, we detected measurement
points over the utility poles (i.e., electricity and telecommunication) developed within the agricultural
fields, see linear infrastructural features visible in Figures 3b, 3c. In the eastern part of the region, we
noticed the high density of points with high displacement rates located over the city of Karapinar
(Figure 3d). Finally, an additional preliminary analysis is conducted using data acquired by the new
generation X-band PAZ satellite mission. The maximum displacement obtained from PAZ results is
about 20-25 mm/yr (£2 mm/yr) in the LOS direction (Figure 4). Even though the results of PAZ data
provided denser point distribution than the results of Sentinel-1, it has also obtained an additional
displacement pattern over bare lands that is not present in the Sentinel-1 analysis. The maximum
displacement areas indicated by the red points in Figure 4a are could not determine in the long-term
Sentinel-1 product. The agricultural activities and the change of plants over time have caused a
decorrelation. As a common result, PS points could not be obtained with both satellite images in
vegetated areas.
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Figure 4 PAZ (a) and Sentinel-1 (b) descending LOS results of Karapinar (black circle) and its surroundings.

Conclusion

The study examines the current ground stability over the Konya Closed Basin study area located in
central Turkey. Sentinel-1 has had a high impact on long-term monitoring with its large amount of
archived data since 2014. On the other hand, the stripmap mode PAZ data cover a smaller area
compared to Sentinel-1. The study showed that, along with the settlements (cities and villages), linear
infrastructures were also determined. The PAZ results belong to a two-year analysis which obtained
higher persistent scatterer points compared to Sentinel-1 analysis based on a five-year dataset. As
further perspectives, since the region is dominated by agriculture, a small baseline approach will be
applied to enhance the spatial distribution of surface displacement. We will also acquire and process
ascending orbit Sentinel-1 dataset and extract both vertical and horizontal deformation for the first
time over the study area. The results will be integrated with ground water level measurement data,
and geospatial analysis will be performed to get deeper insights into the subsidence risk affecting the
Konya region.
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Abstract

The paper presents the feedback of a large collapse of an underground chalk mine in France (77). A
2D numerical model, using the distinct element method, was used. It considered the specific
characterization of the site, presence of a slope, fault, hard layer, and water. The results of the
numerical modelling highlighted the role of those elements, mainly the fault, where tension stresses
favorite the sliding of a large mass over the underground mine.

Introduction

The subsidence phenomenon can occur several years after the end of the mining operation. Times to
times an exceptional event, such as a large-scale collapse (massive collapse) of the underground mine,
can happen and induce severe consequences (Al Heib et al., 2015). The subsidence hazard is generally
related to natural, man-made, etc. factors. The large-scale mining collapse is one of these catastrophic
events. The prediction of such an event is very difficult. In this paper, we present a historic large-scale
collapse of a chalk mine. The objective is to discuss the role of the different factors (natural and man-
made) at the origin of this catastrophic event.

Case study description

During the winter of 1910, the Seine and its tributaries overflowed causing a rise in the water table
and the flooding of an active chalk mine, located at Chateau-Landon (Paris Basin, France, Figure 1).
The collapse that occurred caused a large landslide, destroying both the nearby waterway and the
hamlet and killed 7 persons (Watelet et al., 2016). The collapse occurred after few days of heavy and
continuous raining. Gombert et al. (2013) studied the effect of the water which was considered the
triggering factor. However, the analysis of the geology and topography of the mine shows (Figure 2):
1) the mine excavated with high extraction ratio, 2) a cliff zone with a slope equal to 24°, 3) the
presence of a stiff imestone bed on the overburden and 4) the existing of a fault with a dip equal to
70°. The objective of the paper is to study numerically their effect and to compare the results to the
in-situ observations.
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Figure 2 2D section illustrated the position of the chalk mine, the fault and the geology

Back analysis using 2D numerical modelling

Model description
To study the effect of the slope and fault, a 2D model of the mine collapsed in 1910 integrating a fault
that cuts the cover and the various benches of the overburden as well as the cliff was produced (Figure
2). This model was based on observations and new data from the Royer mine, which reveal the
presence of a fault-oriented North-South, with a slope of 70° relative to the horizontal. The mechanical
characteristics of the chalk (Lafrance, 2016) result from laboratory characterization tests and the
bibliography. Table 1 and 2 present the geomechanical characteristics of the different layers, joints,
and fault (Figure 2).

Layer Density | Young Poisson Cohesion Friction Compression Tensile
Modulus | ratio angle strength* strength

Unit kN/m3 | MPa MPa (°) MPa MPa

Unsaturated | 20 500 0.22 1 30 3.5 0.2

Chalk

Saturated 20 100 0.23 0,35 30 0.9 0.2

chalk

Poudingue 22 2000 0.30 Elastic

Limestone | 25 4000 0.30

Table 1 Geomechanical characteristics of the different rock layer




Joints/fault Normal stiffness | Tangential Cohesion Friction angle Tensional
stiffness strength

Unit MPa/m MPa/m MPa () MPa

Fault 298 205 30

Degraded 298 205 10

fault

Horizontal 2500 1150 5 45 5

joints

Table 2 Geomechanical characteristics of the joints (discontinuities) and fault

Five configurations were tested (Figure 3): ® The first corresponds to a reference configuration (mine
excavation without fault and slope); ® The second corresponds to a configuration in the presence of a
cliff but without fault; e The third corresponds to a configuration with a cliff cut by a fault at the front
of the mine; ® The fourth corresponds to configuration 3, but the fault cuts the mine in the middle;
The last configuration (configuration 5) is similar to configuration 3, but the fault is located at the
border of the mine. The position of the fault was chosen to illustrate the role of the fault without
necessarily corresponding to the exact configurations of the mine of Beaulieu (40 m) and Royer
(60 m). A parametric study will be conducted to clarify the influence of the dip.

Carriére Carriére

Configuration 2

70"

Configuration 3

Configuration 4 Configuration 5

Figure 3 Different configurations for studying the effect of the slope and the fault

Results and conclusion

The stress, strain and displacement distributions are obtained thanks to the numerical modelling. The
analysis herein is focused on the specific stress distribution related to two geometric and geologic
aspects (slope and fault). The results highlighted the role of the reduction of the friction angle of the
main fault and of the strength of the chalk layer (Figure 3).

[ B R .
T, Horizontal stress

: ‘é:‘e—,.-...-.-.-.--l

Effect of mine Chalk saturation

Fault degradation

Figure 4 Numerical modelling results, stress distribution (horizontal and vertical) for the configuration (5) and for three
scenarios: effect of mine excavation, plus effect of fault degradation and effect of chalk saturation



Figure 4 presents the results for the configuration 5 (effect of mine, fault degradation and chalk
saturation). It is noted that horizontal tensile stresses (blue zones) developed in the steeper beds
(limestone and puddingstone) are greater in the case where the chalk is saturated. The presence of
the fault also changes the stress distribution: significantly lower tensile and compressive stresses are
obtained the area behind the fault. The horizontal compressive stresses of the pillars are lower than
in the case without cliffs or faults (red zones). On the other hand, the vertical stresses in the pillars
located just behind the fault increase. In addition, the vertical stresses at the level of the fault plane
are normal tensile or compressive stresses of low amplitude. The relaxation of the fault, or the
decrease in the vertical stress, is maximum after the reduction of the friction angle of the fault to 10°.
This configuration, which corresponds to a fault crossing the mine and located inside the massif, seems
to be the most critical.

Figure 5 presents the suggested mechanism to explain the mine collapse and landslide. The water
effect, due to a heavy raining and water table raising, is the main trigger factor. The increasing of the
water content decreases the strength of the chalk and the fault.

However, that is not explained the role of the slope and the fault. In fact, the geological and
topographic elements induce tensional stresses, the water saturation of the chalk and the presence
of the fault increase the tensional stress and contribute to the landslide and the collapse of this old
active mine. Based on in-situ observation and the analytical and numerical sensitive studies, one can
make the following observation: the collapse is related to the presence of the slope, the fault and the
stiff bed which together modify the induced stress. The combination of the geometrical (slope and
fault) and the geomechanical modifications (reduction of the mechanical characterisation of the fault
and the chalk layer) can explain the collapse.

o,

Heavy raining ,+¢, .4, Collapse phases
IIIIIIIIIIIIII 1: Mine collapse
e AN Instable terrain 2 : Landslide

nn Water raising

Chalk mine

Figure 5 Suggested mechanism and phases to explain the historic collapse of the underground chalk mine
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Abstract

The current study aims to focus on the surface deformation occurring in urban coastal areas founded
on lowlands occupied by organic soils. The cities under investigation are Messolonghi and Aitolikon.
Low-rate surface displacements have been reported along these sites, often resulting in building
damages. The gradual subsidence of the sites combined with the climate change impact, resulted the
last years to the occurrence of multiple floods. The rush of the sea water over the lowlands, has also
been reported. The overexploitation of the underground water, the natural compaction of the under-
consolidated clay soil layers, the consolidation due to the external loading of the constructions, the
oxidation of the organic soils, the land use, the use of Synthetic Aperture Radar Interferometry (InSAR)
and ground truth data were all examined collectively in order to comprehend this phenomenon. In the
town of Messolonghi a variety of LOS deformation rates were recorded, with the maximum mean values
in the eastern part (- 5mm/yr), whereas in Aitolikon the maximum values were in the range of - 4.5
mm/year. The displacements are mostly attributed to the building loads and natural compaction of the
formations; however, it is evident that the increased precipitation rates and sea level rise, play a driving
role in the occurrence of constant floods.

Introduction

The current study aims to focus on the surface deformation occurring in urban areas founded on
lowlands occupied by organic soils. The cities under investigation are Messolonghi, a historical city of
Greece, and Aitolikon, the so-called little Venice of Greece, which are located in Aitoloakarnania
prefecture (Figure 1). In order to fully determine the phenomena occurring in these areas, results from
the satellite data processing were examined together with the geological structure of the area as well
as geotechnical study data gathered from a variety of sources.

Over the past few years, floodings and building damages have been reported in these rural areas. No
previous research pertaining to the surface deformations and investigation of its causes, have been
conducted to our knowledge. The study area is a densely populated environment, a fact that increases
awareness towards this region and this phenomenon, as the risk and vulnerability from this geohazard
are significant.

The gradual subsidence of the sites combined with the increasing mean annual precipitation rates, have
resulted the last years to the occurrence of numerous floods. The rush of the sea water over the
lowlands has also been reported. Both cities are densely populated and highly impacted by these
displacements, which have resulted in numerous structural failures. These phenomena can be related
with the exploitation of the underground water, the natural compaction of the under-consolidated clay
soil layers, the consolidation due to the external loading of the constructions and the oxidation of the



organic soils. In the cities of Messolonghi and Aitolikon both uniform and differential settlements have
been identified in many buildings, varying mainly in accordance to the foundation type.

The city of Messolonghi occupies a flat lowland and is founded on Quaternary formations consisting of
fine grain sediments (clays, silts, and sands). On the other hand, Aitolikon was founded on an artificial
island, constructed by earth fill materials deposited on top of 4 to 5 very small islands located in the
center of the Aitolikon lagoon.

21°20'24,000” 21°27'0,000”

AT

Greece . %ﬂ "{

(b)
O Cities Elevation (m)
—— Rivers 2880
Il Aol g 0

Figure 1. (a) The cities of Messolonghi and Aitolikon & (b) Location of study area

Methods

The investigation was divided into two phases:

Phase 1: Analysis of satellite data for a 7-year period (November 2015-February 2022)

The main tool for the analysis of the satellite data was the Stanford Method for Persistent Scatterers
(StaMPS) (Hooper et al., 2007), enabling small-scale surface deformation monitoring over large time
spans. Multi-temporal SAR (Synthetic Aperture Radar) interferometry is considered as a well-established
method for monitoring ground displacements phenomena and is successfully applied in a variety of
Earth deformation studies (Svigkas et al., 2020; Alatza et al., 2020?, 2020°; Kontoes et al., 2021, 2022).
161 and 120 Sentinel-1A and 1B SLC images, from both descending and ascending satellite passes
respectively, operated by the European Space Agency (ESA), were processed with the parallelized
Persistent Scatterer Interferometry (P-PSl) processing chain (Papoutsis et al., 2020), developed in the
Operational Unit BEYOND Center of EO Research and Satellite RS of the National Observatory of Athens
(NOA). The estimated LOS (Line Of Sight) displacements provided insights on whether there is a
considerable continuing hazard at the sites of interest. The timeseries exported during the investigation
were also compared to the results presented from the European Ground Motion Service of Copernicus.
The EGMS is the largest wide-area A-DInSAR service ever conceived. The EGMS aims to provide reliable
information regarding natural and anthropogenic ground motion phenomena over Europe for the study
of geohazards and human-induced deformation such as slow-moving landslides, subsidence due to
groundwater exploitation or underground mining, volcanic unrests and many more (Costantini et al.,
2021).

Phase 2: Analysis and statistical processing of all available geological and geotechnical data gathered
from EAGME, Central Laboratory of Public Works and TCG archives. A total of 44 drilling profiles and
over 100 oedometer tests were gathered for the city of Messolonghi. Moreover, field campaigns were
carried out in these areas to record building damages.

The velocities of permanent scatterers combined geological, geotechnical, hydro-geological data, sea
level rise and precipitation data validated the observed permanent scatterers negative velocities and
enabled a more accurate interpretation of the phenomenon.



Results

As indicated in Figure 2 the deformation rates in Messolonghi vary. On the north part of the town the
identified PS indicate relatively stable ground conditions, during the investigated time period, since the
LOS values range from 0.3 — 1.3 mm/year. However, on other parts of the town the recorded
deformations are higher. The east part of Messolonghi is an area with significant LOS deformations with
a mean rate of -5mm/yr. The south and west parts of the town present a mean rate of -2.5mm/yr and
-3mm/yr respectively. It is worth mentioning that the estimated subsidence rates increase towards the
coastline.

Numerous buildings are affected by this subsidence phenomena, such as the buildings of Prefectural
Administration of Aitoloakarnania, of the Port Authority and of the Public Finance Service of
Messolonghi, as well as many residential buildings.

Drillings performed in the area indicate that the soil layers are extended horizontally along the site
without any significant variations in thickness among which organic clay horizons with a thickness up to
5m, organic clayey silt to silt horizons, 5-10 m thick, and clayey sand to sand horizons with a thickness
of 2-5m. The organic clay horizon contains a significant amount of plant residue and limestone
fragments. According to laboratory tests that horizon is of low plasticity (1,<14%) and can be described
as soft to moderately stiff, with SPT values between 1 and 14. From the oedometer tests results it was
discovered that the compression index values of those sediments are very high reaching up to 0.42. So,
it is clear that the city is built on under consolidated formations subjected to subsidence due to natural
compaction. Further investigations should be conducted for the identification of other co-acting
mechanisms, such as ground water withdrawal or oxidation of organic soils.
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Figure 2. (a) Spatial distribution of the Sentinel-1 LOS deformations in Messolonghi for the descending satellite pass (no. 80);
(b) Spatial distribution of the Sentinel-1 LOS deformations in Messolonghi for the ascending satellite pass (no. 175).

In the city of Aitolikon maximum LOS deformation values reach a mean rate of -4 mm/yr. The highest
deformations are observed in the south part of the Island, where Vaso Katraki Museum is located (mean
values of 4.5 mm/year). In the north part of the town significant damages to buildings have been
recorded. It is worth highlighting that in that area the houses’ foundations were in the water before the
addition of the 1969 filling.
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Figure 3. (a) Spatial distribution of the Sentinel-1 LOS deformations in Aitolikon for the descending satellite pass (no. 80); (b)
Spatial distribution of the Sentinel-1 LOS deformations in Aitolikon for the ascending satellite pass (no. 175).

Conclusion

The 2015-2022 Sentinel 1 datasets, as well as the data provided by the European Ground Motion Service
of Copernicus, were exploited to monitor the surface deformation in the areas of Messolonghi and
Aitolikon. The analysis of SAR data proved that subsiding is still ongoing with a steady rate in both sites.
During the study, PSI, geological and geotechnical data were evaluated. The deformation signals
indicated subsidence in various areas of both cities. The geological and geotechnical data validated that
the formations are rich in organic material and they are still under consolidated. These deformations
are related to the natural compaction and probably to the oxidation of the alluvial deposits. The effect
of the ground water fluctuation is still to be examined.
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Abstract

The general subsidence of the lacustrine zone of Mexico Valley has serious implications for the
conservation of the urban heritage and proper functioning of public utilities in the Mexican Capital. It
is well known that subsidence is mainly a consequence of extraction of potable water from the deep
aquifers located below the metropolitan area. This paper presents a brief state of the knowledge on
this phenomenon and describes the actions undertaken to obtain a more accurate and updated
information on its evolution. Possible strategies that could be considered to mitigate the
consequences of subsidence and to control the phenomenon are also reviewed.

Introduction

The demographic development of Mexico City has created an accelerated demand for services, among
which stands out supply of drinking water. One of the cheapest ways to respond to this demand has
been the exploitation of the aquifer underneath the urban area by pumping water from deep wells.
This activity has produced a regional subsidence phenomenon of the lake and alluvial-lacustrine areas
of Mexico City. Due to the high cost of other alternatives, it is expected that extraction of water from
the local aquifer will continue for many years. The regional subsidence in Mexico City affects the
drainage system, transport infrastructure, foundations of buildings and generates serious risks to the
population, since it induces other problems such as flooding of low areas and fissuring of the highly
compressible soil. Therefore, although the regional subsidence is an ancient phenomenon, its study
and analysis remain a priority nowadays.

Evaluation of regional subsidence

Based on the historical data and on the results of systematic levelling surveys performed in Mexico
City during more than 100 years, it has been possible to reconstruct the history of the regional
subsidence at some points of the downtown area of the City (Fig. 1). It has also been possible to define
the original topographic configuration of the Valley of Mexico, prior to the start of water pumping
from underground aquifers, on the basis of technical reports of geodesic and topographic surveys
carried out in 1856.
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A decision has been made to modernize the Monitoring System of piezometer readings and regional
subsidence to suit the actual conditions of the urban zone covering the Valley of Mexico. For this
purpose, in 2013, support was received to launch a system known as “Sistema de Monitoreo de la
Piezometria y de los Hundimientos del Valle de México por extraccion de agua subterrdnea (SIMOH,
Monitoring System of Piezometry and Subsidence of Mexico Valley due to water extraction”, Auvinet
et al., 2015) at the Laboratory of Geo-Informatics of Instituto de Ingenieria (Institute of Engineering),
UNAM.

The SIMOH system generates databases and Geographic Information Systems containing historical
and recent information on piezometric behaviour and on the subsidence of the Valley of Mexico.
SIMOH was initially focused on the collection, retrieval and processing of information and on the
diagnosis of the current status of the instrumentation, including an inventory of the existing
benchmarks, piezometers and water wells.

To evaluate the spatial distribution of the regional subsidence covering the wide area occupied by the
former lakes of the Valley of Mexico, a Geographic Information System was developed to store the
huge collection of numerical data coming from the levelling surveys executed in a period of more than
100 years so as to expedite their processing and analysis.

Rates of subsidence in the Valley

The evaluation of the subsidence phenomenon implies basically the execution of periodic
observations of the pore water pressure conditions existing in typical strata of the subsoil together
with leveling of superficial benchmarks.



Figure 2 shows the spatial distribution of the subsidence rate for the 1999-2008 period in the
lacustrine zone of the Valley of México (Auvinet et al., 2017). It can be noticed that the settlement
rate is close to 40cm/year at some points. This map was plotted by combining topographical data
supplied by several agencies and results of indirect measurements performed using the LIDAR and
INSAR techniques. A geodetic network consisting of a number of GNSS stations is being implemented
in Mexico Valley to improve the accuracy of indirect measurements. Mention should be made that at
present the sites with the fastest rates are no longer located in the downtown area of the City but
rather at several sites to the east and south of the Valley of Mexico. These sites correspond to the
zones where the thickest clay deposits are found in the subsoil.
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Figure 2 Mapping of rates of regional subsidence (in cm/year) and depression created by this phenomenon.

Perspectives for control of subsidence and mitigation of its effects

The control of subsidence demands the implementation of a policy for water supply different from
the present one (Tortajada & Castelan, 2003). To be able to reduce local pumping it is possible to
exploit external or deeper sources (Aguirre, 2014), although priority should be assigned to other
actions such as the promotion of a more rational use of water and effective control of leaks in the
potable water distribution network.

Strategies based in the concept of sustainability have been proposed to attain this objective
(Calderhead et al., 2012; Reséndiz et al., 2016). It has also been suggested to adopt a pumping strategy
such that, at no point of the subsoil, the overconsolidation pressure is exceeded (Larson et al., 2001;
Reséndiz et al., 2016).

Locally, the possibility exists of a partial control of the subsidence effects. For this purpose, in several
projects, the injection or extraction of water from the clays of the upper clay formation has been
attempted (Pliego, 2008). It has also been proposed to resort to the injection of water into the
pervious strata interbedded in the aquitard and, in particular, into the so called “first hard layer”. This



possibility has been evaluated theoretically (Garcia et al., 2012). The results obtained tend to
demonstrate that with reasonable flow rates of water injected in the subsoil it would be possible to
protect very important areas such as the Historic Center of Mexico City against the main effects of the
regional subsidence. These conclusions should be, however, confirmed by the results of large scale
trial injection tests.

Mitigation of the effects of subsidence demands on the other hand the development of increasingly
refined methods of design of the civil works. Deep extensometers have been used to assess the
contribution of different strata to the subsidence (Rangel, 2021). This information is required for a
realistic evaluation of the effects of subsidence on deep foundations and underground structures,
including negative skin friction.
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Figure 3 Contribution of different strata to the total subsidence.
Conclusion

The efforts undertaken by different groups and in particular by the Geo-Informatics Laboratory of the
Engineering Institute, UNAM to achieve a satisfactory evaluation of the phenomenon of subsidence in
Mexico City, and to deal with other geotechnical problems such as soil fissuring have given useful and
promising results, but this is only the first stage of a huge job to be performed consistently in the
future.
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Abstract

Deltas are important coastal landforms that are home to diverse services. However, population
growth and climate change along with their cascading impacts have had profound impacts on their
topography and evolution. Consequently, many deltaic regions are subsiding and are incessantly
plagued with hazards that are increasing in both magnitude and frequency. Coastal hazards such as
flooding and erosion are already apparent in Ghana’s Volta Delta. To provide a holistic understanding
of the surge in inundation and erosion events in the Volta Delta, this study assessed altimetric changes
in the Volta Delta to establish the subsidence regime and measure this against increasing rates of Sea
Level Rise (SLR). Using Interferometric Synthetic Aperture Radar (InSAR) technique and Global
Positioning System (GPS) surveys, interferograms of Sentinel-1 data from 2016 to 2020 indicated
deformation rates ranging from -9.16 mm/yr to 1.77 mm/yr. The highest subsiding areas were within
the floodplains of the dominant lagoons and along the Bight of Benin—areas heavily influenced by
human activities. Albeit recording upliftment in fault-controlled areas, the Delta is considered a
subsiding delta. The surface geology, which extensively (~70% areal coverage) constitutes
compressible alluvial sand, silt and clay is posited to be a major natural driver of subsidence in the
Delta. An inundation risk assessment using a simple Bathtub model and IPCC projections was
investigated for both SLR and Relative SLR (rSLR) scenarios. Under the SLR scenarios, projections are
that 25.29%, 26.29% and 29.68% of the Delta will be flooded by 2040, 2060 and 2100 respectively
whereas 26.02% (2040), 27.09% (2060) and 30.78% (2100) of the Delta area will be flooded under the
rSLR scenarios. Coupled with climate change, subsidence will increase the flood extents of the Delta
by 19.79 km? and exacerbate the vulnerability of the Delta to other coastal hazards. To mitigate
impacts, the study recommends the use of alternative and environmentally-friendly energy and water
sources; a continuous and long-term monitoring framework for drivers of change; a hybrid approach
and review of coastal management strategies; and the establishment of continuous GPS stations, tidal
stations, and elevation benchmarks.



Introduction

Coastal areas are regions of essential value that provide a myriad of services. Consequently, little over
half of the world’s major urban communities are situated in coastal zones, and living within 100 km of
these zones is forty percent of the global population (Nicholls et al., 2007). Chances are that these
numbers may have surged based on global population growth rates of 0.9% as of 2021 (World Bank
Group, 2022). However, coastal zones are increasingly having their makeup features, functioning,
existence and services being threatened to points of complete collapse (Stouthamer & Asselen, 2015).
Due to their settings, elevations and proximities to the sea, several human interventions and climate
change amongst other natural occurrences, have been major factors impacting the sustainable usage
of coastal zones, and their ecosystem services and landforms (Danladi et al., 2017). Additionally,
coastal areas are being confronted with a far more immediate threat of sinking, thus subsidence which
is exacerbating prevalent coastal hazards and devastating impacts of climate change (Brown &
Nicholls, 2015; Johnston et al., 2021; Restrepo-Angel et al., 2021). Globally, deltas—one of several
coastal landforms—are not exempted. Population growth in deltaic regions coupled with
infrastructure developments and rising sea levels have had a profound impact on their topography
(Styvitski et al., 2009). Many deltaic regions around the globe are losing land and subsiding (Brown et
al., 2018; Nienhuis and van de Wal, 2021).

The study, therefore, seeks to establish the subsidence regime in Ghana’s Volta Delta using geodetic
methods, to provide a holistic understanding of the frequent flooding and erosion events in the Delta.
Additionally, it seeks to assess the future flood vulnerability of the Delta by simulating future Sea Level
Rise (SLR) and Relative Sea Level Rise (rSLR) scenarios.

Methods

PSI Analysis using the SNAP to StaMPS Approach

The satellite data used are Sentinel-1 (S1) Single Look Complex (SLC) Synthetic Aperture Radar (SAR)
images which are freely accessible on the Copernicus Science Hub online platform—356 SAR images
in total. The InSAR technique employed for this study was the Persistent Scatterer Interferometry (PSI)
technique based on the Permanent Scatterer algorithm by Ferretti et al., (2001) and following the
workflow of Hoser (2018) and Cian et al. (2019). The PSI analysis was done using the Sentinel
Application Platform (SNAP) software, Version 8 and the Stanford Method for Persistent Scatterers
(StaMPS)/Multi-Temporal InSAR open-source toolbox, Version 4.1b (Hooper et al., 2012). Global
Positioning System (GPS) survey on some Ground Control Points (GCPs) was employed as a geodetic
method to calibrate the results obtained from the InSAR processing technique (Teatini et al. 2012;
Amato et al., 2020).

Simple Bathtub (Inundation) Model

Based on the assumption that the INSAR-derived deformation rates remained linear with no horizontal
land motion, the bathtub model was used as a simple inundation model to predict coastal flooding
and inundation extents (Leal-Alvesm et al., 2020; Alarcon et al., 2022) in the Volta delta at varying
timescales for both SLR and rSLR scenarios. The IPCC (2021) categorized 2021 to 2040 as near-term;
2041 to 2060 as mid-term; and 2081 to 2100 as long-term, thus informing the selection of the years
2040, 2060 and 2100 as prediction timelines. The DEM used was the Multi-Error-Removed Improved-
Terrain (MERIT) DEM developed by Yamazaki et al. (2017). Errors such as absolute bias, stripe noise,
speckle noise, and tree height bias were removed from available spaceborne DEMs (Yamazaki et al.,
2017). The global sea level rise projections were obtained from the IPCC Sixth Assessment Report
(AR6), Working Group | (IPCC, 2021)—all projections are relative to the year, 1900. The Shared



Socioeconomic Pathways (SSP) scenario 5-8.5 (central, medium confidence) characterized by very high
greenhouse gas emissions was selected.

Results

The number of persistent scatterers (PS) generated from the PSINSAR methodology was 119,477 in
total with an areal PS density of 66.52 PS/km2—excluding the water-covered surfaces. Along the
Sentinel-1 line of sight (LOS), the PS deformation velocities (Figure 1) ranged from uplifting rates of
1.77 mm/yr to subsiding rates of -9.16 mm/yr. The number of PSs with uplifting rates was 0.19% of
the total PSs obtained whereas the subsiding PSs made up the remaining 99.81% of the total PS
number.
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Figure 1 Map view of the line of sight (LOS) mean velocities of PSs in the Volta delta

Flood projections based on projected rSLR and SLR were done using the simple bathtub model to map
out inundation-prone areas or hotspots within the Volta (Figure 2).
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Figure 2 A map view of rSLR inundation projections in the Volta Delta using the bathtub model



The inundation risk assessment using a simple Bathtub model and IPCC projections was investigated
for both SLR and rSLR scenarios. Under the SLR scenarios, projections are that 25.29%, 26.29% and
29.68% of the Delta will be flooded by 2040, 2060 and 2100 respectively whereas 26.02% (2040),
27.09% (2060) and 30.78% (2100) of the Delta area will be flooded under the rSLR scenarios (Figure
3A). The differences in the extent of areal flooding between rSLR and SLR show an inclining trend from
2040 to 2100 (Figure 3B).
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Figure 3 A graph showing projections of Delta flood extents and areal differences between SLR and rSLR scenarios

Conclusion

Based on the dominance of PSs (over two-thirds of total PSs) with subsiding rates, the Volta Delta is
classified as a subsiding delta. Areas mostly located within the floodplains of the two dominant
lagoons and lower Delta plain recorded subsiding velocities exceeding -8 mm/yr. The coastal stretch
from Keta to Hlorve has been identified as one of the most subsiding areas and is already a hotspot
for periodic floods and erosion. Subsidence in coastal hotspots will increase the depth and coverage
extent of the floods. The inundation projections in this study for both SLR and rSLR scenarios suggest
a substantial surge in Delta inundation along with more devastating impacts even in the near term
(2040). The projection timelines show an inclining trend in areal inundation for both SLR and rSLR with
a minimum of 29.68% of the Delta area being inundated by the end of the century. Averagely,
subsidence (rSLR) will increase the flood extents of the Delta by 19.79 km? when compared to SLR
scenarios. These findings, therefore, accentuate the need to implement measures to stall the
impending threats subsidence poses to the sustainable use of the Volta Delta.
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Introduction

The survival of salt marshes is strictly connected to their elevation above mean sea level (MSL). The
ability to keep up with sea-level rise is primarily controlled by the speed of sea-level rise, the amount
of accumulated organic/inorganic sediments, and how fast the land is subsiding. Recent studies have
shown that, in the absence of anthropogenic stressors, the elevation variation of a marshland surface
is regulated by sediment deposition over the marsh surface, hydrological regime, erosion, and loss of
vertical elevation due to natural compaction (Allen et al, 1999). The latter process, known as
autocompaction, is caused by compaction of sediments under their own weight and can be significant
in relatively young Holocene deposits (Zoccarato et al., 2018; Xotta et al., 2022). The hydro-
geomechanical characterization of these young shallow deposits is not always straightforward.
Gathering undisturbed samples for laboratory testing has many limitations because of the high
porosity and compressibility of these loose sediments (Brain et al., 2015), and their high heterogeneity
(Cola & Simonini, 2002), which makes small lab samples not representative for in-situ conditions and
geomechanical behavior.

A campaign of novel in-situ loading tests was carried out in the Venice Lagoon (ltaly) salt marshes from
2019 to 2022 (Zoccarato et al., 2022). In this work we describe the results of the first (out of four)
loading test executed at the Lazzaretto Nuovo salt marsh and its model interpretation (Fig. 1). The
experiment was set up to measure the salt marsh hydrological and geomechanical subsurface
dynamics in undisturbed field conditions. The test replicates the standard oedometric test at the field
scale, with loading conditions of a few kPa (i.e., the typical values driving autocompaction of shallow
soils) and accounting for the vertical, in-situ heterogeneity of the marsh landform. The experiment
consisted of several loading and unloading cycles with different duration and load, which was obtained
by filling up to eight 500-1 plastic tanks with seawater, for a maximum load of ~40 kN applied to a
surface area of ¥4 m2. A monitoring system tracks the marsh response to the applied loads using
pressure and displacement transducers established at different depths and locations below the tanks.
The collected measurements are interpreted using the 3-D coupled flow-deformation model by
Ferronato et al. (2010), properly updated to account for the non-elastic constitutive relationship. The
model was calibrated to provide reliable compressibility and hydraulic conductivity estimates for each
monitored depth interval.



Methods

A coupled 3D poro-mechanical model solving the Biot (1941) equations was applied to reproduce the
experimental loading test performed at the Lazzaretto Nuovo salt marsh. Specifically, we employed a
three-field mixed (MFE) simulator, where the unknowns are the nodal displacements, Darcy’s velocity
through the element faces, and the elemental fluid pore pressure (Ferronato et al., 2010).

A hypo-plastic (or hypo-elastic) model is adopted to characterize the nonlinear constitutive
relationship between the sediment compressibility and the vertical effective intergranular stress. The
soil becomes stiffer as the vertical effective stress increases. The outcomes of the field experiment
were used to calibrate the constitutive relationship describing the marsh mechanical behaviour. The
initial parameters were estimated from the results of lab oedometric tests carried out on a few
samples cored at the location of the experimental site.

The finite-element computational grid is more refined within the loading area and in the shallowest
two m depth to obtain a more accurate solution in the part of the domain subjected to the largest
stress changes. The subsurface build-up of the model was schematized to represent the lithological
sequence resulting from sedimentary core analysis carried out at the site. A first 20-cm thick peat layer
with the presence of halophyte roots overlies a silty soil. The presence of wooden pallets that support
the tanks generating the load were also simulated. This rigid surface element ensures a uniform load
distribution on the marsh surface. The wooden pallets and the deepest layers (below 6 m depth from
the marsh platform) have been simulated using a linear elastic constitutive law with a prescribed
constant stiffness E. The two superficial layers were simulated using a nonlinear soil compressibility
vs effective stress constitutive law, whose coefficients together with the hydraulic conductivity, were
calibrated. In addition, the role played by the mechanical hysteresis was accounted for during the
unloading phase. The simulated domain is a portion of the lagoon subsurface with horizontal
dimension 20 x 15 m and thickness 10 m, cantered at the applied load. The domain was discretized
with 8-node hexahedral elements, totalling 217'392 nodes, 212'440 elements, and 642'216 faces
where land displacements, groundwater pressure and velocity, respectively, were computed.

Results and discussions

Table 1 provides the hydro-geomechanical parameters obtained from the model calibration.

Parameters Pallet Superficial layer Intermediate Deep layer
layer
Young modulus E (MPa) 10* - - 10.0
Poisson coefficient v (-) 0.2 0.2 0.2 0.2
Vertical permeability k. (m/s) 5.0x107 5.0x107 5.0x10°® 5.0x107

Porosity 0.4 0.4 0.4 0.4

a (Mpa') - 230.0 572.0 -

b(-) - -7.5 -29.0 -

¢ (MPa) - 0.2 4.0 -

Recompression ration 7 (-) - 3.0 2.0 -

Surface void ratio (-) 1.8 0.8

Table 1 Hydro-geomechanical parameters calibrated using vertical displacement and overpressure records from the field
test conducted on the Lazzaretto Nuovo marsh. The coefficients a, b and c refer to a constitutive law of type M = ac? +
bo, + ¢ where M is the edometric module (MPa) and o, the effective intergranular stress (MPa).




The model results in terms of vertical displacements and overpressure during the main loading and
unloading cycle are compared with field measurements at the sensor positions, i.e., at the surface
(C0), at 0.1 m depth (C10, M10, E10) and 0.5 m depth (C50) (Fig. 1).

The comparison between the simulated and measured displacements in the field show that:
e the displacement dynamics over time is generally well captured by the model;

e the numerical model adequately reproduces the displacements measured below the artificial
load. The maximum displacement during the loading phase amounts to 7 mm;
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Figure 1 Vertical displacements vs time as measured by the sensors installed below the loading area and simulated with

the mixed finite element numerical model. The comparison refers to a loading and subsequent unloading phase of about 8

kPa carried out during about one day. The top-left panel shows a photo of the loading experiment indicating the different
sensors at the Lazzaretto Nuovo salt marsh.

e the displacements recorded by the external sensor E10 (1 mm) are overestimated by the
model (2 mm);

e the unloading phase is properly simulated with a hysteresis factor of 3 for the superficial
sediments and 2 for the underlying layer;

e the measured displacements show a linear deformation over time when the load is kept
constant and the overpressure generated by the load itself dissipated (Fig.2). Clearly, creep
(i.e., secondary, viscous deformation) characterizes this phase. However, the adopted
constitutive law does not account for secondary deformation.

Fig. 2a shows a comparison of the pressure recorded by the piezometer in the most superficial layer
(0.2 m depth) and the respective value provided by the model, which has been appropriately shifted
to consider the depth of the measuring point. The tide significantly impacts the recorded trends and
make the comparison with the model not straightforward. The main peak of the interstitial water
pressure recorded by the sensor (about 0.30 m H20) is caused by the tidal peak. The effect of the 8
kPa load and subsequent unloading may be quantified in 0.04-0.05 m. The two subpanels in Figure 2a
show that the model outcome satisfactorily matches the over-pressure and under-pressure evolution
over time and the maximum and minimum values. Fig. 2b shows the modelled overpressure for a
vertical section across the loading area subsurface at three distinct moments, i.e., at beginning and
the end of the loading phase and after the unloading.



Conclusions

In-situ loading tests and their numerical interpretation represent a powerful tool to understand the
importance of natural soil compaction in controlling the capability of soil marshes to keep peace with
sea-level rise. The reproduction of the experiment results through a fully-coupled geomechanical
simulator has allowed the estimation of the hydrological and geomechanical properties of the
superficial layers of salt marshes in the Venice Lagoon, at a scale much more representative than that
of traditional laboratory tests. The calibrated constitutive law allows to satisfactorily capture the
recorded movements throughout both loading and unloading stages, although it cannot reproduce
the creep behavior. This effect will be the object of future work together with the analyses of datasets
collected from other loading tests recently conducted in the Venice Lagoon. They will provide a first
clear picture of the hydro-geomechanical variability of shallow soils in this unique depositional
environment. The outcome highlights the importance to properly account for the role of the
“subsurface system” when studying processes occurring on the marsh surface like sediment accretion.
The geomechanical features that will derive from field experiment modelling will improve long-term
biomorpho-geomechanical models of tidal marsh evolution.
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Abstract

The paper deals with subsidence and flooding risks associated to the Archaeological Site of Santa
Croce, encompassing a 5th century church together with the remains of a Roman domus and its
mosaics, located in the centre of the historic town of Ravenna (Italy). A geotechnical field campaign
and the installation of a new piezometer monitoring system were carried out in 2022, under the
framework of H2020 SHELTER project, to investigate the critical issues generated by water drainage
in the site, requested by the significant natural and anthropic land subsidence phenomenon that has
affected the site since its origins. The case study is presented herein, together with a brief description
of the ongoing investigation activities and a few preliminary results.

The church and the archeological area of Santa Croce in Ravenna

The ancient city of Ravenna, located in the Northern Italy ~10 km from the Adriatic Sea and ~60 km
from the Po River Delta, is worldwide known for its magnificent and well-preserved Byzantine
architectures. Over the past centuries, the city has been affected by a phenomenon of intense
subsidence, both natural and anthropogenic; at present, the cumulated settlement of most ancient
monuments has brought their ground level well below the current water table, causing permanent
flooding in the crypt of monumental churches, such as S. Francesco’s Basilica, and in the basement of
old buildings. The archaeological area of Santa Croce is located in the historic centre of Ravenna, close
to San Vitale Basilica and Galla Placidia Mausoleum, in the buffer zone of the UNESCO world heritage
site of the Early Christian monuments of Ravenna (see Figure 1A). The peculiarities of the Santa Croce
area include an archaeological excavation, carried out during the second half of the 20th century and
left open in order to make the unique archaeological stratification permanently visible from the public
street (see Figures 1B and 1C). Being the bottom of the excavation over 3 m below the current ground
level and more than 2 m below the typical water table, a permanent drainage system was installed at
the beginning of the ’80. This system is still constantly operating in the area, maintaining it
substantially dry, although due to the lack of maintenance it has modified its original functionality,
creating local settlements and clear evidences of potential instability (see Figure 2A), especially around
the tank area where the submerged pumps are located. Last time only in 2021, the pumping system
failed, producing the subsequent flooding of the area and the related damages to the Roman mosaics
and the archaeological structures (see Figure 2B). Preliminary studies and investigations were recently
carried out within the actions of the European project H2020 SHELTER, with the main aim of
understanding and monitoring the effects of the existing drainage system, also identifying the local
hydrogeological and geotechnical characteristics. Such pieces of information, analysed in the context



of the land subsidence that has long affected the area, can provide valuable data for its maintenance
and preservation.

Figure 1A Aerial view of the Archaeological Area of Santa Croce in Ravenna (lItaly) and the Monumental zone of S. Vitale
and Galla Placidia. B) View of the Santa Croce Church from the street. C) View of the Church and the archaeological remains
located at the bottom of the excavated basin around the Church.

Figure 2A Land settlements and instability of the soil slope and of the old brick masonry walls, concentrated around the
tank area. B) Drainage operations by Civil Protection of the flooded Archaeological Area of Santa Croce as a consequence of
the temporary break down of the pumps (August 2021).

Land subsidence in Ravenna

The archaeologic site of Santa Croce was first seat of a Roman domus; later, in the V century, the
original church started to be built and subsequently enlarged and substantially modified over the
subsequent centuries. Archaeologists have estimated a difference between the current configuration
and the ancient Roman floor of more than 3 m, mostly due to the natural subsidence of local highly
stratified alluvial sediments (Cassanelli et al, 2013). In more recent times, the land settlement in the
Ravenna city centre has passed from few millimetres per year (~5.5 mm/year in the period 1900-1957)
to 80 mm/year between 1972-73 (Bertoni et al, 2005), primarily due to groundwater pumping for
industrial and civil purposes and, to a lesser extent, to gas extractions from onshore and offshore



reservoirs. Therefore, the archaeological area of Santa Croce experienced ~1.3 m of land subsidence
in the period 1897-2002 (Teatini, 2015) (see Figure 3 left). The corrective actions taken by the Italian
government starting in the ‘60 eventually mitigated the problem. As a consequence, the settlement
decreased to a rate of ~1.3 mm/y in the period 1998-2002 (see Figure 3 right), a value close to the
natural subsidence rate (Bertoni et al, 2005). Although these data suggest that land subsidence
evolution in the Ravenna city center do not currently represent a decisive factor (Bitelli et al, 2020),
the cumulated anthropogenic settlement has seriously aggravated the environmental conditions of
the investigated site and of the other contemporary monuments.
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Figure 3 Left: Cumulated land subsidence in the historic centre of Ravenna between 1902-2002 (image modified from
Teatini et al, 2005). Right: Average subsidence rates in mm/year registered in the historic centre of Ravenna in the different
time intervals, from Bertoni et al (2005).

The Area of S. Croce and the operating drainage system

In 1979 a permanent drainage system was built at the foot of the slope that surrounds the
archaeological excavations of the Santa Croce site. The system still runs along two sides of the
excavated perimeter. The reconstruction of the original system, as deduced from the documents
collected in the Archives and field observations, is shown in Figure 4. The water that enters in the
perforated pipe of the horizontal drainage starts from P1 and gets to a main well (C1 in Figure 4),
where two submerged pumps lift the water into the public sewer. In 1984 a large concrete tank was
built, to enhance the storage of the drained water. After more than 40 years from its installation, the
drainage system, in particular the perforated drainage pipe, results completely obstructed and, as a
consequence, water runs by gravity in the trench above it and it is only partially collected into the final
concrete tank.

2022 Geotechnical investigations in the S. Croce area

In 2022 the subsoil underneath the archaeological site of Santa Croce and the Monumental area of S.
Vitale and Galla Placidia have been investigated by means of two continuous coring boreholes, two
cone penetration tests CPTu, one seismic CPTu, one dilatometer test, several SPT, dissipation and
LeFranc permeability tests. The collected data, integrated with the results of previous investigations
described in Ricceri (1992), enabled to define an accurate stratigraphic model of the site up to a depth
of 35 m from the ground level. The subsoil is constituted by: an anthropic unit, ~5 m thick, rich in
archaeological remains; a sandy layer, down to a depth of ~22 m (the shallowest Aquifer 1); a silty-
clay layer, interposed between such first and the second aquifer, which ends at a depth of 33 m from
the ground level. Below this unit, and up to the maximum investigated depth, a second fine grained



material can be observed. During the same geotechnical campaign, 5 new standpipe piezometers
were installed in the area for the continuous monitoring of the pore water pressure (pwp) distribution
in the two aquifers, with the aim of quantifying the incidence of the drainage system and of local
precipitations on the local hydrogeology. The recorded data from the two piezometers installed in the
shallowest aquifer (Aquifer 1) close to the pumps show a marked drawdown, which reduces with the
increasing distance from the pumps, as expected. At the same time, the analysis of additional
preliminary data suggests that the drainage influence on the second aquifer is rather limited. The set
of collected data and information will enable a well-calibrated design of a new drainage system or a
renewal of the existing one. Both field investigations and subsequent possible interventions must
guarantee the least disturbance of the archaeological site and of the surrounding monumental area,
preserving its historic characteristics and integrity. The new challenge for the preservation of the site
will be related not only to the installation and maintenance of the new drainage system but also to its
required features for guiding the operation of pumping devices and for informing a related alert
system. Together with the remotely-controlled drainage system, an emergency plan will be therefore
defined to manage possibly arising critical situations.

1_ Horizontal drain
2_ Concrete tunk containing 2 Rumps for the extraction of water
3__ Tube for the connection of the tunk to the public sewer
4_ Public sewer
_ Santa Croce Church _
6_ Archaeological remains

P1,P2, C1= wells

Figure 4 Schematic representation of the drainage system operating in the investigated area to keep dry the
archaeological excavations around the church.

Conclusion

In the framework of H2020 SHELTER research project, the delicate situation and the numerous
criticalities associated with the Archaeological Area of Santa Croce have been highlighted in relation
to their effects on the historic heritage. Land subsidence and flooding are deeply interconnected
natural hazards that threaten this unique area and require special care and attention in order to
mitigate the related risks, making possible the preservation and future fruition of the entire complex.
The performed geotechnical campaign together with the preliminary results of the on-site monitoring
are a valuable source of information to understand the present context and design proper
management strategies.
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Introduction

In 2021, 19% of grasslands in the Netherlands were situated on drained peat soils, a large part of which
is in use for grazing and grass production in dairy farming (Arets et al., 2022). To accommodate for this
use of peat soils, groundwater levels (GWL) are maintained relatively deep (-40 to -90 cm below soil
surface). Prolonged drainage of peat soils ultimately leads to subsidence as it stimulates both
compaction and oxidation of the soil material (Erkens et al., 2016). Additionally, aerobic oxidation
under drained conditions releases the greenhouse gases CO, and N,O to the atmosphere, while, to a
lesser extent, CH, is produced from anaerobic oxidation under very wet conditions (Tiemeyer et al.,
2016). Recently, national and international agreements on mitigating climate change require a
substantial decrease in the emission of these greenhouse gases from peat soils (Ministerie van
Landbouw, Natuur en Voedselkwaliteit, 2019). It is, therefore, essential to understand the
mechanisms leading to GHG emissions from peat soils and the concurrent subsidence and how these
are affected by management practices.

CO, emissions from several incubation experiments on peat soils show that a limited amount of air
infiltration can be sufficient to stimulate microbial respiration, while extreme drying actually starts to
constrain microbial activity (Berglund & Berglund, 2011; Norberg et al., 2018). Like CO,, N,O emissions
are limited by both aeration and water content as they affect nitrification (and thus NO5™ availability)
and denitrification (Van Beek et al., 2010). Particularly dynamic groundwater conditions are favorable
to N2O production (Tiemeyer et al., 2016). High CH, emissions are generally not observed in drained
peat soils (Van den Pol-Van Dasselaar et al., 1997). Rewetting a previously drained peat soil, however,
can turn it back into a net CH,4 source (e.g. Karki et al., 2016; Van de Riet et al., 2013). Incubation or
mesocosm studies on intact soil cores provide an opportunity to study peat mineralization in a
controlled environment, while approaching the water retention and gas diffusion processes of the
field situation as much as possible (Askaer et al., 2010; Berglund & Berglund, 2011; Karki et al., 2016;
Regina et al., 2015; van de Riet et al., 2013). However, to our knowledge, there have been no peat
column experiments, where replicated objects were subjected to a wide range of water table
fluctuations.



Aims and hypotheses of this study

In this project, which is part of the Dutch research program Living On Soft Soils (LOSS), we aim to get
a better understanding of the effects of GWL strategies on GHG emissions from Dutch peat soils. We
included three Dutch pastures on peat soils with different compositions in our experiment to obtain
a range of representative emission values, since we hypothesize that CO; and N,O emissions are
positively affected by type and contents of organic matter and N-contents of the soil and negatively
by a clay cover on top of the soil. Secondly, we hypothesize that peat oxidation is higher under a low
GWL and the strength of CO,, N2O and CH4 emissions will result from a balance between oxygen
limitation and water limitation. Therefore, intact peat cores from the upper 5 - 110 cm of the soil are
treated with GWL treatments, ranging from 0 to -100 cm below the sample surface. Finally, since we
hypothesize that CO; and N,O production depend on abundance and composition of organic matter,
smaller cores derived from the different soil horizons were incubated and emissions were measured
at varying moisture conditions.

Methods

Field sampling

We measured greenhouse gas emissions from large and small soil cores in a laboratory environment.
Large soil columns were sampled in transparent plexiglass tubes (120 cm long, 24 cm inner diameter)
from three peat meadows used for dairy farming in The Netherlands of varying soil composition. The
first soil profile near the municipality of Zegveld consists of a clayey anthropogenic layer on top of
forest and sedge peat. The second sampling took place near Vlist, in an area of forest peat with a peaty
clay top layer. The soil from the third field near Aldeboarn contains a thick clay layer on top and
sphagnum peat beneath. These three locations are all part of the Dutch national research program on
greenhouse gas emissions from peat pastures (NOBV). Three replicates were sampled by cutting off
the top grass layer (5 cm) in the field and carefully pushing the tubes vertically down into the soil.
Additionally, we sampled one column per location with vegetation, to check for the effect of the living
grass on N,O and CO; emissions. In addition to the large columns, small intact cores (5 cm length, 5.1
cm diameter) were sampled in metal rings, out of each soil horizon down to 120 cm below the soil
surface.

Laboratory setup peat columns

After sampling, the large columns were brought to a climate-controlled room (16°C, 70% relative
humidity), where they stayed until the start of and during the experiment. The bottom 10 cm of the
soil was replaced with a layer of fine sand after which the bottom of the tube was closed air tight with
a PVC cap and the column was placed on a 50 cm high platform. Two drainage pipes were installed in
each column, through which a groundwater level could be imposed by applying a pressure head at a
specific place below in the soil. The first drain in the bottom of the peat soil was used for positive
pressure heads (at the drain location) and the second in the sand layer was used to apply a suction to
the entire peat core. The distance of the applied pressure head to the soil surface was then used as a
proxy for the achieved GWL.

Groundwater level fluctuation and GHG flux measurements

Biological and physical soil processes are studied in two drying-wetting cycles taking place between
January 2022 and January 2023. During the first drying-wetting cycle, the pressure head of the drain
in the peat layer was changed weekly for eleven weeks to fluctuate the GWL between 0 cm and -100
cm below soil surface. Fluxes of CO,, N,O and CH, were measured twice a week (on the first and the
last day of a GWL step) using dark closed chambers connected to a Gasera One photo acoustic gas



monitor (Gasera Ltd, Finland). Three measurements over a closure time of 24 minutes were used to
calculate flux values, assuming a linear concentration change between the measurement points.

Setup and measurements small soil cores

Four replicates per soil horizon and location of the field moist intact core samples were taken and
placed on a sandbox located in the same climate room (16°C, 70% relative humidity) to saturate over
two weeks. After reaching saturation, the samples were taken from the sand box and placed in open
polyethylene jars, to dry to the air over a period of 3.5 weeks. Fluxes of CO;, N,O and CH; were
measured 2-3 times a week, by closing the jars and measuring their headspace concentration at 27
minutes using the Gasera One photo acoustic gas monitor. A linear concentration increase between
the first (background concentration) and second measurement point was assumed and checked
occasionally. The mass of these ring samples was recorded before each flux measurement and after
drying at 105°C, at the end of the experiment, from which volumetric water contents and water
holding capacity were calculated at each measurement time.

Statistical analyses

The statistical software R was used for all data analyses (v4.1.2; R core Team 2021). Cumulative CO»-
C and N;O-N fluxes from the large columns were calculated assuming linear changes between two
measurement instances and log transformed in the case of N,O-N. An analysis of variance was used
to test for the effect of soil type on cumulative emissions from the bare columns.

Results and discussions

Moisture effect

CO:; fluxes in the large columns showed an increase within the first groundwater step (Figure 1a).
Further GWL changes during the drying and wetting of the columns did not result in clear effects on
CO; emissions, until the columns were rewetted close to the surface again. From -40 cm below soil
surface onwards, CO; emissions decreased slightly. As expected, CO; fluxes were higher in the grass
columns than the bare columns from the corresponding locations. The difference can be attributed to
grass and roots respiration (photosynthesis is assumed to be absent in the dark flux chambers). The
CO; flux values from our grass columns were comparable in size to those from the grass-vegetated
peat columns of Van de Riet et al. (2013). In contrast to the observations in the columns, CO, emission
peaks were measured in the small cores near saturation (100% of WHC), which quickly dropped during
the first days of evaporation (Figure 2).

N,O emissions in the large columns peaked during near-saturation (GWL at 0 cm) both at the start of
the drying track and at the end of the rewetting track (Figure 1b). The latter followed our expectations
that N,O emissions will be strongest during consecutive aerobic and anaerobic conditions. Similarly,
the peaks during the initial saturation condition may be caused by denitrification during anaerobicity
after an extra application of water to the columns, which was applied to fully saturate them. N,O
emissions from the small cores were very high from all layers and locations during saturation at the
first measurement event (83- 2117 mg N,O-N m™ day?), but had decreased to 0-22 mg m2 day* by
the second measurement day. Saturation may have caused high denitrification rates, while the small
core size may have prevented full reduction to N,. CHs emissions in the large columns were generally
low or slightly negative (Figure 1c), even during near-saturated conditions. During low GWL steps, any
produced CH, is likely to have been oxidized before reaching the surface. Under high GWL,
methanogenesis was potentially limited by labile carbon sources. High CH, emissions were only found
in one of the bare Aldeboarn columns, during the GWL of -40 to -60 in the drying track. Possibly, the
high clay content of the top layer caused a delay in aeration of this column, making it possible for
produced CH, to diffuse upwards without oxidizing.



Soil type effect

Mean cumulative CO,-C emissions over 75 days were higher from the Zegveld and Aldeboarn soils
than from Vlist (respectively 0.2 and 0.3 ton ha?), but the soil type effect was not significant (p = 0.09).
A soil type effect was not clearly seen in the small cores either, though the CO, peak was lower in the
Zegveld samples than those from Vlist or Aldeboarn.

The mean cumulative N,O flux from the Aldeboarn columns was over two or three times as high as
the mean from the Vlist and Zegveld soils. However, the variation in N20 emission between replicates
was large and there were no significant differences in N20 emissions between the three soils (p =
0.06).

Continuation of the experiment

A second, longer drying-wetting cycle in the large soil columns is taking place at present (October
2022). Herein, the time steps for the different water levels are extended to two weeks and the
columns are drained down to a water level of -160 cm below surface. The outcomes of this cycle will
help us to understand the potential effect of incubation time on the measured GHG fluxes, as well as
respiration during very dry conditions. Additionally, biochemical as well as soil physical variables,
which remained undiscussed in this abstract, are recorded in drying-wetting cycles 1 and 2. By
analyzing these together, we aim to improve our understanding of the coupled processes of
groundwater dynamics, water retention, peat mineralization and shrinkage.
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Figure 1 Fluxes of CO,-C (a), N;O-N (b) and CH4-C (c) from the peat columns (with, n=1, and without, n = 3, grass sod)
during the drying-rewetting cycle from January 12 — March 27 2022, with a GWL ranging between 0 and -100 cm below soil

surface.
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Figure 2 Fluxes of CO,-C in the small soil cores against the moisture content of the samples. Samples originate from one of

the four (Zegveld) or five (Vlist, Aldeboarn) soil horizons of which the upper 120 cm in the sampling location was composed,

where 1 is the shallowest and 5 the deepest layer. Moisture content is represented by the percentage of the samples’ initial
water holding capacities.
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Figure 3 Fluxes of N,O-N in the small soil cores against the moisture content of the samples. Samples originate from one of
the four (Zegveld) or five (Vlist, Aldeboarn) soil horizons of which the upper 120 cm in the sampling location was composed,
where 1 is the shallowest and 5 the deepest layer. Moisture content is represented by the percentage of the samples’ initial
water holding capacities. The y-axis values are log(10) transformed, except for the grey area, where the y-axis is scaled
linearly.
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Abstract

Major coastal cities in the world are threatened by land subsidence due to natural and anthropogenic
causes. These phenomena can exceed global sea-level rise by one order of magnitude. While sea-level rise
has received great consideration by the scientific community, land subsidence and its effect on the relative
sea-level rise in coastal cities have not. The aim of this work is to show the comparison of the recent trends
of land subsidence in the major coastal cities of Europe by exploiting the advanced differential
interferometric SAR (A-DInSAR) data provided by the European Ground Motion Service (EGMS) developed
by the European Union's Earth observation programme. The results will be exploited to investigate the
driving forces of the different land subsidence mechanisms.

Keywords: land subsidence; coastal areas; A-DInSAR; EGMS; relative sea-level rise

Introduction

Land subsidence is a worldwide problem as reported by a recent study that has evaluated how 90% of the
global population may face a high probability of subsidence (Herrera et al., 2021) with an increasing
exposure to sea-level rise. Different authors have evaluated the risk associated to future coastal flood in
Europe due to global warming and socioeconomic development (e.g., Paprotny et al., 2018; Vousdoukas
et al., 2018).

It is well known that the combined effect of land subsidence and sea level rise increases flood risk and
that several coastal cities, such as Jakarta in Indonesia (Abidin et al. 2011), Shanghai in China (Yue et al.
2015), along with many other densely populated areas in the world (Yan et al. 2022), are sinking faster
than the sea level is rising. However, information on current land subsidence dynamics and rates at a
global scale is often not available. In addition, the spatio-temporal variability of the coastal land
subsidence, due to the different causes, makes the integration of its contribution to future relative sea-
level rise challenging.

In 2016, a European initiative was developed to provide A-DINSAR measurements at a continental scale
(Crosetto et al. 2020). This service, named European Ground Motion Service (EGMS), represents the most
important wide-area deformation monitoring system ever developed. The aim of this work is to give
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insight into i) the use of the EGMS products (displacement time series and average velocities) for the
monitoring of land subsidence in 16 coastal metropoles in Europe characterized by a population over one
million, and ii) the interpretation of the driving mechanisms using cross-correlations with subsurface
geospatial information (e.g., geology, hydrogeology, etc.).

Data and Methods

Major coastal cities selected in Europe

In the selected coastal cities/metropoles, more than 1 million people are at risk from climate change and
natural hazards (Figure 1). Thirteen cities were considered as the most vulnerable in Europe as of 2005
(Hallegatte et al., 2013) and three more were lately included (Antwerp, Oslo and Valencia) as they have
surpassed 1 million inhabitants in recent years (Siegel, 2020).

Land subsidence is triggered by a variety of factors, many of which are related to hydrogeologic processes.
Some natural processes causing land subsidence are influenced by human activities related to land and
water use and by climatic variability (Galloway et al., 2016). To interpret the land subsidence in the
selected cities, these drivers were investigated through a literature review and cross-correlation with
subsurface geospatial information.

From the climatic point of view, six cities are localized in 