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Summary

Subsidence modelling predictions related to gas extraction typically produce a smooth,
broad subsidence bowl due to the use of simplified models. However, observational data
reveal that short-wavelength fluctuations are superimposed on this long-wavelength,
smooth subsidence pattern. These short-wavelength variations are crucial for assessing the
potential risk of subsidence-induced damage to buildings, as the magnitude of such damage
is closely linked to the gradient and/or curvature of the subsidence bowl. This study
demonstrates that shallow elastic heterogeneities are a potential cause of these short-
wavelength fluctuations in the subsidence pattern. Using the Groningen gas field (the
Netherlands) as a case study, INSAR observations are integrated with numerical subsidence
modelling. By accounting for the shallow geological structure and variations in elastic
moduli, a realistic range of shallow heterogeneities is analysed using Finite Element models.
The results show that (1) strains induced by deep gas extraction can be locally amplified
(amplification factor between 30% and 200%) by laterally confined shallow elastic
heterogeneities, and (2) the model-predicted short-wavelength fluctuations of the
subsidence bowl are of the same magnitude as those observed in INSAR data.
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1 Introduction

It is well known that due to reservoir compaction at depth, the ground surface can subside.
Gas depletion leads to reservoir compaction at depth and land subsidence is the expression
of the elastic response of the subsurface to this reservoir compaction. Most of the
geomechanical models, if not all, indicate a rather smooth subsidence bowl. However,
satellite InSAR observations indicate short wavelength variations superimposed on this
rather smooth subsidence bowl. This is for example what can be concluded, in terms of
models (van Thienen-Visser and Fokker, 2017) and observations (Ketelaar, 2009) at the giant
Groningen gas field in the Netherlands. Note here that the Groningen gas field will be taken
as an example, but similar conclusions could be drawn for other smaller gas field in the
Netherlands and elsewhere.

These short wavelength variations, observed in INSAR, are of particular importance. If this
signal can be excluded from noise, they may imply localised deformations, such as
differential settlements and strains, which are the primary cause of structural damage. It is
therefore essential to investigate the origins of these local variations in the observed
subsidence bowl and their relative magnitude.

Multiple processes could lead to these short wavelength variations in the subsidence bowl.
For example, localized subsidence caused by groundwater changes could be one candidate.
Another candidate is the spatially heterogenous elastic response of the shallow subsurface
to reservoir compaction. Indeed, any elastic heterogeneities of the subsurface can
amplify/reduce the initial elastic strain response of the subsurface to the deep reservoir
compaction. In other words, the presence of laterally confined small-scale shallow elastic
heterogeneities could cause short wavelength variations in the initially smooth subsidence
bowl caused by gas extraction. This last hypothesis is the focus of this project. We test its
feasibility through both observational and modelling efforts.

In this report first a brief introduction on the Groningen gas field and the known subsurface
heterogeneities are given. Second, satellite INSAR observations are post-processed in order
to carefully characterize the magnitude and length-scales of the observed subsidence
fluctuations. Third, we make use of a numerical analysis to explore the effects on the shape
of the subsidence bowl of laterally confined heterogeneities on top of the reservaoir.
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2.1

2.2

Groningen gas field

Field exploitation and typical subsidence
modelling

The Groningen gas field, discovered in 1959 and in production between 1963 and 2023,
extends over an area of approximately 900 kmz. Due to its exploitation, several issues have
arisen. Among these, the most notable ones include induced seismicity and surface
subsidence. The latter has been extensively investigated showing maximum values of 37 cm
at the central section of the gas field and approximately 10 to 15 cm at the projected gas
field boundary (Figure 2.1, Lizarraga and Buscarena, 2020; Porada et al., 2024), based on
both observations and models. Figure 2.1 shows a typical modelling approach which
assumes a homogenous subsurface and does not account for shallow elastic
heterogeneities. In doing so, the subsidence map and the subsidence profiles appear to be
rather smooth.
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Figure 2.1: Modelled cumulative subsidence from start of depletion to 2013 (modified from Lizarraga and
Buscarena, 2020). Left: subsidence map. Right: subsidence profiles along the transect A and B indicated on
the subsidence map.

Heterogeneities of the subsurface at
Groningen

The objective of this section is to give a brief and qualitative overview of the geological
heterogeneities at Groningen. The idea here is that each geological heterogeneity of the
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subsurface can potentially lead to a deviation of the overall depletion-induced smooth
subsidence bowl. Actually, the assumption of an elastic homogenous subsurface leading to a
smooth subsidence bowl might potentially break down as long as subsurface elastic
heterogeneities are identified.

Right on top of the Groningen gas reservoir, deep geological units characterising a typical
profile beneath Groningen province are shown in Figure 2.2. The main known deep
heterogeneity is the presence of salt domes of the Zechstein group.

The intermediary depths of the Groningen area record the succession of several Pleistocene
glacial cycles (van Dijke and Veldkamp, 1996). A distinctive geological feature is the glacial
tunnel valleys that intersect the subsurface at depths typically ranging from 20m to 250m,
with local incisions up to 400m (see Figure 2.2). The width of the mapped valleys is
approximatively 1.5-2km. Their composition varies at different depths, with coarse gravel and
sand at their base and fine sand and clay at their top.

At the shallowest depths (that is between Om and 50m), the GeoTOP geological subsurface
model (Stafleu et al., 2021, see Figure 2.2) provided by TNO Geological Survey of the
Netherlands (publicly available at https://www.dinoloket.nl/en/) indicates small-scale
(hectometers) soil-type heterogeneities (peat-clay-sand), fingerprints of tidal channels, sand
bars, mud flats, and peat beds. These comprise Holocene coastal deposits overlying late
Pleistocene strata.

To summarize, from deep to shallow, three main types of laterally confined subsurface
heterogeneities can be identified on top of the Groningen gas field: the salt domes, the glacial
valleys, the soil-type heterogeneities of the Holocene/Pleistocene sequences. The effect of
each of these subsurface heterogeneities on the subsidence bowl will be tested in the sequel.
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Figure 2.2: Geological heterogeneities on top of the Groningen gas field. (a) Soil-type heterogeneities at
shallow depths derived from the GeoTOP model, and modified from Kruiver et al. 2017. (b) Depth of the base
of glacial valleys derived from the REGIS Il model. (c) Salt domes in the Zechstein group derived from the
DGMDeep model. All three subsurface models are developed by TNO and made publicly available at TNO’s
online portal for subsurface information https://www.dinoloket.nl/en/subsurface-models/map.
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3 InSAR satellite
observations

The objective of this section is to make use of INSAR satellite observations to characterize
the observed small-scale subsidence fluctuations superimposed on top of the large-scale
subsidence bowl at Groningen.

Subsidence observations are derived from InSAR data, which include Sentinel-1 SAR images
acquired from 2016 to mid-2020. The processed Sentinel-1 INSAR products, publicly
accessible for the Netherlands, are used for our study (Rijkswaterstaat, 2024). It consists of
timeseries of displacements in the Line Of Sight (LOS) direction for four satellite tracks at the
Groningen area.

The spatial-temporal samplings of the four satellite tracks covering the Groningen area are
slightly different. For example, for each track the temporal sampling rate is slightly different,
between 6 and 12 days. Therefore, each track is resampled onto a uniquely defined spatial
and temporal grid. The first-time epoch of the resampled time series is selected as temporal
reference and is subtracted from the time series. For the spatial resampling, two sizes of
regularly spaced [X,Y] grid are tested, dx, dy =50m and dx, dy =100m. A grid cell mean
algorithm is used to output a mean value for every non-empty grid cell. For each non-empty
grid cell, a minimum number of 5 scatter points is imposed before calculating the mean
value.

INSAR records the movement of Earth surface targets along the LOS direction. Based on SAR
observation geometry, one can establish a unique relation between LOS displacement and
3D displacement. To recover the 3D displacement at each grid cell, the four LOS
observations with different SAR looking directions are combined. However, due to the near-
polar configuration of SAR satellite orbits, the LOS deformation is less sensitive to north-
south displacement. Without additional constraints, it is difficult to solve the north-south
component robustly. For deep source of subsidence such as the Groningen gas field, the
simplest additional constraint might be that the horizontal displacement is linearly
proportional to the spatial gradient of the vertical displacement (e.g. Kratzsch, 1983;
Samieie-Esfahany et al., 2009). In this report by ignoring the north-south component,
ascending and descending tracks can be combined to extract vertical and east-west
horizontal displacement. For each grid cell it reads:

LOS; = e U, + U,
LOS, = e, U, +u,U,
LOS; = e3U, +u3U,
LOS, = e U, +u U,

(EQ. 3.1)

where subscripts 1, 2, 3, 4 corresponds to the four different tracks. e and u are the east and
vertical components of SAR looking vector. U, and U,, are the east and vertical displacement
components. For our analysis, solely the vertical displacement U,, timeseries will be used.
Figure 3.1displays the cumulative subsidence from 2016 to mid-2020 on a regular spatial
grid of dx, dy =100m.
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Figure 3.1: InSAR-based observed cumulative subsidence for the Groningen area (that is vertical
displacement, U, in mm) from 2016 to mid-2020 and on regular spatial grid of dx, dy = 100m. The large-
scale subsidence bowl caused by the Groningen gas field depletion is clearly visible on the North-West part of
the map. The elongated blue rectangle corresponds to the selected band for small-scale analysis (see Figure
3.2).

A rectangular band of the two InSAR based gridded subsidence maps (one with dx, dy =50m
and one with dx, dy =100m) over the Groningen gas field is selected to further analyze the
small-scale spatial subsidence fluctuations (see Figure 3.1 and Figure 3.2). From these
rectangular bands, subsidence profiles are derived by averaging along the y-axis (the
latitudinal axis) the subsidence values of each grid cell. At the shortest wavelengths, that is
either 50m or 100m, one can observe fluctuations of the subsidence profile of magnitude
around 5mm. Even though InSAR noise can be estimated to be around 1mm and thus these
very short-wavelengths fluctuations are above the expected noise level, it was decided to
apply a Fourier-based low-pass filter for each profile with a wavelength cut-off of 2000m.
Effectively it means this prevents us interpreting these very short-wavelength fluctuations
and focus our analysis on wavelengths longer than 1000m. The filtered profiles are well
superposed for both gridded maps (one with dx, dy =50m and one with dx, dy =100m)
demonstrating that our INSAR post-processing does not affect the wavelengths longer than
1000m in the signal. For both filtered profiles, persistent small-scale spatial fluctuations
superimposed over the overall subsidence bowl, are visible. The length-scale of these small-
scale spatial fluctuations is approximately 3-4km and their amplitude is around 3-5mm. The
amplitude of the overall subsidence bowl is 50mm (that is the cumulative subsidence
between 2016 to mid-2020), thus the ratio between the amplitude of these small-scale
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fluctuations and the overall subsidence bowl is 3-5/50 ~ 6-10%. In the sequel of this report,
we will demonstrate that these small-scale fluctuations can be caused by shallow elastic
heterogeneities that can locally perturb the depletion-induced subsidence bowl.
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Figure 3.2: Selected band for InSAR small-scale analysis (see Figure 3.1 for location with respected to
Groningen area). (&) Maps of cumulative subsidence (in mm) from 2016 to mid-2020 and on regular spatial
grid of dx,dy=100m (top) and dx,dy=50m (bottom). (b) Averaged subsidence profiles for the two gridded
maps displayed in (a). (c) Averaged and Fourier-based low-pass filtered subsidence profiles for the two
gridded maps displayed in (a).
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A

4.1

Subsidence modelling
accounting for elastic
heterogeneities

Most of the analytical and semi-analytical methods deployed to model subsidence due to
reservoir depletion are based on simplified considerations. Such methods generally yield
smooth bowl-shaped subsidence deformations, since localised heterogeneities cannot be
integrated as part of the boundary conditions of a semi-analytical solution (Fokker and Orlic,
2006, Paullo Mufioz and Roehl, 2017, Weijermars, 2023). Additionally, while it is common to
find studies on land subsidence using more advanced numerical frameworks, the
importance of small-scale shallow subsurface heterogeneities is often neglected (Gambolati
et al., 2001).

To account for the effect of small-scale shallow subsurface heterogeneities, two numerical
codes are used: FLAC2D (2023) and DIANA FEA v.10 (2017), the first one is based on a finite-
difference scheme and the second one on a finite-element scheme.

Our intention is not to model all the complexities at once of the subsurface at Groningen as
indicated in Figure 3.2. Instead, generic synthetic models, inspired from the Groningen
setting, are built in order to capture the effect on the subsidence bowl of one type of
heterogeneity at once. We start to isolate the effect of the deeper heterogeneities (i.e. the
deep salt domes), then that of mid-depth glacial valleys, and finally the effect of very
shallow heterogeneities (i.e. those identified in the GeoTOP subsurface model, see Figure
2.2). All our numerical models are purely elastic.

First series of experiments: effect of deep
salt domes

The first series of experiments focus on the deep salt domes. Based on the deep geology at
the Groningen 2D plane strain models are built with DIANA (see Figure 4.1). The subsurface
is constituted of five units with different elastic moduli selected from the pre-existing
literature. One of these units is the Zechstein group that contains the deep salt domes on
top of the Groningen gas field. The boundaries of each unit are irregular sub-horizontal. The
objective of this first series of experiments is to identify the effect of the changes in thickness
of the Zechstein group (caused by the presence of salt domes) on the overall subsidence
bowl when an instantaneous decrease in the reservoir pressure of 20MPa is applied. Results
of the layer-irregular model are compared with those of a layer-cake model (without the
changes in thicknesses induced by the salt domes). They indicate that the presence of the
salt domes can cause deviations of the smooth subsidence bowls (see Figure 4.2). However,
these deviations are only of long wavelengths. Indeed, the effect of deep salt domes is
smoothed down by the elastic response of the subsurface and distributed over large length
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scales. Note here that accounting for the viscous response of the salt won’t alter this
conclusion. It doesn’t change the long wavelength spatial signature of the salt
heterogeneities expressed on the subsidence bowl.

A B
7700 m
< >
F-LT6 A B T
A £ v F-L1
2Km
N =l 2N N N
3200 m AN
\] &
/ o
Unit 4 (Rock Salt) // o 5
3 A «
~
H?l < « >

5Km

Figure 4.1: Deep geology at Groningen. Right: cross-section of the deep subsurface at Groningen (the red
rectangle indicates the selected position for the numerical model at the left). Left: Geometry of the
numerical model with irregular boundaries and the presence of a salt dome on top of the gas field.
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Figure 4.2: Numerical results for the effect of deep salt domes on the subsidence bowl. Left: geometries of
the numerical models for the layer-cake model (up) and the irregular-layer model (down). Right: Vertical
displacements after 20MPa of pressure depletion with the layer-cake model (up) and with the irregular-layer
model (down). Comparison of both models indicates that long-wavelengths deviations of the subsidence
bowl are caused by the changes in layer thickness.
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4.2

Second series of experiments: effect of mid-
depth glacial valleys

The second series of experiments focus on the mid-depth glacial valleys and the comparison
between FLAC2D and DIANA. To do so we make use of a simple 2D plane strain model to
mimic a depleting gas reservoir (see Figures 7, 8 and 9). The top-reservoir is placed at
2000m depth with a thickness of 300m. The subsurface is homogeneous with a Young’s
modulus of 5GPa and a Poisson’s ratio of 0.2. The instantaneously applied decrease in
pressure is 20MPa. One single elastic heterogeneity is placed at different mid-depths (see
Figure 4.3, Figure 4.4 and Figure 4.5) in order to roughly mimic the presence of relatively soft
or stiff glacial valley. For a soft elastic heterogeneity, its Young’s medulus is 10 times lower
than the surrounding. For a stiff elastic heterogeneity, its Young’s modulus is 10 times higher
than the surrounding. Each experiment is running twice: one time in FLAC2D and one time in
DIANA. The comparison of two different numerical software packages (finite differences vs.
finite elements) was made as an additional sensitivity analysis with respect to the software
implementation. Results of these first series of experiments showed that FLAC2D and DIANA
produce very similar outcomes. For the third and fourth series of experiments, , we will use
only DIANA. As expected, the deeper the elastic heterogeneity, the smoother their impact on
the subsidence bowl.

It is important to note that the contrast of elasticity between the elastic heterogeneity and
the surrounding has been selected arbitrarily. However, the main point of these first series of
experiments is to demonstrate that effectively a laterally confined and small elastic
heterogeneity of the subsurface can lead to a substantial localized deviation of the
subsidence bowl. Later in the third series of experiments the focus will be on matching the
INSAR observations presented in Figure 3.2. To do so, very shallow heterogeneities are used,
as identified in the GeoTOP model (see Figure 2.2), since this first series of experiments
confirms that the shallower the elastic heterogeneities, the more localized and pronounced
the deviations in the subsidence bowl are.
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Figure 4.3: Numerical results for the effect of mid-depth glacial valleys. The cyan rectangle with the symbol
H indicates the size and position of the elastic heterogeneity.
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Figure 4.4: Numerical results for the effect of mid-depth glacial valleys. The cyan rectangle with the symbol
H indicates the size and position of the elastic heterogeneity.
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Figure 4.5: Numerical results for the effect of mid-depth glacial valleys. The cyan rectangle with the symbol
H indicates the size and position of the elastic heterogeneity.

4.3 Third series of experiments: effect of very
shallow heterogeneities

To account for the effect of small-scale shallow subsurface heterogeneities identified in the
GeoTOP (see Figure 2.2), again a generic synthetic model is built, inspired from the
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Groningen setting. However, this time the focus is on a more precise description of the
shallow layers. Our numerical model includes two elastic layer units (Figure 4.6) and makes
use again of the 2D plane strain assumption. The deeper unit is located between 1,000 m
and 2,400 m; and the shallower unit is located between 0 m and 1,000m. The localised
heterogeneity at the surface is situated at a horizontal distance (from the left boundary to
the centre of the heterogeneity) of 3,000 m. Its height is #=50 m, and its width wis varied
to observe the effects at the ground surface. The values considered for ware 25 m, 50 m,
100 m, 200 m, 300 m, 400 m, 500 m, 700 m, 1,000 m, 1,500 m, 2,000 m, and 2,500 m.

3,000m
[ ] ]
N B E=020GPa v=045 Il,ooo m
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® o

900m
5,000 ,
200m! ® = E=1285GPa v=028 © MM
300m| @ o
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Figure 4.6: Our numerical model accounting for shallow elastic heterogeneities (reservoir in green, and
surface heterogeneity H).

Elastic properties of the deeper unit and the reservoir are based on the literature and will be
fixed in our analysis, that is an elastic modulus of £=12.85 GPa and a Poisson’s ratio of v=
0.28. The elastic moduli of the shallower layer-unit are derived from shear wave velocities
and densities of the soil types of 29 different lithostratigraphical units based on the work of
Kruiver et al. (2017) and Ntinalexis et al. (2023). Figure 4.7a shows the Poisson’s ratio
distribution of two wells located on top of the Groningen gas field and Figure 4.7b shows the
best estimate elastic modulus of different soil types. Based on these observations, we
selected an average elastic modulus E = 0.2 GPa and an average Poisson’s ratio of v=0.45
for the shallow layer-unit. Finally, the elastic modulus of the heterogeneity is based on the
estimated upper and lower limit values in Figure 4.7b, that is, Fwn = 0.025 GPa and L = 1.0
GPa.
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Figure 4.7: a) Poisson’s ratio for two deep wells in the Groningen field, and b) best estimate elastic modulus
of different soil types (box plot represent the first, second and third quartiles, the whiskers represent the
minimum and maximum values, and the dots are considered as outliers; the mean is indicated with x).

To induce the depletion, a pressure-drop of 5 MPa is applied to the reservoir. This magnitude
of pressure drop is mimicking the average pressure-drop at the Groningen gas field between
2016 to mid-2020 in order to meet the available InSAR observation time window.

Due to the considerable spatial extent of the numerical domain and the need to use
relatively small elements to accurately capture the elastic response of the subsurface
around the shallow heterogeneity, a two-phased analysis approach is implemented. The
first phase involves a field-scale analysis. In this phase, the entire domain is simulated using
a coarse mesh to capture large-scale deformations (Figure 4.8a), resulting in a set of
deformation contours (Figure 4.8b). The second phase focuses on a reduced domain, which
includes only the shallow subsurface and the heterogeneity. This reduced domain is
remeshed with a fine mesh to capture short-wavelength variations. The deformations from
the first phase are then applied as prescribed displacements at the boundaries of the
reduced domain, replicating the same deformation patterns. The final small-scale mesh
used to analyse ground displacements and deformations consists of square elements, each
measuring 2.5 m per side.
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Figure 4.8: Two-phases analysis. a) Large-scale model with a coarse mesh, b) lllustrative results obtained
with the large-scale model, and c) segment of the large-scale model with a fine mesh and prescribed
displacements from the large-scale model. Sketches not to scale.

Figure 4.9 presents an example of subsidence simulation due to reservoir depletion,
considering a heterogeneity with width w= 500 m. Figure 4.9a and Figure 4.9b illustrate the
large-scale simulation (field-scale) and small-scale simulation (reduced domain) considering
a stiff heterogeneity (L = 1.0 GPa).
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Figure 4.9: a) Field-scale simulation using a coarse mesh, and b) small-scale simulation using a fine mesh.

Figure 4.10a and Figure 4.10b show the vertical displacements at the ground surface
resulting from the small-scale simulation when considering a soft heterogeneity. It is
observed that, when wis small, a sharp upward vertical displacement occurs. As w
increases, the displacement at the centre of the heterogeneity diminishes and redistributes
towards the edges of the heterogeneity. In contrast, when the heterogeneity is stiffer than
the surrounding material, a downward vertical deformation occurs (Figure 4.11). As w
increases, the vertical deformation decreases.
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Figure 4.10: Vertical displacements considering a soft heterogeneity, and b) close view of results.
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Figure 4.11: a) Vertical displacements considering a stiff heterogeneity, and b) close view of results.
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Figure 4.12: Vertical amplification factor in function of w for both soft and stiff heterogeneity.

Relative change = St
S2

Now, from results of Figure 4.10 and Figure 4.11, the amplification factor of the vertical
displacement is considered. It corresponds to the ratio between the magnitude of the local
deflection of the vertical displacement caused by the heterogeneity and the magnitude of
the overall subsidence bowl at the location of the heterogeneity without the presence of the
heterogeneity (see Figure 4.12). Note here that this amplification factor is identical to the
ratio between the amplitude of the small-scale fluctuations and the overall subsidence bowl
derived from InSAR observations. The evolution of this amplification factor with respect to
the width of the heterogeneity and for both a soft (L.« = 0.025 GPa) and stiff heterogeneity
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(Esier = 1.0 GPa) is displayed in Figure 4.12. Overall, the amplification factor is between 2-9%;
it is thus of the same order of magnitude as observed in INSAR (see Figure 3.2).

Figure 4.13 and Figure 4.14 show the effects of the heterogeneity in the horizontal
displacement resulting from the small-scale simulation. Again, the amplification factor of
the horizontal displacement as function of the width of the heterogeneity for both a soft and
stiff heterogeneity is displayed (see Figure 4.15). In both cases, stiff and soft, the
amplification factor of the horizontal displacement increases with the increase of the width
of the heterogeneity. Overall, the horizontal amplification factor is between 1-9%.
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Figure 4.13: a) Horizontal displacements considering a soft heterogeneity, and b) close view of results. A
positive or negative horizontal displacement corresponds to a displacement respectively towards the right
side or left side of the numerical model.
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Figure 4.14: a) Horizontal displacements considering a stiff heterogeneity, and b) close view of results. A
positive or negative horizontal displacement corresponds to a displacement respectively towards the right
side or left side of the numerical model.
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Figure 4.15: Horizontal amplification factor in function of w considering both soft and stiff heterogeneity.

Fourth series of experiments: effect of the
third dimension

To finalise the analysis of the surface heterogeneity, a 3D effect is incorporated into the 2D
results to investigate the impact of adding thickness to the heterogeneity. As illustrated in
Figure 4.16, the heterogeneity in the 3D model is located at the centre of the domain. In this
case, the width wof the heterogeneity is kept constant at 700 m, while the length /is varied.
The values considered for /are 50, 100, 200, 300, 700 and 1000 m.
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W

Figure 4.16: Three-dimensional (3D) sketch of the model.

Figure 4.17 presents an example of the 3D analysis. Figure 4.17a shows the mesh of the
model, with the small heterogeneity highlighted in red. Figure 4.17b displays the large-scale
vertical deformation. Figure 4.18 illustrates the effects of the heterogeneity at a smaller
scale. Similarly to the 2D framework, due to the presence of the small heterogeneities, the
subsidence profile is deflected. The difference between 3D and 2D cases is not substantial,
and as expected when the thickness zincreases, the 3D case tends to perfectly match the
results of the 2D plane strain case.
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Figure 4.17: Example of the 3D simulation. a) full mesh with the heterogeneity colored in red, and b) vertical
displacements.
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Figure 4.18: Effect of the length | considering a a) soft heterogeneity, and a b) stiff heterogeneity.
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5 Discussion

Our use-case is the Groningen gas field, but it could have been any other gas fields in the
Netherlands or elsewhere.

First, we screened out the expected depth and size of the subsurface heterogeneities on top
of the Groningen gas field. Three potential main sources of lithological and elastic
heterogeneities have been identified. The first heterogeneity and the deepest ones
correspond to the salt domes. The second heterogeneity are the glacial valleys. The third
and shallowest heterogeneity are the channels and/or sand bars of the
Holocene/Pleistocene sequences.

Second, we demonstrated that with InSAR observations small-scale fluctuations of the
subsidence bowl with an amplitude higher than the expected noise level can be clearly
observed. The vertical amplification factor of these small-scale fluctuations is between 6-
10%.

Third, four series of numerical experiments have been deployed to specifically isolate the
effect of the three main subsurface heterogeneities on the subsidence bowl. Two numerical
codes have been used: FLAC2D and DIANA. Both codes produced similar outcomes,
reinforcing confidence in our analysis. As expected, the strain deviations induced by the
deepest elastic heterogeneities are smeared out by the elastic response of the subsurface.
The deepest salt domes can cause long-wavelengths fluctuations of the subsidence bowl
but most likely cannot cause the sub-kilometre scale fluctuations observed in InSAR. The
mid-depth glacial valleys can potentially induce kilometre-scale fluctuations as observed in
InSAR. However, the more localised fluctuations observed in INSAR are more likely explained
by the shallowest lithological heterogeneities of the Holocene/Pleistocene sequences. This is
where we devoted most of our research efforts. This particular attention towards the
shallowest heterogeneities, besides the match of the InSAR observations, is also justified by
the fact that deviations of the subsidence bowl over short distances will lead to higher
gradients in ground surface displacements and thus higher strains. Results of our 2D plane
strains numerical models indicated that for these very shallow elastic heterogeneities,
vertical and horizontal amplification factors are between 1-9%. The modelled vertical
amplification factor is thus very close to the range observed with InSAR. Of course, this
striking correlation does not necessarily mean a causality. However, it is important to note
here that our numerical models have been deployed with all known realistic ingredients,
namely the pressure depletion, reservoir thickness and expected ranges for elastic moduli. In
addition, the results of the 3D numerical models closely align with those of the 2D numerical
models, further strengthening confidence in our 2D analysis. Therefore, one can conclude
that our approach demonstrated that shallow elastic heterogeneities, effectively present in
the shallow subsurface, can be a candidate to explain the small-scale variations of the
subsidence bowl observed in INSAR.

It remains now to understand the consequences of these modelled (and observed)
amplification factors on the potential induced damages to housings and/or infrastructures.
It is well known that the spatially localized variations of the subsidence profile can
potentially lead to damages to housings and/or infrastructures (Boscardin, and Cording
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1989). For a deep source of subsidence, as it is the case for a gas depleting reservoir, the
induced horizontal strains at the ground surface are expected to be the main drivers of
damages to housings and/or infrastructures (Geurts et al., 2021; 2023). Figure 5.1 presents
the induced horizontal strains derived from the profiles of horizontal displacements of Figure
4.13. The induced horizontal strains at the ground surface increase with the decrease of the
width of the heterogeneity. Instead, previously we have seen that the horizontal
displacements decrease with the decrease of the width of the heterogeneity. The horizontal
strain is directly linked to the spatial gradient of the horizontal displacement. The decrease
rate of the horizontal displacement is lower than the decrease rate of the width of the
heterogeneity, and therefore the spatial gradient of the horizontal displacement and hence
horizontal strains increase with the decrease of the width of the heterogeneity.

Note also here that the strain peaks at the edge of the heterogeneity are caused by the
sharp transition in Young’s modulus between the heterogeneity and his surroundings. In
reality, one expects plasticity to cap these sharp peaks in elastic strains; therefore, our
analysis and interpretation are focused on the centre of the heterogeneity, unaffected by
this edge effect. The amplification factor of the horizontal strain at the centre of the
heterogeneity is between 30-200%. It means that moderate amplification factors in
horizontal displacements (1-9%) distributed over a short spatial distance can lead to
substantial amplification factors of the horizontal strain (30-200%).
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Figure 5.1: Horizontal strains considering a soft heterogeneity. The relative change Si/Sz corresponds to the
amplification factor of the horizontal strain.
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6

Conclusions and
recommendations

Do lateral heterogeneities in the subsurface affect
the shape of the subsidence bowl above a depleting
gas field?

The response to this question is yes, and the three main takeaways from our study are the
following:

Our numerical model, inspired from the Groningen gas field and populated with realistic
model parameters, indicates that shallow and small-scale elastic heterogeneities can lead
to local amplification factors around 1-9% in the vertical and horizontal displacements at
the ground surface.

This modelled local amplification factor in the vertical displacements is in the same range as
observed with InSAR.

The moderate amplification factor around 1-9% in the horizontal displacements can lead to
a substantial amplification factor around 30-200% in the horizontal strain.

What are the consequences for the current
technical assessment with respect to existing Dutch
permitting procedures for gas extraction?

To answer this question, we need to understand how the amplification factor in the
horizontal strain will translate in terms of probability of damages to buildings and/or
infrastructures? The answer to this question is outside the scope of this study. To answer this
question information on building responses is required, and utilizing a fragility curve to
translate the total horizontal strains in terms of probability of exceedance a certain damage
state (Prosperi et al., 2023, Korswagen, 2024). The probability of damage can thus be
inferred from total horizontal strains. In our case these total horizontal strains are the
combination of both (1) the initial horizontal strains from the “homogeneous case” (without
the presence of the shallow elastic heterogeneity) and (2) the amplification factors of these
initial horizontal strains. Note here that the “homogeneous case” can eventually include the
effect of elastic layering as it is already included in some technical assessments linked to
Dutch permitting and damage eligibility procedures (Geurts et al., 2023). Indeed, it has been
shown that accounting for elastic layering of the subsurface can modulate the large-scale
shape of the subsidence bowl and thus modulate the initial horizontal strains.

For locations where the initial horizontal strain (derived from the “homogeneous case”) is
initially very low, the strain amplification is not expected to lead to substantial
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consequences. Only the locations where the initial horizontal strain is already relatively high
will be substantially affected by this magnification.

What are these locations of interest? Models of subsidence for the “homogeneous case”
predict higher horizontal strains when the sources are both spatially localized and at
shallower depth. This is the case for shallow small gas fields and salt caverns. InSAR
observations clearly corroborate these model outcomes indicating higher gradients in
horizontal displacements on top of salt caverns, i.e. steeper subsidence bowls (EGMS, 2024).
The North-West edges of the Groningen gas fields with relatively high horizontal
displacements is also potentially one of these areas (Geurts et al., 2023).

The amplification factor can be viewed as the amplification factor used for ground motion
model for induced seismicity (van Ginkel et al., 2022). The objective will be thus to provide a
map of amplification factor of the horizontal strain. This map should be combined with the
results from the “homogencus case” modelling. This way a fast and efficient approach could
be applied for predictions of induced strains accounting for lateral elastic heterogeneities in
the subsurface.
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/ Recap of the research
guestions
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. What is the effect of lateral heterogeneities in the subsurface on the shape of the

subsidence bowl above a depleting, compacting gas reservoir? Can they explain the
occurrence of small wavelength fluctuations in subsidence such as observed above Dutch
depleting gas fields?

The effect of local heterogeneities in the subsurface is the local modification of the
surface displacements induced by deep gas extraction.

Yes, they can explain the occurrence of small wavelength fluctuation in subsidence such
as observed above Dutch depleting gas fields. We highlighted a correlation between
model-predictions and InSAR-observations. This correlation will need to be substantiate
with further analysis to establish the causality.

. What characteristic length-scales of subsurface heterogeneities can we expect at

reservoir level and in the overburden of producing gas fields?

We did not focus our analysis on the characteristic length-scales of the potential reservoir
heterogeneities because we showed that the deeper the heterogeneities the smoother
will be its effect on the subsidence bowl. We identified three types of characteristic
length-scales of subsurface heterogeneities. First, the salt domes of the Zechstein Group
exhibit thickness heterogeneities on a multi-kilometer scale. Second, glacial tunnel valleys
extend across several hectometers. Third, the Holocene sequence features soil-type
heterogeneities on a hectometer scale.

. What is the magnitude of typical small wavelength fluctuations in subsidence as

observed above depleting gas fields?
Our InSAR analysis revealed small-wavelength fluctuations ranging from several

hectometers to the kilometer scale.

. How does the magnitude of the fluctuations observed compare to the measurement

error?
The amplitude of the small-wavelength fluctuations is 3-5mm and the estimated InSAR

noise is around 1mm.

. How does the magnitude of the small wavelength fluctuations compare to the

uncertainty of the predictions with common layer-cake analytical solutions?
Uncertainties in predictions using common layer-cake analytical solutions (e.g., Fokker
and Orlic (2006)) primarily stem from uncertainties in subsurface elastic properties and
compaction distribution at the reservoir level. After model calibration, these uncertainties
should be aligned with measurement errors. Since common layer-cake solutions, such as
Fokker and Orlic (2006), do not produce local fluctuations in the subsidence bow/ at small
wavelengths, a direct comparison between the magnitude of these small-wavelength
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fluctuations and the uncertainties in predictions from layer-cake analytical solutions is not
feasible.

6. What is the impact of a major lithological heterogeneity in the subsurface, such as 1) a
visco-elastic salt-dome on top of an elastic reservoir, 2) deep subglacial valley deposits,
on subsidence above a depleting gas field?

We demonstrated that about a depleting gas field, salt-dome and deep glacial valley
deposits will respectively cause 10-kilometer-scale and kilometer-scale fluctuations in the
subsidence bowl.

7. What is the impact of intra-reservoir heterogeneity and spatial variation in elastic

material parameters on fluctuations in subsidence at surface level? What is the effect of
heterogeneities in the overburden on fluctuations in subsidence at surface level? In what
way do depth and dimension of the heterogeneity (in terms of height and lateral extent)
affect the subsidence profile?
This question has been already partially answered by the previous responses. The deeper
and wider the heterogeneities the smoother (distributed over a long distance) will be the
induced modlfications in the subsidence bowl. The thicker the heterogeneities the larger
the amplitude of the modifications in the subsidence bowl.

8. What is the first order estimate of expected fluctuations in subsidence caused by
groundwater lowering? How do wavelengths of fluctuations in subsidence due to the
process of reservoir compaction compared to differential surface movements caused by
shallow processes like groundwater extraction?

We did not explore this question, as we believe that estimating the small-wavelength
fluctuations caused by groundwater lowering requires careful consideration and a
separate, more extensive quantitative analysis.

9. How do numerical modelling results compare to layer-cake analytical solutions, in case
of subsurface heterogeneity?
This question has already been addressed in Question 5.

10.How do the results impact policy on the Dutch mining activities?
See section 6.

11.How do the results impact TNO’s technical assessment of production plans?
See section 6.
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