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Abstract. The Netherlands is subject to anthropogenically induced deep-source and shallow subsidence. Deep

sources are related to the extraction of hydrocarbons or salt mining activities, whereas shallow subsidence comprise compaction, shrinkage and oxidation of clay and peat under progressive lowering groundwater levels. At
TNO – Geological Survey of the Netherlands, deep-source and shallow subsidence are presently investigated
separately. Forward and inverse modelling techniques are generally deployed to forecast subsidence caused
by deep sources, whereas shallow subsidence is predicted using the high-resolution geological 3-D subsurface
model GeoTOP. A new approach is proposed which encompasses forward and inverse modelling techniques
and GeoTOP. Such combination will yield a powerful shallow subsidence forecasting model, which would be a
critical step forward in analyzing shallow subsidence in the Netherlands on a regional scale.
In the present contribution, we sketch the setup of this new approach that combines subsidence measurements,
GeoTOP subsurface data, and data assimilation of subsidence with the help of state-of-the-art forward and inverse
modelling techniques. The setup uses ensemble technology to catch uncertainties of parameters, different model
choices, and implicit correlations. With such a setup, forecasts can be faithfully accompanied with a quality
measure that enables to judge its relevance and confidence range.

1

Introduction

Anthropogenic subsidence processes in the Netherlands are
divided into deep and shallow sourced, which are both in the
order of up to 1 to 2 cm yr−1 (Van den Akker et al., 2008;
Van Thienen-Visser and Fokker, 2017). Deep-sourced subsidence in the Netherlands is a result of the extraction of
hydrocarbons and salt mining activities. During gas extraction, reservoir pressure decreases leading to its compaction.
This reduction in volume at reservoir depth may induce surface subsidence (Doornhof, 1992). Shallow subsidence in the
Netherlands is caused by the progressive lowering of groundwater levels, which results in compaction, shrinkage and oxidation of shallow clay and peat layers (Fokker et al., 2019).
Besides anthropogenically induced subsidence, the Netherlands is also subjected to natural subsidence processes caused
by tectonics and glacio-isostatic adjustments (Fokker et al.,

2018). Tectonic subsidence is related to submergence of the
North Sea basin which commenced during the Early Miocene
(Zagwijn, 1989), whereas superimposed glacio-isostatic adjustments are in play since the Late Glacial Maximum (Vink
et al., 2007).
On a regional scale however, the Netherlands is most under threat by shallow subsidence processes. These processes
increase flood risks during storm-surges and high river water
levels, damage infrastructures and houses, and cause saline
water intrusions. Therefore, shallow subsidence poses large
environmental and socioeconomic risks.
Prognoses indicate that the total costs related to shallow
subsidence in the Netherlands are ca. EUR 20 billion for
the period until 2050 (Van den Born et al., 2016). To limit
these costs, forecasting subsidence is of utmost importance
for policy makers, spatial planners and stakeholders. Such
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predictions can be used to identify areas most prone to subsidence and design mitigation strategies. Therefore, a model
that faithfully forecasts shallow subsidence on a regional
scale and constrains it using available data is of great value
for such decision making.
In the field of subsurface information, TNO – Geological Survey of the Netherlands (TNO-GSN) has a unique
position in the Netherlands, because it manages an exhaustive borehole dataset of the shallow subsurface, which is
available in the high-resolution geological subsurface model
GeoTOP. Furthermore, TNO-GSN has developed forward
modelling and subsidence inversion techniques to forecast
deep-source related subsidence. When combining the multiple expertise of TNO-GSN, a powerful novel approach can
be developed that would be a critical step forward in understanding and forecasting shallow subsidence in the Netherlands. In this contribution, a way forward modelling workflow for the shallow subsidence predictions is proposed. This
integrated workflow has been lacking so far in the Netherlands and even worldwide.
2

Deep subsidence: ESIP

TNO-GSN recently developed an integrated approach,
coined Ensemble-based Subsidence Interpretation and Prediction (ESIP) to take advantage of prior knowledge in terms
of processes and subsurface parameters. In the context of
Bayesian probability “Ensemble” here implies building multiple realizations of the subsidence based on the possible
choices of processes and subsurface parameters. The objective is to carefully span the complete prior model space with
our ensemble of subsidence realizations. Later, during an inversion step, the ensemble is confronted with the ground surface displacement data to refine our predictions.
Salt mining activities and hydrocarbons production in the
Netherlands can both induce deformation (compaction) of
the subsurface, and in response to it the ground surface subsides. Subsidence forecasting approaches are thus required
for assessing the consequences of reservoir production and
changes in it. However, the link between reservoir production and subsidence is non-trivial. As an example, for some
gas fields in the Netherlands it has been observed that (i) a
delay exists between the start of production and the onset
of subsidence, (ii) the subsidence continued even after production has stopped, and (iii) the relationship between production and subsidence is non-linear (van Thienen-Visser et
al., 2015). Thus, large uncertainties in the subsurface processes and related subsurface parameters imply that following a deterministic forecasting approach is not appropriate.
Instead, and as in many scientific realms where uncertainties are abundant like weather forecasting, a probabilistic
ensemble-based approach is an appropriate and fruitful way
forward (e.g. Jaynes, 2003; Evensen, 2003; Reggiani and
Weerts, 2008; Emerick and Reynolds, 2013).
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It is worth noting here that ESIP can be used for subsidence predictions to support mitigation strategies, but also
can be used as a probe of the reservoir activity at depth, and
ultimately to reduce uncertainties with respect to the reservoir behavior in time and space. Indeed, besides the subsidence predictions, ESIP can be used to retrieve the driving
input parameters of the subsurface and reservoir, like reservoir porosity, fault behavior, and aquifer strength.
Ensemble-based approaches for inversion of surface subsidence had already been developed in the past (see e.g. Baù
et al., 2015; Candela et al., 2016; Fokker et al., 2012, 2016).
However, these pioneering works were designed for specific
applications, where only few specific model parameters were
varied to build the prior ensemble of subsidence realizations. For example, Fokker et al. (2012) varied fault transmissibility only, because they were interested in detecting
reservoir compartmentalization. In another study, Fokker et
al. (2016) assumed a linear compaction model and only varied the reservoir compaction coefficient and the subsurface
elastic moduli. Furthermore, Baù et al. (2015) focused on the
general reservoir and geomechanical parameters like pressure drop, reservoir location and size, elastic parameters, and
compressibility. With ESIP, we can take into consideration
most (if not all) of the physical processes and parameters attached to them for modelling subsidence due to reservoir gas
production.

3

Shallow subsidence: GeoTOP

The 3-D geological subsurface model GeoTOP has a
x, y, z resolution of 100 × 100 × 0.5 m and schematizes the
subsurface to a depth of 50 m b.m.s.l. (Fig. 1) (Stafleu et al.,
2011). Each voxel in the model contains most likely estimates of the stratigraphical unit and the lithological class
(Fig. 1). At present, GeoTOP comprises 12 model areas. It
is based on ca. 455 000 coded borehole descriptions from the
national subsurface DINO database operated by TNO-GSN,
complemented with 125 000 borehole logs from Utrecht University. The six model areas in the southwest, west and north
of the country are characterized by a thick Holocene coastal
wedge that is underlain by a stack of Pleistocene sandy units.
The Holocene sequence includes thick occurrences of peat
and clay, which makes GeoTOP the de facto standard in predictive land subsidence studies (Van der Meulen et al., 2013).
Recent subsidence studies deploying GeoTOP focused on
past peat compaction (Koster et al., 2018a), peat oxidation
potential (Koster et al., 2018b), and scenarios of near future
subsidence in urbanized and agricultural peat areas (Koster
et al., 2018c). However, parameterizing peat and clay voxels on a regional scale with properties essential to forecast
compaction and oxidation under changing groundwater levels remains challenging. For single site locations, progression was made by TNO-GSN by applying an inversion workflow to constrain and estimate clay and peat properties from
proc-iahs.net/382/427/2020/
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Figure 1. GeoTOP illustration of the Netherlands (left) and an enlarged area around Amsterdam (right).

Figure 2. Overview of the main steps of the workflow for shallow subsidence forecast.

ca. 50 years of monitored subsidence (Fokker et al., 2019).
This approach is generally applied to deep-source subsidence
studies (see Sect. 2 of the present contribution), and engaging it to unravel shallow subsidence sources was therefore an
innovative approach.

dating back to the late 19th century. For constraining ESIP
this information is essential, because groundwater level lowering resulting in volumetric loss of subsurface layers is reflected in the thickness reduction of documented thicknesses
of peat and clay layers in DINO (Vonhögen et al., 2010).

4

5

DINO database

TNO-GSN manages a national database for subsurface information (DINO). This database contains borehole information, geotechnical and geophysical soundings, and groundwater monitoring data. This dataset comprises measurements
proc-iahs.net/382/427/2020/

A way forward for spatial predictions of shallow
subsidence in the Netherlands

We propose to use the newly developed ESIP probabilistic
TNO-GSN workflow in the context of shallow subsidence
on a regional scale. More specifically, the probabilistic ESIP
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workflow combined with GeoTOP and present-day subsidence measurements is essential to identify and quantify the
contribution of each subsidence process, and to support quality decisions in terms of future groundwater management.
The main steps of the proposed workflow are presented in
Fig. 2.
The first step consists of combining ESIP with GeoTOP
to produce subsidence forward models. This encompasses
populating GeoTOP voxels with estimates of peat and clay
parameters. These parameters are derived from samples that
have been collected during TNO-GSN’s nationwide mapping
campaign initiated in 2006. At present, this campaign yields
a few hundred of 30m continuous cores spread throughout GeoTOP’s model areas. The cores have been intensively
sampled for mechanical, chemical, and hydrological analysis. One can consider these first subsidence forward models as “blind predictions”, and most likely their predictive
power is limited due to a wide confidence interval. Up to
now we covered the first 3 boxes of the workflow in Fig. 2. It
is now required to cross-check these forward models against
the observed subsidence during the data assimilation step;
this corresponds to the box “inverse modelling/data assimilation” in Fig. 2. After leveraging the information content of
the data, new refined subsidence predictions and their uncertainty band can be generated (box “Subsidence predictions –
refined guess with uncertainty band” in Fig. 2).
The second step consists of using scenarios of groundwater level changes to forecast future subsidence with parameters derived from the first step. Groundwater level information can be retrieved from the DINO database (see Sect. 4).
Ultimately, the newly generated subsidence predictions can
help to optimize the groundwater management strategy on a
regional scale.

Data availability. The subsidence measurements will be selected

based on to be selected sub-areas of interest; the GeoTOP model can
be accessed via at https://www.dinoloket.nl/en (last access: November 2019) (TNO-GSN, 2019).
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