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Abstract

The Groningen gas field has shown considerable compaction and subsidence since starting production in the early 1960s. The behaviour is un-

derstood from the geomechanical response of the reservoir pressure depletion. By integrating surface movement measurements and modelling,

the model parameters can be constrained and understanding of the subsurface behaviour can be improved. Such a procedure has been employed

to formulate new compaction and subsidence forecasts. The results are put into the context of an extensive review of the work performed in

this field, both in Groningen and beyond. The review is used to formulate a way forward designed to integrate all knowledge in a stochastic

manner.
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Introduction

The Groningen gas field in the northeast Netherlands was dis-
covered in 1959. Exploration resulted in the realisation that
Groningen was one of the largest gas fields in the world; on
the current global list it ranks ninth, with a total originally
recoverable volume of gas of 2700-2800 x 10° Nm? (EZ, 2015).
Production started in 1964. After some years, subsidence of the
surface above the producing gas field became apparent. This was
quickly understood to originate from reservoir compaction as a
result of reservoir pressure depletion. Geertsma (1973a, b), in
his seminal papers on subsidence, put the phenomenon in the
context of poroelastic theory as a parallel to thermoelasticity
(Goodier, 1937; Biot, 1956; Nowacki, 1962), and applied earlier-
developed nucleus-of-strain theories (Mindlin & Cheng, 1950;
Sen, 1950) to estimate the magnitude and distribution of sub-
sidence resulting from reservoir depletion. Geertsma’s nucleus-
of-strain solution is equivalent to Mogi’s (1958) concept, which
related volcanic eruptions to ground surface deformation. It is
also equivalent to the inflation sources in Okada’s (1992) cal-
culation of stresses and displacements due to seismic events.
However, Geertsma extended the approach to incorporate the

areal distribution of the volume source, by using the point
source solution as an influence function that is integrated over
the compaction distribution over the reservoir. Segall (1992)
extended this treatment to general axisymmetric pressure
distributions.

The subsidence estimations of Geertsma critically depended
on the subsurface properties. One of these is the compaction co-
efficient, relating the relative pressure drop to the resulting vol-
ume strain. In a linear elastic context this number can be calcu-
lated from the elastic moduli. Even here, however, care must be
exercised: the scalar value of the pore compressibility depends
on the stress path, which renders a direct translation of lab-
oratory results to field conditions problematic (Hettema et al.,
2000; Schutjens et al., 2004). Furthermore, for material that
is nonlinearly elastic, viscoelastic, non-elastic or failing, a more
elaborate treatment is warranted. The mechanism of compaction
has attracted considerable attention. Fundamental approaches
to model compaction include plastic flow, brittle failure, linear
viscoelasticity and others (see, e.g., Schutjens, 1991; Niemei-
jer et al., 2002; Davis & Selvadurai, 2005; Brantut et al., 2013;
Brzesowsky et al, 2014a,b; Hol et al., 2015). Other methods
capture the compaction behaviour in an effective compaction
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coefficient, depending on time, pressure or depletion rate
(De Waal, 1986; Mossop, 2012; Pruiksma et al., 2015).
The exact mechanism of compaction is not yet completely
understood.

How the volumetric source in the reservoir propagates to the
surface depends on the geological structure of the subsurface.
Geertsma’s approach was to employ an influence function appli-
cable for a homogeneous half-space. Van Opstal (1974; see also
Tempone et al., 2010) produced a first adaptation of Geertsma's
treatment, by incorporating a rigid basement, which affects the
shape of the subsidence bowl. The concept of an influence func-
tion was also employed by Hejmanowski (1995), who used a
stochastic theory resulting in a Gaussian shape rather than me-
chanical principles. This approach is commonly used in the min-
ing industry, where displacements are far beyond the elastic
regime in a large part of the affected volume. Atefi-Monfared
& Rothenburg (2011) employed an influence function based on
a double force, which would be valid for an inflating fracture,
but their approach is not applicable to a poroelastic reservoir.
Others extended Geertsma’s nucleus-of-strain concept to lay-
ered subsurface (Fares & Li, 1998; Fokker & Orlic, 2006; Wang
et al., 2006; Vasco et al., 2010), possibly with viscoelastic lay-
ers. The limitation of horizontal layers could be abandoned using
finite-element approaches instead of influence functions (Morita
et al., 1989; Teatini et al., 2011; Orlic & Wassing, 2013; Marke-
tos et al., 2015, 2016). Finite-element calculations are not based
on the nucleus-of-strain concept but employ a fully numerical
approach. As a result, the finite-element approach is more ver-
satile and can handle more complicated geological settings, at
the cost of computing time.

Measurements of compaction and subsidence have long been
recognised as a valuable source of information about reservoir
properties and dynamics (Mobach & Gussinklo 1994; Marchina,
1996; Du & Olson, 2001; Fokker, 2002; Du et al., unpublished,
2005; Muntendam-Bos & Fokker, 2009; Vasco et al., 2010; Zoc-
carato et al., 2016). Extracting this information, however, is usu-
ally a highly ill-conditioned or even ill-posed problem. There-
fore, prior information or reqularisation is required to obtain
sensible results.

In the present paper we wish to highlight the above issues
with regard to gas production of the Groningen gas field. We
start by addressing the compaction behaviour observed in the
Groningen gas field. Then we describe how the compaction field
was constrained using an inversion methodology on observed
surface movement data (Fokker & Van-Thienen-Visser, 2016).
This has consequences for understanding the geology and the
reservoir dynamics. Integrating all the knowledge currently ac-
quired, an estimate for the compaction and the subsidence for
2016 and beyond can be formulated for the scheduled reservoir
exploitation scenario. An essential attribute in this prediction
is its uncertainty: it is necessary to be able to give a confidence
interval of the expected values, but also to be able to judge the
reliability once new measurements become available. In the final
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section we put our results in the context of other approaches
and provide an outlook for future developments.

Compaction based on geological and
reservoir modelling

Gas production in Groningen started in 1964, but little subsi-
dence was observed. After 1975, the subsidence rate acceler-
ated (Fig. 1; Hettema et al., 2002). This delay in the onset of
subsidence is not yet physically understood, although multiple
hypotheses are currently investigated. A likely cause is that the
mechanical response of the reservoir rock to pressure depletion
is not linearly elastic. Another possibility is that the pressure
reduction propagates only slowly into intermediate shale layers
or into connected aquifers, thereby delaying the growth of the
area affected by depletion.

Compaction was calculated based on a dynamic reservoir
model in which pressures are distributed over the field in such
a way that the historic pressure and gas flow measurements
are matched. This is called a forward calculation. We used
NAM’s (Nederlandse Aardolie Maatschappij BV's) dynamic reser-
voir model, based on their static geological reservoir model, for
detailed information on reservoir thickness, depth and porosity
values (TNO, 2013; NAM, 2016).

In a first attempt to improve our knowledge of the com-
paction field, three different compaction models were applied to
the history-matched pressure field, propagated to surface move-
ment and fitted to the measured subsidence. The first was the
time decay model, which had been used previously in other gas
fields in the Netherlands (Mossop, 2012; NAM 2013). The sec-
ond was the Isotach model, derived from shallow geotechnical
models (Den Haan, 1994). The third was the Rate Type Com-
paction (RTiCM) in Isotach formulation. This model had been
proposed in the past for Groningen (De Waal, 1986) and reformu-
lated in 2013 (Pruiksma et al., 2015). Its output contains direct
(elastic) and secular (creep) strain at different production rates,
more closely following the observed subsidence. The three mod-
els differ in the way they predict the final compaction as well as
their response to a sudden local change in gas pore pressure. The
RTiCM and Isotach models react partly instantaneously (direct
strain) and partly with a delay (secular strain) that depends on
the pressure and on the rate of pressure change, while for the
time decay model there is no direct strain and the delayed re-
sponse only depends on the time (in the order of years). The
Van Opstal (1974) nucleus solution was used to propagate com-
paction in the reservoir to subsidence at the surface. The benefit
of Van Opstal (1974) is the use of a rigid basement which was,
in this case, varied to match the shape of the subsidence bowl.
Figure 1 shows the fit to the measured subsidence using these
three models for one of the optical levelling points in the centre
of the field. The three employed compaction models all capture
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the delay behaviour at the start of production but differ in the
prognosis of subsidence at the end of gas production.

The best compaction field obtained for the Groningen field
in this way still comprised several areas of poor fit between
the measured and modelled subsidence (Van Thienen-Visser &
Breunese, 2015). A local reduction in porosity and influence of
a partially depleting aquifer seemed to point to the influence
of the static and dynamic reservoir model in the compaction
modelling. As a direct ‘forward’ calculation could not give com-
paction values in view of the large uncertainties in the reservoir,
we instead chose to perform an inversion based on knowledge
of the reservoir and the measured subsidence. This is described
in the next section.

Compaction in 2013 obtained through
inversion of subsidence data

Results from laboratory tests on the relationship between com-
paction coefficient and porosity show a large scatter: for a given
porosity, the measured compaction coefficient typically has a
variability of a factor 5 (INO, 2013). This complicates the ap-
plication of a relationship directly derived from these lab tests.
Another large uncertainty is the amount of aquifer activity. The
Groningen gas reservoir is connected to aquifers which may or
may not respond as the reservoir depletes. Additional deple-
tion in the aquifers will give additional compaction and, sub-
sequently, subsidence away from the reservoir. There is thus
considerable prior uncertainty in the results of the modelled
compaction field.
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In an attempt to integrate the knowledge available on subsi-
dence and compaction in the Groningen gas field, we performed
an inversion on the available levelling data in the area, utilis-
ing the complete information available on the geology and the
pressure development in the field (Fokker & Van Thienen-Visser,
2016). The aim of this study was to improve knowledge of un-
certain reservoir parameters and thus facilitate better reservoir
development and better subsidence predictions.

The subsidence inversion used the so-called double differ-
ences: the temporal differences of measured differences between
different levelling benchmarks. In this way we circumvented the
frequently used procedure to employ differences of estimated
benchmark heights without using the full covariance matrix of
the data (Marchina, 1996). The error made using the differences
of estimated benchmark heights is particularly significant be-
cause of the procedure used to obtain benchmark heights: dif-
ferences between benchmarks must be accumulated to arrive at
a benchmark height with regard to a datum, and this makes
heights of nearby benchmarks highly correlated (Vanicek et al.,
1980; Houtenbos, 2000). Such correlations must be incorporated
in the covariance matrix of the data, but given the lack of this
information we chose to use the measured differences directly
and construct double differences to be used in the inversion
scheme.

Our inversion targeted the distribution of compaction over
the reservoir without explicitly considering the underlying ge-
ological uncertainties, and without varying the geomechanical
influence function within the procedure. Instead, a number of
inversions were performed for different influence functions (a
Geertsma function for a homogeneous subsurface (Geertsma,
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Fig. 2. Field of compaction multiplication factors resulting from the inversion.

1973a); a Van Opstal function employing a rigid basement (Van
Opstal 1974); and a function for a layered subsurface with rep-
resentative layer properties (Fokker & Orlic 2006)). The differ-
ent influence functions, however, did not yield very different
results. The update resulting from the inversion yielded areas
of increased and reduced compaction relative to the existing
compaction field which corresponded with areas of possible dis-
crepancies in porosity and aquifer activity. This is highlighted
in Figure 2.

Compaction and subsidence forecasts

The previous sections have made it clear that uncertainties in
the reservoir model hamper the direct calculation of compaction
from the pressure depletion of the Groningen field. Using the
correction factors derived from subsidence inversion makes it
possible to obtain more reliable compaction and subsidence fore-
casts from the pressure depletion forecasts of the Groningen
field. The correction factors will adjust compaction in those ar-
eas where problems with the underlying porosity or aquifer ac-
tivity are present.

We used the Rate Type Compaction model in Isotach formu-
lation previously derived (Pruiksma et al., 2015) and applied
to the Groningen field (TNO, 2013). The Rate Type Compaction
model has three parameters that were fitted to the subsidence
data in 2013. We used the same values for these parameters as in

265
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TNO (2013): b=0.017, & —0.44 and &'t =3.16 x 10~*. The
c”‘“ gives the relation between the elastic part (direct strain)
of the RTiCM model and the plastic part (indirect strain). For
the compaction model we base our analysis on one realisation
of the static and dynamic reservoir model; the influence of un-
certainty in these models is therefore not explicitly accounted
for in the compaction and subsidence workflows.

Figure 3 shows the compaction in January 2016 with and

without application of correction factors obtained through in-

version. Figure 4 shows the difference between the measured
and calculated subsidence in 2011 with and without correction
factors. Clearly, the introduction of correction factors has de-
creased the mismatch between calculated and measured subsi-
dence - not surprisingly, since the correction factors are the
result of a subsidence inversion, which used the measured sub-
sidence as input. The largest difference between measured and
calculated subsidence is in the northwestern part of the field.
Also, the fit in the western part of the field, close to the city
of Groningen, improved substantially (Fig. 4C). Even though the
fit is substantially improved, there are still differences between
the modelled and measured subsidence. This may be due to un-
certainties in the subsurface model or elements that were not
taken into account during the inversion, such as the presence of
other gas fields (Bedum, Warffum, Kiel-Windeweer) and shallow
sources of subsidence.

The computed compaction fields (Fig. 3) were used to
create subsidence maps, applying the Geertsma-Van Opstal
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Fig. 4. Difference (cm) between measured and calculated subsidence (in 2011) for GFR 2015 v 2.5 without (A) and with (B) correction for compaction
coefficient determined from subsidence inversion. Red values indicate more subsidence calculated than measured, blue less subsidence calculated than

measured. The correction is given in (C) (the difference between the values in (A) and (B)). Red indicates a correction to a lower modelled subsidence, blue

indicates a correction to a higher modelled subsidence.

influence function (Van Opstal, 1974; TNO 2013). The input pres-
sure distribution forecasts in space and time were taken from the
dynamic model, provided by NAM (NAM, 2016). Three different
production forecasts for the Groningen field were available, pro-
vided by the operator. They are characterised by a plateau rate
of 21, 27 or 33bcm (billion cubic metres) a=?! starting in 2017.
Plateau length strongly depends on the plateau rate. For the
21bcm a~! plateau the plateau length is 15 years, for 27 bcma™?
it is 8 years and for 33becma=? it is 5 years. At the end of the
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plateau period a relatively fast decline in production per year
commences. After 2027 the order in the yearly production re-
verses: the 33bema? plateau profile will produce less than the
27bcma~? plateau profile, and the 27 becma~? profile less than
the 21becma~? profile. The cumulative production as forecasted
for the year 2080 is virtually identical for the three profiles.
Figure 5 shows the projected subsidence in 2025 over the
Groningen gas field assuming the production profiles of 21, 27
and 33bcma~! plateau rate from 2017. Projected subsidence
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shows small differences for these production profiles, with the
21bcma~! scenario leading to less subsidence in 2025 followed
by the 27 bcma~! scenario and the 33 bem a~! scenario. This dif-
ference in subsidence for the production profile will disappear
in 2080 since 2080 is considered to be the end of lifetime for the
Groningen gas field. All gas will have been produced up to the
same level of pressure depletion, hence compaction and subsi-
dence will be similar for all production scenarios. The maximum
subsidence in 2080 is 47 cm in the centre of the field close to the
village of Ten Post. This part of the reservoir corresponds to the
highest compaction in the field caused by a large compaction
coefficient, relatively high porosity and thick reservoir layer.

Discussion

In this section we wish to highlight areas where questions or
uncertainties are still present, and to put the work in the con-
text of the host of research that is performed in this realm. We
follow the workflow starting from the geology and the reser-
voir modelling, the compaction modelling and geomechanics, to
surface measurements and their interpretation. We finish the
section with implications in a broader context, with a broader
view on what we see as the preferred way to proceed.

Geological and reservoir models

The basis of all modelling is in the static geological description
of the gas field and its surroundings, and in the dynamic reser-
voir models based on the static model. The set-up that we pre-
sented is based on a single geological model and a single reser-
voir model. This was warranted by the vast amounts of accumu-
lated knowledge about the Groningen gas field and the pressure
development in the numerous wells during the field production
history since the early 1960s. However, there are still uncertain-
ties. As highlighted in the inversion results, some areas in the
field still exhibit sizeable uncertainty in the porosity distribu-
tion or pressure development, especially in areas not sampled by
wells. Our current approach was to catch these uncertainties in
a correction factor for the compaction coefficient encompass-
ing the entire range of uncertainty in this factor. A more sci-
entifically sound approach is to assess the uncertainty a priori
and construct an ensemble of models that map this uncertainty.
This ensemble could then be fed into an integrated inversion
or data assimilation exercise intended to constrain uncertainty
(Wilschut et al., 2011; NAM, 2015). For Groningen, the large size
of the field hampers this scientifically sound approach. Making
multiple static and dynamic model realisations may take up to
several years of manpower. Another choice to be made entails
whether to accept history-matched reservoir models only or to
integrate the history matching with the surface movement in-
version. The latter procedure may be more comprehensive, but
could easily exceed the reach of current computer capabilities.
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Compaction

We presented a modelling approach to obtain compaction be-
haviour. Two alternative ways of obtaining the reservoir rock
compaction behaviour are laboratory experiments and direct
field observations. Field observations have been obtained by
employing multiple radioactive markers in a number of bore-
holes, which then were periodically logged to follow their rela-
tive distance (Mobach & Gussinklo, 1994). However, the limited
precision of these measurements does not allow for a detailed
testing of different compaction models. A new technology is
the use of fibre-optical sensors, which provide two-orders-of-
magnitude better resolution in measured strains and a semi-
continuous sampling in time.

Laboratory testing can provide insight into the mechanical
behaviour of core material on a small scale and for limited time
durations. De Waal's (1986) RTCM model was actually based on
experiments. Of course, to extrapolate such experimental re-
sults to the field scale, either a physics-based model or a field-
scale experiment is required - and ideally both. One can view
the Groningen case itself as a field-scale experiment, with sub-
sidence measurements as the experimental outcome. However,
there are still many uncertainties, like the geomechanical re-
sponse of the reservoir surroundings and the pressure distribu-
tion and development, which makes it less controlled than in
laboratory conditions. Therefore, alternative approaches have
focused on experiments targeted at understanding the com-
paction physics (see, e.g., Niemeijer et al., 2002; Brantut et al,
2013; Brzesowsky et al., 2014a,b). Many questions remain, how-
ever, such as which mechanism is at work in which regime, or
how to extrapolate laboratory results to the field scale. More
work is required to adequately describe the physics involved and
to build confidence when bridging the laboratory scale to the
field scale (Hangx et al., 2017). An interesting lead seems to be
an interpretation of the RTCM model in terms of statistical or
micromechanical models for brittle creep (Brantut et al., 2013).

The coupling of reservoir engineering and geomechanics for
gas reservoirs usually employs one-way coupling: reservoir pres-
sures are used as an input forcing for the geomechanical simula-
tor. This approach is warranted since the compressibility of the
gas is much larger than that of the porous reservoir structure.
In other words, pressure changes due to the change in pore vol-
ume by poroelastic stressing are much smaller than the pressure
changes due to reservoir depletion. For connected aquifers, this
approach may not be permitted, and a two-way coupling may
be more appropriate in certain circumstances.

Geomechanical response

An important link between compaction and subsidence is the in-
fluence function. Where Marchina (1996) utilised the Geertsma
solution for a homogeneous half-space and NAM (2013) em-
ployed the Geertsma-Van Opstal solution with a rigid basement,
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we performed a limited sensitivity study in order to test differ-
ent forward models. The different forward models, however, did
not yield very different results.

An influence function starts from the assumption of a layered
subsurface. When significant structures are present in the sub-
surface, like salt domes, this approach can be insufficient (Orlic
& Wassing, 2013). There is also discussion whether an influence-
function approach is adequate when horizontal salt layers are
present: Marketos et al. (2015) show time-dependent behaviour
with time constants different from the time constants of the salt
itself, which cannot easily be understood from a linear response
captured in an influence function. The understanding of time-
dependent behaviour in several regimes (Marketos et al., 2016)
calls for a thorough geomechanical investigation.

Subsidence measurements

The surface movement measurements used in our inversion
study were double differences calculated from the original
height differences (Fokker & Van Thienen-Visser, 2016). The
background of this choice was the suboptimal practice of using
estimated temporal height differences without knowledge about
the covariance matrix. The principle of our approach is equiv-
alent to using estimated height differences with a full covari-
ance matrix. In practice, the latter procedure might be better,
since careful adjustment of the raw data to arrive at estimated
heights involves testing for outliers and errors, facilitated by the
redundancy normally present in the data (Vanicek et al., 1980;
Houtenbos, 2000). We therefore prefer the latter approach for
future exercises if the covariance matrix is known.

A recent development in geodetic monitoring is the use of
remote sensing. The deployment of interferometric radar, InSAR
(Ferretti, 2014), has become very popular, as it can provide mil-
limetric accuracies. The technique has been demonstrated to be
applicable to the Groningen area (Ketelaar, 2008). An advan-
tage of InSAR above levelling is the possible determination of
movement in different directions, allowing the establishment
of vertical and horizontal (east-west) movements (for applica-
tions to gas fields or CO, injection see Samiei-Esfahany et al.,
2009; Rucci et al., 2013; Fokker et al., 2016). For many re-
gions, data are available in historical records since 1993, and
these can be processed and used for additional evaluation. Com-
plications of the technology are the non-unique identification
of measurement points (the scattering object may not always
be exactly identified), the extensive processing required to ob-
tain movement data from the satellite images, and the low
density of measurement points in rural or highly vegetated
regions.

Inversion approach

Inversion of measurements to model parameters is a general geo-
physical problem (Tarantola, 2005; Menke, 2012). An early inver-

sion of subsidence measurements in Groningen was performed by
Marchina (1996). Although he did not take into account the full
covariance matrix of the subsidence data, his results are note-
worthy: he observed that to the west of the Groningen field,
some compaction in the aquifer evolved. Our results are not
completely in line with these observations, presumably because
of the almost 20 years longer monitoring period and the use of
double differences.

We already highlighted in the subsection on geological and
reservoir models that a better approach than ours would be
to incorporate all uncertainties in a single integrated inver-
sion exercise. In our view, an ensemble approach is the most
promising way forward, since the number of uncertainties and
the associated dimensionality of the space where a solution
must be found quickly will make other approaches unfeasi-
ble because of the required computer time and storage capac-
ity. In an ensemble approach, all realisations are in princi-
ple geologically sound, and correlations between parameters
are thus implicitly honoured. Ensemble methods have been
shown to be extremely helpful in problems with large amounts
of data and high levels of uncertainties (see, e.g., Evensen,
2010).

A way forward

A possible set-up in which the different steps are integrated and
in which a stochastic ensemble approach is propagated through
the complete workflow is presented in Figure 6. In the first
place, a dedicated procedure is required to obtain the data in
adequate format. This involves the definition of an area and a
time interval of choice. The data are to be used later in the
conditioning step; metadata (positions, times, data types) are
created for use in the calculation modules.

The calculations start from geological and reservoir models,
in which the uncertainty is mapped on an ensemble of realisa-
tions. This ensemble is extended with samples of prior param-
eters and conceptual choices on the compaction model. Then, to
calculate subsidence, the ensemble is again extended, to hon-
our the prior uncertainty about conceptual and quantitative re-
alisations. The complete flow of calculations results in a large
ensemble of model predictions, which can then be confronted
with the data. Different approaches for this confrontation can
be envisaged: an Ensemble Smoother, an Ensemble Kalman Filter
or a Particle Filter are three examples (Evensen, 2010; Nepveu
et al., 2010; Emerick & Reynolds, 2013; Tavakoli et al., 2013;
Fokker et al., 2016).

Facilitating appropriate decision-making based on the
stochastic simulations involves a study in itself. We will not
touch further on this subject in the present paper but wish to
highlight two issues here. In the first place, it is important to
acknowledge that predictions made after confrontation of data
and model results are still stochastic and bear with them their
own uncertainty. In the second place, any decision will directly
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workflow.
depend on the goal to be achieved - be it maximised produc- References

tivity, subsidence limited to a threshold value, or seismicity in-
duced by field operations.

Conclusion

The compaction and subsidence of the Groningen gas field
has been assessed in an integrated manner, incorporating all
available knowledge on geology, reservoir pressure develop-
ment and compaction behaviour, geomechanical response, and
surface movement measurements, This yielded an improved
definition of the compaction field. The update was used to
improve compaction and subsidence forecasts. A further im-
provement would be to integrate the different steps by in-
corporating the uncertainty on geology, reservoir and com-
paction behaviour in a fully stochastic workflow. Measurements
can then be used to constrain an ensemble of field realisa-
tions and reduce the variance of compaction and subsidence
forecasts.

Acknowledgements

We thank our reviewers Pietro Teatini and Ger de Lange for con-
structive comments and suggestions that helped to improve the
manuscript.

https://doi.org/10.1017/njg.2017.10 Published online by Cambridge University Press

Atefi Monfared, K. & Rothenburg, L., 2011. Ground surface displacements and tilt
monitoring for reconstruction of reservoir deformations. International Journal
of Rock Mechanics and Mining Sciences 48: 1113-1122.

Biot, M. A., 1956. General solutions of the equations of elasticity and consolida-
tion for a porous medium. Journal of Applied Mechanics 23: 91-96.

Brantut, N., Heap, M.J., Meredith, P.G. & Baud, P., 2013. Time-dependent crack-
ing and brittle creep in crustal rocks: a review. Journal of Structural Geology
52(1): 17-43.

Brzesowsky, R.H., Hangx, S.J.T., Brantut, N. & Spiers, C.J., 2014a. Compaction
creep of sands due to time-dependent grain failure: effects of chemical en-
vironment, applied stress, and grain size. Journal of Geophysical Research B:
Solid Earth 119(10): 7521-7541.

Brzesowsky, R.H., Spiers, C.J., Peach, C.J. & Hangx, S.J.T., 2014b. Time-
independent compaction behavior of quartz sands. Journal of Geophysical Re-
search: Solid Earth 119(2): 936-956.

Davis, R.0. & Selvadurai, A.P., 2005. Plasticity and geomechanics. Cambridge
University Press (Cambridge): 279 pp.

De Waal, J. A., 1986. On the rate type compaction behaviour of sandstone reser-
voir rock. PhD Thesis. Delft University of Technology (Delft). Available at http:
//resolver.tudelft.nl/uuid:b805782b- 2eb4-4£72-98f4-f727c4ea9ddf0, accessed
10 April 2017.

Den Haan, E.J., 1994. Vertical compression of soils. PhD thesis. Delft Uni-
versity of Technology (Delft). Available at http://resolver.tudelft.nl/uuid:
b8dc88e0-f400-4d86-9a2e-4e00b68d0472, accessed 10 April 2017.


http://resolver.tudelft.nl/uuid:b805782b-2eb4-4f72-98f4-f727c4ea9df0
http://resolver.tudelft.nl/uuid:b8dc88e0-f400-4d86-9a2e-4e00b68d0472
https://doi.org/10.1017/njg.2017.10

Netherlands Journal of Geosciences — Geologie en Mijnbouw

Du, J. & Olson, J.E., 2001. A poroelastic reservoir model for predicting subsidence
and mapping subsurface pressure fronts. Journal of Petroleum Science Engi-
neering 30: 181-197.

Emerick, A. & Reynolds, A.C., 2013. Investigation of the sampling performance of
ensemble-based methods with a simple reservoir model. Computing Geoscience
17: 325-350.

Evensen, G., 2010. Data assimilation: the Ensemble Kalman Filter. 2nd edn.
Springer (Berlin): 279 pp.

EZ, 2015. Natural resources and geothermal energy in the Netherlands, annual
review 2015. Available at http://www.nlog.nl/cmis/browser?id=workspace%
3A//SpacesStore/56247f85-f4dc-4ele-b791-41ed9ddf46d0, accessed 10 April
2017.

Fares, N. & Li, V.C., 1998. General image method in a plane-layered elastostatic
medium. Transactions, Journal of Applied Mechanics 55(110): 781-785.

Ferretti, A., 2014. Satellite InSAR data: reservoir monitoring from space. EAGE
Publications (Houten): 160 pp.

Fokker, P.A., 2002. Subsidence prediction and inversion of subsidence data.
SPE/ISRM Rock Mechanics in Petroleum Engineering Conference, 20-23 Oc-
tober 2002, Irving, TX, USA: 543-552. Conference proceedings.

Fokker, P.A. & Orlic, B., 2006. Semi-analytic modeling of subsidence. Mathematical
Geology 38: 565-589.

Fokker, P.A & Van Thienen-Visser, K., 2016. Inversion of double-difference mea-
surements from optical leveling for the Groningen gas field. International
Journal of Applied Earth Observation and Geoinformation 49: 1-9.

Fokker, P.A., Wassing, B.B.T., Van Leijen, F.J., Hanssen, R.F. & Nieuwland, D.A.,
2016. Application of an ensemble smoother with multiple data assimilation to
the Bergermeer gas field, using PS-InSAR. Geomechanics for Energy and the
Environment 5: 16-28.

Geertsma, J., 1973a. A basic theory of subsidence due to reservoir compaction:
the homogeneous case. Verhandelingen Koninklijk Nederlandsch Geologisch
Mijnbowkundig Genootschap 2S: 43-61.

Geertsma, J., 1973b. Land subsidence above compacting oil and gas reservoirs.
Journal of Petroleum Technology: 734-744.

Goodier, J.N., 1937. On the integration of the thermoelastic equations. Philosoph-
ical Magazine 7: 1017-1032.

Hangx, S., Spiers, C.J. & Niemeijer, A.R., 2017. New approaches in experimental
research on rock and fault behaviour in the Groningen gas field. Netherlands
Journal of Geosciences / Geologie en Mijnbouw, this issue.

Hejmanowski, R., 1995. Prediction of surface subsidence due to oil- or gasfield
development. 5th International Symposium on Land Subsidence FISOLS'95,
16-20 October 1995, The Hague, the Netherlands: 291-300. Conference pro-
ceedings.

Hettema, M.H.H., Schutjens, P.M.T.M., Verboom, B.J.M. & Gussinklo, H.J., 2000.
Production-induced compaction of a sandstone reservoir: the strong influence
of stress path. SPE Reservoir Evaluation and Engineering 3(4): 342-347.

Hettema, M.H.H., Papamichos, E. & Schutjens, P.M.T.M., 2002. Subsidence delay:
field observations and analysis. Oil and Gas Science and Technology - Revue
d'IFP Energies Nouvelles 57(5): 443-458.

Hol, S., Mossop, A.P., Van der Linden, A.J., Zuiderwijk, P.M.M. & Makurat, A.H.,
2015. Long-term compaction behavior of Permian sandstones: an investigation
into the mechanisms of subsidence in the Dutch Wadden Sea. 49th US Rock
Mechanics/Geomechanics Symposium, 28 June-1 July 2015, San Francisco,

CA, USA, vol. 1: 503-510. Conference proceedings.

https://doi.org/10.1017/njg.2017.10 Published online by Cambridge University Press

NJGIT

Houtenbos, A.P.E.M., 2000. The quantification of subsidence due to gas extraction
in The Netherlands. IAHS 6th International Symposium on Land Subsidence
(SISOLS), 24-29 September 2000, Ravenna, Italy: 177-189. Conference pro-
ceedings.

Ketelaar, G., 2008. Monitoring surface deformation induced by hydrocarbon pro-
duction using satellite radar interferometry. PhD Thesis. Delft University of
Technology (Delft): 256 pp.

Marchina, P.J.M., 1996. The use of subsidence data to monitor reservoir behaviour.
SPE 36918: 413-421. Society of Petroleum Engineers (London).

Marketos, G., Govers, R. & Spiers, C.J., 2015. Ground motions induced by a pro-
ducing hydrocarbon reservoir that is overlain by a viscoelastic rocksalt layer:
a numerical model. Geophysical Journal International 203(1): 228-242.

Marketos, G., Spiers, C.J. & Govers, R., 2016. Impact of rock salt creep law
choice on subsidence calculations for hydrocarbon reservoirs overlain by
evaporite caprocks. Journal of Geophysical Research: Solid Earth 121(6):
4249-4267.

Menke, W., 2012. Geophysical data analysis: discrete inverse theory. Academic
Press (Amsterdam): 293 pp.

Mindlin, R.D. & Cheng, D.H., 1950. Thermo-elastic stress in the semi-infinite solid.
Journal of Applied Physics 21: 931-933.

Mobach, E. & Gussinklo, H.J., 1994. In-situ reservoir compaction monitoring in
the Groningen field. Eurock, 29-31 August 1994, Delft, the Netherlands. SPE
28094.: 535-547. Conference proceedings.

Mogi, K., 1958. Relations between the eruptions of various volcanoes and the
deformations of the ground surfaces around them. Bulletin of Earthquake Re-
search Institute (Japan) 36: 99-134.

Morita, N., Whitfill, D.L., Nygaard, 0. & Bale, A., 1989. A quick method to deter-
mine subsidence, reservoir compaction, and in-situ stress induced by reservoir
depletion. Journal of Petroleum Technology 41(1): 71-79.

Mossop, A., 2012. An explanation for anomalous time dependent subsidence. 46th
US Rock Mechanics/Geomechanics Symposium, 24-27 June 2012, Chicago, IL,
USA: ARMA 12-518. Conference proceedings.

Muntendam-Bos, A.G. & Fokker, P.A., 2009. Unraveling reservoir compaction pa-
rameters through the inversion of surface subsidence observations. Computa-
tional Geosciences 13(1): 43-55.

NAM, 2013. Wijziging winningsplan Groningen 2013, inclusief technische bi-
jlage Groningen winningsplan 2013. Versie 29 november 2013. Avail-
able at www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/
01/17/winningsplan-nam.html, accessed 10 April 2017.

NAM, 2015. Wadden Sea long term subsidence studies - overview report. Avail-
able at www.nam.nl/gas-en-oliewinning/wadden/onderzoeksrapportages-
wadden.html, accessed 10 April 2017.

NAM, 2016. Production plan Groningen Gasveld 2016: EP201603201721. Available
at (www.nam.nl/algemeen/mediatheek-en-downloads/winningsplan-2016/
_jer_content/par/textimage_996696702.stream/ 1461000524569,/
c5b8555b0ac589647e5e2b88bf0b8b8971ee01d7199512a68092a81a5179¢30b/
winningsplan-groningen-2016.pdf, accessed 10 April 2017

Nepveu, M., Kroon, I.C. & Fokker, P.A., 2010. Hoisting a red flag: an early warning
system for exceeding subsidence limits. Mathematical Geosciences 42(2): 187-
198.

Niemeijer, A.R., Spiers, C.J. & Bos, B., 2002. Compaction creep of quartz sand
at 400-600°C: experimental evidence for dissolution-controlled pressure solu-

tion. Earth and Planetary Science Letters 195: 261-275.



http://www.nlog.nl/cmis/browser?id=workspace%3A//SpacesStore/56247f85-f4dc-4e1e-b791-41ed9ddf46d0
http://www.rijksoverheid.nl/documenten-en-publicaties/rapporten/2014/01/17/winningsplan-nam.html
http://www.nam.nl/gas-en-oliewinning/wadden/onderzoeksrapportages-wadden.html
http://www.nam.nl/algemeen/mediatheek-en-downloads/winningsplan-2016/_jcr_content/par/textimage_996696702.stream/1461000524569/c5b8555b0ac589647e5e2b88bf0b8b8971ee01d7199512a68092a81a5179c30b/winningsplan-groningen-2016.pdf
https://doi.org/10.1017/njg.2017.10

Netherlands Journal of Geosciences — Geologie en Mijnbouw

Nowacki, W., 1962. Thermoelasticity. International Series of Monographs on Aero-
nautics and Astronautics. Division I: Solid and Structural Mechanics 3: 66-74.

Okada, Y, 1992. Internal deformation due to shear and tensile faults in
a half-space. Bulletin of the Seismological Society of America 82(2):
1018-1040.

Orlic, B. & Wassing, B.B.T., 2013. A study of stress change and fault slip in produ-
cing gas reservoirs overlain by elastic and viscoelastic caprocks. Rock Mechan-
ics and Rock Engineering 46(3): 421-435.

Pruiksma, J.P., Breunese, J.N., Van Thienen-Visser, K. & De Waal, J.A., 2015.
Isotach formulation of the Rate type compaction model for sandstone. Inter-
national Journal of Rock Mechanics and Mining Sciences 78: 127-132.

Rucci, A., Vasco, D.W. & Novali, F., 2013. Monitoring the geologic storage of car-
bon dioxide using multicomponent SAR interferometry. Geophysical Journal
International 193(1):197-208.

Samiei-Esfahany, S., Hanssen, R., Van Thienen-Visser, K. & Muntendam-Bos,
A., 2009. On the effect of horizontal deformation on InSAR subsidence esti-
mates. FRINGE 2009 Workshop, 30 November-4 December 2009, Frascati, Italy.
Conference proceedings.

Schutjens, P.M.T.M., 1991. Experimental compaction of quartz sand at low ef-
fective stress and temperature conditions. Journal of the Geological Society
148(3): 527-539.

Schutjens, P.M.T.M., Hanssen, T.H., Hettema, M.H.H., Merour, J., de Bree,
F., Coremans, J.W.A. & Helliesen, G.J., 2004. Compaction-induced poros-
ity/permeability reduction in sandstone reservoirs: data and model for
elasticity-dominated deformation. SPE Reservoir Evaluation and Engineering
7(3): 202-216.

Segall, P., 1992. Induced stresses due to fluid extraction from axisymmetric reser-
voirs. Pure and Applied Geophysics 139(3/4): 535-560.

Sen, B., 1950. Note on the stress produced nuclei of thermoplastic strain in a
semi-infinite elastic solid. Quarterly Applied Mathematics 8: 635.

Tarantola, A., 2005. Inverse problem theory and methods for model parameter
estimation. SIAM (Paris): 342 pp.

Tavakoli, R., Yoon, H., Delshad, M., ElSheikh, A.H., Wheeler, M.F. & Arnold,
B.W., 2013. Comparison of ensemble filtering algorithms and null-space Monte
Carlo for parameter estimation and uncertainty quantification using C02 se-
questration data. Water Resource Research 49: 8108-8127.

Teatini, P., Castelletto, N., Ferronato, M., Gambolati, G., Janna, C., Cairo, E.,
Marzorati, D., Colombo, D., Ferretti, A., Bagliani, A. & Bottazzi, F., 2011.

Geomechanical response to seasonal gas storage in depleted reservoirs: a case
study in the Po River basin, Italy. Journal of Geophysical Research: Earth Sur-
face 116(F2): F02002. doi: 10.1029/2010JF001793.

Tempone, P., Fjer, E. & Landro, M., 2010. Improved solution of displacements
due to a compacting reservoir over a rigid basement. Applied Mathematical
Modelling 34: 3352-3362.

TNO, 2013. Toetsing van de bodemdalingsprognoses en seismische hazard ten
gevolge van gaswinning van het Groningen veld. TNO rapport 2013 R11953,
23 december 2013. Available at www.nlog.nl/cmis/browser?id=workspace%
3A//SpacesStore/750ba55d- fd4b-45fe-8cd3-0c2bb11b93bc, accessed 10 April
2017.

Van Opstal, G.H.C., 1974. The effect of base-rock rigidity on subsidence due to
reservoir compaction. 3rd Congress of the International Society of Rock Me-
chanics, 1-7 September 1974, Denver, CO, vol. 2: 1102-1111. Conference pro-
ceedings.

Van Thienen-Visser, K. & Breunese, J.N., 2015. Induced seismicity of the Gronin-
gen gas field: history and recent developments. The Leading Edge 34(6): 664—
671.

Vanicek, P., Castle, R.0. & Balazs, E.I., 1980. Geodetic leveling and its applica-
tions. Reviews of Geophysics 18(2): 505-524.

Vasco, D.W., Rucci, A., Ferretti, A., Novali, F., Bissell, R.C., Ringrose,
P.S., Mathieson, A.S. & Wright, I. W., 2010. Satellite-based measurements
of surface deformation reveal fluid flow associated with the geological
storage of carbon dioxide. Geophysics Research Letters 37: L03303. doi:
10.1029/2009GL041544.

Wang, R., Lorenzo-Martin, F. & Roth, F., 2006. PSGRN/PSCMP - a new code for cal-
culating co- and post-seismic deformation, geoid and gravity changes based on
the viscoelastic-gravitational dislocation theory. Computers and Geosciences
32: 527-541.

Wilschut, F., Peters, E., Visser, K., Fokker, P.A. & Van Hooff, P.M.E., 2011. Joint
history matching of well data and surface subsidence observations using the
Ensemble Kalman Filter: a field study. SPE Reservoir Simulation Symposium,
21-23 February 2011, The Woodlands, TX, USA, vol. 2: 732-743. Conference
proceedings.

Zoccarato, C., Bail, D., Ferronato, M., Gambolati, G., Alzraiee, A. & Teatini, P.,
2016. Data assimilation of surface displacements to improve geomechanical
parameters of gas storage reservoirs. Journal of Geophysical Research B: Solid

Earth 121(3): 1441-1461.

https://doi.org/10.1017/njg.2017.10 Published online by Cambridge University Press


https://doi.org/10.1029/2010JF001793
http://www.nlog.nl/cmis/browser?id=workspace%3A//SpacesStore/750ba55d-fd4b-45fe-8cd3-0c2bb11b93bc
https://doi.org/10.1029/2009GL041544
https://doi.org/10.1017/njg.2017.10

	Introduction
	Compaction based on geological and reservoir modelling
	Compaction in 2013 obtained through inversion of subsidence data
	Compaction and subsidence forecasts
	Discussion
	Geological and reservoir models
	Compaction
	Geomechanical response
	Subsidence measurements
	Inversion approach
	A way forward

	Conclusion
	References

