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Abstract. Reliable prediction of the induced subsidence resulting from gas production is important for a near
sea level country like the Netherlands. Without the protection of dunes, dikes and pumping, large parts of the
country would be flooded. The predicted sea-level rise from global warming increases the challenge to design
proper mitigation measures. Water management problems from gas production induced subsidence can be pre-
vented if measures to counter its adverse effects are taken timely. This requires reliable subsidence predictions,
which is a major challenge. Since the 1960’s a number of large, multi-decade gas production projects were
started in the Netherlands. Extensive, well-documented subsidence prediction and monitoring technologies were
applied. Nevertheless predicted subsidence at the end of the Groningen field production period (for the centre of
the bowl) went from 100 cm in 1971 to 77 cm in 1973 and then to 30 cm in 1977. In 1984 the prediction went up
again to 65cm, down to 36 cm in 1990 and then via 38 cm (1995) and 42 cm (2005) to 47 ¢cm in 2010 and 49cm
in 2013. Such changes can have large implications for the planning of water management measures.

Until 1991, when the first event was registered, production induced seismicity was not observed nor expected
for the Groningen field. Thereafter the number of observed events rose from 5 to 10 per year during the 1990’s to
well over a hundred in 2013. The anticipated maximum likely magnitude rose from an initial value of less than
3.0 to a value of 3.3 in 1993 and then to 3.9 in 2006. The strongest tremor to date occurred near the village of
Huizinge in August 2012. It had a magnitude of 3.6, caused significant damage and triggered the regulator into
an independent investigation. Late 2012 it became clear that significantly larger magnitudes cannot be excluded
and that values up to magnitude 5.0 cannot be ruled out. As a consequence the regulator advised early 2013 to
lower Groningen gas production by as much and as fast as realistically possible. Before taking such a decision,
the Minister of Economic Affairs requested further studies. The results became available early 2014 and led to
the government decision to lower gas production in the earthquake prone central area of the field by 80 % for the
next three years. In addition further investigations and a program to strengthen houses and infrastructure were
started.

Important lessons have been learned from the studies carried out to date. It is now realised that uncertainties
in predicted subsidence and seismicity are much larger than previously recognised. Compaction, subsidence
and seismicity are strongly interlinked and relate in a non-linear way to production and pressure drop. The
latest studies by the operator suggest that seismic hazard in Groningen is largely determined by tremors with
magnitudes between 4.5 and 5.0 even at an annual probability of occurrence of less than 1 %. And that subsidence
in 2080 in the centre of the bowl could be anywhere between 50 and 70 cm. Initial evaluations by the regulator
indicate similar numbers and suggest that the present seismic risk is comparable to Dutch flooding risks.

Different models and parameters can be used to describe the subsidence and seismicity observed so far. The
choice of compaction and seismicity models and their parameters has a large impact on the calculated future sub-
sidence (rates), seismic activity and on the predicted response to changes in gas production. In addition there are
considerable uncertainties in the ground motions resulting from an earthquake of a given magnitude and in the
expected response of buildings and infrastructure. As a result uncertainties in subsidence and seismicity become
very large for periods more than three to five years into the future. To counter this a control loop based on inter-
active modelling, measurements and repeated calibration will be used. Over the coming years, the effect of the

32UapISCNS pue| 0] anp spsezey dlusbodolyiue pue [einjeu Jo uoebniw pue uonuanaid

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.




130

J. A. de Waal et al.: Production induced subsidence and seismicity in the Groningen gas field

production reduction in the centre of the field on subsidence and seismicity will be studied in detail in an effort
to improve understanding and thereby reduce prediction uncertainties. First indications are that the reduction has
led to a drop in subsidence rate and seismicity within a period of a few months. This suggests that the system can
be controlled and regulated. If this is the case, the integrated loop of predicting, monitoring and updating in com-
bination with mitigation measures can be applied to keep subsidence (rate) and induced seismicity within limits.
To be able to do so, the operator has extended the field-monitoring network. It now includes PS-InSAR and GPS
stations for semi-permanent subsidence monitoring in addition to a traditional network of levelling benchmarks.
For the seismic monitoring 60 shallow (200 m) borehole seismometers, 60 + accelerometers and two permanent
downhole seismic arrays at reservoir level will be added. Scenario’s spanning the range of parameter and model
uncertainties will be generated to calculate possible subsidence and seismicity outcomes. The probability of each
scenario will be updated over time through confrontation with the measurements as they become available. At
regular intervals the subsidence prediction and the seismic risk will be re-evaluated. Further mitigation measures,
possibly including further production measures will need to be taken if probabilities indicate unacceptable risks.

1 Introduction

By end 2013 production induced subsidence above the cen-
tre of the Groningen gas field in the Netherlands amounted
to some 33 cm with subsidence increasing at a rate of some
7-8 mm per year (van Thienen-Visser and Breunese, 2015a;
Pijpers, 2014a). Such an amount of subsidence requires the
design and implementation of proper mitigation measures in
a near sea-level country like the Netherlands (de Waal et al.,
2012). The country would largely flood without the presence
of dykes and active pumping and the predicted sea-level rise
from global warming increases the challenge.

As reported for a number of other oil and gas fields (Lee,
1979; Merle et al., 1976; de Waal and Smits, 1986; Het-
tema et al., 2002; Mallman and Zoback, 2007; Kosloff and
Scott, 1980) subsidence rate in Groningen was initially sig-
nificantly lower than predicted on the basis of laboratory
rock-mechanical measurements carried out on samples taken
from the reservoir. At a later stage the subsidence rate ac-
celerated, coming closer to expected values and in line with
the notion of “delayed subsidence” in (Hettema et al., 2002).
While the subsidence accelerated, earthquakes started to oc-
cur. Over time these have increased in numbers and strength
(Fig. 1). The strongest tremor so far with a magnitude of 3.6
occurred near the village of Huizinge in 2012, causing dam-
age to thousands of homes and raising anxiety among those
living in the area (Dost and Kraaijpoel, 2012). The mecha-
nism behind the earthquakes is understood to be (differen-
tial) compaction at reservoir level reactivating existing faults
that have become critically stressed as a result of production
induced stress changes. Better understanding of the physics
of reservoir compaction and fault reactivation is important
to predict the further evolution of the Groningen subsidence
and seismicity and to assess if and how the resulting seismic
hazards and risks can be managed, e.g. through production
measures such as changes in production rates, off-take pat-
tern, nitrogen injection etc. and/or by executing a strengthen-
ing program for houses and infrastructure.
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After discussing some general aspects of the Groningen
field and its production history, the evolution of subsidence
and seismicity since the start of production will be discussed
in more detail with emphasis on the lessons that have been
learned so far. Thereafter the recent developments will be
discussed that followed the 2012 insight that risks from reser-
voir compaction induced seismicity in Groningen might be
significantly higher then previously realised (Muntendam-
Bos and de Waal, 2013).

2 Field properties and production history

The Groningen gas field was discovered in 1959 in the Lower
Permian Rotliegend at a depth of some 3000 m by explo-
ration well Slochteren-1 near the Dutch village of Kolham
(van Hulten, 2009). The structure containing the Groningen
reservoir is a NNW-SSE trending high formed by normal
faulting during the Late Jurassic to early Cretaceous (Stau-
ble and Milius, 1970; Whaley, 2009). The high has an over-
all horst geometry, lying between the Eems Graben to the
east and the Lauwerszee Trough to the west. The reservoir
is covered by Late Permian Zechstein carbonate, anhydrite
and halite evaporates which provide an excellent seal. The
field covers an area of some 900 km? and is located below a
relatively densely populated area with some 250 000 houses
including several urban centres. The average thickness of the
gas-bearing sandstone interval is some 100 m. The field has
excellent reservoir properties with porosity averaging around
17 % and permeabilities in the hundreds of mD (Mijnlieff and
Geluk, 2011; van Qjik et al., 2011). Some 1800 larger and
smaller faults have been mapped based on the available 3-D
seismic using ant tracking on the 3-D seismic cube (NAM,
2013).

History matching and pressure measurements in observa-
tion wells indicate all of the faults to be non-sealing with the
exception of a number of larger faults at the field boundaries.
The original volume of recoverable Groningen gas reserves
is estimated at some 2800 BCM (100 Tcf), which makes it
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Figure 1. Groningen seismicity (M >1.5) vs. time.

one of the larger gas fields worldwide. The gas is produced
through more than 300 wells distributed over 22 production
clusters. It contains slightly more then 15% nitrogen. Gas
appliances in the Netherlands and surrounding countries are
optimised for this. As a result Groningen gas cannot be re-
placed by gas with a different composition without enough
time to replace these appliances economically. An option,
which also works short-term, is to mix higher methane con-
tent gas from other sources with nitrogen. For a substantial
replacement volume this is not a small task given the amounts
of nitrogen required. Groningen production levels over time
are shown in Fig. 2.

During the early seventies of the previous century the field
was produced at high rates as it was anticipated that the value
of the gas would be eroded away by cheap nuclear power.
When it was realised that this would not happen, the pro-
duction philosophy was changed drastically and Groningen
became the regional swing producer. Preference was given
to production from smaller onshore and offshore fields, the
development of which is stimulated by tax measures (Small
Fields Policy). The policy was so successful that the annual
Groningen production dropped from values above 90 BCM
in 1976 to as low as 20 BCM by 2000. Thereafter production
from the “Small Fields” started to decline with Groningen
reaching a new annual high of 54 BCM in 2013. Presently
more then two-third of the recoverable gas has been pro-
duced and first stage compression has been introduced. Over
time the capacity of the Groningen field to act as the regional
swing producer will decline and this role will be taken over
gradually by large underground gas storage facilities.

3 Subsidence

3.1 Early days

Already during the early stages of field development it was
realised that the gas production from the Groningen field
could lead to a significant amount of surface subsidence. De-
tailed rock-mechanical measurement and modelling studies
were executed (NAM, 1973) leading in 1973 to a predicted
maximum subsidence of 100 cm at the end of field life, then
expected around 2020. The prediction was based on an an-
alytical linear elastic nucleus of strain model, supported by
calculations with a linear elastic finite element numerical
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Figure 2. Groningen gas production (BCM/year) vs. time.

model. The use of a linear elastic model seemed justified by
the results of a large number of zero pore pressure laboratory
compaction measurements carried out on core samples taken
from the reservoir. An extensive monitoring network was in-
stalled around the same time. It involved a significant ex-
tension of the existing local geodetic surface network, mon-
itoring of near surface layer compaction (unrelated to gas
production) and a number of dedicated down-hole reservoir
compaction monitoring wells with radioactive bullets shot
into the formation (NAM, 1973).

By 1973 it had become clear that both reservoir com-
paction and surface subsidence were occurring at a much
lower rate then had been predicted. This remained the case
also after applying a Biot correction factor to account for the
effect of the field pore pressure, bringing the 1971 prediction
downto 77 cm in 1973. In 1976 the predicted maximum sub-
sidence at the end of field life was brought down to 30 cm by
calibrating a linear elastic model against the 1977 levelling
data (Schoonbeek, 1976). The reason for the large difference
between the laboratory measured and the field observed rock
compressibility was not clear. It was speculated to be caused
by core damage from drilling, transport and laboratory proce-
dures applied to the core samples prior to testing. A number
of studies were started to investigate this and other potential
explanations.

3.2 The rate type compaction model

The additional studies looked at the relation between reser-
voir compaction and surface subsidence, core disturbance,
the validity of the effective stress concept, the in-situ stress
state, possible previous deeper burial, pressure lag (between
different permeability layers) and loading rate (de Waal,
1986). The study included an extensive re-analysis of the
available data from Groningen and from other fields world-
wide with significant subsidence, as well as rock-mechanical
laboratory experiments on the effects of stress state, pore
pressure, previous deeper burial, loading path, core distur-
bance and (changes in) loading rate. Based on the outcomes,
the cause for the discrepancy in Groningen was postulated
to be the large increase in loading rate that occurs in the
reservoir at the start of depletion. Such an increase in load-
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ing rate cannot be easily simulated in laboratory experiments
and even if this could be done, the rates at which labora-
tory experiments can be carried out remain much higher than
those occurring in the field over geological times. Validating
this explanation for field application is therefore problematic.
The newly developed rate-type compaction model explained
the difference between the initial field observed and the lab-
derived compressibility for Groningen and explained the ob-
served reduced and/or delayed subsidence above a number of
other depletion-drive oil and gas reservoirs (de Waal, 1986;
de Waal and Smits, 1988).

The physical explanation for the laboratory observed rate
sensitivity was postulated to be time-dependent friction at the
sliding mineral contact points (Dieterich, 1978, 1994) be-
tween (assemblies of cemented) grains or on microscopic
fractures responsible for the non-elastic component in the
compaction. Using a simple model incorporating the time de-
pendent friction equation proposed by Dieterich, results in a
differential equation popular in soil mechanics to describe
the known rate dependent compaction behaviour of sands
and soils at lower stress levels (Bjerrum, 1967; Kolymbas,
1977; Vermeer and Neher, 1999).

The use of the new model for predicting subsidence in
Groningen was accepted in 1986. Subsidence at the end of
field life was predicted to be around 65 cm with a one-sigma
uncertainty of 10 cm.

3.3 Back to linear models

Based on differences between the observed development of
the subsidence above the Groningen field and predictions
based on the rate type compaction model, the Groningen field
operator in 1990 requested a review of the various subsidence
predictions by two independent MIT advisors of high inter-
national standing (Tokstz and Walsh, 1990). The reviewers
advised NAM to discount the prediction of Groningen subsi-
dence on the basis of the rate type compaction model as they
did not expect that loading or strain rate could have a signif-
icant effect on the deformation of the consolidated reservoir
rock in the Groningen field. They advised the operator to re-
turn to the use of a linear elastic model calibrated against
the field observed subsidence, leading to a new prediction
for the ultimate maximum subsidence of 36 cm. Further ad-
justments increased the prediction to 38 cm in 1995 and to
42 cm in 2005 to honour results of new surface levelling data.
By 2005 it had become clear again that a linear model could
not describe the field behaviour. The operator introduced a
bi-linear compaction model in which the uniaxial compress-
ibility increases after a given amount of pressure drop after
which it stays at that higher value. The pivot point and the
compressibility before and after the pivot point were fitted
to honour new levelling survey measurements as they came
in over time. Using this approach, the predicted maximum
subsidence at the end of field life was increased to 47 cm in
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2010, including 2 cm of additional subsidence from the use
of a lower gas abandonment pressure.

3.4 Back to non-linear models

By 2012 other Rotliegend gas reservoirs in the Netherlands
showed continuing subsidence at a more or less constant gas
pressure at the end of the production period. A bi-linear com-
paction model cannot explain such behaviour. For the time
being NAM decided to switch to a time decay model, similar
to a model proposed earlier by (Houtenbos, 2007) to describe
the subsidence behaviour of compacting reservoirs. Mossop
(Mossop, 2012) postulated a non-uniform heavy tailed per-
meability distribution resulting in a non-uniform pressure
distribution within the bulk reservoir rock to be the expla-
nation.

At the request of the regulator a new investigation into
the physical background of the observed subsidence delays
was commenced taking the permeability distribution expla-
nation as only one of a number of possibilities. In addition
salt flow, bottom and lateral aquifer inflow, intrinsic sand-
stone rate sensitivity, core disturbance, stress state and stress
path are again being investigated.

One of the alternatives presently under consideration is a
modified version of the rate-type compaction model aban-
doned for consolidated sandstones in 1990. The new formu-
lation (Pruiksma et al., 2015) combines the features of the
original rate type model with the soil mechanics isotach con-
cept that enables transitions between different loading rates.
The new isotach formulation combines a direct (linear elas-
tic) strain component and a creep component, which ele-
gantly explains the moderate loading rate dependence of the
isotach compressibility. This way a number of limitations of
the original rate type model have been resolved (de Waal et
al., 2015), be it at the cost of an additional material property
representing the linear elastic component of the deformation.
The fit between predictions based on the modified isotach
model and the measured subsidence in Groningen is better
than that obtained with the time-decay model or the bi-linear
model (van Thienen-Visser and Breunese, 2015).

The predicted impact of drastic changes in production rate
during later stages of the production period is very different
for the different compaction models. For the bi-linear model
the predicted effect on compaction and subsidence is instan-
taneous, while for the isotach model the response is more
gradual over a period of up to a year. The time-decay model
predicts that it will take 5 to 10 years for the rock to respond
to significant changes in production rate.

4 Induced seismicity

4.1 History

Until 1991 no induced seismicity was registered in the
Groningen field, nor was it expected. The independent study
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by MIT experts (Toks6z and Walsh, 1990) estimated the
probability of an induced seismic event with a magnitude
above 3.0 at less then 10% for the next 50 years. If such
an event would occur at all, they expected it to happen on
the sealing faults at the field edges, not in the field centre.
History proved different. For a number of other fields in the
Netherlands induced seismicity had been linked to gas pro-
duction a few years earlier (BOA, 1993). While subsidence
in Groningen was accelerating, induced seismicity started to
occur. The first production-induced earthquake with a local
magnitude M of 2.4 was recorded at Middelstum in 1991.
The frequency and magnitude of the events thereafter con-
tinued to increase over time as shown in Fig. 1. The local
seismic network was upgraded a number or times and is com-
plete for magnitudes above 1.5 since 1995. To date, close to
a thousand gas production induced earthquakes have been
registered in Groningen. Most events have been of a small
magnitude (M| <1.5), while by mid 2015 some 250 earth-
quakes had magnitudes M > 1.5. In contrast to early ex-
pectation, the tremors do not occur on the sealing faults at
the field boundaries. They occur mainly in more central ar-
eas where cumulative compaction and the density of faults
with unfavourable offsets are highest. The mechanism behind
the earthquakes is now generally considered to be (differen-
tial) compaction at reservoir level reactivating offset faults as
originally proposed by (Roest and Kuilman, 1994).

Initially doubts on the relation between gas production and
observed seismicity continued, even after an official inves-
tigation in 1993 (known as the BOA study) concluded that
the two were linked. Based on an analysis of the seismic-
ity, initial estimates were made of the maximum probable
magnitude that could be expected to occur. The 1993 BOA
study came to an initial estimated value of 3.3. KNMI later
increased this estimate to 3.3-3.5 in 1995 (de Crook et al.,
1995), to 3.7 in 2006 (de Crook et al., 1998) and then to 3.9
in 2006 (van Eck et al., 2006). In (de Lange et al., 2011) it is
estimated that induced seismic events with magnitudes below
3.9 would not result in severe structural damage to buildings
and hence the associated risk was deemed acceptable until
things changed by end 2012. As of 2008 State Supervision
of Mines (the Dutch regulator) became more and more con-
cerned about the increasing frequency of the induced seis-
micity and the increasing magnitudes. TNO was asked to
carry out a study into possible explanations (Muntendam-
Bos, 2009). The conclusions and recommendations of this
study led to a request to the operator by end 2009 for further
research into possible mechanisms and feasible remedies, the
results of which needed to be included in the required 2013
update of the Groningen winningsplan.

4.2 New insights

By mid 2012 the larger than predicted annual frequency of
earthquakes with a magnitude equal or above 3.0 further in-
creased the concerns of State Supervision of Mines (SSM)
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and intensified discussions with the operator. On 16 August
2012 an induced seismic event with a magnitude of 3.6 oc-
curred near the village of Huizinge. It was the highest magni-
tude event registered in Groningen to that date, causing dam-
age to thousands of homes and raising anxiety among those
living on or near the field (Dost and Kraaijpoel, 2012). It trig-
gered SSM into commencing its own investigation, including
a new statistical analysis of all the available Groningen seis-
micity data (Muntendam-Bos and de Waal, 2013). The re-
sults were worrying. The SSM analysis indicated a continu-
ous and systematic increase in the number of events and their
magnitude (Fig. 3). The same figure suggests that smaller
magnitude events might well have started earlier, without be-
ing detected given the limitations of the local seismic net-
work at the time. The SSM analysis also showed that an up-
per magnitude bound — generally deemed to be 3.9 — could
not be derived from a statistical analysis of the Groningen
seismicity while other methodologies to arrive at such an up-
per estimate could not exclude values up to at least a mag-
nitude 5 (Muntendam-Bos and de Waal, 2013). The results
were confirmed by studies carried out by the operator (NAM,
2013, Bourne et al., 2014). In addition the SSM analysis sug-
gested that increases and decreases in the annual number of
seismic events could be linked to increases and decreases in
the annual gas production rate with a delay of 6 to 12 months
(Fig. 4). Based on the results of its investigation, SSM judged
the seismic risk in Groningen as “high” and advised early
January 2013 to reduce gas production by as much and as
fast as realistically possible.

The SSM advice was followed by a year of concerted
data acquisition and further studies, while production con-
tinued and reached its highest annual level in nearly 20 years
(54 BCM). The results of the studies became available by
end 2013 and suggested that the local seismic activity rate in
Groningen increases exponentially with cumulative reservoir
compaction (NAM, 2013). If correct it implies that produc-
tion reductions in areas with large compaction are most ef-
fective to reduce future seismicity. Based on this insight the
earlier SSM advice became more focussed: stop gas produc-
tion in the central area of the Groningen field - where the
largest amount of reservoir compaction takes place - for at
least three years (Staatstoezicht, 2014). The ministerial de-
cision, based on this advice, was to reduce the production
in the centre of the field by 80%. It was implemented on
17 January 2014. Initially the operator was allowed to in-
crease production in areas outside the centre of the field to
partly compensate for the production reduction in the cen-
tre. These production increases were capped in December
2014 after early observations suggested they resulted in in-
creases in seismicity in these areas outside the field centre. It
was realised from the start that the implemented production
measures would probably only work temporarily (if at all) as
pressure depletion in the centre of the field will resume after
a few years given the continued production elsewhere. The
large-scale data acquisition and study program was therefore
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Figure 3. SSM analysis of the Groningen induced seismicity.

continued and extended and a program to strengthen houses
and infrastructure was started.

5 Recent developments

5.1 Field response

The main question related to the January 2014 production
measures were how effective they would be to reduce the
seismicity and on what time scale. Time is required for the
pressure signal resulting from the shut-in at the central clus-
ters to spread through the reservoir. Given the Groningen
reservoir properties it takes some three months for that sig-
nal to reach a distance of 3km (van Thienen-Visser and Bre-
unese, 2015). As (differential) compaction is the engine be-
hind the induced seismicity, the time scale on which com-
paction responds to stress changes is a second major factor.
The time decay model predicts a typical response time of five
to seven years. Linear and bi-linear compaction models pre-
dict an instant response. The rate type isotach model predicts
part of the response to be immediate and part of it to happen
over the next 6 to 12 months. In addition there is a delay from
the time it takes for the pressure effect from the production
reduction to diffuse from the wells into the reservoir.
Another factor influencing the response is the seismologi-
cal model linking seismicity to compaction. On the one hand
it can cause additional delays as a result of rate and state
friction on the fault surfaces where the seismicity is gener-
ated. On the other hand the postulated exponential rise of
seismic activity rate in combination with compaction creep
would dampen the response significantly. Given the epis-
temic uncertainties around the compaction model and the
seismological model in combination with the absence of em-
pirical data, it was very uncertain how the seismicity would
respond and a “wait and see” approach was taken. To be
able to do so, the operator has extended the field monitor-
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Figure 4. Groningen annual production and annual induced seis-
micity (M >1.0).

ing to include PS-INSAR and a network of differential GPS
stations for semi-permanent subsidence monitoring. For the
seismic monitoring 60 shallow (200 m) borehole seismome-
ters, 60 + accelerometers and two temporally installed down-
hole seismic arrays at reservoir level in the centre of the field
are now in place. The latter will be replaced by permanent
installations shortly.

Conclusions on the seismic response to the reduced pro-
duction in the central area of the field within a period of a
year are a challenge given the statistical character of the seis-
micity and the challenge to accurately measure compaction
rate changes over relatively short periods. Nevertheless re-
sults to date look promising. A double-double difference
analysis of the GPS stations in the centre and those at the
edge of the field carried out by Statistics Netherlands (Pi-
jpers, 2014a) shows a clear break in subsidence rate around
April 2014 as shown in Fig. 5. Seismic event density maps
over the Groningen field for three consecutive periods of a
year are discussed in (van Thienen-Visser, 2015b). A clear
change in the pattern of seismic events is visible during the
third period with seismicity reducing significantly in the cen-
tral area of the field after April 2014 (Fig. 6). An indepen-
dent second study by Statistics Netherlands (Pijpers, 2014b)
confirms the statistical significance of the changes in seis-
mic activity. Although not yet scientifically conclusive at a
99 % confidence level these results support decision making
on remediating measures to reduce future seismic risk as they
suggest that the seismicity can be controlled and regulated at
relatively short notice.

5.2 Risk

Early 2013 SSM estimated the seismic risk level in Gronin-
gen as “high”, based on the realisation that events with a
magnitude well above 3.9 could not be excluded. Based on
SSM’s analysis an assumed upper magnitude limit of 5.0 re-
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Figure 5. Analyses of GPS data showing break in subsidence rate
around April 2014.

sulted in an annual probability of 3 % for an earthquake with
a magnitude 4.5 or higher, a level at which serious damage
cannot be excluded as houses in the Netherlands are not built
to sustain seismic ground motions. By end 2013 a more de-
tailed risk analysis was made for the central area of the field
(Staatstoezicht, 2013; Muntendam et al., 2013). Based on
a probabilistic analysis of the ground motions that can oc-
cur and taking into account the fragility of the local housing
stock, data made available by the operator was translated into
annual LPR (local personal risk) numbers and a Group risk
F-N (frequency-number) plot. Results show that the seismic
risk levels in Groningen are considerable and comparable to
the highest flooding risk levels in the Netherlands (Fig. 7).
Subsequent work by a dedicated impact assessment expert
committee during 2014 estimated the number of houses in
Groningen exceeding an LPR of 10-4 to be between 40 000
and 90000 (Stuurgroep NPR, 2015). Supporting a widely
accepted minimum LPR level of 10-5, the committee rec-
ommends strengthening the housing stock to 10—4, assuming
actual LPR levels will come down when more refined and
less conservative calculations become available. A final norm
needs to be developed taking into account acceptable seismic
risk, security of supply issues and financial consequences.

5.3 Measurement and control loop

Target is the cyclic development of a well organised risk
management plan with clear objectives, well defined risk
norms and control measures with proven effectiveness. To
start, scenario’s spanning the range of parameter and model
uncertainties will be generated to calculate possible subsi-
dence and seismicity outcomes. The probability of each sce-
nario will be updated over time through confrontation with
measurements as they become available. At regular intervals
the subsidence prediction and the seismic risk will be re-
evaluated. Further mitigation measures, possibly including
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Figure 6. Increases and decreases in seismic event density after
production reductions (from van Thienen-Visser et al, 2015b).
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Figure 7. Calculated seismic Group Risk Loppersum area (from
Muntendam et al., 2015).

further production measures and further building strength-
ening measures will need to be taken if probabilities indicate
unacceptable risks. A possible framework for a measurement
and control loop enabling adjustments when seismicity met-
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rics indicate a risk of exceeding acceptable risk is shown in
Fig. 8. To apply the concept it needs to be part of a “Seismic
Risk Management Protocol” that should contain the follow-
ing elements:

1. agreed metrics to express the seismic risk;

2. a norm for the amount of seismic risk considered ac-
ceptable considering societal issues, security of supply
and financial consequences, translated into an enforce-
able, operational criterion;

3. a probabilistic assessment of the seismic risk (taking
into account all uncertainties):

a. as a function of location and time;
b. under different production scenarios;

c. taking into account the effect of strengthening pro-
grams;

4. an agreed procedure, including regular analysis of
proper signal parameters like GPS subsidence rate and
seismic event density.to update the predicted probabilis-
tic seismic risk as new data is gathered;

5. a measurement plan;

6. agreed ‘SMART” measures (production/pressure-
maintenance/strengthening) to adjust the seismic risk
using a multi-objective optimisation (minimising
seismic risk, while maximising security of supply and
state income);

7. an independent audit system to ensure compliance and
to verify the technical integrity of the underlying work.

6 On-going and future work

The on-going large study and data acquisition effort by the
operator is continued and extended to arrive at a better under-
standing of the gas production induced reservoir compaction,
surface subsidence and induced seismicity in Groningen.
Aim is to reduce the large epistemic and aleatory uncertain-
ties, to arrive at better monitoring and prediction of sub-
sidence and seismicity, to better estimate seismic risk as a
function of location and time and to assess the possibility to
implement a measurement and control loop to contain seis-
mic risk.

Regular surface levelling campaigns continue, comple-
mented by semi-continuous PS-INSAR measurements and a
network of permanent GPS stations distributed over the field.
The existing network of shallow seismic monitoring wells
is being upgraded to some 60 deep (100-200 m) boreholes
spread over the field. The expectation is that this results in a
completeness level of 0.5 by end 2015, leading to a tenfold
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increase in the detectable number or seismic events and a
threefold reduction of the aleatory uncertainty in the seismic-
ity activity level. In addition some 60 + accelerometers and
two permanent downhole seismic arrays at reservoir level are
being installed. The accelerometers will help to reduce the
uncertainties in the GMPE (ground motion prediction equa-
tion) relating earthquake magnitude to surface acceleration.

Extensive statistical (trend) analyses will be carried out to
investigate the effects of compaction (rate) and compaction
distribution on the spatial and temporal changes in seismic
activity rate and b value (determining the ratio between weak
and strong events). A similar analysis will be carried out to
investigate the effect of production rate and production dis-
tribution. The improved detection limit of the extended seis-
mic network is expected to be very beneficial for this type of
work. The outcomes of the various analyses will be used to
validate the present (activity rate) seismological model devel-
oped by the operator and to introduce model improvements if
necessary. Potential examples are the incorporation of (non-
linear) compaction rate dependence and the incorporation of
a critical stressing rate above which the seismic activity rate
increases rapidly (Llenos et al., 2009; Toda et al., 2002).

Better static and dynamic subsurface models are being
constructed to model reservoir property distributions (e.g.
porosity, permeability, faults, compressibility). An example
is the latest structural model for which more than 1800 faults
have been mapped at reservoir level using ant tracking on the
3-D seismic cube (NAM, 2013). Another example is the de-
tailed characterisation of the near surface layers to a depth
of several hundred meters, important for seismic wave atten-
uation calculations. The subsurface models will be updated
as new data becomes available while the operator and TNO
have started on inversion of the surface subsidence data to
better determine the amount and distribution of the downhole
reservoir compaction.

The operator is combining the static, dynamic and ge-
omechanical reservoir models with a seismological model,
a ground motion predication equation, a database of building
types and locations and with fragility curves for the various
building types to arrive at probabilistic (Monte Carlo) pre-
dictions of seismic hazard and seismic risk under a number
of different production scenarios and housing reinforcement
programs (Bourne et al., 2014).

7 Lessons

A number of important lessons can be learnt from the history
of subsidence and induced seismicity in Groningen. First it
is clear that epistemic uncertainties were largely underesti-
mated from the start and during a long period thereafter. This
is illustrated by the large changes over time in the predicted
maximum subsidence at the end of field life in the centre
of the Groningen field. It illustrates that initial uncertainties,
prior to the start of production, are perhaps as large as a fac-
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tor of two (up or down) relative to the predicted expectation
case. This has meanwhile been confirmed for a number of
other fields in the Netherlands (de Waal et al., 2012). Major
potential contributors are uncertainties in subsurface models,
unknown influx of bottom and lateral aquifers, core damage,
non-linear rock compressibility, the difference in loading rate
between laboratory and field, the very large change in load-
ing rate at the start of production, the in-situ stress state,
reservoir burial history, salt flow, the relation between sub-
sidence and compaction etc. Rather than predicting a single
number it is therefore much better to provide a range of pos-
sible outcomes, only reducing the range when certain scenar-
ios become too unlikely given field measurements (Nepveu
et al., 2010). And to keep the range of possible outcomes, as
it narrows over time, in line with the range that the area can
sustain e.g. by timely taking appropriate mitigation measures
where and when required.

Secondly it seems that non-linear compaction is the norm
rather than the exception with the rate type isotach com-
paction model as a plausible explanation for the transition
zone that follows the large increase in loading rate at the start
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of the production period. The effects are well known from
Soil Mechanics where a long time geological loading man-
ifests itself as an apparent over consolidation from previous
deeper burial (which it is not). This also implies that a certain
degree of additional subsidence can be expected as a result of
creep after the production period has ended. Subsidence and
seismicity response time following the significant production
adjustment in January 2014 seem in the order of a couple of
months. Although not rigidly proven at a 95% confidence
level, it does seem to favour the rate type isotach model over
the time decay model which uses a single 5-7 year response
time to explain the initial subsidence delay after the start of
production.

Also for induced seismicity, history proved very different
from the original expectations. At the start of the production
period induced seismicity was not expected and when it hap-
pened it took many years before its linkage to the gas produc-
tion was widely accepted, an good illustration of the strength
of paradigms. Contrary too initial expectation the seismicity
has focussed in the central area of the field where the faults
are not sealing. Also initial expectations on the ability to pre-
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dict an upper bound on the likely magnitude to occur proved
wrong and it is now realised that there is significant seismic
risk that needs to be contained through a measurement and
control loop including production measures and a housing
and infra-structure strengthening programs.

The response time of a few months of subsidence rate and
seismic activity rate to the production measures that have
been taken suggests that the risk can be managed by adjust-
ing production rates. To sustain a reduced seismicity level
over longer periods of time, field-wide production measures
will need to be taken as pressure decline in the centre of
the field will re-start within a few years given the continued
production from production clusters outside of the centre of
the field. It is still unclear if production reductions will only
smear the risk out over time (film-rate effect) or if real reduc-
tions in the total number of earthquakes can be expected. As
a minimum, production reduction will buy time for further
study and to strengthen buildings and infrastructure.
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