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Abstract

Prediction of gas-production-induced subsidence and seismicity is much more difficult and uncertain than generally recognised in the past. It is now
widely accepted that uncertainties in predicted subsidence and seismicity are large prior to and during the initial stages of production. At later stages,
predictions remain highly uncertain for periods more than three to five years into the future. This requires a different requlatory framework to ensure
that associated risks remain within accepted boundaries. Previously, single-scenario operator predictions were checked against field measurements.
When subsidence or seismicity started to deviate beyond claimed uncertainties, the operator was asked to provide prediction updates. The practice
was long considered acceptable, as structural damage to buildings and infrastructure or personal risk to people was not expected. This all changed
following the 2012 Huizinge seismic event, necessitating better identification, assessment and ranking of risks, the use of scenarios, probabilistic
forecasting and a much intensified field monitoring and control loop. It requires that the regulator becomes actively involved in assuring the
integrated control loop of risk identification, predictions, monitoring, updating, mitigation measures and the closing of knowledge gaps, to ensure

that subsidence (rate) and induced seismicity remain within acceptable limits. And it requires that this increased involvement of the requlator is

supported in the mining law and by appropriate conditions in the Production Plan assent.
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Introduction

Gas-production-induced subsidence and seismicity from the
large Groningen field have a large impact on the overlaying
near-sea-level, relatively densely populated, northern province
of Groningen in the Netherlands. Even in the absence of gas
production, large parts of the province would be flooded with-
out the protection of dikes and active pumping, a challenge
increased by gas-production-induced subsidence and sea level
rise from global warming. Given the absence of natural earth-
quakes, the (partly very fragile) build environment was never
designed to withstand earthquakes. Meanwhile reliable subsi-
dence and seismicity predictions have proven notoriously diffi-
cult to make (De Waal et al., 2015). Against that background,
subsidence, induced seismicity and the resulting damage have
caused public debate on the acceptability of the gas production.
An improved legal and regulatory framework is needed to ensure
responsible and socially acceptable production. Key questions

are: how much subsidence and seismic risk can be expected,
what is acceptable and how can it reliably and transparently be
ensured that subsidence and seismic risk will stay within these
limits?

The legal framework

A mining company must comply with many laws before it can
produce natural gas. The most important are the Dutch Mining
Act, the Dutch Nature Protection and Environmental Laws and
the Dutch Spatial Planning Law. Under the Mining Act, com-
panies involved in mining activities must submit a Production
Plan which considers potential land subsidence issues (e.g. wa-
ter management issues) and the risks from induced seismicity
(including e.g. losses from building damage, building collapse,
falling objects, damage to industrial installations, damage to
infrastructure and the risk of casualties from all these). Ap-
proval by the minister of economic affairs is required. By Dutch
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law, operators are required to minimise all risks imposed by
hydrocarbon extraction. The required risk management involves
the identification, assessment and ranking of risks followed
by coordinated and efficient application of resources to min-
imise and control the probability and/or impact of the unde-
sired events (e.g. using the ‘bow-tie” approach described later
in this paper). The articles of the mining law correspond to
the elements contained in this definition of risk management.
From the regulator’s perspective, the objective is to ensure the
safety of people and the environment and to minimise damage.
The requlator needs to establish that the operator is ‘in con-
trol. Minimising the risk due to hydrocarbon-extraction-induced
subsidence and seismicity is an integral part of this overall
approach.

For subsidence the mining decree stipulates that the plan
must contain (1) the extent of the predicted subsidence as a
function of location and time, and (2) measures to limit sub-
sidence and to prevent damage from subsidence. For seismic-
ity it must contain (1) a seismic-risk assessment, (2) a descrip-
tion of the possible consequences, (3) a description of the mea-
sures taken to prevent and/or limit the occurrence of seismic
ground motions and (4) the measures taken to mitigate the con-
sequences of seismic ground motions if they occur.

Monitoring of subsidence and seismicity must be carried out
in accordance with a separate Measurement Plan. This must be
updated and submitted for reapproval annually. The Production
Plan, other plans and licence conditions are made public as part
of a legal consultation process. The legal framework enables au-
thorities or judiciary to reject a Production Plan or a proposed
production profile when the risk of damage from subsidence or
seismicity is considered too large.

The regulatory framework ‘old style’
Subsidence

Already during the early stages of field development, it was re-
alised that the gas production from Groningen could lead to
a significant amount of reservoir compaction and surface sub-
sidence. Detailed, well-documented rock-mechanical measure-
ments and modelling studies were executed by the operator
(NAM, 1973). In 1971 the application of these studies led to
a deterministically predicted maximum subsidence of 100 cm
at the end of field life, then foreseen at around 2020. At the
time, it was tacitly assumed (see e.g. Teeuw, 1973; Mess, 1978)
that real numbers could be lower. An extensive monitoring net-
work was installed. It involved a significant extension of the
existing local geodetic surface network, monitoring of near-
surface layer compaction unrelated to gas production (discon-
tinued at a later stage) and several dedicated down-hole reser-
voir compaction monitoring wells with radioactive bullets shot
into the formation. In 1983 an agreement and a fund were
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Fig. 1. Regulator analysis of the Groningen seismicity.

put in place to prevent, limit or remediate damage from gas-
production-caused subsidence (for details see Commissie Bodem-
daling, www.commissiebodemdaling.nl). Under the agreement,
NAM must provide a reconciliation of subsidence measurements
and predictions every five years. The latest of these was issued in
2015, based on measurements and modelling up to and includ-
ing 2013. The maximum damage to be compensated under the
agreement was increased to €855 million in 2015. Execution was
put in the hands of an independent body, the Commissie Bodem-
daling. As of 1 January 2016, €293 million of payments have
been made, mostly related to water management issues (pump-
ing stations, dykes etc.). Direct damage to individual buildings
was not expected given the predicted gradual variation in subsi-
dence over the field and its surroundings. Nevertheless, individ-
uals can join the agreement. Citizens can also ask the Technical
Committee on Soil Movement (Tcbhb; www.tcbb.nl/) to advise on
their damage claims.

Seismicity

Induced seismicity from gas production was initially not ex-
pected for Groningen. A study in 1990 estimated the chance of
an induced event with a magnitude above 3.0 occurring in the
Groningen field at less than 10% for the next 50 years (Toksdz
& Walsh, 1990). If such an event were to occur at all, it was ex-
pected to happen on sealing faults at the field boundary, not in
the centre of the field. Several seismic events had occurred near
other fields, e.g. the Eleveld gas field. Then, a first earthquake
with a magnitude of 2.4 was recorded in the Groningen field at
Middelstum in 1991. It was followed by more events at a rate of
some five to ten per year (Fig. 1). Initially doubts remained as to
whether the observed seismicity was related to gas production
(OVV, 2015). An official investigation in 1993 concluded that
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the two were linked for Eleveld while for other fields, including
Groningen, it was considered a possibility (BOA, 1993).

An important feature of induced seismicity is that, as for nat-
ural earthquakes, most damage and fatalities are associated with
the rare large events, rather than the many small events (Taig,
2012). The anticipated likely maximum magnitude in Gronin-
gen was, however, predicted not to exceed a magnitude above
3.3-3.5 (BOA, 1993; De Crook et al., 1995). The probability of
its occurring was considered negligible. At those levels, stud-
ies concluded, structural damage to buildings and personal risks
would not occur (BOA, 1993; De Lange et al., 2011). Based on
these outcomes induced seismicity was long considered a nui-
sance, causing damage without posing a safety risk.

Production

During the early 1970s the Groningen field produced at high
rates as it was anticipated that the value of the gas would soon
be eroded by cheap nuclear power. When it was realised that
this would not happen, the government changed the production
philosophy drastically and Groningen became the regional swing
producer. In addition, preference was given to production from
smaller onshore and offshore fields, the development of which
was stimulated by an offtake guarantee at market prices and
caps on the maximum Groningen production (EZ, 2004; Mulder
& Zwart, 2006). This ‘small fields’ policy was so successful that
the annual Groningen production dropped from values above 90
billion Nm3 in 1976 to as low as 21 billion Nm? by 2000. There-
after production from the ‘small fields’ started to decline, lead-
ing to increases in Groningen production, which reached a new
annual high of 54 billion Nm® in 2013. The technical capabili-
ties of the installed infrastructure (wells, processing facilities,
pipelines, storage facilities etc.) played a limited role given the
very large gas production capacity initially installed. Risks from
gas-production-induced subsidence and seismicity also did not
play a role in setting Groningen production levels as their im-
pact was deemed limited and manageable (OVV, 2015). Hence,
production was considered a given by the requlator, with the
amount and rate dictated by government policy and market
conditions.

The regulatory approach for Groningen was therefore mainly
to check production against government policy and to check
measured subsidence and seismicity against their latest predic-
tions. Support for such checks was (and is) provided by a ded-
icated advisory group at TNO (Geological Survey of the Nether-
lands) working exclusively for the government (TNO-AGE). Sub-
sidence and seismicity were predicted by the operator using a
single scenario with limited attention to uncertainties. Each
time measurements started to deviate from the predictions, the
operator was asked to provide an update. After the introduction
of a new mining law in 2003 this automatically implied submit-
ting an update of the Production Plan for approval. Independent

of this, such an update had to be submitted for the Groningen
field at least every five years.

Things not working as expected

Since the 1973 prediction of 100 cm, the predicted maximum
subsidence at the end of field life has fluctuated, with (some-
times large) changes each time new measurements or models be-
came available (De Waal et al., 2015). The NAM-predicted max-
imum subsidence at the end of field life went to 77 cm in 1973
and then to 30 cm in 1977. In 1984 the prediction went up again
to 65 cm, down to 36 cm in 1990 and then via 38 cm (1995) and
42 cm (2005) to 47 cm in 2010, 49 cm in 2013 and to 50-65cm
in 2016 (NAM, https://www.sodm.nl/documenten).

For induced seismicity also, what happened was very differ-
ent from the original expectations (Dost et al., 2017). It took
many years before the causal relationship between seismicity
and the gas production was widely accepted, illustrating the
strength of paradigms. The first seismic event in the Groningen
field was officially registered in 1991. Thereafter the number of
observed events rose from 5 to 10 per year during the 1990s to
well over 100 in 2013. The maximum observed magnitude also
increased (Fig. 1). The figure suggests that smaller events proba-
bly started earlier without being detected, given the limitations
of the seismic network (Dost et al., 2017) at the time.

The anticipated likely maximum magnitude gradually in-
creased over time as new data became available. The 1993 BOA
(Advisory Committee on Earthquake Investigation) study came
to an initial estimated value of 2.9-3.3. KNMI (Royal Nether-
lands Meteorological Institute) later increased this estimate to
3.3-3.51in 1995 (De Crook et al., 1995), to 3.7 in 1998 (De Crook
et al., 1998) and then to 3.9 in 2006 (Van Eck et al., 2006). This
corresponds to an almost 30-fold increase in released energy
at the anticipated likely maximum magnitude. Since the initial
seismic event in 1991, almost 1,000 events have been registered.
Most events have been of a small magnitude (M, < 1.5), while by
mid-2016 some 270 earthquakes with magnitudes M; > 1.5 had
been recorded. Of these, 10 events had a magnitude equal to or
above 3.0, with 2 events equal to or above 3.5. Due to the soft
Dutch soils (Kruiver et al., 2017), events with magnitudes as
low as 1.8 have reportedly been felt. Events with magnitude 2.0
and higher have caused minor to severe non-structural damage.
Contrary to early expectations (Toksdz and Walsh, 1990), the
tremors do not occur on the sealing faults at the field bound-
aries. They occur mainly in more central areas where cumulative
compaction and the density of faults with unfavourable offsets
are highest (Bourne et al., 2014).

The mechanism behind the earthquakes is now generally con-
sidered to be stress increases from depletion and (differential)
compaction at reservoir level reactivating offset faults (Orlic &
Wassing, 2012; Bourne et al., 2014; NAM, https://www.sodm.nl/
documenten) as originally proposed by Roest & Kuilman (1994).
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Fig. 2. Groningen annual production and seismicity (M>1.0).

Hence, the occurrence of induced seismicity depends signifi-
cantly on the geological characteristics of the subsurface: the
stress regime in the region; the presence of faults; the orienta-
tion of the faults; the size of the faults; and on the development
of the stresses with depletion and depletion rate. In hindsight,
a trend break occurred in 2003 after which seismicity occurred
at a much higher rate. It is now recognised that the effects of
the induced seismicity in Groningen are enhanced by its shallow
source, a partly very fragile build environment never designed
to sustain seismic ground motions and soft near-surface layers
locally leading to upswing of the ground motions (Kruiver et al.,
2017).

The magnitude 3.6 Huizinge event in August 2012 (Dost &
Kraaijpoel, 2012) led to an unprecedented number of damage
claims, involving thousands of homes. It was followed by an
independent investigation by the regulator which showed that
significantly stronger earthquakes, potentially with magnitudes
up to 5.0, could not be excluded and that seismic risk levels in
Groningen could be considerable (Muntendam-Bos & De Waal,
2013). The results were later confirmed in studies carried out
by the operator (Bourne et al., 2014). The regulator analysis
also suggested that increases and decreases in the annual num-
ber of seismic events could be linked to increases and decreases
in the annual gas production rates, with a delay of 6-12 months
(Fig. 2).

By that time the induced seismicity had caused increas-
ing public concern related to, initially poorly recognised, non-
structural building damage. This changed into anxiety after it
became clear that higher-magnitude events, potentially causing
building collapse and harm to people, could not be ruled out.
Based on the results of its own independent investigation, the
regulator judged the seismic risk in Groningen as ‘high’ from
a safety point of view and in January 2013 advised that gas
production be reduced by as much and as fast as realistically
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possible. The minister, taking a broader perspective, awaited the
outcomes from a year of intense further studies, after which the
first production measures were announced in January 2014 (De
Waal et al., 2015).

Lessons learned

Important lessons can be learnt from the history of subsidence
and induced seismicity in Groningen. It shows that uncertain-
ties were largely underestimated at the start of production and
for a long period thereafter. It is now realised that different
models and parameters can be used to describe the subsidence
and seismicity observed and that the choice of compaction and
seismicity models and their parameters has a large impact on
the calculated future subsidence (rates), seismic activity (rates)
and on the predicted response to changes in gas production.
The large changes over time in the predicted maximum subsi-
dence suggest an initial uncertainty, prior to the start of pro-
duction, of at least a factor of two (up or down). This has been
confirmed for several other fields in the Netherlands (De Waal
et al., 2012). It can be caused by knowledge gaps, uncertain-
ties in subsurface models, unknown influx of bottom and lateral
aquifers, core damage, nonlinear rock compressibility, the dif-
ference in loading rate between laboratory and field, the very
large change in loading rate at the start of production, the in
situ stress state, reservoir burial history, salt flow, uncertain-
ties in the relation between subsidence and compaction, etc.
Meanwhile for Groningen, as for most Dutch gas fields, reservoir
compaction and reservoir pressures are effectively only one-way
coupled. There is usually limited influx from bottom and adja-
cent aquifers which further reduces uncertainties and allows for
model simplifications. Reservoir pressures are well constrained,
and extensive high-quality geodetic monitoring data are avail-
able. Predictions nevertheless remain uncertain as proven by his-
tory. This is quite sobering.

Studies carried out since 2013 (Bourne et al., 2014; NAM,
https://www.sodm.nl/documenten) show that even larger un-
certainties exist for predictions of induced seismicity. In ad-
dition, there are considerable uncertainties in the ground mo-
tions resulting from an earthquake of a given magnitude and in
the expected response of buildings and infrastructure to those
ground motions (NAM, 2016).

The regulatory framework ‘new style’

The now recognised large uncertainties have consequences for
the regulatory framework. The traditional approach of only
checking single-scenario operator-generated predictions against
field measurements is too undemanding. The basis of requlatory
control ‘new style’ is better risk identification and the develop-
ment and execution of a well-organised risk management plan
in interaction with a critical society and with clear objectives,
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well-defined risk norms and control measures with proven, or at
least plausible, effectiveness.

A qualitative method to implement better identification, as-
sessment and prioritisation of risks is the bow-tie methodology
(Fig. 3, from SodM 2013). This methodology finds its origin in
the petrochemical industry and in aviation. The method system-
atically and efficiently maps the risk of a possible incident by
assessing the possible threats and consequences of an undesired
event. In a risk matrix, the assessed risk to people, assets, envi-
ronment and reputation can be classified (Fig. 4). In addition,
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it allows for the identification of feasible measures to minimise,
monitor and control the risk. The first set of measures (in the
bow-tie method called barriers) is always of a preventive na-
ture, with the objective of preventing or stopping a potentially
hazardous sequence of events. An example is a reduction in the
rate of gas production in an effort to reduce the rate of sub-
sidence and seismicity. The second set of barriers is there to
mitigate the growth of a certain event into a major calamity.
Examples are earthquake-prone building and the strengthening
of existing dykes, buildings and infrastructure to minimise the

s21
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potential consequences of an earthquake. Monitoring can pro-
vide early warnings enabling timely preventive action to be
taken to limit the scale of the undesired effects. These ele-
ments constitute the foundation of the monitoring programme,
as well as of the control system (Fig. 5, modified from De Waal
et al, 2012). This requires the installation of an adequate field-
monitoring network to feed a control loop of interactive mod-
elling, measurements and repeated recalibration, or even re-
vision, of models. As soon as (one out of) a set of threshold
monitoring values is reached, the measurement and control loop
system triggers actions (e.g. further investigations and/or the
implementation of production measures). In addition, notifica-
tions are issued in accordance with a communication protocol.
In support of such a measurement and control loop, the op-
erator needs to provide a range of scenarios covering possible
outcomes for subsidence, seismicity, damage, personal risk etc.
In the scenarios, all combinations of credible models and param-
eter ranges need to be considered. The relative likelihood of each

seismic risk
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scenario can be determined e.g. using a Monte Carlo approach
and by comparing the resulting predictions against the available
(field) data. The uncertainty range can only be reduced when
certain scenarios become too unlikely given new insights (clos-
ing knowledge gaps) or new field measurements (Nepveu et al.,
2010; De Waal et al., 2012). It must be ensured that the range
of possible outcomes, as it changes over time, remains in line
with what the area concerned can sustain. This includes taking
timely and appropriate mitigation measures when the probabil-
ity of unacceptable scenarios becomes too large. Examples are
adjustments in production (level and/or temporal and spatial
distribution), water management measures (pumping stations,
bridges and dykes) and the strengthening of existing buildings
and infrastructure. The new approach requires that the regula-
tor actively assures the integrated control loop of risk identifi-
cation, prediction, monitoring, updating, mitigation measures
and the closing of knowledge gaps, to ensure that subsidence
(rate) and the frequency and ground motions of the induced
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seismicity remain within acceptable limits. The new approach is
supported by changes in the mining law and requires appropri-
ate conditions in the Production Plan assent.

Such a ‘new style” requlatory approach, involving the con-
cepts of ‘effective subsidence capacity’ and ‘hand on the tap
production, was applied for the first time for the Wadden Sea
(EZ, 2006; De Waal et al, 2012) to keep subsidence (rate) within
accepted limits. It can be extended to include induced seismi-
city. For Groningen, the regulator has requested the operator
to develop a customised methodology for risk identification and
quantification, a measurement and control loop, a risk man-

’

agement protocol and a communication protocol. Generalised
versions can be used to improve the present industry guide-
line (TPB (Soil Movement Technology Platform), www.tcbb.nl/
pdf/Leidraad%20Document_V1.pdf). The use of scenarios, prob-
abilistic prediction methods and better methods to confront pre-
dictions against observations should also be considered in such
an update. From each confrontation step, one will learn and im-
prove models and thereby forecasting. This learning process is
an essential part of the measuring and control loop, which is
too often neglected.

The new approach is supported by significant changes in the
Dutch mining law that became effective on 1 January 2017. Fol-
lowing the advice of the Dutch Safety Board in its report on the
investigation of the Huizinge event (OVV, 2015), the new law
places much more emphasis on safety and provides better as-
surance of regulator independence. This includes independent

reporting, legal, communication and budget responsibilities for
the regulator. It also includes budget to fund independent sci-
entific research to address knowledge gaps on the short- and
long-term effects of mining activities (KEM: Kennisprogramma
Effecten Mijnbouw, or Knowledge Development Programme on
the Effects of Mining). The new mining law gives the minister
of economic affairs more grounds to refuse or withdraw licences
and/or Production Plans. For the Groningen field the burden of
proof for damage claims has been reversed. For new applications
for gas extraction and for the modification of existing plans,
public and other interested parties can respond to draft deci-
sions. The ministry involves these reactions in the final decision
and indicates what has been done with the responses. Under the
new law, local authorities such as municipalities, provinces and
water boards must be asked for advice on the submitted produc-
tion plans. Mining companies must identify all safety risks for
the environment and indicate how they will reduce their poten-
tial impact. Independent authorities, including experts working
for the requlator, review this information.

Recent developments

From a physics point of view (Roest & Kuilman, 1994; Zoback,
2007; Van Wees et al., 2014) production reduction measures
should result in a reduction in the subsidence and seismicity
rates. Implementing operational control measures is also the
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least invasive measure to minimise seismic risk (Héring et al.,
2008; I. Wong et al., unpublished report, 2015). Based on these
considerations and supported by early positive indications in
the field, the Dutch minister of economic affairs has, on the
advice of the regulator, gradually limited production offtake in
the Groningen gas field in recent years.

Starting in January 2014, gas production was gradually re-
duced in five discrete steps until a reduction by more than
50% was achieved in 2016. Since 2015 virtually no gas is pro-
duced anymore from the production clusters in the centre of the
field. At a later stage, studies initiated by the regulator (Pij-
pers, 2014b, 2016) suggested that production rate changes in
themselves play a role in triggering the seismicity. This led to
a production philosophy in which large summer-winter fluctu-
ations in production rate are avoided as much as possible. As a
result, these fluctuations have been much smaller since March
2015 (Fig. 6). The production measures taken have resulted in
a clear change in the observed spatial pattern of the seismic
events, with seismicity reducing significantly in the central area
of the field after April 2014 (Muntendam-Bos et al., 2017).

To determine the resulting subsidence rate changes over rela-
tively short periods from noisy GPS data, a novel method was de-
veloped by Statistics Netherlands (Pijpers, 2014a). To study the
effect on the seismicity, another novel method was developed
to better address the statistical noise and the non-Poissonian
character of the relatively short Groningen seismicity time se-
ries. It incorporates the modelling of the propagating pressure
waves from production fluctuations at the wells into the reser-
voir, enabling the study of causal mechanisms (Pijpers, 2014b,
2016; TNO, 2015a,b).

Results demonstrate that the reduction in depletion rate
since 2014 (due to production redistribution and caps) and the
minimisation of seasonal swing in the annual production since
March 2015 have significantly reduced subsidence and seismic-
ity rates in the field. Early indications are that the reduction in
the number of higher-magnitude events is larger than a linear
relation to production predicts (Muntendam-Bos et al., 2017).
Response time seems to be in the order of several months to a
year. For the induced seismicity, a plausible causal mechanism
linking it to the pressure fluctuations in the reservoir could be
identified (Pijpers, 2016). Support for the reduction in seismic-
ity is also provided by the statistical analysis reported by Nepveu
et al (2016). To our knowledge this is the first time that oper-
ational controllability of gas-production-induced seismicity (at
least in the short term) has been corroborated. This suggests
that the system can be influenced with time constants in the
order of several months to a year.
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