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Abstract

The province of Groningen is flat and level, lying at an elevation close to sea level. The area is intensely cultivated and water
table levels are a matter of concern. When the size of the Groningen gasfield was recognized in the sixties, it was realized, that
substantial subsidence might occur at the surface affecting a large area.

Intensive studies were performed over time to predict future subsidence. These studies are supported by theoretical and ex-
perimental research in Shell since the 1950’s concerning reservoir compaction and related surface subsidence. To monitor
reservoir compaction and surface subsidence on a regular basis, an extensive monitoring program was set up by NAM. The
program comprises leveling surveys, GPS measurements, measurements of shallow formation compaction and in-situ reser-
voir compaction.

In Groningen weak earthquakes have occurred since 1991 at irregular intervals. A multidisciplinary study from 1991-1993
on the relationship between gas production and earthquakes in the northern part of the Netherlands, combined with further
studies concluded, that under certain circumstances these earthquakes may result from gas production. Monitoring is carried
out through a seismic observation network with borehole sensors and locally installed accelerometers.

Because of the expected impact of subsidence induced by gas production on surface water management, an Agreement was
concluded between the Province of Groningen and NAM.

In line with the 1983 Agreement the ‘Commissie Bodemdaling’ was founded, in which both NAM and the Province of
Groningen are represented. On the basis of NAM predictions and actual measurements this Committee determines, what
measures are to be taken to prevent, minimize or to correct for effects of gas production induced surface subsidence.

Keywords: North Netherlands, Groningen, Drente, gas production, compaction, subsidence studies, tremors, society, remedial
projects

Introduction water management, an accurate prediction of the ulti-

mate amount of surface subsidence is required. It is

During the last 4 decades subsidence of the land sur-
face has received increasing attention in the Nether-
lands. The observed subsidence of the area overlying
the gasfields in the northeastern provinces was one of
the contributing factors. Moreover, the fact, that cli-
matic change might cause major sea level rise has di-
rected the attention to the amount and rate of subsi-
dence in view of future water management measures.

Since subsidence can have a substantial impact on
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important to discriminate between subsidence caused
by compaction of deep formations due to gas produc-
tion and subsidence caused by the consolidation of
the shallow (Holocene) sediments.

To monitor reservoir compaction and surface subsi-
dence in Groningen on a regular basis, an extensive
monitoring program was set up by Nederlandse Aar-
dolie Maatschappij B.V. (INAM). This program in-
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cludes yearly leveling surveys, Global Positioning Sur-
veys, measurements of shallow formation compaction
(0-400 m below surface) and in-situ reservoir com-
paction measurements in deep observation wells,
drilled specifically for this purpose.

Prognoses of gas production induced surface subsi-
dence are made, in line with the 1983 Subsidence
Agreement between the Province of Groningen and
NAM, as required by the State Supervision of Mines.
In the year 2050, when it is planned to abandon the
gasfield, the maximum subsidence over the center of
the field is expected to be between 40 and 45 cm.

Since 1986 earth tremors do occur in the northern
part of the Netherlands. This area is considered a-
seismic, no earthquakes of any significance have been
reported before. This situation is different from the
Brabant and Limburg areas. (ref. the 1932 Uden
earthquake and the 1992 Roermond earthquake).
Therefore, the earth tremors in the northern Nether-
lands are a new phenomenon, the aerial distribution
of which seems to coincide with the areas of gas pro-
duction.

From 1991 — 1993 a multidisciplinary research pro-
ject was conducted to investigate the relationship be-
tween gas production and earthquakes. The study
concluded, that under certain circumstances earth-
quakes do result from gas production. It was recom-
mended to establish an optimal seismic observation
network for the northern part of the Netherlands.
Eight (borehole) seismometer stations were installed
in the provinces Drente and Groningen.

Subsidence forecasts

The large size of the Groningen gasfield, discovered
in 1959, was not recognized until the mid sixties. The
field is now known to extend over an area of approxi-
mately 900 km?. The Rotliegend (Permian) sandstone
reservoir at a depth of approximately 2900 m has a
thickness of 70 m in the south increasing to 240 m at
the northern edge of the field.

When still only a fraction of the reservoir was ap-
praised, there was hardly any reason to expect sub-
stantial subsidence. At the time the known cases of
subsidence were all related to shallow, mostly uncon-
solidated reservoirs. Once the full size of the Gronin-
gen gasfield was recognized, it was realized, that no-
ticeable subsidence might occur, given the expected
reservoir pressure drop in excess of 300 bar.

Consequently, studies and laboratory measurements
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on the compaction behavior of the Groningen reser-
voir were carried out. These were publicly reported in
1973 (NAM, 1973). Geertsma and Van Opstal devel-
oped a mathematical model as part of these studies
(1973), to enable subsidence predictions in an early
stage of field development. The results of the 1971
calculations were presented as contour maps (Geert-
sema & Van Opstal, 1973, Figs. 5.9-.5.13). For the
year 2050 a maximum of 1 m subsidence was expect-
ed for the central part of the field (Fig. 1).

Development of the Groningen field continued dur-
ing the following decades and a better understanding
of the reservoir behavior was obtained. In addition,
the first results from measurement systems came
available and new ideas gradually developed on the
complex problem of subsidence in general.

It was decided, in liaison with the ‘Technical Work-
group’ (Government Commission) responsible for
monitoring subsidence in Groningen at the time, to
compile interim subsidence reports at regular inter-
vals. These reports would give the latest measurement
results and interpretations and provide the best possi-
ble forecasts on which to base decisions and actions
to be taken. The results of the 1975 calculations, us-
ing the latest field information at the time such as the
extent of the field/pressure distribution and the calcu-
lated physical distribution of subsidence, proved to
correspond well with data obtained from actual level-
ing surveys. According to these predictions the maxi-
mum subsidence in the year 2050 would amount to
about 30 cm.

Based on theoretical scientific work and develop-
ments in laboratory measuring techniques a new (em-
pirical) model was applied in 1985 — the Rate Type
Compaction Model (De Waal, 1986). Based on the
(extrapolated) Plan van Gasafzet 1985 the subsidence
in the center of the subsidence bowl in 2025 was pre-
dicted to be of the order of 60 — 70 cm.

In the Subsidence Agreement concluded in 1983 be-
tween the Province of Groningen and NAM it was
agreed that NAM should publish a prognosis every
five years, outlining the predicted future surface sub-
sidence in the province of Groningen resulting from
production of natural gas.

In the years preceding the 1990 prognosis, surface
measurements and deep compaction data from in-
situ measurements did show a linear compaction
trend with reservoir pressure decline. However, the in
situ compaction measurements also indicated a dis-
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Fig. 1.1971 Groningen Subsidence prognosis in 2050 (KSEPL).
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crepancy between the compaction coefficient mea-
sured on core material and the value derived from
field observations.

After thorough review of all available data, including
the latest information with respect to the reservoir
geometry, the pressure depletion distribution for the
gas bearing part and aquifer and rock properties
formed the basis for the 1990 Groningen Subsidence
Prognosis. The expected subsidence at the deepest
point in 2050 was now predicted to be of the order of
36 — 40 cm (Fig. 2). Since this figure for the predicted
maximum subsidence at the time of the Groningen
field abandonment was substantially less than the fig-
ure reported in the 1985 prognosis, a ‘Second Opin-
ion’ study was carried out by the Massachusetts Insti-
tute of Technology (MIT) at the request of State Su-
pervision of the Mines and the Province of Gronin-
gen.

The main conclusions from the MIT investigation

were:

— The Rate Type Compaction Model used in previ-
ous predictions of subsidence is not appropriate for
Groningen.

~ The compaction of the reservoir increases approxi-
mately linearly with the decrease in gas pressure;
the compaction coefficient is approximately con-
stant,

— Creep of either the reservoir rock or surrounding
formations will not affect subsidence significantly.

— The monitoring of the surface subsidence by ex-
tensive leveling network as well as the in-depth
analysis of the data is impressive.

The 1995 Groningen Subsidence Prognosis essential-
ly confirmed the 1990 prognosis. The leveling mea-
surements proved the method used for the 1990 fore-
cast to be correct. The compaction measurements in
the deep wells and the results of the leveling measure-
ments over the last five years confirmed the assump-
tion that the reservoir compaction continues to follow
the pressure decrease in the reservoir in an essentially
linear fashion. The water bearing sandstone layers
(aquifers) adjoining the Groningen gasfield are un-
dergoing a decline in pressure because of (limited)
pressure communication with the gasfield. Therefore,
subsidence will also occur in the areas above these
aquifers. This subsidence will take place very slowly.
Compared with the 1990 prognosis the shape of the
subsidence bowl covers a larger area because new gas-
fields have been included in the 1995 subsidence
prognosis. The increase in the expected maximum
subsidence from 36 to 38 centimeters is reflecting the
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better understanding of the behavior of the bottom
water pressure and a lower abandonment pressure
(Figure 3).

Since 1995 continuous fundamental-research was di-
rected to investigate the difference between com-
paction measured in the laboratory and the com-
paction derived from field data.

The results of this research and the latest field data
will be used in the Groningen 2000 subsidence prog-
nosis (in preparation).

Modeling and experiments for compaction pre-
diction

The prediction of subsidence due to reservoir deple-
tion requires sophisticated models, which describe
the reservoir compaction behavior and its impact on
surface subsidence. Building on the pioneering work
of Geertsma (1973), the analytical model SUBCAL
has been developed and successfully applied to the
Groningen gas field. Computational advances and re-
cent insights in the mechanics of reservoir compaction
have triggered the development of GEOMEC: A new
NAM-sponsored numerical (finite-element) tool to
predict reservoir compaction, subsidence and total
stress change. GEOMEC has a number of important
features to enable an efficient and yet detailed study
of reservoir compaction, and to address its adverse
consequences such as subsidence. It is currently be-
ing applied to Groningen, and first results indicate
that the GEOMEDC subsidence predictions agree with
previous SUBCAL predictions, and that the assump-
tion of uni-axial compaction in Groningen is correct
(only vertical compaction, and little or no horizontal
deformation). NAM has also developed a program to
determine reservoir compaction by inverting subsi-
dence data, providing important insight in variations
in compaction or depletion in the reservoir. The good
agreement of the results obtained with different mod-
eling routines, developed by world-class experts, is
the valuable result of NAM’s careful, systematic and
scientifically sound approach to reservoir compac-
tion, giving confidence in the accuracy of the com-
paction and subsidence prediction in the Groningen
gas field.

An important input parameter in compaction model-
ing is the reservoir compressibility. The value of this
parameter can be obtained from in-situ measure-
ments, using the gas-pressure-dependant displace-
ment of radioactive markers placed in wells, or from
laboratory experiments on cores taken from the reser-
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Fig. 2. 1990 Prognosis subsidence in 2050 (NAM).

voir. Regarding the laboratory experiments, NAM has lenges. Firstly, the sample selection had to be reser-
been active in this technology for the last three voir-representative, both in terms of composition and
decades, and tackled a number of technological chal- microstructure (porosity), and there should be no
Geologie en Mijnbouw / Netherlands Journal of Geosciences 80(1) 2001 125
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Fig. 3. 1995 Subsidence prognosis Groningen year 2050 (NAM).

core damage. Secondly, compaction test rigs were
constructed in which the total vertical stress, the total
horizontal stress and the pore fluid (gas) pressure can
be applied to the rock samples, in the same way as oc-
curs during the actual Groningen reservoir depletion,
and at the reservoir temperature of about 100°C. The
key technology here is the precise measurement of the
stress-induced deformation of cylindrical samples of
the reservoir rock. Deformation due to compaction in
such experiments is on the order of microns, calling
for special displacement sensors and extensive cali-
bration. Ultra-sensitive microphones were placed in
the loading pistons to monitor the nucleation and
growth of micro cracks in-between or inside grains
(acoustic emissions), yielding insight in the grain-
scale compaction mechanisms. Thirdly, the experi-
ments needed to be performed along stress paths,
which are representative for the Groningen field, be-
cause sandstones show a strong dependence of com-
pressibility on stress path. The first generation of ex-
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periments were performed under isostatic stress con-
ditions (equal stress increase on all sides), requiring
poro-elastic theory to convert the experimental data
to different stress/strain conditions. This is no longer
needed, as the present apparatuses allow exact repro-
duction of the field stress path. Given the absence of
abundant field stress data for Groningen, the
GEOMEC numerical modeling tool was used to cal-
culate these — confirming a stress path associated with
uni-axial compaction.

What are the parameters that govern the compress-
ibility in the Groningen reservoir? The main (labora-
tory) experimental observations can be summarized
as follows. Most sandstone samples from the Gronin-
gen reservoir have a uni-axial compressibility, which
is virtually constant over the range of depletion in the
Groningen reservoir; only some high-porosity sam-
ples (> 23%) show an increasing compressibility with
increasing stress after about 300 bar depletion (Fig.
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4). The uni-axial compressibility of Groningen sand-
stone depends linearly on porosity. The large spread
in compressibility at a given porosity suggests addi-
tional control of rock microstructure on compressibil-
ity. The experiments further indicate a strong depen-
dence of compaction on stress path and a small time-
dependent compaction (creep) resulting from micro-
crack growth. A model to extrapolate the experimen-
tal creep compaction to Groningen depletion time
scales (50 years) is currently under development at
the Shell Research and Technical Services Laboratory
in Rijswijk.

40 years of subsidence monitoring

To quantify subsidence over the Groningen gasfield,
regular leveling surveys have been conducted. In total
27000 elevations of some 2300 benchmarks were ob-
tained in 22 measurement campaigns conducted over
the past 40 years. The total costs of these surveys
amounted to some 8 million Dutch guilders. These
surveys were predominantly conventional spirit level-
ing surveys with a height accuracy ranging from some
4.5 mm at a distance of 10 km to 10.0 mm at 50 km
from a stable reference point. To cover the Waddenzee
and Eems extensions of the subsidence area hydrosta-
tic leveling was employed on 3 separate occasions.
The technique depends on the simultaneous reading
of the water level at the 2 ends of a hose laid out over
a distance of up to 15 km. The method is more accu-
rate than spirit leveling, but 20 times as expensive.
From the beginning of the nineties, the Global Posi-
tioning System (GPS) was extensively tested. Gener-
ally, the results are half as accurate as spirit leveling

and significant doubts persist on possible measure-
ment bias. This is due to imperfect atmospheric mod-
eling and left undetected by as yet inadequate data
correlation modeling. Lately, the merits of interfero-
metric synthetic aperture radar (InSAR) for Gronin-
gen subsidence quantification were assessed. While
results in undisturbed arid and urban regions else-
where in the world with subsidence rates in excess of
3 mm per month are extremely encouraging, indica-
tions for the use of this technique in the generally
agricultural Groningen area with a current average
subsidence rate of 0.2 mm per month are unsatisfac-
tory.

Analysis and modeling of the height data has steadily
progressed from a simple point-by-point differencing
over time with basic outlier detection via an area-by-
area place/time polynome fitting to a bowl-wide
place/time model fitting. The early point-by-point
analysis was often accompanied by a topographic pro-
file over the subsidence area. Ignoring lateral excur-
sions from a straight line through the subsidence area
and subsidence due to processes other than gas pro-
duction frequently resulted in an irregular appearance
of such profiles. A plot of observed subsidence as a
function of the normalized distance to the center of
the subsidence bowl (Fig. 5) overcomes the problem
of lateral excursions.

A second problem proved a greater challenge. Before
the start of production, 48% of the topographical
benchmarks were classified as unstable, exhibiting
subsidence rates in excess of 0.5 mm/yr. Initially the
problem was addressed by rejecting the most unstable
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data (sandstones) (RTS).
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Fig. 5. Subsidence by gasproduction: Model and Observation. X-
axis represents normalized distance in km. Y-axis represents subsi-
dence in mm (NAM).

benchmarks — mostly in buildings with inadequate
foundations — and installing new ones nearby in solid-
ly founded man-made structures. This solved the
problem for the most extreme cases. However, this
still left the bulk of the pre-production unstable
benchmarks with subsidence rates between 0.5 and 3
mm/yr in the dataset with the resultant corruption of
the gas subsidence modeling studies. When the total
subsidence rate of these benchmarks after the start of
gas production is corrected for subsidence due to hy-
drocarbon-extraction using a simple bowl-wide time/
place model, the results correlate remarkably well
with the subsidence rate before the start of produc-
tion (Fig. 6). This forms the basis of the correction for
subsidence effects that are not related to gas produc-
tion.

Recent experience has shown, that a simple model
characterized by a Gaussian profile, an elliptical hori-
zontal shape and a constant subsidence rate starting
some time after start production is capable of de-
scribing the subsidence measured thus far to an accu-
racy of approx. 1 cm anywhere in the bowl and at
anytime in the past. Each distinct reservoir unit re-
quires a separate bowl model of the same type, but
with its own parameter values derived during produc-
tion from leveling surveys over the area of interest.
This approach has greatly enhanced our ability to dis-
tinguish subsidence effects as to cause as well as per-
mitting optimalization and of survey frequency and
benchmark density and distribution.

The consequences of subsidence

Low-lying countries close to the sea exist in a fragile
state of equilibrium with the surface water. Any
change in the elevation of the land relative to the wa-
ter table means, that remedial action soon becomes
necessary. What happens if the land drops compared
with the water level? Dykes become too low, so safe-
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Fig. 6. Correlation before /after gasproduction. X-axis in mm/yr be-
fore,Y-axis in mm/yr after start production (NAM).

guards against flooding become less effective. Head-
room under bridges decreases. Less land can be re-
claimed from the sea for agricultural purposes and so
crop yields drop. Cellars and crawl spaces under
buildings can flood, and problems with damp can af-
fect other parts of buildings. In the Netherlands there
is a great deal of experience with such problems be-
cause the land has been subsiding and sea level has
been rising for centuries. Over the last thousand years
the relative subsidence in some places has been as
much as four to five meters. The remedial measures
generally employed to deal with this problem include
raising the dykes, reducing water levels and pumping
(Fig. 7).

In the nineteen-sixties and seventies, the sea dykes in
Groningen were raised by some three to four meters.
This was not related to any subsidence caused by nat-
ural gas production, but as part of the ‘Delta Plan’
implemented after the disastrous flood of 1953. Over
the years these types of measures have created a mo-
saic of different landscapes in the Low Countries,
typically with different water levels prevailing in each
landscape element. This prosaic landscape (Fig. 8) is
one of the characteristic features of the Dutch rural
heritage.

Generally the subsidence caused by natural gas pro-
duction is being dealt with using the same measures —
raising the dykes, reducing water levels and pumping.
The amount of subsidence due to gas production, a
maximum of some 45 cm, does not necessitate a new
or special approach as such. However, as a result of
minor local flooding and increased pumping, a debate
has started in the Netherlands about whether the
margin of comfort has all but gone. The plans to ad-
dress the consequences of subsidence in Groningen
are largely complete and a major part of the required
remedial measures have been taken or are being im-
plemented. It is not expected that the ongoing public
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Fig. 7. Photograph of windmill.

Fig. 8. Aerial photograph of the mosaic landscape (Luchtfoto Aerophoto Eelde).
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debate will have much impact on the measures to be
taken.

What precisely is the extent of subsidence in Gronin-
gen, what specific problems are caused by it and
which measures have been or will be taken to coun-
teract it? (cf. Fig. 3) The occurrence of subsidence re-
flects the aerial distribution of producing gas fields.
The large Groningen gas field is causing a subsidence
over a substantial area. The subsiding area has a di-
ameter of about sixty kilometers and the maximum
expected subsidence will be some 45 cm in the deep-
est part of the subsidence disk. There are also several
small subsidence dishes caused by smaller gas fields
in the western part of the province. Of these, the
Munnekezijl field will have by far the largest subsi-
dence, estimated at 24 cm. If follows from this predic-
tion that virtually the entire sea dyke will be affected
by subsidence, to a maximum of approximately 32
cm. As a consequence sooner or later these sea dykes
will have to be raised. The seaports of Delfzijl (Fig. 9)
and Eemshaven are also located in the region affected

b

Fig. 9. Photograph of the port of Delfzijl (Luchtfoto Aerophoto Eelde).
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by subsidence. As a result of subsidence, the dock
sites outside the dykes are more frequently flooded by
high tides. These sites have been raised in their entire-
ty in Delfzijl and partially in Eemshaven. The largest
subsidence compensation project so far has been the
raising of the quay and dock sites in Delfzijl. The pro-
ject cost around 160 million guilders, of which 90%
was borne by the gas producer NAM.

Subsidence also occurs on the seaward side of the
dykes. This is a totally separate subject that is not ad-
dressed in detail here. The remedial measures taken
so far have been to construct and raise small wicker
barrages in order to encourage the silting up of tidal
marshes outside the dykes (Fig. 10) so that sedimen-
tation keeps pace with subsidence.

Eight drainage basins partly or completely surround-
ed by dykes are partly or wholly located within the
subsidence area. Each of these basins has its own dis-
charge outlet into the sea. This discharge is being
made more difficult as a result of subsidence. The

Geologie en Mijnbouw / Netherlands Journal of Geosciences 80(1) 2001
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Fig. 10. Photograph of tidal marsh projects in Noordpolderzijl (Luchtfoto Aerophoto Eelde).

maximum surface levels vary from NAP (Amsterdam
Ordnance Datum) +0.62 m to NAP -1.40 m. The av-
erage high tide in the Eems at Delfzijl is NAP +1.31
m and the average low tide is NAP -1.68 m. In most
of these basins water levels are controlled by a combi-
nation of free and pumped drainage. Subsidence re-
duces the volume of free drainage. Having a greater
proportion of pumped drainage or alternatively by
creating extra water storage can compensate this.
However, this latter approach has not yet been tried
because of the significant environmental conse-
quences, for example hundreds of hectares would be
involved. Consequently, the existing pumping stations
(Fig. 11) have to raise the water to a greater height.
Therefore, larger pumping capacity is required and
sooner or later the pumping stations will have to be
modified. This has already been done in three cases.

The Eemskanaal and Dollard drainage pool, the
largest basin, currently drains freely into the sea in
two places. Supplementary pumping will be necessary
in both places. A pumping station with a capacity of
45 m?*second is currently under construction in Ter-
munterzijl. A pumping station will probably also be
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required in ten years’ time in Nieuwe Statenzijl. In
theory the problem could also be solved by building
extra water storage.

The subsidence does not only affect the basins at the
discharge points. Because of the dish shape of the
subsiding surface, the actual amount of the subsi-
dence can vary quite substantially within the relative-
ly large basins. However, in the smaller basins there is
little variation in the subsidence and the water level
can be lowered by the same amount as the subsi-
dence. In the large basins the subsidence can vary by
several tens of centimeters. In such cases a simple
lowering of the water level cannot be applied through-
out. The solution can then be sought in dividing the
polder basin into a number of compartments, within
which the water levels can be adjusted to the amount
of subsidence as closely as possible. Barriers will have
to be built between these areas including e.g. a pump-
ing station or a dam with a lock. Another solution in-
volves setting an average water level and then adjust-
ing the dykes, as well as river and canal beds, and
bridges. The details of the water management will
have to be adjusted in order to manage the drainage
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Fig. 11. Pumping station Den Deel (NE of city of Groningen) (Luchtfoto Aerophoto Eelde).

of farms, residential areas and nature reserves in an
optimal manner.

In order to address the consequences of subsidence as
effectively as possible, the province of Groningen and
the Dutch government have jointly entered into an
Agreement with NAM in which NAM reimburses the
costs of the remedial measures needed to prevent,
limit or compensate damage. The agreements stipu-
late, that there is a Committee that, on the basis of a
request, defines the measures, that have to be taken
and the costs that NAM is to reimburse. The Com-
mittee consists of six members and six deputy mem-
bers. The province or the government appoint half of
the committee members, the other half is appointed
by NAM. The decisions of the committee are bind-
ing. Government bodies, companies or members of
the public can submit requests. Members of the pub-
lic and organizations wanting to invoke the agreement
can become party to the agreement. This is done by
signing a declaration to the effect, that the claimant
party agrees to be bound by the decisions of the com-
mittee and to waive the right to require reimburse-
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ment from NAM in any other way (through the
courts). Under the terms of the agreement NAM will
reimburse a maximum amount of NLG 650 million
at 1980 prices. The maximum amount under the
terms of the agreement with the government is NLG
50 million.

The agreement became effective in 1983. Since then
more than 100 members of the public, companies
and organizations have become involved in the agree-
ment. NLG 268 million had been paid out by the end
of 1998, of which NLG 45 million was paid to mem-
bers of the public, companies and associations.

Macro-seismic inquiries

The occurrence of earthquakes in the provinces of
Groningen and Drente has a short history of little
over ten years. Seismographs in various networks have
detected over 180 earthquakes. These earthquakes are
associated with gas extraction from a handful of gas
reservoirs in the northerly provinces. A small fraction
of the events was actually felt by the public. In such
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cases the press was interested and reported the seis-
mological details of the earthquake the same day. In
the early days of the emerging seismicity, the seismic
instrumentation available to the Division of Seismol-
ogy of the Royal Netherlands Meteorological Insti-
tute (KNMI) was not adequate, especially to deter-
mine the depth of the earthquake. It is particularly
important to establish the depth, in order to associate
the event confidently with a gas reservoir. This situa-
tion prevailed before the current network of borehole
seismometers was installed. In general estimation of
depth is difficult unless at least one station of a seis-
mometer network is near the epicenter. A macro-seis-
mic survey will provide important additional informa-
tion in cases where seismometers are lacking.

After the Purmerend earthquake in December 1989 a
macro-seismic survey was carried out for the first
time. Such a study is an inquiry into the effects of the
intensity of the shaking during an earthquake, which
depends on the distance to the epicenter. The local
population experiences the shaking in different ways
and when the shaking is severe enough, damage to
buildings may occur. The findings of the enquiry are
ranked according to an intensity scale. Within the Eu-
ropean Community the European Macro-seismic
Scale (EMS) is accepted as an accurate classification
of the macro-scale seismic effects as normalized for
the different building styles in Europe. Intensity
should not be mistaken for the magnitude (on the
Richter scale) of an earthquake, which is a measure of
the size of the earthquake at the source.

Because earthquakes are rare in the Netherlands,
macro-seismic investigations were even rarer and for
this case study, the analysis method had to be estab-
lished first. The macro-seismic inquiry after the
Purmerend earthquake proved to be a success. Not
only was the epicenter determined accurately, the
depth of the earthquake could also be inferred from
the data. As a further result a coherent picture of the
effects of the earthquake could be constructed, in-
cluding the emotional reaction of the public to the
event. The work done in the field proved to be a sig-
nal to the local population of the genuine interest of
the authorities in the origin of this earthquake.

In total 150 interviews were held in order to get a rep-
resentative picture over an area of 30 km? surround-
ing Purmerend. The enquiry near Purmerend became
a model for subsequent studies in which the data was
gathered by different means; e.g. door-to-door inter-
views, telephone interviews or through advertise-
ments in local newspapers, with all approaches yield-
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ing essentially the same result. After a fair number of
felt earthquakes the relation between intensity at the
epicenter and the magnitude of the events could be
established, as the depth of all the events was compa-
rable.

One may ask whether this method of investigation is
objective enough to be reliable. After a number of
such inquiries, the conclusion is a qualified “yes”. In a
number of cases some caution is justified. The inten-
sity scale is a description of the average effects of the
surface shaking during an earthquake; it is a descrip-
tion of several effects in a consistent way. The averag-
ing is done not only over a series of observations, but
also over a certain area and over a number of reports
from different witnesses of the event. Only if special
circumstances occurred during the shaking the results
may be influenced. For instance: severe stormy
weather, exceptional quiet conditions during the early
evening hours or a too small sample of the population
being interviewed. The averaging is necessary to level
out the unavoidable noise in the observations. The
standard deviations of the errors are usually of the or-
der of one half-intensity unit.

With respect to the reporting of damage special care
should be exercised. The EMS starts to recognize
damage at intensity V and above. At intensity V the
damage is characterized as “negligible to slight dam-
age” and will occur in 15% of the most vulnerable
buildings according to the EMS. The intensity IV le-
vel is strictly speaking without any damage. In a sta-
tistical sense in the area of intensity IV, damage
should be very rare. It should also be recognized, that
large and distant earthquakes have a signature differ-
ent from small and nearby earthquakes. The EMS
does not distinguish between these two different types
of events. This complicates the interpretation of the
description of the intensity scale specifically with re-
spect to damage patterns. So, it is safe to assume, that
damage can occur from intensity IV and higher for
this situation of shallow seismicity.

The series of earthquakes in the south of the province
of Drente (Fig. 12) near Roswinkel (Fig. 13) provided
an excellent opportunity to calibrate the macro-seis-
mic method since in that area a small network of
three accelerometers has been installed in order to
measure the acceleration during the shaking, even
during the largest events. The results showed a good
correlation between the accelerations and the mea-
sured intensities.
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province of Groningen

1.041.5 1.5-2.0

magnitude

2.0-2.5 2.5-3.0

province of Drenthe

51.0 1.0-1.5 1.5-2.0

magnitude

2.0-2.5 25-3.0 3.0-3.5

Fig. 12. North Netherlands tremors (December 1986 — January 1999) (NAM).

Society, Subsidence and tremors - in conclusion

Gas production in most cases will lead to surface sub-
sidence. In practice it is virtually impossible to pre-
vent subsidence caused by gas production with tech-
nical measures. For the Groningen field (and some
larger gasfields) a substantial area will be affected and
maximum subsidence is in the order of some 30-40
cm. For the smaller fields subsidence is generally less
than 10 cm. The surface subsidence manifests itself in
the form of a flat, very regular dish. The resulting tilt
at groundlevel is so minor, that damage to buildings
caused by this process can be ruled out. On the other
hand subsidence can have an effect on soil hydrology.

The Agreement ‘Overeenkomst Groningen — NAM
inzake regeling vergoeding kosten bodemdaling
Aardgaswinning 1983’ was concluded to establish an
arrangement for the reimbursement of costs, that can
be attributed to subsidence resulting from the pro-
duction of natural gas. The ‘Commissie Bodemdaling
Groningen’ (Committee on Surface Subsidence Gro-
ningen) was appointed following this agreement.

To monitor reservoir compaction and surface subsi-
dence an extensive monitoring program has been in-
troduced. The program includes yearly leveling sur-

veys and Global Positioning measurements, and pub-
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lishing the data. Every five years prognoses for the
abandonment phase and intermediate years are pub-
lished. These are based on a three-dimensional grid
block model to describe the gas-bearing reservoir and
associated water-bearing reservoir.

In addition to prognoses and field measurements,
studies are carried out to further fine-tune com-
paction- and subsidence modeling. Environmental
studies and monitoring are performed for environ-
mentally sensitive areas (e.g. Ameland, Waddenzee).
If required mitigating measures are initiated to avert
negative consequences of subsidence. As a matter of
policy, NAM is of the opinion that the consequences
of subsidence, resulting from NAM’s activities,
should stay within agreed societal and ecological
boundaries. NAM strives for maximum openness
with respect to subsidence and related matters, and
on request NAM also provides external parties with
further information.

Earthquakes (tremors) are observed since 1986 in the
vicinity of producing gasfields in the Northern part of
the Netherlands. NAM actively participates in seis-
micity studies, provides geological and geomechanical
data, and initiates studies to enhance scientific under-
standing of these events. Following the recommenda-
tion of the multidisciplinary study, NAM participated
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Fig. 13. Intensity map of the Roswinkel earthquake on 19 February 1997 with magnitude 3.4; the largest intensity near the epicentre was VI

on the EMS scale (KNMI).

in setting up the North Netherlands Seismic Obser-
vation Network, which is operated by the Division of
Seismology of the Royal Netherlands Meteorological
Institute (KNMI). In addition to this Network ac-
celerometers have been installed in areas, where
tremors frequently occurred. In 1995 agreements
were concluded with the provinces of Groningen and
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Drente as to the way seismic damage claims will be
dealt with.

The Ministry of Economic Affairs, Provinces Gronin-

gen and Drente, KNMI and NAM, jointly issued the
agreement.
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Above the Roswinkel field in southeast Drente over
20 tremors occurred. The maximum magnitude was
3.4 on the Richter scale. For three tremors, for which
the intensity on the EMS scale was IV or higher, in
total some 515 claims have been filed. On the basis of
independent expert investigations 324 claims for
damages (60%) have been honored to date for an
amount totaling NLG 1.1 million. 20 claims are still
under investigation and the remainder have been re-
jected on the grounds of:

— outside intensity IV area;

— no damage according to expert.

Earth tremors cannot be predicted, only sensitivity
analysis can be performed for areas or gas fields.
NAM co-operates in the KNMI earth tremor moni-
toring and participates and provides data of geologi-
cal and geomechanical nature for studies deemed
necessary by authorities and/or institutions. NAM ad-
vocates pro-activeness and strives for maximum
openness in earth tremor matters towards stakehold-
ers and the public in general. By way of an example,
NAM participated in the recently opened Natuur
Museum exhibition ‘Grond onder de voeten’ in
Groningen, which shows ‘both sides of the picture’
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with regard to gas production in this part of the
Netherlands.

It should be recognized though, that not all feelings of
uneasiness amongst the inhabitants of the effected ar-
eas can be taken away, despite all efforts in terms of
communications and claims handling. That is one of
the reasons why these matters often remain high on
the political agenda.
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