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1. Introduction 
 

Seismicity which may be related to gas 
production has become a growing problem in the 
Netherlands in the past two decades. Recovery 
of hydrocarbons from the subsurface results in a 
change in stress state, which might disturb 
existing situations of unstable equilibrium. 

The objective of the studies summarised in 
this paper was to obtain a better understanding of 
reservoir-related earthquake mechanisms by 
means of geomechanical modelling of gas 
reservoirs. The main problem involved in 
modelling geological structures in the subsurface 
is their data-limited character. Rather than 
making single best-guess models, this data-
limited problem is approached in an exploratory 
manner to identify any possible deformation 
mechanisms. Guidelines for such an approach 
are described by Starfield & Cundall (1). 

A preliminary phenomenological study 
focuses on earthquake mechanisms in the direct 
vicinity of a reservoir (Section 2). Two 
subsequent case studies are presented in Sections 
3.1 and 3.2 respectively. An investigation after 
effects of gas storage on fault stability is 
summarised in Section 4. 

Various simplified geometrical and rock-
mechanical models have been designed to analyse 
parts of the problem. The calculations are based 
on a large number of assumptions and give an 
indication of the behaviour that can be expected. 

The released energy is assumed to be (mainly) a 
function of the change in the stress situation due 
to gas extraction. 

These studies did not include other 
mechanisms, where the released energy is 
assumed to be mainly a function of a natural 
occurring process, since the far majority of all 
events is located at reservoir level. The shallow 
event of 1987, close to the saltdome of 
Hooghalen, may be an example of this second 
type of mechanism. The 'triggering' of seismic 
events seems to be possible at distances of several 
kilometres due to the visco-plastic behaviour of 
salt (2). 

 
2. Differential compaction and fault slip 

 
When gas is produced from the reservoir, the 

reduction in pore pressure causes compaction. 
Since the vertical effective stress increases more 
rapidly than the horizontal effective stress, the 
shear stresses along the fault plane also increase, 
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creating slip conditions during gas extraction. 
Depending on the presence of plastic gouge 
material or brittle 'asperities', fault-plane slip will 
occur gradually or violently. 

 
 
Figure 1. Hypocentres of different types small 
earthquakes. 

 
A phenomenological study systematically 

focused on the geometrical effects involved in 
local fault activation in the vicinity of a gas 
reservoir. Boundary effects occur at the contact 
between compacting and non-compacting rock 
masses, in particular at the top of a reservoir. At 
the bottom of a reservoir upward differential 
movement and slip may occur as well (Fig 2a). 

The dip of a fault was found to be a major 
control on local fault activation. If the fault dips 
towards the reservoir, locally normal slip along 
the fault occurs at the top of the reservoir (Fig. 

2b). If the reservoir is located on the other side of 
the fault plane, the hanging wall of the fault is 
above the reservoir (Fig. 2c). In this case reverse 
slip occurs at a lower level, at the bottom of the 
reservoir. 

Subsequently a more complicated configuration 
was computed: a small gas field split into two 
parts at different levels on either side of the fault. 
In the extreme case of a reverse fault, the two 
levels at which slip occurs on either side of the 
fault, are as far apart as possible (Fig. 2d). 
Boundary effects are the same as for a single 
reservoir and do not reinforce each other. 

Another extreme case is that of a normal fault 
where the two levels of the reservoir have moved 
in such a way that the boundary effects of the 
reservoir parts are superimposed (Fig. 2e). 

A subvertical normal fault within a reservoir, 
where the two parts of the reservoir move in 
opposite directions as result of compaction, turned 
out to be the configuration most prone to local 
fault slip. Displacements occur in opposite 
directions on either side of the fault at the same 
level. For the models a fault angle of 20-30° with 
the vertical was assumed (hade). Slip can occur in 
particular if the prevailing horizontal stresses in 
the reservoir rock are relatively low. Local slip is 
of the order of a few centimetres. 
 
3. Case studies 
 

Starting from the expertise gained in the 
preliminary study (Section 2), several case studies 
were carried out in order to obtain a better 
understanding of reservoir-related earthquake 
mechanisms. Two fields with several seismic 
events occurring within their boundaries were 
selected here. The finite-difference program 

 
Figure 2. Impact of geometrical effects on a fault. 



FLAC was used to build two-dimensional 
numerical models. Fault slip that develops on 
fault planes during gas depletion was studied 
under different geological boundary conditions. 
Data limitations necessitated an exploratory 
approach to identify possible deformation 
mechanisms and precluded exact predictions. 

Different possibilities of inducing fault slip 
are explored by reducing the pore pressure in the 
given reservoir configurations. Changes in pore 
pressure in the water-bearing parts of the 
reservoirs were not modelled. A rise of the 
gas-water contact was accounted for in one 
specific situation (Section 3.2.3.3). The reservoir 
overburden is assumed to consist of several 
layers which each have different material 
properties according to the elasto-plastic Mohr-
Coulomb model. Plane strain has been assumed, 
resulting in some exaggerated effects in 
comparison with the actual 3D-behaviour. The 
faults are assumed to be cohesionless. In case 
study 1 various fault friction angles are 
accounted for. In case study 2 the fault friction 
angle is fixed at 25°. 

At the start of modelling gas depletion, the 
models are assumed to be in initial equilibrium 
with the gravitational stress field (consolidation 
phase). An exception is Section 3.2.3.4 of case 
study 2, where halokinesis is taken into account 
as well. Considerable salt layers, present in both 
case studies, are modelled in this consolidation 
phase as a plastic material in which stress relaxes 
very easily, resulting in a hydrostatic state of 
stress. In the subsequent gas depletion phase, the 
amount of fault slip resulting from gas depletion 
under different boundary conditions was 
determined.  

3.1. Case study 1: Eleveld gas field 
 

3.1.1. Model description 
The geological cross-section shown in Fig. 3 

was analysed (3). Note that precisely the fault 
geometry, which proved to be most sensitive 
during the preceding fundamental study (Section 
2), occurs in the reservoir: normal faults F2 and 
F3 and to a lesser extent normal fault F1. An 
obvious hypothesis is that fault F2 is most 
sensitive to differential compaction on either side 
of the fault plane and therefore to local fault slip. 
At top-reservoir level, where the rock is known to 
consist of rough conglomerates, an asperity may 
be present. After a period of stress build-up, this 
asperity may fail at a critical strain over a section 
of the fault, resulting in a (slight) earth tremor. 
The driving mechanism is reservoir compaction. 
The sensitivity for fault slip has been assessed by 
a series of models with varying fault friction 
angles (30, 28, 26, 25, 24 and 22° respectively).  

 
3.1.2. Calculation results 

Gas extraction was simulated and shear 
displacements amounting to a few centimetres are 
found on the normal faults that are loaded from 
both sides (F2, F3), the configurations previously 
designated critical. In general, fault F3 shows 
slightly less displacement than F2, but of the same 
order of magnitude. 

 
3.1.3. Conclusions case study 1 

Various tremors of magnitudes 2.4 to 2.7 were 
actually observed along fault F2. Fault plane 
solutions indicated the activation of a normal 
fault. The calculations show that under the 
assumption of a gravitational stress field, induced 

Figure 3. Geometry and potential slip mechanisms of the Eleveld gas reservoir. Several small seismic 
events did occur close to the fault F2 (3000-3500 m depth). 
 



fault slip of at most a few centimetres may occur 
over a limited distance along the fault. The 
controlling mechanism of the induced fault 
displacement is the compaction of the reservoir 
blocks as a result of pressure depletion. For the 
coming decades, pressure depletion in Eleveld is 
expected to amount to only a fraction of the 
pressure depletion up to now. Therefore the 
maximum potential fault movements and 
earthquake magnitudes are not expected to be 
much higher than the current ones. In-situ 
stresses are a key factor. Recent research work 
(4) has provided more insight in the tectonic 
stress field. 

 
3.1.4. Bergermeer field: similar mechanisms 

In 1994 two seismic events did occur in the 
Bergermeer gas field (5). The same geometry is 
present as in the Eleveld reservoir (Fig. 4): 
precisely that fault geometry, which proved to be 
most sensitive during the preceding fundamental 
study (Section 2), did occur in the reservoir, 
namely normal fault F2. 

Only a limited part of the fault, about 1.5 km, 
is sensitive for local fault activation. It is 
expected that shear stresses are reduced by the 
two seismic events, resulting in a limited seismic 
risk. 

Figure 4. 3D-model of the southeastern part of 
the Bergermeer gas field. Two seismic events 
occurred on the same fault in the reservoir. 
 
3.2. Case study 2: anticline-shaped gas field 
 
3.2.1. Model description and methodology 

During production of an anticline-shaped gas 
reservoir with a thickness of ca. 200 m (Fig. 5), 
several seismic events occurred within the 
boundaries of the field. Fault slip that develops 
on a curved, subvertical fault plane was studied 
under different geological boundary conditions 
(6). Slip on bedding planes was considered as 
well. The flanks of the anticline dip at an angle 
of 11° towards the boundaries of the model. 

The reservoir is capped by a ca. 100-m-thick 
evaporite layer, and is underlain by a 
considerable salt structure as well. At the start of 

production, the reservoir is assumed to be over-
pressurised. 

Initial stresses in the model are assumed to be 
of gravitational origin. In a later stage of the 
project, halokinesis was taken into account as 
well. The fault is assumed to be cohesionless with 
a friction angle of 25°. Note that the modelled 
fault extends to the surface in contrast with the 
actual situation. This allows fault slip to develop 
without restrictions imposed by the limitations of 
the model. 

The amount of fault slip that develops during 
the gas depletion phase was studied for different 
boundary conditions. The following topics were 
addressed:  

- fault geometry at reservoir level; 
- influence of an overlying evaporite layer; 
- rise of the gas/water contact; 
- halokinesis 
 

 
Figure 5. Grid configuration used for case study 2; 
GWC = gas/water contact. 

 
3.2.2. Calculation results: consolidation 

This phase gives an indication of the geological 
history of the structure. A notable result is 
horizontal movement in the direction of the 
boundaries of the model, with maximum values on 
the upper surfaces of the two salt layers. It is an 



indication of a natural tendency for gravitational 
sliding. As a result of these horizontal 
displacements, relaxation effects occurred above 
the reservoir, leading to low horizontal stresses 
in the central part of the model. This results in 
low normal stresses acting on the subvertical 
fault plane and according to the Mohr-Coulomb 
criterion consequently in a lower stability of the 
fault. 

 
3.2.3. Calculation results: gas depletion 

 
3.2.3.1. Fault geometry at reservoir level 

A comparison was made between a fault that 
is restricted to the overburden of the reservoir 
and a fault that extends throughout the entire 
reservoir. Along a fault restricted to the 
overburden no relevant fault slip did develop. In 
the modelling case where the fault extends 
throughout the entire reservoir, fault slip reached 
a maximum value of 7.8 cm. The activation of 
normal faults at reservoir level is the dominating 
mechanism. It is therefore expected that induced 
seismicity will be clustered at reservoir level. 
This is in agreement with the currently estimated 
depths of the seismic events measured in the 
field. 

 
 

3.2.3.2. Influence of overlying evaporite layer 
Fault slip does in the calculations not occur at 

the level of the overlying evaporite layer. The 
high horizontal (hydrostatic) stresses increase the 
normal stress component in this part of the fault 
plane significantly and cause the salt layer to act 
as a barrier to fault slip (Fig. 6, left).  

If the strength properties of the overlying 
evaporite layer are replaced by those of the 
underlying claystone unit, then the zone that 
shows significant fault slip extends to a zone of 
considerable thickness (Fig. 6, right). 

 
3.2.3.3. Rise of the gas/water contact (GWC) 

When the pore pressure in the reservoir 
decreases, the gas/water contact may rise. The 
strength properties of both rock and fault may 
decline. This effect is accounted for by reducing 
the friction angle of the fault in the lower half of 
the reservoir from 25° to 22°. The maximum fault 
slip shows an increase of 17 %. 

 
3.2.3.4. Halokinesis 

Upward movement of the salt underlying the 
reservoir was modelled by applying forces along 
the reservoir/evaporite boundary. The maximum 
value applied for upward movement was 13.2 cm, 
located in the centre of the salt structure. As a 
result, fault slip (maximum value: 6.66 cm) 

    
Evaporites Vertical displacement (cm) Calculated fault slip Zones with plastic material- 
 Neg. values: downward movement  behaviour during calculation 
 Pos. values: upward movement  
    
Figure 6: Calculation results of the depletion phase, showing maximum fault slip at reservoir level. 
Left figure: fault extended throughout whole reservoir; max. calculated fault slip = 7.8 cm 
Right figure: same as left figure, with replacement of the strength properties of the overlying evaporite 
layer by those of the underlying claystone unit and a risen GWC; max. calculated fault slip = 9.1 cm. 



developed along a substantial part of the fault 
plane before the start of gas depletion. 

The salt movement reflects an upward salt 
velocity of 0.03 mm/yr during the past 4400 
years, a very short period from a geological 
point of view. A hypothesis is that asperities 
could have caused incomplete relaxation of the 
stresses on the fault, leading to an unstable 
equilibrium. In this case, the fault slip resulting 
from halokinesis has to be partly added to the 
fault slip caused by following gas depletion, 
which therefore increases. 

 
3.2.3.5. General observations 

Graben-like structures were observed in all 
model calculations without exception (both in 
the consolidation and depletion phases). This 
indicates a natural tendency for this type of 
structure to develop, which may be triggered by 
gas depletion. Gravitational sliding along 
bedding planes cannot be excluded either. 

 
3.2.4. Conclusions case study 2 

The present approach applied to this data-
limited problem proved to be appropriate for 
identifying potential deformation mechanisms in 
the subsurface. Slip on a normal fault is most 
likely to occur at reservoir level. 

Comparison with seismological data from 
seismic observatories is of crucial importance to 
gain more insight into the significance of 
different deformation mechanisms. 

 
4. Introduction to gas storage 

 
Underground gas storage (UGS) is widely 

employed for balancing the supply and demand 
of natural gas. Several underground gas storage 
facilities have been created in the Netherlands. 
Their location is in areas where small earth-
quakes that might be induced by hydrocarbon 
recovery occur frequently. Therefore an 
investigation is carried out into the relationship 
between pore pressure variations and fault slip 
(7). It used a specially created geomechanical 
model of a generic reservoir, which is subjected 
to depletion and storage simulations. Numerical 
modelling leaded to the following conclusions: 
• While the gas field is depleted, fault slip 
occurs due to compaction of the reservoir and 
due to the upward movement of strata 
underlying the reservoir. 
• Negligible amounts of additional slip are 
induced when the reservoir is subjected to 
alternating injection / extraction periods. 

• It has to be noticed that time dependant 
relaxation is not taken into account. The 
possibility of microseismic events occurring 
because of high well rates and local pressure 
differences in the reservoir cannot be excluded. 
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