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Abstract

The Bergermeer reservoir is one of the largest gas storages in Western-Europe, with excellent reservoir properties. However,
during original depletion seismicity was observed with magnitude up to 3.5 at a pressure below 58 bar. Therefore, it was deemed
prudent to monitor the gas storage reservoir with a permanent, downhole micro-seismic array. The monitoring is embedded in a
so-called Traffic Light System for managing seismic activity. The array observed 400 micro-seismic events with a magnitude
below 0.9 during refill of the reservoir. Most activity was induced by the Midfield fault that also induced depletion seismicity.
This activity is far below the threshold for felt or damaging earthquakes. A calibrated geomechanical model was developed that
matches the micro-seismicity observed during refill and storage cycles. The geometry was obtained from the seismic
interpretations using an efficient method to convert the faults and horizons to parametric surfaces that can be used in a Finite
Element Method (FEM) model. The model was populated with Leak-off Test (LOT), minifrac, core and log data. The model was
calibrated on observed depletion and refill seismicity, stress measurements and the observed surface displacement from geodetic
and GPS surveys. The continuous records of surface displacements showed a much stiffer reservoir during refill, compared with
depletion. Also, the response was delayed by 0.25 year with respect to pressure, indicating time dependence in the rock
deformation. Fault slip during depletion and stress hysteresis explains the refill micro-seismicity, since the peak shear stress is
redistributed during slippage, giving higher shear stress at the edges of the slip area. The model predicts higher seismic activity
for higher injection rate, but the maximum magnitude is limited in the worst case to 2.2, which is expected to cause no damage.
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1. Introduction

Concern about seismic risk in Bergermeer arose since the
reservoir induced significant earthquakes of magnitude up to
3.5, causing some minor damage to houses. These earth-
quakes occurred during the depletion phase that lasted till
2007 when the gas field had been depleted down to 20 bar.
Figure 1 shows the pressure history and earthquakes. The
earthquakes originated from the midfield fault that separates

the two compartments [1].

When the reservoir was considered for gas storage, it was
decided to first investigate the mechanism of seismicity and
determine the seismic risk during refill of the gas reservoir
and subsequent production-injection cycles.
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Figure 1. Bergermeer pressure history and earthquakes. The
strongest events occurred after depletion, but some four hundred
micro-seismic events (below magnitude 0) were also observed during
refill.

Figure 2 shows micro-seismic activity vs. time and the av-
erage pressure and pressure difference between the east and
west compartments (top graph). The cumulative seismic
moment by fault system and injection and production rate are
plotted in the lower graph. The plot of seismic moment (on a
logarithmic scale) is useful since it will quickly level off with
constant activity. If seismic activity becomes stronger such a
plot will show a stair step pattern. Such a plot would flag a
system that becomes gradually more critical.
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Figure 2. Seismic activity in Bergermeer and pressure vs time (up-
per). Cumulative seismic moment and injection and production rate
is plotted in the lower graph.

Most events could be migrated to the main faults, shown in
Figure 3, which is important for establishing the link between
seismicity and geomechanical simulations, since the stress
analysis in the geomechanical model is focused on the faults.
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Figure 3. Relocated events after migration to the faults. Mirror
events that could not be resolved are indicated with up or down
pointing triangles. Also, the assumed location of the depletion in-
duced earthquakes is shown. The dashed magenta ellipse indicates
the intersection of the uncertainty ellipsoid of the strongest event
during cushion gas injection with a plane parallel to the fault plane
through the original location.

Figure 4. Compartments of the Bergermeer reservoir; the cross
section through the midfield fault is made at the point where the east
and west compartments just separate.

Since it is reasonable to consider the Midfield fault and
BGM-11 and Block1A-1B faults in combination it does not
matter very much for the analysis to which of these three
faults the location was assigned. Moreover, from the mi-
cro-seismic analysis [2] it appears that events coming from
these faults are strongly linked with one event triggering
another on the crossing fault.

In Bergermeer a few relatively strong earthquakes hap-
pened during depletion and micro-seismic activity was ob-
served during cushion gas injection, mainly on the Midfield
fault. This continued with the first storage cycle but when
average pressure reached around 100 bar, the activity on the
Midfield fault system ceased and it has been quiet since.

Elastic models predict that the fault stress should immedi-
ately become stable when the pressure is increased during
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cushion gas injection. However, a lot of micro-seismicity was
observed, which agrees with laboratory testing on cores that
shows not only micro-seismicity during loading, but also
(declining) micro-seismic activity during unloading. Still, the
strongest events up to magnitude 0.9 could be a warning of
impending stronger seismicity, so the geomechanical model
should explain the observed micro-seismicity.

The geomechanical reservoir model will be calibrated on
the observed seismicity during depletion and refill, so that the
model can be used to make a forecast of seismicity during
future storage cycles.

In a 2D cross-section of the fault, we will show that the
combination of rock stiffness and stress hysteresis and the
stress re-distribution by slippage can explain the mi-
cro-seismicity during refill. In the 3D model the shear slip-
page has been modeled by adding the stress from the shear
dislocation derived from the 2D model at the end of depletion.
The model shows that at higher pressure the fault stabilizes so
that any remaining seismicity will be weak during the storage
cycles. The model will be used for the current maximum
pressure of 133 bar, as well as a case with higher storage using
maximum pressure of 150 bar.

2. Geomechanical Modelling

Previously, geomechanical models of Bergermeer were
developed by [3, 4]. A new geomechanical model is con-
structed by creating fault blocks from the fault surfaces and
intersecting those with horizons, based on a new seismic
interpretation. The reservoir faults terminate at the Zechstein
horizon and the underburden surface. Figure 5 shows the
horizons used in the model in a cross-section through the
scissor point of the Midfield fault; details of the modeling can
be found in the full report [5].
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Figure 5. Cross section perpendicular to the Midfield fault near the
scissor point (i.e. the point south of which the eastern and western
reservoir blocks are no longer juxtaposed), with indication of geo-
logical formations. North Sea (NS), top Vlieland Claystone (KN), top
Upper Germanic Trias (UGT), top Lower Germanic Trias (LGT), top
Zechstein Salt (ZET), Top Platten Dolomite and Anhydrite (ZEB),
Top Rotliegend (RO), Top Carboniferous (BU) and the under burden
(UB).
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The primary objective of the model is the computation of
the fault stresses, which determines the extent of the horizons.
The extent of the entire model is determined by the surface
movement. This results in an inner domain that is roughly
similar in size as the previous model [4].

2.1. Model Input Parameters

The geomechanical properties were based on input data
from the previous models. The vertical stress is well con-
strained by density logs and reservoir pressure. The stress
regime is normal with horizontal stresses less than vertical
stress. Therefore, vertical and minimum horizontal stresses
determine the shear stress and normal stress on the faults for
potential fault slippage.

There are only two anchor points for the minimum hori-
zontal stress: LOT’s in the overburden and a minifrac in the
reservoir in the depleted state. Figure 6 shows these measured
data points together with the interpreted stress path. It is
known from field cases with extensive stress measurements
that reservoir stress is generally lower than shale stress, so the
minimum stress is assumed lower than the LOT stress.
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Figure 6. Minimum stress gradient versus reservoir pressure in-
ferred from LOT's and an injection test. Stress recovery is shown for
two scenarios: linear stress path with full stress recovery (red dashed)
and stress path with partial stress recover (green dashed).

The stress recovery during refill and storage cycles is un-
known and will be used as a free parameter that is calibrated
against the observed micro-seismicity and surface displace-
ment. Figure 6 gives an example for full and partial stress
recovery. If partial stress recovery were to happen, the shear
stress on the fault would become higher, giving more slip
potential.

2.2. Eclipse Simulated Reservoir Pressure

The reservoir model was history matched until 2017. A
reference forecast was made with a swing between 77 bar and
133 bar gas pressure. The Eclipse model output is used in the
geomechanical simulation as input for the stress analysis. So,
there is no flow simulation in the geomechanical model, but
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the pressure distribution at selected time steps is applied as
external stress on the reservoir domains.

3. Initialization, Calibration and
Constitutive Model

The initial stresses are calibrated on the available data and
the stress evolution is guided by theoretical relationships with
3 degrees of freedom that are strictly only valid for a 1D
compaction model, i.e. a pancake reservoir that extends to
infinity in the horizontal direction. The outcome of the stress
is monitored so that the parameters could then be adjusted to
achieve the required targets. The poro-elastic coefficient de-
termines the stress change for given fluid pressure drop:

)

The theoretical relationship for the Biot coefficient o reads

ag =(1-c,K) @)
Where C, is the grain compressibility and k the bulk mod-
ulus.
The compaction coefficient C,, gives the vertical reservoir
strain for given fluid pressure drop:

¢ % @-2v)a+v) A @)
E l1-v 2G

Where G is the shear modulus.

Stresses are initialized in a three-step approach, with first
determining vertical stress from density and then initializing
horizontal stress from the horizontal stress ratio with subse-
quent equilibration. In this step, Maxwell visco-elasticity is
applied to mimic salt creep so that shear stress concentrations
are relieved. The step is repeated a few times to achieve the
calibration targets for stresses that are:

1. Matching depletion stress path corresponding to the in-

jection test performed in 2007

2. Isotropic stresses in the salt layer resulting from Salt
creep over geological time.

3. Maximum horizontal over vertical stress ratio of 0.9 in
all layers except for the salt, inferred from drilling ex-
perience in the area.

A minimum horizontal stress over vertical stress ratio be-
tween 0.68-0.69, except in the Anhydrite/Carbonate layer
which has a stress ratio of 0.9. This higher value is required to
accommodate for the stress concentrations resulting from the
salt initialization.

The shear and normal stresses on the faults are mainly
controlled by the minimum horizontal stress and vertical
stress. The stress orientation coincides with the fault strike,
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which makes the model insensitive to the choice of the
maximum horizontal stress. The minimum horizontal stress in
the non-reservoir layers was calibrated on the critical fault
behavior.

The measured subsidence shows a much stiffer response
during refill and the storage cycles than during depletion. This
is a commonly observed elastoplastic response with perma-
nent deformation occurring during the first loading. The be-
havior could be modelled with an elastoplastic constitutive
model, but this introduces unknowns that cannot be calibrated
from independent data. To avoid this, the stiffer response was
modelled with an inelastic response, using different elastic
compaction moduli during refill compared with initial deple-
tion. The different stages are combined using superposition of
the increments. Such an approach violates energy conserva-
tion, because upon changing the modulus, the elastic defor-
mation is not explicitly incorporated. However, it is a valid
approach for the loading conditions of the reservoir since the
average pressure after depletion is raised to a higher level.
Compared with elastoplastic models this is equivalent to
isotropic plasticity, which is the simplest approximation,
using a constant stiffness below the maximum load level.

The time delay observed in the GPS measurements cannot
be explained by the aquifer response present in the Eclipse
model. This time delay indicates a viscoelastic response rather
than an elastic response. The viscoelastic response is ap-
proximated with the Kelvin-Voigt (KV) model. The KV
model describes a damper-spring system in parallel, where the
response of the spring is delayed by a damper. Over time the
influence of the damper diminishes and the response of the
spring remains. The characteristic time scale for the damper is
called the relaxation time. The relaxation time used will be a
weighted averaged of the relaxation time observed in the 4
GPS stations. Because the characteristic time scale of the
depletion phase is much longer than the delay time observed
in the GPS measurement, the Kelvin-Voigt effect is not mod-
elled during the depletion phase.

For the depletion phase the stress path is given by the stress
measurements. For the refill and storage cycles the actual
stress is unknown. However, it appears that the absence of
large magnitude seismicity during refill and storage requires
that the stress path in the middle of the reservoir fully recovers
during the refill phase. The stress path is controlled by the
poroelastic coefficient. Because the actual 3D response differs
from the theoretical relationships, the poroelastic coefficient
is used as a calibration parameter.

3.1. Parameter Calibration Matrix

Depletion and refill/storage were calibrated simultaneously;
for both these phases three degrees of freedom control the
Geomechanical response. In summary, for the depletion phase
the compaction modulus follows from the subsidence (c,=5 x
10" 1/Pa) and the poroelastic coefficient follows from the
stress data in well BGM-8 (A,=0.79). This leaves one degree
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of freedom for the depletion phase for which the Poisson ratio
is set. Because of the high poroelastic coefficient the choice
for the Poisson ratio already is limited to the range [0, 0.175].
The choice will be further limited by the requirements for the
refill and storage calibration. Once these parameters are set

the Young’s Modulus, Biot coefficient and grain compaction
modulus follow from the theoretical relationships for the Biot
coefficient, poroelastic coefficient and compaction modulus;
Table 1 lists the calibration matrix.

Table 1. Parameter calibration matrix. the grain compaction modulus c,, the Poisson ratio v, the Young s modulus E, the Biot coefficient o, the

Poroelastic coefficient A, and the compaction modulus ¢, zis the relaxation time for Kelvin-Voigt viscoelasticity.

Ap Cm v

Q] (1/Pa) )
Depletion 1971-2007  0.79 5x 10 Chosen
Refill + Storage 2007ff  Refill seismicity 2 x 10™ Follows

For the refill and storage phase the stiffer compaction
modulus follows from the Geodetic Survey and GPS meas-
urements (c,=2 x 10™*1/Pa). The grain compaction modulus
is expected to remain unaltered over the lifetime of the res-
ervoir, which is determined by the depletion phase. The po-
roelastic coefficient during refill and storage is set such that
stress fully recovers. It appears that this considerably narrows
the range for the Poison ratio during depletion.

Finally the time delay observed in the surface movement by
the GPS measurements is simulated with the viscoelastic
Kelvin-Voigt model. The relaxation time in the model is
matched to the observed GPS data.

3.2. Fault Stability Criterion: Predicting
Seismicity

Since Dutch gas fields at virgin conditions have no criti-
cally stressed faults either at reservoir level or in the deep
subsurface (as evidenced by absence of regular natural
earthquakes), the most plausible mechanism for induced
earthquakes is transfer of compaction strain to faults by dif-
ferential compaction [6].

Since effective normal stress will increase due to depletion,
the shear stress caused by differential compaction drives the
fault into criticality. The criterion for fault slip in the geo-
mechanical model is simplified to the Mohr-Coulomb crite-
rion, which predicts slippage when the ratio of shear stress to
effective normal stress exceeds the friction coefficient:

o —p (4)

The driving force in induced seismicity is reservoir pore
pressure, since that causes changes in total stress and shear
stress by reservoir volume change. However, the local pore
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Cq E Oy T

(1/Pa) (GPa) ) (days)
Follows Follows  Follows N/A
Same as for depletion Follows  Follows GPS data

pressure in the fault zone is also crucial since it may destabi-
lize faults.

Previous studies [7, 8] (showed that slip on the faults has a
significant effect on the final stress state. Assuming the
stress effect from the earthquakes is frozen over a long pe-
riod, a large area on the fault will remain close to the critical
state.

In order to relate the micro-seismic activity to the average
stress computed by the model, we define a critical stress ratio
over a large area (corresponding to the critical area after de-
pletion). This normalized critical stress ratio, R;N, iS a

measure of the distance below the MC envelope over a rep-
resentative area that might become critically stressed:

; ], ARds

AAp

c,N
O, — p

Where g is the calibrated friction coefficient, A is the area over
which AR is integrated and Ay is a characteristic range in friction
coefficient that is used for scaling the normalized critical stress
ratio. During refill, the normalized critical stress ratio becomes
negative, while for small areas, slippage is still possible. Given
the history of micro-seismicity, we can then relate the observed
level of micro-seismicity to the forecast of the stress during fu-
ture cycles. If the critical stress area over the area of interest
remains below the level during the past storage cycles, it can be
concluded that also the micro-seismicity will not exceed ob-
served micro-seismic rate and magnitude.

From a general expression for the total number of earth-
quakes over time [9, 10], the seismicity rate can be derived for
a sub-critical fault based on the Mohr-Coulomb failure func-
tion:
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Fuc =7-#(0,—p)= ©)
AFye =At—u(Aoc, —Ap)
For large slip areas this function determines failure (Fpmc >

0), but when the average stress on the fault is sub-critical
micro-seismicity is still observed and we propose that the
failure of small fault patches or fault branches is related to
shear strain of the fault zone.

The micro-seismic rate is then related to changes in shear
stress:

N = k”AE FucH (Fyc )dSdt =
Nys =kﬂAcArP(RC,N)det ™

dNys
dt

dAr

——P(R_ )dS
A dt ( c,N)

Where N is the total number of earthquakes induced on a
fault that reaches the MC condition, given by the Heaviside
step function, H, of the MC failure condition and Npjg is the

total number of micro-seismic events, P is the probability of
occurrence as function of average critical stress ratio and k is a
matching parameter. The micro-seismic rate is determined
over the largest contiguous critical area A.. The usual condi-
tion for slippage given by the Heaviside step function of the
failure function is replaced with a probability of the average
critical stress ratio, in which the possibility for occurrence of
micro-seismicity is extended to faults that are on average
sub-critical.

For a Gaussian distribution of strength of the fault, the
probability would fall off rapidly with average stress:

P

res

P=05(1-P

res

)(1+ erf (aR, ))+ (8)

Where a is a match parameter and Pyeg is the residual

probability at low stress. The probability approaches 1 for
critical stress ratio equal to the friction coefficient, but falls off
rapidly for sub-critical stress.

This analysis is linked to the estimate of maximum mag-
nitude in two ways: a large earthquake requires a large criti-
cally stressed area and the usual Gutenberg-Richter (GR)
correlation that relates the rate of seismic activity with mag-
nitude. It is doubtful that the standard GR relation applies to
induced seismicity, since during depletion 4 large earthquakes
were observed while there was a lack of smaller earthquakes
which should have been observed according to the GR rela-
tion. On the other hand, the GR relation can be used to de-
termine the probability of strong events from the mi-
cro-seismic activity. At least in some gas fields this provides a
conservative estimate of the chance of large earthquakes. An
increase in micro-seismic activity can then be interpreted as a
warning signal for larger earthquakes.

4. Calibration and Stress Simulations

The match of the subsidence during depletion and re-
fill/storage is first used to determine reservoir stiffness.

Table 2 lists the resulting calibration coefficients. For cal-
ibration of the depletion phase, the difference in stress state
between virgin and depleted state in 2007 results in a poroe-
lastic coefficient of 0.79. The observed surface subsidence
during depletion determined the compaction coefficient (5 x
10™"[1/Pa]). Poisson’s ratio was set as the remaining degree of
freedom. Because of the high value of the poroelastic coeffi-
cient the range for Poisson’s ratio was a priori limited to [0,
0.175].

Table 2. Calibrated coefficients. the grain compaction modulus ¢, the Poisson ratio v, the Young s modulus E, the biot coefficient, the Poro-
elastic coefficient A, and the compaction modulus ¢y, zis the relaxation of the Kelvin-Voigt viscoelastiscity.

Phase Ap Cm v

Q] (1/Pa) Q]
Depletion 1971-2007 0.79 5x 10 0.175
Refill and storage 2007ff  0.92 2x 10t 0.07

For the refill and storage period, the compaction modulus
follows from the Geodetic and GPS measurements (2 X
10™™[1/Pa]). This is a reduction in the compaction coefficient
by a factor 2.5 compared to the depletion. The grain compac-
tion coefficient is considered to be constant over the lifetime
of the reservoir and hence determined by the depletion phase.
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Cq E oy T
(1/Pa) (GPa) ) (days)
10 18 1 N/A
101 48 0.998 69

The absence of large magnitude seismicity during refill and
storage required that the stress path in the middle of the res-
ervoir during refill and storage does not show hysteresis
compared with the depletion phase; only the stiffness shows
hysteresis. The usage of an alternative stress path would result
in seismicity of considerable magnitude during refill/storage
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which contradicts observation.

The refill stress path resulted in a poroelastic coefficient of
0.92, which limits the choice for the Poisson ratio during
depletion to [0.15, 0.175]. This is because a high poroelastic
coefficient in combination with compaction coefficient of 2 x
10" is only possible for grain compaction coefficients of 5.2
x 10" or smaller. For higher values the Poisson ratio would
become negative. Within this narrow range, the Poisson ratio
for the depletion coefficient was set to 0.175. The latter gives
a depletion Young’s modulus of 18 GPa which corresponds to
the value used in earlier studies.

Finally the relaxation time in the Kelvin-Voigt model was
set to 69 days, obtained from a weighted average of the re-
laxation times observed in 4 GPS stations.

Figure 6 compares the resulting stress path in the middle of
block 1 M to the original elastic stress path. The fully elastic

stress path is free of hysteresis which indicates limited pres-
sure diffusion effects. For the inelastic simulation, during
refill, the horizontal stress recovery is equal to the stress
during depletion. For seismic risk, this is the best case since in
some reservoirs stress has not recovered during pressure in-
crease, which would give higher shear stress. However, if
other effects, such as fault slip can explain observed mi-
cro-seismicity it is better to assume full stress recovery to
keep the model as simple as possible.

Table 3 lists the average formation stresses. The virgin
vertical stress distribution is close to a uniform increase with
depth away from the faults. Non-uniformity in rock properties
and stress initialization introduce stress rotations and stress
discontinuity close to faults and domain transitions. Gradients
are about 22-23 kPa/m in the center of the blocks, while they
vary in between 20-25 kPa/m close to the faults.

Table 3. Geomechanical Properties for populating the model at virgin conditions.

\ 0p Gp Gcmin Gcmax GGV
6 ©) kPa/m  kPa/m  kPa/m  kPa/m
0.25 0.7 10 149 195 22
0.25 0.7 10 15 19.7 22
0.25 0.7 10 15.2 19.9 22
0.25 0.7 10 15.3 20.1 22
0.3 0.7 10 22.3 22.3 22.3
0.25 0.7 10.5 20 20 22
0.12 1 104 155 20 23
0.2 0.7 10.5 16 21 23
0.2 0.7 10.5 16 21 24

sx (MPa), 1971, [ 10, 53] [Main @ 68.5254%, G4-EL]

Formation PB E
kg/m® GPa
North Sea NS 2200 0.5
Vlieland Claystone KN 2300 10
Upper Germanic Trias UGT 2300 10
Lower Germanic Trias LGT 2400 20
Zechstein Salt ZET 2160 35
Zechstein Platten Dolomite
and Anhydrite ZEB 2600 43
Rotliegend RO 2500 18
Carboniferous BU 2600 30
Underburden UB 2600 30
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Figure 7. Initial minimum horizontal stress and (right) initial minimum horizontal stress gradient. Pink line is line parallel to the midfield fault.
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Figure 8. Pressure and stress vs depth in the centre of the reservoir.

The minimum horizontal stress gradient is about 15-16
kPa/m except in the Anhydrite/Carbonate formation (20 kPa/m)
where it is at 90% of the vertical stress gradient and in the Salt
layer (Figure 7) where it is close to the vertical stress gradient
(23 kPa/m). This gives minimum horizontal over vertical stress
ratio’s in between 0.65-0.7 in the model, except for the salt
layers that are calibrated to unity and in the Anhy-
drite/Carbonate that is calibrated at a ratio of 0.9, see Figure 8.

4.1. Depletion Phase Simulation

The pressure history is plotted in Figure 9 with discrete
points at which the Eclipse simulation output was sampled.
For an elastic model (and without salt creep) there is no time
dependence, so the stress simulation consists of a succession
of stationary steps with the pressure applied as external stress.
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Figure 9. Average gas pressure evolution used for the elastic simu-
lation.
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The elastic stress forms the basis of all further work and can
tell whether some unexpected observations of mi-
cro-seismicity can just be explained with an elastic model. For
instance, the refill seismicity occurred while the pressure
difference on the Midfield fault was running quite high which
might cause criticality of the fault.

Figure 10 shows the critical stress ratio (shear
stress/effective normal stress) along the Midfield fault, on
both sides of the fault plane. At the fault plane, there is a
discontinuity in stress since the pore pressure is discontinuous
as are the rock properties. Although the FEM ensures equi-
librium, there will be stress discontinuities due to material
property contrast as well as numerical errors. So, the stress
was computed on both sides of the fault plane at a small dis-
tance from the plane.
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Figure 10. Critical stress ratio on East side of the Midfield fault at
different times, using averaged pore pressure in the fault. In the
header of each plot, critical stress ratio, minimum and maximum
value, the year, and the side of the fault.

The pore pressure in the fault zone is unknown, so it is
justified to treat this as a matching parameter. For the Mid-
field fault, it is natural to use average pressure where res-
ervoir sands connect. However, at the East fault, the reser-
voir is bounded by non-reservoir layers. It is known from
seismological research that damage zones at fault zones are
about 1% of fault length, so the thickness should be about 10
m, and a core sliding zone of 10-20 cm. Even with permea-
bility as low as 1 microD such a fault zone should be quickly
depleted. That implies that taking average pressure is an
upper limit of the actual pressure. It turned out that using
minimum pressure for the East fault made only a minor
difference since the critical area is partially below the res-
ervoir so that pore pressure is determined by non-reservoir
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rock layers that do not deplete with the reservoir.

On the Midfield fault, the critical stress ratio depends
strongly on the choice for the fault pressure. Taking average
pressure will yield a lower estimate of critical stress ratio.

In Figure 10, we see a stress concentration near the scissor
point where the sands get separated by the fault throw. This is
due to superposition of the differential compaction effect from
both reservoir blocks. However, the stress concentration only
becomes visible when using the averaged fault zone pressure.
The full picture of the stress concentration in a cross-section
through the fault at the scissor point is shown in Figure 11.
The largest change in critical stress is seen at the non-reservoir
side of the fault, because of the high pore pressure that gets
close to the stress, so that effective stress becomes very small.
Using average pressure on the fault plane yielded the best
match with observations, so in the remainder of the simula-
tions, the average pressure will be used.
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Figure 11. Critical stress ratio in a cross-section through the Mid-
field fault at different times, using local pressure. In the header of
each plot, critical stress ratio, the year, minimum and maximum
value and the fault name. At the time of the first earthquake in 1994,
the critical stress ratio had already reached 0.83.

The next step is to determine the area of the fault above a
certain threshold friction coefficient. Faults are very hetero-
geneous, but it is known from seismology that large earth-
quakes can only occur if a contiguous area of the fault zone
becomes critically stressed. Moreover, detailed studies have
shown that slip is confined to such a high stress area [11, 12,
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13]. So, one of the objectives of stress analysis is to determine
the maximum size of such stressed regions.

Since the total seismic moment associated with the deple-
tion earthquakes will significantly affect the state of the shear
stress at the start of the refill, the next section will correct the
stress during depletion for the seismic slip of all the depletion
earthquakes. The friction coefficient will be calibrated on the
cumulative seismic moment.

4.2. Stress Simulations Including Slip
Correction

During depletion four earthquakes exceeding magnitude 3
occurred at the midfield fault (see Table 4). A magnitude 3
event involves a slip area of order 10° m?, which is a significant
fraction of the total fault area that is in contact with the reservoir.
The (seismic) slip associated to these four events should be
explicitly accounted for, since it will significantly affect the
state of the shear stress at the end of depletion and during refill.

Table 4. Seismic event during depletion, their magnitude (M,),
seismic moment (M) and the cumulative seismic moment (2My).

Date \Y/ ¥ Mo (Nm) My (Nm)
1994-08-06 3 4.00E+13 4.00E+13
1994-09-21 3.2 7.00E+13 1.10E+14
2001-09-09 35 1.90E+14 3.00E+14
2001-09-10 3.1 6.30E+13 3.63E+14

4.3. 2D Slip Modelling Results

A 2D steady state slip model was constructed at the most
critical point at the midfield fault in the 3D model, (see Figure
12). Mohr-Coulomb friction was applied on the fault with the
friction coefficient obtained from the dynamic friction coef-
ficient. The model was calibrated in the same way as the 3D
model such that the critical stress ratio of the 2D model is
representative for the 3D case. In the 2D model, slip is mod-
elled as a continuous process, but such that the cumulative
shear moment in 2001 equals the cumulative seismic moment
of the depletion Earthquakes.

When slip occurs, the shear stress at the center of the slip
area is reduced, such that the Critical Stress Ratio (CSR) does
not exceed the MC failure envelop, while the stress at the edge
of the slip area increases (Figure 13) moving it in the direction
of the failure envelop. The excess shear, being the difference
between the shear stress for a simulation with slip and an
elastic simulation, is zero when averaged over the height. As a
consequence, the area over which the fault becomes critical is
larger when slip is included (Figure 13). During slippage, the
normal fault stress does not change and remains the same as in
the elastic simulation.
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Figure 12. Geology of the 2D model. 2D model is a cross section at
the most critical point at the midfield fault of the 3D model.
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Figure 13. Comparison of the critical stress ratio between a slip
simulation with friction coefficient of 0.65 and elastic simulation
without slip at the end of depletion 2007.
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Figure 14. Mohr-Coulomb plot of depletion and refill phases for
different behavior at a point just below the critical region, at 2400 m
depth. With hysteresis during refill, the stress moves towards the
failure line and slip causes the point to become critical, so that
during refill the area of the fault at the bottom of the slip region
becomes again critical.
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The change in shear stress by slip introduces stress path
hysteresis for the points affected (Figure 14), as shown for a
point on the fault at 2400 m depth. While this point remains
non-critical in the elastic solution, the shear stress redistribu-
tion resulting from the slip pushes this point towards the
failure envelop (similar to the zones just below and above the
critical stressed are in the elastic solution in Figure 13) If one
also accounts for the stiffer response during refill, the MC
failure gets even exceeded (Figure 14), because coefficient
hysteresis results in lower normal stresses at the rim of the
depletion slip area.

4.4. Slip Modelling in 3D

The effect of a shear fracture is added to the stress com-
puted with the three-dimensional model, as based on the 2D
simulations and theoretical solutions for shear fractures [14].
The theoretical solutions for shear fractures [15] give a stress
change at a distance r from the fracture that is proportional to
the well-known 1/Nr dependence. For constant slip, the stress
would be singular, but with slip falling to zero at the edges of
the fracture, the singularity is relieved. So, a small amount is
added to the distance from the fracture in order to avoid the
singular behavior. Using these solutions, we can develop an
estimate of the shear stress change in the 3D model due to
slippage derived from the elastic simulation, see Figure 15.
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Figure 15. Slip stress computed in 2D simulation showing the addi-
tional shear stress due to slip from the simulation (zs|ip-zelast) as
well as the estimated excess shear stress due to slip (Azgstimated).

derived from the elastic stress. The discontinuities occur at domain
boundaries and are numerical artefacts.

Based on the shear stress correction we also estimate the
slip, using the theoretical relations and the 2D simulations.
The average slip is then correlated to the maximum shear
stress correction.

In the 3D simulations there is both a dip-slip and strike-slip
component and the correction is done separately for both
components. It turned out that most of the slip was in the
dip-slip direction, with only a small strike-slip component.

Performing the procedure for the 3D simulations, the slip
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area is indeed enlarged, especially above and below the most
critical point; i.e. where the opposite blocks are just separated.

4.5. Slip and Maximum Magnitude During
Depletion

The stress due to the shear dislocation can be correlated to
the slip, so that an estimate is obtained of the maximum seismic
moment and magnitude. Seismic moment in this section and

the remainder of the document is computed via GA; Uy, |

with U,

qip the average slip obtained from the excess shear

stress, Ay, theslip areaand G the shear modulus.

This can be used to calibrate the model during depletion on
the cumulative seismic moment that was observed in the four
earthquakes. Using the computed slip yields a low estimate of

the seismic moment, since the stress drop is small. However, it
is consistent to calibrate the model on the computed slip and
then use any slip that may occur in the refill phase to predict
the seismic magnitude.

In previous work on Bergermeer fault slip [16, 8], the com-
puted maximum slip varied strongly between 120 and 20 mm,
in a 2D and 3D model, respectively. The current slip estimate
falls in between these extremes, as listed in Table 5. For con-
sistency, it is necessary to use the computed slip for magnitude
estimates, because incorporating slip results in a large section
of the fault that may be critically stressed but that doesn’t nec-
essarily result in large earthquakes. A large earthquake can only
be induced if there is sufficient excess shear stress resulting in
potential slip. It will be shown that during refill a large patch
becomes critical, but with small excess stress so that the
maximum seismic moment is still small.

Table 5. Size of slip area, average slip and moment magnitude in depletion and refill simulations.

Case Slip Area (km?)
Depletion 0.6

Refill without slip correction 0.05

Refill with slip correction 0.05

The calibrated friction coefficient was determined as 0.65. It
is possible that part of the slip was non-seismic or below the
detection limit, so the critical area was also computed for a
lower friction coefficient of 0.6. In that case, the seismic mo-
ment would be a bit larger for the lower friction coefficient.
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Figure 16. Contours of critical stress ratio on the Midfield fault, just
before the time of the largest micro-seismic event. The only critically
stressed patches occur at the boundaries of the maximum slippage area.

At the start of refill a large area is still critical and Figure 16
shows that even at higher pressure in 2013 some areas re-
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Average slip (mm) Moment Magnitude

20 3.5
3 2.2
0.2 1.5

mained critically stressed. In this simulation, the slip was
applied continuously, so that the stress state remains at or
below the MC-envelop. Of course, this would not cause large
earthquakes since that would require excess shear stress above
the MC envelope. However, it can explain small mi-
cro-seismic events which represent only small slippages and
energy release. The critically stressed regions are caused by
the additional shear stress around the area that slipped in the
depletion earthquakes.

15 20 25
o, (MPa)

Figure 17. MC plot of selected points on the fault, shown in Figure
16.
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Figure 17 show the stress evolution of 6 selected points on
the fault (indicated in Figure 16). Points 1-3 are on the criti-
cally stressed regions caused by the additional shear stress,
while points 4-6 are near the middle of the fault. Point 5 is
near the juxtaposition point, where both fault blocks separate.

There is a distinct behavior for points 1-3 compared with
points 4-6. The latter points show immediate stabilization
because the stress moves away from the failure envelope. The
points near the regions that were critically stressed by addi-
tional shear stress remain for a while on the envelope. Points
1-2 even remain close to the envelope during the cycles. Fi-
nally, cumulative slip during storage cycling stabilizes these
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regions.

We will now consider the predicted maximum magnitude
from critically stressed fault area and the predicted seismic
rate. This is done both for the low-storage case with maximum
pressure of 133 bar and for the high-storage case with 150 bar
maximum pressure.

Figure 18 shows both the maximum magnitude (upper
graph) based on the peak in critical stress ratio as well as the
averaged critical stress ratio (lower graph). The maximum
magnitude during refill and storage cycles remains below
magnitude 1.5, which corresponds to a small excess shear
stress on the critically stressed area.
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Figure 18. Magnitude from slip for the Midfield fault with average gas pressure and observed micro-seismic rate (upper graphs) for (left) the
133 bar case (right) the 150 bar case. Rate is defined as events per 3 months times 0.1. The lower graphs show the average critical stress ratio.
This ratio remains below the level of the maximum recorded historical micro-seismic event of magnitude 1.

Micro-seismic activity ceased after 2014 which agrees
qualitatively with the falling trend in maximum magnitude
and the drop in average critical stress level. Apart from the
history, also future cycles are shown over the full pressure
range between 77 and 133 bar and between 77 and 150 bar for
the enhanced storage case. Moreover, these forecast cycles
use the maximum available injection and production rate. The
maximum magnitude occurs during injection and at high
pressure, while the average critical stress ratio is highest at
low pressure, as would be expected. The reason for this
counter intuitive behavior of the peak stress is caused by a
relatively constant shear stress. The normal stress fluctuates
with the reservoir pressure, giving a fluctuation in critical
stress ratio at the critical point and even an excess over the
MC envelope. The excess shear stress gradually disappears by
continued slip and the critical point stabilizes, so that the
maximum magnitude drops with subsequent cycles.

Using the expression for the seismic rate in terms of the rate
of change of shear stress and the probability function of crit-
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ical patches (eq. 7), the observed rate can be matched as
shown in Figure 19 The change in seismic rate is caused by a
fault that stabilizes on average (reduction of R.y giving a
lower probability of seismicity) a shear rate that scales pro-
portionally to the pressure rate. The match is only qualitative,
but the response of seismicity rate to changes in shear stress is
reflected in the predicted rate and the disappearance of seis-
micity can be matched with the assumption that the probabil-
ity of critically stressed areas falls with the gradual stabiliza-
tion of the fault. The model predicts that the seismicity would
again increase during the cycles at full capacity. In these cy-
cles, the shear rate will be much higher and also the critical
stress ratio would be less negative since the pressure is lower
than attained during the historical cycles. Still, the mi-
cro-seismic rate is predicted to remain low compared with
previous activity. Moreover, the peak in the critical stress
remains below the critical level for felt earthquakes. So, the
model only predicts some weak micro-seismic events that
pose negligible risk.
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Figure 19. Micro-seismic rate and predicted rate that is derived from the shear stress rate and the stress level on the fault. Rate is defined as
event per 3 months times 0.1. The predicted rate was calibrated on the absence of micro-seismicity after 2014. Refill, storage and (left) 77-133

bar forecast cycles and (right) 77-150 bar forecast cycles.

5. Discussion and Conclusions

For Bergermeer gas storage, a new geomechanical model
has been calibrated to all available measurements. This
yielded a model that matches the observed seismicity. By
proper calibration, the model establishes the link between
observed and predicted seismicity. That is relevant for as-
sessing the risk of future storage cycles.

In principle, faults that reach criticality can fail either in a
creeping fashion or by releasing elastic energy generating
seismic waves. Considering that most gas fields do not induce
felt earthquakes, while the differential compaction effect
should be strong enough to cause slippage on any faults, it is
possible that on many faults the slip occurs non-seismically.
For safety analysis, this means that slippage may go unnoticed,
which is not much of a concern, except that under some con-
ditions the fault might become seismic and still induce an
earthquake. In the Bergermeer reservoir there are three main
faults that were all critically stressed during initial depletion.
However, only the Midfield fault induced felt earthquakes. It
is commonly observed in gas storage reservoirs that faults
which have induced earthquakes during depletion are also
active during storage cycles. That would imply seismic ac-
tivity on the East fault during depletion, but probably at such a
low level that this activity was never felt or detected, implying
a magnitude below 1.5. The West fault was critically stressed
but showed no activity at all, indicating that it is
non-seismogenic. It may have slipped in a creeping fashion,
but could also have remained inactive because of high
strength of the fault.

An important observation is the large gap between deple-
tion seismic intensity and the much weaker micro-seismicity
observed in the refill and storage phases. Weak micro-seismic
events are commonly observed in underground formations
when strain is applied, because rock formations deform with
micro-fracturing. Moreover, rock formations are heteroge-
neous and small critically stressed faults are ubiquitous.
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Slippage areas of less than a few square meters generated
these small micro-seismic events which are of no concern to
seismic risk. Looking at the micro-seismic character it is
possible to dismiss the micro-seismicity as just a secondary
effect of the critical stress acquired during the original deple-
tion. The micro-seismic analysis showed that no contiguous
areas of the fault became critical, but just some scattered
patches. On the other hand, the larger micro-seismic events
correspond to slippage areas at reservoir scale, so that it ap-
pears justified to interpret them as a potential warning signal
of fault instability.

Seismic risk during refill, storage and forecast

Assuming that during depletion the Midfield fault has
slipped to a stable configuration, given by a single friction
coefficient, it is possible to compute the stress distribution. A
crucial feature of slippage is that not only the peak in shear
stress is reduced, but the shear stress is increased at the edges
of the slip area. If the stress due to depletion slippage is frozen
in, the additional shear stress causes criticality of the fault
during refill of the reservoir. Since the critical area during
refill is about 10% of the total slippage area during depletion,
the surface area alone suggests potential for quite strong
earthquakes. However, during storage, the excess shear stress
above the failure condition in this area is rather small, so the
magnitude of the potential earthquakes is also small. The best
match with the observations is obtained when the fault is
assumed to slip when it becomes critical. That can explain the
disappearance of seismicity over time during successive
storage cycles.

The model was calibrated to observed seismicity to forecast
the expected fault behavior during future storage cycles. For
the Midfield fault, it is expected that little seismicity will be
induced during future cycles, since the pressure cycles will
cause some slippage of the fault that renders it more stable.
The East fault is predicted to remain stable during the storage
cycles, although micro-seismicity is still possible. Heteroge-
neities may slip and at higher injection rate the seismic rate
may also increase, but the micro-seismicity will have a small
magnitude.
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Seismic risk based on Seismic Observations
For assessing risk, it remains most relevant to directly

consider the information from the micro-seismic observations.

That yields a reassuring conclusion in view of the quantity as
well as quality of micro-seismicity. Of most concern at the
start of the project was seismic activity on the Midfield fault
and this indicated only scattered patches where the fault
slipped during refill. Since there is no indication of a large
contiguous critical area, it is unlikely that large seismic events
could be induced. Moreover, the activity on the Midfield fault
has completely ceased after reaching 100 bar reservoir pres-
sure.

The Bergermeer case presents a full data set on gas storage
behaviour, which is also relevant for upcoming CCS projects.
Storage in depleted gas fields resembles cushion gas injection
in a gas storage. For design of CCS projects, it is particularly
relevant that stress recovery appears to be complete. For po-
tential thermal fracturing it is relevant that reservoir stiffness
is enhanced which enhances the potential for fracturing.

The following is concluded from this study:

1. The geomechanical response of the reservoir has been
analyzed based on the relation between stress, surface
displacement and seismicity:

(1) Calibration of the friction coefficient yields a value of
0.65 for the midfield fault. The model then gives a
cumulative seismic moment equivalent to the observed
seismic moment. A smaller friction coefficient is also
possible, but in that case the match with refill seismicity
becomes poorer.

(2) Most seismic activity since 2007 occurred during
cushion gas injection. The activity was much weaker
during the fast pressure increases during storage cycles
and the activity on the Midfield fault has ceased.
Therefore, the fault systems are stabilizing, which is
explained by average stress recovery on the fault and
continuous slippage.

(3) Refill seismicity on the Midfield fault can be explained
with the additional shear stress induced by slip from the
depletion earthquakes.

a) Disappearance of seismicity on the Midfield fault can be
matched by assuming continuous slip on the fault when
it becomes critical. Much of this slip should be

non-seismic since the micro-seismicity accounts only
for a few percent of the potential slip.

b) The pressure differential between the two compartments
had a minor effect on seismicity.

c) For the best match no seismicity is expected for the
Midfield fault during future storage cycles.

2. Seismic risk is deemed small for future gas storage cy-
cles. This conclusion is supported both by observation
and the calibrated model.

Assuming a worst case that no slip has occurred on the
Midfield fault during refill and storage cycles, the maximum
possible magnitude for an earthquake during future storage
cycles is 2.2.
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KN Vlieland Claystone
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Table 6. Nomenclature.

Appendix
Variable Description
A Poroelastic coefficient
A Area
c cohesion
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Units Dimensions
[-] )

[m’] (L

[MPa] (m/Lt3)
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Variable Description

Cq grain compressibility

Cr rock compressibility

Cm compaction coefficient

E Young's modulus

Eeff Effective Young's modulus
G, Gg. Shear modulus

g Stress gradient

H Height

L, Characteristic height

Kh horizontal stress ratio

Mo seismic moment

My moment magnitude

p pressure

Ren average critical stress ratio
t time

u displacement vector

Usiip displacement in dip direction
Ustrike displacement in strike direction
Vies reservoir volume

oB Biot coefficient

v Poisson’s ratio

I friction coefficient

ad Deviatoric stress

OH,max maximum horizontal stress
OH,min minimum horizontal stress
Overt Vertical stress

On Normal stress on fault plane

Units: SI (m= metre, s= second, kPa =10°Pa, MPa =10°Pa, GPa =10°Pa)

Shear stress

Dimensions: m=mass, L= length, t= time
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