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Background on ground surface movement in the north of NL
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Background on induced seismicity associated with ga s 
production and re-use of depleted reservoirs in NL
Hydrocarbon fields and seismic events
in the Netherlands 

UGS – Underground Gas Storage facility

Max Magn for depletion ?
Seismicity rate increasing 
with production

Light structural damage

Statistics over the last 25 yrs:
• 190 gas fields in NL
• 15% show ind.seismicity
• 700+ seismic events over 

last 25 yrs
• M=0.1 to 3.6 Richter
• First occurrence at 

depletion ~100 bar
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Study scope and objective 
Scope: Induced seismicity associated with the use of a depleted gas field for 

underground storage of natural gas (UGS).

Aim: Investigate the geomechanical effects of reservoir re-pressurization 

and UGS operations on the stability of major faults in the field under study. 

Layout
1. Background on the geomechanics of gas production/injection 

2. Background on the UGS project

3. Modeling approach

4. Model set-up

5. Results

6. Conclusions
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Sandstone reservoir 
layer compacts

Viscous rock salt 
layer creeps

Gas production

Layers deform
Ground surface subsides

Geological faults 
and fractures can 

slip inducing 
earthquakes

Stress on geological 
faults builds up

Depth
~ a few km

Gas present  
in pores

Gas removal 
from pores 
causes reservoir 
compaction

Gas  
reservoir

Background on geomechanical responses due to gas 
production
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Background on geomechanics of gas extraction: impac t of 
pressure depletion on the stability of geological f aults
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Critical stress development 

for depletion

Critical stress development 

for depletion

Non-critical stress 

development for depletion

Non-critical stress 

development for depletion

Laterally extensive reservoir
Stress change on a fault

Normal stress

Shear stress
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Background on geomechanics of gas extraction: 
production-induced stresses and differential compac tion

Differential compaction 
across a fault

Possible faulting mechanisms 
nearby a depleting reservoir

Laterally non-extensive and faulted reservoirs 

Overburden load

Compaction Loading

Unloading

Stress transfer around a 
depleting reservoir

Unloading of the overburden 
above the reservoir and 
loading of the side-seal 
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Main block
West block

Hypocenters of induced 
earthquakes

Central fault
N
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Background on the UGS project

Field characteristics:

Original volume: 16.8 bcm at 230 bar

Gas production 1970-2007; p from 230 to 15 bar

4 induced events:

 1994: M=3.0 & 3.2; Intensity V ( ∆P ~150 bar)

 2001: M=3.5 & 3.2; Intensity VI

The hypocenters of the recorded seismic 

events are located on, or close to, the Central fau lt

Induced seismic events are caused by fault reactivation

UGS project:

Cushion gas injection 4 bcm; 80 bar in 4 years

Working gas 4-9 bcm; 80 – 130 bar during 50 years

Injection of cold gas (24°C/ 64°C) into the hot reservoir (86°C)
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Modelling approach

One-way coupling of thermal flow simulations and geomechanical

simulations 

3D structural 
geological model

fluid flow 3D

thermal 3D

Geomechanics 3D
- stresses/strains
- fault reactivation

Petrel

Eclipse

Diana (FEM)

Models of increasing complexity

2D plane strain

3D axial disk-shaped

3D faulted disk-shaped
[ARMA 12-145, RMRE 2013 Sp.issue]

3D field-scale 
[ARMA 13-300]
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12.5 km
12.5 km

5 km

a)

b)

c)

Zechstein halite caprock

WBF EB
F Reservoir

CF

Underburden

Central fault

Main block
West block

Gas-water contact

Structural framework

Finite element mesh

Detailed view of the 
reservoir structure 
and Central fault

Field-scale 
geomechanical
model

- Non-linear FE analysis:
- FE model  ~360,000 quadratic 
solid pyramids
- Visco-elastic model for salt 
creep
- Mohr-Coulomb friction for 
faults
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Central Fault

Disk-shaped model results : Relative shear displacement
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Main 
block

West 
block

Rel. shear displ.(m)

a) End of depletion, non-linear analysis
Reactivated part

b) End of cushion gas injection, non-linear analysis

Points location

a
b

0.01                       0.02

Salt layer

Reactivated part

Relative shear displacement (m)
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Field-scale model results: Relative shear displacem ent

Central Fault
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Reservoir depletion
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Annual cycles of inj./production
Stress in undepleted reservoir
Stress in depleted reservoir
Stress during annual cycles

Annual cycles

Injection
of cushion 
gas

Depletion

b) Base case, Monitoring point b

Fault slip

Field scale model results: Stress paths on the Cent ral 
fault

Disk-shaped model results

Field-scale model results
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Field-scale model results: Sensitivity analysis
Stress paths for observation point b on Central Fault
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Conclusions

Depletion phase

Model predictions of the area on the Central fault that was critically stressed 

during gas production agree well with the seismological data / interpretations.

Cushion gas injection phase

Additional fault slip could be expected during cushion gas injection.

The area affected by fault reactivation is smaller (than during gas production) 

and does not overlap with the area critically stressed during production.

Annual cycles of injection and production

The stress changes on the Central fault associated with annual cycles of gas 

injection and production are clearly in the elastic region. The Central fault is 

not critically stressed anymore.

Continuous monitoring of induced seismicity is strongly recommended.
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Underground gas storage site in operation since 201 5
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Thank you for your attention !

Netherlands Journal of Geosciences, Special Issue, December 2017
Induced Seismicity in the Groningen Gas Field, the Netherlands

https://www.cambridge.org/core/journals/netherlands-journal-of-geosciences/latest-issue


