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OutlineOutline

• Impact of faults on fluid flow
• Fault seal types (juxtaposition vs. fault rock 

seal)
• Fault seal analysis
• Importance of multiphase flow properties of fault 
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• Importance of multiphase flow properties of fault 
rocks

• On-going research
• Conclusions



Fault Seal AnalysisFault Seal Analysis
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Impact of faults on gas productionImpact of faults on gas production
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(from van der Molen et al., 2003
EAGE conference on seals, Montpellier)



Fault Seal Types in SiliciclasticsFault Seal Types in Siliciclastics

Juxtaposition seal
(by far the most 
common type of 
barrier to 
production)

CiPEG

production)

Fault rock seal
(fault seal sensu 
stricto)



Effects of faults on gas production

CiPEG



Controls on fault rock Controls on fault rock 
propertiesproperties
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propertiesproperties



Controls on Controls on ffault rock permeabilityault rock permeability

• Fluid flow properties of faults are controlled by:-
– Clay content
– Stress history
– Temperature history

• For a given clay content, fault rock properties seem 

CiPEG

• For a given clay content, fault rock properties seem 
remarkably consistent (or show consistent trends) 
within individual reservoir units across entire 
petroleum provinces
– Individual reservoir units often deform at a similar 

time (e.g. Brent, Rotliegendes)



Disaggregation zones in clean Brent 
sands
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Rotliegendes: cataclastic faultsRotliegendes: cataclastic faults
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PhyllosilicatePhyllosilicate--framework fault rocksframework fault rocks
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Formed by the 
deformation of 
impure sandstones 
(i.e. 14 -40% clay)



Clay smearsClay smears
Clay smear Clay smears form 

from ductile clay-rich 
(>40% clay) 
sediments
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Clay smears have very 
low permeabilities (<10 
nD) and have the 
potential to act as 
effective barriers



Fault permeability vs clay contentFault permeability vs clay content
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Fault seal analysis Fault seal analysis 
methodologymethodology
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Calculation of transmissibility Calculation of transmissibility 
multipliersmultipliers
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Extensive databases on fault properties Extensive databases on fault properties 
are now availableare now available
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Mapping fault permeabilityMapping fault permeability

Shale gouge ratio 
used to estimate the 
clay content of the 
fault gouge along 
each part of the fault
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Transmissibility
multiplier Water relative 

permeability
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Fault seal analysis examplesFault seal analysis examples
Example 1: Brent Group Example 1: Brent Group 

Reservoir, Northern North SeaReservoir, Northern North Sea
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Reservoir, Northern North SeaReservoir, Northern North Sea
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Fault seal analysis using TransgenFault seal analysis using Transgen

• TMs calculated based 
on realistic fault 
properties 
(permeability and 
thickness)

• Note that large 
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• Note that large 
variation in TM along 
fault plane

• Variation in TMs 
realistic unlike when 
single TM per fault is 
used

From Jolley et al., Petroleum Geoscience, 2007From Jolley et al., Petroleum Geoscience, 2007
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Fault seal analysis examplesFault seal analysis examples
Example 2: Rotliegend reservoir, Example 2: Rotliegend reservoir, 
offshore Netherlandsoffshore Netherlands
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offshore Netherlandsoffshore Netherlands



Simulation model using singleSimulation model using single--phase phase 
fault permeabilitiesfault permeabilities
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(From van der Molen et al., 2003)



Relative permeability of faultsRelative permeability of faults
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Capillary model for fault sealingCapillary model for fault sealing
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(From Van der Mollen et al., 2003)



• £1 million SRIF funding

• Managed to obtain excellent deals on second-
hand equipment

• £300,000 Wolfson funding (Dec. 2008)

Sorby FacilitiesSorby Facilities
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• £300,000 Wolfson funding (Dec. 2008)

• £400,000 addition University investment

• Directed by Prof. Quentin Fisher

• Managed by Dr Carlos Grattoni and Phil Guise



Sorby FacilitiesSorby Facilities
• CT scanner 

– Saturation monitoring and to check samples for 
damage

• Steady/non-steady state flow system 

– Equipped to allow pulse-decay measurements

– Operate at up to 10,000 psi and 150oC
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– Operate at up to 10,000 psi and 150oC



Sorby FacilitiesSorby Facilities
• Ultracentrifuge 

– Drainage and imbibition experiments 

– Changing the gas/water/oil saturation of samples prior 
to relative permeability experiments

• Pulse-decay gas permeameter
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– Rapidly measures gas permeabilities down to 10 nD

– Measure gas relative permeability in partially 
saturated samples at up to 10,000 psi



Sorby FacilitiesSorby Facilities
• Multi-sample system for capillary pressure and 

complex electrical resistivity measurements

–Holds five samples in pressure vessel

• General facilities

–Range of top range flow pumps (ISCO, Quizix), core 

CiPEG

–Range of top range flow pumps (ISCO, Quizix), core 
holders (1in, 1.5in, 2in, 2,000 to 10,000 psi, hydrostatic 
and biaxial, X-ray transparent and non-X-ray 
transparent)

–Pressure transducers, flow meters, back pressure 
regulators, humidity chambers etc

–Access to state-of-the-art electron microscopes, NMR, 
quantitative XRD etc.



Lossiemouth FaultLossiemouth Fault
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Host Fault



Centrifuge Centrifuge –– capillary pressurescapillary pressures

200.00

300.00

400.00

500.00

600.00

C
ap

ill
ar

y 
pr

es
su

re
 (

ps
i)

• Six capillary pressure 
curves obtained from 
Hopeman

• All showing Swir to be 
around 40% at Pc of 
129 to 340 psi 
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129 to 340 psi 
(average = 196 psi)

• Note: gas-water 
interfacial tension is 70 
dynes/cm for centrifuge 
data

• Hg-analysis to be 
undertaken



Hopeman KHopeman Krgrg
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Hopeman relative permeability resultsHopeman relative permeability results

• Sw altered using centrifuge 
and humidity chambers

• Relative permeability of 
faults as a function of height 
above FWL (assuming 
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above FWL (assuming 
petroleum and brine 
densities of 0.5 and 1 g/cm3)

• Research into practise 
within 6 months
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History match achieved with twoHistory match achieved with two--
phase propertiesphase properties

Eclipse model 
created in which a 
local grid refinement 
was used so we 
could give fault its 
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could give fault its 
own capillary 
pressure and relative 
permeability curves



Fault seal analysis examplesFault seal analysis examples
Example 3: Rotliegend reservoir, Example 3: Rotliegend reservoir, 
UK Southern North SeaUK Southern North Sea
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UK Southern North SeaUK Southern North Sea



West East

UU--Tubing Model Tubing Model –– Rotliegend reservoirRotliegend reservoir
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8550’

Max. drop 20’
Just visible on 4D ?

From Ziljstra et al., 2007From Ziljstra et al., 2007



Simulation of 4D seismicSimulation of 4D seismic

RMS(RUNSUM01 (Rot+45ms)) - RMS(RUNSUM93 (Rot+45ms))

��������	�
���

CiPEG

North South

pd06s1  pd03  pd08   pd01   pd07

30’ 16’
From Ziljstra et al., 2007From Ziljstra et al., 2007



pd06s1
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History Match History Match -- GWC RiseGWC Rise

History match of 
using capillary 
model provides 
reasonable 
match of GWC 
rise with small 
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number of 
simulation runs

From Ziljstra et From Ziljstra et 
al., 2007al., 2007



�
������������

Simulation of 4D seismicSimulation of 4D seismic
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From Ziljstra et al., in pressFrom Ziljstra et al., in press



On going workOn going work
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Stress sensitivity of relative Stress sensitivity of relative 
permeability of tight rockspermeability of tight rocks

Stress dependence of absolute gas permeability duri ng 
loading
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Stress dependence of relative permeability during 
loading
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• Need to take into 
account stress 
sensitivity



Coupled fluid flow Coupled fluid flow -- geomechanicsgeomechanics
M

P
I interface
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Synthetic seismic Coupled geomechanical  
– production simulation 
models

M
P

I interface



Pore pressure 
MORE

ELFEN

Flow through Sealing fault
Coupled fluid flow Coupled fluid flow -- geomechanicsgeomechanics
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Effective Stress



ConclusionsConclusions

• Faults and fault rocks can severely 
compartmentalise petroleum reservoirs

• Software is now available to calculate realistic 
transmissibility multipliers that can be 
incorporated into simulation models to take into 

CiPEG

incorporated into simulation models to take into 
account the impact of faults on fluid flow

• Models are only accurate if populated by data 
such as clay distributions as well as the single 
and multiphase flow properties of fault rocks


