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Fracture and in-situ stress characterization
of hydrocarbon reservoirs:
definitions and introduction

MOHAMMED S. AMEEN

Saudi Aramco, PO Box 2817, Dhahran 31311, Saudi Arabia
(e-mail: mohammed. ameen@aramco. com)

Fracture and in-situ stress characterization is
fast-evolving as an essential part of characteriz-
ing hydrocarbon reserviors. In this book, the
Geological Society presents a selection of sixteen
chapters that demonstrate the tools, methods,
analysis, interpretation and application of this
subject. These are of great interest to researchers
and scientists in the industry and academia. This
chapter includes definitions pertinent to the
subject of the book and gives an overview of the
papers, classified into seven major themes
according to the nature of the studies.

Definitions

Fractures are defined here as all discontinuities
that occur in rocks due to brittle/semi-brittle
deformation.

Natural fractures are those related to natural
deformation of the rock. They include faults,
cracks, joints, veins and stylolites.

Induced fractures are those induced artificially,
e.g. by core handling, coring, drilling, fluid
injection etc.

In-situ stresses are the current-day natural
stresses present in the earth's crust. They are
the result of a few components :
/ Gravitational stresses due to the weight of

the overburden.
II Current tectonic stresses related to present-

day tectonic forces such as those resulting
from the active collision of the Arabian
and the Eurasian continents in the
Arabian Gulf region.

/// Remnant I residual stresses locked in the
rock during past episodes of tectonic and
gravitational stresses.

Fracture characterization is the science that deals
with the detection (whether fractures exist?),
diagnosis (identification of natural vs induced
and type of each), and quantification of frac-
tures (single fracture properties such as
orientation, aperture, fault offset and length,

and fracture population properties such as
number of sets, orientation of each set,
density etc.). Fracture characterization is a
multi-disciplinary subject that integrates
multi-tools and multi-scale observations like
microscopic, borehole images, cores and 3D
seismic data.

In-situ stress characterization is the science of
determining the orientation and estimating
the relative and absolute magnitudes of the
three principal in-situ stresses (maximum,
intermediate and mimimum, in-situ stresses
referred to as 0-

1, 0
-
2 and 0-

3 respectively). This
is done using an integrated suite of data like
borehole images, borehole logs, extended
leakoff tests, hydrofracturing tests and active
seismicity analysis. In addition, using a
cartesian system relative to earth surface, the
stresses are also referred to as: maximum
horizontal stress (o-H) , minimum horizontal
stress (ah) and vertical stress (o-v).

Fractures play an important role in hydrocarbon
reservoirs. They can impact permeability and
porosity and thence reservoir performance. This
is becoming more apparent with the advance-
ment of technology and the shifting of frontiers
to deeper and tighter reservoirs, in increasingly
high temperature/high pressure environments.
Therefore the need for fracture characterization
is no longer limited to classical fractured reser-
voirs (in which fractures are the main source of
permeability). Deep, tighter reservoirs rely on
fractures as a source of porosity too. In addition,
reservoirs with high matrix porosity and per-
meability can show negative symptoms related to
un-wanted high permeability in fracture zones.

In both fractured and non-fractured reservoirs
in-situ stresses can impact reservoir properties
(porosity and permeability) and reservoir perfor-
mance. In addition these stresses play an
important role in issues of borehole stability,
productivity and injectivity. Therefore, there is a
need to characterize these stresses and model their

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 1-6. 0305-8719/037$ 15.00
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MOHAMMED S. AMEEN

impact on reservoir properties and performance.
This has led to the emergence of a new concept to
reservoir characterization: geomechanical charac-
terization. This accounts for the stress-sensitivity
of reservoirs (i.e. the changes in reservoir
petrophysics and performance as a function of in-
situ stresses).

The current volume

This volume stems from the Petroleum Group
meeting on Fracture and In-Situ Stress Charac-
terisation of Hydrocarbon Reservoirs, convened
by the author at the Geological Society,
Burlington House, London, 21-29 June, 1999.
The current volume includes sixteen chapters
that fall broadly into seven themes according to
scale of observation, tools, and subject.

Borehole-scale characterization

In this theme three papers are presented with
diverse objectives and level of data integration.
Until recently it was always assumed that in a
fractured rock mass, the most effective fluid
conduits are fractures that parallel the maximum
in-situ stress and are perpendicular to the
minimum in-situ stress. The hypothesis behind
this is that these fractures have the lowest normal
stresses across them and therefore attain the
maximum hydraulic apertures. However more
recent work led to a major revision in this con-
cept. In addition to fractures that are subjected
to current-day tensile regime, fractures that are
orientated such that they are subjected to both
shear and tensile stresses can be critical fluid
coduits, depending on the ratio of shear to
normal stress and associated dilation. This
dilation results in a significant increase in frac-
ture hydraulic aperture and permeability. It is
now accepted that critically sheared fractures (i.e.
those close to frictional failure in the current-day
stress field) serve as conduits for fluid flow.

The first chapter by S. F. Rogers and C. J.
Evans demonstrates, through a case study from
Sellafield in the UK, how the critical stress
technique was successfully applied for predicting
zones of enhanced fracture-permeability at the
well scale. Difficulties for implementing the
technique on a wider, field-scale are discussed.
Although the study was not done for hydro-
carbon reservoirs, it is of direct application to
reservoir characterization.

In the second chapter Sneha K. Chanchani,
Mark D. Zoback and Colleen Barton present a
case study of hydrocarbon transport along active
faults and production-related stress changes in
the Monterey Formation, California. They

studied the Antelope Shale, a low permeability
siliceous shale hydrocarbon reservoir in the
Buena Vista Hills field in the southern San
Joaquin Valley to determine the influence of the
stress state on the relative hydraulic conductivity
of the fractures and faults. Because production
has both lowered reservoir pressure and the
horizontal stresses, it was necessary to 'restore'
the reservoir stress state to initial conditions in
order to identify correctly the most highly
productive intervals. This analysis demonstrates
that prior to production, faults in the reservoir
were active in a transitional reverse/strike-slip
faulting stress state, consistent with regional
tectonics. Initial production rates in the field
were 2000 bopd, principally from intervals where
critically stressed faults were encountered.

In addition to predicting fracture perme-
ability and its stress sensitivity, discussed above,
fracture porosity assessment is another challeng-
ing subject. This issue is gaining more significance
as advances in technology have extended the
threshold in terms of the economical feasibility
of tighter and deeper reservoirs. In the third
chapter Aliverti et al. discuss methods used in an
integrated borehole-scale characterization aimed
at predicting fracture network and assessing
fracture porosity in a tight reservoir.

The work demonstrates the incorporation of
oriented core and wellbore images to calculate
the geometrical parameters of each feature (dip
direction, dip, size, terminations) and to classify
them according to their filling (e.g. oil, water,
shale, and calcite). In addition the total fracture
population was studied to derive the number of
fracture sets, their orientation, spatial distribu-
tion along the cored/logged interval, distribution
laws of the fracture length and relevant minimum
radii and fracture aperture estimate. Based on
the results a stochastic simulation of fracture
network at wellbore scale was built. Fracture
porosity evaluation, matrix block size, and
fracture network connectivity at wellbore scale
constitute the outputs of such simulations. The
application of the method is demonstrated
through a study on a tight, platform carbonate
reservoir, Southern Apennines, Italy.

Integrated borehole to reservoir scale
characterization

This theme demonstrates the essential need to
integrate multi-source, multi-scale data in frac-
ture characterization. In this context it links
borehole-scale observations, like those covered in
the previous section, to reservoir-scale/interwell-
scale observations (seismic data). This section
includes two chapters.
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DEFINITIONS AND INTRODUCTION

The first paper by Hesthammer and Fossen
illustrates an example from the North Sea
Gullfaks Field, using integrated structural inter-
pretation to optimize fracture characterization
utilizing all available seismic surveys, well log
correlation, dipmeter and core data. Interpret-
ation of seismic data helps understand large-
scale structural and stratigraphic geometries.
Time-lapse seismic (4D-seismic) helps to identify
changes in reservoir properties caused by
operational activities like injection and
production. Well log correlation is used to
document variations in sequence thickness
caused by sedimentological or structural changes
whereas dipmeter data tie observations of
bedding orientation from subseismic scale (bore-
hole scale) to seismic scale. Core data represents
the most detailed (millimeter to meter scale) data
available and can yield information on rock
properties as well as sedimentological and struc-
tural features. Small-scale deformation structures
such as deformation bands and fractures can
be identified and characterized effectively. In
addition, it is possible from unoriented cores to
find the orientation of bedding and deformation
structures. This information is compared to
observations from dipmeter data, well log
correlation data and seismic data to improve the
interpretation.

The second chapter in this section, by Yale,
deals with fault and stress magnitude controls on
variations in the orientation of in situ stress.
Over the last decade in-situ stress characteriz-
ation has been gaining impetus, due to the
realization of the impact of current-day in-situ
stresses on the performance, of both fractured
and non-fractured reservoirs. Fracture orient-
ation (for both natural and induced fractures, e.g.
hydrofracturing stimulation of reservoirs), well
stability, well placement and design, and
permeability anisotropy in reservoirs are all
strongly affected by variations in the current-day
stress field.

Using stress orientation data from a number
of fields in different tectonic environments, Yale
tried to determine some of the tectonic and
geologic controls on variations in in-situ stress
orientation. The findings show that distance to
large faults, fault structure, and magnitude of
current-day tectonic stress play primary roles in
determining whether the regional stress field will
be perturbed in a given reservoir, and whether
small-scale variations in the stress field can be
expected.

Highly stressed terraines (with large horizontal
differential stress) are characterized by a more
consistent stress field than tectonically quiescent
areas. Faults can play a significant role in

rotating the local stress field. The smaller the
difference between the maximum and minimum
horizontal stress magnitude (i.e. lower tectonic
stress), the larger a fault's zone of influence is.
Large-scale faults, which compartmentalize the
reservoir into discrete fault blocks, can lead to
significant stress orientation variations across the
reservoir, even in areas of large differential stress.

Reservoir-scale characterization using
seismic data

In this theme two chapters illustrates the applic-
ation of two 'unconventional' seismic data
analyses and interpretation of reservoir-scale
fracture characterization.

The first work by Trappe and Hellmich
addresses the utilization of seismic volume
attributes for fracture analysis. Seismic volume
attributes are useful in the characterisation of
subtle faults and fractures that cannot be
recognized on seismic sections (their vertical
offset is below seismic resolution), incorrectly
referred to as 'subseismic' faults. The seismic
attributes are based on neighbourhood analysis
of the seismic signal and uses 2D or 3D data. To
detect fractures, attributes such as coherency,
that quantify change in the seismic signal, are
used. Case studies are presented to show the
impact of the attribute analysis on fracture
characterization of reservoirs. Seismic multi-
trace filtering to compute 2D and 3D seismic
volume attributes are used for this purpose. This
includes advanced seismic processing algorithms
with extensive use of higher order statistics and
feature extraction methods. These methods are
as applicable in fields such as medical image
processing or material science, where direct
measurements of desired properties are either
costly, or impossible.

In the second chapter of this section, Jupe
et al. discuss case studies in which microseismic
(passive seismic) monitoring contributed to the
development and management of hydrocarbon
and geothermal reservoirs in which fractures play
an essential role. Microearthquakes (microseismic
events) are induced during hydrocarbon and
geothermal fluid production operations in natur-
ally fractured reservoirs. The technology is based
on the monitoring and analysis of microearth-
quakes. They typically result from shear-stress
release on pre-existing faults and fractures due to
production/injection induced perturbations to
the effective stress conditions. These stress
changes may be due to reservoir depletion, flood-
ing or stimulation operations. Over a number of
years it has been shown that microseismic
monitoring has the potential to provide valuable

3
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time-lapse 3D information on the geomechanical
processes taking place within a reservoir. These
processes include the distribution of fluid flow
and pressure fronts within naturally fractured
systems, production-related compaction and the
re-activation of faults. With the advent of
permanent reservoir monitoring systems (e.g.
intelligent wells), microseismic monitoring has
the potential to become a practicable means of
time-lapse (pseudo-real time) imaging of
hydrocarbon reservoirs.

Outcrop-based characterization and
modelling, on plate tectonic scale to
predict in-situ stress regime
In this section, Claudio Lima discusses present-
day compression across the South American
plate. He presents observations, numerical
modelling and some implications for petroleum
geology. Stress and tectonic data (space-based
geodetic results, seismicity, fission track analysis,
and analysis of leakoff and hydraulic fracturing
data) and intraplate stress field numerical models
indicate that the maximum principal stress is
horizontal for most Brazilian basins. The com-
pression/shortening is most probably due to the
convergence of the South American and the
Nazca plates and the divergence of the South
American and the African plates.

A conceptual model for the plate-wide deform-
ation is presented and numerically tested using
elasto-plastic rheologies. The model states that in
response to the compression, the lithosphere as a
whole (or only the crust if thermal gradients are
high enough) tends to fold and fracture. This
tendency is stronger during peaks of the Andean
orogeneses. The forming antiforms are respon-
sible for uplift along the erosional basin borders,
whereas the forming synforms are sites of
continental sedimentation, at basin centers. The
denudation of sedimentary covers promotes the
exhumation of deeper and deeper rocks, out-
cropping at the foot of retreating scarps. Conse-
quently, the erosional borders of the basins form
local topography highs with respect to the
adjacent basement.

In exploration, neotectonics, including in-situ
stresses, are usually disregarded, especially in
'passive' margin basins. However, neotectonics
impact the distribution and preservation of
petroleum accumulations, since (i) accumul-
ations are ephemeral in a geologic time scale,
being strongly dependent on seals fine geometry
and biodegradation (ii) a strong positive cor-
relation exists between permeability anisotropy
and SHmax (iii) the source rocks of the most
important Subandean and intraplate petroleum

systems are still in the oil generation window and
(iv) the disruption of 'kitchens' of generation is
a positive factor to primary migration. This
inference seems to be confirmed, since the most
important South American petroleum accumul-
ations are found along the actively deforming
border between South American and Caribbean
plates. Indeed, the most important accumul-
ations in marginal basins are found in the
Southeastern Brazilian margin (the Campos
basin), which has been deformed the most with
respect to other margins during the Cenozoic,
and continues to be the most seismically active.
Fracture networks on the Belluno Syncline, a
fault-propagation fold in the footwall of the
Belluno Thrust, Venetian Alps, northeast Italy.

Outcrop-based fracture characterization
Outcrop studies remain the most important
source of our conceptual structural models of
subsurface structural traps and associated
fracture patterns. The distribution of fractures in
space and their evolution relative to the host struc-
tures are vital for exploration and development
(e.g. borehole design). In this theme, Zampieri
and Grandesso studied the Belluno Syncline, in
the Venetian fold and thrust belt in Italian
Southern Alps. This SSE-vergent chain mainly
developed during the Neogene as a back-thrust
belt of the Alps deforming the northern margin
of the Adria plate. The syncline is asymmetric,
with a steep backlimb, as the forelimb of the
paired Monte Coppolo Anticline, resulted from
fault-propagation folding during the develop-
ment of the underlying Belluno thrust. In plan
view the Belluno thrust shows a prominent curv-
ature interpreted as reactivation of inherited
Mesozoic extensional structures. The hinge of
the Belluno syncline presents a similar curvature.
Rocks outcropping in the syncline core are
Upper Chattian to Langhian fine-grained
molassic sediments, mainly siltstones and marls.

Most fractures on the Belluno Syncline have
formed at high angles to bedding. The dominant
fracture trends are sub-parallel and orthogonal
to the fold hinge. Sometimes these fractures show
plumose structures characteristic of extension
(mode I) fractures and are referred to as longi-
tudinal (bc) joints and cross (ac) joints respec-
tively. Other fracture trends oblique to the hinge
line are found on limbs distant from the fold
hinge. They are referred to as oblique (shear)
fractures. Throughout the western part of the
Belluno Syncline the fracture network maintains
a roughly symmetrical distribution with respect
to the fold hinge, suggesting a development in
association with folding.
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DEFINITIONS AND INTRODUCTION

Geomechanical and geodynamic
modelling on reservoir scale

This is discussed through four key chapters. The
first presents a method for stress modelling from
local data. The study by Muller et al presents a
new method for smoothing orientation data in
general and demonstrates its application to in-
situ stress modelling.

Smoothing algorithms provide a means of
identifying significant patterns in sets of
oriented data, eliminating local perturbations
within the observations and predicting patterns
of oriented data in places which lack observa-
tions. Muller et al. smooth orientation data with
a distance-related method of data weighting as
an alternative to previous weighting algorithms.
This method is developed on the basis of a
statistical smoothing algorithm. They can be
applied to orientation data of 180° periodicity
such as maximum horizontal tectonic stresses
(SH) as compiled in the World Stress Map
database. This method enables the user to
discriminate between local (<250 km of lateral
extent) and regional stress fields (approximately
250-5000 km of lateral extent), and to compare
SH with other directional data such as fault
trends or strain data. The technique is demon-
strated by producing stress models for NE
America, the Himalayas and Western Europe.
The accuracy and smoothness sensitivity is
tested by varying the scale and smoothing. They
also give recommendations for appropriate
choice of these parameters.

The second chapter in this section, by Wynn
and Stewart, deals with the role of spectral
curvature mapping in characterizing subsurface
strain distributions. The curvature of key
geological surfaces can be used to assess the
strain they have undergone. In many hydro-
carbon reservoirs, this strain is expressed as
brittle fracturing that may significantly impact
reservoir performance. Wynn and Stewart des-
cribe the development of an algorithm for
measuring the curvature of gridded surfaces
derived from seismic data. For any grid node, the
algorithm calculates the magnitude and orienta-
tions of the two principal curvatures, K1 and K2,
from which other curvature measurements can
be derived, such as Gaussian curvature and
summed absolute curvature (K1 + K2). The
algorithm has also been used to generate plots of
summed absolute curvature as a function of grid
node separation (k versus h,). These 'spectral' or
kh plots can be generated for each grid node and
allow the definition of short wavelength, high
amplitude noise cut-off lengths. They also
deliver intermediate wavelength features such as

fault drag or buckle folding and the identification
of long wavelength (basin scale) curvatures.
Portions of this data can be collapsed into single
values by calculating the integral of the kA, curve.
Further filters designed to screen the effects of
background tectonic, or non-tectonic curvatures
can be applied to the kn integral.

This algorithm has been verified using data
from several North Sea chalk fields. A range of
alternative types of curvature and curvature
spectra are compared with other approaches to
curvature calculation and other factors relevant
to the calibration of such techniques in terms of
the distribution of brittle fractures in sediment-
ary rocks.

The kn- integral provides a relatively simple
approach to calculating the degree of multi-
wavelength strain present at a particular grid
node. Freeing algorithms from the restriction of
the 'arbitrarily' selected minimum grid node spac-
ing is a key step towards calibrating measured
curvature against strain mechanisms. However,
care must be taken to separate intrinsic and tec-
tonic curvatures when generating and interpret-
ing kn plots and their integrals.

The third chapter within this topic, by Smart
et al., deals with reservoir characterization for
the management of stress-sensitivity. In spite of
the well-established effort to effectively charac-
terize and model borehole-scale sensitivity,
reservoir-scale studies are lagging behind and
have only recently gained some impetus. In this
chapter the authors argue that fractured reser-
voirs must be considered stress-sensitive, with
this possibly being masked in the past by high
productivities and abundant reserves. A basic
conceptual model for all reservoirs is proposed,
consisting of intact blocks of rocks bounded by
discontinuities (fractures and bedding-parallel),
loaded by an anisotropic stress state. It is argued
that such a model should be used to drive the
reservoir characterization, with the premise that
the new generation of coupled simulators can
usefully accommodate this data set.

Tuncay et al. discuss a method to simulate 3D
fracture network dynamics in reservoirs, faults
and salt tectonic systems. The method is based
on the numerical solution of rock deformation
processes coupled to the myriad of other basin
reaction, transport and mechanical (RTM) pro-
cesses. Seismic, well log and surface geological
data are used to quantitatively assess distribution
of fractures, stress, petroleum and porosity, grain
size and other textural information.

The model uses an incremental stress rhe-
ology that accounts for poroelasticity, nonlinear
viscosity with yield/faulting, pressure solution
and fracturing. It couples mechanics to multi-
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phase flow and diagenesis (through their
influence on effective stress and rock rheological
properties, respectively). The resulting model is
3D in terms of the full range of fracture
orientations and the tensorial nature of stress,
deformation and permeability. All rock proper-
ties (rheologic, multi-phase fluid transport, grain
shape, etc.) are coevolved with the other
variables. Examples are used to illustrate the
relative importance of various overpressuring
mechanisms, lithology and flexure on the loca-
tion and characteristics of a fracture network.

Prediction and modelling of fluid flow
in fractured reservoirs
The main objective of fracture characterization
is to constrain their impact on reservoir pro-
perties such as permeability. Jolly and Cosgrove
use geological evidence of fluid flow in an
attempt to understand fluid flow patterns in
fracture networks. Because many fluids (e.g. gas,
water etc.) leave little or no evidence of their
passage through the rock others such as magmas
and fluidized sediments preserve the pathways
they follow by forming dykes and sills. In their
study Jolly and Cosgrove found that the path-
ways preserved by the two types of fluids are
different (i.e. the spacing of the clastic dykes
follows a power-law distribution and that of the
igneous dykes a lognormal distribution). It is
suggested that this in part might reflect the differ-
ent properties of the dyke material (specifically
its permeability) which determines whether or
not the fracture containing the dyke can continue
to act as a channel of easy fluid migration once
the dyke has been emplaced.

In the second chapter in this theme Ewing and
Spagnuolo discuss the difficulties and uncertain-
ties in mathematical/numerical modelling of
fluid flow in fractured media. The chapter especi-
ally discusses uncertainties arising in reservoirs,
which have large, dominant pathways for high
velocity flow. In such environments, conventional
single and dual-porosity/dual-permeability models
for simulation cannot adequately represent the
flow processes. Instead, a major paradigm shift

in both mathematical modelling and numerical
methods to discretize these models are required.
The author argues that new simulators must
include non-Darcy flow models that allow
channels and non-traditional multiphase flow
models. In order to accurately describe complex
localized phenomena that may dominate the flow
process, the simulators must be able to accurately
describe complex localized geological structures
in the same content as enormous, field-scale
reservoirs. This requires the ability to have
complex, non-orthogonal flexible localized grid
capabilities tied to larger, more-uniform grids via
domain decomposition and various mortar finite
element, finite volume element formulations.
Furthermore, localized time-stepping procedures
coupled with adaptive gridding may be needed to
deal with such reservoirs. Ewing and Spagnuolo
presents aspects of mathematical modelling and
numerical methods that address each of these
difficult areas of simulation. These techniques
will be essential in trying to simulate the complex
systems of large vertical faults and fracture
systems that dominate the flow in many of the
heavily fractured reservoirs worldwide.

Simulation of water-gas flow in fractured
porous media by AL-Khlaifat and Arastoopour
is the subject of the third chapter in this group.
The chapter tackles porous gas reservoirs
characterized by a low-permeability matrix, and a
high-permeability fracture system. The transient,
three-dimensional, two-phase numerical model is
presented for simulating the simultaneous flow of
gas and water through porous and fractured
media. It assumes a single horizontal fracture
perpendicular to the flow direction and considers
both fluids as incompressible and immiscible. The
study takes into consideration the effect of
capillary pressure and relative permeability.
Technically, the finite volume approach is used to
discretize the equations. The set of discretized
and linearized equations are solved using the
IPSA (Inter-Phase Slip Algorithm) method. The
results of this study indicate that the multi-layer
reservoir provides better estimates of post-
fracture performance compared to a more
conventional, single-layer reservoir description.
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Abstract: Conventional wisdom has always assumed that fluids prefer to flow along fractures
that are orientated parallel to the maximum in-situ horizontal stress direction. These fractures
have the lowest normal stresses across them and therefore provide the least resistance to flow
movement. However more recent work (Barton et al. 1995) has suggested that those fractures
that are orientated such that they experience a high ratio of shear to normal stress are most
likely to flow. These critically stressed fractures are in a state of stress that is close to failure,
allowing them to undergo a degree of shear. Even small shear displacements can cause
significant dilation along a fracture surface as the two surfaces un-mate during sliding. This
dilation results in a significant increase in fracture permeability, resulting in an increase in flow
from these features. A review of past work reveals that this shear mechanism may be more
important than previously thought. A case study from Sellafield in the UK is presented, where
the critical stress technique has been successfully applied for predicting zones of enhanced
permeability at the well scale. Difficulties for implementing the technique on a wider field wide
scale are discussed.

Characterizing fluid flow pathways within
fractured rocks, hinges upon trying to under-
stand a complex flow system within a poorly
defined volume. The use of borehole imaging
tools reveals a myriad of potential fracture path-
ways but production logging indicates that a
relatively small number of these features actually
contribute to flow. Obviously fracture properties
such as aperture, extent and connectivity play a
major role in determining the permeability of a
pathway. However, dynamic inputs such as stress
also strongly influence this heterogeneous system.

Heffer & Lean (1993) demonstrated a strong
empirical relationship between the direction of
fluid flow and the direction of the maximum,
horizontal, in-situ stress component (ohmax)
within strike slip and normal faulting stress
regimes. This is consistent with the notion that
fractures orientated parallel to ohmax will
experience the least degree of closure (i.e. the
lowest normal stress) and would thus be the most
permeable. The corollary is that fractures experi-
encing the highest normal stress would offer the
greatest resistance to fluid flow and therefore
have the lowest permeability. However Barton et
al. (1995) suggest that this is not always correct
and state that it is fracture surfaces experiencing
localized failure as a result of a large shear
component that are the most conductive. Their

work is supported by considerable field evidence
from a number of boreholes where those
fractures whose state of stress was considered to
have reached a failure criterion, were almost
universally found to be flowing (see also
Hickman et al. 1997; Finkbeiner et al. 1997;
Barton & Moos, 1997; Trice 1999).

The majority of fracture surfaces are not
planar, but rough or undulating. In their natural
undisturbed state, fracture surfaces mate to pro-
duce the smallest aperture. However, when the
state of stress is such that the fracture undergoes
a degree of shearing, the asperites will ride up
over each other resulting in dilation and an
increase in permeability (Heffer & Koutsabeloulis
1995). Yeo et al. (1998) demonstrated this in
laboratory tests, showing that the resultant
permeability increase is distinctly anisotropic,
with the maximum permeability direction
perpendicular to the direction of shear, in the
plane of the fracture. This case obviously assumes
that the fracture surface is strong enough to
undergo shear without failure. Clearly the situa-
tion can arise where this shearing motion results
in failure of the surface and the production of
gouge material which will act to reduce the
permeability. This paper considers the situation
of non- or pre-gouge forming microshear failure
only.

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 7-16. 0305–8719/037$15.00
© The Geological Society of London 2003.



STEPHEN F. ROGERS

Determination of stress magnitude and
orientation

If the stress dependency of fracture permeability
is a result of fracture surfaces experiencing
incipient shear failure, then no longer will the
stress orientation alone be sufficient to define the
most conductive pathways. In order to calculate
the state of stress on a surface, the full stress
tensor needs to be defined. The determination of
reliable measurements of crustal stress generally
comes from one of two methods of measure-
ment: directly via hydraulic fracturing and
indirectly using borehole breakouts. The former
technique can be used to deduce the magnitude
and direction of stress within a borehole. The
breakout method is possible in any borehole with
a standard dipmeter (or borehole image log) and
many workers have used this technique to
develop regional, reservoir or even local-scale
stress maps (Plumb & Hickman 1985; Evans &
Brereton 1990). However, the breakout method
can generally only be used for determining the
stress orientation and not magnitude.

The determination of the magnitude and direc-
tion of the stress field using hydro-fracturing
works by overpressuring a section of borehole in
order to induce a vertical tensile crack in the
plane of the maximum horizontal stress
direction. Obviously in discontinuous media like
rock, it is important to induce tensile failure
fractures rather than simply opening existing
fractures. This makes the interpretation and
analysis of the results less than trivial if an
accurate determination of the stress tensor is to
be made. The breakout method involves measur-
ing borehole ellipticity with either the calliper or
travel-time waveform of an acoustic televiewer. It
is generally considered that stress-related break-
outs are formed by the concentration of
compressive stresses at the borehole wall in the
direction of the minimum horizontal stress. This
results in a shear failure zone developing,
resulting in an elliptical or 'dog ear' shaped
borehole being formed (Dart & Zoback 1989).
This shear mechanism can result in the
production of a bimodal distribution of break-
outs, formed symmetrically about o-hmax. Thus
the interpretation of breakouts as well as
hydrofractures requires some care.

It is generally believed that relative plate
motions determine the predominant regional
horizontal stress components of a rock mass at
the largest scale. Within the UK, the maximum
horizontal stress is widely reported as 145/325°
or approximately NW–SE. Research by Muller et
al. (1992) found this direction to be regionally
extensive throughout Western Europe and

deduced that the stress originates from the Mid-
Atlantic ridge push and the relative motion of
Europe and Africa.

Some of the most recent stress measurements
undertaken within the UK were carried out as
part of the UK's radioactive waste disposal
programme near Sellafield in NW England. A
total of 28 hydraulic fracture tests, five over-
coring measurements and breakout data from
ten boreholes were analysed to define the stress
tensor in the Sellafield area (Nirex 1997). For the
most part the results demonstrated the stress
field at Sellafield to be largely in accord with the
rest of England with a mean direction of 340°. It
is these stress results, which have been used with
the critical stress theory described below to
examine the nature of stress-related flow in
fractured rock.

Critical stress theory

The critical stress theory for fracture flow
(Barton et al. 1995) involves calculating the shear
and normal stresses experienced by all planar
fracture and fault surfaces as a result of the in
situ stress field acting upon it.

Assuming that both the magnitude and
orientation of the stress field has been defined,
then the resultant shear (T) and normal stress
(o-n) experienced on a fracture surface can be
calculated from:

and

(Jaeger & Cook 1984), where Bij are the direc-
tional cosines between the fracture surfaces and
the stress tensor, and o-

1, o-
2 and o-

3 are the
magnitudes of the maximum, intermediate and
minimum principal stresses.

In order to display this stress and orientation
data, a three-dimensional Mohr diagram is used.
When considering borehole data, the magnitudes
of the stresses increase with depth. To allow all
of the data from the same borehole to be plotted
within the same data space of the Mohr circle, all
of the data are normalized with respect to the
vertical stress component (Fig. 1). To test
whether a fracture surface is likely to shear, a
failure criterion can be added to the graph.
Barton et al. (1995) use the Coulomb failure
criterion with a coefficient of friction of 0.6:

where Pp is the pore pressure and u is the
coefficient of friction. The coefficient of friction
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Fig. 1. Three-dimensional Mohr diagram showing shear and normal stress on a fracture surface as a function
of the in situ stress field. Adapted from Jaeger & Cook (1984). The dark triangles represent fractures that are
experiencing a state of stress sufficient to induce shear failure whereas the dots represent fractures in a more
stable state of stress.

of 0.6 is used after the work of Byerlee (1978),
who compiled a wealth of shear test data and
found a remarkably consistent pattern. Fractures
with an intermediate and above confining stress
(greater than 200 MPa) are best described by a
coefficient of friction of 0.6. However, the applic-
ability of this value to most fractured reservoirs
is limited given that the 200 MPa threshold is in
the range of 5-6 km depth. Byerlee showed that
for fractures with a normal stress less than
200 MPa, a value of m=0.85 better defined the
failure state although there was a much greater
scatter in the data. Intuitively the higher
coefficient should be used as this better fits the
typical stress state for most reservoirs. However,
there is considerable empirical evidence to
indicate that the lower value should be used. It
should be noted that the failure criterion lacks a
value for cohesion or intrinsic shear strength.
This is justified in that the magnitude of this
value is very small compared to the stresses
experienced by fracture surfaces.

Barton et al. (1995) used the term 'critically
stressed' fractures to refer to those fractures
whose shear and normal stresses fall in excess of
the 0.6 failure criterion and therefore exist in
states likely to result in enhanced permeability.
However, geology is seldom binary with the onset
of a phenomenon happening when a threshold is

crossed. It is considered that the coefficient of
friction calculated for each fracture should be
used as an indicator of the likelihood of failure
and hence flow rather than simply applying a test
for failure or non-failure.

For a typical UK onshore stress field (strike
slip stress regime), the ratio of shear to normal
stress can be computed for all orientations. These
data can be plotted stereographically as a polar
plot, with the data contoured with respect to the
stress ratio (see Fig. 2). This will then indicate
those orientations most likely to experience
enhanced permeability. Given a maximum hori-
zontal stress direction of approximately 340°, it is
clear from Figure 2 that there are two main strike
orientations that cause the highest ratio of shear
to normal stress. These correspond to fracture and
fault surfaces striking in two distinct directions:
NW–SW and also almost north-south. So in
contrast to the empirical evidence of Heffer &
Lean (1993), which suggests that flow is greatest in
the direction of ohmax, given this particular stress
tensor the optimum fracture orientations for flow
would be approximately o-hmax±30°.

Case study: Sellafield RCF3 borehole
To test the hypothesis of shear-stress-dependent
flow being a significant controlling mechanism

9
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Fig. 2. Coefficient of friction as a function of orientation, displayed stereographically as a lower hemisphere
polar projection.

for flow through fractured reservoirs, detailed
fracture, stress and flow data are required.
Borehole RCF3 was drilled as part of the UK
radioactive waste disposal programme through
525 m of Permo-Triassic sandstone and breccia
and approximately 450 m of Borrowdale
Volcanic Group basement rocks. These rocks are
a thick pile of mixed intrusive and extrusive
volcanics and volcaniclastics with generally little
primary porosity. The vast majority of flow in
these rocks is through the complex fracture and
vuggy vein system. In addition to the almost
complete coring and full wireline logging of this
borehole, 100 short interval tests (SITs) were
carried out over zones 1.56 m long, using
Schlumberger's wireline conveyed testing string,
the Modular Dynamics Tester™ (Gutmanis et al.
1998). This provides a detailed continuous record
of borehole transmissivity over a total distance
of approximately 150m of fractured basement
rocks. This hydraulic testing identified seven
zones where the transmissivity was several orders
of magnitude higher than the background level.
If the critical stress theory is to account for the
locations of flow within the borehole, then there
needs to be a state of stress within these seven
zones that is different from the borehole as a
whole.

Orientated borehole discontinuity information
was available from the interpretation of the
Fullbore Microlmager FMI™ and Ultrasonic
Borehole Imager UBI™. Careful picking of all
discontinuities in the test zone from 640 to
790 mbRT provided a continuous record of frac-
turing in the borehole. All discontinuities were
picked rather than just the larger ones, as it was
the importance of orientation, rather than
apparent aperture that was being tested.

Having produced a data set of all discon-
tinuity information from the test interval, the
shear and normal stresses on every discontinuity
were calculated. These results are shown in Figure
3a, with a Mohr diagram showing the ratio of
shear to normal stress calculated for all discon-
tinuities from this section. The distribution of
these values is also displayed as a histogram
alongside. To test whether there was a stress
dependency to the origin of the zones where the
transmissivity was significantly higher than the
background, discontinuity data from just these
zones were also analysed. Figure 3b shows a
Mohr diagram with the shear and normal stresses
for all discontinuities from the seven transmissive
zones. Again, a histogram of the distribution of
coefficients of friction for all of these fractures is
displayed alongside. Comparison of the data for



Fig. 3. (a) Mohr diagram of shear and normal stresses for all fracture data from the short interval test zone with histogram showing distribution of ratio of shear to
normal stress for a random sample of fractures from the short interval test zone, (b) Mohr diagram of shear and normal stresses for all fracture data from the seven
transmissive zones with histogram showing distribution of ratio of shear to normal stress for these fractures.
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Fig. 4. Rose diagrams showing the relationship between non-flowing and flowing fracture orientations from
borehole RCF3.

the whole test interval and the seven transmissive
zones reveals a definite shift in the state of stress
on the fracture surfaces, with a far higher
percentage of the fractures falling on or above the
0.6 failure criterion. Note how the histogram for
the transmissive zone data is skewed towards
higher ratios when compared to the whole test
interval. Statistical testing of the data reveals that
at the 95% level, the mean stress ratio for the flow
zone intervals is significantly different than the
background rock mass showing lower trans-
missivities.

When the orientations of discontinuities from
the flow zones are plotted on rose diagrams and
the inferred shear orientations added, a strong
relationship can be seen between the predicted
and observed data (see Fig. 4). This is contrasted
with the orientations of all discontinuities from
the whole of the short interval test zone, which
shows little relationship.

In order to use these data in a predictive way,
a log of coefficient of friction was generated by
taking a moving average over ten values of the u,
values for all of the fractures within the test
interval. This provides an indicative vertical log
of the state of stress on the fractures with the
most likely zones being identified by the presence
of a strong kick towards a higher coefficient of
friction. However, the log indicates more zones
than the seven identified by the short interval
testing.

The Stoneley wave reflection coefficient
(REFC) is generally considered to be a good
indicator of zones with the potential for flow. In
the Sellafield boreholes the Stoneley wave data

have shown a strong response from faults and
fault zones intersecting the borehole. All of the
seven flow zones have a strong reflection co-
efficient and a high stress index value (see Fig. 5).
There is strong evidence that small faults and their
associated fault-damaged zone are the primary
flow path for contemporary flow. This is support-
ed by the presence of a late-forming diagnostic
carbonate mineralization known as a potential
flowing feature, indicating the location of present-
day flow (Milodowski et al. 1998). The mineraliz-
ation has a tendency to cluster around faults
within the borehole although there are many other
features seemingly unrelated to major faults.
Whilst Gutmanis et al. (1998) observed that faults
themselves were generally not associated with
flow, adding a stress component to the borehole
observations helps provide a mechanism to
account for the distribution of flow in the
boreholes. If the in situ stress acts upon a feature,
such as a fault or fracture zone that is orientated
in such a manner to induce a high shear to normal
stress ratio, this fault can become critically
stressed. Any small-scale reactivation or move-
ment on this surface can generate dilation, which
can be experienced within the fault or damaged
zones of the fault system. This dilation results in
preferential pathways for fluid flow and the
precipitation of mineralization seen in the drill
core as the potential flowing features. As the
fractures seen within the damage zones represent a
synthetic (fault-parallel) set overprinted upon an
existing scattered set within the host rocks, the
orientation of the potential flowing features would
be expected to show little directional consistency.



CRITICAL STRESS-RELATED PERMEABILITY 13

Fig. 5. Composite log of the short interval test zone of RCF3. From left: track 1, gamma; track 2, deep
Laterlog; track 3, Stoneley wave reflection coefficient (light line) and stress index (dark line); track 4, interval
transmissivity (m s-2). Shaded intervals indicate zones where there is a high Stoneley wave reflection coefficient
and also a high stress index value. Note the close agreement between these zones and the transmissivity as
shown in track 4.
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Discussion
Determining the orientation of preferential flow
pathways in a fractured rock mass experiencing
an anisotropic stress field is a critical element of
the development and management of reservoirs.
The critical stress theory indicates that the shear
orientations can be highly significant in control-
ling fluid flow. Whilst the original empirical data
on water flood direction implied a flow direction
parallel to the principal horizontal stress com-
ponent (Heffer & Lean, 1993), re-examination of
the data shows two clear flow directions inclined
either side of ohmax. This is also supported by
numerical modelling (Heffer & Koutsabeloulis,
1995) which points towards a shear-related
permeability pathway controlling flood migra-
tion. These data sets indicate that the flow
pathways are obliquely orientated at approxi-
mately 20-30° to o-hmax. This has been shown
from a number of critical stress focused studies
but is also seen in data from the Clare field off
the west of Shetland where two fracture orient-
ations approximately 30° either side of o-hmax are
seen to control the flow in this fractured reservoir
(Coney et at. 1986).

One of the implications that arises from
having stress-induced permeability anisotropy is
how the fracture connectivity of the rock mass is
significantly reduced. Jolly et al. (2000) examined
the implications of critical-stress-controlled per-
meability on simulated fracture networks by
removing all fractures with a shear to normal
stress ratio of less than 0.6 from the network.
Simulated well tests through a network of frac-
tures that satisfied the critical stress conditions
for flow revealed how a geologically well-
connected network becomes hydraulically poorly
connected. The associated well test pressure
derivatives showed how the formation trans-
missivity falls and the flow through the fracture
network becomes increasingly linear. The actual
reduction in hydraulic connection of a rock mass
obviously depends on whether the permeability
anisotropy is controlled by a shear-related
process with its twin preferred orientations or a
normal stress mechanism with its single preferred
orientation. Clearly the twin orientations of the
shear model provide a greater degree of con-
nection.

The choice of an appropriate failure criterion
to describe the onset of critical stress behaviour
is not clear. As discussed in an earlier section, the
failure criterion used by Barton et al. (1995) was
established by Byerlee (1978). This coefficient of
friction of 0.6 was derived from tests where the
confining stress was considerably higher than
those typically encountered in most reservoir

situations. Additionally, examination of Byerlee's
data reveals that there is considerable lithological
control upon the coefficient of friction under
lower confining stresses. This suggests that the
application of a universal threshold of 0.6 needs
to be applied with some caution and that where
possible it should be conditioned by local shear
measurements.

Implementation of this technique in realistic
flow simulations is particularly difficult given that
the in situ stress field can vary considerably over
the scale of the reservoir. Many of both the
seismic and sub-seismic-scale faults within a
reservoir act to perturb the stress field by sig-
nificant amounts (Barton & Zoback, 1994). This
results in a stress field that varies according to the
scale of the measurement. Generally there are
relatively few stress orientation measurements
available across a reservoir to accurately define a
field-scale stress pattern. As both the stress
magnitudes and orientations are needed to
compute those fault surfaces that are critically
stressed, upscaling the stress measurements from
local well observations to field scale in order to
undertake permeability modification calculations
is highly problematic. The best way to undertake
this stress upscaling exercise is to undertake
numerical stress analysis upon the reservoir
model, calibrating the results against the stress
orientation measurements available. Once this is
completed, a stress field map is available for
wider reservoir-scale use.

One of the problems in resolving the differ-
ence between shear-related phenomena and
normal-stress-related phenomena is that the
orientation of these oblique planes to ohmax is
relatively small with the result that the direction
of any flow may be inappropriately assigned
along the stress axis rather than inclined to it. A
more accurate reappraisal of flood data may
reveal more incidences where the direction of
flow is not parallel to ohmax. A review of both
breakout studies and hydrofracture results
provides many cases where the workers report a
discrepancy of 20-30° between their results and
what was expected (e.g. Hillis & Williams 1992;
Brereton 1992; Batchelor & Pine 1986). There is
some evidence that rather than determining the
orientation of ohmax, the orientation of the
induced shear planes has been measured result-
ing in these 30° rotations.

Conclusions
The critical stress theory has been shown to
predict the occurrence of flow on the well scale in
a number of studies. Previously this has been
achieved by integrating fluid temperature and
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conductivity logs with discontinuities as seen on
borehole image logs. This study related the trans-
missivity of the formation as determined by
short interval hydraulic tests to the discontinuity
population as measured from borehole image
logs. Highly transmissivity zones were shown to
have a mean shear to normal stress ratio sig-
nificantly higher than that seen in the back-
ground rock mass.

It has been considered that fluid moving
through a fractured rock mass experiencing
strong stress anisotropy would flow preferentially
in the direction of the maximum horizontal
stress direction. However, the critical stress
theory shows that fracture orientations inclined
to the maximum horizontal stress direction can
show the maximum permeability orientation as a
result of shear-related processes.

Upscaling this technique from the well bore to
a reservoir-wide model has some difficulties.
Perturbation of the stress field on the scale of the
reservoir by faults, fractures and varying physical
properties, makes it hard to define a reliable field
wide stress field as input to the critical stress
calculation. Therefore some caution is advised in
applying this technique widely.

This paper is based upon a short study carried out
subsequent to the main Sellafield investigations and
sought to investigate whether the in situ stress helped to
explain observed flow patterns in one of the boreholes.
However, the work of Gutmanis et al. (1998) and
Milowdowski et al (1998) remains the more complete
interpretation of contemporary flow patterns within
the Sellafield area. This paper is published with the
permission of UK Nirex Ltd.
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Abstract: Recent field studies show that critically stressed faults, that is, faults that are close
to frictional failure in the current stress field, serve as conduits for fluid flow. Similarly,
geological field studies of the low permeability siliceous shales in the Monterey Formation,
California, clearly indicate that faults influence hydrocarbon transport. We report here a study
of the Antelope Shale, a low permeability siliceous shale hydrocarbon reservoir in the Buena
Vista Hills field in the southern San Joaquin Valley to determine the influence of the stress
state on the relative hydraulic conductivity of the fractures and faults present in the sub-
surface. Because production has both lowered reservoir pressure and the horizontal stresses,
it was necessary to "restore" the reservoir stress state to initial conditions in order to identify
correctly the most highly productive intervals. This analysis demonstrates that prior to
production, faults in the reservoir were active in a transitional reverse/strike-slip faulting
stress state, consistent with regional tectonics. Initial production rates in the field were 2000
barrels of oil per day, principally from intervals where critically stressed faults were encountered.

The relationship between the in situ state of
stress and the orientation of hydraulically con-
ductive fractures is conventionally viewed in the
context of mode I extension fractures orientated
perpendicular to the least principal stress (Secor
1965; du Rouchet 1981; Nur & Walder 1990).
Such a relationship has straightforward implic-
ations for utilizing geophysical techniques such
as seismic velocity anisotropy, shear-wave
splitting, and amplitude versus offset (AVO) to
identify in situ directions of permeability aniso-
tropy in regions where fracture permeability is
important (e.g. Crampin 1993, Winterstein &
Meadows 1991). In this paper, we investigate an
alternative hypothesis in which critically stressed
faults, that is faults close to frictional failure in
the in situ stress state, may be responsible for
hydrocarbon transport in reservoir rocks with
low primary permeability.

Barton et al. (1995) demonstrated that in
crystalline rock, fractures and faults that were
critically stressed for frictional failure in the
current stress field, were also hydraulically
conductive. Finkbeiner et al. (1997) documented
a similar increase in formation permeability in

four wells in the Santa Maria basin, California,
at depth intervals of brittle lithologies and
critically stressed fracture and bedding planes. In
a field study of sedimentary rocks, Dholakia
et al. (1998) showed the predominant association
between faulting, fault-related fractures and the
occurrence of petroleum in siliceous shale
deposits of the Monterey Formation. Petroleum-
staining in surface exposures of the Monterey
Formation was observed primarily within fault
zones and fault-related fractures. This field study
identified fault development in surface exposures
of low permeability siliceous shale along the
central California coast and in the San Joaquin
Valley. As faulting develops, the low permeability
rocks systematically fragment and subsequently
brecciate to increase permeability locally, and
facilitate hydrocarbon transport. These studies
support the hypothesis that fluid flow is not
simply controlled by mode I extension fractures
orientated perpendicular to the minimum hori-
zontal stress, but rather that shear faults are
important for hydrocarbon transport.

Efforts to understand fracture controls on
hydrocarbon transport and accumulation in tight,

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 17-26. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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low permeability siliceous shales are being pur-
sued as part of a multidisciplinary project to
develop enhanced oil recovery methods for further
extraction of trapped hydrocarbons within the
siliceous shale. As part of this study, we have
investigated the Buena Vista Hills field to deter-
mine the potential for hydrocarbon production
from fracture permeability and the influence of
reservoir depletion on the current stress field.

The Buena Vista Hills field, discovered in
1952, is located in the southern San Joaquin
Valley, approximately 40 km (25 miles) SW of
Bakersfield, California (Fig. 1). The field was
drilled initially in the 1950s and 1960s, and is
situated on a NW-SE doubly plunging anticline
paralleling the San Andreas Fault. Initial
production rates from individual wells peaked at
2000 barrels of oil per day (bopd) with daily
production rates dropping to 6 bopd in the 1970s.
Recent well stimulation efforts have brought the
rate to 20 bopd. Total production to date from
the field is 9 million barrels of oil, only 6.5% of
the estimated oil in place in the Antelope Shale in
the Buena Vista Hills field. The Antelope Shale
pay thickness is about 244 m (800 ft) at a depth
ranging from 1189 to 1524 m (3900–5000 ft).
Porosity ranges from 20 to 40% and matrix per-
meability is 0.5-1 mD. Initial pressure in the
reservoir was 13.8 MPa (2000 psi), and has since
dropped to 5.5 MPa (800 psi) leading to further
production difficulties (Chevron 1994). In a recent
paper, Montgomery & Morea (2001) describe the
Antelope Shale reservoir in some detail.

Stress orientations and active tectonics
Wellbore breakouts, reverse fault earthquake
focal mechanisms, and hydraulic fracture orient-
ations along the length of the Coast Ranges in
central California indicate a NE-SW direction of
maximum horizontal compression (SHmax) nearly
perpendicular to the San Andreas Fault system
(Zoback et al. 1987; Mount & Suppe 1987;
Wentworth & Zoback 1989). Axes of young,
active folds along the Coast Ranges lie nearly
perpendicular to the NE–SW directed SHmax sug-
gesting anticlinal development driven by seismo-
genic blind thrusts is an active process in the
current stress field. Figure 2 is a regional stress
map showing the SHmax direction determined from
various stress indicators (e.g. wellbore breakouts,
earthquake focal mechanisms, and hydraulic
fractures) and geological structures in the San
Joaquin Valley. The light symbols reflect earlier
studies on the state of stress in California
(Mount & Suppe 1987; Zoback et al. 1987;
Castillo & Zoback 1995). The dark symbols
represent new data collected for this study from
tiltmeter measurements of hydraulic fracture
tests, which are described in more detail below.
The lengths of each stress indicator are weighted
according to a quality-ranking scheme (Zoback
& Zoback 1991) based on the standard
deviation, depth of observation, and number of
observations.

In this study, in situ stress orientations were
considered in the area shown by the box in of
Figure 1A using new data from tiltmeter surveys

Fig. 1. (a) Location of major Neogene basins in California (from Graham & Williams 1983). (b) Location of
the Buena Vista Hills field and other major oil fields in the southern San Joaquin basin.
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Fig. 2. Regional stress map in southern San Joaquin and Santa Maria basins, California. The symbols in black
represent new data collected for this study from tiltmeter measurements of hydraulic fracture tests.

of hydraulic fractures in 56 wells from Belridge,
Lost Hills, and Cymric fields by Pinnacle Tech-
nologies (written comm., C. Wright). Hydraulic
fractures propagate in a direction perpendicular
to the minimum principal compressive stress in
the crust (Hubbert & Willis 1957). The deform-
ation, or local displacement gradients, at the
surface induced by the hydraulic fracture is a
function of the fracture orientation. Utilization
of tiltmeters for determining the azimuth of
large-scale, near-vertical, hydraulic fractures at
relatively shallow depth is described by Wright
(1998). Because of the high density of data
available, the hydraulic fracture orientations were
averaged with depth within an individual well
and with other wells located within a one mile
radius in a given field.

The seven hydraulic fracture orientations
indicated in black with the open diamond
symbol in Figure 2 represent fracture orient-
ations from wells within the Cymric field and the
northern, central and southern areas of both

Lost Hills and Belridge fields. The average
hydraulic fracture orientations were computed
for vertical or near-vertical fractures, dipping
more than 70° from horizontal, and occurring
below 300 m depth. The statistical mean fracture
orientation and standard deviations were
computed using the method described by Mardia
(1972) for azimuthal data and are shown in
Table 1.

Wellbore breakout analyses of FMS (Form-
ation Micro Scanner) data were also conducted
within the Buena Vista Hills field. Wellbore
breakouts refer to spalled regions of the borehole
in which the circumferential stress around the
borehole exceeds the compressive strength of the
rock. The borehole is elongated in the direction
of the minimum horizontal stress (Bell & Gough
1979; Zoback et al. 1985) and is considered a
reliable indicator of horizontal stress directions
(e.g. see discussion is Zoback & Zoback 1991).
The orientation of SHmax determined from the
breakout analyses of FMS data of two wells in



20 SNEHA K. CHANCHANI ET AL.

Table 1. Summary of SHmax orientations determined
from tiltmeter measurements of deformation caused by
hydraulic fractures. Each orientation reflects the
average of several fractures wells within a one-mile
radius.

Field name

Cymric
North Belridge
Central Belridge
South Belridge
North Lost Hills
Central Lost Hills
South Lost Hills

SHmax direction

N12.5°E±3.2°
N40.3°E±3.6°
N15.7°E±3.7°
N20.5°E±2.9°
N35.5°E±1.2°
N53.7°E±4.3°
N52.7°E±3.2°

Number of
hydraulic
fractures

6
21
15
59
5

34
28

the Buena Vista Hills field are shown on the
stress map in black by the two inward pointed
arrows (Fig. 2). The breakout information was
obtained from the caliper surveys of the FMS
log. The azimuthal mean orientation and
standard deviation of the breakouts are listed in
Table 2 and were computed using the method
described by Mardia (1972). Like the tiltmeter
surveys of the hydraulic fracture, the points on
the map are length-weighted according to data
quality. Data quality factors for wellbore
breakout data include the number of breakout
intervals, the total length of breakouts within the
wellbore, the standard deviation, and the depth
of observation (Zoback and Zoback, 1991).

The breakout analyses and tiltmeter surveys
indicate a NE–SW directed SHmax, orientated
nearly perpendicular to the San Andreas Fault
and the axes of young, active folds along the
Coast Ranges. This near-perpendicular relation-
ship suggests active structural development and
deformation in the current stress field (Zoback et
al. 1987; Mount & Suppe 1987, 1992; Wentworth
& Zoback 1989).

Constraining stress magnitudes

Knowledge of the orientation and magnitudes of
in situ stress is required to determine which
subsurface fractures and faults are most import-

Table 2. Summary of SHmax directions

Well name SHmax direction Breakout length

621–25B
723–9D

N8°E±6°
N21°E±7°

65m
229m

ant for hydrocarbon transport. In this section we
first constrain the current horizontal principal
stress magnitudes and then attempt to extra-
polate back in time to assess the stress state prior
to reservoir pressure depletion. In Buena Vista
Hills field, we determine the current stress
orientation and magnitude to evaluate the
influence of the in situ stress state on fractures in
the reservoir identified using borehole image
data.

Stress magnitudes in 1989

As supported by tiltmeter data (Castillo et al
1997; Wright 1998), we assume that the principal
stresses act in three orthogonal directions, one
near-vertical, normal to the surface of the Earth,
and in two orthogonal horizontal directions
(Shmin and SHmax). The vertical stress (Sv) is
assumed to be equal to the weight of the
overlying rock. Density logs were integrated with
depth to determine Sv. The overlying lithologies
consist primarily of low density diatomite and
siliceous shale, and the densities reported in
the density log are consistent with laboratory
measurements of siliceous rocks (2.0–2.3 g cm–3)
(Isaacs 1981).

Hydraulic fracturing of the wells to enhance
production provides direct measures of the
minimum principal stress magnitude. The fluid
pressure required to propagate a hydraulic
fracture is a measure of the minimum horizon-
tal stress magnitude (Shmin) when Shmin<Sv
(Hubbert & Willis 1957; Kehle 1964; Haimson &
Fairhurst 1970). Shmm values corresponding to
three hydraulic fracturing tests at different
depths conducted in 1989 are provided in Table
3.

In Buena Vista Hills field we constrain the
magnitude of the maximum compressive stress
(SHmax) by employing simple elastic failure
criterion and wellbore failure analysis following
Moos & Zoback (1990). Breakouts in this study
were detected using four-arm dipmeter data and
analysed in accordance with criteria proposed by

Table 3. Summary of Shmtn with depth.

Data were determined from wellbore breakout
analysis of two wells in Buena Vista Hills field.

Data were determined from hydraulic fracture tests.
The average Shmin is used in this study.

Depth (m) SWin (MPa)

1204 18
1289 20
1341 22

Average Shmin=20
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where P0 is the pore pressure in the formation at
the time the well is drilled and the mud weight is
essentially equal to the pore pressure.

Uniaxial compressive rock strength values, C0,
for the Antelope Shale were measured directly in
triaxial compression tests at the depths listed in
Table 3. Rock strength values were found to be
quite high and range from 92 to 126 MPa
(Chevron 1994). The shear modulus computed
from the shear wave and compressional wave
velocities determined from the sonic log at the
depth from which the laboratory samples were
tested are much higher (4.2–4.9 GPa) than the
values from the intervals at which breakouts
occur (3.4 GPa). This difference in shear moduli
suggests that the compressive rock strength value
used to constrain SHmax is likely to be lower than
the average laboratory measured value of 110
MPa. Compressive rock strength tests on silice-
ous sediments from an offshore well in the
Monterey Formation yield much lower values
between 25 MPa and 117 MPa (C. Bovberg, pers.
comm.). Thus, there is considerable uncertainty
in the appropriate rock strength in this form-
ation. Using a compressive rock strength value of
90 MPa establishes a lower bound for SHmax of
about 48 MPa.

Considering the state of stress in the earth's
crust to be limited by its frictional strength, the

allowable stress states are given by

where P0 is the pore pressure and u is the
coefficient of sliding friction (e.g. Jaeger & Cook
1979). Frictional equilibrium of the Earth's crust
where u =0.6 suggests an upper limit of SHmax of
50 MPa. Thus, in 1989, the average state of stress
appears to be a strike-slip regime in which
the stresses are as follows: Shmin=20 MPa;
Sv=25 MPa; 48 MPa<SHmax<50 MPa.

Stress magnitudes in 1952
Drilling in the Buena Vista Hills field in the
Antelope Shale began in 1952 and continued to
1989. Reservoir depletion and drilling through
time lowered the pore pressure and thus lowered
the horizontal stresses poroelastically. During
this time the reservoir pressure has declined
significantly from 13.8 MPa (2000 psi) in 1952 to
approximately 5.5 MPa (800 psi) in 1989 (Fig. 3).
From the hydraulic fracture tests in 1989, we
know the average Shmin is 20 MPa (Table 3).
Because of the large pressure decline in the reser-
voir, the state of stress in 1989 reflects lower mag-
nitudes of stress than that which existed prior to
reservoir depletion.

The magnitude of Shmin measured in 1989
reflects the minimum horizontal stress at the time
of hydraulic fracture testing and not the stress
state in the undisturbed reservoir. In order to
extrapolate the minimum horizontal stress to
initial conditions in the Antelope Shale, we
employ the theory of poroelasticity which
describes the change in the horizontal stresses as
a function of pore pressure, P0 (Biot 1941; Segall
1992). Approximating the reservoir shape as flat
and infinite in lateral extent, the change in the
horizontal stresses as a function of the change in
P0 may be expressed as follows:

where a is the Biot coefficient of effective stress
and v is the undrained Poisson's ratio (Segall
1992). The Biot coefficient of effective stress, a, is
defined as follows:

Plumb & Hickman (1985). A wellbore breakout
will form when the stress concentration around
the wellbore exceeds the compressive strength of
the rock, C0 (Zoback et al. 1985; Moos &
Zoback 1990) and is described by the following
equation:

Consideration of the breakout's width (20B) can
be used to better constraint SHmax, as for a given
rock strength SHmax must be sufficiently high to
have caused the breakout to have a given width
(Barton et al. 1988). In order for breakouts to be
detected in the FMS data, the breakout must be
at least as wide as the FMS pad or the pad would
not have fallen into the breakout. We assume that
the minimum breakout width is greater than or
equal to 54°, the width of the FMS pad, and is
centred at the azimuth of Shmin. Equation 1 leads
to the following:

which leads to

where Kb is bulk modulus of the dry porous
frame and kg is the bulk modulus of the grains.
When Kb is small, and a approaches 1, the largest
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Fig. 3. General pressure decline curve for the Buena Vista Hills field that illustrates the change in horizontal
stresses and pore pressure through time.

fluid effects are observed. A high porosity, soft
sediment rock similar to the siliceous shale of the
Monterey Formation will have a ~1 (e.g. Krief
et al 1990; Segall et al. 1994). We use a ~ 1, and
from laboratory triaxial compression tests, v is
approximately 0.23 (Table 4). Substituting these
values in equation 4, the ratio of the change in
horizontal stress to pore pressure in the reservoir
is ASh/APo ~ 0.70, similar to values reported by
Engelder & Fischer (1994) in other areas. Figure
3 illustrates the decline in the horizontal stresses
through time as a function of reservoir depletion.
The horizontal stresses decreased by about 5.8
MPa. Note that while the state of stress in 1989
appears to be a strike-slip stress state (SHmax>Sv
>Shmin), the original stress state in the reservoir

Table 4. Compressive rock strengths measured in
triaxial compression.

Sample
depth (m)

1172
1306
1395

Poisson's
ratio, v

0.23
0.22
0.25

Strength,
C (MPa)

92
113
126

appears to have been a reverse faulting regime
(SHmax>Shmin >Sv). BecaUSC Shmin is Only slightly
greater than Sv, it is indicative of a transitional
reverse/strike-slip faulting regime. Thus, in 1952,
the state of stress appears to be as follows: Sv
=25 MPa; Shmin=26 MPa; SHmax>54 MPa

Fractures, faults and production

Microresistivity borehole image (FMS) data from
the Buena Vista Hills field provide an oppor-
tunity to identify fractures and fracture zones
and to determine the effect of the stress state
prior to reservoir production in 1952 on fluid
flow. The FMS tool consists of four pads, two
orthogonal pads with microresistivity imaging
electrodes and two pads with standard dipmeter
electrodes (Ekstrom et al. 1987). The image data
are typically displayed as if the walls of the
borehole were unwrapped and laid flat. Fractures
intersecting the borehole would thus appear as a
sinusoid cutting across the individual image pad
displays.

Fractures, bedding, and other zones of dis-
rupted appearance are identified in the FMS
images from the Chevron well 621–25B. Only a
partial section of approximately 343 m (1125 ft)
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of the Antelope Shale section, below the opal
A/opal CT diagenetic contact, was logged. Over
300 fractures were identified in the logged
interval of image data of the Antelope Shale.
The relative fracture frequency with depth in the
621-25B well (Fig. 4) is related to lithology
differences. It is known from the core that the
Antelope Shale beds dip at a low angle, therefore
low angle (<10°) planar features in the image
data are interpreted to be bedding. The Antelope
Shale contains more fractures than the Brown
Shale. The Brown Shale is more clay-rich,
whereas the Antelope Shale consists of thin
graded siliceous shale beds, porcelanite and chert
beds. The Antelope shale is more brittle and
contains more fractures (Chevron 1994).

In this study we are concerned with the
influence of the present-day stress state and the
impact of reservoir depletion on production.
Measured matrix permeabilities of core plugs
from the Antelope Shale are very low, 0.1–0.5
mD. The low permeability, tight nature of the
Antelope Shale suggests production is primarily
from fracture permeability. The stress analysis
shows the environment to be in a transitional
strike-slip to reverse faulting regime in which the

intermediate and minimum, S2 and S3, principal
stresses are nearly equal. Transitional strike-slip/
reverse stress state is consistent with the stress
inversion of the 1952 Kern County magnitude
7.8 earthquake and contemporary seismicity
occurring approximately 30 km SW of Buena
Vista Hills field (Castillo & Zoback 1995).

The poles to the fracture planes identified in
the image data and directions of Snmax deter-
mined from the wellbore breakout analysis are
plotted in the stereonet in Figure 5. The fractures
observed concentrate in two broad regions as
conjugate reverse faults. Colours on the stereonet
illustrate the normalized Coulomb failure func-
tion (CFF) and critical Pp (that required to
induce slip) as a function of fracture orientation,
and poles in white indicated the critically stressed
faults (fracture poles falling in the red-shaded
region). The Coulomb failure function is defined
in the following equation:

where T is the shear stress acting on a fault plane,
Sn is the normal stress and Pp is the ambient pore
pressure. u is the coefficient of friction and is

Fig. 4. Tadpole plot of the fractures with depth. The
red tadpoles are the ones that are critically stressed.
The green ones are mode I cracks, normal to the
least principal stress. These are plotted in white in
Figure 5.

Fig. 5. The stereonet illustrates the degree to which
fractures and faults are critically stressed as the excess
pore pressure required to cause fault. Critically
stressed fractures are highlighted in white (require no
excess pore pressure to be active) and correspond to
the red tadpoles in Figure 4. The critically-stressed
fractures observed in the 621–25B well concentrate in
two broad regions as conjugate reverse/strike-slip
faults.
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taken as 0.6. Thus, when CFF>0 faults are
critically-stressed and when CFF<0 they are not.
The figure indicates that conjugate reverse faults
or fractures are more likely to slip in the
transitional strike-slip/reverse stress regime. It is
clear to see that there are many critically stressed
faults in the reservoir.

Comparison of the critically stressed fracture
occurrence with production data suggests a
qualitative relationship between critically stressed
fractures and fluid flow (Fig. 4). According to
Chevron (1994), the most productive interval in
the 621-25B is in the Upper and Lower Antelope
Shale between the Pa and P2a markers. The
Lower Antelope Shale from Plb to P2a accounts
for two-thirds of the fluid produced from the
well. Historically, in the Buena Vista Hills field,
the P-Plb is the most productive interval.
Spinner flowmeter production logging in the
perforated intervals in Chevron well 621–25B
(Fig. 4) shows the distribution of flow rates in the
wellbore. Spinner flowmeter tools measure the
flow rate (revolutions per second) below the tool,
and the black bars in Figure 4 show the relative
magnitudes of flow rate as a function of depth.
Overall, the productive interval in the Antelope
Shale interval contains many critically stressed
faults. There are also critically stressed faults in
the Brown Shale where the flowmeter survey
indicated significant flow. However, as the flow-
meter survey did not cover both formations, it is
not clear what the response would have been in
the most productive section of the Antelope

Shale and the respective abundance of critically
stressed faults.

Discussion

The Antelope Shale at Chico Martinez Creek
(Dholakia et al. 1998) serves as a surface analogue
to the subsurface reservoir at Buena Vista Hills
field. Not only are both areas structurally similar
anticlines associated with the San Andreas Fault,
but also the section studied at Chico Martinez
Creek correlates to portions of the producing
reservoir in the BVH field. The Chico Martinez
Creek outcrop, 56 km NW of BVH, exposes the
Antelope Shale Member of the Monterey
Formation, the reservoir unit at BVH, in the
northeastern limb of the anticline. In addition,
the diagenetic grade of the Antelope Shale at both
localities consists of siliceous shale and porce-
lanite. The Antelope Shale outcrop study by
Dholakia et al. (1998) at Chico Martinez Creek
in the San Joaquin Valley documents a pre-
dominant association between hydrocarbon
transport and brecciated fault zones. Petroleum
staining occurs in bed-parallel breccia zones.
Observations of hydrocarbon-stained breccia
and rubble zones in core from Buena Vista Hills
and neighbouring fields, along with evidence
from surface exposures, directly support the
relationship between shearing deformation and
hydrocarbon flow pathways and storage in the
subsurface. Figure 6 (modified from Dholakia
et al. 1998) shows an oil-saturated breccia zone

Fig. 6. Photograph of oil-stained breccia zone in Antelope Shale core from the Buena Cymric field, left, and a
schematic diagram, right, illustrating the way in which progressive shear deformation leads to development of
breccia zones and enhanced permeability (modified after Dholakia et al. 1998).
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in core from a well in the Antelope Shale in the
Cymric field as well as a diagrammatic illustra-
tion of the way in which shear deformation
induces brecciation and enhanced permeability.

A major shortcoming of this work is our
inability to compare, in detail, the affect of
individual, or sets, of critically stressed faults on
productivity. This would also make it possible to
further investigate other factors such as litho-
logy, fault orientation, apparent aperture, etc.

Conclusions

This case study of the Antelope Shale, Monterey
Formation, demonstrates that faults active in the
current stress state correlate with intervals of
higher productivity. Stress analysis indicates that
prior to production, faults in the reservoir were
active in a transitional reverse/strike-slip faulting
regime, consistent with regional tectonics. Because
production has both lowered reservoir pressure
and the horizontal stresses, the initial reservoir
stress state was 'restored' to identify correctly the
most highly productive intervals. Comparison of
the critically stressed fracture occurrence with
production data suggests a qualitative relation-
ship between critically stressed fractures and
fluid flow. This subsurface geophysical study at
Buena Vista Hills field supports the hypothesis
that fractures close to frictional failure, active
faults, are important for hydrocarbon transport.
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Abstract: Three-dimensional fracture networks, combined from seismic scale to wellbore scale,
can greatly enhance the knowledge of fracture contribution to hydrocarbon storage and flow
inside the reservoir. This paper presents some techniques used at ENI-Agip for fracture
network simulation at wellbore scale. First, new imaging techniques adopted for enhancing
and facilitating the data acquisition from orientated cores will be shown. We will discuss how
the fracture data, acquired from the combined analysis of orientated core and wellbore image
logs, have to be processed in order to calculate the geometrical parameters of each feature (dip
direction, dip, size, terminations) and to classify them according to their filling (oil, water,
shale, calcite, etc.). Second, we will illustrate how these kind of data are processed in order to
extract the fracture representative parameters needed for stochastic simulation of fracture
network at the wellbore scale: spatial distribution along the cored/logged interval, number of
fracture sets, representative orientation and statistical distribution of each set, distribution
laws of the fracture length and relevant minimum radii and fracture aperture estimate.
Fracture porosity evaluation, matrix block size, fracture network connectivity at wellbore
scale constitute the outputs of such simulations: they are used to better characterize a
fractured reservoir and to describe its behaviour. The synthetic results of the application of
such a methodology on a real case (tight packstone/wackestone of carbonate platform from
a southern Apennine italian oil reservoir) complete the paper.

The main target of the reservoir geologist is the
petrophysical characterization of the reservoir in
order to estimate:

• the original hydrocarbons in place;
• the fluid flow path; and thus
• the reserves.

The building of a geological model, which reason-
ably describes the lateral and vertical variations
of the petrophysical characteristics, i.e. porosity,
permeability and hydrocarbon saturation, stands
at the root of these estimates. The hydrocarbons
in place are, in fact, estimated on the basis of this
geological model, and very often a three-dimen-
sional (3D) numerical model, which schematic-
ally represents the geological reality, is built in
order to estimate the reserves.

The petrophysical characterization of frac-
tured reservoirs is more complicated than con-
ventional non-fractured reservoirs because of the
presence of two different pore systems: the matrix
pore system and the fault-fracture network pore
system

The recognition of the presence of a fracture
network is, therefore, crucial because it has a

significant effect on reservoir fluid flow. Con-
sidering values of fracture porosity that become
progressively more significant when compared
to the matrix porosity, there are four ways in
which fractures can affect a reservoir. Schematic-
ally, four types of reservoir can be recognized
according to the different contribution of
fractures:

type 1: fractures impart no positive reservoir
quality but create reservoir anisotropy
and heterogeneity;

type 2: fracture porosity provides a permeability
assist to an already producible reservoir;

type 3: fracture porosity provides the essential
permeability;

type 4: fracture porosity represents the entire
storage porosity and permeability of the
reservoir.

For these different types of reservoirs different
parameters are critical in order to evaluate both
the amount of hydrocarbons in place and the
potential production problems. This paper
addresses type 4 fractured carbonate reservoirs
where fractures are considered to represent the

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
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entire storage porosity and permeability of the
field. In this kind of reservoir a precise descrip-
tion of the structural geometry of the fault and
fracture network is therefore fundamental. The
paper describes how fractures and microfractures
recognized on logs and cores, have been modelled
to define the fluid flow path and estimate the
fracture pore volume. ENI has set a complete
workflow for an integrated analysis of both core
and log image to optimize the overall manage-
ment, integration and interpretation of core and
log data in fractured reservoirs in order to
enhance reservoir characterization and fracture
system modelling.

This paper has a methodological approach,
even if the results of a case study are presented at
the end of the work. A complete presentation of
a real case application and relevant calibration
with dynamic data can be found in Verga et al
(2001).

Problems for quantifying the fracture
porosity

The reconstruction of the fracture network is
strongly hampered by the limited points of view
from which we can observe the network in wells,
because the limited window of observation
hardly encompasses the representative element-
ary volume.

Another problem springs from the difficulty
of directly measuring the fracture porosity. The
estimate of this parameter becomes really crucial
in the case of reservoirs where fractures and
microfractures represent the entire storage
porosity and permeability. In this case the total
porosity of the system, i.e. matrix+micro-
fractures, can be very small and very often below
the porosity log resolution, ranging around 1 or
2%. In this case matrix porosity can sometimes
be neglected, as it is generally 100% water
saturated or tight, whereas fracture porosity is
fundamental. In some cases these samples
maintain their consistence and shape, though
microfractured, because the microfractures are
relatively small and partly cemented. In these
cases we can try to use the capillary pressure
curves of these full-size samples in order to
estimate the pore volume characterized by very
low capillary forces, which can reasonably be
attributed to the fracture network if the presence
of vugs can be ruled out. On selected full-size
samples, the fracture porosity is measured by the
proprietary MAGRITTE software, which is built
upon an automatic sequence of image processing
steps for the magnetic resonance images (MRI).

MRI is a tomographic technique which pro-
duces 2D images of the 3D rock fluids dis-

tribution. Quantitative MRI produces both
magnetization images and T2 relaxation time
images. Since the MRI magnetization signal is
proportional to the number of 1H nuclei present
in the analysed volume, the magnetization image
values can be considered as direct measurements
of the quantity of fluid in the region imaged by
each pixel, i.e. porosity, because the solid matrix
does not interfere with measurements of fluids.
The T2 images give indirect clues about the
geometry of the pore system, since T2 values can
be related to the size and geometry of the pore
system imaged by each pixel. Moreover, other
parameters computed by the MRI technique,
such as the diffusion coefficient and chemical
composition, can be related to the rock proper-
ties, giving further information about the pore
system.

To properly measure porosity values, a known
standard porosity reference is coupled to the
sample (not shown).

Fracture contribution to total porosity can be
computed by isolating features related to
fracturing in the MRI images. The fracture
porosity can then be computed by applying the
following formula:

where I(i,j) is the magnetization value of the (i,j)
pixel, and the sum on the numerator is computed
on the pixels belonging to fractures, while the sum
on the denominator is over all the image pixels.
To find which pixels belong to fractures, we
processed the MRI images to enhance the image
features that can be related to fracturing, which
mainly are intensity value and T2 relaxation time,
then picked these features and used them in the
numerator of Equation 1. The processing method
is based on the assumption that there exists an
underlying statistical model that describes the
spatial and physical interaction between adjacent
pixels. So fractures can be signalled by the
combination of a high magnetization value and
high T2 relaxation time for the same (I, j) index on
the two images, and adjacent pixels belong to the
same fracture if spatial continuity of the features
is statistically significant. These, and other more
sophisticated processing methods are currently
implemented by MAGRITTE, a proprietary ENI
software (Mattiello et al. 1977). Figure 1 shows
an example of the magnetization image of a
2 mm slice of a fractured sample, with the
corresponding fracture porosity image computed
by MAGRITTE.
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Fig. 1. The magnetic resonance image of a 2 mm slice of a vuggy, fractured reservoir sample. Colormap
indicates: red to yellow–>high magnitization value—>higher porosity; green to blue—>low magnetization
values—>lower porosity. The white zones are automatically found on the previous image by a correlation between
continuty of magnetization values and the corresponding T2 relaxation time values (image not shown). This
intermediate result image is the region used to compute fracture porosity.

Therefore measured total porosity, matrix+
fracture, and some local values of the volume
percentage related to fractures are the only
information directly available.

Stochastic modelling at small scale

Because of this lack of reliable direct data an
important contribution to porosity and perme-
ability evaluation can come from the stochastic
modelling of the fracture network at well scale.
This modelling is based on the structural data
that are collected on cores and logs, on which the
presence of different types of fractures (hydro-
carbon filled, water filled or cemented) is defined
in terms of trace length and position. The
general approach consists of building at this
scale a stochastic model of the fracture network
that is statistically consistent with the fracture
data recognized on cores. The fracture porosity
estimate is thus based on the calculation of the
stochastic model fracture network surface and
on the average fracture aperture, estimated on
cemented fractures observed on thin sections.

Obviously, cemented fractures are not part of
the porosity network; however they could repre-
sent the starting point for quantitative sensitivity
on the aperture of the producing fracture net-
work. This issue is very critical, the aperture
being controlled by many factors and in
particular by the in situ stress orientation and
intensity and by the reservoir fluid pressure. As
'true' data on fracture aperture are not available

and collectable, a trial-and-error approach seems
to be the most reasonable way to investigate the
phenomenon.

The estimated microfracture porosity has to
be reasonably validated by the comparison of
this value with the total porosity measured in the
laboratory and with the available local fracture
porosity values. The matrix block size of these
models can then be inferred on the basis of the
geometrical characteristics of this stochastic
model.

Input data for the stochastic model are the
statistical descriptions of the fracture sets
observed on cores and logs. Each set is charac-
terized by its orientation, the joint Fisher dis-
tribution of dip and azimuth (dip direction), by
its characteristic dimension, expressed as the
distribution of equivalent fracture radius, and by
the fracture set intensity distribution along the
sampled interval.

Data acquisition

For modelling purposes, each fracture trace
observed on the core surfaces or on image logs is
modelled by a lens, whose diameter is inferred
from the trace length and whose width is related
to the average cemented fracture aperture
observed on thin sections. The procedure to
calculate the equivalent minimum radius of each
fracture is extremely simple as each trace length
is related to the smallest circle whose diameter
and orientation fit the trace length when inter-
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Fig. 2, Concept and calculation of the equivalent
minimum radius.

secting a solid the external surface of which has
the same shape and size of the core surface
and/or the image log envelope (Fig. 2).

Fracture traces are identified and character-
ized on the wellbore image logs using the Z&S
SW tools, which allow each trace on the image to
be directly picked and labelled. For each picked
trace, the tool calculates its geometric descrip-
tion, then outputs the calculated fracture intensity
log. The equivalent minimum radii and fracture
density along the sample are computed by a pro-
prietary module embedded in the Z&S environ-
ment.

For cores, a proprietary hardware tool named
AUTOCAR acquires a panoramic photo-
graphic image of the outer cylindrical surface,
which can be processed with the same Z&S SW
tool used for log image data. Figure 3 shows a
panoramic core photograph in the Z&S environ-
ment.

Fig. 3. Fracture characterization and azimuth computation from the contemporaneous display of the outer core
surface image (right), UBI wellbore image (middle) and FMI image (left).
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When cores are broken, or cannot be photo-
graphed, an alternative procedure based on the
manual transcription of the traces on a trans-
parency film can be applied. Traces are classified
using colours as labels. The transparency is then
scanned, and the resulting image is processed by
the proprietary FREEFRACT software that
automatically reconstructs the geometry of each
trace, labelled by colour. This is accomplished by
the automatic picking of the manual fracture
transcription on the scanned transparency film,
and by the automatic individuation and classific-
ation of different fracture termination types.
This step avoids picking the traces again with the
Z&S SW tool. The same geometrical descriptive
parameters calculated with Z&S can be obtained
with the proprietary tool, and the results can be
merged.

The FREEFRACT software also allows auto-
matic counting and classification of fracture
intersections. Figure 4 shows fracture reconstruc-
tion, classification and intersection interpretation
in FREEFRACT, while the conversion from
image to geometries, both 2D and 3D, is shown
in Figure 5.

The relevant parameters can be summarized
as follows:

• fracture geometric description of each recog-
nized feature (position, orientation, dimension

measured as trace length and as equivalent
minimum radius);

• characteristics of each recognized fracture
(open, not fluorescent under UV light, and
interpreted as water filled; open, fluorescent,
interpreted as hydrocarbon filled; cemented);

• calculated true fracture intensity log.

Information concerning fracture width of
cemented fractures can be collected by the visual
analysis of thin sections performed with the
microscope, giving some reasonable 'clues' about
fracture aperture at reservoir conditions.

Data analysis
The subsequent data analysis can be subdivided
into three steps.

The first step consists in the post-processing
of geometrical fracture data as available from the
core and log analysis. Post-processing consists in
the statistical analysis of orientation, in order to
define fracture sets, and dimensions (trace lengths
and estimated radii) to provide a model for the
distribution of fracture sizes.

The second step is the evaluation of fracture
orientation along the whole interval in order to
verify the homogeneity of fracture framework
with depth. If fracture orientation varies along
the wellbore, the interval must be subdivided into
smaller homogeneous intervals.

Fig. 4. Reconstruction of fracture traces and their intersections on the outer core surface and/or wellore image
logs. Dark circles indicate reconstructed X-crossings, while the lighter circles are used for T-crossings. In such a
case the intersection classification is performed only for the open fractures (magenta), while the lines identify
bedding surfaces.
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Fig. 5. Reconstruction of the fracture geometries (middle) from their traces on the outer core surface (left),
using FREEFRACT software. The reconstructed geometries are plotted on a cylindrical surface, simulating a
core sample, on the right.

The third step consists of a comparison of the
geometric characteristics of the total fracture
population with those of the open fracture
population to check where open fractures can be
trated as a representative subset of the overall
fracture population. The similarity criterion is the
first condition to be fulfilled to assume that the
estimated cemented fracture width is represent-
ative of fracture aperture at reservoir conditions.

Fracture set definition

In order to simulate the fracture network in a
stochastic way, the total fracture population has

to be subdivided into different sets, which differ
in mean orientation (dip and azimuth) and can
be related to different deformation events. The
geologist performs this operation on the open
fracture population by plotting the fracture
orientation parameters on a stereoplot and then
selecting the more dense areas. The chronology
of the deformation events can be inferred from
the percentage of T-terminations of each
selected set: fracture sets formed during earlier
deformation phases will have a higher ratio of T
to X crossings than those formed in later events.
Therefore, each 'stratigraphical' horizon can be
characterized by a number of different fracture
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sets, each of which is defined by a specific distribu-
tion of dip and azimuth and by the probability
distribution of length and diameter. The charac-
teristic parameters (i.e. average and standard
deviation) of these distributions are computed
for each fracture sets. This is illustrated on
Figure 6.

Stochastic fracture network modelling

The fracture network of each stratigraphical
horizon is modelled using a stochastic approach,
whose input is the different fracture sets pre-
viously recognized. This process guarantees that
the stochastic model of the fracture network is
statistically consistent with the evidence observ-
ations on cores and logs. The stochastic model-
ling is considered the most appropriate approach
to describe a complex phenomenon, such as a
fracture network, that can be only partially
directly observed. In fact, it should be noted that
the fracture size data from core and wellbore
image log will be biased, since the smallest and
largest fractures will either not crop out at the

outer core surface or will be underestimated, due
to the limited sampling window. Tests on some
studied core materials show that a deterministic
modelling of the fracture network in this case
could lead to a significant underestimation of
fracture surface (about 30% less).

The model is built using a regular spatial
distribution (stationary Poisson point process) for
defining the discrete fracture network. ENI-Agip
uses the proprietary Sibylfrac software package
(Golder Associates 1997), assuming a model
dimension of 0.14 m (such a size determines a
modelization volume very similar to the dimen-
sion of both core samples and image logs). Some
preliminary stochastic models must be run in
order to match the fracture intensity measured on
the core with the simulated fracture intensity. The
same preliminary stochastic models are also used
to validate the distribution of estimated fracture
lengths. Validation is performed by comparing the
statistics of the measured trace with the statistics
of the simulated trace length calculated on a
cylindrical sampling surface. Once the model of
each homogeneous horizon has been validated

Fig. 6. Rosette diagrams and stereoplot contours of fracture poles are used for the statistical definition of the
fracture orientation in order to identify the main fracture sets (left). On the right is an example of the
histograms used for the statistical definition of fracture size distribuion.
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and calibrated, about 500 multiple stochastic
realizations are carried out. Figure 7 schematically
shows the process of stochastic modelling.

Stochastic fracture network sampling

Each stochastic realization of the fracture
network is then sampled to calculate the fracture
density values, namely the P21 and total P32
density. These are defined as follows: P21 is the
sum of trace lengths on a named surface divided
by the area of the same surface (unit m–1); P32 is
the sum of the areas of the fractures contained in
a named volume divided by the same volume
(unit is m–1).

The fracture spacing is sampled in three
different directions, x-y-z, to calculate P10 and
thus spacing. P10 is defined as follows: P10 is the
number of fractures on a surface divided by the
height of the surface (unit is m–1). Spacing is
calculated as 1/P10 unit m.

Plotting the P21 against the P32 values, a
good correlation can usually be found using a

regular spatial distribution. This correlation is
specific to each homogeneous horizon and shows
a direct linear trend with an increasing value of
P32. Figure 8 shows the correlation between P21
and P32 for a fractured sample.

Another correlation, specific to each homo-
geneous horizon, can usually be defined among
fracture density P21 and fracture spacing in the
three different directions, x-y-z. This latter
correlation generally shows an exponential
increase in the average fracture spacing with
reduction in fracture intensity. This correlation
can, however, be different in the three different
directions x-y-z, suggesting an irregular,
elongated, shape of the 'surrounded blocks'.

Calibration of the fracture network
modelling

Considering the relative reliability of some input
data like the fracture aperture, all interpretations
have to be calibrated with the available measure-
ments performed on some selected full-size

Fig. 7. The various steps performed during the stochastic modelling approach for fracture porosity estimation.
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Fig. 8. Comparison between the calculated fracture intensit P21 and P23: a direct, strong correlation between
the two density values is expected using the regular spatial distribution hypothesis.

samples. This kind of calibration has, however,
some limitations, considering that the laboratory
measurements are very often performed at room
conditions, as in the cases analysed, while the
estimated fracture aperture on the cemented
fractures should represent the fracture width at
reservoir conditions.

Keeping this problem in mind, the fracture
porosity profile can be compared to the total frac-
ture porosity measured on some selected samples
and also with the pore volume affected by small
capillary forces. The fracture connectivity/perme-
ability can, on the other hand, be compared to the
measured permeability of the available samples.

Results of well-scale modelling
Various applications of the previously described
methodology have been applied to real cases.
Here the results of this modelling used for the
characterization of tight carbonates (Cretaceous
packstone and wackestone with matrix porosity
less than 2 m3/m3) of an Italian reservoir located
in the southern Apennines (Van Dijk et al. 2000)
are summarized. The above-mentioned elabor-
ations have been performed as a starting point on
30 full-size samples and on the neighbouring

cored intervals for which the P21 density data
were available. In this way the information
obtained corresponds to a wellbore interval 50 m
long, calibrated with 28 m of cores.

Fracture porosity
Fracture porosity can be obtained using a
constant fracture width, which is the average or
median value of the population, observed on thin
sections. Of course, the porosity value is gener-
ally very sensitive to the fracture aperture, which
has to be carefully selected and calibrated against
any available fracture porosity value.

In the above-mentioned example, the obtained
fracture porosity ranges between 0 and 0.7%,
with an average value of 0.14%. This value was
obtained using a constant fracture width of
40 um. Comparing the porosity results to the
total fracture porosity, the pore volume is
characterized by small capillary forces which are
not always recognized. However, this average
value of 40 um for the fracture aperture might
not always be suitable. Therefore, the porosity
value can generally be considered useful although
a more accurate analysis of the different cored
wells which could lead to more differentiated
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values of fracture aperture ranging between 20
and 80 um might alter this average estimate.

Fracture connectivity
The connectivity of the fracture network can be
analysed in the three different directions, x-y-z, in
relation to the average fracture size. When the
values differ considerably in the three directions,
a high anisotropy of the system can be inferred.

In the examined case study, the connectivity
seems to be generally poor and sometimes effec-
tive only in the x and y direction and therefore
suggests a high anisotropy of the system.

Matrix blocks size
As mentioned above, when the fracture intensity
is locally high it suggests the development, at well
scale, of a continuous network of isolated matrix
blocks. The size and the shape of these blocks
can be evaluated using the spacing along the x-y-
z directions.

As mentioned above, the fracture intensity
seems locally high enough to develop, at this
scale, a continuous network of isolated matrix
blocks. The size of these blocks, when defined, is
generally small, ranging around 2-3 cm and
sometimes elongated in the z direction.

Fracture permeability
The fracture permeability measured at room
conditions on the selected samples can be reason-
able matched with the simulated network using
values of the throat apertures ranging between 6
and 31 um. These values seem to be quite
consistent with the fracture aperture estimated on
the cemented events that show a mode of about 10
um, and seems to support the reliability of these
data. However, if one could measure the fracture
permeability at reservoir conditions, the real
throat aperture affecting the flow behaviour in the
reservoir could be estimated and a better estimate
made of the cemented fracture widths.

Conclusions
The present study shows that on the well scale,
the combination of discrete stochastic and
deterministic modelling of the fracture network
can lead to a more reliable estimate of various
basic parameters necessary for static and
dynamic numerical modelling of a fractured
reservoir.

Stochastic modelling of the well-scale fracture
network provides reliable estimates of funda-
mental parameters such as the fracture porosity,

connectivity and permeability and of the matrix
block size and shape. Heterogeneity at this scale
can be inferred from the variation of different
parameters in various layers constituting the
reservoir. The results of such models can be
compared with production data, as successfully
done by Verga et al. (2001).

We thank ENI-AGIP Division - SVAG Department
for the highly appreciated continuing support to the
project. The results of the present study were issued in
a number of specific internal ENI reports related to the
different items here discussed.
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From seismic data to core data: an integrated
approach to enhance reservoir characterization
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Abstract: Integrated structural analyses of seismic and various well data are necessary to
optimize hydrocarbon reservoir characterization. However, there are many published
examples from the oil and gas industry where single data types are analysed but not inte-
grated. This may lead to erroneous interpretations and drainage strategies. As illustrated by
an example from the area around well 34/10-B-12 in the North Sea Gullfaks Field, integrated
structural interpretation should typically utilize all available seismic surveys, well log
correlation data, dipmeter data and core data. Interpretation of seismic data helps in the
understanding of large-scale structural and stratigraphic geometries. Time-lapse (4D) seismic
helps to identify changes in reservoir properties caused by injection and production. Well log
correlation data are used to document variations in zonation thickness caused by sedi-
mentological or structural changes. Dipmeter data tie observations of bedding orientation
from seismic data to subseismic scale. Core data represent the most detailed (millimetre to
metre scale) data available and can yield information on rock properties as well as sedi-
mentological and (micro)structural features. Small-scale deformation structures such as
deformation bands and fractures can typically be identified and characterized. In addition, it
is possible from unorientated cores to find the orientation of bedding and deformation struc-
tures. This information is compared to observations from dipmeter data, well log correlation
data and seismic data to improve the interpretation.

Well 34/10-B-12 is a hanging wall injector near one of the large-scale faults in the Gullfaks
Field. Several 3D seismic surveys are available from the area, as are standard well log data,
dipmeter information and cores. Together, the data range from millimetre to kilometre with
some overlap between the data types. Through integrated analysis, pitfalls such as interpreting
any linear feature on timedip attribute maps as faults has been avoided. Also, a geometric
relation between core-scale and seismic-scale faults has been established, and it has been
possible to relate small-scale and large-scale structures in a model which is consistent with all
the available data.

Deformed reservoirs require integrated use of all
available sources of information rather than
'stand-alone' interpretation of the individual
data types. However, for various reasons, the
simple principle of integration is commonly
neglected in the interpretation of oil and gas
fields, potentially leading to serious mis-
interpretations and erroneous drainage strategies
(Hesthammer et al. 2001). This paper demon-
strates how the analysis and integration of
seismic data, stratigraphic log correlation data,
dipmeter data, production (pressure) data and
core data give a comprehensive understanding of
the reservoir characteristics in the area around
one of the wells drilled in the Gullfaks Field,
northern North Sea (Fig. 1).

The Gullfaks Field covers an area of c. 55
km2, and contains more than 200 wells with
information from more than 125 km of drilled
reservoir rocks. Among the available well data

are 34 km of dipmeter data and 6 km of core
data. The field is structurally complex, but large
amounts of well data have helped to outline
the structural geology of the field (Fossen &
Hesthammer 1998a). The Gullfaks Field is
divided into three structural domains: a western
domino-style fault system with easterly dipping
faults and westerly dipping bedding; an eastern
horst complex of elevated subhorizontal layering
and steep faults; and a transitional accommo-
dation zone (graben system) which is in part
identified as a modified anticlinal fold structure
(Fig. Ib). Total reserves amount to 319xl06

standard m3 of oil and some 30 x 109 standard m3

of gas in the Jurassic Brent Group, the Cook and
Statfjord Formation (Fm.) reservoirs (Fig. 2).

Well log correlation has identified 290 faults
with displacements ranging from 4m to more
than 500 m. Many of these faults are also identi-
fied from dipmeter analyses. If the faults are

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 39-54. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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Fig. 1. (a) Structure map of the Rannoch Fm. in the Gullfaks Field; see inset map for location, (b) East-West
profile through the three different structural domains; see (a) for location. Modified after Fossen & Hesthammer
(1998a).
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Fig. 2. Stratigraphic column for the Jurassic and
Triassic reservoir units within the Gullfaks Field.
Modified after Tollefsen et al. (1994).

associated with drag of bedding (which applies
to more than 60% of all faults; Hesthammer &
Fossen 1998), it is often possible to estimate the
orientation of the faults. In addition, the width
of the drag zones can be quantified. This can
then be used for analyses of sealing potential of
the faults. Comparison of faults identified from
detailed well log correlation with seismic data
demonstrates that only 25% of faults with dis-
placement less than 30 m can be identified in the
seismic data (Hesthammer & Fossen 2001). For
faults with displacements that exceed 30 m, more
than 67% of the faults can be observed on the
seismic survey. This important observation can
help the geologist to avoid overinterpreting
seismic data as well as to identify the potential
for structural interpretation.

Core analyses demonstrate that faults in the
Gullfaks Field are associated with abundant
deformation bands. Such zones of deformation
bands are easily identified and quantified from
fracture frequency diagrams. The deformation
bands can reduce the permeability of the sand-
stones by up to three orders of magnitude
(depending on the content of mica; Hesthammer
1999b; Hesthammer & Fossen 2001) and repre-
sent important barriers for fluid flow. Within the
narrow fault zone, the deformation bands tend to
become subparallel to the larger faults. Orienta-
tion analysis of deformation bands therefore also
yields information on the orientation of the
larger-scale faults. It is possible from unorient-
ated cores to find the orientation of faults
provided that the orientation of bedding is
known.

Well 34/10-B-12
Well 34/10-B-12, which is an injector in the
Middle Jurassic Tarbert Fm. (Fig. 2), is used in
this example to demonstrate how seismic and
well data can be integrated to enhance the struc-
tural understanding of an area. The well is
located mainly in the hanging wall to two large-
scale faults (Fig. 3) but penetrates the faults in
the lower part of the well. In addition to seismic
and standard well data, dipmeter and core data
were collected for sedimentological and struc-
tural analyses.

Seismic data
Several seismic surveys have been collected over
the Gullfaks Field. The reasons for collecting
more than one survey is mainly related to
improvements in data acquisition procedure. In
addition, studies of time-lapse (4D) seismic lead
to better oil recovery by identifying areas where
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Fig. 3. Structure map of the Rannoch Fm. from the
area around well 34/10-B-12. Two faults associated
with 69 m and 92 m missing section, respectively, have
been identified from well log correlation. Seismic data,
dipmeter data and core data show that the faults dip
25-35° towards the ESE.

the oil has not been drained by existing pro-
ducers. Once available, different seismic surveys
may be combined to enhance data quality for
structural interpretation (Hesthammer &
L0kkeb0 1997; Hesthammer 1999a).

As an example, Figure 4 shows two seismic
profiles from where well 34/10-B-12 penetrates
two main faults. Figure 4a is from the survey
collected in 1985 (and reprocessed in 1992)
whereas Figure 4b is from the 1996 survey. In
general, the main faults and seismic reflections
are better imaged in the oldest survey. This
somewhat surprising observation is probably
related to non-optimal acquisition geometries
and processing procedures of the 1996 data.

Although two large-scale faults have been
identified from well-log correlation, the faults are
indistinguishable on the seismic data. This is due
to the closeness of the two faults (located only 15
m apart). Within the hanging wall, bedding dip
decreases somewhat towards the faults as a
result of large-scale drag which is commonly
observed within the domino system (Fossen &
Hesthammer 1998a). The footwall does not
display any gradual change in dip and thus

Fig. 4. (a) Seismic east-west profile from the area around well 34/10-B-12. The seismic data are from a 1985
survey that was reprocessed in 1992. A large-scale fault offsets the seismic reflections. Detailed well log
correlation show that the fault actually consist of two faults associated with 69 m and 92 m missing section. The
seismic resolution does not allow separation of the two faults, (b) Same as (a) but from a survey acquired in
1996. The fault is less obvious in this data set. In addition, the seismic reflections appear to be less continuous.
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appears from seismic data to be unaffected by
deformation.

Based on interpretation of the seismic reflec-
tions, several seismic attribute maps can be
generated. For structural interpretation of the
Gullfaks Field, the timedip map (Dalley et al.
1989; Hoetz & Watters 1992; Voggenreiter 1991)
proved most useful. Figure 5a shows a timedip
map of the intra-Ness Fm. (Fig. 2) reflection
from the area around well 34/10-B-12. The map
was created by snapping the interpretation to the
nearest maximum and then calculating the
derivative of the snapped horizon. Dark lines
represent jumps in the interpretation that may be
related to real features such as faults, or may be
seismic artifacts caused by noise interference
problems (Hesthammer & Fossen 1997a, b). The
prominent dark centrelines are related to offset
of the intra-Ness Fm. reflection caused by the
main faults. The presence of two such distinct
linear features may erroneously be interpreted to
represent offset along the two main faults. To
improve the visual impression of the attribute
map along the fault, the interpreted horizon was
interpolated across the faulted area prior to
snapping. The linear features arise as the auto-
tracked horizon attempts to follow the trace of
the fault plane. Where the fault plane reflection is
weak or absent, the autotracked horizon will
tend to follow bedding plane reflections or
multiples in a stepwise manner (Fig. 5c).

Within the footwall area to the main fault,
several (curvi-)linear fault-like features are
present. Whether these represent real faults or
not cannot be determined from analyses of data
from the 34/10-B-12 well alone. However,
numerous other detailed studies of well and
seismic data from the Gullfaks Field demon-
strate that the vast majority of the (curvi-)linear
features are caused by the interference of dipping
coherent noise with real reflections (Hesthammer
& Fossen 1997a, b, 1998; Hesthammer & L0kkeb0
1997; Hesthammer 1998, 1999a). This inter-
ference causes the real reflections to break up
and rotate in the direction of the dipping noise,
thus giving the appearance of a faulted layer. The
noise interference features are particularly
abundant in areas of poor seismic data quality
and along weak seismic reflections. The latter is
especially obvious in Figure 5b, which is a
timedip map of the Cook Fm. reflection from the
same area as shown in Figure 5a. The reflection
is associated with weaker amplitudes and, as a
result, it is generally not possible to extract
detailed structural information from the seismic
attribute maps. The reason that the main fault
can be observed (the through-going black
centerlines) on the timedip map from the Cook

Fm. reflection is that the snapping routine uses
the subjective interpretation, which is in part
based on observations from well log correlation,
as a guide and is therefore forced to follow the
fault plane. In this sense, the timedip map is only
semi-objective. Efforts to image the faults by
using fully objective mapping techniques, such as
the coherence or correlation maps (Bahorich &
Farmer 1995; Brenneke 1995; George 1996),
fail when the data quality becomes this poor
(Hesthammer 1998). By combining different
seismic surveys and applying strong frequency
and dip filters to the seismic data, much of the
noise features can be removed or diminished
(Hesthammer & L0kkeb0 1997, Hesthammer
1999a).

One of the main motivations for collecting
new seismic surveys over the Gullfaks structure
in 1995 and 1996 was to explore the potential of
time-lapse (4D) seismic. Figure 6 shows ampli-
tude maps of the Tarbert Fm. from the 1985
(Fig. 6a) and 1996 (Fig. 6b) seismic surveys. In
addition, Figure 6c displays the differences in
amplitude values between the two surveys. There
is a marked difference in the seismic amplitudes
around injector 34/10-B-12 between the two
surveys. In particular, the amplitude map from
the 1996 seismic survey displays weaker values
near the well. This is likely related to replacement
of oil by water due to injection and production.
This replacement changes the velocity properties
of the rock and therefore the seismic reflectivity.

In 1997, a producer (34/10–C-36) was drilled
into the footwall of a domino-style fault block
that contains the B-12 injector (i.e. updip of well
34/10–B-12). The well experienced early water
breakthrough, consistent with observations from
the seismic attribute maps which indicate that the
waterfront had almost reached 34/10–C-36 prior
to drilling of the well. Unfortunately, processing
and analysis of the 4D data were not finished
when the C-36 well was planned. As a result, the
well was planned and drilled without incorpor-
ating results from integrated studies of well data
from the 34/10–B-12 well and the two seismic
surveys. It is quite possible that the entire cost of
the new seismic survey could have been covered
by simply placing well 34/10–C-36 more
optimally (farther north) based on results from
4D studies.

Well log correlation data
Well 34/10–B-12, which deviates 28° from vertical
towards 320 (NW), penetrates reservoir rocks of
the Tarbert, Ness, Etive, Rannoch and Cook
Fms (Fig. 7). Well log correlation from the area
identified two faults in the well. A fault with 69
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Fig. 5. (a) Seismic timedip map of the intra-Ness Fm. reflection in the 1985 seismic survey. The data quality is
generally good and the attribute map is little affected by noise. The dark centrelines represent offsets associated
with the main faults, (b) A timedip map from the Cook Fm. reflection. This seismic reflection is much weaker
than the intra-Ness Fm. reflection, and is therefore more affected by (curvi-)linear noise interference features,
(c) Cartoon illustrating how numerous linear features arise as the autotracked horizon attempts to follow the
trace of the fault plane. Where the fault plane reflection is weak or lacking, the autotracked horizon tends to
follow bedding plane reflections or multiples in a stepwise manner.
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Fig. 6. (a) Amplitude map of the Tarbert Fm. from the area around well 34/10–B-12 based on the 1985 seismic
survey, (b) Amplitude map of the Tarbert Fm. based on the 1996 seismic survey. (c) Difference map displaying
changes in amplitude values between the two surveys. The changes in reflectivity are likely related to changes in
reservoir property caused by injection of water in well 34/10–B-12. The waterfront had almost reached well
34/10–C-3 6 by the time the C-36 well was drilled and the well experienced water breakthrough shortly after
production was initiated. The dark green lines represent the initial oil-water contact.

m missing section is located within the Rannoch
Fm. at 2950 m measured depth (MD) (2170 m
true vertical depth, TVD) and a fault with 92 m
missing section exists in the Drake Fm. at 2983 m
MD (2199 m TVD). Due to the large number of
wells on the Gullfaks Field, the sedimentologists
are generally able to locate minor faults with as
little as 4 or 5 m missing section. Furthermore,
studies show that more or less all faults on the
Gullfaks Field with displacements larger than
10m are identified from well log correlation
(Fossen & Rornes 1996; Fossen & Hesthammer
2000). The area around well 34/10–B-12 contains
several other wells that make detailed control of
isopach thickness possible. In particular, correla-
tion against a nearby exploration well (34/10-3)
shows that any possible additional faults in well
34/10–B-12 must have displacement less than
3-5 m.

Dipmeter data
Dipmeter data yield information on a scale between
seismic data and core data (R0nningsland 1990;
Kaya & Norman 1993; Hurley 1994). Well
34/10–B-12 was drilled with oil-based mud. As a
result, it was necessary to use an oil-based
dipmeter tool to record information on resist-
ivity changes caused by lithological changes
(Schlumberger 1986, 1990, 1991; Stuart-Bruges
1984; Dumont et al. 1987). Studies from more
than 23 km of dipmeter data from the Gullfaks
Field demonstrate that, although the data

quality from oil-based dipmeter tools is poorer
than the quality from water-based tools, it is
commonly possible to obtain good control on
changes in bedding orientation (Hesthammer &
Fossen 1998). Figure 8 shows the results of
processing the resistivity curves acquired by the
dipmeter tool. In general, the data quality of the
resistivity curves indicates good borehole
conditions and little tool sticking. However, since
the use of oil-based mud causes more scatter of
the resulting tadpoles, care must be taken when
carrying out structural interpretation.

The general dip of bedding in well 34/10–B-12
changes from 12-14° towards the west in the
uppermost parts of the well to subhorizontal and
even shallow dips to the east near the faults
located at 2950 m MD and 2983 m MD. The
gradual decrease in dip of bedding is consistent
with observations of large-scale drag towards the
east-dipping faults as seen in seismic data (Fig.
4). A sudden change in dip occurs around 2900 m
MD. Although this interval contains much
scatter, it appears that the dip is much higher
than for the intervals above and below. If the
change in dip of bedding is caused by drag
related to a fault, the fault must dip in a westerly
direction since the interval is characterized by
steepening drag (Bengtson 1981; Hesthammer &
Fossen 1998). The well log correlation, however,
shows that no larger faults exist in the interval
around 2900 m MD. Any faults must, therefore,
have displacement less than 3-5 m. Also, the
seismic data show no indications of a westerly
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Fig. 7. (a) Well log from well 34/10-B-12. See Figure 2 for lithological description, (b) Geological profile along
well 34/10–B-12.
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Fig. 8. Dipmeter data from well 34/10–B-12. The well was drilled using oil-based mud. It was therefore
necessary to use an oil-based dipmeter tool. This causes more scatter of the processed data than data collected
using a water-based dipmeter tool. It is, however, still quite possible to observe general changes in bedding
orientation from the oil-based dipmeter data. Dip of bedding decreases with depth and shows easterly dip near
the two main faults.
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dipping fault, suggesting that any displacement
must be below seismic resolution (i.e. 20-30 m).
Since there is no obvious relationship between
the width of the zone affected by local drag of
bedding and the displacement of the faults on
the Gullfaks Field, it is quite possible that a
minor antithetic fault is located around 2900 m
MD.

In the interval from 2950 to 2985 m MD,
where the two large-scale faults are located, many
of the dipmeter measurements indicate easterly
dip. Seismic data clearly demonstrate that the
faults must dip in an easterly direction. This
suggests that the two faults are associated with
flattening drag and that bedding decreases from
12-14° towards the west in the Tarbert Fm. to
subhorizontal and easterly dip in the Rannoch
and Drake Fms. Dipmeter data alone are not of
sufficiently good quality that detailed changes in
bedding orientation can be observed, and such
data must therefore be used in conjunction with
other data types.

The amount of dip of the two faults cannot
be determined with certainty from dipmeter data
alone. It may, however, be possible to indicate a
rough minimum dip of the faults by identifying
the maximum dip of the strata at the exact
location of the faults. Only if bedding is dragged
completely parallel to the faults can studies of
bedding dip give the exact dip of the faults. At
the location of the faults, there are indications of
localized drag, suggesting easterly fault dips in
excess of 20–40°. Since the data are processed
from an oil-based dipmeter tool, such detailed
interpretation must be treated with extreme care
and should not be used alone. In the present case,
seismic data (Fig. 4) indicate that the faults dip
approximately 25-35° towards the east, which is
consistent with observations from dipmeter data.

Core data
Core data provide the geologist with the most
detailed information about reservoir properties.
The reservoir rocks in the hanging wall to the
main faults were cored in well 34/10–B-12 to
investigate petrophysical, sedimentological and
structural properties. Figure 9a displays the fre-
quency of deformation bands per half metre as
observed from cores in well 34/10–B-12. Deform-
ation bands are microfaults with less than a few
centimetres of displacement. In addition, the
bands have not developed distinct slip surfaces
and, therefore, represent localized areas of strain
hardening rather than the typical weakening of
rocks associated with larger-scale faults (e.g.
Antonellini et al. 1994). It is clear from the
diagram that the two main faults located at

2950 m MD and 2983 m MD are associated with
abundant deformation bands in a narrow
interval that defines the width of the deformation
zones. In addition, there is an interval of abund-
ant deformation bands located around 2900 m
MD. This is the same location where dip of
bedding increased according to dipmeter data.
Well log correlation data demonstrate that a
possible fault can only be associated with minor
(3-5 m) displacement. The width of the damage
zone for the possible minor fault located at 2900
m MD is wider than that observed around the 69
m fault located at 2950 m MD. This observation
may be surprising, but is consistent with other
studies of core data from the Gullfaks Field,
which show no simple relationship between the
width of a fault's damage zone and the displace-
ment of the fault (Hesthammer & Fossen 2001).
The reason for this may be that the deformation
bands were created prior to development of a
distinct slip surface (Aydin & Johnson 1978,
1983; Fossen & Hesthammer 1998b). Once a
weak slip surface exists, there is no need to
develop more deformation bands unless irregular
fault plane geometries cause local areas of fault
locking and strain hardening.

A total of 256 m of cores exist for the B-12
well. Of these, 222.6 m were available for analyses.
The remaining interval was either missing (6.9 m),
characterized by low coherence (22.2 m) or
intensely tectonically fragmented (4.3 m). A total
of 392 deformation bands were identified, most of
which occur in narrow damage zones. The average
displacement along each deformation band is 6.1
mm. This gives an accumulated displacement for
all deformation bands in the well of 2.4 m. This is
much too little to explain the gradual decrease of
bedding observed in the hanging wall (large-scale
drag) as being caused by deformation bands
alone. In addition, well log correlation and dip-
meter data demonstrate that there are not enough
faults with discrete slip surfaces to account for the
change in bedding dip. Since deformation of the
Gullfaks Field occurred immediately after depos-
ition of the Brent Group when the sediments were
only loosely consolidated, it is likely that much of
the sub-seismic deformation occurred by a
reorganization of individual grains rather than
by discrete fractures or deformation bands
(Hesthammer 1999b).

Figure 9b shows dip of bedding with respect
to depth as observed from core data. Since the
well is deviated from vertical, the measurements
do not represent the true dip of bedding. The
observed gradual decrease in bedding dip
towards the two main faults supports observ-
ations of hanging wall drag from seismic and
dipmeter data. In addition, the high dip of
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Fig. 9. (a) Fracture frequency diagram for well 34/10–B-12. Number of deformation bands per half metre is
plotted along the y-axis whereas measured depth is plotted along the x-axis. The two faults associated with 69 m
and 92 m missing section in the Rannoch and Drake Fms, respectively, are associated with a narrow
deformation zone containing numerous deformation bands. Also, a minor fault (less than 3-5 m offset) may be
located around 2900 m MD where another cluster of deformation bands is observed, (b) A plot showing change
in dip (as observed in core data) versus depth illustrates how the dip of bedding decreases towards the main
faults. This is a result of large-scale drag in the hanging wall. A steepening drag associated with a minor fault
may be observed at around 2900 m MD. Modified after Hesthammer & Henden (2000).

bedding observed from dipmeter data around
2900 m MD is also clearly observed in the core
data. This supports the view that a westerly
dipping fault with minor offset is located within
this interval.

The core from well 34/10-B-12 was not
orientated. It is, therefore, not possible from core
data alone to determine the exact bedding
orientation. However, observations of dip from
the slabbed core (the core is slabbed parallel to
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the dip direction of bedding) allows calculations
of a solution population curve showing all pos-
sibilities for bedding orientation (see Hesthammer
(1998) for a description of the procedure). Figure
10 shows solution population curves for bedding
orientation for the Tarbert Fm. (blue curve),
Ness Fm. (green curve), Etive Fm. (yellow
curve), Rannoch Fm. (orange curve) and the
Drake Fm. (red curve). Seismic data from the
Tarbert Fm. indicate a dip of 13° towards 290.
This is consistent with observations from dip-
meter data. Also, the interpreted orientation
from dipmeter and seismic data plot on the
solution population curve from core data. This
gives a unique orientation of bedding for the
Tarbert Fm. Similarly, seismic interpretation of
the intra-Ness Fm. reflection indicates that
bedding dips 6° towards 295, which is also con-
sistent with observations from dipmeter data.
These measurements plot on the solution popul-
ation curve for bedding orientation measured
from core data from the Ness Fm.

Although seismic data and dipmeter data are
not conclusive for measurements of bedding
orientation within the Etive Fm., core data

suggest that bedding dip is subhorizontal. Within
the Rannoch and Drake Fms, dipmeter data and
core data both suggest that the bedding dips
shallowly (2–4°) towards the east.

These observations are consistent with large-
scale drag related to a ESE-dipping fault. The 69
m fault located at 2950 m MD is associated
with a zone of fault breccia (Fig. 11). Abundant
deformation bands appear to be subparallel to
the edges of the brecciated zone. It is thus likely
that the deformation bands are subparallel to the
large-scale fault. Since bedding orientation is
determined from seismic, dipmeter and core
data, it is possible to estimate the orientation of
the deformation bands and faults as observed in
the core data and thus estimate the orientation of
any larger-scale fault. There are two different
approaches that may be applied. One is to use
vector calculations and polar coordinates, as
described by Hesthammer & Henden (2000).

A different approach is to use stereographic
projection. This method does not require the use
of mathematics and is easier if only a few
orientation data are to be measured. The well is
deviated 28° from vertical towards 320, indicated

Fig. 10. Solution population diagram for possible orientations of bedding based on analyses of core data from
well 34/10–B-12. The dip of bedding decreases from 12-14° towards the west in the Tarbert Fm. (blue curve) to
6° in the Ness Fm. (green curve), via subhorizontal in the Etive Fm. (yellow curve) to easterly dips in the
Rannoch and Drake Fms (orange and red curves, respectively). Seismic data and dipmeter data are consistent
with core data, thus verifying the gradual change in bedding dip.
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Fig. 11. (a) Core photograph of the interval
2949-2941 m MD in well 34/10–B-12. The 69 m fault
located at 2950 m MD is associated with a fault
breccia. Numerous deformation bands in the
immediate vicinity of the fault appear to be
subparallel to the fault, (b) Close-up of deformation
bands and a minor fault located near the 69 m fault at
2950.7 m MD. See the main text for details. From
Hesthammer & Henden (2000).

by the unit vector B. Bedding orientation for the
Rannoch Fm. was found from core data (Fig. 10)
and dipmeter data to be approximately 3°
towards 110. The normal or pole to bedding (n)
is thus 290/87. The slabbed core surface is the
great circle (M) containing both n and B (Fig.
12a). From Figure 11, it is possible to measure
the angle y between the intersection of the fault
with the slabbed core surface (D') and the vector
n to 74°. Two possible orientations of D' arise
(counting 74° from n along M in both directions;
Fig. 12a). However, since bedding and the trace
of the fault on the core surface can be seen to dip
in the same direction, one of the possible posi-
tions of D' is eliminated (grey star in Fig. 12a).
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Fig. 12. Stereographic projection showing the unique
solution of fault orientation for the 69 m fault located
at 2950 m MD in well 34/10–B-12. The diagram shows
that the fault must dip 21° towards 123 (SE). This is
consistent with observations from dipmeter data and
seismic data. M is the slabbed core surface displayed
in Figure 11, n is the pole to bedding, D' is the trace
of the fault on M, and D" is the corresponding trace
on the core section perpendicular to M. See text for
further explanation.

Plotting the pole to M and drawing a great
circle through this pole and B displays the section
perpendicular to the main slabbed core surface
(Fig. 12b). The trace of the fault (D") in this
section makes an acute angle (d) of 85° with B.
Since the angle can be measured in both
directions along the great circle, we are left with
two possibilities for D" (Fig. 12c). We observe
the direction of apparent dip of layering (and D')
in the M-section is to the left (Fig. 11). From the
stereonet data this means that we are looking at
the M-surface from the NE. Knowing from core
observation that D" is plunging out of the page
(Fig. 11), i.e. to the NE, enables us to choose the
NE-plunging alternative for D" (Fig. 12c). The
great circle that contain D" and D' represents the
fault, which is dipping about 21° towards 123
(SE). This result is consistent with observations
from seismic data (Figs 3 & 4) and dipmeter data
(Fig. 8) and demonstrates how analyses of differ-
ent data types can be integrated to obtain a
coherent structural interpretation.

A similar approach can be applied to the fault
located at 2983 m MD. The fault itself is not
preserved within the cored section and it is
necessary to assume that the nearby deformation
bands are subparallel to the fault. Figure 13
shows a core photograph near the fault. Values
of y and d from the intersection of a deformation
band with the slabbed core surface and the
section orientated perpendicular to this were
measured to 64° and 100°, respectively. Orienta-
tion of bedding was measured from dipmeter
data and core data to be 5° towards 110 within
the Drake Fm. The well orientation is the same
as within the Rannoch Fm. The resulting unique
solution based on Stereographic projection (Fig.
14) shows that the fault must dip 33° towards
124. This is sufficiently close to the orientation of
the fault located at 2950 m MD to assume that
they are subparallel, as is indeed indicated by
seismic data and dipmeter data.

Conclusions

Integrated, rather than individual, analyses of
all available data enable the structural inter-
preter to confidently understand the character-
istics of reservoir geometries. Typical data types
that are available for structural interpretation
include seismic, well log correlation, dipmeter
and core data. The range in scale varies from
many kilometres to less than a millimetre. Since
the different data types normally overlap in
scale, it is possible to control the quality results
from the analyses and thereby strengthen the
observations or identify possible sources of
error.
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Fig. 13. Core photograph near the 92 m fault located
at 2983 m MD in well 34/10-B-12. Several deformation
bands are identified. See the main text for detailed
discussion. From .Hesthammer & Henden (2000).

Integrated use of seismic and well data from
the area around well 34/10–B-12 on the Gullfaks
Field has helped the structural geologist to
understand the properties and geometries of the
reservoir. In particular, the data analyses lead to
the following conclusions:

Seismic data are of reasonably good quality in
the area around the B-12 well and show that at
least one large-scale east-dipping fault cut through
the seismic reflections. The fault is associated
with hanging-wall drag, which affects most of
the reservoir penetrated by well 34/10–B-12.

Studies of time-lapse seismic identify a water-
front caused by injection of water in well 34/10-
B-12. This waterfront was verified by water
breakthrough in well 34/10–C-36 located updip
of the B-12 well.

Well log correlation identified two large-scale
faults located only a few metres apart: a fault
associated with 69 m missing section within the

Fig. 14. Stereographic projection showing the orient-
ation of the deformation band located near the 92 m
fault at 2983 m MD in well 34/10–B-12. Analyses of
core data show that the fault likely dips 33° towards
124 (ESE). This is subparallel to the 69 m fault
located at 2950 m MD and consistent with
observations from dipmeter data and seismic data. See
text for further explanation.

Rannoch Fm. and a fault with 92 m missing
section in the Drake Fm. Any additional faults
must have displacements less than 3-5 m.

Dipmeter data show that the dip of bedding
in the 34/10–B-12 well decreases from 12-14° at
the uppermost reservoir level to subhorizontal
and shallow easterly dip in the lowermost parts
of the well. The two large-scale faults are associ-
ated with easterly dip of bedding and flattening
drag, suggesting that the faults must dip to the
east. This is consistent with observations from
seismic data.

Core data demonstrate that the two large-scale
faults are associated with abundant deformation
bands in a narrow deformation zone. The
number of deformation bands is too small to
account for the change in bedding dip associated
with the large-scale drag in the hanging wall.
Since well log correlation shows that no larger
fault exists in the hanging wall to the main faults,
it is likely that most of the deformation was by a
widely distributed grain reorganization rather
than by faulting.

Core data also show that the dip of bedding
decreases towards deeper reservoir levels. Bed-
ding orientation measurements from seismic data
and dipmeter data plot on the solution popula-
tion curves for possible bedding orientation
based on core data. This verifies that the different
data types are consistent and reliable.



54 JONNY HESTHAMMER & HAAKON FOSSEN

Analyses of fault orientation from core data
show that the 69 m fault located at 2950 m MD
must dip 23° towards 120, whereas the 92 m fault
located at 2983 m MD dip 32° towards 125. This
is consistent with observations of fault orienta-
tion from seismic data and dipmeter data.

The authors would like to thank Statoil and Norsk
Hydro for permission to publish this paper.
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Fault and stress magnitude controls on variations
in the orientation of in situ stress
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Abstract: There has been a great deal of interest in mapping regional trends in stress orienta-
tion and their relationships to crustal deformation processes over the last quarter century.
Less emphasis has been placed on explaining local variations in the stress field. However, it is
variations in the local stress field which are most critical to characterizing hydrocarbon
reservoirs. Fracture orientation, well stability, well orientation, and permeability anisotropy
are all strongly affected by variations in the local stress field.

Using stress orientation data from a number of fields in different tectonic environments, we
have tried to determine some of the tectonic and geological controls on variations in in situ
stress orientation. We find that nearness to faults, fault structure, and magnitude of tectonic
stress play primary roles in determining whether the regional stress field will be perturbed in
a given reservoir and whether small-scale variations in the stress field can be expected.

We find that high tectonic stress environments (large horizontal differential stress) lead to a
much more consistent local stress field than more tectonically quiescent areas. Faults can play
a large role in rotating the local stress field. The smaller the difference between the maximum
and minimum horizontal stress magnitude (i.e. lower tectonic stress), the larger a fault's zone
of influence is. Large-scale faulting with segmentation of the reservoir into discrete fault
blocks can lead to significant stress orientation variations across the reservoir even in areas of
large differential stress.

There has been a great deal of interest in
mapping the orientation of in situ stress in the
upper crust across the globe over the last quarter
century (Zoback & Zoback 1980; Zoback 1992).
This effort has improved our understanding of
crustal deformation processes and the influence
of plate tectonics on these processes. Most of
this effort, however, has been aimed at under-
standing large-scale, regional patterns in the
upper crust's stress field, not smaller-scale
variations which are influenced by local structure
(Zoback 1992).

A number of other studies have looked in
more detail at these small scale variations
(Gough & Bell 1982; Plumb et al. 1984; Griffin
1985; Bell and Babcock 1986; Mount & Suppe
1987; Plumb & Cox 1987; Yale et al. 1991, 1992,
1994; Aleksandrowski et al. 1992; Cowgill et al.
1992; Evans & Bereton 1990; Laubach et al.
1992;). Fault structure, topographic loading,
depth, sedimentary structure, disconnection with
basement and geologicalstructure (anticlines, salt
domes, joints) have all been shown to have some
influence on local variations in the measurement
of in situ stress orientation.

Local variations in in situ stress orientation
are especially critical in the development of hydro-
carbon reservoirs. Stress orientation controls the
direction of hydraulically induced fractures, the

direction of open natural fractures, permeability
anisotropy, and the optimal orientation of stable
horizontal wells. Extrapolation of stress orienta-
tion measurements from a small number of wells
in one part of the field to other parts of the field
or inference of local stress orientation from
published regional trends can result in incorrect
reservoir development decisions if there are
significant variations in the local stress field.

In this paper, we look at the variations in
stress orientation across several fields in different
tectonic environments, where we have conducted
in situ stress orientation measurements. Com-
paring these results with some published studies
of local stress field variability (Griffin 1985; Bell
& Babcock 1986; Aleksandrowski et al. 1992)
leads to certain criteria which can help
discriminate those fields which are most likely to
exhibit significant variations in local stress
orientation.

Stress orientation methods

A wide variety of techniques are currently used
to determine the orientation of in situ stress in
the upper crust. Some of the more common
methods include: dipmeter analysis of wellbore
ellipticity (Babcock 1978; Gough & Bell; 1982);
anelastic recovery strain analysis of core samples

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 55-64. 0305–8719/037$15.00
© The Geological Society of London 2003.
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(Teufel 1983), shear acoustic anisotropy analysis
of core samples (Yale & Sprunt 1989; Yale et al
1992); orientation of hydraulic fractures via
borehole televiewer (Strubhar et al. 1975), via
tiltmeters (Evans 1983) or via borehole micro-
seismic (Sorrels & Mulcahy 1986), earthquake
focal mechanisms (Zoback & Zoback 1980); and
overcoring methods (Plumb et al. 1984). For
petroleum reservoirs between 2000 and 7000 m
depth, the first four techniques are the most
useful and are the methods utilized by the studies
described in this report.

The first three techniques (wellbore ellipticity,
shear acoustic anisotropy and anelastic recovery
strain) utilize the rock's response to the drilling
process to infer the stress orientation. In the case
of wellbore ellipticity, the stress distribution
around the open cavity of the wellbore can result
in the formation of 'breakouts' normal to the
maximum horizontal stress direction if the
tangential stress in the borehole is greater than
the compressive stress of the rock forming an
elliptical wellbore. This ellipticity of the wellbore
can be measured by either caliper logs or
borehole televiewer logs. For both shear acoustic
anisotropy and anelastic recovery strain, the relief
of the in situ stress field on a drilled, orientated
core sample results in a measurable expansion
and anisotropy of shear acoustic wave propaga-
tion which can be used to determine the orient-
ation of the maximum horizontal stress. The
fourth technique (orientation of hydraulic frac-
tures) is considered the most 'direct' technique as
the hydraulic fracture will always propagate in
the direction of the maximum horizontal stress.
However, since all the current methods (borehole
televiewers, tiltmeters and borehole micro-
seismic) 'infer' the hydraulic fracture orientation
from geophysical measurements, their accuracy
and success is similar to the three indirect
methods described previously. More details on
all of the techniques can be found in the
references cited in the previous paragraph.

Variations in stress orientation

As mentioned above, a number of tectonic and
geological structures appear to influence the
orientation of in situ stress on a local level. In
this paper, we will look mainly at the influence of
faults, fault blocks, and stress magnitude on
stress orientation. All the examples cited are
from 2000 to 4000 meters in depth, which in
general should remove near-surface influences
such as topographic loading (Plumb et al. 1984).
In addition, we will concentrate on analysing
stress variations across petroleum reservoirs
within and immediately adjacent to the produc-

ing reservoir, therefore removing the variations
some have observed over larger depth intervals
(Aleksandrowski et al. 1992). The map scale of
the stress variations we will be examining is
between 100 and 500 km2.

Northern North Sea, Quad 15
Figure 1 shows a 10 km by 10 km map view of a
field in the northern part of the British North
Sea. The field is in Quad 15 and is in the Witch
Ground Graben (Cowgill et al. 1992). The Witch
Ground Graben is an extensional basin trending
WNW by ESE between Quads 14 and 15. The
data presented in Figure 1 are taken from Yale
et al. (1994). The data are taken from acoustic
anisotropy measurements on core from the Piper
Sands and wellbore elongation data from the
overlying Kimmerage shale and the Piper Sands.

The WNW trending faults in Figure 1 are
interpreted as normal faults and lie roughly
parallel to the major normal faults defining the
Witch Ground Graben. The NNE trending fault
through the centre of the field is interpreted as a
wrench fault. The throw on faults is generally
between 250 and 400 m.

The regional stress trend in this area is
considered to be maximum compression in a
NNW direction (Klein & Barr 1986; Muller et al.
1992). However, the data in Figure 1 show
significant variations from this general trend and
significant variations between individual fault
blocks. The wells on the west side of the NNE
wrench fault show a NNE trend in maximum
horizontal stress whereas those in the NE
quadrant show a more northwesterly trend. In
the southern part of the field there is more vari-
ation, but most of the results suggest maximum
horizontal stresses parallel to the local fault
structure. The data from acoustic anisotropy
results agree very well with the data from
wellbore elongation measurements.

Maximum horizontal stress parallel to the
strike of the faults is consistent with the normal
faulting seen in the field. However, the 30 to 50°
variation between the regional stress field and the
local stress field strongly suggests a decoupling
or rotation of the stress field by the local fault
structure. The very large throws on these faults
and the strong segmentation of the field into self-
contained fault blocks may be the cause of the
decoupling between the local and regional stress
fields in this area.

Yale & Sprunt (1989) suggested that there is a
correlation between the magnitude of horizontal
in situ stress differences and the magnitude of the
acoustic anisotropy. The larger the difference
between the maximum and minimum horizontal
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Fig. 1. Orientation of maximum horizontal stress, northern North Sea, Quad 15 (adapted from Yale et al. 1994).

stresses (i.e. the larger the magnitude of the
tectonic stress), the larger the difference in shear
acoustic velocities between the maximum and
minimum horizontal stress directions (i.e. the
larger the shear acoustic anisotropy magnitude).
For the Quad 15 wells, the average magnitude of
the shear acoustic anisotropy was 3.4%. Our
experience suggests that this level of anisotropy
is indicative of a fairly high differential hori-
zontal stress from a moderate to high tectonic
stress environment. The strong segmentation of
the reservoir by the faulting, however, appears to
control the local stress field despite this
apparently large differential horizontal stress.

Southern North Sea, Quad 48
Figure 2 shows the fault structure and maximum
horizontal stress orientation in a field in the
southern North Sea Basin. The field is in Quad
48, off the coast of Yarmouth. The data consist
of acoustic anisotropy results from core and
wellbore elongation measurements from calipers.
The figure is taken from Yale et al. (1991).

The fault structure here is quite different from
the previous field in Quad 15. Most of the faults
have a NW trend and are low-angle growth faults.

The age of the faulting is significantly older than
in the Quad 15 field and the throw on the faults
is significantly less. There is evidence in the area
of inversion structures on older normal faults
due to the NNW trending compressive stress from
the relative motion of the African and European
plates (Klein & Barr 1986; Lake & Karner 1987;
Muller et al. 1992).

The overall orientation of the maximum hori-
zontal stress is much more consistent in this
field, varying from slightly east of north to
NNW. The average orientation agrees well with
the regional stress field (Klein & Barr 1986;
Muller et al. 1992) and there is good agreement
between the acoustic anisotropy results and the
wellbore elongation data. However, the vari-
ations seen are more likely due to fault
influences than random scatter in the data. Two
interesting and unusual orientations occur in
wells E and J. In well E, there are two major
trends in the data, one perpendicular to the
nearby fault and one roughly parallel to the
trend of the majority of the wells. In well J, the
stress orientation is perpendicular to the fault.
The zones tested in both of these wells are very
close to the faults, within 200 m in the case of
well E and within 75 m in well J. The rotation of
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Fig. 2. Orientation of maximum horizontal stress, Quad 48, southern North Sea (adapted from Yale et al. 1991).

the local stress field very close to faults has been
noted by others (Sbar et al. 1981; Mount &
Suppe 1987; Barton & Zoback 1993). The small
variation in stress orientation that is observed
between wells may correlate with the orient-
ation of nearby faults.

The average magnitude of the shear acoustic
anisotropy was 3.9% for this field. Like the Quad
15 data, this is indicative of a moderate to high
tectonic stress in the area. Unlike the Quad 15
data, the stress orientations are very consistent in
this area (except very close to faults). This may
be explained by the more consistent nature of the
fault trends in Quad 48 versus Quad 15 or the
lower degree of segmentation of the reservoir by
the faults in Quad 48 versus Quad 15. In
addition, the difference in the age of the faulting
between the Quad 48 (older) and Quad 15
(younger) examples suggests that the Quad 15
faults may still be active enough to perturb the
regional stress field.

Western Wyoming

Figure 3 shows the maximum horizontal stress
orientations in the western part of Wyoming.
The area is slightly north and west of the area
studied by Laubach et al. (1992) and is within the
Green River Basin. As shown by Zoback &
Zoback (1989) the area is on the edge of a large
regional trend of SW mid-plate compression and
Cordilleran extension leading to a more NNW
maximum horizontal stress orientation. The
stress field is further complicated by structural
features such as the thrust faults shown in Figure
3. Acoustic anisotropy, wellbore elongation, and
anelastic strain recovery data were used in the
various wells to determine stress orientation.

As shown, wells A, B, and D showed two
trends in stress orientation. The NW trend is
dominant in wells A and B and secondary in well
D, and the east to NE trend is dominant in well
D and secondary in wells A and B. The most
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Fig. 3. Orientation of maximum horizontal stress, western Wyoming.

striking difference between the five wells, how-
ever, is the switch from a NW dominant stress
orientation east of the fault to an east-west
direction west of the fault. The east-west trend
of maximum horizontal stress is consistent with
the north-south trending thrust faults and the
NW trend in consistent with the regional stress
field trend (Zoback & Zoback 1989).

Laubach et al. (1992) show a significant
amount of scatter in stress orientation data just
to the south and east of the map area in Figure
3. They see scatter between wells and among
different stress orientation techniques. Laubach
et al. (1992) conclude that the scatter in results
and the lack of wellbore breakouts may be
indicative of small differences between the
maximum and minimum horizontal stresses.
This small difference would lead to a difficulty
in measuring the stress orientation due to low
signal-to-noise ratios in the measurements and
more variations between wells as small-scale

features can influence the stress field more
easily.

This is further supported by our shear acoustic
anisotropy measurements. The magnitudes of
the shear acoustic anisotropy were small in most
of the samples tested from this field (average
anisotropy only 1.9%). This suggests a fairly
small differential horizontal stress environment
which could lead to more variation in apparent
stress orientation.

Supporting studies
The three studies detailed above show three stress
regimes which we often encounter in determining
stress orientation across petroleum reservoirs.
The Quad 48 example shows the effects of
moderate to high tectonic stress (and resulting
high differential horizontal stress) leading to a
consistent stress orientation except where the wells
are very close to faults. The Quad 15 example
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represents an area of moderate to high tectonic
stress but where aspects of the faulting appear to
decouple the local stress field from the regional
stress field. The faults in this area are younger
(and therefore may be more active) and appear to
more fully segment the reservoir than in Quad 48
supporting this decoupling of local and regional
stress fields. The Wyoming example shows the
effects of low tectonic stress leading to higher
variability in stress orientation due to local
structure. There are a number of other published
reports as well as some of our own field
experience which can be divided into these three
groupings.

Figures 4 and 5 show two fields in the United
States (South Texas and Kansas-Oklahoma
respectively) where tectonic regime and shear
acoustic anisotropy magnitude (only 1.8% in the
South Texas field and 2.1% in the Kansas field)
suggest fairly small differences between the
principal horizontal stresses (Yale & Ryan 1994).
In both cases the predominant orientation of
maximum horizontal stress in the fields is aligned
with the regional stress field (north-south in

South Texas and slightly south of east in Kansas;
Zoback 1992). However, nearby faulting appears
to be able to rotate the local stress field even
though the faults are several miles away. In all
three wells where the apparent stress direction
has rotated, the maximum stress orientation is
parallel to the nearby normal faults. In the Kansas
example (Yale & Ryan 1994), acoustic aniso-
tropy, anelastic recovery strain, and hydraulic
fracture orientation (from tiltmeters and bore-
hole seismic data) were used to orientate the
stress field. In South Texas, acoustic anisotropy
and anelastic recovery strain were used.

These results are similar to work by Griffin
(1985) in northern Alaska. In Figure 6, Griffin
(1985) shows significant variability in the
orientation of maximum horizontal stress as
determined from wellbore breakouts. Again the
local fault structure appears to influence the
stress orientation. Griffin (1985) used acoustic
well log anisotropy and differential strain
analysis to predict the stress orientation. In five
of the nine wells where all three techniques were
used, all three gave the same orientation within

Fig. 4. Orientation of maximum horizontal stress, South Texas.



FAULT AND STRESS MAGNITUDE CONTROLS 61

Fig. 5. Orientation of maximum horizontal stress, Kansas - Oklahoma area (from Yale & Ryan 1994).

Fig. 6. Orientation of maximum horizontal stress, northern Alaska (adapted from Griffin 1985).
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25°. However, in four of the nine wells, the stress
orientations from the different techniques were
up to 90° different. As in Laubach et al (1992),
this suggests that the variability in the orientation
of maximum horizontal stress may correlate with
small horizontal stress differences.

These three fields are in direct contrast to
Figure 7 which shows the widely consistent
orientation of maximum horizontal stress in the
area of western Canada just east of the Rocky
Mountains (Fig. 7 shows wellbore breakout direc-
tion which is orthogonal to the maximum
horizontal stress orientation). This is similar to
our results in Quad 48 of the southern North Sea.
Bell & Babcock (1986) and Bell & Price (1987)
have shown that the orientation of maximum
horizontal stress is NE-SW throughout the oil-
producing zones of Alberta and parts of British
Columbia and Saskatchewan. This orientation is
perpendicular to the trend of the Rocky Moun-
tains and suggests that large tectonic stresses (and
the resulting large differential horizontal stress)
are leading to a very consistent stress orientation
across a large area, similar to the situation we
found in the Quad 48 field. Our own studies,
within the area of 'Detail C in Figure 7, show
similarly consistent stress orientations in five
different wells. Our results, from acoustic aniso-
tropy measurements, show the same NE-SW

trend as Bell & Price's (1987) wellbore elongation
data. The shear acoustic anisotropy results
support the existence of a strong differential
horizontal stress field (and therefore high tectonic
stress environment) as the magnitude of the shear
acoustic anisotropy is large, averaging 4.6%.

Work by Aleksandrowski et al. (1992) sup-
ports the type of local stress regime found in our
Quad 15 example. As shown in Figure 8,
Aleksandrowski et al. (1992) finds similar
variability in local stress orientation in a field in
Quad 30 of the Norwegian North Sea as well as
in Njord field in the central part of the
Norwegian North Sea. Well B in Figure 8 shows
a maximum horizontal stress orientation nearly
parallel to the regional stress trend but well A
shows an orientation nearly 60° from the
regional trend. Aleksandrowski et al. (1992)
interpret the stress orientation in well A as
illustrative of the maximum stress being rotated
parallel to the normal faults forming the local
fault block. In the Njord field, Aleksandrowski et
al. (1992) find a similar rotation of the regional
stress field in a heavily normal-faulted area.

Conclusions

The trends observed in the orientation of the
maximum horizontal in situ stress in the nine

Fig. 7. Wellbore breakout orientations (minimum horizontal stress), western Canadian Basin (adapted from Bell
& Price 1987)
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Fig. 8. Orientation of maximum horizontal stress, Norwegian North Sea, Quad 30 (adapted from
Aleksandrowski et al 1992).

fields discussed above suggest the following
guidelines could be helpful in determining when
local stress orientation is likely to deviate
significantly from regional trends.

In areas with large differential horizontal
stress (which in general correlates with high
tectonic stress), the orientation of the maximum
horizontal stress is most likely to be fairly
consistent and parallel to regional trends. Small-
scale faulting can affect the regional trends but
generally only in an area within a few hundred
meters of the fault.

It appears that large-scale faulting, which
separates areas of the field into distinct fault
blocks, can rotate the regional stress field
significantly and lead to large variations in stress
orientation from fault block to fault block, even
in areas of moderate to large tectonic stresses.
The presence of younger, active faulting may be
a key element in this rotation.

Areas with small differential horizontal stress
(low tectonic stress) have a greater chance of
having geological and tectonic structures rotating
the regional stress trend even if those features are
several kilometres away. Measurement of in situ
stress orientation is further complicated in these
areas due to the lack of some stress indicators
(wellbore elongations) and the low signal-to-
noise ratio of other methods (shear acoustic
anisotropy and anelastic recovery strain). More

direct methods (hydraulic fracture orientation),
however, work well even under these conditions.

The magnitude of in situ stresses, especially
the difference between the maximum and mini-
mum horizontal stress, are the least understood
yet most critical data for determining where
variations in stress orientation are likely to occur.
Shear acoustic anisotropy magnitude, anelastic
strain recover, and hydraulic fracturing tests can
give estimates of the degree of differential
horizontal stress and therefore tectonic stress
under the right conditions. However, better stress
magnitude measurement techniques are needed
to resolve these issues.
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Abstract: Seismic volume attributes are introduced for the characterization of subtle fault
patterns. These patterns are important in understanding the flow behaviour in reservoirs. The
seismic attributes are based on neighbourhood analysis of the seismic signal and take 2D or
3D information into account. In the case of fracture systems, attributes such as coherency,
that quantify change in the seismic signal are used. Case studies are presented to show the
impact of the attribute analysis on the description of reservoirs.

Knowledge of fracture systems is of great impor-
tance in understanding reservoir behaviour.
Fractures and faults can have either positive or
negative impacts on the flow of hydrocarbons.
While fractures may open the pathways for
hydrocarbons due to increased fracture perme-
ability, they can also be responsible for building
flow barriers. Acid waters from nearby layers can
propagate through fracture zones and modify the
reservoir quality by diagenetic processes.

In all cases the knowledge of location, orienta-
tion, and length distribution of the fracture
system helps in understanding and modelling the
flow paths, or, on the contrary, the sealing effects
of faults. Such an analysis requires a character-
izing effort on all length scales from the micro-
scopic world of core measurements to general
geological trends. While, with no doubt, seismic
measurements can laterally resolve the range of
tens of metres, the challenge for 3D seismic
methods lies in the ability to resolve features as
subtle as possible.

To achieve these goals we propose the use of
seismic multi-trace filtering to compute 2D and
3D seismic volume attributes. This includes
advanced seismic processing algorithms with
extensive use of higher order statistics and
feature extraction methods. These methods are
equally applicable in fields such as medical image
processing or material science, where direct
measurements of desired properties are either
costly, or impossible.

Case studies presented will show the benefit of
using 2D and 3D volume attributes in exploration
and reservoir description.

3D seismic volume attributes in
fractured reservoirs

For the discussion of volume attributes, it is
assumed that the data are processed to achieve

the best available image of the zone of interest.
As in other advanced seismic techniques like
AVO (amplitude versus offset), or seismic
inversion, a processing flow that preserves true-
amplitude information is of advantage.

A well known approach to fault characteriz-
ation is the building of a structural model, with
the interpretation of seismic horizons and fault
patterns as the first step. Faults and fracture
systems are then highlighted through fault
mapping and through related seismic attributes,
like time-dip maps. Problems can arise when
approaching the limits of seismic resolution.
Noise and an ambiguous signal character make
the manual interpretation difficult and time
consuming. Even if small faults and lineaments
are directly visible in the data, the great number
of traceable events makes it difficult to interpret
them manually. Examples from many fields have
shown that subtle faults can easily slip through
the interpretation process. Time-dip maps, on the
other hand, take only time information into
account, and not the seismic signal character.
They are generally applied when horizons have
already been interpreted.

Regularly used seismic attributes like complex
trace attributes, are mainly derived by single trace
processes. The complex trace attributes, like
amplitude envelope, phase or frequency, are
computed by taking the seismic samples in
moving time windows into account (e.g. Taner
et al 1979).

Extending this concept to more than one trace
leads to multi-trace filters. These filters can be
used to calculate simple and higher-order statis-
tics, or other characteristic measures of the
seismic data. A variety of possibilities exist that
include 2D operators on time or horizon slices or
on seismic sections and 3D filters operating on a
seismic volume. The goal of all these multi-trace
filters is to quantify points or parts of the seismic

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 65-75. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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volume. Some examples of measures are given
next.

The simplest quantification of a seismic sub-
volume is the mean value:

where # is the seismic sample, and N the total
number of samples. Even this filter may render
valuable information. Examples are the dis-
crimination of high energy zones, and the
detection of processing-induced amplitude scaling.
This operator comes in a large variety of forms,
depending on the definition of the subvolume,
and on a possible further reduction of the data
within this volume. Samples may be rejected for
being close to faults, or of uncertain data quality.
2D and 3D computations may be constrained
along constant times, or interpreted horizons.

For seismic data, the mean is often substituted
by energy related measures like taking absolute
values, or the root mean square amplitude:

The standard deviation is a starting point for de-
signing quantities that measure the change inside
the subvolume. Taking the absolute values of the
differences, instead of the squares, produces an
operator known in image processing as dispersion:

In general, all edge detection and derivative filters
can be adapted for the use in seismic data
characterization. This includes the wide field of
texture classification methods (Haralick 1979).
Correlation and cross-correlation based measures
are another way of expressing the change in signal
character (see Yilmaz (1987); for a number of
different methods). In seismic velocity analysis the
semblance (Yilmaz 1987, Rabbel et al 1991) is a
widely used operator for expressing the correla-
tion between traces. Semblance may take the wave
character of the seismic trace into account, if a
summation over a time window t is included:

Directionally sensitive filters are necessary in
order to account for local dip and azimuth.
Almost all operators can be modified for this
task, generally at the cost of more extensive
computations. The output of these filters consists
of the general filter response, and of additional
attributes describing the orientation of the
seismic events. A careful calibration and honour-
ing of the chosen operator is necessary to trans-
late this into a reasonable geological orientation.

The heterogeneity of the seismic data can also
be determined with measures such as entropy or
fractal dimension. The entropy is based on the
histogram of the samples

with i being the contribution of each bin in
the histogram. In the literature (Mandelbrot
1982), many different methods, such as the box
counting method exist to compute the fractal
dimension. One of these methods is the scaled
range analysis, that estimates the Hurst
coefficient H. For the 2D dimensional case, the
Hurst coefficient is related to the fractal
dimension FD by H=3—FD. Looking at the
frequency spectrum of a subsample in relation to
the wave number, the Hurst coefficient is
obtained by the regression in the log/log plot of
the two quantities. For both methods valid
formulas exist in 2D and 3D, which can be
adapted taking the wave character of the seismic
data into account. Alternative algorithms based
on Fourier or wavelet transforms, are more
commonly used in seismic facies characterization
of reservoir zones.

In many cases, advanced measures are neces-
sary to capture the complexity of the data. The
description by volume attributes naturally leads
to a stochastic view of the data. Studies have
shown (Trappe et al. 1996; Trappe & Hellmich
1997) that volume attributes can be linked to
depositional environments and can be used in the
discrimination of facies and lithology. This
reflects the view of the authors, that a complex
geological setting cannot be understood through
the analysis of single seismic events.

The detection and mapping of faults and
fracture zones commonly require multi-trace
filters, that take neighbourhood relations into
account. In the case of fractures, all kinds of
correlation measures and filters that detect
change are of interest. Custom-made filters allow
measurement of the length and orientation of
seismic features. This includes coherency which
has gained popularity lately (Bahorich & Farmer
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1995; Marfurt et al. 1998), but many other
methods exist to characterize seismic data for
this purpose.

One of the alternatives is the binary cube
(Trappe et al. 2000). By comparison to a thres-
hold amplitude, the seismic data set is converted
to a binary volume, containing only the values 0
and 1. Similarity measures are calculated from
the binary data within subvolumes. The binary
data can be processed very efficiently. Similarity
calculations with binary values require much less
computing time than similarity measures for real
amplitudes. Moreover, most of the similarity
measures for binary data have a simple structure.
One possibility that is demonstrated in this
paper, is to count the number n\ of ones in a
subvolume, and divide them by the total number
of samples N:

Pattern recognition and feature extraction are
further methods used to generate seismic
attributes, and handle the great amount of data
contained in 3D surveys. They open the poss-
ibility to automatically map features which other-
wise can only be obtained by time consuming
hand-picking. Through these methods the orient-
ation and length distribution of fault and fracture
systems can be determined. In combination with
geostatistical simulation techniques, it is then
possible to build stochastic reservoir models that
honour the determined distribution. The com-
bination of volume attributes with the results of
AVO and inversion studies is a powerful tool to
gain more information from the seismic data
(Trappe & Hellmich 1999).

The following case studies delineate the
contribution of 3D volume attributes to the
investigation of low permeability reservoirs. Since
fractures are mainly detected by the changes in
seismic signal character, the following examples
use a semblance attribute according to Equation
4, and the binary cube according to Equation 6,
respectively.

Case study 1: re-evaluation of an
existing oil field
The study was conducted as part of a re-
evaluation study of an existing oil field. An area
of about 100 km2 was extracted from an existing
3D seismic survey for detailed investigations with
3D volume attributes. An interpretation of key
horizons, and well data were available. Both
types of additional information, however, were

not incorporated in the investigations, but only
used for a quality control for the attribute
generation and subsequent structural interpret-
ation. Figure 1 is a random line taken from the
3D seismic survey. It shows that the area is highly
faulted, and that data quality is an issue in some
areas.

To map subtle faults and to identify fracture
zones that may impact reservoir behaviour, a
volume attribute was used that highlights dis-
continuities in the seismic signal. For each time
sample a subvolume was extracted from the 3D
survey. A coherency attribute was chosen accord-
ing to the semblance algorithm of Equation 4. It
was computed along dipping data planes. In
addition to the similarity of the signals, the
orientation parameters for the optimal alignment
of the filter are stored, leading to three
parameters for each examined sample point:
coherency attribute (Fig. 2a), dip (Fig. 2b), and
azimuth (Fig. 2c) of local strike.

All three values can be combined in a so-
called intensity-hue-saturation (IHS) display,
where the coherency attribute controls the
intensity, the azimuth determines the colour
(hue), and the dip defines the saturation of the
image. Figure 2d is one such IHS display of the
corresponding section shown in Figure 1. While
major faults are visible in Figure 1, smaller faults

Fig. 1 Random seismic line over the prospect of case
study 1.
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Fig. 2. (a) Semblance processing of seismic line in Figure 1 to highlight faults and fracture zones, (b) Dip angle
estimated by directional filter.

68
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Fig. 2. (c) Azimuth direction estimated by directional filter, (d) Combination of (a), (b) and (c) into IHS view of
semblance-related attribute, dip and azimuth.
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and fracture zones are better resolved in
Figure 2d due to the directional sensitivity of the
filter. Especially noteworthy are the small
features that are distinguished by their colours
only (Fig. 2b and c), but otherwise exhibit the
same coherency values as their surroundings
(Fig. 2a).

Figure 3 is a time slice through the volume
showing the coherency, azimuth, and dip as IHS
display as another aid for interpreting the subtle
features. The structure indicated by the arrow
was interpreted as a reef, and gave one of the
reasons to conduct this study. For this potential
reef structure, four time slices were merged
together in Figure 4. The internal structure is
clearly defined, as it evolves in two-way
traveltime.

In this example, a directional filter was
necessary to obtain the presented results. The
multi-trace filter takes the neighbourhood of a
trace into consideration and assigns true 3D
information from this environment to each
considered data point. Whereas the simultaneous
view of inlines and crosslines allows the experi-
enced interpreter to build an understanding of
the signal distribution in space, the combined

display of dip, azimuth and coherency immedi-
ately shows the spatial orientation of subsurface
elements.

Case study 2: diagenetic effects on
reservoir quality

This case study shows how different disciplines
help to shape the understanding of the mech-
anism responsible for the reservoir quality. The
target is formed by Rotliegend sandstones at a
depth of about 4000 m. A 3D seismic survey, as
well as some sparse reference wells are available
for calibration of seismic and petrophysical
parameters.

A random seismic line crossing one of the
wells in the study area is presented in Figure 5.
Major fault zones in the depth interval from
Zechstein to Carboniferous are visible, and can
easily be defined with the help of an interpret-
ation system. They are classified as belonging to
a post-Zechstein fault system. The well indicated
on the seismic section was drilled to test the
amplitude anomalies in the Rotliegend. Ampli-
tude mapping and modelling as well as seismic
inversion techniques had been applied, suggesting

Fig. 3 . Time slice showing semblance related attribute, dip, and azimuth as IHS display. The size of the area
shown is c.100 km2.
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Fig. 4. Time slices of a reef structure.

Fig. 5. Random seismic line over potential prospect of case study 2.
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that these anomalies were related to Rotliegend
sandstone reservoirs of increased porosities. The
drilling result supported this prediction. How-
ever, despite these good porosities, the reservoirs
were characterized by poor permeabilities.

Sedimentological and petrophysical investiga-
tions revealed the importance of diagenetic
influences on the reservoir quality. Diagenetic
processes seemed to be responsible for the poor
permeabilities. In Figure 6 the intergranular pore
space filled with secondary Illite minerals (pore-
bridging Illite) between quartz grains is shown.
The Illite minerals were identified as one of the
controlling factors for reduced permeabilities in
the area. A possible explanation for the occur-
rence of this Illite meshwork is seen in ascending
waters from deeper layers of the Carboniferous.
The pathways of such waters are often faults,
which connect the Carboniferous and Rotliegend
layers. In most of the cases the waters show a
high acidity. This causes feldspar leaching, and
therefore kaolinite, and at higher depth of burial
Illite cementation within the Rotliegend layers
(Gaupp et al. 1993).

As a consequence high porosities could be
mapped using traditional seismic attributes.
However, the flow of hydrocarbons is strongly
hindered by the illite meshwork, which is not

directly mappable using seismic attributes. Thus,
the investigations focused on the identification of
fracture systems, which could be possible path-
ways for ascending waters between Carboniferous
and Rotliegend layers.

Therefore, a seismic attribute volume was
produced, in order to highlight possible fracture
zones in addition to the faults already addressed
in the seismic amplitude section. The multi-trace
filter was chosen according to the binary
classification method, which has been introduced
in Equation 6.

A result of these computations is presented in
the time slices of Figure 7a and b. These binary
attribute maps display the heterogeneity of the
seismic data along the Rotliegend reservoirs. The
fault system seen on the seismic profile (Fig. 5) is
also visible in the time slices. In addition to the
known fault system, fracture zones can be
identified which are hardly visible on the seismic
section. These zones are interpreted as belonging
to a second, pre-Zechstein fracture system. The
position of the reference well discussed before is
indicated on the time slices. It is located in the
area of a fracture zone of pre-Zechstein age.

A second seismic line is shown in Figure 8. It
was chosen perpendicular to the line of Fig. 5,
with the intersection of both lines being at the

Fig. 6. Intergranular pore space filled with secondary illite minerals (Source: University of Clausthal, Germany).
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arrow, fault system known from Fig. 5, circle: Pre-Zechstein fracture zone.

Fig. 7. (a) Time slice showing the lateral appearance of fracture systems inside the Rotliegend. (b) Time slice
12 ms below.



74 H. TRAPPE & C. HELLMICH

well location. The result of the binary classific-
ation along this second line is given in Figure 9.
From this vertical slice, and from the horizontal
time slices of Figures 7a and b, it is obvious that

Fig. 8. Seismic line perpendicular to Figure 5, intersecting the well.

Fig. 9. Same line as Figure 8. Binary classification highlights fracture zones.

the reference well has been drilled in a pre-
Zechstein fracture zone, and that this fracture
zone extends from the Rotliegend down to the
Carboniferous. The results support the assump-
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tion that locally poor reservoir conditions of
Rotliegend sandstones may be related to fault
and fracture zones which connect Carboniferous
and Rotliegend layers. These faults and fractures
represent a possible conduit for formation
waters, which can cause diagenetic alterations.

Conclusion

3D volume attributes are means for a detailed
characterization of seismic data. The use of
multi-trace filters and feature extraction methods
open the field for a variety of seismic attributes.
Their impact on reservoir characterization has
been shown in two examples, which cover the
detection of subtle faults, possible fracture zones,
and tectonic style. The understanding of the
reservoir is improved by the simultaneous use of
several attributes, in combination with a reliable
reservoir model.

The generated attributes have to be thoroughly
examined for their physical and geological mean-
ing to avoid misinterpretation. Well control,
geological information, and production data are
suited to calibrate the seismic attributes to rock
properties. This paper is devoted to 2D and 3D
post-stack methods, but the approach can be
equally successfully applied to acoustic impe-
dance data, or pre-stack data.
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Abstract: Microearthquakes (microseismic events) are induced during hydrocarbon and
geothermal fluid production operations in naturally fractured reservoirs. They typically result
from shear-stress release on pre-existing faults and fractures due to production/injection
induced perturbations to the effective stress conditions. These stress changes may be due to
reservoir depletion, flooding or stimulation operations. Over a number of years it has been
shown that microseismic monitoring has the potential to provide valuable time-lapse 3D
information on the geomechanical processes taking place within a reservoir. These processes
include the distribution of fluid flow and pressure fronts within naturally fractured systems,
production-related compaction and the reactivation of faults. With the advent of permanent
reservoir monitoring systems (e.g. intelligent wells), microseismic monitoring has the potential
to become a practicable means of time-lapse imaging of hydrocarbon reservoir processes
remote from production/injection boreholes. This paper illustrates some of the ways in which
microseismic monitoring can contribute to the development and management of hydrocarbon
reservoirs through the presentation of examples from both hydrocarbon and geothermal
reservoirs.

Throughout the life of a reservoir the hydro-
carbon production process induces pressure
changes within the reservoir. These changes
result in perturbations to the in situ stress
conditions that propagate through the reservoir.
One of the key drivers for the development of 4D
(3D time-lapse) reflection seismic data has been
the operator's desire for time-lapse images of
where and when these changes are taking place,
and also their magnitude and impact on
production. This information then feeds into the
reservoir management process, particularly
through integration into reservoir simulation and
in the longer term through coupled hydro -
geomechanical reservoir models.

An additional and direct consequence of these
pressure and stress changes is the possibility of
re-activation of pre-existing reservoir structures
such as faults and fractures, which manifests
itself as small earthquakes, referred to as micro-
earthquakes or microseismic activity. In mature
fields and fracture-dominated reservoirs the
pressure and stress changes tend to be more
severe and the seismic activity more intense. The
following are three situations in which induced
microseismic activity is likely to occur.

Reservoir depressurization can lead to localized
reservoir compaction, or on a reservoir scale to
compaction-assisted or compaction-driven pro-

duction. In several North Sea fields where
compaction is taking place there are associated
problems of wellbore stability and integrity.
Large-scale depressurization near fault-sealed or
fault-compartmentalized reservoirs will lead to
fault reactivation and the potential for pressure
breakthrough into neighbouring reservoir com-
partments or even fields.

Enhanced recovery, particularly in mature
fields, may require massive injection and flooding
programmes aimed at pressure maintenance.
Even in moderately fractured reservoirs the
efficiency of these operations is known to be
strongly affected by anisotropic or heterogeneous
flood patterns.

Reinjection is also becoming an increasingly
common approach to the disposal of waste from
development and in-fill drilling, from increased
solids and water production, and ultimately it
may be used in seafloor waste recovery and
disposal prior to decommissioning. The question
being asked by operators and regulators is how
can this process of reinjection be managed and
the size and shape of disposal domains
monitored.

This paper aims to demonstrate how induced
microseismic activity can be used for continuous
3D time-lapse monitoring of these hydro-geo-
mechanical processes and assist in the reservoir

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 77-86. 0305-8719/03/$ 15.00
© The Geological Society of London 2003.
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development and management. This is achieved
through the presentation of data sets from three
hydrocarbon reservoirs (Clinton County, USA,
and Ekofisk and Valhall, North Sea) and also an
example from the geothermal industry where the
technique is already well established.

The origin of microseismic events

Microseismic events are basically small earth-
quakes, usually Richter magnitude (ML) <0, and
they have been detected and located at distances
of over 1 km from the monitoring well in some
hydrocarbon reservoirs, depending on seismic
attenuation and complexity of the velocity
structure. They occur because the Earth stresses
acting within the reservoir are anisotropic. This
causes shear stresses to build up on naturally
occurring fracture surfaces that under normal
conditions are locked together (Fig. 1). When the
in situ stresses are perturbed by reservoir
production activity, such as changing fluid
pressures, the fractures can shear producing
small earthquakes (Fig. 1). The seismic signals
from these microseismic events can be detected
and located in space using high bandwidth
borehole geophones. Microseismic activity has
been successfully detected and located in rocks
ranging from unconsolidated sands, to chalks to
crystalline rocks (e.g. Keck & Withers 1994;
Ilderton et al 1994; Deflandre et al. 1995;
Wallroth et al. 1996; Maxwell et al. 1998;
Warpinski et al. 1999; Snell & Close 1999; Bell et
al. 2000; Maxwell & Urbancic 2001). Other
potential sources of microseismic activity include
the generation of new fractures through tensile
splitting (e.g. conventional hydraulic fracturing)
or pore collapse associated with compaction,
that might produce implosion events. However,
shearing mechanisms are generally believed to be
the most common and also most energetic failure
mechanism.

Fig. 1. Schematic of the main microseismic shear
failure mechanism.

The examples presented in this paper illustrate
the potential of microseismics to:

• identify fault structures that can result in
reservoir compartmentalization or act as flow
channels and routes for premature water
breakthrough;

• image flow anisotropy associated with pro-
duction from fracture-dominated reservoirs;

• provide real-time 3D monitoring of fluid
pressure front movement, such as water flood
fronts;

• assist in targeting new producer/injector wells;
• identify areas of reservoir compaction and

potential wellbore instability;
• Provide input and condition permeability

grids for reservoir simulation.

Fracture zone controlled water production
(Clinton County, Kentucky, USA)

Clinton County, Kentucky is located within the
Cumberland Saddle of the Cincinnati Arch,
immediately west of the Grenville Front. The
reservoir in this field consists of a low porosity
carbonate within which fracture storage and
permeability are suggested by isolated, high-
volume production wells which subsequently
produced brine (Phillips et al 1996). Initial
production rates as high as 400 barrels per hour
and cumulative production of 100000 barrels
from a single well have been reported.

Basement-controlled wrench-fault structures
have been associated with oil production from
shallow (135-180 m) carbonate reservoirs 65 km
west of Clinton County. Operators have based
drilling programmes on fracture/lineament
patterns delineated from radar images and
interpreted as being associated with wrench
faulting of an east-west trending basement fault.

Several programmes of microseismic monitor-
ing have been carried out by personnel from the
Los Alamos National Laboratory during
production to help identify active and possibly
producing fault structures (e.g. Rutledge et al.
1994; Phillips et al. 1996). Microseismic results
reported by Phillips et al (1996) defined three
low-angle, reverse slip fracture zones (Fig. 2),
where the seismic activity was clearly related to
the production of over 8100 barrels of oil from
well HT1. Rutledge et al. (1994) also reported
similar structures from other parts of the field.
The mapped fractures fell above and below the
HT1 production interval, but intersected or
could be mapped to old production well intervals
(GT1, GT2 and GT4). A cumulative volume of
4600 barrels of oil was extracted from these three
wells in the nine months preceding monitoring.
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Fig. 2. Cross-sectional view of microseismic activity at Clinton County (after Phillips et al. 1996). Reproduced
with the kind permission of the SPE.

Well GT10 was subsequently drilled into the
main mapped fracture and produced brine. Later
well HT1 was deepened, encountering brine
within 3 m of the same mapped fracture. The
interpretation is that the microseismic monitor-
ing defined oil-bearing producing fractures that
subsequently filled with brine, presumably from
an active, but in this case poorly connected water
drive.

The presence of these low-angle, oil-bearing
faults has implications for field development.
Drilling horizontal or deviated wells does not
increase the probability of intersecting produc-
tive fractures in Clinton County. However, inter-
well correlation and mapping of the conductive
fractures could allow better planning of plug and
abandonment operations, so as to avoid pre-
mature contamination of the main pay zone with
water. Pressure maintenance operations are also
being considered once the fracture zones between
the wells have been mapped.

The results obtained in Clinton County are a
clear illustration of how microseismic imaging of
active fractures can assist in identifying fracture-
controlled water breakthrough and assist plan-
ning reservoir development.

Monitoring fractured and compacting chalk
reservoirs (Ekofisk and Valhall, North Sea)
In 1997/98 microseismic monitoring trials were
conducted in the Ekofisk and adjacent Valhall
fields, operated by Phillips Petroleum and BP-

Amoco respectively. Both fields comprise highly
productive naturally fractured chalk reservoirs
that are undergoing varying levels of production-
induced compaction.

In April 1997 an 18-day microseismic monitor-
ing trial was conducted in the Ekofisk field
(Maxwell et al. 1998; Dangerfield et al. 1999).
The monitoring system consisted of a six-level
triaxial VSP wireline tool deployed within the
reservoir, in an observation well (2/4-Clla)
located near the crest of the field. Approximately
2100 microseismic events were recorded,
corresponding to roughly five events per hour at
distances of at least 1 km from the observation
well. The majority of the events were located in
the upper part of the reservoir, predominantly
within low-porosity layers overlying relatively
porous layers which are undergoing water
flooding and compaction (Fig. 3). Events were
most accurately located near the monitoring
borehole, with the location of events further
away being more uncertain. Within 300 m of the
well most events were precisely located to an
accuracy of better than 30m.

Locations of the events close to the monitor-
ing well (C11A) were obtained with a 3D-
velocity model, which is particularly accurate in
this region due to the large number of wells.
Figure 4 shows that the events around C11A
cluster along discrete linear bands. These linear
clusters are interpreted to result from induced
movements on pre-existing faults. They have the
same orientations as the majority of the faults
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Fig. 3. Vertical cross-section showing the location of the microseismic events and major reservoir layers at
Ekofisk (after Maxwell et al. 1998).

Fig. 4. Map view of events showing distinct lineations
attributed to induced movement on pre-existing faults
at Ekofisk (after Maxwell et al 1998). Well C 11A is
the monitoring well.

within the reservoir (NNE-SSW and NW-SE).
These results are particularly useful because this
portion of the field is not imaged by the normal
surface seismic methods due to the presence of
crestal gas cloud.

A comparison was made between a
numerical waterflood simulation and the
positions of the induced microseismicity
(Maxwell et al. 1998). Only events above
magnitude -2 were included, corresponding to
the magnitude range where all events are
detected independent of distance. Comparisons
with simulations of the waterflood front
indicated that the saturated zones around the
injection wells were aseismic. However, the
position of the waterflood front was not known
accurately enough to test if any of the clusters

of microseismicity were associated with it.
Nevertheless the results are encouraging despite
the relatively short monitoring period. The
compaction of the chalk layer may be strongest
at the waterfront. If a significant proportion of
the total acoustic activity is caused in associ-
ation with the waterfront, then time-lapse
microseismic monitoring could represent a
useful tool for tracking the position of the water
flood.

In summary, microseismicity was successfully
recorded and processed using a VSP sonde in a
single borehole in Ekofisk. Events were accurately
located and found to be concentrated in the low-
porosity sublayers. Close to the monitoring well
the microseismicity clustered in specific lineations
in plan view, believed to be reactivation of pre-
existing faults. The dynamic relationships between
fault movements, reservoir compartmentalization
compaction and waterflood are clearly complex. It
will require longer test to see if these mechanisms
can be isolated; however, this initial study was
highly encouraging.

The Valhall field, which is adjacent to Ekofisk,
has been producing oil since 1982 (Dyer et al.
1999). It currently produces in excess of 100 000
barrels of oil per day. Estimated original oil in
place is 2.4 billion barrels, of which 640 million
barrels can be recovered under the current plan.
Development drilling is still ongoing. The field is
recognized as one of the most challenging in the
North Sea. The reservoir is relatively thin, struc-
turally complex and covers a 50 km2 area. It was
formed as a slightly asymmetric anticline by
inversion along the major Skrubbe fault that lies
west of the field.

While 3D seismic data play an essential role in
assessing depletion of the structures flanks, gas
charging of the overburden has severely distorted
the seismic image in the crestal part, as in
Ekofisk. The reservoir rock is weak, highly
porous Cretaceous chalk that undergoes signifi-
cant compaction when depleted. Fracture perme-



MICROSEISMIC MONITORING OF GEOMECHANICAL RESERVOIR PROCESSES 81

ability and compaction compensate for generally
low chalk-matrix permeability. Horizontal wells
have significantly improved recovery.

Although compaction of the chalk adds to oil
recovery, it also results in the overburden deform-
ation. This implies seafloor subsidence (currently
3.5 m) and a negative impact on well life. Over-
burden deformation associated with compaction
calls for special wells and casing design, in both
overburden and reservoir zones. Still one or two
wells per year are lost due to permanent failure
or casing collapse.

Most of the horizontal wells are completed by
multiple proppant fracturing with up to five or six
fractures in one well. The ability to monitor and
qualify these stimulations is currently limited to
using overall production data. Additional observ-
ations that could be used to delineate the magni-
tude and direction of fractured zones would be
very valuable in optimising wellbore stimulation.

A microseismic monitoring trial (Dyer et al
1999) was conducted to see if the technique
could provide information on:

• deformation mechanisms;
• poor seismic control in the crestal area;
• wellbore stability issues associated with sub-

sidence;
• dominant stress orientation;
• feasibility for monitoring proppant fracturing

in the reservoir.

As with Ekofisk a single six-level VSP
wireline tool was deployed in a monitoring well.
In addition to its location in the crestal part of
the reservoir it was only a few hundred metres
away from a well that was being sidetracked
during the monitoring period, with hydraulic
fracturing of the reservoir planned when drilling
ended. The unfortunate limitation was a clay
plug in the bottom hole section of the moni-
toring well which caused the geophone array to
be located 250 m shallower than planned and
above the top reservoir. This increased seismic
attenuation and significantly reduced the number
of events detected.

Frequency of microseismic event rates ranged
from none to ten per day. During the 57-day
monitoring period 572 events were detected, of
which 324 could be reliably located. The event rate
was about 10% that observed in the Ekofisk field.
This appears to be due to the high attenuation of
the low velocity sequence between the geophones
and reservoir, and the fact that the sensor string
could not be deployed as close to the reservoir as
it had in Ekofisk, where the deepest geophones
were within the reservoir. This means that only
nearby or more energetic events were detected.

All located events except those related to
drilling activities were located within a 50 m thick
zone directly above the Top Balder reservoir form-
ation. The limited vertical and lateral distribution
of the microseismic events indicated that the
microseismicity was related to reservoir produc-
tion rather than random background seismicity.
This is a major zone where wellbore stability
problems are experienced. From event locations
two potential structures were interpreted (Fig. 5).
These events are shown as ellipsoids representing
one standard deviation of the event location
uncertainty. Analysis of the focal mechanisms of
events in these lineaments indicated a significant
normal-faulting component. Although the direc-
tion of the lineaments does not necessarily
indicate fault strike it is likely to be the case in
Valhall. These lineaments indicated two sets of
fault directions: one roughly NW and SE and the
other roughly SW to NE. This agrees with the
current fault pattern model for Valhall.

As with Ekofisk this survey proves a high level
of microseismic activity in the Valhall field that is

Fig. 5. Plan view of one standard deviation confidence
ellipsoids for event locations in Valhall (after Dyer et
al 1999). Note clustering of event locations into two
planar structures. Green sphere indicates location of
geophones.
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most likely related to reservoir production. The
observed microseismic activity agrees with general
fault trends and occurs in a zone with significant
wellbore stability and integrity problems.

Geothermal reservoir development and
management (Soultz-sous-Forets, Alsace)

The Soultz European Hot Dry Rock (HDR)
experimental site (Baria et al. 1999) is located in
the Rhine Graben c. 50 km north of Strasbourg.
The geology comprises c. 1.5 km thick sediment-
ary cover overlying granitic basement. The
geothermal reservoir itself is 2.5 to 4 km in depth
in a faulted horst block, with rock temperatures of
>160°C at 4km depth. The system has been
developed progressively since 1992, through a
series of reservoir stimulation and characteriz-
ation operations. In 1995 this led to the targeting
and drilling of a second deep (4 km) borehole,
creating a circulating HDR system. The first
major development phase took place in 1993 with
the large-scale stimulation (massive hydraulic
fracturing, MHF) of a single deep borehole
GPK1 (Fig. 6), over a 700 m open-hole length
(2800 to 3500 m). This operation comprised the
injection of 45 000 m3 of water at flowrates up to
501s"1 and overpressures of c. 10 MPa. The
operation was aimed at opening up the existing
fracture system, thus reducing flow impedance.

The operation was monitored using a network
of three permanent four-component downhole
accelerometers (1.5 km depth) and a single hydro-
phone, deployed in observation boreholes (Jupe
et al 1999). During the course of the operation
18 000 microseismic events were detected and

located (Fig. 6). These formed a roughly ellipso-
idal cloud with a NW-SE to north-south align-
ment (Fig. 7), a vertical extent of c. 1.2km and
horizontal dimensions of c. 800m and 150m
(Fig. 6).

At shallower depths (<3000 m) it was found
that the near-wellbore growth direction was more
north-south (close to the maximum horizontal
stress direction cm) and believed to be controlled
by the tensile opening (jacking) of fractures
subparallel to O-R. At greater depths, where the
overpressure was lower compared to cm, the
growth direction was more NW-SE; indicative of
shear-failure-dominated growth along pre-existing
fractures.

The hypothesized opening up of near-wellbore
fractures at shallower depth was further con-
firmed by flow logging, where c. 60% of the flow
left the borehole in the first 100m of openhole,
and by the microseismic depth distribution, with
c. 70% of the microseismic events occurring at
shallower depths than 3000 m.

Following the 1993 stimulation a series of
reservoir characterisation operations were
undertaken in 1994, at which time the micro-
seismic activity was used to target a second deep
(4 km) borehole GPK2. The objectives with this
borehole were to achieve a hydraulic connection
to GPK1 over the deepest (hottest) sections of
the reservoir, thus maximizing recovery tempera-
tures. The anisotropy of the microseismic cloud
clearly dictated that the borehole should be
located either NW or SE of GPK1, but that the
deepest connection (3500 m) would be achieved
by drilling to the S-SE, also satisfying a second
criterion of a well separation of c. 350 m.

Fig. 6. Side elevation of microseismic activity detected during the 1993 massive hydraulic fracturing (MHF) of
GPK1, Soultz. Well separation is approximately 350 m.
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Fig. 7. Plan view of 300 m thick depth slices through the 1993 (GPK1) and 1995/96 (GPK2) MHF data sets.

In 1995/96 the second borehole GPK2 was
stimulated at flowrates up to 801s"1, reaching
downhole overpressures of c. 12 MPa. Over
12 000 microseismic events were detected (Fig. 8),
forming a NW-SE trending structure, encroach-
ing on the deepest sections of the GPK1
microseismic cloud and extending as far as the
GPK1 borehole (Fig. 7). The GPK2/GPK1
reservoir was then successfully tested through a
series of circulation operations. Long-term re-
servoir circulation (injection/production) started
in 1997, accompanied by production logging,
hydraulic and inert tracer tests.

The results of production logging during
circulation indicated that flow exits were dis-
tributed along the entire openhole length of
GPK2, but that flow entry into GPK1 occurred
at two discrete intervals; at the bottom of GPK1
and in the upper section of GPK1 close to the
casing shoe. The results of the microseismic
monitoring (Fig. 8) demonstrated a strong
correlation with this flow path distribution,
indicating intersections with GPK2 over the
entire openhole length and two apparent inter-
sections with GPK1. This observation prompted
an investigation into whether the microseismic
event distribution from the Soultz reservoir
could be used to construct a quantitative fluid
flow model for reservoir performance prediction
and use in reservoir development decisions.

Simulator grid construction

The microseismic data from the two MHF treat-
ments has been analysed in terms of event spatial

density and connectivity. This information is then
mapped to a grid of reservoir simulator cells. The
degree of grid connectivity and the scaling of cell
hydraulic properties (i.e. pipe conductivity) is
based on the analysis of microseismic attributes
for the cells (i.e. density, cumulative energy release,
cumulative shear slip) in conjunction with the
measured hydraulic properties of the system (i.e.
flow logs). Once constructed the grid of simulator
cells is then input into a steady-state flow model
and the simulation results compared with
observations from the water circulation (i.e. flow
logs, fluid recovery and inert tracer results).
Figure 9 presents the fluid pressure field and flow
distribution obtained from simulations of the
circulation conducted in 1997 between GPK1
(injector) and GPK2 (producer). Figure 9 shows
the most direct flow path between the two
boreholes, in which flow leaves the bottom of
GPK1 and is recovered in GPK2. This flow path
represents the shortest breakthrough time of inert
tracer (c. 4 days). A second significant flow path is
observed in the upper section of GPK1, however
this is seen to move out of the plane between the
two wells. Fig. 9 demonstrates that this is in fact a
hydraulic connection between the two wells, but is
more tortuous than the deeper connection. This
movement of fluid out of the plane of the two
wells results in a longer tracer recovery time than
the deeper connection. Both the deep and more
shallow flow exits correlate well with the results of
flow exits/entries in production logs.

Both the spatial distribution of the major
water flow paths remote from the wellbore, and
reasonable estimates of tracer transport times
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Fig. 8. Side elevation of microseismic activity detected during the 1993 MHF of GPK1 (left) and 1995/96 MHF
of GPK2 (right). Well separation is approximately 350 m.

Fig. 9. 3D steady-state fluid pressure iso-surfaces (is ±3 MPa) and flow vectors calculated for circulation
between GPK1 and GPK2. The length of the flow vector arrows represents the magnitude of the flow velocity.
Note that the flow vectors also indicate discrete flow paths that are out of the plane between the two wells, (a)
View from NE; (b) view from SE.

between boreholes can be reproduced from this
analysis of connectivity. This work confirms the
importance of flow path geometry (i.e. aniso-
tropy and heterogeneity) in controlling the flow
behaviour of naturally fractured systems and
highlights the significance of microseismic imag-
ing for reservoir characterization and monitoring.

In summary, the key contributions to the
development and management of this naturally
fractured geothermal reservoir have been the
following:

Microseismic monitoring was successfully
used to monitor the growth direction and
extent of a series of Stimulation (massive
hydraulic fracturing) operations at the Soultz
site.
Microseismicity has been used to identify
discrete flow paths and quantify the flow/
pressure field within the reservoir.
Microseismicity has been used successfully to
target a water injector well at a depth of
around 4 km.
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• Microseismicity has been used to assess 3D
reservoir volume and shape, and hence quan-
tify the success and efficiency of reservoir
development operations.

• Results of the initial GPK1 stimulations
directly influenced the parameters of the later
GPK2 hydraulic operations.

• Micro seismicity has been successfully used to
construct a reservoir simulator grid for model-
ling the long-term behaviour and development
of the geothermal system.

Summary

Microseismic imaging is well developed in geo-
thermal applications and is directly applicable to
the monitoring and management of hydrocarbon
reservoirs, where it offers a high resolution
means of continuous monitoring of the hydro-
and geomechanical processes taking place within
an evolving hydrocarbon reservoir.

The examples illustrate the potential of micro-
seismics to:

• identify fault structures that can result in
reservoir compartmentalization or act as flow
channels and routes for premature water
breakthrough;

• image flow anisotropy associated with produc-
tion from fracture-dominated reservoirs;

• provide real-time 3D monitoring of fluid
pressure front movement, such as waterflood
fronts ;

• assist in targeting new producer/injector wells
• identify areas of reservoir compaction and

potential wellbore instability;
• provide input and condition permeability grids

for reservoir simulation.

Despite the potential of the technique there have
been barriers preventing its widespread uptake by
the industry. However, the industry is now more
open to new ideas and 'step changes' in tech-
nology. In particular 4D seismic has succeeded in
moving the focus from static reservoir models to
understanding more about long-term reservoir
behaviour and production processes in the inter-
well region. The remaining technological
difficulty is the deployment of permanent seismic
sensors in production well completions; however,
this barrier is also disappearing through the emer-
gence of permanent borehole sensor installations
and intelligent well completion technology,
with subsurface sensor installations, dedicated
telemetry systems and well control devices.
Service companies are now introducing perman-
ently deployed seismic systems into their product
ranges (e.g. Deflandre et al 1995; Hottman &

Curtis 2001) and operators are beginning to trial
these systems in intelligent well deployments (e.g.
Bell et al 2000). Soon it will be possible to fully
exploit the 'grunts and groans' induced by
hydrocarbon production.
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Ongoing compression across South American
plate: observations, numerical modelling

and some implications for petroleum geology
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Abstract: The South American plate is now in horizontal compression and shortening. This is
shown by stress data compilations, intraplate stress field numerical models and space-based
geodetic results. Consistent with the compressive scenario, analyses of leak-off and hydraulic
fracturing data indicate that the maximum principal stress is horizontal for most Brazilian
basins. The observed compression/shortening is probably mostly due to the convergence of
the South American and the Nazca plates and the divergence of the South American and the
African plates.

Plate-wide deformation related to the Andean tectonics has been evidenced by analyses of
integrated visualizations of available plate-scale information on tectonics, continental geology,
topography/bathymetry, seismicity, stresses, active deformation, residual isostatic anomalies,
fission track analyses, and seismically derived Moho depths and P and S wave velocity
anomalies. Here, some results of these analyses are presented and some implications of the
ongoing compression for petroleum exploitation and exploration are discussed.

A conceptual model for the plate-wide deformation is presented and numerically tested
using elasto-plastic rheologies. The model states that in response to the compression, the
lithosphere as a whole (or only the crust if thermal gradients are high enough) tends to fold
and fracture. This tendency is stronger during peaks of the Andean orogeneses. The forming
antiforms are responsible for uplift along the erosional basin borders, whereas the forming
synforms are sites of continental sedimentation, at basin centres. The denudation of sedi-
mentary covers promotes the exhumation of deeper and deeper rocks, cropping out at the foot
of retreating scarps. Consequently, the erosional borders of the basins form local topography
highs with respect to the adjacent basement.

In exploration, neotectonics is usually simply disregarded, at least with regard to the explor-
atory activities developed in 'passive' margin basins. Nevertheless, we infer that neotectonics
has an important role in the distribution and preservation of petroleum accumulations, since:
(i) accumulations are ephemeral in a geological time scale, being strongly dependent on the
seals's fine geometry and biodegredation; (ii) a strong positive correlation exists between
permeability anisotropy and maximum horizontal stress; (iii) the source rocks of the most
important Subandean and intraplate petroleum systems are still in the oil generation window;
and (iv) the disruption of 'kitchens' of generation is a positive factor to primary migration.
This inference seems to be confirmed, since the most important South American petroleum
accumulations are found along the actively deforming border between the South American
and Caribbean plates. Indeed, the most important accumulations in marginal basins are found
in the southeastern Brazilian margin (the Campos basin), which has been deformed the most
with respect to other margins during the Cenozoic, and continues to be the most seismically
active.

The South American plate is now in horizontal
compression and shortening, as shown by stress
data compilations (Assumpcao 1992; Lima et al.
1997) and space-based geodetic results (Lima
1999). This tectonic compression can be simul-
ated by intraplate stress field numerical models
(Coblentz & Richardson 1996; Meijer 1995).
Thrust regimes prevail along the southeastern
Brazilian margin, in central Brazil and in the
Amazon region; strike-slip regimes prevail along

the northeastern Brazilian margin (Assumpcao
& Suarez 1988; Assumpcao, 1998; Ferreira et al
1998). All but one of the available base lines from
the French DORIS geodetic space-based system
are shortening. Base lines that cross the Andes
towards the midplate are shortening 13-20 mm
a"1, and midplate shortening reaches 7 mm a"1

over the Brazilian craton (Fig. 1; L. Soudarin,
CNES, Toulouse, written communication, 1998).
Geodetic results have also confirmed that the

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 87-100. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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Andean deformation belt is still propagating east-
wards, thrusting the Brazilian craton (Norabuena
et al. 1998). Cenozoic deformation is continent-
wide (Cobbold et al 1996; Lima 1999). Analyses
of leak-off and hydraulic fracturing data indicate
that the maximum principal stress is predomin-
antly horizontal for most Brazilian basins (Lima
Neto 1998, 1999; Lima Neto & Beneduzi 1998).
The observed compression/shortening is prob-
ably mostly due to the convergence of the South
American and Nazca plates and the divergence
of the South American and African plates (Lima
1999).

In western Europe, ongoing NW-trending
compression is inducing regional tectonic deform-
ation (lilies & Greiner 1979; lilies et al. 1979). On
the basis of in situ stress determinations, focal
mechanisms, geodetic measurements and Quater-
nary volcanic activities, these authors have
demonstrated that since Pliocene times the
current stress field has controlled faulting,
patterns of uplift and deposition through a 800

km long belt of seismotectonic activity affecting
the Rhine graben, the Rhenish shield, the lower
Rhine embayment and the Zuideer depression.
These phenomena have been termed 'incipient
inversion', an intraplate deformation attributed
to Alpine tectonics (Ziegler 1989).

Similarly, plate wide deformation related to
the Andean tectonics was highlighted by inte-
grated visualizations of available plate-scale
information on tectonics, continental geology,
topography/bathymetry, seismicity, stresses,
active deformation, residual isostatic anomalies,
fission track analyses, and seismically derived
Moho depths and P and S wave velocity
anomalies (Lima 1999).

Here, firstly, we present some results of
analyses of composite images and geotransects
of plate topography and bathymetry, geology,
gravity, and seismicity made by Lima (1999),
which provide evidence for a number of observ-
ations related to the ongoing compression/
shortening. Secondly, we summarize some results

Fig. 1. South America base lines of French space-based geodetic system DORIS (Soudarin 1995). Results from
four years of observation (1993-96, 48 world-wide distributed stations) indicate that all but one of the base lines
are in shortening. The stations are: A, Arequipa; C, Cachoeira Paulista; K, Kourou; R, Rio Grande; S,
Santiago. Source: L. Soudarin, CNES-Toulouse, 1998, written communication. Modified from Lima (1999).
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from other studies in order to discuss some
implications of the ongoing compression for
petroleum exploitation and exploration.

Some structural and topographic expressions
related to the ongoing compression

Previous work (Gephart 1994) has shown that
the topography of the Central Andes and the
geometry of the underlying subducting slab of
the Nazca plate have the same bilateral sym-
metry. Moreover, the calculated best plane of
symmetry is roughly coincident with the Euler
equator of the Tertiary convergence between the
South American and the Nazca plates, implying

an intimate relationship between the kinematics
of the convergence and plate deformation along
the Andean margin.

Lima (1999) observed that the same plane is
also roughly coincident with a chain of gravity
positive isostatic anomalies (Ussami et al. 1993)
that cross the entire midplate, from the Central
Andes salient up to northeastern Brazil (Figs 2 &
3).

This chain concentrates seismicity, is the major
plate divide and separates the plate into two
different geotectonic, gravity and topographic
domains. High topography and negative residual
isostatic anomalies prevail southeastwards, where
rocks mostly belong to the Brasiliano domain

Fig. 2. Topography of South America. Shaded image containing South American topography and bathymetry,
built using the DTM3 data base, compiled by the Leeds University in a regular 3-minute arc grid. Lines 1–5 are
geotransects (Fig. 6); A, Andes; AM, Amazonia; CAB, Campos (off-shore) basin; EE, Euler equator for Mid-
Tertiary convergence between the South American and Nazca plates and best plane for bilateral symmetry of
topography and the underlying slab (Gephart 1994); HGS, highlands of the Guyanna shield; MHIR,
transcontinental chain of positive residual isostatic anomalies (Fig. 3); PAN, Pantanal basin (Neogene); PAR,
Parana basin (Palaeozoic-Tertiary; PO, Potiguar basin (Mesozoic-Tertiary; PRC, Parecis basin
(Palaeozoic-Tertiary); SF, Sao Francisco basin (Mesozoic-Tertiary); SM, southeastern Brazilian Coastal
Ranges (Serra do Mar and Serra da Mantiqueira).
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Fig. 3. Isostatic residual anomalies (Ussami et al 1993) and seismicity (crosses ) in South America. Negative
anomalies are shown in white and bluish hues; positive anomalies are in reddish hues. See the transcontinental
chain of isostatic positive anomalies associated with seismicity (MHIR) crossing the plate from the Andean
flexural bulge (AFB), where the Pantanal basin (PAN, Neogene) is found, towards the NE continental edge of
the plate (Potiguar basin, PO, Mesozoic—Tertiary). A, Andes; PAR, Parana basin (Palaeozoic—Tertiary).

(450-700 Ma; Brito Neves 1991). On the other
hand, northwestward, rocks mostly belong to the
Tranzamazonico domain (c. 2000 Ma; Brito
Neves 1991), positive residual isostatic anomalies
prevail and high topography is found only near
the contact between the South American and
Caribbean plates (Figs 2-5).

The implication is that strong mechanical
links exist between the convergence of South
America and Nazca, the Andean deformation and
the intraplate deformation, and the plate-wide
deformation is dependent on older Precambrian
major structures, namely on a major Neopro-
terozoic suture (Brito Neves 1991).

In front of the Central Andes salient, the
western edge of the Brazilian craton has been
uplifted along a line that mimics the structural
lines of the Andean deformational belt (Figs 4 &
6, geotransect 2). This surface uplift is due to a
flexural bulge (Fig. 3) induced by vertical and
horizontal loads associated with the dynamics of
the chain (Shiraiwa & Ussami 1993). In response
to the uplift, denudation of a Tertiary and older
sedimentary cover has been taking place, pro-
ducing sedimentary scarps that retreat towards
the Brazilian craton, exhuming the Precambrian

shield and producing large areas of Neogene
sedimentation, such as the great Pantanal basin
(Figs 4 & 6, geotransect 2; see also Fig. 9).

Seismological data available for the Parana
basin eastwards to the Pantanal indicate that the
Moho is depressed under the centre of the basin
(where there is a thin belt of Neogenic sedi-
mentation) and raised towards its erosional
borders (Assumpcao et al. 1997; Fig. 5). More-
over, estimates of effective elastic thickness (Te)
for the Parana basin (Vidotti 1997) indicate that
greater values (about 60 km) are found along the
axes of the basin, whereas lower values (about
20-30 km) are found at the erosional and raised
eastern and western borders. These observations
suggest a continental-scale lithospheric deform-
ation comprising an antiform at the Pantanal
and a synform at the Parana basin. The sedi-
mentary bedding tends to follow those plate-
scale structures, denoting a breached antiform at
the Pantanal and a synform at the Parana basin
(Fig. 2).

Processes similar to those described above
relating seismicity, gravity anomalies and retreat-
ing of sedimentary scarps seem to be operating
at different scales in all continental basins. All
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Fig. 4. Geology and Topography of South America. Overlay of a shaded digital terrain model (DTM) of the
topography and bathymetry and the Geological Map of South America (UNESCO 1981). The shaded image was
built using the DTM3 data base, compiled by the Leeds University in a regular 3-minute arc grid. Dashed lines
indicate retreating scarps formed by erosional edges of sedimentary basins. A, Andes; ANT, Antarctica Plate;
BA, Amazon basin (Palaeozoic-Mesozoic); BN, Bananal basin (Neogene); BRZ, Brasiliano domain; CA,
Caribbean plate; CB, Brazilian craton; CO, Cocos plate; HGS, highlands of the Guyana shield; LGS, lowlands of
the Guyana shield; LW, lowlands; NAM, North America plate; NZC, Nazca plate; PAN, Pantanal basin
(Neogene); PAR, Parana basin; PO, Potiguar basin; PRC, Parecis basin; PRM, Para-Maranhao basin; S,
Solimoes basin (Palaeozoic–Neogene); SAP, South American plate; SC, South Caribbean fold belt; SCO, Scotia
plate; SF, Sao Francisco basin; SM, southeastern Brazilian Coastal Ranges; TRZ, Transamazonico domain; TU,
Reconcavo-Tucano basins; X, Xingu basin. Transects 1-5 are shown in Figure 6. Modified from Lima (1999).

these basins are actually remnants of basins
whose erosional edges are associated with
positive isostatic anomalies, and frequently with
seismicity (Figs 4 & 6). They are in incipient
inversion; their borders are being uplifted and

eroded, whereas their axes, along with major
river flows (e.g. the Parana and the Amazon) are
subsiding, acting as narrow belts of Neogene sedi-
mentation. Along the raised borders, Cretaceous
and Devonian marine sediments may be found
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Fig. 5. Crustal thickness and the Parana basin structure in southeastern Brazil. Overlay of a shaded DTM built
with the TOPO30 data base and an area of the Geological Map of Brazil (DNPM, 1981). Crustal thicknesses
(in km) indicated by numbers in the white squares were determined by seismological studies (Assumpgao et al.
1997), using data provided by delays between arrivals of directed P and Ps waves, the latter generated at the
Moho discontinuity (Receiver Function Analysis). The Moho makes a large wavelength lithospheric synform at
the Parana basin (PAR, in greenish hues), accompanying its structure. M, remnants of raised Aptian-Albian
marine sediments; SCL, Precambrian basement (in reddish hues). Devonian marine sediments cropping out at
+860 m were found by drilling at -926 m (see text). Modified from Lima (1999).

several hundreds of metres in height. The same
marine sediments have been found by drilling,
several hundred of metres deep at the centres of
the basins (Petri 1948; Daemon et al 1967;
Lange & Petri 1967; Lima 1999; Fig. 5). As a
result of the retreating process, Precambrian
crystalline rocks are exhumed adjacent to basins
that are in incipient inversion, cropping out at
lower topographic levels (Fig. 7).

A conceptual model for the observed wide-
scale intraplate deformation

In order to explain this scenario, Lima (1999)
proposed that, since the Upper Cretaceous, in
response to the compression, the lithosphere as a
whole (or only the crust if thermal gradients are
high enough) tends to fold and fracture (Fig. 8).

The forming antiforms are responsible for
uplift along the erosional basin borders, whereas
the forming synforms are sites of continental
sedimentation, at basin centres. Actually, during
the Upper Cretaceous, a continental sediment-
ation whose remnant is 250 m thick was
deposited along the axis of the Parana basin
(Milani 1997). This sedimentation is concomit-
ant with the Upper Cretaceous Peruvian oro-
genesis. The advection of mantle materials
towards the forming antiforms, associated with
denudation, promotes adiabatic decompression
in the rising materials, facilitating fusion, and

hence, the observed Upper Cretaceous and
Tertiary alkaline-magmatism. This tendency is
stronger during peaks of the Andean orogeneses.
The denudation of sedimentary covers promotes
the exhumation of deeper and deeper rocks,
cropping out at the foot of retreating scarps.
Consequently, the erosional borders of the
basins form local topography highs with respect
to the adjacent basement. The basement low
topography is frequently associated with great
Neogene basins (e.g. the Pantanal). Seismicity,
always associated with positive residual isostatic
anomalies, is concentrated about inflection
points between forming synforms and antiforms,
along the erosional borders of basins, probably
absorbing most of the shortening. The tendency
to fold and fracture is controlled by the previous
lithospheric/crustal structure. This is a key
element in the conceptual model. An example of
such a control is the Moho topography under the
Parana basin: the extensive basalt flooding at the
centre of the basin is supposed to be responsible
for underplating and hence for the initial
synform of the Moho.

Results of a comprehensive study of the defor-
mational history of Andean sedimentary basins
were used to postulate the idea that the evolution
of this belt would have been dominated by a
compressional tectonic continuum since the
Upper Cretaceous (Noblet et al. 1996). This is
consistent with the intraplate compressional
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Fig. 6. Geotransects. Circles below boxes containing the transects indicate clusters of epicentres found along
them, not the depth of hypocentres. Numbers at the vertical axes of the geotransects indicate both topography,
in metres (black line) and residual isostatic anomalies, in 10 times miligals (grey line). BA, Amazon basin
(mostly Palaeozoic); BN (Q), Bananal basin (Neogene); BRZ, Brasiliano domain; C, Carboniferous; CA,
Caribbean plate; J, Jurassic; Ki, Lower Cretaceous (tholeitic basalts); K(g) Upper Cretaceous alkaline volcanic
rocks; Ks, Upper Cretaceous; HGS, highlands of the Guyana shield; LGS, lowlands of the Guyana shield;
MHIR, transcontinental chain of positive isostatic anomalies; Mz, Mesozoic; P, Permian; Pa, Palaeozoic; PAR,
Parana basin (mostly Palaeozoic); PN (Q), Pantanal basin (Neogene); PRT, Proterozoic; Q, Quaternary; RP,
Parana River; SAP, South American plate; SC, South Caribbean folded belt; SFR, Sao. Francisco River; SM,
southeastern Brazilian Coastal Ranges; SU, Uatuma Supergroup, a set of magmatic rocks of 1900 ±200 Ma,
(U.G. Cordani, personal communication, 1997); T, Tertiary; TU, Tucano, Reconcavo and Jatoba basins (mostly
Lower Cretaceous); TRZ, Tranzamazonico domain. Modified from Lima (1999).
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Fig. 7. Topographic expression of a basin undergoing incipient inversion. Overlay of a mosaic of Landsat TM
Images and a shaded DTM covering the Potiguar basin (greenish hues) and its adjacent basement, which crops
out at lower topographic levels (reddish hues). See the raised erosional edges of the basin, sustained by scarps
(ER) that retreat towards its centre (T). These scarps (about 200-250 m high) are formed by Upper Cretaceous
shallow marine limestones (KJ) conformably deposited over continental sandstones and shales (KA). Both units
dip towards the centre of the basin, over which there is a local remnant topography sustained by retreating scarps
formed by continental Tertiary sediments (T). VT is a Miocene volcanic neck whose top is about 500 m high.

Fig. 8. Conceptual model for lithospheric deformation along a schematic transect between the Central Andes
and the SE Brazilian Atlantic margin. Sketch showing the main features of the proposed conceptual model.
Arrows indicate displacement. See text. Modified from (Lima 1999).
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tectonic continuum implied in the conceptual
model herein proposed.

In this model, the high topography of the SE
Brazilian Coastal Range is supposed to be associ-
ated with a lithospheric antiform. Evidence of
such a lithospheric structure could be the exis-
tence of low velocity zones in that area, which are
possibly caused by a still-existent thermal ano-
maly below 100 km and extending to a depth of
600 km (Vandeccar et al 1995). This antiform
should be mostly explained by the compressional
interaction of the continental lithosphere with the
very strong oceanic lithosphere found eastwards.
This is consistent with the observed compres-
sional deformation found at the transitional limit
between both lithospheres (Fig. 9; Bassetto 1997).

This conceptual model has been numerically
tested and the preliminary results were successful
in replicating the main aspects of the observed
ongoing deformation of cratonic South America,
namely the anticorrelation between lithospheric

structure and topography (Fig. 10; Lima et al.
1999).

A schematic 3000 km long lithospheric section
has been modelled using elasto-plastic rheologies
(Fig. 10; Lima et al. 1999). The section incorpor-
ates an initial senoidal Moho topography (with a
wavelength of about 2000 km) and a layered
profile of lithospheric strengths. This profile takes
into account a strong, 15-20 km thick, upper
crust (including 5 km of sediments), overlying a
20 km thick, very weak lower crust, underlain by
a 115 km thick, strong, upper mantle. The layered
lithosphere overlies a 100 km thick, very weak
asthenosphere, supposed to be attached to the
lithosphere, as proposed by Vandecar et al. (1995)
and Russo et al (1994, 1996). Such a layered
profile is supposed to roughly represent a litho-
sphere submitted to intermediate temperatures
(Davy & Cobbold 1991).

In order to accumulate a shortening of about
0.25-0.30%, one end of the section was fixed and

Fig. 9. Neogene compressional structures in the SE Brazilian Atlantic margin. Compressional structures
affecting Neogene sediments and the sea bottom are found in several seismic lines, defining a 300 km long thrust
front in the SE Brazilian Atlantic margin. Along the front, oceanic crust has been thrust upon thinned
continental crust (Bassetto 1997). Consistently, all available focal mechanisms in the SE Brazilian margin
indicate thrust regimes (Assumpcao 1998). DSP, Sao Paulo dorsal; ZFG, Rio Grande fracture zone; SDR,
seaward dipping reflectors. Modified from Bassetto (1997).
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incremental displacements were applied to the
other (Fig. lOa). This scenario is intended to
simulate the action of Andean horizontal loads
against the Brazilian craton (western edge of the
section) pinned on a fixed and very strong oceanic
lithosphere (eastern edge of the section). An aver-
age intraplate strain rate of about 6.97x 10-17 s-1

had been estimated from the shortening measured
along the Cachoeria Paulista-Kourou base line
of the DORIS space-based geodetic system
(Lima 1999). Assuming this average intraplate
strain rate could be linearly extrapolated, the
shortening imposed by the models would have
been accumulated over about 1-2 Ma.

Figure 10. Numerical Model. (a) Initial configuration for a model of a 3000 km long schematic transect crossing a
continental lithosphere containing an initial large wavelength senoidal Moho topography. Al & A2, antiforms; SI
& S2, synforms; Co, cohesive strength; (0, internal friction angle; v, Poisson's ratio; E, Young's modulus. Gravity
and densities were taken into account. Arrows indicate displacement. (b) & (c) Modelling results after 0.25–0.30%
of shortening, when the lithosphere was attached to the lower mantle. Modified from Lima et al (1999).
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Under the imposed boundary conditions, the
deformed models show similarities to nature,
qualitatively imitating the systematic anticor-
relation between topography and structure
observed across South America, where positive
isostatic anomalies are mostly associated with
flooded areas (Fig. 11). In the model, topo-
graphic depressions are formed over the original
lithospheric antiforms, whereas high elevations
are produced over the original lithospheric
synforms, mainly on the limbs of the structure.
The deformed models as a whole underwent
uplift. The numerical modelling suggests that a
dragging force pulls down the anticlines and
pushes up the synclines. This is probably due to
complex interactions between the rigid structures
and the weak underlying material, the reaction
forces which determine the movement being
closely related to the shape of the rigid structures.

Discussion and conclusions

Assuming an elastic rheology, early studies of
lithospheric flexure showed that for reasonable
levels of compressional forces the induced vertical

displacements of the lithosphere are negligible.
This result, combined with the lack of evidence
of natural examples until recently, led to with-
drawal of attention from lithospheric folding
(Cloetingh 1992).

Meanwhile, during the two past decades,
several theoretical studies concerning numerical
and analogue modelling based on other rheo-
logies (viscous-plastic and elasto-plastic) have
been made and natural examples have been re-
cognized of lithospheric folding in both oceanic
and in continental domains (Davy & Cobbold
1991; Martinod 1991; Martinod & Davy 1992,
1994; Beekmann 1994).

By combining tectonics with available plate-
scale information on stresses, geodesy, seismology,
topography, geology, gravity and geomorphology,
Lima (1999) presented a convincing example for
large-scale lithospheric folding and fracturing and
incipient compressional reactivation of tensional
basins. Numerical modelling based on elasto-
plastic rheologies has been successful in quali-
tatively replicating the main observations, namely
the anticorrelation between topography and
lithospheric structure (Lima et al. 1999).

Fig. 11. Anticorrelation between lithospheric structure and topography in South American intraplate. Major
flooded areas (dark shading) are mostly associated with positive isostatic anomalies (red crosses). One amongst
them, the Pantanal, is the only known lithospheric antiform. Modified from Lima et al (1999).
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South American intraplate seismicity concen-
trates about the inflection points between the
lithospheric antiforms and synforms. A similar
relationship between lithospheric folding and
fracturing has been found in nature and in
numerical modelling of the intraplate deform-
ation of Eurasia and Australia (Beekmann
1994), and in other numerical and analogue
studies as well (Davy 1986; Davy & Cobbold
1991; Martinod & Davy 1992, 1994; Cobbold et
al. 1993; Tondji Byio 1995).

The concepts that firstly, passive margins are
"relaxed" (submitted only to minor extensional
fault activity), and secondly, that the formation
of structures have been terminated a long time
ago, are deeply perceived within the oil industry.
The perception that intraplate South American
basins (and also probably basins of other
intraplate areas) are in compression and actively
deforming is opposed to these two concepts and
opens up new perspectives for exploitation and
exploration strategies.

In exploitation, the importance of taking into
account the actual values of the current stress
field in well design and secondary recovery has
been theoretically recognized for many years (e.g.
Bell 1990; Bol et al 1992; Mody & Hale 1993;
Santos 1997). Meanwhile, a gap probably still
remains between theory and practice, at least for
activities developed in 'passive' margin basins.
Taking into account actual stress values, and so
avoiding inaccurate assumptions such as the one
that states that passive margins are 'relaxed',
would improve well design and secondary
recovery and probably help diminishing losses.

During the last few years, the role of in situ
stresses in fracture reservoir characterization has
been increasingly recognized and incorporated
into reservoir modelling (e.g. Ameen 1999;
Dholakia et al. 1999; Batchelor, 1999; Smart,
1999; Rogers & Evans 1999; Cacas & Daniel
1999). Nevertheless, as stated by Rogers & Evans
(1999), the actual relationship between the flow
of fluid through a fractured mass and the pre-
vailing stress field remains poorly understood.
For instance, conventional wisdom states that
fracture flow is predominantly along fractures
parallel to the maximum stress direction. How-
ever, the analysis of detailed fracture, stress field
and flow data derived from a borehole drilled as
part of the UK radioactive disposal programme
has recently shown (Rogers & Evans 1999) that
the most transmissive zones were those sub-
mitted to a very high shear/normal stress. Previous
work has established that these critically stressed
fractures have the potential to dilate and so are
the most favourable pathways for fluid flow.

In a classic textbook of petroleum geology,

F. K. North has remarked that, in spite of being
a revolutionary stride, plate tectonics has not
influenced the actual course of petroleum
exploration in any significant way (North 1994,
p. 23). His opinion was that, even though it can
provide convincing explanations of exploratory
outcomes after these become known, plate
tectonics would be unlikely either to instigate or
to deter their achievement. Lima (1999) pointed
out that this statement has not significantly
changed up to now, with plate tectonics still
being used mostly in palaeogeographical recon-
structions, which are designed to constrain the
geological history of a given basin or a set of
basins. For instance, over the past decade the
World Stress Map Project has shown that most
intraplate areas are in compression. Neverthe-
less, the impact of that information on explor-
ation, if any, has probably been minimal. In
summary, in exploration, the impact of plate
tectonics has been minimal and neotectonics is
usually simply disregarded, at least with regard
to the exploratory activities developed in
'passive'" margin basins.

Nevertheless, we infer that neotectonics has
an important role in the distribution and preserv-
ation of South American petroleum accumula-
tions, since: (i) accumulations are ephemeral in a
geological time scale, being strongly dependent
on the seals's fine geometry and biodegredation;
(ii) a strong positive correlation exists between
permeability anisotropy and maximum horizontal
stress (Heffer & Lean 1991; Bruno et al. 1991);
(iii) the source rocks of the most important
Subandean and intraplate petroleum systems are
still in the oil generation window (Mello et al
1994, 1997); and (iv) the disruption of 'kitchens'
of generation is a positive factor to primary
migration (Price 1994).

This inference seems to be confirmed, since the
most important South American petroleum
accumulations are found along the actively
deforming border between the South American
and Caribbean plates. Indeed, the most import-
ant accumulations in the so-called passive margin
basins are found in the southeastern Brazilian
margin, which has been deformed the most with
respect to other margins during the Cenozoic,
and continues to be the most seismically active.

I would like to thank Petrobras for the authorization to
publish the present paper. In addition, I also thank
to B. Muller and J. M. Jacques for the review and
suggestions.
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Abstract: The Belluno syncline is a structure located in the Venetian fold-and-thrust belt in the
Italian Southern Alps. This SSE-vergent chain mainly developed during the Neogene as a
back-thrust belt of the Alps deforming the northern margin of the Adria plate. The syncline
is asymmetric in shape, with a steep backlimb, as the forelimb of the paired Monte Coppolo
Anticline; it is the result of fault-propagation folding during the development of the
underlying Belluno thrust. In plan view the Belluno thrust shows a prominent curvature
interpreted as reactivation of inherited Mesozoic extensional structures. The hinge of the
Belluno syncline presents a similar curvature. Rocks cropping out in the syncline core are
Upper Chattian to Langhian fine-grained molassic sediments, mainly siltstones and marls.

Most fractures on the Belluno syncline have formed at high angles to bedding. The dominant
fracture trends are subparallel and orthogonal to the fold hinge. Sometimes these fractures
show plumose structures revealing extension (Mode I) fracture mechanism and therefore they
are referred to as longitudinal (be) joints and cross (ac) joints respectively. Other fracture trends
oblique to the hinge line are found in measurement stations located on limbs distant from the
fold hinge. They are referred to as oblique (shear) fractures. Throughout the western part of
the Belluno syncline the fracture network maintains a roughly symmetrical distribution with
respect to the fold hinge, suggesting a development in association with folding.

The Belluno syncline, located in the Venetian Alps
fold-and-thrust belt, formed during the Neogene
development of the Southern Alps, in NE Italy.
The eastern Southern Alps are a SSE-vergent
chain, which inverted the pre-existing Mesozoic
passive margin of the Adria plate (e.g. Bertotti et
al. 1993). The Tertiary sedimentary evolution of
the Venetian Alps shows the interplay of two
suborthogonal orogenic belts: the Dinarides and
the Southern Alps (Fig.l). Therefore, two foreland
basins of different ages and polarities overlap in
time and space. Late Palaeocene to Middle
Eocene external Dinaric flysch deposits accumul-
ated within a NW-trending basin (Massari et al.
1986). Subsequent Upper Chattian to Langhian
late-orogenic Dinaric molasse infilled a basin
shifting southwards due to the rapid rising of the
Alpine axial zone. A second stage of Alpine
molasse accumulation began in the Serravallian
and the basin axis assumed an ENE trend. From
the Late Serravallian the basin was incorporated
into the South Alpine thrust belt (Massari et al.
1986; Ghibaudo et al. 1996).

The Venetian Alps are arranged in an imbri-
cate fan of thrust sheets involving the crystalline
basement. In plan view the thrusts show several
structural undulations controlled by inherited

features, such as the NNE-trending normal faults
(Doglioni 1992). The Belluno Line is a major
thrust with a prominent ramp anticline (Monte
Coppolo anticline) on the hanging wall and a
syncline (Belluno syncline) on the footwall. It has
a N75°E trend, but in the sector between
Sospirolo and Cesiomaggiore it turns towards
N45°E (Fig. 1), assuming an oblique ramp geo-
metry with sinistral transpression (Costa et al.
1996). The near-vertical attitude of the forelimb
of the hanging wall anticline and of the back-
limb of the footwall syncline suggests fault-
propagation folding (D'Alberto et al. 1995).

During folding the molasse sediments develop-
ed a prominent fracture network, which is of
special interest to the applied geology of the area.
The aims of this study are to present an example
of natural fracture network on a syncline struc-
ture, and to compare the fracture network with
other fold-related systems mentioned in the
literature.

Stratigraphy of the Chattian–Langhian
deposits of the Belluno syncline
The core of the Belluno syncline contains the
Upper Chattian–Langhian siliciclastic molasse

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 101-106. 0305-8719/03/$15.00
© The Geological Society of London 2003.
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Fig. 1. (a) Structural map of the western part of the Belluno syncline (after Costa et al. 1996) with the six
fracture measurement stations: (1) Rorei, (2) San Vittore, (3) Rive di Ignan, (4) Velos, (5) Boschi di Villa, (6)
Cavallea. (b) Cross-section normal to the thrust belt. T, Lower-Middle Triassic; UT, Upper Triassic; J, Jurassic;
K, Cretaceous; PG, Palaeogene; LM, Lower Miocene; MM, Middle Miocene. The investigated stratigraphic
interval is shaded.

deposits that unconformably overlie the Eocene
Belluno Flysch. The lithostratigraphic logs of
representative sections with a tentative correla-
tion of stage boundaries of the molasse deposits
cropping out in the study area are shown in
Figure 2. They comprise a number of arenaceous
and muddy lithostratigraphic units respectively
referred to, from base to top, as Belluno
Glauconitic Sandstone, Bastia Siltstone, Orzes
Sandstone, Casoni Siltstone, Libano Sandstone,
Bolago Marl, S. Gregorio Sandstone, Monfumo
Marl and M. Baldo Formation. These units
constitute a clastic wedge in the area between
Belluno and Feltre thinning out progressively
westwards along the Dinaric foreland ramp.

According to Massari et al. (1986) and
Ghibaudo et al (1996), in the Upper Chattian-
Lower Langhian local succession, four third-order

depositional sequences, bounded by regional-scale
unconformity surfaces often marked by glauco-
nitic key beds, can be recognized.

The lower sequence (Upper Chattian-Lower
Aquitanian in age) is represented by a basal
transgressive glauconitic fossiliferous sand sheet
(Belluno Glauconitic Sandstone) overlain by
offshore muddy deposits (Bastia Siltstone). The
second sequence (Upper Aquitanian-Lower
Burdigalian in age) comprises three units: Orzes
Sandstone, Casoni Siltstone and Libano Sand-
stone. The Orzes Sandstone is a discontinuous
siliciclastic arenitic body with an erosional basal
surface, interpreted as an estuary mouth valley-
fill deposit. The Casoni Siltstone and Libano
Sandstone represent a coarsening- and shallowing-
upward succession of pro-delta to delta-front
deposits respectively.
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Fig. 2. Lithostratigraphic columns of the studied succession.

The third sequence (Upper Burdigalian in age)
also records an episode of deltaic progradation.
It is represented by the Bolago Marl (pro-delta
silty marls) and the S. Gregorio Sandstone
(delta-front arenites).

The upper sequence (Lower Langhian in age)
is made up of outer shelf to epibathial silty marls
of the Monfumo Marl unit, that represents the
maximum deepening of the basin. The sequence
is bounded at the top by the erosional base of the
overlying M. Baldo Formation.

Fracture network

Data

Due to the low elevation of the study area and
widespread presence of glacial deposits, rock
outcrops are rare and localized only along stream
sections. Six measurement stations were estab-
lished at different structural positions of the
Belluno syncline between Sospirolo and Cesio-
maggiore: 1 and 6 are hinge zone stations, 2 and

5 are backlimb stations, 3 and 4 are forelimb
stations (Fig. 1). Fracture data were collected on
bedding surfaces and on bedding-perpendicular
exposures. The lithostratigraphic units investigated
are the Bastia Siltstone (stations 6, Cavallea), the
Casoni Siltstone (lower part at station 6 and
upper part at station 4 - Velos), the Libano
Sandstone (station 4), the Bolago Marl (lower
part at stations 3 - Rive di Ignan, 4 and 5 -
Boschi di Villa; middle part at station 1 - Rorei;
upper part at station 2 - S. Vittore), S. Gregorio
Sandstone (station 2).

Most fractures have formed at high angles to
bedding (Fig. 3). In each station fractures are
well grouped in a few distinct sets (Fig. 4):
stations 2 and 6 show only one fracture set,
stations 1 and 3 show two sub-orthogonal frac-
ture sets, station 5 shows two main fracture sets
making an acute angle of c. 70°, while station 4
shows the most complex fracture system, com-
posed of four main fracture sets. The fractures
show a roughly planar geometry with a trace
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Fig. 3. Examples of lower hemisphere projections for
fractures measured in fold limbs. (a) Poles to fractures
(dots) and to bedding (square); (b) 1% area contour of
poles to fractures; (c) 1% area contour of poles to
fractures after bedding rotation to the horizontal.

Fig. 4. Rose diagrams of fracture orientation as
measured in the field, with interpretation of different
sets in a layer and fold-control system: cj, cross joints;
Ij, longitudinal joints; oj, oblique joints. The dashed
line is the local trend of the fold hinge.

length from one to several metres. The fractures
are closed, without any measurable slip or
dilation. In some cases (sets of stations 1 and 6)
typical hackle plume ornaments (Hodgson 1961;
Roberts 1961) were found on fracture faces (Fig.
5), providing critical information to interpret
their origin. These fractographic features point
to a brittle failure during Mode I loading at the
crack tip (e.g. Pollard & Aydin 1988; Kulander
et al. 1979). In contrast, on fracture faces of the
sets oblique to the local trend of the fold hinge
plumose structures have never been found
supporting their shear fracture interpretation.

Fracture orientation versus fold geometry
Stereographic rotations to the horizontal around
the layering strike were performed in order to
investigate the relationship between fractures
and fold . The maximum dip angle of the beds in
measured stations is 30°. After rotation the trend
of all fracture sets does not change significantly
(Fig. 3). This is a consequence of the sym-
metrical arrangement of fractures with respect to
the fold hinge. Given such symmetry, the orient-

ation of similar sets should change from locality
to locality according to variations in hinge
orientation. For example, in our interpretation
the N20-30°W set of station 6, which is normal
to the local fold hinge, should not correspond to
the N20-30°W set of station 4, which is oblique
to the local fold hinge.

Discussion and conclusions
The geometric arrangement of the fracture
system with respect to the Belluno syncline hinge
strongly suggests a close relationship between
fractures and fold. The plumose structures found
on fracture sets parallel and orthogonal to the
fold hinge points to an extension fracture
mechanism (Mode I) for these fractures. With
reference to the commonly used notation for fold
fractures (e.g. Price 1967) they are inferred to be
bc and ac respectively, where bc is a plane normal
to bedding and parallel to the fold hinge, whereas
ac is a plane normal to bedding and the fold
hinge. The other fracture sets, normal to bedding
but oblique to the fold hinge, are inferred to be
shear or hybrid fractures (e.g. Hancock 1985)
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Fig. 5. Near-vertical and normal-to-bedding joint face of N30°W set of station 6 showing metre-scale plumose
structure. Such ornaments suggest an extension fracture mechanism ('Mode I') for these joints. Because tey are
perpendicular to the fold hinge these fractures are inferred to be 'cross joints'.

and then they are labelled oblique fractures
enclosing an acute angle about the a axis (Fig. 6).
In some stations (1 and 4) some conjugate
fractures enclosing an acute angle about c are
also observed (Fig. 3).

From the Chattian to the Langhian the
Venetian basin behaved as a Dinaric foreland
basin. Due to low rates of thrust propagation, the
basin evolved under weak tectonic control. From
the Serravallian onwards an imbricate stack of
overthrusts advanced rapidly towards the SSE
shedding large volumes of clastic material into the
Venetian basin (Massari et al. 1986; Ghibaudo et
al. 1996). The maximum principal stress axis of
the Neoalpine contractional phase in the
Venetian Alps is recognized to trend N20°W
(Doglioni 1992). Nevertheless, a fracture set
parallel to the maximum stress axis is completely
absent in some measured stations (1, 2 and 3),
along with the lack of a system of conjugate
fractures enclosing an acute angle about the same
stress axis. Therefore, a post-folding origin of
the fractures may be excluded, at least for most
of them. Pre-folding fracturing may also be
excluded, due to the very weak tectonic control of
the basin during the Langhian interval, when a
change from Dinaric to Alpine control occurred.
This points to a fracture development coeval with
folding.

Fig. 6. Structure of the Belluno syncline with abc-
coordinate reference system.

The analysis of the fracture network of the
western part of the Belluno syncline shows that
fractures formed in association with folding and
that there is distinctly more variability in the
fracture orientation patterns in the limbs than in
the hinge zone. This result is consistent with
those obtained on other anticline (Norris 1967;
Winsor 1979; Hancock et al 1983; Dunne 1986;
Cooper 1992; Ameen 1995; Jamison 1997) and
syncline (e.g. Hancock 1985) structures. Studying
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the natural fracture systems of folds, particular
attention has been focused on anticline structures,
probably due to their importance as hydrocarbon
traps. We think our study may increase the limited
number of examples of natural fracture systems
on syncline structures and contribute to a better
understanding of the fracture characterization in
the mountains belts.

This work was supported by CNR (Centro di Studio
per la Geodinamica Alpina, Padova) and MIUR
(Cofin 2002). The authors thank Danilo Giordano for
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A new method for smoothing orientated data
and its application to stress data
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Abstract: Smoothing algorithms provide a means of identifying significant patterns in sets of
orientated data, eliminating local perturbations within the observations and predicting
patterns of orientated data in places which lack observations. Here we present the smoothing
of orientation data with a distance-related method of data weighting as an alternative to
previous weighting algorithms. The data weighting and smoothing method presented here in
theory and practice is developed on the basis of a statistical smoothing algorithm. The
method can be applied to orientation data of 180° periodicity such as maximum horizontal
tectonic stresses (SH) as compiled in the World Stress Map database. Our smoothing
algorithm enables discrimination between local (<250 km of lateral extent) and regional
(c. 250-5000 km of lateral extent) stress fields, and allows comparison of SH with other
directional data such as fault trends or strain data. We present smoothed stress maps
for northeastern America, the Himalayas and western Europe. By varying the scale and
smoothing parameters we illustrate their influence on the accuracy and smoothness. We give
recommendations for the appropriate choice of these parameters.

Orientation data, such as the azimuth of the
maximum horizontal stress (SH), are often
heterogeneous due to differing data densities,
locally significant scattering, varying qualities or
sporadic erroneous values. In these cases, as well
as identifying major trends in stress patterns,
interpolation or smoothing algorithms are
necessary. In this paper we discuss arguments for
the smoothing of orientation data, present a
distance-based method of weighting, thus
modifying the smoothing algorithm of Hansen
& Mount (1990), and apply it to three test areas
with stress observations compiled in the World
Stress Map (WSM).

The WSM project compiles data about the
contemporary tectonic stress field in the Earth's
crust (Zoback 1992a; http://www.world-stress-
map, org). Data from more than 10 000 locations
are now available and are frequently displayed in
the form of stress maps, in which the orientation
of the maximum horizontal stress SH is plotted.
Based on the 1997 WSM release we investigated
the distribution of stress orientations with depth
for three different tectonic settings (namely NE
America, the Himalayas, and western Europe)
with good data coverage from the surface to 35
km depth. Northeastern America (Fig. 1) repre-
sents a Precambrian craton, the Himalayas (Fig.
2) an orogenic belt and western Europe (Fig. 3) a
conglomerate of tectonic settings including rift

zones (Rhinegraben), plume areas (Massif
Central), and sedimentary basins (northern
Germany). The three areas of application are
characterised by different stress patterns, as
described in Richardson et al. (1979), Gowd
et al (1992), Muller et al (1992), Zhonghuai
et al (1992), Grunthal & Stromeyer (1986,1992),
Zoback & Zoback (1981), and Zoback (1992b).
Table 1 shows that data from different depth
intervals give comparable results in mean stress
orientation confirming statements of earlier
publications (Zoback et al 1989, Zoback 1992a;
Wehrle 1998). Thus, the joint usage of data from
different depths for the creation of smoothed
stress maps is legitimate. In other places stress
reorientations with depth might occur and cause
scattering of the stress data. This has to be
checked in the individual cases.

The stress patterns can be summarized as
follows. In northeastern America (Fig. 1) the
dominance of a NE-SW SH orientation is clearly
visible. Deviations from this trend, such as in the
coastal and off-shore areas between 36° N and
45° N, appear subordinate. In the Himalayas
(Fig. 2) SH varies with the tectonic position: at
the plate boundary near the thrust front SH is
orientated perpendicular to the mountain belt
and a thrust regime is prevailing. In elevated
areas of the orogen normal faulting occurs with
SH perpendicular to the mountain belt. Towards

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 107-126. 0305-8719/037$ 15.00
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Fig. 1. Map of maximum horizontal stress orientations *$H for Northeastern America. Different symbols stand
for different stress indicators (e.g. borehole breakouts, earthquake focal mechanisms; Zoback et al. 1989; Muller
et al. 1992, 1997). Symbol length indicates data quality, and symbol filling provides information about the
tectonic regime (NF, normal faulting, SS, strike-slip TF, thrust faulting, U, unknown stress regime) (Anderson
1942). The rectangle marks the area for which the smoothed stress pattern in Figure 10 is computed.

Fig. 2. Map of maximum horizontal stress orientations SH for the Himalayan region. The rectangle marks the
area for which the smoothed stress pattern is computed (Fig. 11). For explanation of symbols see Figure 1 caption.
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Fig. 3. Map of maximum horizontal stress orientations SH for western Europe. The rectangle marks the area for
which the smoothed stress pattern is computed (Fig. 12). For explanation of symbols see Figure 1 caption.

Table 1. Average SH azimuth and standard deviation (SD) in different depth intervals illustrating the stability of
stress orientation with depth for 3 selected areas. Average orientations are calculated using circular statistics
(Mardia 1972).

Depth
interval (km)

0-5
5-10

10-15
15-20
20-25
25-30
30-35
0-35

NE America

SH±SD

N 65° E±27°
N 52° E±49°
N 81° E±44°
N62°E±53°
N75°E±33°
N 47° E±40°
_
N63°E±32°

No.

289
25
27
23
2
3
0

369

Himalaya

SH±SD.

N 47° E±2°
N2°E±41°
N 172° E±46°
N 173° E±48°
N 4° E±46°
N3°E±53°
N 3° E±44°
N9°E±53°

No.

177
58

106
45
36
28
55

506

Western Europe

SH±SD

N143°E±41°
N161°E±49°
N151°E±44°
N 162° E±36°
N155°E±47°
N 164° E±22°
N 95° E±60°
N 143° E±43°

No.

516
150
112
33
35
11
13

870

the east, the stress regime alters to strike-slip with
a radial pattern of SH orientations. In western
Europe (Fig. 3) NW-SE orientations dominate
but with marked deviations. In the western
Alpine area (approx. long. 5° E, lat. 44° N) a
radial stress pattern can be detected. A NNE
trend along the NE coast of Spain (approx. long.
3° E, lat. 42° N) and a strong scatter, for example
in the western Pyrenees (approx. long. 0° E, lat.
44° N), are obvious.

Unwanted features in orientation data such as
scatter of data and variation in qualities can be
partly eliminated by interpolating or smoothing
the data. The interpolation method uses measured
values at the observation points and interpolates
between them. In contrast, smoothing algo-
rithms first place a regular grid over the study
area and then calculate orientation data at each
grid-point by averaging data from a certain area
around the grid-point.
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Investigations into interpolation and smooth-
ing of orientation data have been made by
Watson (1985), Rebai et al. (1992), Lee &
Angelier (1994), Coblentz & Richardson (1995)
and Bird & Li (1996). Rebai et al (1992)
obtained average orientations using a linear
interpolation method by means of a grid of
triangular elements. Grid nodes were either
placed in the centres of data clusters or, in places
with a paucity of data, at the locations of isolated
data points. Average orientations were computed
for each grid node, taking into account the
relative data quality, and the stress field inside the
triangular elements was computed by linear
interpolation (for details see Rebai et al. 1992).
Lee & Angelier (1994) used quality-weighted
data to determine the averaged stress field. In
contrast to these interpolation approaches, Bird
& Li (1996) and Coblentz & Richardson (1995)
used different statistical methods to average the
stress field. Hansen & Mount (1990) suggested a
smoothing procedure based on the statistical
smoothing algorithm of Watson (1985). Our
approach resembles the smoothing procedure of
Hansen & Mount (1990), but uses a different
distance weighting procedure (Husges 1995).
Whereas Hansen & Mount (1990) consider a
fixed number of measurements in the vicinity of
the point where the smoothed stress should be
determined, we use the measured data within a
fixed radius around this point. We first explain
the smoothing method, then compare and
discuss different weighting methods. By means of
artificial stress data, we will test the reliability of
the two weighting methods and apply them to
data sets from the WSM to illustrate more
realistic examples of their usage.

Applications of stress data smoothing
There are a number of reasons for the smoothing
of stress data. In the following we briefly
summarize the major aspects.

Data distribution
Stress data are distributed irregularly on regional
scales as well as on global scales. On a global
scale, there are areas with tens of measurements
within a few square kilometres such as in
Western Europe, parts of Asia, and northern
America, in which stress orientation smoothing
enables main trends to be better identified. This
is particularly useful when the observations are
clustered and exhibit azimuthal variations. On
the contrary, there are large regions with an
almost complete lack of data, for example eastern
Europe and northwestern Asia or the oceans. In

these regions stress orientations can be predicted
by using the results of nearby observations.

Scattering stress orientations
In places with clusters of observations, especially
when the observed SH data scatter strongly,
smoothing is a tool to identify the dominating
stress orientation.

Distinction of regional from local
stress field
According to Zoback (I992a) stress orientations
are often homogeneous over large areas, thus
showing regional trends as for example in
western Europe, the Andes, or northern America.
These areas extend laterally over distances of
250-5000 km; such distances exceed several times
the lithospheric thickness. Within these large-scale
stress provinces, local stress fields occur extend-
ing laterally over areas with dimensions of up to
100-250 km, which is equivalent to several times
the average crustal thickness of 35 km. The
distinction of regional and local stress fields is
usually obtained visually (Zoback 1992a, b).
However, the comparison of stress orientations
of different regions by visual analysis is always
subjective and might be unreliable. Furthermore,
the visual interpretation of stress distributions
has the disadvantage that the boundaries of the
stress provinces can only be identified in areas of
dense data distribution. The prediction of the
lateral extent of a stress province into neighbour-
ing regions with only scattered data or lack of
data is difficult. The identification of the local
stress field is not only of scientific interest, but
also has economic relevance, for example in
defining boundary conditions for reservoir stress
state management or in identifying the slip ten-
dency of faults in seismic risk assessment.

The distinction of regional and local stress
fields is also significant for the numerical
modelling of stress and deformation. Numerical
modelling commonly uses either displacement or
stress boundary conditions. If stress boundary
conditions are selected, it is the regional, not the
local trend of stress orientation which has to be
applied to the model boundaries.

Estimate of stress magnitudes from the
superposition of stress fields
Local stress fields may originate from (1) isolated
loading, for example, glaciers or volcanic islands
(Stein & Pelayo 1991), (2) lateral density con-
trasts at continental margins or in sedimentary
basins, (3) flexural bending (Turcotte & Schubert
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1982) or (4) weak faults (Zoback 1991). The
superposition of regional and local stress fields
poses the chance to estimate the regional stress
magnitude, if the magnitude and the orientation
of the local field are known or can be estimated
(Sonder 1990; Zoback 1992a). This approach
requires a quantitative separation of regional and
local stress fields.

Comparison of stress data with other
orientation data
Regional tectonic stress is ascribed to originate
from plate boundary forces (slab pull, ridge push,
trench suction), which are also responsible for
the plate motions. Thus, the general qualitative
coincidence between plate motion trajectories
(DeMets et al. 1990) and stress orientations is
unsurprising (Zoback et al. 1989; Zoback &
Zoback 1991; Muller et al. 1992; Richardson
1992). A measure of this coincidence was
obtained by averaging the angular difference
between the plate motion trajectories and the
stress observations at the individual measuring
locations (e.g. Zoback et al. 1989; Muller et al.
1992). However, because the distribution of
stress observations is varying in space and
because stress orientations show irregularities due
to the superposition of local effects this approach
permits only a limited quantitative comparison
of the parallelism between stress orientations
and plate motions. Smoothing of the stress data
may help to reduce these effects.

Method
Watson (1985) developed a smoothing method
for observations of 180° periodicity which we
summarize here. Suppose that n orientation data
with azimuth ft (i=1,..., n) and unit length have
been observed at locations Xi=(xi

(1),xi
(2)). The

observed orientation can be represented by a
vector yi=(yt(l\yP) for which tan0i=yPfyi(l\ It
is the objective of the smoothing procedure to
find a function F(x) for which the residuals
{E(xi) —yt, /=!,...«} are small; E(x) is an
approximation or prediction of the 'true', but
unknown stress field function. If F(xi)—yi for all
i, we have obtained a maximum accuracy in
terms of replicating the observed stress data
exactly. In contrast, maximum stress field smooth-
ness is obtained when F(xi) is a constant, but this
corresponds, in general, to high residual values at
each observation point. Thus, F(x) should be
chosen so as to obtain an optimal compromise
between smoothness and accuracy. For the
determination of F(x), Watson (1985) suggested
a statistical approach whereby a function f(x),

defined at the locations xi, maps any point from
the plane x2 to the points within a unit circle. To
calculate a smoothed stress field for the locations
x.i, f(x) is chosen to maximize the objective
function K(f), where

The first term in the overall summation controls
the accuracy with which the observations are
reproduced, since f=l{f(xt)Tyi}2 is large when/(xz)
is parallel or anti-parallel to #. The second term
controls the smoothness of f(x): f is smoother
when the term is close to 1 for xj In the vicinity
of xj. The scalar / controls the influence of both
parts, accuracy and smoothing. Large values of /
result in a smooth f(x), at the expense of
accuracy at the observation points, whereas for
small / the function f(x) is less smooth, but in
good agreement with the observations (Hansen
& Mount 1990; Fig. 4). The function dfxj, xj) is
a weight term for quality and distance (see
below) which has to be a smooth function (here
smooth in the sense that it is continuous together
with its first derivative), which decreases steadily
with increasing distance between xj and xj, and
which is limited for ||xi—xj/||~*0. To determine the
maximum of K(f) Equation 1 is rearranged:

K(f) is maximized when, for all i, f(xj) is the
eigenvector corresponding to the maximum
eigenvalue of the matrix:
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Fig. 4. Stress trajectories calculated for an artificial data set using the FNN method: (a) balanced for high data
accuracy by using n=0.2 and the five nearest neighbours (R) considered, and (b) balanced for greater smoothness
by using n=5 and R= 10. The symbols represent the observed maximum horizontal stress orientations SH-

Watson (1985) suggested an iterative method
to determine f starting from f(0)(xj)=yi, thus
beginning the iteration using the observed data.
The iteration stops at the Nth step when
K(fW-») -K(fW) is less than a specified amount.
The iteratively computed n vectors {/(JV)(x/)} are
estimates for the smoothed stress field at the n
locations where stress observations are available.
The smoothing predictor F(x) at any location is
determined from the eigenvector of the largest
eigenvalue:

Fj(x) = eigenvector of

Weight
In general, the weight term d(x, xj) consists of
two factors d(x, xi)= q(i) • w(x, xj), where q(f)
represents the quality weight and w(x, xj)
represents the distance weight.

Quality weight. The quality weight, q(i) corres-
ponds to the robustness weight of Hansen &
Mount (1990). q(i) controls the effect of each
observation's quality in the smoothing pro-
cedure. Stress data in the WSM are ranked
according to their reliability as indicators for the
contemporary tectonic stress orientation. In the
WSM database the qualities range from A to E,
with A being the best quality. Data of qualities
A, B and C are considered to be reliable stress
indicators, and are used in the stress maps. In the
smoothing procedure, we use different weight
factors q(i) for these three quality categories,
namely 1 for A, 0.75 for B, and 0.5 for C quality.

Distance weight. The distance weight controls the
influence of the individual observation y_t at
location xj on the computation of the smoothed
stress field at another location x. Hansen &
Mount (1990) suggested a distance weight in
which a fixed number of nearest neighbours is
taken into account (FNN method). Here, we
present a distance weight with a fixed search
radius (FSR method). The FNN method uses
local weights with a varying area of coverage
which is determined by the data density, whereas
the FSR method uses a global weight indepen-
dent of the data distribution and dependent only
on the Euclidean distance \\x— xj\\.

In the FNN method, a fixed number R of
nearest neighbours is used for the computation
of the smoothed stress field. The distance weight
w(x, xj) is zero, if xj does not belong to the R
nearest neighbours of x. The weight function
w(x, xj) is chosen such that it decreases from
w(x, xj)=l for x=x_t to w(x, xR+i)=0 for the
(R+l)th neighbour of x. Hansen & Mount
(1990) followed Cleveland (1979) and used the
tricube weight function

with h(x) being the distance between x and the
CR+l)th neighbour. Figure 5 shows an example
of stress trajectories computed with the FNN
method for an artificially produced, random set
of stress observations. It clearly demonstrates the
big differences in size of the smoothing areas
which arises due to variable data density.



Fig. 5. Stress data smoothed with the FNN method, (a) Original observations and trajectories of the smoothed
stress field. The circles around the points A, B and C show the distance to the (,R+l)tri nearest neighbour. Note
the big difference in the size of the search radii, (b) Plot of the tricube weight function at points A, B and C.
The smoothed stress value at A is calculated over a smaller area than the values at B and C.

Hansen & Mount (1990) recommended
rescaling the distance weight to preserve the
balance between the smoothing and accuracy
terms over the entire area (see, for example, fig. 3
in Hansen & Mount 1990), in the case that all R
nearest neighbours of xj. are at a similar distance
to x±. In this particular case, the distance weight
is small for all nearest neighbours and the first
term of Equation 3, the accuracy term, domin-
ates. The smoothing term is not significant and
thus the stress field is only weakly smoothed.
This might be critical for the case that an
anomalous orientation is surrounded by homo-
geneous orientations at equal distance. To obtain
a balance between smoothing and accuracy
which is not biased by the data distribution
Hansen & Mount (1990) suggested:

with

Then, the sum of weight terms of all nearest
neighbours is equal to the weight term of the
data point itself. In the case of rescaling with
n= 1.0, there is a balance between smoothing and
accuracy; for n>1.0 smoothness prevails against

accuracy, and for n<1.0 accuracy prevails.
Rescaling is not necessary for the computation of
the prediction F (Equation 4) because Equation
4 only uses the second term of Equation 3.

The FSR method is a global weight function,
constant over the study area, because it uses a
fixed search radius A to define the nearest
neighbours. In evaluating the smoothed stress
field at Xj, only those observations for which the
Euclidean distance to xi is equal to or less than A
are considered:

We choose the distance weight tf||x-x/|| to be the
tricube weight function:

following Hansen & Mount's (1990) suggestion,
because 0<a(x,xi)<1, and a(A)=0.
That is, the distance weight depends on the
Euclidean distance and decreases to zero at the
distance A. Figure 6 shows the data illustrated in
Figure 5 smoothed with the FSR method.
Because the value of the smoothing term
depends on the amount of data considered, the
significance of the smoothing term varies over
the area of investigation. To obtain a balance

SMOOTHING OF ORIENTATION DATA 113
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Fig. 6. Stress data smoothed with the FSR method, (a) Original observations and trajectories of the smoothed
stress field. Search radii for A, B and C are constant, (b) Plot of the tricube weight function: it is the same for
the locations A, B and C, but the number of data used in the computation varies.

between accuracy and smoothing terms, Wehrle
(1998) suggested a normalization of the weight
function analogous to that of Hansen & Mount
(1990) by the number of nearest neighbours nn

within the search radius A:

The number of nearest neighbours which are used
for the smoothing varies from point to point. To
ensure, that in cases of low data density or poor
quality, a sufficiently high number of data are
taken into account, Wehrle (1998) proposed to use
one of the following threshold criteria:

(1) a minimum number nmin of nearest neigh-
bours, e.g. nn=nmin=3;

(2) a minimum value sq for the sum of the
quality weight factors of the nearest
neighbours, e.g. sq=*=iq(i)>l.Q;

(3) a minimum value sw for the sum of the
weight terms of the nearest neighbours, e.g.
sw=n^d(£xd=^w(x,xdq(i)>QA.

The smoothed stress field is displayed only at
locations where the chosen criterion is met. This
leads to gaps in the smoothed map indicating
regions where the data are of insufficient quality
or too sparse.

Reliability of smoothed orientations
A measure of the reliability of a smoothed stress
orientation is the average weighted angular

difference between the smoothed orientation and
the orientations at neighbouring points:

with nso being the number of stress orientations
;;/, which were used to compute the smoothed
stress field F(x) at location x. at is the angular
difference between F(x_) and y_i. The average
angular difference is large when nearby
observations scatter strongly and small when
they show a homogeneous trend. The angular
difference can be shown in maps using for
example a colour code for the symbols of the
smoothed stress field.

Comparison of FNN and FSR distance
weight methods
We have compared the FNN and FSR smooth-
ing methods by means of a chess-board-type
stress pattern with a varying density of observ-
ations (Wehrle 1998). The stress orientations
vary between N 0°E and N 90°E (Fig. 7a). From
this pattern of stress domains, with side lengths
of 225 km each, 'observations' have been selected
randomly, but with a decreasing observation
density from left to right (Fig. 7b).

The FNN method uses a fixed number R of
nearest neighbours. Therefore, the distance to the
Rih nearest neighbour is smaller in an area of
high data density than in an area of low data
density, resulting in varying search radii at differ-
ent locations, which is a severe disadvantage for
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Fig. 7. (a) Artificially produced set of chess-board-type stress domains, (b) Randomly selected stress
'observations' of the stress field in (a) with an increase in data density from right to left.

regions with low or heterogeneous data density, data density, local trends are smeared out (right
The resolution of stress domains is only possible sides in Fig. 8a & b). For a higher number of
for places with a high density of observations nearest neighbours (Fig. 8b) this 'smearing zone'
(left sides in Fig. 8a & b.). For regions with low is much larger.



116 B. MULLER ET AL

Fig. 8. Smoothed stress field computed with the FNN method based on the data of Figure 7b. Computations
are done with (a) R= 15 and (b) R=25 nearest neighbours. Stress domains are only visible on the left side, where
the data density is high (see Fig. 7b).

With a fixed search radius (FSR method) it is stress patterns, the search radius should be small,
possible to focus either on the large-scale trend For a search radius in the order of the side length
(regional stress field) or on small domains (local of the stress domain or less, the chess-board-type
stress field). If the goal is to resolve small scale pattern is resolved throughout its extent (Fig.
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9 a). If one aims at the regional trend a large
search radius A has to be selected (Fig. 9b). The
result is independent from the density of
observations.

Application of the FSR method

To obtain a map with smoothed stress data for a
specific area it is important to extend the original
area of investigation by at least one search radius

Fig. 9. Smoothed stress field computed with the FSR method based on the data of Figure 7b. (a) Computation
with a small search radius A: the local trend of stress domains is clearly visible over the whole area, (b)
Computation with a large search radius A: the regional trend is obtained for the whole study area.



Fig. 10. Smoothed stress map of northeastern America. The circle represents the search radius A used. Observed stress data are displayed on Figure 1. (a) Accentuation
of local stress patterns due to the choice of a small search radius A and a small value for the smoothing parameter A. Local variations in the continental on-shore stress
patterns are resolved, (b) Accentuation of regional stress patterns due to the choice of a larger search radius A. (c) Same as (a) with a higher value for the smoothing
parameter A. Differences are only small, (d) Same as (b) with a higher value for the smoothing parameter A resulting in more gradual transitions. The regional NE-SW
pattern extends from Florida to Canada.
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A to get reliable data along the margins of the
area of interest. The stress data for our test areas
(Figs 1, 2 & 3) are smoothed by the FSR method
and are displayed as gridded maps (Figs 10, 11 &
12) with a 0.75° X 0.75° grid. The smoothed SH

orientations are plotted as short lines, centred at
the appropriate grid point.

Smoothing of the stress data in each
individual case was performed using threshold
values for the sum of the weight terms, sw, of 0.2

Fig. 11. Smoothed stress map of the Himalayan region. The circle represents the used search radius A.
Observed stress data are displayed on Figure 2. (a) Accentuation of the local stress patterns which show
significant variations even in the central part of the Himalayas, (b) Accentuation of the regional stress patterns
illustrating a general north-south trend in the central region and a radial pattern in the east.



Fig. 12. Smoothed stress map of western Europe. The circle represents the used search radius A. Observed stress data are displayed on Figure 3. (a) Accentuation of the
local stress patterns. The bending of stress orientations in the Western Alps is clearly visible, (b) Accentuation of the regional stress patterns with north-south orientation
in the SW and the NE and a NW-SE trend elsewhere.
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to 0.8. The search radius A varies from 100 km to
600 km, and the smoothing parameter A is either
1, 2, 3, 4 or 5. The quality weights are the same
for each computation, namely 1 for A, 0.75 for B
and 0.5 for C quality data. Smoothing results for
the three test areas are shown in Figs 10, 11 & 12.
For these plots sw is 0.4.

We show examples of the influence of
variations in A and A for the test area of
northeastern America (Fig. lOa-d). Smoothing
the stress data with a search radius of A=200 km
and a smoothing parameter A=l results in a
gridded map where the dominating NE-SW
trend shows lateral variations on the continent as
well as in off-shore areas (Fig. lOa). An increase
in the search radius to ^4=400 km reduces the
gaps in the gridded maps (Fig. lOb). A change to
A=5 for ^4=200 km does not show much
difference. In general, the transitions between the
domains are more gradual, visible, for example,
in the area NE of the Great Lakes (Fig. lOc). For
^4=400 km the change from A= 1 to A=5 extends
the areas with uniform *$H orientation, e.g. the
domain of NE-orientated SH in the region NE of
the Great Lakes (Fig. lOd).

Smoothing the data of the Himalayas to
accentuate local trends resolves a radial pattern
of stress orientations at the southern and eastern
borders of the Himalayas while the internal parts
show stress orientations which vary from
north-south to NE-SW (Fig. lla). The local
trends in the internal parts are less distinct when
a larger search radius and an increased smooth-
ing parameter are chosen (Fig. lib). Neverthe-
less, the search radius is small enough to preserve
large-scale trends. The local stress pattern of
western Europe as displayed in Figure 12a shows
a western trend of SH in the western Pyrenees,
NNE orientations in the Mediterranean Sea off-
shore NE-Spain, and a radial pattern in the
western Alps. The other regions are character-
ized by a NW-SE stress orientation. Increasing
the search radius and the smoothing parameter
results in NW-SE stress orientations everywhere
except Spain and its off-shore surroundings (Fig.
12b). The latter show north-south orientations.

Discussion

Application and comparison of FNN and
FSR distance weight methods
Figure 13 shows the World Stress Map with the
A-C quality stress data (stress maps can be
obtained from http://www.world-stress-map.
org). It displays areas of highest data density
in northern America and Europe as well as in
parts of Asia and Indo-Australia. The map

demonstrates the limitation of stress maps on
this scale: it is hard to detect even first-order
trends.

Figures 14 and 15 show the results of smooth-
ing with the FNN -method and the FSR method,
respectively, for a 2°x2° grid. For maps of this
global scale we choose a high value for the
smoothing parameter (A=4) to identify the
major patterns. The FNN method results in
smoothed orientations even in regions with a

. complete lack of data, such as the oceans or wide
areas of Africa, eastern Europe and northern
Asia. In these regions the FNN smoothing
results in a map pretending homogeneous stress
orientations (Fig. 14). For example, in western
Africa where no data are available (Fig. 13), the
FNN method predicts the existence of different
stress domains with sharp boundaries in regions
with sparse data (Fig. 14). In contrast, Figure 15
displays a world map of smoothed stress
orientations calculated with the FSR method.
The regional trends are resolved over scales of
c. 600 km. The density of tick marks plotted
on any map must be such that the user can
immediately obtain an impression of the
distribution and orientation of the stress observ-
ations. Clearly, the density of data plotted need
not be the same as that of the underlying data.
From experience using the algorithm, we recom-
mend that at least three grid-points are always
within the search radius.

The main advantages of the FSR method in
comparison with the FNN method as deduced
from the analysis of the example data of chess-
board type and from application to real data are
therefore:

(1) With the FSR method the choice of the
search radius A and smoothing parameter A
enables us to focus on local or regional stress
orientations without dependence on the
distribution of observations;

(2) threshold values prevent computation of
smoothed stress fields in areas of weak data
distribution or quality.

Rules of thumb for smoothing stress
orientations with the FSR-method
The choice of suitable parameters is strongly
dependent on the database and on the purpose of
the analysis. For local investigations, the search
radius A and smoothing parameter / must both
be small, while they have to be large for regional
investigations (Table 2). However, the search
radius has to be adapted to the data density and
the map scale. We can make the following general
recommendations for the FSR method.

http://www.world-stress-map.org
http://www.world-stress-map.org


Fig. 13. World Stress Map with data of A-C quality. The data distribution is inhomogeneous and the stress domains and their borders are hard to detect in areas of high
data density. For explanation of symbols see Figure 1 caption.



Fig. 14. Data of Figure 13 smoothed with the FNN method, which provides smoothed orientations even at large distances from next data points.



Fig. 15. Data of Figure 13 smoothed with the FSR method. The circle represents the search radius A used. In comparison with the FNN method (Fig. 14), the FSR-
method is more conservative and leaves gaps in areas where data are sparse.
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Table 2. Recommendations for the choice of the search
radius and the smoothing parameter for the FSR
method.

Local Regional
stress field stress field
investigations investigations

Search radius
A (km)

Smoothing
parameter A

60-200

0.5-1.0

>400

>2.0

• Only reliable data should be used for smooth-
ing (A-C qualities for WSM data).

• Distance weights have to be normalized.
• Smoothing is rather independent of the exact

distance weight function used as long as it is a
continuous function, with continuous deriv-
ative, and decreases with distance. Possible
distance weight functions are for example the
tricube weight as suggested in Hansen &
Mount (1990).

• The smoothing area should be larger than the
study area to avoid boundary effects. We
recommend enlarging the area of interest on
each side by at least one search radius.

• The smoothed stress data should be displayed
in combination with the original data or in
such a way as to indicate the angular differ-
ence between the smoothed and observed
data.

• Use a threshold value for nmin, sw or sq.
• Select a reasonable grid for the smoothing in

relation to the size of the study area, the
search radius A, and the variation of the stress
field. The grid itself should be chosen such
that a minimum of three grid points is within
the search radius.

Conclusions

In comparison with raw orientation data, a
smoothed orientation field has a number of
advantages. It enables an estimation of orient-
ation data in areas where data are sparse and
helps to identify the main trends at various scales
by getting rid of local fluctuations. In this study,
we improved a smoothing algorithm suggested
by Hansen & Mount (1990) by using a fixed
search radius (FSR method). The FSR method is
an efficient tool for discriminating between local
and regional trends in the distribution of
orientation data. We have described a number of
guidelines for handling the smoothing algorithm.

The FSR method provides a practical smooth-
ing procedure which extends the possibilities of

stress data analysis. The derivation of the local
stress field is important for applications in the
industrial sector such as in stabilization of under-
ground openings or the increase of hydrocarbon
recovery through optimum oil- or gas-field design.
It is equally essential in the assessment of seismic
risk from identification of potential slip on pre-
existing fault planes.

The smoothing algorithm can also be applied
to other orientation data, such as lineaments,
fault strikes, velocity or strain data. It helps to
quantify the analysis of orientated data and
therefore is a potential means for the comparison
and combination of stress data with other
directional observations, such as spatial orient-
ation of faults or GPS observations.

This work constitutes part of the World Stress Map
Project of the Heidelberg Academy of Sciences and
Humanities (http://www.world-stress-map.org and
http://www.haw.baden-wuerttemberg.de/). For
assistance during the preparation of this paper we
especially thank H. BaBler. We thank the reviewers N.
Koutsabeloulis and especially I Townend for detailed
and helpful suggestions to improve the paper.
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Abstract: The curvature of structured geological surfaces can be used to assess the degree of
strain they have undergone. In many hydrocarbon reservoirs, this strain is expressed as brittle
fracturing that may significantly impact reservoir performance. Here we describe the
development of an algorithm for measuring the curvature of gridded surfaces derived from
seismic data. For any grid node, the algorithm calculates the magnitude and orientations of
the two principal curvatures, K1 and K2, from which other curvature measurements can be
derived, such as Gaussian curvature and summed absolute curvature (K1+K2). The algorithm
has also been used to generate plots of summed absolute curvature as a function of grid node
separation (k versus A). These 'spectral' or kX plots can be generated for each grid node and
allow the definition of short-wavelength, high-amplitude noise cut-off lengths. They also
deliver intermediate wavelength features such as fault drag or buckle folding and the
identification of long-wavelength (basin-scale) curvatures. Portions of these data can be
collapsed into single values by calculating the integral of the kX curve. Further filters designed
to screen the effects of background tectonic, or non-tectonic, curvatures can be applied to the
kX integral.

This algorithm has been tested using data from several North Sea chalk fields. A range of
alternative types of curvature and curvature spectra are compared with other approaches to
curvature calculation and other factors relevant to the calibration of such techniques in terms
of the distribution of brittle fractures in sedimentary rocks.

The kX integral provides a relatively simple approach to calculating the degree of multi-
wavelength strain present at a particular grid node. Freeing algorithms from the restriction of
the 'arbitrarily' selected minimum grid node spacing is a key step towards calibrating
measured curvature against strain mechanisms. However, care must be taken to separate
intrinsic and tectonic curvatures when generating and interpreting kX plots and their integrals.

The presence of small-scale faults and fractures
in a hydrocarbon reservoir can have a significant
impact on the permeability characteristics of the
reservoir. Small-scale fractures can be defined as
those not explicitly defined by 'remote' mapping
methods such as 3D seismic data or aerial
photography. It has long been recognized that
fold-related curvature may result in fracturing
important for oilfield permeability. Murray
(1968) related the radius of curvature of a
competent unit to fracture porosity for an oilfield
in North Dakota. Stearns (1964) and Stearns &
Friedman (1972) provided models of fracture
orientations and distributions for non-cylindrical
folds which have proved an enduring reference
point for fold-related fractures in hydrocarbon
reservoirs (Cooke-Yarborough 1994). A number
of studies have related the degree of curvature of
a bed or sequence of beds and the fracture
densities mapped within the bed. Relatively
recent examples include Narr (1991) who related
increased fracture density to the location of a

doubly plunging fold hinge in the Point Arguello
oilfield, California and Ericsson et al (1998) who
defined a strong relationship between fracture
density and curvature for the Fateh Field,
offshore Oman.

The curvature of a cylindrical fold structure
can be defined as the reciprocal of the radius of
curvature (fold radius) measured in a plane
perpendicular to the fold axis (the profile plane,
see Fig. la). In a more complex fold structure,
such as those commonly mapped from 3-D seis-
mic surveys, the folding may not be adequately
described by one component of curvature. Lisle
& Robinson (1995) detailed a more sophisticated
method for measuring the curvature of geo-
logical surfaces, which is represented by two
orthogonal principal curvatures, the maximum
(K1) and the minimum (K2) principal curvatures.
The product of these two curvatures gives the
Gaussian curvature, which is a measure of the
amount of double curvature of a fold structure
(see Fig. 1b).

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 127-143. 0305–8719/03/$ 15.00
© The Geological Society of London 2003.
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Fig. 1. (a) Model of a cylindrical fold with the
principal curvatures and the profile plane shown. The
curvature is measured within the profile plane.; (b)
Model of a doubly curved fold surface. The product
of the two curvatures is not equal to zero and is
termed the Gaussian curvature.

There are several methods for measuring
curvature (Stewart & Podolski 1998); mapped
surface dip or azimuth change (Ericsson et al
1998; Steen et al 1998); position with respect to
the crest of an anticline or pericline (McQuillan
1973; Agarwal et al 1997; Hanks et al 1997;
Ericsson et al 1998) or Gaussian curvature (Lisle
1994; Agarwal et al 1997). Whilst these methods
are sufficient in many cases, they have little or no
potential to accurately measure the principal
curvatures of a surface in most situations. The
purpose of this paper is to outline a practical
implementation of the methods for measuring
curvature outlined in Lisle & Robinson (1995)
coupled with a method for representing and
analysing curvature variations across several
spatial wavelengths. The algorithm used is
described and several examples of spectral
curvature estimates are presented from North

Sea oilfield reservoir surfaces. These examples are
compared and discussed with respect to models
of curvature versus strain and other factors influ-
encing the development of fractures in deformed
strata.

Algorithm for surface curvature

The principles of surface curvature outlined in
Calladine (1986), Nutbourne & Martin (1988)
and Lisle & Robinson (1995) allow the descrip-
tion of various parameters of curvature on a
surface. These papers define the characteristics of
the space curve and surface curve reference
frames that allow the magnitudes and orienta-
tions of the principal curvatures to be calculated.
It is beyond the scope of this paper to reiterate
the principles and methodologies outlined in the
above papers. However, the algorithm used to
calculate the curvature parameters discussed in
this paper draws heavily on these principles. The
reader is referred to those works to gain a more
detailed knowledge of curvature analysis.

A computer algorithm has been developed
based on the methodology outlined in Lisle &
Robinson (1995). The algorithm calculates the
principal curvature magnitudes and orientations
from an orthogonal grid of points on a surface,
such as those obtained from 3D seismic mapping
packages. Figure 2 shows a summary of the
process for calculating the principal curvatures
for a given grid node. The input and output
formats of the algorithm are grids of XYZ data
with orthogonal X and Y directions. To provide
meaningful curvature values, the XYZ values
must all be in the same units; in the real examples
used here the units are metres. Processing time is
reduced if the grid boundaries are parallel to the
grid directions, but the algorithm can handle
input and output grids with irregular boundaries.
The preferred grid geometry is for points with
equal spacing in the X and Y directions (square
grids). Grids with unequal X and Y direction
spacings (rectangular grids) will result in bias of
the curvature measurements. This is shown in
Figure 3a where three curvature estimates are
clustered spatially on a highly anisotropic rect-
angular grid. The algorithm also makes correc-
tions for diagonal direction curvature calculations
to compensate for the extra length (equal to a
factor of root 2 in orthogonal, equispaced grids).
This can only be accomplished at grid offsets
greater than the minimum grid spacing. Figure
3b shows the general methodology for calcul-
ating the curvature variables using grid offsets of
2s and 8s (where s is the grid spacing). The
following variables are output by the algorithm:
K1, K2, Absolute K1+ Absolute K2, Gaussian
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Fig. 2. Features of the algorithm for calculating curvature from gridded data points, (a) Plan view of
arrangement of a node with its eight nearest neighbours. Curvature is measured on four vertical planes through
the central node and opposite pairs. The planes are labelled A, B, C and D. (b) Section view of three nodes. The
curvature is calculated by fitting an arc of a circle through the three points, finding the coordinates of the centre
and calculating the radius of the circle. Curvature is the reciprocal of the radius and is calculated for each set of
A-A, B-B', C-C' and D-D'. The curvatures are then plotted on a Mohr circle diagram, (c) The Mohr circle
construction allows plotting of the data points in normal curvature (kn) versus surface torsion (tg) space without
prior knowledge of the position of the kn axis. The procedure for calculating normal curvatures and surface
torsion is described in Lisle & Robinson (1995). The principal curvatures lie in directions of no surface torsion.
A least squares best fit circle is fitted through the four points and the centre used to position the kn axis. The
principal curvatures K\ and Ki are calculated from the intersection of the circle with the kn axis.

curvature, theta and the root mean square
variation of the best fit circle to the data on the
Mohr circle construction. Theta is the angle
between the K1 direction and the grid Y direction
and ranges from 0° to 180° clockwise from the Y
direction. Figure 3b also illustrates the reduction
in length of the diagonal section planes at larger
grid offsets. A key feature of the algorithm is the
ability to calculate the curvature variables across
the grid at consecutive grid offsets or at multiples
of the consecutive grid offsets. Therefore, for each
grid node it is possible to calculate the six output
variables at many different sampling offsets. This
allows the construction of the spectral curvature
plots, which are discussed below.

Absolute K\+Absolute £2 (referred to as
K\+K2) is used in this study as it is a good
indicator of the total curvature affecting a point
(Stewart & Podolski 1998). Considerable strain
may be associated with cylindrical or near-
cylindrical fold structures; however, Gaussian
curvature values for these structures will show
low or zero values because KI will be low or zero.
It is unlikely that any features will be exactly
cylindrical, but the very low values of Ki will
correspondingly reduce the Gaussian curvature
values. The absolute values are used in the K\ +
Ki measure because just using the sum of the
principal curvatures can lead to low or zero
values if one curvature is positive and the other
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Fig. 3. (a) Plan view of an example of a highly
anisotropic grid with X spacing approximately three
times the Y spacing. It can be seen that the curvature
is undersampled in the X direction compared with the
Y direction, (b) Curvature can be calculated at a range
of grid offsets. The small circle shows the data points
used for an offset of one grid spacing either side of
the chosen node. The larger circle shows the
arrangement of points for an offset of four grid
spacings. Note that the diagonal measurements on the
larger circle are at an offset of three to compensate for
the extra distance between the nodes in the diagonal
direction. The optimum diagonal offset can be
calculated for all offsets greater than one.

negative, as in saddle structures. The curvature
sign convention used in this paper is positive for
convex-up curvatures. In this paper, K\, K^ and
K\+K2 are expressed in units of nr1 and
Gaussian curvature is expressed in units of nr2.

Relationship of curvature to geological
structures

A variety of different structural features can
result in changes of curvature of a geological
surface such as a bed boundary. Obvious
examples are buckle folds, fault related folds,
basement-controlled structures (e.g. inversion
anticlines in post-rift cover) and salt domes.

Buckle folds
The two mechanisms of folding relevant to
buckle folds are tangential longitudinal strain
and flexural slip (Ramsay & Huber 1987; Price &
Cosgrove 1990). If the curvature of a surface can
be shown or inferred to have resulted from
tectonic activity, then an additional problem is
how to relate the curvature to brittle strain within
a unit or group of units. The strains in a cylind-
rical fold can be defined by the following
relationship (from Price & Cosgrove 1990)

where e is the fibre strain in the outer arc of the
fold (assuming tangential longitudinal strain), k
is maximum curvature and t the thickness of the
folded unit. However, it is generally not clear
where the neutral surface of a lithological unit
lies with respect to the gridded surface. As
seismic reflectors are produced at acoustic impe-
dance contrasts, bed boundary reflectors will
dominate them. If the top of a competent
lithomechanical unit has been imaged, then the
extensional strains will be at a maximum over
areas of positive curvature. Core data will help to
constrain the lithostratigraphy and if combined
with field analogue data can provide an estimate
of the mechanical stratigraphy. In addition,
several outcrop studies of large-scale folds
dominated by the flexural slip folding mechanism
indicate that fracturing distributions can be
unrelated to curvature or even concentrated in
the relatively planar fold limbs rather than the
more curved fold hinges (Jamison 1997; Hank
et al 1997; Couples et al 1998). Clearly an assess-
ment of the appropriate folding mechanism is
important when trying to relate mapped surface
curvature to strain.

Fault-related curvature

Extensional fault offsets of a bedding surface
produce a number of issues with respect to curva-
ture mapping. Faults with large throws (several
hundred metres plus) in a surface with an area of
a few tens of square kilometres will dominate the
curvature spectra, especially at points adjacent to
the fault. However, this effect is primarily a result
of the offset of the beds and not necessarily
related to the curvature of the bedding surface
itself. In these situations it is recommended that
the curvature mapping is subdivided into subareas
defined by these large-scale faults (Stewart &
Podolski 1998). This will allow the mapping of
curvature on rollover anticlines (Gibbs 1984),
fault drag folding or microfaulting immediately
adjacent to the fault (Steen et al 1998) without
interference from the large-scale fault offset.
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Basement-controlled features in cover rocks

A number of features may form in sedimentary
rocks deposited unconformably over a pre-exist-
ing structure in the underlying basement rocks. On
a large scale, these features could be monoclinal
flexures of the cover sequence that either formed
over an existing topographic feature or were
formed by reactivation of the basement structure.
Another common manifestation of basement
reactivation is the propagation of faults and
fractures into the cover sequence. Such features
have been described from many oilfields such as
the Asmari Formation reservoirs, SW Iran
(McQuillan 1985). Clearly, it is important to
separate flexures produced from the drape of
cover over topography from flexures produced by
reactivation of the basement features. The former
are unlikely to contain faults or fractures syste-
matically related to the fold geometry. To differ-
entiate between these two mechanisms some form
of geological history needs to be established for
the reservoir. This could be built up from identify-
ing the facies types and structures from well data
and assessing their relative timings. An input to
this could be basin development modelling
incorporating strain restoration techniques.

Salt-cored features
Salt-cored features are another common mech-
anism for forming structural closures with the
potential for trapping hydrocarbons. Salt domes
are rarely perfectly symmetrical and often form
periclinal features (Jackson et al 1994). Fault
structures associated with salt domes may be
radial such as those found on the Kyle Field,
North Sea, or they may be aligned to one or both
of the periclinal axes. Withjack & Scheiner
(1982) have shown from experimental modelling
that extensional faults form radial patterns on
the flanks of circular and periclinal domes in the
absence of an applied regional strain. With an
applied extensional strain, the extensional faults
become aligned perpendicular to the extension
direction. Clearly the fault geometries on such
structures are not determinable from the con-
temporary curvature alone. If the faulting on
such a structure cannot be directly resolved from
remote mapping methods (e.g. 3D seismic), then
an appreciation of the strain history of a struc-
ture may be required in conjunction with the
curvature analysis of a particular surface.

Spectral curvature analysis
Variable versus offset (v-\) plots
The various types of data output by the algorithm
outlined above can be plotted on a variable (v)

versus grid offset (A) plot (cf. Stewart & Podolski
1998). These plots show the variations of curv-
ature with increasing offset from a single grid
node and are a novel way of analysing the
spectrum of curvature data measured at a single
point. They represent a complementary approach
to using multiple colour-shaded or contour maps
of curvature at different grid offsets. The sections
below describe the main features of the v-A plots
for the Top Ekofisk chalk surface of the Fife
Field, North Sea. K\+K2—\ plots from the Top
Tor surface of the Valhall Field are also
discussed. The surfaces from both fields were
depth-converted prior to calculating the v-A
spectra.

Characteristics of spectral curvature plots
The curvature parameters plotted are K\, Ki,
K\+K2 and Gaussian curvature. All the plots
show a general trend of extreme values at smaller
offsets that change in a non-linear way to less
extreme values at larger offsets. Figure 4 shows
the main characteristics of typical K\+K.2 spectral
plots. Figure 4a shows the effects on K\+K.2 of
superimposing random noise on a plane. This
was achieved by adding a random number to
each grid node in the range ±0.1% of the grid
spacing. This plot was included to allow a
comparison to the average of the K\+Ki spectra
of the Top Ekofisk surface from the Fife Field
shown in Figure 4b. The plots have very similar
shapes and highlight the importance of short-
wavelength features on the characteristics of the
curvature spectra at sampling wavelengths greater
than the noise wavelength. The similarity between
the two plots in Figure 4 is due to the effect of
aliasing from a sampling wavelength that is greater
than the wavelength being measured. The aliased
wavelengths are larger than the actual wave-
lengths causing the slope on the spectral plots to
decrease over an interval rather than at a single
point. To effectively sample a wavelength without
aliasing, the sampling wavelength must be less
than or equal to half the smallest wavelength of
interest. This minimum wavelength is termed
the Nyquist wavelength and in the practical
situations described here, is determined by the
minimum grid spacing (Stewart & Podolski
1998).

From the spectral plots of random noise on a
planar surface shown in Figure 4a it can be seen
that artefacts can occur at intermediate offsets
that are not related to any genuine curvatures.
Therefore, care must be taken when interpreting
any specific features from individual spectral
plots. However, a characteristic feature of the
spectra from the noise superimposed on the
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Fig. 4. (a) Average spectra and an example from a grid of points on a plane with random noise added to each
grid node at ±0.1% of the grid spacing. Note the similarity of the spectra to (b) which is the average K1+K2
spectrum for the Fife Field Top Ekofisk surface.

planar surface is that the slope of the curve at
smaller offsets is much steeper than that for the
average of spectra of the Fife K1+K2 dataset.
This can be quantified from the fitting of power
law trend lines that appear to give the best fit to
the average data from both the noise on the plane
plot and data from the North Sea fields. Two
North Sea fields were used, the Fife Field and the
Valhall Field, both situated in the East Central
Graben. The locations of the spectra discussed
below are shown on Figure 5 for the Fife Field
and Figure 6 for the Valhall Field.

On both plots shown in Figure 4, the trend
line R2 values are greater than 0.99. The power
law exponent for the trendline fitted to the
average K1 +K2 spectra of noise superimposed on
a plane is —2.0266. The trendline power law
exponents for the average spectra of the real
datasets are –1.3427 for the Fife K\+K2 data
and -1.1355 for the Valhall Ki+K2 data. The

averages of the spectra from both the Fife and
Valhall datasets were taken from spectra
calculated on subgrids across the surfaces. A
total of 132 spectra were used for the Fife
average and 106 spectra for the Valhall average.
The difference in power law exponent between
the plane with noise and the real datasets may
allow differentiation between-noise dominated
data and natural curvature features. However, a
detailed examination of the power law (fractal)
characteristics of surfaces and their relationship
to spectral curvature plots is beyond the scope of
this work.

Spectral curvature plots from North Sea
chalk fields

Figure 5 shows the topography of the Top
Ekofisk surface from the Fife Field used in this
study. The data are in a grid with 50 m spacing
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Fig. 5. Contour map of the Top Ekofisk surface for the Fife Field, East Central Graben. The surface has been
depth converted and regridded to 50 m. No smoothing has been applied to the data. All values in metres.

Fig. 6. Shaded relief map of the Top Tor surface for the Valhall Field, East Central Graben. The surface has
been depth converted and no smoothing was applied to the data. The grid spacing is 50 m.
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that was regridded from a 25 m spacing. The
regridding was performed to reduce the dataset
to a manageable size, although this will result in
aliasing of the shorter (c. 50 m) wavelength
features. It can be seen that in the centre of the
field is a broad, flat-topped dome. The northerly
closure is steeper than the east and west closures
and represents topography of the chalk over a
basement feature. This is probably a fault
reactivated in the Late Cretaceous to Palaeogene
(Gowers et al 1993). There is also part of a
smaller, steep-sided closure visible west of the
main dome (E509200, N6206000). The north-
south to NNW-SSE trending feature on the west
side of the dome may represent reactivated
faulting affecting the overlying chalk surfaces. It
can also be seen that a number of 500 m to
1000 m scale domes and basins occur on the
surface which will affect any curvature measure-
ments. It is possible to smooth a surface prior to
calculating the curvature to remove the effects of
noise (Stewart & Podolski 1998). However, gentle
smoothing is unlikely to remove all the noise, and
aggressive smoothing is likely to remove some or
all of the natural short-wavelength features. For
this reason, it was decided to use an unsmoothed
surface in this study.

The main characteristics of the K\ +K.2 spectra
from the Top Ekofisk surface allow a description
of the spectra in terms of the combination of
two main components. The first is a short-
wavelength, high-amplitude curvature that may
represent random 'noise' associated with the
acquisition and processing of the seismic data
(Stewart & Podolski 1998; Brown 1991). The
second component represents long-wavelength,

low-amplitude curvature that probably represents
the overall 'background' curvature of the basin.
It must be noted that not all of the short-wave-
length, high-amplitude curvature will be noise:
some will represent the effects of real features
such as parasitic folds or faults.

Superimposed on the general negative slope
of the plots can be a variety of local changes in
the rate of decrease of slope or even local
increases in slope. These variations are discussed
below where a variety of k\ plots with depar-
tures from the general form are shown. For the
unsmoothed Top Ekofisk surface of the Fife
Field data, these departures can occur at any
sampling wavelength but are most common at
intermediate wavelengths of about 400 m to
1300m.

Fife Field KI and K2 plots
Figure 7 shows typical spectra for the K\ and KI
variations at the crest of the main dome on the
Top Ekofisk surface and the north-south
trending ridge on the west side of the main dome
(see Fig. 5 for locations). These spectra are highly
variable at smaller offsets and become less
variable at larger offsets; the values vary from
positive to negative for both K\ and K± but
generally seem to converge on very low (<0.0003)
positive curvatures at offsets greater than about
1700 m. The exception is the west flank K1 curve
that displays negative values at all sample offsets.
There also appear to be changes in the slopes of
all the spectra in Figure 7 at sample offsets of
700-900 m. This may reflect a characteristic
wavelength of the Fife Field although it is not

Fig.7. K1 and K2 versus sample offset spectra from two grid nodes on the crest and the west flank of the Fife
Field Top Ekofisk surface.
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clear if the origins of features at this wavelength
are tectonic or sedimentary.

Fife Field K1+K2 plots
Figure 8 shows the basic features of a typical
K1+K2 versus 1 plot. It can be seen that in
common with the kn plots for K1 and K2, higher
curvature values are measured at smaller offsets
that fall off to a background level of lower
curvatures at higher offsets.

The spectra taken from the crest show
relatively low values at sample offsets of 100 to
400 m when compared to the spectra from the
west flank of the dome. However, at sample
offsets of 700 m to 1200 m the curves converge

and at sample offsets of 1200 m to 2000 m the
spectra from the crest show higher values. These
characteristics are to be expected for these
locations as the crest of the dome shows little
topography on the 100 m to 500 m scale; con-
versely the west flank of the dome is dominated
by the north-south trending ridge that produces
the high values at sample offsets of 100m to
400m.

Valhall Field K1+K2 plots
Figure 6 shows the Top Tor surface from the
Valhall Field, East Central Graben. The loca-
tions of the spectra shown in Figure 9 are also
marked. The origins of this field are similar to

Fig. 8. Absolute K1+ Absolute K2 (K1+K2) versus sample offset spectra from two grid nodes on the crest and
the west flank of the Fife Field Top Ekofisk surface. Note the localized increase in curvature at 400 m sample
offset for the crestal node.

Fig. 9. Absolute K1+Absolute K2 (K1+K2) versus grid offset spectra from three grid nodes on the Valhall Field
Top Tor surface. The nodes are situated on the crest of the main pericline, the NW flank of the pericline and the
NE side of the dataset (off structure).
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those of the Fife Field in that the main structure
formed during late Cretaceous to Palaeogene
inversion of the Feda Graben (Gowers et al
1993). It can be seen that there are numerous
faults concentrated around the crestal part of the
main NW-SE trending pericline. The grid
spacing for this dataset is also 50 m but the
overall field size is much larger than Fife. The
spectra show different characteristics, which
appear to be related to their locations on the Top
Tor surface. The spectrum from the crest shows
very rapid decay from high values (0.006-0.008)
at sample offsets of 200 m to 300 m. The curve
decreases to low values (<0.0002) at offsets
greater than 1100 m. This may be related to the
fact that the crestal part of the pericline is
relatively flat with the topography dominated by
the faulting. The spectrum from the NW flank of
the main pericline shows much lower values at
sample offsets up to 300 m. This is expected as
there is little or no faulting in this part of the
structure. At sample offsets greater than 300 m,
the NW flank spectrum is similar in shape to the
crestal spectrum. This indicates that both spectra
are controlled by the main periclinal structure at
sample offsets greater than 300 m. The spectrum
from the NE side of the dataset shows con-
sistently lower values than the other two spectra
up to sample offsets of 1400 m. This can be
related to its location on the relatively flat NE
flank of the structure with little or no faulting
and minimal influence from the main periclinal
structure.

The general shapes of the spectra are similar
to those observed for the Fife Field but the slopes
of the Valhall curves decay to lower values

(<0.0002) at sample offsets of 1000 m to 1100 m
for the spectra associated with the pericline. For
the spectra associated with the flank this value is
reached at a sample offset of 300 m. The K\+K2
spectra for the Fife Field tend to decay to these
values at sample offsets of 1300m to 1400m.
This difference can be related to the topography
of the two surfaces. The Valhall Top Tor surface
appears to be a relatively simple, large-scale
pericline with 1-3 km long faults clustered
around the crest. Therefore, the faulting and the
large-scale pericline influence the curvature
which occurs at two different scales. However, the
Fife Top Ekofisk surface shows a greater degree
of variability in topography at a wider range of
scales than the Valhall Field. This spread of
scales for the features in the Fife dataset has
probably contributed to 'holding up' the decay of
the short-wavelength curvature from short to
long sample offsets.

Fife Field Gaussian curvature plots
Figure 10 shows the variations in Gaussian
curvature with sample offset. The features of
these plots are similar to those for the K\ and KI
plots. However, in general the variability at
intermediate offsets (400m to 1300m) is less
than for either the K\, K2 or the K\ +K2 plots. All
the curvatures measured at the scale of the Fife
Field are less than unity. Therefore, when the
product of KI and K2 is calculated, the magni-
tude of the result is often considerably less than
either of the two components. Consequently,
Gaussian curvature from the Fife Field is more
usefully plotted on maps to show the distribution

Fig. 10. Gaussian curvature versus grid offset spectra from two grid nodes on the crest and the west flank of
the Fife Field Top Ekofisk surface. The curvature values for these spectra fall to very low values at sample
offsets of approximately 400 m to 500 m.
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of non-cylindrical curvature across the field.
Alternatively, showing only the curves above a
certain cut-off value may better represent these
plots. This would allow an examination of the
more subtle variations.

Fife Field integrals of K1+K2 plots
The spectral plots for the variables discussed
above provide a useful insight into the wave-
lengths and magnitudes of curvatures affecting
each grid node. However, for each grid node, six
different spectral plots can be generated. In large
gridded datasets it is not uncommon to have in
excess of 500 nodes in each grid direction
resulting in 250 000 nodes or more. Clearly, the
time required for the analysis of individual plots
becomes prohibitive for anything but the smallest
subareas of a dataset. A method is required to
extract the relevant information from one or
more of these plots and present it as a map of
values. In this study, it was decided to use the
integral of the K1+K2 plots to collapse the multi-
wavelength information into a single value for
each node. The K1+K2 plots are amenable to this
analysis because they are always plotted in the
same Cartesian quadrant and an integral will
allow a qualitative comparison of collapsed
curvatures when plotted on a map. Using the
integrals of the curve also allows the removal of
components of curvature associated with noise
at shorter wavelengths and basin scale curvature
at longer wavelengths.

The integral is calculated by using the
trapezium rule, which is adequate for data of this
type. Figure 11 shows the main features of the

method for calculating the integral and removing
the noise- and basin-scale-related integrals. The
noise-related curvatures are removed by applying
a predetermined lower cut-off for the data, in
this case 300 m, prior to calculating the integral.
It is realized that this is a crude approach and
because of the gradual decay of short-wave-
length features over a range of wavelengths, some
short-wavelength-related curvature will remain.
The basin-scale curvatures are identified from the
minimum measured curvature at a particular
node with the assumption being that the smallest
curvatures occur at the largest offsets. Removal
of this basin-scale curvature has the effect of
subtracting a constant value from the integral.
The presence of uncharacteristically low curv-
atures at small or intermediate offsets will reduce
the effectiveness of this approach. However, a
visual inspection of the spectra from the Fife
Field Top Ekofisk dataset revealed, for this
dataset, that this is unlikely to occur. It may also
be possible to filter the noise and basin-scale
curvatures by integrating between the raw
spectra and a normalized power law curve
representing the contribution of noise- and
basin-scale curvatures in the dataset. The input
parameters for such a 'filter spectrum' may be
determined by examining selections of spectra or
the average of the spectra for the surface being
considered.

After removal of the noise- and basin-scale-
related integrals, the remaining area may give
some measure of the different wavelengths of
tectonically induced curvatures affecting the
surface at any one point. The advantage of using
this approach is that it is simple to calculate and

Fig. 11. Schematic diagram of how the integrals are distributed under a K\+K2 curve. The noise and basin
curvature integrals are calculated and then removed from the raw integral to leave the area associated with
intermediate sample offset curvatures. The integrals are calculated using the trapezium rule.
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does not require a priori knowledge of the offsets
of a tectonic wavelength or wavelengths affecting
the surface. However, the influence of tectonic
curvatures at the same wavelengths as any short-
wavelength noise will be lost in the filtering
procedure. It may be more fruitful to calculate
the integrals over shorter sections than has been
done here. A subset of the spectra or the average
spectra of a dataset could be examined to
identify regions of the curves that have broadly
similar characteristics. For example, based on the
average spectra for the Fife Field used in Figure
11, the spectra could be subdivided into domains
at 100-300 m, 300-1000 m and 1000-2000 m
sample offsets.

Maps of calculated variables
The various spectra discussed above can also be
used to identify an offset or groups of offsets
with features of interest that can be plotted on a
map or contoured surface to assess their areal
distributions. For the Fife dataset, the variables
plotted as part of this study were: K\+K.29
Gaussian curvature, and the integrals of the
Ki+K.2 spectra both with and without filters
applied for noise and basin-scale curvature. For
the Valhall dataset the variable plotted was
Ki+K2.

KI +K2 maps from the Fife Field
Figure 12 shows the variations in K\+K2 for a
subset of offsets for the Top Ekofisk surface of
the Fife Field. Figure 12a shows the curvature
variations for sample offsets of 100 m. The main
features visible are broadly north-south trending
linear zones of higher curvature in the west part
of the dataset. These ridges of curvature are
probably related to geological features that
represent the effect on the cover rocks of the
reactivation of faults in the deeper strata. Also
visible throughout the dataset are aligned 'nodes'
of low and high curvature values. It is possible
that the isolated nodes are an artefact of the
contouring process; alternatively these nodes
could represent the areal distribution of the noise
identified from the spectral plots at offsets equal
to or less than 300 m.

The 1000 m offset curvatures are shown in
Figure 12b where it can be seen that the isolated
nodes visible on Figure 12a are less prominent
and the higher values of curvature are distrib-
uted in broader 'patches'. These may be related
to the 500 m to 1000 m scale features visible on
the topographic map. The most obvious feature
at this sample offset is the small NE-SW
trending closure in the west part of the dataset.

Fig. 12. Maps of Ki+K2 for the Fife Field Top
Ekofisk surface at different offsets: (a) 100m sample
offset; (b) 1000m sample offset; (c) 2000 m sample
offset (XY scale in m; curvature values in m"1)-

The 2000 m offset curvatures seen in Figure 12c
show an even wider distribution of patches of
curvature than those visible in Figure 12b,
although the north-south trending ridge of
curvature visible on the west side of the dome in
Figure 12a is also visible on this plot. The most
obvious feature is the patch of higher curvature
values over the crest of the dome.

It can clearly be seen that in general, the areal
distributions of curvature generally become
more broadly distributed with increasing sample
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wavelength. This can be interpreted to be a result
of the removal of short-wavelength features at
increasing sample wavelengths. This has the
effect of revealing more subtle features at larger
sample offsets. If used in conjunction with the
spectral curvature plots, these maps can help
determine the range of scales over which a given
feature is influencing curvature.

Ki +K2 maps from the Valhall Field
Figure 13 shows the K\+K2 variations from the
Top Tor surface of the Valhall Field. The 100 m
sample offset curvatures shown in Figure 13a
clearly isolate the faulting on the crest of the
main pericline. Very little curvature is seen
between the faults on the crest or on the flanks of
the dome indicating that the curvature at short
wavelengths is predominantly related to faulting
rather than more dispersed features such as
acquisition-related noise. However, there are
some linear zones of curvature parallel to grid
lines E529000 and N6230000. These are almost
certainly related to the acquisition or processing
or interpretation of the data rather than to any
geological features.

Figure 13b shows the 1000 m sample offset
curvatures. The fault-related curvatures are still
obvious but affect larger areas around the faults.
This could be related to fault related drag or
rollover; however, in this case it is more likely to be
a result of aliasing of the fault-related curvatures
(throws) immediately adjacent to the faults. Also
visible are some patches of curvature associated
with the margins of the larger-scale periclinal
feature (e.g. E520000, N6239000). The map in
Figure 13c shows the 1900 m sample offset
curvatures. This map is dominated by the larger
distributions of curvature associated with the
main periclinal structure. However, even at these
offsets there are obvious fault related curvatures in
discrete zones within the crestal region although
they are less marked than in the other maps.

Fault-related, high curvature values are visible
at E522500, N6235500 on all three K1+K2 maps.
The persistence of this feature over a large range
of sample offsets highlights the need for sub-
dividing the curvature map into subdomains to
remove the effects of faults with throws large
enough to be seen across many sample offsets.
However, for the smaller throw faults it can also
be seen that, as the sample offset is increased,
their influence on curvature is decreased.

Fife Field Gaussian curvature maps
Figure 14 shows the variations in Gaussian curv-
ature with increasing offset for the Top Ekofisk

Fig. 13. Maps of Ki+K2 for the Valhall Field Top Tor
surface at different offsets: (a) 100 m sample offset; (b)
1000 m sample offset; (c) 1900 m sample offset (XY
scale in m; curvature values in m"1).
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Fig. 14. Maps of Gaussian curvature for the Fife Field
Top Ekofisk surface at different offsets: (a) 100 m
sample offset; (b) 1000 m sample offset; (c) 2000 m
sample offset (XY scale in m; curvature values in m~2).

surface of the Fife Field. The spatial variability
at offsets of 100 m (Fig. 14a) is markedly less
than for the K1+K2 maps although some small,
aligned 'hot spots' are visible on the west side of
the main closure and on the smaller closure to
the west. At intermediate sample offsets of
1000 m (Fig. 14b) the most obvious feature is a
NNE trending dome in the west part of the

dataset. This feature is not very clear at the
100 m and 2000 m sample offsets. No alignment
of features is visible to the east of the main dome
at sample offsets of 100 m and 1000 m. However,
at sample offsets of 2000 m (Fig. 14c) a 1 km
wide, NNW trending zone of curvature is visible
in the east part of the dataset.

In general, the Gaussian curvature maps
appear to provide a clearer distribution of the
main features on the Fife surface when compared
to the K1+K2 maps. This is perhaps due to the
suppression of grid nodes where the K2
curvatures are very low, irrespective of the value
of the K\ curvatures. On the K1+K2 maps these
nodes will show up if the Ki values are high.

Ki+K.2 spectral integral maps
Figure 15 shows maps of the integrals of the
spectra of K1+K2 for each grid node of the Top
Ekofisk surface of the Fife Field. Figure 15a
shows the raw integral and Figure 15b shows the
map of the integral filtered for noise-related
curvatures at offsets below 300 m and basin-scale
curvatures at offsets above 1000 m. It can be seen
that there is very little difference between Figure
15a and Figure 15b although the filtered map
appears to show a smoother distribution of
curvature. Any differences are probably due to
the removal of the short-wavelength noise-related
integrals. The effects of the removal of longer-
wavelength curvatures are probably not visible in
Figure 15b. This is because the values of curva-
ture are consistently very small above offsets of
about 1000 m so the larger offset curvatures will
have a negligible input to the integral. It can also
be seen on both plots that in general the
variability in curvature across the surface is low
but that there are a few 'hot spots' distributed
throughout the field.

The maps demonstrate two features of using
the integral of the spectra. Firstly, the effects of
noise can be reduced so that the regularly spaced
'nodes' visible on the 100 m sample offset map of
K1+K2 in Figure 12a are not present. Secondly,
the integral map may allow the assessment of the
distributions of the most important wavelength
or wavelengths of curvature without a priori
knowledge of those wavelengths.

Discussion
Spectral curvature analysis
From the various plots and maps presented
above, it can be seen that curvature mapped at
different grid offsets can have markedly different
distributions across the mapped surface. The
K1+K2 spectra derived from a synthetic plane
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Fig. 15. Maps of the K1+K2 spectra integrals from the Fife Field Top Ekofisk surface: (a) Raw integral without
removing the short-wavelength curvatures (<300 m sample offset) or basin scale curvatures; (b) Residual integral
after removal of the integrals associated with short wavelengths and basin-scale curvatures (XY scale in metres,
integral values in m-1).

with noise, at the grid spacing scale, showed some
similar characteristics to the spectra derived from
the North Sea chalk surfaces. However, the
spectra derived from a plane with noise forms an
extreme end member of the range of possible
spectral types that could be expected from
natural surfaces. In this example the power law
exponent was approximately -2. At the other
extreme would be a smooth, cylindrically folded
surface (see Fig. la) with a large radius of
curvature compared to the grid spacing (e.g.
2000 m-4000 m for a 50 m grid). Such a surface
would show K\+K2 trendline power law
exponents of zero because the measured
curvature is constant at all scales. The trendline
power law exponents of the spectra examined
from the Fife and Valhall fields were typically in
the range of -0.5 to -1.8 and fall within the
range of values defined by the extreme examples
described above. It is possible that the power law
characteristics of spectra for many, if not all,
natural surfaces will fall between these two
extreme end member values.

Of more practical use is the fact that the
examples of spectra from the Fife and Valhall
fields could be related to the topography of the
surfaces. Although curvature spectra cannot be
used in isolation to identify the origins of
features on a surface, they can be used to identify
the range of sample offsets over which a partic-
ular feature influences curvature. For the Fife
Field dataset, it was proposed that seismic
acquisition- or processing-related noise dominated
the curvature spectra at sample offsets of less
than 300 m. This cut-off value could be used as a
basis for smoothing the dataset prior to future
studies involving curvature or other parameters.
Conversely, for the Valhall Field data it was
apparent that fault-related curvatures dominated

the spectra at sample offsets of less than 300 m.
In this case smoothing would not improve the
dataset and would probably result in loss of
information with respect to the faulting. In
general, it is recommended that curvature analysis
is initially performed on unsmoothed data so
that the full range of curvature characteristics
can be established. If smoothing is performed
prior to curvature analysis then some potentially
useful information may be lost without a proper
evaluation of the noise-to-signal ratio.

Curvature and strain
As discussed above, the principal reason for
mapping the curvature of geological surfaces is
to assess the distribution of curvature-related
strain affecting a lithological unit or group of
units. However, it will have become apparent that
care needs to be taken when interpreting curva-
ture variations. In addition to the short-
wavelength curvatures produced from the seismic
acquisition- and processing-related noise, there
will also be some curvature from the pre-deform-
ation topography of the surface. It will not
always be possible to deconvolve this curvature
from the tectonic curvature purely by examin-
ation of the curvature spectra or maps. However,
it may be possible to compensate for these curva-
tures in a strain restoration package prior to
calculating the curvature of the surface. Another
approach would be to calculate the curvature
variables and spectra on different realizations of
a strain model. The realizations could be
separated either by time or by the strain path.

Curvature and fracture permeability
There are several factors that contribute to the
development of fracturing on a fold that can be
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linked to permeability; only one of these factors
is the present-day curvature. The strain path
followed by the rock is important as it is possible
that the measured curvature of a fold or a
portion of a fold is not the maximum curvature
that has affected the rock during the deformation
history. This will be relevant to fault bend folds
formed in overthrust belts where the hanging
wall rocks may be Ted' through fold hinges and
then unfolded to some degree as transport
progresses (cf. Ramsay & Huber 1987; Price &
Cosgrove 1990). Another factor is the timing of
the deformation with respect to the diagenetic
history of the rocks. Deformation whilst the
rocks are undercompacted may result in a more
ductile mechanism for strain accommodation and
the presence of considerable quantities of forma-
tion fluids may result in mineral infills of any
brittle fractures that do form. The mineralization
of fractures may occur at any time during the
history of a structure and could cause a significant
reduction in fracture permeability.

In addition to the various curvature para-
meters studied here, it is also possible to plot the
principal curvature directions on a map. If
curvature variability can be successfully linked to
fracture intensity then this may provide a means
to map fracture trends across a surface. If a
correlation can also be made between fracture
intensity and permeability then the principal
curvature orientations could be used for map-
ping permeability trends across the surface. For
this to be successful the relationship of the frac-
ture sets to the fold geometries needs to be known
or estimated. The simplest case is for fracturing
to strike perpendicular to K\ as in tensile fractures
formed in the outer arcs of tangential longi-
tudinal strain folds. It may be possible to
determine other fold geometry to fracture orient-
ation relationships for other tensile fractures or
shear fracture sets. The use of the spectral
curvature plots and maps in this process would
allow an assessment of the scales for which the
correlation holds.

As part of a comprehensive study of the
deformation style and history of a structure,
spectral curvature mapping is a potentially useful
tool in identifying regions of higher fracture
density. It should also be noted that a compre-
hensive assessment of the fracture distributions
within a reservoir unit or units will require the
input of fracture data gathered from core or
wellbore imagery. These data will allow the
identification of the lithomechanical units and
possibly the folding styles. These fracture data
can also be used to test and calibrate any models
of fracture distribution and density derived from
curvature variations.

Conclusions

The spectral curvature mapping techniques
described and discussed in this paper are
particularly useful in allowing the analysis of
curvatures at a variety of wavelengths affecting a
point or group of points on a gridded surface.

A variety of variables can be plotted. Spectra
of the sum of the absolute curvatures (K\+K^
and Gaussian curvature allow the identification
of curvatures at a variety of different wave-
lengths.

The representation of several different wave-
lengths of curvature can be achieved by using the
integral of the K\+Ki versus offset plot. This
integral can be filtered for short-wavelength noise
or features and long-wavelength basin-scale
curvatures.

Maps of various curvature types can be used
to assess the changing areal distribution of curv-
ature with increasing offset. Particularly useful
variables are K\+K.2 and Gaussian curvature.

Maps of the integral of the K\+K2 variable
indicate that it can show the combined distribu-
tion of curvature from several different
wavelengths.
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Abstract: Reservoir stress-sensitivity operates at the near-wellbore and the reservoir
scale. While the near-wellbore effects have been recognized and managed for some
time, awareness of the significance of the reservoir scale effects is only now
developing, aided by extreme examples such as Ekofisk, HP/HT reservoirs and
unconsolidated sands. Fractured reservoirs must also be considered to be stress-
sensitive, with this possibly being masked in the past by high productivities and
abundant reserves. It is proposed that the appropriate conceptual model for all
reservoirs is that of intact blocks of rocks bounded by discontinuities (fractures and
bedding-parallel), loaded by an anisotropic stress state. This model should be used
to drive the collection of stress-sensitive reservoir characterization data, knowing
that the new generation of coupled simulators can usefully accommodate this data
set. The data set listed enables all aspects of reservoir stress-sensitivity to be
examined.

Reservoir rocks and the surrounding strata react
mechanically to stress changes induced by
drilling and production processes. Examples of
rock mechanical reactivity include near-wellbore
effects such as borehole collapse and sand
production. The increased application of highly
deviated and horizontal wells has revealed how
well orientation (dip and azimuth) influences the
potentially damaging redistribution of in situ
anisotropic stress states around the wellbore, and
well paths can be designed to minimize problems.
Drilling in technically active ground (J. T Ford,
pers. comm.) or near faults (Maury & Zurdo
1994) has detected meta-stability, and demon-
strated the importance of developing a site-
specific appreciation of stress-related effects in
tectonically active regions. Following completion,
the impact of drawdown on the destructive stress
concentrations around the wellbore perforations
can be modelled and allowed for in sand control
work (Morita et al 1987; Vaziri 1995)

Significant reservoir-scale geomechanical
phenomena can also be triggered by the produc-
tion process. Mechanical strains associated with
the increase in effective stress as pore pressure is
reduced can lead to compaction and subsidence
(Wiborg & Jewhurst 1986), causing casing
collapse in the overburden and damage to
surface installations (Schwall & Denney 1984).

In-fill drilling is complicated by the stress-
contrasts induced between overburden and
reservoir in depleted reservoirs. Faults can be
activated altering the compartmentalization of
the reservoir (Bayat & Tehrani 1985) activation
being detected by the induced seismicity (Segal
1989). Thermal strains associated with water
injection interact with the anisotropic in situ
stress state to impose directionality on flood
front migration by creating conduits of flow
along fractures which open against the least
horizontal stress Sh, i.e. fractures that open along
the direction of the regional or local maximum
horizontal stress cm (Heffer & Koutsabelousis
1990) (see Fig. 1) Furthermore, the manner in
which the reservoir reacts at this scale is
influenced by its structural setting (Teufel et al.
1993).

Near-wellbore effects are usually recognized
and managed by drilling and production engineers,
e.g. by well design, completion design, shutting
off weak zones, or ultimately limiting drawdown,
but there is still relatively little attention paid to
reservoir-scale geomechanical phenomena. This
is probably due to:

• lack of appreciation among a majority of
senior reservoir engineers of geomechanical
phenomena which can act at this scale, due in

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 145-153. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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Fig. 1. Anisotropic stress state. Extensional setting ov>o-H>crh (as shown). Thrust Setting ov<o-H<Oh.

turn to the relative newness of the stress-
sensitivity subject area and hence the dearth
of widespread teaching/lifelong learning of
the subject;
related to the above, a credibility problem due
to lack of sufficient published case studies
which unequivocally demonstrate the occur-
rence of such phenomena and the threats/
opportunities that allow for stress-sensitivity
at the reservoir scale regarding recovery;
until recently, lack of suitable stress-sensitive
reservoir simulators or other appropriate
management tools, including a methodology
for assessing likely stress-sensitivity before or
during production;
as a result of all of the above, an unwilling-
ness on the part of management to commit
the extra resources required to characterize
reservoirs for stress-sensitivity and run stress-

sensitive simulations in what is still seen as a
speculative technical advance, with the notable
exceptions of some parts of a few multi-
national and national oil companies who see
application of the topic providing a business
advantage.

While there is irrefutable evidence from partic-
ularly stress-sensitive reservoirs, e.g the Ekofisk
chalks, and increasingly from the unconsolidated
sands of the Gulf of Mexico, that allowing for
geomechanical phenomena is essential if these
reservoirs are to be properly managed, the
hypothesis presented here is that these reservoirs
are high-end members on the stress-sensitivity
awareness scale, where the effects are easily
recognized. We argue, however, that many reser-
voirs have a more subtle level of stress-sensitivity,
which may not yet have been recognized, i.e. these
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reservoirs are currently further down the stress-
sensitivity awareness scale. Their stress-sensitivity
is more subtle, not being derived from an
obviously weak reservoir rock. An appreciation of
more subtle effects can, however, be used to
significantly improve hydrocarbon recovery. For
example, in one major field, the relation between
water breakthrough, fault sets, and local orient-
ation of the stress state only became apparent
after lengthy and careful analysis of the well data.
It was estimated that the stress influence made a
difference to cumulative production of oil in the
order of 1 million barrels per well, as well as
causing larger watercuts in wells unsympathetic-
ally orientated with the stress state. Correlations
of rate histories between pairs of wells indicated
that the stress-related effects were influential even
in monthly production fluctuations.

Fractured reservoirs must, by their very
nature, be stress-sensitive. Apparent stability of
the reservoir zone is preserved by a load-sharing
between intact discrete blocks of reservoir rock
across fractures which are open enough to
control flow. The relatively limited mechanical
load-bearing contacts between blocks will con-
centrate stresses, exacerbating compaction and
straining of the rock mass induced by reservoir
pressure reduction. There will certainly be
preferential activation of fracture sets orientated
in the most favourable direction with respect to
the anisotropic stress state as shown in Figure 1.
Possibly the full significance of stress sensitivity
in fractured reservoirs has in part been masked in
some fractured reservoirs by the abundance of
reserves and their high productivity, while in
others production problems are attributed to
difficulty in encouraging displacement of hydro-
carbon from the matrix (intact blocks) into the
flowing fractures. There is, however, a growing
perception that effective stress changes and
associated rock mechanical controls exerted in
real time during production are important
influences on fluid flow and so reservoir perfor-
mance, with natural fractures closing with
depletion (National Research Council 1996),
although care must be taken to consider the
production-rate sensitivity, e.g with water pro-
duction, also observed in fractured reservoirs.

Reservoir stress-sensitivity is not only caused
by fractured or low-strength, highly compactable
reservoir rocks, but is also dependent on the
production scenario applied. Even reservoirs
with strong, apparently unfractured rocks, may
well exhibit some significant aspects of stress-
sensitivity in the latter stages of their life as they
are depressurized and feel a significant increase
in effective stress. Alternatively, as increasingly
larger volumes of rock are influenced by pro-

duction, differences in the straining and deform-
ation of reservoir compartments can lead to fault
activation, e.g. the evidence for production-
induced changes in the compartmentalization of
Beryl (Buck & Robertson 1996). The stress-
sensitivity assessment process must therefore
look at the reservoir within the context of its
geomechanical characteristics linked inextricably
with its production scenario. HP/HT or over-
pressured reservoirs must represent an extreme
end of stress-sensitivity in this respect, blowdown
creating typically a 300% increase in effective
stress in the reservoir.

Stress-sensitivity also occurs in the rocks
surrounding the reservoir, and in particular in
the overburden. The layered nature of sediment-
ary rock sequences leads to the activation of
bedding plane parallel slip along laterally exten-
sive weak layers, e.g. shales or coals sandwiched
between thick sandstones, as the subsidence
basin develops above a compacting reservoir.
The relative shear displacement across these
layers can be of sufficient magnitude to cause
wells to shear (Hamilton et al. 1991). Even if the
shear displacements are insufficient to be noticed
in wells, the redistribution of stresses in the over-
burden - linked to the so-called 'arching' effect -
can influence fault activation and the selection of
in-fill drilling windows, and hence decisions
related to reservoir management (Kenter et al.
1998).

The redistribution of stresses in the over-
burden and the reservoir should also be taken
into account when interpreting the results of
repeat (4D) seismic surveys. As the effective
stress on the rock matrix is increased, the seismic
velocity increases, and vice versa. The volumetric
strain change that the rock experiences as a result
of the change in effective stress also alters the
density of the rock. Since rock acoustic impe-
dance is given by the product of density and
velocity, then acoustic impedance, acoustic
impedance contrasts, and hence the seismic
survey results are subject to stress-sensitivity.
This impedance sensitivity can be of the same
order as the more conventionally assumed
saturation-only related changes in acoustic
impedance, and therefore should be taken into
account (Corbett et al 1998).

Management of all scales of reservoir and
overburden stress-sensitivity begins with the
geomechanical characterization of the reservoir
and, if deemed necessary, the surrounding rock,
creating a data set which can then be interrogated
in its own right to help manage stress-sensitivity,
or ultimately can be used as input to a coupled
stress analysis/fluid flow simulation as shown in
Figure 2. Coupled modelling enables a holistic
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Fig. 2. The Coupled Modelling Process, Enabling the Input of Stress-Sensitivity into Reservoir Management,
and Well Design

view to be taken of the prediction and manage-
ment of the geomechanical phenomena likely to
be triggered by hydrocarbon production. This
paper introduces the reservoir-specific data set
required to achieve full geomechanical charac-
terization, based on the argument that all
reservoirs should be assessed in this manner to
determine where they lie on the stress-sensitivity
scale, and hence what reservoir management
threats and opportunities present themselves.

Reservoir characterization for stress-
sensitive simulation

The data sought in any reservoir characterization
process depend upon the processes thought to
have a significant influence on reservoir perfor-
mance, and therefore to be of importance in
understanding and managing the reservoir.
Furthermore, there is little point in acquiring
data, if within the foreseeable life of the reservoir,
it cannot be effectively used. Thus data acquisition
is driven by the combination of the realism of the
conceptual model being applied and the available
simulation capability. Until relatively recently, the
conceptual models applied did not allow for
stress-sensitivity, and hence reservoir characteriz-

ation has traditionally been concerned with rock
types, poro-perm and fluid distributions. Faulting
may also be addressed at several scales, but usually
in the context of fixed transmissivity properties,
i.e. are the faults permeability barriers or not?
Other structural features may be considered in
'fractured' reservoirs, i.e. reservoirs which by
virtue of their well in-flow characteristics, have
been shown to have open conduits to flow con-
necting into the well. In this case the spacing,
extent and connectivity of the fractures (discon-
tinuities which make a steep angle to bedding) are
of importance. The fractured reservoir is typically
modelled using conventional reservoir fluid flow
simulators with either the so-called 'dual porosity'
approach, which captures capillary force controls
on fluid flow between fracture and matrix, or the
'dual permeability' approach which captures the
viscous force and gravity force controls on flow
along the fractures. It is generally felt, however,
that in order to capture all of the physics of the
flow process in one simulation, discrete model-
ling of fractures and matrix is required (Edlmann
et al. 1998). Modelling fractures at this level of
detail does have computing resource implica-
tions, however, especially for large complex
reservoirs.
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Furthermore, the rock properties required in
the reservoir characterization data set are usually
assumed to have constant values which do not
change with reservoir stresses, being adjusted
only when simulation history matching dictates
the need for a change. That said, conventional
reservoir characterization provides an essential
basis from which a geomechanical characteriz-
ation can be developed, as will be demonstrated
later.

When allowance is made for the rock
mechanical reactions caused by production-
induced stress changes two enhancements must
be made to the conventional characterization
data set. Firstly, it should be recognized that
production-induced changes in stress in the
reservoir - caused by temperature or pore
pressure perturbations - initiate systematic
changes in all of the rock matrix properties
which are linked in any way to pore dimensions
and rock compressibility, e.g. permeability, P-
wave velocity etc. Thus many of the conventional
data are intrinsically stress-sensitive and are not
adequately represented by assigning a constant
value for the duration of reservoir production
life. Secondly, additional attention must be paid
to fractures and other discontinuities, extending
the dual poro-perm approach. Thus conceptu-
ally, all reservoirs should be considered to be
composed, as shown in Figure 2 of, 'intact'
blocks of rock matrix bounded by two types of
discontinuities:

(1) the fractures which make a steep angle to
bedding - and these are probably present in
all reservoirs from a structural point of view
if not from a flow modification point of
view;

(2) bedding-plane-parallel discontinuities which
are certainly present in all stratified reser-
voirs from a structural point of view, and
may also occasionally influence fluid flow.

The intact blocks and the discontinuities have
petrophysical/rock mechanical properties which
as well as honouring the heterogeneities of
conventional reservoir characterization, are
stress-sensitive, and it is these properties which
form a major part of the inventory of properties
required for stress-sensitive reservoir simulation
as shown in Table 1. Furthermore the reservoir
structure and the surrounding strata are loaded
with a regional stress state which is liable to be
anisotropic, with local modification near faults.

The bedding-plane-parallel discontinuities are
usually ignored, even in the characterization of
fractured reservoirs. Having a relatively low
bedding-parallel shear strength, these discon-

tinuities easily strain as they allow shear stress
relief, exerting an important control of the lateral
and flexural stiffness of the reservoir, and hence
of the gross response of the reservoir to stress
changes. This influence is in part determined by
the separation between low-shear strength
bedding planes, e.g. clay-rich layers, or shale
bodies or coal seams. In a fluvial depositional
environment, the maximum distance between
such partings is determined almost on a regional
basis by the frequency of flood surfaces which
have created laterally extensive clay-rich rocks or
coal seams. In carbonates, some stylolites which
have produced sufficient non-soluble debris to
disengage the opposing teeth of the stylolite may
also allow shear stress relief.

In order to complete the stress-sensitive data
set, the in situ stress state must be described. This
presents particular challenges, as it is liable to be
anisotropic in three dimensions as shown in
Figure 1, with major, intermediate and minor
stresses. Usually defined by specifying three
orthogonal principal stresses, determination of
the magnitude of the intermediate stress presents
a particular challenge, although its orientation
can be determined, being a member of a
mutually orthogonal set of stresses. The
complete inventory for data is given in Table 1,
while justifications for the data requested are iven
in Table 2. Provision of the content of this table
requires multidisciplinary collaboration between
sequence stratigraphers, geophysicists, structural
geologists, rock mechanics laboritories and
others. For example, a rationale for the selection
of rock mechanical/petrophysical specimens for
laboratory testing which honours conventional
reservoir characterization is shown in Figure 3.

Spreading the rock mechanical data through
the reservoir presents a similar challenge to
conventional characterization, although this can
be achieved by exploiting correlations between
rock types/porosities and rock mechanical
properties, via reservoir-specific synthetic rock
mechanical property logs (Edlmann et al. 1998)
Upscaling, or more correctly the specification of
in situ matrix properties, can be reasonably easily
achieved, using a 'critical phenomena' approach.
For example, if compaction is the phenomena
being considered, then care must be taken to
arrive at an effective, integrated in situ modulus,
while if thermal fracturing is a possible issue,
then the lowest measured matrix tensile strength
should be used. Upscaling of fracture properties
remains a challenge, given the demands on
computational resource. The best compromise is
probably to use the equivalent material approach
for much of the reservoir (Koutsabelousis et al.
1991), with certain key discontinuities being
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Table 1. Listing of Intact Rock, Discontinuity and Field Scale Properties Required for Characterisation of a
Stress-Sensitive Reservoir

Property

'Intact' Rock
Young's modulus*
Poisson's ratio*
Blot's constant*
Tensile strength*
Cohesion*

Angle of friction/
internal friction*

P velocity**
S velocity**
Permeability**
Rel perm**
Porosity**

Discontinuities
Normal stiffness*
Tensile strength*
Cohesion*
Friction angle*
P velocity**
S velocity**
Permeability**
Porosity***
Surface

topography***

Field Scale
Virgin in situ

stress state**
Virgin pore pressure*
Change in pore

pressure*
Stratigraphy**
Structure**
Boundary

stiffnesses***
Temperature*
Injected fluid

temperature*

Management Application

Porosity
correction

X
X
X

X

X

X
X

X

X

Wellbore
stability

X

X
X
X

X
X
X
X

X

X
X
X

X
X

X
X
X

X

Sand
production

X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X
X

X
X

X
X
X

X

Hydraulic
frac

X
X
X
X
X

X
X
X
X
X
X

X
X
X
X

X
X

X
X
X

X
X

X

Thermal
frac

X
X
X
X
X

X
X
X
X
X
X

X
X
X
X

X

X
X

X
X
X

X
X

X

Compaction
drive

X
X
X

X

X
X
X
X
X
X

X

X
X
X
X
X
X

X

X
X

X
X
X

X
X

X

Subsidence
and effects
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modelled as discrete entities, e.g. faults and
bedding-plane-parallel shear layers.

Having taken the trouble to characterize the
reservoir for stress-sensitivity, stress-sensitivity
can now be examined and managed using
coupled modelling as shown in Figure 2. The
production-induced changes in effective stress
(via pore pressure and temperature) are simul-
ated, and hence used to determine changes in

stress-sensitive reservoir properties such as
permeability. The stress-sensitive corrections to
the reservoir characterization data embedded in
the coupled model are made automatically,
enhancing the realism of the predictions made,
and justifying the additional effort required. As
well as adding realism to the simulation process,
this adds another set of output data to that of
conventional simulation - stress distributions
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Table 2. Conceptual/analytical/numerical models used, justifying data requirements

Management
Application Rock Mechanical Model Assumed Notes

Porosity correction

Wellbore stability

Sand production

Hydraulic frac

Linear elastic compression of matrix,
changing mainly pore space. Effective
stress causes compaction, hence use of
Biot's coefficient. The boundary
stiffnesses affect the stress condition
used in the calculation. Very stiff
boundaries usually assumed, dictating
the "uniaxial" corection.

Concentration of stresses around the
wellbore cause rock failure adjacent to
the wellbore when the Mohr-Coulomb
failure criterion for the rock or fractures
is exceeded. Failure can occur in the
matrix or on discontinuities. Sonic
velocities used for property correlation.

Concentration of the stresses around
the perforation or wellbore case failure
as in the wellbore stability case.

A fracture is initiated when the wellbore
pressure is sufficiently high to overcome
the tensile strength of the matrix or a
critically orientated discontinuity, and
the lowest horizontal principal stress
concentrated around the wellbore.

Compensates for the difference
between measurements made at near
ambient stress conditions in the lab
and the much higher overburden
related compressive stresses
experienced by the rock in situ.
Grains assumed to be very stiff,
with most of the rock compression
being taken up by pore volume
reduction. Other models available
allow for grain compressibility

The mud exerts an outward radial
stress on the wellbore, inhibiting
failure. Anisotropic in situ stress state
can be allowed for. Alignment of the
wellbore (dip and azimuth) with these
stresses is an important control.

Ideally rate dependency should also be
modelled.

Probably one of the first applications
in which the industry recognized the
influence of anisotropic stresses.

Thermal frac A fracture is initiated when the thermally
induced tensile stresses caused by the
cooling of the rock surrounding the
wellbore are sufficient to overcome the
tensile strength of the rock around the
wellbore, or the strength of a critically
orientated discontinuity, whichever is
lower.

A relatively recently discovered effect.
Again stress anisotropy exerts a major
control.

Compaction drive

Subsidence and effects

The reduction in pore pressure increases
the effective compressive stress on the
reservoir, compressing the matrix
and/or fractures, displacing fluid

Compaction, i.e. strains within the
reservoir, cause the redistribution of
stresses, strains and displacements
in the overburden. Vertical displacements
are generally continuous through the
overburden, except across activated
faults. Horizontal displacements are
discontinuous across critical bedding-
parallel shear layers. Ideally requires
a full coupled model study, hence
comprehensive data set.

An important contribution to
reservoir energy, even in relatively
stiff reservoirs.

Well loss due to this now recognised,
but impact on 4D seismic just being
realised.
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Fig. 3. Selection of test specimens for a fracture
reservoir.

and rock strains, displacements and failure state
- which can be used in the more comprehensive
management process, e.g. in the planning for
changes in reservoir compartmentalization, well
planning for maximum life in a subsiding
overburden, in-fill well path design, and draw-

down limitation or flow-unit isolation for sand
control. Thus the full power of the data set
generated for the characterization of stress-
sensitive reservoirs can be realised. For example,
Figure 4, which shows reservoir rock displace-
ments in a reservoir layer output from the
VISAGE™ stress-analysis simulator, predicts
the activation of a major fault during the deple-
tion of a normally pressured UKCS reservoir,
enabling the impact of this reservoir-scale geo-
mechanical event to be factored into the
reservoir management process. Similarly, the
output of stresses and strains can be converted
into stress-sensitive acoustic impedance maps
and sections, enabling this effect to be factored
into the interpretation of 4D seismic surveys, as
shown in Figure 2.

Conclusions

The understanding, methodology and tools
required for stress-sensitive reservoir simulation
are now in place. While additional effort and
resources are required compared to conventional
simulation, it is likely that recovery in many
reservoirs can be improved when due allowance
is made for reservoir-scale geomechanical
phenomena.

Fig. 4. Output from the VISAGE stress analysis simulator showing rock displacements in one reservoir layer,
revealing fault activation.
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3D fracture network dynamics in reservoirs,
faults and salt tectonic systems
K. TUNCAY, A. PARK, D. PAYNE & P. ORTOLEVA

Laboratory for Computational Geodynamics, Chemistry Building,
800 E.Kirkwood Avenue., Indiana University, Bloomington, IN 47405, USA

Abstract: A unique 3D computer simulator is used to predict natural fracture network
characteristics in the subsurface. The model is based on the numerical solution of rock
deformation processes coupled to the myriad of other basin reaction, transport and mech-
anical (RTM) processes. The model integrates seismic, well log and surface geological data to
arrive at a quantitative picture of the distribution of fractures, stress, petroleum and porosity,
grain size and other textural information.

An important component of the model is an incremental stress rheology that accounts for
poroelasticity, non-linear viscosity with yield/faulting, pressure solution and fracturing. It
couples mechanics to multi-phase flow and diagenesis (through their influence on effective
stress and rock rheological properties, respectively). The model is fully 3D in terms of the full
range of fracture orientations and the tensorial nature of stress, deformation and
permeability. All rock properties (rheologic, multi-phase fluid transport, grain shape, etc.) are
coevolved with the other variables. Examples illustrate the relative importance of various
overpressuring mechanisms, lithology and flexure on the location and characteristics of a
fracture network.

Fracturing in the subsurface is key to the
understanding of many fundamental and applied
issues in the geosciences. The objective of this
study is to show that these rock failure processes
are very dynamic and that this dynamic can only
be understood via a model that includes a wide
range of other crustal processes. Indeed, the
evolution of a fracture network is the result of
the interplay of internal processes (matrix
texture and pore fluid reactions and flow) and
overall tectonic factors. We present results of a
unique three-dimensional (3D) model of the
coevolution of these dynamic phenomena for use
in fundamental crustal studies and the petroleum
exploration and production analysis. Fractures
and faults affect and are affected by many
processes. For example, fractures are affected by
fluid pressure and, through their influence on
permeability, fractures affect fluid flow and hence
fluid pressure. As this is just one of many such
'feedback' relations embedded in the network of
geological reaction, transport and mechanical
(RTM) processes, a predictive fracture model
must be fully coupled (see Fig. 1). As lithologic
bodies, folds, domes, salt diapirs and other
features are fundamentally 3D, a predictive
model of fracture and fault phenomena must be
3D.

Here we present a unique 3D RTM model
capable of predicting a host of fracture and fault
phenomena. Our model is based on the finite
element solution of equations of rock deform-

ation, fracture network statistical dynamics, rock
failure and gouge, multi-phase flow, organic and
inorganic diagenesis, pressure solution and other
compaction mechanisms, and heat transfer. The
RTM equations are solved consistent with the
influences at the boundary of the basin (sediment-
ation/erosion, basement heat flux, climate, sea
level, and extension/compression or uplift/sub-
sidence history) as suggested in Figure 2.

Key to the attainment of predictive power is
the coevolution of all variables. Thus, flow changes
fluid pressure which can cause fractures and

Fig. 1. Complex network of coupled processes under-
lying the dynamics of a sedimentary basin. These
factors and their coupling are accounted for in our
unique basin simulator.

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 155-175. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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Fig. 2. Schematic Basin RTM flow chart showing the interplay of geological data and the internal RTM
processes in evolving a basin over one computational time step.

thereby direct fluid flow along preferred fracture
directions. Such coupling and coevolution must
be accounted for in their full 3D manifestation.
We compute the dynamics of the evolving
probability distribution of fracture length, aper-
ture and orientation. Properties such as the
permeability tensor are functionals of this
probability distribution and constitute a key ele-
ment of many crustal fluid migration phenomena.

The challenge of modelling fractures and faults
in reservoir- or basin-scale systems is one of
scale. Typically fractures are metre scale in length
and submillimetre scale in aperture. Clearly, it is
not feasible to model fractures by introducing a
submillimetre scale numerical grid across the
reservoir or basin.

The solution is to introduce variables such as
average local fracture length, aperture and
orientation, characterizing the 'typical' fracture
in a macrovolume element of the system. By
definition, a macrovolume element is smaller
than the scale of the phenomenon of interest (a
reservoir) but large enough to contain a
statistically significant number of fractures. Such
a theory is thus, by nature, a statistical model
with the macrovolume element as the sampling
volume.

Within such a framework, the variables charac-
terizing the fracture network obey ordinary

differential equations in a rock-fixed reference
frame (i.e. one moving with the velocity of defor-
mation of the solids). Letting be a collection of
texture variables characterizing the fractures as
well as the size, shape, orientation, packing, and
mineralogy of the grains, we have

where g is the stress tensor and / and T are the
fluid properties (phase and composition) and
temperature in the macrovolume element. In this
way fractures (and in general texture dynamics)
couple to stress and other factors. Furthermore,
rock rheology depends on @ (as well as/and 7),
completing a stress/deformation <* texture feed-
back. This is just one of the feedback loops
contained in Figure 1. Introducing the concept of
texture dynamics and capturing the many
coupling relations driving the dynamic crustal
system is at the heart of our fracture and fault
prediction approach. In the remainder of this
paper, we illustrate the comprehensiveness and
power of our approach using a number of
examples. Applications to petroleum exploration
and production and the fundamentally 3D nature
of many crustal RTM phenomena are noted.
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The Basin RTM simulator

Purpose

An overview of our Basin RTM simulator used
for fracture and fault modelling is as follows. A
complex network of geochemical reactions, fluid
and energy transport and rock mechanical
(RTM) processes underlies the genesis, dynamics
and present-day characteristics of petroleum
reservoirs or other crustal phenomena in Basin
RTM (see Fig. 1). Basin RTM integrates all the
relevant geological factors and RTM processes
believed to operate in a sedimentary basin. As
reservoirs are fundamentally 3D in nature, Basin
RTM is fully 3D.

The RTM processes and geological factors
accounted for in Basin RTM are outlined in
Figure 2. External influences such as sediment
input, sea level, thermal and tectonic effects are
allowed to influence the progress of internal
RTM processes. Within the basin, these RTM
processes modify the sediment chemically and
mechanically to arrive at petroleum and mineral
reserves, basin compartments and other internal
features.

Basin RTM provides a platform for integrat-
ing all available geological data as suggested in
Figure 2 using the framework provided by the
laws of physics and chemistry to facilitate
exploration or field development. Available infor-
mation can be divided into geological data and
the physico-chemical rate laws and parameters.
The former make a simulation tailored to the
specific basin. The physico-chemical information
gives Basin RTM the power to predict resource
location and characteristics and other features of
the evolving basin.

Basin RTM can also be used to carry out sen-
sitivity analyses or to identify new phenomena
such as self-organization and other non-linear
effects that can dramatically affect the disposition
of reservoirs (Ortoleva 1990, 19940). Basin RTM
simulations show that the sedimentary basin or
other crustal system is highly dynamic, exhibiting
a strong degree of autonomy, rather than simply
responding to the details of the external
influences. As Basin RTM uses data on present-
day localtime and characteristics of lithologies to
extrapolate these properties beyond the locations
of these data, it enhances the use and interpret-
ation of seismic, well log, surface geological and
other data to understand the present-day and
historical state of the crust. Basin RTM can be
used to identify windows of time during which
formations along a proposed migration pathway
were open, and not blocked due to compaction,
fracture closure or diagenetic cementation.
Alternatively, Basin RTM can predict if and when

a seal was breached and some of the hydro-
carbons have escaped due to natural fracturing or
permeability-enhancing diagenetic reactions (see
Figs 3-5).

How basin RTM works
Basin RTM makes its predictions in a completely
self-consistent way through a set of multi-
phase, organic and inorganic, reaction-transport
modules. Calculations of all effects are done self-
consistently to preserve all cross-couplings

Fig. 3. Fluid pressuring, fracturing and fracture
healing feedback cycle, one example of the many
feedback mechanisms inherent in the RTM process
network. This cycle can repeat many times during a
basin's evolution when conditions are appropriate.

Fig. 4. Overpressure evolution at the bottom of the
Ellenburger Formation in Permian Basin, West Texas.
Overpressuring starts around 350 million years into the
simulation, when fractures in the layer above the source
rock disappear. Oscillatory behaviour is a result of
cyclic fracturing of the seal driven by petroleum
generation. After 470 Ma the cyclic petroleum expulsion
ceases and the pressure, oil saturation fracturing and
other variables show a more steady behaviour.
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Fig. 5. Fracture permeability profile sequence
illustrating the fracture front moving through the seal
(between 2450 and 2700 m) Permian Basin, West
Texas. Overpressuring of oil and water phases
primarily due to oil generation creates a fracture front
moving upward through the seal. Once the
overpressure is released, the fractures close, which in
turn results in descent of the fracture front and
overpressuring restarts. This cycle continues until the
oil generation rate slows down, or the seal remains
fractured due to tectonic effects.

between processes (see Fig. 1). For example, the
determination of temperature is affected by
transport, which is affected by the changes of
porosity that evolve due to temperature-depend-
ent reaction rates. Similarly, the rate of kerogen
decomposition depends on temperature which,
in turn, depends on thermal transport that is
affected, through fluid buoyancy, thermal con-
ductivity, capillarity and relative permeability, by
the content of organic material and its thermal

decay. All such coupling relations between the
full set of RTM processes as in Figure 1 are
accounted for in our model.

Predictive power is limited for less rigorous
approaches that use statistical correlations. For
example, in such methods, porosity history is
often based on a formula relating it to mineralogy
and depth of burial. However, porosity evolves
due to the detailed stress, fluid composition and
pressure, and thermal histories. These histories are
different for every basin. Thus a simple correlation
of porosity with depth and lithologic type does
not exist in principle. Basin RTM avoids such
problems by solving the fully coupled rock
deformation, fluid and mineral reaction, fluid
transport and heat transfer problems. Finally,
statistical correlations give the average behaviour.
As 'on the average' there are no interesting
features such as producible pools of petroleum,
such approaches can only have a limited interest.

The interplay of geological and physico-
chemical information in Basin RTM is suggested
in Figure 2. Consider one forward time step in a
Basin RTM simulation. The purpose of the
incremental evolution step is to advance the state
of the basin from a time t to a later time t+dt.
Two distinct operations take place simultane-
ously during this time interval dt. The geological
information is used to (1) fix the input/output of
energy and mass at the basin boundaries and (2)
impose the tectonic history (i.e. the overall basin
deformation or stress) at the basin boundaries.
On the other hand, the physico-chemical pro-
cesses are used to determine the evolution in dt of
the spatial distribution of the local state. The
latter describes stress, fluid properties, mineral
content, rock texture, permeability, fracture
characteristics and temperature.

Basin RTM geological input data are divided
into four categories as shown in Figure 2. The
tectonic data give the change in the lateral extent
and the shape of the basement—sediment inter-
face during dt. As suggested in Figure 2, these
data provide the conditions at the basin bound-
aries needed to calculate the change in the spatial
distribution of stress and rock deformation
within the basin. This latter physico-chemical
calculation is carried out by a stress module that
solves equations for incremental stress rock
rheology and force balance (see page 167).

The next type of Basin RTM geological data
are those affecting the fluid transport, pressure
and composition. These fluid data include sea
level changes, basin recharge conditions and the
composition of fluids injected from the ocean,
meteoric and basement sources. This history of
boundary input data is then used by the
hydrologic and chemical modules to calculate the



RESERVOIRS, FAULTS AND SALT TECTONIC SYSTEMS 159

evolution of the spatial distribution of fluid
pressure, fluid composition and fluid phases
within the basin. These physico-chemical calcul-
ations are based on single or multi-phase flow in
a porous medium and on fluid phase molecular
species conservation of mass (i.e., the reaction-
transport equations). The physico-chemical
equations draw on internal data banks for
permeability-rock texture relations, relative
permeability formulae, chemical reaction rate laws
and reaction and phase-equilibrium thermo-
dynamics.

The spatial distribution of heat flux imposed
at the bottom of the basin is another geological
input/control. These data as well as the temper-
ature imposed at the top of the sediment pile (i.e.
climate and ocean-bottom temperature) are used
to evolve the spatial distribution of temperature
within the basin during the time interval dt. This
evolution is computed using the equations of
energy conservation and data for mineral and
rock thermal properties (conductivities and
specific heats).

The sedimentation data provide the detailed
textural characteristics such as grain size, shape,
mineralogy, mode and organic texture of the
sediment being deposited during dt. This history
is automatically computed by Basin RTM using
interpreted well log, seismic core and surface
data. The physico-chemical laws and data are
used to calculate the change of the spatial dis-
tribution of mineral and organic texture within
the basin during dt. These physico-chemical
calculations involve the rate laws for free face
grain chemical kinetics, pressure solution and
grain rotation or breakage, grain nucleation and
the laws of kerogen chemical kinetic transform-
ation. Also used are the laws of fracture nuclea-
tion, extension, aperture dynamics and the
kinetics of cement infilling.

All these geological input data and physico-
chemical calculations are integrated in Basin
RTM over many time steps to arrive at a
prediction of the evolution history and the
present-day internal state of a basin or field. In
this way, the physico-chemical laws are used to
translate the geological input data into a pre-
diction of the changes of internal basin state and
its evolution over a basin's history from its incep-
tion (or other chosen initial state) to the present.

Numerical approach
We use the updated Lagrangian approach to
solve the time-dependent large deformation
problem for geological materials satisfying the
incremental stress rheology (Tuncay et al.
2000a). In our numerical approach, all variables

are referred to the updated configuration in each
time step. The approach has two major steps.
First, the incremental stress rheology equations
are solved at the integration points of the finite
elements. Second, the displacements are com-
puted by using a global deformation solver. At
each time step, iterations of these two steps are
performed until the norm of the change in dis-
placements between two consecutive iterations is
less than a specified tolerance. The two-step
solution technique allows the introduction of
new deformation processes with only minor
changes in the code. We use the conjugate
gradient iterative technique with a simple
diagonal preconditioner to solve for the incre-
mental displacements. The finite element code
and iterative solver are parallelized. The details
of the finite element formulation are provided in
Tuncay et al. (2000a).

In the multi-phase module, the Galerkin-type
finite element approximation is used for satur-
ations, concentrations, and pressures. The non-
linear terms and boundary conditions are treated
in a fully implicit manner. An upwinding method
is developed and implemented in the multi-phase
module to stabilize the saturation fronts. The
mass matrices are lumped to increase the stability
as suggested in previous studies (Huyakorn et al.
1994; Abriola & Rathfelder 1993). The computer
model accommodates a wide variety of bound-
ary conditions. Because of the highly non-linear
behaviour of the equations, a Newton-Raphson
technique is employed to solve the non-linear
algebraic equations arising from the discretiz-
ation.

The finite element grid accretes as sediment is
added. A new grid layer is added when sediment
input causes the top grid layer to become too
thick. In contrast, when erosion creates a top
layer that is locally too thin, the finite element
grid is locally reorganized to preserve numerical
accuracy. This accreting, reorganizing grid that
also adapts to sedimentary features as they are
added or subtracted is required to capture
sedimentary detail and ensure numerical stability
and accuracy.

The interaction of the top of the sediment pile
with the overlying fluids (atmosphere or sea
bottom) is accounted for by the value of normal
stress and the (assumed) absence of tangential
shear. A no-shear lateral boundary condition
allows for natural compaction at the sides of the
basin. Lateral compression/extension and sub-
sidence/upheaval are imposed at the sides and
bottom. The sides and bottom are assumed to be
impermeable to fluid flow.

All computational modules are packaged in
an overall structure that ensures each equation is
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satisfied at every time step. The time step is
allowed to change to ensure accuracy and
computational efficiency.

Applications of Basin RTM to
sedimentary basins
Other basin models have been used to gain
valuable insights into the petroleum system.
Typically these models are 2D and treat only two
or three processes (Ungerer et al 1990; Larson
et al 1993; Maubeuge & Lerche 1993, 1994;
Roberts & Nunn 1995; Schneider et al 1996; Luo
& Vasseur 1996; Luo et al 1998; Wang & Xie
1998). Consequently, they are not sufficiently
comprehensive to accurately simulate natural
sedimentary systems and, in particular, fracture
networks.

Fracture-mediated petroleum expulsion,
migration, and escape from reservoirs are key
aspects of the dynamic petroleum system (Figs
3-5). In most of the existing basin evolution
models, it is assumed that rocks fracture when
the fluid pressure exceeds a specified fraction of
lithostatic stress (Maubeuge & Lerche 1993,
1994; Roberts & Nunn 1995; Wang & Xie 1998).
This assumption ignores the dependence of
fracturing on lithologic properties. In our
studies, we find that fracturing strongly depends
on rock composition and texture, including
mineralogy, grain size, and porosity which
indirectly affect the stress tensor (Figs 6 & 7).
Another limiting assumption is that there exists a
simple dependence of porosity on effective stress
(Ungerer et al 1990; Maubeuge & Lerche 1993,
1994; Roberts & Nunn 1995; Luo & Vasseur
1996; Schneider et al 1996; Wang & Xie 1998).
This results in a very smooth porosity profile but
ignores the dependence of porosity on rock
composition and texture. In our approach,
porosity is obtained by both solving the mass
balance equation for solids and computing rock
deformation velocity using a multi-process,
incremental stress rheology that contains the
elastic and viscous parameters which are func-
tions of texture and composition. By coupling
mass balance algorithms with our porosity and
stress solvers, porosity and stress are computed
self-consistently. As a result, shales usually have
lower porosity, and higher least compressive
stress than sandstones (Fig. 7). The small grain
size combined with low porosity results in very
low permeability and thus these layers can form
efficient seals. Furthermore, our results show that
low shear viscosity/bulk viscosity ratio makes
fracturing very unlikely in the absence of flexure
or extreme overpressuring mechanisms, such as
petroleum generation or fluid thermal expansion.

Fig. 6. Predicted cross-sections of permeability at 45
Ma from a simulation of Piceance Basin, Colorado.
The system is 50x48 km wide and 1 to 3 km deep.
Different permeabilities reflect varying sediment com-
positions including porosity, texture and mineral grain
sizes, plus that resulting from fractures. The computa-
tion was carried out on an accreating, lithology-
adapted hexahedral grid which at the final time was
20x20x60 elements. The uplift/subsidence, erosion and
sedimentation histories were computed using tops,
core, and well log data provided by DOE and Barrett
Resources. Lateral compression/extension effects
were not accounted for in the simulation.

In other basin evolution simulators, fracture
permeability is assumed to be isotropic. This
simplification ignores the fact that, for an accurate
description of fracture orientations, the full stress
tensor as well as irreversible (e.g., viscous-like
rather than purely elastic) behaviour must be
known (Fig. 8). Also disregarded is the interaction
between the deformation/stress computation and
fracturing. Rocks fracture due to the difference
between fluid pressure and least compressive
stress. But as fractures open, overall rock volume
increases and fluid pressure in the fractures com-
presses the rock, increasing the compressive stress
normal to the fracture plane. Thus, fracturing is a
self-limiting process: firstly, as fractures open, they
provide a pathway for fluid escape; and secondly,
the volumetric strain caused by fractures increases
the confining stress that reduces the rate of
fracture growth (Tuncay et al 2000a,b).

Although one- and two-dimensional studies
give hints about the dynamics of basin evolution,
a three-dimensional basin simulator is necessary
to take three-dimensional geometric effects into
account (Figs 6 & 9). This becomes extremely
important when fracturing is due mainly to
flexure and the direction of tectonic compres-
sion/extension is changing during the basin's
history. Fracture networks provide a pathway for



Fig. 7. Simulations by Basin RTM show good agreement with observations. Shown are present-day fluid
pressure (a) and least compressive stress (b) at the MWX site, Piceance Basin, Colorado, compared with
observations. In sandstones, the lateral stress and fluid pressures are found to be similar, indicating their
vulnerability to fracturing whereas in the mudstones lateral stress exceeds fluid pressure, underscoring the lack
of fracturing in them at present day (as observed). Our predictions also show that this situation is dynamic:
during an epoch in the past, some of the mudstones were also fractured in some areas in the Piceance Basin as
suggested in the literature, (c) Predicted natural gas saturation (from Payne et al. 2000).
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fluid flow and, especially in layered rocks, fluids
can move laterally out of the vertical plane.
Appropriate simulations can be accomplished
only by a three-dimensional basin simulator with
a stress/deformation solver that can capture non-
planar effects and strong contrasts in rheology
from layer to layer.

Although the history of temperature, sedi-
mentation rate, and subsidence rate are among
the most important parameters that affect the
evolution of a basin, some basin simulators start
with a pre-defined grid (Schneider et al. 1996). In
other words, two basins with the same final
thickness and lithology but different time history
are assumed to behave similarly. This approach
ignores the time-dependence of, for example,
overpressuring which often correlates with
sedimentation rate and is a key factor in fractur-
ing as well as deformation (Wang & Xie 1998;
Ortoleva 1998).

Another limitation of previous models is the
absence of shear failure. Only a few models
consider the contribution of mechanical shear to
rock failure (Luo et al. 1998; Larson et al 1993).
However, these models are limited to two
dimensions. In our model, a Drucker-Prager-
type failure function is used to build in a shear
failure via a transition in rock viscosity. The

coefficients of the failure function have been fitted
with experimental data (Sakrani 1996; Ozkan et
al, 1998). The shear viscosity is assumed to
depend on the failure function and texture. As
the rock approaches failure, shear viscosity
decreases. This feature extends the applicability
of our basin simulator to fault formation pro-
blems (Fig. 10). We have already made an
attempt to include the rate of strain due to gouge
(Fig. 11) to show the effect of shearing on the
particle size distribution and porosity (Ozkan et
al 1998; Ozkan & Ortoleva 2000).

Our model accounts for the changing rock
Theological parameters that accompany the chang-
ing lithologic and fracture properties. The bulk,
shear and effective stress coefficients of the
(assumed) isotropic rocks are computed using
Berryman's composite medium theory (Berryman
1980, 1986). In our approach, by assuming that
the shear and bulk viscosities depend on grain
contact areas, rheology is computed as a function
of the mechanically and diagenetically modified
texture. Thus, dynamic rheologic properties are
used to compute basin stress/deformation history
using an incremental stress rheology (Zienkiewicz
& Cormeau 1974; Rice 1975) extended by the
authors(Tuncay et al 2000a,b; Ortoleva 1994a,
1998).

Fig. 8. Predicted fracture orientations and length in a shale (top) and a sandstone (bottom) from the Piceance
Basin simulation of Fig 6. Changing sediment properties, stress and fluid pressure during the evolution of the
basin result in dynamic fracture patterns, which in turn significantly affect the anisotropy of fracture
permeability. If the enhanced permeability from fracturing is significant, it can direct the flow of petroleum;
understanding such occurrences of the past, therefore, can be important for identifying or understanding
reservoirs in presently unlikely structural and stratigraphic locations.
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Fig. 9. (a) Simulation domains for basin-scale and inter-field studies (thickly outlined box) of Piceance Basin
simulations. The Rulison Field is in the upper northwestern area of the latter box. (b) Isosurface of overpressure
(15 bars) shaded with depth. The folded, multi-layered structure is dictated by the interplay of lithological
differences and fracturing and shows the three-dimensional complexity of conductivity of overpressured zones.
Thus, stacked overpressured compartments as viewed as a simple pressure-depth curve may hold little insight
into the full three-dimensionality of the structure, (c) The distribution of fracture length reflects lithologic
variation and the topography imposed by the basement tectonics. The layered fracture length structure is closely
related to the layering in overpressure surface (from Tuncay et al 20000).
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Fig. 10. Cross-section of a 2D, 5x2.5 km normal fault system after 5 My of simulation. The shading indicates
porosity and shows differences between the four lithologies; the shales (low porosity) are at the middle and top
of the domain. Higher porosity regions (in the lower-right and upper-left corners) and the fracture length
(contour lines) arose due to the deformation created by differential subsidence. Both stress field and fracturing
are strongly affected by rock composition and texture. The arrows indicate fluid flow toward the region of
increasing porosity (lower-right) and through the most extensively fractured shale.

Fig. 11. The effect of gouge on (a) porosity and (b) overpressure. The size of the domain is 3 km by 3 km in
cross-section. The fault width is 0.1 km and the rate of faulting is 0.2 km My–1. To isolate the effect of gouge
on the pressure and texture, a very high bulk viscosity is used. Therefore, the only overpressuring mechanism
present is the gouge-related changes in the texture. The weakness of the San Andreas Fault is attributed to high
fluid pressures in the fault zone (Byerlee 1990; Rice 1992). This example demonstrates fluid flow and
deformation interactions in basin environments.
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Salt tectonics
Salt movement in the subsurface can dramatic-
ally affect the distribution and character of
fracture zones and faults for several reasons:

• salt diapirism and related phenomena can cause
flexure and otherwise dramatically affect the
stress regime in the neighbouring sediments;

• salt movement can affect the topography of
the sea floor and thereby the geometry and
lithologic character of the salt-adjusted sedi-
ments;

• salt is of vanishingly small permeability and
therefore can isolate high overpressure (up to
litho static) and thereby influence effective
stress in the underlying sediments; and

• by distorting the heat flux, changing the
salinity, and altering the fluid flow patterns,
salt can change the diagenetic history and,
thereby, rock mechanical properties.

As salt withdrawal is believed to be an important
factor in fracturing in some areas, we have
incorporated advanced salt tectonics modelling
into Basin RTM by calibrating our rheology to
be consistent with salt deformation experiments.

With this, our simulator can address the follow-
ing exploration and production challenges:

• predict the location and geometry of faults or
zones of fracturing created by salt motion;

• predict the morphology of sedimentary bodies
created by salt deformation;

• locate pools of petroleum or migration path-
ways created by salt tectonics; and

• assist in the interpretation of seismic data in
salt tectonic regimes.

The interplay of salt deformation with the
rheology of the surrounding strata is key to
understanding the salt deformation and reservoir
location and characteristics relationship. The
continuous and discontinuous (i.e. fauting and
fracturing) responses of the surrounding sedi-
ments are induced by salt movement. In turn, the
deformation of these sediments promotes or
inhibits salt motion.

Figure 12 shows a cross-section of a Basin
RTM-simulated salt wave. Note the relationship
among deformation, fluid flow and fracturing.
The orientation of fracturing follows salt morph-
ology. Fluid flow patterns are strongly influenced
by salt morphology and associated fracture
patterns. In this case and those to follow, the salt
deformation is due to the interplay of salt
buoyancy, salt modification of the distribution of
the rate of sedimentation and the overall
tectonics (i.e. basin extension/compression and
upheaval/subsidence).

To predict salt tectonics-related petroleum
pools, one must co-evolve petroleum generation/

Fig. 12. Basin RTM simulated salt wave showing associated deformation (as indicated by the shape of the
evolved salt body). Shown is the state after 8 My of deformation and sedimentation. The salt bed originally
only had a 400 m topographic contrast. There are alternating layers of sandstones and shales above the salt at
this stage. The salt tectonic - sedimentation interaction induced the sediment geometry and the generation of
mini-basins at the flanks of the wave.
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expulsion/migration with salt and rock deform-
ation. Figure 13 shows an oil pool developed in
association with salt diapirism. The oil was
generated in a source rock overlying the salt,
both of which were essentially flat in an early
stage that preceded diapirism. A similar situation
but for a subsalt source rock is seen in Figure 13.

In both cases, the influence of salt motion on
fracturing and porosity strongly affects migra-
tion and ultimate reservoir quality. The escape of
subsalt oil at the edges of the salt lens is also seen
in Figure 14. Salt tectonics is, for the most part,
a fundamentally 3D phenomenon. An example
of a simulated salt diapir in 3-D view is seen in

Fig. 13. Simulated time sequence (1.46 (a) and (b) 3.76 My into the simulation) of oil saturation overlying a
rising salt dome. Source rock overlying the dome was transiently overpressured and fractured, facilitating
upward oil migration within it and into the overlying layers. Orientations of long-lived fractures (residing in the
sandstones) illustrate the relationship between the salt motion and fracture pattern. The location of oil strongly
depends on the rate of salt motion and the coevolving mechanical and transport properties of the adjacent
sediments.
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Fig. 14. As in Figure 13 except for an initially finite size (lenticular) salt body and in addition the co-evolution
of subsalt petroleum (3.12 (a) and 5.56 (b) My into the simulation). Shown is the oil saturation with curves
indicating lithologic contacts. The overpressure under the salt body and the stress regime on the underlying
sediment have preserved porosity in the centre region under the salt while the compaction under the edge of the
salt led to the formation of a seal. Thereby a subsalt compartment is formed.

Figure 15. Note the pockets of fracturing assoc-
iated with the salt diapir. These and other Basin
RTM simulations of salt phenomena illustrate
the ability of our approach to predict fractures
related to salt tectonics. The details of the salt
tectonics simulations are provided in Tuncay &
Ortoleva (2000).

Incremental Stress Rheology, Statistical
Fracture Dynamics and Rock Competency

Incremental stress rheology

The strongly coupled nature of the crustal
deformation problem can be captured using an
incremental stress rheology. The specific
rheology used in our modelling integrates most
of the strain mechanisms believed to operate in
the crust. It has the form (Tuncay et al. 2000a,b;
Ortoleva 1994a, 1998; Ortoleva et al. 1997)

Here, ey is the net rate of strain while the terms
on the right-hand side denote the contributions
of five processes: poroelasticity (el), continuous
viscoplastic (vp), pressure solution (ps), frac-
turing (fr) and gouge (go). Specific expressions
for each term have been taken from the literature.
In this study we consider poroelasticity and con-
tinuous viscoplasticity.

The poroelasticity rate of strain Eel may be
expressed in terms of stress o, pressure p of the
(assumed single) fluid phase, and rock texture @
via:

where C is the fourth rank tensor of poroelastic
coefficients, a is the effective stress coefficient,
and / is the second rank identity matrix. Here,
DIDt represents a material time derivative
measuring the rate of change of a tensor in time
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Fig. 15. Simulated quarter section of a salt diapir showing the relationship to fracturing in the overlying sand-
stones after 3 My of deformation. Extracted partial front cross-section shows the fracture length.

with respect to a local reference frame fixed to a
translating, rotating material volume element.
The texture ® represents a set of variables
characterizing the mineralogy, shape, size,
orientation and packing of the grains of each
mineral. The bulk and shear moduli of the
drained porous medium, and the effective stress
coefficient of the medium can be computed in
terms of the 0 and mineral elastic properties
using Berryman's (1980, 1986) approach.

The inelastic mechanical contribution to s is
cast in the present approach as a non-linear
viscosity law in the form:

The fourth rank viscosity tensor g depends on
stress, fluid pressure and texture. The second
term in the effective stress involves a coefficient
that is usually taken in the literature to be unity.
The shear viscosity is assumed to be a strong
function of rock competency. Sleep & Blanpied
(1994) assumed that the viscosities depend on the
intrinsic viscosity of grains and the volume
fractions of pores and fractures. However, they

did not consider the sudden drop in the shear
viscosity due to failure, which is one of the key
parameters required to model the stress drop
following rupture. We expect that in the case of
failure, the change in the shear viscosity is greater
than the change in the bulk viscosity. Since the
state of stress is strongly dependent on the vis-
cosity ratio, this feedback might play an
important role in the reorganization of fault
zones after failure.

The texture must be further augmented when
rock competency is considered. This is described
in the following section. Again, in the spirit of
our Markov approach, only when it is sufficiently
comprehensive can a self-consistent deformation
model be set forth. One expects that e(j)

(/=poroelasticity, viscosity, pressure solution,
fracturing, gouge, etc.) should depend on all the
aforementioned variables . With this:

for a system with Nd deformation mechanisms.
The dependence of the strain rates on state
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clarifies the central role of incremental stress
theory in integrating all the crustal RTM
processes into a unified model. It is the coupling
allowed by this integration that underlies fault
dynamics.

The total rate of strain s is defined as:

for rock deformation velocity u and Cartesian
coordinates xi, xii, xiii. The six independent com-
ponents of the symmetric second rank tensor
(Equation 2) must be supplemented with three
additional equations so that the three deform-
ation velocity components (u=u\,ui,ui) and the
six independent stress components can be
determined. The required condition arises from
force balance:

Thus F is in the range 0<F<1. Large F implies
competency while in a low F rock there are few
intact grain-grain contacts. Thus rheologic
quantities such as rock strength or viscosity are
strongly dependent on F.

Schematically, our model is as follows. The
equation of motion of F is taken in the form:

where F is a failure function that depends on
macroscopic stress, fluid pressure, rock texture,
mineralogy and temperature. In three dimen-
sions, the failure function is assumed to take the
form (Drucker & Prager 1952):

for body force ft which is given by:

Here g is the gravitational acceleration, pm is the
crustal mass density, and the subscript 3 denotes
upward direction.

In addition to the coupling of deformation to
other phenomena through the incremental stress
rheology, there are numerous indirect couplings.
For example, rock properties such as perme-
ability, multi-phase flow parameters, reactive
grain surface area and thermal conductivity
depend strongly on texture. As the latter is
affected by stress and deformation, a complex
network of coupling relations is thereby ex-
pressed. For further discussion of the conse-
quences of this network, see Ortoleva (I994a,b,
1998), Tuncay et al (2000a,Z>) and Dewers &
Ortoleva (1994).

Rock Competency
Predicting faulting and other rock failure
phenomena requires a model that accounts for
rock competency. We have introduced a measure
of rock competency that accounts for the degree
to which grains are attached to each other
(Tuncay et al. 2001). Schematically, the theory is
as follows.

Let F, rock competency, measure the fraction
of grain surface that is attached to other grains.

where J\ is the first invariant of the effective
stress tensor and /2 is the second invariant of the
deviatoric effective stress tensor. The coefficients
a and b can be expressed in terms of angle of
internal friction <p and cohesion C determined
from conventional triaxial compression experi-
ments (Desai & Siriwardane 1984):

Here, we assume that cohesion depends on rock
competency. For an intact rock (F= 1), b is large.
As the rock competency is lost, the cohesion-like
term b vanishes. Therefore b is a strong function
of F taken here to be b=b*Tn where b* refers to
the value when F= 1 and n is a phenomenological
exponent.

If the dynamics of F is relatively fast, its
evolution is closely related to the shape of the
curve R(T,F)=Q (see chapters 2 and 3 of Ortoleva
(1992) for further discussion). The F dynamics is,
in a sense, a cooperative phenomenon, i.e. a
decrease in competence fosters more rapid
decline. This is captured by the qualitative
picture of Figure 16 where a schematic evolution
path in the F,T plane is shown.

Through this model, failure is rapid while
healing can be a much slower process. This
follows if R is relatively small when F is small and
F is less than a healing value Fh. This type of
effect gives geological materials the memory they
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Fig. 16. Schematic competence (F) and failure function (F) plane illustrating the cooperative aspects of rock
failure. When F is near unity, the rock is competent but when F exceeds Fyt it is compromised. However, for
F<Fh, competence is regained through chemical healing processes.

have of zones of earlier faulting. Here, R(T,F) is
taken in the form

where d\,d2,d?> and d^ are material constants. The
function k is chosen such that when F is small
and F<Fh, k is small, ensuring that healing is
slow. Finally, Fh can be determined in terms of
di,d2,d3 and d4. Conceptually, these parameters
depend on mineralogy, grain size, shape and
packing.

We now show that the feedback associated
with the coupling of shear stress (via incremental
stress rheology) and rock competency naturally
supports autonomous oscillation. Consider a
simple shear system with the total rate of strain
given by the sum of poroelastic and non-linear
viscous contributions. The rate of strain due to
poroelasticity can be written in terms of the total
rate of strain and rate of strain due to viscosity
as ecl=s—svp. Assuming isotropic simple shear,
the following ordinary differential equation for
the shear stress is written:

where r, e, G/ and JJL are the shear stress, total
rate of shear strain, elastic shear modulus and

shear viscosity, respectively. Shear viscosity is
taken to be an increasing function of rock
competency u,=u,*Fm. The exponent m is taken
as 8 to capture the large change in the order of
magnitude of shear viscosity between intact and
failed rock. For simplicity, assume that the
failure function is in the form F=\T\—C. In this
case c is taken to be c= —a(o-n+p)+b*Y where an
and p are the normal stress (positive in tension)
and fluid pressure, respectively. The coefficient b*
is taken to be 50 MPa within the range of typical
rock properties. Note that for small values of F,
FG\T\+a(o-n+p), capturing the usual friction law.
The term — a(an+p) is taken as 30 MPa. The rate
of shear strain is either taken to be a specified
function of time or determined by the energy
dissipation condition

where E is the rate of energy input.
Equations (8) and (13) form a strongly

coupled set of non-linear ordinary differential
equations for the shear stress and rock com-
petency that were integrated numerically by the
fourth-order Runga-Kutta technique with adap-
tive time stepping. Setting the RHS (Equation
13) to zero yields for constant E and the
Drucker Prager failure function (Equation 9):
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Fig. 17 illustrates the null curves for different
values of E. For small E the stress null curve
(Equation 15) intersects the S-shaped null curve
R=0 on the upper stable branch near F=l
(competent rock), i.e. the competent rock vis-
cosity /A* is sufficiently low that the rate of
energy input is equal to the rate of viscous energy
dissipation (ductile flow). For very large E, rock
fails but the null curves intersect at the lower
stable branch, i.e. the rock remains failed because
of the very low shear viscosity needed to
dissipate the required energy (aseismic faults).
For intermediate values of E, the null curves
intersect at the unstable branch of R=Q. In this
case, for a constant E, rock fails and heals
cyclicly (seismic faults). It is also possible that the
null curves intersect at three distinct points. In
this case, depending on the initial conditions of
shear stress and rock competency, rock will
either never fail or never heal. If a point F,T is
above the null curve given by Equation 15, the
shear stress increases, otherwise it decreases.
Similarly, if a point (F,F) is to the right of the
null curve R=0, the rock competency decreases.
These four cases suggest a classification of fault
dynamics: intact stable sliding, failed stable
sliding, multiple state and oscillatory sliding.

The above model can support autonomous
oscillatory failure reminiscent of the earthquake
cycle when the null curves intersect on the
unstable (middle) branch. Figure 18 shows the

F,Y plane for an oscillation-supporting set of
parameter values (E=0.06 GPa Ma"1)- The
arrows show the direction of movement. Figure
18 illustrates the predicted time dependence of
rock competency (Fig. 18a) , failure function
(Fig. 18b) and shear stress (Fig. 18c). As seen in
Figure 18, after a short transient period, the
system finds its limit cycle. The stress drop after
failure is quite large because of the use of
Equation (14). It is likely that in two- and three-
dimensional simulations, the stress drop will be
less due to the interaction of failed and unfailed
regions. Furthermore, the frequency of failure
events is expected to increase since the energy
release at each failure (stress drop) will be less.

Fracture Network Statistical dynamics
We have developed a model of the probability for
fracture length, aperture and orientation (Tuncay
et al 20006). The model predicts the evolution of
this probability in response to the changing
stress, fluid pressure and rock properties as the
basin changes. The fracture probability is used to
compute the permeability tensor. The latter
affects the direction of petroleum migration,
information central to planning infill drilling
spacing and likely directions for field extension.
It is a key to the design of horizontal wells
and the optimum rate of production in stress-
sensitive reservoirs. Finally, the predicted dis-

FIG. 17. The null curves and phase diagram for a time-dependent E (0-100 years, E= 1 GPa Ma"1; 100-200
years, £"=100 GPa Ma"1; 200-300 years, £=50 GPa Ma"1; 300-400 years, £=100 GPa Ma"1; 400-600 years,
E=\ GPa Ma"1).
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Fig. 18. History of (a) rock competency, (b) failure function and (c) shear stress. After a short
transient period, the system finds its limit cycle.
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tribution of fracture network statistics across a
field is a necessary input to reservoir simulators
used to optimize production.

The dynamics of the fracture network in our
model is based on a statistical representation.
For example, consider a set of fractures of length
L with normal n for a 3D spectrum of normal
orientations. Then the rate of change for L in the
rock-fixed frame takes the form:

where the fracture extension rate R depends on
the normal stress o, the wetting phase fluid
pressure p and the texture 0 of the surrounding
rock, and c is the aperture of the n-fracture. A
similar equation for the fracture aperture is
developed (see Tuncay et al. (20006) for further
details).

Let r\ be the number density of sites at which
fractures may nucleate. By definition of the
undeformed rock 77 ' = 77 ( being the original,
depositional value of 77') but 77' can differ from
due to changes in rock texture from diagenesis or
mechanical processes. In the simplest case where
fracture nucleation sites are not created or
destroyed, 77' obeys the conservation equation
drj'/dt+V - (ri'u)=Q. In a macrovolume element
of volume Kthere are Vrj' fractures and hence a
fracture void space VTJ'TT L2

a where a and L are
the aperture and length (radius) of the assumed
penny-shaped fractures, respectively. To compute
the dilatation, we focus on a fixed volume Vm of
solids and follow its change in a time 8t. The
volume of the unfractured rock Vunfr is related to
Vm and the porosity cf)m of the unfractured rock
Via Vunfr=Vm+<j>mVUnfr. HenCC, Vunfr = Vm/
(l~4>m)- The total volume V of the sample of
rock containing Vm is then:

where A=TjVL2a. With this, the volume of rock
V(t) at time t for fixed volume of solids Vm
(considered incompressible and not to expand
thermally or react) is given by:

one obtains

The tensor character of the fracture-mediated
deformation is related to the directions of each
fracture through its normal to the fracture plane.
Consider the expression:

Here DIDt represents a material time derivative;
however, now, it also must account for the
rotation of the fracture normals as they change
direction with flexure, shearing or other defor-
mation. Note that the trace of this expression
agrees with the earlier result for the dilatation.
Finally, this expression agrees with simple cases
wherein all fractures are parallel.

In our model, a finite (but representative)
number of fracture orientations is accounted for.
We use the fracture kinetics formulation of
Ortoleva 1994a, and Sonnenthal & Ortoleva
(1994). However, here we replace the least com-
pressive stress in the formulation by the stress
component normal to each fracture plane. This
allows calculation of fracture length and aper-
ture for each fracture orientation. For example, if
we assume that only vertical fractures can occur
as for a one-dimensional problem, since the
stress component normal to any vertical plane is
the same because of the symmetry, an isotropic
fracture network develops. In three-dimensional
problems, our proposed algorithm has the power
to predict a complex fracture network with
preferential orientations dictated by the structure
of the stress tensor.

Since the fracture network is well defined, the
anisotropic fracture permeability can be calcul-
ated approximately. The anisotropic fracture
permeability of a fracture network consisting of
a single fracture orientation is given by:

where n is the unit normal to the fracture plane
and Kfr is the fracture permeability. The
parameter A can be approximated by:

Here j8 is a factor accounting for the connectivity
of fractures. For large fracture lengths and dense
networks j8 approaches unity whereas for small
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fracture lengths and low fracture densities it
vanishes (Oda 1986). Oda (1985, 1986) proposed
that this coefficient should be a function of a
dimensionless second-order tensor of fracture
geometry. He called this tensor the fabric tensor
(Oda 1982). In this study p is taken as unity. In
our computation, the total fracture permeability
is taken to be the sum of fracture permeabilities
for all orientations. It is assumed that fluid flow
is slow and the disturbance at fracture inter-
sections is negligible. Summation of fracture
permeability of different sets is inadequate when
the fracture density is lower than the percolation
threshold (Berkowitz 1995; Odling 1992; Bour &
Davy 1998). Another limitation is due to the
surface roughness of fractures. In this study
fracture aperture is assumed to be constant in a
particular fracture. The spatial distribution of
fracture aperture alters the fracture permeability.
Waite et al. (1998) measured water flow through
a sinusoidal fracture to compare sinusoidal flow
with parallel-plate flow. Their experimental and
numerical results showed that a sinusoidal
fracture has a significantly lower permeability
and for the sinusoidal geometry the effective
aperture is very close to the minimum value of
the normal aperture. Thomson & Brown (1991)
showed that the directional non-uniformities in
the fracture surface are more important than the
degree of surface roughness.

Conclusions

The examples presented above illustrate the
complex set of factors that yield the disposition
of the present-day fracture system. The latter is
the product of a history of these factors and
thereby often has little correlation with one or a
few other present-day factors. The extensive set of
rock and fluid parameters at each point within the
crust makes inversion of seismic data difficult
except for the simplest cases. Therefore the inte-
gration of standard seismic techniques with com-
prehensive modelling presented here should
provide a new oppurtunity for predicting the
location and characterization of fractured zones
in the subsurface. We believe that our Basin RTM
simulator is uniquely suited for this purpose.

This project was supported by the Office of Science of
the US Department of Energy (grant no. DE-
FG02-91ER14175) and the Gas Research Institute
(contract no. 5097-260-3779).
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Abstract: Fluid flow through fractured media is dependent upon a variety of parameters
including fracture length, orientation and density, and also on the relative magnitude of the
lithostatic stress and the fluid pressure. Because of this it is often difficult to determine the
fluid pathway through a particular fracture system even when the geometry of the network is
known. Although many fluids (e.g. gas, water etc.) leave little or no evidence of their passage
through the rock others such as magmas and fluidized sediments preserve the pathways they
follow by forming dykes and sills.

It is found that the pathways preserved by the two types of fluids are different i.e. the
spacing of the clastic dykes follows a power-law distribution and that of the igneous dykes a
log-normal distribution. It is suggested that this in part might reflect the different properties
of the dyke material (specifically its permeability) which determines whether or not the
fracture containing the dyke can continue to act as a channel of easy fluid migration once the
dyke has been emplaced.

Fractures are abundant in the upper crust and
are known to exert a significant influence on the
migration of fluids through the rock mass. This is
particularly true when the rock matrix has a low
permeability and as a result the bulk of the flow
must be within fracture systems. As a result the
task of understanding the migration of
hydrocarbons into areas of accumulation and
their subsequent extraction from these sites is
often directly linked to the problem of fluid flow
through a fractured rock mass in response to
regional or local stress gradients. The problem
can be subdivided into three parts.

(1) The determination of the potential fluid
pathways through the fracture network. This
involves percolation theory and the
determination of the degree of connectivity
of the network which depends upon the
length, orientation and density of the
fractures of the various fracture sets making
up the network.

(2) The subsequent determination of which, if
any, of these connected pathways through
the fracture network will be open and will
therefore allow the percolation of the fluids
along them. This is determined primarily by
the relative magnitude of the fluid pressure

and the lithostatic stress (see Delaney et al
1986; Barton et al 1995; Jolly & Sanderson
1995; Zhang & Sanderson 1999).

(3) The magnitude and orientation of the mean
stress gradients across the fracture network.

In attempting to understand the migration of
hydrocarbons through fracture networks within
the crust geologists are frequently frustrated by
having to study the problem indirectly or at best
remotely by examining the results of well tests. In
addition, details of the fracture networks through
which the migration has and/or is occurring are
generally poorly known. In an attempt to cir-
cumvent these problems geologists have turned
to percolation theory and to field observations of
other fluids that have migrated through fracture
networks but which, unlike many hydrocarbons,
have left evidence of the pathways they followed.
Examples of such fluids are magmas and fluidized
sediments. With these fluids the pathways are
preserved by igneous or sedimentary dykes and
sills.

In this paper computer realizations are used
to examine the influence of fracture length on
connectivity of the fracture system. In addition
to examining the factors that control the onset of
connectivity between one boundary and another,

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
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the way in which the pattern of connectivity,
particularly the spatial distribution of the con-
nected fractures, varies as the connectivity
increases, is also considered.

The spatial distribution displayed by igneous
and clastic dykes, together with models for their
formation are then presented. The paper con-
cludes with a comparison of the theoretically pre-
dicted and the observed spatial distribution for
clastic and igneous dykes and a discussion of the
implications that these results have on hydro-
carbon migration through fracture networks.

Percolation theory and the styles
of connectivity
Percolation theory is a mathematical theory that
examines the likelihood of connectivity, through
a generated fracture network, from one
boundary to the opposing boundary (Stauffer &
Aharony 1994). There has been much work
examining the connectivity of these models, and
the onset of the connectivity of these types of
fracture networks (Balberg et al 1991; Berkowitz
1995, Bour & Davy 1999) In this paper, simple
programs are used to generate networks in
which the number of fracture sets, and the
fracture length, orientation and density can be
prescribed. The program places the fractures of
each set randomly between the boundaries of the
model (e.g. Fig. 1). The program then seeks out

the shortest connected route or routes between
prescribed boundaries. Only those fractures that
are connected via a fracture network to the lower
boundary of the model are considered and
displayed (Fig. laa, bi, ci). In that a connectivity
to a specific boundary is considered this
approach differs from the more traditional
approach of percolation theory where the
connectivity of the networks is considered
independently of a boundary connection (Balberg
et al. 1991; Hestir & Long 1990).

Figure 1 illustrates the change in connectivity
across a fracture network made up of two
orthogonal fracture sets, as the fracture length is
gradually increased. For a set of input
parameters the simulation is repeated a number
(35) of times to ensure that the characteristic
connectivity for those input parameters can be
established. By plotting percentage of simul-
ations connected against fracture length (Fig. 2),
it can be seen that the onset of connectivity does
not occur gradually. It occurs instantly as soon as
some critical fracture length is reached, this is
consistent with the findings of percolation theory
(Stauffer & Aharony 1994). In the example
shown in Figure 2, which relates to a network
with a particular value of individual fracture
length with likelihood that there is connectivity
between the upper and lower boundaries of the
model, connectivity first occurs when the frac-
tures have a length of around 0.065 of the distance

Fig. 1. (ai, bi & ci) Fracture networks made up of two orthogonal fracture sets. The orientation and density of
the fracture sets in the three models are identical and they differ only in the length of the fractures which
increases from models a to c. (a2, bz and 02) The shortest fracture connections between the lower and upper
boundaries, and where there is no connection between the upper and lower boundary only those fractures
connected to the lower boundary. The models show the styles of connectivity varies from none (a) through
channelized (b) to pervasive (c).
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Fig. 2. Critical effect of changing fracture length on
connectivity.

between the upper and lower boundary of the
model, i.e. the distance across which the value of
connectivity is required.

Connectivity and styles of connectivity
In the two orthogonal sets of fractures shown in
Figure la the fractures in both sets are 0.05 of
the distance from the lower to the upper
boundary. It is found that when the fractures are
relatively short there is no connectivity between
the upper and lower boundaries of the model
(Fig. lai). For fluids to migrate through such a
system they would have to utilize the intrinsic
permeability of the rock matrix. In Figure Ib the
fractures are 0.08 of the distance from the lower
to the upper boundary and in this model some of
the fractures do link to form a connection
between the upper and lower boundary. How-
ever, not all of the fractures are connected and it
can be seen that the connected fractures
(emboldened) form channels within the network
separated from each other by zones within the
network where no connectivity exists, Fig. Ibi.
As the length of the fractures is further increased
the connectivity increases and the style of
connectivity changes from channelized to
pervasive where most of the fractures within the
model are connected. This is illustrated in Figure
lea in which the length of the fractures has been
increased to 0.11 of the distance from the lower
to the upper boundary.

By examining the relationship between con-
nectivity and fracture density a threshold value
for the onset of connectivity, similar to the one
shown in Figure 2, is also obtained. As the
density of fractures is increased so the con-
nectivity changes from channelized to pervasive.

Spatial distribution of connected fractures

There is a fundamental difference between the
transition between no connectivity and channel-
ized connectivity and channelized connectivity
and pervasive connectivity. As mentioned in the
previous section the first transition is abrupt and
occurs as shown in Figure 1. The second trans-
ition is more gradual and in order to study this
transition in more detail a series of models whose
widths are considerably greater than their heights
were examined. The extra width of these models
allows enough connected fracture pathways to be
established to enable an examination of their
spatial distribution to be carried out (Fig. 3).

The fracture network examined consists of
two orthogonal fracture sets, one parallel to the
direction in which the connectivity was being
investigated (vertical fractures Fig. 3) and the
other at right angles to it. Several 'experiments'
were carried out in which the length of the vertical
fractures was progressively increased and that of
the horizontal fractures kept the same. Three of
these simulations are shown in Figure 3. They
show that initially the network has channels of
connectivity, but with increasing length of the
vertical fractures there is a gradual change from
this channelized connectivity to one that is more
pervasive.

In order to quantify the change in spatial
organization of the channels of connectivity as
the connectivity became progressively more
pervasive, their spacing was measured along the
upper boundary of each experiment. For the
experiments carried out in which the length of
the vertical fractures was just above the threshold
value (i.e. were relatively short), the spacings of
the connected fractures conform best to a power-
law distribution (Fig. 4, fracture length 16). An
increase in the length of the vertical fractures
results in the fracture network having a higher
degree of connectivity. In addition the spacing of
the connected fractures drifts away from a power
law distribution towards a negative-exponential
distribution (Fig. 4, fracture length 18). Further
increases in the vertical fracture length increases
the degree of connectivity of the fracture system,
and the spacing distribution moves closer and
closer to a negative-exponential (Fig. 4, fracture
length 20).

This drift from a power-law distribution of
the channels of connectivity towards one that is
negative-exponential can be calculated as an R-
squared fit of the data. As the length of the
vertical fractures is increased the change in R-
squared fit is shown quantitatively in Figure 5.

The change in the spatial distribution of the
connected fractures indicates an important change
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Fig. 3. (Ai, Bi and Ci) Three percolation models made up of two orthogonal fracture sets. (A2, B2 and Ci) The
effect on connectivity of increasing the length of the vertical fractures. The spacing of the connected
channelways with increasing fracture length changes, and these changes are shown quantitatively in Figure 4.

in the style of the connectivity of the fracture
system. The conformity of the spacing to a power-
law distribution when the vertical fractures have a
length of 0.16 of the distance from the lower to
the upper boundary, reflects the clustered nature
of the connectivity of the fracture system close to
the percolation threshold. At this stage in the
evolution of connectivity, only those fractures
located close to the flow channel are connected to
it. With increasing connectivity of the fracture
system more and more of the fractures are
connected to the potential fluid pathways so the

spacing of the connected fractures tends towards
the spacing of the fracture network that is being
exploited. In the examples discussed in this paper
the spacing of the fractures in both fracture sets is
random and as a result the distribution of the
connected fractures as the connectivity becomes
pervasive tends to a negative exponential thus
reflecting the total distribution of the host fracture
network. It is likely that the resulting degree of
clustering seen just after the boundaries become
connected through the fracture network within
this model would vary as a result of the size of the
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Fig. 4. A plot of the spatial distributions of channels of connectivity against cumulative frequency for the
fracture networks shown in the models in Figure 3. Note that as the fracture length increases, so the spacing
drifts from a power law distribution to that of a negative exponential.

Fig. 5. The change in goodness of fit to power-law and negative-exponential distribution with fracture length.
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horizontal connecting fractures; however, the con-
nectivity would resemble the channelized flow
yielded from these simulations.

Although the geometrical boundary connec-
tedness can be used to determine the connectivity
within a fracture network, this geometric
analysis cannot be used to determine whether the
fluids will be able to exploit the connectivity This
will be determined principally by the relative
magnitudes of the lithostatic stress and fluid
pressure (Delaney et al 1986, Barton et al 1995,
Jolly & Sanderson 1995).

Thus, even in a pervasively connected fracture
network, at low fluid pressures (i.e. when the fluid
pressure is much less than the least principal
stress, 83), the fluid will be unable to shear or
dilate any of the fractures. The fractures will
therefore be unlikely to transmit fluids easily and
fluid migration will have to exploit the intrinsic
permeability of the rock matrix, assuming frac-
tures can be closed under compressive stresses.
When the fluid pressure reaches a certain magni-
tude relative to the regional stress, fractures of
certain orientations will shear (Barton et al.
1995); this will cause local areas of dilation to
occur (Zhang and Sanderson 1999). For fluid
flow within the rock mass that is explosive, as it
is for some geological phenomena such as
igneous and clastic dykes and the fluid pressure is
greater than the minimum principal stress but
less than the maximum principal stress, a limited
range of fracture orientations will be able to
dilate, causing channelized fluid flow. Under
extreme conditions when the fluid pressure is
greater than the maximum principal stress, all
fractures will be able to dilate and there will be
pervasive fluid flow through the fracture net-
work.

To summarize, because the connectivity of a
fracture network made up of two or more
fracture sets is controlled by several parameters
(including fracture length, orientation and
density) of the individual fracture sets and
because the possible fluid pathways through the
network are further controlled by the relative
magnitudes of the fluid pressure and the litho-
static stress, it is not always possible to determine
the pathways by which the fluids would pass
through a system from the geometry of the
fracture network alone. In nature, the patterns of
fluid flow though a fracture network for fluids
such as gas and water, are generally not pre-
served. However, certain fluids such as magmas
and fluidized sediments leave evidence of the
pathways they followed in the form of dykes and
sills. In the following section the patterns of flow
preserved in this way are examined and their
relevance to the possible migration patterns of

hydrocarbons discussed. It can be shown that in
addition to the potential flow paths through a
fracture network being controlled by the fluid
pressure, the type of fluid can also play a role in
determining the degree to which the fractures in
the network are exploited during subsequent
episodes of migration.

The intrusions of igneous and clastic dykes
The formation of dykes and sills (either igneous
or sedimentary) is the result of the movement of
fluid, either magma or fluidized sediment,
through a fracture network. The present dis-
tribution of these intrusions is a direct record of
the fracture paths followed by these fluids. In
this section the spatial distribution of these two
types of intrusion is considered. Both these
types of intrusion exploit a pre-existing fracture
network, and the propagation of new fractures
is not required for fluid flow through the rock
mass.

Igneous dykes
The west coast of Scotland provides excellent
exposures of the Tertiary dyke swarms that
emanate from the igneous centres of Mull, Skye
and Ardnamuchan and the distribution of the
Mull dyke swarm has been studied by Jolly &
Sanderson (1995). The coastal areas in this
region provide unbroken exposure that allows
complete sampling of all the dykes within the
traversed section. These sections are approxi-
mately perpendicular to the main trend of the
swarm and this maximizes the number of dykes
recorded and allows direct measurement of the
spacing. The data were collected by laying out
scanlines and linking these scanlines together to
form traverses. Where the scanline intersects a
dyke the distance along the scanline is recorded.
The spacing of the dykes is recorded as the
distance between the dyke centres. The dykes at
Easdale utilize a previously existing joint set and
the cleavage in the Dalradian sediments by which
to intrude, resulting in irregular stepping geo-
metries (for a more detailed description of the
dykes see Jolly & Sanderson 1995).

The recorded spacing distribution of the
dykes was compared with the normal (Gaussian),
log-normal, negative-exponential and power-law
distributions by using cumulative frequency plots
(Fig. 6). These enable a visual determination of
the data fit to one of the distributions as a
straight line fit indicates conformity to that
distribution. The spacing of the dykes was found
to fit well to a log-normal distribution (Jolly &
Sanderson 1995) (Fig. 6), and showed a poor fit



FLUID FLOW THROUGH FRACTURE NETWORKS 183

Fig. 6. Cumulative frequency against log dyke spacing for the Tertiary dykes of the Mull swarm, western
Scotland. A straight line shows conformity of the data to a log-normal distribution (after Jolly & Sanderson
1995).

to the normal, negative-exponential and power-
law distributions. This result is similar to the
analyses of the spacing of joints and faults (Priest
& Hudson 1976; Gillespie et al 1993). The com-
plete exposure of the coast line and the resulting
confidence that all of the dykes were sampled
suggest that the distributions represent real
distributions of spacings of dykes and certainly
at the small spacing are not subject to resolution
truncation issues. However, at the large spacing
scale the distributions are subject to sample line
length.

Clastic dykes
A similar study of spacing of clastic dykes has
been carried out by Jolly et al. (1998).

Clastic dykes occur where there is rapid
injection of fluid carrying grains of sand into a
fracture. This typically occurs when the rock
surrounding the fluidized sand is of low perme-
ability. One of the most well known clastic dykes
swarms is found in the Ono district, North
Sacramento Valley, California (Diller 1890,
Peterson 1966). Here sand is injected into shales
containing vertical joints (for further detail see
Jolly et al. 1998). The spatial data on the distribu-

tion of these clastic dykes can be easily obtained
because the swarm is very well exposed along a
series of dry river beds. Data were collected by
laying out scanlines in the same way as described
above for the igneous dykes of the Mull swarm.

The spacing data of these sedimentary dykes
were compared with four distributions, normal
(Gaussian), log-normal, negative-exponential
and power-law. It was found that the data
conformed best to a power-law distribution (Fig.
7). The gradient of this distribution is extremely
low, less than -0.4 which indicates that the dykes
in the swarm are spatially clustered.

A relationship was also noted between the
minimum dyke spacing and dyke thickness (Fig.
8) which indicates that thin dykes tend to be close
to adjacent clastic dykes whereas thick dykes
(>0.04 m), are more widely spaced (i.e. >30 m
away for the nearest dyke). The relatively close
spacing of the thin dykes suggests that there are
zones where there is local interconnectivity of
fractures that allow the branching of the flow
into multiple fractures.

A model that best explains the spatial
distribution and the thickness/spacing relation-
ship of these clastic dykes is a process of repeated
branching of the flow at the time of emplace-



Fig. 7. Cumulative frequency against log dyke spacing for the clastic dykes of the Ono district, California. A
straight line shows conformity to a power-law distribution (after Jolly et al. 1998).

ment (Fig. 9) (Jolly et al. 1998). This produces
localized zones of flow.

Discussion
It is suggested that the different spatial distribu-
tions of the igneous and sedimentary dykes shown
in Figures 6 & 7 reflect the difference in properties
between the two types of dykes. In both of the
examples of intrusion mentioned above the fluids
are exploiting an already existing fracture
network, and are not subject to the propagation of
new fractures. In the case of igneous dykes, as the
magma cools it crystallizes within the fractures.
This freezing prevent any subsequent flow within
the fracture and forces subsequent pulses of
magma to utilize other routes through the fracture
network. As a result the flow through the network
becomes more pervasive.

In contrast the clastic dykes do not completely
block the fractures along which they form. They
are more permeable than the low permeability
host rock and therefore allow the subsequent
flow of fluid along the fractures they occupy. The
initial connectivity of the fracture network does
not need to be increased for any further fluid flow
through the rock mass.

Thus it is argued that the difference in the
spatial distribution of the igneous and sediment-
ary dykes relates to difference in nature of the
infilling material of the two dykes. It follows that
in the example of clastic dykes, the fracture
network they invade need only have channelled
connectivity in order for the dykes to flow across
the system forming a connecting pathway from
source to sink that will remain permeable and
permit sustained dewatering of the overpres-
sured sands from which the dykes emanate. The
only way for the magma to exploit an existing
pathway would be to propagate a new fracture
along the previously exploited pathway other-
wise as noted above, the igneous dykes in
contrast block any further flow along the
fractures and impel later magma to seek other
pathways. Thus the fracture network becomes
progressively invaded by new dykes and sills and
any initial channelling of the magma flow tends
to become obscured as the magma progressively
invades more and more fractures. The pattern of
clastic dykes is therefore likely to preserve the
original channelized pattern of flow whereas the
pattern of igneous dykes is likely to preserve a
more pervasive flow. This study is concerned with
the exploitation of existing fractures and has not
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Fig. 8. Thickness—spacing data for the clastic dykes of the Ono district, California, (a) Dyke thickness against
dyke spacing shows no clear relationship. However, for dyke thickness against minimum dyke spacing (b) there is
a relationship, suggesting that thin dykes are unable to occur in isolation (after Jolly et al 1998).

considered the impact of propagation fractures
through an already existing network. The propa-
gation of a fracture will of course dramatically
change the connectivity network from the con-
nectivity prior to the propagation of the fracture.

The migration of hydrocarbons through frac-
ture networks, due to their non-sealing nature, is
more like the clastic dyke model, forming local
channels (Fig. 3a) flowing through the fracture
system (Fig. 9).

Conclusions
This paper shows that once the system is con-
nected there is a change in the style of connec-
tivity from channelled to pervasive.

• The spacing of the connected fractures changes
from a power-law (clustered) distribution to

Fig. 9. Model for the clastic dyke distribution in the
Ono district California, showing the influence of the
process of branching and dyke sensitivity on spatial
and thickness distributions seen in the district (from
Jolly et al. 1998).
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the distribution of the fracture network that it
is exploiting.

• The spatial distribution of igneous dykes from
the Mull dyke swarm is log-normal.

• The spatial distribution of clastic dykes from
the Sacramento Valley, California, is power-
law suggesting the flow within the fracture
network is extremely clustered.

• The spatial distribution of the clastic dykes is
attributed to local branching associated with
connected flow zones.

• The difference between the spatial distribu-
tions observed for the clastic and igneous dykes
is attributed to the ability of the fluids to re-
utilize existing flow pathways.

• It is likely that migrating hydrocarbons,
because they do not seal their flow pathways,
have channelized flow through fracture net-
works. Thus the geometry flow pathways of
migrating hydrocarbons are similar to the
clastic dyke model.

The migration of hydrocarbons through fracture
networks should not be considered as flow within
isolated linked fractures, but as localized zones of
flow within the fracture network (Figs. 3a & 9).

This work was funded by a NERC Ropa award while
RJ.H.J. was at Imperial College. D. Dewhurst, L.
Lonergan and D. Sanderson are thanked for many
discussions concerning this work. Also thanked are two
anonymous reviews for their helpful comments on the
manuscript.
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Difficulties and uncertainty in mathematical/
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Abstract: The ability to numerically model single-phase and multiphase flow of fluids in porous
or fractured media is extremely important in developing an understanding of the complex
phenomena governing the flow. The flow is complicated by the presence of heterogeneities in
the reservoir at many different length scales by special flow features such as fractures or faults
and by phenomena such as diffusion and dispersion. These effects must be effectively
modelled by terms in coupled systems of non-linear partial differential equations which form
the basis of the simulator. The simulator must be able to model both single and multiphase
flows and the transition regimes between the two in unsaturated flow applications. A
discussion of some of the aspects of modelling unsaturated and multiphase flows in the
presence of heterogeneities and severe channelling is presented along with directions for
future work. Simulators are severely hampered by the lack of knowledge of reservoir
properties, heterogeneities, fracture dimension and orientation, and relevant length scales and
other important mechanisms. Simulations can be performed either deterministically, to
predict the outcome of a single realization of reservoir and flow properties, or via stochastic
techniques to incorporate uncertainties of flow directly. Due to the extreme difficulties in
using stochastic differential equation models for non-linear multiphase flows, we will
concentrate on the potential of deterministic models. Recent developments have been made
in homogenization, scaled averaging, and the use of the simulator as an experimental tool to
develop methods to model the interrelations between localized and larger-scale media effects.
Monte Carlo techniques using simulators with effective parameters can generate statistics for
multiphase flow.

The understanding and prediction of the behav- The partial differential equation models used
iour of the flow of multiphase or multicom- in the simulators are convection dominated,
ponent fluids through porous or fractured media Mixed finite-element methods are described to
are often strongly influenced by heterogeneities, treat the strong variation in coefficients arising
either large-scale lithological discontinuities such from heterogeneities. An operator-splitting tech-
as fractures or faults or quite localized phen- nique is then used to address the disparate
omena. Considerable information can be gained temporal scales of conviction, diffusion, and
about the physics of multiphase flow of fluids reaction terms. Convection is treated by time
through fractured media via laboratory experi- stepping along the characteristics of the associ-
ments and pore-scale models; however, the ated pure convection problem, and diffusion is
length scales of these data are quite different modelled via a Galerkin method for single-phase
from those required from field-scale understand- flow and a Petrov Galerkin technique for
ing. The coupled fluid-fluid interactions are multiphase regimes. Eulerian Lagrangian tech-
highly non-linear and quite complex. The niqu.es, MMOC (modified method of character-
presence of heterogeneities in the medium at all istics) described by Douglas & Russell (1982) or
length scales greatly complicates this flow. We Ewing et al. (1983), MMOCAA (modified
must understand the effects of heterogeneities method of characteristics with adjusted advec-
coupled with non-linear parameters and func- tion) introduced for a waterflooding problem
tions on different length scales. We can then use (Douglas et al 1977, in press) and for a
the simulators as 'experimental tools' in the multicomponent miscible displacement problem
laboratory of high performance computing to (Spagnuolo in press) or ELLAM (Eulerian
simulate the process on increasingly larger length Lagrangian localized adjoint methods) intro-
scales to develop intuition on how to model the duced by Celia et al. (1990), effectively treat the
effects of heterogeneities at various levels. advection-dominated processes. Extensions of

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs, Geological
Society, London, Special Publications, 209, 187-200. 0305-8719/03/$ 15.00
© The Geological Society of London 2003.
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ELLA to the multiphase regime appear in Ewing
(1991). Accurate approximations of the fluid
velocities needed in the Eulerian Lagrangian
time-stepping procedure are obtained by mixed
finite-element methods. When reaction terms are
present, their rapid effects in relation to
convection or diffusion must be treated carefully
since they strongly affect the conditioning of the
resulting systems.

In order to scale the highly localized behav-
iour of fine-scale fingering generated by hetero-
geneous fractured media up to computational
and field scales, we must develop techniques to
obtain effective parameters for coarse-grid
models which match fine-grid simulations. Ewing
et al. (1989&) presented a coarse-grid dispersion
model of heterogeneity and viscous fingering to
match fine-grid simulation of miscible displace-
ment processes. They adjusted longitudinal and
transverse dispersivities in a dispersion tensor to
match recovery curves for simulations of viscous
fingering on fine grids. Although they were able
to match production from various simulations,
they pointed out that permeability averages,
variances, and standard deviations along are not
able to determine dispersivities, since the age
specific permeability distribution in each realiz-
ation can have significant impact upon the flow.
Espedal et al. (1991) considered similar disper-
sion models to describe fingering processes in
immiscible, two-phase flow. Neuman and co-
workers (Neuman et al. 1987; Neuman & Zhang
1990) also presented various models for both
Fickian and non-Fickian dispersion. In this
paper we combine these ideas for multiphase and
multicomponent flow, using dispersion models
coupled with accurate treatment of first-order
transport effects for both models. This coupling
is very important for saturated unsaturated
models, which possess aspects of each process.
The dispersion models are presented for both
single and multiphase cases. Then accurate high-
resolution numerical simulators are introduced
and used as our experimental tools. Numerical
results have illustrated the success of dispersion
models for all of these problems.

We discuss some simulations from dual
porosity models that were derived through
homogenization theory (Douglas et al. 1987;
Arbogast 19890; Douglas & Arbogast 1990). In
Douglas & Arbogast (1990), recovery curves for
some simulations of petroleum reservoir water-
flooding were presented to give a gross indication
of the flow of fluids within the reservoir. These
curves sufficiently illustrated important features
of naturally fractured reservoir simulation. When
comparing a simulation of a fractured reservoir
to a simulation of an unfractured reservoir, it

was seen that there is a significant difference in
response between the two reservoirs. It should be
noted that the unfractured reservoir simulation
possessed the matrix properties of the fractured
one, except for some minor modifications to take
into account fracture spacing. In the unfractured
reservoir, better sweep efficiency, resulted, but it
took a much higher pressure gradient across the
reservoir to obtain this recovery. In the
unfractured case, the curve had a breakthrough
that was fairly obvious to see, but beyond it,
recovery dropped dramatically. In comparison,
the recovery curve for the fractured case was seen
to vary more gently. Studies on the block sizes in
fractured reservoirs were also performed. It was
seen that sweep efficiency increases with block
size.

Even at the finest grid level available using
effectively scaled models, many phenomena
cannot be resolved. Understanding and model-
ling of these localized phenomena require the use
of adaptive or local grid refinement. Usual
implementation of local grid refinement tech-
niques destroys the efficiency of large-scale
simulation codes. Techniques which involve a
relatively coarse macro-mesh are the basis for
domain decomposition methods (Bramble et al.
1988; Ewing 19890) and associated parallel
solution algorithms. Accuracy, efficiency of
implementation, and adaptivity of these tech-
niques are discussed (see also Ewing 1989&; Ewing
et al. 1991, 1994). Experiences obtained whilst
using these ideas in three-dimensional multi-
phase industrial petroleum simulators are briefly
described in Ewing et al. (19890) and Boyett et
al. (1992).

In this paper, we discuss some of the diffi-
culties involved in describing a reservoir with
features of many different length scales. We also
discuss techniques for multilevel homogenization
to model fractured media with fractures at
several length scales. Next, we present model
equations for field-scale simulations followed by
a description of operator-splitting techniques.
Concepts of local grid refinement and upscaling
are presented. Some numerical experiments are
also discussed. Finally, we present some
conclusions and directions for future study.

Reservoir characterization and description

The processes of both single and multiphase flow
involve convection, or physical transport, of the
fluids through a heterogeneous porous medium.
The equations used to simulate this flow at a
macroscopic level are variations of Darcy's law.
Darcy's law has been derived for both single and
multiphase regimes by Slattery (1969, 1970) via a
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volume averaging of the Navier Stokes equa-
tions, which govern flow through the porous
medium at a microscopic or pore-volume level.
The length scale for Navier Stokes flow (10~4 to
10"3 m) is very different from the scale required
by normal reservoir simulation (10-103m). Reser-
voirs themselves have scales of heterogeneity
ranging from pore level to field scale. In the
standard averaging process for Darcy's law, many
important physical phenomena which may
eventually govern the macroscopic flow could be
lost. The continued averaging of reservoir and
fluid properties necessary to use grid blocks of
the size of 10-102 m in field-scale simulators
further complicates the modelling process. We
discuss certain techniques to try to address these
scaling problems.

Diffusion and dispersion are often critical to
the flow processes and must be understood and
modelled. Molecular diffusion is typically fairly
small. However, dispersion, or the mechanical
mixing caused by velocity variations and flow
through heterogeneous rock, can be extremely
important and should be incorporated in some
way in our models.

Since the mixing and velocity variations are
influenced at all relevant length scales by the
heterogeneous properties of the reservoir, much
work must be done in volume averaging terms
like porosity and permeability. Gelhar & Axness
(1983), Furtado et al (1991) and Neuman and
co-workers (Neuman & Yakowitz 1979; Neuman
1980; Neuman et al. 1980) have shown that
statistical methods show promise in this area.
Statistical techniques are currently being
considered to obtain effective permeability
tensors for large-scale models of flow through
anisotropic or fractured media.

Due to the scarcity of direct data measure-
ments, many researchers (Kitanidis & Vomvoris
1983; Carrera & Neuman 1986; Yeh 1986; Ginn
& Cushman 1990) have included pore pressure
measurements as part of the inverse problem for
parameter estimation. In order to enhance these
techniques, newer parameter estimation tech-
niques (Rubin et al. 1992) also incorporate
seismic velocity data in addition to the hydro-
logic flow data. Stochastic models have been used
effectively to determine various properties for
single-phase flow (Dagan 1985; Rubin & Dagan
19870, b; Dagan & Rubin 1988).

The effects of dispersion in various flow
processes have been discussed extensively in the
literature (e.g. Perkins & Johnston 1963; Warren
& Skiba 1964; Russell & Wheeler (1983) and
Young (1984) have given excellent surveys of the
influence of dispersion and the attempts to
incorporate it in present reservoir simulators.

Various terms which affect the length of the
dispersive mixing zone include viscosity and
velocity variations, and reservoir heterogeneity.
Much work is needed to quantify these effects
and to obtain useful effective dispersion co-
efficients for field-scale simulators. The disper-
sion tensor has strong velocity dependence. The
longitudinal dispersion is often an order of
magnitude larger than the transverse dispersion.
This variation enhances unstable flow regimes
induced by viscosity differences and reservoir
heterogeneity. Initial work on correlation of
dispersion coefficients presented with statistical
simulations by Ewing et al. (19896) will be
discussed below.

In both single and multiphase regimes, the
process of flows of fluids with very different
viscosities through a heterogeneous porous
medium can be unstable. If the flow rate is
sufficiently high, the interface between the
contaminant and the water may become unstable
and may form fingers which grow in length in a
non-linear fashion. This phenomenon, termed
'viscous fingering', is well known; different
techniques for understanding and modelling it
were surveyed by Ewing & George (1984).

Ewing et al. (19896) indicated the ability of
coarse-grid dispersion models to match results of
both laboratory experiments and fine-grid
simulations on highly heterogeneous meshes in a
single-phase flow context. The use of a disper-
sion tensor in petroleum recovery applications
avoided the optimistic recovery predictions often
attributed to standard convection diffusion
models. Heterogeneity by itself, when not highly
correlated, was shown to be less of an in influ-
ence on recovery than viscous fingering from
adverse mobility ratios; however, effects of
heterogeneity are important and must be
incorporated. The mixing parameter approach of
Todd & Longstaff (1972) predicted too early
breakthrough and optimistic ultimate recoveries
compared with experiments and the dispersion
models. More research is needed in this area, and
this is currently underway. Studies are being
carried out to extend the global effective dis-
persion concept to multiphase flow in an
analogous manner.

Multi-level homogenization of
fractured media
The investigation of fluid flow in networks of
fractures is complex and has been the object of
many recent researches. Two approaches have
been employed: the discrete fracture approach
and the equivalent porous medium approach.
The first considers flows through a relatively
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small number of fractures. The second treats the
system of fractures as a continuous porous
medium on a macroscopic scale; such models,
which are more appropriate when there is a very
large number of fractures, are normally derived
via some type of averaging process, such as
homogenization.

For the case of two scales in the resulting
model, a concept of dual porosity was first
introduced on heuristic grounds by Barenblatt et
al (1960) and Warren & Root (1963). There, the
authors treated the matrix-fracture flow inter-
action by a transmissibility function propor-
tional to the difference between the matrix and
the fracture pressures (see Barenblatt et al. 1990).

The basic concept underlying compaction/
compression-driven flows in fractured reservoirs
and related overpressures (Welte & Yukler 1981;
Bethke 1985; Nakayama & Lerche 1987) is
effective stress:

8=S-P

where 8=effective stress, S=total stress, assumed
vertical, and P=pore pressure.

Similarly to Smith (1971), we can link the
vertical component of effective stress with
porosity through lithology-dependent empirical
relationships. In some situations, the pore
pressures tend to exceed the weight of the over-
burden, necessitating hydraulic fracturing. In
some models (Unger et al. 1990) permeability is
increased to simulate the opening of cracks when
pressure exceeds minimum stress. Hydraulic
fracturing has been discussed fairly extensively
(e.g. Meissner 1978; Palcrauskas & Domenico
1980; Du Rouchet 1981). We will try to incor-
porate these effects in our models in later
publications. We have coupled compaction in
elastic porous media with flow and transport
models for single phase flows (Chen et al. 1999).

In the past decade, a new way to treat the
coupling of the flow through the fracture system
with that in the matrix rock system was intro-
duced (Douglas et al. 1987, 1991,1993; Arbogast
1988, 19890, b; Arbogast et al. 1988, 1990;
Douglas & Arbogast 1990); the physical problems
discussed therein arise in petroleum reservoir
engineering. There, the matrix-fracture inter-
action is treated on each representative matrix
block through boundary conditions that con-
serve momentum across the block faces and in
the fracture system by introducing source terms
that impose conservation of mass on the
complete system. Several types of flow have been
considered, including single-phase compressible
flow, immiscible (multiphase) flow, and miscible
(multicomponent) flow. Based on these ideas,

Douglas et al. (1998) consider models in multiply
fractured porous media; that is, the fractures
occur at any finite number of length scales. These
models shall be discussed below.

Here, we restrict ourselves to studying a
single-phase, constant-compressibility fluid flow-
ing in a geometrically more complicated structure
given (initially) by a naturally fractured reservoir
that has a hierarchy of fracture systems, with the
first being defined by an interconnected system
of planar fractures dividing the reservoir into a
collection of disjoint blocks. A second system of
fractures divides each of the previous blocks into
a collection of equally sized smaller blocks. And
so forth, until a last level is reached in which the
disjoint blocks behave as a collection of disjoint
unfractured matrix (rock) blocks. The geometric
structure will be idealized by the assumption that
each fracture system is periodic. See Figure 1 for
a cross-sectional view of the idealized reservoir
in the case of two levels of fractures. In the case
of two levels of fractures, posing the flow
equations on the three different scales of the
domain involves using three different porosity
and permeability functions. Homogenizing the
flow equations on the small level of fractures and
matrix blocks first gives an overall fracture flow
in each of the blocks related to the larger-scale
fractures similar to that predicted by a double-
porosity model. That is, the (porous rock) matrix
blocks will provide a source term to the sur-
rounding system of small-scale fractures which,
after homogenization, are treated as a con-
tinuous pore medium. Thus, a continuous
medium relationship exists between the smaller
level of fractures and the matrix blocks. Follow-
ing this average, we can couple the equations for
flow in the larger level of fractures and the first
level of blocks, each of which is represented now
by a double-porosity system. At this point, the
set-up will again be analogous to that of a
double-porosity model. Averaging the flow in the
first level of fractures then gives a macroscopic
description of the flow in a three-sheeted cover-
ing of the domain; this extends the concepts of
the model of Douglas & Arbogast (1990). Thus,
the first-level fractures are now smoothed out to
cover the entire domain and the first-level blocks
interact with the first-level fractures as sources,
while the behaviour of the flow on a first-level
block is that of a double-porosity system. Over-
all, the system can be characterized as a triple-
porosity model. These ideas can be extended to
model the flow in certain porous media that have
a finite number of fracture systems. In the final
mathematical model for such media, the systems
of fractures are treated as a hierarchy of
continuous porous media with the permeability
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Fig. 1. The periodic structure in a reservoir exhibiting two levels of fractures.

tensors and porosities for the several scales of
fractures being derived through homogenization.
In addition, there is at the smallest scale of the
model a collection of matrix blocks that behave
as standard porous media. See Figure 2 for a
topological view of the resulting model for N
levels of fractures.

Mathematical models for N levels
of fractures
The final equations that model the flow are given
below. For i=0 , . . . , N-1, let YiB be the block at
the (/+l)st level of fractures, and let Y& be half
of its surrounding fractures. Set FF Ym U YIF.
Then, for i=0, . . ., JV-2, define the \m, n}ih

component of the 3x3 K matrix by

where xf+l is the mth component of the vector
Xi+i and the functions H£, or k=l, 2, 3, are YtF-
period auxiliary functions (modulo constants)
that satisfy

Fig. 2. The pop-up topology of H for the (7V+l)-scale
model.
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where HYW is the unit outward normal to YIB.
Let K/=Kj (XQ, . . ., xt) and <fc=<^ (XQ, . . ., xf)

be the tensor permeability and the porosity on
YiF9 respectively for *=0, . . ., N=l, and let
Km=Km (Xo, . . ., xi) and Øm=Øm (X0, . . ., XN) be
the tensor permeability and the porosity defined
on Y(N-\)B (the smallest matrix block),
respectively. Through the Kf s, we can then define
the following homogenized matrices for z=0 , . . . ,
N-l:

and

Also, for i=0,..., TV-1 let

and

Let O be the domain and let /=(0, 7) be the
time interval of interest. Assume that the source
term So is one that originally entered at only the
first level of fractures. Let u and c be the viscosity
and the compressibility of the fluid, respectively.
Then, the macroscopic density p§ at each point
xoell satisfies the following initial boundary
value problem:

In general, for z=l, N—l, we associate a block
YOB to each xoe£l, a block Y\B to each xie YOB,
. . ., a block,..., Y(1—1)B to each x\ e Y (i. 2)B such
that for each xt e YQi -i)#, po satisfies

where K& and Kj,.
Finally, we associate a block YOB to each

xoefl, a block Y\B to each x\ e YOB, . . ., a block
IV-1)^ to each ##-i e y(N–2)5, such that, for
XN£ Y(N-I)B, Po is the solution of

Dispersion models

In order to ensure that the information passed
from scale to scale is dependent upon the
physical properties of the flow and not upon the
numerics of the specific simulator, we have
extensively studied the codes used in Ewing et al
(1983) and Dahle et al. (1990) and have shown
them to be essentially free of numerical dis-
persion and grid orientation effects. There are no
Courant number restrictions, and the only grid
restrictions are sufficiently fine to resolve waves
of length XXX. Otherwise, interpolation errors
could cause difficulties. Dahle et al. (1990) local
grid refinement around the interface allowed
significantly greater grid spacings elsewhere. The
codes utilize mixed finite-element methods for
accurate fluid velocities in the presence of
heterogeneities and Eulerian Lagrangian tech-
niques for accurate fluid transport without
numerical dispersion.
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These techniques apply well to the transport
of contaminants through the unsaturated or
unsaturated soil zones. We first consider for
simplicity a two-dimensional horizontal reser-
voir where gravity effects are negligible. The
single-phase flow of an incompressible fluid with
a dissolved solute in a horizontal porous
reservoir H C IR2, over a time period /=[Tb, TI],
is given by

where p and u are the pressure and Darcy
velocity respectively of the fluid mixture, (p and K
are the porosity and the permeability respectively
of the medium, u is the concentration-dependent
viscosity of the mixture, c is the concentration of
the contaminant solute, q is the external rate of
flow, and c is the measurable inlet or outlet
concentration. The form of the diffusion-
dispersion tensor D is given by

where

EL—I—E, dm is the molecular diffusion co-
efficient, and di and dt are the longitudinal and
transverse dispersion coefficients, respectively. In
general, di~Wdt, but this may vary greatly with
different soils, fractured media, etc. The viscosity
u in Equation 1 is assumed to be determined by
some empirical relationship or mixing rule based
on contaminant concentration. In addition to
Equations 1 and 2, initial and boundary condi-
tions are specified. The flow at wells is modelled
in Equations 1 and 2 via point or line sources and
sinks.

When either an air phase or a non-aqueous
phase liquid contaminant (NAPL) is present, the
equations describing two-phase, immiscible flow
in a horizontal porous medium are given by

where the subscripts w and a refer to water and
air contaminant, respectively, Si is the saturation,
Pi is the pressure, XXXi is the density, krt is the
relative permeability, ut is the viscosity, and qt is
the external flow rate, each with respect to the z'th
phase. The saturations sum to unity.

One of the saturations can be eliminated; let
S=Sw=\—Sa. The pressure between the two
phases is described by the capillary pressure

Although formally Equations 1 and 2 seem quite
different from Equations 5 and 6, the latter
system may be rearranged in a form which very
closely resembles the former system. In order to
use the same basic simulation techniques in our
sample computations to treat both miscible and
immiscible displacement, we will follow the ideas
of Chavent (1976), and utilize a miscible/
immiscible flow analogy.

Let £1 in R3 represent a porous medium. The
global pressure/? and total velocity v formulation
of a two-phase (w) and air (a) flow model in
XXX is given by the following equations (Chen
et al 1994).

The global pressure and total velocity are defined
by
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Further, jt==dt=fa V, A=Aw+Aa is the total
mobility, Az=|g, i=w, a is the mobility for water
and air, and K is the absolute permeability
tensor.

The gravitational forces GA and capillary diffu-
sion term D(S) are expressed as

and the compressibility ca and fractional flow of
water/M; are defined by

We note that, in this formulation, the only
diffusion/dispersion term is capillary mixing
described by Equation 12.

The phase velocities for water and air, which
are needed in transport calculations, are given by

where/^Aa/A, a=w, a, and a=o), and pa—pw
Within the groundwater literature, the pressure is
normally scaled by the gravity potential func-
tion. Equation 8 would then be given in terms of
the pressure head. We should also note that if the
Richards approximation, infinite mobility of air,
or pa=0 are valid, Equation 10 can be replaced
by pc(Sw)=—pw. We may note that the phase
velocity for air is given by Equation 14 even if the
Richards approximation is used.

If F is the boundary of H, general boundary
conditions for Equation 8-10 can be given by a
combination of the following expressions:

where F/, i= 1, . . ., 5 are given partitions of F.
Normally, the boundary conditions will be

non-linear functions of the physical boundary
conditions for the original two-pressure formul-
ation (Chen et aL 1994). This means that we have
to iterate on the boundary conditions as a part of
the solution process. Our experience is that this
does not cause problems.

Since the transport term and the diffusion/
dispersion term in Equation 10 are governed by
the fluid velocity, accurate simulation requires
an accurate approximation of the velocity v.
Because the lithology in the reservoir can
change abruptly, causing rapid changes in the
flow capacities of the rock, the tensor K in
Equations 9 and 10 can have discontinuous
entries. In this case, in order for the flow to
remain relatively smooth, the pressure changes
extremely rapidly. Thus, standard procedures of
solving Equations 8 and 9 as a parabolic partial
differential equation for pressure, differentiat-
ing or differencing the result to approximate the
pressure gradient, and then multiplying by the
discontinuous K\ can produce very poor
approximations to the velocity v. A mixed finite-
element method for approximating v and p
simultaneously, via a coupled system of first-
order differential equations, has been used. This
formulation allows the removal of singular
terms as in Ewing et aL (1985) and accurately
treats the problems of rapidly changing flow
properties in the reservoir.

Both single-phase and multiphase codes used
in our simulation utilize a physical dispersion
tensor with different longitudinal and transverse
terms. Although this is clearly natural for single-
phase-contaminant modelling, the local physics
of multiphase flows does not normally involve a
dispersion phenomenon. However, via pertur-
bation analysis, Espedal and Langlo have
developed a natural dispersion tensor arising
from heterogeneous flow at larger length scales
following the single-phase work of Dagan
(1989). Descriptions of these concepts appear in
Espedal et aL (1990, 1991). Furtado et aL (1991)
have arrived stochastically at a dispersion
phenomenon with effects somewhere between
transport and diffusion in origin. We feel that
this corresponds to the need to match the gross
permeability effects with first-order transport
concepts and the finer-scale fingering with
dispersion models.
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Operator-splitting techniques

In finite-difference simulators, the convection is
stabilized via upstream-weighting techniques. In
a finite-element setting, we use a possible com-
bination of a modified method of characteristics
and Petrov Galerkin techniques to treat the
transport separately in an operator-splitting
mode.

In miscible or multicomponent flow models,
the convective part is a linear function of the
velocity. An operator-splitting technique has
been developed to solve the purely hyperbolic
part by time stepping along the associated
characteristics (Douglas & Russell, 1982; Ewing
etal 1984, 1985; Russell 1985).

In immiscible or multiphase flow, the convec-
tive part is non-linear. A similar operator-
splitting technique to solve this equation needs
reduced time steps because the pure hyperbolic
part may develop shocks. Recently, an operator-
splitting technique has been developed for
immiscible flows (Espedal & Ewing, 1987; Dahle
et al 1990) which retains the long time steps in
the characteristic solution without introducing
serious discretization errors.

The splitting of the convective part of
Equation 10 into two parts ^(S)S+\i(S)S is
constructed (Espedal & Ewing 1987) such that
P%S) is linear in the shock region, 0<S<Si<l,
andbO^sforS^S^l.

The operator splitting is defined by the follow-
ing set of equations:

tm ^t< tm+i, together with proper initial and
boundary conditions. As noted earlier, the
saturation Sw is coupled to the pressure/velocity
equations, which will be solved by mixed finite-
element methods (Douglas et al. 1983; Ewing &
Heinemann 1984; Ewing et al. 1984, 1985).

For a fully developed shock, the characteristic
solution of Equation 20 will always produce a
unique solution and, as in the miscible or single-
phase case, we may use long time steps A? with-
out loss of accuracy. Equation 21 is solved by
Petrov Galerkin variational methods, where the
time derivative and the non-linear constants are
approximated by the solution from Equation 20

(Espedal & Ewing 1987). An iterative solution
procedure based on domain decomposition
methods (Bramble et al. 1988) is used in the
solution of the variational form of Equation 20.

Local grid refinement

It seems natural to relate the size of the coarse
domains to the solution of the pressure velocity
equation (Espedal & Ewing 1987), since the
velocity varies slowly and defines a natural long
length scale compared with the variation of the
saturation S at a front. A simple local error
estimate, which determines if a coarse-grid block
must be refined, is given in Espedal & Ewing
(1987). Normally, local refinement must be
performed if a fluid interface is located within
the coarse-grid block in order to resolve the
solution there. A slightly different strategy is to
make the region of local refinement big enough
such that we can use the same refinements for
several of the large time steps allowed by the
method. The local grid refinement strategy
combined with operator splitting is defined in the
literature (Espedal & Ewing 1987; Dahle et al.
1990). The solution at groups of the coarse-grid
vertices and the local refinement calculations
may be sent to separate processors to achieve a
high level of parallelism in the solution process.

The difficulty with these techniques is the
communication of the solution between the fine
and coarse grids. The use of local grid refinement
in large-scale simulators often destroys the
vectorization and efficient solution capabilities
of the codes. Patch approximation techniques
coupled with domain decomposition iterative
solution methods (Bramble et al. 1988) have
proven to be very effective in developing accurate
and efficient local grid refinement in the context
of existing simulators. Mass balance consider-
ations are very important for accuracy.
Approximation techniques for cell-centred finite-
difference methods appearing in Ewing et al.
(1991, 1994) are discussed and compared with
other methods.

These techniques can be extended to local
time-stepping schemes (Ewing et al. 19890) and
to algorithms for mixed finite-element methods
(Ewing et al. 1990). Mixed methods are being
incorporated into existing finite-difference simul-
ators to address the need for accurate approx-
imation of fluid velocities in the context of
heterogeneous media.

Upscaling

The solution procedure described above represents
an excellent tool for handling multiscale phen-
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omena. Often data such as permeability, porosity,
and capillary forces will have a multiscale
dependence. Our multilevel solution procedure fits
into this very well. However, the local refinement
capabilities also mean that we must be able to give
the appropriate model equations for different
computational scales. Given a local computa-
tional grid, subgrid information has to be incor-
porated properly into the data representation.

Large-scale groundwater or oil reservoirs may
have a very complex structure, and the geological
description is normally a subject of great
uncertainty. A two-stage geostatistical model has
been proposed (Haldorsen & Damseth 1990).

(1) Large-scale heterogeneities associated with
facies are modelled from the information
achieved from seismic data, well data, and
analogous outcrops.

(2) Rock properties of the facies are modelled by
a continuous multivariate Gaussian field or
other statistical models. Seismic and well
data can be used by a conditioning tech-
nique, and core data and other available data
should be used to determine the statistical
properties of the random field (mean,
variance, correlation, etc.).

The coarsest computational domains should
coincide with the facies of the model. The level of
refinement of these domains and the grid within
a given domain have to be decided from the
knowledge of geometry, permeability variation,
pressure gradients, etc.

In both groundwater and petroleum model-
ling, a substantial amount of research has been
done on the upscaling of the permeability field to
give a grid-block permeability (Dagan, 1989;
Rubin, 1990), which could be used within our
computational framework. The homogenization
type of upscaling (Amaziane & Bourgeat 1988;
Amaziane et al. 1991), which leads to a sym-
metric block-tensor for the permeability, seems
to be especially well suited. The additive Schwarz
type of domain decomposition methods leads to
zero-Dirichlet boundary conditions for the local
computations, consistent with the periodic
boundary condition needed for the homogeniz-
ation technique. One should note that within our
computational framework, we need only the
assumption of a periodic medium locally on a
given domain. We want to extend this single-
scale homogenization technique to a multiscale
model. Based on a wavelet representation of
permeability, we have started research within this
area, and so far the results look promising.

The upscaling of the saturation equation gives
a new macrodispersion term in Equation 10,

originating from the subgrid permeability vari-
ation. For a single-phase model this has been
successfully studied (Lasseter et al. 1986; Dagan
1989; Ewing et al. 19896; Rubin 1990; Binning
1994).

Within two-phase models little work has been
done. Using a multifractal hypothesis, scaling
laws for macrodispersion terms have recently
been presented in the literature (Glimm &
Lindquist 1992; Glimm et al. 1993). Also,
macrodispersion models have recently been
derived for a model where the permeability has a
lognormal distribution (Langlo & Espedal 1994).
The derivation is based on the solution technique
given above. It gives a saturation-dependent
block-tensor dispersion coefficient. From the
numerical experiments that are performed, we
can conclude that the weakly correlated satura-
tion fluctuations, on average, can be adequately
described by this dispersion term.

Upscaling, leading to block-tensor dispersion
terms, falls naturally into our computational
setup, and we will continue our work based on
this kind of modelling.

Numerical experiments

A wide variety of numerical experiments have
been performed using the techniques and
concepts described in this chapter. A variety of
numerical results for single-phase problems were
presented by Ewing et al. (1989b). There the
entire heterogeneity distribution and fingering
phenomenon were described, with some lack of
success, by the dispersion tensor alone. We feel
that the highly correlated heterogeneities must be
described by first-order effective permeability via
homogenization techniques and the subgrid
effects by dispersion methods. Continued
research is underway for these problems.

In the multiphase flow case, experiments have
been described in Espedal et al. (1990, 1991).
These computations indicate that fingering
instabilities initiated by fine-grid heterogeneities
can effectively be modelled via a dispersion
tensor. However, highly correlated hetero-
geneities must be treated by effective coarse-grid
permeabilities. The non-linearities limit the
growth of the mixing zone in this study so that
an isotropic tensor can be used for the fine grid
effects. Future work will consider a continuum of
scales of heterogeneity.

In all the numerical experiments, we system-
atically varied mobility ratio, longitudinal and
transverse dispersivity, and heterogeneity on fine
grids. We used lognormal permeability distribu-
tions, considering the effect of variance. We also
simulated several different randomly generated
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permeabilities with the same statistical properties
to see whether the gross fingering behaviour and
recovery are similar. Then we sought relation-
ships between the fine-grid parameters and those
in the coarse-grid models to use effective
parameters which match 'averaged' properties of
many fine-grid simulations. The computations
for both the multicomponent and multiphase
models on fine grids have been matched to some
extent via dispersion models for limited
examples. Additional work for several scales of
heterogeneity is essential.

Conclusions and directions for further study

Given the importance of dispersion and finger-
ing in the modelling of many flow processes,
research must progress in several directions.
First, the averaging processes used to change
length scales must be improved, perhaps via
more statistical techniques, to obtain better effec-
tive reservoir coefficients for the macroscopic
models. Simultaneously, the effective length
scales of dispersion and its effect upon dispersive
phenomena must be better understood. Also,
better macroscopic techniques for including the
effects (perhaps statistical) of channelling and
dispersion must be developed.

Even if the information known about the reser-
voir properties in a highly heterogeneous medium
is complete, the problem of how to represent this
medium on coarse-grid blocks of different length
scales still remains. The power of supercomputers
must be brought to bear for simulation studies
using homogenization and statistical averaging to
represent fine-scale phenomena on coarser grids.
The estimated viscosity, permeability, or disper-
sion coefficients must be modified to incorporate
the important effects of fingering. Describing
fingering on a grid size that resolves the fingers is
impossible, even on the largest supercomputers,
but since its presence can dominate flow, its effects
must be included in large-scale simulators on
coarse grids. We are developing effective equations
and effective parameters to model this important
effect. Much work is needed in this research area.
Additional directions for research have also been
given. Progress will depend upon the combination
of stochastic techniques and deterministic
simulation with accurate numerical techniques
that do not possess artificial grid-size-related
diffusion or dispersion phenomena that may mask
the true phenomena.
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Abstract: The porous media considered in this paper belong to gas reservoirs characterized by
a low-permeability matrix, combined with a high-permeability fracture system. The transient,
three-dimensional, two-phase numerical model is presented for simulating the simultaneous
flow of gas and water through porous and fractured media. The specific problem to which the
numerical simulation is applied assumes a single horizontal fracture perpendicular to the flow
direction in a quite small geometry. The equations solved treat both fluids as incompressible
and immiscible. Accounted for are the effect of capillary pressure and relative permeability.
Technically, the finite volume approach is used to discretize the equations. The set of dis-
cretized and linearized equations is solved using the IPSA (inter-phase slip algorithm)
method. The results of this study indicate that the multi-layer reservoir provides better
estimates of post-fracture performance compared to a more conventional, single-layer
reservoir description.

The prediction of flow patterns in fractured porous
media has important technological applications.
Geothermal and petroleum reservoir engineer-
ing, the prediction of the impact of nuclear waste
repository emplacements and many other applic-
ations justify the growing interest in this subject.

Simulation of fractured reservoirs is a chal-
lenging task from both a reservoir description
and a numerical standpoint. Flow of fluids
through the reservoir primarily is through the
high-permeability, low-effective-porosity fractures
surrounding individual matrix blocks. The matrix
blocks contain the majority of the reservoir
reserves and act as source or sink terms to the
fracture.

Economic production of gas from the rock
matrix generally requires that flow to the well
bore be aided by natural or induced fracture
systems. However, production rate is still set by
the rate of flow of gas from the matrix into the
fracture system. Therefore knowledge of fluid
flow in the matrix is required. There are several
experimental studies in the literature for flow
properties in tight sand such as (Jones & Owens
1980; Randolph 1983; Walls et al 1982; Freeman
& Bush 1983; Soeder & Arastoopour 1986; Al-
Khlaifat & Arastoopour 1999; Al-Khlaifat et al.
2001); however, there is a need for more
experimental results to determine the behaviour
of fractured tight sand formations.

In the literature there are few studies regard-
ing the theoretical analysis in single and multi-
phase flow in tight sand formations. Newberg
& Arastoopour (1986) and Chowdiah &
Arastoopour (1983) were among the first to
develop a mathematical model to describe
transient flow of gas through low-permeability
tight sand media. Fractured reservoirs have been
studied extensively over the last decades. Kazemi
(1969) simulated the behaviour of naturally
fractured reservoirs. A good review by Lee & Tan
(1987) gave a summary of work on multiphase
numerical simulation of fractured reservoirs. Al-
Khlaifat & Arastoopour (1997) were the first to
modify the multifluid model of CFX-F3D
program to account for capillary pressure effect.
In their modification the fluid velocities were
assumed to follow Darcy and non-Darcy equa-
tions for the water and gas phase, respectively.

Usually fractured reservoirs are pictured as
double porosity and permeability media, namely
matrix and fracture. The permeability and por-
osity of the fracture, particularly in tight sand
formations, are significantly higher than the
matrix. It is believed that the interconnected
fracture network provides the main path for fluid
flow through the reservoir (Codreanu et al. 1985).
Based on this concept Kazemi (1976) and
Thomas et al. (1983) developed dual-porosity,
dual-permeability models which consist of two

From: AMEEN, M. (ed.) Fracture and In-Situ Stress Characterization of Hydrocarbon Reservoirs. Geological
Society, London, Special Publications, 209, 201-212. 0305-8719/037$ 15.00
© The Geological Society of London 2003.
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systems of flow equations, one for matrix and
another for fracture, with a source term which
accounts for the matrix fracture flow.

This paper presents the development of a
model to simulate two-phase flow through
fractured porous media. The three-dimensional,
isothermal, transient two-phase flow model was
solved using the CFX-F3D (1995) computer
code. Our model includes an experimentally
based expression for the capillary pressure as a
function of concentration of each phase, Darcy
and non-Darcy expressions for water and gas
phases, and empirical expressions of the relative
permeability of each phase. This model was
solved for the case when the dimensions of matrix
blocks are very small.

Mathematical formulation
A three-dimensional, isothermal, two-phase flow
through porous media model was developed
using the volume averaging technique (Al-
Khlaifat 1998) to study the behaviour of homo-
geneous and rigid tight porous media. In order to
simulate this phenomenon, we had to modify the
multi-fluid model of CFX-F3D to account for
the capillary pressure effect. The experimental
values of capillary pressure as a function of
concentration of each phase were included in the
code. Darcy and non-Darcy expressions for
water and gas phases were used as interfacial
forces between the phases and porous media.

Continuity equation:

where a denotes phase (water or gas), <f> is
porosity, pa density, Sa saturation, Ua velocity
vector, ra viscous stress tensor, Ema interfacial
momentum transfer between the rock matrix and
phase.

The viscous stress tensor may be expressed as:

where T denotes transpose and equation of state
as:

where T denotes temperature. In addition:

and the gas-rock interfacial force was expressed
in the following form:

where ea is the volume fraction (ea=(t>Sa), ka,
effective permeability, and /3« is a coefficient
accounting for local flow non-uniformities, and
usually is a function of pore size, pore size
distribution, and pore structures.

Equations 1, 2, 4, and 5 represent 11
equations and 12 unknowns (pg, pw, Ug, Vg, Wg,
Uw, Vw, Ww, Pg, Pw, Sg and sj) where U, V and
W are the x, y and z velocity components,
respectively. We need one more equation to close
the system. This equation is given by:

where is the capillary pressure. In our study, the
capillary pressure was defined experimentally
(Holditch et al. 1989) as a function of wetting
fluid (water) saturation as shown in the following
expression:

where the unit of the capillary pressure is Pascal.
The effects of capillary pressure and inter-

facial momentum transfer were incorporated
into the code through the subroutine 'user body
force.' Moreover, we took into consideration the
fact that the presence of the non-aqueous fluid
reduces the effective permeability of the mixture
to the aqueous fluid and vice versa. Thus we can
no longer consider kw and kg to be rock
properties alone, but we must allow them to
depend on the degree to which each fluid phase
blocks the flow of the other. The most obvious
phenomenological postulate allowing for this
dependence is to stipulate that kw and kg depend
on the fluid saturations, the effective perme-

The liquid-rock interfacial force was ex-
pressed in the form of Darcy's equation:

Momentum equation:
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ability of each fluid phase increasing with its
saturation. Thus we have

The functions kra(Sw) are called relative
permeabilities; they obey the bounds 0<A;m<l.
The most widely used empirical equation for
relative permeability curves is defined by Brook
& Corey (1966) and described as follows:

and

and 77 is a pore size index, Sw is wetting fluid
saturation and Sr is the residual wetting fluid
saturation. The pore size index and residual
wetting fluid saturation are both empirical values
and strongly depend on the type of sandstone
and pore size distribution.

Normally, the amount of residual wetting
fluid saturation depends on the permeability of
the porous medium, and the pore size index
depends on the pore size distribution.

Discretization and solution algorithm
The discretization technique used in CFX is
based on the finite volume approach. The hydro-
dynamic equations are in a non-staggered
Cartesian or body-fitted grid where all variables
are defined at the centre of control volumes
(cells). Each equation is integrated over each
control volume to obtain a discrete equation that
connects the variable at the centre of a control
volume with its neighbours. The set of discretized
and linearized equations is then solved using the
IPSA (inter-phase slip algorithm) method.

Discretization of the Transport Equations
The discretization of the transport equations was
done using the standard finite volume technique.
Diffusion terms are discretized using a backward
first-order differencing scheme. For transient
situations, the time-stepping procedure with a
fully implicit first-order backward differencing

scheme was used.
The convective terms in the continuity equa-

tions were solved by the first-order upwind
scheme. Although less accurate, the first-order
scheme ensured that the volume fractions
remained bounded which may not be the case
with higher-order schemes. First-order schemes
are also more robust and converge faster.

Solution Algorithms
A number of different methods are available for
the solution of linearized transport equations.
The linear equations were derived by integrating
transport equations over control volumes (cells).
Iteration was used at two levels: an inner
iteration to solve for the spatial coupling for each
variable, and an outer iteration to solve for the
coupling between variables. Thus each variable
was taken in sequence, regarding all other
variables as fixed, a discrete transport equation
for that variable is formed for every cell in the
flow domain, and the problem was handed over
to a linear equation solver which returns the up-
dated values of the variables. The non-linearity
of the original equations was simulated by reform-
ing the coefficients of the discrete equations,
using the most recently calculated values of the
variables before each outer iteration.

The treatment of pressure was slightly differ-
ent from the foregoing description, since it does
not obey a transport equation. Instead simplified
versions of the discrete momentum equations
were used to derive a functional relationship
between a correction to the pressure and correc-
tions to the velocity components in each cell.
Substitution of these expressions into the
continuity equation leads to an equation linking
the pressure correction with the continuity error
in the cell. This set of simultaneous equations
was passed, as before, to a linear equation solver.
The solution was used both to update pressure
and to correct the velocity field through the
functional relationship in order to enforce mass
conservation. The exact implementation of this
pressure-correction step can give rise to several
different velocity-pressure coupling algorithms,
of which the SIMPLE algorithm is the best
known.

The errors in mass continuity for the nodal
velocity are referred to as Rhie-Chow errors. As
they are proportional to the grid increment
cubed multiplied by a fourth derivative of
pressure, they are small, provided that the
pressure field is sufficiently smooth. They may be
large, however, if there are discontinuities in
pressure or pressure gradient. The latter situation
occurs when the pressure gradient has to balance

where Se is effective saturation defined as:
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a strongly varying body force. This may occur for
flow through porous media with discontinuities
in resistance. Discontinuities in porosity cause
discontinuities in velocity, due to mass con-
tinuity, and these, in turn, cause discontinuities in
the pressure field. This problem is solved by
using the improved Rhie-Chow interpolation
method that tries to mimic the staggered grid
situation by ensuring that body forces Ema are
defined primitively at cell faces, and by ensuring
that — Vpa in the Rhie-Chow formula is replaced
by the smooth Bw«—Vpa.

Geometry and topology
The computational domain is a collection of
blocks that are connected together across inter-
block boundaries. The underlying grid structure
of each block is contained in a region that is
topologically a cuboid. This means that each
block may be considered conceptually as a
rectangular array of 'bed strings,' which may be
distorted to fit the boundary of a desired
physical domain. This distortion defines a
'mapping' from 'computational space,' with
coordinates given by the integer indices (I, J, K)
of cell vertices, to the desired region of 'physical
space'. The only restriction to the mapping is
that cells do not overlap.

We created the required physical domain for
our simulation using Mesh-Build. The created
geometry has the same dimensions of the sample
used in our experimental studies as shown in
Figure 1. We have built the geometry in such
away that in general we have two similar low-
permeability cylindrical blocks (porous-1 and
porous-3) of 3.81 cm in diameter and 4.35 cm in
length and a grid of lOx 10x20. In between these
two blocks we created a very tiny high
permeability block (porous-2) of the same dia-
meter and of 0.05 cm in length (fracture) and a
grid of 10x10x1. All the simulations conducted
for this geometry were three-dimensional, with
neglected gravity effect, and we assumed
isothermal, laminar, transient, and incompres-
sible flow. Inlet and outlet pressures were
specified to be 4.237 MPa and 0.1 MPa, respec-
tively. Coefficient /3 was found experimentally to
bel.HxlO^m-1 .

The flow parameters for low-permeability
porous media were found based on single phase
experiments at an overburden pressure of 20.7
MPa (7C=1.547xl014 Pa s m~2 and Rg=
6.785X1011 Pa s m~2 for liquid and gas phases,
respectively). The characteristic of the high-
permeability portion (middle block (fracture),
porous-2) was specified to be similar to the
characteristic of Berea Sandstone with porosity

Fig. 1. Schematic representation of fractured porous
media with grid definition.

of 0.28 found experimentally at an overburden
pressure of 20.7 MPa (Rw=5.729 x 1010 Pa s m~2

and Rg= 5.495xlO8 Pa s m~2 for liquid and gas
phases, respectively).

Initial and boundary conditions

In all numerical studies carried out for this
geometry, we defined the initial conditions to be
the same. Initial water and gas saturation was set
to be 0.4 and 0.6 (SVinitiaiiy=0.4, t=Q), respec-
tively, in all three blocks. The inlet saturation was
specified to be 0.6 and 0.4 for water and gas
phases (SW=Q.6, £=0), respectively.

At the wall the standard no-slip conditions
were used. We used the inflow and outflow
pressure boundaries because only pressure was
known experimentally. For pressure boundary,
pressure is specified and Neumann conditions
are applied to the velocities, dU/dn=0, where n is
the normal direction to the inlet or outlet cells.
Inlet and outlet pressures were specified to be
4.237 MPa and 0.1 MPa, respectively.

Results and discussion
The mathematical model described above was
solved using CFX-F3D for the geometry shown
in Figure 1. For the physical domain of three
porous blocks in series we have performed three
kinds of simulations; the following is a
systematic discussion of each simulation.

Two-phase flow simulation through porous
media consisting of three porous blocks
where the middle block is highly permeable
In this simulation, the first and third porous
blocks are a low-permeability porous type and
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have a porosity of 7% and water and gas resis-
tance of 1.547 xlO14 Pa s m~2 and 6.785xlO11

Pa s m~2, respectively. The second porous block
(middle block, porous-2) is a high-permeability
type and has a resistance of 5.729x 1010 Pa s m~2

and 5.495xlO8 Pa s m~2 for the water and gas
phases, respectively, and a porosity of 28%. The
interfacial forces between both phases and the
porous medium for the portion of high perme-
ability were expressed by Darcy's equation, while
low-permeability portions were expressed by the
non-Darcy equation.

The water phase saturation profile versus the
length of the sample is shown in Figure 2. From
Figure 2 one can see that as time goes on, the
water front continuity wave travels along the
medium. The inflection in the curve of the water

saturation profiles defines the location of the
water-gas front throughout the porous blocks as
a function of time. The increase in water
saturation continued until reaching the specified
inlet saturation.

The liquid and capillary pressure profiles are
shown in Figure 3. Because of the relationship
between capillary pressure and fluid saturation,
capillary pressure behaved similar to saturation
behaviour. Liquid pressure behaviour was almost
linear, except for the change of slope across the
high-permeability, high-porosity porous block
(porous-2). Lower resistance and pressure drop
in the fracture zone cause this change of slope.

Figures 4 and 5 show the calculated liquid and
gas velocity profiles, respectively, versus the
length of the sample. The velocity profiles for

Fig. 2. Water phase saturation distribution of two-phase flow simulation (middle block is highly permeable.

Fig. 3. Pressure distribution of two-phase flow simulation (middle block is highly permeable).
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Fig. 4. Water velocity distribution of two-phase flow simulation (middle block is highly permeable).

Fig. 5. Gas velocity distribution of two-phase flow simulation (middle block is highly permeable).

both water and gas phases behaved similarly,
except that the gas velocity is almost two orders
of magnitude higher than the water velocity. This
is due to higher gas permeability compared to the
liquid phase. The higher permeability zone
causes a slight increase in gas and water velocities
due to lower resistance to flow. This can be seen
clearly at the steady-state condition.

Figure 6 shows the water and gas flow rates at
the exit for this simulation that contained initial
gas saturation of 0.6. The gas flow rate decreased
gradually until it reached steady state after about
50 hours. The low water flow rate during the first
35 hours as shown in Figure 6 was due to very
low water saturation, and in turn high pore entry
pressure for the water phase. When the water-gas
front moved closer to the outlet, the water flow

rate began to increase at a reasonably high rate
until it reached a steady-state value.

We also studied the effects of different high-
permeability media between two low-perme-
ability sections. Figures 7 and 8 show water and
gas flow rates, respectively, versus time for the
three values of resistance shown in Table 1.

Table 1. Values of middle block (Porous-2) resistance
(Pa s m~2)

Water Phase Gas Phase

Resistance- 1
Resistance-2
Resistance-3

5.729X1010

5.729 xlO9

5.729 xlO8

5.495 xlO8

5.495 xlO7

5.495 xlO6
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Fig. 6. Water and gas flow rates of two-phase flow simulation (middle block is highly permeable).

Fig. 7. Effect of resistance of the middle block on the water flow rate of two-phase flow simulation (Resistance-
1 >Resistance-2>Resistance-3).

From Figure 7 it can be concluded that lower
resistance of the middle block (porous-2) results
in higher exit water flow rate during the transient
condition. However, under steady-state condi-
tions (e.g. after 45 hours), the change in perme-
ability of high-permeability media does not have
appreciable influence on the flow This means
that under steady state, water flow rate is
controlled only by the lower-permeability zone,
and only at the transient condition, when the
presence of the higher-permeability zone has a
significant effect on water production. The gas
flow rate increased slightly under both transient
and steady-state conditions, with an increase in
the permeability of the high-permeability zone
(see Figure 8).

Two-phase flow through three porous blocks
where low permeability is followed by high
permeability porous media
In this geometry we defined the first block to be
of low permeability and the second and third
blocks to be of high permeability. Initial gas
saturation of all blocks was 0.6 and inlet gas and
water saturations were set at 0.4 and 0.6 for the
gas and liquid phases, respectively. The first
block is of low permeability and has a length of
4.35 cm, while the second and third blocks are of
high permeability and have lengths of 0.05 and
4.35 cm, respectively. Figure 9 shows the water
phase saturation profile versus the sample
length.
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Fig. 8. Effect of resistance of the middle block on the gas flow rate of two-phase flow simulation (Resistance-
1 >Resistance-2>Resistance-3).

Fig. 9. Water phase saturation distribution of two-phase flow simulation when the first block has low
permeability while the second and third blocks have high permeability.

The behaviour observed in Figure 9 shows
higher water saturation in the lower permeability
zone, which contains smaller pores. This con-
firms the fact that when two phases (wetting and
non-wetting fluid) flow simultaneously through a
low-permeability porous medium, the wetting
fluid has a tendency to occupy the smaller pores
(lower-permeability zone), while the non-wetting
fluid occupies the larger pores (higher-perme-
ability zone).

Because of the low permeability of the first
porous block, the entire pressure drop was spent
in overcoming the flow resistance of this block
(see Fig. 10). The pressure drop in the second
and third porous blocks is small compared to the
first block pressure drop and is about 800 Pa at
steady state. Capillary pressure behaves similarly
to fluid saturation. As the wetting fluid satur-
ation increases, the capillary pressure decreases

(see Equation 9 and Fig. 11). Conversely, when
the wetting fluid saturation decreases, the
capillary pressure increases. Figure 11 clearly
shows lower capillary pressure in the lower-
permeability zone due to high water saturation.

Exit gas and water flow rate profiles are shown
in Figure 12. From this figure we can see that the
gas flow rate reached a steady-state value much
faster (about 30 hours) than the water phase flow
rate. This is probably due to the fact that most of
the porous blocks were initially saturated with
gas phase.

Two-phase flow through three porous blocks
where high permeability is followed by low
permeability porous media
This case is the opposite of the previous one. The
first and second porous blocks were of high
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Fig. 10. Water pressure distribution of two-phase flow simulation when first block has low permeability and
second and third blocks have high permeablility.

Fig. 11. Capillary pressure distribution of two-phase flow simulation when first block has low permeability and
second and third blocks have high permeability.

Fig. 12. Water and gas flow rates of two-phase flow simulation when first block has low permeability and
second and third blocks have high permeable.
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permeability while the third block was of low
permeability porous media. Initial gas saturation
of all blocks was 0.6, and inlet gas and water
saturation were set at 0.4 and 0.6 for the gas and
liquid phases, respectively. The first and second
blocks were of high permeability and had a
length of 4.35 and 0.05 cm, respectively, while the
third block was of low permeability and had a
length of 4.35 cm. Figure 13 shows the water
phase saturation profile versus the sample length.

The inlet water saturation of 0.6 was obtained
throughout the high-permeability portion of the
media under steady-state condition. Water
saturation reached at steady state in the low-
permeability portion is higher than that reached
in the high-permeability portion. This once again
proves the tendency of the wetting fluid to

occupy the smaller (tight) pores rather than the
bigger ones.

Figure 14 shows the pressure distribution
profile. As in the previous case, almost all the
pressure drop was obtained in the low-perme-
ability portion of the media. Figure 15 shows
capillary pressure profiles. Capillary pressure was
lower in the high water saturation zone.

Figure 16 shows water and gas flow rate
profiles. The water flow rate was increased until it
reached steady state after about 30 hours, while
the gas flow rate decreased until it reached steady
state after about 20 hours. The 10 hour difference
in reaching steady state may be attributed to the
fact that the gas phase flows in higher pores and
has higher permeability compared to the water
phase.

Fig. 13. Water phase saturation distribution of two-phase flow simulation when first and second blocks have
high permeability and thid block has low permeability.

Fig. 14. Water pressure distribution of two-phase flow simulation when first and second blocks have high
permeability and third block has low permeability.
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Comparison between gas and water flow rate
profiles of Figure 16 (a medium consisting of a
high permeability zone followed by a low perme-
ability zone) with the gas and water flow rate
profiles of Figure 12 (a medium consisting of a
low permeability zone followed by a high perme-
ability zone) demonstrates that the steady-state
gas and water flow rates are higher in Figure 12
than in Figure 16. The gas flow rate at steady state
is 156% higher, while the water flow is 34% higher.
This means that when the two phases of gas and
water flow toward the bottom hole zone of the
well in a gas reservoir, first through low-perme-
ability media then through high-permeability
media, the production of gas from this gas
reservoir is more feasible than when the opposite
occurs. Therefore, this might be a good criterion
for deciding the drilling location of the gas well.

Conclusions

A transient three-dimensional, isothermal, two-
phase flow model has been developed for the ver-
tical flow of gas and water through low-perme-
ability fractured porous media. The differential
equation has been solved under conditions that
had been determined experimentally. The solution
was accomplished through the modification of the
CFX-F3D code. The modified code considered
the Darcy equation for the liquid phase and the
non-Darcy equation for the gas phase as
interfacial momentum transfer terms between the
low-permeability solid matrix and each of the
fluids. For flow through low permeability porous
media, capillary force has significant effects on the
flow patterns of both gas and water phases and
was accounted for.

Fig. 15. Capillary pressure distribution of two-phase flow simulation when first and second blocks have high
permeability and third block has low permeability.

Fig. 16. Water and gas flow rates of two-phase flow simulation when first and second blocks have high
permeability and third block has low permeability.
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Performing the simulation of two-phase flow
through a porous medium consisting of several
porous blocks with different permeabilities and
porosities showed that the production is higher
when the fluid flows first through a low-per-
meability medium followed by a high-perme-
ability medium. This means higher fracturing
around the bottom hole zone of the production
well significantly enhances gas production from
tight sand formations.

Nomenclature

B interfacial momentum transfer between rock
matrix and each phase

k permeability
n normal direction to the inlet or outlet cells
P pressure
R resistance constant
S saturation
t time
U velocity vector

Greek Letters

j8 coefficient accounting for local flow non-
uniformities

r viscous stress tensor
e volume fraction
cj> volume porosity
77 pore size index
IJL fluid viscosity
p fluid density

Subscripts

c capillary
e effective
g gas
m matrix
r rock
w water
a water (w) or gas (g) phase
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