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Mads Huuse1 
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Keynote: Petroleum-Related Research and Development Trends in the Analysis and Modeling of Faults 
in Clastic Sequences 

John Walsh1 Conrad Childs1, Tom Manzocchi1 

1University College Dublin 

 
 

10.00 

Predicting, Incorporating and Simulating the Effects on Hydrocarbon Production of Sub-Seismic Fault 
Tips and Breached Relay Zones 

Alan Wood1, Kachi Onyeagoro2 

1University of Leeds, 2Shell 
 

10.30 
Overview of Posters 
All Poster Presenters 

11.00 Refreshment Break 

 Poster Session Chair: Nick Lagrilliere 

 
11.30- 
13.00 

 
POSTERS 

13.00 Lunch 

 Session Chair: Jonny Imber 
 
 

14.00 

Keynote: Making Geological Research Collaboration Work: The View from Inside an Oil Major 
John Marshall1 

1Shell 
 
 

14.30 

Characterising the Paleocene of the Central North Sea: The Lista and Maureen Formations 
Ben Kilhams1,2, John Marshall2 
1University of Aberdeen, 2Shell 

 
 

15.00 

Re-Os Geochronology and PGE Oil-Source Fingerprinting of the Lacustrine Green River Petroleum 
System: Applications to Better Understand Petroleum Systems 

Vivien Cumming1, Daniel Stoddart2 

1Durham University, 2Lundin Petroleum 

15.30 Refreshment Break 

 Session Chair: Douglas Paton 
 
 

16.00 

Keynote: Why Geofantasize? 
Emma Finch1 

1University of Manchester 
 
 

16.30 

Geomorphology, Facies Character and Stratigraphic Architecture of an Ancient Sand-Prone 
Subaqueous Delta: Upper Jurassic Sognefjord Formation, Troll Field, Offshore Norway 

Stefano Patruno1, Tom Dreyer2 

1Imperial College, 2Statoil UK 

 
 

17.00 

Characteristics and Hydrocarbon Trap Potential of Dome-Shaped Forced Folds Generated by Igneous 
Intrusions 

Craig Magee1 

1Imperial College 
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11.30 
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12.00 
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Relationship to Overpressure 

Alex Cicchino1, Richard Swarbrick2  
1Durham University, 2IKON Geopressure 

 
 

12.30 

Gravitational Faults: Migration Pathways for Recycling Gas after the Dissociation of Marine Methane 
Hydrates, Offshore Mauritania 
Jinxiu Yang1, Richard J. Davies1 

1Durham University, 

13.00 Lunch 

 Session Chair: Mads Huuse 
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Keynote Speaker: Petroleum-Related Research and Development Trends in the 
Analysis and Modeling of Faults in Clastic Sequences  
 
John J. Walsh, Conrad Childs, Tom Manzocchi,  
Fault Analysis Group, University College Dublin, Ireland 
 

Over the past couple of decades there have been significant advances in the 
petroleum industry methods used for analyzing and modeling faults contained within 
clastic sequences. Such faults are generally considered to be baffles or barriers to flow 
on both geological and production time scales, though they can also act as conduits in 
some circumstances. Newly developed techniques extend from those which help to 
improve the quality of fault mapping (Fig.1) through to those which facilitate the 
inclusion of faults in flow simulation models (Figs 2 & 3). Whatever the application 
many of the advances can be directly linked to research performed in universities in 
the context of either collaborative projects with industry or of Joint Industry Projects 
(JIPs). This talk reviews the research and development associated with a selection of 
structural geological innovations which the Fault Analysis Group (formerly of University 
of Liverpool) has contributed to. It highlights the circumstances which have led to those 
developments and impresses the importance of pursuing research which is facilitated 
by the high-quality datasets acquired by industry. In that context, the boundary 
between pure and applied research can be seamless, though the latter requires 
familiarity with the technical problems confronting industry and can benefit from not 
being subject to some of the constraints associated with working in large companies. 
Whilst good quality applied research must assume ‘best industry practice’ as a 
backdrop, it should also be acknowledged that one of the main challenges for industry, 
and indirectly academia, is to improve the quality of ‘common practice’.  
 
 

 
Figure 1: Fault plane maps showing fault displacement, horizon separations (i.e. Allan 
diagrams) and a variety of fault proxy properties, in this case Shale Gouge Ratio (SGR), can 
now routinely be plotted from interpreted seismic datasets using a variety of software packages. 
These maps provide a basis for quality control of seismic interpretations, assessment of fault-
related sequence juxtaposition and estimation of fault flow properties.  



Petroleum Geoscience Research Collaboration Showcase 

 

November 2012  Page 7  

 
Figure 2: Outcrop studies in many areas around the world have highlighted the potential impact 
of fault rock on cross-fault flow. Here a 15m displacement normal fault in a Carboniferous 
sandstone-shale sequence from Round O Quarry, Lancashire, is characterized by a continuous 
shale smear derived from an 8m thick shale layer (from Childs et al. 1997). 

 

 
Figure 3: Newly developed methods embodied in commercial software packages now provide 
a basis for including the flow properties of faults in both reservoir production models, as 
illustrated here (Manzocchi et al. 1999), and migration models (Childs et al. 2009). In this case, 
faults contained within a reservoir model can be included as transmissibility multipliers which 
are generated using geologically-driven methods rather than the ad hoc approach previously 

used in history matching. 
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Predicting, Incorporating and Simulating the Effects on Hydrocarbon Production 
of Sub-Seismic Fault Tips and Breached Relay Zones 
 
Wood, A.M.

1
, Paton, D.A.

1
, Onyeagoro, K.

2
, Marshall, J.D.

2
, Price. S.P.

3
, Collier, R.E.L

1
. 

 
1
Basin Structure Group, School of Earth and Environment, University of Leeds, Leeds, UK, LS2 

9JT 
2
Shell Upstream International Europe, Aberdeen, UK, AB12 3FY 

3
Shell Global Solutions, Rijswijk, NL, 2288 GS 

 

Fault controlled reservoir compartmentalisation occurs when fault geometries and 
petrophysical properties combine to prevent fluid flow between fault bound 
compartments on either a geological or hydrocarbon production timescale (Jolley et al., 
2010). From a geometric perspective the key uncertainty when interpreting faults from 
reflection seismic data relates to the spatial resolution of the seismic data. Any fault, or 
part of a fault, that has a throw value less than the vertical resolution of the data will 
not be resolved, and can be described as being ‘sub-seismic’. This may include fault 
tips and relay zone breaching faults. Inclusion of these features may have a non-trivial 
impact on compartmentalisation for faulted reservoirs. Predicting their presence and 
dimensions is therefore a powerful tool for constraining uncertainty related to fault 
compartmentalisation. 
 
A sub-area of a North Sea oil field dataset has been used to examine the influence of 
sub-seismic fault tips and breached relay zones upon reservoir segmentation. 
Incorporation of these sub-seismic geometries into reservoir simulation models allows 
us to understand their potential impact on hydrocarbon production.  
Two principle methods for estimating sub-seismic fault tip length have been applied. 
(1) A statistical approach based upon analysis of the dimensions of the identifiable 
fault population, and (2) Projecting fault tips based upon the adjacent throw gradient of 
the fault. Fault relay zone geometries derived from published literature have been used 
to develop a criterion for assessing the likelihood of a relay zone being breached by a 
sub-seismic scale fault. This criterion has been applied to our dataset and, in 
conjunction with sub-seismic fault tips, their incorporation leads to a significant 
increase in connectivity of the fault network relative to the geometry observable directly 
from seismic data (Figure 1 A). 
 
The influence upon simulated hydrocarbon production of this increase in fault 
connectivity is dependent upon the petrophysical properties of the fault rocks which are 
developed - a highly segmented reservoir may not necessarily result in 
compartmentalisation if the faults do not act as seals. We use realistic transmissibility 
multipliers (Manzocchi et al., 1999) derived from the local stratigraphic petrophysical 
properties, combined with a range of threshold pressures to test the impact on 
simulated production of increased fault connectivity. More sealing faults with higher 
threshold pressures result in greater variability in production rates and volumes as a 
result of geometric uncertainty compared to less sealing faults with lower threshold 
pressures (Figure 1 B). This is because at low threshold pressures the restriction of 
cross fault flow is less than at high threshold pressures, with the consequence that 
fault connectivity does not influence production rates as significantly. Similar results 
are predicted for the differences between high and low transmissibility multipliers.  
This work highlights the importance of understanding both geometric and petrophysical 
uncertainties when assessing the potential for fault related compartmentalisation of 
hydrocarbon reservoirs. It provides a tool for assessing fault related uncertainty and for 
aiding the optimisation of development strategies, as well as predicting or 
retrospectively understanding the possible range in production volumes. 
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 Figure 1. (A) Maps showing the effect of incorporating sub-seismic fault tips and breached relays on the connectivity of the fault 
network, from least segmented in the top left to most segmented in the bottom right. (B) The range in production rates and 
cumulative production for the different fault network geometries shown in (A). The variation in simulated production between 
different geometries increases with increasing fault threshold pressure. 
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Keynote Speaker: Making Geological Research Collaboration Work: The View 
From Inside an Oil Major 
 
John Marshall, Geology Home Team, Shell UK Limited, 1 Altens Farm Road, Aberdeen. AB12 
3FY 
 

The purpose of this talk is to explore the past and current drivers that determine 
support for research and development and to consider what works in the resultant 
collaboration. The focus will be on the North Sea and mainland Europe, and will be 
illustrated with examples from the extensive body of collaborative work that Shell has 
funded in British and European universities over the past 20 years. 
 
We shall look at the concept of research ‘push’ and industry ‘pull’, in the first case good 
ideas looking for an application and in the second case practical problems needing a 
solution. The development of fault zone concepts are used to illustrate research push, 
and recovery challenges in the Rannoch Formation are used to illustrate industry pull. 
A third force, ‘government push-pull’, can also operate, to enhance the chance of 
applications meeting solutions. CASE funding and the Industry Technology Foundation 
are examples. 
 
We shall consider the different types of research that get funded, a spectrum from Blue 
Sky to directly applicable, in the context of international company strategy. Blue Sky 
research tends to be the preserve of funding from Global Research Centres tasked 
with the search for game-changing technologies and concepts. Part of the pot reserved 
for a long-term gamble. RDR Leeds’ Foundation projects could be considered in this 
category, as could work on plant-generated silica (BIOSIL) for red-bed correlation. 
These have with time begun to deliver valuable insights to the industry. Global funding 
is directed towards a global range of research institutes by its very nature. 
 
As research ceases to be Blue Sky it can still be the remit of Global funding. This is 
where the general spheres of benefit are visible and the results can be applied across 
a broad range of geology. Heriot-Watt’s Genetic Units project (GUP) and Aberdeen 
University’s Drylands Programme are used to illustrate this in the context of the drive 
to quantify reservoir architecture and more clearly define appropriate analogues for 
red-bed reservoirs. Closer to home, a region can be faced with a recurring issue that 
warrants regional funding for R&D. A tranche of projects involving Leeds and Dublin 
Universities for addressing compartmentalization issues in North Sea and European 
producing fields illustrate this. And then there are the clearly-defined local issues: work 
from Imperial College and Aberdeen University on the Brent Group, the Sele 
Formation and Triassic Shales are discussed for this field or cluster-specific work. 
These projects need a clear red thread linking the work and the business impact, up 
front. 
 
In conducting the projects some set-ups and approaches work better than others. 
Clear project definition, including specification of what is to be supplied at the end, is a 
must. Active participation by industry representatives and time for researchers in 
company offices all pay dividends. An over-the-fence approach gets an over-the-fence 
result whilst too tight a definition can inhibit the research element of a project, reducing 
it to data collection and analysis. Clarity of expectations on both sides is critical - from 
the academic perspective, the work should be framed to allow publication of enough 
material to be meaningful. There is also a useful rule of thumb – that as much time is 
needed to implement the results of the work in the sponsoring company as is needed 
to perform the work: the compartmentalization projects in academia were matched by 
significant in-house activity to enable rapid use of the results. Successful application of 
research results generates an appetite for more. 
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And so to the future. I think the general concepts still hold. The topics will change as 
the industry pull changes – witness the current move towards deep-sea, shales and 
geomechanics research in support of unconventionals, and a slow growth in work 
directed towards CO2 sequestration. Research push also changes as concepts and 
technologies evolve and open the prospect of resolving intractable industry needs – 
the properties of debrites, the arrival of digital rocks for example. But, looking close to 
home, the North Sea is by and large a mature, low profit-margin area. Support of local 
research can move in several directions. Less support because there is less to share 
around, and focused support where the issues faced are increasingly difficult. And 
there is the third direction, already being followed, where the high-quality research 
skills and concept generation capabilities of the UK and Western Europe are married 
with the data and industry experience from our petroleum provinces to offer solutions 
on the Global stage. 
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Characterising the Paleocene of the Central North Sea: The Lista and Maureen 
Formations 
 
Ben Kilhams

1
*, John Marshall², Adrian Hartley

1
, Mads Huuse³ 

 

1
Geology and Petroleum Geology, Meston Building, King’s College, University of Aberdeen.

 

AB24 3UE. 
²Geology Home Team, Shell UK Limited, 1 Altens Farm Road, Aberdeen. AB12 3FY. 
³School of Earth, Atmospheric and Environmental Sciences, University of Manchester, 
Williamson Building, Oxford Road, Manchester. M13 9PL. 
*Now: Shell UI Europe (Nederlandse Aardolie Maatschappij), PO Box 28000, 9400 HH Assen, 
Netherlands.  
 

The Paleocene submarine fans of the Central Graben represent important petroleum 
reservoir units recording the cyclic input of sand-rich turbidite flows into this post-rift 
basin. In 2008 Shell UI Europe identified the need to develop an up-to-date regional 
understanding of these systems in support of reservoir and aquifer behaviour, the 
assessment of undrilled field margins and of remaining near-field exploration potential. 
A focused PhD was seen as a good mechanism, allowing in-depth study over a time 
scale that matched the company’s needs. Extensive seismic (a subset of ~15000 km² 
of the PGS Central North Sea MegaSurvey), well (n = 549) and core (n = 28, totalling 
~2760 feet/841 m) datasets were made available to support this regional-scale re-
evaluation. 
 
We present new models illustrating the distribution and quality of the Maureen and 
Lista Formation sandstones and the syn- and post-depositional controls on these 
deposits. The Lista Formation sandstones occur within northwest (channelised, 
proximal, ~300 feet net) to southeast (sheet-like, distal, ~50 feet net) trending (axial) 
fans with western/eastern fairways and minor sidefan sedimentation (west/east). Four 
sand-rich to sand-poor facies are defined with distinct grain size distributions. Mean 
grain size is the main control on porosity and permeability. Progradation occurs 
between the L1 and L2 units with retrogradation in the L3. This variability, and internal 
porosity trends, is linked to sea level change. Characterisation of the Maureen 
Formation sandstones is complicated by the presence of variable chalk facies derived 
from turbidite, debris flow and pelagic processes. However, these deposits can still be 
classified in a similar manner to the Lista Formation and exhibit similar spatial 
distributions (although the sandstones are thinner ~125 feet in the northwest to 25 feet 
in the southeast) suggesting that similar depositional controls were active. Sandstone 
quality is controlled by grain size (with calcitisation also important) although the 
porosity/permeability values are lower than in the Lista Formation. Progradation occurs 
between the T10 and T20/30 sequences with retrogradation in the T35. The current 
M1/M2 divisions do not describe the complexity of this formation. The routing of the 
sandstones was defined by the relict graben structure with offset stacking an additional 
local control, so that the Maureen, Lista and Sele interval sandstones are 
compensationally defined within the graben (Figure 1). Although these systems are 
often labelled as basin floor fans they do not resemble classical examples thanks to 
their confined nature. 
 
The results of the PhD were designed to be easily usable in an industry environment. 
Accordingly, digital datasets with regional maps showing trends in facies and key 
reservoir property controls such as porosity and proportion of chalk entrainment, along 
with map capture of underlying drivers such as palaeotopography. These have been of 
immediate use for reservoir and prospect analysis. 
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Figure 1: Schematic outline of the main Maureen, Lista and Sele Sand Fairways within the 
Central Graben illustrating how these systems are confined by the antecedent rift topography 
but, within this, show evidence of offset stacking. 
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Re-Os Geochronology and PGE Oil-Source Fingerprinting of the Lacustrine 
Green River Petroleum System: Applications to Better Understand Petroleum 
Systems 
 
Vivien M. Cumming

1
, David Selby

1
, Paul G. Lillis

2
, Michael D. Lewan

2
, Daniel P. Stoddart

3
 

 
1
Department of Earth Sciences, Durham University, Durham, DH1 3LE, UK. Email:  

2
U.S. Geological Survey. Box 25046, MS977, Denver Federal Center, Denver, Colorado 80225, 

USA. 
3
Lundin Petroleum, Strandveien 50D, 1366, Lysaker, Norway. Email:  

 

The application of the rhenium-osmium (Re-Os) geochronometer to marine petroleum 
systems has permitted the age determination of source rocks and petroleum. A recent 
study of oil fields from the UK Atlantic margin demonstrated that Re-Os dates from 
hydrocarbons represent the age of petroleum generation rather than migration or 
emplacement ages. Furthermore, additional Platinum Group Elements (PGE), Pt and 
Pd, coupled with Os isotopes have been successfully used in two marine basins to 
fingerprint oils to their source.  
 
Traditionally, oil-source rock correlation uses organic chemical analysis of light oil 
fractions, such as biomarker analysis. However, common processes such as 
biodegradation (the breakdown of oil by bacteria) preferentially removes light 
hydrocarbons from petroleum and therefore, even for moderately biodegraded oils, 
traditional oil to source fingerprinting techniques can be compromised. Re-Os 
geochronology and PGE fingerprinting relies on the heavy oil fractions (asphaltene) 
where >90% of these elements are held. As a result, inorganic geochemistry 
potentially provides a correlation tool where traditional organic methods can be 
hampered by biodegradation.  
 
Most large oil discoveries are sourced from marine shales associated with major ocean 
anoxic events of the Jurassic and Cretaceous. Such large discoveries are becoming 
increasingly rare and thus there is a need to find smaller plays and more accurately 
trace oils to their source for further play development. With this need to better 
understand variable petroleum systems becoming more crucial, enhanced knowledge 
of robust correlation tools is needed. Here we explore the capabilities of Re-Os 
geochronology and PGE fingerprinting of variable kerogen types and differing 
hydrocarbon phases to further establish the behaviour of these systems and widen 
their application. 
 
The Green River (GR) petroleum system in the Uinta Basin is derived from a Type I 
lacustrine kerogen and has produced several different hydrocarbons (oil, tar sands and 
gilsonite) that are both biodegraded and non-biodegraded. The GR petroleum system 
therefore provides the ability to test whether Re-Os geochronology and PGE 
fingerprinting can be applied to different hydrocarbon phases, biodegraded and non-
biodegraded, and to a petroleum system derived from a Type I lacustrine kerogen. 
This will significantly advance the application of this tool to poorly constrained or non-
traditional petroleum systems. Additionally, this study allows further characterisation of 
the Pt, Pd and Os correlation tool, enabling it to be used in more complicated systems. 
The GR hydrocarbons are enriched in both Re and Os (1 - 50 ppb and 20 - 800 ppt, 
respectively), with the Re-Os data yielding an age of oil generation consistent with 
current generation models (~20 Ma). This further confirms that Re–Os oil 
geochronology records the timing of petroleum generation. Additionally, all 
hydrocarbon phases within the GR petroleum system show similar Os isotope 
compositions which can be correlated to the source member, suggesting that Os is a 
valid fingerprinting tool unaffected by biodegradation. Furthermore, we present new 
data that demonstrates that Pt and Pd can be utilised for oil-source rock identification. 
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These results suggest Re-Os geochronology and PGE fingerprinting are robust tools, 
applicable to variable and complicated marine and non-marine petroleum systems.  
 
A common problem for petroleum exploration surrounds understanding the spatial and 
temporal controls on hydrocarbon formation.  Dating the timing of hydrocarbon 
generation has, to-date, mainly been carried out through the use of basin modelling, 
often with enigmatic parameters. Therefore knowing the absolute age of petroleum 
generation provides vital information and controls on the understanding of a petroleum 
system. Furthermore knowing the source of petroleum can provide crucial constraints 
for modelling migration pathways and so identify possible undiscovered traps.  
 
Traditionally, Petroleum Geochemists have been able to give relative timings to the 
charging of oil fields, but have been poor at constraining absolute charge times 
primarily due to the blunt geochemical tools available. Dating of oil charge can be used 
to better constrain basin models. Oil population studies can identify the source rock 
intervals that generate hydrocarbons of subsequently charged accumulations. If the 
timing of oil charge can be tied down for a specific oil population then the source rock 
area that has generated hydrocarbons can be defined. From this volumes of oil 
generated can be calculated, and subsequently charge rates inferred, as long as oil 
migration is considered to be instantaneous over geological time. However, the 
situation is more complicated in nature with nearly all oils being mixtures of several 
end members defined by different source rock characteristics. If these end-member oil 
families can be defined using mixing algorithms, then the timing of charge from each 
source rock can be defined. Additionally, more accurate oil biodegradation rates can 
be calculated if charge time (or residence time) of the oil in the reservoir can be 
determined. 
 
Other datasets can be used in conjunction with Re-Os geochronology and PGE 
fingerprinting, such as fluid inclusion and API gravity prediction of fluid inclusion 
hydrocarbons, to aid in defining a consistent reservoir filling history.   
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Keynote Speaker: Why Geofantasize? 
 
Emma Finch, University of Manchester 
 
Abstract TBC  
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Geomorphology, Facies Character and Stratigraphic Architecture of an Ancient 
Sand-Prone Subaqueous Delta: Upper Jurassic Sognefjord Formation, Troll 
Field, Offshore Norway 
 
Stefano Patruno

1
, Gary J. Hampson

1
, Christopher A-L. Jackson

1
 and Tom Dreyer

2
. 

 

1
Department of Earth Science and Engineering, Imperial College London, South Kensington 

Campus, London, UK 
2
Statoil (‘U.K.’) Ltd., One Kingdom Street, Paddington, London, W2 6BD, UK 

 

The integration of core sedimentology, seismic stratigraphy and seismic 
geomorphology has enabled interpretation of a sand-prone subaqueous delta in the 
Upper Jurassic Sognefjord Formation of the Troll Field, Horda Platform, offshore 
Norway. Mud-prone subaqueous deltas, characterised by a compound clinoform 
morphology, are common in many modern tide- and wave-influenced settings, but 
ancient examples are rarely reported. The Sognefjord Formation data therefore 
demonstrate the criteria for recognition of subaqueous deltas in the stratigraphic 
record, as well as refining the depositional model of the main reservoir in the super-
giant Troll oil and gas field. 
 
Two 10-60 m thick, wave-dominated, regressive-transgressive packages bounded by 
major marine flooding surfaces are distinguished in the lower Sognefjord Formation. In 
the west, these packages consist mainly of medium-grained, cross-bedded 
sandstones; in the south-east they become dominated by fine-grained, hummocky 
cross-stratified sandstones. The presence of coarser, more poorly sorted sandstones 
in the north-east indicates greater proximity to a fluvial sediment input point. No 
evidence of subaerial exposure is observed. 
 
Each regressive-transgressive package corresponds to a set of seismically resolved, 
westerly-dipping clinoforms, and its bounding surfaces form the seismic “envelope” of 
a clinoform set. The packages thicken westwards, until they reach a maximum where 
the clinoform “envelope” rolls over to define a topset-foreset-toeset geometry at the 
position of maximum regression. Both individual clinoforms and reflections bounding 
the clinoform sets are oriented sub-parallel to the edge of the Horda Platform (N005-
N030). In the eastern half of the field, individual clinoforms are thin (10-30 m) and 
relatively gently dipping (1°-6°). Towards the west, clinoforms gradually become 
thicker (15-60 m) and steeper (5°-14°). Topsets are consistently well developed, 
except in the westernmost area, where some clinoform foresets are top-truncated. 
 
We interpret deposition by fully subaqueous, wave-dominated, linear clinoforms that 
prograded westwards across the Horda Platform. Subaqueous clinoforms were fed by 
a river outlet at the north-east and sculpted by the action of currents sub-parallel to the 
clinoform strike. By analogy with modern systems, the shoreline is inferred to have 
been marked by a subaerial delta clinoform, separated from the seismically mapped 
subaqueous clinoform by the subaqueous topset. 
 
The resulting model of a coarse-grained subaqueous delta provides a new 
interpretative template that may have applications to other clinoform-bearing shallow-
marine sandstones in the ancient stratigraphic record. It also remarks that sediment 
distribution and clinoform architecture in deltaic settings are controlled by the dynamic 
balance between relative base level changes, depth and configuration of the receiving 
basin, volume and grain size of the sediment input, and the direction and power of 
basinal processes such as waves, tides, and surface and bottom currents. 
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Characteristics and Hydrocarbon Trap Potential of Dome-Shaped Forced Folds 
Generated by Igneous Intrusions 
 
Craig Magee

1
, Christopher A-L Jackson

1 

 

1
Department of Earth Science and Engineering, Imperial College, Prince Consort Road, 

London, SW7 2BP, England, UK 
 

Dome-shaped forced folds form proven, four-way dip closed hydrocarbon traps and 
they can be generated by differential compaction, salt diapirism, sand remobilisation 
and igneous intrusion. Forced folds that are magmatic in origin essentially form 
response to the forcible emplacement of sub-horizontal sills in the shallow subsurface 
(Fig. 1A). However, the geometry and evolution of magmatically-induced forced folds is 
poorly understood. We use 3D seismic reflection and well data to characterize forced 
fold growth and show that laterally extensive networks of stacked sills produce a series 
of forced folds that ‘interfere’ at several scales to generate broad areas of domal uplift 
that may represent large hydrocarbon traps (Fig. 1B). Additionally, we consider the 
impact of magmatically-induced fracture patterns and hydrothermal systems on the 
hydrocarbon prospectivity of magmatically-induced forced folds. 
 
Magmatically-induced forced folds are observed in many sedimentary basins (e.g. the 
Rockall and Faroe-Shetland Basins of the NE Atlantic; the Bight Basin offshore 
southern Australia; the Northern Sub-basin offshore Senegal). Here, we present a 
case study of a dry well (5/22-1) that was drilled in the Irish sector of the Rockall Basin 
in 2001 to target a four-way dip closed anticline, which was interpreted to contain a 
Cretaceous submarine fan reservoir (Fig. 1A). The target well encountered low 
porosity, hydrothermally-altered volcaniclastic. We show that the structural trap formed 
in order to accommodate the intrusion of an underlying sill (Fig. 1A), which also likely 
generated the hydrothermal system responsible for the degradation of the reservoir 
porosity. This is supported by the Palaeocene-Eocene age for horizons onlapping the 
forced fold and a peak in vitrinite reflectance data in the Upper Palaeocene 
succession.  
 
We also use 3D seismic reflection data to investigate how the geometry of the forced 
fold, generated by the intrusion of an underlying sill, may be influenced by sill 
emplacement mechanisms. Sills are observed to transgress up stratigraphy in a 
southwards direction, with deeper, older sills typically feeding shallower, younger sills 
(Fig. 1B). This lateral and upwards migration of sills over time may also be reflected in 
the evolution of the forced folds. Implicitly, whilst individual forced folds may form 
attractive hydrocarbon traps, fold growth interference may act to modify the geometry 
of and increase the volume of these traps. 
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Fig. 1: (A) Two orthogonal 3D seismic lines showing the geometry and approximate 
dimensions of a single forced fold above an igneous sill (red outline). Inset: Location map of the 
study area within the Irish sector of the Rockall Basin. (B) Seismic line showing how individual 
forced folds (1’) associated with single intrusions (red outlines) may interfere and coalesce to 
form broader folds (2’). The black dashed line represents the projected level of the green 
horizon if no folding had occurred. 
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Keynote Speaker:  “Knowledge into Use”: The Joint Industry Project Model in 
Practice 
 
Bill McCaffrey, University of Leeds 
 

The Turbidites Research Group (TRG) is an oil industry-funded joint industry project 
(JIP), specialising in deep marine clastic sedimentology.  Active since 1992, the TRG 
seeks to link research capacity and user need, with impacts recognisable both directly, 
through documented interventions in specific business assets, and indirectly, through 
the broader dissemination of group research and other knowledge exchange.    
 
The TRG model has four categories of deliverable:  

 research results from a series of stand-alone programmes; 

 expert overview of the academic literature; 

 access to bespoke databases of literature-derived data; 

 direct consultancy, applied to specific assets. 
 
The portfolio approach is designed to maintain broad appeal, and the group 
collaborates widely to deliver it.  The first three categories are delivered to end users 
directly via a KE-oriented website. Examples of research deliverables include 
understanding the role of bathymetry in influencing sand distribution and quality; 
understanding onlaps; development of models for “non-standard” deep marine facies; 
understanding the role of mass transport.  The TRG model has now been successfully 
cloned, with three other JIPs now sharing this approach.   

 
 
Fig. 1.  Work in collaboration with Britannia Operator Ltd on the Lower Cretaceous Britannia 
Sandstone Formatio, North Sea, has combined several strands of TRG research (Figure after 
Eggenhuisen et al., 2010).  

 
JIPs live or die on the premise that effectively-applied knowledge exchange can have 
significant economic impacts – both directly, through facilitating immediate application 
of knowledge, and indirectly, by enabling end-users to make their own connections 
between information, knowledge and application.  Arguably, the second of these has 
the greater impact. 
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Detrimental Effects of Sill Intrusions on Sandstone Reservoir Properties: 
Inferences from the Faroe-Shetland Basin, UK and the Twyfelfontein Formation, 
Namibia 
 
Clayton Grove
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Igneous rocks interacting with petroleum geology in the FSB have recently been 
highlighted as an area that requires more understanding, with relevance to 
hydrocarbon E & P. Both extrusive and intrusive basaltic and silicic crystalline rocks of 
Palaeocene age exist in and around prospective regions in the basin. The effects of 
igneous intrusions on potential reservoir rocks relatively poorly understood. Academic 
studies globally have focussed on low porosity argillaceous rocks that record 
pyrometamorphic mineral assemblages well (Grapes, 2011), but provide little insight 
into detrimental effects on potential reservoirs. 
 
Well 219/20-1 drilled 18 igneous intrusions, the largest of which is interpreted as a sill 
intrusion from a 2D seismic line. Importantly, this well is the only example in the basin 
where a sill-sandstone-sill contact has been cored.  The core intersects a 35 ft thick 
very fine quartz dominated sandstone between two dolerite sill intrusions, which 
together are resolved on the 2D line as a horizontal high amplitude reflector. 
 
The core records porosity reduction of the sand horizon by both thermal 
pyrometamorphism and authigenic precipitation of calcite and chlorite. The 219/20-1 
example shows that sill intrusions in the West of Shetlands have the capacity to reduce 
porosity for to 17 ft (5.2 m) above (74 m intrusion) and < 17 ft (5.2 m) below (22 m 
intrusion). Close to the lower intrusion recrystallization of quartz reduces porosity to 
negligible levels (true pyrometamorphism), however temperatures required for 
pyrometamorphic effects do not persist far from the contact, where quartz grains 
remain detrital. Greater than a few feet from the contact is a lower temperature 
authigenic mineral suite comprising of calcite and chlorite.  
 
Effects are similar adjacent to sill intrusions within the Twyfelfontein Formation, 
Namibia (Fig 2.). The Lower Cretaceous Twyfelfontein Formation (Jerram et al., 1999) 
is an aeolian arkosic arenite (up to 40 % total feldspar: 60 % quartz) intruded by a 
number of sills and dykes. Where the formation is unaffected by igneous rocks, 
background porosities are 14 % to 25 % (Fig. 3). Igneous intrusions probably intruded 
the Twyfelfontein at a palaeodepth of 1- 2 Km, which is similar many of the FSB 
intrusion palaeodepths. As a result of the formation’s initial reservoir quality, the 
presence of similar igneous geology and similar contact effects at intrusion contacts to 
219/20-1 it provides an ideal natural laboratory to study the effects of igneous 
intrusions on reservoir quality sandstone in 3D. At sill contacts in the Twyfelfontein 
formation, like in well 219/20-1, there is a proximal zone of pyrometamorphism 
characterised by thermal effects, up to melting of K-feldspars, porosity is negligible in 
this zone. Further than 20 cm above sill contacts thermal effects are less apparent and 
the porosity reduction is by increased compaction, pore filling poikilitic calcite and 
authigenic chlorite probably precipitated in a hydrothermal system driven by the 
cooling sill. In Namibia porosity reduction can persist to 9 m above sills. 3D exposure 
also reveals that contact effect intensity varies spatially along sills, effects appear more 
intense where magma flow is focussed (e.g. at sill-dyke divergences). In rare cases 
when magma flow is localised, the zone of thermal metamorphism is thickened and 
proximal effects are intensified up to an extreme, where detrital minerals melt and 
vitrify to form a glass matrix (0 % Φ).  
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Fig. 1. A: Photomicrograph of contact in ‘B’ in PPL, stained for K-feldspar and carbonate. 
Contact is brecciated and had been subject to pyrometamorphsm and subsequent diagenesis 
in the hydrothermal system developed above the sill. S=sandstone, calc=calcite, red arrow= 
recrystallized quartz, yellow arrow= intragranular chlorite. B: Photograph of core at contact 
between lower dolerite sill and sandstone in well 219/20-1.  
 

 
Fig.2 Comparison of pyrometamorphic petrology in Well 219/20-1 and the Twyfelfontein 
Formation, Namibia. Detrital sediments in the Twyfelfontein were initially coarser and more 
feldspathic. q(d)= detrital quartz, q(a)= authigenic-recrystallised quartz, ch= chlorite. 
 

 
Fig 3. Sandstone ~9 m above sill, Namibia. Porosity is 18.2 %. 
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Formation Micro Imaging Identification of Basaltic Lithofacies: Examples from 
the Faroe-Shetland Basin 
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Lithofacies identification in basaltic environments is important for understanding 
migration pathways, siliciclastic sediment distribution and reservoir properties. In the 
Faroe-Shetland Basin re-establishment of fluvial activity between phases of effusive 
volcanism leads to a complex arrangement of siliciclastic sediment and basaltic lava.  
Formation Micro Imaging (FMI) allows unrivalled downhole image analysis of mixed 
volcanic and siliciclastic formations. This contribution shows how FMI images can be 
used to differentiate basalt lithofacies, identify flow type (Fig. 1) and characterize joint 
and fracture networks (Fig. 2). FMI evaluation is shown to aid lithofacies recognition 
and help create better separation of mixed volcanic and siliciclastic environments (Fig. 
3). 

 
 
Figure 1. FMI vs. Sonic velocity. Characteristic histogram distributions after Nelson et al. 
(2009) can be compared to the FMI log to indicate compound or tabular flows.  (Watton et al. 
submitted). 
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Figure 2. Deep Resistivity vs. Photo electric effect for one basalt flow (A) and all lava flows in 
one well (B). Note how systematic columnar joints have variable but high resistivity whereas 
zones of random fracture (entabulature) do not. (Watton et al. submitted). 

 

 
 
Figure 3. Gamma Ray vs. Neutron Porosity cross plots showing before and after FMI use 

through the volcanic/ volcaniclastic intervals.   (Watton et al. submitted). 
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Keynote Speaker: Academia – Industry Collaboration in R&D Projects Viewed 
from the Industry Side 
 
Jean Gerard, Repsol Exploration, Madrid 

 
TBC 
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Compaction Trends in Mesozoic Mudrocks at Haltenbanken, Offshore Mid-
Norway and their Relationship to Overpressure 
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The study area (Fig. 1) comprises 
three main structural elements 
separated by fault complexes: from 
east to west, the shallow Trøndelag 
Platform, the Halten Terrace, and 
the deep Vøring Basin. Exploration 
in the area started in the early 
1980s, and most of the discoveries 
are in highly faulted Middle and 
Lower Jurassic reservoirs. The new 
exploration frontier in the area is 
the deep-seated Cretaceous sands 
in the Vøring Basin. Very few wells 
have been drilled in that basin, so 
detailed study of the rocks at 
Haltenbanken may be valuable for 
determining compaction curves and 
responses to overpressure. This 
study makes use of data from 63 
wells to investigate compaction 
behaviour in Cretaceous mudrocks. 
Compaction of mudrocks can be 
split into three stages: mechanical 
compaction at shallow depths; a 
transition zone starting around 
70˚C where the smectite-illite 
transformation begins; and 
chemical compaction at temperatures above ~100°C.  
 
The only temperature data available are bottom-hole temperatures. To estimate the 
geothermal gradient, a temperature of 5˚C at the sea floor and a linear gradient were 
assumed. To calculate the porosity from the density log (DPHI), a matrix value of 2.75 
g/cc and a water density of 1.05 g/cc were used. Mudrocks were selected by using the 
criterion that the neutron porosity should exceed the density porosity by 12% or more. 
Gamma-ray logs were not used because of calibration problems in the data. Logs were 
edited with various routines, including de-spiking. Our study focuses on the Kvitnos 
and Lange formations because they are relatively thick, and lie in the transition zone 
between mechanical and chemical compaction. Although few pressure measurements 
are available, the pressure-depth profile in the Cretaceous strata does appear to be 
fairly constant over the area. 
 
Both the Kvitnos and Lange formations show two different trends that can differ by 
more than 10% in DPHI for the same depth/temperature (Fig. 2). The neutron log also 
shows the two porosity trends, although the difference is smaller. Possible reasons for 
the two trends were investigated.  
 

Figure 1. Study area and location map for the available 
wells. Red stars indicate high DPHI wells, and blue stars low 
DPHI wells. Section shown in Fig. 3 is marked by crooked 
line. Top right: stratigraphic column (Hermanrud et al, 1998). 
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The Cretaceous mudrocks on the low DPHI trend lie at shallower depths/lower 
temperatures than those on the high DPHI trend, and their overall thickness is less 
(Fig. 3). At first sight, considering the Naust Formation as a whole, recent rapid burial 
over the last 3 Myr does not seem to be the cause of the two different trends, because 
there is not much variation in the thickness of the Naust Formation, and the 
geothermal gradients are similar in all wells. 
 
Mineralogical differences for the two sets of wells were investigated in different ways. 
M-N cross-plots do not show any differences. The natural gamma logs show slightly 

higher natural radioactivity for the low DPHI wells, and sonic density cross-plots 
suggest higher illite content. Spectral gamma ray logs were available from five wells, 
but gave no indications of higher potassium content in the low DPHI wells. 
 

Another observation is that low DPHI wells are located close to the hinge zone for the 
flexural uplift of the mainland in late Cenozoic time, while the high DPHI wells are 
located basinward, in the centre of the area (Fig. 1). Dowdeswell et al. (2010) have 
recognized five different units for the Naust Formation (N, A, U, S, T from the oldest to 
the youngest) characterized by differences in age, depocentres, volumes of sediment, 
and rate of sedimentation/sediment delivery. Future work will aim to understand 
whether the high and low DPHI wells are overlain by different Naust units, because 
earlier burial during the Plio-Pleistocene would have given more time for smectite-illite 
transformation, i.e., in the low DPHI wells, while overpressure was generated by 
disequilibrium compaction in all wells.  
 
We thank IHS for providing pressure data, NPD for providing wireline log data, and 
John Banks, Neville Brookes and Gareth Yardley of Maersk Oil for help with log data. 
  

Figure 3.  N-S section through the wells. See Fig. 1 for location. Bright green – Kvitnos Formation; dark green – 
Lange Formation. Blue arrows indicate low DPHI wells. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Porosity trends for 
Kvitnos and Lange formations. 
Low DPHI data are plotted in 
blue, and high DPHI data in red.  
Yellow and violet lines 
represent low and high DPHI 
trends, respectively. Blue line is 
the Hansen (1996) trend and the 
green line is its extrapolation at 
greater depths/temperatures. 
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Gravitational Faults: Migration Pathways for Recycling Gas after the 
Dissociation of Marine Methane Hydrates, Offshore Mauritania 
 
Jinxiu Yang, Richard J. Davies, Centre for Research in Earth Energy Systems (CeREES), 
Department of Earth Sciences, Science Labs, Durham University, UK, DH1 3LE 

 

Three dimensional seismic data from offshore Mauritania (West Africa) reveal tiers of 
normal and tear faults that are approximately parallel to the strike and dip of the slope 
respectively. They formed as a result of multiple episodes of down-slope creep and 
have propagated through 60-140 m of sediments. Some intersect the seabed while 
others are buried and formed during earlier down-slope translation. Methane hydrates, 
the base of which is evidenced by aligned amplitude terminations or a bottom 
simulating reflection, form within the faulted succession.  
 
We focus on a normal fault below the base of gas hydrates, which has a small 
downslope translation (~ 10 m offset) while its length (~ 21 km) shows that an 
extensive section of the margin has moved downslope. At the base of this fault, the 
free gas mainly accumulates on the updip eastern side of the normal fault. In the 
middle of the interval there are localized high amplitudes aligned along this fault. We 
also observed free gas sealed by hydrates at the shallower depth above this fault. So 
there is a close spatial relationship among the fault location, breached gas 
accumulation and the location of shallower free gas zone (FGZ), based on which a 
synoptic model is proposed. Gas hydrates formed in a faulted succession. As the base 
of gas hydrate stability zone (BHSZ) resets upwards due to sedimentation, the fault 
with higher permeability than surrounding sediments act as a conduit, channeling the 
released gas from hydrate dissociation upwards until it reaches the new position of the 
BHSZ. The free gas then can be stored in a FGZ or form new hydrates. Rather than 
migrate up the fault, the dissociated gas on the updip side of the fault would transport 
laterally in the same layer until it meets a seal. In summary there is a dynamic interplay 
among the hydrate dissociation, gas migration up along this pre-existing fault and gas 
re-sealing at higher levels below the hydrates.  
 
The tear faults at shallower depth are also of high permeability and could be utilised as 
the gas migration pathways when the hydrate dissociation occurs there. Due to the 
common co-location of gravity faulting and hydrates in other continental and island 
slopes, this model should have general applicability and examination of other datasets 
may be productive. 
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Fig. 1. (a): Representative seismic line, showing the normal fault, localized high amplitudes in 
the fault plane, BHSZ and FGZ. Inset: zoom in image of the black box, displaying the thickness 
change between the two sides of the normal faults. (b): amplitude map of reflections IV, 
showing the free gas accumulation on the updip eastern side of the normal fault. (c): Amplitude 
map of reflections III, showing the localized high amplitudes aligned along the fault. (d): RMS 
amplitude map produced within a window between the BHSZ and 50 ms bellow, showing the 
distribution of free gas zones. 
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Keynote Speaker: Spatial and Temporal Partitioning of Sand in Submarine Slope 
Systems and Implications for Reservoir Prediction: The SLOPE Project 
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Deepwater submarine slope settings exhibit stratigraphy that is complicated, with 
irregular distribution of reservoir sand. Over the last decade considerable success in 
the Gulf of Mexico, Angola, Egypt, Brazil and elsewhere has driven an industry-wide 
need for better models to reduce uncertainty in net:gross prediction in slope channels, 
to understand where and when sand is bypassed to basin floor positions and to 
investigate the links between depth of incision and volumes of bypassed sand. The 
SLOPE project was set up in 2003 to work the seismic-scale outcrops of the Karoo 
basin with these questions in mind, building on the work of earlier post-docs and PhD 
students at the University of Liverpool. Phase 1 involved 3 PhD students working 
exploration scale projects on tectonic development of the basin, the nature of the slope 
and shelf edge in the Tanqua depocentre and on provenance/geochemistry of the 
succession. Once this contextual understanding was in place, Phase 2 was able to 
concentrate on very detailed analysis of two slope units in the 800 m thick slope 
succession of the Laingsburg depocentre. Two post-docs and a PhD student worked at 
area of 500 km2 and showed that the slope succession follows a repeating pattern of 
erosion- and deposition-dominated processes that are preserved in a hierarchy of 
components that build reservoir and seal systems. Seismically mappable slope units 
are the lowstand sequence sets (LSS) of composite sequences. Each LSS contains 3 
sequences, which are resolvable in well log and core data. Sequences commonly 
show a progradational-aggradational-retrogradational stacking pattern and control the 
distribution of sand. The deepest cuts on the slope usually contain the least sand, 
being more important as bypass conduits to sandy fans than reservoirs. By the end of 
Phase 2, the SLOPE project had 14 sponsor companies. 
 
SLOPE Phase 3 had three main aims; to map the extent and nature of distributive 
systems down dip of the known slope valleys and to drill a series of research 
boreholes behind a fully analysed outcropping slope channel/levee complex cut by a 
younger slope valley. The idea was to develop criteria from core and image logs to tie 
facies to geometry, in order to reconstruct the complex stratigraphy from subsurface 
well data alone. The third aim was to understand the nature of the transition from slope 
to shelf in the younger section and to characterise the nature of the clinoform rollover 
at outcrop. The regional work has shown that the slope stratigraphy comprises five 
composite sequences, 80 m to 150 m thick, which have now been mapped over 3500 
km2. Composite sequences are arranged into three composite sequence sets that 
show an overall progradational trend. The position and approximate volume of 
distributive fan deposits down dip of each erosion/bypass dominated slope valley has 
been quantified. Positioning of successive lowstand fans is controlled by 
compensational stacking at composite sequence scale and by interaction with 
topography created by mass transport deposits derived from a lateral confining slope. 
 
The transition from slope to shelf is marked by an 80 m thick mudstone unit, which is 
overlain by wave-dominated, locally fluvially influenced parasequence clinothems. The 
lower four clinothems show a progradational stacking pattern interpreted as a 
highstand systems tract, followed by a backstepping 20 m thick mudstone. Only 
clinothem 4 shows upper slope gullies and a basinward thickening wedge of upper 
slope turbidites. The data are consistent with a type 2 sequence boundary above 
parasequence 4, with sand delivery over the shelf edge at a time of low (but still 
positive) shelf edge accommodation and no evidence for subaerial exposure or inclsed 
valley formation. The volume of sand supplied to the slope at this time was far less 
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than in the underlying slope succession and underscores the point that deepwater 
delivery slope systems are commonly overlain by quite different shelf systems. 
 
SLOPE Phase 3 involved a Post-Doc and 2 PhD students and was completed 
successfully in mid 2012. By this stage the SLOPE project had 17 sponsors from every 
continent. Integral to the project over the last 8 years has been the dissemination of 
results to the sponsor companies when they are confirmed, not waiting until the end of 
the project phase. This has been achieved by the combination of an active secure 
website, an annual week-long sponsors’ field workshop in the Karoo and reporting 
visits to every sponsor company annually. In addition, the PhD students in all 3 phases 
of the project took internships in sponsor companies and some were subsequently 
hired. SLOPE Phase 4 is due to start in early 2013. 
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The characterisation of sub-seismic scale structure is a perennial problem within 
petroleum reservoir modelling. Mesoscale structures manifest at scales below 
conventional seismic thresholds impart significant anisotropy within the rock mass, 
resulting in permeability regimes several orders of magnitude greater or lower than 
those of enveloping matrix continuum. A common strategy to reduce reservoir 
uncertainty associated with such heterogeneity is to employ the use of analogues. And 
though outcrop analogues may provide lucid insights about the structural styles of their 
reservoir equivalents, conventional methods of fracture characterisation suffer manifest 
deficiencies, with direct sampling of the rock face biased and inefficient, and with 
lineament mapping from remotely sensed imagery resulting in poorly resolved 
datasets. 
 
In the present work it is proposed that data capture and analysis techniques being 
developed within the burgeoning field of digital outcrop geology could provide a viable 
alternative to conventional means of fracture characterisation commonly applied to 
reservoir analogue studies. Here, a combination of terrestrial lidar and calibrated digital 
imagery is used to map exposures of the Triassic aged Helsby Sandstone Formation 
of the Cheshire Basin, UK, a salient analogue for reservoir objectives in the East Irish 
Sea Basin. Exposures of the Helsby Sandstone formation within the West Mine, 
Alderley Edge, Cheshire (Fig 1), form the principle targets for data capture. The use of 
subsurface exposures is motivated by the high degree 3D control afforded by the mine 
workings, aiding visualisation of the fracture network, whilst providing optimal 
conditions for the extraction of geometric fracture attributes. 
 
A comprehensive areal survey was conducted over the West Mine triangular irregular 
network (TIN) models (Fig 2: A, B) with eigen-analysis based methods employed to 
aid the identification   of    fracture     traces  and     facets,   and    with     orientations    
constrained     using    a     simple three point approach. Furthermore, a series of linear 
transect surveys across TINs of the West Mine exposures were used to determine 
fracture trace length and spacing. Fracture sets were delineated using a suite of 
qualitative and quantitative methods, with orientation statistics calculated for identified 
sets. Mean fracture spacing, trace length and density were then determined for 
individual sets, with appropriate censoring corrections applied.  
 
To assess the validity of the approach, orientation statistics of identified sets were 
compared to an equivalent dataset collected via manual scanline surveys on surface 
exposures around the Alderley Edge locality. In similitude, lidar generated trace 
lengths, spacings and densities were compared to a commensurate dataset, acquired 
by manual scanlines referenced to virtual linear transect surveys within the West Mine. 
Finally, fracture statistics obtained for field and digital sets were used to construct 
representative discrete fracture network models which were upscaled to equivalent 
porous medium properties, enabling the differential in the modelled petrophysical 
attributes of the corresponding fracture arrays to be assessed.  
 
Set distributions for virtually and manually derived networks show excellent agreement, 
with three closely matched orthogonal sets observed in both datasets. Moreover, in 
contrast to previous studies, fracture intensities are constrained by set, and thus 
constitute viable inputs for discrete fracture network modelling. However, the 
systematic underrepresentation of geometric fracture properties is observed within 
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lidar datasets, attributable to censoring caused by the limited fidelity of imagery and 
model surfaces. The study results suggest that, whilst enhancing data acquisition rates 
and representation of the exposure surface, digital discontinuity analysis may introduce 
an additional suite of biases into fracture datasets. 

Fig 1: 

Terrestrial lidar derived 3D model of faulted and fractured sandstones within the West Mine  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2: (A) Merged point cloud of the West Mine main chamber. (B) Individual fracture 
orientation measurements (n = 1377) collected via digital fracture survey. (C) Discrete fracture 
network models using (left) manual and (right) lidar fracture data. 
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