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Keynote Speaker: Carbonate Rocks and Reservoirs: An Industry Ge ol ogi st
Perspective

Trevor Burchette, Dept. Earth Sciences, Royal Holloway University, Egham, Surrey

Carbonate reservoirs are often regarded with apprehension since it can be difficult to
predict the reservoir quality in and ensure high recovery factors from these rocks. It is no
coincidence then that the petroleum industry has been fundamental in promoting
research into and developing our understanding of carbonate rocks and depositional
systems, often with impacts that extend well beyond oil and gas exploitation.

Research in this area in the mid-Twentieth Century was strongly biased towards
understanding carbonate depositional environments and facies, but it could be argued
that we now have sufficient stock models and analogues for most carbonate facies
interpretation purposes; now attention is focused more on how carbonate reservoir
facies are organised within stratigraphic architectures using insight gained over the last
15-20 years through access to 3D seismic data and numerous outcrop studies. In
contrast to our familiarity with these aspects of carbonates, certain physical
characteristics of carbonate rocks, not least their permeability behaviour, have remained
thoroughly enigmatic.

Some of the most intractable reservoir issues only become evident after decades of
production and the increasing maturity of many of the carbonate fields discovered and
developed since the 1950s and 60s, with their emerging problems of poor sweep
efficiency and water or gas breakthrough, is now stimulating the requirement for much
more sophisticated methods of modelling the architecture of carbonate reservoirs at both
the pore and stratigraphic scales. Particular issues that arise time and again are the
prediction of carbonate reservoir quality in uncored wells and at the inter-well scale;
recognising and predicting potential high-permeability layers; determining the
permeability component to allocate to fractures and vugs; and methods for rock-typing
carbonate reservoirs when, for a given porosity, carbonate rocks may exhibit up to four
orders of magnitude in permeability.

I n thegaimewvwd of the petroleum economy, enhanci

carbonate reservoirs is likely to become disproportionately important since many of the
wor | d o6 sgiant regeevairs, notably in the Middle East and Caspian region, are
carbonate and have production profiles that extend for a century or more.

More generically, it is worth observing that the industry has accommodated to one of the
greatest revolutions to impact the geosciences, namely the introduction of, and growth
towards near total dependence on, compu
has become synonymous with interdisciplinary collaboration and digital modelling,
whether in structural geology, petrophysics, geochemistry, stratigraphy or (carbonate)
sedimentology. The efficacy of this approach cannot be disputed since it has permitted
huge progress in the way in which data are interpreted and the physical aspects of
petroleum reservoirs are represented and modelled. However, there has been a

(@)

t

ng.

ng

noticeabl e parallel reduction in geoscientists®o

at the core store, and an increasing reliance by companies on common sets of
analogues and processed data. The scientists of all disciplines who are best able to
provide knowledgeable input to the characterisation of and exploration for carbonate
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reservoirs, are those who actually understand the rocks and this can be achieved in only
one way i by taking every opportunity to look at them.

NOTES
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Keynote Speaker: Geometries of Carbonate Depositional Systems Their
Relevance to Petroleum Systems Distribution in Iraq

Andrew D. Horbury, Cambridge Carbonates

Irag may be considered a natural laboratory to study both the nature of petroleum
systems and the influence of carbonate depositional systems on those systems, in both
a temporal and spatial sense. It has a record of almost continuous carbonate i evaporite
deposition from the Late Permian until the Middle Miocene, with only occasional
interruption by siliciclastic input.

Four basic types of carbonate system are noted; firstly, carbonate-evaporite platform
systems such as are noted mainly in the Triassic, Lower and Uppermost Jurassic, and
uppermost Lower to Middle Miocene; secondly, grainy epeiric carbonate systems,
usually ramps, such as are noted mainly in the Upper Permian, parts of the Triassic and
Lower Jurassic, Upper Jurassic to Lower Cretaceous (Tithonian to Valanginian) and

parts of the 6Middl| gédatbmaleandathick, datermlly diffeteritiated | vy |,

rimmed carbonate shelves that pass into basins which have condensed stratigraphies,
notably in the Middle Jurassic, Cretaceous (Barremian to Lower Turonian), Paleogene
and lowermost Miocene; and lastly, carbonate platforms that pass laterally into often
considerably thick basinal equivalents, notable in most of the Upper Cretaceous (Upper
Turonian to Maastrichtian). It is possible for more than one of these systems to be
developed in different parts of the country at the same time.

It is clear from the distribution of reserves in the basin system that the most prospective
play types are in the Kirkuk Group (Low
Lower Turonian) and Yamama (Berriasian-Lower Valanginian) depositional systems.
The first two of these are characterised by thick platform carbonates that pass laterally
into relatively thin basinal equivalents. Reservoir quality is likely to be good to excellent
because of a generally aggradational morphology that develops significant topography,
that is then positively affected by diagenetic processes such as karstification and late
dolomitisation. Success relies upon the effectiveness of regional top-seals to cover the
often pronounced upper topography; internal seals are not a factor in their prospectivity.
Failures of this system (such as the Middle Jurassic, and the Mishrif Formation in
Central Iraq) are because of reliable regional top-seals are absent, where topography
was high and onlap was complex.

Grainy epeiric carbonates are generally disappointing and the only volumetrically
significant reservoir is the Yamama Formation of earliest Cretaceous age. This works
only locally because it comprises a critical combination of enhanced shoaling above
palaeostructural elements, and also because of thick top-seals provided in large part by
clastic systems that prograde into the prospective area from the west. Where clastic
entry is too strong, no topseals are developed, which is why other formations that fall
into this category such as the Shuobaiba

Evaporite dominated systems are locally productive where restriction has resulted in
development of intrashelf basins and thin high-energy reservoir intervals (usually
representing third-order MFS and condensed HST) are sealed by basin-plugging
lowstand evaporites; prospectivity is best on the flanks of the intrashelf basins where
there is a balance between development of highstand carbonate reservoir facies, and
lowstand to TST evaporite seals. These reservoirs are typically strongly
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layered/compartmentalised, with the possibilities of multiple but separate pays, and may
suffer significantly from problems of aquifer support.

Thin platform/thick basinal stratigraphies are only moderately prospective; these would
appear to work best in their basinal stratigraphies where microporous fractured
reservoirs are particularly a distinctive play type in fields such as East Baghdad and Ain
Zalah. Shelf carbonates have proven to be remarkably unprospective to date, although
there are abundant examples of production in neighbouring countries, and breached
fields are evident in Zagros outcrops.

It is thus evident that the nature of carbonate platform and basin environments may have
some bearing on the overall development of petroleum systems in Iraqg, although the
relationship of regional seal development above these reservoirs is clearly also of major
importance.
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NOTES
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Statoil 6s Entry into Iragq: Model | i Rltasetzhe Mi shr i f
Alun Williams et al, Statoil ASA, 0246 Oslo, Norway

In December 2009 Statoil, in cooperation with Lukoil, won the development rights to

West Qurna Phase 2, a super-giant oilfield located near the city of Basra in Iraq. This

field was the largest pr i z e i n lawaited Gsecondh bidy foung, with in-place

vol umes estimated at tens of billions of barrel
evaluation of the available subsurface data, combined with the application of in-house

data acquired through our carbonate research programme.

With bids to be placed on a 20-year production contract, the most important questions to
answer were:

1) How much oil is present within the licence area?

2) How much of this oil can be produced within the 20 year licence period?

3) What is the optimal development strategy to produce this oil?

4) How fast can plateau production be achieved, and how long can it be maintained for?

To this end a geological model was constructed, to be used for dynamic simulation.

Production forecasts generated from the simulation model then formed the basis for

economic evaluations, followed by negotiations with potential partners, and eventually

for Statoil s bid in the auction. This talk su
during modelling of the Mishrif Formation, the main reservoir interval in West Qurna.

The Mishrif Formation is a limestone succession of Cenomanian (-Turonian) age, which
forms one of the major reservoir intervals of the Middle East. Our depositional model
was constructed using all available well-log and seismic data, and incorporated the
results of extensive research carried out on age-equivalent outcrops of the Sarvak
Formation in Lurestan, Iran.

With over 300 wells having been drilled on West Qurna field to date, a vast amount of
data was available for the construction of the model. However, certain key data were
lacking, such as descriptions of the actual rocks themselves, meaning that analogue
data was required to constrain the petrophysical modelling. Fortunately Statoil possess
an extensive database of worldwide carbonate reservoir properties and this, combined
with a novel technique of petrophysical rock typing, was used to constrain the matrix
properties in the model. Core and log data indicates that the Mishrif in West Qurna is
generally a high-porosity moderate-permeabilty reservoir, but both porosity and
permeability vary widely throughout the interval.

Although no production has taken place from West Qurna Phase 2, nearly 10 years of
production history was available from West Qurna Phase 1, the neighbouring licence to
the south. Production history, well tests & PLT data indicate that permeabilities
significantly higher than those recorded from core samples occur within the Mishrif of
West Qurna. We believe that this excess permeability exists largely as fracture
permeability, indicating that the Mishrif is a type-3 reservoir of Nelson (2001), where
fractures assist permeability in an already producible reservoir. This is in line with
observations from the Lurestan outcrops, the results of which were used to incorporate
fracture permeability within our reservoir model.
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The Use of 3D Seismic Analysis Techniques for Investigating Carbonate Features
in Two Offshore UAE Fields.

Gaynor S. Paton’, Helen Basford", Anthony Avu', Frank van Kleef?

7
’Dubai Petroleum Establishment

Introduction

Carbonate reservoirs in the Persian Gulf are complex integrated systems which are
often hard to interpret. The identification of subtle fracturing as well as karst features and
build-ups is further complicated by poor data quality. We present the results of applying
3D seismic analysis techniques to create attribute and object volumes which provide
insight into the structure and faulting of the reservoir sections of two offshore UAE fields.

The two fields form part of the four main offshore producing fields of Dubai. This

investigation focuses on the massive aggrading Thamama complex of the Lower

Cretaceous and the Middle Cretaceous Mishrif reef build-up. Carbonate build-ups of the

Mishrif were controlled by localised salt diapirism and associated bathymetric variations.

These carbonate formations are among the most important reservoirs in the Middle East

and contain a | arge pr eaesgrnes & goocunderstanding eftheror | dds o
geomorphological evolution as well as the structural and stratigraphic properties of these

formations is crucial in defining reservoir properties.

The workflow applied to the data was split into 3 sections: Data Conditioning, Fault
Analysis, and Stratigraphic Analysis.

Data Conditioning

The post stack time migrated data was dominated by steeply dipping coherent noise.
This made interpretation difficult and post stack noise attenuation was essential to
prevent artefacts being introduced into any attributes that were created on the data. The
noise was attenuated using a sequence of FMH filters that are both structurally oriented
and edge preserving. This workflow attenuated the noise but maintained the reflector
terminations and the characteristic of the data.

Fault Analysis

In one of the fields at the Thamama horizon there are two potential fault scenarios: either
a single NW-SE trend of faulting, or the NW-SE trend accompanied by a perpendicular
NE-SW trend which is hard to identify in the data. The objective of the fault workflow was
to identify the subtle faulting around a key well location to clarify which of the faulting
scenarios was present. A combination of structurally oriented attributes identifying both
discontinuities and curvature were used to highlight the faults. Two perpendicular trends
were seen in the attribute data with different expressions along each trend suggesting
the second scenario was more probable.

Stratigraphic Analysis

Extensive studies of the seismic response of carbonate systems have led to the
development of a suite of workflows capable of highlighting subtle carbonate features.
These techniques were applied to both data sets, including frequency analysis, bedform
analysis, and eigen analysis. In the field, frequency decomposition and RGB blending
highlighted frequency variations within the vicinity of the key wells along a fault line that

November 2010 Page 18



Advances in Carbonate Exploration and Reservoir Analysis

had been identified in the earlier fault analysis. It also highlighted circular features
consistent with the expected response from karstified layers. Eigen analysis was used to
investigate these features further, and again the results indicate the presence of karst.

Bedform analysis was used within the second field to identify and extract pinch-outs and
clinoforms directly below the Mishrif horizon. The Bedform workflow identifies individual
layers by isolating constant phase events. These are combined with the instantaneous
frequency to create an attribute in which pinchouts, onlaps and downlaps are easily
identified. Extraction of these clinoforms as geobodies enabled their lateral extent and
shape to be easily visualised.

Summary

Attribute analysis and object extraction has proved to be a valuable tool for detailed
investigation into the carbonate features within the two fields. It has provided a level of
detail that is hard to achieve with manual interpretation and has given new insights into
the geology and reservoir properties. By analysing the individual component parts of the
seismic data (amplitude, frequency, phase, and lateral variability) it has been possible to
extract a high level of information out of the data which is directly relevant to the
interpretation.
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Sub-Seismic Fractures in Foreland Fold and Thrust Belts: Insight from the
Lurestan Province, Zagros Mountains, Iran

G. Casinit, J. Vergész, l. Romaire®, N. Fernandez?, E. Casciello?, E. Saura®, S. Homke®, J.-C.
Embry?, P.lGiIIespiea, C. Mehl?, L. Aghajari®, H. Noroozi*, M. Sedigh*, J. Bagheri®, D D.W. Hunt",
I.R. Sharp

lStatoiIHydro - TNE RD Research Center Bergen, Norway

’Group of Dynamics of the Lithosphere, I nstitute of E
Barcelona, Spain

3StatoilHydro - TNE GET, Stavanger, Norway

*NIOC, Tehran, Iran

The Simply Folded Belt of the Zagros Mountains, Iran, represents one of the best
examples of foreland fold and thrust belt. A regional analysis of the Cenomanian 1
Coniacian Sarvak and llam formations, exposed in the southern Lurestan Province, is
presented as a case study for sub-seismic fracture development in these compressive
settings. The area is characterised by gentle to tight anticlines and synclines parallel to
the NW-SE trend of the belt. Fold style is intimately related to both vertical and lateral
facies distribution. In the Lurestan Province, the Cenomanian-Coniacian interval is
exposed in the core of most outcropping anticlines.

Sub-seismic fracture spatial distribution, kinematics and timing have been characterised
through extensive fieldwork, interpretation of orthorectified QuickBird imagery and
interpretation of LIDAR derived 3D photorealistic models. Data have been collected from
10 anticlines covering an area of approximately 150 x 150 km. Key outcrops for fracture
geometry, kinematics and timing interpretation are presented.

Field observations and interpretation of QuickBird and 3-D photorealistic models suggest
complex fracture geometry and timing. Fractures record pre-folding to uplift-related
deformations. Pre-folding structures are typically represented by small-scale, flat-ramp-
flat geometry thrusts, systematic veins and stylolites, which are superimposed on
inherited syn-sedimentary normal faults. Folding-related structures generally reactivated
pre-existing fracture planes. Strike-slip faults typically postdate pre-folding structures and
are probably related to the late stages of fold tightening. All structures are geometrically
and kinematically consistent with the trend of the Arabian passive margin and its
subsequent tectonic inversion.

Many carbonate reservoirs in forelands and in foreland fold and thrust belts are
fractured. The studied Cenomanian-Coniacian outcrops are direct analogues to one of
the most prolific intervals for oil and gas in the Middle East. Outcrop analogues are key
for the understanding of sub-seismic fractures. The latter often form a dense and well
connected network which might greatly affect carbonate reservoir properties. Integration
of stratigraphic, diagenetic and structural heterogeneities is fundamental for the
characterization and modelling of fractured carbonate reservoirs in the Middle East as
well as other forelands and foreland fold and thust belts.
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Impact of Growing Structures on Carbonate Facies Differentiation: An Example
from the Yamama Formation in West Qurna Field, Southern Iraq

Fadhil N. Sadooni, Environmental Studies Center, Qatar University, P. O. Box 2713, Doha,
Qatar

The Yamama Formation is the second most important Cretaceous carbonate —
reservoir in southern Irag. The Lower Cretaceous formation generated large |= "~
amount of oil in tests that had been conducted in many of the giant fields of ===
southern Iraq. Among these fields is the West Qurna Field which is one of the
largest fields in Iraq and the region with reserves exceeding 20 billion barrels of
recoverable reserves.

The West Qurna Field is considered as a northern extension of the Rumaila
North Field and extends into the historical marshes of Mesopotamia. The first
impression of the field was concluded by a geologist from Basra Petroleum
Company (BPC) during a routine flight by a helicopter. He noticed that most of
the marsh Arabs huts were alighed to a single trend which he interpreted as the
hinge line of a new structure. Later gravity and magnetic surveys confirmed the
structure but its shape was fialized only after the extensive seismic survey |/
conducted by Iraq National Oil Company (INOC) during the eighties of the last
century.

Several authors (e.g. Al-Nagib, 1970; Buday, 1980 and Al-Sakini, 1992)
suggested that the most of the giant fields of southern Iraq are underlined by |
the Infracambrian Hormuz salt and these fields were growing, at least, since the |;
Triassic. The growth phases seem to be of different magnitudes and lengths || |
depending on the strength of the tectonic activity during that specific geologic |
period.

The Yamama Formation is around 350m in thickness and composed of a
complex combination of porous and compact limestone units punctuated by a |
series of fine clastic units derived from outside the basin (Fig. 1). These |
argillaceous units grade, in some cases, into shale horizons that contain high
amount of organic materials. These are believed to be resulted from vegetation ||
cover on small emergent bodies of such sediments in the shallower parts of the |/
basin during semi-desiccation periods. "'

Figure 1: Detailed lithologic column of the Yamama Formation in a typical well from
West Qurrna Field.

Although, these changes are a characteristic feature of the formation all over southern
Iraq but it was noticed also that there are significant lithologic changes between the wells
in a single field such as West Qurna. These differences are either lithologic (e.g. there
are more and thicker argillaceous units in the flank wells compared to the crestal ones)
or diagenetic (e.g. there are more cemented horizons in the crestal wells). These
changes are also reflected in the test results of the field. Both the flank and the very
crestal wells did not generate significant oil.
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Figure 2: Examples of cored interval from Yamama Formation in West Qurrna Field (inset coal-
like organic piece recovered from the core.

The facies complexity of the Yamama Formation is the result of large number of factors
some of them are regional such as the clastic invasion front resulted from climatic
changes in the source area, wind direction and basin configuration. Local factors are
related mainly to the intensity of the structure growth which eventually controlled the
water depth and hydrodynamic of the basin over that structure. The impact of these
growth stages are imprinted in the facies and the diagenetic features of the formation

(Fig. 2).
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Session Two: Emerging Plays and Concepts
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Keynote Speaker: Microbial Carbonates in Non-Marine Basins: What Models could
we use for South Atlantic Microbialite Reservoirs?

Paul Wright, BG Group, 100 Thames Valley Park, Reading RG6 1PT, & School of Earth &
Ocean Sciences, Cardiff University

The major discoveries in the Cretaceous carbonates of the Pre-Salt succession in the
Santos Basin provide a remarkable new reservoir type for non-marine basins. The
carbonates have been widely reported as being of microbial origin and a surprisingly
wide range of possible analogues are available. At one end of the spectrum are
travertines which have distinctive textural and mineralogical signatures, but tend to be
small in size, localised to thermal vents. In many cases the origins of the main textural
types are still disputed, with microbial and abiogenic explanations. Such carbonates are
however a prominent feature in rift settings. In lakes, microbial carbonates can be
associated with hard water, alkaline and saline systems. For evaluating potential
lacustrine analogues a critical distinction must be made between microbial build-ups
developed near localised sources such as springs and faults, or widespread build-ups
controlled by factors such as substrate stability and water body stratification. Primary
carbonate mineralogy varies in each system and hence different porosity and diagenetic
pathways can occur. A set of microbialite facies and diagenetic models will be
presented, reflecting amongst other factors, the role of catchment area geology in
controlling the mineralogy and diagenesis of the resulting carbonate succession, as a
guide to the types of potential reservoirs in non-marine basins.
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Bump to Prospect: An Empirical Approach to the Recognition and
Characterization of Isolated Carbonate Buildups in Frontier Settings

Peter Burgess'? Peter Winefield®

'Shell International Exploration & Production, Kessler Park 1, 2288 GS Rijswijk, The Netherlands
2Dept Earth Sciences, Royal Holloway University of London, Egham, TW20 0EX, UK

®present address: Shell Petroleum & Development Company of Nigeria Ltd, 21-22 Marina, Lagos,
Nigeria

Isolated carbonate platforms are well-known and attractive targets for hydrocarbon
exploration in both frontier and mature basins. They are attractive because they can
form potentially large-volume stratigraphic-trap features with generally reduced charge,
reservoir, seal and trap risk relative to other types of carbonate plays. Unfortunately,
undrilled features imaged on 2D and 3D seismic that could be isolated carbonate
platforms are often difficult to identify unequivocally because other geological features
such as volcanoes, tilted fault blocks and erosional remnants have somewhat similar
geometries and modes of occurrence. Consequently explorers require a method of
systematically identifying potential leads and reliably de-risking play elements and
prospects suspected to be isolated carbonate buildup features.

Using a database of more than 200 seismic images of proven isolated carbonate
buildups and other similar features, a set of reliable empirical criteria has been
developed to identify isolated carbonate platforms, especially in frontier regions and or
areas with sparse seismic data. The dataset includes proven examples from the Upper
Paleozoic to Neogene in age, occurring in several different tectonic settings. Using these
data it is possible to investigate some of the variability in platform architecture likely to
have arisen due to variations in tectonic settings and in carbonate producing factories
through time.
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Figure 1 - Example of key elements of an isolated carbonate platform
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The identification criteria can be divided into four main categories: (i) regional and
stratigraphic constraints; (ii) general morphology and basic geometries (Figure 1. yellow
boxes); (iii) geophysical characteristics; and (iv) smaller-scale geometries and
associated internal features (Figure 1, green boxes). These criteria represent a
progression in detail of interpretation, from an initial regional overview, through basic
large-scale seismo-stratigraphic interpretation, to simple analysis of some geophysical
properties, and finally to consideration of more detailed aspects of the seismo-
stratigraphy. Working through these criteria and compiling results on a simple score-
sheet provides a practical framework for isolated buildup identification, initial de-risking,
and thoughtful interpretation.
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Microbial Deposits as Source Rocks for Hydrocarbons in the Polish Zechstein
(Upper Permian) Main Dolomite Carbonates, Western Poland

Mirosl aw S§bwakii gwmii eaw *Nrena Matyagiké, weabklla Grotek®

'Polish Geological Institute, ul. Rakowiecka 4, 00-975 Warsaw, Poland
*Polish Oil and Gas Company, Zielona Géra Branch, Pl. Staszica 4, 64-9 2 0 ,Polajdch
% Oil and Gas Institute, ul. Lubicz 25A, 31-503 Cracow, Poland

In the western part of Poland, Upper Permian (Zechstein) Main Dolomite carbonate
rocks of the Gorzéw and Wielkopolska carbonate platforms are a perfect example of a
closed petroleum system incorporating both source and reservoir rocks for hydrocarbons
(Kotarba & Wagner 2007). These carbonates are isolated by evaporates. In the platform
interior (lagoon, inner oolite shoal and mudflat facies), shallow-water microbial
thrombolite and stromatolite buildups (boundstones), microbial laminites (bindstones,
originally microbial mats) were predominant and less abundant were benthic algae. In
the basinal part, laminated partly organic (phytoplankton) and hemipelagic
dolomudstones (laminites) were deposited from suspension (Wagner 2004) and as
carbonate turbidites (Jawdlenoewtsdedcarbéns dbulkbeg aj e ws K i
sourced from the platform top and basinal parts of the Main Dolomite basin (Kotarba &
Wagner 2007). The preservation of fine lamination in basinal facies, together with the
occurrence of organic matter, indicates an anaerobic environment.

The carbonates contain both free hydrocarbons and kerogen carbon. The TOC content

comprises pyrolytic and dominant residual carbon. Initial TOC content after
reconstruction was estimated at 1.2-1.8%. The samples studied were affected by low-to-

high stage of thermal maturity of organic matter at Ty, = 445 to 482°C which
corresponds to dAoil windowo and igas. Awi ndowo
characteristic feature is the presence of low-concentration isoprenoids (pristane and

phytane). Hence, the Pr/nC.; and Ph/nCyg ratios have low values suggesting marine

(microbial) anaerobic deposition and high maturity level of extracted organic matter.

Values of Pr/Ph <1 confirm reducing environment of carbonate deposition.

Genetic characterization of bitumen based on Pr/nC;; and Ph/nCyg ratios indicates that
oil-prone type Il (microbial marine) kerogen is predominant in the Main Dolomite
carbonates. This confirms microbial input in main source rock type for generation of
hydrocarbons.

Terpene-group biomarkers are represented by tricyclic terpenes suggesting a marine
environment with high salinity levels (carbonate-evaporate conditions).

Carbonate rocks are generally characterized by poor content of primary humic-type
organic matter. The main organic component is solid bitumen. No primary liptinite
macerals have been found. Thermal maturity is diverse, ranging from main and late
phase of oil generation (0.85-1.26% Ro) through the main phase (1.3-1.45% Ro) and
late phase (2.4-3.2% Ro0) of gas generation. Hence, maximal paleotemperatures which
affected organic matter during diagenesis of the carbonates varied from 100-150°C and
locally even reached >200°C.
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Dead & Shed i A Reappraisal of Resedimented Carbonates as a Viable Carbonate
Exploration Play

Peter Winefield®, Peter Burgess®, Marcello Minzoni', Bernard Pierson’ , Ted Playton®*, Xavier
Jansen®, Shell International Exploration & Production, Kesslerpark 1, 2288 GS Rijswijk, The
Netherlands

'Present address: Shell Petroleum & Development Company of Nigeria Ltd, 21-22 Marina, Lagos,
Nigeria

“Present address: Sarawak Shell, Petronas Twin Towers, 50088, Kuala Lumpur, Malaysia
®Present address: Bureau of Economic Geology, The University of Texas at Austin, Texas, U.S.A
* Present address: Chevron Energy Technology Company, San Ramon, California, U.S.A

It is a well-accepted concept that volumetrically significant resedimentation of shallow-
water carbonate material into adjacent deep water occurs from modern carbonate
platforms. Such resedimented deposits have also been recognized in ancient carbonate
sequences, many with good reservoir potential, for example the well-known producing
examples adjacent to the giant Cretaceous platforms in Mexico (~40 MMBoe) and in the
U.S. Permian basin (several Tcf gas).

Re-appraisal of legacy published and unpublished work on resedimented carbonates,
combined with new work compiling a global database of surface and sub-surface
examples of resedimented carbonates, has highlighted their potential as an under-
explored carbonate play concept. Two generic play types are recognized: (i) attached
carbonate slope play i developed immediately adjacent to the carbonate platform and
dominated by rock fall and platform collapse deposits; and (ii) detached carbonate slope
play 7 deposited further from the platform margin via turbidity currents and other mass-
flow processes.

Shallow water Scalloped margin Shallow water
platform with gullied bypas; platform
Detached
slope fan
deposits

Scalloped margin

Talus apron

Basin
facies

Slope facies Slope facies

Figure 2 Resedimented carbonate play types

The main risk associated with these slope plays are connection with the porous updip
patform margin sediments. Therefore detachment or isolation of the downdip porous
reservoir from the upper slope and platform margin is required for a successful trap
development. Combined stratigraphic and structural traps have the highest success rate,
particularly further from the platform margin where hemipelagic shales encasing these
deposits are often proven seal rocks. Working examples of these plays are commonly
charged either by coeval or directly underlying strata, with migration assisted by faulting
and/or resedimented carbonate carrier beds. Best potential reservoirs are aragonitic
grainstones transported from the platform into the adjacent basin and then subjected to
submarine dissolution and early formation of secondary porosity to further enhance
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reservoir properties. Calcitic grainstones with good primary porosity are also potential
reservoirs but are often adversely affected by later compaction and burial.

Any exploration model for identifying potential resedimented plays should be based on
carbonate platform configurations and factory types favourable for resedimentation, with
mineralogy favourable for generation of enhanced porosity. Using these proposed
exemplars in combination with global paleogeographic maps, the explorer may be able
to develop predictions for the likely age and location of resedimented carbonate plays
with the greatest potential for further evaluation.
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Modeling Pore Pressure Profiles in Carbonates

St ephen OQRidardSwarlbrick, Steve Jenkins, Sam Green, J. Phil Clegg, GeoPressure
Technology Limited, Stockton Road, Durham, DH1 3UZ, England.

Carbonate reservoirs are the targets of many drilling programs around the world. In
other cases, carbonate rocks need to be drilled through to reach deeper reservoirs.
Understanding the pressure regimes in these carbonates is vital both for safe drilling and
for reducing uncertainty in actual reservoir pressures. As there is no relationship
between effective stress and porosity/velocity in carbonates, approaches based on
changes in porosity using seismic velocity and/or log data such as sonic and resistivity
measurements will give false magnitudes of overpressure in these carbonate units.
Therefore another approach is required, one based on understanding the mechanisms

of pressure generation and build-up i n a basin (a geological

using available (although often rare) direct pressure measurements in permeable
horizons within these units, coupled with shale-based prediction techniques in any
clastic intervals above and below the carbonates.

A geological approach based on lithology can be used to predict pressure in carbonates.
Data needed includes porosity and permeability characteristics of the carbonates, where
low permeability marls and wackestones produce different pressure profiles in
comparison with high-energy, more permeable, reefal carbonates such as grainstones
and packstones. The latter group of carbonates may be sufficiently well plumbed to
allow hydrodynamic flow, leading to hydrocarbon/water contacts, a feature of some of
the larger Middle East oil and gas fields. A significant control on the internal pressure
regime of carbonates are the pressures of any associated clastics, both above and
below the carbonates, i.e. carbonates themselves do normally generate overpressure
but have pressure transition zones that reflect the pressures above and below. The
shape of the transition zone relates to the carbonate permeability whereby high
permeability pressures are hydrostat parallel and low permeability carbonates have
pressure transition zones coupling top and base pressures. Using case study material
from the North Sea Chalks and SE Asia Limestones, as well as from Middle East
analogues, we will illustrate how a combination of these techniques can be used to
model the pore pressure profiles better through and within carbonates.
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Session Three: Advances in Outcrop Studies
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Keynote Speaker: Integrating Outcrop Analogs, Modern Analogs, and
Stratigraphic Models to Enhance Subsurface Reservoir Models for Carbonate
Ramps

Paul (Mitch) Harris, Jeroen Kenter, Ted Playton, Miriam Andres, Gareth Jones Marge Levy
Chevron Energy Technology Company, San Ramon, CA

The Multiple Point Statistics (MPS) approach to reservoir modeling that we employ in
Chevron uses combinations of hard data constraints (well and seismic data) and
geologic concepts (e.g., depositional models) to populate 3D grid space. With an
example geared toward a better understanding of ramp reservoirs like those found in the
Middle East, this study illustrates how the integration of depositional facies information
from outcrop analogs, modern analogs, and stratigraphic models can provide insight for
better simulating the heterogeneity of carbonate ramps in the subsurface.

Outcrop exposures offer continuity, correlation, and resolution of geological data well
beyond that of the subsurface, amods. Measurgde as 06i d:¢
sections, photomosaic mapping, DGPS, and LIDAR data collected along a 38 km
oblique dip exposure of Lower Jurassic carbonate ramp strata in the High Atlas of
Morocco show: (1) the ramp to be comprised of four environments of deposition (EODS)
T inner, middle, and outer ramp and basin - that prograde and backstep relative to each
other; (2) a lower frequency sequence architecture showing at least two cycles of
aggradation to progradation; (3) high frequency sequences displaying partitioning
wherein HSTs are progradational, oolitic grainstone complexes thinning into the basin
and TSTs are retrogradational to aggradational, peloidal mud-dominated wedges
thickening into basin; and (4) sub- to multi-km scale variations along strike, including
promontory-reentrant configurations, azimuthal shifts in paleogeography over time, and
shoal crest-intershoal facies changes.

Modern carbonate sands associated with tidal channels and the numerous islands of the
Exumas chain on Great Bahama Bank provide additional details on the widths of facies
belts expected in a middle ramp EOD, configuration of facies patterns in the belts, and
variation along strike. Sands occur primarily as flood tidal deltas within this >450 km:z
linear belt with delta lobes extending up to 8 km, averaging 6 km, onto the platform.
Processed satellite images, derived bathymetry (DEMs), and sand body interpretation
maps organized into a GIS indicate morphometric relations for the delta lobes and
common sandbar patterns such as: a) flood tidal delta lobes represent 85% of the sand
belt; b) 52% of the shallowest areas are greater than ~2500 m2 and 8% are larger than
100,000 mz; c) these largest deposits are highly sinuous, more irregular in shape than
smaller ones, and maintain connectivity; and d) tidal channels average ~3 km in length
and have regular, but regionally variable, spacing.
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As robust as outcrops and modern settings are as analogs, they represent a singular
geologic outcome (in some ways a unique stratigraphic/facies framework) and they most
often lack information on the three-dimensionality of facies and architecture (outcrops
generally ~2D, dip dominated, and map limited; modern environments map dominated
and depth limited). Therefore, we also use Forward Stratigraphic Models (FSM) for
further investigation of EOD and facies belt dimensions and connectivity, and in this

case a ODionisosd model simul ates the -outcrop

dominated early transgression and a middle-to-late transgression characterized by the
onset of ooid production peaking in the early highstand. The model provides a
guantitative template for interrogating the extent and distribution of potential reservoir
and non-reservoir facies providing insight into dip length, thickness, and connectivity of
the middle ramp EOD, HST and TST components, reservoir-prone (grainstone-
packstone) and best reservoir (grainstone) facies giving results such as grainstone
geobodies are on average 2.5 m thick and 1.6 km long (length ranges from 500 m i 6
km).

The figure below illustrates our MPS reservoir modeling workflow in which the geology is
simulated around hard data constraints and conformed to rules, probabilities, and
proportions dictated by the remaining steps. The goal here is to generate new modeling
strategies for application in the subsurface through simulation of heterogeneity observed
on the ramp outcrop for grainier, ooid dominated settings in the HST and muddier,
peloid-dominated settings in the TST for all mapped sequences.
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LIDAR and GPS data are integral for the MPS outcrop model stratigraphic framework
and representation of complex stratal patterns. Additional model inputs are Training
Images, the Vertical Proportions Curve (VPC), and a Facies Probability Cube (FPC),
which together capture juxtaposition relationships and 3D likelihoods of occurrence of
ramp environments. Concepts from the outcrop are used in virtually every step of the
workflow, concepts from the modern provide geobody attributes within facies belts (i.e.,
sand shoal dimensions and shapes) for Training Images, and FSM provided conceptual
ranges of facies belt widths for Training Images and constraints on the VPC in terms of
global proportions. Using this integrated approach, the ramp outcrop is successfully
simulated wherein the sequence stratigraphic architecture, including stratigraphic
partitioning of facies belts, ramp progradation and retrogradation, and changes in facies
belt width are captured. The reservoir modeling effort utilized here which combines
information from outcrop and modern analogs with FSM provides strategies that can be
incorporated into subsurface modeling workflows and inputs and shows the collective
value that the different types of analogs can add to subsurface efforts where data is less
precise.
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Carbonate Shoal Bodies; Part 1: Outcrop Analog Study and 3-D Model (Triassic,
Germany)

Denis Palermo?, Thomas Aigner?, Sergio Nardont

L Eni Exploration & Production, Milan, Italy
2 University of Tubingen, Institute for Geoscience, Germany

This study, developed in cooperation Eni / University of Tubingen, aims to characterize

the anatomy geometries and poroperm patterns of carbonate shoal reservoir bodies in
epicontinent al settings. It i s basedcaledutcro
carbonates in the South German Basin which were deposited along an epicontinental,

very gently inclined carbonate ramp.

The database consists of 56 measured sections supplemented by six shallow cores and
wire-line logs, covering an area of 25 by 36 km. The potential reservoir bodies consist
generally of midramp shoal- and shoal fringe facies types which are composed of
skeletal and oolitic carbonate pack- and grainstones with significant amounts of porosity
(Phi max: 23%, K max 700 mD).

The Upper Muschelkalk is composed of a lower transgressive and an upper regressive
interval; within these, shoal bodies show similarities but also major differences in
character, geometry and distribution. Based on outcrops, cores, GR logs and thin
sections a high resolution 3D facies model was generated, which covers the area of a
Middle East giant gas field (25x36 km).

In order to constrain different conditioning factors and algorithms in the petrophysical
modelling process, the spatial distribution of reservoir properties within one reservoir
body was systematically investigated on different scales. The lateral distribution of
reservoir properties remains in the same order of magnitude for hundreds of meters,
within in the same stratigraphic position. However, on a kilometre scale, facies bodies,
reservoir properties and diagenetic trends show gradual lateral changes. Vertically, in
contrast, properties vary commonly on a decimetre scale and are largely controlled by
stratigraphic cycles.

The petrophysical modelling process enhanced the understanding of key factors and
processes controlling both reservoir quality and quantity. The following points are held
as the key factors in predicting the spatial distribution of reservoir properties within the
epeiric Muschelkalk carbonates.

a) Facies: reservoir properties show a close relationship to the lithofacies. Porous facies
types are restricted to the high-energy shoal facies, whereas both inner - and outer ramp
facies are tight in most cases.

b) Statigraphic cycles: All orders of genetic cycles have a major impact on the spatial
distribution of the reservoir bodies. Even the internal poroperm anatomy within the
individual reservoir bodies appear to be mainly controlled by smaller-scale cyclicity.

c) Paleo-relief: Volume and dimensions of the reservoir bodies seem to be mainly
controlled by the combination of both stratigraphic cycles and a subtle paleorelief,
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induced by slight differential subsidence of inherited structural grains. Especially paleo-
highs are important for the prediction of the reservoir quality.
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Integrated Fracture and Matrix Heterogeneity Reservoir Characterisation of the
Mid Cretaceous Aged Upper Sarvak Formation, Chenareh River Gorge, Iran: A
Virtual Outcrop Display

T. L. Scarrott!, G. Casini®, J.C. Embryl, S. Homke', D. Hunt, I. Sharpl, P. Gillespiel, F. Livbjergl,
N. Pickard®, A. Janapanhah? M. Jamaledini’, I. Romaire®, N. Fernandez®, J. Vergés®, M. Jalali®,
L. Aghajari®.

!StatoilHydro - TNE RD Research Centre Bergen Geology,
“StatoilHydro - Iran Business Unit, Tehran

3CsIC Barcelona, Spain.

*NIOC, Tehran.

The Chenareh Anticline, within the Simply Folded Belt of the Zagros Mountains, Iran,
represents a particularly well-e x pos ed Aitypeo section t hrough
Cenomanian-Turonian neritic carbonates of the Sarvak Formation. The Sarvak
Formation forms a prolific reservoir in Iran and elsewhere in the Middle East (e.g. Mishrif
and Natih equivalent in Irag/UAE and Oman respectively).. Through the integration of
various structural and sedimentological data, including detailed regional-scale
stratigraphic forward modelling (Dionisos), extensive fieldwork observations, systematic
sampling along a measured section in the Chenareh Gorge, interpretation of QuickBird
satellite imagery (0.7m resolution) and high resolution 3D photorealistic models based
on LiDAR technology, a 3D dual porosity and dual permeability model has been created
for the Sarvak Fm. This dataset represents a new type section for Mid Cretaceous
reservoirs of the Middle East.

Fractures (Joints + faults) reveal complex geometric and timing relationships. They
predominantly include stratabound and non-stratabound joints, through-going fracture
swarms parallel to the fold axis, small flat-ramp-flat thrust structures constrained within
the Sarvak Formation, and thrusts and back-thrusts mainly developed within the steep
forelimb. Fractures were characterized using quantitative and semi-quantitative field
measurements (Sarvak and llam formations), 2D and 3D fracture mapping along the
Chenareh Gorge photorealistic model (Sarvak Formation), and semi-automated 2D
fracture mapping of Quickbird images within different locations of the anticline (llam
Formation stratigraphic surfaces). The main recognised mechanical stratigraphy
boundaries were also mapped in 3D along the entire gorge using the high-resolution
photorealistic model.

Texturally, the Sarvak Formation is relatively heterogeneous, both vertically and laterally.
Matrix heterogeneity can be divided into primary depositional and secondary diagenetic.
Depositional heterogeneity includes large to medium-scale depositional architecture
including macro- and micro-facies distribution. Secondary heterogeneity is due to the
combined effects of early diagenetic alteration (e.g. Kkarstification, early
cemention/dissolution), and late stage fracture-controlled dolomitisation of primary
interparticle porosity. Matrix porosity and permeability typically range from 1.0 - 18.3%
and 0.001-25mD respectively, with the best reservoir potential in the cherty slope facies
and high-energy rudist shoals along the platform margin. Consistently high porosities
exist in dolomitised intervals and units associated with secondary solution vug porosity.
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Geometric Characterisation of the Fracture and Karst Networks in a Cretaceous
Platform Carbonate Sequence of the Tethys Using the Ground Penetrating Radar

Raffaele Di Cuia’, Davide Casabianca?, Alberto Riva', Emanuele Forte®

'G.E.Plan Consulting, Italy
*Marathon International, UK
®University of Trieste, Italy

The Apulian is one of the most important carbonate systems of the Tethys, made of one
thick and extended carbonate platform (Pliensbachian-Senonian) surrounded by a
complex pattern of segmented platform and ramp systems (Paleocene-Pliocene).

The present day thickness of the Apulian carbonates exceeds at places the 2000m. The
Cretaceous is represented by a ca.1000m thick sequence made of an apparently
monotonous succession of peritidal cycles deposited in temperate conditions. During the
Tertiary the Apulian platform started to become affected by formation of the Apenninic
thrust belts related to the opening of the Balearic and the Tyrrhenian seas. The
paleogeography became less uniform and long periods of emersion of the platform
became more frequent.

The Apulian Upper Cretaceous carbonates outcropping in southern lItaly represent an
excellent analogue for the largest onshore oil fields in Europe discovered in the Southern
Apennines thrust belt subsurface, a few tens of kilometres away from such outcrops.
The reservoir qualities of the Apulian carbonates sequence is mainly related to
secondary porosity and permeability related to fractures (e.g. Monte Alpi oil fields
complex and Tempa Rossa oil

field) or to karsts development
(e.g. Rospo Mare oil field).

Fig. 1 Time map of the top Apulian
platform carbonates (from Nicolai e
R. Gambini, "Structural architcture of
the Adria platform-and-basin
system", Bollettino della Societa
Geologica Italiana, Special Issue
(7), 2007, pp. 21-37; location of the
exploration and production wells that
drilled through the carbonates and
location of the studied area (yellow
square).

In order to better understand the
geometric characteristics and
relationship of the fracture and
karst networks we acquired,
processed and interpreted a 2-D and 3-D multi frequency Ground Penetrating Radar
(GPR) dataset close to a large quarry providing beautiful 3D exposures of the
carbonates in the Murge area (Southern ltaly). The aim was to validate the geophysical
measurements with a detailed geological survey of the outcrop. The main objectives of
this integrated approach were to image the fracture, fault and karst networks, to reveal
the main lithological variations and to characterize the rock mass using the GPR signal
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characteristics. On the GPR dataset we applied semi-automatic horizon mapping
techniques using manually picked seeds (control points) on selected attributes
calculated on processed data and automatic surfaces extrapolation both on inline and
crossline, starting from seed positions. The results were integrated and validated with
direct outcrop measurements. Frequency related attributes are very sensitive to
attenuation and allow the identification of zones where high frequency and amplitude loss
is produced by local rock conditions, such as high conductivity or scattering. Work is
ongoing to correlate such zones to properties such as porosity, saturation, organic
content and fracture density. Coherency is another useful attribute in the analysis of both
2-D vertical sections and time- or depth-slices but, in the present case, the strong
scattering can degrade the results, particularly in the high-frequency range (in the present
case, starting from 500 MHz).

Fig.2 Panorama view of the quarry where the GPR surveys were acquired.
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Fig. 3 - Smoothed RMS amplitude section belonging to the 3D GPR survey.

The GPR data attributes allowed to image, in 3D and to a depth of about 10 meters below
ground, the geometric distribution of a well developed karst system, to image the main
faults and delieneate a less clearly imaged fracture network. Based on both geophysical
data and direct geological measurements it is clear that the karst network is not related to
a recent dissolution event but it is similar, in terms of geometries, to karst systems
observed in the subsurface of the southern Adriatic Sea (e.g. the Rospo Mare field). The
development of the karst system appears to be controlled by faults or fractures but further
work is ongoing on the GPR data to better define the more elusive fracture networks and
understand the relationship between the karsts, faults and fracture systems

GPR offers a unique high-resolution tool to extend our knowledge of limestone rock
masses obtained from exposed rock faces, outcrops and boreholes to large 3-D volumes
with a considerable level of accuracy. Such opportunity is of primary interest in the study
of reservoir analogues and, in general, in the field of reservoir modelling.
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Amplitude
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breccia

Fig. 4 Examples of a line of the GPR survey with a tie to the outcrop. High-amplitude horizons
correspond to the karst levels.
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Upper Bound on Stylolite Roughness as Indicator for the Duration and Amount of
Dissolution

L. Laronne Ben-Itzhak®, A. Sagy”* E. Aharonov®

lDepartment of Environmental Sciences and Energy Research, Weizmann Institute of
Science, Rehovot, 76100

2Geological Survey of Israel, 30 Malkhe Israel, Jerusalem, 95501

%Institute of Earth Sciences, The Hebrew University, Jerusalem, 91904

Stylolites are rough surfaces formed by localized dissolution, mostly in carbonates and
sandstones. They often account for a large degree of dissolution, and play a crucial role
in controlling the quality and producibility of aquifer and reservoir rocks. Understanding
how, where and when they form will improve our ability to predict their occurrence and
effect on flow, and thus has appreciable geological and economical implications. In spite
of their importance and decades of research, fundamental issues concerning their
structure and evolution are still debated.

The roughness of evolving surfaces and structures is often characterized in terms of
fractal (i.e., scale-invariant) geometry, and used to infer and constrain formation models
(Voss, 1988). In the case of stylolites, previous studies (Karcz and Scholz, 2003; Renard
et al., 2004; Schmittbuhl et al., 2004; Ebner et al., 2009) showed that their roughness is
fractal over several orders of magnitude. The fractal parameters measured at scales
smaller than 3*10™'m were reproduced in surface growth models that included both strain
and surface energy effects (Ebner et al., 2009). Here we report measurements of
stylolite surface roughness at a scale larger than ever measured before (102-10'm),
which allowed us to observe the previously unobserved upper limit for fractal behavior.
Referring to the stylolite-growth model proposed by Koehn et al. (2009), we suggest that
this upper limit may be used as a measure of the duration of dissolution along the
stylolite.

Our field study was <conduct e d ElAssadtFormation
(Lower Cretaceous) exposed in Northern Israel. The Blanche here is a ~50m-thick
biomicritic limestone, with very low porosity. It consists of well-developed bedding-
parallel stylolites that can be traced through the entire outcrop (>1km). The roughness of
stylolite surfaces was measured in-situ using Ground-based LIDAR at 3-mm resolution.
A single scan provides millions of points that may be interpolated to generate a
topographic map or hundreds of profiles. Thus, the technique allows a statistical
approach when calculating roughness. Our measured surfaces range in size from
0.9X0.4 m”® to 9.3X2.8 m°.

Preliminary results show that the examined stylolite surfaces are fractal (i.e., scale
invariant) below ~0.5m. The root-mean-square (RMS) of surface height H(r) in this range
follows a power-law:

(GIOR B

where L is the profile length. The value of « for our measured surfaces is 0.8+£0.1,
independent of profile orientation along the surface. For L>0.5 m the roughness
saturates, with RMS only slightly increasing with increasing profile length. The fact that
results are similar for all surfaces measured suggests that similar conditions controlled
their development. We discuss the implications of these measurements for constraining
stylolite growth models.
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Interaction with Sequence Stratigraphy
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Keynote Speaker: Reservoir Compartmentalization and Distribution of Matrix and
Super-Permeability Zones in Paleokarst Reservoirs: What Can Be Predicted from
Sequence Framework and Unconformity Rank

Charles Kerans, Department of Geological Sciences, Jackson School of Geosciences, The
University of Texas at Austin

Paleokarst reservoirs are characterized by extreme lateral heterogeneities and high
levels of uncertainty in estimating reserves, recovery factors, and the drainage area and
relative success of infill wells. Classifying paleokarst reservoirs in terms of (1)
unconformity rank (2nd, 3"-4™, or 5th order), (2) icehouse-greenhouse setting, and (3)
tectonic setting provide the basis of a genetic classification of karst systems that will aid
in prediction of reservoir compartmentalization and distribution of matrix and super-
permeability systems.

Paleokarst associated with the top Sauk unconformity provides a well-documented
example of 2" order supersequence paleokarst. Low matrix porosity, complex,
commonly multi-tiered collapse breccia deposits, and a poor correlation between
porosity profile and the bounding unconformity characterize supersequence paleokarst
systems. In addition, preserved erosional paleotopography such as observed in the
Chinese Buried Hill complex may add to compartmentalization. Paleokarst distribution at
2nd-order boundaries typically shows little relationship to paleogeography of the host
carbonate but instead can be modeled using regional subsidence gradients.

Paleokarst reservoirs associated with 3"-4" order or composite sequence/high-
frequency-sequence-scale surfaces such as the classic top mid-Permian San Andres
reservoirs may be viewed as combined diffuse-flow and confined-flow systems. These
reservoirs are in general more prolific than the supersequence paleokarst systems as a
result of higher matrix proper t i e s . TGS ek iMHFIS syst ems
dual porosity systems that complicate secondary and tertiary recovery processes.
Additional examples include the upper Carboniferous Horseshoe Atoll and Cretaceous
Shuaiba and Mishrif reservoirs of the Bab Basin.

Karst development tied to short term Milankovitch-band (20-100ky) eustacy are known
only from a limited suite of icehouse carbonate settings where the amplitude of eustatic
shifts are sufficient to allow generation of a paleocave system over a short time duration
(figures 1 and 2A). Cavern formation is limited, but characteristic vuggy porosity at
cycles tops, with limited cavern development, is associated with latest Pennsylvanian-
Early Permian reservoirs. The mixed aragonitic/calcitic starting mineralogy of icehouse
carbonates leads to extensive vuggy porosity development, but may also enhance
secondary cementation.

November 2010 Page 57

ar

e

char



Advances in Carbonate Exploration and Reservoir Analysis

NOTES

November 2010 Page 58



Advances in Carbonate Exploration and Reservoir Analysis

The Grosmont: A Complex Dolomitized and Karstified Heavy Oil Reservoir in
Devonian Carbonates, Alberta, Canada

Hans G. Machel®, Mary Borrero®, Eugene Dembicki’, Harald Huebscher®, Luo Ping®, Yi Zhao®

'University of Alberta, Edmonton, Canada
’Athabasca Oil Sands Corp, Calgary, Canada
3Shell Canada, Calgary, Canada
*PetroChina, Beijing, China

®Husky Energy, Calgary, Canada

The Upper Devonian Grosmont shelf i n Al
largest heavy oil reserves in carbonates, with an estimated 318 i 400 billion barrels of
bitumen in place at an average depth of about 250 i 500 m. Past pilot activity between
1975 and 1987 had variable results. Today the Grosmont reservoir is not under
production but under consideration for several in-situ thermal recovery schemes.

Reservoir evaluation includes constraining carbonate and evaporite facies and
stratigraphy; diagenesis; porosity and permeability; bitumen saturation; bitumen
viscosity; and biodegradation. Methods involve well log analysis, examination of cores
and cuttings, isotope analysis (C, O, S, Sr), various petrophysical techniques, and gas
chromatography i mass spectrometry.

The Grosmont shelf was deposited in four major shallowing-upward cycles: Lower
Grosmont (LGM), Upper Grosmontl (UGM1), Upper Grosmont2 (UGM2), and Upper
Grosmont3 (UGM3). These units are separated by shale breaks named SB1, SB2, and
SB3. The Hondo Formation is an evaporitic sub-unit that replaces parts of the four
Grosmont cycles in some areas of the complex, especially near the top of the UGM3. In
addition, the Grosmont is overlain by another two reservoir units, the Upper Ireton and
the Nisku, which add considerably to the overall reserves.

The diagenesis of the carbonate host rocks is dominated by pervasive dolomitization
and dolomite recrystallization, followed by one or more phases of karstification (Figure
2). The end result is a complex reservoir geometry with variable bitumen saturation
(Figure 3) and commonly unpredictable pay and thief zones, although there are
correlatable units in some parts of the reservoir. The shale breaks form effective seals in
some parts of the reservoir but are breached in other parts. The evaporites (mainly
anhydrite) probably formed effective seals where originally deposited, but they are
dissolved over much of the region and are now preserved only in relatively small
patches. The bitumen is heavily to extremely biodegraded and has in-situ viscosities of >
1 million cP and API gravities of 5° to 9°, in places seemingly stratigraphically controlled
(Figure 4). Much of the reservoir, especially the deeper parts to the southwest, is water-
bearing or water-saturated. Taken together, these conditions pose considerable
challenges for any type of recovery scheme. Nevertheless, our reservoir analysis has

bert a,

identified some 06s weisthows ndigwed5) tha are corsidesechp | e

prime targets for thermal recovery.
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KARST DISTRIBUTION
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Sedimentary Control on the Diagenetic Imprint: Its Impact on the Fracturation
Pattern and Reservoir Properties: The Example of the Madison Formation (Sheep
Mountain, Wyoming, USA)

Mickael Barbier®?, Youri Hamon®, Jean-Paul Callot", Benoit Vincent®, Marc Floquetz, Jean Marc
Daniel*

'|FP, Département Géologie, Géochimie, Géophysique, 1-4 avenue Bois Préau 92852 Rueil
Malmaison, France

%Laboratoire de Géologie des Systémes et Réservoirs Carbonatés, EA 4234, Université de
Provence, 13331 Marseille, France

®Cambridge Carbonates, Ltd Northampton House, Poplar Road, Solihull West Midlands, B91
3AP, United Kingdom

In order to properly identify and understand the influence of sedimento-diagenetic
evolution on the spatial arrangement of rock properties (petrophysical and mechanical)
and its further impact on the fracturing facies within a carbonate reservoir analogue, we
choose the case study of the Madison Limestone (Wyoming). This latter developed
during the Mississippian into six third-order sequences, which outcrop in the core of the
Laramide fold of Sheep Mountain.

Petrographical and diagenetic analyses were carried out from field and laboratory data,
along the two lower 3™ sequences (Figure 1). These two sequences are organized in
multiple small-scale facies-sequences typical of 1. supratidal environment, 2. intertidal
environment and 3. storm influenced subtidal environment. Diagenetic analysis
demonstrated that early diagenetic processes are differently expressed into sedimentary
facies: mudstones present an intense early dolomitisation (proposed seepage-reflux
processes); oolitic grainstones display early isopachous calcite cements; and finally
mud-supported facies (wacke- to packstones) are partially dolomitized.

Then, the fracture and mechanical stratigraphy studies show (1) a clear impact of
dolomitisation on the fracture pattern at small scale (Figure 1). Fracturation is more
diffuse, less persistent in the dolostone, while it appears more localized and well
connected in limestones and especially in oolitic grainstones; (2) at large scale, density,
shape and vertical persistence of fractures are influenced by the initial sedimentary
facies and its diagenetic imprint. First order mechanical units, composed of through-
going persistent joints, are partly controlled by the main stratigraphic surfaces and major
faciologic and textures changes (Figure 2). Smaller mechanical units at bed-scale
directly relate to the coupled effect of sedimentary facies and diagenetic property
modifications.

Finally, the study of the sedimentary facies, diagenetic imprint and fracture network of
the Madison limestone outcropping at Sheep Mountain allows determining how the
various sets of veins controlled the fluid pathways during fold evolution (Figure 3). The
Madison paragenetic sequence, from the matrix and the vein cements, allows
characterizing the various fluid sources active during burial and folding. Bed confined
veins mobilized local fluid which isotopic signature related to the progressive increase of
temperature of formation and to slowly moving basinal fluids during burial, whereas
through-going veins allow quick connection within all stratigraphic sequences. These
observations point to a specific four-step characterization of fractured and diagenetically
modified reservoirs.
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SHEEP MOUNTAIN ANTICLINE
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Figure 2. Panorama of the upper part of the sequence I, showing the mechanical unit B (MU1 B)
between 16 and 36 m.
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1. SEVIER OROGENY (120Ma 65 Ma)

Chugwater Formation™
Amsden, Tensleep and
Phasphoria Formations,

Madison Formation

3rd order deposits
sequences

3. LARAMIDE OROGENY (65Ma- 40 Ma)
FOLDING

>

Chugwater Formatian

Amsden, Tensleep and
Phospharia Formations

Madison Formation

Figure 3. Fracturing related to buriérl- and folding.
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2. LARAMIDE OROGENY (65 Ma 40 Ma)

LAYER PARALLEL SHORTENING
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Powderization of Triassic Dolostones in the Buda Hills, Hungary i An Unusual
Type of Karstification?

Zs6fia Poros®, Andrea Mindszenty', Hans G. Machel?, Ferenc Molnar', Paola Ronchi®

'Evtvés Lorand University, Budapest, Hungary
iUniversity of Alberta, Edmonton, Canada
Eni

Powderization of dolostones is a general phenomenon in the Transdanubian Range (TR)
and particularly in the Buda Hills (Fig. 1), where its areal extent is exceptionally large
compared to similar occurrences
1 e _ 7 elsewhere in the world. Powdered
Slovakia B / .
SN { Uneaine dolostones have porosity-
et L permeability  characteristics that
o differ significantly from those of the
# ) osides ,,/ parent dolostones: while porosity
/ may  be  enhanced, matrix
ARG permeability is relatively low. Thus,
V- powderization of dolostones is of
W 5 interest to petroleum geology and
Croatia"_. W engineering.
\ . .
R S Serbia

The bulk of the Buda Hills is
comprised of Triassic (Ladinian to Norian) platform carbonates that are dolomitized to
variable degrees. The Ladinian and Carnian sediments appear to have been dolomitized
from the surface at shallow burial by evaporitic fluids. The Norian is not dolomitized in
the Buda Hills region. The Mesozoic carbonate suite was affected by repeated periods of
intense tectonic activity resulting in uplift and subaerial exposure. The eroded surface is
unconformably overlain by Late Eocene limestones and marls. Bauxites mark the
unconformity, which suggests an extended period of subaerial exposure in a humid
climate.

The association of dolostone powderization with the regional pre-Middle Eocene
unconformity is obvious all over the TR (Fig. 2/D), implying that powderization was
genetically related to the unconformity. Powderization was most intense where bauxites
or bauxitic clays cover the subaerial exposure surface, and powdered zones were also
found along fractures or bedding-planes. Alternations of disintegrated dolostone beds
and 6intacté dolostone beds s ugghave had éldoa t
lithological control, that is, there may be a dependence on the texture of the precursor
dolostone or even the precursor limestone.

Detailed petrographic investigations show that powderization proceeded in four stages
that correspond to a gradual decrease in grain size, i.e., from parent dolostone to crackle
breccia (Fig. 2/A); (2) mosaic breccia (grain size: few mm up to about 2 cm) (Fig. 2/B);

( 3) mosaic breccia blocks o6floatingd in
dolomite (grain size: 100 to 300 um) (Fig. 2/D). The stable isotope composition
remained essentially unchanged throughout these stages. Dolostone breccia clasts and
powder grains are predominantly angular independent of grain size. Some clasts appear
sub-rounded by dissolution.
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In parts of the study area the dolomite powder is cemented by calcite, especially along
fractures. Calcite cementation is rare below bauxites. Two types of cementation can be
distinguished: (1) red calcite, which is interpreted to be Middle Eocene in age based on
the presence of bauxite mineral inclusions; and (2) white calcite, which is interpreted to
be post-Miocene in age because of the presence of Miocene barite inclusions. Based on
stable isotope geochemistry, i.e. 8*Cy.pps= -7.4 to -0.6 and 8*Oy.ppg= -10.7 to -6 . 3
we suggest that both calcites are of meteoric origin. Their CL pattern (non-luminescent
zones interrupted by a few thin, bright-luminescent zones) is also pointing to meteoric
fluid sources. Red calcite cementation is restricted to fracture zones formed in the semi-
consolidated disintegrated dolomite, while white calcite appears in variable associations.
The most conspicuous occurrence is vertical pillars up to about 20 m in height and
several m in diameter, consisting of dolomite powder cemented by white calcite. These
pillars are erosional forms that protrude above the recent topography due to the removal
of the surrounding uncemented dolomite powder. At one locality white calcite pillars or
domains resemble travertine or flowstone, suggesting that white calcite formed
subaerially or in the vadose zone, whereas a phreatic origin is more likely deeper in the
stratigraphic section.

Our data suggest that powderization of the Triassic dolostones in the Buda Hills was
most probably initiated by mechanical stresses related to a period/periods of tectonic
activity, which formed crackle and mosaic breccias. These breccias further disintegrated
into dolomite powder during and/or after subaerial exposure. Powderization may thus be
interpreted as a peculiar type of karstification of brecciated dolostones in a humid
climate. Partial calcite cementation of the disintegrated dolomite probably is the result of
subsequent influx of calcium-enriched meteoric fluids during the Middle Eocene, or
during sub-recent uplift.

Our data further show that powderization of dolostone can significantly enhance porosity
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that may persist for several tens of millions of years. However, permeability of the
resulting pore networks is probably very low, therefore it is unclear to what an extent it

may improve the hydrocarbon reservoir potential of dolomite below regional
unconformities.
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(Paleo-)Karstreservoir Analogue Study (Murge Area, Southern Italy)

C. Jacquemyn’, R. Swennen®, P. Ronchi?

1Department of Earth and Environmental Sciences, K.U.Leuven, Belgium
2Enj S.p.A., Exploration &Production Division, Italy

A multidisciplinary approach in the study of karstified carbonate reservoirs is applied by
Eni E&P on different reservoir analogue outcrops. The study of the relationships
between the sedimentary framework, tectonic evolution and subaerial exposure
characteristics in three-dimensional outcrops in Apulia is a key to interpret and forecast
the porosity-permeability properties distributionin South er n |t al yés carbonate

Since the Upper Cretaceous the Apulia carbonate platform underwent several phases of
exhumation and Kkarstification with the creation of vugs and caverns in different shapes
and sizes. Apart from the duration of exposure and intensity of sea-level fall, the
distribution as well as the organisation of the karst cavities are influenced by several
factors. The aim of this study is to define the dominant factors for the observed karst
types.

Sedimentological (depositional environment, bedding texture) and diagenetic (small
scale dissolution, stylolites, cementation, fracturing) aspects have been studied in the
field, hand samples and thin sections. Mechanical stratigraphic analyses has been
performed on different structural datasets (fracture orientation, length, opening) obtained
by field measurements, high resolution photography and LIDAR acquisition.
Karstification phenomena have been described based on field characteristics and
controlling parameters were explored. Cement phases and (paleo-)speleothems were
sampled and their stable isotope composition was determined. To refine the relative
stratigraphic setting of the outcrops studied, chemostratigraphic and biostratigraphic
analyses have been carried out.

For this study, 4 quarry outcrops are studied and sampled in the Murge area. In these
guarries, the limestones of the Apulia platform cover a range from Aptian to Senonian in
age. Two of the quarries are located close to the coast near the towns of Trani and
Bisceglie and consist of Aptian inter- and subtidal mud- to wackestones. The
Cavallerizza and Barile quarries are located 20 km inland and consist of Cenomanian
rudist dominated subtidal mudstone. Towards the top of these mudstones a well-
developed paleosol occurs overlain by Senonian peritidal deposits.

Stable C- and O-isotope measurements combined with biostratigraphical data allowed to

position the different outcrops in a stratigraphical framework. Hardgrounds preserved

their original signature better due to early marine cementation and are a tool for outcrop

correlation. A paleosol separates the Cenomanian from the Senonian deposits. A distinct

n e g a t 'POvercursion occurs at this level and relates to soil-forming diagenesis. The

overlying Senonian deposits are 2& §C more depleted than the Cenomanian rudist

banks. Due to the impermeable nature of the paleosol, the Cenomanian deposits were

protected from meteoric fluids that could only penetrate where the paleosol was

breached by fractures. Around karst pockets an influence zone is present that extends 1

m in the host rocd¥kdewiehiont bifs 1 zveiahédeficsit obser ve
exponentially with distance from the karst cavity. Due to lower water-rock interaction,

calcite precipitation within large v u g s and kar st caviti &a has mo
signatures than in smaller pores (e.g.: molds).
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Porosity measurements revealed porosity is present on a wide spectrum. Porosity of the
host rock is high (up to 25%) but is mainly limited to microporosity and molds.
Karstification and solution enlarged fractures add ca. 5%. The latter pores make up a
well connected pore network. Total porosity can thus attain 30%.

Based on fracture orientation data extracted from LIDAR scans different orientation
clusters were observed between fractures that were karstified and fractures that were
not karstified, which thus postdate karstification. The clusters of karstified fractures are
related to the compression of the southern Apennines and were dissolution enlarged
during the uplift caused by bulging of the Apulia platform (Pleistocene). This main
karstification phase occurred prior to Late-Pleistocene deposition and before orthogonal
fracture sets formed, which are not karstified.

Mechanical stratigraphy was used to calculate the fracturing within different sedimentary
layers. Several mechanical units were defined and a characteristic relation was found
between unit thicknesses and fracture intensity. Fracture intensity increases if layer
thickness decreases. In some of the quarries sedimentary cycles were clearly present.
These could then also be observed in fracture intensity logs. The degree of karstification
within a mechanical unit is inversely proportional to the respective fracture intensity.

Several karstification types are recognized in the Murge area. Paleokarstification
comprises small scale bioclasts dissolution and karstification of the loose sediments
below hardgrounds. When the karst cavity exceeded the maximum span for the
hardgrounds they collapsed and filled the void.

For Sibee c ént o k ar st durindgy the Pleistocema etitee concepts are
proposed.

1) Karst cavities are formed below an impermeable paleosol along fractures that
crosscut this paleosol. These fractures are the main infiltration paths for meteoric fluids
to reach the rock below.

2) In layered rocks Karstification is controlled by fracture intensity of the layers
(mechanical stratigraphy). Karstification mainly occurs in layers where fracture intensity
is low and fluid flow is focussed through only few fractures.

3) The normal faults in the area are preferential pathways for meteoric fluids. The
footwall of normal faults is readily affected by karstification. Fluids that pass through
normal faults can be injected into mechanical stratigraphic controlled karst features.

In this study, the combination of several techniques led to the conclusion that
karstification in the Murge area is mostly controlled by fracturing. The fractures are the
result of the tectonic regime implied by the southern Apennines orogeny, by forming
compressional conjugate fracture sets, normal faults and dextral transpressional
fractures. Mechanical stratigraphy is a tool to examine the fracture intensity within layers
and mechanical units. The thickness of mechanical units is inverse proportionally related
to the fracture intensity which then controls the amount of karstification within that unit.
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Keynote Speaker: Exploration for Carbonate Reservoirs in Rift Settings
Al Fraser, Andrei Belopolsky, BP Exploration, Sunbury-on-Thames, Middlesex, UK

Carbonates reservoirs are common around the world and account for roughly half of the

worl dés proven r eser ve scarbohateeplatioren developeg asar e br oa
stable shelves during the progressive post-rift flooding. Their distribution is therefore

limited to the interior of the cratons and the shelfal areas of the passive margins. The

significant water depth during the post-rift phase in the present-day deepwater basins

naturally precludes the formation of shallow-water carbonate platforms and banks.

The syn-rift sequences of the deepwater basins, however, may contain valid carbonate
exploration targets. Under favourable conditions, isolated carbonate banks develop on
the elevated structural highs. It is clear that commercial production of hydrocarbons in
deep water from such targets strongly depends on the reservoir quality. Recent pre-salt
discoveries in the Santos Basin of Brazil demonstrated that commercial rates are
possible. Other examples include production from drowned isolated banks in deep water
developed on rifted faulted blocks.

In this paper we review examples from Vietnam, Philippines, Northern England, Brazil
and Libya and present models for reservoir development in rifted margin settings.

Fig.1 Nam Con Son Basin, offshore Vietham. W-E regional seismic line. Syn and post-rift
Miocene carbonates are located on isolated fault block highs.
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