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PROGRAMME 
 

Wednesday 28 May 

08.30 Registration 

09.00 Welcome and Introduction 

09.05 Richard Worden (University of Liverpool):  
Challenges and Controversies in Petroleum Reservoir Quality Prediction: Contrasting Views from 
Sandstone and Carbonate Communities 

09.25 Session One:  New Techniques and Approaches in Reservoir Quality  Session Chairs: Alan 
Butcher and Adrian Immenhauser 

09.30 Cedric John (Imperial College London) 
Clumped Isotopes Applied to Carbonate Reservoirs: An Overview 

09.50 Adrian Immenhauser (Ruhr-University Bochum) 
The Magnesium Isotope (d26Mg) Signature of Dolomite 

10.10 Xiomara Marquez (Maersk Oil Research and Technology Centre) 
New Methods for Quantitative Diagenesis of Carbonate Reservoirs 

10.30 Herman Lemmens (FEI) 
The Technology of Getting Representative Data at the Nanoscale in Shale 

10.50 Break & Poster Session 

11.20 Thomas Götte (Goethe-University Frankfurt) 
Implications from Trace Element Composition of Authigenic Quartz for Physicochemical Conditions 
during Diagenesis 

11.40 Ehsan Daneshvar (Robertson UK Ltd) 
New Approaches for Understanding Provenance Controls on Feldspar Alteration in Sediments: 
Implications for Reservoir Quality  

12.00 Luc Alberts (Lithicon Norway) 
3-D Object-Based Modelling of Quartz Cementation 

12.20 Aysen Ozkan (Shell Houston Technology Centre) 
Using Cathodoluminescence Imaging to Identify Forms of Quartz in the Middle Devonian Marcellus 
Formation, Pennsylvania, USA. 

12.40 Lunch & Poster Session 

13.40 Jean-Pierre Girard (Total) 
The Combined Use Of Petroleum and Aqueous Fluid Inclusions to Reconstruct Paleo-Pressures in 
Reservoirs: Recent Advancement and Examples from the North Sea 

14.00 David Orchard (ConocoPhillips) 
Petrophysical Discrimination of Gypsum- and Anhydrite-bearing Dolomite Reservoirs: A Case 
Example from Dune Grayburg-San Andres Field, Permian Basin, Texas 

14.20 Aleksandra Hosa (University of Edinburgh)  
Pore-Scale Modelling of Early Calcite Cementation in 3D 

14.40 Session One Discussion 

15.00 Break & Poster Session 

15.25 Session Two:  Depositional Controls on Reservoir Quality in Clastic and Carbonate Systems  
Session Chairs: Jenny Omma and James Churchill  

15.30  
 

Sergio Andó (Università di Milano-Bicocca) 
Geodynamic Control on Heavy Mineral Populations: Implications for Reservoir Quality Assessment 
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15.50 Shirley Dutton (The University of Texas at Austin) 
Origin and Properties of High-Reservoir-Quality Tertiary and Cretaceous Sandstones within Constant 
Temperature Intervals, Gulf of Mexico, USA  

16.10 Joann E. Welton (Independent Consultant) 
Impact of Microbes on Reservoir Quality 

16.30 Hans Machel (University of Alberta) 
Complex, Extensive Karstification of Pleistocene Carbonates of Barbados, West Indies - Lessons for 
Karstified Petroleum Reservoirs Elsewhere 

16.50 George Pemberton (University of Alberta) 
The Role of Bioturbation in Low Permeability Gas Charged Reservoirs 

17.10 Session Two Discussion 

17.30 – 
19.30 

Wine & Canapé Reception  

 
 

Thursday 29 May 

08.45 Registration 

09.05 Session Three:  Structural Diagenesis  Session Chairs: Peter Armitage and Dave Healy 

09.10 Rob Lander (Geocosm LLC) 
A Model for Quartz Cementation in Fractured Sandstones 

09.30 Alberto Riva (GE Plan Consulting) 
Structural Diagenesis in Carbonate Reservoirs: A Key for Diagenetic-Related Reservoir Modeling  

09.50 Benjamin Busch (RWTH Aachen University) 
Evolution of Small-Scale Flow-Barriers in German Rotliegend Siliciclastics 

10.10 Dave Healy (University of Aberdeen) 
Effects of Reservoir Quality on Geomechanical Risk 

10.30 Anders Nermoen (International Research Institute of Stavanger)  
Insights from Long Term Tests of Compaction and Non-Equilibrium Water Flooding of Chalks 

10.50 Break & Poster Session 

11.20 Thomas Haines (University of Aberdeen) 
Porosity and Pore Network Modifications into Carbonate Hosted Normal Fault Zones and the Impact 
on Permeability 

11.40 Jennie Cook (BP) 
Assessing the Impact of Sub-Seismic Deformation Bands on Reservoir Quality: A Case Study from 
Two Reservoirs 

12.00 Mike Heap (University of Strasbourg)   
The Impact of Compaction Localization on Fluid Flow in Reservoirs 

12.20 Hannah Watkins (University of Aberdeen) 
Influence of Structural Position on Fracture Connectivity in a Folded Tight Sandstone Reservoir 
Analogue 

12.40 Session Three Discussion 

13.00 Lunch & Poster Session 

13.30 Meeting for Contribuors to Special Publication 

13.55 Session Four:  Clay Diagenesis in Clastic and Carbonate Rocks  Session Chairs: Anita Csoma 
and Laura Ines Net 
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14.00 Paul Wright (PW Carbonate Geoscience Ltd & National Museum of Wales)  
Diagenetic Pathways Linked to Labile Mg Clays in Lacustrine Carbonate Reservoirs  

14.20 Asefeh Golreihan (KU Leuven) 
Clay Mineral Development in Hydrothermal Dolomites and Their Effect on Reservoir Properties: The 
Pozalagua Outcrop Reservoir Analogue Study  

14.40 Susanne Gier (University of Vienna) 
Comparing Clay Mineral Diagenesis in Interbedded Sandstones and Shales (Vienna Basin) 

15.00 Robert Horton (California State University) 
Diagenesis of the Oligocene Vedder Formation, Greeley Oil Field, Southern San Joaquin Basin, 
California, USA  

15.20 Richard Worden (University of Liverpool) 
Dynamic Permeability Increase during Flow of CO2 Saturated Water through Tight Sandstone: An 
Experimental and Analytical Approach  

15.40 Break & Poster Session 

16.10  
 

Brita Vangdal & Ruth Elin Andersen Midtbø (Statoil) 
The Kaolinite to Dickite Transformation as a Geothermometer  

16.30 Mark Wilkinson (University of Edinburgh) 
K-Ar Ages Dates of Authigenic Illite in Oilfield Sandstones – Are They Reliable? 

16.50 Anders Dræge (Statoil) 
Temperature and Net Erosion from Rock Physics – A Link Between Rock Physics and Basin History  

17.10 Session Four Discussion 

17.30 – 
19.30 

Wine & Canapé Reception 
 

18.00 – 
19.00 

Panel Discussion for Students Interested in a Career in Petroleum Geoscience: 
Career Opportunities for Petrographers and Diagenesis Specialists: Where do Reservoir Quality 
Specialists Make Impact in the HC Industry? 

 
 

Friday 30 May 

08.45 Registration 

09.05 Session Five:  Inhibition of Diagenesis in Clastic and Carbonate Rocks  Session Chairs: Richard 
Worden and Sadoon Morad 

09.10 Linda Bonnell (Geocosm LLC) 
Prediction of the Formation of Grain Coating Chlorite by the In Situ Alteration of Volcanic Rock 
Fragments 

09.30 Sadoon Morad (The Petroleum Institute Abu Dhabi) 
Recrystallization: The Hole Truth about Micro-Porosity in Cretaceous Reservoirs, Abu Dhabi  

09.50 Christopher Saville (Durham University) 
Porosity Preservation through Precipitation of Calcite within the Triassic Skagerrak Formation, 
Norwegian North Sea 

10.10 Zsofia Poros (ConocoPhillips) 
Diagenetic controls and reservoir quality modeling of fluvial sandstones within the Triassic Joanne 
Sandstone Member (Skagerrak Formation) of the HPHT Jasmine Field, UK Central North Sea 

10.30 Cathy Hollis (University of Manchester) 
Controls on Porosity Modification in a Sour Gas Reservoir, UAE 

10.50 Break & Poster Session 
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11.20 Martin Wells (BP) 
Reservoir Quality controls in Ordovician Glacial deposits, Illizi Basin, Algeria 

11.40 Mohammed Bukar (Liverpool University) 
Does Early Oil Emplacement Stop Quartz Cementation in Deeply Buried Sandstone Reservoirs?  
Evidences from Ula Field, Norwegian N. Sea 

12.00 Rachel Wood (University of Edinburgh) 
Dynamics of Calcite Cementation: Evidence from Giant Carbonate Reservoirs 

12.20 Shanvas Sathar (Durham University) 
Preservation of Anomalously High Porosities by Fluid Overpressure: Observations from the Garden 
Banks Block, Gulf of Mexico 

12.40 Stephan Stricker (Durham University) 
Effects of Diagenesis on the Quality of Triassic Skagerrak Fluvial Reservoir Sandstones, Central 
North Sea, UK 

13.00 Session Five Discussion 

13.15 Lunch & Poster Session 

14.15 Session Six:  Open/Closed System Diagenesis  Session Chairs: Cathy Hollis and Gareth Jones 

14.20 Robert H. Goldstein (University of Kansas) 
Hydrothermal Fluid Flow: Structural and Stratigraphic Controls on Thermal Structure, Flow Rate, and 
Reservoir Properties  

14.40 Gareth D. Jones (ExxonMobil) 
Flow-Based Effective Reservoir Properties of Sub-Seismic Karst 

15.00 Julymar Morantes (ConocoPhillips) 
Integrating Basin Modeling and Diagenetic Modeling to Evaluate the Role of Allocthonous Salt 
Emplacement Timing on Reservoir Quality Prediction: An Example of Tertiary Reservoir in the DW-
GOM 

15.20 Break & Poster Session 

15.50 Andrea Ortenzi (ENI) 
Reactive Transport Modeling of Silico-clastic Sediments Diagenesis: A Realistic Approach  

16.10 
 

Claudio Geloni (ENI) 
Reactive Transport Modeling of Compacting Silico-clastic Sediments During Burial Diagenesis  

16.30 Andrew Barnett (BG Group) 
Distinguishing between Eogenetic, Unconformity-Related and Meosgenetic Dissolution: A Case Study 
from the Panna-Mukta Field, Offshore Mumbai, India  

16.50 Session Six Discussion 

17.10 Closing Remarks & Finish 
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POSTER PROGRAMME 
 

Wednesday 28 May 

 Session One:  New Techniques and Approaches in Reservoir Quality   

1 Edward Hill (Zeiss) 
Automated Petrographical Analysis for the Development of Reservoir Models 

2 Fadhil Sadooni (Qatar University) 
Petrophysical Characterization of the Late Cretaceous Carbonates of Central Iraq: a Quantitative 
Method for Reservoir Subdivision 

3 Alberto Resentini (University of Milano-Bicocca) 
MinSORTING: An Excel Macro for Modelling Mineral Size Distribution in Sediments 

4 Mark Brodie (Durham University) 
Multi-Scale Assessment of Diagenesis within the Bakken Formation, USA 

5 Benoit Vincent (Cambridge Carbonates) 
NMR Log/Lab Investigation of Carbonates: An Application for Hydrogeological Purpose to the 
Jurassic Limestone of the Eastern Paris Basin (France) 

6 Jens Koester (Robertson UK) 
Diagenetic Controls on Reservoir Quality of Very Glauconitic Sandstones: A Case Study 

7 Jeff Gelb (Zeiss X-ray Microscopy) 
Applications of 3D Imaging with X-ray and Electron Microscopy for Carbonate Characterization 

8 Mona Minde (University of Stavanger) 
Chemostratigraphy of the Early Cretaceous Mattinata Formation in Eastern Italy 

9 Jeroen Soete (KU Leuven) 
Petrophysical and Geostatistical Analysis of Porosity-Permeability and Occurrence of Facies Types in 
Continental Carbonates of the Ballık Area, Denizli (Turkey) 

10 Kristin Walderhaug Porten (Statoil) 
Apatite Overgrowth Cement as a Diagenetic Temperature History Indicator 

11 Simon N Hughes (Weatherford) 
The Use of Whole-Rock Elemental Data in the Prediction of Sandstone Reservoir Quality (SSRQ), 
Siri Canyon, Danish North Sea 

12 Peter Wellsbury (Robertson UK) 
Understanding the Distribution of Silica and Its Relationship to Permeability in High Porosity, Low 
Permeability North Sea Chalk Reservoirs Using an Innovative Multidisciplinary Approach 

13 Miguel Caja (Repsol) 
Micro-XRF Application to Exploration and Production: Sedimentology, Petrology, Provenance, 
Diagenesis, Reservoir Quality and Shale Gas 

14 Rachel Wood (University of Edinburgh) 
Modelling the Permeability Evolution of Carbonate Rocks: Diagenetic ‘Back-Stripping’ 

15 Sophie Harland (University of Edinburgh) 
Quantifying the Effect of Microporosity on Fluid Flow in Carbonate Reservoirs 
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Thursday 29 May 

 Session Two:  Depositional Controls on Reservoir Quality in Clastic and Carbonate Systems  

1 Lawrence Cowley (Neftex Petroleum Consultants) 
Reservoir Quality of the Northwest Shelf of Australia in a 3rd Order Sequence Stratigraphic 
Framework. 

2 Saturnina Henares (University of Granada) 
Multi-Scale Characterization of an Outcrop Analogue of Heterogeneous Reservoirs in Meandering 
Fluvial Systems 

3 Frederic Amour (Potsdam University) 
3-D Modelling of Shallow-Water Carbonate Systems: A Scale-Dependent Approach Based on 
Quantitative Outcrop Studies 

4 Robin Honlet (KU Leuven) 
Sediment-Petrological Study and Reservoir Characterization of Travertine Carbonates in Rapolano 
Terme, Italy 

5 Rudy Swennen (KU Leuven) 
Geobody Architecture Reconstruction of Continental Carbonates, Ballık Area, Denizli, SW Turkey 

6 Peter Fitch (Imperial College London) 
A Multi-Scale Investigation of Heterogeneity and Reservoir Quality, Using Core and Well Log 
Petrophysical Property Data 

7 Marcelle Marques Erthal (KU Leuven) 
Comparative Study of Different Schrub Morphologies in Continental Carbonates and Their 
Relationship with Porosity: The Tivoli (Central Italy) and Denizli (Western Turkey) Study Cases 

8 Olusola Ojo (Ilorin University) 
Geochemical Studies of Maastrichtian Patti Formation Sandstones, Bida Basin, Nigeria: Implications 
for Provenance, Tectonic Setting and Compositional Maturity 

 Session Three:  Structural Diagenesis 

9 Ema Kallesten (University of Stavanger) 
North Sea Reservoir Chalk: First Results from Chemostratigraphic and Mineralogical Studies 

10 Jian Li (China University of Petroleum) 
The Role of Tectonisim and Diagenesis on the Reservoir Quality of Cretaceous Sandstones from the 
Kuqa Foreland Basin, Northwest China 

11 Mahtab Mozafari (KU Leuven) 
Fracture Controlled Fluid Flow in Cretaceous Carbonates of the Natih Formation (Jabal Qusaybah, 
North Oman) 

12 Abdullah Awdal (University of Aberdeen) 
Reservoir Quality of Kurra Chine and Sehkaniyan Formations, Zagros Fold and Thrust Belt, Kurdistan 
Region of Iraq 

13 Peigui Yin (University of Wyoming) 
Heterogeneities of Eolian Tensleep/Minnelusa Reservoirs in Wyoming, USA 

14 Josh Griffiths (Liverpool University) 
Deformation Band Character as a Function of Grain Size, Mineralogy and Porosity in Triassic 
Sherwood Sandstone 

15 Peter Armitage (BP) 
Effect Of In-Situ Stress Anisotropy On Reservoir Quality In A Tight Gas Sandstone 
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Friday 30 May 

 Session Six:  Open/Closed System Diagenesis 

1 Rainer Zühlke (Aramco) 
3D Forward Modeling in Carbonate Reservoir Quality Prediction – Current Limitations and Future 
Technology Development 

2 Alberto Consonni (ENI) 
Burial Dolomitization by Fault Driven Hydrothermal Fluids: Simulation by Reaction Transport 
Modelling 

3 Wenxia Wang (University of Stavanger) 
Porosity Development during Chemo-Mechanical Compaction in Chalk 

4 Eszter Sendula (Eötvös University) 
Petrographical, Mineralogical Analysis and Reactive Modelling of Potential CO2 Storage and Cap 
Rock Lithologies from Hungary 

5 Jen Waters (Cambridge Carbonates) 
Diagenesis of the Upper Slochteren Sandstone (Rotliegend Formation) and its Impact on the 
Reservoir Properties (K and L Blocks, Offshore Netherlands) 

6 Mark Wilkinson (University of Edinburgh) 
Deep Burial Diagenesis of Sandstones Controlled by Shale: Implications for Porosity Generation and 
Preservation. 

7 Matthieu Deville de Periere (Badley Ashton and Associates Ltd) 
Characterisation of the Micritic Matrix, a Powerful Tool for Reservoir Quality Understanding in 
Microporous Limestones. 

8 Aurelien G. Meyer (University of Manchester) 
Porosity Modification of the Shuaiba Formation, Al Shaheen Field, Offshore Qatar  

 Session Seven:  Case Study in Reservoir Quality  

9 Caroline Ruud (University of Stavanger 
Porosity, Permeability and Specific Surface Area Measurements on Ediacaran to Mesozoic 
Siliciclastic and Carbonatic Rocks Form Northern Spain: A Case Study 

10 Robert Horton (California State University) 
Diagenesis and Porosity Development of the Wasco Oil Field, California, USA 

11 Safiyeh Haghani (Brunel University) 
Sedimentation Processes in Sefidrud Delta, South West of Caspian Sea 

12 Obinna K. Chudi (Heiot Watt University) 
Reservoir Potential of Untapped Niger Delta Deep Water Sediments 

13 James Matthews (Total) 
Pre-Drill Reservoir Quality Prediction and Post-Mortem for Jurassic Sandstones, Bonaparte Basin, 
Northwest Shelf Australia 

14 Miklos Varga (MOL Hungarian Oil and Gas Plc) 
Petrography of the Jurassic Open-Marine Sargelu Formation, NE Kurdistan (Iraq) 

15 Audrey Decou (CASP) 
Triassic-Jurassic Reservoir Quality Evolution In Central East Greenland 

16 Adnan Aqrawi (Statoil) 
Role of Facies Diversity and Cyclicity on the Reservoir Quality of the mid- Cretaceous Mishrif 
Formation in Southern Mesopotamian Basin, Iraq 

17 Chris Adesola Samakinde (University of the Western Cape) 
Assessments of the Effects of Clay Diagenesis on Some Petrophysical Properties of Lower 
Cretaceous Sandstones, Block 3A, Offshore Orange Basin, South Africa. 
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Challenges and Controversies in Petroleum Reservoir Quality Prediction: Contrasting 
Views from Sandstone and Carbonate Communities 
 
R. H. Worden

1
, J. Omma

2
, C. Hollis

3
, R. Lander

4
, A. Csoma

5
, A. R. Butcher

6
, P. J. Armitage

7 

 

1
 University of Liverpool, L18 1LX, United Kingdom  

2
 Rocktype, Oxford, OX4 1LN, United Kingdom 

3
 University of Manchester, M13 9PL, United Kingdom 

4
 Geocosm, Town Plaza 233 | Durango, Colorado 81301, USA 

5
 Conoco-Phillips, Houston, TX 77079, USA 

6
 FEI Europe, Eindhoven, 5651 GG, The Netherlands 

7
 BP Exploration, Chertsey Road, Sunbury, Middlesex, TW16 7LN, UK 

 

Porosity and permeability exert a fundamental control on the economic feasibility of a 

petroleum accumulation and need to be quantified from basin access to mature production. 

Quantitatively reporting the mineralogy and pore space characteristics of reservoir rocks is vital 

in establishing the controls on reservoir quality (RQ). Only by doing so it is possible to build 

predictive capability, essential to successful geological modelling and cross-disciplinary 

integration. This issue is becoming ever more critical with exploration and production of 

petroleum in increasingly challenging conditions and from less conventional reservoirs.  

Despite the importance to the industry of understanding the controls on porosity and 

permeability of reservoirs, fundamental issues lack consensus. RQ is controlled by 

interdependent sedimentary and diagenetic factors, including sediment provenance and 

weathering, depositional environment and climate, compaction, recrystallization and 

dissolution, authigenic mineral growth, petroleum charge and structural deformation. 

Traditionally carbonate and clastic RQ prediction has been undertaken by separate 

communities although there are many apparent overlaps. There are also many assumptions 

adopted by one community for which a contradictory assumption has been adopted by the 

other community. 

Diagenesis starts as soon as sediment has been deposited and the eventual RQ is at least 

partly a direct function of the conditioning that the sediment experiences in the near surface 

realm. This is widely acknowledged in the carbonate world, with perhaps rather more attention 

being given to early diagenesis than burial processes in some research groups. However, in 

sandstones, the role of early diagenesis is becoming increasingly acknowledged, for example 

in terms of the possible creation of grain coats (that may inhibit later quartz cement) and early 

carbonate cements that either may inhibit compaction or may become disseminated cements 

and so greatly damage porosity. 

Even before diagenesis starts, the primary make-up of the sediment has a major role in 

influencing the subsequent history and RQ evolution, of the subsequent rock. In carbonates, 

the question is typically about the mineralogy of the CaCO3 and the physical form of the 

carbonate mineral; the influences on these (sea level, depositional environment, seawater flux 

etc.) have been input into forward models. In sandstones the supply of sediment involves a 

wide variety of depositional minerals (quartz, feldspars, the spectrum of clay minerals, 

carbonate minerals, and ferromagnesium minerals (in lithics); initial steps toward the forward 

modelling of sandstone depositional mineralogy have been taken but there are possible 

interesting lessons to be learned from the carbonate world. A new perspective and improved 

database of mineral distribution in modern clastic sedimentary environments may serve help, 

not least by calibrating a new generation of models of mineral distribution. 
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Carbonate RQ prediction has developed in major ways based upon the study of modern 

analogues. Sandstone RQ prediction has made huge leaps forward in the last decade or two, 

fundamentally built upon numerical models of compaction and quartz cementation. There may 

be much still to learn, with new advances in the wings, from the study of analogue systems 

using outcrop, modern environments and petroleum field data. 

The question of the role of petroleum emplacement on sandstone diagenesis (and the possible 

preservation of porosity) has fired up much excitement with numerous papers seeking to 

address the problem from a combination of theoretical, oil-field data and experimental 

approaches. The equivalent debate has scarcely happened in the world of carbonate 

diagenesis with many practitioners simply assuming that addition of petroleum will, in one way 

or another, seriously affect diagenetic processes that influence RQ. An overlap happens in the 

case of carbonate cemented sandstone reservoirs which have, in some cases, been shown to 

display differences in the amount of cement above and below oil-water contacts. Progress can 

be made by careful examination of high quality petrographic data, in conjunction with detailed 

analysis of fluid saturations and the timing of hydrocarbon filling, taking account of 

compositional and textural variation between individual samples. 

Pressure solution, now routinely called chemical compaction by some sandstone diagenesis 

practitioners, is controversial in terms of whether it is actually driven by pressure or simply by 

elevated solubility due to increased temperature (or by specific mineral-chemical conditions 

such as at mica-quartz interfaces). Pressure solution happens more readily (shallower) in 

carbonates than in sandstones but there seems to be little debate about the role of effective 

stress versus temperature. The role of thermally-mediated changes, so widely acknowledged in 

the sandstone world, may have lessons for carbonate RQ prediction. If pressure solution is 

indeed driven by increasing effective stress then high degrees of (early) overpressure could 

lead to anomalously elevated RQ. If pressure solution is not driven increasing effective stress 

then early overpressure cannot be the cause of enhanced RQ. 

Some older models of sandstone diagenesis invoked large scale water flow systems as the 

main controls on RQ; these tended to assume relatively open geochemical systems and vital 

roles for organic acids derived from source rocks (e.g. enhancing the concentration of scarcely 

soluble Al and Si). Newer models have recognised the limited completing ability of organic 

acids and their scarcity in formation waters and now tend to assume a relatively closed system 

for sandstone diagenesis. In fact the degree of “openness” is likely to be partly a function of the 

aqueous solubility of a given species in a sandstone with alumina, silica, TiO2 etc., being 

effectively immobile (closed system) while CO2 is demonstrably open system. Carbonate rocks 

probably involve open system diagenesis during dolomitization and are probably susceptible to 

influxes of CO2 during kerogen maturation. Secondary porosity in carbonates, previously 

accepted as a routine cause of enhanced RQ has recently become controversial with issues 

surrounding whether it happens, what it looks like and whether it actually enhances overall RQ 

The question of open versus closed systems is probably too simplistic for both sandstones and 

carbonates with most cases being somewhere between at least partly as a function of the 

species under consideration. 

Structural controls on RQ have received much interest from both sandstone and carbonate 

communities in recent years. Fracture related porosity is viewed as paramount and beneficial 

to RQ in many carbonate reservoirs. In contrast, fracturing in sandstones has been shown, in 

some cases, to lead to enhanced rates of quartz cementation and thus lower RQ and in others 

cases to result in degradation of permeability due to grain crushing and pore throat blocking. It 
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remains to be seen whether these different consequences of fracturing are truly host-reservoir 

lithology dependent. 

Improved dialogue between sandstone and carbonate RQ practitioners and researchers may 

help to resolve some of these problems with exciting possibilities for overlap between these 

two previously relatively isolated communities. 

Research into shale gas reservoirs has not yet led to a global view on the controversies 

surrounding shale RQ yet it is likely there will be lessons to be learnt from the carbonate and 

sandstone RQ communities. It is also likely that a talk at a future RQ conference could fruitfully 

address the contrasting views between the shale, sandstone and carbonate RQ communities. 
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Clumped Isotopes Applied To Carbonate Reservoirs: An Overview 
 
C.M. John, T. Kluge, J. MacDonald, A. Dale, Imperial College, Department of Earth Science and 
Engineering, Prince Consort Road, SW7 2BP London, United Kingdom 
 

Understanding the thermal history of reservoir and source rocks is crucial to reconstructing 

reservoir burial history, including the relative timing of key events such as oil migration and 

diagenetic processes. However, existing paleo-thermometers suffer from inherent limitations 

that hamper some important applications. Here, we present a relatively new approach termed 

"clumped isotopes", a stable isotope method based on measuring the abundance of doubly-

substituted isotopologues of CO2. The bonding of 13C and 18O within the lattice of carbonate 

crystals is thermodynamically controlled, offering a single-phase paleothermometer 

independent of the stable isotope composition of the parent fluid.  

This talk reviews the results of several studies that have been conducted in the Qatar Stable 

Isotopes Lab at Imperial College and that largely address issues of calibrations and 

applications of the technique to reservoir conditions.  

A consistent picture of the systematics of clumped isotopes in the subsurface is starting to 

emerge. Calibrations using a number of different materials (mollusks, laboratory carbonate 

precipitates using different methods up to 250 °C, calcite equilibrated up to 450 °C) all point to 

a single calibration line that follows the slope of thermodynamic predictions. Results 

demonstrate that clumped isotopes are not affected by high salinities when the ions concerned 

are magnesium, chlorine, or sodium. However, high calcium concentrations seem to have an 

impact, potentially through the influence of the hydration sphere surrounding the calcium ions. 

Other factors such as pH and rapid degassing have also been shown to potentially impact 

clumped isotopes, and derivations from this calibration line through kinetic fractionation are 

possible but seem to remain the exception. 

Clumped isotopes also compare well with primary fluid inclusion data. In the Cretaceous Pinda 

reservoir, clumped isotopes data record a single recrystallization event that coincides in 

temperature with the lower tail of the fluid inclusion data. By contrast, most fluid inclusions have 

reopened and are now recording modern well temperatures. In the Aquitaine Basin (France) 

dolomite exhibits a spectrum of continuous recrystallization and reordering with depth, and this 

thermal history is reflected in the clumped isotope data. 

Our work has demonstrated the usefulness and potential for the application of clumped isotope 

to many subsurface problems. This includes the understanding of dolomitization, carbonate 

cementation in sandstones, magnesite formation, fault zone cementation, and resetting of 

clumped isotopes during burial and its implications for the reconstructions of burial histories. 

Funding for the laboratory, equipment and calibration work under the Qatar Carbonates and 

Carbon Storage Research Centre (QCCSRC) was provided by Qatar Petroleum, Shell, and the 

Qatar Science and Technology Park. Funding for the research on fluid inclusion and clumped 

isotopes was provided by TOTAL, and the funding for work in clastic reservoirs was provided 

by BP and EPSRC. 
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The Magnesium Isotope (Delta26Mg) Signature of Dolomite 
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Dolomitization, dedolomitization or calcitization, the replacement of dolomite by calcite, 

significantly modifies the porosity and permeability of carbonate reservoirs. Nevertheless, 

dolomite precipitation models and kinetics are debated with respect to their diagenetic 

environment and the commonly complex fluid chemistry. The insufficient knowledge on 

dolomite formation and alteration, including the often unknown origin of the dolomitizing fluids 

represents a significant obstacle for those aiming to understand the diagenesis of reservoir 

rocks.  

 

Here, we present a systematic documentation and evaluation of dolomite magnesium isotope 

data (delta26Mg). This study is motivated by the working hypothesis that delta26Mg ratios may 

improve the current understanding of dolomite formation and alteration. Using well-established 

isotope systems (delta18O, delta13C, 87Sr/86Sr) and elemental data, we compiled a detailed 

diagenetic history of syn-depositional marine evaporative (sabkha) dolomites, syn-depositional 

non-marine evaporative (lacustrine and palustrine) dolomites, mixing zone dolomites and late 

diagenetic hydrothermal dolomites. Where present, published data are compiled and reviewed. 

The significance of syn- and post-precipitation physico-chemical processes in both open and 

closed diagenetic systems respectively, is discussed. Magnesium-isotope values of different 

dolomite types are controlled by a complex array of non-equilibrium processes and different Mg 

sources. Dolomites documented in this study range, in terms of their delta26Mg ratios, from -

2.49 to -0.45‰ (delta26Mgmean=-1.75±1.08‰, n=42). Dolomite delta26Mg ratios in marine pore 

water-dominated coastal settings are characterized by marine Mg sources (delta26Mgseawater of -

0.82‰). With increasing distance to the shoreline, increasing amounts of Mg derived from 

siliciclastic (delta26Mgseawater of -0.82‰) sources results in less depleted dolomite deta26Mg 

ratios.  

 

The following signatures are found: -2.11 ± 0.54‰ (n=14) for earliest diagenetic sabkha 

dolomites, -1.41 ± 0.64‰ (n=4) for mixing zone dolomites and -1.25 ± 0.86‰ (n=14) for earliest 

diagenetic lacustrine and palustrine dolomites. Various hydrothermal dolomites are 

characterized by a comparably wide range of delta26Mg ratios and mean values of -1.44 ± 

1.33‰ (n=10). Applying clumped isotope thermometry (Delta47) to hydrothermal dolomites, a 

significant correlation between hydrothermal fluid temperature and dolomite Mg isotope 

signature (R2=0.73) is found. Dolomite delta26Mg signatures in the hydrothermal domain are, in 

addition to fluid temperature, controlled by various other factors such as the geochemical 

composition of the pore fluids, different magnesium sources and fractionation kinetics.  

These data, pending further evaluation and testing, provide a foundation for the interpretation 

of dolomite diagenesis and fluid source evaluation and must be applied to dolostone reservoirs.  
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New Methods for Quantitative Diagenesis of Carbonate Reservoirs 
 

Xiomara Marquez, Maersk Oil Research and Technology Centre, Doha Qatar 

 

The flow properties of carbonate reservoir rocks depend on the pore and throat shape 

(geometry), the way they are interconnected (topology) and on the forces associated with the 

fluid-rock interactions (wettability). Unraveling how diagenesis affects the geometry and 

topology and most importantly, the quantification of the changes is critical for understanding 

and modeling the porosity and permeability evolution, which ultimately allows prediction of the 

properties at the relevant scale.  

 

Present day porosity and permeability of an Aptian limestone reservoir is significantly modified 

by calcite and minor pyrite cementation, hence detailed and calibrated paragenetic data has 

been integrated with 2D quantitative mineral maps obtained with the use of automated mineral 

analysis (QEMSCAN) and coupled with 3D images from x-ray computed micro-tomography 

(micro-CT). Meticulous segmentation of grey levels in the micro-CT images using MANGO 

software allowed the recognition and quantification of the cement phases. Corresponding 

porosity before cementation could then be reconstructed and used to assess the porosity at 

this diagenetic stage. Subsequent estimation of permeability at the time step prior to calcite 

cement precipitation was done using MORPHY software. The reconstruction of the porosity 

and permeability conditions immediately prior to present day conditions (digital removal of solid 

calcite cement phase) provides the flow parameters to be used for reactive transport modelling 

of the calcite cement precipitation. 

 

This work reveals that digital methods for diagenetic studies when properly calibrated with 

classical petrography and conventional core measurements provide a tool for visualizing and 

quantifying the effects of diagenesis on the pore structure. This approach further suggests that 

the way toward understanding the porosity and permeability evolution of carbonate reservoir 

rocks should probably start with present day conditions, generating the paragenesis 

backwards, and not from the near-seafloor and early diagenesis stages as commonly done. 
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The Technology of Getting Representative Data at the Nanoscale in Shale 
 

Herman Lemmens, Eric Goergen, FEI 
 

The fine grained nature of shale makes scanning electron microscopy (SEM) an essential part 

of the core analysis suite of techniques. Typically, the SEM is used for both imaging and for 

elemental analysis by Energy Dispersive X-Ray spectroscopy (EDS). Both the imaging and the 

EDS analysis require a specific approach when working on shale samples. 

In many shale reservoirs, the pores in the organic matter can be as small as 2nm, what would 

be the lower limit that can be visualized in the SEM. Imaging these small features comes at the 

cost of a very limited Field of View. The higher the magnification, the smaller the area that will 

be imaged. This raises serious questions about the representative nature of the SEM images. 

In the ideal case, one makes a mosaic by stitching as many SEM images as needed to have 

both the fine details and the fabric. However, it would take 900 million (2kx2k) pixel images to 

cover the entire surface with a resolution that sees the pores. While technically possible, it 

would not be practical. 

This paper describes a methodology where mosaics with increasing resolution and decreasing 

Field of View combined with EDS maps are analyzed digitally to uncover the representative 

features or building blocks that make up the rock fabric. These building blocks are the prime 

candidates for subsequent 3D analysis at the nanoscale with the Focused Ion Beam Scanning 

Electron Microscope (FIBSEM). 
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Backscatter Electron image mosaic with segmented image. 
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Implications from Trace Element Composition of Authigenic Quartz for Physicochemical 
Conditions during Diagenesis 
 
Thomas Götte, Institute for Geosciences, Goethe-University Frankfurt, D-60438 Frankfurt a. M. 

 
Introduction 

Quartz is the most important authigenic mineral in many sandstones, and processes of quartz 

cementation have been in the focus of sedimentary petrology for a long time without having 

been fully understood up to now. Enhanced knowledge of the conditions of quartz formation 

will help to improve the prediction of quartz cementation in hydrocarbon reservoirs to 

understand processes that are induced by CO2-storage in the subsurface and to evaluate the 

possibilities of producing geothermal energy in deep aquifers. 

 

The chemical and isotopic composition of quartz reflects the composition of the aqueous 

solution from which it has been formed, but is also affected by temperature and by pressure 

and will therefore provide important information on the conditions prevailing during 

cementation. The incorporation of trace elements in authigenic quartz is controlled (1) by their 

availability in the aqueous solution and (2) by the temperature and pressure conditions during 

crystal growth. The latter results from the burial history of the sandstones while the former 

results from complex interactions between transport and diagenetic reactions. 

 

In this study, trace element composition of quartz cements in three different diagenetic settings 

have been analysed by means of LA-ICP-MS: (1) The Upper Carboniferous Ruhr-Sandstone 

has undergone rapid subsidence down to a depth of nearly 4000 m and was uplifted again until 

the end of the Carboniferous. During burial, low to moderate salinities prevailed in the pore-

water and high-saline brines infiltrated only since Permian times, i.e. when the paleozoic 

sandstones were already exhumed. (2) The Middle Bunter of Central Germany was buried to a 

maximal depth of 2500m. Saline to hypersaline influence prevailed repeatedly in the 

Permotriassic sedimentary sequence of the Hessian Trough and therefore the presence of 

high-saline pore-water is assumed during the burial diagenesis of the Triassic sandstones. (3)  

The formation of quartz cements in Neogene sands of the Rockenberg-Formation in the 

Vogelsberg-surrounding took place in a surficial, meteoric environment. These sands never 

have been deeply buried and maximal temperatures are probably below 50 °C. Nevertheless, 

lenses of tightly cemented sandstone occur within these strata and first studies revealed 

intensive quartz cementation. 

 

Results and discussion 

Aluminium, lithium, and hydrogen are the most important trace elements incorporated in 

authigenic quartz. Additionally, Ge, B and subordinately Na and K have been recognised. 

Titanium and Fe are characteristic substitutes in detrital grains and sesquioxides that are 

closely inter-grown with quartz cements. 

 

Aluminium 

Aluminium-contents in authigenic quartz show large variations and range from less than 500 

µmol/mol in the Lower Triassic Solling-Sandstone of Central Germany up to 3000 µmol/mol in 

the Ruhr-Sandstone and more than 5000 µmol/mol in the Rockenberg-Sandstone. Generally, 

Al is assumed to be mobilised during dissolution of feldspars and replacement by clay 

minerals, but systematic investigation of Al-contents in quartz-cements are lacking. Variations 

in the Al-content of hydrothermal quartz have been suggested to directly reflect the conditions 
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in the aqueous solution and are expected to do the same in authigenic quartz. Modelling of Al- 

and Si-concentration in the pore-water using an ion-interaction approach in the system NaOH-

HCl-KCl-AlCl3-Si(OH)4  reveals a minimum of the Al/Si-ratio for nearly neutral pH and 

increasing Al/Si-ratios at acid and alkaline conditions in equilibrium with quartz and an Al-

bearing phase. Depending on the chemical composition of the fluid, the latter will be kaolinite at 

low ionic strengths and pH and illite at high ionic strength and pH. The ratio depends strongly 

on temperature and pH and much less on ionic strength (i.e., salinity) of the fluid. The minimum 

of clay mineral solubility shifts towards lower pH and higher Al/Si-ratios with increasing 

temperatures. Thus, from a thermodynamical point of view, high Al-concentrations will be 

favoured by alkaline pH and enhanced temperatures. Meteoric quartz cements containing 

much Al indicate that temperature is not the most important factor. 

 

Alkali metals and the Al/Li ratio 

The Al3+ substitutes Si4+ on a tetrahedral site and charge compensation is obtained by alkali 

metals or H+ on a nearby interstitial site.  The Li+ -concentrations of authigenic quartz are 

strongly correlated with the Al-concentrations. This result can be put down to a combined 

incorporation in [AlO4|Li]-centres. In contrast, Na+ and K+ may be present in single 

measurements but are commonly below the detection limits. Their occurrence is attributed to 

(sub)microscopic mineral and fluid inclusions. Commonly, the Al/Li-ratio is low (approx. 0.1 in 

the Ruhr-Sandstone), but reaches 0.3 in samples of the Solling-Sandstone and in meteoric 

quartz cements. Furthermore, decoupeling of Li and Al and enrichment of Li seem to take place 

in late Al-rich quartz cements. Differences between distinct sandstones regarding the Al/Li-ratio 

of quartz cements are obvious but poorly understood. The most important source of Li are clay 

minerals (esp. smectite and illite) and thus, this element can be released to the porewater 

during clay mineral diagenesis. Commonly, high saline pore-water also has high Li-

concentrations. Therefore, Li seems to be mobilised a slightly more easily in environments with 

high salinities. 

 

Germanium and Boron 

Germanium has been found to be a common trace element in quartz grown from aqueous 

solution and is commonly present in amounts close to the average of continental crust. 

However, differences and trends in Ge-concentrations reaching from 0.4 up to 3 µmol/mol may 

help to elucidate the sources and processes of mobilisation of silica. Commonly, Ge is weakly 

correlated to the Al-concentrations. This indicates that their concentrations in the pore water 

vary also roughly parallel and points to a common source of these elements. Temperature 

effects have not been reported for the incorporation of Ge in quartz but will probably occur. Too 

few data are available to estimate the influence of T on the Ge-content reliably. 

Boron has been recognized especially in meteoric quartz cementations with concentrations 

between 5 and 20 µmol/mol, while it is below the detection limit or present below 5 µmol/mol in 

all burial diagenetic quartz cements. Similar to Li, it has a strong affinity to smectite and might 

be mobilised during clay mineral diagenesis. However, a correlation between B and Al or Li has 

not been observed and the B-concentrations do not show any systematic variation. 

 

Transition metals 

Titanium is only incorporated at higher temperatures (≥ 400 °C) and is more common in 

magmatic quartz. Hence, it can be used as an indicator for the quality of analyses and 

contamination by detrital quartz or submicroscopic inclusions. In contrast, the role Fe, which 

can also be detected, is much less understood. However, these elements are commonly below 

the detection limit, but may be high in single analyses. This result implies that the transition 
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metal ions are not incorporated in the quartz lattice but occur in submicroscopic mineral 

inclusions. Nevertheless, even these inclusions can provide information on the diagenetic 

conditions during quartz formation. 

 

Conclusion 

The trace element composition of quartz may provide important information on the conditions 

during diagenesis. Particularly, the pH-value, salinity of the pore-water and temperature have 

strong impact, because they help mobilize elements that are incorporated into quartz and 

trigger the formation of cements.  
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New Approaches for Understanding Provenance Controls on Feldspar Alteration in 
Sediments: Implications for Reservoir Quality 

Ehsan Daneshvar, Peter Wellsbury, Robertson (UK) Ltd, Ty’n y Coed, Llanrhos, Llandudno LL30 1SA 

A multi-disciplinary investigation into the role of provenance on feldspar alteration in the 

Ravenglass estuary in North West England was carried out using a range of techniques 

including X-ray diffraction, scanning electron microscopy and fully automated mineralogical 

analysis, to provide a comprehensive understanding of mineral composition and distribution 

within modern sediments. 

Samples were taken from two sites in different branches of the Ravenglass estuary at 10cm 

depth intervals to a depth of 1 metre to identify early diagenetic changes occurring in the 

sediments. 

The Ravenglass estuary is fed by two different types of rocks which are drained through two 

rivers.  The Irt River to the north drains the St. Bees Triassic Sandstones, dominated by quartz, 

feldspar and minor muscovite in carbonate cements.  The Esk River to the south drains the 

pink-coloured Eskdale granite, which is also quartz and feldspar dominated with minor 

muscovite.  In this study, feldspars were classified in distinct categories, including K-feldspar, 

albite, anorthite and four intermediate Na-Ca plagioclase feldspars.   

The results reveal that the hinterland has a specific role in feldspar distribution across the 

estuarine systems in association with other factors such as sediment grain size and the 

physical properties of estuaries. The role of the hinterland is defined as a source of detrital 

material draining into the estuary.  

The most abundant feldspar is K-feldspar followed by albite in both estuaries while the northern 

branch of the estuary shows relatively more Na-plagioclase which decreases slightly with 

increasing depth in the sediments.  Conversely, the K-feldspar-albite distribution ratio in 

southern estuary sediments shows a completely opposite trend.   

Illite, kaolinite, chlorite and illite-chlorite are the main clay minerals in the sediments.  As with 

feldspars, the distribution of kaolinite shows a significantly different trend with depth in the two 

estuary branches. In the northern estuary, kaolinite increases with depth but decreases with 

increasing depth in the southern estuary.  

Grain-coating clay minerals are variably present on sand grains throughout the estuary.  

Kaolinite and illite-chlorite are significant grain-coating materials.  Grain size is a primary 

control on grain-coating.  Finer grained sand tends to have more complete clay mineral coats 

than coarser-grained sand.  The Irt estuary sandstone-fed sediments contain relatively finer 

grains, a higher proportion of clay minerals (mainly illite and kaolinite) and fewer feldspars 

showing a higher degree of alteration to kaolinite and illite.  This effect is particularly clear when 

considering K-feldspar alteration.  

The combination of techniques employed during the study provides a robust, dataset to 

understand mineralogy, provenance and early diagenesis.  Through understanding controls on 

initial feldspar composition, alteration and the generation of grain coating clays we can better 

understand the controls on reservoir quality in petroleum systems. 
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3-D Object-Based Modelling of Quartz Cementation 
 
Luc Alberts, Lithicon Norway, Trondheim, Norway 
 

A 3-D microscale object-based model was developed to simulate quartz overgrowth 

cementation in sandstones. The model includes the different growth rates for different crystal 

faces as measured by Lander et.al (2008). The model was applied to a sample of 

Fontainebleau rock and permeabilities and formation resistivity factors were computed at 

various porosities to be verified against experimental data. Visually the comparison with thin 

section and micro CT image data is very good, showing features that could not be obtained 

with a 2-D model (see Figure 1). Also the permeability and formation resistivity factor trends 

versus porosity show a good agreement with the experimental data. 

 

Fontainebleau: 8.16% - 80 mD Comparisons TS vs. Model

 
Figure 1 Left: A slice through an 8% model shows the original quartz grains (yellow) and the modelled 
quartz overgrowths (light brown); Right: Typical features associated to quartz cementation observed in 
BSEM and MCT images are also seen in the model. 

 

The starting point for the model was a volume of micro CT data from a Fontainebleau sample. 

The data set was at a resolution of 5.7 µm/voxel and consisted of 480 x 480 x 480 voxels. The 

volume was segmented into quartz and pore space, and had a porosity of 21%. The quartz 

phase was partitioned into separate grains using a watershed segmentation on a Euclidean 

distance transform that was computed on the image. A sphere representation of each grain 

was created by first filling the grain with spheres of a radius equal to the distance transform, 

and subsequently removing the spheres with a centre inside a larger sphere. Surface points 

were placed on the remaining spheres, to enable the construction of a convex hull, and so to 

be able to reconstruct a voxel grid at any desired resolution. 

 

A crystal axis (c-axis) was placed through the largest sphere of each grain. The axis 

orientations were randomly selected for each grain. A simplified starting crystal, consisting of a 

hexagonal prism, was placed along the c-axis, and the top and bottom pyramids were stepwise 

grown following the non-euhedral and euhedral growth rates as measured by Lander et.al 

(2008). The growth of a crystal is stopped when the crystal starts to touch other grains. After 
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each step the grains and crystals were gridded on a small temporary grid to calculate the 

porosity. The whole process is terminated when the desired porosity was reached. 

 

Grid-based permeability and formation resistivity factor computations were performed on grids 

with porosities ranging from 4% to 28%. The results were plotted with available experimental 

data and show very good agreement (see Figs. 2 and 3). 

 

This modelling exercise has shown a versatile approach to simulate the effects of quartz 

cementation on a sandstone rock. The ability to create object-based models allow us to regrid 

and perform analyses at any desired resolution, which potentially removes limitations imposed 

by limited resolution in models derived from micro CT images. 
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Figure 2 Comparison of the experimental permeability data vs. the simulated results from grid models at 
various porosities. 
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Figure 3 Comparison of the experimental formation factor data vs. the simulated results from grid 
models at various porosities. 

 
 
Reference: 
Lander, Robert H., Larese, Richard E., and Bonnell, Linda M. (2008) Towards more accurate quartz 
cement models: The importance of euhedral versus noneuhedral growth rates. The American 
Association of Petroleum Geologists Bulletin 92, 1537-1563. 
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Using Cathodoluminescence Imaging to Identify Forms Ofquartz in the Middle Devonian 
Marcellus Formation, Pennsylvania, USA 
 
Aysen Ozkan, Shell Houston Technology Center 
 

Quartz is found in various forms in the Marcellus Formation including detrital clastic grains, 

replacements / fillings of algal cysts (tasmanites?), overgrowths around detrital quartz grains 

and quartz-replaced algal cysts, and dispersed microcrystalline quartz cement (Figure 1). In 

this study, to identify modes of occurrence and the spatial distribution of quartz , light 

microscopy and Scanning Electron Microscope / Cathodoluminescence (SEM/CL) imaging 

were used. Different quartz occurrences cannot be differentiated readily through bulk 

mineralogical analyses or elemental logs. Advances in SEM/CL imaging enable study of the 

rocks at the micrometer scale which aids identification of different phases of quartz in fine-

grained rocks. CL color and textural properties (shape, organic matter inclusions, cement 

inclusions etc.) were used to differentiate various modes of quartz. 

 

Quartz in mudrocks is commonly thought to be an extrabasinal detrital component that was 

brought to the basin by currents or winds. For depositional system interpretations, it is 

important to identify whether quartz grains are detrital or generated in-situ by biogenic silica 

precipitation in algal cysts. Also, the mode of occurrence of quartz in mudrock can affect  rock 

mechanical properties. Quartz formed as authigenic cement binding the sediment can increase 

the brittleness of the rock. For example, microcrystalline quartz cement (chert) dispersed in the 

matrix impacts the ability of the rock to initiate and propagate hydraulic fractures. Authigenic 

quartz in the form of overgrowths is commonly observed in the Marcellus but mostly in minor 

amounts. Therefore, they are much less effective at binding the rock than dispersed 

microcrystalline quartz. Quartz that is in the form of grains (detrital or made “in-situ” by 

precipitation in cysts) increases the number of high modulus silt size grains; however, they are 

not as effective as cements in increasing brittleness of the rock. 

 

Dispersed microcrystalline quartz cement is most abundant at the base of Marcellus close to 

the contact with Onondaga limestone. This facies has abundant fossil-rich laminae (styliolinids) 

and very low clay and detrital quartz content. The source of the microcrystalline silica  is 

thought to be biogenic and mostly likely  from dissolution of radiolaria. The Tioga ash bed is 

present in some localities only a couple of feet below the occurrence of microcrystalline quartz 

cement, and silica from volcanic glass is an additional potential source of silica for quartz 

cements. The abundance of detrital grains increases in upper intervals of Marcellus. 

 

A rock classification based on texture and the abundance of rock components, including detrital 

grains (quartz, feldspar, dolostone fragments), fossil fragments (mostly styliolinids), authigenic 

minerals (quartz, calcite, ferroan dolomite, dolomite, pyrite, barite, and sphalerite) and organic 

matter content, has been established. This classification scheme facilitates an understanding of 

the distribution of the various phases of quartz and the facies with which they are associated. 

Discrimination of the various types of quartz and their spatial distribution in fine-grained 

sedimentary systems such as the Marcellus has two fold importance: 1) it contributes to 

assessment of reservoir quality and mechanical properties, and 2) it helps quantification of 

clastic detrital input into the sediment for paleoenvironmental interpretation. 
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Figure 1. Thin section and SEM/CL images showing various forms of quartz in Marcellus.  
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The Combined Use of Petroleum and Aqueous Fluid Inclusions to Reconstruct Paleo-
Temperatures/Pressures in Reservoirs: Recent Advances and Examples from the North 
Sea  
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Total, Exploration & Production, Technical Center, 64018 Pau, France  

2 
CNRS, GeoRessources Laboratory, 54500 Vandoeuvre lès Nancy 

 

The ability to reconstruct past temperature-pressure histories of petroleum reservoirs is key to 

the understanding and modeling of diagenetic processes affecting or controlling reservoir 

quality.  It has been long recognized that aqueous and petroleum fluid inclusions encountered 

in reservoirs provide critical information for the reconstruction of reservoir paleo-temperatures, 

salinity of diagenetic brines, and history of hydrocarbon charge. In some instances, they may 

also provide important information on paleo-pressures that prevailed in a reservoir at the time 

fluid inclusions were trapped. In the 90’s, a methodology based on combining appropriate data 

gathered from cogenetic aqueous and petroleum fluid inclusions, which we referred to as the 

PIT-AIT methodology (Petroleum Inclusion Thermodynamics, Aqueous Inclusion 

Thermodynamics), was developed. This approach constitutes a unique mean to derive the 

exact P-T conditions of trapping of cogenetic aqueous/petroleum inclusions from the 

intersection of their modeled isochors (Fig. 1). It has been used with variable success in the 

past 20 years, but it has not become a routine tool due to the difficulty to find unambiguously 

cogenetic inclusions.   

The combined PIT-AIT methodology has been put to work in several case studies conducted in 

the recent years at Total in order to better constrain diagenesis and hydrocarbon-filling 

histories in a variety of reservoirs. In the process of such studies, pitfalls of the methodology 

were brought to light that required to be dealt with. Significant improvement in the data 

acquisition (representativeness, accuracy, uncertainty…) and interpretation processes were 

therefore carried out. In particular, major advances were made for more accurate 

measurements of salinity and dissolved CH4 in aqueous inclusions by Raman spectroscopy, 

and experiments were done to evaluate the extent to which excess CH4 could be formed in 

fluid inclusions subsequent to trapping as a result of in situ thermal decarboxylation of organic 

acids present in the water/brine phase.  The results of these efforts lead to improved data 

acquisition protocols and a validated workflow, that permit to ensure representative and 

accurate measurements and PVT modeling (Ong et al. 2013, Caumon et al., 2013). Some of 

these advances and associated recommendations will be shown in the presentation.    

The improved PIT-AIT methodology was applied to the study of several petroleum reservoirs in 

the North Sea, including the Tarbert sandstones (top BRENT, Middle Jurassic) in the Greater 

Alwyn area (Block Q3) and the Fulmar sandstones (Upper Jurassic) in the HP-HT Elgin-

Franklin area. The results provided critical information on paleo-pressure and temperature 

histories, as well as on the timing of hydrocarbon charge and overpressure build-up (Girard, 

2009; Ong, 2013). These new constrains permitted to challenge and refine basin modeling 

scenarios in order to improve our understanding of reservoir quality preservation mechanisms, 

in particular in relation with onset of overpressure build-up, and to further unravel timing of 

hydrocarbon emplacement and migration routes. Some illustrative results of these studies will 

be shown in the presentation. 
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Fig. 1: Principle of the combined PIT-AIT methodology to reconstruct the exact P-T conditions of 

trapping (Pt and Tt) of cogenetic aqueous and petroleum inclusions.    
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Dune Field is in Crane County, Texas, on the eastern margin of the Central Basin Platform of 

the Permian Basin. Reservoirs of the Grayburg and San Andres formations 

(Permian:Guadalupian) are sulfate-rich dolomitized ramp carbonates, with minor dolomitic 

siltstone, deposited in an arid subtropical setting under waning icehouse conditions.  
 

The study area covers 3,850 ha. Burial depths range from 950 to 1220 m. Formation 

temperatures are 35 to 37 °C, and original reservoir pressures were approximately 1425 to 

1650 psi.  
 

The principal reservoirs are ooid and peloidal subtidal dolograinstones, grain- and mud-

dominated peloidal dolopackstones, and fusulinid mud-dominated dolopackstones and 

dolowackestones. Well-sorted peritidal and ramp-crest dolograinstones are often highly 

cemented with sulfates. Supratidal fenestral fabrics are locally porous and permeable if 

fenestrae are free of sulfate cement.   
 

Dolomitization and related sulfate diagenesis resulted from evaporative brine reflux, with 

subsequent dolomite and sulfate dissolution and cementation events. The sulfates occur as 

nodules, interstitial cements, mold and fracture fills, and matrix replacement fabrics. Total 

sulfate volume in effective reservoir rock varies between 15 and 50 percent. Gypsum and 

anhydrite each vary between 0 and 100 percent of the total sulfate, and they co-exist in most 

intervals.  
 

The presence of gypsum in gypsum- and anhydrite-bearing dolomite is a confounding problem 

for petrophysics. All errors associated with the presence of gypsum trend toward exaggerated 

porosity values. Absent accurate knowledge of the vertical abundance of gypsum, anhydrite, 

and dolomite in a logged well, the detection of gypsum’s water of hydration by various tools 

(density, acoustic, and neutron) makes porosity calculation based on any single tool imprecise. 

Sulfate mineral abundance is difficult to obtain because the total volume of sulfate and 

gypsum-anhydrite proportions tend to be highly variable. Efforts to sample and adequately 

measure the mineral proportions by visual inspection, point counting, and x-ray diffraction 

methods are commonly either ineffective or cost-prohibitive. 
 

Core analyses conducted at temperatures higher than 60° C volatilize the water of hydration of 

gypsum, yielding inaccurate porosity, permeability, and grain density values. A low-temperature 

protocol for core analysis of gypsum-bearing reservoirs was introduced in 1959 but was not 

regularly employed during the development of Permian Basin gypsum-bearing fields.  
 

Previous workers in Dune field and the adjacent Jordan and McElroy fields have attempted to 

calculate sulfate abundance using two-equation relationships between sidewall neutron 

porosity and acoustic transit time under the assumption of a two-mineral (gypsum and 

dolomite) reservoir. While the similarity of acoustic interval transit time of anhydrite (50 usec/ft) 

and gypsum (52 usec/ft) allow the use of an averaged total sulfate value (51 usec/ft) for matrix 

velocity in acoustic porosity calculations, it does not address the different effects of these two 
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minerals on sidewall neutron logs. A three-equation relationship between neutron porosity, 

density, and sonic (gypsum, anhydrite, and dolomite) has also been attempted. This method 

does not adequately separate gypsum, anyhydrite, and dolomite, owing to the lack of 

discrimination of gypsum and anhydrite by the sonic log and of dolomite and anhydrite by the 

neutron log. 
 

Given those failures, most workers have relied on regressions of acoustic transit time versus 

core porosity from gypsum-protocol analyses, or have attempted to broadly extend core 

porosities. All case examples have far too few of these data to establish an adequate vertical 

and lateral distribution of sulfate abundances.  
 

At Dune field, a new three-mineral petrophysical method using neutron-density cross-plot 

porosity, acoustic velocity, and photoelectric effect yields a calculation of gypsum, anhydrite, 

and dolomite volumes, as well as porosity, with acceptable accuracy. Data from the W.N. 

Waddell #1230 well, which has the required neutron, density, acoustic, and photoelectric suite 

of logs, as well as gypsum-protocol core analyses, and the W.N. Waddell #1032 well, which 

has gypsum-protocol core analyses and sonic, density, and sidewall neutron logs, provided 

validation of the calculated porosity.  
 

An infrared reflectance spectroscopic scan of the #1230 core (Specta-Map Ltd) provided a 

continuous log (1.5-mm line spacing) of the abundance of dolomite, gypsum, anhydrite, and 

accessory minerals in the Grayburg and San Andres reservoir intervals. Those data 

correspond well with thin section point counts and the three-mineral calculation, except in 

intervals in which the infrared reflectance signal was masked by residual bitumen in pores. 
 

Geostatistical analyses show a weak linear correlation between acoustic porosity and total 

sulfate volume, with correlation coefficients ranging from -0.18 to 0.53 at different stratigraphic 

zones. Also, semi-variogram analysis for total sulfate volume shows isotropic spatial variability 

with correlation length of 160 to 190 m. 
 

The resulting workflow at Dune Field is: 1) use the top and base of core oil saturations to 

establish the reservoir zone; 2) apply the three-mineral petrophysical method to calculate 

gypsum, anhydrite, and dolomite volumes in all wells that have the necessary log curves, 3) 

use the calculated sulfate and dolomite volumes to interpret total sulfate abundance and matrix 

velocities through the mapped volume; 4) compute acoustic porosity for normalized acoustic 

logs using the Wyllie time average equation; and 5) construct pore volume maps from the 

three-mineral and acoustic porosity calculations, low-temperature core analyses, and 

geostatistical relationships. 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 44 

 

NOTES 
 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 45 

 

Pore-Scale Modelling of Early Calcite Cementation in 3D 

Aleksandra Hosa
1
, Rachel Wood

1
, Rink van Dijke

2
, Cees van der Land

3
  

1 
University of Edinburgh 

2
 Heriot-Watt University 

3 
Newcastle University 

Introduction 

The diagenesis of carbonates is a notoriously complex phenomenon. Diagenesis, however, is a 

major control on the evolution of porosity and permeability of carbonate reservoir rocks, and so 

predicting how these characteristics may be controlled by diagenesis is of great interest. 

Although diverse, carbonate oil reservoirs often have diagenenetic characteristics in common, 

which can be used to produce geologically-guided models of cementation. The research 

outlined here then, aims to provide a tool that will aid prediction of the distribution of early 

calcite cement throughout a carbonate reservoir.  

 

Here we present the first step in this endeavour, the modelling of syntaxial and isopachous 

calcite cement growth under static conditions (i.e. assuming a supersaturated solution with 

respect to calcium carbonate). In future, the cementation model will be coupled with a reactive 

flow model using the Lattice Boltzmann Method in order to gain a comprehensive geological 

model of cementation. The model will be developed for High Performance Computing, which 

will enable larger size samples to be run, a key step towards upscaling. 

Method 

Our workflow consists of the following steps: 1) the segmentation of a petrographic thin section, 

2) extraction of statistics from the segmented image (such as size and shape distribution of 

grains), 3) generation of a synthetic microstructure on the basis of the statistics, 4) cement 

growth algorithms (syntaxial and isopachous), and 5) calculation of the flow pattern in-between 

steps of the cement growth (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Workflow to generate early calcite cement growth in carbonates and derive resultant flow 
properties. 
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The first step in the proposed workflow is the segmentation of a petrographic thin section 

image to derive the statistics of the deposited grains. After choosing an appropriate threshold 

for binarization, grains are separated manually using a graphics package to derive the size and 

shape distribution of the grains. 

The method for creating a 3D microstructure is via a process-based method using a 

sedimentation algorithm. 

Grains are modelled as falling rigid-bodies, where we employ the open-source Bullet Physics 

Library to model the collision physics. 

In the epitaxial cement model, the grains are covered by cement in optical continuity to the 

grain so that the ultimate shape of the calcite crystal is reached. Calcite may take various 

crystal forms of rhombohedra. 

The actual shape used for the bounding crystal shape is in the form of a parallelepiped, which 

is a hexahedron with 3 pair of parallel faces where each face is in a shape of a parallelogram. 

The reason for this implementation stems from calcite kinetics. Once a facet with the same 

orientation as the calcite rhombohedron is reached during the process of precipitation, epitaxial 

cement growth ceases. As a result, only the region within a parallelepiped with 3 pairs of 

parallel faces (each of which is tangent to the grain) will be created via the very rapid epitaxial 

growth. After the full shape of the epitaxial overgrowth is reached, mantle growth will initiate 

with a lower growth rate. 

In the code developed, grains are handled as meshes (sets of vertices and faces). The cement 

growth is implemented as an increase in the volume of the grain and is achieved by migration 

of the faces of the grain in a direction normal to the faces. In case of the epitaxial growth, 

cement is prohibited from growing outside the circumscribed parallelepiped. In the isopachous 

cement growth, the faces of the grain are migrated outwards without any additional constraints. 

Flow results 

We performed permeability calculations using the Lattice Boltzmann method on three models: 

1) an uncemented ooidal model derived via our process-based depositional workflow, 2) the 

same model cemented with syntaxial cement grown on 20% of grains, and 3) the same model 

with isopachous cement developed on all grains (Figure 2). 

 

As expected, with porosity occlusion there is a decrease in permeability. However, this 

relationship is not linear. Flow becomes more channelized and limited to a reduced number of 

pathways as cementation proceeds. Changing of pore geometry during cementation therefore 

has implications for the preferential pathways for two-phase flow during production sweep. An 

understanding of how certain cement types influence the pore space geometry can therefore 

enable predictions as to drainage rate. 

 

 

 

 

 

 

 

 

 

 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Top pictures show the 3D models used for the permeability calculations; grains are shown in 
black and pore space in white. The lower images show the flow pattern through each structure, where 
lighter colours correspond to a higher velocity of flow. The porosity (φ) is shown in absolute values, and 
the values of permeability (K) are shown as relative to the permeability of the uncemented structure. 
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Geodynamic Control on Heavy Mineral Populations: Implications for Reservoir Quality 
Assessment  

Sergio Andò and Eduardo Garzanti, Department of Earth and Environmental Sciences, Università di 
Milano-Bicocca,Piazza della Scienza 4, 20126 Milano, Italy 

 
It has long been demonstrated that plate-tectonic setting exerts a direct prominent control on 

the petrographic composition of sediments (Dickinson and Suczek, 1979) and on the heavy-

mineral populations they contain (Garzanti and Andò, 2007). In particular, feldspatho-lithic 

volcaniclastic and quartzo-feldspathic plutoniclastic sands of ‘‘Magmatic Arc Provenance’’ yield, 

respectively, abundant augitic clinopyroxenes and hypersthene (“undissected stage”) 

associated with either olivine (basalt) or oxyhornblende and biotite (andesite to dacite), and 

abundant hornblende increasing while erosion cuts into the batholithic core of the arc massif 

(“dissected stage”). Quartzo-feldspathic to quartzose sands of ‘‘Continental Block Provenance’’ 

contain either heavy-mineral-poor suites with commonly rounded ultrastable grains recycled 

from cover strata (“undissected stage”) or heavy-mineral-rich, hornblende-dominated 

assemblages derived from crystalline basements exposed along rift escarpments and cratonic 

shields (“dissected stage”). Feldspatho-lithic detritus with clinopyroxene-dominated suites 

commonly including olivine characterizes volcanic rifts. Sands of ‘‘Orogenic Provenance’’ are 

varied, their composition primarily depending on the nature of converging plates and 

subduction polarity (Garzanti et al., 2007). The building blocks of composite orogens include 

magmatic arcs, obducted ophiolites, neometamorphic axial belts, accreted paleomargin 

remnants, and clastic wedges. The five corresponding types of sediment provenance 

(Magmatic Arc, Ophiolite, Axial Belt, Continental Block, Clastic Wedge) are mixed in various 

proportions in the associated foreland and remnant-ocean basins. In sediments shed by 

Collision Orogens, heavy-mineral populations are typically dominated by amphibole, garnet, 

and epidote shed by medium-grade metamorphic rocks exposed in the axial belt. In sediments 

shed by Obduction Orogens, an abundance of orthopyroxenes and clinopyroxenes are 

supplied from ophiolitic allochthons. Such compositional signatures can be modified even 

markedly by chemical and physical processes in the sedimentary cycle. Weathering in humid 

climate and dissolution during diagenesis affect selectively unstable grains, leaving a quartz-

rich residue with greatly enhanced mineralogical stability (Andò et al., 2012; Garzanti et al., 

2013). From the geological knowledge of the hinterland terrain we are thus able to predict the 

mineralogy and reservoir quality of sandstones deposited in different paleoclimatic and 

paleoenvironmental conditions. 
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Origin and Properties of High-Reservoir-Quality Tertiary and Cretaceous Sandstones 
within Constant Temperature Intervals, Gulf of Mexico, USA 

Shirley P. Dutton, Robert G. Loucks, and William A. Ambrose, Bureau of Economic Geology, The 
University of Texas at Austin, Austin, Texas 

Porosity and permeability in Tertiary and Cretaceous sandstones in the Gulf of Mexico typically 

show a wide range of values at any given temperature. Within a limited geographic area, and 

even within the same well, permeability values in a formation commonly range over four or 

more orders of magnitude within a narrow temperature window. We investigated the 

characteristics of sandstone samples in several formations that have permeability in the 

highest 10% (P10) of measured values within a temperature interval to determine what 

parameters other than temperature are important in controlling reservoir quality in the 

formation. Permeability in the P10 sandstones represents the high end of log-normal 

permeability distributions. The goal was to identify factors to consider in exploration for the 

best-quality reservoirs in sandstones having the same provenance and burial/temperature 

history. 

Reservoir-quality variations in onshore Cretaceous Tuscaloosa/Woodbine, Paleocene–Eocene 

Wilcox, and Oligocene Frio sandstones in Texas and Louisiana at temperatures ranging from 

85° to 433°F (29° to 223°C) were investigated using core-analysis and thin-section data. 

Permeability data from a limited geographic area for each formation were sorted by 

temperature and divided into 50-°F- (27.8-°C-) temperature slices. The P10 value for each 

interval was calculated as the permeability value separating the highest 10% of the data from 

the lower 90%. Thin-section characteristics of sandstones having permeability in the top 10% 

of values were compared to the same number of samples having the lowest permeability in the 

same well and temperature interval. 

In the youngest formation studied (Frio, upper Texas coast), P10 sandstones at 300° to 350°F 

(149° to 177°C) have permeability of 200 md or greater. The P10 sandstones are characterized 

by coarser grain size, better sorting, and lower volume of detrital clay matrix and ductile grains, 

which are all parameters related to depositional processes of the sediments and hydraulic 

properties of the grains. In the older Wilcox sandstones, both depositional and diagenetic 

differences cause permeability variation in samples at temperatures ranging from 250° to 

400°F (121° to 204°C). P10 permeability values in these three temperature slices decrease 

from 6 md to 0.4 md with increasing temperature. P10 sandstones in the Wilcox are coarser 

grained (by an average of 0.9 phi units) and better sorted (by an average of 0.08 phi standard 

deviation). They also contain less clay matrix (average 2.6% less) and fewer ductile grains 

(average 3.2% less). In addition to these depositional differences, permeability in the Wilcox 

sandstones is also a function of diagenetic differences in volume of quartz, carbonate, illite, 

and chlorite cements. P10 samples from the upper Texas coast contain lower volumes of 

quartz cement (2% less), carbonate cement (3.8% less), and fibrous illite cement (2.5% less) 

compared with low-permeability sandstones. P10-permeability samples in Wilcox sandstones 

from the lower Texas coast (>1 md at temperatures from 350° to 400°F [177° to 204°C]) 

contain greater volumes of chlorite cement (2%) and lower volumes of quartz cement (8.6%). 

Chlorite coats partly inhibited quartz cementation and preserved more primary pores in the 

higher permeability sandstones. 

As has been noted for many years, high porosity and permeability are preserved in some deep, 

hot Tuscaloosa sandstones in central Louisiana where thick, continuous chlorite coats formed 

around detrital grains and inhibited quartz cementation. The P10 permeability value in 
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Tuscaloosa sandstones at temperatures ranging from 350° to 400°F (177° to 204°C) is 99 md. 

Chlorite cement occurs in nearly equal volumes (5 to 6%) in highstand-deltaic, lowstand-fluvial, 

and transgressive sandstones. P10-permeability Tuscaloosa sandstones contain an average of 

2.5% more chlorite cement and 2.6% less quartz cement than do low-permeability sandstones. 

However, permeability in Tuscaloosa sandstones is also a function of grain size, sorting, 

volume of ductile grains, and volume of calcite cement. Correlative Woodbine sandstones in 

East Texas, which have a different provenance, contain fewer detrital volcanic rock fragments 

and less chlorite cement. High permeability in Woodbine sandstones correlates with low 

volumes of detrital clay matrix, calcite cement, and quartz cement. 

This study distinguished the parameters that have the largest impact on permeability in Gulf 

Coast sandstones that share the same age, provenance, and burial and thermal histories. 

Parameters such as grain size, sorting, and detrital clay matrix are related to depositional 

processes and can be addressed in an exploration strategy that focuses on sequence-

stratigraphic setting and high-energy depositional environments.  

Local variations in diagenesis are harder to predict, making it difficult to explore for sandstones 

that have retained high porosity and permeability. On a regional scale, variation in chlorite-

cement content is related to variation in provenance, which determines how much particulate 

iron is carried by rivers and deposited in deltas and estuaries where it forms Fe-rich precursor 

clay minerals. However, even in a region where chlorite cement is abundant, there is significant 

local variation in chlorite content. Only 45% of the 142 Tuscaloosa sandstone samples from 

central Louisiana contain sufficient chlorite cement to inhibit quartz cementation and preserve 

porosity at temperatures between 280°F (138°C) and 418°F (214°C). The best predictor of 

chlorite-cement volume in Tuscaloosa sandstones in central Louisiana is grain size, with more 

complete chlorite-coat coverage occurring on coarser grains. Although one cannot predict 

reservoir quality foot by foot, a risk estimate can be assigned for encountering the higher 

reservoir quality. 

Local distribution of calcite cement is also difficult to predict. In Woodbine and Tuscaloosa 

sandstones, tightly calcite-cemented zones (containing >10% calcite) have an average 

thickness of 0.7 ft (0.2 m). Calcite-cemented layers, which precipitated during deep-burial 

diagenesis, occlude porosity and permeability in 6% of the total thickness of Tuscaloosa 

sandstones and 11% of Woodbine sandstones. Calcite-cemented layers occur in fluvial, deltaic 

and transgressive deposits, but are most common in distal- and proximal-delta-front 

sandstones. Devising an exploration strategy to avoid calcite-cemented layers would be 

difficult, but, again, a risk estimate can be assigned.  

This study of the characteristics of high-permeability sandstones in the Gulf of Mexico indicates 

that some parameters can be predicted as occurring in a particular geographic area or 

depositional environment.  Other parameters, however, particularly local diagenetic variations, 

must be assigned risk factors because predicting their exact location is not currently possible. 
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Impact of Microbes on Reservoir Quality 
 
Joann E. Welton, RQ Consultant, Houston, Texas 

 

It has long been recognized that temperature is a major factor in controlling mineral dissolution 

and creating secondary porosity in reservoirs, but what about alteration that occurs soon after 

deposition?   Studies of modern and low temperature ancient sandstones suggests that 

microbial diagenesis plays a very important early role in diagenesis, which ultimately impacts 

both conventional and unconventional reservoir quality.  Initial mineral dissolution, the 

development of early carbonate cements, and early clay grain coats, all appear to be 

influenced or controlled by microbial activity at near surface conditions.  Recognizing and 

understanding these processes is critical to improved diagenetic modeling. 

 

A variety of examples believed attributed to microbial activity will be shown from modern fluvial, 

deltaic, aeolian and shallow marine depositional environments.  For example, SEM/EDS 

studies of modern fluvial sandstones show the presence of thin, transparent “saran-like 

biofilms” which appear to act as a glue attaching clay to grains to form early clay coats, and 

also promoting the precipitation of early carbonate cement on bar tops.  Other examples 

include the partial dissolution of feldspar and mafic minerals in a tropical delta creating early 

intragranular “secondary” porosity, the binding of sand grains in a modern shrimp burrow on a 

beach, the presence of visible “bacteria” in early microquartz grain coats in a modern dune 

sand, and the alteration of basalt in a contaminated aquifer. 

 

 
    Modern “biofilm” on a fluvial sand grain       Early calcite cement on modern fluvial bar top 
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Complex, Extensive Karstification of Pleistocene Carbonates of Barbados, 
West Indies - Lessons for Karstified Petroleum Reservoirs Elsewhere 
 
Hans G. Machel, University of Alberta 

 
Barbados is located at 13o10' north latitude, 59o35' west longitude, and is about 32x23 km in 

size. Overlying tectonically deformed siliciclastic sediments of an accretionary prism, about 

80% of the surface of the island is made up of Pleistocene carbonates with ages approximately 

800,000 years to recent. These carbonates are a few meters to about 120m thick and form a 

series of terraces, which were deposited in response to an interplay of tectonic uplift and 

eustatic sea level changes, with tectonic uplift ranging episodically from ~7 to 440m per 

100,000 years over the past 800,000 years.  

 

Despite their young age the Pleistocene carbonates, and even some underlying Miocene 

chalks, are riddled with caves and sinkholes, resembling Swiss cheese.  

 

 
 

Dissolution took and takes place by freshwater forming stream caves; by freshwaterseawater 

mixing forming flank margin caves; by hypogene water tectonically expelled from the 

underlying accretionary prism enlarging fracture networks; and by corrasion of freshwater and 

seawater forming pseudokarstic sea caves. In addition, many caves have a hybrid origin in that 

they form(ed) by at least two successive karst processes. There also are some artificial caves, 

dug for drainage of episodic flood waters. Flank margin and hybrid caves are the most 

abundant cave types. Sinkhole density is extremely high, with an average of 5 sinkholes per 

square km. However, some areas have a much higher density while others are almost devoid 

of sinkholes. Another striking karst feature is a network of valleys, locally referred to as gullies, 

which formed due to at least two phases of subaerial exposure alternating with marine flooding.  

 

A number of lessons learnt from Barbados can be applied to geologically much older karstified 

hydrocarbon reservoirs elsewhere. The most striking feature recognized in Barbados is just 

how extensive, pervasive, and variegated karstic dissolution can be in less than one million 

years. 
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The Role of Bioturbation in Low Permeability Gas Charged Reservoirs.  
 
S. George Pemberton & Murray Gingras, Ichnology Research Group, Dept. Earth & Atmospheric Sci., 
Univ. Alberta, Edmonton, AB, Canada T6G 2E3  

 
In the past, trace fossil research in hydrocarbon reservoir rocks was almost always confined to 

exploration geology, however, recent research shows that ichnology has significant 

applications in production geology. Permeability enhancement in bioturbated media has been 

recognized in five interrelated scenarios (Fig. 1): 1) Surface-constrained textural 

heterogeneities; 2) Non-constrained textural heterogeneities; 3) Weakly defined textural 

heterogeneities; 4) Cryptic bioturbation; and 5) Diagenetic textural heterogeneities. Each of 

these flow-media types is further examined for its impact on flow tortuosity and overall reservoir 

heterogeneity. This is done by numerically modeling capillary transport in conjunction with 

detailed models of pore-throat distribution. 

 

 
FIGURE 1: Examples of each class of biogenic flow media from drill cores, which is 10 cm in diameter. 
(A) Surface-constrained discrete heterogeneities (SCD). (B) Example from Jurassic strata of Germany 
with Thalassinoides (Th) and Palaeophycus (Pa) indicated. (C) Non-constrained discrete heterogeneities 
(NCD). (D) Example, with Chondrites (Ch) indicated, from the Debolt Formation, Mississippian, Alberta. 
(E) Weakly defined textural heterogeneities (WDH). (F) Example from Jurassic strata, North Sea. 
Ophiomorpha irregulaire (Oi), O. nodosa (On), and Palaeophycus (Pa) are indicated. (G) Cryptic 
biogenic heterogeneities (CBH). (H) Example from Jurassic strata, North Sea. (I) Diagenetic textural 
heterogeneities (DTH). (J) Example from Wabamun Formation, Devonian, Alberta (Canada). (After 
Gingras et al., 2010). 

 
Our data demonstrate that substrate-controlled ichnofossil assemblages can enhance the 

permeability and vertical transmissivity of a low-permeability matrix.  Permeability 

enhancement develops when burrows into a firm ground are filled with coarser sediment.  If the 

burrow-fill lithology contrasts with the encapsulating firm-ground substrate, anisotropic porosity 

and permeability are developed: this can influence reserve calculations. If the burrows have 

enhanced permeability, reserve calculations may be too low. These effects are more dramatic 

in gas-prone reservoirs where slight grain size variations significantly influence the 

transmissivity of gas. Likewise, if the burrows have lowered permeability, the reserve 
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calculations may be too high. Understanding the flow-media properties, including bulk 

permeability, anisotropy, heterogeneity, tortuosity and dispersivity, of the biogenic permeability 

provides a potentially powerful reservoir development tool.  The implications of such 

understanding are far reaching, particularly pertaining to calculations of reserves and 

deliverability.  

 

Of the aforementioned categories, discretely packaged and weakly defined heterogeneities, 

and cryptic bioturbation represent primary fabrics generated by burrowing infauna. In contrast, 

diagenetic fabrics are produced by chemical alteration associated with primary burrow fabrics, 

or are enhanced by compositional variations that enhance diagenetic processes.  

 

Considering that burrow-associated enhanced permeability is evident in the rock record, it is 

surprising that little consideration is afforded it in the geological literature. Perhaps one reason 

is the matter of scale. The permeability of geological media is a bulk character. Thus, the three-

dimensional arrangement of sediment heterogeneity must be understood if flow behavior is to 

be modeled or predicted, which are particularly difficult to accomplish due to the scale and 

complexity of biogenic sedimentary structures. Overlooking the potential impact of these 

structures can lead to inaccurate assessments of the flow characteristics of a sedimentary 

rock, and misidentification or non-recognition of permeability streaks in a hydrocarbon 

reservoir. Again, this is especially important in gas-prone reservoirs where slight variations in 

permeability can have dramatic effects on storativity, reserve estimates and deliverability. For 

example, in the Trinidad TP 50 Sequence (Cassia 30 Sand) over 1 TCF has been produced 

(the average is about 200 bcf per well) from what was considered to be a poor-quality 

bioturbated facies. 

 

A developing play in both Alberta and Saskatchewan revolves around Upper Cretaceous low 

permeability gas-prone reservoirs dominated by non-constrained textural heterogeneities. 

These fields produce from relatively shallow zones (less than 1000 metres) in thin bedded or 

muddy units. Such zones can be laterally extensive and continuous and in most cases are 

interbedded with (or are) the source rock. In this example the gas is biogenic in origin and is 

thought to have generated recently. Therefore the gas does not have to migrate into the 

reservoir but will accumulate in any internal zones that show permeability and porosity 

enhancement such as burrow systems. Such low permeability gas-prone reservoirs have also 

been examined in the United States including the Mississippian Barnett Shale in the Fort Worth 

Basin in Texas, the Woodford Shale in the Arkoma Basin in Oklahoma, and the Marcellus 

Formation in the Appalachian Basin in eastern North America. Likewise, cryptically bioturbated 

sandstones represent comparably isotropic dual porosity systems where the entire rock can 

represent the flow unit. Such units therefore, can control much of the flow capacity of the 

reservoir. 

 

Just as important is the recognition that hydrocarbon production from bioturbated rock is 

generally more complex than producing from laminated media. This is because flow paths 

through burrow-related flow conduits are tortuous. Further complicating geological and 

reservoir models this tortuous, heterogeneous media presents a notable complication for 

reservoir development. Burrows are flow conduits that interact extensively with the surrounding 

matrix; their tortuous nature implies that dead ends and cut-offs may be common. An 

understanding of how burrow-associated heterogeneities control fluid flow within sedimentary 

units is necessary if production from bioturbated reservoirs is to be optimized. 
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A Model for Quartz Cementation in Fractured Sandstones 
 
R. H. Lander 1 and S. E. Laubach 2 
 
1 
Geocosm LLC, Durango, CO USA 

2 
Bureau of Economic Geology, The University of Texas at Austin, Austin TX USA  

 
In this study we consider the origin and significance of the broad range of morphologies and 

internal textures displayed by quartz cement in sandstone fracture zones.   Morphologies 

include massive sealing (Figure 1A), thin rinds within open fractures (Figure 1E) , and “bridge” 

structures that span the apertures of otherwise open fractures but are adjacent to “rind” 

overgrowths that experienced far slower growth rates (Figure 1C).  High-resolution 

cathodoluminescence imaging of massive sealing zones and bridge structures indicate that 

they form in association with repeated micron-scale microfracturing events that are 

subsequently spanned by quartz cement.  In the case of bridge structures this resulting “crack 

seal” texture, in turn, is overlain by “lateral” quartz growth along the outer length of their pillar-

like forms.   

 
Figure 1 (A) Massive sealing of a fracture by quartz cementation. (B) Prism2D simulation of 

massive sealing. (C) Quartz bridge structure. (D) Prism2D simulation of a quartz bridge, (E) Quartz rind 

in an open fracture. (F) Prism2D simulation of a quartz rind.  

 

Using a modified version of the Prism2D model of Lander et al. (2008) we show that these 

morphologies and textures arise in response to (1) the ratio of the rates of quartz growth to 

fracture opening and (2) the anisotropy in quartz growth among different nucleation surface 

types.   

 

Rind morphologies develop when the fracture opening rate exceeds two times the fastest rate 

of quartz growth, which is along the c-axis on non-euhedral surfaces.  In such cases all 

overgrowth crystals rapidly develop slow growing euhedral faces.  Massive sealing, on the 

other hand, develops where the rate of quartz growth on slowest growing surfaces (along 

prismatic faces) exceeds the net rate of fracture opening.  In such cases all quartz nucleation 

surfaces along the fracture wall develop overgrowths that seal the fracture between 

microfracturing events.   
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Bridge structures form in the intermediate condition where the fracture opening rate is within 

the range of the growth rates for different types of nucleation surfaces.  In this case some 

crystals with optimally oriented crystallographic axes will be able to span across the fracture 

between microfracturing events.  When a new microfracture is introduced new, fast growing 

non-euhedral nucleation surfaces form where the crystal breaks, leading to far faster rates of 

growth for spanning crystals compared to adjacent crystals that develop euhedral faces due to 

their suboptimal crystallographic orientations.  As the fracture opening rate increases 

compared to the quartz growth rates, the proportion overgrowths that span the fracture will 

decrease and the c-axis orientations for these crystals will become progressively closer to 

perpendicular to the fracture orientation until the spanning limit is exceeded for non-euhedral c-

axis parallel growth. 

 

We tested the efficacy of this model using a well characterized quartz bridge from the 

Cretaceous Travis Peak Formation and found that it reproduces quartz cement abundances, 

internal textures, and morphologies both in the sandstone host rock and fracture zone using 

the same kinetic parameters while honoring available fluid inclusion and thermal history 

constraints (Figure 2).  These results suggest that the same fundamental driving forces are 

responsible for quartz cementation both in the host rock and the fracture system, with the only 

significant difference being the impact that microfracturing has on the development of new pore 

space and the creation of new non-euhedral surface area for cases where overgrowths span 

fractures between microfracturing events. 

 

 
Figure 2 (A) Quartz bridge “9840p5” that was subject to the extensive fluid inclusion study of Becker et 

al. (2010). (B) Prism2D simulation of the “9840p5” bridge. 

Becker, S. P., P. Eichhubl, S. E. Laubach, R. M. Reed, R. H. Lander, and R. J. Bodnar, 2010, A 48-m.y. 
history of fracture opening, temperature, and fluid pressure: Cretaceous Travis Peak 
Formation, East Texas Basin: Geological Society of America Bulletin, v. 122, p. 1081–
1093.  

Lander, R. H., R. E. Larese, and L. M. Bonnell, 2008, Toward more accurate quartz-cement models: The 
importance of euhedral versus noneuhedral growth rates: AAPG Bulletin, v. 92, p. 1537–
1563. 
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Structural Diagenesis in Carbonate Reservoirs: A Key for Diagenetic-Related Reservoir 
Modelling 
 
Alberto Riva, Raffaele Di Cuia, Mara Marian, G.E.Plan Consulting, via L. Ariosto 58, 44121 Ferrara – 
Italy  

Carbonate reservoirs are unique in terms of geological characteristics and evolution with 

respect to other rocks. 

 

One peculiarity is the diagenetic evolution, that can modify substantially the reservoir 

properties, enhancing or decreasing the petrophysical properties of the rocks. 

 

One particular type of diagenesis is the structural diagenesis which is related to the circulation 

of diagenetic fluids within a pre-existing fault network. The most known type of structural 

diagenesis is the fault-related dolomitization, that represent only a specific type of structural 

diagenesis The impact of structural diagenesis is also applicable to oil-migration studies, as 

often the fracture network used by diagenetic fluids, can be used later by hydrocarbons 

migrating within the units. Structural diagenesis has been studied initially for mineral 

exploitation, as many hydrothermal minerals are hosted in carbonates (e.g. MVT deposits). 

 

Fault related dolomitization is a key topic for carbonate reservoirs characterization, because 

often these types of dolomites are necessary a good reservoir. Fault-related dolomites are 

normally related to the circulation of hydrothermal or hot fluids across fault systems and 

developing often a tree-like structure. The duration and the efficiency of the dolomitization 

mechanism are key controlling factors in the variation of porosity and pore network type, but if 

the circulation of these fluids last too much, the precipitation of dolomite cements can 

drastically reduce  any remaining porosity ("overdolomitization"). However, the dolomitizing 

fluid is a fluid reacting with the host rock and it is not necessarily linked only to the 

dolomitization process. Often, fault related dolomitization can be anticipated by a phase of 

intensive corrosion within carbonates, enhancing the fracture and pore network that allows the 

fluid circulation. In many cases, the dolomitization process turns into the precipitation of pore-

occluding calcite; the amount of calcite depends on the remaining efficiency of the fluid 

network. Sometimes however, the general efficiency of the hydrologic system can decrease, 

allowing the preservation of fault-related dissolution along the pathways that will be later used 

by dolomitization. 

 

The 3D distribution of structural diagenetic features is of fundamental importance for static 

reservoir modeling within the oil industry and a proper geometrical characterization is 

fundamental.  

 

This review will show different approaches in different areas from Europe and the Middle East, 

describing the structural diagenesis of several examples, both from outcrop and subsurface, 

and how to eventually approach them starting from outcrop analogues creating reservoir 

models. 

 

Structural diagenetic studies implies not only a conventional diagenetic study, but requires 

detailed knowledge of the structural evolution of the fault and fracture network within an area, 

needing a sort of tectono-stratigraphy that considers all the possible events occurring in the 

area. In this way, also basin modeling becomes a useful tool to show the interconnection 

between tectonics and the possible structural diagenetic events.  



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 68 

 

NOTES 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 69 
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Diagenetic and structural phenomena affecting fluid flow are present in many siliciclastic 

reservoirs. We studied variations in orientation, type, and impact on fluid flow, as well as 

scaling relations in Rotliegend siliciclastics in northern Germany. Three types of small-scale 

flow-barriers of different importance in a clastic Rotliegend hydrocarbon reservoir were 

identified: deformation bands, dissolution seams, and bedding parallel cementation. The focus 

was on studying deformation bands in resistivity image logs and core material. They are mainly 

conjugates and allow the validation of seismic faults and to infer subseismic faults. Bedding-

parallel dissolution seams are related to compaction and postdate at least one set of 

deformation bands. Bedding parallel cementation is accumulated in coarser grained layers and 

depends on the amount and type of clay coatings and the presence of fine grained layers 

adjacent to the dissolution seams. Geostatistical interpretation of deformation bands can 

improve facies interpretation due to their lithology- and structurally dependent variation. We 

propose a more unified classification of deformation bands considering kinematic-, mechanical- 

and chemical processes.  

 

Integration of petrophysical data and petrographic image analysis visualize the impact of 

different types of flow barriers on reservoir heterogeneity. Deformation bands reduce the host 

rock permeability parallel to bedding by a maximum of two orders of magnitude. However, host 

rock anisotropies are inferred to reduce the permeability by a maximum of four orders of 

magnitude. Permeability of deformation bands was measured at 300bar confining pressures. 

Average permeability and transmissibility multiplier calculations for single-phase fluid flow 

visualize the little impact of the studied deformation bands on flow properties in the reservoir. 

The relative timing of these flow barriers as well as the assessment of reservoir heterogeneities 

are the basis for state of the art reservoir prediction modeling.  
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Effects of Reservoir Quality on Geomechanical Risk  
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Petrophysical and petrographical characterisation of reservoir quality around fault zones in 

clastic reservoir analogues shows that tectonic deformation can change the amount of porosity, 

as well as altering pore geometries. Development of fault-induced porosity has also been 

measured as anisotropy of permeability in core plugs sampled around faults (Figure 1). Using 

quantitative pore space characteristics combined with experimentally derived rock strengths 

and elasticities we have modelled the influence of reservoir quality around fault zones on the 

geomechanical behaviour of normal faults in subsurface reservoirs.  

 

 
Figure 1. Schematic diagrams showing how fault-induced anisotropic pores and shear fractures oriented 
at a low angle to σ1 can form high permeability pathways parallel to fault dip.  

 

Previous research has shown that changes in pore fluid pressure, associated with fluid flow, 

can induce changes in the stresses and potentially leading to fault reactivation. In these studies 

pores are modelled as simple spherical voids. However, microstructural studies in undeformed 

and deformed sandstones show that real pores are more complex than spheres and are better 

represented by ellipsoids. In addition, image analysis on thin sections of cataclastic fault rocks 

show that ellipsoidal pores are commonly oriented, and therefore impart anisotropy. Theoretical 

work suggests that depending on the orientation of anisotropic pore long axes with respect to 

the in situ principal stresses, anisotropy of porosity may either increase or decrease the 

stability of faulted rock. Geomechanical models presented in this study test this hypothesis 

using petrophysical data (helium and mercury injection porosimetry, high pressure nitrogen 

permeametry), image analyses (optical microscopy, BSEM and SEM-CL) and rock strength 

and elasticity data (uniaxial and triaxial compressive strengths and seismic velocities) from 

samples taken from two normal fault zones hosted in aeolian and fluvial reservoir analogues.  

 

Results from our geomechanical models show that increased pore fluid pressure in a porous 

sandstone containing anisotropic pores oriented perpendicular to σ1 (as quantified in 

undeformed aeolian host rock) decreases the effective stress and shear stress, making the 

rock more stable. In comparison, pore fluid pressure increases in a cataclastic fault rock 
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comprising anisotropic pores oriented parallel to σ1 decreases the effective stress but increases 

shear stress, potentially leading to fault reactivation (Figure 2).  

 

 
Figure 2. Mohr diagrams showing the effects of increasing pore fluid pressure in a sample of 
undeformed quartz rich sandstone (a) and a fault induced cataclasite (b).  

 

Risks associated with hydrocarbon production - such as fault reactivation and wellbore 

instability - involve changes in structural characteristics of rock strength, elasticity and fracture 

distribution, but also depend on reservoir quality characteristics of porosity, permeability and 

mineralogy. Understanding these dynamic, coupled properties is essential for more better 

predictions of geomechanical risk in subsurface reservoirs in both oil and gas production, and 

for CO2 storage. 
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It is of paramount importance to estimate the void fraction of chalk reservoirs for accurate 

predictions of the economic resource potential and how the reservoir responds mechanically to 

changes in the stress condition. In addition, any changes to the porosity changes may impact 

the flow properties in a producing reservoir. There is a link between the evolution in the 

porosity and permeability. This is reflected in the numerous models of porosity-permeability 

relationships reported in the scientific literature, even though several other parameters such as 

the specific surface area, Kozeny constants, and the tortuosity etc. are important too. In this 

study we estimate the dynamic porosity evolution during combined volumetric compaction and 

dissolution-precipitation induced from the non-equilibrium state across the rock-fluid interface. 

The results of a long term experiment (1018 days) performed on outcrop Liège chalk in a tri-

axial cell are shown in which measurements of the volumetric strain, ion composition of the 

produced fluid and the hydraulic permeability are analyzed. The core experiment was 

performed at creep conditions e.g. in this case at constant isotropic stress conditions beyond 

yield while continuous flooding with MgCl2 brine at varying rates. The test temperature was 

constant at 130 . Ion chromatography of the fractioned effluent indicates that calcium 

carbonate was dissolved while magnesium carbonate was precipitated, thereby reducing the 

rock mass and volume. 

 

We show that: 

 

1. The volumetric strain and the dissolution and precipitation from ion chromatography 

analysis can be accurately incorporated into a dynamic model of porosity evolution. 

2. Even though the porosity estimate enables us to explain trends in the observed 

permeability, the porosity reduction is in-adequate to fully describe the observed 

reduction in the permeability during compaction and chemical alteration. This indicates 

that other factors such as e.g. tortuosity or specific surface area is changed during the 

experiment. The specific surface area is measured prior to and after the core had been 

tested. 

3. The observed strain can be partitioned additively into a chemical and mechanical 

component. In this nomenclature the simplest approach is suggested in which the 

chemical induced creep induce an evolution in the rock volume, while the mechanically 

induced creep is associated with pore volume reduction. The two contributions are 

merely added in this description. The chemical creep is affected by the flooding rate 

which is displayed both in the creep curve and the ion composition of the produced 

fluids. The proposed additive partitioning provides a more detailed analysis of how the 

brine composition induces additional creep than what has previously been shown.  
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Porosity and pore types are key parameters used to understand the physical properties of 

rocks e.g. permeability and acoustic velocity. Porosity is a dynamic physical property which can 

be modified by a range of tectonic and diagenetic processes. The variation of porosity around 

fault zones is associated with the modification of pore network characteristics (pore types, 

sizes, shapes and orientations). The evolution of porosity and pore network characteristics 

according to fault damage is rarely documented in a systematic way, and yet is essential to 

accurately predict faulted reservoir quality in the subsurface. 

 

This study uses outcrops of carbonate-hosted normal fault zones in Malta to quantify porosity 

and pore network modifications according to fault damage and associated diagenesis. Oriented 

samples of undamaged and damaged carbonate lithologies, which span the Dunham 

classification (lime mudstone to grainstone), have been collected around the fault zones. These 

fault zones vary in displacement from 10 to 100 m. Petrography is used to define the primary 

lithofacies and to understand the fault related textural evolution of the carbonates. Helium 

porosimetry is used to quantify He-porosity and N2-permeametry is used to quantify N2-

permeability on core plugs. Mercury injection capillary pressure (MICP) analysis of small (cm) 

chips is used to quantify pore throat size distributions. Three oriented thin sections per sample, 

cut from perpendicular planes, were made from selected damaged and undamaged samples in 

a range of lithofacies. Digital image analysis of BSE-SEM images is used to quantify pore 

sizes, pore shapes and pore orientations. Image analysis on perpendicular 2D thin sections 

provides a 3D appreciation of the pore network. Point counting is employed to estimate pore 

type contributions to the total porosity. 

 

He-porosity of undamaged samples is strongly dependent on the primary lithofacies (Figure 1) 

although significant porosity heterogeneity is observed in certain lithofacies (e.g. Geniculate 

Coralline Algae and Miliolid Pack-/ Grainstone, Figure 1). Generally, He-porosity values 

decrease towards fault slip surfaces (Figure 2). Decreasing porosity values can be attributed to 

porosity destruction processes such as recrystallization, brecciation and cataclasis. In some 

instances, porosity increases are observed in the damage zone surrounding the slip surface. 

Porosity increases are associated with fracturing and dissolution. The evolution of porosity into 

a fault zone is dependent upon the primary facies. Pore network characteristics (pore types, 

size, throat size, shape and orientation) are modified by tectonic and diagenetic processes 

around fault zones. The changes in pore network characteristics are documented and linked to 

the dominant tectonic and diagenetic processes.  

 

It is essential to understand how porosity and pore network characteristics are modified into 

fault zones to enable accurate modelling of the fluid flow and elastic behaviour of faulted 

hydrocarbon reservoirs in the subsurface. Accordingly, pore network characteristics are used to 

explain permeability-porosity relationships.  
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Figure 1. He-porosity in undamaged samples of the Xlendi Member of the Lower Coralline Limestone 
Formation (blue) and the Lower Globigerina Limestone Member of the Globigerina Limestone Formation 
(red). He-porosity varies significantly according to lithofacies, but there is also significant He-porosity 
variation within certain lithofacies, e.g. Geniculate Coralline Algae and Miliolid Pack-/ Grainstone.  
 
 

Figure 2. He-porosity profile across a 100 m displacement normal fault zone. He-porosity decreases 
towards the principal slip surface. The evolution of porosity from undamaged to fault core is dependent 
on the lithofacies. 
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Assessing the Impact of Sub-Seismic Deformation Bands on Reservoir Quality: A Case 
Study from Two Reservoirs 
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The presence of cataclastic deformation bands in reservoirs can have a significant negative 

impact on reservoir quality. To reduce subsurface uncertainty and mitigate risk, it is therefore 

important to understand the potential impact of deformation bands on present-day reservoir 

quality, as well as controls on deformation band formation and degree of porosity and 

permeability degradation.  Cataclastic deformation bands are localized strain features where 

the grain fabric has been disturbed, including by pore collapse, and grain rotation and 

breakage with an associated reduction in grain size, porosity, and permeability when compared 

to the host rock. Deformation bands can be several millimeters (or less) in width, have lengths 

of several meters, form in mid- to high-porosity reservoirs, and can occur as minor isolated 

features or as clusters of tens to hundreds of anastomosing bands. To understand the impact 

of deformation bands on the reservoir, the reservoir quality of the host rock, the reduction in 

permeability and porosity in the deformation bands, and the spatial distribution and orientation 

of the deformation bands within the reservoir must be known. 

 

A requirement for the formation of deformation bands is that the reservoir has experienced 

strain, but strain magnitude does not need to be large or even tectonic in origin. Thus, 

deformation bands may be present in reservoirs that have experienced only minor deformation. 

In addition to in situ strain history, deformation band formation and microstructure may be a 

function of composition, texture, diagenesis, and fluid history. For example, rocks containing 

grains that are ‘weak’, such as lithic fragments or feldspars that may be preferentially crushed 

during compaction will generally have reductions in porosity and permeability at lower effective 

stresses as compared to more mature quartz-rich rocks, and analogous behavior is expected 

during shear deformation as well. After formation, deformation bands are subject to the same 

diagenetic processes that the host reservoir experiences, but the effects of diagenesis, may be 

different and likely more severe within deformation bands because of their cataclastic texture: 

reduced grain size, increased reactive surface area, increased grain-grain contacts, and poorer 

sorting. 

 

In this study, we focus on the microstructural characteristics of the deformation bands in 

comparison to the host rock. We investigate cataclastic deformation bands formed in two 

hydrocarbon reservoirs with distinct diagenetic histories. We apply BP’s proprietary ‘Digital 

Rocks’ technology, in which a high-resolution 3D micro-computed tomographic (”microCT”) 

image is acquired, processed using advanced algorithms, and segmented into a pore phase 

and one or more grain phases, and then used as the computational mesh in Direct Numerical 

Simulations from which  macroscopic petrophysical properties can be calculated. Digital Rocks 

technology is uniquely suited to address this particular problem, because the scale of 

deformation bands precludes measurement of rock properties using traditional laboratory 

techniques on core plugs as these cannot discriminate between the properties of the 

deformation bands versus surrounding rock.  The Digital Rocks approach allows us to uniquely 

‘measure’ the physical properties of the deformation bands versus surrounding rock, and it 

furthermore enables quantitative comparison of rock properties within the deformation bands, 

adjacent to the deformation bands, and at distances (many m’s) removed from core intervals 

containing deformation bands. Using this technique, we report results for porosity, permeability, 

and capillary pressure curves within deformation bands and host rock.  
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Figure 1 – porosity and permeability of host rock versus 
deformation bands for two reservoirs. 
 

 

Several hundred feet of core were recovered from two reservoirs which contained multiple 

intervals with visible deformation bands.  For Reservoir A, five depths containing visible 

deformation bands and six depths in intervals with no obvious macroscopic deformation 

features were selected for plugging.  For Reservoir B, seven depths with deformation bands 

and ten other depths representing the undisturbed host rock were chosen for plugging. These 

plugs were further sub-sampled for microCT imaging. The spatial resolution for the imaging 

technique is ~1 um. 

 

Reservoir A is a poorly lithified, moderately to well sorted, fine to medium grained 

sublitharenite. Average host rock porosities vary between 24-30% with permeabilities between 

700 and 1000 mD (Figure 1). Reservoir A experienced minimal mechanical compaction and 

little or no cementation and deformation bands show minimal diagenetic alteration. In contrast, 

Reservoir B is a fine to medium grained subarkose with poor to moderate sorting. Porosity in 

the host rock varies from 15–20% and permeability varies between 5 and 250 mD (Figure 1). 

Reservoir B experienced significant diagenetic alteration including both mechanical and 

chemical compaction – evidenced by abundant interpenetrating and sutured grain contacts; 

and precipitation of quartz cements and clay phases including chlorite and kaolinite, among 

others. In addition, in Reservoir B we observed significant spatial variability in the degree of 

cementation at the scale of millimetres – so that within a rock volume on order of ~10 mm3, it 

was possible to have zones where porosity was completely occluded, and others where 

porosity was preserved. Deformation bands within this reservoir also show significant evidence 

of chemical compaction and cement precipitation indicating deformation within Reservoir B 

preceded or was coeval with significant diagenesis.  

 

 

 

In Reservoir A, cataclastic deformation bands have a porosity reduction between 10 to 70%, 

permeability reduction between 1 and 4 orders of magnitude, and reduction in mean pore 

throat radii between 70 and 90%, as compared to the average host rock (Figure 1). In 

Reservoir B, deformation bands have a porosity reduction between 25 to 85%; however, the 

majority of deformation bands that were sampled did not have connected porosity and were 

therefore effectively impermeable. For images with resolvable connected porosity, permeability 

reduction was between 2 to 3 orders of magnitude, with between 50 and 85% reduction in 

mean pore throat radii as compared to the host rock (Figure 1). Comparing deformation bands 

in the two reservoirs, the deformation bands in Reservoir B are on average 12 porosity units 
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lower than those in Reservoir A, have >1 to 2 orders of magnitude lower permeability, and pore 

throats that are > 50% smaller.  

 

The differences in deformation bands in the two reservoirs are likely due to the significant 

diagenetic overprint in Reservoir B, which intensifies the porosity-permeability degradation 

within the band. While the possible presence of deformation bands is one risk to consider for 

prospect evaluation, our work indicates that the timing of diagenesis relative to deformation is 

also a key consideration. 
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Common compaction localisation features in carbonate and clastic rocks—namely stylolites 

and compaction bands—hold the potential to impact regional fluid flow in reservoirs. Stylolites 

are complex column-and-socket interdigitation features that form as a result of intergranular 

pressure-solution (e.g., Croizé et al., 2013; Figure 1A). They can form laterally extensive, 

planar drapes (some stylolites are known to reach lengths of almost 1 km, Safaricz and 

Davison, 2005). Compaction bands are tabular structures that contain a much lower porosity 

than the adjacent host rock (Figure 1B). In sandstones and limestones this porosity reduction is 

accommodated by grain crushing (Cheung et al., 2012) and pore collapse (Baud et al., 2009), 

respectively. Both localisation features are generally orientated normal or sub-normal to the 

maximum principal stress. 

 

 
Figure 1. A: Optical photomicrograph map of a sample of Oxfordian limestone containing a stylolite 
(taken from Heap et al., 2014). B: Optical photomicrograph map showing a compaction band in 
Diemelstadt sandstone; the maximum principal stress σ1 was in the vertical (Z) direction (taken from 
Baud et al., 2012). 

 
Although knowledge of the influence of compaction bands and stylolites on regional fluid flow is 

an important consideration in many facets of geoscience (e.g., geotechnical engineering, 

petroleum geoscience, structural geology, amongst others), laboratory permeability data are 

rare. Recently, Heap et al. (2014) showed that, for a suite of limestones (different porosities 

and textures) containing stylolites perpendicular to the direction of flow, the permeability simply 

follows the same power law permeability-porosity trend as the stylolite-free material (Figure 

2A). They showed, using a combination of high-resolution (4 µm) X-ray computed tomography, 

optical microscopy, and chemical analyses, that their stylolites are not only perforated layers 

constructed from numerous discontinuous pressure solution seams, but also comprise minerals 
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of similar or lower density to the host rock. Interestingly, they also found that samples with 

stylolites parallel to the direction of flow generally exhibit permeabilities that are about an order 

of magnitude higher than the aforementioned power law permeability-porosity relationship (the 

black dashed line in Figure 2A). Heap et al. (2014) therefore suggested that flow-parallel 

stylolites could commonly act as conduits for enhanced fluid flow. By contrast, in another 

recent publication, Baud et al. (2012) showed that compaction bands in sandstone reduced 

permeability by up to three orders of magnitude (Figure 2B). Baud et al. (2012) triaxially 

deformed samples of Diemelstadt sandstone at effective pressures relevant for compaction 

band formation while measuring permeability at every 0.25% of axial strain. Results from one 

of their experiments, performed at an effective pressure of 150 MPa, are presented in Figure 

2B and show that permeability decreased from 10-12 m2 to 10-16 m2 during compaction band 

growth. Taken together we can conclude that, whereas compaction bands are likely to severely 

influence fluid flow within a reservoir, stylolites are unlikely to play a major role. 

 

 

 
Figure 2. A: Porosity against permeability for limestones containing a stylolite parallel to flow, 
perpendicular to flow, or no stylolite. Data were collected under a confining pressure of 2 MPa. The black 
solid line corresponds to the power law fit though the “stylolite-free” and “stylolite perpendicular to flow” 
data. The black dashed line corresponds to the power law fit though the “stylolite parallel to flow” data 
(excluding two data points that follow the previous trend). The data in panel A is taken from Heap et al. 
(2014). B: Differential stress and permeability as a function of axial strain for a triaxial permeability 
experiment performed on Diemelstadt sandstone (data taken from Baud et al., 2012). 
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Influence of Structural Position on Fracture Connectivity in a Folded Tight Sandstone 
Reservoir Analogue 
 
Hannah Watkins, Rob Butler, Clare Bond & Dave Healy, Department of Geology and Petroleum 
Geology, University of Aberdeen, UK 
 

Secondary porosity from open or partially open fractures can be important in improving 

reservoir quality and producibility by providing additional storage capacity and enhancing 

migration. Fractures are particularly beneficial in reservoirs which contain very little primary 

porosity, for example fractured limestones, tight sandstones, shales and crystalline basement. 

In order for fractures to enhance reservoir productivity they must display high connectivity, a 

property primarily controlled by fracture set orientations, lengths and densities. Multiple fracture 

sets at different orientations must be present in order for the fractures to cross cut one another; 

higher fracture lengths and densities increase the chances of fractures intersecting. Fracture 

set orientations are controlled by the orientations of maximum and minimum stresses, whilst 

density is thought to increase in areas that have undergone higher strains. The controls on 

fracture length are more complex; higher strains may increase fracture lengths as well as 

depositional controls such as thicker mechanical layering. 

 

In this study we investigate the influence of structural position on fracture connectivity in 2D. 

We determine patterns for fracture orientation, length and density variations across fold 

structures, followed by investigation of connectivity changes at different structural positions, 

using fracture end point mapping. Torridonian Sandstone folds in the Achnashellach fold and 

thrust belt, NW Scotland, are used as analogues for tight sandstone reservoirs. We 

hypothesise that fracture set orientations should be relatively constant across individual folds, 

since all areas of the fold have been deformed by the same regional stresses; therefore density 

and fracture lengths have the most significant influence on connectivity. We predict fracture 

density will increase in the steeper dipping forelimbs of these asymmetric folds, as these 

display higher curvatures than the backlimbs, therefore have undergone higher strain. Patterns 

for fracture length variation are more difficult to predict, however if lengths increase in higher 

strain areas we would expect to see longer fractures in the forelimbs. Since both density and 

fracture lengths are predicted to increase in the fold forelimbs, it is here we expect to see the 

highest fracture connectivity. 

 

Preliminary data suggests fracture orientations correlate well between adjacent sampling sites 

in high strain zones such as steeply dipping forelimbs and older folds that have undergone a 

longer, more complex deformation history. On fold backlimbs, especially in younger structures, 

we see a large amount of data scatter and poor correlation between adjacent sampling sites; 

no dominant fracture set orientations can be found in these regions. Fracture density is 

generally highest in steeply dipping zones such as forelimbs; on backlimbs density is generally 

low but highly variable, indicating other controlling factors such as lithology may be more 

influential here. Fracture lengths are not seen to have a strong correlation with structural 

position; alternative factors such as lithological/depositional controls are inferred. 

 

High connectivity is inferred in the high strain, steeply dipping forelimbs due to high fracture 

densities. In low strain backlimbs where fracture densities are generally lower we infer poorer 

connectivity, however this is often seen to be improved by the presence of a large number of 

apparently randomly oriented fractures which increase the chances of fracture intersection. 

Detailed fieldwork combined with forward kinematic modelling of fold structures allows us to 

determine how structural position influences fracture characteristics which, in turn, affect 

connectivity. 
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Although clay minerals are seen as having a negative impact on reservoir characteristics in 

carbonates (e.g. promotion of pressure solution, localised cementation and clay seams), some 

of the Mg-rich clay minerals found in modern and ancient lake systems are prone to a series of 

diagenetic reactions that instead lead to the production of secondary porosity. Because of their 

unusual chemical composition and structure, Mg-clays are chemically more labile and wholly 

distinct from the more common Al-rich varieties (e.g., illite). 

 

The initial formation of Mg-clays from water takes place rapidly via the formation of a poorly 

crystalline, viscous and extensively hydrated “gel”; dehydration of the gel phase is capable of 

releasing up to 25-30 wt. % H2O from crystallite surfaces and interlayers, acting as an 

important source of diagenetic water to buried sediments.  

 

The later destabilization of the Mg-clay results in three main effects –  

 

1. The Al-free chemical composition of most Mg-clays means dissolution is nearly always 

congruent with few secondary products beyond silica and dolomite, thus the 

destabilization of these clays during burial can create porosity (secondary matrix 

porosity).  

2. The rapid destruction of easily hydrolysable Mg-O bonds in the stevensite structure 

leads to the liberation of dissolved silica and free Mg2+, that can trigger partial 

replacement dolomitization, and the locally extensive replacement and cementation by 

silica.  

3. In addition to burial dehydration, Mg-clays in general, and stevensite in particular, may 

be prone to a number “self-initiated” acid producing reactions that initiate corrosion 

upon further diagenesis, linked to interlayer cation migration.  

 

These theoretical predictions are consistent with a number of sedimentary textures observed in 

public domain data in Pre-Salt carbonates of the Santos and Campos basins. Understanding 

the interactions between Mg-clays and lacustrine carbonates is a frontier in sedimentology and 

reservoir prediction, involving previously unexplored geochemical pathways during diagenesis. 
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Clay Mineral Development in Hydrothermal Dolomites and Their Effect on Reservoir 
Properties: The Pozalagua Outcrop Reservoir Analogue Study 
 
Asefeh Golreihan, Rudy Swennen, Geodynamics and Geofluids Research Group, Geology Section, 
Department of Earth and Environmental Sciences, KU Leuven, Celestijnenlaan 200E, 3001 Heverlee – 
Belgium 
 

Aptian-Albian carbonates are affected by hydrothermal dolomitization along the Pozalagua 

fault, which acted as a regional overpressured fluid pathway. The latter is situated in Ramales 

Platform located in the Basque-Cantabrian Basin (BCB) of northern Spain. 

 

Complex diagenesis caused by several hydrothermal fluid pulses, as well as karstification and 

fracturing severally modified the primary mineralogy, textures and reservoir characteristics of 

the study area. Understanding these alterations, their relationships, and the factors influencing 

them in natural analogues for oil reservoirs e.g. Pozalagua outcrop, helps the prediction of 

reservoir behaviour and the production management.  

 

The fault-related hydrothermal alteration processes involve also the precipitation and chemical 

modification of aluminosilicate in Pozalagua carbonates. Despite the insignificant volume 

percentage of the clay minerals (less than %1.5) in the studied samples, they have a 

considerable influence especially on permeability and they negatively affect reservoir quality.  

Clays in combination with iron (hydr) oxides (likely weathering products of pyrite) mainly block 

intercrystalline pore spaces in some dolomite lithotypes. They also occur in several fractures, 

where they have been partly corroded by secondary calcite cement infill. Finally clay mineral 

together with organic matter and iron (hydr) oxides constitute the main part of both burial and 

tectonic stylolites. Mainly these insoluble residues originated from the detrital phases inside 

host carbonates. The difference in dolomite crystal size on either side of the stylolites shows 

that the latter built permeability barriers and influenced dolomitising fluid flow. 

 

Detailed mineralogical and textural studies carried out by light microscope, SEM and Micro-CT 

revealed some variety in mineralogy, crystal size, fabric and spatial distribution of the different 

clays and dolomite lithotypes. cathodoluminescence microscopy both OM-CL and EPMA-CL 

used to characterize the paragenetic relationships in the study area. XRD (performed on bulk 

and concentrated clay fractions and treatments) and FEG-EPMA results on different samples 

confirm that chlorite and kaolinite are the main clay components in all rock types. Within some 

lithotypes, also illite and several mixed layer clay minerals (corrensite, chlorite-smectite and 

smectite-illite) occur in small quantity. 

 

The Presence of some mixed layer clays for instance corrensite with relatively high crystalline 

and large and regular clay outlines, which is typical for hydrothermal settings, testifies of their 

authigenic origin, formed by hydrothermal fluid circulations along the Pozalagua fault. 

Considering the immobility of aluminium, the presence of significant detrital clay minerals in the 

insoluble residues of the host rock limestone and relative similarity in aluminosilicate content of 

limestone and clay rich hydrothermal dolomies, we suggest that the clay minerals points to an 

in-situ source of the constituents. Accordingly, after meteoric karstification of the host limestone 

and deposition of lime-mud-rich precursors as cave filling sediments, the first phase of 

dolomitization altered these sediments to the iron-rich laminated fine matrix dolomite. 

Subsequently, laminated coarse-crystalline sucrosic saddle dolomites, called dolomite sand 

(DS), replaced partly the first dolomite generation.  
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Due to second dolomitization phase, dolomite crystal size increased and thus also 

intercrystaline spaces became larger and authigenic clay minerals became concentrated in 

these larger pores. There is an inverse relationship between the clay mineral amount and 

dolomite crystal size within the dolomite sands. When the clay content decreases, dolomite 

crystal size increases as the number of dolomite nucleation centres diminish. The reason of 

smaller dolomite crystals in clay-rich sediments may relate to the lower permeability of these 

intervals hampering the circulation of dolomitization fluids through the system. 
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Investigations of burial diagenesis, involving separate studies of either sandstone or mudstone 

sequences have been the subject of many publications. In addition to dissolution and/or 

cementation processes, involving silica and carbonates, much attention has been given to clay 

mineral alteration, transformation and precipitation. The aim of this study was to compare clay 

mineral diagenesis in interbedded sandstones and shales and to examine to what extent the 

diagenetic processes in the sandstones and shales are linked.  

 

The Vienna Basin is located in the NE part of Austria and represents a pull-apart basin along 

the junction of the Eastern Alps and the Western Carpathians. The evolution of the basin 

started during the early Miocene with subsidence along NE trending sinistral faults. The well 

Aderklaa-78, drilled in 1958 by OMV AG, involved continuous coring and is, therefore, 

especially useful for carrying out burial diagenetic investigations on both sandstones and 

shales.  

 

35 Miocene sandstone cores and 15 intercalated shale cores from depths of 780-2802 m were 

compared. The methods used to investigate sandstone and shale diagenesis are X-ray 

diffraction analysis, thin section microscopy, cathodoluminescence microscopy and scanning 

electron microscopy.  

 

The average framework composition of the sandstones is 60 % quartz, 22 % feldspar and 18 % 

rock fragments. The feldspars in these sandstones are mostly alkali feldspars, which are more 

or less altered. The replacement of feldspars by kaolinite is most common. The rock fragments 

are mainly sedimentary, they consist of calcite and dolomite particles; metamorphic rock 

fragments and chert fragments are of secondary importance. The authigenic clay minerals in 

the pores of the sandstones consist of mixed layer illite/smectite, illite, kaolinite and chlorite. 

The illitization of smectite proceeds with depth, I/S minerals from a depth of 892 m (25 % illite 

in I/S) are randomly interstratified (R=0), regular interstratification (R1 ordering) of I/S occurs 

already at a depth of 2150 m. Illitization increases to about 80 % illite layers in I/S in this profile. 

The primary porosity of the sandstones is additionally diminished by quartz overgrowth 

cements and calcite cement. Secondary porosity results from dissolution of feldspar and 

carbonate particles. 

 

The essential components of the shales are similar to the sandstones: quartz, feldspars, 

carbonates and the phyllosilicates illite, chlorite, kaolinite and illite/smectite mixed layers. The 

fine clay fraction of the shales is dominated by mixed layer illite/smectite, here the main clay 

mineral transformation with depth, the change from smectite to illite involving mixed layer I/S 

intermediates, is observed. The percentage of illite layers in the I/S mixed layer increases, like 

in the sandstones, from around 25 % at 780 m to 80 % at 2800 m.  
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In relation to depth, the illitization of the I/S mixed layer mineral is proceeding faster in the 

sandstones than in the shales. This can be explained by the higher porosity and permeability of 

the sandstones which allows better pore-fluid migration. 
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Diagenesis of the Oligocene Vedder Formation, Greeley Oil Field, Southern San Joaquin 
Basin, California, USA 
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California State University, Bakersfield, CA 93311 

 
The Vedder Formation sands at the Greeley oil field consist of arkosic to subarkosic arenites 

and graywackes. Grain size ranges from fine to coarse sand and the sands vary from poorly to 

well sorted. Burial depths exceed 3150 m and the reservoir temperature is ~125ºC. The sands 

are bounded below by silts and shales within the lower Vedder Formation and above by deep-

marine shales of the Freeman-Jewett Formation. These sands are currently at or very near 

their deepest burial depths. 

 

Porosity within the Vedder sands is controlled by compaction, dissolution of framework grains, 

and cementation. Mechanical compaction is evident by long and sutured grain-to-grain 

contacts, fractured and broken framework grains and cements, and deformed labile grains. 

Compaction reduced primary porosity through readjustment of grains, fracturing and 

subsequent rotation of grain fragments, and deformation of micas and labile grains. 

Precipitation of cements, including phosphate, clays, calcite, dolomite, K-feldspar, quartz, 

barite, anhydrite, and pyrite, also reduced porosity at various times during burial. Other 

diagenetic processes included glauconization of feldspars and chert, phosphate replacing 

feldspars, glauconite, and quartz, replacement of framework silicates by carbonates, alteration 

of biotite, albitization of feldspars, and dissolution of framework grains and carbonates. Figure 

1A shows a scanning electron microscope (SEM) backscattered-electron (BSE) image of 

quartz (Q), albitized (A) K-feldspar (K), and clay coatings (C). Figure 1B shows a composite 

image of SEM-BSE and cathodoluminescence (CL) images revealing quartz overgrowths (QO) 

on a rounded quartz (Q) grain and multiple episodes of fracturing.  Early fractures (FE) in 

quartz were healed by quartz cement whereas late fractures (FL) remain open.  

 

 
 
Dissolution of feldspars, quartz, volcanics, micas, and carbonates created secondary porosity 

and altered QFRf and QFL ratios. Deeper samples are quartz-rich relative to shallower 

samples, suggesting feldspar removal through dissolution. Dissolution affected plagioclase 

more than K-feldspar (Figure 2). Figure 3 shows calcic-plagioclase was preferentially removed 

as indicated by a shift towards more sodic compositions in deeper samples. Continued 

compaction reduced both primary and secondary porosity and most likely permeability, while 

continued dissolution of framework grains and cements maintained an open pore network, thus 

facilitating the migration and accumulation of hydrocarbons. Pyrite formed after emplacement 

of hydrocarbons suggesting continuing thermal maturation within the reservoir. 

Figure 1. A) SEM-BSE 
image of quartz (Q), 
albitized (A) K-feldspar 
(K), and clay coatings 
(C). B) Composite of 
SEM-BSE and CL 
images of quartz (Q), 
quartz overgrowths (QO), 
early (FE) and late (FL) 
fractures, and albitized 
(A) K-feldspar (K).  Well 
ELR 1, depth: 4,104 m.  
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Textural relationships of the diagenetic minerals suggest syndepositional formation of 

glauconite and phosphate, followed by early precipitation of pore-lining clay coatings and 

carbonate cements, along with framework-grain fracturing and possibly dissolution. With 

increasing burial, dissolution of framework grains continued, accompanied by albitization of 

plagioclase and K-feldspars, formation of K-feldspar and quartz overgrowths, and precipitation 

of kaolinite and other clays. Finally, hydrocarbon migration and formation of pyrite occurred 

during late of diagenesis (Figure 4).  
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Figure 2 (Above). Plots of 
feldspar vs. depth. 
 
 
 
 
Figure 3 (Left).  Ternary diagram 
of  shallow (~3500m) and deep 
(~4100m) detrital and authigenic 
feldspars.   

 PARAGENETIC SEQUENCE 

Early Middle Lat
e 

Glauconite and Phosphate 
Pore-lining Clay Coatings 

Fracturing 
Dissolution  
Albitization 

Quartz Overgrowths 
Kaolinite/Other Clays 

K-feldspar Overgrowths 

Hydrocarbon Migration 
Pyrite 

Carbonate Cements ? ? 

Figure 4. Paragenetic sequence for the Vedder Sandstones. 
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Dynamic Permeability Increase during Flow of CO2 Saturated Water through Tight 
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Field trials into CO2 sequestration are currently being undertaken at the In Salah gas field, 

Algeria. Previous work has identified the presence of minerals such as chlorite, and siderite in 

the storage domain, which are known to be susceptible to alteration or dissolution by CO2-rich 

aqueous fluids. Any dissolution of these minerals could have significant effects on the 

permeability of the storage and sealing units at In Salah; while precipitation of new minerals 

along the flow path, where the pH is higher, could lead to a localized decrease in permeability 

due to mineral precipitation.  These changes may affect other petrophysical properties of the 

storage domain, including porosity and rock strength; these in turn may facilitate CO2 migration 

from the local storage structure.  Results from direct experiments of flow of CO2-rich aqueous 

fluids through intact rock samples are clearly of vital importance in assessing the viability of 

CO2 geological storage systems. 

 

A tight Carboniferous sandstone sample was taken from the In Salah field, Algeria. Here we 

show that flowing gas phase carbon dioxide, inert gas or water through the sample under 

simulated reservoir conditions has no effect on permeability while flowing carbon dioxide–

saturated aqueous fluids through the sample increases the permeability by one order of 

magnitude. The increase in permeability is shown to be due to the dissolution of chlorite and 

siderite in pore throats. The results reveal that the chemistry of these systems can significantly 

alter the physical properties of the rock and this must be taken into account when modelling 

their long-term behaviour. A localised increase in permeability due to dissolution close to 

carbon dioxide injector wells at In Salah might be ameliorated by the precipitation of the 

dissolved phases at some distance along the flow path where the carbon dioxide concentration 

is less and fluid pressure is lower. 

Figure 1. Scanning electron microscope images before and after the flow of CO2 saturated water 

(Armitage et al 2013) 

 

References: 
 
P.J. Armitage, D.R. Faulkner, and R.H. Worden (2013). Caprock corrosion. Nature Geoscience, v. 6, p. 

79–80. 
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The Kaolinite to Dickite Transformation as a Geothermometer 
 
Brita Vangdal, Ruth Elin A. Midtbø, Rannveig Litlabø and Anita L. Johnsen, Statoil ASA, Research 
Centre Bergen, Norway 
 

Kaolinite is a commonly occurring clay mineral in sandstones. Several studies have shown that 

kaolinite alters to dickite with increasing temperatures. Threshold temperatures for such 

diagenetic reactions can be used to extract information about a sandstone’s temperature 

history by rapid petrographic analyses. The aim of this project has been to determine if the 

kaolinite to dickite transformation occurs at a specific temperature and whether the 

transformation can be utilized as a geothermometer or not.  

 

Kaolinite and dickite are two polymorphs within the kaolin group. To discriminate between the 

two, both X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) analyses were 

perfomed. We found it most reliable to study the less than 20 μm fractions and observe the X-

ray diffraction pattern between 70 and 73 °2θ. Kaolinite has two distinct reflections in this 

range, whereas dickite has only one (Figure 1). 

 

Sandstone samples from 71 wells, covering large parts of the Norwegian Continental Shelf 

were analyzed. The results point towards two threshold temperatures. Above 90 °C both 

polymorphs are present, indicating that the kaolinite to dickite transformation starts at this 

temperature. The second threshold temperature found is at 100 °C which is the lowest 

temperature where dickite is observed as the only polymorph present.  

 

Kaolinite Kaolinite and Dickite Dickite
 

Figure 1: SEM images and XRD diffractograms of samples containing kaolinite (left), both polymorphs 
(middle) and dickite (right) 
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Fibrous illite is one of the very few authigenic phases from typical oilfield sandstones that can 

yield an absolute (radiometric) age date. Consequently, there are hundreds of such ages 

published, despite the lengthy and costly process of sample extraction and analysis. It has 

become dogma that the ages correspond to an ‘event’ within the host sandstone, most 

commonly assumed to be hydrocarbon charging though other fluid flow events have been 

suggested. Almost all analyses have been interpreted as ‘events’, with no significant post-

growth alteration, conveniently making the ages simple to understand. 

 

It has been previously observed that the illite from the UK Northern and Central North Sea has 

systematically increasing K-content with burial depth (Wilkinson et al. 2006). This is 

unexpected as it is difficult to reconcile with the hypothesis that the illite forms as an event and 

retains its composition during later burial – what might be expected is a correlation between K-

content and the likely depth of initial formation (from illite ages and burial curves), and this is 

conspicuously absent. If the composition of the illite is significantly altered after growth, then K-

Ar ages would be more difficult to interpret due to either loss of Ar or gain of K. The situation is 

made more complex by the structure of illite – it is believed that individual fibres only nm thick, 

as imaged on an SEM, are not single crystals but are composites of so-called ‘fundamental 

particles’. An examination of chemistry, fundamental particle thickness and length / width 

distribution suggest alteration of illite after initial crystal growth, potentially by Ostwald ripening. 

Whether many K-Ar ages of illite from oilfield sandstones need to be re-interpreted cannot be 

definitively answered at present; however, burial models by Lander and Bonnell (2010) 

involving both crystal nucleation and prolonged growth give a good fit to real data, supporting 

the hypothesis of growth over a long period of time. Even if such growth or recrystalisation 

does occur, there is evidence from studies of similar illite reactions in shales that a high 

proportion of Ar is retained (Wilkinson and Haszeldine, 2002), so that K-Ar ages are still useful, 

albeit requiring more interpretation than a simple ‘event’ age. 

 
 
Lander, R.H. and Bonnell, L.M. (2010) A model for fibrous illite nucleation and growth in sandstones. 
American Association of Petroleum Geologists Bulletin, 94, 1161–1187. 
 
Wilkinson M., & Haszeldine R.S. (2002B) Problems with argon: K–Ar ages in Gulf Coast shales. Chem. 
Geol. 191, 277–283. 
 
Wilkinson, M., Haszeldine, R.S. & Fallick, A.E. (2006) Jurassic and Cretaceous Clays of the Northern 
and Central North Sea: Hydrocarbon Reservoirs Reviewed: Clay Minerals v. 41, p. 151 – 186. 
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Temperature and Net Erosion from Rock Physics – A Link between Rock Physics and 
Basin History 
 
Anders Dræge, Kenneth Duffaut, Torgeir Wiik and Ketil Hokstad, Statoil ASA 

 
Summary 

This study presents a method to link rock physics to the basin history, which includes 

temperature and erosion. The method is used in an area known to be subjected to uplift and 

erosion. Rock physics is used to predict the maximum historical temperature the sediments 

have been exposed to, and also the maximum burial depth. These parameters can be 

predicted from P-wave velocities in shales. We first use velocities from a well and make 

predictions. Then we show how to apply seismically derived properties to extend the method 

away from well control. Temperature and erosion estimates are given for a 2D line, and large 

lateral variations are estimated. 

 

Introduction 

The two most dominant and common transitions in shale diagenesis is i) smectite that reacts to 

produce illite, quartz and water from around 50 – 60oC (Peltonen et al.; 2008) and ii) illitization 

of kaolinite  which produce illite, quartz, and water from around 120oC (Bjørkum and Nadeau, 

1998). These diagenetic processes will reduce shale porosity, and increase shale velocity. If 

the overburden experiences a period of erosion, a shale will have lower porosities and higher 

velocities at a given depth, than a shale that have only been subjected to burial under 

otherwise similar conditions. This is because rocks have a “memory” of its burial history (e.g. 

Avseth & Dræge 2011), and hence carry information about the processes they has been 

subjected to. The work in this study aims to reveal historical maximum temperature (Tmax) and 

amount of net erosion (NE) by using present shale velocities as source of information. Tmax and 

historical temperature gradient (temperature gradient at the time when Tmax occurs) can be 

used to estimate maximum historical burial depth. Net erosion is simply the difference between 

present day burial depth and maximum historical burial depth. These parameters are crucial in 

an exploration setting, when predictions of reservoir quality and prospectivity are to be made. 
 

Rock physics model 

The porosity model consists of one mechanical and one chemical part. The chemical part is a 

modification of the kinetic sandstone cement model of Walderhaug (1996) and includes burial 

and temperature history. The rock physics model is based on the model by Dræge (2006). The 

rock physics model is constructed to be able to account for diagenetic processes in rocks from 

deposition to deep burial/high temperatures. The model consist of a mechanical part for 

temperature < 50oC in shales. When shale temperature exceeds 50oC, smectite is expected to 

start transforming to illite, which generally is the first process of consolidating the shale. At 

temperatures > 50oC transition from pure mechanical to cemented model is used, so both will 

be effective in a given temperature interval. At around 120oC, another mineralogical change is 

normally abundant in shales; illitization of kaolinite. This transformation further strengthens the 

rock, and is modeled by increasing the bulk- and shear modulus of the solid material in the 

rock.  

 

When the rock has been subjected to higher temperatures (and depths) in the past, the present 

day temperature is no longer a good indicator of consolidation status. Therefore the historical 

maximum temperature should be used. This parameter holds information about what 

diagenetic processes we can expect the rock to have been exposed to. The rock physics 
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model can then be inverted and solved for Tmax, given present elastic properties of a shale. The 

relation between historical maximum temperature and net erosion (NE) can be written: 

 

Tmax = Tpresent + NE*Tgrad_hist                 Eq (1) 

 

Tgrad_hist is the historical temperature gradient. Equation 1 can be rewritten, so that NE can 

be estimated as a function of present day and historical temperatures. In an area with 

knowledge of present day temperature, one can estimate net erosion for a given historical 

temperature gradient. There is a clear potential ambiguity, that a given Tmax value in Equation 

1 can be expressed by a low NE value and high Tgrad_hist, or vice versa. Therefore a 

calibration point for net erosion based on physical measurements can be used to constrain the 

value of historical temperature gradient.  

 

Demonstration of method 

In the following example we use seismic velocities from PSDM seismic to represent the 

laterally varying shale velocities which are used as input to the inversion of the rock physics 

model. Variations of burial depth, pressure and present day temperature is accounted for in the 

modelling, but we assume normal pressure conditions. Results can be seen in Figure 1. We 

only assume one period of burial, and one of uplift/net erosion. Both burial rate and uplift rate 

are set to be 60 meters per million year.  

 

  
Figure 1: Left: Predicted Historical maximum temperature on a 2D-line. The grey lines are isoterms for 

50, 100 and 150
o
C. Right: Variations in estimation of net erosion when introducing uncertainties in 

velocity input and historical temperature gradient. The green curve results from assuming correct 

velocities and historical temperature gradient equal to present.  

 

Conclusions 

We have established a strategy for estimating the maximum historical temperature in rocks that 

have been experienced larger depths and temperatures in the past then present. Typically this 

is related to periods of net erosion, which reduces burial depth for the underlying sediments. 

Net erosion is estimated from predicted temperatures. The estimations are based on 

assumptions that leads to net erosion uncertainties of around ± 200 m. But relative changes 

have less uncertainties, and can be equally important. The presented strategy requires elastic 

properties of a shale, which often can be obtained both in well position, and from seismic. 

Seismic input enables predictions in large areas, and away from well control. Net erosion and 

temperature predictions has generally only been extrapolated and interpolated between wells, 

but this new method allows for more accurate and higher resolution predictions based on 

seismic data away from well control. Although shales are used for the estimation, the net 

erosion and temperature prediction results can have large implications for sandstone reservoir 

quality and prospectivity. 
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Quartz overgrowth cement typically is the most important control on reservoir quality in 

quartzose sandstones that have experienced high thermal exposures.  In such sandstones 

vast improvements in reservoir quality occur where authigenic grain coating chlorite has 

inhibited the nucleation of quartz overgrowths.  However, it is the coating distribution, and not 

its volume abundance, that is the critical control on its effectiveness for preserving reservoir 

quality as illustrated in Figure 1. 

4431 m 5117 m

0.2 mm

 

Figure 1.  These two samples are from the same well with the one on the left 700 meters shallower than 
the one on the right.  Although the shallower sandstone on the left has had a lower thermal exposure 
than the one on the right it is pervasively cemented by quartz whereas the one on the right has abundant 
intergranular porosity.  The sample on the right has well developed grain coats with 98% of the quartz 
grain surfaces covered by authigenic chlorite.  By contrast, the sample on the left has only 30% of the 
quartz grain surfaces covered by detrital clay.  The volume abundance of the clay in the two samples is 
similar. 

Chlorite grain coats can form in sandstones by a number of different mechanisms including, 
among others, alteration of precursor clay minerals and the in situ alteration of volcanic 
materials.  In our study, we have developed a model that attempts to predict both the volume 
abundance and coat coverage of authigenic chlorite that forms from the alteration of volcanic 
rock fragments (VRFs).   

To build a predictive model we need to consider how VRFs alter to form chlorite, the spatial 
distribution of the chlorite as the reaction proceeds, and properties of the chlorite as it forms.  
We have improved our understanding of these factors by conducting a series of high 
temperature experiments as well as by examining natural samples.  Our experiments were 
conducted using hydrothermal reactors with two component mixtures of quartz grains and 
andesite, pyroxenite, or volcanic glass.  We also measured chlorite abundance, grain 
coverage, and thickness together with the volumes of unaltered, replaced, and dissolved VRFs 
in sandstones from five datasets. 

The model simulates VRF dissolution and chlorite formation from the time of deposition to the 
present day.  Input parameters include the depositional volume abundances and types of 
VRFs, the partitioning of chlorite between replacement and cement, the nominal chlorite 
thickness, and the kinetics of dissolution for each VRF type.  The model simulates the pore wall 
area available for chlorite growth while accounting for the grain size distribution and the impact 
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of compaction and cementation.  Model output through geologic time includes chlorite cement 
and replacement abundances, the amount of VRF replacement and dissolution, the grain coat 
coverage, and the average coat thickness. The model is coupled with models of sandstone 
compaction, quartz cementation, plagioclase albitization, and other diagenetic processes as 
well as with models of bulk physical properties including porosity, permeability, mineralogy, 
chemical composition, and elastic bulk and shear moduli.   

We have tested the model on five datasets with fairly well developed grain coating chlorite.  In 
our initial tests we were reasonably successful in reproducing the measured grain coat 
coverage in most samples but tend to overpredict the secondary porosity resulting from VRF 
dissolution (Figure 2).  The overestimate in VRF dissolution may reflect the compactional loss 
of dissolution pores or indicate additional sources for the chlorite mass including, for instance, 
alteration of in situ or interbedded detrital clay.  

 

Figure 2.  The results of our preliminary tests of the model are encouraging.  Of the five datasets that we 
have tested to date, most of the predicted grain coat coverage values lie within 10% of the measured 
value (A).  Ten percent is within the measurement uncertainty in many cases as exhibited by the error 
bars shown in the plot on the left.  As shown in B, however, the model tends to overpredict the point 
count determined secondary porosity from the dissolution of VRF grains. 
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A petrographic, fluid-inclusion, and stable isotopic study of Cretaceous reservoir limestones in 

Abu Dhabi revealed that micro-porosity has been developed initially by syngenetic micritization 

of the allochems and their conversion into peloids. We question the classical definition of 

recrystallization, which is considered to be a neomorphic process, which involves the 

dissolution of micrite and re-precipitation as microspar. We suggest instead that the formation 

of micro-spar occurs by precipitation of syntaxial calcite overgrowths around micrite particles 

during burial diagenesis. Micro-porosity is better preserved in the oil zone, whereas in the 

water zone these pores have been cemented to various extents by calcite overgrowths. This 

observation confirms that oil retards mass transfer, and consequently cementation in the oil 

zone. The macro-pores are less cemented than micro-pores in these reservoir limestones. 

Such difference in cementation suggests that oil emplacement in the reservoirs has retarded 

considerably but not completely calcite precipitation in the micro-pores. Partial cementation is 

attributed to the presence of irreducible water in micro-pores even in highly oil-saturated 

reservoirs. The presence of irreducible water allows yet in very slow rates mass transfer by 

diffusion. Conversely, oil preferentially completely filled the macro-pores and hence efficiently 

inhibited their cementation. 
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Triassic sandstones of the Skagerrak Formation from the Norwegian North Sea can have high 

porosities. While petrographic studies show the median porosity for the rocks to be 8.8%, some 

samples can show porosities of up to 30%. The samples were taken from depths of 3.5 to 4.5 

km bsl. As such, the high porosities seen are more than would be expected for sandstones 

buried to that depth. The distribution of porosities is also highly variable with some of the lower 

porosity samples showing signs of high levels of mechanical compaction, with long grain 

boundaries and stylolites present between adjacent detrital quartz grains. 

 

Porosity values of samples show a positive correlation to their calcite cement content. Although 

the diagenetic calcite occludes pore space, this chemical compaction effect appears to be less 

important than a reduction in mechanical compaction of these samples, despite the calcite 

being completely pore-filling in some instances. We hypothesise that precipitation of pore-filling 

calcite early in the rock’s burial history works as a reinforcing framework that resists early 

mechanical compaction. This primary porosity is then reclaimed by later dissolution of the 

calcite. 

 

A positive relationship is also seen between chlorite content of the sandstone and porosity. We 

suggest that this is due to chlorite coated grains inhibiting the growth of quartz cements and 

this being more important than any direct occlusion of the pore space by chlorite. While some 

pores are seen to be completely filled with chlorite, most of the chlorite is located rimming 

quartz grains, but taking up a small volume of the rock. It is possible that this is a necessary 

condition for later precipitation of the pore-filling calcite. 

 

Modelling of the burial history shows overpressure to have too low a magnitude to be 

responsible for the porosity preservation seen in the highest porosity ‘sweet-spots’. 

Overpressure builds up early in the region’s burial history, but is of a low magnitude and bleeds 

off before later building up to the present day maximum overpressure. 

 

This porosity preservation is compared to that of the Triassic within the adjacent Quad 30 of 

the North Sea. Previous work has shown these rocks to have higher porosities than the 

Skagerrak. We attribute this difference to higher overpressures within the rocks and 

framework-supporting halite playing a similar porosity preservation role to the calcite in the 

Norwegian rocks. The higher solubility of halite allows for more of the primary porosity to be 

reclaimed, when compared to calcite acting as a framework mineral. 

 

This work has shown that cement that is only a relatively minor part of a rock by volume can 

have important implications for the maintenance of high porosities at depth. 
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Triassic Joanne Sandstone Member (Skagerrak Formation) Of the HPHT Jasmine Field, 
UK Central North Sea 
 
Poros, Zsofia; Morantes, Julymar; Mearns, Iain; McLaughlin, Laura; Watt, Elizabeth; Halpern, Henry; 
Wroblewski, Anton, Csoma, Anita; Larese, Richard, ConocoPhilips 
  

The Jasmine Field is a high-pressure and high-temperature (HPHT) gas condensate asset 

within the UK Central North Sea. The primary reservoir is approximately 1,650 ft thick, Triassic-

aged fluvial sandstone of the Joanne Sandstone Member. Production began in November 

2013, and reservoir quality is one of the key uncertainties affecting in-place volumes and 

ultimate recovery. 

 

Reservoir quality is controlled by several factors. The primary control is sedimentary facies 

type, confirmed by the positive correlation between grain size and reservoir quality. However, 

uncertainty remains on the diagenetic overprints. A diagenetic study was initiated to investigate 

these, based on sedimentological core description and petrography of the flow units, coupled 

with reservoir quality forward modelling.  

 

A paragenetic sequence has been established on the basis of petrographic analysis, and this 

work revealed two major focus areas which were previously not fully understood: the lack of 

quartz overgrowths in samples with incomplete grain coatings, juxtaposed with an extensive 

bitumen cement of unknown timing and origin. With respect to the role of bitumen cements, 

quantitative petrographic analysis (i.e. point-counting) confirmed that bitumen is the dominant 

cement, representing up to 15-20% of the rock volume in places. Inorganic cements are 

subordinate to bitumen, accounting for less than 10% of the rock volume in most of the studied 

samples. The timing of the bitumen cement was challenging to establish on the basis of 

petrography alone because it appeared to span several phases of the paragenetic history. 

Rock-Eval analysis revealed that the bitumen takes the form of pyrobitumen, indicating that it is 

a late-forming diagenetic phase. 

 

In several samples the absence of complete grain coating material appeared to be inconsistent 

with the observed amount of quartz overgrowths for these depth and temperature conditions. 

TouchstoneTM modeling verified that quartz cementation was over-predicted in certain samples. 

Lower than predicted quantities of quartz overgrowths can result from either early hydrocarbon 

charge and/or a previously undetected early grain coating material, in addition to the known 

(but ineffective) chlorite and illite phases. In terms of early hydrocarbon charge, the basin 

model indicates charge as early as the Late Cretaceous, before the reservoir had reached the 

quartz cementation temperature window. Presence of early hydrocarbons in the pore-system 

did not stop cementation completely, but probably slowed the rate of cementation. This is 

corroborated by the occasional presence of hydrocarbon inclusions in the quartz cement, and 

also by the presence of other cement phases post-dating bitumen coating. Furthermore, SEM-

SE techniques revealed the presence of previously undetected micro-quartz coating. These 

findings explain the observed inhibition of quartz overgrowths and provide a greater 

understanding of reservoir quality controls. 

 

The calibration of diagenetic models against existing wells (i.e., “blind testing”) allows for 

prediction of reservoir quality in un-drilled fault blocks. The findings from this diagenetic study 

will be incorporated into Petrel-based reservoir models to reduce uncertainty on reservoir 

quality, thereby optimising well placement and maximising recovery. 
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Figure 3: A: Photomicrograph of quartz grains coated by chlorite and then pyrobitumen.  

B: Photomicrograph of quartz overgrowth coated by pyrobitumen. 
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The Upper Jurassic Arab Formation in Field X, onshore UAE, is currently under appraisal and 

development for sour gas production. The Arab Formation is a several hundred foot thick 

succession of lime mudstone, oolitic grainstone (main reservoir) and interbedded dolomite and 

anhydrite.  The reservoir was buried to depths of +2km prior to the Late Cretaceous, when the 

first Alpine Event led to structural closure and oil emplacement.  Depressurisation of the 

primary gas cap during uplift led to gas expansion.  During subsequent reburial in the Miocene, 

to approximately 3km depth, a second hydrocarbon charge comprising gaseous hydrocarbons, 

H2S and CO2 occurred.  The field was subsequently uplifted and tilted to the north-east.  A key 

challenge to the project is identification of the source kitchen for the H2S, and the relationship 

of hydrocarbon charge to reservoir quality distribution. 

 

This presentation focuses upon the relationship between depositional rock properties, 

carbonate diagenesis and porosity modification prior to oil emplacement and secondary gas 

charge within the main oolitic grainstone reservoir unit. This unit comprises variably cemented 

oolitic grainstones that constitute an active shoal with a back-barrier lagoon.  The coarse 

grained, clean nature of the sediments is indicative of moderate to high energy deposition.  

Many of the ooids have been recrystallised by microcrystalline, euhedral calcite; paragenetic 

relationships and crystal morphology indicate this occurred early in the burial history.  Total 

porosity for the main reservoir is moderate, although macroporosity often comprises less than 

half of the pore volumes.  Permeability is typically moderate to low.  Much of the primary 

interparticle macropore network was occluded by coarsely crystalline calcite cement during 

early burial.  Less cemented facies have undergone extensive porosity destruction by 

mechanical and chemical compaction.   

 

The high concentrations of H2S suggest an advanced level of thermochemical sulphate 

reduction (TSR). The hydrocarbon gas, however, shows only minor evidence of TSR 

(molecular composition, carbon isotope ratios), suggesting that the main TSR process did not 

occur in the presence of this gas. Within the lower 5m of the main reservoir, vugs and leached 

halos are common around fractures that host partially calcite-replaced anhydrite, saddle 

dolomite, bitumen and pyrite, suggesting some localised intra-reservoir TSR associated with 

vertical fractures.  These zones are associated with an increase of total porosity of up to 10%, 

increasing permeability to several tens of mD.  Similar zones are found within thin grainstone 

beds lower in the Arab Formation, also adjacent to fractures.  Consequently, a late-stage 

enhancement of porosity associated with a secondary hydrocarbon charge creates a high 

permeability layer at the base of the reservoir, which could impact recovery efficiency as the 

field goes onstream.   
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Reservoir Quality controls in Ordovician Glacial deposits, Illizi Basin, Algeria 
 
Martin Wells

1
, Philip Hirst

1
, Jon Bouch

2
 & Emma Whear

2 

 
1
 BP, Chertsey Road, Sunbury-on-Thames, Middlesex, TW16 7LN 

2
 Pore Scale Solutions, Riverside Cottage, Carwynnen, Camborne, Cornwall 

 

Cambro-Ordovician deposits form important gas reservoirs in the Illizi Basin, SW Algeria. One 

of the major reservoir targets comprises latest Ordovician glacial sandstones deposited when 

the region was at or close to the South Pole. The dominant pro-glacial depositional processes 

were gravity flows (turbidity currents and debris flows) on a glacio-marine ramp sourced from a 

marine-terminating, retreating ice sheet. 

 

The reservoir section comprises old (c. 445 Ma), compacted, often highly cemented rocks and 

a major challenge is understanding and predicting Reservoir Quality. Porosity is typically 1-

10%, but reaches up to 15%. Permeability is typically <1mD, but locally reaches >100mD. 

Primary depositional fabric has a strong control on Reservoir Quality; muddy sandstones are 

either highly compacted or dominated by microporosity in clay cements. In contrast, clean 

sandstones often preserve primary macroporosity whilst secondary porosity is negligible. 

Detailed Scanning Electron Microscopy with Cathodo-Luminescence (SEM-CL) work has 

revealed at least two phases of quartz cement. The earlier phase appears to have grown 

where grain-rimming clay coats were thin, incomplete or absent - typically in the cleanest 

sandstones. This early quartz phase has lessened the amount of subsequent compaction. 

However, these sandstones have suffered prolonged high thermal stress such that one might 

expect pervasive quartz cementation to fill most of the remaining post-compaction pore space. 

So why is some porosity and permeability preserved in some of the cleaner sandstones? Two 

hypotheses are reviewed; retardation by hydrocarbon emplacement and relative bed 

thicknesses influencing local silica budgets. 
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Does Early Oil Emplacement Stop Quartz Cementation In Deeply Buried Sandstone 
Reservoirs? Evidences from Ula Field, Norwegian N. Sea. 
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Quartz cement is an important porosity-occluding cement in sandstone reservoirs that are 

exposed to elevated temperature, and effective stress, for a significant period of time. The 

effect of oil emplacement is controversial with some concluding that early oil emplacement 

inhibits quartz cementation and preserves porosity in deeply buried reservoirs while others 

claim that quartz cementation continues unabated whether oil is present or not. 

 

In this work, we have studied shallow marine, Upper Jurassic sandstones from the Ula field in 

the Norwegian North Sea in an attempt to determine the effect of oil emplacement on 

diagenesis with particular attention to the distribution of quartz and other cements relative to 

the oil water contact.  We have taken an objective approach and looked at all possible controls 

on porosity and permeability and not focussed on one particular control (i.e. the effect of oil 

emplacement). 

 

Core samples collected from the oil and water legs and the transition zone were studied using 

a range of techniques: light optics, scanning electron microscope (SEM), cathodoluminescence 

(CL), X-ray diffraction (XRD) and fluid inclusion UV-petrology and thermometry. We also 

interpreted the wireline logs to reveal the local oil-water ratio of each and every sample. Efforts 

have been made to quantify all controls on quartz cement as well as the possible role of fluid 

type.  Thus we have defined the specific grain size and sorting, chlorite presence and degree 

of grain-coating, microcrystalline quartz presence and degree of grain-coating and general 

facies variations. Fluid inclusion studies have revealed that oil emplacement into the Ula 

reservoir commenced prior to the onset of quartz cementation. 

 

The results show that there is a consistent difference in the amount of quartz cement and 

porosity between the oil and water legs that cannot be explained by difference in facies, 

chlorite or microquartz coats etc. Our conclusion is that oil emplacement seems to have 

inhibited quartz cementation at certain level of oil saturation and thus assessment of the timing 

of oil emplacement versus the time of quartz cementation may be a good tool to help with 

reservoir quality prediction under some circumstances. 
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Oil charge is thought to inhibit the growth of cements within subsurface pore systems, and so 

equivalent non-hydrocarbon reservoir rocks at similar burial depths often show a greater 

volume of cement. This has been inferred to be due to a longer history of cementation. We 

explore this phenomenon in eight vertically stacked reservoirs from two giant Cretaceous 

carbonate oil fields. Here, the oil-filled crest porosity ranges from 10-50% and permeability up 

to 830 mD, but the aquifer (flank) porosity is reduced to 10-23% and permeability to 0.1-4 mD. 

 

Although the paragenetic sequence of the major pore-occluding calcite macrocements in the 

oil-leg and aquifer follows the same cement succession, the volumetrics and timing of cement 

formation as revealed by in-situ ion microprobe δ18O data notably differ. Oil leg cements show 

11 CL zones,  where pore-filling cements  (>30 µm diameter)  are represented by 1-1.5% 

fringing cement, 3.5-6.7% inter-granular equant cements that increase with reservoir depth,  

and 1.3-7% blocky calcite cement that also increases with reservoir depth. This contrasts with 

aquifer cements which show 9 zones, with values of 0-1.5% for fringing cement, 5-11 % inter-

granular equant cement and 2-7 % blocky calcite cement: no stratigraphic trends are observed. 

We conclude that in the aquifers most of the effective porosity was occluded by a large volume 

of early burial inter-granular equant cement: blocky cements show similar volumes. 

 

In-situ δ18O data allows the timing of these phases to be quantified. Both legs reveal 

progressively more negative δ18O compositions in younger cements, interpreted to be due to 

an increase in pore-fluid temperature, but the more positive values of the youngest zone in the 

aquifer demonstrates that pore occlusion occurred earlier, and at a more shallow burial depth. 

 

These data contradict previous conclusions that have suggested continued precipitation of 

cements within the aquifers (flanks) after oil charge into the crest in carbonate reservoirs. This 

has notable consequences for reservoir model formulations. 
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Preservation of Anomalously High Porosities by Fluid Overpressure: Observations from 
the Garden Banks Block, Gulf Of Mexico 
 
Shanvas Sathar, Stuart J. Jones, Stephan Stricker, and Neil R. Goulty, Department of Earth Sciences, 
Durham University, Durham, UK – DH1 3LE 

 
Reservoir quality of sediments is affected by a multitude of factors acting on the sediments 

during the burial history of the sediments since its deposition. Factors such as the presence of 

grain coating clays and microquartz coats, the early emplacement of hydrocarbon, and fluid 

overpressures can all have an effect on preserving porosity and permeability in oil reservoirs. 

The effect of the onset of early overpressure on reservoir quality in highly overpressured 

reservoirs is not well understood and currently poorly represented in the geological literature.  

 

This study has focused on the influence of overpressure in the Titan Minibasin, Garden Banks 

Area, Gulf of Mexico. The sediments in this area have undergone compaction at low 

temperature (60-70 ºC) and intermediate overpressures (12-35 MPa). The average porosity 

values observed in the study area were ~31% with permeability values ranging from 70mD to 

250mD. The reservoir sands in the study area forms part of an amalgamated turbidite deposit 

which is composed of lobe/sheet sands, channel complex, levee deposits, and channel 

complex spills. Furthermore the sediments have undergone minimal burial diagenesis and 

hence present us with a unique study area where the effect of overpressure on reservoir quality 

can be examined in isolation. 

 

Our observations from the Titan Minibasin suggest that porosity and permeability values in 

overpressured reservoirs are greater than in normally pressured reservoirs. Porosities up to 

~6% may be preserved as a result of overpressure. Highly overpressured reservoirs can have 

up to ~200 mD of additional permeability than low overpressured reservoirs in the area.  The 

observations from Garden Banks Block suggest that early overpressure generation preserves 

reservoir quality in petroleum reservoirs. 
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Effects Of Diagenesis on the Quality of Triassic Skagerrak Fluvial Reservoir 
Sandstones, Central North Sea, UK 
 
Stephan Stricker,Stuart Jones, Neil Goulty & Andrew Aplin, Department of Earth Sciences, Durham 
University, South Road, Durham DH1 3LE, UK. 
 

Current understanding of porosity preservation in sandstone reservoirs tends to be focused on 

how diagenetic grain-coats of clay minerals and microquartz can inhibit macro-quartz 

cementation. Reported anomalous high porosities from various deeply buried hydrocarbon 

reservoirs (>4000mbsf) are often linked to early diagenetic clay or microquartz grain-coats 

(Taylor et al., 2010). However, the importance of vertical effective stress (VES) in maintaining 

high primary porosity to depth is often underestimated.  

 

In most basins deep burial is usually synonymous with low porosity and tight reservoirs. 

However where pore fluid pressures are high (low VES), the early arrest of compaction can 

allow preservation of high porosity and permeability to depths normally considered uneconomic 

in better drained, more permeable basins. The development of pore fluid pressure reduces the 

stress on intergranular and cement-grain contacts and so inhibits pressure dissolution and 

compaction (Nguyen et al., 2013).  

 

This study focuses on the fluvial sandstones of the Triassic Skagerrak Formation, Central 

Graben, North Sea and is part of a wider industry research consortium dealing with 

overpressure called GeoPOP3. The Skagerrak fluvial reservoirs with high overpressures 

commonly have high porosities, less macro-quartz cement and variable amounts of diagenetic 

chlorite grain coats. Pore pressures within the Skagerrak Formation can exceed 35MPa at 

depths of 4000mbsf where temperatures are above 140°C. Retained primary porosity up to 

35% can be found in many of the fluvial channel sandstones.  

 

Early results from on-going research using detailed quantitative petrography, SEM analysis and 

wireline data sets has identified the key diagenetic phases that has helped to preserve high 

porosities. Macro-quartz cements and other cementation processes have been inhibited by a 

combination of factors: presence of early diagenetic clay grain-coats and chlorite cements, the 

relatively low ambient VES reducing the deleterious effects of grain-contact pressure solution 

and late stage hydrocarbon migration. This research has important implications for 

understanding the role of overpressure for porosity preservation and the lesser role played by 

chlorite grain coatings in High-Pressure High-Temperature reservoirs. 

 

 

Nguyen, B. T. T., Jones, S. J., Goulty, N. R., Middleton, A. J., Grant, N., Ferguson, A., and Bowen, L., 
2013, The role of fluid pressure and diagenetic cements for porosity preservation in Triassic 
fluvial reservoirs of the Central Graben, North Sea: AAPG Bulletin, v. 97, no. 8, p. 1273-1302. 

 
Taylor, T. R., Giles, M. R., Hathon, L. A., Diggs, T. N., Braunsdorf, N. R., Birbiglia, G. V., Kittridge, M. G., 

Macaulay, C. I., and Espejo, I. S., 2010, Sandstone diagenesis and reservoir quality prediction: 
Models, myths, and reality: AAPG bulletin, v. 94, no. 8, p. 1093-1132. 
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Hydrothermal Fluid Flow: Structural and Stratigraphic Controls on Thermal Structure, 
Flow Rate, and Reservoir Properties 

 

Robert H. Goldstein, KICC, University of Kansas, Department of Geology, 1475 Jayhawk Blvd, 
Lawrence, Kansas USA  
 

In many conventional and unconventional carbonate reservoirs, there is strong evidence that 

hydrothermal fluid flow has had an impact on reservoir quality. Hydrothermal systems require 

flow of warm fluids into cooler rocks to affect the thermal regime. In reservoir studies, a history 

of hydrothermal fluid flow can be identified using the following criteria: paleotemperature 

proxies higher than indicated by burial history modeling or higher than is possible from such 

modeling given the most generous assumptions; special mineral assemblages such as MVT 

minerals; evidence for repeated rises and falls in paleotemperature inconsistent with the burial 

history; ancient geothermal gradients inconsistent with normal burial conditions; geobarometers 

inconsistent with temperature for normal burial conditions; variations in paleotemperature at the 

same paleodepth; and higher paleotemperatures in potential conduits for fluid flow. Given 

these criteria, it is clear that many conventional and unconventional carbonate reservoir 

systems have been subject to multiple events of hydrothermal fluid flow.  

 

In these reservoirs, hydrothermal fluids had an impact on thermal maturation, porosity, and 

hydrocarbon migration. Understanding the structure of fluid flow in these systems is important 

in predicting reservoir porosity. In some, there is a fault and fracture control and in others there 

is a stratigraphic control on distribution of warm fluids. In many of the systems with a 

stratigraphic control, porosity modification has traditionally, and often incorrectly, been ascribed 

to low-temperature meteoric diagenesis associated with unconformities.  

 

This study demonstrates how stratigraphic discontinuities associated with unconformities 

control later hydrothermal fluid flow to create the superficial appearance that porosity originates 

during low-temperature 

meteoric diagenesis. It 

develops a regional data set 

from reservoirs, shallow cores, 

and outcrops from the 

Midcontinent, USA and 

integrates regional 

stratigraphic data from the 

Ordovician through the 

Pennsylvanian, petrography, 

fluid inclusions, and stable 

isotopes to demonstrate the 

evolution of the hydrothermal 

system. Petrographic data 

show that the entire region and 

stratigraphic succession 

experienced a similar late 

time-equivalent paragenesis - 

with megaquartz, silica 

dissolution, carbonate dissolution, baroque dolomite, ore minerals, and calcite. Fluid inclusion 

data in the megaquartz, baroque dolomite, and calcite confirm a complex record of 

 
Figure 1. Summary of fluid inclusion homogenization temperatures 
and salinities (after King, 2013, Fluid Flow, Thermal History, and 
Diagenesis of the Cambrian-Ordovician Arbuckle Group and 
Overlying Units in South-Central Kansas). 
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hydrothermal fluid flow, beginning with migration of low salinity connate fluids and gas, and 

evolving to migration of concentrated brines and oil (Fig. 1).  

 
 During precipitation of the baroque 

dolomite, regional 87Sr/86Sr, fluid 

inclusion and petrographic data 

indicate advective fluid flow from the 

basin to the South. Stable isotope 

data show that the entire Ordovician 

through Mississippian section was 

hydrologically connected and that 

the shale-rich Pennsylvanian 

section acted as a leaky confining 

unit (Fig. 2). Temperatures increase 

upward in the Ordovician-

Mississippian section and are lower 

and decrease upward in the 

Pennsylvanian section. Higher temperatures are correlated with more radiogenic 87Sr/86Sr, 

indicating less rock-water interaction with the carbonate aquifer.  In the Ordovician Arbuckle 

Group lower permeability parts of the section do not show evidence for decreased temperature. 

Taken together, the data indicate vertical hydrologic connections that allow the warmest, lowest 

density fluids to float toward the top of the hydrothermal aquifer, concentrating dissolution from 

hydrothermal solutions below the Mississippian-Pennsylvanian unconformity.  

 
Later, the system evolved from a regionally advective hydrothermal system to a fracture-

controlled system. After or during fracturing, hydrothermal solutions precipitated calcite and 

showed regional geochemical trends indicating vertical fluid flow along fractures, directly from 

basement or a basal sandstone 

aquifer (Fig. 3). This late system 

shows no stratigraphic control. 

 
For the reservoirs studied, the 

most important system for porosity 

modification was a regionally 

advective hydrothermal aquifer, 

which had warmer fluids at its top, 

coincident with a stratigraphic 

discontinuity/unconformity. 

Porosity enhancement 

immediately below the 

unconformity can be ascribed to 

hydrothermal fluids, which leads to 

a significantly different model for 

exploration for the best reservoir quality. Concentration of hydrothermal porosity alteration and 

increased temperature is to be expected immediately below unconformities where systems are 

capable of conveying hydrothermal fluids with a stratigraphic control.  
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Figure 2. Oxygen isotopic data from baroque 
dolomite showing evidence for hydrothermal dolomite 
temperatures increasing upward in the Ordovician-
Mississippian section. Lower temperatures are in the 
Pennsylvanian confining unit. 

 

Figure 3. 
87

Sr/
86

Sr vs. depth showing progressive rock-
water interaction associated with vertical flow, and 
highly radiogenic end-member values. 
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Karst describes the diagenetic process and products of dissolution that can generate a self-

organized network of conduits resulting in extreme reservoir heterogeneity. Hydrocarbon 

recovery factors in reservoirs modified by karst are discounted significantly relative to their non-

karsted counterparts. Evaluating uncertainty in reservoir performance related to karst is a 

fundamental challenge for field development planning and optimizing recovery. 

 

Our ability to characterize karst is compromised by the type, resolution and relative abundance 

of different subsurface measurement methods. Karst imaged at the seismic scale necessitates 

a larger population of sub seismic scale features. Many sub seismic karst features fall in a 

“data gap” because they have dimensions and networks of pores that are not, or only partially, 

resolved by well logs, core and well tests. Karst aquifer studies demonstrate that sub-seismic 

scale features are important for flow and transport. Furthermore, permeability multipliers, that 

are commonly used to match reservoir production history in carbonates, are potentially one 

manifestation of not explicitly including sub seismic karst in simulation models. 

 

Outcrop studies and cave maps provide a bridge to address the sub seismic karst “data gap”. A 

key challenge is how to include sub seismic karst features that are smaller than a typical full 

field geological model cell (~100 x 100 x 1 m). To investigate this issue we built a series of 

“Element” models (500 m x 500 m x 50 m) with a 5 x 5 x 0.5 m cell size. Element models were 

populated with different geological configurations of sub seismic karst and matrix. Element 

models were then randomly sub-sampled (~1000 times per realization) at multiple scales 

including the scale of a full field geological model cell. Flow based upscaling was used to 

calculate the effective porosity and permeability of each realization drawn from an Element 

model. The resulting effective porosity, permeability and kv:kh distributions are then compared 

to matrix only scenarios. 

 

Karst in the Element models was populated using two different methods (Figure 1): 1) Object 

Based Models (OBM) and 2) Multiple Point Statistics (MPS). OBM included vertical orientated 

Karst Shafts and Blue Holes, and stratigraphically concordant Karst Tubes. The abundance 

and distribution of karst geobodies was conditioned to analog-derived geological concepts 

related to hydrology, position of paleo water tables, structure (fractures and faults) and surface 

drainage (Figure 1A). “Training Images” created from scaled down seismic or outcrop maps 

were used to generate MPS realizations of karst that captured complex anastomosing and 

dendritic karst patterns (Figure 1B). 

 

The abundance of karst, proportion of karst feature types, karst fill and the contrast between 

the properties of karst and the host matrix were systematically investigated, in reasonable 

geological parameter space, to investigate their effect on effective porosity and permeability. 

 

 Results demonstrate that the presence of sub seismic karst, even < 5% by volume in a 

geological model cell, can increase the effective vertical permeability by an order of magnitude 

or more relative to a matrix only case. In comparison the effect of sub-seismic karst on 
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horizontal permeability is relatively muted. Karst Shafts provide important vertical flow 

connections between cells whereas Karst Tubes had less impact on effective reservoir 

properties because they were often self-contained within a cell. Permeability anisotropy (kv:kh) 

of a geological model cell was therefore increased. This general result suggests that omission 

of sub-seismic karst in reservoir simulations could result in the underestimation of water 

breakthrough time from a basal aquifer which is a key risk in reservoirs, modified by karst 

particularly if the fluid is gas.  

 
 

 
Figure 1. (A) Example of Sub seismic karst “Element” model. Model domain is 500 x 500 x 50 m. Matrix 
removed for visualization. Karst Tubes, Shafts and Blue Holes modeled using Object Based Models 
(OBM). Cell size is 5 x 5 x 0.5 m. Magenta polygon is 100 x 100 m typical of full field geological model 
cell. (B) Training Images of karst for Multiple Point Statistics (MPS) realizations of sub-seismic karst. 
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Integrating Basin Modeling and Diagenetic Modeling to Evaluate the Role of 
Allocthonous Salt Emplacement Timing on Reservoir Quality Prediction: An Example of 
Tertiary Reservoir in the DW-GOM 

 
Morantes, Julymar; Matava, Tim; Zeng, Fafu; Gerard, Matt; Cartier, Nathalie; Popielski, Andy Barrett, 
Brooks and Csoma, Anita., ConocoPhillips 
 

Reservoir quality is a key risk in most deep-water areas of the Gulf of Mexico. Combining 3D 

basin models (e.g., PetromodTM 3D) with diagenetic forward modeling tools such as 

Touchstone TM has proven to be  a powerful tool/workflow to help predict reservoir properties 

with limited well control. This case study illustrates how two scenarios for salt emplacement 

impact both reservoir temperature and vertical effective stress histories in the area of a Gulf of 

Mexico deepwater prospect. Structural and stratigraphic interpretation of a 3D seismic volume 

was the basis for a 3D integrated basin model which was used to develop geohistories for the 

prospect. Bottom hole temperature and surface heat flow was used to calibrate the 

temperature part of the 3D model.  Present day pore pressure (from wireline, MDT and mud 

weight data) and overburden (density and porosity data) was the basis for calibrating the 

pressure part of the 3D model.  Two salt emplacement timing scenarios were modeled to help 

constrain burial history uncertainty and the impact on Tertiary reservoir quality.  

 

Detailed petrological data (rock composition and texture), measured core analysis (porosity 

and permeability), diagenetic parasequence and burial histories from basin models are 

required for diagenetic modeling. We used well data available from nearby wells to build the 

diagenetic model. Petrological characteristics of the analog wells used for the calibration are 

the following: poorly to moderately sorted, very fine to fine-grained Lithic Arkose to Feldspathic 

Litharenite sandstone. 

 

Predicted reservoir quality using the different salt emplacement scenarios at the proposed drill 

location showed two distinctive reservoir quality populations. Early allocthonous salt 

emplacement scenario resulted in both longer temperature exposure and higher effective 

stress and therefore predicted poorer reservoir properties compared to the late salt 

emplacement scenario. Recent drilling results demonstrated that late salt emplacement 

scenario predicted both well measured porosity and permeability in the reservoir section.  
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Reactive Transport Modeling Of Silico-Clastic Sediments Diagenesis: A Realistic 
Approach? 
 
Alberto Consonni, Claudio Geloni and Andrea Ortenzi, Eni Exploration and Production Division   
 

Silicoclastic sediments diagenesis was studied extensively in the past. The main diagenetic 

events were qualitatively described and the main driving mechanisms identified and formalized 

This effort resulted in the general feeling that the reservoir quality of such sediments can be 

predicted, at least at the play fairway analysis level, within a reasonable degree of accuracy by 

considering their composition and their burial and thermal history. 

 

Such knowledge, also based on experimental results, was transferred into reservoir quality 

models for sandstones (Touchstone) and into mineralogical evolution models for shaly 

sediments. Due to the mineralogical complexity of these sediments, such models cannot cope 

with all the diagenetic events and were thus limited to some of the most relevant, such as 

quartz cementation, mechanical compaction, smectite-illite transformation. 

 

Reactive Transport Models is in principle the correct way to model all the diagenetic 

phenomena occurring in the siliciclastic sediments as it considers also the water chemistry and 

the flux history. The main problems are the availability of chemico-physical and stoichiometric 

data of the mineral phases and the correct evaluation of the water chemistry evolution. For 

some minerals, and namely the clay minerals, the data show an elevated variability that 

influences the modeling results. 

 

A case-study was used in order to test the RTM approach. In our conceptual model three burial 

phases were identified, each characterized by different thermodynamic conditions and 

hydrologic regimes. The sediment composition, the present day water composition and the 

diagenetic evolution were known. The three phases were: 

 

 Phase 1: Low temperature (20-30°C), quartzose sandstone with 10% 

K-Feldspar; three types of waters were tested (fresh, river, and sea) 

 Phase 2: Medium-Low temperatures (50°C); the water used was a 

sea water evaporated, circulating into a quartzose sandstone; 

 Phase 3: High temperature (from 70°C to 110°C); evolved marine 

water in contact with a quartzose sandstone with some smectitic 

clays. 

 

The main results of phase 1 showed that with fresh water K-Fedspar is dissolved and kaolinite 

is formed, together with minor quartz. By using river or sea water, Kfeldspar (and kaolinite if 

present) dissolves, quartz forms, but muscovite is stable instead of kaolinite. Calcite formation 

depends on pH and total inorganic carbon dissolved in the water and can be promoted or 

inhibited by acting on the CO2 partial pressure within the sediment. 

 

In phase 2, the heated to 50°C sea water is able to alter the micas to Mg-chlorites, the 

alteration depending on to the flux rate. The formation of sulphates and carbonates is rapid but 

they dissolve in a short time. Also at 50°C the micas can be transformed to kaolinite. All 

processes form quartz. 
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Phase 3 tested the transformation of smectites, formed during the previous phases to quartz 

and illite during flux with evaporated sea water. Four cases were set up to assess the effect of 

mass fluxes and heat flow: 

 

- A non-isothermal model (70-110 °C) with decaying mass fluxes (residence time 

of water of 1E+5 y): the result is the transformation of all montmorillonite into 

illite in about 10 My 

- B: isothermal model (70 °C) with decaying mass fluxes (residence time of water 

of 1E+5 y): results comparable with those of case A; 

- C: non-isothermal model (70-100 °C) no flux; also in this case illite forms but in 

limited amount linked to the re-equilibration of the initial conditions 

- D: isothermal model (70 °C) no flux: same as case 2, even more limited due to 

lower kinetics 

 

The results showed that this transformation happens and depends on the continuous flux, even 

at low to very low rates, with water. In this framework, the temperature has marginal effects on 

the reactivity of the system. 

 

After this training period, a new conceptual model was built in order to take into account the 

compaction of the shaly sediments and the expulsion of waters into the underlying sandstones. 

In this case the initial water is modified sea water and the fluxes are very low, according to the 

expected depth of burial. In particular, also compaction flows lower with respect diffusion rates 

were tested 

 

The results of this last phase indicated some criticalities: 

1) the rate limiting factor for illite formation in the compacting element is the 

availability of K; temperature has no major effects; 

2) quartz forms in the compacting element and transfers in the underlying 

sandstones only if its formation in the compacting element is somewhat 

inhibited; 

3) K-feldspar dissolves in all elements and contributes to illite formation in the 

overlying zones by diffusion, when compaction fluxes are comparable or lower 

than diffusion rates; 

4) chemico-physical and stoichiometric parameters of clay phases are critical for 

the result of the simulations; 

5) the geometry of the “numerical experiments” and more specifically the 

distances among the nodes of the elements are critical. 

 

In conclusions, RTM demonstrated to be a useful tool in siliciclastic sediment diagenesis, 

especially because: i) it needs a careful thinking about the different variables and on the 

geological evolution of the system and ii) enlightens many key issues (residence times of 

solutes, quartz and clays reaction rate, K+ availability and diffusion, initial water and mineral 

composition, …) that can be addressed and likely developed in a quantitative way. At the 

moment, the feeling is that it needs an elevated number of information not always available and 

that the degree of freedom in the experiment settings may be too elevated. 
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Reactive Transport Modeling of Compacting Silico-clastic Sediments during Burial 
Diagenesis 
 
Alberto Consonni, Claudio Geloni and Andrea Ortenzi, Eni Exploration and Production Division   
 

In the framework of silicoclastic sediments diagenesis a Reaction Transport Model (RTM) was 

set up to attempt of quantifying the chemical relationships between shales and sadstones 

during burial diagenesis. 

 

The proposed numerical model is a result of a top-down methodology where, starting from 

simple isothermal cases with constant mass fluxes, the most complete (and hopefully realistic) 

model is finally set up to reproduce the main diagenetic phenomena, field observations and 

experimental analytical data. 

 

An in house developed version of TOUGHREACT, where a simple model of geometrical 

compaction is coupled to the reactive module, was used to perform the numerical simulations. 

When coping with models of clayey minerals the formal stoichiometric description of each 

phase and the accuracy of the relative thermodynamic parameters are the main severe source 

of uncertainties. Other model limitations inherent to the correct initial conditions of the mineral 

assembly and water chemical paleocomposition might be considered when evaluating the 

results and the outputs of the proposed model.  

 

A case-study was used to investigate this kind of “degrees of freedom” of the model, mainly 

focusing on the reaction between smectite and illite, and quartz precipitation in the region of 

high temperature and low mass flow. 

 

The model consists of a 1D grid made of three elements in which the first element, 

representative of a clay stratum (mainly smectite), undergoes a geometric compaction 

reconstructed from a typical burial curve. The second and third elements, with a fixed 

geometry, represent the sandstone portion of the system. During the course of the compaction 

the fluid expulsed by the first element displaces the initial fluid of the other two elements of the 

grid. The fluid is free to come out from the third element (open system) in order to avoid 

unrealistic high over pressures induced by the porosity reduction given by the geometric 

compaction. Non isothermal conditions are achieved by imposing a heat flow in order to 

increase the temperature from 70 °C (initial condition) to 120 °C in a time window of 60 My. 

The initial fluid compositions are computed by means of a three steps procedure starting from 

sea water: i) isothermal (T=25 °C) evaporation short before the beginning of halite precipitation, 

ii) heating to 70 °C imposing the equilibrium with quartz and Kfeldspar, iii) preliminary 

equilibration at 70°C with the two mineral assemblies considered in the system. The resulting 

waters are close to the thermodynamic equilibrium with the respective rock fractions facilitating 

the numerical convergence of the first time steps of the simulation. 

 

The different types of smectite and illite (S-I) minerals found in the main thermodynamic 

databases show considerably different reactive behavior especially at temperatures above 100 

°C. As an example, by using a specific S-I couple a destabilization of the neoformed illite at 

high temperature was predicted by the model with a subsequent late smecite reprecipitation. A 

behavior which is against the accepted feeling based on observed data.  
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In all cases the silica released by the smectite  illite transformation precipitates in significant 

amount. The locus of its precipitation depends on two factors: i) the residence time of the 

dissolved silica within the compacting element, and ii) the kinetics of quartz precipitation. High 

compaction fluxes, high diffusion coefficient, short internodal distances, the inhibition of the 

quartz nucleation, and low specific reactive surfaces of quartz in the clays concur to facilitate 

the migration of the aqueous silica from the compacting element along the column promoting 

the quartz cementation of the second element of the grid.  

 

Kfeldspar amount also plays a key role in the extent of smectite  illite conversion and quartz 

cementation since at very low compaction fluxes K+ diffusion can turn out to be, in the long 

terms, an effective mechanism of mass migration from sandstone to clays. 

 

A formal description, honoring the elemental mass balance and the RTM results, can be 

proposed to quantitatively describe the reactive behavior of the system: two different reactive 

regimes with slightly different S/I ration are proposed according to the Kfeldspar “dissolution 

efficiency” (K+ source). 

 

The quantitative formal description of the reactive processes can be used to estimate the 

volume changes and to give idea of a potential “chemical” overpressure induced by the S-I 

transformation. This debated issue will be object of further investigations.  

 

Without forcing the model setting, the simulation results are comfortingly in agreement with the 

experimental observations pointing out the occurrence of quartz cementation in the sandstone 

driven by the modified fluids expulsed by the reacting clays undergoing compaction. 

 

Despite of the numerous uncertainties affecting the RTM applied to diagenetic burial, numerical 

simulations proved to be a useful tool in investigating the main reactive processes, especially 

because it allows to quantitatively address many key issues such as: residence times of 

solutes, quartz and clays reaction rate, K+ availability and diffusion, initial water and mineral 

composition, overpressure due the volume changes in the S/I conversion. The sensitivities on 

these parameters can be used to give indications about the quality and the strength of the 

different scenarios of a conceptual scheme underlying the natural system evolution. 
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Distinguishing Between Eogenetic, Unconformity-Related and Meosgenetic Dissolution: 
A Case Study from the Panna-Mukta Field, Offshore Mumbai, India 
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Secondary porosity is of considerable importance to the prospectivity of carbonate deposits 

and, in many cases, determines the presence or absence of reservoir-grade porosity. Deep 

burial (mesogenetic) dissolution is commonly cited as the origin of secondary porosity in 

carbonate reservoirs. However, the exact mechanisms by which burial dissolution in both 

carbonate and siliciclastic rocks proceeds are often difficult to establish and remain 

controversial.  This debate has recently been reinvigorated by some workers who not only 

question the veracity of the commonly cited mechanisms of burial dissolution but also suggest 

that many of the petrographic characteristics used by previous authors to identify burial 

dissolution can be explained without recourse to mesogenetic processes. 

 

The Panna-Mukta Fields host hydrocarbons in Bassein Formation Eocene-Oligocene ramp 

limestones. The pore system is almost wholly secondary comprising matrix and intraparticle 

microporosity, mouldic porosity, vugs, solution-enlarged stylolites (observed in both thin-section 

and core) and fractures. While some of these features demonstrably post-date a certain 

amount of burial (e.g. solution-enlarged stylolites), the volumetrically-dominant pore type, 

matrix and intraparticle microporosity, cannot definitively be interpreted as early or late on 

petrographic or geochemical grounds alone.  Furthermore, a prominent high permeability layer 

lies directly below a palaeokarstic surface at the Eocene-Oligocene boundary.  This association 

could be interpreted to indicate a genetic link between the secondary porosity beneath this 

unconformity and dissolution related to sub-aerial exposure.  However, the Panna-Mukta 

reservoirs show a strong correlation between matrix porosity, as measured by wireline logs and 

core plugs, and stylolite density measured from cores.  This pattern of porosity distribution can 

only be explained by the movement of corrosive fluids along pre-existing stylolites. Stylolite 

development followed by sufficient uplift to flush the Bassein Formation with meteoric fluids is 

not a tenable mechanism in this case because, although a post-mid Miocene phase of 

transpression did occur, the Bassein Formation is currently buried by ca. 1-1.5 km of late 

Oligocene to mid-Miocene marine deposits.  As in other limestone successions, stylolites in the 

Bassein Formation only develop in “clean” limestones lacking argillaceous material.  More 

argillaceous limestones are characterised by dissolution seams rather than stylolites.  Facies of 

the former type occur preferentially below the Eocene-Oligocene boundary in the upper part of 

an upward-shallowing sequence; facies of the latter type occur further below the Eocene-

Oligocene boundary in the lower part of the same shallowing-upward sequence.  As a result of 

this vertical organisation of facies, porosity distribution in the Bassein Formation mimics that 

expected where porosity development is eogenetic and unconformity-related.  However, our 

analysis suggests that secondary porosity development is mesogenetic and related to the 

distribution of facies that favour stylolite development and, therefore, the eventual conduits for 

the flow of corrosive fluids. 
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Automated Petrographical Analysis for the Development of Reservoir Models 
 
E Hill, Zeiss Microscopy Ltd. 509 Coldhams Lane, Cambridge CB1 3JS, UK  
 

ZEISS Mineralogic provides detailed chemical, mineralogical and morphological information to 

fully describe the morphochemical characteristics of any lithology. 

 

Detailed petrographic analysis is essential in the development of a high-quality reservoir model. 

The thermal and effective stress histories of a reservoir can be constrained by petrographic 

observations which provide information on the types, timing and rates of geological processes 

affecting porosity, permeability and thermal maturation. 

 

The Scanning Electron Microscope (SEM) is widely used in the Oil industry. The ability to 

observe microscopic detail, with a variety of detectors, provides vital information in the 

assessment of mineral compositions and the overall behaviour of a lithology. Techniques such 

as cathodoluminescence for the estimation of diagenetic silica cements, or wettability studies to 

determine behaviour of surfactants in a pore structure, are established and provide information 

not just on recoverability but also on the estimation of project economics. Performing detailed 

quantification of the mineralogy, or porosity estimations using the SEM is laborious and time 

consuming however, and these tasks have been preferentially performed using light 

microscopes – a somewhat less time consuming method but, just as is the case with the SEM, 

a method that suffers from operator bias. ZEISS Mineralogic improves on the status quo by 

delivering fast, reliable, automated SEM analysis of geological samples to remove operator 

bias and reduce the overall time to results.  

 

The quantitative nature of ZEISS Mineralogic’s chemical analysis provides detailed 

mineralogical information, including the discrimination of clays and organics. The combination 

of mineralogical analysis with the parallel morphological analysis provides information such as 

the relative porosity, pore composition, proportions of clay mineralogy and their geographical 

location, dolomite granularity, and carbonate and silica cementation. The standardised data 

format makes building the history of a stratigraphic column, and making comparisons of 

segments within the stratigraphic column, straight forward. 
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Petrophysical Characterization of the Late Cretaceous Carbonates of Central Iraq: a 
Quantitative Method for Reservoir Subdivision 
 
Fadhil N. Sadooni, Environmental Studies Center, Qatar University, P. O. Box 2713, Doha, Qatar 
 

The Late Cretaceous carbonates of Central Iraq represent an important reservoir rocks in such 

fields as East Baghdad and Ahdab forming new oil play in a relatively under-explored region. 

Using a combination of Gamma Ray and Sonic logs supplemented by core and thin section 

data, the studied strata were divided into five lithological units (electrofacies) designated from 

bottom as H1-H5. Both H1 and H4 are formed of packstone and grainstone of large benthic 

foraminifers. The main reservoir unit H3 is formed of rudist-bearing floatstone and rudestone. 

These are associated with bryozoans and coral debris also. The Unit H2 represents relatively 

deeper argillaceous limestones with small, dwarfed, thin-walled benthic foraminifera associated 

with calcispheres and pellets. The uppermost unit H5 consists of detrital greyish marly 

limestone that reflects the change of the depositional system to the overlying basinal 

environment of the Shiranish Formation. The reservoir units show extensive diagenesis also 

including dissolution, fresh water cementation and dolomitization (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Lithological and petrographic subdivision of the Late Cretaceous carbonates in central Iraq 
 

A whole set of well logs consists of Schlumberger’s Gamma Ray, Sonic, Resistivity and 

Density Neutron (FDC/CNL) logs from six wells in East Baghdad Field were digitized. Their 

data were cross plotted to envisage any meaningful relations between the identified lithologies 

and their petrophysical properties.  

 

Cross-plots of Neutron Porosity ᶲN and Sonic Porosity ᶲS versus the corrected True Resistivity 

(Rt) and the uncorrected Deep Induction Resistivity (Rild) were plotted for the three main 

lithological units. The Rt versus ᶲN plots show a considerable consistency across the wells but 

the foraminifera-bearing shoal units (H1) is totally mixed with the rudist buildup unit (H3) in 
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some wells. The Rt versus ᶲS cross plots show a vertical stacking of units rather than the usual 

horizontal alignment indicating variable resistivity values for the same porosity values. The Rild 

versus ᶲN crossplots show a better separation of units although H1 and H3 unit values are still 

mixed. The uncorrected deep induction resistivity (Rild) versus ᶲS plots show the best separation 

between the different clusters (Fig.2).    

 

Logs usually show the gross properties of rocks including their fluid contents; so it is important 

to take this in consideration when using logs for lithological, depositional and digenetic 

interpretation. This method should be used in combination with other methods also.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Examples of cross-plots of Rt and Rild versus ᶲN and ᶲS 
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MinSORTING: an Excel Macro for Modelling Mineral Size Distribution in Sediments 

 
Alberto Resentini, Marco G. Malusà, and Eduardo Garzanti, Laboratory for Provenance Studies, 
University of Milano-Bicocca, Italy  
 

Compositional and textural parameters of a clastic deposit strongly influence its behavior 

during compaction and diagenesis. 

 

Bulk grain size and sorting exert major control on primary porosity whereas size distribution of 

the different minerals can give clues on the available surfaces for mineral-fluid interactions for 

each mineralogical species or rock particles and also on secondary porosity. 

 

We present here MinSORTING (Resentini et al., 2013), a new tool to quickly predict the size 

distribution of various minerals and rock fragments in detrital sediments, based on the physical 

laws that control sedimentation by tractive wind or water currents (Garzanti et al., 2008). The 

input values requested by the software are the sediment mean size, sorting, depositional fluid 

type (seawater, freshwater, air) and standard sediment composition, chosen from a given array 

including nine diverse tectonic settings that can be conveniently mixed in various proportions to 

meet all possible needs. The final output of MinSORTING is the distribution of each single 

detrital mineral in different size classes (at the chosen 0.25, 0.5 or 1 phi intervals). 

 

The software can also be used for geochronological/varietal studies as it allows to select for 

each mineral of interest the most suitable size window for analysis.  

 

 
Input panel (upper left) and excerpt of the result window (upper right). Lower panel: comparison between 
real (dashed) and modeled size distributions in modern sands from the Ganga-Brahamaputra system. 
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Multi-Scale Assessment of Diagenesis within the Bakken Formation, USA. 
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Famed as being the largest continuous oil accumulation ever assessed by the USGS, the 

Bakken Formation in the Williston Basin, USA, is a mixed conventional and unconventional oil 

resource. Until recently, the Bakken was viewed as a marginal resource due to its generally low 

permeability. However, recent advances in horizontal drilling, coupled to hydraulic fracturing, 

have led to a boom in production from the Bakken. 

 

Stratigraphically, the Bakken is divided into three members, the Upper, Middle and Lower. The 

upper and lower members are broadly similar and can be described as fissile, pyritic, organic 

rich shales. The middle member is composed of a series of cemented, fine grained 

sandstones, siltstones, limestone and dolomite. Previous workers have identified up to 11 

different lithofacies within the middle Bakken.  These earlier efforts to identify subfacies were 

based on lithological features, including mineralogy, structure and paleontological evidence 

with much less emphasis on how diagenesis has affected reservoir quality. 

 

This study has identified a series of diagenetic features in the Bakken Formation using 

Scanning Electron Microscopy (SEM; Figure 1). Cement occurs in the middle Bakken as an 

authigenic cement between grains (Figure 1A). Pervasive carbonate cements include dolomite, 

calcite and ankerite. Evaporite minerals, halite and some minor anhydrite have been found to 

infill the apertures of micro-fractures (Figure 1B). Evidence for mechanical compaction is also 

observed and includes flattened and concave-convex grain contacts and folding of clay 

minerals around harder detrital grains (Figure 1C). 

 

    
2.5 µm 15 µm A B  15 µm C 

 
Figure 1 - Overview of some of the diagenetic features observed in the Middle Bakken Formation. A) 
Biogenic calcite infilled with quartz.  B) Micro-fracture between quartz and clay grains, infilled with 
secondary halite. C) Clay minerals forming a folded fabric around harder plagioclase feldspar due to 
compaction.   
 

A key challenge in understanding diagenetic processes in petroleum reservoirs is the effect of 

scale. For example, how do the micron-scale SEM observations in Figure 1 relate to bulk flow 

properties on the centimetre-metre scale? If the effect of diagenesis on multiple scales is not 

recognised then this can lead to errors in flow rate predictions and reservoir volume 

calculations. A key aim of this PhD study is to develop a methodology to systematically assess 

the extent of diagenesis and the nature of pore systems at multiple scales within the reservoir 
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section of the Bakken Formation (Figure 2). A 1cm3 of each sample is cut with a companion 

thin-section. The cube of sample is then systematically analysed using the following 

techniques: hand specimen description, transmitted light thin-section analysis, micro-CT 

scanning, SEM imaging, FIB-SEM imaging, BET surface area analysis and MICP analysis. The 

results enable the definition of the pore systems of a suite of recognisable, diagenetically-

modified lithofacies which will form the building blocks to construct larger-scale models of 

reservoir quality, in the context both of fluid storage and fluid flow. 

 

 
Figure 2 - Schematic of a section of the analysis workflow performed on a sample from the Middle 
Bakken Formation. Schematic shows the three techniques and their resolution as applied sequentially to 
the same area of the sample. 
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NMR (Nuclear Magnetic Resonance) logs are now commonly used in oil and gas exploration, 

and provide crucial data such as a continuous record of porosity, permeability, pore-size 

distribution, and fluid saturation (e.g. Nurmi & Standen, 1997). Integrated with MICP (Mercury 

Injection Capillary Pressure), NMR brings key insights about the pore network and then 

becomes of primary importance for rock-typing analysis independently from depositional facies. 

However, a genetic geological knowledge remains necessary to interpret NMR data. In the 

present study, we propose an integration of some recent advances (e.g. Westphal et al., 2005) 

to optimise the use of NMR logs for carbonate reservoir characterisation. 

 

In the Eastern Paris Basin, the Andra (French National Radioactive Waste Management 

Agency) evaluates the feasibility of a deep geological repository of radioactive wastes in a 

150m thick Callovian-Oxfordian claystone formation. The latter is bounded by the Middle and 

Upper Jurassic shallow-marine carbonate formations. For safety reasons, one of the key Andra 

concerns is to constrain the past and present fluid-flows in these formations, thus to 

characterise as precisely as possible the petrophysical properties and their distribution, through 

a high resolution geological modelling. A complete logging survey was performed including 

classical logs, hydrological well tests, and a complete set of NMR logs. RCA (Routine Core 

Analysis) on core plugs and cuttings were also performed and served as a constraint for the 

NMR log derived calculations. NMR derived porosity is very close to the RCA data, but 

permeability calculation is less consistent. Indeed, the parameters chosen for SDR 

(Sclumberger Doll Research) equation were initially tuned to provide a best permeability 

estimate in the Callovian-Oxfordian claystone. Consequently, they were not adapted to the 

surrounding limestones, especially in the porous water-producing levels (Hp1 to Hp7), where 

NMR K were overestimated (Figure 1). 
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Figure 1: Initial NMR-derived porosity and permeability data 

 
Using petrography, MICP, and NMR laboratory tests from core plugs, we defined precisely the 

pore-network of the latter porous levels. Then using the T2 distribution continuous logs, 

stratigraphic intervals with dominant pore-types were defined, forming a discrete log for each 

well. Following the work of Westphal et al. (2005), we then changed the parameters of the 

KSDR equation according to the dominant pore type per zone to optimise the permeability 

calculation (Figure 2). This resulted in a considerable improvement of a continuous 

permeability estimation in the studied wells. 

 

 
Figure 2: Improving permeability calculation through the definition of the dominant pore types 

 
However, technical problems, such as the effect of oil-based drilling mud, were revealed by the 

comparison between NMR log and lab acquisition on the same levels. They hampered an 

absolutely enthusiastic achievement of this study but allow to continue some researches to 

improve the method. 
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Trends in reservoir quality in fine grained very glauconitic sandstones from the Bor Member of 

the Vaale Formation were analysed by standard polarisation microscopy, QEMSCAN® 

analysis, scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD). These 

complementary analysis techniques were compared to, and correlated with conventional core 

analysis (CA) and mercury injection capillary pressure (MICP) data. 

 

The samples investigated were taken from a depth interval of around 3000mTVD to 

3020mTVD. CA data reveal unusually high porosity and permeability values for this depth of 

burial. Porosity varies from around 25% at the top and bottom of the interval to 35% in the 

centre. Similarly, permeability is seen to increase towards the centre of the section, changing 

by one order of magnitude from around 30 mD to 300 mD.  

 

SEM analysis reveals that abundant microquartz occurs throughout the reservoir, apparently 

transformed from early amorphous silica which may have been sourced from the encasing 

Vaale Marl (Stokkendal et al., 2009). This cement acted as an encrusting phase which 

significantly stabilised the grain framework. Mesoquartz cements are more abundant towards 

the upper and lower margins of the reservoir body, but again are suggestive of an external 

silica source. Polarisation microscopy and QEMSCAN® analysis show an increase in 

glauconite alteration and dissolution from the margins of the sediment body to the centre, 

explaining the shifts in the distribution of pore throat radii witnessed in MICP. QEMSCAN®, 

XRD measurements and thin section observations reveal that those areas with the greater 

glauconite alteration correspond with an increase in grain-replacive chlorite development to a 

point near the centre where original glauconite is completely replaced.  

 

This case study highlights the value of combining a variety of analytical techniques in order to 

more completely understand the various factors contributing to porosity loss during diagenesis. 

It is recommended that such a combination should form the basis for the prediction of reservoir 

quality. 

 

  
Left: SEM image highlighting the extensive development of microquartz. Right: QEMSCAN image of the 
same sample (pore space in blue, quartz in pale yellow, chlorite in green). 
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Applications of 3D Imaging with X-ray and Electron Microscopy for Carbonate 
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Modern core analysis laboratories are turning toward digital solutions to age-old problems. 

Using novel multiphysics simulations and finite-element modeling, researchers are able to 

digitally measure fluid transport and mechanical properties of rock samples, which may couple 

directly into predictions of oil extraction efficiencies and carbon storage capacities. These 

techniques virtually measure porosity, permeability, capillary pressure-saturation, electronic 

conductivity, Young’s modulus, and other parameters that are important for reservoir 

characterization.  

 

In support of these numerical simulations are modern microscopic techniques, such as those 

that deliver 3D datasets representative of the rock pore networks and microstructures. Recent 

advancements in X-ray microscopy techniques have extended traditional X-ray CT to the sub-

micron and 50 nm length scales, producing unprecedented digital representations of the 

complex pore networks inside both carbonates and shale. These 3D datasets may be digitally 

segmented, and the results used as input into the multiphysics simulations in a technique 

called digital rock physics (DRP). Applying a novel approach of dual-energy X-ray microscopy 

(DE-XRM) now delivers information about local mineralogy within these specimens, for further 

refinement of the fluid flow and mechanical models. Furthermore, focused ion beams coupled 

to scanning electron microscopes (FIB-SEM) provide an additional increase of spatial 

resolution, enabling features on the single-nanometer length scale to be captured as well.  

 

While development of the mechanical models is paramount to the modeling techniques of 

digital rock physics, so too is validation of the models via experiment. Using the multi-length 

scale XRM approach, the samples are imaged non-destructively, preserving the valuable 

structures for repeated studies on the same sample over a length of time and/or sample 

treatments. Recent experiments have demonstrated the power of this technique for in situ flow 

studies on carbonates, as well as the use of tracer gas for pore connectivity characterization in 

shale.  

 

Here, the technique of multi-length scale X-ray microscopy will be introduced, along with its 

correlative nature to FIB and electron microscopy. Several applications of these techniques for 

digital rock physics with carbonates will be demonstrated, including in situ flow studies and DE-

XRM probes of local rock mineralogy.  
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Fig. 1: Multi-length scale 3D X-ray microscopy study of a chalky carbonate. The left image shows a 
virtual slice from the specimen with ~1 μm resolution, where the darker shades of grey represent lower 
optical densities (e.g., pores). The right image shows a 3D rendering of the segmented volume, where 
disconnected pores are assigned different colors (eg., red, orange, yellow). The sold rock matrix is also 
assigned a lighter orange shading.  
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The Mattinata Formation is chalk deposited in a slope to basin environment during the Late 

Aptian until the Albian. The geochemistry, texture, porosity and SSA measurement do confirm 

this. The occurrence of different lithotypes observed during mapping and petrography reflect 

different depositional processes like slumping and other syn-depositional movement causing 

brecciation and differences in homogeneity and textures of the chalk. The chalk is intercalated 

with chert and deposited in layers. Only few breccias could be identified which do show a large 

amount of macrofossils from shallow marine facies. Most of the chalk is deposited in beds 

between 10 and 30 cm, in some stratigraphic levels slumping is visible.  

 

The chalk shows only few variations in the most abundant major elements Ca and Mg. 

Normally MgO concentrations are between 1 and 2% and CaO between 53-55%. However, in 

some samples ultra-clean chalk can be determined with CaO abundances above 56%. 

Variations in total carbon are minute besides one sample and the influence of clastic material 

correlates with total rare earth element (REE) concentrations. However, 

low between 3 and 20 ppm. This point to a very low influx of clastic material confirmed by Zr 

concentrations between 1-5 ppm and Rb abundances below 4 ppm. Y/Ho ratios which can 

point to the influence of meteoric water in carbonate rocks are mostly between 40 to 50 with 

quite some samples below, which points to the influence of circulating fluid of non-marine 

origin. However, two samples, the very clean chalk and another show very high Y/Ho ratios 

above 65. This might point to inherited fluid influence, that carbonate deposited at a slope had 

been affected by fluids and was then transported by mass flows to distal basin margin 

positions. the two layers with high Y/Ho might represent deep sea deposits.  

 

δ13C isotope values ranges from -2.122 to 1.146 and the δ18O isotope values show ranges from 

-2.334 to -0.350. The δ18O isotope values would indicate an average seawater temperature 

between 13.4 and 21.8°C. All commonly used geochemical proxies to control the possible 

primary nature of C and especially O isotopes like δ13C values versus Mn/Sr, Mn vs. δ18O, 

Sr/Ca vs. Mn; Sr/Ca vs Fe suggest a primary signature. Compared to secular evolution of C-O 

stable isotopes in marine water, the C-isotope we have found are often too negative, would 

therefore either invoke a deeper depositional environment with colder water or/and higher 

salinities. A trend for a colder environment cannot be identified in O-stable isotope composition, 

which, in contrary, is comparable with data from other basins at the time of deposition. At this 

point we therefore interpret a restricted environment and not a well circulated marine reservoir 

at the origin for the C-isotopes. This characteristic seems not to have affected the O-isotope 

data. As reported, Y/Ho ratios do point to an open marine distal platform environment. 

 

Based on our current data we interpret that the Mattinata section well could be used as a 

comparison for the North Sea chalk deposited during extensional movements and often 

reworked by debris flows or mass flows into a deeper basin environment, without reflecting this 

in its stable isotope and REE composition. 
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Carbonate rocks, with complex primary fabrics and prone to diagenetic alteration, generally 

contain complex pore networks, which complicate the relation between porosity and 

permeability. In this study, the spatial distribution of porosity and permeability variations in 

continental carbonates are investigated. An extensive dataset of approximately 260 continental 

carbonate specimens is acquired from the Ballık area, near Denizli (Turkey), in the Ece, Faber, 

Cakmak, Ilik and Alimoğlu quarries, which span an area of 1000 by 1200 metres. The 

petrophysical measurements are conducted on 1 inch (2.54cm) diameter plugs by Panterra 

Geoconsultants. The effective porosity in the plugs is measured by means of helium expansion 

porosimetry. Gas permeability, in this case with nitrogen gas (N2), is measured in a steady 

state permeameter. A classic (geo-)statistical study, variogram analyses and indicator kriging 

of facies occurrences and the assembled porosity–permeability provides additional information 

on their spatial distribution. A (geo-)statistical analysis requires a geo-referenced framework, in 

which all the samples have their unique set of coordinates. For this purpose, the studied 

quarries were LIDAR (Laser Imaging And Ranging) scanned (figure 1). 

 

 
Figure 1: Digital LIDAR model of the Ece, Faber, Cakmak, Ilik and Alimoğlu quarry. 

 
The facies type of the samples is determined corresponding to the samples taken in the logged 

sections. Four dominant facies types were recognised in the area: the sub-horizontal, reed, 

cascade and waterfall facies. Based on the sampling, the occurrence of facies types is certainly 

not random. There is a succession pattern in the vertical direction: sub-horizontal (25% of the 

samples) at the bottom of the quarries, followed by the cascade facies (predominant, 41%) 

spanning the central parts of the quarries, the waterfall facies (17%) isolated bodies in between 

or near the top of the cascade facies and the reed facies (18%) near the top of the quarries. 

Variogram analysis was performed with Stanford (geo-)statistical Modelling Software (SGeMS) 

to detect spatial structure and directional anisotropy in the dataset. The indicator variograms 

are used as input for indicator kriging, which estimates the facies occurrence at unsampled 

locations. Indicator kriging, performed on a 3D grid with a 1m³ grid spacing, provides 3D 
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information about the spatially interpolated probability of facies occurrence and is very useful to 

detect aerial variations and underlying trends of lithology occurrence. 2D cross-sections 

through the outcrop (calculated on a full 3D grid), of estimated spatial probability for the four 

major facies types, were generated and used to determine the most probable facies in every 

grid point. 

 

The porosity ranges from 3 to 46%. The permeability distribution is skewed and goes from 

impermeable up to over 10.000mD. Different facies types cluster in the porosity-permeability 

field. This indicates a facies control on the petrophysical parameters. This is confirmed by the 

balanced one-way Anova statistical analysis and multi-comparison tests, which illustrate that 

population averages for porosity and permeability are statistically different for each facies type. 

Variograms and kriging were performed to estimate porosity and permeability at unsampled 

locations. Kriged maps (figure 2) show the smooth variations in porosity-permeability and their 

underlying trends. Porosity and permeability are not randomly distributed throughout the area, 

but show a correlation with the spatial distribution of facies types. Porosity and permeability 

values also seem to be correlated over relatively large distances: clusters of large and small 

porosity and permeability values can be identified inside one facies type. The highest porosities 

and permeabilities occur in the waterfall facies, the lowest in the sub-horizontal facies. The 

relation between porosity and permeability is non-linear, with strongly scattered data. Kriged 

porosity and permeability values provide information on the relation between the latter 

parameters in the entire analysed 3D grid. The simulated porosity and permeability ranges are 

slightly narrower than the measured values, averaging of the values occurs due to a scaling 

effect (plug versus m³ scale). The porosity-permeability relation was also checked for each 

individual simulated facies on a 10m³ grid. Every facies displays a distinctly different relation. 

 

The large scale facies typing and porosity-permeability analyses allow understanding and 

interpreting continental carbonate build-ups, despite their micro- and macro-scale 

heterogeneities. The geostatistical analysis indicates that there is indeed a facies control on the 

distribution of porosity and permeability values. Variograms and kriging operations allow 

simulating facies types, porosity and permeability at unsampled locations. This way, a 3D 

understanding of these parameters and their distribution throughout the build-up can be 

achieved. 

 

 
Figure 2: Kriging based 2D cross-sections through the continental carbonate outcrop, (A) Interpolated 
porosity (%) and (B) interpolated log vertical permeability (log mD). 
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Apatite Overgrowth Cement As a Diagenetic Temperature History Indicator 
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Many diagenetic reactions in siliciclastic sandstones have been shown to be strongly 

dependent on temperature: e.g. quartz cementation starting at ~70-80°C (Bjørlykke et al., 

1989; Ehrenberg, 1990; Walderhaug, 1994; Walderhaug et al., 2000), the kaolinite to dickite 

transformation at ~90-100°C (Vangdal et al., 2014), illitization of kaolin from ~130°C (Bjørlykke 

et al., 1986; Ehrenberg and Nadeau, 1989; Midtbø et al., 2000), and detrital heavy mineral 

dissolution at 40°C to 180°C depending on the mineral (Walderhaug and Porten, 2007). The 

temperature history of a sandstone sample can therefore be constrained by determining which 

diagenetic reactions have taken place in the sandstone. The probable temperature histories of 

sandstone samples may in turn permit evaluation of the large scale thermal and tectonic 

histories of sedimentary basins, for instance by constraining magnitudes of uplift and changes 

in heat flow and geothermal gradients. Understanding the temperature and tectonic history of a 

basin is very important for evaluating sandstone reservoir targets.  

 

Apatite (Ca5(PO4)3(OH,F,Cl)) is a common accessory mineral in both igneous and metamorphic 

rocks and typically occurs as a detrital mineral in the heavy mineral suite of quartzose 

sandstones. In an extensive study of heavy mineral stability with burial depth and temperature 

on the Norwegian continental shelf, Walderhaug and Porten (2007) noted that authigenic 

overgrowth cement present on apatite grains can be readily distinguished by the use of 

cathodoluminescence microscopy. The current study describes the results of investigation of 

the distribution of syntaxial apatite cement overgrowths on detrital apatite grains as a function 

of burial depth and temperature. The aim of this work was to determine if formation of apatite 

overgrowths is a temperature-dependent process, and if so, at what temperature does cement 

precipitation start.  

 

Petrographic analysis of the distribution of apatite cement overgrowths in 456 thin-sections 

from sandstones of late Triassic to Paleogene age on the Norwegian continental shelf indicates 

that authigenic apatite starts to form at temperatures of about 90°C. Apatite grains and apatite 

overgrowths were easily identified with a cathodoluminescence microscope thanks to the 

intense yellow and orange cathodoluminescence colours shown by grains and overgrowths, 

respectively. Presence of apatite overgrowths therefore seems to be a useful indicator of 

paleotemperatures above 90°C.  
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Fig. 1: Examples of apatite grains photographed using cathodoluminescence (upper series) and 
transmitted light microscopy (lower series). No cement is observed on apatite grains from shallow burial 
and/or low temperatures (left), while syntaxial overgrowths with anhedral to euhedral forms and 
thicknesses of a few µm to tens of µm are observed on detrital apatite buried to depths with 
temperatures above ca. 90°C (middle and right, respectively). 
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Whole-rock geochemical data can now be rapidly acquired while drilling from cuttings analysis 

by field portable X-ray Fluorescence (XRF) at the wellsite and core storage facility. Elemental 

data contains valuable information on the lithology and mineralogy of the formations penetrated 

by the wellbore, and as shown here in the results of our modeling, predictive information about 

sandstone reservoir quality (SSRQ); specifically porosity and permeability.  The ability to 

predict these attributes directly from analysis of cuttings is of great practical value both on the 

scale of individual well bore placement (e.g. geo-steering) and in regional studies of reservoir 

quality. 

 

An element-based predictive model for porosity and permeability was created using data from 

over 275 core plugs, from 12 wells, in the Siri Canyon.  Paleogene reservoirs in the Siri Canyon 

are largely sandstone turbidites and injectites. Reservoir quality is controlled by variable 

amounts of grain-coating opaline silica and chlorite (berthierine), as well as significant 

carbonate cementation associated with  paleo oil/water contacts.  

 

A local solution for our model (i.e., specific to this reservoir data set) was trained and tested 

using 12-fold cross validation with geochemical data partitioned by well. This data partitioning 

scheme emulates the real-world scenario wherein core data are available from several wells in 

a given field, and one is interested in making reservoir quality predictions for a well currently 

being drilled in the field.  Based on a locally trained solution, the mean absolute error for 

porosity is about 2.9 vol% with 90% of the absolute errors being in the range of 0 - 6.1 vol%. 

The relative percent error for permeability predictions is less than 43% for half of the data 

predictions (50th percentile). Viewed from a classification perspective, the permeability model is 

able to discern the log scale permeability classes of 0-10md, 10-100md, 100-1000md, 

1000+md with an accuracy of 80.6%. Most misclassifications occur around the class edges 

and thus it can be claimed that the permeability predictions admit at least a logarithmic 

accuracy.  The accuracy limit in permeability predictions is due to the inherent uncertainty in 

core plug measurements, and possibly due to sedimentological, mineralogical, and diagenetic 

effects not adequately represented by the elemental data. Incorporation of trace element 

composition and other data into the model will be the focus of future research. Measurement of 

porosity and permeability on different samples than that used for elemental analysis, if even 

from the same core plugs may be an additional limiting factor in terms of accuracy. 

 

The modeling approach employed here is intended to be scalable to a global-based calibration. 

A global dataset of elemental compositions and their corresponding RQ properties will be 

incrementally updated and maintained algorithmically as a collection of model-driven clusters. 

The clusters are, in turn, exploited by a cluster-selective prediction algorithm capable of 

estimating porosity and permeability in near-real time based on elemental data input (XRF data 

from cuttings while drilling). The cluster selective nature, scalability of the method combined 

with the time and cost effective nature of XRF analysis on cuttings will provide a robust non-site 
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specific approach to aid in determining reservoir properties and their variation on reservoir, field 

and basin scales.   
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Understanding the Distribution of Silica and Its Relationship to Permeability in High 
Porosity, Low Permeability North Sea Chalk Reservoirs Using an Innovative 
Multidisciplinary Approach 
 
Peter Wellsbury, Michael Urbat, Graham Spence, Paul Watson, Robertson (UK) Ltd, Ty’n y Coed, 
Llanrhos, Llandudno LL30 1SA 

 

The presence of silica in highly porous fine grained carbonate reservoirs can affect wettability, 

porosity and permeability.  Analysis of North Sea chalk reservoir samples using conventional 

techniques for determining mineralogical composition such as XRD, reveals often surprisingly 

high levels of silica in these lithologies, but detailed optical microscopic examination reveals 

neither in what form this silica is present nor how it is distributed at micrometre scale within the 

rock fabric. 

 

Through the use of a combination of innovative techniques we have developed a method to 

both identify and quantify the silica content in chalk samples and to understand its distribution.  

Automated mineralogical scanning techniques with a combined SEM and EDS system 

(QEMSCAN® and/or RoqSCANTM) were used to scan a polished 2D surface of resin-mounted 

rock samples.  Manipulation of the results generates a detailed quantification of silica both as 

grains or biogenic material or existing in close association or reprecipitated with calcite.  In 

addition, false-colour image maps can be generated to visually interpret the distribution of silica 

and other minerals within the rock. 

 

By scanning different surfaces of cube samples we have further extended this approach to use 

quantitative mineralogical scan data in conjunction with determinations of 3D permeability 

anisotropy derived from a magnetic approach.  This MAGPORETM technique involves 

infiltrating a highly magnetic ferrofluid into the pore space of the rock and measuring the 

anisotropy of magnetic susceptibility (AMS).  The AMS response is controlled by shape 

alignments of the pores as represented by the preferred orientations of long and short pore 

dimensions.  

 

Thus we have an understanding not only of the amounts of silica present within the chalk 

system but also its distribution and relationship with preferred permeability pathways within the 

rock fabric.  Images are provided to show the differing sedimentary microfabric present within 

the chalks in the parallel with, and orthogonal to the preferred permeability direction.  These 

defined characteristics can then be plotted in well sections to aid in identification of any 

enhanced permeability horizons, variation in mineralogical composition and permeability 

directions. Initial results suggest that bioturbation may be a controlling factor on the distribution 

of silica in many of these lithologies and thus the role of such bioturbation in chalks could be an 

important control of reservoir quality. 
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One of the challenges of the study of geological samples in the oil and gas industry is obtaining 

mineralogical properties of the rocks, from the thin section scale up to rock core. Usually, 

Scanning Electron Microscopy (SEM) has been used to obtain elemental mapping of rock 

samples with the limitation of the area to be scanned (few mm2), the resolution and the time 

needed for large area covering. The development of new technology and equipment’s based 

on X-ray fluorescence, and the increase in computer processing power, is providing geologists 

and geoscientists with micro-X-ray fluorescence (µ-XRF) systems that allow to perform large 

area multi elemental analyses in rock samples, under vacuum conditions (or at atmospheric 

pressure if light elements are not needed), with very good resolutions (up to 25 m per pixel), 

in short time. The maximum scanning speed reached currently is of 100 mm/s and the 

measurement are done on the fly without stopping for acquisition of the data, the time per 

spectra can be even < 1 ms. This allows to scan for example 15 cm x 15 cm area, in 

approximately two hours depending of resolution and time used. 

 

All the multi element overlay images showed in Figure 1 were acquired using a M4 Tornado 2D 

µ-XRF, built by Bruker Corporation, equipped with two X-Flash silicon drift X-ray detectors and 

a Rhodium X-ray tube, at the Repsol Technology Centre facilities (Móstoles, Spain). Slabbed, 

non-polished Side Wall Core (SWC) end-trim rock-samples (Figure 1A), thin sections (Figure 

1B) and a slabbed core sample (Figure 1C) were scanned with a poly-capillary optic lens, using 

a spot size of 50 microns, 1ms/pixel counting time with 50 kV and 200 A conditions. Total 

analysis time for the whole set (12 thin sections) was less than 2 hours; less than 20 minutes 

for each SWC end-trim sample and around 3 hours for the slabbed core sample. Shale gas 

rock samples, analyzed and plotted in Figure 1D, correspond to powdered and washed rock-

cuttings that were analyzed under vacuum (20 mbar) during 3 minutes (each sample) with a 

spot size of 200 microns, 50 kV and 200 A. Every µ-XRF image records a complete spectrum 

for each pixel of the mapping allowing offline analysis from the whole database, even if the 

sample is no longer available. 

 

Micro-XRF is demonstrating to be a useful tool for rapid and accurate rock characterization 

based on elemental analysis, with application to the following topics in Exploration and 

Production: 

 Sedimentology (Figure 1A): quick recognition of variations in clay material in turbitic 

depositional settings. Preliminary definition of facies, before core description and thin 

section study.  

 Petrology (Figure 1B): µ-XRF scan of thin sections can be used as a very quick 

compositional screening tool to help in the plan of future studies, before studying the 

thin sections under the microscope. 

 Provenance: identification and location in sample (mapping) of Zr, P or any other 

element related to heavy minerals can be very useful when selecting samples for heavy 

mineral separation. 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 174 

 Diagenesis and reservoir quality (Figure 1C): identification of diagenetic textures, trends 

and processes by different element/minerals distribution. Easy recognition of dolomite 

presence (even microdolomite). 

 Shale Gas rock characterization (Figure 1D): identification of major elemental 

composition trends versus depth. 
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Diagenesis is a major control on the porosity and permeability characteristics of carbonate 

rocks, and therefore significantly impacts fluid flow in the subsurface. Diagenetically-modified 

carbonates often show highly heterogeneous and tortuous pore networks, such that conversion 

from porosity to permeability to multi-phase flow properties is far from straightforward. This 

means that there is often a mismatch between static and dynamic properties as insufficient 

emphasis on the control of petrophysical properties that result from diagenetic evolution of the 

rock. There is therefore a clear need to link both conceptual depositional and diagenetic 

models with the evolution of flow properties. 

 

While changes in porosity can be directly related to diagenetic petrographic characteristics 

such as cement distribution and dissolution features, quantifying how these textures relate to 

attendant changes in permeability is more challenging.  Here, we demonstrate how pore-scale 

models, representing typical carbonate sediments and their diagenetic histories gained from 

study of the paragenetic sequence, can be used to quantify the evolution of petrophysical 

properties in carbonate rocks. 

 

We generate 3D pore architecture models (i.e. the spatial distribution of solid and pores) from 

2D binarized images, representing the typical textural changes of carbonate sediments 

following hypothetical diagenetic pathways. For each 3D rock model, we extract the pore 

system and convert this into a network representation that allows flow properties to be 

calculated. The resulting porosity and permeability evolution scenarios display several 

‘diagenetic tipping points’ where the decrease in permeability is dramatically larger than 

expected for the associated decrease in porosity. The effects of diagenesis also alter the 

capillary entry pressures and relative permeabilities of the synthetic cases, providing trends 

that can be applied to real rocks. Indeed, values of porosity and absolute permeability derived 

from these synthetic 3D rock models are within the range of values measured from nature.  

 

Use of such process-based diagenetic pathway models and paragenetic sequences can be 

used to provide constraints on predicted multiphase flow behaviour during burial/uplift 

scenarios using ‘diagenetic back-stripping’ of real carbonate rocks. From this we can gain 

insight into intermediate stages during basin evolution and populate burial models with dynamic 

properties. 
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Figure 1- Examples of SEM images of samples used to condition models. (A) Backscatter electron 
image of a polished thin section used to measure crystal diameters. (B) Secondary electron image of a 
rough chip used to configure crystal shapes, orientations and packing. (C) Secondary electron image of 
an epoxy resin pore cast used to understand pore shapes, sizes and connectivity relationships between 
different styles of pore. 

 

Quantifying the Effect of Microporosity on Fluid Flow in Carbonate Reservoirs 
 
Sophie Harland 

1
, Rachel Wood

1
, Andrew Curtis

1
, Rink van Dijke

2
, Zeyun Jiang

2
, Ken Sorbie

2
, Wissem 

Kallel
2 

 
1 
School of GeoSciences, University of Edinburgh,  

2 
Institute of Petroleum Engineering, Heriot-Watt University 

 

Understanding the pore system and petrophysical properties of subsurface reservoir rocks is 

vital for accurate prediction of fluid flow behaviour and therefore hydrocarbon recovery. An 

estimated 60% of world’s remaining hydrocarbon resources are within carbonate reservoirs but 

predicting some properties of carbonates is a particularly complex task as their pore systems 

are inherently multi-scalar, often incorporating four relevant orders of magnitude of pore size 

variation. 

 

Perhaps the least understood type of porosity within carbonates is microporosity, where pores 

are <10μm in diameter. Microporosity has many origins, but that which is formed between 

micrite crystal faces, known as ‘chalky’ microporosity, can constitute a significant percentage of 

the total porosity and potential storage capacity of some of the largest known reservoirs. 

However, few studies have attempted to quantify the contribution of microporosity to 

multiphase flow and as such, resultant petrophysical properties are not routinely attributed 

when assessing reservoir quality. Additionally, the wetting properties of microporosity are 

poorly understood, but are also expected to have a large impact on the rock flow properties. 

 
We have developed a flexible, object-based rock reconstruction methodology to enable the 

modelling of fluid flow in heterogeneous, microporous carbonates. The reconstruction 

reproduces realistic models of micritic fabrics, as observable from scanning electron 

microscope (SEM) image analysis (Figure 1), in order to accurately represent the pore space 

properties relevant to fluid flow. Multiphase flow simulations performed on extracted pore 

networks are used to understand the flow properties of different types of microporous fabrics. 

These models also allow investigation of the relative roles of micropores and macropores 

(Figure 2), and their distributions, so enabling quantification of geologically-controlled ‘tipping 

points’ in fluid flow characteristics, and the relative influence of microporosity, macroporosity 

and their interaction on macro-scale fluid flow. Further, consideration of different wettability 
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distributions within the models enables these additional effects to be quantified. Such models 

and multiphase fluid flow simulations will ultimately allow full quantification of how, and under 

what conditions, micropores contribute to flow under different porosity scenarios, thus leading 

to a more accurate understanding of the petrophysical properties of micropores. 

 

 

Figure 2- An example of a rock reconstruction 200
3
 voxels in size with a scale of 0.4μm/voxel. (A) 

Showing macropores with occluding micrite crystals and scalenohedra. (B) Showing a slice through the 
reconstruction highlighting macropore occlusion and topography due to scalenohedra cement and micrite 
placement. (C) Showing the full model after binarisation. 
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Reservoir Quality of the Northwest Shelf of Australia in a 3rd Order Sequence 
Stratigraphic Framework. 
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The Northwest Shelf of Australia is a prolific hydrocarbon province. Over the coming years, a 

number of multi-tcf gas discoveries (made since the 1960’s) will come online through a series 

of LNG developments. In this province high quality reservoirs exist within Triassic, Jurassic and 

Cretaceous stratigraphy. Potential for further significant discoveries remains with a number of 

untested leads identified in the published literature. 

 

This study investigates the differences between the reservoir quality of lowstand, transgressive 

and highstand systems tract deposits on the Northwest Shelf, focusing on the key Mesozoic 

stratigraphic intervals within the Browse and Bonaparte basins. To accomplish this we integrate 

a number of spatially and temporally enabled datasets: reservoir properties, plays and leads, 

tectonic elements and geodynamically reconstructed gross depositional environment maps. All 

of the datasets are temporally constrained by a biostratigraphically calibrated, global, 3rd-order 

sequence stratigraphic Earth Model. 

 

Integration of these datasets allows reservoir quality relationships to be linked to the controlling 

environmental and tectonic settings at the time of deposition, as inferred from the gross 

depositional environment and tectonic element maps. These can provide potential insights into 

sediment provenance and its importance in controlling the commercial viability of a reservoir. 

The study should indicate that reservoirs of a particular systems tract are typically of a higher 

quality, as well as demonstrating stratigraphic and spatial variations in reservoir quality over the 

study area. The combination of these varied datasets also provides a framework that helps to 

predict the best reservoirs, which in turn can be used to prioritise leads for further study.  

 

This initial study will provide the groundwork for the data to be integrated into a three-

dimensional depth grid, which will allow for a more detailed interrogation of all aspects of the 

fields and plays in a regional setting. 
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In recent decades, the increasing emphasis on maximizing recovery from existing oil and gas 

fields has prompted a renewed interest in the qualitative and quantitative characterization of 

mature, unconventional and heterogeneous reservoirs such as meandering fluvial systems. 

Various scales of heterogeneities, from macroscopic to microscopic scale, affect this type of 

fluvial systems. Hierarchy of architectural elements, sand body stacking patterns, facies 

associations, lithofacies characteristics and distribution and textural parameters (grain size, 

sorting) have a collective effect on reservoir properties so its understanding is crucial for 

exploration, assessment and enhanced drainage strategies. In this sense, outcrop analogue 

studies have been demonstrated to be a powerful tool, supplementing sparse subsurface data 

with outcrop-derived measurements.  

In this study,we conducted a multi-scale outcrop/behind outcrop characterization of a 

meandering fluvial example from a Triassic redbeds succession of the Iberian Meseta (TIBEM; 

S Spain). The studied wedge-shaped sandstone body is up to 8 m thick and about 30 m width. 

Based on a detailed 3D-outcrop facies interpretation and GPR (ground-penetrating radar) 

scanning, 4 wells (with core recovery) were drilled according to the recognised depositional 

environments: channel, point bar, scroll bar and transition to the floodplain. Applied techniques 

involve: core description; borehole images using acoustic and optical televiewers; natural 

gamma ray logging; petrographical analysis of thin sections and mercury injection-capillary 

pressure. 

Coupling this web of techniques provides a proper workflow for an accurate data treatment and 

interpretation. Thus, results can be used as reliable inputs for robust static and dynamic 3D 

geomodels which are the final aim of a reservoir quality assessment. 
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The study of outcrop modelling is located at the interface between two fields of expertise, 

Sedimentology and Computing Geoscience, which respectively investigates and simulates 

geological heterogeneity observed in the sedimentary record. During the last past years, 

modelling tools and techniques were constantly improved. In parallel, the study of Phanerozoic 

carbonate deposits emphasized the common occurrence of a random facies distribution along 

single depositional domain (Burgess, 2008). Although both fields of expertise are intrinsically 

linked during outcrop simulation, their respective advances have not been combined in 

literature to enhance carbonate modelling studies. The present study re-examines the 

modelling strategy adapted to the simulation of shallow-water carbonate systems, based on a 

close relationship between field sedimentology and modelling capabilities. 

 

Two end members in the spectrum of carbonate depositional settings, a low-angle Jurassic 

ramp (High Atlas, Morocco) and a Triassic isolated platform (Dolomites, Italy), were 

investigated to obtain a complete overview of the geological heterogeneity in shallow-water 

carbonate systems. Field sedimentology and statistical analysis performed on the type, 

morphology, distribution, and association of carbonate bodies and combined with 

palaeodepositional reconstructions, emphasize similar results between both case studies. At 

the basin scale (x 1 km), facies association, composed of facies recording similar depositional 

conditions, displays linear and ordered transitions between depositional domains. Contrarily, at 

the bedding scale (x 0.1 km), individual lithofacies type shows a mosaic-like distribution 

consisting of an arrangement of spatially independent lithofacies bodies along the depositional 

profile (Figure 1). The increase of spatial disorder from the basin to bedding scale mainly 

results from the influence of autocyclic factors on the transport and deposition of carbonate 

sediments. 

 

For modelling purposes, the evaluation of three commonly used algorithms Truncated 

Gaussian Simulation (TGSim), Sequential Indicator Simulation (SISim), and Indicator Kriging 

(IK), were performed using visual and quantitative comparisons on an ideally suited outcrop. 

The results show that the heterogeneity of carbonate rocks cannot be fully simulated using one 

single algorithm. The operating mode of each algorithm involves capabilities as well as 

drawbacks that are not capable to match all field observations carried out across the modelling 

area. 

 

Scale-dependent levels of carbonate heterogeneity are linked with the evaluation of algorithms 

in order to establish a modelling strategy that considers both the sedimentary characteristics of 

the outcrop and the simulation capabilities (Figure 1). A surface-based modelling approach was 

used to model depositional sequences. Facies associations were populated using TGSim to 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 182 

preserve i) ordered trends between depositional domains and ii) their prograding, aggrading, 

and retrograding patterns. At the bedding scale, a fully stochastic approach with SISim was 

applied to simulate a mosaic-like lithofacies distribution within each depositional domain 

previously modelled. This new workflow is designed to improve the simulation of carbonate 

rocks, based on the modelling of each scale of heterogeneity individually. 

 

Contrarily to simulation methods applied in literature, the present study considers that the use 

of one single simulation technique is unlikely to correctly model the natural patterns and 

variability of carbonate rocks. The implementation of different techniques customized for each 

level of the stratigraphic hierarchy provides the essential computing flexibility to model 

carbonate systems. Closer feedback between advances carried out in the field of 

Sedimentology and Computing Geoscience should be promoted during future outcrop 

simulations for the enhancement of 3-D geological models. 

 

 
Figure 1: Summary of scale-dependent geologic features from the large-scale stacking pattern of high-
frequency depositional sequences (level 1) to the intermediate-scale facies associations (level 2) and to 
the finest-scale lithofacies types (level 3). Example from the carbonate ramp case study in Morocco. The 
modelling strategy that was used for each level is noted across the bottom. Note the alignment between 
the observed spatial arrangement of geologic features and the capabilities of simulation techniques 
chosen for each set of features. 
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The travertine quarry Cava La Chiusa in Rapolano Terme (Italy) has been subject to several 

petrographical and geochemical studies (Chafetz & Folk, 1984; Guo & Riding, 1998) and has 

now been studied in light of the increased interest in reservoir characteristics of microbial 

continental carbonates.  

 

Located in the back-arc of the Apenninic subduction, the western part of central Italy is 

characterized by extensional tectonics and high geothermal gradients. The combination of 

active thermal groundwater circulation, limestone subterranean reservoirs and permeable fault 

systems results in hot spring settings and deposition of carbonates. Both fossil and active 

deposits occur in the vicinity of extensional faults bordering the Siena back-arc basin.  

 

Detailed fieldwork revealed the 3D architecture of the continental carbonate deposits (with 

dimensions of a couple of hundreds of meters) in the La Chiusa quarry. Four boreholes have 

been drilled through the deposits. The core material and the quarry faces were correlated, in 

order to identify depositional units, and studied with petrographical and petrophysical methods. 

The correlations and the petrological studies reveal 6 depositional environments which are 

organized from upstream to downstream: (i) travertine mound environment, (ii) travertine 

depression environment, (iii) alluvial plain environment, (iv) tufa mound environment, (v) tufa 

depression environment and (vi) paleosoil. The organization of the depositional environments 

provides evidence that the deposits of La Chiusa have been set up by a multiple spring system.  

 

The different environments form geographical restricted areas characterized by typical 

morphology and depositional processes under different physical, chemical and biological 

conditions and influences. The result is a distinctive distribution of different primary pore 

networks controlled by the position of the springs and the direction of the path flows and the 

previous topography. For example, the proximal travertine mound and distal tufa mound 

environments have a similar range of porosities and permeabilities (porosities up to 40% and 

permeabilities up to 1000 mD in the youngest unit). However, the travertine mound 

environment is characterized by high framework porosity and low vertical permeability whereas 

the tufa mound is characterized by high moldic porosity and low horizontal permeability.  

 

The pore connection between the different environments is not obvious but some main 

erosional surfaces and fractures amplify the primary pore networks and form good drainage 

systems. The fractures are created by syn- to postdepositional tectonic activity related to the 

active back-arc extension.  

 

The most remarkable reservoir-related observation is the increased porosity and permeability 

of the youngest depositional units, most pronounced in the travertine mound deposits. The 

youngest units are little affected by cementation and are not compacted, in contrast to the older 

depositional units. Similar observations were made in the travertine quarries of Tivoli, near 

Rome. Here, the youngest loosely compacted unit is known as the ‘testina’ layer and is 
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believed to represent a poorly-diagenetically altered pristine travertine, in contrast to the 

underlying older travertine units (Manfra et al., 1976; De Filippis et al., 2003).  

 

The data presented here concern a specific geothermal system but may explain geometries 

and lithofacies distributions in particular in badly exposed systems or well cores. The present 

work will be used as a model to investigate the spatial distribution of porosity and permeability 

in atypical buried carbonate reservoirs such as the Cretaceous microbial carbonate bodies 

recently discovered in the Atlantic Ocean.  
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In 2006 the Tupi oil field (now Lula oil field) was discovered, with microbial continental 

carbonates acting as reservoir rocks. Similar reservoir discoveries, in front of the east coast of 

South America as well as west of Africa, resulted in an increased interest in these microbial 

continental carbonates. Several of the observed core fabrics are widely recognized in travertine 

settings. Furthermore, seismic data reveal domal aggradational carbonate build-ups and in the 

Namibe Basin (Angola) fracture fed moundlike morphologies are linked to fissure ridge and 

“dam and cascade” travertines. From an exploration point of view the distribution and extension 

of different geobodies and their petrophysical properties need to be delineated. However 

sedimentological observations in discovered reservoirs are limited to core scale and should 

therefore be extrapolated to a larger context. Hence the necessity for travertine analogue 

studies worldwide. 

 

This study focuses on two adjacent travertine quarries (of ~250m by ~400m) in the Ballık area, 

in the Denizli extensional basin (SW Turkey), namely the Ece and Faber quarries. The first aim 

was the reconstruction of a 3D depositional model in combination with an extensive 

sedimentological description from fabric, to lithotype, to lithofacies, to geobody scale with a 

focus on pore-types. 

 

Peloidal, phyto and dendritic lithotypes dominate the Ece and Faber travertines. Based on 

extensive fieldmapping, including four ~70 metre long litholog sections and detailed 

linedrawings, the facies were delineated over the quarry walls (Fig. 1). Four major travertine 

facies were recognized forming a domal structure. The lowermost Sub-horizontal travertine 

facies is characterized by sub-horizontal (inclinations not exceeding 5°) laminations, apparent 

due to the millimetre to centimetre-scale alternation of  white, white to beige and brownish 

layers of mainly peloidal micritic travertine which is accentuated by layer parallel porosity. It is 

intercalated by several marl-conglomerate units, with varying amounts of rounded quartz 

pebbles entrapped in a browner marly matrix. The Sub-horizontal travertine facies laterally and 

vertically evolves into Reed facies, typified by a relatively high occurrence of plant moulds. 

While on metre scale lamination often can be considered as sub-horizontal, on smaller scale 

the layers crenulate around the reed moulds. The Sub-horizontal and Reed facies are covered 

by the “Cascade” facies that evolves from smooth sloping (>10°) crenulating, to steeper 

constant sloping (<60°), centimetre to 5 centimetre isopachous alternations of micritic, plant 

mould rich, and dense crust units. Macro-porosity types are typically linked to the lithotypes in 

which they occur, with pseudo-fenestral, inter- and intra-particle, plant mouldic and interlayer 

porosity characteristics for respectively the peloidal, allochem and lithoclastic, phyto and 

dendrite crust travertines. The Cascade facies locally evolves into the Waterfall facies, 

characterized by steep sloping (45-90°) anisopachous and even discontinuous layers, 

associated with centimetre to metre scaled caves, resulting in high bulk porosities (>15%). 

After the Waterfall facies, the decline of the slope can again result in Cascade travertines. 

Subsequently the Reed travertine facies levels up the system. Several smaller reed bodies are 

observed forming bioherm-like structures intercalating the other facies. 
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The 3D geobody architecture (Fig. 2) was obtained by extrapolating the 2D mapped facies 

cross-sections of the quarry walls, inside and outside the quarries. The resulting 3D model 

allows studying the thickness and lateral variation of the facies and has the advantage that 

different sections in all directions can be reconstructed. 

 

This lithofacies geobody model in combination with petrophysical (porosity and permeability) 

and acoustic data can provide the base for a ~25.106 m3 reservoir analogue and acoustic 

model (Research in progress). 

 

Figure 4: 3D lithofacies distribution in the Ece and Faber quarry based on the projected detailed 
line drawing on the quarry walls. Sub-horizontal travertine facies = yellow, Reed facies = green, Cascade 
facies = light blue, Waterfall facies = Dark blue, Marl-Conglomerate facies = Red (Ece), brown (Faber) 
and orange (transitional to travertine). 

 

Figure 5: Extrapolated 3D lithofacies distribution inside and outside the quarries. Illustrative 
sections have been taken through the model. Sub-horizontal travertine facies = yellow, Reed facies = 
green, Cascade facies = light blue, Waterfall facies = Dark blue, Marl-Conglomerate facies = brown to 
grey. 
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The quantification of heterogeneity in subsurface data is key to ensuring appropriate geological 

and simulation models are generated during the exploration and production stages of field life. 

A petrophysical property can occur over a range of different scales, but whether this range of 

scales can be resolved depends strongly on the scale of the measurement in relation to the 

variability of the property itself. Effectively there is the intrinsic heterogeneity of the property 

itself (e.g. porosity or mineralogy) and the measured heterogeneity as described by the scale, 

volume and resolution of the measurement technique. 

 

Basic statistics can be used to characterise the variability in a dataset, in terms of the 

amplitude and frequency of variations present. Heterogeneity measures, such as the Lorenz 

Coefficient, can be used to specify a single value that quantifies the variability – providing the 

ability to compare this variability between different datasets, measurements and numerical 

models. Previous work has explored the relationship between reservoir quality indicators and 

the heterogeneity in petrophysical properties, such as porosity and permeability 

measurements, in three contrasting carbonate reservoirs. In these examples heterogeneity was 

studied at only one scale of measurement. Here, we use a synthetic porosity and permeability 

dataset to investigate how measures of heterogeneity and reservoir quality are influenced by 

measurement resolution and sampling frequency. These findings are then compared to data 

from a North Sea siliciclastic dataset, comprising porosity and permeability derived from core, 

wireline and nuclear magnetic resonance (NMR) measurements.  

 

Analysis of the synthetic dataset shows, unsurprisingly, that heterogeneity in the system 

decreases with decreased measurement resolution in a predictable manner, because of the 

loss of extreme high and low values due to averaging. An increase in sampling frequency 

and/or altering the sampling location can either enhance or diminish the heterogeneity level of 

the population, depending on whether extreme values are sampled and on the proportion of 

extreme values. Measurement noise will initially increase heterogeneity in a system, before 

effectively homogenising the dataset. If this noise is correlated to a proxy for facies type, 

increasing measurement noise has limited impact on the heterogeneity of the system. Initial 

results from analysis of the North Sea field dataset indicate that although heterogeneity 

increases from core to log datasets, reservoir quality indicators return similar values regardless 

of measurement type, for this siliciclastic example. This increase in heterogeneity is suggested 

to be related more to the increase in sampling frequency and location, than the resolution of 

the tool in these real data. It is expected that additional analysis will complement existing work 

defining appropriate sampling protocols to capture intrinsic heterogeneities in petrophysical 

properties, with particular application to reservoir modelling. 
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Continental carbonates display a complex basin-scale as well as small scale sedimentary 

architecture, with petrographic features and pore-morphologies similar to the Brazilian Pre-Salt 

reservoir microbialites. Travertine from Tivoli (Central Italy) has the most impressive and 

laterally continous layers (packages of more or less 60cm thick) of shrub-like calcite 

precipitates that were deposited in a shallow water environment. Most of them are 

characterized by a dendritic and arborescent morphology constituted by gray-dark micrite 

aggregates (reflected light) surrounded by subeuhedral rhombic spar-calcite.   

 

Based on petrographic observations, including SEM, evidence of microbes influencing 

carbonate precipitation is clear. Elongated straight and brain-like micrite is observed trapped in 

calcite cements and as precipitation nuclei, and shows small dark bacteriform clots.  

 

In contrast, travertines from Turkey show very localized shrub fabrics, mainly in cascade facies 

and as cements. They usually are macroscopically crystalline and show a large fabric variation 

on micro-scale. Microbial textures are present but less evident. They are intensively 

recrystallized, in contrast to the facies in Tivoli.  

 

In hand samples and thin sections it is possible to observe that Turkish shrubs are more dense 

and consequently less porous. Quantitative nanotomography image analysis from shrub 

morphologies of both areas, evidence how porosity is higher and better connected in the Italian 

samples compared to the Turkish one. The volume rendering shows a “massive” porosity 

network for Tivoli.This is because of the high inter-shrub connectivity and also intra-shrub 

porosity while Turkish samples show also intra-shrub porosity but cementation reduced inter-

shrub connectivity. 

 

The shrub-like morphologies from Italy and their porosity characteristics correlate best with 

those of the Pre-Salt reservoir rocks, making them a very important analogue. In Turkey, the 

same facies are less porous, but are equally important as analogue because of their 

application in understanding possible lowering of reservoir quality. 
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Geochemical Studies of Maastritchian Patti Formation Sandstone, Bida Basin, Nigeria: 
Implications for Provenance, Tectonic Setting and Compositional Maturity 
 
OJO, Olusola J., ADEPOJU, Suraju A. and AKANDE, Samuel O., Department of Geology and Mineral 
Sciences, University of Ilorin, P.M.B. 1515, Ilorin, Kwara State, Nigeria 

 

Geochemical data on sandstone facies of the Maastrichtian Patti Formation in Bida Basin, 

Nigeria, is presented and interpreted in this paper with respect to its provenance, 

paleotectonics, and compositional maturity. Petrographic data from thin sections and X-Ray 

Diffractometry were also integrated.  

 

Petrographic data from the sandstones classified them mainly as quartz arenites and minor sub 

arkose while geochemical indices such as high average values of SiO2/Al2O3, low Na2O+K2O 

and K2O/Na2O values also indicate the samples are sublitharenite to quartz arenite type. Mean 

values of SiO2 and SiO2/Al2O3, K2O/Na2O are greater than Upper Continental Crust (UCC) 

indicating that they were derived from Old Upper Continental Crust. Relatively high average 

values of total REE (141.40 ppm), Th (7.59 ppm), Hf (6.82 ppm), and Zr (205.12 ppm) coupled 

with low concentrations of Ni (3.06 ppm), Co (1.66 ppm) and V (20.65 ppm) in the sandstones 

indicate felsic igneous source rocks. The discrimination functions plot shows that the 

sandstones were sourced mainly from matured sedimentary provenance and a passive margin 

tectonic setting is deducted based on the plots of TiO2 versus Fe2O3+MgO and  K2O/Na2O 

versus SiO2.   

 

The sandstones show high average value of SiO2 (86.8 %) and low values of Al2O3 (6.11 %), 

K2O (0.12) and Na2O (0.02 %), suggesting that the sediments are matured. Plot of SiO2 versus 

(Al2O3+K2O+Na2O) further lend credence to chemical maturity and reveals semi-humid to 

humid paleo-climate. The Chemical Index of Alteration (CIA) value of 96.49 and the 

Plagioclase Index of Alteration (PIA) of 99.05 respectively are supportive of high weathering of 

the source area for the sandstones. The sands were most probably recycled from older Lokoja 

Formation during the late Maastrichtian Tethys inundation in the basin and may offer petroleum 

reservoir potential, considering its juxtaposition with marginally mature shales. 
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The so-called ‘reservoir chalk’ had been deposited in the North Sea and is related to 

hydrocarbon reservoirs. This chalk (porosity around 40 %) is associated with chalk of lower 

porosities devoid of hydrocarbons. However, porosity distribution is not systematic and varies 

between 25 and 5 % above and below the hydrocarbon enriched layers. To study enhanced oil 

recovery, on-shore chalk is tested using fluid injection techniques to manipulate the rock. 

Therefore, the ideal on-shore analogue to ‘reservoir chalk’ needs to be identified. Five major 

exposures are often used for EOR experiments; however, there is still no agreement which on-

shore chalk matches the ‘reservoir chalk’ best. Hence, this study will investigate in detail 

geological characteristics of ‘reservoir chalk’ and other off-shore chalks to test if on-shore chalk 

can be a valid substitute at all. We will study the reservoir rocks with thin sections, SEM 

methodology, X-ray diffraction on whole-rock and non-carbonate phases, whole-rock 

geochemistry, MLA, C-O-Sr isotopes, to characterize the material at best. Samples were taken 

from the Ekofisk area (Tor and Ekofisk formations; Maastrichtian to Paleocene) containing 

hydrocarbons in different amounts, from the Hod Formation (mid-Turonian to Campanian) and 

the conformably overlying Tor formation (mainly Maastrichtian) at Ekofisk and in other areas. 

The Hod Formation consists of grey, partly pink to red, fine-grained argillaceous chalky 

limestones and varies in its thickness between 200 and 700 m. At the bottom of the formation 

prevails clean chalk, which often forms a reservoir, while towards the top of the succession, the 

amount of clay increases. Most of the chalk is laminated and burrowed, but grainstone 

turbidites are common. Porosity and permeability vary and do not correlate always to depth of 

burial. The conformably overlying Tor Formation consists typically of homogeneous white to 

pale grey chalk with few chert nodules or layers. Its thickness is mostly less than 150 m, but 

can increase up to 250 m in depocenters. The formation contains several facies including 

hardgrounds, pelagic chalk, allochthonous deposits, and shallow marine chalk. The 

hydrocarbon-rich Ekofisk chalk is mainly grey to white with partly significant amount of stylolites 

and has rarely developed layering.  

 

First geochemical results show for major elements elevated concentrations in CaO (< 50%), 

while silica concentrations in the Tor and Hod formations vary between 1 and 6 % without a 

significant systematic distribution. All other major elements show concentrations well below 1 

%. The trace element geochemistry is as well homogeneous. Samples of the Hod Formation 

seem to show partly very small enrichments in some trace elements like Pb, Zn and Ba, but no 

trend can be deduced. Rare Earth Elements (REE) point to a typical seawater pattern, but with 

elevated concentrations in REE, although they are well below 50 ppm. However, enriched 

REE may point to the existence of clastic input. However, significant clastic input (> 5 %) is not 

observable, as in almost all samples values for Rb and Zr are below the proposed threshold 

(Zr=16 ppm; Rb=5 ppm). Since clay input does not exceed 5%, the REE patterns are controlled 

by fluid flow and not clastic influence. Some chalks show a significant Y anomaly with Y/Ho 

ratios up to 44. Freshwater has a Y/Ho ratio between 20 and 40 while marine seawater ratios 
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are higher than 45. Therefore, most of the samples seem to show mixing of seawater with 

other post-depositional percolating fluids.  

 

C-O isotope values for most of the on-shore chalks reflect primary seewater proxies for the 

Late Cretaceous, which is the case for nearly all samples in terms of their 13C values (red box; 

Fig. 1). An exception are 18O values for the chalk of Kansas - which is slightly older than the 

other on-shore chalks (Conacian to early Santorian in comparison to late Campanian to 

Maastrichtian) -, they are definitely not primary (Fig. 1, encircled by a blue line). Either post-

depositional processes changed the primary values (high degree of diagenesis, fluid flow, 

emplacement of granitic bodies etc.) or a specific depositional environment which can influence 

stable isotopes, like hypersaline water or the abundance of evaporate is reflected. Off-shore 

chalk does contain primary 13C isotope composition; however, as for the Kansas chalk, 18O 

are not reflecting the global marine composition during the Late Cretaceous. Hence, reservoir 

chalk had been affected by fluid flow events not visible in on-shore chalk or suffered a higher 

diagenetic overprint. Alternatively, or additionally, the depositional environment of calk from the 

central North Sea is different from some of the on-shore chalk deposits, which might indicate a 

different geological history. 

 

In the search of an ideal equivalent of ‘reservoir chalk’ it is of importance to define in detail the 

different geological parameters, which controlled the described REE and C-O isotope trends. 

Subsequently, experiments for EOR need to test how far those parameters are influencing 

EOR processes. 

 

 
Fig. 1: Comparison of Upper Cretaceous on-shore and off-shore chalk (including ‘reservoir chalk’) from 
Central Europe. The red box indicates the proposed global marine trend during the Late Cretaceous. In 
blue encircled are the samples from Kansas. 
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The reservoir quality of Cretaceous sandstones, Kuqa foreland basin, Northwest China, is 

controlled by both tectonisim and diagenesis. Several tectonic belts can be distinguished in the 

Kuqa foreland basin: Kelasu tectonic belt in the north, Qiulitage tectonic belt in the middle and 

frontal uplift belt in the south. From north to south, weakened compaction and cementation and 

enhanced dissolution are determined by tectonic varieties: onset of tectonic deformation 

becomes later, deformation intensity decreases, tectonic subsidence decreases at a lower 

rate(Fig. 1). 

 
Fig. 1 Subsidence history of Cretaceous of different tectonic belt in the Kuqa foreland basin 

As a consequence, diagenesis facies is characterized by intense cementation and compaction 

diagenesis facies in the Kelasu tectonic belt, medium cementation and poor dissolution 

diagenesis facies in the Qiulitage tectonic belt and weak cementation and intense dissolution 

diagenesis facies in the frontal uplift belt. Variations of tectonisim and diagenesis from north to 

south result in improvement of reservoir physical properties and decreasement of natural 

fractures development degree. In the Kelasu tectonic belt, average matrix porosity is 8.65%, 

permeability is 1.47×10-3μm, and average fracture porosity is 0.76%, permeability is 

135.25×10-3μm. In the Qiulitage tectonic belt, average matrix porosity is 11.14%, permeability 

is 47.64×10-3μm, and average fracture porosity is 0.29%, permeability is 55.09×10-3μm. In the 

frontal uplift belt, average matrix porosity is 18.69%, permeability is 428.10×10-3μm, and 

average fracture porosity is 0.25%, permeability is 42.19×10-3μm. 

Keyword: Kuqa foreland basin· Tectonisim·Diagenesis· Reservoir quality 
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Among all the factors contributing to the rock properties of carbonate reservoirs, faults and 

associated fracture networks play a critical role in low-permeability rocks. They contribute to 

the secondary porosity and enhanced permeability allowing rapid vertical and lateral fluid 

migration. Moreover, they facilitate fluid redistribution between different reservoirs (Roure et al., 

2005; Cox, 2007). The carbonates of the Natih Formation (Late Albian - Early Turonian) have 

been studied in the Jabal Qusaybah to reconstruct the circulation of paleo-fluids in fault 

damage zones formed during the development of the North Oman fold and thrust belt. Applying 

an integrated diagenetic-structural approach, we have been able to link the fluid circulation, 

geochemical and thermal evolution to the structural history. This has enabled us to understand 

when and to what extent the fractures were open and acted as conduits to fluids. In addition, it 

provides new insights about the tectonic influence on regional fluid circulation including 

hydrocarbons. 

 

Jabal Qusaybah is an E-W trending anticline affected by widespread fold-related NE-SW and 

NW-SE strike slip, N-S normal, and inverted E-W extensional fault zones. Migration of fluids 

during major deformational events associated with progressive faulting, folding and exhumation 

have been recorded by several stages of calcite and localized minor dolomitization and 

dolomite cements. Based on petrography, geochemical and structural characteristics, the 

calcite cemented fracture-fills and veins can be related to early deformational (pre-fold), syn-

deformational and late deformational episodes. The early deformational calcite veins are 

characterized by rock-buffered fluids, displaying stable isotopic values of +1.2‰ < δ13C V-PDB 

< +3.5 ‰ and -10.3‰< δ18O V-PDB <-6 ‰. The calcite vein generations linked to faulting and 

folding events (syn-deformational) are mainly controlled by strike slip faults and associated 

transtensional horsetail structures. They demonstrate clustered δ13C signatures and a wide 

range of δ18O values (+1.0‰ < δ13C V-PDB < +3 ‰ and -11.2‰ < δ18O V-PDB < +0.3 ‰). 

The late deformation (late folding) calcite veins are mostly cemented along the N-S extensional 

faults related to a final stage of folding and exhumation. They are typified by enriched δ13C 

values and less depleted δ18O values (+3.5‰ < δ13C V-PDB < +8 ‰ and -3.5‰< δ18O V-

PDB < +1.5 ‰). Based on microthermometry and structural evidences, we suggest that the 

deep-seated strike slip faults were responsible for precipitation of the veins with the most 

depleted δ18O values. The mineralization along these faults most likely occurred from low 

salinity (Ave=2 eq. wt. % NaCl) fluids originating from topography driven heated meteoric 

waters. However, after mixing with formation fluids at depth (75 < TAVE < 115°C), the average 

salinity reached up to 10 eq. wt. % NaCl, while the calcites along the N-S extensional faults 

precipitated from moderately saline fluids (8.5 to 14 wt. % NaCl) with average temperatures 

between 65 and less than 50°C. Furthermore, the gradual increase of salinity is simultaneous 

with the change from NaCl-H2O to NaCl-CaCl2-H2O fluid composition. The 87Sr/86Sr isotope 

values of early deformational veins are in good agreement with Sr isotopes of Cretaceous 

marine carbonates, however, 87Sr/86Sr ratios in syn- and late tectonic calcite generations 
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show values up to 0.70845. Finally, the coeval increase of the 87Sr/86Sr ratios with δ18O 

signature suggests the interaction with siliciclastics and / or with Pre-cambrian/Cambrian 

evaporites. 
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Reservoir Quality of Kurra Chine and Sehkaniyan Formations, Zagros Fold and Thrust 
Belt, Kurdistan Region of Iraq 
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The Zagros Fold and Thrust Belt of Kurdistan (NE Iraq) hosts a prolific hydrocarbon system. 

Most exploration wells target the Kurra Chine Formation (Upper Triassic) and/or the 

Sehkaniyan Formation (Lower Jurassic), where hydrocarbon production comes mainly from 

secondary porosity created by dolomitisation, dissolution and fracturing. We investigate the 

reservoir characteristics of these units using selected outcrops around the Gara, Ora and 

Ranya anticlines (Kurdistan). In addition, we report petrophysical properties - porosity, 

permeability, acoustic velocity - of both stratigraphic units in relation to their structural position 

and history. 

 

Both formations have undergone multiple phases of deformation by folding and thrusting. This 

deformation has produced tectonic stylolites, tectonic breccias, bitumen inclusions, and late 

diagenesis. The best reservoir quality (highest porosity and permeability) is often found in 

areas associated with replacement dolomite i.e. solution vugs and intercrystalline porosity. 

Fault-controlled hydrothermal dolomite is indicated by saddle dolomite textures. Hydrothermal 

dolomites form in close association with fault systems, generally with some strike-slip 

component.  

 

The reservoir properties of the Kurra Chine are variable due to irregular dolomitisation of the 

carbonates. Increased permeability may also be attributed to fractures. The Upper Kurra Chine 

consists of naturally fractured dolomites. The rocks of the Sehkaniyan Formation have good 

reservoir quality, predominantly when hydrothermally dolomitised. In the current study, 

porosities of the Kurra Chine Formation ranging from 0.8% to about 30% at outcrops, and 

permeabilities show a range of five orders of magnitude (0.0003-20 mD) and very low 

permeabilities (0.00002-0.0001 mD) at a confining pressure of 60 MPa, which corresponds to 

approximately 3 km burial depth. Porosities of the Sehkaniyan Formation varying between 1% 

and 8%, and permeabilities show less variation (about three orders of magnitude, 0.001-1.5 

mD) and an average very low permeability (0.00025 mD) at a confining pressure of 60 MPa. At 

high confining pressure (e.g. 100 MPa), the permeability decreases due to pore throat and 

micro-fracture closure, whereas at low confining pressure it increases due to dilatant micro-

fracture opening. The velocity-porosity data show separate trends between P-wave and S-

wave velocities of the Kurra Chine and the Sehkaniyan in outcrop samples (Fig.1). These 

variations are attributed to the structural position within the anticlines, stratigraphic level, 

proximity to the faults and fracture corridors, and overall tectonic deformation from an earlier 

extensional phase to the flexing of competent limestone units during the Zagros orogeny. 

 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 197 

 

Figure 1. Porosity-velocity data of the Kurra Chine (KC) and the Sehkaniyan (SK) formations measured 
from outcrop samples around Gara, Ora and Ranya anticlines (Kurdistan). 
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Heterogeneities of Eolian Tensleep/Minnelusa Reservoirs in Wyoming, USA 
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The majority of eolian Tensleep/Minnelusa reservoirs in Wyoming produce more than 95% of 

water cut with oil recovery factors less than 50%.  The high water-cut with low recovery is 

caused by the reservoir heterogeneities in matrix and well-developed fractures.  The matrix 

heterogeneity is a result of depositional textures and diagenetic modifications.  The high-quality 

sandstone reservoir interval is often separated by tight dolostone, sandy dolostone, or dolomitic 

sandstone vertically or laterally.  Large-scale cross-beddings composed of alternative coarse-

grained and fine-grained laminae may cause reservoir permeability anisotropy.  Early-formed, 

microcrystalline dolomite coats sand grains and infills pore space, greatly reducing both 

porosity and permeability.  This dolomite cement is more concentrated in the fine-grained 

laminae than in the coarse-grained laminae, further increasing the permeability anisotropy in 

cross-bedded Tensleep/Minnelusa sandstones.  Anhydrite nodules, patches, or stripes are 

usually distributed in the coarse-grained laminae, damaging the reservoir quality.  However, 

dissolution of anhydrite cement in subsurface is potential to enhance porosity and permeability 

in the originally-cemented sandstones.  Based on the depositional textures and diagenetic 

modifications, seven lithofacies have been identified in the Tensleep/Minnelusa sequences: (1) 

dune sandstone without anhydrite cement and detrital dolomite grains, (2) dune sandstone lack 

of dolomite grains but cemented by anhydrite, (3) dune sandstone rich in dolomite grains and 

also cemented by anhydrite, (4) interdune sandstone without anhydrite cement, (5) interdune 

sandstone cemented by anhydrite, (6) sheet sandstone rich in dolomite grains and cemented 

by anhydrite, (7) marine dolostone, and (8) marine dolomitic sandstone.  Each lithofacies is 

characterized by special porosity and permeability distribution and fluid content, and must be 

emphasized in reservoir modeling and simulation. 

 

Natural fractures generated through multi-stage tectonic movements are commonly observed 

in the Tensleep structural reservoirs.  Four types of natural fractures were observed in 

Wyoming Tensleep reservoirs: gouge-filled, mineral-filled, partially-open, and open fractures.  

Gouge-filled and mineral-filled fractures are pervasive in most of the highly-permeable 

Tensleep sandstones, and these fractures combined with adjacent cemented bands 

demonstrate much lower permeabilities than the associated permeable matrix. The sealed 

fractures are potentially to cause permeability heterogeneity, and even reservoir 

compartmentalization.  Open fractures can serve as flow conduits in the Tensleep sandstones, 

causing water invasion very soon in primary production and low sweep efficiency in water 

flooding. 
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Deformation Band Character as a Function of Grain Size, Mineralogy and Porosity in 
Triassic Sherwood Sandstone 
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Liverpool, Liverpool L69 3GP, UK 
 

It is important to determine how sedimentary sequences with stratigraphically variable intrinsic 

host rock properties may influence the nature and distribution of sub-seismic strain localization 

effects such as deformation bands in order to accurately predict subsurface fluid flow in 

sandstone reservoirs. Deformation bands within fine and coarse grained Triassic Sherwood 

Sandstone were analysed using outcrop studies, a suite of petrographic techniques, and image 

analysis. These sandstones have been buried to no more than about 1500m with maximum 

temperatures of less than ~70°C. The coarser sandstones are quartz arenites while finer 

sandstones are more feldspathic. Deformation bands are largely confined to the coarse grained 

sandstone, have a cataclastic compaction fabric and are notably quartz cemented. 

Undeformed coarse sandstones have negligible quartz cement, showing that the newly 

fractured quartz grain surfaces in deformation bands have faster quartz cementation kinetics 

than the pristine surfaces of detrital sand grains. Minor compaction bands in the more 

feldspathic, finer grained sandstones have a strong shear component. Conjugate sets of 

compaction bands in the coarse grained sandstone broadly increase in density (number/m2) 

approaching a fault. Microstructural analysis revealed that primary grain size distribution 

controls microfracture density. Deformation is more intense in fine grained sandstone than 

coarse grained sandstones. Deformation bands are predominantly orientated perpendicular to 

faults, the remainder are parallel. Deformation bands in both coarse and fine sandstones lead 

to significantly reduced porosity and so represent barriers to lateral fluid flow. Porosity exerts a 

strong control on deformation band development and influences the extent of grain 

comminution. It is suggested that higher porosity sandstones allowed for grain movement and 

reorganization, further localizing strain. Microstructural data show an increase in host rock 

deformation intensity in more feldspathic sandstones, reducing strain localization and 

deformation band propagation. The timing of deformation band development, and thus 

localised porosity- and permeability- reduction, coincided with Carboniferous source rock 

maturation and petroleum migration within the Lower Triassic Sherwood Sandstone Group in 

the East Irish Sea Basin. This study is therefore of direct relevance to reservoir quality 

prediction in the petroleum-bearing Lower Triassic reservoirs in the near offshore. 
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Assessments of the Effects of Clay Diagenesis on Some Petrophysical Properties of 
Lower Cretaceous Sandstones, Block 3A, Offshore Orange Basin, South Africa. 
 
Chris Adesola Samakinde, Department of Earth Sciences, University of the Western Cape, 
Bellville7535, Capetown, Republic of South Africa 
 

Clay minerals diagenesis phenomenon and their effects on some petrophysical properties of 

lower   cretaceous   silliciclastic   sandstones,   offshore   Orange   basin   have   been 

established.  Previous  studies  on  Orange  basin  revealed  that  chlorite  and  quartz cements 

have significantly compromised the reservoir quality in this basin but it is expected that the 

reservoirs shows better improvement basinward, an analogy of this is displayed by tertiary 

sandstones deposit, offshore Angola.  The main goal of this paper is to perform reservoir 

quality evaluation by integrating geological, geochemical and geophysical tools to substantiate 

the effects of clay minerals distribution and its subsequent diagenesis on the intrinsic properties 

(porosity, permeability and saturation) of reservoir intervals encountered within three wells in 

block 3A (deeper waters), offshore Orange basin. 

 

Five lithofacies were identified based on detailed core description from wells KF-1, KH-1 and 

AU-1 in this block. The facies were grouped based on colour and grain sizes, they are named: 

A1 (shale), A2 (sandstone), A3 (siltstone), A4 (dark coloured sandstone) and A5 

(conglomerates). Depositional environment is predominantly marine, specifically, marine delta 

front detached bars and deepwater turbiditic sandstone deposit. Geophysical wire line logs of 

gamma ray, resistivity logs combo and porosity logs were interpreted, parameters and 

properties such as VCL, porosity, permeability and saturation were estimated from these logs 

and the values obtained were compared with values from conventional core analysis data, the 

values agreed well with each other. Detailed petrographic studies of scanning electron 

microscopy and X-ray diffraction techniques (SEM and XRD) were carried out,  geochemical  

studies of cation exchange capacity (CEC), energy dispersive spectrometry(EDS) and pore 

water chemistry analysis( pH and Ec) were also carried  out  on  twenty  two  core samples to 

establish if these clay minerals and other cements have pervasive effects on the reservoir 

quality or otherwise. 

 

The reservoir within KF-1 well is approximately 5m thick and has an extreme low permeability 

value averaging 0.01 md, core porosity of 10 %, sonic log derived porosity of 14.6 % and 

average gas and water saturation of 18 % and 82% respectively (Simandoux model). AU-1 well 

reservoir is 6.5 metres thick with an estimated average value of 10 % for neutron and density 

porosity and core porosity, permeability of 0.015md, VCL (volume of clay) of 32 % and water 

saturation value of 65 %. KH-1 well has reservoir thickness of about 9 m while water saturation 

estimated from Simandoux saturation model is 50 %. Density porosity value is low with an 

average of 8.9 %, VCL of 30 % and extreme low permeability value of 0.09 md.There were 

consistent presence of kaolinite, montmorillonite and quartz cement within the reservoirs of the 

three wells from observations made from SEM, SEM also revealed the presence of chlorite at a 

deeper depth, chlorite might have been formed from kaolinite due to the presence of Mg and 

Fe as observed from EDS plus an alkaline pore fluids as interpreted from the porewater pH. 

SEM also revealed the presence of illite in KH-1 well which is not present in the other two wells 

(AU-1 and KF-1). 

 

XRD confirms the presence of these minerals as observed from SEM interpretation and 

specifically the presence of illite in KH-1, it however does not indicate the presence of chlorite. 
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Other cements such as albite, siderite, calcite and halite were also detected from the XRD 

.Thin section analysis reveals the presence of glauconite in KF-1 well and KH-1 well, this 

observation implies marine environment influence in the reservoirs, this is further justified by 

the detection of halite from XRD. The pH of pore waters in all wells range from slightly acidic 

nature to predominant alkaline pore fluids, specifically from 6.78 - 9.5 while CEC ranges 

between  27 - 64.5 meq/100g for AU-1 well, 5 - 6.6 meq/100g for KF-1 well, and 7.3 - 80.5 

meq/100g for KH-1 well. The values above suggest the dominance of mixed clay minerals of 

kaolinite-smectite and smectite-illite layers coupled with the occurrence of chlorite and illite 

which may have formed at a later stage of the paragenetic sequence.  

 

It was deduced that the pervasive cementation of quartz, calcite, montmorillonite, chlorite and 

illite cements exerted a major effect on the porosity and permeability of lower Cretaceous 

sandstones in block 3A, Orange basin. Judging by this study, the peculiar Orange basin 

reservoir quality problems persist and ultra deep waters may be further explored for reservoirs 

with better quality. 
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3D Forward Modeling in Carbonate Reservoir Quality Prediction – Current Limitations 
and Future Technology Development 
 
Rainer Zühlke & Dave L. Cantrell, Saudi Arabian Oil Company (Saudi Aramco), EXPEC Advanced 
Research Center, Geology Technology Team, Dhahran, 31311, Saudi Arabia 

 
Current Reservoir Prediction – Current reservoir prediction is predominantly based on 

geocellular modeling which applies geostatistical methods to project well properties into inter-

well areas. It does not consider the (post-)depositional processes which have controlled 

reservoir properties and lateral heterogeneities. While geocellular models perfectly honor their 

input properties from wells, they commonly fail to accurately predict reservoir properties in the 

inter-well areas because of changes in the relative significance of controlling processes [1]. 

 

Forward Modeling in Reservoir Prediction - In order to improve the reliability of reservoir quality 

prediction, future modeling will have to shift to process-oriented forward modeling. It will 

integrate physical, chemical and thermo-reactive controls on initial deposition and subsequent 

diagenetic overprint during burial. Currently available forward modeling tools are largely 

restricted to depositional or forward stratigraphic modeling (FSM). They follow a Navier-Stokes 

approach, which is reduced from 3D to 2D (Langrangian hydrodynamics) or a diffusion 

approach. Thermo-reactive modeling (TRM) for diagenetic processes has not been integrated 

with FSM so far. Existing FSM tools use simplistic approaches for porosity reduction by calcite 

cementation. This lack of integration poses the biggest single limitation of process-oriented 

reservoir quality prediction and is going to be a major field of research in the future. Three pilot 

studies have been performed for carbonate and clastic reservoirs in Saudi Arabia: ii) Unayzah 

Fm. (Late Carboniferous)[2]; ii) Shuaiba Fm. (Aptian)[3]; iii) Arab D reservoir (Kimmeridgian). 

This contribution focuses on FSM of the Arab D reservoir as a test case for the current FSM 

approach, its limitations and directions of future technology development. 

 

Geological Framework Arab D - The Arab D reservoir is subdivided into six reservoir zones 

(base to top: 4, 3B/A, 2B/A, 1). The depositional setting is characterized by low-angle 

carbonate ramp to intra-shelf basin transitions. Basinal water depths reached several 10s of 

meters [4]. Best reservoir qualities are encountered in i) oolitic-bioclastic Grain-/Rudstones 

(inner ramp, ramp crest); ii) stromalgal Pack-/Grain-/Boundstones (proximal middle ramp); iii) 

Cladocoropsis-Pack-/Grainstones (proximal middle ramp); ix) bivalve-intraclastic Pack-/Grain-

/Wackestones (distal middle ramp); x) Mud-/Wackestones (outer ramp). For ranges of porosity 

and permeability values see [5]. Textural reservoir quality has been modified significantly by 

shallow burial diagenesis and dolomitization. Strong lateral reservoir heterogeneity occurs at 

inter-well scale (<1-3 km). 

 

FSM of Arab D Reservoirs – Input parameters include a.o.: i) area of interest 270x180 km; ii) 

cell width 2000 m; iii) duration 1 My at 5 ky time steps; ix) thickness and lithology grids from 

well data; x) 4 to 6 depth- and energy-dependent carbonate lithologies; xi) relative sea-level 

change inferred from high-resolution cyclostratigraphy; xii) detailed subsidence grids for six 

time slices (reservoir zones 4-1); xii) environmental controls including wave and storm activity. 

Two aggradational to progradational (high-frequency HST-LST, 400 ky & 285 ky duration) and 

two retrogradational units (TST, 150 ky & 100 ky) can be adequately modelled in terms of the 

actual 3D thickness, lithofacies and petrophysical properties distribution (Fig. 1). The 

depositional environment with oolitic lagoons/shoals, Cladocoropsis and stromalgal mounds 

shows long-distance lateral migration because of the small ramp gradients and eustatic sea-

level changes with amplitudes of 12 m and 23 m. The complex thickness distribution and 
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depositional pattern cannot be achieved with continuous subsidence rates for the whole 1 My 

Arab D interval. Detailed subsidence grids from inversion are required to account for small-

scale lateral variations in accommodation space. The most probable reasons include 

differential compaction and/or evaporite withdrawal (Khuff Anhydrite) in the subsurface during 

Kimmeridgian time. 

The prograding shallow subtidal, high-energy Zones 2B-1 can be modelled with two different 

approaches: i) from a structural high during Zones 4-3A with a low bathymetric relief of 5-25 m. 

The existence of this bathymetric high is unproven as it cannot be resolved in seismic or well 

data; ii) with normal and at least two periodic storm wave settings (incidence angle, energy, 

depth level, frequency). Starting from an unstructured depositional surface during Zone 3A, 

very similar ramp geometries, depositional patterns and petrophysical parameter distributions 

can be achieved for Zones 2B-1. 

Modelled porosity values range within +/- 3% of actual values in control wells. It is technically 

feasible to further decrease these deviations from porosities in the control wells. However, with 

the current state of technology modelled porosities reflect textural porosities after physical 

compaction. Burial diagenesis and dolomitization in response to changes in pore fluid 

composition/concentration, temperature and pH cannot be adequately covered so far. 

 

Future FSM Development – The maximum spatial-temporal resolution of FSM is limited by the 

restriction of available software to single-processor computing. Temporal resolution is typically 

limited to >1-5 ky, spatial resolution to >50-500 m. Highly resolved models increase processing 

times to >12 hrs or fail completely. In carbonate FSM, extensive environmental parameter sets 

for numerous lithofacies and petrophysical classes are crucial for the reliability of reservoir 

quality prediction. Multi-processor, parallel computing facilities will be needed. 

 

As carbonate deposition is highly sensitive to water depth, detailed boundary conditions for 

eustatic sea-level, subsidence and production changes are required. For high-resolution FSM 

modeling, they cannot be achieved by manual iterative series of modeling runs. Advanced 3D 

backstripping and inversion routines including differential compaction and flexural subsidence 

for large reservoirs are essential. Batch modeling facilities are required for sensitivity analyses. 

Current FS model calibration and verification is usually limited to few key wells. It relies on 

visual or manual numerical comparison (thickness, lithofacies, poroperm values, depositional 

architecture). Differential maps for key parameters or objective functions embedded in the FSM 

software are required to increase the reliability of reservoir quality prediction. This will be 

especially important in order to establish future FSM-based reservoir prediction beyond 

research in exploration and production. 
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Fig. 1 – Arab D reservoir Top Zones 3A, 2B, 2A and 1 (upper left to lower right image) along an upper 
ramp to intra-shelf basin transition. Low-resolution visualization (2000 m cell width) of post-burial textural 
porosities (grey: min., red: max.). Vertical exaggeration: 400x. 
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Burial Dolomitization by Fault Driven Hydrothermal Fluids: Simulation by Reaction 
Transport Modelling 
 
Alberto Consonni, Alfredo Frixa, Chiara Maragliulo, Eni E&P 
 
Reaction Transport Modelling (RTM) has been successfully used in case histories of 

dolomitization to test the genetic interpretation of the dolomite bodies, to predict their lateral 

extension as potential hydrocarbon reservoir in the subsurface and to give insights into the 

dolomitization process itself. 

 

Simulation of various synsedimentary dolomitization models has successfully demonstrated 

that the approach can be used for reflux dolomitization (Jones & Xiao, 2005) and thermal 

convection (Withaker & Xiao, 2007). The reproduction and evaluation of dolomitization in a 

compactional burial setting has been recently tested (Consonni et al., 2010).  

 

In a this study on lacustrine carbonates, the hydrothermal dolomitization model has been 

tested with a RTM approach: a reservoir in an intermediate burial setting may be fluxed in 

presence of deep feeding faults demonstrating the importance of faulting and fracturing in this 

dolomitization type. 

 

The RTM was performed using the TOUGHREACT code (Xu et al., 2004). The TOUGHREACT 

simulator can be applied to one-dimensional (1D), 2D or 3D unstructured domains with 

physical and chemical heterogeneities. For water–rock interactions the code can simulate the 

reactivity of minerals using a thermodynamic equilibrium approach or a kinetic approach. 

 

The hydrothermal dolomitization was simulated in an intermediate burial setting in presence of 

deep feeding faults. Hydrothermal fluids migrate out of deep basin areas and up extensional 

fault conduits reaching the carbonate more permeable levels. The fluids enter the primary 

interparticle porosity and dolomitize the rock creating leached secondary moldic and vuggy 

porosity. Origin of these fluids is debating: in this study two different possibilities have been 

considered, marine type and a high concentration brine. Moreover different values for flow 

intensity and duration have been tested. The simulated section is plotted in Figure 1. Flow 

enters the section from the faults at the bottom and is free to move and release through the 

entire section. Fluid movement is plotted in Figure 2 and is the result of the permeability field. 

 

Results are exemplified in Figure 3 for dolomite volume fraction. They indicate that the 

replacement of calcite with dolomite proceeds from the points where the fluids from the faults 

reach the carbonate layer, with an increase of porosity and permeability were the replacement 

is complete. Different values of fluid flow and duration and types of fluid composition have been 

tested. The different tests give an idea of the influence of the various parameters affecting the 

process. 

 

The hydrothermal dolomitization was simulated in an intermediate burial setting in presence of 

deep feeding faults demonstrating the importance of faulting and fracturing in this 

dolomitization type. However an effective control is exerted by permeability distribution that 

drives the hydrology:  in all the considered cases the simulations suggest that the hydrologic 

system is the most important driver for dolomitization with the final geometry of dolomite bodies 

greatly affected by the permeability assumptions and presence of fractured zones. 
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Figure 1. Simulated section with in red the position of faults reaching the reservoir layer. Lateral 
extension is approximately 45 km, vertical extension is about 4.5 km. Reservoir layers are indicated in 
blue. 

 

 
Figure 2. Simulated fluid flow. The flow regime is stationary for the period of time considered (500 ky). 

 

 
Figure 3. Simulated dolomite volume fraction after 500 ky of flow. Dolomite bodies form where 
hydrothermal fluids enter the carbonate layers. 
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Effects of temperature and fluids with different chemistry on chalk properties have been 

extensively studied during the past years in rock mechanical experiments. Several studies 

have shown how the mechanical strength (i.e. the elastic parameters, yield strength and the 

deformation dynamics at constant stress conditions) is related to the composition of the 

injected brine at various temperatures. In addition, the mass and density of the rock mineral 

assemblage are changed during flooding of non-equilibrium brines. In this study we provide the 

integrated analysis for how the porosity develops during creep at constant stresses and mineral 

alterations induced by the injected brine. 

 

Two chalk samples from Liège had been mechanically tested at elevated temperature of 130 

°C and flooded with 0.657M NaCl and 0.219M MgCl2 brines, respectively. The MgCl2-flooded 

sample L1 deformed significantly more than core L2 flooded with NaCl. Based only on the 

volumetric strain measurements, the porosity reduction is larger for the MgCl2-flooded core 

compared to the core flooded with NaCl. However, if the weight difference between the fully 

saturated and dry weight of the MgCl2-flooded core and the density of the sample after flooding 

is considered, the porosity of the core increased. For the NaCl-flooded core, no significant 

difference in porosity is obvious between the two porosity calculation methods. 

 

Combining SEM-EDS studies with whole-rock geochemical analyses and the measured 

effluent composition we can show that L1 loses Ca2+ during the experiment and the effluent is 

strongly depleted in Mg2+ in comparison to the injected brine. 

 

Hence, it seems that for an accurate estimate of porosity evolution the following parameters 

are of paramount importance: (i) the measurement of the volumetric strain of the total volume, 

(ii) the determination of the loss of magnesium and production of calcium ions when inducing a 

significant decrease in the solid mass of the plug and (iii) to quantify the precipitation of 

magnesium-bearing minerals which does lead to significant changes in the total solid density. 

 

 

 

 

We can state that:  

 

1) Chemical reaction of Mg carbonate (magnesite) precipitation and Ca carbonate (calcite) 

dissolution plays a very important role in the porosity development during flooding of 

chalk samples. 

2) The volumetric strain equation is insufficient to calculate the chalk porosity after flooding 

(here with MgCl2), while the equations including volumetric strain and chemical effect 

are more realistic. 

3) Mineralogical changes during flooding are not only able to buffer a porosity decrease, 

they might even be able to induce a porosity increase. 
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Since the first international agreement in 1997 (the Kyoto Protocol) the reduction of 

greenhouse gas emission has a key role in the European Union’s energy and climate change 

policy.  To mitigate the CO2 emission, one potential mode is the CO2 Capture and Storage.  

 

In Hungary the most abundant potential storage formations are mostly saline aquifers of the 

Great Hungarian Plain (SE-Hungary), with sandstone reservoir and clayey caprock.  The 

Neogene basin of the Great Hungarian Plain was subsided and then filled by a prograding 

delta system from NW and NE during the Late Miocene, mostly in the Pannonian time.  The 

most potential storage rock was formed as a fine-grained sandy turbidite interlayered by thin 

argillaceous beds in the deepest part of the basin. It has relatively high porosity, depth and 

more than 1000 m thickness.  Providing a regional coverage for the sandy turbidite, a 400-500 

m thick argillaceous succession was formed in the slope environment.  The composition, 

thickness and low permeability is expected to make it a suitable, leakage-safe caprock of the 

storage system.  This succession is underlain by argillaceous rocks that were formed in the 

basin, far from sediment input and overlain by interfingering siltstone, sandstone and claystone 

succession formed in delta and shoreline environments and in the alluvial plain. 

 

Core samples have been collected from the potential reservoir rock and its cap rock in the 

Great Hungarian Plain succession.  The water compositions of the studied depth were known 

from well-log database.  Using information, acquired from these archive documents, we have 

constructed input data for geochemical modelling in order to study the effect of CO2 injection in 

the potential CO2 storage environment. 

 

From the potential reservoir rock samples (sandstone) thin sections were made to determine 

the mineral composition, pore distribution, pore geometry and grain size.  To obtain more 

accurate mineral composition, petrographic observation and SEM analyzes have been carried 

out.  The caprock samples, involved in the study, can be divided into mudstone and aleurolite 

samples.  To determine the mineral composition of these samples, XRD, DTA, FTIR, SEM 

analysis has been carried out. 

 

The main question in the CO2 geological storage is geochemical behavior of the potential rock-

pore water-CO2 system hence the processes in the reservoir are playing in geological 

timescale. For this reasons, equilibrium geochemical models, using PHREEQC 3.0, were made 

for the reservoir rocks. The data used in the model are real pore water compositions from the 

studied area and an average modal composition based on petrographic microscope and SEM 

images. First of all, we were interested in the direction of the geochemical reactions during an 

injection process.  To verify our results, we study rock samples from a natural CO2 reservoir in 

same formation, too. 
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The preliminary results of the model made for the reservoir rock shows slight dissolution of 

plagioclase, K-feldspar, chlorite and strong dissolution of calcite. Furthermore intense dolomite, 

kaolinite and minor quartz precipitation is predicted. As new mineral phase dawsonite is 

appeared.  
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A diagenetic investigation of the Permian Upper Slochteren Sandstones (offshore Netherlands) 

was undertaken on 2 blocks in the offshore Netherlands with the primary aim of identifying the 

impact of cementation on reservoir properties. It was evident from an initial bibliographic review 

(Phase 1 of the investigation), and confirmed by a multitude of papers (e.g. Gaupp & 

Okkerman, 2011), that diagenesis, especially with respect to carbonates has a significant 

impact upon reservoir quality (Figure 1a).  

 

The detailed analysis of 5 wells (Phase 2 of the investigation) indicates a general agreement 

with proprietary GDF-Suez reports and published data (Figure 1b). However, the key difference 

between existing/published data and our results is the absence of calcite in the carbonate 

cements in the 5 analysed wells. Moreover, there is the almost exclusive occurrence of 

dolomite (with minor siderite), usually displaying non-ferroan cores with outer ferroan rims in 

the 5 analysed wells.  

 

  

Figure 1a – Data from proprietary reports Figure 1b – Newly acquired data 

 

In order to clarify the timing of these dolomite cements and ascertain the nature of their parent 

fluids, geochemical (C & O stable isotopes, Sr isotopes) and fluid inclusion analyses were 

performed. Emphasis was placed upon understanding the dolomite cements first, but ongoing 

work is also focusing on siderite and sulphate cements (anhydrite, barite). Initial findings 

indicate multiple sources for fluid mixing from which dolomite cement precipitated. One 

component of the mixing fluids is likely to be of Carboniferous origin (low/negative C isotope 

values; Figure 2), the other possibly originates from Zechstein brines (>20% NaCl eq.; Figure 

3). This information, in addition to the high temperatures of precipitation (between 90°C and 

120°C; Figure 3) contradicts Amthor & Okkermans (1998) results from the same study area 

with dolomite cement precipitating early during eogenesis or at very shallow burial depths from 

Permian meteoric waters. This does not mean that early dolomite did not precipitate in the 

Upper Slochteren sandstone (some is definitely observed in the Ameland field area; 

unpublished data), but contrary to the statement by Gaupp & Okkerman (2011) in their 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 213 

Rotliegend synthesis, not all dolomite is early and shallow. A strong spatial partitioning of the 

distribution of dolomite cements, involving various timing and processes may have existed. 

 

 
Figure 2: Oxygen isotope versus carbon isotope ratio plot for dolomite and siderite cements. Adapted 

from an unpublished study courtesy of Steve Crowley, Liverpool University. 
 

 
Figure 3: Homogenization temperature-salinity cross-plot 

 

In conclusion, this ongoing study improves the understanding of diagenesis and its impact 

upon the Rotliegend Formation. It also emphasizes the importance of a combined analytical 

approach, using several complimentary petrographic and geochemical techniques (fluid 

inclusions, isotopes, detailed petrography and cathodoluminescence) to gain a deeper 

understanding of diagenesis.  
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The Pentland Formation of the UK Central North Sea is a coal-bearing fluvial / deltaic system 

deposited on a coastal plain, and includes quartzitic sandstones. The formation is located a 

sequence of more arkosic sandstones, i.e. the Skagerrak and Fulmar Formations. The 

Pentland has strongly contrasting digenesis when compared to these more feldspar rich 

Formations, not least the almost compete dissolution of feldspar. In addition, there is abundant 

kaolin clay, despite relatively deep burial from 4200 m – 5800 m, and very little illite. The 

Pentland is also conspicuously deficient in potassium on a whole-rock basis. 

 

Provenance sensitive heavy mineral index data (chrome spinel – zircon and rutile - zircon) 

support that hypothesis that the Pentland was most likely derived by erosion of arkosic 

Skagerrak sediments, and deposited in a fluvio-deltaic setting which also supplied the arkosic 

marine sandstones of the Fulmar Formation. It is unlikely that weathering or transport of the 

sediment caused significant change to the bulk composition prior to deposition on the Pentland 

floodplain, though there is evidence for minor in-situ weathering of the Skagerrak Formation. A 

significant contribution from other likely sediment sources is unlikely. A generally low 

abundance of apatite (though present in the likely source sandstones ) suggests that the 

feldspars in the Pentland Formation could have dissolved during exposure to acidic 

groundwaters during very shallow burial. However, petrographic and geochemical evidence 

supports survival of at least some of the feldspar to burial depths in excess of 2km, when the 

sandstones had been stabilised against compaction by quartz cements - secondary pores 

containing kaolin are not infilled by otherwise abundant quartz overgrowths. Abundant kaolin, 

which has not reacted to form illite, is preserved at burial depths in excess of 4000 m, which 

suggests an unusual lack of available potassium within the sands. It is proposed that smectite 

in interbedded shales transformed to illite during burial and provided a sink for potassium (and 

potentially aluminium) from feldspar dissolution within the Pentland sandstones. 
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Microporous and nanoporous limestones are key deposits for hydrocarbon development, and 

although their storage capacities (ie. porosity volume) are relatively limited compared to 

coarser grained and macroporous deposits, they can retain permeabilities that make them 

viable reservoirs. Therefore, understanding why microporous deposits host a wide variation of 

reservoir potential is of critical importance to the hydrocarbon industry, mainly in the context of 

enhancing recovery in old plays and increasing production from new, unconventional 

reservoirs. However, the characterisation and understanding of these microporous limestones 

remains challenging. Although computer aided image analysis (including nano-scale 

tomography - FIB-SEM) and numerical flow models are being continuously refined, these 

techniques usually miss an important step in their workflow: the characterisation of the fabrics 

hosting the pore systems using standard petrographical tools (ie. thin-sections, SEM). 

 

This paper, based on the characterisation of a variety of Cretaceous carbonate reservoir from 

the Middle East aims to provide a scheme that can be easily and routinely used for the 

petrographical characterisation of these deposits. A detailed classification of the micritic fabric 

using SEM observations is presented (Figure A). 

 

 
Fig. A: Classification of the micritic fabrics (modified from Deville de Periere et al., 2011). 
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Such classification aims to create groups of 'micritic matrixes' that are characterised by their 

crystal habit and intercrystalline contacts (ie. micrite fabric) and crystallometry (ie. crystal size 

only). These micrite fabrics are the first control on the distribution and shape of the micropores, 

and thus form a significant part of the overall control on reservoir quality, with porous micrites 

being associated with porosity and permeability values generally >10% and >0.1mD, 

respectively. However, the crystallometry of the micrite crystals is also a key parameter, as 

particles being <2µm in size are dominantly associated with permeability <10mD, but better 

permeability values are attainable in micrites above this 2µm threshold. Key examples, from 

literature and unpublished studies, in various carbonate stratigraphical intervals and 

depositional settings are presented to demonstrate the utility of such observations. Variations 

in micrite fabric and crystallometry are obviously a function of their depositional settings and 

subsequent diagenetic overprint, which will be briefly discussed. 

 

Of course, these observations are made at the plug-scale and their upscaling remains a 

challenge in complex carbonate reservoirs. However, building a robust and consistent 

descriptive scheme for microporous limestone microfabrics is the basis of future rock-typing 

studies and reservoir modelling/predictability. 
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Porosity Modification of the Shuaiba Formation, Al Shaheen Field, Offshore Qatar 
 
Aurelien G. Meyer, Cathy Hollis, Xiomara Marquez, Irene Cantarero Abad, and Anna Maria Trave 
Herrero, University of Manchester  

 
Lower Cretaceous carbonate sediments on the Arabian Plate are characterized by complex, 

multi-modal pore networks, often with high pore volumes (>30%) and an associated 

permeability range of several orders of magnitude.  An increasing number of studies now 

recognize that the timing of this porosity evolution is complex and multiphase. Therefore, 

although pore volumes are high, associated recovery factors may be low, in part because of 

the potential for hydrocarbon trapping and bypassing. 

 

The Aptian Shuaiba Formation, offshore Qatar comprises shallow water limestones deposited 

on an epeiric platform, marginal to the Bab Basin. Three principal depositional environments 

have been described- platform, build-up and basinal, each displaying a dramatic variability in 

porosity and permeability. Although some of this variability in rock properties can be ascribed to 

primary, depositional controls on porosity, core observations indicate that the diagenetic 

overprint of the Shuaiba Formation has also exerted an important control on porosity 

modification.   

 

This complexity is most apparent within the top 5m of the Shuaiba Formation, beneath the 

unconformable contact with the Nahr Umr Formation.  Here, strongly bimodal pore networks 

are characterized by millimeter-scale vugs and moulds embedded within a meso- and 

microporous pore network.  It is clear that the evolution of this porosity is complex and 

multiphase, with good evidence for late-stage porosity enhancement in the burial realm, such 

as: (1) delicate, open pores that have not undergone collapse, which would be expected during 

burial; (2) porous halos along and adjacent to stylolites and fractures; (3) dissolved peloids 

rimmed by pore-filling, burial cements. The aim of this project is to determine clear evidence for 

the timing of porosity modification, and consider the key processes controlling the distribution 

of flow-controlling pore types. Particular attention will be paid to the relationship between pore 

type, facies and diagenetic overprint. The kinematic evolution of the region will also be key. 

Ultimately the project aims to determine the fluid source, mechanism and timing for porosity 

modification, with relevance to age-equivalent reservoirs across the region.  
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The study compares porosity, permeability and specific surface area measurements (SSA) of a 

complete stratigraphic column from the Ediacaran to the Mesozoic of northern Spain. The 

Ediacaran rocks have been affected by the Cadomian orogeny in terms of metamorphism and 

deformation, while all other formations have been deformed but not metamorphosed by the 

Variscan orogeny. Alpine movements only tilted larger blocks. We sampled 10 siliciclastic 

successions and 9 carbonate units. The siliciclastic rocks vary greatly in all geological aspects, 

the Ediacaran samples are arc-related fine to medium grained immature turbidites, Lower 

Cambrian rocks represents poorly sorted arkosic deltaic and slope environments, as do 

compositionally mature Upper Cambrian rocks; all these successions have been deposited in 

an extensional setting. Ordovician clastics are medium-grained quartz-arenitic shallow marine 

deposits and silt-sized tuffs, followed by Silurian hematite-rich texturally mature coastal 

deposits. They had been, alike fine-grained Devonian quartz-arenites, deposited at a passive 

margin. Carboniferous sandstones are compositionally mature, poorly sorted organic-rich 

continental deposits and syntectonic to the Variscan. Mesozoic rocks are conglomerates 

followed by poorly sorted but quartz-rich sands laid down in coastal flood-plains (bearing 

dinosaurs ichnofossils). Pre-Mesozoic carbonate successions are entirely marine and 

represent shallow marine platform deposits with reef build-ups during the Middle Cambrian and 

Devonian. Lower Cambrian carbonates have been dolomitised alike some successions in the 

Devonian. Dolomitisation took place during the Variscan orogeny. The Jurassic successions 

are slope deposits followed by shallow marine units intercalated with hydrocarbon and fossil-

rich shales. 

 

Most of the rocks show negligible porosities, very few poor ones, and only two samples have a 

fair porosity, and besides one sample (clastic Huergas Formation), all permeabilities are very 

low. This can be explained by circulation of fluids during the Variscan orogeny. The carbonates 

did not develop a secondary porosity. We could not find a relationship between permeability 

and specific surface area (SSA), as samples with low permeability have both, smaller and 

larger SSA. The reef facies carbonates, however, seem to be constant in their porosities, 

permeabilities and SSA with one exception. The rocks of the Santa Lucia Formation are very 

porous, have a slightly higher permeability and the largest SSA, although relatively grainy. In 

clastic rocks the SSA does not correlate with the grain size (small grains-high SSA) and might 

be disturbed by fluid flow and precipitation. However, extreme hard sandstones show a low 

SSA possibly caused by silica cementation. In contrary, within the carbonates there is no 

systematic visible. This points to the sensitive character of this rocktype when affected by fluid 

flow. Clastic rocks have clearly a larger porosity. This might be explained by the type of 

circulating fluids, which could not precipitate in clastic rocks, or that they have not been 

affected by fluid flow at all and cementation took place very early during diagenesis. This would 

imply that fluids, which had been percolating in carbonates are intraformational or migrated 

along faults. This hypothesis supports the nearly synsedimentary formation of iron-oxide in the 

San Pedro Formation possibly triggered by a very warm climate. The oldest succession, the 

Ediacaran Mora Formation, which shows a significant cleavage and a low-grade 

metamorphism has a higher porosity than other unmetamorphosed but diagenetic overprinted 
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rock formations. In the Cantabrian Mountains clastic beach and deep marine successions show 

systematically lower porosities. Age does not play a major role as the second highest porosity 

could be found in Lower Cambrian rocks. Interesting is the porosity increase from Toarcian 

carbonates with low porosities to extreme hard Kimmeridgian conglomerates and overlying 

sandstones.  

 

Conclusively, porosity, permeability and SSA depend mostly on the facies and the composition 

of the rocks and are therefore differently affected by regional geological processes. Hence, it is 

very difficult to extrapolate, for a continuous rock succession, effects of regional geological 

events for purposes of hydrocarbon potential and other objectives. 

 

 

Formation rocktype age facies 
grain 
size porosity permeability Specific  

       surface  

       area 

        in  (%) (mD) (m
2
/g) 

Vega arenite Kimmeridgian delta 2 11.88 0.05732 1.854 

Vega conglomerates Kimmeridgian fluvial -5 6.67 0.04385 2.184 

Rodiles packstone Toarcian 
shallow 
marine 3 3.851 0.0000921 10.979 

Gijón mud/wackestone Pliensbachian deep marine 4 4.973 0.000112 3.216 
San 
Emiliano arenite Moskovian deltaic 1.5 7.85 0.00728 8.292 
San 
Emiliano limestone Moskovian beach 2.5 1.097  5.231 

Portilla rudstone Frasnian reef 2.5 0.861 0.000471 2.584 

Huergas wacke Givetian slope 3 8.89 559 7.809 

Santa Lucía framestone Eifelian reef 1.5 9.112 0.00165 3.027 

La Vid grainstone Emsian U slope -2 1.45 0.0000766 3.827 

La Vid packstone Emsian L deep marine 3 2.215 0.000308 0.665 

San Pedro arenite Wenlock beach 1 4.84 0.00128 6.077 

Barrios siltstone Floian Tuff 6 5.6 0.0051 12.936 

Barrios arenite Tremadocian beach 2.5 1.31 0.00559 1.218 

Oville siltstone Upper Cambrian slope 5 7.78 0.01512 4.238 

Láncara packstone Middle Cambrian fore-reef 0 1.091 0.000279 2.439 

Láncara bindstone Middle Cambrian reef 2.5 0.696 0.000479 1.388 

Láncara dolomite(packstone) Lower Cambrian 
shallow 
marine 2 0.694 0.0000817 1.229 

Herrería arenite Lower Cambrian deltaic 2 11.47 0.55348 2.961 

Mora wacke Ediacaran deep marine 2.5 3.01 0.00524 3.936 
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Diagenesis and Porosity Development of the Wasco Oil Field, California, USA 
 
Robert A. Horton, Jr., Olawale E. Olabisi, Alyssa B. Kaess, Stephanie E. Caffee, Department of 
Geological Sciences, California State University, Bakersfield, CA, USA.  

 
The Wasco oil field is located in the southern San Joaquin basin just east of the basin axis. 

Production was mainly from the Vedder Formation (Oligocene) and the Famosa sandstone 

(Eocene) within the Kreyenhagen Formation. Depth of burial ranges from 3950-4275m 

(Vedder) to 4575-4875m (Famosa) and reservoir temperatures range from ~135C (Vedder) to 

~145C (Famosa). The sandstones consist of fine- to coarse-, very poor to well sorted, angular 

to sub-round arkosic arenites. The Vedder sands have been interpreted as having been 

deposited in a shallow marine environment but this is based mostly on study of outcrops well to 

the east toward the basin margin; little is known about the Eocene depositional system except 

that the sands are enclosed within deep water shales. Porosity development in these deeply 

buried sandstones is mainly controlled by compaction and the dissolution of framework grains 

with lesser influence due to cementation. The abundance of long grain-grain contacts, fractured 

grains, and broken framework grains is evidence that the sands are well compacted. Following 

deposition, mechanical compaction reduced primary porosity through the rotation of grains. 

Biotite and other labile grains deformed and occluded adjacent intergranular pores; fracturing 

of brittle grains and rotation of the pieces also reduced primary porosity. Biotite is commonly 

altered to chlorite and volcanic-rock fragments exhibit extensive alteration to finely crystalline 

pseudomatrix. Plagioclase and K-feldspars are extensively albitized in both units (Figure 1), 

and plagioclase in the Famosa sandstone is almost completely altered to albite except in 

carbonate-cemented zones (Figure 2). Cements include clays, carbonates, laumontite, and 

sphene (minor). Authigenic quartz occurs as overgrowths on and fills fractures within detrital 

quartz grains (Figure 3) while authigenic K-feldspar occurs as overgrowths on and fills fractures 

within detrital feldspar grains. Kaolinite occurs in pores created by the dissolution of framework 

grains, notably feldspars. There are also unidentified clay coatings on some grains. Carbonates 

include calcite, dolomite, and ankerite; these exhibit complicated precipitation histories, 

including replacement of framework silicates. They occur in both units but are more abundant 

in the Vedder Formation. Laumontite likewise is present in both units, but is much more 

common in the more deeply buried Famosa sand. Sphene is present as pore filling cement and 

within cleavages in biotite. Dissolution of framework-grains created secondary porosity. 

Feldspars, volcanic rock fragments, quartz, biotite, and hornblende were all subjected to 

various degrees of dissolution. Framework-grain dissolution caused the formation of oversized 

and elongate pores resulting in secondary intergranular porosity. Continuous compaction, 

along with precipitation of cements and formation of pseudomatrix, reduced both primary and 

secondary porosity (and probably permeability). Meanwhile, continued framework-grain 

dissolution created new pore spaces allowing maintenance of an open pore network, thereby 

facilitating the migration and accumulation of hydrocarbons in this reservoir. This was followed 

by continuing thermal maturation of hydrocarbons liberating sulfur, resulting in the precipitation 

of pyrite cement.  



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 222 

 

 

 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 223 

 
Sedimentation Processes in Sefidrud Delta, South West of Caspian Sea  
 
S. Haghani, S.A.G. Leroy , Institute for the Environment, Brunel University, Kingston Lane, UB8 3PH, 
Uxbridge, London, UK 

 

The Sefidrud delta, which has developed in the south west of the Caspian Sea, is associated 

with abundant tributary channels and an extensive flood plain on which lagoons are common. 

This delta is characterized by very rapid sedimentation rates in a steep slope setting, which can 

be used as a model for oil-bearing reservoirs. This study aims to explain the evolution of the 

Sefidrud delta in the last millennia and to propose a mechanism for delta building. 
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Reservoir Potential of Untapped Niger Delta Deep Water Sediments 
 
Obinna Chudi, Helen Lewis, Dorrik Stow, Jim Buckman, Institute of Petroleum Engineering, Heriot Watt 
University, EH14 4AS, Edinburgh, UK 
 

Introduction 
Hydrocarbon exploration and exploitation in the Niger Delta has mainly focussed on the 

onshore, deltaic and deep-water Miocene succession. Miocene to Recent deep-water sands 

located above 12,000 ftss (feet subsea) in the study area show very good reservoir quality with 

porosities greater than 30%, permeability in the Darcy range and with little or no cementation. 

This study centres on predicting the petrophysical properties of the Oligocene sandstones 

located below 12300 ftss, particularly the onset and amount of quartz cementation, and aims to 

determine their reservoir potential in comparison to the well-known Miocene reservoirs.  Within 

the study area on the basin slope only one exploratory well penetrated the Oligocene interval. 

Conventional well logs were acquired across this interval but no core or sidewall samples were 

taken. Petrophysical evaluation reveals that the porosity reduces markedly below the Miocene. 

The key question we pose is whether this is due solely to mechanical compaction or to the 

onset of cementation?  

 

Methodology 
Petrographic evaluation of 17 thin sections acquired across a depth range of 8000 – 11500 ftss 

from 3 wells, included optical microscopy, Back Scattered Electron (BSE) and 

Cathodoluminescence (CL) techniques. This depth interval represents reservoirs of Miocene 

age. All methods were primarily utilized to determine the mineralogical constituents and to 

differentiate detrital from authigenic minerals. The petrographic study was integrated with both 

petrophysical Elemental Analysis (ELAN) of open-hole logs and basin modelling to predict the 

onset of quartz cementation across the stratigraphic intervals intersected by the wells. ELAN 

technology is a multi-mineral modelling technique where responses from suites of open-hole 

logs are used to inversely determine mineralogical distribution. Quartz cementation was 

simulated using the Schlumberger PetroModTM basin modelling platform based on 

Walderhaug quartz cementation model.  

 

 
Figure 1: BSE image (a) and CL (b) from Lower Miocene at 11484 ft-Q=quartz, F= feldspar, H= 
heavy mineral and QO= quartz overgrowth (yellow) 

 
Cementation was simulated as a precipitation rate limiting reaction that is dictated by quartz 

grain size, quartz grain coating, detrital mineralogy and temperature. All inputs except 

temperature were determined from the core samples of the Upper to Lower Miocene 

reservoirs; temperature is an output of the basin model, the model being calibrated to 

F 
H 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 225 

downhole data. Since no core was acquired in the Oligocene it was assumed that the 

Oligocene reservoirs had similar grain size to those of the lower Miocene.   

 

Results 
The sandstones examined from three wells comprise polycrystalline quartz (65-85%), feldspars 

(25-10%) and lithic fragments (10-5%) of possible igneous and metamorphic origin. Heavy 

minerals (sphene, pyrite, zircon) occur in trace amounts. Quartz cements are rarely observed 

in thin sections, especially above 10000 ftss. However thin sections of samples retrieved from 

11400ftss (Lower Miocene reservoirs) show evidence of quartz overgrowth occurring as grain-

rimming cements. In some cases they occur as euhedral overgrowths protruding into primary 

pores. The CL studies allowed distinction between authigenic and detrital quartz as the detrital 

grains luminesce brightly, whereas the overgrowths were non-luminescent (Figure 1). The BSE 

studies of the same sample showed no distinction as both detrital and authigenic quartz display 

a light grey colour compared to other minerals.  

 

The results from the ELAN  multi-mineral model for the well that penetrated the Oligocene  

indicates that quartz mineral volume (grain plus cement)  tends to increase with depth with 

close to 60% volume fraction in the Miocene and increasing steadily to about 80% in 

Oligocene. Both the trend in the petrophysical model and the observation of overgrowths only 

in Lower Miocene cores match the quartz cementation distribution produced by the basin 

model (Figure 2). Results from the basin model indicate that less than  0.5% of pore space of 

the Miocene to Recent sands have been cemented, having been exposed only to low 

temperatures unfavourable for quartz precipitation. However, the Oligocene reservoirs are 

modelled to have developed cement, occluding close to 10% of its pore space. These values 

suggest the onset of significant quartz cementation corresponds to the burial depths and 

associated thermal and pressure conditions of the Oligocene sands in the studied area.  
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Figure 2: (a) predicted pore space fraction (red line) occluded by quartz cement from basin 
modelling (1D extract from 2D model) (b) cross plot quartz volume from ELAN versus depth  

 
Conclusion 
The Upper to Mid Miocene reservoirs studied from the 3 wells showed no evidence of quartz 

cementation, however, CL studies of the Lower Miocene reservoirs reveal the presence of 

quartz overgrowths protruding into the pore space. Similar observations of increased quartz 

volume are seen in both the ELAN and the basin modelling studies. These therefore suggest 

that, even though there are no cores acquired from the Oligocene, based on the techniques 

adopted in this study, the Oligocene sandstone might well have a poorer reservoir quality than 



Reservoir Quality of Clastic and Carbonate Rocks: Analysis, Modelling and Prediction  

28-30 May 2014 #ReservoirQuality14 Page 226 

the Miocene as a consequence of cementation as well as mechanical compaction, with 

possible significant quartz overgrowth compromising its porosity and consequently affecting 

volume and transmissibility of hydrocarbon. 
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A recent exploration program targeting Jurassic marginal marine sandstones at high burial 

depths was concluded after two vertical exploration wells were drilled near the junction of the 

Malita Graben and the Sahul Syncline in the Bonaparte Basin, offshore Australia.  One of the 

wells was cored.  This presentation will discuss a case of anomalous porosity preservation 

which is not well understood.  A brief review of the approach used for pre-drill reservoir quality 

prediction and the predictions will be followed by presentation of reservoir quality results from 

the cored well.    

 

The core currently in the aquifer may have been HC charged in the past.  The sandstones are 

quartz-rich and quartz cement is the main mineral cement present.  Reservoir quality is 

moderate, but requires a strong inhibition on quartz cementation given the high reservoir 

temperatures and the modeled thermal history.   Fluid inclusion results, both homogenization 

temperatures and salinities, on core and cuttings provide important constraints on the quartz 

diagenesis at this location.  TouchstoneTM models were created for the pre-drill predictions 

and were updated to reflect well results.  The current models are being used to help 

understand the quartz cementation paragenesis and to de-risk future exploration targets. 
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The Sargelu Formation is one of the main hydrocarbon reservoir rocks in Kurdistan (North-East 

Iraq). The thickness of the formation decreases from about 485 m west of the Tigris River in 

the Mosul area toward north where it is 30-40 m thick. In the area studied, the formation is 80-

120 m thick. This study was performed on the core samples from exploration wells located in 

area of NE region of Kurdistan (Iraq). 

 

The formation consists of black, hydrocarbon impregnated, tight, thin-bedded marl and 

limestone, which are often dolomitic. Black thin chert streak appears in the upper part of one 

core. The sedimentary features and the fauna content (radiolarians, planktonic bivalves) 

indicate pelagic, open marine depositional environment. On the bases of fauna and the 

stratigraphic position the age of the formation is Middle-Late Jurassic. 

 

The main interest in the formation is the presence of dolomite. The majority of the medium-

sized (ca 100–150 μm) dolomite crystals have subhedral and euhedral shape. The dolomite 

partially replaced the micrite matrix. In the rocks, dissolution seams are common, which are 

usually surrounded the dolomite crystals. Dolomite crystals in some beds possess irregular and 

uneven surface that point to corrosion of the crystals. In these areas, calcite spars occur 

among the dolomite crystals which suggest calcitisation of the dolomite. Hairline calcite veins 

cut across the rocks. The dolomitization probable took place in intermediate burial depth likely 

just before the onset of chemical compaction. Dolomite dissolution and calcite precipitation, or 

calcite replacement occurred in a successive diagenetic stage. The next step of the study aims 

the geochemical analyses that will likely help to understand the dolomitization and diagenetic 

processes. 
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In the North Atlantic region it is well established that Triassic sandstones form poorer quality 

reservoirs for hydrocarbon than Jurassic sandstones. However, the reasons for this are not 

clearly understood. The best place in the region to investigate the cause for this improvement 

in reservoir quality is the Jameson Land Basin of East Greenland. The Triassic and Jurassic 

clastic successions are thick, well-exposed and there are few breaks in sedimentation.  

 

The Jameson Land Basin is located between 71º12’ and 72º25’N. It is a north-south aligned rift 

basin about 280 km long and 80 km wide. Development of accommodation space during the 

Triassic and Jurassic was driven by rifting in the Early Triassic, Mid Triassic and Middle to Late 

Jurassic. During this time there is a shift in depositional environment from continental to 

shallow marine with the transition occurring in the Early Jurassic. Greenland drifted northwards 

from around 30ºN, in the northern arid climatic belt in the Early Triassic to around 60ºN by the 

Late Jurassic.  

 

To investigate the changes in reservoir quality, sandstones were analysed petrographically and 

porosities and permeabilities measured using core plugs. This was combined with clay 

mineralogical work on sandstones and mudstones throughout the succession and by heavy 

mineral analysis to investigate the controls on reservoir quality. Petrography, porosity and 

permeability work indicate the main improvement in reservoir quality occurred between the 

Late Triassic and Early Jurassic. The clay mineralogical work reveals that this change is 

controlled by a trend towards more humid climatic conditions. Provenance variations do not 

have a significant influence. A strong link is therefore shown between climate and the 

improvements in reservoir quality. 
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An integrated sedimentological and petrophysical approach was implemented to define the role 

of facies diversity and cyclicity on the reservoir quality of the Mishrif Formation in several 

oilfields in southern Iraq.  

 

The best recognized reservoir units were rudistid facies with grain-dominated fabric, which 

were subjected to diagenetic dissolution process and usually located beneath discontinuity 

surfaces. Such reservoir units had a regional extent within the southern Mesopotamian Basin, 

as they often developed during the Mishrif shelf margin progradation. In addition, some other 

important reservoir units were microbialites that characterized by microporous mud-dominated 

facies. However, due to the variable intensity of the diagenetic effects and differences in the 

rock textures, the reservoir quality in the same facies could become variable regionally. 

 

The regional distribution of the rudistid reservoir units was quite related to the 

paleogeographical highs existed in the depositional basin. Additionally, some reservoir facies 

could pinch-out within the depositional sequences showing the potential to become 

stratigraphic traps outside the crestal parts of the oilfield structures. 

  

The reservoir quality in most regressive cycles was enhanced remarkably upward from deep 

marine facies towards the shallower shelf margin facies. Such a change in the reservoir quality 

could be detected in the facies stacked systematically within the regressive cycles. This was 

also easily recognized using the porosity logs. 
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Burlington House  
Fire Safety Information 

 
If you hear the Alarm 
 
Alarm Bells are situated throughout the building and will ring continuously for an evacuation.  
Do not stop to collect your personal belongings. 
Leave the building via the nearest and safest exit or the exit that you are advised to by the Fire 
Marshall on that floor. 
 
Fire Exits from the Geological Society Conference Rooms 
 
Lower Library: 
 Exit via Piccadilly entrance or main reception entrance. 
Lecture Theatre 
 Exit at front of theatre (by screen) onto Courtyard or via side door out to  
 Piccadilly entrance or via the doors that link to the Lower Library and to the  
 main reception entrance. 
Piccadilly Entrance 
 Straight out door and walk around to the Courtyard or via the main  
 reception entrance. 
 
Close the doors when leaving a room.  DO NOT SWITCH OFF THE LIGHTS. 
 
Assemble in the Courtyard in front of the Royal Academy, outside the Royal Astronomical 
Society. 
 
Please do not re-enter the building except when you are advised that it is safe to do so by the 
Fire Brigade. 
 
First Aid 
 
All accidents should be reported to Reception and First Aid assistance will be provided if 
necessary. 
 
Facilities 
 
The ladies toilets are situated in the basement at the bottom of the staircase outside the 
Lecture Theatre. 
 
The Gents toilets are situated on the ground floor in the corridor leading to the Arthur Holmes 
Room. 
 
The cloakroom is located along the corridor to the Arthur Holmes Room. 
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