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Foreword 1

Recent technological advances in reservoir characterization and new devel-
opments of numerical tools have induced the needs for more integration
between various disciplines, allowing sedimentologists, geochemists and
modellers to work together and propose innovative workflows aiming at
quantifying properly carbonate rocks porosity at various scales, and better
predicting reservoir characteristics as a function of long-term burial history
and overall evolution of regional fluid flow and chemical transfers.

During the last ten years or so, Fadi H. Nader and his numerous Ph.D.’s
and postdoctorants have explored many of the new analytical techniques
described in this book on real case studies around the world, coupling lab
measurements with accurate sedimentological observations at outcrop scale
with subsurface data such as well logs and cores, as well as with seismic
stratigraphy at basin scale. Also, Fadi has been constantly interacting with
other IFPEN colleagues involved in the development of new numerical tools,
allowing him to proceed with coupled thermal, fluid flow and diagenetic
modelling, thus allowing full quantitative and predictive approaches.

After all this work, it is now a real pleasure to read this very compre-
hensive and didactic book on the characterization and prediction of carbonate
reservoirs.

I would like to thank and congratulate Fadi for sharing here his wide
expertise to the benefit of a wide range of end-users, this book being dedi-
cated to young students in geosciences as well as to more senior scientists
from a wide range of disciplines, both at the university and in the industry.

Rueil-Malmaison, France François Roure
February 2016
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Foreword 2

In this book, that relies on the HDR thesis of the author, Dr. Fadi Nader, the
different steps in diagenetic research of reservoir rocks, particularly carbonate
rocks, at different scales are addressed. For this accomplishment, the author
relied on a broad spectrum of expertise, e.g. his own research, his experiences
gained as researcher affiliated at the Institut Français du Pétrole—Energies
nouvelles (IFP-EN), his role as mediator affiliated as geology consultant at
the Ministry of Energy and Water in Lebanon at the time of the preparation
for the first Lebanese offshore licensing round and finally as catalyser initi-
ating a large number of scientific studies in the Levant Basin and offshore
Cyprus.

In contrast to many books addressing the effect of diagenesis on reservoir
properties, as said before with a focus on carbonate systems, the author not
only addresses the classical and upcoming techniques to unravel the para-
genesis (Chap. 1: including petrographical, geochemical, mineralogical, and
fluid microthermometrical techniques) but also addresses the way how these
acquired data need to be quantified and integrated into quantitative diagenesis
(Chap. 2) as well as how they need to be upscaled. In Chap. 2, he addresses
several techniques that are used at different scales, which make this book
very relevant since developing an upscaling philosophy is one of the key
items in “advances in oil and gas production and exploration”. Of particular
interest here relates to computerized tomography which bridges the classical
petrography approach in geology to the 3D approach of reservoir engineers.
At the end, even the bridge to geophysics (seismic and wireline logging) is
presented in a comprehensive way. Of peculiar interest are the strategies the
author proposes to upscale certain observations based on integrating remote
sensing and photogrammetry techniques as well as integrated data analysis
tools. He pleads clearly for a quantitative approach of diagenetic research to
bridge the gap between reservoir geologists and reservoir engineers. In
Chap. 4, he provides a comprehensive overview of different numerical
modelling approaches on diagenesis based on geometry-based modelling,
geostatistical modelling and geochemical modelling where he can rely on the
extensive expertise acquired at his home institute IFP-EN. He closes this
session with some outlook to advancements in numerical modelling of dia-
genesis, which likely will be developed at the moment the reader is reading
these chapters.
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Thework is nicely illustratedwith a number of case studies carried out by the
author on hydrothermal dolomites in Lebanon, Northern Spain, the UAE, …
However, also reference is made to some of the key studies carried out by other
researches that were published in peer-reviewed international journals. The
author also gives a nice overview of the software packages developed at
IFP-EN over the last years with regard to sedimentological, structural geo-
logical and reaction transport modelling.

In the last chapter, the author pays a lot of attention to the workflows that
need to be developed, not only with regard to the characterization and
quantitative techniques but also addressing the modelling techniques aiming
at developing integrated modelling workflows. With this contribution, the
author likes to share his experiences to present his view on how advances in
gas and oil production and exploration can be achieved based on a thorough
development of quantitative diagenesis, reservoir and reaction transport
modelling and development of an upscaling as well as downscaling research
approach in reservoir studies.

Heverlee, Belgium Rudy Swennen
March 2016
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Preface

The starting point of the worldwide interest in “Diagenesis”—especially for
carbonate rocks—can be traced back to 1975, when R. Bathurst published the
book entitled “Carbonate Sediments and their Diagenesis” including the
famous statement: “Carbonate rocks are as much the products of diagenesis
as they are of primary deposition”. Alteration of sedimentary rocks after
sediment deposition due to various processes of diagenesis is crucial in
reshaping their mineralogical and petrophysical properties. The petroleum
industry, since that early time, needed workflows and means to understand
and predict the heterogeneous flow properties of reservoir rocks. Henceforth,
a considerable amount of research work has been dedicated to the investi-
gation of diagenetic processes, environments and products. Diagenetic pro-
cesses are inherently related to the rock–fluid interactions and attract
multi-disciplinary researchers. This is quite demonstrated by the wide
spectrum of the nature of published work on diagenesis and by the difficulty
in integrating all aspects related to diagenesis research.

Sedimentologists have extensively described the results of diagenetic
processes (“diagenetic phases”) in surface-exposed rocks and subsurface well
cores across the planet. The aim was set at matching processes and products,
and being able to come up with conceptual models that would allow at least
constraining the geometry/dimension as well as the fluid flow history of the
altered rocks. In addition, since the 1970s and the original paper of Choquette
and Pray (1970)—entitled “Geologic nomenclature and classification of
porosity in sedimentary carbonates”—efforts were spent to understand the
impact of diagenesis on porosity and permeability of carbonate rocks.

To date, classical diagenesis studies make use of a wide range of
descriptive methods and analytical techniques converging into conceptual
models that explain specific, relatively time-framed, diagenetic processes,
and deduce their impacts on carbonate reservoir rocks (e.g. Nader et al. 2004;
Nader et al. 2008). Currently used techniques combine petrographic (con-
ventional, cathodoluminescence, fluorescence, scanning electron microscopy
with energy dispersive spectrometer—SEM/EDS and 3D computed tomog-
raphy, CT), geochemical (major/trace elements, stable oxygen and carbon
isotopes, strontium isotopes, Mg and clumped isotopes) and fluid inclusion
analyses (microthermometry, Raman spectrometry, crush-leach analysis,
laser ablation), providing independent arguments to support or discard any
of the proposed models. More recently, the use of basin modelling is

ix



employed (e.g. Fontana et al. 2014; Peyravi et al. 2014) to support the burial
history evolution (including temperature and pressure boundary data) and the
proposed paragenesis (i.e. the sequence of diagenetic phases in chronological
order). Still, conceptual models lack exact dating frameworks (or specific
timing constraints for the described processes). They are qualitative and do
not yield quantitative data to be directly used by reservoir engineers for
rock-typing and geological modelling (Nader et al. 2013). New analytical
techniques (e.g. U/Pb for dating) and advances in numerical modelling may
provide better tools for achieving time-constrained, quantitative diagenetic
studies. The operational workflow that aims at predicting the impact of rel-
evant diagenetic processes on reservoir properties, henceforth, consists of
three main iterative stages (Nader et al. 2013): (i) constructing a conceptual
diagenesis model, (ii) quantifying the related diagenetic phases and
(iii) modelling the diagenetic processes (Fig. 1).

While most of the concepts of diagenetic processes operate at the larger,
basin scale, the description of the diagenetic phases (products of such pro-
cesses) and their association with the overall petrophysical characteristics of
sedimentary rocks remain at reservoir (and even outcrop/well core) scale.
Hence, “upscaling” becomes another major challenge for sedimentologists
and reservoir engineers in the coming decades. Recently, massive work has
been undertaken to propose methods capable of defining representative ele-
mentary volumes (REV) of carbonate reservoir rocks. REVs would then be
used to represent the whole rock type at various scales (reservoir and basin
scales).

Between the years 2000 and 2003, I worked, during my Ph.D. project (KU
Leuven, Belgium), on the “Dolomitization Problem” as one of the significant
processes of diagenesis in carbonate rocks (Nader 2003). About 50 % of the

Fig. 1 From conceptual to numerical modelling of diagenesis, quantifying diagenetic
phases remains essential. a Conceptual studies of diagenesis—for example hydrothermal
or high-temperature dolomitization (HTD; Nader et al. 2004, 2007). b Quantification
methods—e.g. micro-computed tomography (micro-CT) image analyses (De Boever et al.
2012). c Numerical simulations of diagenetic processes such as reactive transport
modelling of dolomitization (e.g. Consonni et al. 2010)
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world’s known carbonate reservoirs are in dolostones. Based on my local
field knowledge, I have investigated the Jurassic dolostones that are exposed
in Lebanon (part of the Jurassic carbonate platform on the southern margin
of the Neo-Tethys ocean) and ascribed them to conceptual models (eogenetic
reflux and mesogenic high-temperature fracture-associated) invoking the
fluid flow characteristics and rock–fluid interactions (Nader et al. 2004).
From 2003 to 2007, I have extended this work upon my appointment as
assistant professor at the American University of Beirut (Lebanon) by further
studying the Jurassic hydrothermal dolomitization fronts and the Cretaceous
sabkha-style dolostones in Lebanon (Nader et al. 2006, 2007). I have also
supervised projects on diagenesis of carbonate rocks (Doummar 2005),
hydrocarbon assessments based on petrography and geochemistry of source
rocks (Al Haddad 2007), and diagenesis of sandstones Bellos (2008).

In 2007, I joined IFP Energies nouvelles (Institut Français du Pétrole at
that time), and I worked first within the “Reservoir Characterization” mega
project and Enhanced Oil Recovery Joint Industry Project. Most of my work
at that time concerned with characterization of diagenetic phases and their
relationship with reservoir properties. This involved field investigation of
some of the world-class outcrops of hydrothermal dolomites (e.g. Ranero,
Spain; Apennines, Italy; e.g. Shah et al. 2010, 2012; Swennen et al. 2012), as
well as studies of actual oilfields and outcrop-analogues (e.g. Gashsaran
oilfield, Iran). Other than characterization studies, I got myself involved in
upgrading analytical methods for petrography and fluid inclusion analyses as
well as X-ray diffraction quantifying methods and atomic absorption spec-
trometry of mixed dolomite/calcite samples. This was the beginning of
quantitative diagenesis workflows for carbonate rocks at IFPEN (e.g. Turpin
et al. 2012).

I have started applying numerical modelling to dolomitization as of the
first years I spent at IFPEN. We tried to model hydrothermal dolomitization
fronts with ArXim-CooresTM (coupled geochemical and transport reactive
software packages). Geostatistical modelling was also applied to the Ranero
hydrothermal fault-associated dolomites by coupling FracaTM and GOCAD
software packages.

In 2009, we embarked on larger-scale studies of diagenesis, concerning
basin-scale processes. Fluid inclusion analyses across the Apennines Jurassic
platform as well as the petrographic and mineralogic investigations of the
Cretaceous Mannville tight sandstones gave a larger framework for the
investigated diagenetic processes (Deschamps et al. 2012). At that time,
I initiated my second Ph.D. project which consisted of a basin-scale diage-
nesis study of the Permo-Triassic Khuff carbonates in the United Arab
Emirates (Fontana et al. 2010, 2014). I was also involved in the CAPSARK
project (BRGM, IFPEN, GeoGreen), which aimed at proposing sites for
CO2-storage in the Kingdom of Saudi Arabia. This project allowed me to
undertake a comprehensive stratigraphic and structural geology review at the
scale of Saudi Arabia (Jaju et al. in press).

In 2010, two new aspects of diagenesis research were added to our
ongoing projects. The first consisted in developing more advanced tech-
niques on quantifying diagenetic phases by means of 2D and 3D image
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analyses with micro-CT and MATLABTM tools. We became capable of
quantifying diagenetic phases from high-resolution scans of thin sections and
3D scanned rock samples. The postdoctoral project of Eva de Boever, which
I have conceived, allowed us also to link the micro-CT approach to (reactive)
Pore-Network Modelling to establish a possibility to model dissolution of
carbonates or precipitation of anhydrite based on 3D scanned images at the
scale of plugs (De Boever et al. 2012). The second aspect of diagenesis also
concerned quantifying techniques, but at a larger, reservoir scale. Here, we
benefited from collaboration with the Petroleum Institute in Abu Dhabi
(UAE) in order to analyze a huge petrographic and petrophysical database
across an oilfield (Morad et al. 2012). We constructed maps showing the
proportional distribution of diagenetic phases (such as dolomite and anhy-
drite) and relative abundance of cements, such as syntaxial calcite over-
growth (Nader et al. 2013). Such maps were essential and preceded
geostatistical modelling (with CobraFlowTM) which helped in illustrating the
reservoir heterogeneity based on quantitative diagenesis at the oilfield scale
(MSc. Thesis of Morad 2012). Henceforth, I have put together a workflow
whereby quantifying tools (such as 2D/3D image analyses) can be used to
achieve quality control on industrial petrographic and petrophysical data, and
then statistical analyses of the data sets are done by EasyTraceTM software
before undertaking geostatistical modelling with CobraFlowTM.

In 2011 and 2012, I had the opportunity to work as a geology consultant at
the Ministry of Energy and Water in Lebanon at the time of the preparation
for the first Lebanese offshore licensing round. I discovered basin-wide
reflection seismic data (2D and 3D) and their major importance, not only for
hydrocarbon exploration assessment but also for stratigraphic and structural
studies. At that time, Petroleum Geo-Services (PGS) and Spectrum Geo Ltd.
were busy acquiring 2D and 3D seismic surveys covering the whole Leba-
nese offshore exclusive economic zone (EEZ; exceeding 19,000 km2).
I learned about the wealth of data provided by these surveys in the frontier
gas-bearing Levant Basin (Nader 2011, 2014a). I have initiated three Ph.D.
projects based on such seismic data and fieldwork onshore Lebanon. These
projects are to be integrated, and cover the stratigraphic (Hawie et al. 2013),
structural (Ghalayini et al. 2014) and petroleum (Bou Daher et al. 2014)
aspects of Levant Basin. Having established the basin-scale framework for
the Levant Basin research with various European academic and industrial
partners, I am looking forward eventually to tackle reservoir-scale studies
once exploration well data will be made accessible.

Upon my return to IFPEN (end of 2012), I worked on extending my
research network over the Eastern Mediterranean region (including new
Ph.D. projects offshore Cyprus; Ph.D. projects of N. Papadimitriou and
V. Symeou, 2014–2017). Additional 2D and 3D seismic interpretations were
carried out on the first seismic profiles onshore Lebanon and the Messinian
salt in the Levant Basin, respectively. Numerical modelling of diagenesis
also took a considerable part of my work, including geostatistical modelling
at the reservoir-scale and geochemical reactive transport modelling of
dolomitization. We developed simple examples of rock-water geochemical
simulations with ArXim. For instance, geochemical modelling can provide
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simple estimations of porosity destruction or enhancement in the freshwater
lens during carbonate platform growth. Such modules can be eventually
plugged in forward stratigraphic modelling tools (e.g. DionisosFlowTM) and
help in predicting the effect of diagenetic processes during the growth of a
carbonate platform. The eventual goal for geochemical RTM is the predictive
modelling of diagenetic processes and their impacts on reservoir properties.
They ought to be used as tools to question certain scenarios and to infer about
the sensitivity of specific parameters.

Today, we have an operational workflow for proposing conceptual models
of diagenetic processes based on studying surface-exposed rocks and well
cores. We are able to quantify the diagenetic products in carbonate rocks with
various techniques and on varying scales. In addition, we have the possibility
to use distinct software packages for numerical modelling. I have been
involved in all aspects of this workflow by undertaking and supervising
research projects on plug, reservoir and basin scales.

On a more global level, the way forward, seems evident to me as the
integration of workflows at different scales. I would like to improve such
integration by planning research projects that go from a basin scale (using
seismic data, outcrop-analogues, well cores, etc.) to a reservoir scale, and
eventually the plug scale. Such integration will bring more constrains on the
boundary data, better validation for models, and less uncertainty.

This book is based on the thesis I have defended on the 19 March 2015,
for acquiring my Habilitation diploma (HDR) at the Université Pierre et
Marie Curie (UPMC, Sorbonne Universities, Paris, France), and about 12
years of research work—mainly on carbonate rocks. The present book
composed of five chapters. First, an introductory chapter outlines the general
topics of diagenesis (i.e. characterization, quantitative diagenesis and
numerical modelling) that will be further investigated in this work. Three
chapters follow consecutively bringing appropriate emphasis on the actual
state of the art and the future perspectives for each of these three topics,
respectively. In addition, future development trends are discussed at the end
of each chapter. Chapter 5 presents major conclusions and general per-
spectives, which are grouped in five sections (i.e. characterization techniques,
quantitative methods, modelling workflows, integration of modelling work-
flows and the way forward). It is my belief that the larger, basin-scale picture
is of importance to carbonate rock diagenesis studies, as it provides the
broader framework for fluid migrations and can help in setting the boundary
conditions for reservoir-scale studies. This contribution aims to highlight the
multi-scale aspect of diagenesis and provide a road map for future research
projects (including techniques, workflows and tools).

Rueil-Malmaison, Paris, France Fadi Henri Nader
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1Introduction

Diagenesis refers to any physical, chemical,
and/or biological process that alters carbonate
rocks after deposition (until metamorphic con-
ditions are reached). When the ambient condi-
tions of the rocks and intrinsic fluids change, or
upon migration of extrinsic fluids into a
rock-mass, processes such as dissolution, pre-
cipitation and mineralogical changes may occur.
These so-called diagenetic processes have been
already investigated and described through hun-
dreds of studies covering the whole sedimentary
rock-record, and practically anywhere on our
planet.

1.1 Diagenetic Realms

The concept of “diagenetic realms” has been
proposed in order to better characterize the dia-
genetic processes in carbonate rocks (Longman
1980; Moore 2001). A “diagenetic realm” is
defined as a distinct environment that can be
described by specific physico-chemical and spa-
tiotemporal conditions, where explicit processes
prevail (Fig. 1.1).

Carbonate sediment petrologists employ this
concept to be able to recognize and even predict
similar patterns of diagenesis in such specific
environments. Yet, the investigated rocks that are
initially subjected to one diagenetic realm and
subsequent processes may also be subjected to

different realms throughout the basin history.
Accordingly, carbonate diagenetic evolution
could be progressive, abrupt or even cyclic
(Parker and Sellwood 1994).

The main carbonate diagenetic realms are
marine, meteoric, and burial (Fig. 1.1), each of
which is inherently associated with the prevailing
type of fluids. The marine realm comprises a
stagnant zone and an active zone, both with
marine-related fluids. While the former zone,
represents areas with no considerable water cir-
culation, and is characterized by minor cemen-
tation (rather micritization), the latter active zone,
includes pervasive cementation—e.g. isopachous
fibrous aragonite—chiefly due to considerable
water circulation and subsequent replenishment
of seawater aqueous species. The meteoric
(freshwater) realm is divided into (upper) vadose
and (lower) phreatic environments. The former
includes a zone of carbonate dissolution by
undersaturated meteoric water (e.g. development
of cavernous porosity, karst), and a zone of
precipitation where minor meniscus, pendent and
spelean cementation occurs. The freshwater
phreatic environment is characterized by three
distinct zones (i.e. dissolution, precipitation,
stagnant), whose limits are chiefly function of the
aquifer’s water-table position. Mouldic and
vuggy porosities are the result of intense disso-
lution by undersaturated waters in the dissolution
zone (or high pCO2), while little cementation is
commonly recorded in the stagnant zone (due to
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absence of water circulation and replenishment).
This is quite contrasted to active water circula-
tion and rapid cementation within the precipita-
tion zone, usually leading to considerable
porosity destruction. Equant calcite cement
(completely replacing aragonite and occluding
pores) characterizes this zone. If burial condi-
tions prevail within the context of freshwater
phreatic zone, the special patterns of drusy

mosaic and syntaxial overgrowth and poikilo-
topic cements may occur. Note that drusy mosaic
and syntaxial overgrowth cements are also
formed in marine settings. The burial (subsur-
face) realm is mainly characterized by
lithology-dependant compaction and pressure
solution. Sparry calcite cement (relatively
coarsely-sized) characterizes subsurface diagen-
esis (Fig. 1.2a). In addition, mineral replacement

Fig. 1.1 Schematic representation of major carbonate diagenetic realms, related processes and resulting products in a
carbonate platform (Longman 1980; Parker and Sellwood 1994; Moore 2001)
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(e.g. dolomitization, silicification) as well as
early chemical reactions (e.g. illite/smectite)
often occur within the burial realm (Fig. 1.2b).

Other diagenetic realms include special
marine-related environments (e.g. marine vadose,
sabkha; McKenzie 1981) and mixing zones (e.g.
Ward and Halley 1985; Humphrey 1988). ‘Sab-
khas’ are “low-lying salt encrustrated surfaces
sometimes adjacent to perennial/ephemeral bod-
ies of brine—e.g. the Arabian/Persian Gulf, Gulf
of Suez and the Red Sea, Australia, North Africa,
Mexico” (Reading 1996). Fault-related zones can
also be regarded as a special type of localized
diagenetic realm for fluid-flow and mixing of
intrinsic and extrinsic fluids. The hydrothermal
dolomitization processes and what has been
referred to as HTD (high-temperature dolomite;
e.g. Davies and Smith 2006) possess distinctive
genetic conditions that allow them to be con-
sidered in a separate group of diagenetic
environments.

Themes related to the microbial effects on
diagenesis have attracted the attention of many
scientists in the last decade (e.g. Riding and
Awramik 2000). Microbes (bacteria, small algae,
fungi and protozoans) may produce acids that
alter/dissolve pre-existing minerals, or set
chemical environments that favour (induce and
enhance) mineral precipitation. In other words,

these abundant organisms are capable of gener-
ating, modifying and sustaining sediments (e.g.
Freytet and Verrecchia 2002; Foubert and
Henriet 2009). Accordingly, microbial processes
associated with early phases of diagenesis (dur-
ing, and/or just after sediment deposition) may
produce extensive sedimentary structures and
geo-bodies of interest for hydrocarbon explo-
ration (Fig. 1.3; Immenhauser et al. 2005).

Diagenetic processes are also grouped
according to their temporal characteristics
(Fig. 1.4). ‘Eogenesis’ is a term given to the
diagenetic processes occurring just after sedi-
ment deposition and before burial—it invokes
‘early diagenesis’. Yet, sedimentary rocks spend
most of their time under burial conditions and
this is referred to as ‘Mesogenesis’. Finally,
when the rocks are uplifted and exposed to sur-
face processes, ‘Telogenesis’ is frequently used
to describe the associated diagenetic phases.
Caution must be taken when using such terms
since the temporal factor remains a relative one.
For instance, we could imagine a fracture-
associated hydrothermal dolomitization event
affecting a prevailing eogenetic or telogenetic
environment. Besides, similar diagenetic pro-
cesses, such as cementation, dissolution, mineral
replacement, can occur in any of these realms.
Since this classification approach does not take

Fig. 1.2 Photomicrographs of diagenetic phases charac-
teristic of the Jurassic shallow marine carbonates in
Lebanon (Middle-East): a Plane-polarized transmitted
light view of mosaic/interlocking sparry calcite cement

typical of burial diagenesis; and b Replacive,
coarse-crystalline planar subhedral dolomite interpreted
to be of hydrothermal origin, viewed under cathodo-
luminescence microscopy
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into account the intrinsic fluids for each of the
environments, the associated processes/phases
remain un-constrained.

The concept of diagenesis realms and zones
equally applies to silici-clastics (sand and shale)
as well as evaporites, and should not be restricted
to carbonate rocks. This idea is certainly adopted
by the author, though this book tackles specifi-
cally carbonate diagenesis.

1.2 Porosity and Diagenesis

Choquette and Pray (1970) followed by Lucia
(1995) established the main foundations of what
is called today “Porogenesis”, invoking the
evolution of porosity during carbonate diagene-
sis. The basic types of porosity in carbonate
rocks were first grouped as fabric and not fabric

selective (Choquette and Pray 1970). In the first
category, primary porosity types include inter-
and intra-particle, fenestral, shelter and growth
framework. Mouldic and intercrystalline porosity
types are considered secondary (post-deposition)
fabric-selective. Not fabric selective porosity
types are all secondary and they include frac-
tures, channels, vugs (and caverns). In addition, a
genetic approach to the porosity development
and evolution was achieved by providing
clues regarding the major diagenetic process
(cementation/filling versus dissolution) and its
magnitude/extent (Fig. 1.5). Lucia (1995) and
later on Lønøy (2006) go even further and try to
associate grain types (and size) to porosity types.
Using porosity/permeability relationships, they
aimed to better understand the permeability of
carbonate rocks (attempts towards better
rock-typing).

Fig. 1.3 Field photograph showing the Lower Creta-
ceous microbialithes of the Qishn Formation in Wadi Baw
(Oman) during a field visit with Petrobras (in 2007). The

index photos represent analogue modern build-ups (from
Freytet and Verrecchia 2002)
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Decades ago, porosity was chiefly investi-
gated by petrographers through microscopic
examinations of thin-sections representing only
2D views of the three-dimensional pore space.
Petrophysicists measure independently the flow
properties (e.g. MICP, Air-Permeability) of the
same bulk rocks, hence taking into account the
three-dimensional aspect of the macro-porosity.
Besides, wireline logs, petro-acoustic and seis-
mic data are routinely used for modern reservoir
characterization and rock-typing (discussed fur-
ther in Chap. 3). This mismatch in analytical
measurements (2D vs. 3D) brought a major
challenge for precise quantitative description of
flow properties (porosity and permeability) in
carbonate rocks. It often represented a difficulty

in integrated studies and communication between
the petrographer, the petrophysicist and the
reservoir engineer.

Today, with advances in X-ray computed
tomography and new generations of scanning
electron microscopes, the bridge between petro-
physics and petrography has been provided
(discussed further in Chap. 2). The pore space
can be investigated with 3D scanning and
micro-scanning, and eventually linked to the 3D
flow properties of sedimentary rocks (Fig. 1.6).
Such approach is at the micro-scale and needs to
be brought up to the scale of reservoirs. To do so,
one major step remains and that is to constrain
correctly the challenging representative elemen-
tary volumes (REV). Pore Network Modelling

Fig. 1.4 Carbonate diagenesis occurs in depositional and
erosional environments with distinct spatiotemporal zones:
Eogenetic, Mesogenetic and Telogenetic. Schematic

illustration not to scale (slightly modified from Choquette
and Pray 1970)
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(PNM) can also be used to analyse the pore
structure evolution in carbonate rocks. More
recently reactive-PNM and micro-CT techniques
have been used to investigate the evolution of
flow properties influenced by diagenesis, e.g.
dissolution/precipitation (Fig. 1.7; Algive et al.
2012; De Boever et al. 2012). Alternatively,
numerical flow simulations can also be under-
taken through 3D pore-space models.

1.3 Quantitative Diagenesis

Diagenesis is indeed one the major factors that
influence porosity/permeability distribution
within hydrocarbon reservoirs (and aquifers).
Certainly, it remains the least used in today’s
numerical modelling techniques—most of the
time because of seldom quantitative description.

Fig. 1.5 Schematic illustration of porosity evolution during diagenesis: progressive dissolution (from mould to vug)
and porosity reduction by cementation (slightly modified from Choquette and Pray 1970)
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Assessing precisely the diagenetic sensitivity of
sedimentary rocks, especially the highly reactive
carbonates (Wilson 1975), is a crucial task for
reservoir geologists. Quantitative diagenesis

(Parker and Sellwood 1994) emerged as an
approach to quantify processes and responses
(e.g. geochemical mass-balances, thermal evolu-
tion) from micro- to basinal scales. Quantifying

Fig. 1.6 3D Porosity network building based on
micro-CT and image analyses (from De Boever et al.
2012): a Image binarisation revealing the extent and
(intercrystalline/vuggy) types of porosity—in white;
b Skeleton representation of porosity (assigned minimum

distance to porosity border; blue to red colours express
increasing “minimum distance to porosity border”); and
c partitioned pore space illustrating the dual porosity
(1000 � 1000 � 1000 pxls; separate colours for specific
pore clusters)

Fig. 1.7 Integrated techniques for constraining flow
properties (porosity and permeability) during dissolution
of dolomite and successive anhydrite cementation of a
reservoir rock (De Boever et al. 2012): a Image of sample
plug (diameter 23 mm), quantitative XRD data, classical
porosity and permeability measurements; b Pore-size

distribution through MICP; c Transmitted light micro-
scopic image (2D thin-section) showing the dolostone
(Dol; C = cement; R = replacive) texture and anhydrite
(Anh); d and e Schematic illustration of rock fabrics
as a result of dissolution/precipitation and deduced
porosity/permeability evolution
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diagenetic phases (representing processes) has
become a widespread activity, which is com-
monly applied at varying scales (Fig. 1.8).

The volumes of dolostone bodies at the
outcrop-scale can be quantified by means of
geo-referenced (aerial) photographs coupled with
digital elevation models (e.g. Shah et al. 2012).
Ground-based hyperspectral imaging combined
with lidar scanning has also been used to reveal
distinct diagenetic as well as lithological facies
on the almost vertical faces (50 m � 15 m) of
the Ranero Pozalagua Quarry (Cantabria Spain;
Kurz et al. 2012). Quantifying such “diagenetic”
geobodies and heterogeneous carbonate reser-
voirs can be also done at the seismic-scale
(Sagan and Hart 2006), offering the possibility to
integrate quantitative diagenesis to seismic
interpretation. This step is very rewarding for
providing reservoir-analogues for the less known
subsurface reservoirs.

At the sample-scale, dolomite/calcite relative
abundance can be measured with X-ray diffrac-
tometry (XRD) and petrographic techniques.
Furthermore, 3D high resolution scanning can
yield the 3D volume of major mineralogical
phases (e.g. micro-CT technologies; Fig. 1.9).
Together with image analyses and modelling,
such 3D quantitative assessment can be applied
for several diagenetic steps and could illustrate
the porosity evolution through the deduced par-
agenesis. Quantitative approaches also include
geochemical and isotopic analyses as well as

measurements carried out on fluid inclusions
(discussed in Chap. 3). All of these techniques
lead to somehow quantitative data representing
frequency (e.g. volumes of chemical species or
mineralogical phases) and/or physico-chemical
conditions (e.g. temperature, pressure). Progress
in technology, leading to higher resolution and
better precision of measurements (e.g. Mees et al.
2003; De Boever et al. 2012), will certainly
promote quantitative diagenesis studies. Yet, a
new rising challenge is related to upscaling

Fig. 1.8 Photograph showing the extent of hydrothermal dolomites (dark brown) in platform carbonates (Ranero,
northern Spain)

Fig. 1.9 3D cube of a typical Jurassic Arab C dolostone
sample (Middle East), which have been scanned with
micro-CT at resolution of 1.5 µm. Dolomite is in grey,
anhydrite in white and the pore space in black
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and/or downscaling the quantitative data, and
associating them together. One of the first step in
taking up such a challenge remains the adequate
definition of the representative elementary vol-
ume (REV) of especially heterogeneous carbon-
ate rocks (Fig. 1.10; e.g. Nordahl and Ringrose
2008).

1.4 Numerical Modelling
of Diagenesis

For many years, numerical modelling has been
considered to be a useful way for predicting and
further explaining diagenetic processes (e.g.
Boudreau 1997). For instance, forward mod-
elling aims at providing substantial information
about the porosity/permeability heterogeneous
evolution in a certain reservoir due to specific
diagenetic processes. Still, such models should
be regarded as numerical tools capable of

answering certain questions and assessing sensi-
tivity issues rather than mimicking natural
processes.

Numerical modelling of diagenetic processes
can focus on a variety of spatiotemporal scales,
applying different, custom-tailored techniques.
Basin modelling is already used in order to
confirm or refute certain conceptual diagenetic
models; e.g. a proposed hydrothermal dolomiti-
zation may be ruled out if no considerable dif-
ferences in host-rock and fluid temperatures
prevail. Such powerful techniques can also give
valuable insights on the fluid flow and thermal
evolution at the basin-scale. Numerical models
therefore help in deducing whether precipitation
or dissolution of a certain phase is more likely to
occur. Numerical models can be constructed on
reservoir-scale aiming at the prediction of
heterogeneous distributions of the diagenetic
phases, such as dolomite fronts and CO2-based
dissolution. Furthermore, numerical simulations
of cement precipitation and plugging the reser-
voir’s pore-space coupled with experimental
analyses could be achieved at the micro-scale.

Today, modelling diagenesis is chiefly
undertaken with three different approaches:
(i) geometry-based; (ii) geostatistical; and
(iii) geochemical. Once a certain diagenetic
process has been demonstrated to have played a
major role in shaping up the heterogeneous
character of reservoir rocks, whereby the result-
ing impacts are well apprehended, numerical
modelling can be safely undertaken. Geometry-
based modelling helps in explaining geometric
heterogeneity distribution. Karstification and
fracture-related diagenesis are good candidates
for this approach. For example, certain privileged
dissolution directions/planes are assumed to be
associated with karstic conduits formation, and
the numerical model will implement the conduit
geometries accordingly (e.g. models constructed
with GoKarst/GOCAD software packages).
Studies on fracture-related dolomitization also
benefit from this type of modelling, whereby
certain fractures may represent sites of presence
of dolomites or their dissolution (Fig. 1.11; dis-
cussed further in Chap. 4).

Fig. 1.10 Illustrations showing subsampling schemes for
determining the Representative Elementary Volume
(REV). Calculation of a certain parameter (e.g.
macro-porosity%) is undertaken for volumes increasing
either around the centroid (“Central out”; a) or downwards
from the upper surface of the data-set (“Top down”; b)
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Geostatistical methods are often used for
reservoir-scale modelling and make use of con-
siderable amount of data. Generally speaking,
modelling precision relates to the quantity of
input data (e.g. well cores description, wireline
logs, petrographic analyses, MICP, permeability).

In any case, geostatistical modelling aims to fill
in (via intelligent extrapolation; e.g. plurigaus-
sian, multiple point) the space between control
points with known ‘exact’ data. Hence, the
resulting simulation consists of having cells
filled with the most probable facies/phase.

Fig. 1.11 Geometry-based modelling of the fracture
related Ranero hydrothermal dolomites (northern Spain):
a 3D model (6000 � 2000 m), whereby the distribution
of dolomites (brown) within the limestone facies has been

associated to NW-trending fractures/faults; b NE-SW
cross-section (diagonally) across the model (a) showing
the distribution of dolomites and original limestone host
rock
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This is not a predictive approach but rather an
extrapolation workflow based on probability.
It certainly helps in illustrating a probability-
based reservoir heterogeneity, ahead of flow
simulations (Fig. 1.12; discussed further in
Chap. 4).

Geochemical modelling makes use of ther-
modynamic and kinetic rules and data-bases to
simulate chemical reactions and fluid-rock
interactions. This can be done through a 0D
model (e.g. ArXim, PHREEQ-C), whereby a
certain chemical process is tested and analysed.
Hence, the method is process-based. It can also
consist of changing parameters through time (e.g.
thermal/flux variations) while remaining in the
same dimensional configurations. The results are
usually in two groups, those related to the fluids
and those related to the mineral phases. They

could be used as arguments to support or refute
proposed outcomes of fluid-rock interactions, and
to clarify the distinct assumptions of open versus
closed system diagenesis or better still, to discuss
degrees of open-ness as a function of time and
specific chemical species type (e.g. Ca, Mg, CO2,
SO4, H2S).

Coupling geochemical modelling with
reactive-transport allows the simulation of
fluid-flow and associated processes. Geochemi-
cal RTM are attractive as they provide forward
simulations of diagenetic processes and resulting
phases (see Fig. 1.13; discussed further in
Chap. 4). Yet, they need to be validated since
most of these processes occurred in different
temporal and physico-chemical conditions. This
remains today a weak point for the geochemical
approach in modelling diagenesis.

Fig. 1.12 Results of geostatistical stochastic joint simulations of sedimentary facies and diagnetic imprints of the three
stratigraphic units in the Madison Formation, Wyoming—USA; Barbier et al. 2012)
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Fig. 1.13 Results of reactive transport modelling of
reflux dolomitization showing the volumetric evolution
(in %) of dolomite, anhydrite and porosity upon the
formation of dolomite front (from Jones and Xiao 2005):
a, b Simulated spreading of the dolomite front from 0.2 to

2.0 m.y. after injection of dolomitizing fluids; c, d Anhy-
drite precipitates at the front of the propagating dolomite
body decreasing drastically the bulk rock porosity; e, f The
associated porosity evolution from 0.2 to 2.0 m.y. show-
ing the increased porosity within the dolomite body
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1.5 Objectives

Through this contribution, the actual state of the
art for characterizing diagenetic processes and
providing conceptual models (Chap. 2) is pre-
sented to the best knowledge of the author.
A variety of tools and approaches for quantitative
assessments of diagenetic processes at various
scales, and their impacts on the porosity of sed-
imentary rocks will be discussed in Chap. 3.
Numerical modelling of diagenesis will be fur-
ther discussed in Chap. 4. This chapter ends with
a proposed workflow for integrated basin and
reservoir modelling, aiming to further assess the
impacts of multi-scale diagenesis on the hetero-
geneity of carbonate reservoir rocks.

No finalized workflows are present here, but
rather work in progress. More emphasis will be set
on the utility of the different sorts of modelling
approaches and their challenges. This contribution
is both a review and a look to the future presenting
aspects of diagenesis studies that have been well
understood so far, and highlighting future chal-
lenges for better predicting quantitatively diagen-
esis on a wide range of scales. The heterogeneous
reservoir properties of carbonate rocks—as well
that of silici-clastics—need to be well appreciated
in order to achieve sustainable use of our under-
ground realms (e.g. enhanced oil recovery,
geothermal energy, CO2/gas/water storage). Sev-
eral new techniques and numerical tools will be
tailored to reach such goals in the near future.
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2Characterization of Diagenesis

Several inter-related factors lead to complicated
heterogeneities in sedimentary rocks, including
the depositional settings, diagenetic processes, as
well as tectonics and burial/thermal evolution of
the basin (Cantrell et al. 2001; Roure et al. 2005;
Ehrenberg et al. 2007; Rahimpour-Bonab et al.
2010). Substantial heterogeneities are often
associated with carbonate reservoir rocks,
resulting in a significant challenge for the opti-
mization of hydrocarbon production and recov-
ery (Ahr 2008), underground storage of gas (e.g.
carbon capture and storage—CCS), freshwater
and geothermal energy applications. In order to
characterize properly such heterogeneities, stud-
ies of diagenetic phases (products) have to be
combined to classical sedimentological investi-
gations and basin analyses (e.g. burial history).

By ‘characterization’, description and classi-
fication are invoked. The diagenetic phases,
which are produced by certain processes under
specific conditions, are precisely described and
then ascribed to carbonate diagenetic realms (see
above, Chap. 1). Accordingly, predictive deduc-
tions could be applied concerning the extent of
such phases and their impacts on the host-rocks
at various scales. Diagenetic phases cover a wide
range of types, some of which are: (i) miner-
alogical phases, such as cements; (ii) fluid pha-
ses, such as trapped fluid inclusions;
(iii) transformed matter, such as dissolved
material; and (iv) and resulted pore space. They
are commonly investigated with a variety of
tools, somehow specific to the type of phases at

hand, which make the state of the art of today’s
characterization workflows for diagenesis.

2.1 State of the Art
(Characterization of Diagenesis)

Classical carbonate diagenesis studies make use
of a wide range of analytical techniques and aim
to describe and explain specific, relatively
time-framed, diagenetic processes (e.g. Nader
et al. 2004; Gasparrini et al. 2006; Fontana et al.
2010; Ronchi et al. 2011; Swennen et al. 2012).
Currently used techniques combine petrographic
(conventional, cathodoluminescence, fluores-
cence, scanning electron microscopy with energy
dispersive spectrometer—SEM/EDS, and 3D
X-ray micro-computed tomography, micro-CT),
geochemical (major/trace elements, stable oxy-
gen and carbon isotopes, strontium isotopes,
magnesium isotopes, clumped isotopes), and
fluid inclusion analyses (microthermometry,
Raman spectrometry, crush-leach analysis), pro-
viding the state of the art characterization tools
and further independent arguments to support or
discard any of the proposed conceptual models.

Diagenetic studies usually follow classical sed-
imentological descriptions of sedimentary rocks.
Various techniques are used in order to describe the
diagenetic phases. Here, descriptions—seldom
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quantitative, rather qualitative—are made on rock
textures, primary sedimentary and diagenetic fea-
tures as well as cements (in matrix and fractures/
veins). Mineral replacements (e.g. dolomitization)
and porosity are also investigated. A proper diage-
netic study should lead to the following results:
(i) identifying and defining the various diagenetic
phases; (ii) organizing the diagenetic phases in
chronological order—i.e. constructing a paragene-
sis (usually based on cross-cutting relationships and
relative dating); (iii) inferring about the nature of
originalfluids that are responsible for the diagenetic
processes and, subsequent, phases; and (iv) recon-
structing the physico-chemical conditions that have
prevailed during the respective diagenetic pro-
cesses. Such results are inherent to develop con-
ceptual models that explain the evolution of
fluid-rock interactions and the sequence of diage-
netic processes. Recently, this is also associated

with burial modelling in order to constrain the
spatiotemporal settings of the diagenetic processes
(e.g. Lopez-Horgue et al. 2010; Fontana et al. 2014;
Peyravi et al. 2014).

Several techniques are commonly used when
describing diagenetic phases in carbonate rocks.
The classical ones are presented here.

2.1.1 Fieldwork

Whether the study concerns subsurface well cores
or surface-exposed rocks, the first step consists of
describing the accessible rocks and selecting
representative samples for further, laboratory
investigation. The field description of the diage-
netic geo-bodies—sometimes of seismic-scale—
(e.g. dolomite fronts) and facies (e.g. zebra
dolomites) provides the basic building blocks for

Fig. 2.1 Map showing dolomite occurrence and fracture (fault) lineaments in Cretaceous platform carbonate rocks
exposed in Ranero (NE Spain), based on aerial photographs and fieldwork
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any study. Here, mapping of diagenetic features is
essential in order to understand the associated
fluid-flow and the conceptual rock-fluid interac-
tions (Shah et al. 2012; Nader et al. 2012;
Fig. 2.1). In some cases, petrographic analyses
can be achieved at the outcrop-scale (Fig. 2.2).

Many samples are usually collected by ham-
mering pieces of rocks out of outcrops, whereas
others are drilled out (with a micro-drillers) to
retrieve detailed diagenetic cross-cutting features
(e.g. distinct veins/fractures, stylolites) and/or to
decrease the sample weight. Drilled samples are
usually termed ‘plugs’, while hand-specimens
are simply referred to as ‘samples’. When nee-
ded, oriented sampling is performed (i.e. mea-
suring the sample position with respect to
bedding and/or magnetic north). Table 2.1 lists
the bulk material of a typical study—i.e. number
of samples, thin sections, geochemical and min-
eralogical analyses, microthermometry and sam-
ples for crush-leach analyses. Sampling is

usually performed either vertically across strati-
graphic columns, and/or laterally along sedi-
mentological and/or diagenetic facies changes. It
is usually planned on the m/cm scale across
cross-cutting features considered to be of
importance for the objectives of the study. For
well-cores, detailed sedimentological logs are
needed as background, based on which, sam-
pling is performed.

2.1.2 Petrography

Petrographic analyses remain the basics of any
diagenetic study. Carbonate rocks are investi-
gated routinely with microscopic techniques to
describe their textures, fabrics, and porosity. The
various diagenetic features (replacive minerals,
cements, dissolution, pressure-solution, etc.), are
detailed and placed in chronological order based
on cross-cutting relationships. Subsequently, a

Fig. 2.2 Out-crop scale petrographic observations on the
world class fault-associated dolomites in the Ranero,
Pozalagua quarry/auditorium (NE Spain): a Overall view
of the dolomite front in bluish-grey limestone;

b Cemented paleo-karst cavity in the limestone; c Lime-
stone clasts in distinct dolomite cement phases; d Various
calcite and dolomite cement phases

2.1 State of the Art (Characterization of Diagenesis) 17



paragenesis is proposed and will be further
refined with geochemical and mineralogical
investigations as well as fluid inclusions analysis.

Samples are systematically subjected to pre-
liminary preparation and ‘pre-microscopic’
observation (of cut-faces) before thin section
preparation and subsequent conventional micro-
scopic examination (Nader 2003). In general,
plugs are less often processed through this
scheme, and frequently anticipated to thin section
preparation.

2.1.2.1 Pre-microscopic Observations
‘Pre-microscopic observations’ encompass a series
of steps necessary for providing larger scale petro-
logical information of a sample, and for efficiently
locating representative two-dimensional thin sec-
tions. Accordingly, sample preparation first con-
sists of sawing the pieces or plugs in order to
produce flat cut-faces or ‘slabs’, which are then
processed for polishing, etching, staining (and
peeling, see Nader 2003), all combined with low
magnification binocularmacroscopic investigation.
Staining carbonate rock slabs is usually done by
applying a solution of potassium ferricyanide blue
and alizarin red S (Dickson 1966). This is done in
order to distinguish (ferroan) calcite and (ferroan)
dolomite (Fig. 2.3). Other types of solution may be
used to distinguish other minerals (e.g. feldspars,
anhydrite/gypsum; e.g. Doummar 2005). The
practical result of the ‘pre-microscopic’ procedures
for each sample is to be able to decide whether thin
section(s) is (are) to be prepared, and to choose the
optimal location for the thin section(s).

When thin-sections are available for the study,
best is to stain them (see above) and scan them
with a high resolution scanner, in order to pro-
vide high-quality images for further quantitative
measurements.

Recently the computerized tomography CT
technique provides the possibility to scan bulk
rocks (or well cores) in 3D in order to select the
optimal sampling locations, before destroying the
bulk sample. Then, smaller plugs can be drilled
out of the bulk rocks and scanned with higher
resolution. This technique should also be coupled
with classical microscopic investigations.

2.1.2.2 Microscopic Observations
Thin sections are studied through conventional,
fluorescence and cathodoluminescencemicroscopy
(e.g. CL: Technosyn Cold Cathodoluminescence
Model 8200Mark II; operation conditionswere16–
20 kV gun potential, 350–600 µA beam current,
0.05 Torr vacuum and 5 mm beam width).
Cathodoluminescence is simply the luminescence
emitted by minerals when they are excited with
radiation caused by an electron beam (Machel et al.
1991; Fig. 2.4). Microscopic viewing under
fluorescent light can be used to investigate organic
matter, to emphasis the porosity of carbonate rocks
(impregnated with fluorescent dye), and to identify
HC-rich fluid inclusions. Both fluorescence and
cathodoluminescence (CL) microscopy should
only be performed after the completion of con-
ventional microscopic examination. Usually, for
each CL and fluorescence photomicrograph a
transmitted-light double is also taken. These

Table 2.1 Total list of material used throughout a typical diagenetic study (Nader 2003)

Sections
locations

Samples
(thin
sections)

AAS AES O/C isotopes
(sequential)

Sr
isotopes

XRD Wafers Crush-leach

Jeita-Metn 226 (160) 140 14 125 (21) 19 33 8 12

N. Ibrahim 191 (106) 48 83 (2) 2 25 4 5

Qadisha 83 (32) 42 56 14

Total 500 (241) 230 14 264 (23) 21 72 12 17
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techniques proved to be very useful for pre-set
targets (e.g. determination of specific cement types,
emphasis porosity, comparison between similar
diagenetic phases present in different samples,
assessing the homogeneity of the sample for precise
isotopic and/or chemical analyses).

Scanning electron microscopy (SEM) is a
technique that allows the petrographic examina-
tion under three-dimensional viewing and higher
magnifications (10–100,000 times). The rela-
tively old JEOL-JSM 6400 Scanning Electron
Microscope unit is an example of SEM devices
with operating conditions of 15–40 kV acceler-
ating voltage, 2.10−7 to 10−9 A probe current,
and working distance of 8–39 mm. The newer,
EVO MA10 Zeiss SMT equipment has a

computer-motorized five axis stage, enabling
rapid sample observation. It operates with a
tungsten filament at 15 kV and 100 mA, and a
probe current of 150–700 pA (for SE imaging
and EDS analysis, respectively). Combined with
an Energy Dispersive X-ray Spectrometer (EDS),
relative determination of compositional elements,
based on the X-ray energy, may be performed.
The SEM works by producing a high energetic
electron beam in vacuum (inside an electron gun;
LaB6 or tungsten filament) that is accelerated
towards the specimen surface (Fig. 2.5). The
electron bombardment of the specimen surface
results in two types of electrons—low energy
secondary electrons (SE) and high energy
backscatter electrons (BE). The former electrons
are captured in a photomultiplier tube and
transformed into an image on the screen, while
the latter backscatter electrons (BE) are used to
detect compositional variations (given that the
intensity of the BE is composition dependent, i.e.
related to the mean atomic number of the target).

High resolution 2D compositional analyses are
performed with new SEM-EDS (and/or micro-
probes; EPMA) equipment (e.g. Zeiss EVO SEM,
Oxford ESS), by applying punctual analysis for
chemical composition and mineral mapping on
thin-sections (Fig. 2.6). The time counting of
1000 microseconds can be set for spectral

Fig. 2.3 Stained polished, etched slab of dolomite from
the Ghalilah Formation (Upper Triassic) in Ras Al
Khaimah (UAE), showing the host dolomite “Dm”
together with fracture-filling non-ferroan (unstained)

dolomite cements (Dc1 and Dc2) and a later phase of
ferroan saddle dolomite cement (stained in blue, Ds), and
a later calcite cement phase (C1), stained in red (from
Fontana et al. 2014)

Fig. 2.4 A sketch showing the elementary constituents
of cathodoluminescence (CL) microscopic technique: An
electron beam focused on the upper face of a thin-section
(or polished sample surface), which emits light
(CL-pattern) that is observed under a microscope
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imaging, and the acquisition time for 86 � 128
pixels in the order of 1 h 30 min. Accordingly,
mineral assemblages can be mapped, and the
porosity change associated to mineralogical
transformations through diagenesis can be deter-
mined. X-ray intensity maps of all elements are
transformed to oxide wt.% by means of software
packages (e.g. AZtecEnergy, produced by Oxford
Instruments) constrained by EDS standardization.
Statistical cluster analysis is commonly used to
identify the different phases occurring in the
samples (see below). Data output (fromSEM-EDS
analyses) can be further analysed with MatlabTM

software based on De Andrade et al. (2006).

2.1.3 Geochemistry

A large variety of geochemical analyses are used
in order to describe the chemical patterns of the
diagenetic phases and to infer about the original
fluids (at the time of precipitation or recrystal-
lization). This quest remains very difficult and
tricky due to the subtle “resetting” of the geo-
chemichal signatures of carbonate minerals

during diagenesis (e.g. Frisia et al. 2000). Only
some of the major geochemical analyses that are
routinely used for diagenesis studies are pre-
sented below.

2.1.3.1 Major and Trace Element
Analyses

Major and trace elements allow defining the
chemical characteristics of the diagenetic mineral
phases, and eventually better constraining thefluid
systems occurring during related diagenetic pro-
cesses. Subsequently, they can also help in under-
standing the overall physico-chemical conditions
and evolution through the proposed paragenesis.

Major and trace element analyses are carried
out by flame Atomic Absorption Spectrometry
(AAS), Atomic Emission Spectrometry (AES),
and Inductively Coupled Plasma Mass Spec-
trometery (ICP-MS) which can be also coupled
to a Laser Ablation device (LA-ICP-MS) to
allow direct analysis of solid phases. In fact
without Laser ablation, the rock samples need to
be dissolved in solutions prior to analysis. Bulk
samples (e.g. limestone/dolostone rock matrix),
uni-phase samples (e.g. dolomite or calcite veins)
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Fig. 2.5 Simplified illustration of the interior of a scanning electron microscope (SEM; a) and the resulting detected
forms of energy (b). Sketch from Emery and Robinson (1993)
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and multi-phase samples (e.g. dolomite/calcite of
a calicitized dolostone) could be analysed by
AAS (Fig. 2.7; Nader 2003; Maussen 2009). Due
to their non-carbonate impurities and mixed
volumes of calcite and dolomite, carbonate rocks
are very problematic when it comes to deter-
mining their major and trace elemental distribu-
tion. The designed analytical procedures for
sample preparation are the result of tedious trial
and error lab-work.

2.1.3.2 IFPEN Protocol for AAS
(Maussen 2009)

Flame atomic absorption spectrometry (AAS:
Varian SpectrAA 240FS) is perfectly adequate to
determine major and trace elements composition

of sedimentary rocks (e.g. Ca, Mg, Fe and Mn
contents among others). For major and trace
element analyses, dolostone and limestone pow-
dered samples (1 g of each) are leached in 40 ml
(1 M) HCl and left on hot plates until evapora-
tion. The residues are dissolved for a second time
in 20 ml (1 M) HCl. Samples containing both
calcite and dolomite are subjected to a sequential
extraction procedure modified from Nader (2003)
prior to geochemical analyses (Maussen 2009).
Samples are leached in 60 ml of 4 %v/v. acetic
acid to remove the calcite phase. After reaction,
the remaining samples are evaporated. The resi-
due is dissolved in 20 ml of 25 %v/v. nitric acid,
the calcite evaporate is then dissolved with 20 ml
of 25 %v/v. nitric acid. After filtering and rins-
ing, the resulting solution is considered to rep-
resent the calcite phase. The remaining solids
(assumed to represent the dolomite phase and
clays) are subjected to similar leaching proce-
dures: dissolution in 20 ml of 25 %v/v. nitric
acid, evaporation and dissolution in 20 ml of
25 %v/v. nitric acid. After filtering and rinsing,
the resulting solution is considered to represent
the dolomite phase and the remaining solids are
clays. Calibration of the AAS needs to be
achieved by means of a multi-element standard
solution (in a 5 %v/v. nitric acid matrix). The
multi-element standard solutions and sample

Fig. 2.6 Results of high resolution 2D elemental com-
positional SEM-EDS analysis performed on a stylolite in
a dolostone from Latemar, northern Italy (courtesy of
Katreine Blomme, KU Leuven): a stained thin-section
with ferroan dolomite cement and clay-filled stylolite;
b SEM photomicrograph showing a close-up view of the

yellow rectangle in (a) together with 3 spots of EDS
analysis on clay, dolomite and calcite zones; and c EDS
map of the area indicated by the yellow rectangle in b,
showing a dolomite veinlet (rich in Mg) cross-cut by a
calcite veinlet (rich in Ca) within the silica-rich clay of the
stylolite

Schematic illustration of AAS equipment
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the atomised sample

Photomultiplier
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Fig. 2.7 Simplified diagram of AAS equipment and
constituents—courtesy of Maussen (2009) (from A.
Walsch: http://www.hsc.csu.edu.au/chemistry/core/
monitoring/chem943/943net.html)
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solutions are commonly matrix corrected for Ca
and Mg. Analytical precision on ppm contents is
generally less than 5 % for both mixed
calcite/dolomite and dolomite samples.

2.1.3.3 Stable Oxygen and Carbon
Isotopic Analyses

Oxygen and Carbon isotopic analyses help in
shedding lights on the original type of fluids and
temperature prevailing throughout diagenesis.
Stable oxygen isotopes reflect the original fluids
and the temperature during precipitation of the
analysed carbonate phase. Thus, an independent
argument is needed in order to estimate one of
these two variables. Stable carbon isotopes are
inherently related to the original seawater and
soil-derived carbon. Often the d13C signature of
the investigated diagenetic phase is buffered by
that of the host-rocks (e.g. pointing towards its
marine origin).

Stable isotope analyses are frequently done in
specialized laboratories (e.g. Université Pierre et
Marie Curie UPMC, Paris—France; Institute of
Geology and Mineralogy, University of Erlangen
—Germany). Samples are usually micro-drilled
or micro-milled from the stained rock-slabs (or
directly from thin sections), and sent to the
qualified laboratory. The carbonate powders are
commonly reacted with 100 % phosphoric
acid (density > 1.9; Wachter and Hayes 1985) at
75 °C in an online carbonate preparation line
(Carbo-Kiel—single sample acid bath) connected
to a Finnigan Mat 252 mass-spectrometer. All
values are reported in per mil relative to Vienna
Pee Dee Belemnite (V-PDB) by assigning a d13C
value of +1.95‰ and a d18O value of −2.20 ‰
to NBS19. Oxygen isotopic compositions of
dolomites are usually corrected using the frac-
tionation factors given by Rosenbaum and
Sheppard (1986). Reproducibility based on
replicate analysis of laboratory standards is better
than ±0.02 ‰ for d13C and ±0.03 ‰ for d18O.

For the samples that contain calcite and dolo-
mite phases together (inseparable; e.g. dedolo-
mite), a special double collection procedure can be
performed (e.g. Nader et al. 2008). The same
sample (about 10 µg, powdered) is first reacted
with 100 %phosphoric acid for 2 h in awater-bath

at 25 °C. The extracted CO2 is assumed to repre-
sent the calcite phase. Then, the reaction with the
acid continues for 36 h (same operating condi-
tions), or at higher temperatures (for a shorter time
duration), before a second extraction of CO2 con-
sidered to represent the dolomite phase.

2.1.3.4 Strontium Isotope Analyses
Strontium isotope ratios are usually used in order
to determine either the age of the investigated
diagenetic phase (compared to the evolution of
the marine Sr curve; Fig. 2.8) or to infer about
rock-fluid interactions (e.g. mixing and interac-
tion with radiogenic Sr fluids).

Sr isotope analyses are also carried out in
specialized laboratories (e.g. BRGM, Orléans—
France; SARN-CNRS, Nancy—France; SUERC,
Glasgow—United Kingdom). Carbonate samples
are leached in 1 M ammonium acetate prior to
acid digestion. Calcite is digested in 1 M acetic
acid, and dolomite in 6 M HCl. Sr is separated in
2.5 M HCl using Bio-Rad AG50W X8 200–400
mesh cation exchange resin. Total procedure
blank for Sr samples prepared using this method
is <200 pg. In preparation for mass spectrome-
try, Sr samples are loaded onto single Ta fila-
ments with 1 M phosphoric acid. Sr samples are
analysed on a VG Sector 54–30 multiple col-
lector mass spectrometer. A 88Sr intensity of 1 V
(1 � 10−11A) ± 10 % is maintained and the
87Sr/86Sr ratio is corrected for mass fractionation
using 86Sr/88Sr = 0.1194 and an exponential law.
The VG Sector 54–30 mass spectrometer is
operated in the peak-jumping mode with data
collected as 15 blocks of 10 ratios.

2.1.4 Mineralogy

Mineralogical investigations are usually done by
means of X-ray diffraction (XRD) technique for
various purposes: (i) determination of clay min-
erals, (ii) determination of amounts (%) of min-
eral phases in a rock (e.g. calcite, dolomite,
anhydrite), and (iii) assessment of dolomite
nonstoichiometry and crystal ordering.

The relative determination of calcite/dolomite
percentage in a carbonate rock is possible by
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means of relative comparison of calcite/dolomite
peak surfaces and Rietveld modelling. Optimized
workflows have been designed based on several
authors (e.g. Hutchison 1971; Royse et al. 1971;
Tucker 1988), and experimental laboratory work.
Dolomite nonstoichiometry—mole (M) %
CaCO3—is often calculated using the relation-
ship between calcium content and d[104] spacing
(Goldsmith and Graf 1958) and applying the
equation of Lumsden to the measured d[104]
spacing (Lumsden 1979):

NCaCO3 ¼ M dþB

where NCaCO3 is the mole% CaCO3 in the
dolomite crystal lattice, d is the diffractogram’s
peak d spacing in Angstrom units, M is 333.33
and B is −911.99.

Dolomite crystal ordering can be assessed by
calculating the FWHM (full width of half maxi-
mum intensity) of themain dolomite peak onX-ray
diffractograms. Experience showed that, within the
context of relative assessment, this method yields
better results than those of other traditionalmethods
(described in Tucker 1988), where the surface area
of the accessory dolomite smaller peaks are used to
determine ordering ratios (Nader 2003). Jones et al.
(2001) proposed a methodology for assessment of
‘heterogeneous’ dolostones, which exhibit multiple
peaks and/or shoulders.

2.1.4.1 IFPEN Protocol for XRD (Turpin
2009; Turpin et al. 2012)

Small portions of each sample are uniformly
ground in an agate mortar for XRDmeasurements.

Alumina from NIST is added to each powder
sample for use as an internal standard (50 weight
%) and the mixture is again ground until it
becomes homogeneous. The Alumina cell
parameters are taken from the NIST information
(SRM 676a). XRD patterns are collected using Cu
radiation with step size of 0.017°2h and counting
time in the order of 91 s.2h−1 (with a position-
sensitive detector on an X’pertPro Panalytical
diffractometer). The identification of minerals is
performed on the measured digitized diffrac-
tograms, using the ICDD database (PDF4+). XRD
analyses in h–2h configuration is performed with a
parallel beam focused by an elliptic W/Si crystal
mirror. The measurements are undertaken on the
powder samples enclosed in a 1 mm glass capil-
lary, to enable the analysis of the whole sample.

Structure and cell refinements are then per-
formed on the resulting diagrams. The structure
refinement method (Rietveld 1969) is based on a
least-squares refinement procedure which
employs directly the profile intensities obtained
from step-scanning measurements of the powder
diagram. It allows making some quantitative
judgment of the agreement between observed
and calculated integrated intensities instead of
profile intensities. A fair approximation to the
observed integrated intensities can be made by
separating the peaks according to the calculated
values of the integrated intensities. Based on all
diffraction peaks, the Rietveld refinement is used
to quantify the relative proportions of coexisting
phases in samples and cell refinement, to deter-
mine the unit cell parameters of the dolomite
crystals. The peak positions of the NIST Alumina

Age (Ma)

Sr
87

- 200

- 100

0.710

0.709

0.708

0.707

0.706

0

- 300

6004002000

Sr
87

Sr
86 /

T K J P C D S O PCTR Camb.

Fig. 2.8 Variations of
87Sr/86Sr in seawater
throughout the geologic
time (from Emery and
Robinson 1993). Detached
lines represents the
approximate limits of
uncertainties

2.1 State of the Art (Characterization of Diagenesis) 23



are used to correct the peak shift error (in
two-theta) for the various constituent of each
sample between experimental and calculated
profiles. The relative error on quantification via
Rietveld refinement has been already calculated
for common minerals. The uncertainty is logi-
cally linked to the phase proportion in the sam-
ple: when abundance is <5 %, uncertainty
is >75 % while it is <10 % when proportion
is >80 %.

2.1.4.2 Electron Microprobe
Electron microprobe analyses (EMPA) are usu-
ally undertaken only on key samples. Their use
aims to map mineralogical assemblages (and
possible evidence of incorporated Fe and Mn in
the carbonate minerals). EMP (mapping) analy-
ses are achieved using a Cameca SX100 micro-
probe under the following analytical conditions:
15 kV, 100nA, 0.3 s for all analysed elements
(e.g. Ca, Mg, Fe, Mn, Sr), with 1 µm spot size
and 5 µm step size.

The electron microprobe is standardized on
diopside for magnesium and calcium, garnet for
iron, rhodonite for manganese and celestine for
strontium. X-ray intensity maps of all elements
were transformed into oxide weight% concen-
tration maps according to the procedure of De
Andrade et al. (2006), using high quality point
analyses. A statistical cluster analysis could
identify the different major mineral phases
occurring in the samples. For carbonate clusters,
a structural formula is calculated for each pixel
using a 1 oxygen basis, and assuming all iron to
be divalent (Fig. 2.9). The maps of structural
formulas are then filtered to remove pixel anal-
yses located at the limit between different
homogeneous phases (mechanical mixing on
contaminated analyses). The remaining structural
formulas were filtered using the following
equations: (i) 0.96 < Ca < 1.14; (ii) 0.86 < Mg <
1.04; and (iii) 0.0 < Fe < 0.1 (per formula unit
with 0.1 as standard analytical error). This set of
constraints are defined by natural variation
of typical dolomite compositions between
two end members; i.e. Ca0.96Mg1.04(CO3)2 and

Ca1.14Mg0.86(CO3)2 calculated for 48 and 57 %
dolomite nonstoichiometry, respectively.

2.1.5 Fluid Inclusions

Analyses of fluid inclusions trapped in diagenetic
minerals (and cements) provide one of the few
tools that allow a direct reconstruction of the
thermal and fluid composition history of a sedi-
mentary basin (e.g. Ceriani et al. 2002; Swennen
et al. 2003; Nader et al. 2004).

2.1.5.1 Microthermometry
Microthermometric analyses of fluid inclusions
are performed on double-polished sections using
a Linkam THMSG 600 heating cooling stage
mounted on an Olympus BX60 microscope. The
liquid-vapor homogenization temperatures (Th)
of two-phase primary and pseudo-secondary
aqueous fluid inclusions are studied in order to
estimate the temperature of precipitation for the
host crystal. Assuming that the investigated
minerals derive from a certain fluid system (such
as NaCl-H2O), the final melting temperatures of
ice (Tm) are used to infer about the salinity of the
fluid itself (Fig. 2.10). Measurement accuracy is
usually in the order of 1 °C for Th values and
0.2 °C for Tm values. Th values are also used in
association with d18O isotopic data in order to
reconstruct d18O composition of the parent
fluids.

2.1.5.2 Crush-leach Analyses
Specific sample phases are carefully cut from
core or hand sample using a saw and then
cleaned with a dentist’s drill, mainly representing
phases whose fluid inclusions were properly
investigated. The samples are crushed and sieved
to give a 1–2 mm grain size fraction and
hand-picked under a binocular microscope to
obtain 2 g of a clean mineral separate where
possible. The samples are then washed in
18.2 ml water, heated overnight on a hot plate,
electrolytically cleaned for 1 week and then dried
in an oven. 1–2 g of sample are ground to a fine
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Fig. 2.9 SEM backscattered electron image (left) and
cluster analysis of electron microprobe map (right), as
well as mean structural formula for two different

dolomites with varying chemical composition in Ca–
Mg-Fe ternary diagram. Triassic dolomite rock sample
(well core) from the French Jura (Turpin 2009)
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powder in an agate mortar and pestle in a clean
and controlled environment. Half the powder is
transferred to an unreactive vial and 5 ml of
clean water was added. These samples are sha-
ken, and filtered through 0.2 micron filters to
give a clean leachate. Anions (Cl, Br, F and
sulfate) are analysed using a Dionex DX600 ion
chromatograph or ICP-MS (see above). Na and
K and other cations are analysed on the same
leachate using atomic absorption spectroscopy or
ICP-MS.

2.1.6 Integrated Techniques
for Building Conceptual
Models

Through the application of various techniques,
independent arguments are collected to describe
the diagenetic features and organize the respec-
tive phases (and processes) in chronological
order. Hence, a paragenesis can be presented, and

it is commonly associated with a porogenesis
(evolution of porosity, see above). It spans the
time since the deposition until burial and/or
surface exposure—practically until sampling
took place (Fig. 2.11).

Each of the documented diagenetic phase
represents a certain process that is pigeon-holed in
a diagenetic realm with specific physico-chemical
conditions. Then a conceptual model could be
associated with the defined process. Based on
detailed petrographic analyses with geochemical
characterization of the key diagenetic phases and
fluid inclusion analyses, Nader et al. (2007) con-
structed the paragenesis of a hydrothermal dolo-
mite front in Jurassic platform carbonate rocks.
The cross-cutting relationships as well as the
petrographic and geochemical characteristics of
the dolomite phases helped in relative-dating the
process of front emplacement. Accordingly, a
conceptual model could be presented illustrating
the spatial/temporal evolution of the hydrothermal
dolomite front (Fig. 2.12).

Fig. 2.11 Proposed sequence of diagenetic phases (par-
agenesis) for the dolostones of the Marjaba HDT front
(central, Lebanon) based on petrographic, geochemical
and fluid inclusion analyses. Cartoons a–c represent the
proposed conceptual model of the dolostone front

emplacement and evolution (beige dolomite, ferroan
zoned dolomite, dolomite cementation/dissolution) during
the Kimmeridgian-Tithonian, Tithonian-Early Cretaceous,
and early Cretaceous, respectively (Nader et al. 2007)
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Alternatively, reflux, burial or fracture-related
dolomitization models (Fig. 2.12) may be
invoked to explain a certain dolomite phase,
whose petrographic and geochemical character-
istics have been detailed. By following similar
workflows, and through the comparison with
other similar study cases, further constraints on
the geometry (extent) and timing of the process
may be reached. In addition, the hydrodynamic
settings during the operation of such process may
be proposed. The spatial heterogeneity in the
host rock is eventually qualitatively estimated
together with the impacts on reservoir properties
(namely, porogenesis).

2.2 Future Perspectives

At this stage, it is fair to state that the various
characterization methods for diagenesis and
overall workflows are well advanced. Additional
analytical techniques will certainly bring more
precision and better constrains to diagenesis,
namely through quantitative techniques. Indeed,
some new, promising analytical techniques are

currently being developed, building up further
the state of the art of diagenesis studies (e.g.
clumped oxygen and magnesium isotopic anal-
yses). In addition, new cutting edge technologies
in investigating porosity will undoubtedly bring a
new era. Until today, the analyses of porosity in
sedimentary rocks often is based on the rock
textures—see above, the classifications of Cho-
quette and Pray (1970) and Luccia (1995) and
Lønøy (2006). The coming years will probably
reveal another approach to understand the
porosity evolution by focusing on the investiga-
tions of the pore space itself. This is becoming
possible through advances in computed tomog-
raphy techniques capable of capturing the porous
space in 3D at the macro-scale (intergranular)
and micro-scale (intra-granular).

2.2.1 Clumped Oxygen Isotopic
Analyses

Oxygen stable isotopic analyses infer about the
nature of the original fluids and the temperature
during precipitation of carbonate minerals. Such

Fig. 2.12 Examples of conceptual dolomitization models and their schematic geometries and extent. The expected
fluid flow pathways are indicated with arrows (from Nader et al. 2013)
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results are hindered by two variables (original
fluids chemistry and precipitation temperature, as
presented above). Fluid inclusions analyses are
often used as an independent approach to con-
strain the precipitation temperatures, and, toge-
ther with stable oxygen isotopic results, confirm
the original nature of the precipitating fluid. Yet,
carbonate rocks in general (and dolomites in
particular) have fluid inclusions that often are
damaged by leakage or stretching. A new
paleo-thermometer is therefore needed, one that
can be used on several types of cement
fabrics/types, and that is not associated to any
other unknown variable. The ‘clumped’ oxygen
isotopic analyses are believed to provide such
paleo-thermometry approach, and are expected to
have great analytical potentials in the near future.

While the classic stable isotopic analyses (e.g.
d18O, d13C) aim to estimate the difference
between the isotopes’ ratio (e.g. 18O/16O,
13C/12C) of the rock sample compared to that of
an international standard, the ‘clumped’ isotopic
analyses distinguishes specific ‘isotopologues’—
i.e. molecules of similar chemical composition
but different isotopic composition. Practically,
the isotoplogue of CO2 with a mass of 47—i.e.
D47—(where the heavy, rare isotopes of carbon
and oxygen, 13C and 18O, are substituted in the
CO2 molecule; i.e. 13C18O16O2

2−) is measured
representing the amount of ‘clumping’ of the
heavy isotopes in the crystal lattice (Fig. 2.13).
This is achieved by simultaneous measurement
of d18O and d13C to D47 in the same sample,
with no comparison with external references.

The amount of ‘clumping’ can be known at a
specific temperature according to the laws of ther-
modynamics. Ghosh et al. (2006) demonstrated
that a single calibration line could be derived for the
D47 values of different carbonate minerals that
have precipitated at distinct temperatures
(Fig. 2.14; Eiler 2007). Hence, ‘clumped’ isotopes
are free of mineral specific fractionation effects in
contrast to d18O and d13C measurements. D47 is
independent of the original fluid d18O composi-
tion; it only reflects temperature.

Accordingly, the carbonate ‘clumped’ isotope
paleo-thermometry is based on the temperature-

dependent formation of an isotoplogue of CO2

with a mass of 47 within the carbonate minerals
(13C18O16O2

2− ionic groups, as presented above).
This is done by determining D47 values of CO2

extracted from the minerals, and comparing
results with the temperature calibration line.

More recently, analyses of clumped isotopes
have been made possible and standardized for
calcite and dolomite (e.g. Dennis et al. 2011).
Henceforth, estimations of the crystallization
temperatures of diagenetic calcites at tempera-
tures varying from 14 to 123 °C (Huntington
et al. 2011) and synthetic dolomites at tempera-
tures between 25 and 350 °C (Bonifacie et al.
2013, 2014), have been achieved and published.
The calibration lines for calcite and dolomite are
currently being improved with additional

Fig. 2.13 The amount of “clumped” oxygen isotopes is
calculated by the measuring the quantity of D47 isotop-
logues of CO2 in a calcite lattice (i.e. 13C18O16O2

2−),
which is a function of temperature of crystallization
(illustration courtesy of Xavier Mangenot, IFPEN 2015)
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published data (pers. communication Xavier
Mangenot, IFPEN 2015).

2.2.2 Mg Isotopic Analyses

Magnesium (Mg) is a major rock-forming element
in terms of its abundance (second, after oxygen).
It is ubiquitously present in the seawater, where
most of carbonate rocks are formed. It is also
present in the hydrological and biological systems
(Young and Galy 2004). The multiple-collector
inductively coupled plasma-source mass spec-
trometers (MC-ICP-MS) is capable to properly
measure the Mg isotopic ratios 25Mg/24Mg and
26Mg/24Mg in dissolved samples (e.g. Young and
Galy 2004). Besides thermal ionization mass
spectrometry (TIMS) allows precise measure-
ments of the differences in 26Mg/24Mg from a
fixed “terrestrial” value.

Li et al. (2012) measured the Mg isotope
fractionation between Mg-bearing calcite and Mg
in aqueous solutions over a range of temperatures
(4–45 °C). Their results, together with those of
other workers (e.g. Schauble 2011; Rustad et al.
2010) allowed to constrain furthermore the Mg
isotope fractionation factors between carbonates
and solution (see Fig. 2.15). They have also

demonstrated that the D26/24Mgcal–sol fractiona-
tion is insensitive to pCO2, solution chemistry,
and calcite composition, and that it is only
slightly affected by temperature. Therefore, the
Mg isotopes can be used to constrain Mg fluxes
(including continental weathering) in modern and
ancient marine systems.

Mg isotopic compositions of carbonate min-
erals could be compared to the d26Mg of modern
carbonates, and become of interest for diagenesis
studies (e.g. Lavoie et al. 2011; Li et al. 2012).
For instance, they can offer important insights
into the sources of Mg (necessary for the
dolomitization processes), and thus, they can
validate some conceptual models of dolomitiza-
tion (Fig. 2.16). Often d26Mg isotopic analyses
are done after securing other classical geochem-
ical analyses (e.g. d18O, d13C, 87Sr/86Sr) and
fluid inclusions. Lavoie et al. (2011) revealed

Fig. 2.14 Interpolated (solid) line of D47 values (in ‰)
and corresponding temperatures (in K) for inorganic and
organic carbonates (from Eiler 2007)

Fig. 2.15 Theoretically predicted Mg isotope fractiona-
tion factors (from Li et al. 2012 and references therein):
aMg isotope fractionation factors between carbonates and
solution with respect to temperature. b Mg isotope
fractionation factors between magnesite and dolomite
relative to temperature
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linear relationships between the d26Mg, d18O,
and 87Sr/86Sr values for the Paleozoic dolomites
of eastern Canada. Accordingly, they were able
to constrain the nature of the dolomitizing fluid
and its probable source from mafic and
ultra-mafic volcanic rocks.

2.2.3 U-Pb Dating

U-Pb dating method of carbonate minerals is
actually applicable to almost the entire geologic
time scale, while it was previously somehow
restricted to Pleistocene speleothems (e.g. Ver-
heyden et al. 2008). Smith et al. (1991) suc-
ceeded U-Pb radiometric age determination of
secondary calcite phases in Middle Devonian
carbonate rocks and corals (Ontario, USA),
paving the way to direct dating of carbonate
diagenesis. Advanced technology for the new
versions of MC-ICP-MS coupled with laser
ablation, and the new thermal ionization mass
spectrometers (TIMS) allowed higher precision
and adequate measurements even if the U and Pb
quantities are minute in the investigated samples.
Thus, U-Pb dating has been undertaken suc-
cessfully on carbonates from a broad range of
depositional and diagenetic environments.

Rasbury and Cole (2009) presented the state of
the art in terms of laboratory techniques and
analytical protocols for achieving U-Pb dating on
carbonate minerals. There is no doubt that this
method has a great potential for dating diagenetic
phases and inferring related processes.

Grandia et al. (2000) succeeded in U-Pb and
Th–Pb dating of carbonates that are associated
with Mesozoic MVT ore deposits. Since, most
carbonates are somehow affected by diagenetic
alterations, the main difficulty in applying such
radiometric isotope dating is in distinguishing the
time of formation of the deposit from its diage-
netic alteration (Jahn and Cuvellier 1994; Ras-
bury and Cole 2009). This relies more on the
petrographic investigations—and other diage-
netic characterization techniques—than on the
precision of radiometric dating. Indeed, the U-Pb
dating technique abides by the necessary con-
siderations common to most of used radioiso-
topic systems for dating. These are: (i) daughter
isotopes are initially homogeneous; (ii) par-
ent/daughter ratios are well spread; (iii) relevant
half-life decay of the parent [with respect to the
measured age]; and (iv) prevailing closed system.
In addition, some problematic issues have to be
taken into consideration when applying U-Pb
dating for carbonates (Jahn and Cuvellier 1994):

Fig. 2.16 Magnesium
isotopic composition
(d26Mg DSM3) of different
Mg sources (e.g.
limestones, seawater,
rainwater, silicate rocks,
plant material), as well as
resulting sabkha-, mixing
zone and lacustrine
dolomites (from Geske
et al. 2015)
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(i) U-Pb incorporation during carbonate rock
deposition/formation; (ii) identification of the
U-carriers in the carbonates; (iii) time interval
between deposition and diagenesis as mentioned
above (e.g. dolomitization); and (iv) diagenesis
influence on Pb isotopic homogenization and
U-Pb redistribution.

The resulting isochrones represent, for a
specific age, the parent-daughter ratio on x-axis
while the y-axis shows the ratio of the daughter
isotope over the same denominator used for the
x-axis (Fig. 2.17).

More recently, Li et al. (2014) undertook
U-Pb dating on early calcite cements in Meso-
zoic ammonites with LA‐ICP‐MC‐MS

technique. The analyzed cements resulted in
U-Pb ages that are close to 159 Ma (Fig. 2.18a)
and 165 Ma (Fig. 2.18b, c), about 10 and 15 Myr
younger than the Bajocian and Toarcian strata
where the ammonites are found, respectively (the
stratigraphic intervals have numerical ages of
168.3–170.3 Ma, and 179–180 Ma; Gradstein
et al. 2012). Li et al. (2014) interpreted the
measured ages to be the time at which the walls
and internal structures of the ammonites as well
as the early-diagenetic fringing cements inverted
from aragonite to calcite and distributed their
uranium content into the fringing cements as they
recrystallized during late diagenesis. This study
shows the subtlety of this method and the
necessity to interpret the produced analytical
results with critical reasoning, taking into con-
sideration other independent arguments.

2.2.4 3D Porosity

The flow properties of carbonate rocks are diffi-
cult to characterize, and to subsequently predict.
Various classifications attempt to associate dif-
ferent types of porosity (partially based on the
textures of rocks and their constituents) with
measured permeability values (e.g. Lucia 1995;
Lønøy 2006). Statistical analyses are usually
performed on industrial well cores data-bases of
thin section porosity typing with the corre-
sponding flow properties measurements (e.g.
MICP, Air-Permeability, Helium-Porosity).
These analyses lead to rock-typing throughout
the investigated reservoirs, which is a necessary
step for reservoir-modelling. Subsequently,
reservoirs are subdivided into zones with specific
porosity/permeability characteristics (among
other properties).

The current applied workflow for classical
reservoir rock-typing is about to evolve with the
advances in X-ray computed tomography cap-
able of providing high resolution, three-
dimensional imaging of the pore networks.
Micro-CT approach coupled with 3D-image
analyses allow, indeed, the characterization of
the pore space in 3D irrespectively of the rock

Fig. 2.17 Examples of isochrones evolved to a same
age, i.e. 200 Ma from both, homogeneous (a) and
heterogeneous (b) starting conditions. These results show
demonstrate that “correct” ages can be obtained even with
initial scatter in Pb isotopes (represented here by higher
MSWD values; from Rasbury and Cole 2009)
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texture itself. Porosity becomes a 3D network of
isolated and/or connected space (Fig. 2.19),
through which flow modelling can also be
achieved (Talon et al. 2012).

2.2.4.1 Micro-CT Setup and 3D-Image
Reconstruction

CT scan is commonly applied on a 23 mm core
(plug) sample permitting the optimal selection of
a representative miniplug of 5 mm diameter.
This miniplug, which is micro-drilled in the core
(plug) sample, will be subject to micro-CT
scanning. Hence, 3D images could be acquired
using a Nanotom high resolution X-ray
micro-CT from PHOENIX X-Ray (e.g. De

Boever et al. 2012). The sample is fixed on a
horizontal rotation axis, placed between the
source and the detector. 2D projections are
acquired by rotating the sample over 360° at
rotation steps of 0.2°. Parameters during acqui-
sition are a tube voltage of 90 kV and a current
of 170 µA. The detector consists of a Hamamatsu
flat detector (110 mm � 110 mm) made up of a
2304 � 2304 pixels (pxls) grid, with a step of
50 µm. The source-object distance is 11.8 mm
and the source-detector distance 200 mm, pro-
viding a resolution of 3 µm (pixel size). The
presence of very fine pores and pore throats
however required an even lower pixel size. To
increase the resolution, the detector acquisition
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Fig. 2.18 Diagrams of LA–ICP–MC–MS–Pb data that has been normalized to TIMS measurements of early calcite
cement in Jurassic ammonites (from Li et al. 2014). See text for details
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mode is applied. By shifting the detector along
the projection plan it creates a virtual detector of
2304 � 4608 pxls, allowing a larger field of
view. Then the source-object distance is adjusted
to 6.2 mm to double the magnification ratio.
With this set up the resulting resolution is
1.5 µm. In counterpart, the acquired data size
and the acquisition time double. Further
improved conditions may lead to higher resolu-
tions, in the order of 0.5 µm—this certainly
necessitates longer acquisition time.

Each acquisition (with a 1.5 µm resolution)
generates 1800 TIFF projections that are used for
the numerical reconstruction of volumetric data.
The maximum volume that can be reconstructed
and stored at full resolution is 1000 � 1000 �
1000 pixels. The reconstruction (PHOENIX
algorithm) uses a cone beam Feldkamp algo-
rithm. The beam hardening effect is corrected by
using a metal Cu-filter (0.1 mm) and by applying
a mathematical correction during the recon-
struction process.

2.2.4.2 Building an Equivalent Pore
Network from the Actual
Pore Space

The workflow for the image treatment and anal-
ysis of the reconstructed 3D-volumes consists of
(1) visualizing, isolating (segmentation) and
quantifying the resolved pore space and different
mineral phases, (2) the reconstruction of an
equivalent pore network and description of its
parameters, and (3) the reconstruction of ancient
pore networks.

The volume is visualized and analysed using
the Avizo software package (version 6.2, VSG,
France). In order to reduce noise, increase image
contrast and facilitate thresholding, the image
histograms are stretched and the images are fil-
tered if appropriate (noise reduction, application
of brightness/contrast filter). This results in an
improved separation of the grey level peaks in
the image histograms (Fig. 2.20). Segmentation
of the grey level image to accurately separate
each grey class one by one includes a

Fig. 2.19 Extracted
macro-pore network for the
Estaillades carbonate rock
standard (France). The
scale bar represents the
width in microns of the
pore space (courtesy of the
IFPEN Petrophysics group)
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thresholding step, followed by filtering opera-
tions (removal of islands) and morphological
operations (smoothing, shrinking and growing).
More details can be found in Youssef et al.
(2008). This creates a binary 3D image of each
phase or grey class and allows calculating the
volumetric percentages of the sample con-
stituents. The quality of the image segmentation
can be evaluated by comparing the calculated
volumetric percentages with results of laboratory
measurements on the 23 mm plug.

Porosity is compared to He-porosity mea-
surements. Quantitative XRD results are used to
calibrate the volumetric percentages for the dif-
ferent mineral constituents. The result of image
segmentation is a 3D labelled binary image that
allows visualizing the spatial distribution of each
sample constituent. The pore space is typically
composed of several, independent clusters. To
further proceed, the pore space should include at
least one, important percolating cluster to acquire
representative results during transport property
simulations.

Once a binary 3D image of the resolved pore
space is captured, an equivalent network of pore
bodies and pore throats can be built, which can be
used in network models for the calculation of
petrophysical properties. The procedure consists in
three principal steps: skeleton extraction, pore space
partitioning and parameter extraction (Fig. 2.21).

The skeleton extraction step uses the Distance
Ordered Homotopic Thinning algorithm

implemented in Avizo. The algorithm computes
the shortest distance of each point of the fore-
ground (void space) to the background (solid
phase). The resulting distance map is then used
to guide the thinning algorithm, resulting in a
thin, centralized skeleton that preserves the
topography of the original pore space. By means
of the distance map, each voxel of the skeleton is
marked with the minimum distance to the
boundary of the void space. The skeleton of the
pore space is then partitioned into groups of lines
belonging to the same pores and separated by
throat points that correspond to the restrictions
between pores. Subsequently, the different pores
are geometrically separated and labelled by
adding the binary image of the pore space to the
labelled line set image using a voxel growth
constrained algorithm. The process of pore net-
work reconstruction allows defining several sta-
tistical parameters of the equivalent pore
network, e.g. the pore size distribution, based on
the pore radii and the coordination number of
each pore (Youssef et al. 2008).

In addition, the ancient pore networks (shape,
dimension, and inter-connectivity) could be
reconstructed from 3D micro-CT images. Their
transport properties may then be simulated (e.g.
Talon et al. 2012). The procedure consists of an
additional segmentation and pore network
building step analogues to the procedure outlined
above. The segmentation step involves a double
thresholding operation. The present pore space is

Fig. 2.20 a 3D grey scale view of micro-CT scan (2000 � 1000 � 1000 pxls) of a typical Jurassic Arab C dolostone
(Middle East). b Grey level histogram (De Boever et al. 2012)
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isolated and merged with the segmented volume
of a second mineral phase. This approach has
been applied on the typical (Jurassic) Arab C
dolostones, whose intercrystalline porosity is
plugged by anhydrite. The pore space before
anhydrite precipitation (see Figs. 2.20 and 2.21),
was accordingly reconstructed (for more details
see De Boever et al. 2012).

2.2.4.3 Numerical Simulation
of Mercury Intrusion
and Permeability

Following pore space partitioning, a connection
matrix is built that is used to simulate mercury
intrusion and calculate the permeability. A full
drainage curve is obtained through a step by step
invasion of an entire pore volume that is

Fig. 2.21 Equivalent network building of the actual pore
structure of a typical Jurassic Arab C dolostone (Middle
East): a 3D grey scale view of micro-CT scan
(1000 � 1000 � 1000 pxls); b Segmented image with

porosity in red, following the binarisation step; c 3D
skeleton representation as lines in the centre of pores,
preserving the original pore topography; d partitioned
pore space of the entire volume
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accessible via its throat radius for a fixed capil-
lary pressure (Pc). The procedure is explained in
detail by Youssef et al. (2007). Comparison of
simulation results with lab permeability and
Purcell mercury porosimetry measurements are
used to validate the quality of the reconstructed
pore network and pore partitioning (Fig. 2.22).

2.3 Discussion

Diagenetic processes can be unveiled through the
detailed description of the related diagenetic
phases. For example, petrographic examination
of dolomite crystals together with geochemical
and fluid inclusions analyses lead to suggest
specific processes for their formation (i.e. con-
ceptual models of dolomitization). In addition,
dolomite studies have benefitted from excep-
tionally well exposed outcrops, where the
geometry of the dolomitized geo-bodies could be
apprehended (e.g. Shah et al. 2012; Dewit 2012).
At Ranero (northern Spain), we have achieved
relatively detailed mapping of such dolomite
geo-bodies through analysis of aerial pho-
tographs and field observations (cf. Fig. 2.1).
Still, petrography takes the largest share when
conducting a typical study on diagenesis.
Description and classification schemes of diage-
netic phases (cements, replacive minerals,
porosity) remain basically the outcome of

classical petrographic examinations whether with
conventional, cathodoluminescence and/or scan-
ning electron microscopic techniques.

A series of geochemical, mineralogical and
fluid inclusion analyses are also carried out sys-
tematically within the framework of common
diagenesis studies on carbonate rocks. Major and
trace element compositions are frequently mea-
sured through geochemical analysis or electron
microprobes. A variety of laboratory workflows
(adapted to specific instruments: AAS, AES,
LA-ICP-MS) are available, but I have chosen to
highlight the ‘sequential extraction’ procedure
that concerns samples containing both calcite and
dolomite phases, in order to measure separately
the major and trace elements of each phase
(Nader 2003). Stable oxygen and carbon isotopic
analyses are very common nowadays and they
are carried out at specialized laboratories. Here,
the ‘special double collection’ procedure that is
applied on calcitized dolomites is presented
(Nader et al. 2008). Though more expensive,
strontium isotope analyses are also routinely
carried out at specialized research centres, and
the results of which illustrate most of the pub-
lished work on diagenesis. XRD analysis is an
old technique, yet today it benefits from Rietveld
modelling, and results in a better assessment of
the stoichiometry of dolomite crystals and
quantified mineral volumes (further discussed in
Chap. 3). New experimental protocols,

Fig. 2.22 Simulated and
measured mercury injection
capillary pressure curve of
the actual pore structure of
a typical Jurassic Arab C
dolostone (Middle East)
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developed at IFPEN are decribed in this chapter;
they basically couple XRD and Rietveld refine-
ment for studying dolomites. Microthermometry
and crush-leach analyses involving fluid inclu-
sions trapped in diagenetic minerals are also
more or less frequently undertaken (especially
the former method involving heating cooling
stages mounted on microscopes). All of these
techniques result in further characterizing the
diagenetic phases and related diagenetic fluids,
and the physico-chemical conditions prevailing
at the time of their formation.

The optimal approach consists of integrating
many—if not all—of these techniques. For
example, oxygen isotopic ratios corresponding to
specific cements are dependent on the original
fluids from which they have precipitated and the
prevailing temperatures. Combined with the
measured liquid-vapour homogenization tem-
peratures of relevant fluid inclusions trapped in
these cements, the temperature at the time of
precipitation can be constrained and therefore the
original fluid oxygen isotopic ratio known
(Friedman and O’Neil 1977; Land 1983; Fontana
et al. 2010). Numerous papers illustrate well this
approach (e.g. Nader et al. 2004, 2007, 2008;
Fontana et al. 2014; among other published
contributions). Besides, constraining the condi-
tions of precipitation/formation of the diagenetic
phases and their timing (for example with Sr
isotopic ratios), together with petrographic
examination lead to shaping up the paragenesis
(check Fig. 2.11) and confirming the proposed
conceptual model (Fig. 2.12). Ultimately, we are
able to superpose the proposed sequence of dia-
genetic phases onto the burial curve (Fig. 2.23;
Peyravi et al. 2014).

While recognizing that the field of ‘diagenesis
characterization’ with its commonly used tech-
niques is quite mature, some advancement and
future perspectives appear to be very attractive.
Measurements of ‘Clumped’ oxygen isotopes are
becoming available for calcite and dolomite
minerals (Dennis et al. 2011). This approach
overcomes the dependence of classical oxygen
isotopic ratios on both original fluids and tem-
peratures (two variables, discussed above), pro-
viding estimations of the crystallization

temperatures based on the ‘clumped’ isotope
standardized paleo-thermometry (check
Figs. 2.13 and 2.14). Another interesting ana-
lytical technique involves magnesium isotopic
analyses. Here, the source of Mg (major
rock-forming element in terms of abundance)
could be theoretically traced (Fig. 2.16). Today,
this method is applied together with classical
oxygen and strontium isotopic analyses and is
proving to be of interest for constraining
dolomitization processes (e.g. Lavoie et al.
2011). Better analytical precision with new
techniques (LA‐ICP‐MC‐MS and TIMS) has
provided successful applications of U-Pb dating
on early and late diagenetic cements (Fig. 2.18).
This is a powerful tool that will certainly become
very attractive and will help in placing the vari-
ous dated diagenetic phases on the burial curve
(such as the one shown on Fig. 2.23). Through
this approach, and together with other diagenetic
information (deduced from stable and radiogenic
isotopic and fluid inclusion analyses), the burial
model can even be further calibrated (Mangenot
et al. in press).

Characterizing diagenetic phases, and espe-
cially pore space, has been mostly achieved on
2D thin sections, leading in most of the cases to
erroneous shapes and imprecise volumes. A sig-
nificant future development involves the possi-
bility to image—and characterize—the pore
space in the three-dimensions by means of X-ray
computed tomography (see further in Claes
2015). I have presented this method and related
workflows based on the work of De Boever et al.
(2012) on typical carbonate reservoir rocks. The
details of CT and micro-CT approaches coupled
with 3D-image analyses are tackled through
describing the utilised setup, image reconstruc-
tion and segmentation, as well as building
equivalent pore space networks (Fig. 2.21). This
method overlaps with those discussed in the
following chapter on ‘quantitative diagenesis’.
Qualitative characterization of pore space seg-
mentation and inter-connectivity could still be
done on micro-CT images. The more quantitative
applications are discussed in Chap. 3.

CT and micro-CT techniques are very
promising and will be further developed in the
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near future for capturing the pore space in 3D
(applied for instance through EOR research pro-
jects). Scanning resolution needs to be enhanced
to capture micro-porosity within grains. In addi-
tion, improved intensity separation is needed to
be able to better distinguish diagenetic phases.
We have also argued the importance of integrat-
ing such approach with SEM, microprobe and
XRD techniques (De Boever et al. 2012). The
eventual perspective of 3D pore space character-
ization is to come up with new porosity classifi-
cation schemes taking into account the real
dimensions and connectivity of pores.

The new generation of porosity assessment
methods (and possible diagenetic minerals volu-
metric determination) is believed to be associated
to the micro-CT technique coupled with
computer-based image analysis. Still, an impor-
tant challenge is associated to defining the rep-
resentative elementary volume, which has been
introduced in Chap. 1 and will be further

discussed in the following chapter dedicated to
methods of quantitative diagenesis. How to
characterize vuggy porosity, if the vugs are larger
than the sample under investigation? And what
methods to follow to make sure that the analysed
sample can represent the reservoir rock? Besides,
thin sections and sample-plugs do not take into
account fracture porosity, which is known to
have crucial impact on carbonate reservoirs. This
is commonly addressed, while constructing
reservoir models, by making use of oil/gas fields
production tests and geophysical-based extrapo-
lations, failing to capture the finer-scale of
lithofacies and diagenesis distributions. Alterna-
tively, ‘upscaling’ in reservoir modelling remains
very challenging. In many cases, it reverts to
simplified average values representing mixed
lithofacies of contrasting reservoir properties.
REVS and ‘upscaling’ are two research subjects
form important scientific challenges for achiev-
ing multi-scale numerical models of diagenesis.

Fig. 2.23 Burial model for a well intercepting Khuff
equivalent reservoirs (Kangan Formation) in the Salman
field, offshore Iran. A simplified form of presenting the

various diagenetic phases superposed on the burial model
is also illustrated (for more details refer to Peyravi et al.
2014)
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2.4 Advancement
in Characterization
of Diagenesis

Several approaches and methods are becoming
very attractive for improving our capability of
characterizing carbonate reservoir rocks at vari-
ous scales. Diagenetic processes with their
impacts on rock properties need to be further
understood. The diagenetic phases (outcome of
diagenetic processes) can be precisely described
by means of a variety of methods. The most
commonly used methods combine petrographic,
geochemical and fluid inclusion analyses. They
result in characterizing the diagenetic phases and
the prevailing physico-chemical conditions at the
time of their formation. Thus, available analytical
methods—and enhanced techniques—not only
lead to better diagenesis characterization but they
also unravel the mechanisms of related pro-
cesses, and eventually their impacts on reservoir
properties.

Field observations (and/or well cores investi-
gations) are the starting point of any diagenesis
research project. Therefore, improved field (well
cores) data-collection, whereby considerable
investigation/observation is made at outcrop
(and/or on well cores) should be achieved. Based
on my experience, there should be a trend
towards decreasing the number of samples (and
materiel), while increasing their representative
significance. In addition, defining the Represen-
tative Elementary Volumes (REVs) needs to be
attempted for each study.

One of the future developments that will also
improve the efficiency and precision of diagen-
esis characterization is related to computer-

assisted petrographic analyses (on conventional
microscopic techniques as well as SEM-EDS,
EMPA) and image analyses. The key targets will
be to undertake faster, and more systematic
characterization (of sedimentological and diage-
netic features—including porosity).

New analytical techniques for geochemical
and mineralogical assessment of the host rocks as
well as diagenetic phases are still needed. EMPA
is a powerful tool to characterize the distribution
of mineralogical variability in carbonate rocks.
Mg- and clumped-oxygen isotopic analyses start
to be applied to constrain the nature of diagenetic
fluids and temperatures of precipitation of dia-
genetic phases, respectively. U-Pb method has
proved to be suitable for dating diagenetic pha-
ses. Clumped-oxygen isotope analyses coupled
with U-Pb dating provide not only more precised
characterization of diagenetic phases, but also
suitable proxies for burial history calibration.
This will be very much needed for adequately
overlaying the diagenetic stages on burial models
and for adjusting associated numerical
simulations.

Three-dimensional scanning of cores and
samples (via computed tomography) is certainly
expected to achieve better performance and
higher resolutions (e.g. capturing cement pha-
ses). Porosity description and classification has
always been associated to the host rock textures.
Today’s technology allows the characterization
of the pore space directly, and in 3D (e.g.
micro-CT). This will lead inevitably to a new,
innovative approach to describing and classify-
ing the pore space in reservoir rocks. The new
classification scheme should have a better con-
nection with related permeability.
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3Quantifying Diagenesis

Classical diagenesis characterization methods and
conceptual models are qualitative and do not yield
quantitative data to be directly used by reservoir
engineers for rock-typing and geological mod-
elling. The three-steps workflow (Characterization-
Quantification-Simulation), which is illustrated in
Fig. 1 (page x), aims at predicting the impact of the
relevant diagenetic processes on reservoir proper-
ties. The practical purpose of such approach is to
improve rock-typing and carbonate reservoir
modelling. Based on well-defined diagenetic pro-
cesses, several approaches could be followed for
the quantitative assessment of their impacts on
reservoir rocks (e.g. Jones and Xiao 2005; Youssef
et al. 2007;Algive et al. 2009; Consonni et al. 2010;
Lapponi et al. 2011; Barbier et al. 2012; De Boever
et al. 2012).

‘Quantitative diagenesis’ may be regarded as
a field of studies aiming at providing numerical
values to the results (impacts) of diagenetic
processes on pre-existing carbonate sediments/
rocks. While ‘Characterization’ concerns with
describing and classifying diagenetic processes
(Chap. 2), here we focus on various techniques
adapted to produce quantitative and/or semi-
quantitative data. Such information is substantial
not only for constructing meaningful numerical
models, but also for being able to validate the
resulting simulations. They also provide a more
subtle link with reservoir engineering and
petrophysics.

3.1 State of the Art (Quantitative
Diagenesis)

3.1.1 Petrography—Plug/Sample
Scale

The classical description of diagenetic phases
and porosity—especially by means of petro-
graphic analyses—has to be achieved with a
quantitative approach rather than qualitatively.
First hand quantitative estimations of rock
matrix, allochems/grains and porosity can be
done by visual estimations and comparison with
%-distribution charts. Image analysis can also
help, as it provides a rapid proportional estima-
tion of such rock constituents. It is now common
to use software packages such as “JMicroVi-
sion”, a freeware designed to describe, measure,
quantify and classify components of all kinds of
images allowing to analyse high definition ima-
ges of rock thin-sections (http://www.
jmicrovision.com). MatlabTM can also be used
for undertaking quantitative measurements on
photomicrographs or scans of thin sections.
Calcite, dolomite and anhydrite, as well as
quartz, feldspars and clay may be quantified
accordingly. Petrographers go even further as
they routinely apply the same methods to quan-
tify the types of allochems or grains (crinoids,
algae, forams, gastropods, etc.), cements, and
replacive mineralogical phases. Usually, some of
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these phases are estimated semi-quantitatively by
using abundance classes (e.g. rare, common,
abundant).

Porosity types also may be quantified fol-
lowing the same methods (visual estimations,
image analyses). Practically, a first run estimates
the overall porosity in a sample (thin section).
Then the various types of porosity (e.g. primary,
secondary, and sub-types discussed above) are
estimated. Their total sum should be made equal
to the overall porosity per cent value of the
investigated sample. SEM is very useful here to
assess, even if qualitatively, the connectivity of
the porosity types including micro-porosity
(found usually in grains). Besides, SEM images
of thin-sections can be acquired with very high
resolution.

The SEM images of carbonate rock textures
have been used to produce quantitative assess-
ment of specific types of pore space (e.g.
inter-granular macro-porosity, intra-granular
micro-porosity) as well as cements types (e.g.
rim cement around grains, equant cement filling
dissolved grains) (Fig. 3.1). Recently, such
approach has been coupled with petrophysical
analyses (e.g. MICP, NMR; Fleury et al. 2007),
and micro-focus Computer Tomography scan-
ning (micro-CT) (e.g. Youssef et al. 2008). Van
der Land et al. (2013) employs the SEM 2D
images on thin-sections to build pore-network
models capable of simulating permeability evo-
lution in carbonate rocks. In terms of quantitative
diagenesis, these approaches provide robust links
between 2D investigation and bulk rock petro-
physical analyses (e.g. MICP) as well as 3D
models.

The ending products of quantitative descrip-
tion of thin sections are usually tables featuring
all per-cent values and abundance classes of the
various investigated elements (Tables 3.1, 3.2
and 3.3). This has been done since decades by
petrographers at oil companies, resulting in huge
wealth of data. For example, a typical oil or gas
field in the Middle-East will have tens of cored
and logged wells (up to a few hundreds). Well
cores are nowadays CT-scanned (and some are
even scanned with micro-CT). Then, the well
cores are sampled every foot providing

plug-samples for non-destructive petrophysical
measurements (Fluid Porosity, Helium Perme-
ability). Thin sections are prepared from these
plugs and analysed by means of classical pet-
rography. Destructive petrophysical analyses
(e.g. MICP) are later on applied on remaining
sample material. The results of quantitative and
qualitative microfacies descriptions together with
corresponding petrophysical data (Tables 3.1,
3.2 and 3.3) are organized in Microsoft Excel
files, presented on log spread-sheets, and used for
statistical analyses. They are, moreover, used
together with the associated well-log suites to
identify distinct electrofacies and rock-types.

3.1.2 Petrography—Reservoir
Scale

The quantitative/qualitative description of
microfacies (e.g. lithology, texture, cement,
porosity) may result in about 80 parameters (e.g.
dolomite%, dolomite size, anhydrite cement%,
vugs porosity) for each thin section. Typical well
cores from the Arab C and Arab D reservoirs
(Jurassic, Middle East) with total thicknesses in
the order of 100 ft (*30.5 m) and 500 ft
(*152.4 m) respectively, may represent 100–
500 sample plugs and thin sections (from one
well). The resulted description tables include,
respectively, 8000 and 40,000 values for the
depth-organized thin sections and descriptive
parameters (Tables 3.1, 3.2 and 3.3). Subse-
quently, huge data-bases are expected for oil/gas
fields including a great deal of information.

Statistical analysis software packages (e.g.
EasyTraceTM, IFP Energies nouvelles) are used
routinely to analyse such huge databases together
with available well logs, and to suggest rela-
tionships. Wells are defined and their core data
(and logs) are discretized and organized,
enabling appropriate correlation across the
investigated oil/gas field. For instance, key wells
representing distinct depositional environments
across the Arab D Member in an oilfield show
the vertical and lateral quantitative (%) distribu-
tion of lithologies (i.e. calcite, dolomite, anhy-
drite) (Fig. 3.2). Moreover, the relationships of
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the prevailing rock texture, lithologhy, and
porosity (among other parameters) can be
directly assessed through the observation of such
well logs. Figure 3.2 represents data from at least
1500 thin sections (with about 7500 values for 5
parameters).

Statistical analysis software packages are also
used in order to better classify rock types (and
electrofacies). Histograms and charts are plotted
accordingly to demonstrate the impacts of certain
sedimentologic and diagentic phases on porosity
and permeability (Fig. 3.3). Correlation of the
data-sets across several wells in a field can also
be done. By correlating the data corresponding to
certain parameters, trends can be defined. The

huge, wide-spread distribution of data (values)
can be then sub-grouped into classes with a set of
logical relationships. For example, by analysing
a data-set representing some 10,000 thin sections
from a dozen of wells in one oilfield, all within
the Arab D reservoirs (Jurassic, Middle East),
one can readily notice that common to abundant
syntaxial cement are associated with grain-
supported rock textures, limestone lithology
with relatively high porosity and permeability
values (Fig. 3.3).

Maps of proportional distributions provide an
approach to display the quantitative/qualitative
data. The estimated data, which are well con-
strained by depth (and stratigraphic position), are

Fig. 3.1 Scanning electron microscope (SEM) photomi-
crographs coupled with nuclear magnetic resonance
(NMR) T2 distribution graphs of two typical carbonate
rocks with bimodal pore size distribution (micro/macro-
porosity). a Lavoux limestone (grainstone) has a some-
how connected micro- and macro-porosity, resulting in
one peak on the T2 distribution diagram (Por. = 28.7 %;

Perm. = 90 md). b Estaillade limestone (grainstone)
shows calcite cement rim around the grains (arrow),
disconnecting intragranular micro-pores from intergranu-
lar macro-pores – illustrated with two peaks on the T2

distribution diagram (Por. = 24.7 %; Perm. = 273 md)
(courtesy of IFPEN Petrophysics group; from Fleury et al.
2007; Youssef et al. 2008)
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Table 3.1 Various lithological and textural categories for describing carbonate microfacies (thin sections)

Study/Date Well #
Sample #
Depth (ft/m)
TVD (ft/m)
Reservoir Unit

Lithology (%) Rock Texture (Digital Code) Grains (Digital Code)

Skeletal Non-Skeletal

Limestone Grainstone Forams Peloids

Dolomite Packstone Algae ooids

Anhydrite Wackestone Grain Size Sponges Intraclasts

Silica Mudstone Sorting Echinoids Extraclasts

Clay – Ostracods Opaque

– quartz

Clay

Sedimentary Structures (Digital Code)

Stromatolites Fenestrae Bioturbation Dessication Stylolites

Lithologies (e.g. limestone, dolomite) are often presented in % format; while the abundance of other categories (e.g.
grainstone, sorting, sponges, ooids) are described qualitatively with digital codes. Digital codes are selected to represent
the most representative value (1 = Mudstone; 2 = Wackestone; 3 = Packstone; 4 = Grainstone), or to represent
abundance (0 = absent; 1 = rare; 2 = common; 3 = abundant)

Table 3.2 Categories for describing cement in microfacies (thin sections)

Study/Date
Well #
Sample #
Depth
(ft/m)
TVD
(ft/m)
Reservoir
Unit

Calcite Cement (%/DC) Dolomite and Anhydrite Cement (%/DC) Other
Cement/FillTotal (%) Total Dolomite Cement (%)

Acicular/Fibrous (DC)
Dog-Tooth/Bladed
(DC)
Blocky-Equant/Drusy
(DC)
Syntaxial Overgrowth
(DC)

Dolomite Replacement Dolomite Cement Bitumen
(%)
Siderite (%)

Shape Size

Crypto (<16 μm)

Micro (16–64 μm)

Anhedral
(DC)

Fine (64–250 μm) Primary Porosity
Fill (%)

Sunhedral
(DC)

Medium (250–500 μm) Secondary Porosity
Fill (%)

Euhedral
(DC)

Coarse (>500 μm)

Packing

Total Anhydrite Cement (%)

Anhydrite replacement Anhydrite Cement

Shape Size

Blocky Fine (64–250 μm) Primary Porosity
Fill (%)

Felted Medium (250–500 μm) Secondary Porosity
Fill (%)

Lath Coarse (>500 μm)

Total amounts of cements (calcite, dolomite, anhydrite, …) are usually presented in %; while the abundance of other
categories (e.g. cement type, shape, size, …) are described qualitatively with digital codes. Digital codes are selected to
represent the most representative value (1 = Anhedral; 2 = Subhedral; 3 = Euhedral), or to represent abundance
(0 = absent; 1 = rare; 2 = common; 3 = abundant)
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used to draw such proportional maps by means
of ArcView GIS, GOCAD, or any other similar
software (Liberati 2010; Nader et al. 2013). The
position of the well represents the exact (esti-
mated) value, while the area between wells will
be given relative values based on proportional
methods. These maps can be also upgraded using
geostatistical numerical methods (discussed
below, Chap. 4).

Using the same data-set (illustrated in
Fig. 3.3) for the Arab D reservoirs, maps of
proportional distributions for dolomite% have
been constructed for a specific stratigraphic
sequence and according to the prevailing rock
textures (Fig. 3.4). The Arab D reservoirs are
known to include very low amounts of dolomites
and consist predominantly of limestones (Morad
et al. 2012). Considerable distributions of dolo-
mites (>20 %) are only observed on the northern
(upper) part of the map for mud-supported tex-
tures (Fig. 3.4c), whereas, no important dolomite
% are found in grainy textures (Fig. 3.4a, b).

Maps can also be constructed for relative
abundance of certain diagenetic phases. The

syntaxial overgrowth cement, which has been
demonstrated statistically to relate to higher
porosity and permeability in the Arab D lime-
stones (see Fig. 3.3), has interesting relative
abundance distribution across the study area
(Fig. 3.4). Since it is found mainly in grainy rock
textures, the map corresponding to its propor-
tional abundance in mud-supported rock textures
(where dolomite is also found; Fig. 3.4c) is of no
value (Fig. 3.4f). The highest relative abundance
of this cement is in the northwestern (upper left)
part of the study area for packstone-grainstone
and northern/central for the wacke-packstone.
Interestingly, These mapped zones overlap with
interpreted original lagoon and shoal depositional
environments (see index map—Fig. 3.2a; Morad
et al. 2012).

The above maps show the proportional dis-
tribution of dolomites in mud-supported rock
textures and the relative abundance of syntaxial
calcite cement in mostly grain-supported (lime-
stone) rock textures. If dolomitization is
demonstrated to enhance of the reservoir prop-
erties of the Arab D member, similar

Table 3.3 Categories for describing reservoir properties in microfacies (thin sections)

Study/Date
Well #
Sample #
Depth
(ft/m)
TVD
(ft/m)
Reservoir
Unit

Primary Porosity Secondary Porosity

Total (%) Total (%)

Intergranular
(DC)
Skeletal (DC)
Non-Skeletal
(DC)

Cemented (DC)
Cement Nature
(C*)

Dolomite Cracks

Intercrystalline Cemented (DC) Cemented (DC)

Vugs Cement Nature
(C*)

Cement Nature
(C*)

Calcite Fractures

Intraganular Cemented (DC) Cemented (DC)

Matrix
(Pinpoint)

Cement Nature
(C*)

Cement Nature
(C*)

Molds

Vugs

Associated Bulk Porosity and Permeability

Total (%) Connected (DC) Isolated (DC) Fluid porosity (%) Helium
Permeability (mD)

Total amounts of porosity (primary, secondary, bulk) are usually presented in %; while the abundance of other
categories (e.g. porosity type, cemented/filled, connected, …) are described qualitatively with digital codes (DC;
0 = absent; 1 = rare; 2 = common; 3 = abundant). Cement Nature (C*; within primary/secondary porosity) may be
represented with letter-codes (e.g. calcite, C; dolomite, D; anhydrite, A). The corresponding Fluid Porosity (%) and
Helium Permeability (mD), undertaken on the plug-sample by means of petrophysical analyses, are also added to the
description lists

3.1 State of the Art (Quantitative Diagenesis) 45

http://dx.doi.org/10.1007/978-3-319-46445-9_4


quantitative/qualitative maps allow to show the
areas where enhanced reservoir properties might
be found. Similarly for the grain-supported
(limestone) facies (which pre-dominate the
Arab D member), assuming that the abundance
of syntaxial calcite cement can be taken as proxy
for more permeable reservoir rocks. This is an
example of the quantitative (or semi-quantitative)
assessment microfacies data at the field-scale. No
predictive approach for reservoir properties is

proposed here, rather a static interpolation is
invoked to present geo-localized data and deduce
reservoir- and diagenetic-trends.

3.1.3 Mineralogical Analyses
(X-Ray Diffraction)

The X-ray Diffractometry technique coupled
with cell and Rietveld refinements enables

Fig. 3.2 Correlation cross-section (constructed by Easy-
TraceTM software based on petrographic analyses of thin
sections) showing the distribution of main rock textures

(DC = 0 to 7; see Legend in Fig. 3.3), lithologies (%) and
porosity (%)across thedepositional environments.The location
of the wells across the oilfield is indicated in inset map (A)
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mineralogical quantification, crystallographic
investigation, and assessment of dolomite stoi-
chiometry (e.g. Turpin et al. 2012). Basically,
this technique is used for qualitative assessment
of the mineralogical phases in a sample (Chap. 2
). With proper calibration, the observed peaks on
an X-ray diffractogram may be used to quantify
the amount of mineral species with respect to the
original powdered sample (Fig. 3.5). This is
achieved by mixing the powdered sample with a
known quantity of an internal pure mineral
standard (e.g. Alumina NIST), and by running
the analysis on the whole weighted sample.

The sample’s representative thin section is
first investigated with SEM-EDS techniques
and/or EMPA in order to assess its mineralogical
composition. It is possible to characterize the
mineralogical stoichiometric (or structural) vari-
ability through these methods. Subsequently,
coupled XRD-Rietveld approach allows precise,

quantitative mineralogical determination (Turpin
et al. 2012).

Cation substitutions in dolomite crystals, in
particular Ca and Mg, which commonly occur
during diagenetic processes, modify the mineral
stoichiometry. This can be assessed by measur-
ing the cell parameters (a = b and c in Å) of the
dolomite crystals and by applying the ‘Lumsden
(1979) equation’ (presented in Chap. 2, p. 23).
Turpin et al. (2012) proposed a procedure based
on a comprehensive literature review, which
compiles the crystallographic data concerning the
cell parameters related to the lattice Ca percent-
age of various dolomites. Then, using the dolo-
mite cell parameters determined by cell
refinement, dolomite stoichiometry can be cal-
culated (Fig. 3.6).

Turpin et al. (2012) further investigated the
stoichiometry and cell parameters of the Triassic
Upper Muschelkalk and Lettenkohle dolomites

Fig. 3.3 Statistical analyses of well data based on 10,000
thin sections (and samples) from 13 wells (Arab D,
Middle East). Resulting histograms represent a rock
textures, b limestone %, c dolostone %, d anhydrite %,

e syntaxial calcite overgrowth cement [SCO], f fluid
porosity, and g permeability. Note that the populations of
data corresponding to [common] and [abundant] SCO are
selected (coloured in red)
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in the French Jura (Fig. 3.7). The latter dolo-
mites, associated to anhydrite in sediments, are
related to smaller and less variable lattice
parameters (calculated by Rietveld refinements).
The deficiency of larger Ca ions in the unit cell of
Lettenhkohle dolomites compared to Upper
Muschelkalk dolomites is potentially a cause for

the contraction in the “a” parameter (see Rosen
et al. 1988). The expansion of the “c” parameter
has been previously related to cation disordering
(Reeder and Wenk 1983) or other lattice defects
(Miser et al. 1987). This is an explanation for the
“c” variability of Upper Muschelkalk dolomites
and could be caused by a faster crystallisation

Fig. 3.4 Diagenetic maps showing: (i) the dolomite
proportional distribution (a Wackestone-Packstone;
b Packstone-Grainstone; c Mudstone-Wackestone); and
(ii) the relative abundance of the syntaxial calcite over-
growth cement; d wackestone-Packstone; e Packstone-

Grainstone; fMudstone-Wackestone) in the Arab D mem-
ber of an investigated oilfield offshore Abu Dhabi (UAE).
Average depth of the maps ranges between 3000 and
4000 m (Nader et al. 2013)
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(Rosen et al. 1988) compared to Lettenkohle
dolomites. The near-ideal stoichiometry and the
small variability of the “c” parameter in Let-
tenkohle dolomites is in agreement with Warren
(2000) proposing that dolomites formed early, in
evaporitic settings—and then underwent burial—
tend toward ideal stoichiometry and to a gener-
ally better ordered crystal lattice. The faster

precipitation (calcite-replacement) of the
Muschelkalk dolomites is here attributed to a
later diagenetic process.

Eugui reference dolomite sample contains Fe
and Mn, similar to Lettenkohle and Upper
Muschelkalk dolomites. The %Ca calculated on
Eugui, Upper Muschelkalk and Lettenkohle
dolomites by this new approach are consistent

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60 70

Counts

0

1000

2000

 DRX-09-081; 3-9 b+Alum
alumineNIST 56.1 %
Quartz-P6 0.7 %
dolomite 7.1 %
calcite 33.8 %
anhydrite 2.3 %

Fig. 3.5 XRD and Rietveld diagram showing the quantitative assessments of calcite, dolomite and anhydrite in a
Triassic carbonate rock from the French Jura (Turpin et al. 2012)

Fig. 3.6 Cross-plot diagram of dolomite stoichiometry
(%Ca in dolomite) versus dolomite cell parameter (c in Å)
featuring data from various sources (yellow triangles
represent investigated dolomites, purple square is Eugui

dolomite standard, and red lozenges are published data).
The best fit line can be used in order to determine the
dolomite stoichiometry (Turpin 2009)
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with EMP and AAS analyses and results from
previous studies on Eugui dolomites (Turpin
et al. 2012). Therefore, it is here proposed that
this method can be equally applied to dolomites
showing low Fe% and Mn% in their lattice. Care
must be taken, however, when dolomites display
higher Fe and Mn contents and tend toward the
ankerite pole (see also Fig. 2.9).

3.1.4 Geochemical Analyses—Thin
Section Scale

By definition, typical geochemical analyses pro-
duce quantitative data (e.g. wt% of Ca, Mg, Fe,
Mn) representing the chemical traits of the
investigated rocks. The difficult step would be in
transforming the resulted chemical data into
useful information about the original fluids. This
is mainly due to the fact that the prevailing
physico-chemical conditions at the time of min-
eral precipitation are unknown. Still, independent
arguments can be employed to suggest such
conditions. Here, the major and trace element
analyses, isotopic measurements and fluid
inclusions may provide considerable quantitative
data-sets. Quantitative approaches may be used

to map geochemical traits at the microscopic
scale (Fig. 3.8) and at the scale of an outcrop
(Fig. 3.10).

SEM-based punctual chemical analysis
method, similar to micro-probes (see Chap. 2),
can be used in order to achieve mineral mapping
at the micro-scale (Fig. 3.8). The first step is to
undertake EDS analyses featuring the major
elements composition of the sample. Then, the
corresponding mineral assemblages are mapped.
Backward reconstructions of dissolution and
cementation phases from such 2D mineral maps
help in quantifying diagenetic evolution through
time (Deschamps et al. 2012).

3.1.5 Geochemical Analyses—
Reservoir Scale

Detailed geological (diagenetic) mapping of
dolomite fronts (as presented in Chap. 2), can
yield invaluable quantitative data. Figure 3.9
shows a detailed geological map of a typical high
temperature dolomite front below an erosional
unconformity horizons (Nader et al. 2007). The
petrographic and geochemical investigations of
these dolomites led to the proposal of a

Fig. 3.7 Unit cell dimensions of Upper Muschelkalk and
Lettenkohle dolomites. The dark dashed line connects the
unit cell values of calcite to magnesite. Ideal dolomites
(from Rosen et al. 1989; Reeder 1990) are situated below

this line due to the unit cell contraction when dolomite is
well ordered. Eugui dolomite standard is also indicated
(Turpin 2009)
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conceptual model of dolomitization and a para-
genetic sequence, as well as the characterization
of the dolomitizing fluids (cf. Fig. 2.11; Chap. 2).
Further sampling across the dolomite object
allowed us to map its geochemical characteristics
and to deduce significant diagenetic trends.

The Fe and Mn concentrations (in ppm) of the
samples across the dolostone front were used to
draw contour maps for both elements (Fig. 3.10
a). These contour maps show that most of the
highest Fe and Mn values plot on the south-
eastern portion of the dolomite object. This
coincides with the interface of the dolostone
body with the overlying Upper Jurassic oolitic
limestone of the Salima Formation, and the

sandstone of the Lower Cretaceous Chouf For-
mation along an erosive surface (Fig. 3.9).

The Fe versus Mn crossplot for the major
components of the dolostone front exhibits a
linear covariation (Fig. 3.10b). The Bikfaya
Formation limestones (Jurassic host rock) show
the lowest Fe and Mn contents (generally up to
1000 and 100 ppm, respectively). The overlying
Salima Formation dolostones (intraclasts) have
Fe concentrations in the order of 28,000 ppm and
Mn concentrations of ca. 1300 ppm. The
dolomitized burrows have Fe and Mn concen-
trations that plot within the field of Fe–Mn values
for the beige dolostones, which range from 5000
to 30,000 ppm for Fe and from 100 to 1600 ppm

Fig. 3.8 Spectral analysis and resulting mineralogical
mapping of a sandstone sample from the Lower Creta-
ceous Upper Mannville Formation (Alberta, Canada):
a silica, b potassium, c magnesium, d iron, e sulfur, and

f aluminium spectral analyses; and g the minerals
distribution map obtained by a statistical cluster analysis
(from Deschamps et al. 2012)
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for Mn. The highest Fe–Mn concentrations
(40,000 and 1800 ppm, respectively) are associ-
ated with the ‘zoned’ dolomites, whose values
partly overlap with the Salima intraclasts, the
beige dolomite and the dolomitized burrows.

These high concentrations are interpreted to
reflect the presence of late diagenetic Fe–
Mn-oxi/hydroxides, as observed in the thin sec-
tions and SEM analyses (Nader et al. 2007). In
fact, selective intracrystalline dissolution of
growth zones in the pre-existing front dolomites
occurred and was followed by a phase of Fe–Mn
oxi/hydroxide precipitation. The Fe and Mn are
believed to originate from the oxic, soil-related

near surface fluids—explaining their highest
concentrations near the interface with the ero-
sional surface (Fig. 3.10a). With subsequent
deposition of overlying units and deeper burial,
the fluids became reducing and the iron resulted
in the precipitation of the ferroan dolomite phase.
Consequently, mapping the Fe/Mn concentration
values across the dolomite front led to better
understanding the diagenetic evolution of the
dolomite front. In particular, it helped in con-
straining the timing of the formation of the
dolomite front (or ‘beige dolostone’; check also
Nader et al. 2004) and the prevailing conditions
during subsequent diagenetic alterations.

Fig. 3.9 Detailed
geological map of the
Marjaba dolostone front
and its surrounding
limestone host-rock (from
Nader et al. 2007). The
various dolostone facies
and their distribution are
also presented
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Accordingly, Nader et al. (2007) suggest that
near-surface, oxic and soil-related water perco-
lated through the beige dolostones close to the
erosional surface before the deposition of the
Early Cretaceous Chouf sandstones, resulting
initially in dolomite dissolution, then in the pre-
cipitation of Fe–Mn-oxi/hydroxides within the
dissolved space. Thus, the beige dolomitization
pre-dates the Lower Cretaceous Chouf Formation
(ca. pre-Valanginian). This invokes that
enhanced reservoir properties associated with

dolomitization were achieved before further
burial during later Cretaceous times. Still, the
geochemical mapping at the reservoir-scale of
the dolomite front may better explain the internal
heterogeneities of this geobody. Zoned dolomites
along the erosional surface have been clearly
filled by Fe–Mn oxi/hydroxide phases and clays
and would make baffle zones within the dolomite
reservoir unit—similar to the initial anhydrite
precipitates commonly associated with reflux
dolomitization.

3.1.6 Geochemical Analyses—Basin
Scale

Fontana et al. (2014) documented the fluid flow
history and diagenetic evolution of
Permo-Triassic carbonate rocks in the northern
United Arab Emirates (UAE). These rocks may
be considered as analogues of the gas-bearing
reservoirs of the Khuff Formation in the subsur-
face Arabian Plate. Large scale carbonate plat-
form depositional facies appear to have been
over-printed by diagenesis. Add to that, the
effects of structural evolution and associated
fluid-rock interactions, the reservoir properties of
the Khuff Formation are very difficult to com-
prehend and predict (e.g. Videtich 1994; Ehren-
berg 2006; Ehrenberg et al. 2007; Rahimpour-
Bonab 2007; Moradpour et al. 2008; Esrafili-
Dizaji and Rahimpour-Bonab 2010; Koehrer
et al. 2010; Rahimpour-Bonab et al. 2010;
Koehrer et al. 2011).

Basin-wide early diagenetic processes, such as
aragonite dissolution and host-rock dolomitiza-
tion, are known to increase the porosity and
permeability of Khuff carbonates. Conversely,
chemical compaction and associated cementation
commonly occluded porosity to varying degrees
during the burial history (e.g. Breesch et al. 2009,
2011; Callot et al. 2010). Fontana et al.
(2014) provided detailed information concerning
the associated diagenetic fluid systems at the
basin-scale by integrating fracturing analyses,

Fig. 3.10 Fe and Mn concentration contour maps
(a) and cross-plot (b) for the Marjaba HDT front (central
Lebanon; concentrations in ppm). Arrows point towards
the interface with the overlying sandstone rock unit,
interpreted to be responsible for chemical weathering of
the dolomites and enrichment in Fe and clays (Nader et al.
2007). For scale in (a) refer to Fig. 3.9
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fracture-fill cement stratigraphy, and fluid-
inclusion microthermometry as well as basin
modelling.

The diagenetic cement phases (dolomite,
quartz, calcite) have been investigated with the
classical petrographic and geochemical tech-
niques (cf. Chap. 2). Figure 3.11 shows the
observed fracture-fill cement stratigraphy. The
main cement phases were sampled for stable
oxygen and carbon isotopic analyses. Fluid
inclusions found in the same phases were also
analysed (Fontana et al. 2010).

Using the fractionation equations of calcite
and dolomite, the homogenization temperatures
of fluid inclusions, and the oxygen stable iso-
topes of the main carbonate diagenetic phases
(Fontana et al. 2010), it is possible to constrain
the evolution of the δ18O (relative to SMOW)
composition of the prevailing, original diagenetic
fluids. Furthermore, by constraining the relative-
timing of the precipitation of each cement phase,
the evolution of the diagenetic fluids may be
deduced. For the Khuff reservoirs, salinity of the
basinal fluids increased with increasing temper-
ature through time as the fluids evolved from a
marine signature (about 0 ‰ SMOW) to further

δ18O-enriched compositions following the order
of cement precipitation (illustrated in Fig. 3.11).
Throughout the consecutive precipitation of the
early dolomite cements (Dc1, Dc2, Ds), δ18O
VSMOW values of dolomitizing fluids remained
between +4 and +8 ‰, while the prevailing
temperature increased from 110 to 180 °C.
Subsequently, the calcite cement (C1) formed
from a fluid with higher salinity (average 21.3
NaCl% equivalent; n = 64) and δ18O values
during progressive increase in temperature (150–
200 °C; Fig. 3.12).

The relatively high δ18O VSMOW values of
the fluids considered responsible for the precipi-
tation of the dolomite and calcite cements are in
good agreement with the high salinities measured
in the fluid inclusions. They retrace a general
progressive increase in fluid salinity since their
deposition in marine environment (up to
6 × sweater salinity) and associated temperatures
(up to 200 °C). The Khuff reservoirs across the
Arabian/Persian Gulf appear to have been affec-
ted—to a certain extent—by a similar burial/
diagenetic evolution with increasingly saline and
hot fluids (e.g. Peyravi et al. 2014). An abrupt
increase in formation temperatures has been

Fig. 3.11 Schematic illustration representing the typical
fracture-filling cement stratigraphy (Fontana et al. 2014).
The host rock fractures that are filled by several types of

dolomite cements (Dc1, Dc2, Ds, Ferroan Ds), quartz
(Q) and calcite (C1). Figure 2.3 (Chap. 2) includes pho-
tographs of stained slabs featuring this cement stratigraphy
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linked to the major regional thrusting and rapid
overburden in the latest Cretaceous (Hawasina
tectonic nappe; Fontana et al. 2014). Such quan-
titative information will help in constraining basin
(numerical) models and allows a better under-
standing of the related diagenetic processes
affecting the Khuff reservoirs. The constructed
diagenetic evolution is, indeed, adequately con-
strained by the basin-scale settings. Here, diage-
nesis is demonstrated to be primarily controlled
by the interplay of the burial thermal evolution of
the basin and the regional tectonic history.

Finally, it is worth recalling here, that the
‘clumped’ oxygen isotopic technique (described
in Chap. 2, pp. 27–29) helps tremendously con-
straining the temperature of precipitation for the
investigated diagenetic phases (some of which
unsuitable for fluid inclusion analysis). This
technique (as well as U-Pb dating) would have
certainly added value to the above presented
study, particularly in constraining the constructed
basin models and related thermal simulations.

3.1.7 Fluid Inclusion Analyses—
Petroleum Systems

Trapped fluids within crystals may well be pet-
roleum. Petroleum fluid inclusions constitute
excellent evidence associated to the oil/gas
charge of reservoirs. Today, microthermometry,
confocal laser scanning microscopy and Raman
microspectroscopy are frequently used to inves-
tigate both aqueous/brine and petroleum inclu-
sions and to associate them to diagenetic phases
and petroleum systems. Combined to 1D burial
modelling, timing of trapping such inclusions
can also be defined.

In some mineral phases (e.g. fracture-filling
cement), inclusions may contain liquid water
plus vapour and liquid petroleum plus vapour, or
even the three together. These fluid inclusions are
highly valuable, as they may allow the estimation
of trapping temperatures and pressures from
homogenization temperatures by using the cros-
sed isochores method (e.g. Emery and Robinson

Fig. 3.12 Calculated
oxygen stable isotopic
composition ranges of the
‘parent’ diagenetic fluids
(expressed in δ18O
VSMOW) for dolomite and
calcite cement phases
(Legend in Fig. 3.11).
Temperatures of
precipitation are
constrained by
microthermometry analysis
of fluid inclusions, while
oxygen isotopic values of
the same cement are
reported in δ18O VPDB
values). Fractionation
equation used for calcite is
from Friedman and O’Neil
(1977) and for dolomite
from Land 1983)
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1993). Assumption of PVT properties of the
petroleum inclusions has to be done, usually on
the basis that they correspond to the petroleum
found (and produced) in the field. The liquid
water nature might be also estimated by
microthermometry. Besides, both liquid petro-
leum and liquid water in a single inclusion are
supposed to have been trapped together (i.e. at
the same time). The intersection of the two sets
of isochores represents the range of pressures and
temperatures within which all inclusions should
have been trapped. Note that usually the resulting
values are exaggerated (i.e. higher than real
values).

The scenario of petroleum and water trapped
in co-precipitated minerals during the filling of a
reservoir—with the assumption that the related
fluid inclusions were unaltered after trapping—
has also been simulated in the laboratory (Pir-
onon 2004). Due to pressure or temperature
stress, occurring after trapping, the fluid inclu-
sions usually re-equilibrate by stretching (i.e.
volumes of inclusions increase) and/or by leak-
age (i.e. loss of fluid). Such fluid inclusions
record only the last maximum stress event with a
new set of PVTx conditions.

Commonly, fluid inclusion analysis is com-
bined with numerical burial models (1D). The
pressure and temperature conditions at the trap-
ping time can be further constrained (with evi-
dence of larger basin-scale). The hydrostatic or
lithostatic pressure regime during trapping can be
as such estimated on the related PT diagram
(Bourdet et al. 2010; Fig. 3.13). Here, isopleths
and isochores of unaltered (Fig. 3.13a) and
re-equilibrated (Fig. 3.13b) aqueous and petro-
leum fluid inclusions can be plot. The intersec-
tions of isochores correspond to the trapping PT
conditions for the unaltered (preserved) inclu-
sions and the later stress event for the re-
equilibrated ones. Since, the evolution of the
pressure regimes (hydrostatic and lithostatic) and
temperature can be calculated by 1D burial
modelling (Fig. 3.13c), one needs simply to
combine both methods. Thereafter, the isochores
intersection point of the unaletered inclusions, in
the area between hydrostatic and lithosthatic
curves (Fig. 3.13d) defines the pressure and

temperature, as well as the time of trapping. The
timing of the last maximum pressure and/or
temperature stress is defined similarly for the
re-equilibrated fluid inclusions (Fig. 3.13e).

Ong (2013) provided new insights on the
diagenesis of the deeply buried siliciclastic
reservoirs of oil fields in the Viking Graben
(North Sea) by similar fluid inclusion analyses
combined with burial modelling. PVTx of fluid
inclusion trapping together with numerical basin
modelling allowed indeed the reconstruction of
fluid migration pathways associated with fluid
overpressures in the investigated reservoir (Ong
et al. 2014). Hence, the impact of basin-scale
regional fluids on diagenesis and reservoir
properties could be estimated.

Probably the most interesting advancement of
the techniques related to fluid inclusion analysis
concerns the experimental procedures (Caumon
et al. 2014). Synthetic analogues of aqueous fluid
inclusions (e.g. FSCC, Fused Silica Capillary
Capsule; Chou et al. 2008) have been used to
mimic fluid inclusions (Ong et al. 2013). Thus, a
mineral can be made to trap fluids at specific
temperature and pressure conditions. Somehow,
this approach may represent what happens at the
scale of an oil/gas field and can also be used to
constrain basin models.

Girard et al. (2014), presented at the “Journée
Thématique ASF” conference on the 4th of July
2014 in Paris, a powerful new approach (the
PIT-AIT) that consists of the synthesizing
co-genetic petroleum and aqueous fluid inclu-
sions and reconstructing their pressure and tem-
perature paths. Henceforth, applications of this
approach are to be applied to petroleum reser-
voirs and is capable to constrain the timing of the
hydrocarbon charge, overpressure development
as well as the exact P-T conditions of trapping.

3.1.7.1 3D Scanning (CT and Micro-CT)
and Image Analysis

Classical petrographical techniques may provide
a detailed, quantitative description of the diage-
netic phases, but limit observations to two
dimensions arbitrarily chosen during preparation
of thin sections. X-ray (micro-focus) computed
tomography (micro-CT) offers a tool to image
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and quantify the 3D rock fabrics and describe in
detail complex 3D pore network geometries
(Mees et al. 2003; Youssef et al. 2007, 2008;
Claes 2015). De Boever et al. (2012) used
micro-CT to quantify the major components of
typical carbonate reservoir rocks, and achieved a
realistic description of the geometry of the 3D
pore structure at different steps in the diagenetic
evolution. A good agreement can be achieved
between porosity and quantitative XRD mea-
surements (coupled with SEM-EDS and EMPA),

and the micro-CT image-based quantification
results for a representative sample sub-volume.
Further validation of the reconstructed equivalent
3D pore network by comparison of simulated and
measured absolute permeability and mercury
injection capillary pressures (MICP) show a
reasonable agreement, as obtained earlier for
other real sandstone and carbonate core material
(Knackstedt et al. 2006; Youssef et al. 2007).
Still such techniques are hampered by the
increasing needs for higher resolutions,

Fig. 3.13 Workflow for
dating unaltered (preserved,
a and d) and re-equilibrated
(b and e) fluid water
(aqueous) and petroleum
inclusions by means of
petrography, fluid inclusion
analysis and 1D numerical
burial modelling (c) (from
Bourdet et al. 2010)
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subjective image treatment (e.g. definition of
REV), and varying scale of porosity types. These
are considered today as future perspective
research themes.

Pore space models can also be created from
2D input images produced by analysing thin
sections under SEM-EDS (e.g. van der Land
et al. 2013). These images are of much higher
resolutions (compared to similar scale CT ima-
ges; check Fig. 3.1), and can be used to derive
statistics of the spatial distributions of the dia-
genetic components in order to construct 3D
images (Fig. 3.14). This has been achieved by
means of stereology using either multipoint-
statistic techniques (e.g. Al-Kharusi and Blunt
2008) or using stochastic approach (Wu et al.
2008).

Rock textures (as well as diagenetic phases)
and ancient pore structures are also reconstructed
and quantitatively described based on 3D
micro-CT images. The equivalent pore networks
extracted for relevant diagenetic steps serve as
input for pore network models that can quantify
the petrophysical properties at these time steps.
This allows us to define the flow characteristics

of realistic reservoir rocks at specific time steps
during diagenesis.

First, the CT setup has to be adapted by tuning
the workflow to specific mineralogy recognition
and/or porosity cut-offs (Rosenberg et al. 1999).
Samples consisting of one mineral species do not
yield useful information on existing diagenetic
phases by means of CT scanning. In fact, since
the mean atomic numbers of the various dolomite
or calcite phases are very close respectively, the
resulting CT images show no clear difference in
grey scale. Hence, the resulting images represent
a uniform matrix. The pore space can still be
perfectly investigated.

Following CT scanning, the 3D-images are
reconstructed. Once the fabrics and pore distri-
bution of the investigated sample appear homo-
geneous in CT images of the 23 mm diameter
plugs, a 5 mm diameter miniplug could be drilled
for high-resolution micro-CT. The exact location
of the miniplug is often subjectively decided,
based on visual investigation of the 23 mm plug
CT scans. A couple of adjacent 1000 × 1000
× 1000 pxls volumes are extracted, for instance
in the middle part of the 5 mm diameter miniplug

Fig. 3.14 Examples of training images of carbonate rock
textures for constructing 3D models of pore space (with
evolving diagenesis): a Packstone with selective grain
micritization during marine diagenesis followed by mete-
oric aragonite dissolution; b Grainstone affected by

marine and burial cementation; c Grainstone with marine
cementation, followed by meteoric dissolution, and then
burial cementation. Solids are in white, pores in black and
grey represents micrite matrix. Slightly modified from van
der Land et al. (2013)

58 3 Quantifying Diagenesis



(total volume of a few mm3). The porosity% is,
then, calculated for several volumes of increasing
size (Fig. 3.15) indicating a representative ele-
mentary volume (REV) size; ca. 5.4 mm3 (check
Fig. 1.10, Chap. 1). This REV value does not
take into account vugs which usually span a broad
range of sizes (some falling beyond the REV
itself). The mercury intrusion capillary pressure
(MICP) curve of the same sample is also used to
assess the significance of the resolution. For
instances, for a resolution of 3 µm, only 63 % of
the (effective) porosity is captured in the investi-
gated typical Arab C dolostone. Such a resolution
is not enough to capture the intercrystalline
micro-porosity which has been detected by MICP
measurements of the same samples. Hence, a
double detector scan was used to increase the
resolution to 1.5 µm, to capture 90 % of the
porosity and allows imaging clearly the fine
intercrystalline pore connections. There is nev-
ertheless a constant need to increase the resolu-
tion of the micro-CT scanning (below 0.5 µm).

Thousands of images are produced for a
sample of some 5 mm diameter. These constitute
the basic images that are used to reconstruct a

3D-volume. In a second step, the image treatment
and quantitative analysis of the reconstructed
3D-volumes consists of (i) visualizing, isolating
(segmentation) and quantifying the resolved pore
space and different mineral phases, (ii) the
reconstruction of an equivalent pore network and
description of its parameters, and (iii) the recon-
struction of pore networks. Finally, numerical
simulation of mercury intrusion and permeability
can be done. Following pore space partitioning, a
connection matrix is built that is used to simulate
mercury intrusion and calculate the permeability.
This remains a major research field on its own
involving complicated algorithms (e.g. Youseef
et al. 2007; Talon et al. 2012). A full drainage
curve is obtained through a step by step invasion
of an entire pore volume that is accessible via its
throat radius for a fixed capillary pressure (Pc).
Comparison of simulation results with lab per-
meability and Purcell mercury porosimetry mea-
surements are used to validate the quality of the
reconstructed pore network and pore partitioning.

The grey scale CT, micro-CT images show
the different mineral constituents and porosity
(Fig. 3.16). The grey scale histogram shows the
corresponding peaks, and can be successfully
improved by applying a noise reduction filter
(Check Fig. 2.20b, Chap. 2). Volumetric per-
centages of each phases (as well as porosity),
calculated after somehow subjective segmenta-
tion, can thus be done and compared with other
techniques (e.g. XRD, EMPA, MICP).

Different steps of the pore network building,
such as segmentation, volume extraction, skele-
tonization, the definition of minimum diameters
and pore space partitioning (cf. Fig. 1.6,
Chap. 1). Following skeletonization and pore
partitioning, the quality of the partitioning is
appreciated qualitatively and validated quantita-
tively through the comparison between simulated
and measured petrophysical properties. First,
mercury injection curves are compared (cf.
Fig. 2.22, Chap. 2). In a second and more sen-
sitive step, the permeability value is calculated
from the equivalent network and compared to the
experimental permeability value measured on the
23 mm diameter plug sample.

Fig. 3.15 Calculation of porosity% for increasing vol-
umes to investigate the representative elementary volume
of the studied sample. The two curves represent two
sampling schemes for the volumes: increasing volumes
around the centroid (gray diamonds) and volumes
increasing downwards from the upper surface (black
squares) of the dataset—check Fig. 1.9 (De Boever et al.
2012)
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The pore partitioning step allows furthermore
to calculate statistics on the pore size and pore
connectivity, which can aid in a quantitative 3D
rock fabric description. Pore radius refers to the
radius of a volume-equivalent sphere of the pore.
In finé, this method is capable to a certain extent
to quantify in three-dimensions the volume of
allochems (grain constituents of rock matrix),
various diagenetic phases (with different
grey-scale, i.e. mineralogy), and porosity. The
associated permeability can be assessed through
different types of numerical modelling (e.g.
PNM, Pore Network Models).

3.1.8 Geophysics (Seismic
and Wireline Log Data)

Seismic and wireline data are usually integrated
in order to achieve quantitative characterization
of facies and to investigate the impacts of dia-
genesis on porosity distribution across heteroge-
neous reservoirs (Fig. 3.17; Fitch 2010).
Diagenesis of carbonate reservoirs may have

characteristic responses on well logs (such as
Gamma Ray, Density, Acoustic, Compensated
Neutron, and True Formation Resistivity).

Stratigraphic markers are picked and corre-
lated across well logs, providing a first step
towards sequence stratigraphy and defining the
major rock units. The stratigraphic markers are
commonly used in combination with petrographic
and petrophysical analyses (see for example
Fig. 3.2). In addition, sonic and density logs as
well as petroacoustic data can be used to generate
synthetic seismograms that are tied to the seismic
data (Sagan and Hart 2006; Bemer et al. 2012).
Hence, log picks could be associated with seismic
reflectors which have specific attributes such as
dip angle, azimuth, and curvature. The seismic
reflectors/horizons—which also reflect diagenesis
—are, thus, calibrated by well logs. Faults are
preferential pathways for fluids, and they are
commonly mapped on seismic cubes using
amplitude and coherency attribute maps of the
seismic data (e.g. Ghalayini et al. 2016).

Lai et al. (2015) demonstrated that diagenetic
facies can be “translated” to well log responses,

Fig. 3.16 2D-grey scale
view of CT scan of a
typical dolomitized
grainstone. Darker grey is
dolomite (with
micro-porosity, D) forming
the rock matrix. Calcite
cement rims around the
dolomitized grains are in
lighter grey (C). Anhydrite
is white (A), while the
porosity is black. Courtesy
of the IFPEN Petrophysics
group
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and associated to porosity and permeability ran-
ges which are commonly determined from core
analyses. Secondary porosity (due to diagenesis)
can be estimated by comparing neutron-density
crossplots and sonic compressional measure-
ments. Subsequently, the heterogeneity of car-
bonate reservoirs might be better ‘visualized’.
Petroacoustic analyses (P- and S- wave phase
velocities) coupled with NMR measurements are
also used to better predict fluids saturation in
carbonate reservoirs (Rasolofosaon and Zinszner
2003; Bemer et al. 2012).

Hydrothermal dolomite are defined seismi-
cally using geometric criteria (e.g. sags of key
horizons, fault patterns) as well as changes in
amplitude or frequency of the seismic data.
Sagan and Hart (2006) demonstrated how quan-
titative seismic methods together with well logs
can be used to predict reservoir properties in
carbonate rocks, resulting mainly from faulting
and fluid-rock interactions (Fig. 3.18).

3.2 Future Perspectives

‘Quantitative diagenesis’ is a rising field of
research on its own as it combines new devel-
opments in analytical equipment and creative
workflows and techniques. If the objective of
characterization of diagenetic processes is to link

the processes to the resulted phases (and vice
versa), here the main goal is to be able to assign
numerical values for such phases. There are sev-
eral possible key future perspectives and poten-
tially interesting quantitative methods. Some of
which have already been introduced in the State if
the Art section (above). The following venues are
only arbitrarily selected based on my experience.

3.2.1 Remote Sensing
and Photogrammetry

State of the art techniques for quantitative dia-
genesis studies at the plug sub-scale, the subsur-
face fields, and geological basins have been
briefly presented above, still outcrop analogues
are needed to fill in the gaps in this broad spec-
trum. Studying surface-exposed geobodies allows
constraining their geometry, internal architecture
and constituents associations (e.g. fracturing and
lithofacies, dissolution and erosive surfaces) of
heterogeneous reservoir rocks. New technologi-
cal breakthroughs in remote sensing and imaging
(some are still under development; e.g. lidar
scanning, photogrammetry) attempt not only to
capture the spatial dimensions (architecture or
structural patterns) of diagenesis-related features
that are exposed at outcrops, but also to quantify
them (e.g. Kurz et al. 2012).

Packstone

Log
Facies

Sonic-Rt
Overlay

Ohm-m

Gamma
Ray

XX15

0 0012+04 1.0 100+--20

XX18

145
BOPD

1660
BOPD

XX21

XX24

D
ep

th

Sy
nt
he

tic
Se

is
m
ic

Tr
ac

e

Pe
rc
en

t
R
ec

ov
er
ed

C
or
e

D
es

cr
ip
tio

n

D
ia
ge

ne
si
s

Wackestone

Grainstone

(m
.)

Fig. 3.17 Facies interpretation based on well log data and sedimentologic/petrographic description of cores, allowing
facies to be mapped across a carbonate field using other logged wells without cores (Akbar et al. 1995)
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Remote sensing techniques are coupled with
numerical image analysis in order to provide 3D
mapping of the sedimentary/diagenetic objects of
sub-seismic scales. Today, related remote acqui-
sition is done by means of lidar or photogramme-
try. IFPEN has been involved in optimizing
ground- and drone-based photogrammetry work-
flows that are capable of capturing sedimentary
structures in detail with high resolution and trans-
forming the images into geo-referenced, gridded
models (reservoir-scale). Fracturing and diagenetic
features can also be explored and quantitatively
assessed. IFPEN’s Smart Analog approach for 3D
geomodels representing outcrops are built up at the
reservoir scale (Fig. 3.19; Schmitz et al. 2014).

First the field aerial- and ground-based
geo-referenced acquisitions (hundreds of geo-

tagged photographs) are undertaken, resulting in
an outcrop model. Interpretation follows by
property painting (e.g. facies), drawing objects
(e.g. dolomite fronts), including structural infor-
mation (e.g. fractures-and bedding strike/dip
values). The corresponding geomodels are
directly worked out from the outcrop 3D models
and further statistical and/or geostatistical com-
putation can be applied to fill in where infor-
mation is lacking. Finally, reservoir modelling
can also be applied and compared to the actual
subsurface reservoirs (e.g. facies/stratigraphy,
seismic attributes, petrophysical properties).

Lidar scanning with hyperspectral imaging and
image analysis (e.g. Fig. 3.20) have proved to
provide a successful technique in mapping dia-
genetic phases of distinct chemical and

Fig. 3.18 Porosity mapping of fault-related hydrother-
mal dolomites based on quantitative seismic methods:
a cross-section of a fault with flower structure through
seismic coherency volume; b same cross-section with

seismic amplitudes; and c calculated porosity volume
showing the highest developed porosity within the flower
structure (from Sagan and Hart 2006)
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mineralogical nature at the Pozalagua Quarry
(northern Spain; Kurz et al. 2012). This new
workflow is certainly going to be further improved
and applied in the near future. It will certainly
allow constructing robust geo-referenced numer-
ical models of reservoir-analogues.

Kurz et al. (2012) were able to map various
diagenetic phases, such as ferroan-dolomites,
filled/cemented paleokarst cavities and fractured
zones by means of combined lidar scanning and
hyperspectral imaging. This quantitative approach

results in a direct volumetric estimations when
surveys can be achieved in three-dimensions.

3.2.2 Integrated Data Analysis
Tools

Today, huge petrographic and petrophysical
data-bases are available in the industry. A typical
oilfield in the Middle East may have about 500
wells (10 % of which are cored and sampled

Facies interpreta on

Horizon picking

Facies propor ons Variogram computa on

Surface modelling

Reservoir grid construc on

Fig. 3.19 Integrated workflow for reservoir models based on 3D photogrammetry of outcrop analogues: from field
acquisition through characterization to numerical modelling (from Schmitz et al. 2014)

Fig. 3.20 Hyperspctral image analysis and interpretation of the main face of the Pozalagua Quarry (Ranero, NE Spain;
from Kurz et al. 2012)
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every foot). Such large data-bases need integrated
analytical tools in order to be properly used.
I have tried in this chapter to present workflows
including software such as EasyTraceTM and
GOCAD capable of analysing the petrographic
and associated petrophysical data from the plug to
the well and field-scale (cf. Figs. 3.2, 3.3 and
3.4). Still, these may as well be improved and
encompass other types of information (e.g. well
logs, seismic data, fracturing models). Well log
suites and interpreted electrofacies coupled with
the petrographic and petrophysical investigations
(presented above) provide an efficient tool to
achieve pertinent quantitative rock-typing.

In addition, invaluable quantitative geochemi-
cal and mineralogical data could help in better
understanding the reservoir heterogeneities and
the impacts of diagenesis (or fluid-rock interac-
tions) on the flow properties evolution. Indeed,
temperature and pressure conditions as con-
strained by isotopic analyses and fluid inclusions
may provide the linkwith numerical basin models.

There is a need at the industry to have an
integrated tool (based on software) that is capable
of managing all such data in a smart way that
highlights their inter-relationships. Accordingly,
upscaling would be better conceived and reser-
voir models could include diagenetic trends and
impacts.

3.2.3 Pore Space Models

Investigations of pore space and fluid flow
properties in reservoir rocks will certainly attract
a considerable number of research groups in the
coming years. Diagenesis plays a major role in
the (re)distribution of porosity and permeability
in carbonate rocks. If better quantitative under-
standing of the porosity/permeability relationship
is generally reached, reproducing the porosity
evolution of reservoir rocks could be accom-
plished with the related permeability changes—
still a very challenging task. The new techno-
logical breakthroughs (e.g. micro-CT) may lead
to directly focusing the pore network evolution
rather than investigating the rock textures (and
subsequently deducing pore space).

The paleo-pore architecture can be generated
today in the three-dimension with high resolution
(down to 0.5 µm in certain laboratories) from 2D
binarized images (cf. Fig. 3.14; van der Land
et al. 2013) or from 3D micro-CT scanned mini-
plugs (see above; e.g. De Boever et al. 2012). The
latter is succeeded only when the investigated
sample contains distinct minerals (host matrix vs.
cementing phases), while the former approach
using 2D petrographic images can be applied to
several diagenetic phases irrespective of its min-
eralogical heterogeneities. In both cases, the pore
space evolution is tied to a certain paragenesis.
Pore systems are converted into pore networks
which are used to calculate flow properties. 3D
pore space structures can be used for modelling
complex single and two-phase flows through
direct numerical flow simulations (Talon et al.
2012). Such modelling workflows are based
directly on the binarized 3D images. Darcy’s law
and viscosity energy dissipation are applied in
order to compute permeability in distinct porous
media at the micro-CT scale (e.g. straight chan-
nels, 2D model porous media, sandstone). For
additional details refer to Talon et al. (2012).

Alternatively, a Pore Network Model (PNM)
approach can be used to estimate the permeability
values for the reservoir rock at several phases
during its paragenesis (e.g. Algive et al. 2012; De
Boever et al. 2012). Yet, the derived pore net-
works are only approximations of the real net-
works at specific steps during diagenesis. Besides,
such networks are often very heterogeneous in
nature and reproducing such heterogeneities in
previous states remains very difficult. Neverthe-
less, combining 3D imaging with PNM (and
geochemical simulations; discussed in Chap. 4) is
believed to be worthwhile for quantitative
rock-typing of reservoir rocks and numerical
modelling of diagentic impacts on flow properties.
Could such an approach also address upscaling?

3.3 Discussion

‘Characterization’ of diagenesis involves—as
discussed in Chap. 2—the description and clas-
sification of diagenetic phases and subsequently
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their related processes. When describing diage-
netic phases/processes implicates numerical val-
ues, ‘Quantitative diagenesis’ studies are
invoked. In this chapter, the state of the art for
applying quantitative description of diagenesis is
presented. Similar general methods with respect
to the ones used for qualitative characterization
of diagenesis (Chap. 2) are employed (i.e. pet-
rography, mineralogy, geochemistry, fluid
inclusion analyses and petrophysics). However,
the resulting descriptive data and sometimes the
tools are different. For quantitative methods I
have also distinguished the investigation scales.
For instance, whether the applied methods
involve petrography or geochemistry, examining
objects of thin section-, reservoir- or basin-scales
requires different approaches. With respect to
multi-scale diagenesis studies, ‘Quantitative dia-
genesis’ occupies a central position, which is
based on adequate characterization methods and
definition of concepts, and relates to numerical
modelling tools (three-stages workflow illus-
trated in Fig. 1, page x). Indeed, quantitative data
are necessary during the construction of numer-
ical models (Chap. 4) and to validate the result-
ing simulations. We shall see, also, in the next
chapter, that modelling aims to consolidate the
conceptual models (based on diagenesis charac-
terization) and can lead to their improvement.

Petrographic analyses produce a great deal of
data, which remain the basic building blocks of
modern diagenesis studies. They involve mostly
2D thin sections and they are presented on logs
or in tables and spread-sheets. I have presented
two procedures to quantify sedimentary and
diagenetic features from scanned images of thin
sections and photomicrographs. These are
applied by means of MatlabTM scripts (Claes
2015), and through the common use of JMicro-
Vision freeware. These tools help in relatively
rapidly and systematically quantifying distin-
guished features of allochems, cements, and
porosity. Images of scanning electron micro-
scopy can be also used for quantitative assess-
ments. They are often combined to petrophysical
measurements (e.g. MICP, NMR) achieved on
the same samples from which thin sections are
made (check Fig. 3.1). Still, most of the

industrial petrographic analyses lack this degree
of quantification and rely on visual estimation
percentages, abundance classes (absent to abun-
dant), and even just occurrences (binary codes:
1 = present, and 0 = absent). Based on my
experience in the framework of numerous pro-
jects in the Middle East (UAE and Iran), I have
compiled three tables (Tables 3.1, 3.2 and 3.3)
presenting the various commonly described cat-
egories for lithologies and textures, cements, and
reservoir properties. Thousands of thin sections
and associated samples (plugs) are quantitatively
and semi-quantitatively described by filling
tables with such categories. They may provide
huge amounts of numerical values (up to 80
parameters per thin section) which can be used to
statistically study diagenetic phases and relate
them to rock-typing.

Having such considerably vast petrographic
and petrophysical data-bases from wells across a
field can be used to apply reservoir-scale quan-
titative diagenesis. Of course, they can be cou-
pled with well logs (and, subsequently
electrofacies). Quantified diagenetic phases can
be correlated through produced cross-sections
and help in providing statistical “trends”. I have
presented the workflow that we applied on the
Jurassic Arab D reservoirs at the scale of an oil
field in offshore Abu Dhabi (see Fig. 3.3). Here
we had a data-set based on 10,000 thin sections
from ten wells, which allowed statistical analyses
and drawing proportional maps featuring the
distributions of the diagenetic phases (Nader
et al. 2013). At this stage, in order to avoid
repeating the geological discussion of these
results—which is well presented above, and in
Nader et al. (2013)—I will only focus on the
rationale of the dual statistical and mapping
approaches.

Statistical analyses—undertaken with appro-
priate software such as EasyTraceTM—lead to
better understanding the inter-relationships of
some diagenetic phases (e.g. type of cements,
mineral replacements) and reservoir properties
(porosity and permeability). I have called “dri-
vers” the diagenetic phases that appear to be
associated with certain trends of reservoir prop-
erties. For example, in Fig. 3.3, we can observe

3.3 Discussion 65

http://dx.doi.org/10.1007/978-3-319-46445-9_2
http://dx.doi.org/10.1007/978-3-319-46445-9_4


that where syntaxial calcite overgrowth cement
(SCO) is abundant, higher permeability values
occur. Therefore the SCO is a “driver” for higher
permeability trend.

Mapping of rock textures and lithofacies at the
reservoir-scale are undertaken routinely in the
industry. What we elaborated further is drawing
the proportional distribution of the quantified
diagenetic phases (Fig. 3.4). Proportional maps
can be, therefore, constructed based on numerical
values (%) or relative abundance (absent to
abundant). They are valuable tools to visually,
geographically associate the various parameters.
Besides, such maps are also valuable for con-
structing numerical models (discussed on the
same case study in Chap. 4).

X-ray diffractometry technique coupled with
Rietveld refinement and a special sample prepa-
ration and analytical methods, which we describe
in Turpin et al. (2012), resulted in quantitative
assessments of calcite, dolomite and anhydrite
contents of Muschelkalk and Lettenkohle car-
bonate rocks. While the documented procedure
may be applied quite rapidly on a large series of
samples, we advise that preliminary investiga-
tions with SEM-EDS and/or EMPA to be applied
on selective samples in order to constrain the
mineralogical compositions ahead of massive
XRD measurements. The idea was also to com-
pare the resulting quantitative mineralogical
compositions with lithology distribution classi-
cally presented on well logs. This remains a task
to be attempted in the future, I still believe that
such approach (including organic matter quanti-
tative analysis) can be used to improve calibra-
tion of well logs. Besides, the identification and
quantification of carbonate mineral species using
Rok-Eval pyrolysis has been achieved recently
(Fig. 3.21; Pillot et al. 2014) and can serve to this
end too. Combining the results of such analytical
techniques and well log suites remains an
excellent venue for future research projects.

Spectral analyses by means of electron
microprobes result in geochemical mapping at
the scale of thin sections. These are also coupled
with the new generations of SEM-EDS (punctual
chemical analysis) and they can lead also to
mineralogical mapping. We have undertaken this

approach on sandstone samples from the Lower
Cretaceous Upper Mannville Formation (Alberta,
Canada; Deschamps et al. 2012; check Fig. 3.8).
Alternatively, mapping geochemical attributes
(e.g. major and trace element compositions) on
bulk-rock samples can be applied on
reservoir-scale objects. I have used this approach
to quantitatively characterize hydrothermal
dolomite fronts (Figs. 3.9 and 3.10), and subse-
quently refine the associated paragenesis (check
Fig. 2.11; Nader et al. 2007). As far as fluid flow
operates at the larger basin-scale, the resulting
cement stratigraphy may reveal the evolution of
geochemical composition of diagenetic fluids
(e.g. stable oxygen and carbon isotopes, stron-
tium isotopes, estimated salinity in fluid inclu-
sions). We have applied this approach on the
Permo-Triassic Khuff equivalent rock sequence
in the UAE (Fontana et al. 2014).

Fluid inclusion analyses have been introduced
in Chap. 2, in the general framework of charac-
terizing the original diagenetic fluid by coupling
microthermometry and stable oxygen isotopic
measurements. In this chapter, I present the same
technique, applied on inclusions trapping liquid
water as well as petroleum liquid/vapour. This
results in a very powerful approach that is still
under development with advanced confocal laser
scanning microscopy, Raman microspec-
troscopy, and numerical modelling (check
Fig. 3.13). Consequently, we are becoming cap-
able of constraining the timing of trapping of
inclusions in the mineral phases (i.e. potentially
the precipitation of the mineral—if inclusions are
primary), and the prevailing pressure and tem-
perature conditions. In addition, the timing and
nature of the hydrocarbon charge can be known.
This method and associated workflows will
develop further in the near future and certainly
allow us to further constrain placing the diage-
netic phases (and processes) on the burial history
curve (cf. Fig. 2.13).

X-ray computed tomography techniques cou-
pled with image analysis can lead to quantitative
volumetric assessment of mineral phases and
porosity. Here limitations, which I have dis-
cussed in Chap. 2, principally relate to resolution
and intensity. The approach of van der Land
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et al. (2013), which consists of creating 3D pore
space models based on high resolution input
SEM-EDS training images, is presented above.
What attracts my attention to this approach is the
potentials it has in incorporating diagenesis-
based porosity evolution (Fig. 3.14). I have
also presented above the detailed procedure that
we have followed to quantify the volumes of
anhydrite in dolostones as well as the pore space
at IFPEN (De Boever et al. 2012). Here, again
the problem of Representative Elementary Vol-
ume (REV) is faced, pleading to the need to be
addressed in future research projects. The best
approach, and the one that I would encourage, is
the integration of a variety techniques of acqui-
sition (e.g. micro-CT, SEM-EDS) and image
analyses.

Most of the above discussed methods and
associated workflows can be still considered
under development and continuous improve-
ment. ‘Quantitative diagenesis’ remains currently
a rising field of research. I have selected three
subjects which, based on my personal experi-
ence, appear to be very promising in the near
future. First, remote sensing and photogrammetry
methods have proved to be effective in providing
detailed outcrop analogue models with high
resolution (capturing sedimentary, structural and
diagenetic features). Integrated workflows can
lead to the construction of appropriate reservoir
models that can be compared to 3D reflection
seismic cubes and used for fluid flow simulations
(IFPEN, Schmitz et al. 2014). Lidar scanning and
hyperspectral imaging may result in powerful

Fig. 3.21 Rock-Eval
pyrolysis results for
identifying and quantifying
carbonate species:
a Obtained mV (equivalent
CO2) peaks, representing
pure mineral standards
(malachite, siderite,
magnetsite, rhodochrosite,
dolomite, aragonite and
calcite); b the
corresponding heating
ramp of 20 °C/min
between 300 and 850 °C
(Pillot et al. 2014)
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‘diagenetic mapping’ of outcrops (check
Fig. 3.18; Kurz et al. 2012). These methods are
combined with field work, which is the funda-
mental activity for sound diagenetic studies.
I have discussed above the combined statistical
and mapping analyses of huge petrographic and
petrophysical data-bases, which are achieved by
means of several software tools. It makes sense
to propose new integrated data analysis tools
(and/or upgrade existing ones) that are capable of
managing such data and other types of informa-
tion (geochemical, geophysical, production tests,
etc.). This is certainly a challenge for future
software developers, and it will benefit research
projects on diagenesis and potentially “upscal-
ing” in reservoir models. The third subject for
future development in quantitative diagenesis
studies concerns pore space models. Clearly, this
line of research is very attractive and will benefit
from improved technologies in acquisition and
image analyses. I did mention on a final note the
pore network modelling (PNM) approach, which
is also developed at IFPEN, and has been used to
estimate permeability evolution resulting from
cementation and dissolution processes (Algive
et al. 2012).

Eventually, numerical modelling of diagenesis
(Chap. 4) requires further developments in the
fields of robust analogue model constructions at
the reservoir scale, integrated data analysis soft-
ware capable of incorporating a maximum
amount of quantitative data, and improved 3D
assessment of pore space and fluid flow
properties.

3.4 Advancement in Quantitative
Diagenesis

New methods and workflows are emerging for
quantitative assessment of diagenetic phases/
processes and their impact on reservoir rocks at
various scales. These techniques are significant
for providing numerical data that can be used by
reservoir engineers as entry (input) data and for
validating the results of numerical simulations in
order to reach meaningful predictive geomodels
capable of constraining reservoir heterogeneities.

Most of the methods and workflows presented in
this chapter can be still considered as under
development and will witness significant
improvements in the near future.

I intended to draw the attention through this
chapter to the huge wealth of semi-quantitative to
quantitative data that come from the industry, and
to propose certain ways to organize such data
(Tables 3.1, 3.2 and3.3).Development of software
and numerical tools is still needed to cope with the
vast geophysical (well logs), petrographic, geo-
chemical and petrophysical data-bases. Enhanced
numerical tools should be linked to basin
geo-modelling software packages. The reward,
will certainly be a better quantification of diagen-
esis and its impacts on reservoir properties. Simi-
larly, I believe that outcrop analogue studies
(through remote sensing and photogrammetry) can
help in providing themissing link to understanding
subsurface reservoir heterogeneities. This invokes
technological breakthrough and building inte-
grated workflows benefitting from a variety of
methods and data-sets (such as geophysical and
fluid flow simulations). Potentially, such work-
flows can address the “upscaling” problem in
reservoir modelling, especially that at outcrops the
luxury of acquiring different scales and determin-
ing the REVs might be possible.

At the scale of rock samples (and thin sections),
quantitative analyses of diagenetic phases with the
integration of SEM-EDS, XRD and EMPA are
potentially prone to further enhancement. The new
generations of XRD equipment are capable of
quantifyingminerals with high resolution, yet they
need to be combined with SEM-EDS or EMPA to
narrow the mineralogical ranges. Besides, quan-
titative assessment can be done for varying min-
eralogical assemblages (e.g. ferroan dolomite/
calcite). Quantitative dating of diagenetic pro-
cesses needs to be improved aswell and associated
to basin history. Further work is expected on
understanding the anisotropy evolution of flow
properties bymeans of quantitative assessments of
the cement crystal growth and deduced stress
fields (e.g. back-scatter SEM analyses, calcite
twinning, magnetic susceptibility).

Three-dimensional scanning of cores and
samples (via computed tomography) will
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continue to develop in order to quantify with
higher resolution the mineralogical constituents
(matrix and cement) as well as macro- and
micro-pore space. Better subjective image
treatment and possibilities to deal with varying
scales of porosity types constitute real actual
and future challenges. Permeability modelling
based on pore space and related networks seems

to me an important step. For instance, adequate
quantitative assessment of flow properties along
the paragenetic paths (forward or backward)
will help in understanding the diagenetic effects
on permeability. A challenging future task
would be to distinguish the impacts of burial
and tectonic compaction on the evolving pore
space.
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4Numerical Modelling of Diagenesis

Techniques for characterizing diagenesis and
assessing quantitatively its impact on sedimen-
tary rocks are quite available (some examples are
presented in Chaps. 2 and 3). Numerical mod-
elling of diagenesis remains under development
and the near future will certainly witness con-
crete innovations in this field. In Finé, a numer-
ical model is expected to deliver a better
distribution of petrophysical properties based on
the understanding and predictability of the dia-
genetic processes, and their impacts on the sed-
imentary rocks. At this stage, the key objective
must not be limited to the capability of simulat-
ing the exact processes under investigation. It
should rather provide a tool able to test certain
scenarios and to draw concluding statements that
could enforce or dismiss the proposed conceptual
model, and guide further reservoir modelling.

Previous and on-going research work aimed at
modelling diagenesis to constrain the hetero-
geneity of carbonate reservoirs (e.g. Caspard et al.
2004; Whitaker et al. 2004; Jones and Xiao 2005;
Rezaei et al. 2005; Barbier et al. 2012). Forward
modelling to simulate early meteoric diagenesis
affecting isolated platform have been proposed by
Whitaker et al. (1997a, b). More recently,
basin-scale modelling codes taking into account
the impact of the residence time of phreatic water
lenses and karst on early diagenesis has been
undertaken (e.g. Paterson et al. 2008; Hydromel—
IFP Energies nouvelles). Caspard et al. (2004),

Whitaker et al. (2004), Jones and Xiao (2005), and
Consonni et al. (2010) used reactive transport
modelling to simulate dolomitization. Calcite
dissolution by mixing of fresh and marine waters
has been calculated by Rezaei et al. (2005). Dis-
solution of carbonates and karst processes are very
attractive to various multi-disciplinary research
groups applying numerical modelling (e.g.
Labourdette 2007;Rongier et al. 2014).Only a few
published articles make use of geostatistical
methods to model diagenesis and associated
reservoir heterogeneity (e.g. Doligez et al. 2011;
Barbier et al. 2012; Hamon et al. 2013).

Threemajor numerical approaches formodelling
diagenesis processes—focussed on carbonate
reservoir rocks—are presented here: (i) geometry-
based, (ii) geostatistical, and (iii) geochemical.

4.1 State of the Art (Numerical
Modelling of Diagenesis)

4.1.1 Geometry-Based Modelling

By ‘geometry-based modelling’, object-distance
and geometric-association simulations are meant.
For instance, the object-distance simulation method
(ODSIM) that is proposed by Henrion et al.
(2010)models a three-dimensional envelope around
a skeleton. Such methods have been proposed to
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model dolomitized rocks, cemented veins and
karstic networks (e.g. Rongier et al. 2014).

4.1.1.1 Karst Networks Modelling
Underground karst networks represent a major
late diagenetic process involving the dissolution
of carbonate rocks. Such networks play a sig-
nificant role in the underground flow distribution
in aquifers and reservoirs (Chaojun et al. 2010).
Besides, modelling such features can be vali-
dated by speleological mapping of accessible
karst conduits. The hydrothermal karst systems
inlcude some of the most outstanding karst net-
works—where very rapid dissolution takes place
(e.g. Klimtchouk 2007; Palmer 2007). Besides,
such hydrothermal dissolving fluids are usually
accessible, and have been often associated to
nearby hydrocarbon fields (Palmer 2007). Karst
networks provide excellent applications for
numerical modelling (e.g. Dreybrodt et al. 2005).
They have been also investigated by means of

geometry-based methods. The latter is capable of
modelling the three-dimensional patterns of such
geological objects, leading to improved sustain-
able groundwater utilization, better hydrocarbon
exploration/production, and overall optimal
management of the subsurface. Besides, one can
compare the cavernous karstic networks to the
vuggy porosity and even the microscopic pore
space networks: it’s all a matter of scale.

Skeletons of the karstic network are usually
provided either by speleological mapping (i.e.
two- and/or three-dimensional maps with mea-
sured lateral and vertical dimensions; Fig. 4.1),
or by stochastic simulations taking into account
the location uncertainties of the actual conduit
(Dreybrodt et al. 2005). The ODSIM method
computes an Euclidean distance field around the
skeleton, which is then refined by means of a
random threshold—generated by stochastic
methods such as the Sequential Gaussian Simu-
lation (SGS; see below).

Fig. 4.1 An example of a 3D speleological map of
underground karstic networks (Llueva cave, Spain) with
Survex and supported by Therion software packages

(www.survex.com; http://therion.speleo.sk/index.php).
This 3D survey is based on classical speleological
mapping
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Rongier et al. (2014) presented a new
methodology based on ODSIM (as a plugin of
the GOCAD software), capable of integrating a

series of geological features known to influence
conduit shapes. They used a custom distance
field generated by a fast marching method, which

Fig. 4.2 Improved workflow for ODSIM of karstic
networks (see text for details, refer to Rongier et al.
2014). Geological data are taken into account, prior

to applying numerical methods to constrain the geome-
try of the simulated geological body (here a karstic
conduit)
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concerns the propagation of a “front” with
known speed, and constrained to geomorpho-
logical data. Then a random threshold is built by
combining different variograms or distributions
(Fig. 4.2).

The above presented workflow is applied for
each element known to have a certain control on
the shape geometry (e.g. bedding planes, faults),
and result in the varying patterns of the produced
envelopes for the karstic conduits. Consequently,
a variety of karst morphologies can be modelled;
e.g. lensoidal bodies along bedding and fault
planes, symmetric vertical conduits, keyhole
passages, longitudinal notches (Fig. 4.3).

4.1.1.2 Fracture-Related Hydrothermal
Dolomite Modelling

Geometry-based modelling of fracture-related
dolomitization have been attempted on the
Ranero dolostone outcrops (see Fig. 2.1,
Chap. 2). The geological model was first con-
structed featuring the various sedimentological
facies and the structural architecture of the
Ranero study areas (using GOCAD software).
Fractures and faults were further modelled by
means of FracaTM and were subsequently
imported into the geomodel (Dumont 2008).

Field observations demonstrated that NW-SE
oriented faults (and fractures) are associated with
the major hydrothermal dolomitization process
(i.e. flow pathways of dolimitizing fluids).
Besides, the distance of the dolomite bodies
away from such major faults can be measured
(from field mapping and satellite image analysis).
Hence, similar to the ODSIM method (presented
above), the Ranero dolomite objects could be
modelled, whereby the NW-SE oriented fractures
represent preferential sites of presence of dolo-
mites (Fig. 4.4).

The resulting model distributes similarly the
dolomites along the simulated fractures in both
northern and southern zones of the study area
(outlined in black on Fig. 4.4). This is contra-
dictory to the field observation whereby the
southern zone has relatively narrow dolomite

corridors in the limestone host-rock (see Fig. 1.8,
Chap. 1). In addition, the northern zone consists
of two subzones (a higher plateau and a slope;
Fig. 4.5), with quite distinct distribution of
dolomite bodies around the same major Ranero
fault. The plateau is structurally and stratigraph-
ically higher than the slope (Nader et al. 2012),
and thus, the larger volume of dolomite might
represent the general geometry of hydrothermal
dolomites (Davies and Smith 2006; with larger
dolomite bodies upwards along faults) (Fig. 4.5).
The more considerable distribution of dolomites
in the plateau area could also be related to a
stratigraphic facies with higher permeability
before dolomitization occurred (Dewit 2012).

The concept of fault-related dolomitization
with decreasing volume of dolomite bodies with
depth from a preferential horizon (e.g. top of
host-rock formation) can be modelled with
geometry-based methods.

Accordingly, field mapping and aerial image
analysis together with conceptual understanding
of the fault-related hydrothermal dolomitization
(e.g. Nader et al. 2012; Shah et al. 2012; Swen-
nen et al. 2012), provided in the case of Ranero
further constraining parameters which concern
the size and geometry of the dolomite objects. By
applying these constraints together with the
distance-to-fractures, the resulting model is more
realistic, as it shows larger dolomite geo-bodies
in the northern zone of the study area (Fig. 4.6),
as observed in the field.

The geometry-based modelling methods do
not directly result in a predictive genetic real-
ization, they rather provide static numerical
models. They make use of associations of geo-
metric features to constrain their distribution in a
realistic way. Eventually, a well-constrained
geomodel is constructed and expresses the level
of understanding of the spatial distribution and
volumes of the simulated objects. This workflow
needs to be validated with robust methods—e.g.
mapping karstic networks, aerial photogramme-
try of outcrops, otherwise it suffers from crucial
uncertainties.
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Fig. 4.3 Simulated envelope of a karstic network
skeleton obtained by taking into account the bedding
plane (H1)—a stratigraphic feature, a fault (F1)—a

structural feature, and an ‘attraction level’ (water-table)
coinciding with the lowest conduits (from Rongier et al.
2014)

Fig. 4.4 Top views of the Ranero model
(6000 � 2000 m) showing the two study areas (out-
lined in black) and the distribution of dolomites
(brown) within the original sedimentary facies (green:

limestone; blue: shale; yellow: sand). The simu-
lated dolomite distribution is associated laterally to
NW-SE oriented fractures/faults (seen in b) (Dumont
2008)
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Fig. 4.5 Based on field data and conceptual models, the
Ranero fault-related dolomites can be further constrained
by applying a distance decreasing control for the dolomite

occurrence along faults/fractures with increasing depth
from a preferential horizon (ca. top seal, Davies and
Smith 2006)

Fig. 4.6 Dolomite distribution simulation of the Ranero
model (6000 � 2000 m) taking into account the NW-SE
faults and the vertical geometry constraining factors:
a cube view of the 3D model showing the modelled
dolomite distribution near the surface—the northern study

area (outlined in black) features relatively larger dolomite
volumes (in brown) compared to the southern area; b Top
view of the model showing the simulated dolomite
distribution and the NW-SE faults (compare this map
with Fig. 4.4b)
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4.1.2 Geostatistical Modelling

Geostatistical methods are often used for
reservoir-scale modelling—preferably based on
considerable amount of data. Geostatistical sim-
ulations make use of stochastic approaches (e.g.
plurigaussian, multiple point) to fill in the space
between control points (e.g. wells, outcrop logs)
with known ‘exact’ or ‘hard’ data (Doligez et al.
1999). Hence, the resulting models consist of
cells filled with the most probable facies/phase
and/or petrophysical properties. This is not a
predictive approach but rather an extrapolation
workflow based on probability. It certainly helps
in illustrating probability-based heterogeneities
across reservoirs (cf. Fig. 1.11).

Geostatistical modelling workflows have been
investigated to simulate sedimentary facies and
associated diagenesis overprints (e.g. Pontiggia
et al. 2010; Doligez et al. 2011). The quantitative
assessment of diagenetic imprints is analysed by
means of different geostatistical workflows to
obtain final simulations reproducing both sedi-
mentary facies, diagenetic trends, and resulting
petrophysical characteristics in reservoir models.

The general idea is to first generate a model of
rock texture distribution that can be controlled by
the conceptual knowledge of the depositional
environments. The diagenetic imprint distribu-
tion is generated afterwards using the relation-
ship characterized between the initial rock
textures and their subsequent alteration (diagen-
esis). If no relationship is evidenced, two inde-
pendent stochastic realizations can be required
for both texture and diagenesis.

The classical facies modelling algorithms are
usually shared between object-based and
pixel-based (also named cell-based) algorithms.
Here variogram-based methods and multiple-
point geostatistics are commonly applied. For
instance, Matheron et al. (1987) applied this
technique successfully to model deltaic reser-
voirs (in Doligez et al. 2009).

4.1.2.1 Methodology: Geostatistical
Parameterization Steps

Discretization The process of which a continu-
ous data set is partitioned into categories sampled
on a grid is called discretization. Accordingly, the
well paths are converted into cells of the grid by an
averaging method. Discretized well trajectories
are required as an input to the log discretization.
Well log discretization enables one to have the
well log information on the stratigraphic grid.
Therefore, properties such as dolomite%, porosity,
and permeability as well as classical well logs—
e.g. neutron, gamma-ray—can be discretized.
Depending on the nature of the quantitative data,
two different averaging methods for discretizing
properties are generally used, “Mean Value” (e.g.
for dolomite%), and “Most Represented Facies”
(e.g. for rock textures, cement and porosity types).

Rock texture and diagenetic phase defini-
tion The rock textures, cement and porosity are
usually associated by means of statistical analysis
(e.g. through the use of EasyTraceTM software).
For instance, rock textures may be grouped into
muddy-, packstone-, and grainy textures, while
the cement types into absent, rare, common and
abundant classes.

Vertical proportion curves The amount of
each discretized category (e.g. rock texture) as a
function of depth (along the discretized well
trajectory) is quantified by means of the Vertical
Proportion Curves (VPC). These are computed
along layers of the grid and the results are pre-
sented as a graph showing, for instance, the
proportion of each rock texture at each level
(Fig. 4.7). In order to avoid sharp boundaries the
VPCs can be smoothed.

Vertical proportion maps As a VPC is a
stacked bar diagram (Fig. 4.7), which represents
the vertical distribution (function of depth) of the
percentages of all the rock textures in all wells,
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the vertical proportion matrix is a set of macro
cells (Fig. 4.8), each of which contains one VPC.
During the simulation, the related VPC is used in
each macro cell. So, if only one VPC is used in a
stochastic simulation, it is assumed that the rock
textures have no lateral variation. Different
methods for computing the proportion matrix can
be used: (i) computing the proportion matrix
from VPCs; and (ii) designing areas within the
grid on which the VPCs are assigned. Property
maps can be used to constrain the computation of
the matrix of proportions for certain facies and/or
diagenetic phases.

Variograms A variogram (Fig. 4.9) is a tool for
analysing the spatial correlations and spatial
continuity between observations. In other words,
the variogram is a measure of “geological vari-
ability” versus distance. There is a quite large
difference between the horizontal and vertical
directions in the “geologic variability”. The ver-
tical variability is related to the characteristics
(e.g. continuity, thickness) of stratigraphic layers
and/or geologic bodies. The horizontal spatial
correlation corresponds to the extension of the
geological bodies. A single variogram for a
specific distance and direction is uncomplicated

Fig. 4.7 The principle of computing a vertical proportion curve (VPC). The VPC shows the relative proportion of
discretized data, such as rock textures, with depth (from Doligez et al. 1999)

Fig. 4.8 Schematic representation of the computation of
VPCs and VPMs: a Initial gridded (discretized) well logs
with five different lithotypes; b resulting Vertical Propor-
tion Curve (VPC) taking into account the gridded facies
logs; and c computed Vertical Proportion Matrix (VPM),

based on a and b as well as additional geological
information. The VPC is computed as global proportions
of each facies at specific depth. The VPM is computed
from local VPC and additional geological and seismic
information, resulting in realistic constrained zonation
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to interpret, but when several distances and
directions are taken into account, practical diffi-
culties arise (e.g. Gringarten and Deutsch 1999
and 2001).

In some cases geological variations seem to have
no spatial correlation, which could be explained
by deterministic geological processes. The type
of variogram behaviour when only a small part of
the variability is explained by random behaviour
is called the nugget effect (Fig. 4.9).

Petrophysical properties are often spatially
correlated to depositional environments. The

spatial correlation decreases with increasing dis-
tance, and finally at a certain distance there will
be no more spatial correlation. This is called the
range (Fig. 4.9).

The sill (Fig. 4.9) is the variance of the vari-
ogram when no trend exists in the data. The sill is
the data variance.

Variogram Model The experimental variogram
that is computed from data values as a function
of distance between data is fitted with a model
(mathematical function of distance). The defini-
tion (i.e. type) of this model will have a direct
impact on the continuity of the distribution of the
simulated property. The most classical models
are: exponential, spherical, and Gaussian. They
result in more or less continuous distributions
(Fig. 4.10). Variogram models can also account
for anisotropy (Le Ravalec et al. 2014).

Geologic trends A trend is usually given to the
petrophysical property distribution by a geolog-
ical process (e.g. fining or coarsening upward or
the decrease in reservoir quality from proximal to
distal parts of the depositional system). These
trends might create a variogram that has negative
correlation at large distances; e.g. the high
porosity at a base of a fining upward package
will be negatively correlated to the low porosity
at the top of the unit (e.g. Gringarten and Deutsch
1999 and 2001).

Fig. 4.9 An example of a variogram showing its char-
acteristic parameters: sill, range, and nugget effect (from
Yarus and Chambers 2006)

Fig. 4.10 Influence of variogram model type (a Expo-
nential; b Spherical; and c Gaussian) on the resulting
distribution of modelled properties. The grid consists of

200 � 200 cells, and the Range is set at 40 cells (from Le
Ravalec et al. 2014)
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4.1.2.2 Methodology: Geostatistical
Simulation Methods

Methods for indicator/categorical variables

Sequential indicator simulation SIS is based
on the indicator approach (Fig. 4.11). When a
rock texture (i.e. a categorical variable) is simu-
lated, the indicator approach transforms each
rock texture into a new variable. Then, the
probability of simulating related rock texture
(e.g. mudstone, pack-wackestone, grainstone) at
a given position, is computed using hard data
(e.g. well data) and already simulated values. The
values of the variable corresponding to the rock
texture present is set to 1, and the rest is set to 0
(Falivene et al. 2006). A random path is defined
to go through the grid.

Truncated Gaussian simulation This method
is based on the truncated Gaussian simulation
algorithm and needs a preliminary estimation of
facies proportions to define thresholds (Doligez
et al. 1999; Falivene et al. 2006), which are used
to back-transform the values of the underlying
Gaussian Random Function (GRF) into facies
(Doligez et al. 1999). Two steps summarize the
process (Fig. 4.12): (1) GRF is produced by the
use of variogram models, which are fitted into the
experimental variograms calculated either from
wells and/or seismic data; and (2) the GRF is
truncated using thresholds, so that the random
variable is divided into classes; above, in
between, and below the thresholds. Depending
on the geological setting, the thresholds are either
constant or variable. In the case of stationary

Fig. 4.11 a The principles
of the Sequential Indicator
Simulation (SIS). b The
way categorical variables
are transformed into
indicator functions
(Le Ravalec et al. 2014;
courtesy of Doligez,
IFPEN)
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configurations, heterogeneities are assumed to be
homogeneously distributed, and the thresholds
are constant in the lateral direction and computed
level by level from VPC (Fig. 4.7). The other
option is to use a non-stationary configuration,
this means that lateral trends can be seen in the
facies distribution and that the thresholds are
variable. In this case, the algorithm can use more
than a single VPC and instead deals with a 3D
proportion matrix, which represents the spatial
variations of the facies proportions (Fig. 4.8).
Hence, the truncation thresholds in the GRF are
now variable in space and the simulated facies
will follow these variations (Doligez et al. 1999).

PluriGaussian simulation The plurigaussian
model, consists of simultaneously truncating two
(or more) Gaussian variables, which may be
correlated or not (Doligez et al. 2009). The basic

principle is to use two (or more) Gaussian vari-
ables (G1 and G2, Fig. 4.13a) to condition the
spatial structure of two (or more) different sets of
lithotypes (e.g. rock textures). The contact (and
transition) relationships between the lithotypes
are determined by the lithotype rule (index box-
and pie-charts in Fig. 4.13b, c) that defines the
truncation diagram. The practical values of
truncation are computed on the base of this
diagram, still honouring the proportions of
lithotypes (Fig. 4.13). Normando et al. (2005)
demonstrated that the plurigaussian simulation
algorithm is capable of reproducing the initial
reservoir characteristics as it respects the litho-
facies proportion, proportion matrix and the
lithotype rule.

This method has been used to model hetero-
geneous media for petroleum reservoir

Fig. 4.12 The principle of
truncated Gaussian
approach: a Generation of
the Gaussian random
function; b Truncation of
both a variable and
constant threshold along a
vertical section; c Resulting
facies distribution for both
stationary and
non-stationary case (from
Lerat et al. 2007)
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characterization, mining or hydrogeological
models (e.g. Pelgrain de Lestang et al. 2002;
Fontaine and Beucher 2006; Galli et al. 2006;
Emery and Gonzales 2007; Doligez et al. 2009;
Mariethoz et al. 2009). Extensions to bi-PGS has
been proposed (Doligez et al. 2011; Hamon et al.
2013) to co-simulate two categorical variables
(i.e. sedimentologic facies and diagenetic
imprints) in one step using, potentially correlated
parameters for each of them.

In a typical plurigaussian workflow, the rela-
tive proportions of the different lithotypes that
will be simulated, have to be well defined. These
proportions are usually estimated by analysing
wells or outcrops data, and computed as a global
vertical proportion curve (VPC) which represents
the vertical succession and distribution of facies
in one stratigraphic unit.

Generally, the proportions are not constant
over the domain and vary laterally because of the
existence of trends in the geological/diagenetic
processes. This non stationarity is captured by
providing variable proportions over the domain
in a grid of vertical proportions or VPM which is

computed from the well data and additional
geological information (e.g. sequence stratigra-
phy, conceptual depositional/diagenetic models,
seismic data). It can be considered as a 3D
probability volume of lithotypes, giving the local
probability of getting a particular facies or dia-
genetic phase at a particular location (e.g. Rav-
enne et al. 2000).

Multiple Points Geostatistics simulation
MPS is able to reproduce complex geological
patterns (e.g. channels) which cannot be mod-
elled by simple variograms. Instead of using
2-point statistics from a variogram model (e.g.
SIS), the MPS approach borrows multiple-point
statistics from a conceptual geological model
defined as a training image (Tahmasebi et al.
2012). The borrowed multiple-point patterns
from training images, are then anchored to ‘hard’
data (e.g. subsurface well logs, outcrop images,
seismic data). MPS remains a stochastic method.
Therefore, the principles of stationarity and
ergodicity do not allow an arbitrary choice of
such training images. Caers and Zhang (2002)

Fig. 4.13 The plurigaussian method and related param-
eters: a Two independent Gaussian functions (G1 and
G2); b, c Different simulations based on distinct lithotype
pattern rules (1, 2), but similar proportion patterns of

lithotypes (proportions 1); d Resulting simulation with
lithotype proportions (2) and adjusted lithotype rule
1. Note the effects of changing lithotype rules and
proportions on the resulting simulations
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demonstrated that modular training images can
be used to build complex reservoir models by
means of multiple-point geostatistics. New
emerging approaches for multipoint-multiscale
with coarse and fine training images have been
proposed by Gardet et al. (in press) and Le
Ravalec et al. (2014) (Fig. 4.14).

Object-based methods Object models are
built from geometrical objects randomly dis-
tributed in space, whereby probability laws
depict the locations, shapes and orientation of
these objects. Fracture networks are often repre-
sented by this approach. For example, the
NW-SE faults in the Ranero case were modelled

Fig. 4.14 The multiple-point geostatistics applied on
channels: a Training images (at fine and coarse scales);
b Simulation results in two steps; first at the coarse scale

then at the fine scale given the realization simulated at the
coarse scale (from Gardet et al. in press—courtesy of
M. Le Ravalec, IFPEN)

4.1 State of the Art (Numerical Modelling of Diagenesis) 83



according to this method (check Fig. 4.6).
Object-based models can be combined with the
above listed pixel-based models (i.e. simulations
based on indicator/categorical variables), in order
to get better representation of the investigated
geological formations.

Methods for continuous variables

The above presented methods are used on indi-
cator or categorical variables such as rock tex-
tures (i.e. mudstone vs grainstone), whereby the
data is in the form of codes (check Table 3.1,
Chap. 3). Other type of data are in the form of
continuous numbers, e.g. dolomite%, porosity%,
and well logs. These continuous variables are
usually treated with sequential Gaussian and
FFT-MA simulation methods.

Sequential Gaussian simulation SGSim is a
widely used method involving the definition of a
random path visiting all grid blocks of the model.
For each block, SGSim determines the local
distribution from simple kriging. Then it draws a
value from this local distribution—assigned to
the current grid block. Finally, it adds the simu-
lated value to the data set. This method is effi-
cient and it can be applied on any sort of grids. It
provides conditional realizations (Le Ravalec
et al. 2014).

FFT-MA simulation This method combines the
moving average method with the fast Fourier
transformation. The method performs the con-
volution product of the moving average method
in Fourier space, making the computation of the
moving averaging easy and fast. The FFT-MA
method can generate efficiently large Gaussian
realizations of any stationary covariance function
(Le Ravalec et al. 2000; Hu and Ravalec-Dupin
2004).

4.1.2.3 Case Study: Geostatistical
Modelling of the Upper
Jurassic Arab D Reservoir
Heterogeneity, Offshore
Abu Dhabi, United Arab
Emirates (Morad 2012)

The aim of this study is to statistically analyse
the impact of diagenesis on reservoir-quality and
to propose a specific workflow for modelling the
spatial distribution of rock textures, diagenetic
trends, and reservoir properties at a typical oil-
field scale. Petrographic and petrophysical data
from nine wells in a field offshore Abu Dhabi
were first analysed. Then the distribution of
facies/diagenetic phases and reservoir properties
were modelled.

Geological Settings
The Arab Formation consists of four members,
from bottom to top Arab D, C, B and A. The
maximum flooding surface at the base of the
formation (Arab D) is dated within the middle
Kimmeridgian (about 153.5 Ma; MFS J70,
Sharland et al. 2001), and the maximum flooding
surface at the top of the formation (Arab A)
overlaps with the Kimmeridgian-Tithonian
boundary (150.75 Ma; MFS J100; Ehrenberg
et al. 2007). In offshore Abu Dhabi the Arab
Formation measures an average thickness of
about 770 ft (235 m; Alsharhan and Magara
1994). Arab D and C members are the main
reservoirs. The Arab B and A members, together
with the overlying Hith Formation provide the
appropriate sealing for the underlying reservoirs.
The Arab D member is further subdivided into
four layers (D5, D4, D3, D2; from bottom to top)
(Morad et al. 2012).

A regressive part of a second-order superse-
quence represents the whole Arab Formation.
The supersequence is composed of four-fold
hierarchy ranging from sequences to cycles,
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which due to the presence of barrier islands and a
slope, were deposited on a distally steepened
ramp characterized by an offshore break (Morad
et al. 2012). Extensive lateral and vertical vari-
ations in the lithofacies are observed within the
Arab D member depending on the location
within the ramp (Al-Suwaidi and Aziz 2002).
Supratidal algal laminated mudstone/evaporite
and lagoonal evaporite, wackestones, and pack-
stones are found on the inner ramp. The ramp
crest comprises high energy deposits such as
foraminiferal packstones, grainstones, float-
stones, and intraclastic rudstones. The slope and
outer ramp comprises open-marine bioturbated
wackestones and mudstones (Fig. 4.15).

The evaporite content increases towards the
top of the formation due to the generally pre-
vailing isolated to semi-isolated lagoon. Fluctu-
ations in relative sea level are interpreted to have
been the main controls of the distribution and
lithology patterns of the inner ramp deposits of
the Arab Formation (Al Silwadi et al. 1996).

The Arab D member consists of five parase-
quence sets (PS), which have a shallowing-
upward trend (Fig. 4.16). Each of these PSs starts
with a deepening component (TST), which is
overlain by a MFS/condensed section (CS),
finally topped by a shallowing component (HST;
Azer and Peebles 1998; Morad et al. 2012).
A typical parasequence set (PS3; partially
equivalent to Arab D3) of the Arab D limestone
reservoirs are further analysed in this study.

Statistical Analysis
The PS3 succession comprises rock textures with
the highest porosity and permeability values with
respect to all investigated parasequences of the
Arab D Member (Morad 2012). The available
data of this parasequence set (PS3; Fig. 4.17)
consisted of well core data (petrographic and
petrophysical data) representing 600 depth-
corresponding samples from nine wells. These
“samples” (and corresponding values) have been
statistically quantified and analysed (check
Figs. 3.2, 3.3, 3.4, Chap. 3).

The PS3 stratigraphic interval includes four
sedimentological depositional facies across the
studied field (from northeast to southwest:
lagoon, shoal, outer shoal, and outer ramp); all of
which are intercepted by wells that are part of the
data set (Fig. 4.17). Vertically, the PS3 com-
prises the cycles of D3L1 and D3L2, and ranges
from 17 to 55 m in thickness (Fig. 4.16). The
data set (*600 samples) in PS3 is characterized
by considerably good reservoir properties, rep-
resented especially by high permeability values
in grain-supported textures. PS3 includes a TST
overlain by an important HST (Fig. 4.16).

The lagoon facies in PS3 (Fig. 4.17) has an
average thickness of 17 m, and consists predom-
inantly of packstone rock textures (Fig. 4.18a).
Where grainstones prevail, considerable inter- and
intragranular porosity (14–18 %) are observed,
with low abundance of cement (e.g. syntaxial
calcite overgrowth cement—SCOC; Fig. 4.18b).

Fig. 4.15 Schematic depositional model of the Arab D and C members (from Morad et al. 2012)
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Fig. 4.16 Three well-logs from southeast outer ramp to the northeast inner ramp across the investigated field, showing
the rock texture distribution of the investigated parasequence set (PS3, red outline)—from Morad et al. (2012)
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Muddy textures with relatively sparse dolomite
content (low permeability, ca. 2 mD) also char-
acterize the lagoon facies in PS3.

The thickness of the shoal facies in PS3 ran-
ges from 19 to 55 m. Here, the most permeable
grainy textures (around 1600–3900 mD) within
the investigated database (for PS3) are observed.
These rock textures are characterized by rela-
tively larger intergranular macro-porosity and

common abundance of SCOC (occurring almost
in half of the investigated samples) (Fig. 4.19a).
The syntaxial calcite cement grows especially
around crinoids fragments and appears to be
associated with considerable intergranular
porosity. Packstone textures are also found and
they are characterized by low abundances of
cement and dolomite (Fig. 4.19b). The shoal
facies also include partially dolomitized muddy

Fig. 4.17 Simplified map showing the investigated field (*20 � 25 km) at the PS3 interval, the extent of the
depositional facies, as well as the locations of wells

4.1 State of the Art (Numerical Modelling of Diagenesis) 87



textures with significant porosity and perme-
ability values (14–22 % and up to 184 mD).

The thickness of the outer shoal facies of PS3
ranges from 21 to 29 m, while the main rock
textures are grain-supported (Fig. 4.20a). They
resemble their equivalent in the shoal, but with
considerably lower permeability values (one
order of magnitude lower). The packstone tex-
tures are characterized by relatively good reser-
voir properties and with rare/common SCOC
(Fig. 4.20b). Moderately dolomitized muddy
textures, with relatively low flow properties are
also found, still to a lesser extent.

The outer ramp facies in PS 3 has a thickness
of 29–30 m. Muddy textures (mudstone/
wackestone), with low dolomite content and
low reservoir properties dominate the related
dataset (Fig. 4.21a). To a lesser extent, packstone
and wackestone textures are also found in the
outer ramp facies (Fig. 4.21b). They are charac-
terized by relatively low flow properties.

The statistical analysis of petrographic and
petrophysical data (from well cores) is summa-
rized in Table 4.1 (check also Fig. 3.3, Chap. 3).
Data are organized by depositional facies (dis-
tributed across the oilfield) and rock textures.

Fig. 4.18 Photomicrographs (PPL) displaying character-
istic lagoon microfacies in PS 3: a Packstone with low
inter- and intragranular porosity in well H, 9967 ft

(*3038 m); b Grainstone containing relatively high
inter- and intragranular porosity in well H, 8955 ft
(*2729 m). Scale bars represent 1 mm

Fig. 4.19 Photomicrographs (PPL) displaying examples
of shoal microfacies in PS 3: a Grainstone with high
porosity in well L, 11731 ft (*3576 m); b Wacke-

mudstone with bioclasts in well L, 10768 ft (*3282 m)
(partially stained thin section; red is calcite, white is
dolomite). Scale bars represent 2 mm
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Then, those rock textures with specific diagenetic
phases such as partial cementation (SCOC) and
dolomitization are presented separately with the
corresponding porosity and permeability values.

The highest observed porosity in the PS3
generally occurs in the grainstones and pack-
stones of the shoal and outer shoal facies (aver-
age *20–25 %). Such grainy rock textures
(grainstones and packstones), show a higher
average porosity (5–15 %) where syntaxial cal-
cite cement (SCOC) is common (grown typically

around fragments of crinoids commonly found in
deeper shoal and outer shoal depositional envi-
ronments) (Fig. 4.22a, c). Muddy textures show
relatively lower (macro-)porosity values in the
shoal facies (17 %), where scarce dolomite con-
tent (<10 %) is associated with relatively higher
porosity values (Fig. 4.22d). The lagoon and
outer ramp are characterized by relatively lower
porosity values (9–14 %).

The highest observed permeability values
occur in the grainy textures of the shoal facies in

Fig. 4.20 Photomicrographs (PPL) displaying character-
istic outer shoal microfacies in PS3: a Grainstone/
packstone with relatively low intragranular and mouldic
porosity and with relatively abundant SCOC in

well C, 8845 ft (*2696 m); b Grain-Packstone with
SCOC in well A, 8523 ft (*2598 m) (stained thin
section; red is calcite, white is dolomite). Scale bars
represent 1 mm

Fig. 4.21 Photomicrographs (PPL) displaying character-
istic outer ramp microfacies in PS3: a Wackestone with
scattered calcite cemented moulds in well I, 10,060 ft

(*3066 m); b Moderately dolomitized wacke-mudstone
in well I, 10,033 ft (*3058 m). Scale bars represent
1 mm
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PS3 (up to 3900 mD). The same textures have
values of one order of magnitude lower in the
lagoon and outer shoal facies. The packstone
textures are relatively high-permeable in the
shoal and outer shoal. The common/abundant
occurrence of SCOC seems to be associated with
higher permeability values generally in grain-
stone and packstone textures (Fig. 4.22a; check
also Fig. 3.3). Muddy textures show only good
permeability in the shoal, where values are con-
siderably higher (from 7 to 184 mD; Table 4.1)
in samples that undergone slight dolomitization
(<10 %; Fig. 4.22b).

Geostatistical Simulations
The distribution of the above presented rock
textures across the investigated field (constrained
by their depositional environments spatial con-
figuration) together with the impacts of specific
diagenetic trends on petrophysical properties, has

been achieved through geostatistical modelling.
The diagenetic trends refer to observed relation-
ships (“rules”) made upon quantitative and sta-
tistical analyses (above), whereby the presence of
a specific type of cement (i.e. SCOC) in
grainstones/packstones and the extent of
dolomitization in wackestones/mudstones appear
to co-relate to “samples” with relatively higher
reservoir properties, compared to those similar
rock textures in the same depositional environ-
ments. Accordingly, we called “drivers” or
“proxies” these (semi-)quantified diagenetic
phases that appear to impact the reservoir prop-
erties (and imply “diagenetic trends”).

The followed workflow for modelling the
depositional facies distributions and diagenetic
trends of the PS3 interval of Arab D reservoirs in
the investigated field involved several steps
(Fig. 4.23). First, a statistical analysis has been
undertaken to investigate quantitatively the rock

Table 4.1 The quantitative impact of diagenesis on reservoir quality for the various depositional facies and rock
textures in PS3

Values without any impact of diagenesis are shown first for each rock texture, followed by values that take diagenesis
into account (in bold). SCOC—syntaxial calcite overgrowth cement
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Fig. 4.22 Cross-plots of bulk porosity (%) versus
log-permeability analysed based on the abundance of
SCOC and dolomite% within the PS3: a Poro/perm plot
featuring highest porosity and permeability values for
grainy textures of the outer shoal in PS3 with

common/abundant SCOC (Red = abundant, green = com-
mon, yellow = rare, black = absent); bMost of the samples
withminor dolomite content (<10 %, green) have relatively
moderate to high poro/perm values compared to those with
higher dolomite content (>10 %, red)
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textures distribution and to identify the main
diagenetic drivers for porosity and permeability
(e.g. SCOC/Dolomite%, see above). Then, the
gridded model (of the studied field) was con-
structed including the available hard data (dis-
cretized well logs)—soft data will be
interpolated. Simulations (multi-realizations)
were achieved to infer the soft data distribution
between cells informed with hard data; e.g.
(semi-)quantitative distributions of rock textures
(Grainy-Packstone-Muddy), SCOC (absent/rare
to abundant), dolomite (%), and porosity (%).
This step involves the definition of variograms,
vertical proportion curves VPC, and vertical
proportion matrices VPM (see above). Simula-
tions were achieved by the SIS and FFT-MA
methods to reproduce the distribution of rock
textures and SCOC as well as dolomite% and
porosity, respectively (Fig. 4.23). Rules for the
main diagenetic drivers of porosity and perme-
ability, are thereafter proposed and applied. For
instance, where “common or abundant SCOC” is

present, in grainstones and packstones, the
average permeability values is doubled, based on
the statistical analysis (Table 4.1). Finally, the
applied rules are used to attribute porosity and
permeability values across the reservoir model
taking into account the simulations (realizations)
for rock textures distribution.

Rock Textures Distribution First, it has to be
noted that the rock textures distribution of PS3 is
related to the geographic configuration of the
depositional environments (see Fig. 4.17), which
shows a NW-SE orientation (here, defined as azi-
muth N110°) of a ramp system (discussed above).

The workflow for the geostatistical simulation
of the rock textures distribution, was therefore
based on the depositional facies map (Fig. 4.17)
and the computed vertical proportion curves
(VPCs) of the discretized wells at the PS3
interval (Fig. 4.24). In order to better constrain
the distribution of rock textures as a function of

Fig. 4.23 Geostatistical modelling workflow for
the distributions of rock textures (in three classes:
grainy, packstone, muddy), the SCOC (in four classes:
absent, rare, common, abundant), dolomite (%)
and porosity (%) in PS3 (from Morad 2012). In
order to investigate the diagenetic trends (impacts

of diagenesis on reservoir properties), rules linking
diagenetic drivers (e.g. SCOC, dolomitization)
to observed changes of the corresponding reser-
voir properties have been applied, and resulted in
attributed porosity and permeability distributions in a
geomodel
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the extent depositional, a property map was
created (Fig. 4.25). This map consists of four
areas corresponding to the lagoon, shoal, outer
shoal and outer ramp environments. With this
constraining map and VPCs (corresponding to
well hard data), the proportion matrix (Fig. 4.26)
was produced (for more details, check Method-
ology section above).

The used method for simulations of rock
texture distribution is the Sequential Indicator
Simulation (SIS; for further information check
Methodology above). A specific orientation was
adopted (azimuth N110°) based on the known
depositional facies spatial configuration
(Table 4.2). Other simulation parameters such as
ranges (X, Y and Z) and sill were defined arbi-
trarily based on data range of magnitudes and
trial and errors.

Once the variogram parameters are defined
and the proportion matrix computed, the

simulation of the distribution of rock textures in
PS3 was achieved (Fig. 4.27). It illustrates the
pre-dominance of grainy textures in the areas
representing the shoal and lagoon facies. To a
lesser extent, grainy textures are also found in the
outer shoal facies in the south-eastern part of the
studied field. Packstone rock textures character-
ize lagoon, outer-shoal and outer-ramp areas
(compare Fig. 4.27 and Fig. 4.24). The muddy
rock texture are predominant in the outer ramp
area. They are also found in the lagoon area.

Geostatistical modelling resulted in correctly
distributing the rock textures according to the
selected simulation method (here, SIS) between
the wells (control points). The statistical data
collected from well cores has been honoured at
the well locations. The property map, is a con-
straining tool proposed by the sedimentologist in
order to group those wells that are believed to
penetrate facies relating to specific depositional

Fig. 4.24 Left Depositional facies map showing the location of the wells (hard data) across the investigated field. Right
Computed vertical proportion curves (VPCs) representing the vertical rock textures distributions in each of the ten wells
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environments. It is important to note that this
modelling method remains stochatsic (non-
deterministic) and will not result in precise

allocation of the exact rock textures in the geo-
model. Each realization (simulation) will show
different rock textures distributions. Yet, all of

Fig. 4.25 Property map showing the extent of the depo-
sitional environments (i.e. areas). Through the implementa-
tionof these areas, the computedVPCs for the corresponding

wells will be grouped (e.g. Wells H and G assigned for
Lagoon Area). The computed proportion matrix (VPM;
Fig. 4.26) will honour this geographical zonation

Fig. 4.26 Constrained proportion matrix (VPM) for rock textures in PS3 with a grid of 10 � 10 for X and Y. Grainy
textures dominate in the shoal and in some parts of the outer shoal facies, as expected
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them will portray the geostatistical rules that
were implemented and will therefore present
logical, probable distributions.

Syntaxial Calcite Overgrowth Cement
(SCOC) Distribution The occurrence of
common/abundant SCOC was used as a discrete
property. The SCOC was imported as classes:
1 = absent, 2 = rare, 3 = common, and

4 = abundant. The same workflow, which was
followed to model the rock textures distribution
(see above), has been used for the SCOC distri-
bution modelling (Fig. 4.28).

The abundance of the syntaxial calcite over-
growth cement (SCOC) is related to the rock
textures (mostly in grainstones and packstones)
and the presence of crinoids (as it grows on

Table 4.2 The simulation method and variogram values for the rock textures distribution of PS3

Method RangeX RangeY RangeZ Azimuth Sill

SIS 6000 3000 1 110 0.10

Fig. 4.27 Top view of the modelled rock textures
distribution in PS3 (see text for details). While this
realization illustrates the heterogeneous distribution of

rock textures across the PS3, predominance of grainy and
muddy textures in the areas where the shoal and outer
ramp have been assigned has been correctly produced
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fragments of crinoids in deeper outer-marine
depositional realms). Therefore, the quantitative
proportional abundance map of SCOC in
grain-supported rock textures across the field
(check Fig. 3.4), has been used as a constraining
property map (Fig. 4.29) for the computation of
the proportion matrix (VPM; Fig. 4.30).

The proportion matrix (VPM) was computed
taking into account the proposed constraining
property map. In this case, the values on the map
of constraint are used as quantitative data in the
kriging system to compute the proportion matrix.
To model the distribution of SCOC across the
study area (field), we chose a similar method as
used for the simulation of rock texture distribu-
tion (i.e. Sequential Indicator Simulation, SIS).
Since, the modelled cement is genetically asso-
ciated to the rock textures, the same specific
orientation was adopted (azimuth N110°)

(Table 4.3). Other simulation parameters such as
ranges (X, Y and Z) and Sill were defined arbi-
trarily based on data range of magnitudes and on
trial and errors.

The simulation of SCOC distribution in the
PS3 suggests patches of common occurrences in
the northern and western part of the field
(Fig. 4.31). The simulation does not show clear
occurrence of abundant SCOC; this may be
explained by very low frequency of “abundant”
SCOC in the data set (check Figs. 3.3 and 3.4,
Chap. 3). The simulation results are coherent
with the proportion matrix and the VPCs. SCOC
is commonly found in the northern and western
parts of the grid (field; Fig. 4.31). The modelled
distribution is quite heterogeneous (patchy) as it
obeys to the statistical scattering computed from
well data and the constraining property map. One
should not consider the resulted simulation as an

Fig. 4.28 Left Depositional facies map showing the location of the wells (hard data) across the investigated field. Right
Reported well-logs data representing the vertical SCOC abundance distributions in each of the ten wells
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exact map of the common presence of SCOC,
rather as a logical probable distribution.

The syntaxial calcite overgrowth cement,
whose presence in the grain-supported textures
have been co-related to relatively higher perme-
ability values (see above), seems to be common
in the areas corresponding to lagoon, shoal and
outer shoal. Besides, Fig. 4.31 shows that within
these areas only the northern and western parts
display common SCOC.

Dolomite Distribution Since the amount of
dolomite in the investigated samples (well data) is

a continuous property (in%of bulk rock)we chose
to simulate it by using the FFT-MA method (see
above for details, Methodology). A quite similar
workflow (to the above presented workflows for
rock textures and SCOC distributions) was fol-
lowed to model the dolomite % distribution across
the investigated field. The resulting simulation
represents the heterogeneous patchy distribution
of dolomite across in PS3 (Fig. 4.32). Relatively,
larger patches of considerably high dolomite% are
found on the eastern and southern parts of the grid
(areas corresponding principally to lagoon and
outer ramp depositional facies; Fig. 4.32).

Fig. 4.29 Property map for constraining the distribution
of SCOC in PS3. The map shows the proportional
abundance of the SCOC in grain-supported rock textures
in Arab D member interpolated from well data (cumulated

proportions of the SCOC in the stratigraphic unit). We
assumed that the PS3 (typical rock sequence of the
Arab D member) will have similar abundance distribution
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Porosity and Permeability Attribution The
attribution of petrophysical properties (porosity
and permeability) is based on the results of the
statistical analysis that was undertaken on the
available data-set (summarized in Table 4.1).
Results of the geostatistical modelling (rock
textures, classes of SCOC, proportion of dolo-
mite) performed for PS3 were used for the
assignment of porosity and permeability average
values according to the rules defined for the
diagenetic drivers (i.e. SCOC and dolomite).

Practically, the geomodel represents the geo-
statistical distribution of the rock textures
(grainy, packstone, and muddy) together with the
patchy distribution of SCOC classes and

dolomite%. The average values of porosity and
permeability for each rock texture categories
(presented in Table 4.1) was attributed in this
geomodel. Values were rounded off to nearest
5 % ratio.

In order to map the spatial impact of diagen-
esis on the reservoir properties, the diagenetic
“drivers” (i.e. SCOC and dolomite, whose dis-
tribution has been modelled) are used to propose
“rules” linking their presence with altered
porosity and permeability values.

Two simplified rules were applied for redis-
tributing the porosity and permeability:
(i) Porosity and permeability average values for
samples with “common” and “abundant” SCOC
(bold in Table 4.1), are attributed to cells with

Fig. 4.30 Constrained proportion matrix (VPM) for SCOC in PS3 with a grid of 10 � 10 for X and Y. Abundant (red)
and common (green) occurrences of cement are principally observed in the northern part of the grid

Table 4.3 The simulation method and variogram values for the SCOC distribution of PS3

Method RangeX RangeY RangeZ Azimuth Sill

SIS 6000 3000 1 110 0.10
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grainy and packstone rock texture in PS3, instead
of the overall average porosity and permeability
values; (ii) Porosity and permeability average
values associated with dolomite% (bold in
Table 4.1) are similarly attributed to muddy rock
textures in the geomodel.

The resulting simulations (Figs. 4.33 and
4.34) illustrate the realistic aspect of hetero-
geneities of the PS3 reservoirs and the impact of
diagenetic trends on porosity, and especially
permeability. Modelling results of PS3 illustrate
the heterogeneous central part of the investigated

field, where the highest porosity and permeability
values are observed, particularly in areas where
grainy textures are present. Areas with high
dolomite content are generally associated with
lower porosity and permeability values, except in
the outer shoal facies, where high dolomite
content seems to enhance the permeability values
(Fig. 4.34).

The constructed geomodel was capable of
reproducing a heterogeneous distribution of
reservoir rocks based on the original deposi-
tional facies and known diagenetic trends. This

Fig. 4.31 Top view of the modelled SCOC distribution in PS3 (see text for details). Common occurrence (in green) of
this cement is mostly noticed in the northern and western part of the grid
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has been done following several steps and
combining methods and software packages
(EasyTraceTM, CobrafLowTM, GOCAD). Still,
the resulted simulations/realizations are not
deterministic. They represent logical, highly
probable distributions that are governed by the
input ‘hard’ well data, geological constraints
(depositional environment maps, diagenesis),
and statistical analysis of petrographic and
petrophyscial data.

Although, the shoal facies includes the most
optimal reservoir rocks, their heterogeneity in
terms of porosity and permeability values is
difficult to assess. The proposed workflow helps
in illustrating such heterogeneity and applying
specific controls on its stochastic distribution.
Particularly, the grain-supported limestone tex-
tures (pack-/grainstones and grainstones) char-
acterize chiefly the shoal and outer shoal facies.
These represent the best reservoir rocks, where

Fig. 4.32 Top view of the modelled dolomite distribution
in PS3 (see text for details). Here, completely dolomitized
(large patches in white, up to 100 % dolomite) are

observed mainly in the southern part of the grid, in the
areas which correspond to the outer shoal and outer ramp
facies. Black shades represent almost 0 % dolomite
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they have relatively high amounts of scattered
syntaxial calcite overgrowth cement (SCOC) and
are less affected by dolomitization. Dolomitiza-
tion generally enhances porosity and permeabil-
ity in mud-supported limestone textures of the
proximal outer ramp and outer shoal facies,
where reflux dolomitization is inferred (see
Morad et al. 2012).

4.1.2.4 Alternative Workflow
for Geostatistical
Modeling of the Arab D
Reservoir Heterogeneity

The above described modelling workflow and
results for the depositional facies distributions
and diagenetic trends of the PS3 interval of
Arab D reservoirs involved the SIS and FFT-MA

Fig. 4.33 View of the porosity attribution in PS3, based
on the modelled distributions of rock textures, SCOC and
dolomite as well as the diagenetic drivers rules. Here, the
lagoon facies (north) has relatively low porosity values
ranging between 10 and 15 %. The shoal facies shows a
heterogeneous patchy porosity distribution, with values

ranging between 15–25 %. The highest values are seen in
the red, where grainy textures prevail. The outer shoal
facies have similar porosity values to those of the shoal
facies, but slightly lower. The outer ramp facies is
characterized by lower porosity values (*10 %). The
porosity scale-bar spans 0 to 25 %
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geostatistical methods. Rules for the main dia-
genetic drivers of porosity and permeability were
applied based on the statistical analysis of well
data (Table 4.1), organized by depositional facies
(i.e. grainy, packstone, muddy). Accordingly,
such applied rules were used to attribute porosity
and permeability values across the reservoir
model.

An alternative workflow is proposed to
achieve the same objectives—namely, to model
the reservoir porosity/permeability heterogeneity
of the PS3 interval, by cross-relating the depo-
sitional facies, the diagenetic driver, as well as
the porosity and permeability distributions. This
workflow makes use of the plurigaussian method
which involves two Gaussian simulations for

Fig. 4.34 View of the permeability attribution in PS3,
based on the modelled distributions of rock textures,
SCOC and dolomite as well as the diagenetic drivers
rules. The lagoon facies has relatively low permeability
values. Relatively high permeability values are found in

the shoal facies. Where grainy textures dominate and no
dolomite is present, the highest permeability values occur.
The heterogeneity of the outer shoal facies resembles the
shoal facies, but with lower values. The outer ramp facies
is characterized by lower permeability values
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modelling the depositional facies. It provides a
simpler and faster way to distribute the reservoir
properties between the wells across the oil field.

Alternative Workflow
The alternative workflow is presented in Fig. 4.35.
It consists of four distinct yet inter-related mod-
elling steps: (1) facies distribution through a
plurigaussian simulation; (2) porosity distribution
by depositional facies type by means of the
FFT-MA method; (3) diagenetic driver (SCOC,
see above) distribution by depositional facies and
correlated with modelled porosity through the
collocated cokriging; and (4) permeability distri-
bution by depositional facies, calculated based on
the simulated porosity and diagenetic driver
(SCOC). This last step reproduces the semi-
arbitrary “attribution” that was done in the previ-
ous workflow (above).

The plurigaussian method—with Gaussian
variogram model—was preferred here for rock
textures (facies) simulations because it results in
less pixelated features (with respect to SIS, above)
representing a simplified view of the related
depositional environments (check Fig. 4.10);
whereby the shoal includes predominantly grainy

textures, the lagoon features packstones and
muddy, and the outer ramp is mainly made up of
muddy textures. Since the PS3 facies are domi-
nated by shoal and outer shoal grainstoneswith the
major diagenetic driver being the syntaxial calcite
overgrowth cement (SCOC) which is itself rather
correlated with grainy textures, the porosity and
SCOC simulations were constrained by the sim-
ulated facies (rock textures). In addition, the
SCOC distribution was correlated with porosity,
since such cement is highly common in grainy and
rare to absent in muddy textures. The above rules
are based on the geological observations (check
Figs. 4.17, 4.18, 4.19, 4.20 and 4.21, and
Table 4.1).

Simulations and Results

Facies Distribution As mentioned above the
plurigaussian method was used in order to model
the distribution of rock textures (facies) across
the study area. This is done by using two
Gaussian simulations with the first one repre-
senting the general azimuth of structures
(N110°), and the second smaller structures with
perpendicular (N020°) orientation (Fig. 4.36).

Fig. 4.35 Geostatistical modelling workflow for the
distributions of facies (rock textures in three classes:
grainy, packstone, muddy) by means of plurigaussian
method, constrained by depositional environments map;
porosity with FFT-MA correlated to the similauted facies;
the SCOC (in four classes: absent, rare, common,
abundant) constrained by general proportion relative

abundance map and correlated to porosity—simulations
with collocated cokriging, and permeability calculated by
facies based on modelled porosity and SCOC. The arrows
point to the relationship between the four modelling steps.
For example porosity simulations are constrained by
facies simulations and constrain the SCOC and perme-
ability simulations
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These orientations were defined based on the
known depositional facies spatial configuration.

Similarly to the SIS simulation of the distri-
bution of rock textures (above), the depositional
facies map (Fig. 4.17) was honoured. Vertical
proportion curves (VPCs) of the discretized wells
at the PS3 interval were computed. The propor-
tion matrix (VPM) was produced by using the
same constraining property map representing the
lagoon, shoal, outer shoal and outer ramp depo-
sitional environments (cf. Fig. 4.25). Thereafter
the variogram parameters were defined and the
facies simulation was achieved (Fig. 4.41a).

Porosity Distribution The porosity values
consist of a continuous property (in % of bulk
rock) and therefore were simulated by means of
the FFT-MA method. A similar workflow was
followed (see above), yet three simulations were
provided corresponding respectively to the
grainy, packestone, and muddy rock textures
(facies). The variogram model parameters are
presented in Table 4.4.

SCOC Distribution The quantitative propor-
tional abundance map of SCOC in grain-
supported rock textures across the field (check
Figs. 3.4 and 4.29), was used as a constraining
property map for the computation of the pro-
portion matrix (VPM). Still, the collocated cok-
riging method was used here (instead of the SIS),
providing three simulations corresponding to the
three groups of rock textures (facies). The con-
ditioning dataset was the available well data. In
addition, the simulated porosity was used as a
secondary property with defined correlation
coefficients of 0.5 and 0.8 for packstone
(Table 4.5) and grainy rock textures (Table 4.6).
A very low (and null) correlation coefficient was
used for the muddy textures since no syntaxial
overgrowth cement is found in this facies.

Permeability Distribution The major control-
ling parameter for the permeability distribution
for the PS3 interval (of the Arab D Member)
across the study area is believed to be the pre-
vailing rock textures (facies). Indeed, the best

Fig. 4.36 Results of the two Gaussian simulations
(a: G1; b: G2) across the study area for the rock textures
(facies). The well locations (control points) are indicated.
The parameters used for each simulation are also listed—

these were defined based on data range and on trial and
errors. The colour scale bars range from −4.0 to 4.6 for
a and −3.5 to 4.2 for b, red representing the highest
values)
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reservoir rocks statistically are those of grainy
textures (commonly in the shoal environment).
Yet, these show significant heterogeneities in
terms of their porosity and permeability (as
observed above). The working hypothesis is that
such heterogeneity can be predicted using a
diagenetic driver (here the SCOC distribution,
which is itself associated to the porosity). Based
on the porosity-permeability laws for micro-,
meso-, and macro-porosity proposed by Lønøy
(2006), the permeability distribution has been
calculated for muddy, packstone and grainy
textures (Table 4.7). The simulated porosity
values were used to calculate the permeability
(between the wells). According to the statistical
analysis of well data (presented in Table 4.1), the

permeability values seem to be more than double
when the packstone and/or grainy textures
include common to abundant SCOC. Thus, the
respective Lønøy (2006) equations were modi-
fied (by multiplying by 2).

Synopsis
The alternative workflow succeeded in modelling
the distributions of facies (rock textures), porosity,
SCOC and resulted permeability for the PS3
interval (Upper Jurassic Arab D Member) across
the study area (Fig. 4.37). Where muddy rock
textures (mostly representing the outer ramp and
parts of the lagoon depositional environments;
Fig. 4.37a) prevail, porosity and permeability
values are relatively low (Fig. 4.37b, d). Minor

Table 4.4 Variogram model for the porosity (FFT-MA) simulations

Structure RangeX RangeY RangeZ Azimuth Sill

Spheric 6130 6560 1.02 110 0.10

The parameters of the variogram model were defined based on data range and on trial and errors

Table 4.5 Parameters for the collocated cokriging simulations of the SCOC distribution in packstone rock-textures
across the study area, and constraints for the variogram model

Parameters for collocated cokriging

Conditioning dataset Second property Correlation coefficient

DSW_PS3_F (wells) Porosity-FFTMA 0.5

Variogram model

Structure RangeX RangeY RangeZ Azimuth Sill

Spheric 6130 6560 1.02 110 0.10

Note that a moderate correlation between SCOC and porosity has been applied. These parameters were defined based on
data range and on trial and errors

Table 4.6 Parameters for the collocated cokriging simulations of the SCOC distribution in grainstone rock-textures
across the study area, and constraints for the variogram model

Parameters for collocated cokriging

Conditioning dataset Second property Correlation coefficient

DSW_PS3_F (wells) Porosity-FFTMA 0.8

Variogram model

Structure RangeX RangeY RangeZ Azimuth Sill

Spheric 6130 6560 1.02 110 0.10

Note that a high correlation between SCOC and porosity has been applied. These parameters were defined based on data
range and on trial and errors
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Fig. 4.37 Distributions of rock textures (facies; a),
porosity in % (b), SCOC (c) and permeability in mD
(d) based on geostatistical modelling involving
plurigaussian, FFT-MA, collocated cokriging methods
for the PS3 interval (Upper Jurassic Arab D member).

Low porosity and permeability dominate the muddy
textures, while the packstone and grainy textures
portray the highest permeability where SCOC is com-
mon to abundant. Maps are view of layer 40 of the 3D
model

Table 4.7 Applied conditional formulas for calculating permeability values based on simulated porosity per rock
texture (facies) taking into account the SCOC distribution
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exceptions can still be observed where well data
show the opposite (probably due to minor
dolomitization—not taken into account with this
modelling workflow). For grainy and packstone
textures mainly representing the shoals, the per-
meability is a function of simulated porosity and
the SCOC distribution (check Fig. 4.37b–d).
Thus, where porosity is relatively high and SCOC
is common to abundant, the permeability is higher.

4.1.3 Geochemical Modelling

Geochemical modelling employs thermodynamic
and kinetic rules (from data-bases, e.g. USGS;
Palandri and Kharaka 2004) to examine chemical
reactions and fluid-rock interactions. This can be
done through a 0D model (e.g. ArXim,
PHREEQ-C), whereby the viability of a certain
chemical reaction is tested and analysed. Fur-
thermore, coupling geochemical modelling with
reactive-transport (RTM) allows the simulation
of fluid-flow and associated fluid-mineral pro-
cesses in 1D, 2D and 3D configurations. Geo-
chemical RTM are attractive as they provide
forward simulations of fluid-rock interactions and
resulting diagenetic phases. Yet, they need to be
validated since most of these processes occurred
in different, usually unknown temporal and
physico-chemical conditions. This remains cur-
rently a challenging task for achieving useful
geochemical models of diagenetic processes.
Nevertheless, geochemical modelling is capable
of providing invaluable answers to specific
questions concerning the fluid-rock interactions.
Henceforth, it is very appropriate to use this
technique in order to support or refute proposed
conceptual models and inferred diagenetic
impacts on reservoir properties.

Within the larger framework of diagenesis stud-
ies, numerical modelling plays an important role for
analysing quantitatively certain concepts. Diage-
netic processes need, first, to be well investigated
and characterized. Their impacts and/or resulting
phases have to be further quantified in order to
provide input-data for the numerical models.

Dolomitization conceptual models include
two major groups. The first group represents

early seawater-related—sometime abhydrite
associated—dolostones. The second illustrate
later dolomitization processes associated with
basinal-fluids at higher temperatures and depths.
A typical example of early seawater-related
dolomitization model is that of the reflux
involving gravity-flow of seawater-modified bri-
nes (cf. Adams and Rhodes 1960). The burial
(compaction) model of dolomitization (e.g. Illing
1959; Jodry 1969; Hood et al. 2004) involves
pumping of basin formation waters from the
basin (undergoing burial and compaction) into
adjacent permeable carbonate rocks.

4.1.3.1 0D Geochemical Modelling:
Dissolution/Precipitation
Rates

De Boever et al. (2012), applied 0D geochemical
modelling to obtain an estimate of dolomite
dissolution and anhydrite precipitation rates in a
typical Arab Formation reservoir rock, at the
micro-scale (combined with micro-CT investi-
gations; see above, Chap. 3). The evolution of an
open geochemical system, changing at a rate
governed by the fluid and rock composition and
reaction kinetics, has been modelled with ArXim
software (EMSE-IFPEN), which is an open
source program for multiphase speciation, equi-
librium and reaction calculations between min-
erals, aqueous solutions and gases.

The reactions take place in a box with the size
of a small plug (2.5 cm3), which is representative
of the scale of samples studied—from Arab
Formation, Abu Dhabi (UAE). The geochemical
calculations include the solid phases calcite,
dolomite and anhydrite. Quantitative XRD
results allow deriving the volume% of solid
phases and porosity present at the onset of the
reaction. The grain diameter of solid phases was
adjusted to meet the total pore surface at the
onset of reaction. Fluid compositions are
described by their pH and the concentration
(mol/kg) of seven components involved in
calcite-dolomite-anhydrite reactions. The con-
centrations of geochemical components are based
on formation water data from the Arab Formation
in the UAE (Morad et al. 2012), detailed brine
compositions in equilibrium with the Jurassic
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Smackover Formation (Moldovanyi and Walter
1992) and actual, surface Abu Dhabi sabkha
waters (Wood et al. 2002). The Smackover
Formation in the Southern Reservoirs encloses a
carbonate-evaporite sequence with a similar
mineralogical assemblage as the Arab C Member
(calcite, anhydrite, dolomite) and is presently
buried at depths between 2765 m and 3250 m.
The compositions of fluids in equilibrium with
the rock assemblage, used as a basis in the cal-
culations are listed in Table 4.8.

The typical Arab Formation water has Na+

and Cl− concentrations well above that of typical
seawater; it has also high SO4

2− and HCO3
−

concentrations. It inherited its main characteris-
tics from evaporative waters that caused early
reflux dolomitization and equilibrated with a
dolomite-calcite-gypsum/anhydrite rock
sequence. Solutions’ ionic strengths are higher
than 3.0 and (Pitzer 1973) equations are used to
compute aqueous activity coefficients.
The USGS database (Palandri and Kharaka
2004) is used for the kinetic constants.

Geochemical modelling parameters were
constrained by the inferred geological burial
curve as well as the pressure (P) and temperature
(T) during which different cementation/
dissolution events took place. Advective fluid
flow velocities were varied between 0.1 m/y and
a few tens of m/y. Constraints were obtained
from (Machel 2004; Whitaker et al. 2004) who
compiled information on different fluid flow rates
for different hydrological drives in basin studies.

Because of the uncertainties associated with the
fluid composition and reaction conditions, T, P,
fluid composition (Mg2+, Ca2+, SO4

2−, CO2

concentration and salinity) and fluid flow veloc-
ity (m/y) were changed as part of a sensitivity
study.

The simulations represent thermodynamic-
kinetic reaction path calculations in a box with
length dx (m), on which an advective flow with
velocity u (m/y) is imposed. At first, a fluid
in-place is created and modelled to be in ther-
modynamic equilibrium with the mineralogical
assemblage at given T and P. During dynamic
simulations, a fluid that is out of equilibrium as a
result of small changes in the fluid chemistry
(Mg2+, Ca2+, SO4

2−, CO2 concentration or
salinity) and/or temperature (°C), is injected.
Temperature and pressure conditions remained
constant during each simulation. A closed system
run allows determining the equilibration time of
the fluid with the rock. Then, the advective
velocities implied during open system, dynamic
runs are chosen as such that the fluid leaves the
volume, with length dx, prior to full equilibra-
tion. The 3D volume that is dissolved or pre-
cipitated during a specific diagenetic event is
obtained (for validation) from the CT-images
(Table 4.9; see above, Chaps. 2 and 3).

Each simulation addresses one dissolution or
precipitation reaction at a time (Table 4.10). No
replacement processes or concurrent dissolution
of two phases (calcite and dolomite) have been
considered. Each diagenetic process is simulated,

Table 4.8 Geochemical compositions of the fluids (associated to dolomite dissolution and anhydrite precipitation)
used in reaction path calculations (from De Boever et al. 2012)
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according to one or more scenarios. Selected
scenarios are based on background literature of
the geological history of the study area. The
maximum geological duration of the diagenetic
events (in m.y.) helps in eliminating unrealistic
scenarios.

The calculated reaction rates (dolomite and
anhydrite volumes dissolved/precipitated per
time unit) reflect the rate of dissolution/
precipitation in a realistic geochemical space,
but are independent of changes in the pore
structure and assume ‘perfect mixing’. The 3D
volume of dissolution or cementation obtained
from CT images and the maximum geological

duration of the diagenetic event (in m.y.), as
described in literature and/or validated by basin
modelling (burial history), demonstrate the
necessity to study far-from-equilibrium geo-
chemical systems at a small scale in order to
achieve sufficiently fast reaction progress with
time.

Eventually, this approach provides a way to
calculate the impact of diagenetic processes (i.e.
dissolution of dolomite and anhydrite cementa-
tion, Table 4.10) on the host-rock mineralogy
and porosity with no fluid transport simulations.
Results were used to attempt constraining reac-
tive pore network modeling (R-PNM; De Boever

Table 4.9 Quantitative diagenesis of three samples from the Arab Formation (Abu Dhabi—UAE) by means of
micro-CT image analyses and XRD (from De Boever et al. 2012)

Table 4.10 Sample chemical and physical input parameters for reaction path simulations

In gray: values of input parameters that were varied for sensitivity analysis (see also Table 4.8) (Boever et al. 2012)
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et al. 2012). The same workflow can also be
applied on larger basin-scale, whereby the rela-
tive amount of porosity destruction (cementation/
plugging) or porosity enhancement (dissolution)
can be assessed. At this stage, the results are
burdened with several uncertain parameters, but
they can lead to meaningful trends.

4.1.3.2 2D Geochemical Reactive
Transport Modelling:
Reflux Dolomitization

Dolostones are known worldwide to reservoir
significant amount of hydrocarbon. In the prolific
Middle East region, major hydrocarbon accu-
mulations are in dolostone reservoirs either of, or
related to, reflux origin (e.g. Permian Khuff,
Jurassic Arab Formations, Fontana et al. 2014).
A reflux system refers to a conceptual model
whereby downward gravity-flow of brines
(highly saline fluids) results in dolomitization (cf.
Adams and Rhodes 1960). The heterogeneous
distribution of reflux dolostones and their overall

impact on reservoir properties (porosity and
permeability) have to be properly understood for
constructing reservoir models and applying
improved/enhanced oil recovery (IOR/EOR)
methods. The reflux dolostones are inherently
associated with the platform interior evaporites
(sabkha) and are believed to occur relatively
early, after sediment deposition. They are asso-
ciated with evaporitic conditions and often con-
tain anhydrite.

Figure 4.38 illustrates the chief characteristics
of the reflux dolostones: association to platform
interior (and sequence boundaries), decreasing
dolomite downwards, good lateral continuity
versus poor vertical continuity, and abundant
patchy non-dolomitized zones (evaporite and
muddy sediments) (Adams and Rhodes 1960;
Sun 1995; Cantrell et al. 2004). The evaporite
content in the reflux dolostones is usually
absent—particularly at outcrops—either by dis-
solution or by replacement (calcite, dolomite
and/or silica). This does not mean that at the time

Fig. 4.38 General characteristics of reflux dolomite
model: a Schematic illustration showing the lateral and
vertical dolomite distribution (arrows represent fluid
flow); b Reflux dolomites (in pink) are associated with

platform interiors and can be inferred from interpreted
seismic sections and sequence stratigraphy models; c Key
characteristics of reflux dolomite reservoirs (from various
sources; see text for details)
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of dolomitization it did not occur, and that it was
not genetically associated to the dolostones.
Moreover, several workers modified the reflux
model to include mesohaline fluids, which do not
result in the precipitation of evaporite (e.g.
Simms 1984; Whitaker and Smart 1990; Melim
and Scholle 2002). Geochemical numerical

modelling can help in determining whether
evaporite minerals—such as anhydrite—could
have precipitated and to what extent.

Predictive tools are necessary in order to
capture the spatial and temporal emplacement of
the dolomite front, together with the anhydrite
content (Fig. 4.39). This certainly plays an

Fig. 4.39 Conceptual
model of reflux
dolomitization, including
both processes of
replacement of calcite and
precipitation of dolomite
cement
(overdolomitization). The
spatial and temporal
distributions of dolomite
and the anhydrite together
with their impacts on
porosity, are illustrated
along three time steps
(a–c) illustrating the
propagation of the reflux
dolomite front (from Jones
and Xiao 2005)
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important role in the partitioning of the reservoir,
with un-dolomitized muddy layers and anhydrite
acting as barriers. Another pertaining issue is that
of overdolomitization (plugging of intercrys-
talline porosity with dolomite cements), which
may play an important role in producing imper-
meable zones within the dolomite geo-body. All
of these observations (which are investigated and
characterized at outcrops) have to be taken into
account.

Jones and Xiao (2005) used a two-dimensional
numerical reactive transport model (by means of
Xt2; Bethke 1996, 2002) to investigate system-
atically the temporal and spatial distribution of
replacement dolomitization, dolomite cementa-
tion, anhydrite cementation, and porosity evolu-
tion in a reflux system (Fig. 4.40). Both
hypersaline and mesohaline fluids have been
tested and resulted in reflux dolomitization. The
produced 2D model showed that anhydrite

cements are spatially and temporally associated
with dolomitization and resulted in reducing the
porosity. The 2D model was used as a numerical
tool to run several sensitivity analyses. Accord-
ingly, Jones and Xiao (2005) demonstrated that
the rates of dolomitization and anhydrite cemen-
tation are chiefly associated to flow rate and brine
chemistry. They also highlighted that the tem-
perature and reactive surface area control the rate
of dolomitization (Fig. 4.41).

The 2D geochemical reactive transport model
proposed by Jones and Xiao (2005) shows the
propagation of dolomitization front with the
related anhydrite and dolomite cementations
(Fig. 4.40). A major interest in similar models
(which were also replicated at IFPEN with
ArXim-CooresTM; Masoumi 2009) concerns the
forward simulations of the mineral hetero-
geneities and porosity during the formation of
such fronts. This does not imply necessarily

Fig. 4.40 Simulation results of reflux dolomitization
2D geochemical RTM with the original brines at 50 °C
and in three time steps (0.1, 0.2 and 0.3 m.y. after the
start of fluid injection); from Jones and Xiao (2005):
a Propagation of the reflux dolomite front (contour

interval = 5 %); b Migration of the anhydrite cement
belt at the front of the dolomite body (contour
interval = 2 %); and c Porosity evolution during the
propagation of the dolomite front and anhydrite cement
precipitation (contour interval = 0.02)
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absolute results in terms of quantitative distri-
butions, but mainly diagenetic trends explaining
the observed reservoir heterogeneities in similar
geo-bodies.

RTM can also be used to test the significance
of certain controlling factors on the dolomitiza-
tion process. For example, the extent of reactive
surface area is demonstrated to considerably
affect the amount of dolomitization and anhydrite
precipitation (Fig. 4.41). Consequently, such
models can be excellent tools to further investi-
gate and prioritize the key controlling factors of
specific diagenetic processes (tempo-spatially).

4.1.3.3 3D Geochemical Reactive
Transport Modelling:
Compactional
Dolomitization

Geochemical reactive transport modelling can be
also used with 3D configurations in order to probe
the effects offluid flow paths and related fluid-rock
interactions. Besides, this can be achieved—to a

certain extent—on various scales (basin, reservoir,
plug; e.g. De Boever et al. 2012). Consonni et al.
(2010) applied numerical greochemical RTM to a
case of compaction-driven dolomitization affect-
ing the Jurassic Malossa paleohigh in the Po Plain
(Italy; Fig. 4.42). They aimed at investigating the
origin and evolution of the dolomitizing fluids and
to provide a better understanding of the distribu-
tion of potential reservoir dolomitized bodies in
the Po Plain.

The working hypothesis (or conceptual
model) of Consonni et al. (2010) involves com-
paction of basinal sediments and water escape
from the basin upslope to the nearby paleohigh
shelf carbonates (Fig. 4.42). Thus, these com-
pactional fluids are believed to be driven through
the western margin of the Canonica Basin (slope
breccia) and the adjacent Malossa Paleohigh
porous carbonates.

First, a numerical basin model was con-
structed covering the study area (about
30 � 30 km); i.e. the basin and adjacent paleo-
high (Fig. 4.43). The model included the

Fig. 4.41 A typical example of sensitivity analyses
demonstrating the influence of the reactive surface
areas (102 and 104 cm2/g) on the modelled dolomite
and anhydrite precipitations as well as porosity;
from Jones and Xiao (2005): a The dolomite front is
clearly larger with higher values if reactive surface
area (contour interval = 5); b No anhydrite

precipitates for the lower value of reactive surface
area (contour interval = 2); and c Major impacts on
porosity magnitude and extent result based on the
selected value of reactive surface area (contour inter-
val = 0.02). All figures represent the simulation results
at the same time step (0.2 m.y. after the start of fluid
injection)
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Fig. 4.42 Simplified map and cross-section showing the
paleogeographic configuration at the Jurassic times of the
Po Plain and the southern Alps (from Consonni et al.
2010): a Basins and paleohighs distributions—the

location of the cross-section in b is indicated; b Subsurface
cross-section at the Middle Cretaceous showing the
Malossa Paleohigh affected by the and suggested basinal
compaction fluid flow (arrows)
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Fig. 4.43 Basin (burial) modelling results across the
Canonica basin and Malossa Paleohigh (Po Plain,
Italy; from Consonni et al. 2010): a 2D (East–West)
burial model featuring the basin and paleohigh, datum
to top Early Cretaceous; b–c) Burial/Thermal history
curves at the base of the Medolo Group (for location

check the star in e; d Fluid expulsion history curve
during burial and compaction of the Medolo Group—
high expulsion rates appear to have lasted 20 m.y.;
e Map showing the simulated fluid flux at the Malossa
paleohigh within the basin model—the basin area is
about 30 � 30 km
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stratigraphic interval of interest: base of Medolo
Group (Jurassic) to top of Maiolica Formation
(Early Cretaceous).

While the compactional fluids are believed to
come from the Medolo Group, the topmost part of
the model (Early Cretaceous) is sealed by marls.
Hence the system is properly confined upward.
The basin model allowed the calculations of the
burial and thermal evolutions in the basin, as well
as the related fluid expulsion history (Fig. 4.43).
This means that it allowed constraining the
amount of fluid expelled and the time range of
expulsion towards the paleohigh. The fluid flux
could be subsequently mapped across the model
and across the paleohigh, where it is supposed to
have led to pervasive dolomitization (Fig. 4.43e).

Once these constraining parameters have
been defined, the geochemical reactive transport
model covering the Malossa Paleohigh (nested

in the larger regional basin model) was con-
structed. Several scenarios and tests were
undertaken to investigate the resulted dolomiti-
zation and associated porosity evolution
(Fig. 4.44).

Since dolomitization is chiefly affected by
fluid flow, faults would make pertinent flow
paths. The constructed model was used as a tool
in order to investigate the impacts of faults (i.e.
pathways with higher original permeability) on
the dolomite front propagations (Fig. 4.45). In
particular, the effects of the orientations of the
faults with respect to flow were analysed.
Dolomitization is believed in this study to
increase the porosity% (see above), the resulting
configurations of the dolomite fronts with respect
to fractured zones presence and orientations yield
considerable impacts on reservoir properties and
extent.

Fig. 4.44 Results of the 3D geochemical reactive trans-
port model (RTM; with TOUGHREACT code) covering
the Malossa Paleohigh (nested within and constrained by
the regional basin model)—the time of fluid flow is set at
2 m.y. (from Consonni et al. 2010): a Dolomite volume%

configuration with faster propagation of the dolomitiza-
tion front in the more permeable lower layers (Albenza
Formation); b Porosity volume% at the end of the
simulation showing an increase in the Albenza Formation
from 25 to 35 %, following dolomitization
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4.2 Future Perspectives

Numerical modelling of the fluid-rock interac-
tions (diagenesis) is actually an expanding dis-
cipline in geosciences. The three distinct
approaches for modelling diagenetic features and
effects of diagenesis on host-rocks, which were
presented above are still under development and
will provide further advancement in the years to
come. Numerical tools have to cope with further
complicated algorithms and workflows in order
to produce workable solutions that take into
account key diagenetic processes which affect
reservoir properties. This is not only needed for

the hydrocarbon industry—today expressed by
the development and application of enhanced oil
recovery (EOR) techniques and the like—but
also for the better use of the underground, such
as water, gas, and oil storage (e.g. CCS), and
geothermal energy production.

4.2.1 Geometry-Based Modelling

Karst networks represent the consequence of
diagenetic dissolution mainly in carbonate rocks.
Today, these are properly modelled with
geometry-based approaches (described above).
With advanced techniques in 3D mapping of

Fig. 4.45 Results of the 3D geochemical reactive trans-
port model of the Malossa Paleohigh highlighting the
impact of two different configurations of faults/fractures
(from Consonni et al. 2010): a Dolomitization in 4 m.y.
with a flow parallel fracture; b Dolomitization in 6 m.y.
with a flow perpendicular fracture. In both cases, dolomite
% distribution with no fracture is illustrated for

comparison. In addition the respective fluid flow patterns
are presented. The dolomite front evolution is highly
affected by the presence and orientation of the fractured
zones with respect to the flux sources. Such configura-
tions have been demonstrated to result in distinct
distributions of reservoir properties—e.g. porosity%
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accessible networks and stochastic generation of
conduit envelopes and validation (at least par-
tially within an explored karstic network), future
perspectives would aim at examining the impact
of the generated geometries and associated
fluid-flow (Rongier et al. 2014). This is actually
being achieved on micro-CT scale and hence can
be foreseen for larger scales. In addition, once the
fluid-flow simulations are achieved within karst
conduits, sedimentation therein could be assessed
leading to a predictive conduit flow/filling evo-
lution. This type of studies can be adapted for
hydrogeology and geotechnical purposes, as well
as other underground processes involving con-
duit flow (e.g. hydrothermal diagenesis).

Modelling geo-bodies based on their geome-
try or on their spatial inter-relationships, like the
case of the Ranero hydrothermal dolomite out-
crops (described above), represent a powerful
method for characterizing reservoir analogues.
This can well be integrated with remote sensing
and photogrammetry approaches (described in
Chap. 3). Once a geomodel is produced and
subsequently validated by field data, it can be
applied to subsurface reservoirs known to
include similar diaganetic phases. This will cer-
tainly induce uncertainty which needs to be
addressed properly.

4.2.2 Geostatistical Modelling

Modelled distributions of rock textures, diage-
netic phases, and petrophysical properties across
a reservoir interval within an oilfield offshore
Abu Dhabi (UAE), by means of geostatistical
approaches (discussed above), have provided a
meaningful representation of the spatial hetero-
geneous distribution of porosity and permeabil-
ity. The depositional facies does not alone
constitute the prime parameter controlling the
petrophysical properties in a carbonate reservoir,
because these properties are overprinted by a
prolonged diagenetic history (e.g. Labourdette
2007). Therefore, specific workflows including
several steps were developed in order to model
the impact of diagenesis on reservoir porosity
and permeability across the studied field for

specific parasequence intervals. The main goal
for such geostatistical modelling is to fill in data
between control points (e.g. wells) in a mean-
ingful way.

While further advancement in terms of algo-
rithms development for specific diagenetic pro-
cesses is ongoing (i.e. new geostatistical
methods), integration of a variety of types of data
(such as well logs and seismic data) is believed to
result in better reconstruction of the rock texture
distribution (e.g. Lerat et al. 2007). The bi-PGS
and adapted nested approaches which take into
account the sedimentary facies (rock textures)
and associated diagenetic phases at the same time
is under development and will result in very
interesting outcomes.

Different simulation methods exist today and
several ones have been used and are presented
above. It is strongly recommended to test distinct
values for the applied variograms (i.e. the verti-
cal, major horizontal, and minor horizontal ran-
ges) and different simulation methods (e.g.
plurigaussian and sequential indicator simula-
tion, SIS) in order to create the most realistic
facies distribution. The reason why a certain
method would be eventually selected depends on
the results being geologically reasonable.

A resulting simulation (e.g. Figs. 4.27 and
4.37) represents only one possible image of the
simulated interval among numerous realizations.
The variability of the simulation results is associ-
ated with several configuration parameters and
uncertainties, such as: (i) uncertainties on the
quantification of % of rock textures, cements, etc.;
(ii) confidence on relationships between properties
(rock textures-diagenesis-petrophysics); (iii)
number of wells used in the simulation workflow;
(iv) geostatistical approach which can be more or
less well-suited to the case study; and (v) geosta-
tistical parameters—e.g. rock texture proportions,
maps of properties used as constraints, variogram
ranges and azimuths.

Henceforth, to better evaluate the impact of
methods and parameters, sensitivity studies (in-
cluding uncertainty analyses) have to be inte-
grated to geostatistical modelling of diagenesis.
For industry projects, this approach may lead to
probability or risk maps featuring the most
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likelihood of finding a certain facies, diagenetic
driver, and/or reservoir properties in a specific
cell. In addition, blind wells could be used to
check the predictability of simulated parameters.

4.2.3 Geochemical Modelling

Reactive transport modelling (RTM) are being
used frequently to address specific processes of
diagenesis (e.g. reflux dolomitization, described
above). This process-based approach is still
inhibited by the fact that it is difficult to validate
quantitatively the simulation outcomes, by sev-
eral kinetic and thermodynamic uncertainties,
and due to the poor understanding of
porosity/permeability relationships—mainly in
altered carbonate rocks. These three issues will
certainly be attractive venues of research in the
near future.

At this stage, the geochemical modelling
(with or without transport) can still be used for
understanding certain diageneic processes and
their impacts on the host rock mineralogy and
porosity (and to a lesser extent permeability).
This can be done at different scale from pore to
reservoir and basin—depending on the process
(its extent and duration) and the numerical tools
(e.g. Jones and Xiao 2005; Consonni et al. 2010;
De Boever et al. 2012).

Geochemical reactive transport modelling
(RTM) has also become very attractive nowadays
(e.g. Jones and Xiao 2005; Consonni et al. 2010,
see above). They are expected to be further
developed in the near future and integrated to
reservoir simulators. Several approaches have
been carried out at IFPEN with further develop-
ment of ArXim and COORESTM software pack-
ages. Thus, dolomite front propagation (reflux
and hydrothermal) as well as fracture-related
dolomitization have been successfully repro-
duced numerically. The difficulty remains in
adequately validating the simulation results.

4.2.4 Towards Integraded Geomodels

Numerical modelling of diagenesis will certainly
play major role in the future within the new
generation of integrated geomodels. The sedi-
mentary facies are distributed by means of
process-based stratigraphic modelling software
(e.g. Hawie et al. 2015). Subsequently, basin
models can be constructed based on the optimal
facies distribution and taking into account the
burial history at the scale of the basin (providing
as such temperature and pressure conditions as
well as fluid flow, among other parameters; cf.
Consonni et al. 2010). Approaches like the Local
Grid Refinement (LGR) in basin modelling
packages can bring the larger grid-cells to smaller
dimensions, allowing the reservoir model to be
nested in the broader basin model (with con-
strained boundary conditions). Diagenesis studies
will help in plotting the sequence of rock-fluid
interactions (paragenesis) along the burial curves.
Quantitative diagenesis provides “diagenesis
maps” featuring the proportions and volumes of
investigated diagenetic phases. The distribution
of the diagenetic phases and their impacts on
reservoir properties could be simulated by geo-
statistical methods and/or by geochemical reac-
tive transport models. The final outcome will be a
reservoir model with well-constrained diagenesis-
related heterogeneities nested in the larger-scale
basin model (Fig. 4.46).

4.3 Discussion

Through the previous chapters, workflows as
well as adequate classical and emerging methods
for characterizing diagenetic processes and
quantifying their results and impacts on sedi-
mentary rocks have been discussed. From a
practical point of view, both characterization and
quantification stages are necessary to be able to
propose geologically sound numerical models
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that are capable of testing specific hypotheses.
Here, numerical models are regarded as tools that
are employed to provide additional arguments to
enforce or dismiss the conceptual models of
diagenesis. Ultimately, some modelling tech-
niques could be expected to result in quantitative
simulations of the distributions and evolutions of
reservoir properties. Therefore, they are proposed
as an evident step towards improved reservoir
models capturing complex heterogeneities. In
contrast to the previous chapters, the theme of
numerical modelling of diagenesis still is in its
early development phase.

Geometry-based modelling involves object-
distance and geometric association simulations
resulting in static models. The application of
such methods (improved ODSIM—object-
distance simulation method) has been achieved
on simulating the 3D envelopes around skeletons
of karstic networks (Fig. 4.2; Rongier et al.

2014). Similar methods are under development
and they can be regarded as attractive future
research lines. They have a large range of
applications spanning over hydrogeology, envi-
ronmental sciences, and reservoir engineering.
I have alluded the similarities of karst networks
simulations to the pore space modelling at the
micro-scale. By investigating the larger, acces-
sible karst networks, we can improve pore space
modelling and related flow simulations at a
varying scale in reservoir modelling (think again
about “upscaling”!). Another application of
geometry-based modelling, which is presented
above concerns the surface-exposed Ranero
dolomite geo-bodies (northern Spain; Fig. 1.7).
Results of the conceptual and quantitative
diagenetic studies of these fracture-related
hydrothermal dolomites are discussed in the
previous chapters and several published contri-
butions (Shah et al. 2012; Dewit 2012; Swennen

Fig. 4.46 Towards integrated basin/reservoir geomod-
els: Schematic workflow for integrating basin- and
reservoir-scale methods. Basin-scale modelling provides
constraints related to the sedimentary facies distribution
and fluid evolution covering the basin’s complicated

history. The investigated reservoir is nested within the
basin geomodel and benefits from computed boundary
conditions. Geostatistical and/or geochemical RTM meth-
ods can be used to infer about reservoir heterogeneities
taking into account quantitative diagenesis
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et al. 2012). Based on the field-scale mapping of
the exposed dolomites and fractures by means of
aerial and satellite photographs (Fig. 2.1), as well
as other geological studies, we were able to
construct a 3D static model featuring the litho-
facies and dolomite distributions. The latter were
distributed based on geometric relationship with
faults (i.e. walk away distance from fractures)
and the conceptual dolomitization model. This is
not a predictive technique, rather a way to
meaningfully distribute diagenetic features.
Besides, it is quite limited to the quantitative data
that is made available. For instance, the
depth/vertical extent is weakly validated with
studies made on surface exposures. Advanced
analogue studies (as discussed in Chap. 3)—
coupled also to other methods, e.g. reflection
seismic surveys) can play an important role in
improving this approach and propose better
solutions for further constrained reservoir
models.

Geostatistical methods have gained increasing
attention in the recent years and they are com-
monly used for reservoir modelling. These
methods do not lead to predictive forward sim-
ulations, but they improve the static distribution
of properties based on probability. The exact
science behind the algorithms that are developed
for geostatistical methods are beyond the scope
of this book. Nevertheless, I tried to summarize
the basics for common parameterization and
simulation methods. For more detailed discus-
sion on methodologies, the readers are referred to
Le Ravalec et al. (2014) and other references
inserted in Sect. 4.1.2 (Geostatistical modelling).
I would rather emphasis on grouping of the
common geostatistical methods based on the type
of simulated data (i.e. categorical, continuous).
For example, where the entry data are “categor-
ical” (or “indicator”), certain methods are to be
applied (SIS, Truncated and PluriGaussian, MPS,
see above). Semi-quantitative data of sedimen-
tary facies, rock textures, cements, and even
porosity, represented as occurrences and abun-
dance classes (Chap. 3), are considered categor-
ical variables. Other methods such as Sequential
Gaussian (SGSim) and FFT-MA are better used
for continuous data (e.g. percentage values,

dolomite%, porosity%; numeric values, perme-
ability in mD). Using the most appropriate
method—which is somehow controlled by the
type and amount of entry data—will secure
reaching meaningful output realizations. This is a
red flag that I rise for the fellow researchers who
would like to explore geostatistical modelling.

The general idea is to produce a model of rock
texture distribution that is controlled by the
conceptual knowledge of sedimentology and
depositional environments, then simulate the
associated diagenesis overprints. While theoreti-
cally, this approach is feasible, several limita-
tions exist. One of the direct problem relates to
the fact that the investigated samples have
already been overprinted by a complex sequence
of diagenetic phases. Here, the significant role of
“quantitative diagenesis” is emphasized for dis-
tinguishing the real impacts of diagenetic phases
(overprints) separately. Since this is also very
difficult to achieve, the statistical analyses (as
discussed in Chap. 3) may provide certain
“trends” that could be further tested with geo-
statistical modelling. We have applied this
rationale on the Arab D reservoirs from an oil-
field offshore Abu Dhabi, UAE (MSc of Daniel
Morad 2012). Based on the previous projects
describing and quantifying diagenesis across the
field (Liberati 2010; Morad et al. 2012; Nader
et al. 2013), we were able to prepare a robust
data-set that can be used to undertake a case
study for constructing a sound reservoir model
capable of capturing the Arab D reservoir
heterogeneities by means of geostatistical meth-
ods (CobraFlowTM prototype). I reminded,
above, the geological settings of the investigated
rock sequence across the oil field (otherwise
discussed in Nader et al. 2013). Then, basic
elements of petrographic and statistical analyses
are presented, highlighting two proposed diage-
netic “drivers” for enhanced reservoirs proper-
ties. These are related to abundance of syntaxial
calcite overgrowth cement (SCOC) and dolomi-
tization degree (dolomite%) in mud-supported
rock textures (Table 4.1).

First the distribution of rock-textures (in three
categories: mudstone/wackestone, packstone,
grainstone; Fig. 4.27) were modelled for the
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investigated rock sequence, across the study area
(oil field). This was achieved by taking into
account the extent of the depositional environ-
ments. Then the syntaxial overgrowth calcite
cement (SCOC) and dolomite distributions were
modelled (Figs. 4.31 and 4.32). The mapped
abundance proportional maps of the SCOC
(check Fig. 3.4) were used as property maps to
constrain the geostatistical simulation of SCOC
distribution. Prior statistical analyses (with
EasyTraceTM) which are illustrated in
Chap. 3 (Fig. 3.3), and summarized in Table 4.1,
resulted in estimating average porosity and per-
meability values for the various rock textures
with or without the “drivers”. These average
values together with the simulated distributions
of rock textures and diagenetic “drivers” were
used in order to attribute simplified reservoir
properties (porosity and permeability) across the
model (Figs. 4.33 and 4.34). There is no guar-
anty, at this stage, that resulting maps reflect the
exact distributions in the oil field. Still, the main
emphasis that I would like to make concerns the
feasibility of the workflow. Blind well tests can
be applied to improve this workflow. In addition,
sensitivity analysis of certain used parameters
and uncertainty studies can be very rewarding.
Ultimately, the outcome simulations can be
regarded as probability maps of distributions.

From a geological point of view, the Arab D
modelling case study, showed that the shoal
facies of the Arab D member (known to have the
best reservoir rock-types with respect to the
other, lagoon, and outer ramp facies) possess
quite impressive reservoir heterogeneities. The
undertaken geostatistical modelling helped in
illustrating generalized distributions of such
reservoir heterogeneities. An alternative work-
flow, based on cross-relating rock textures, dia-
genetic “drivers”, and porosity was applied
making use of other geostatistical modelling
methods (e.g. PluriGaussian).

Geochemical modelling methods are
process-based, aimed to result in predictive,
forward simulations of chemical reactions and
fluid-rock interactions through timely con-
strained durations. Simulations can be the out-
come of dimensionless (0D) models (by means

of ArXim, PHREEQ-C), whereby chemical
reactions and results can be tested. For instance,
could normal seawater at temperatures higher
than 100 °C precipitate dolomites? And to what
extent? This can be viewed as a box, in which the
chemical interactions of liquid, mineral and gas
phases are calculated at specific temperatures and
pressures for a certain period of time. This
method has been applied on the framework of
quantitative characterization of anhydrite plug-
ging cement in dolostone reservoirs through
micro-CT and image analyses (De Boever et al.
2012). Tables 4.8, 4.9 and 4.10 present the
quantitative entry data and prevailing conditions
(e.g. temperatures) that were used in order to run
0D simulations capable of reproducing the
dolomite dissolution and anhydrite cementation.
This workflow was coupled to reactive pore
network modelling (PNM-R) in order to estimate
permeability values associated to the ArXim
simulated porosity per diagenetic steps (see De
Boever et al. 2012).

Geochemical reactive transport models
(RTM) couple geochemical modelling with
reactive transport and allow subsequently the
simulation of fluid-flow and associated
fluid-mineral interactions in dimensional con-
texts (1D to 3D). Inherently, porosity/
permeability relationships have to be taken into
account in RTM, yet their precision remains a
challenging issue—and a good subject for future
projects. Two case studies concerned with 2D
and 3D geochemical RTM of distinct mecha-
nisms of dolomitization are presented in this
chapter—i.e. Jones and Xiao (2005) and Con-
sonni et al. (2010), respectively. Similar 2D
geochemical RTM, using ArXim-Coores, was
applied on the Marjaba hydrothermal dolomite
front, which was described in Chaps. 2 and 3
(Fig. 4.47).

Through geochemical RTM, the temporal and
spatial distributions of replacement and cement
dolomites, anhydrite cement and porosity for
dolomite fronts can be achieved (Jones and Xiao
2005). First, the resulting anhydrite cementation
front surrounding the dolomite growing front
(also observed in Fig. 4.47) could explain the
presence of anhydrite cement in the adjacent
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undolomitized limestones and dolomitized
part. Thus, the heterogeneous aspect of such
dolostone geo-bodies could be further under-
stood. A second remarkable outcome is the
resulting over-dolomitization (dolomite cemen-
tation plugging gained porosity) at the input
source of dolomitizing fluids, which without
eventual fracturing would stop the fluid flow, and
subsequently the further growth of the dolostone
front. This also plays an important role for
reservoir characterization, since those area near
the input of dolomitizing fluids would be tight. In
addition to all that, the model proposed by Jones
and Xiao (2005) can be used to apply sensitivity
analyses and prioritize the input parameters that
play a significant role in the resulting simula-
tions. A typical example of such sensitivity
analyses is illustrated in Fig. 4.41 concerning the
remarkable influence of the reactive surface areas

on the resulted volumes of dolomite and anhy-
drite through the simulations.

The second case study consists of a larger,
integrated project where basin modelling was
applied in order to extract boundary conditions
constraining a 3D reservoir-scale geochemical
reactive transport model (Consonni et al. 2010).
This workflow was applied on assumed com-
paction driven dolomitization process that is
believed to have affected the Jurassic Malossa
paleohigh (Po Plain, Italy). Consonni et al.
(2010) provide arguments that the resulting
simulations of dolomitization and porosity evo-
lution (Fig. 4.44) are validated by well cores.
They emphasis on the role of faults and fractures
(presence and orientations) in the resulting vol-
umes and shapes of dolomite geo-bodies
(Fig. 4.45). The main interest in this study
stems from its attractive workflow with regards

Fig. 4.47 Results of geochemical RTM simulations
achieved by ArXim-CooresTM representing the forma-
tion of hydrothermal dolomite fronts (dolomite, anhy-
drite and porosity%), based on the Marjaba HTD outcrop

in central Mount Lebanon (check also Fig. 3.9). The
model is about 340 m wide (68 cells; cell = 5 m) and
144 m thick. The Marjaba HTD (above photograph) is
about 250 m long
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to nesting a reservoir RTM in the larger
basin-scale model in order to allow constraining
the boundary conditions which are required to
reach viable results. This is a workflow that will
certainly be further applied in the framework of
basin/reservoir integrated research projects.

Recently, integrated numerical modelling
schemes of diagenesis at the various scales and
with different tools have been proposed
(Fig. 4.46). Here again, the scale of the investi-
gation (whether quantitative analysis—see
Chap. 3, or modelling—this chapter) determines
the approach and the tools. For instance, we could
envisage forward stratigraphic and burial models
to distribute the rock textures and prevailing
pressure and temperature conditions at the larger,
basin scale. Here 0D geochemical modelling can
help in testing potential presence or absence of
certain diagenetic processes (which could be even
constrained by paragenesis—as discussed in
Chap. 2). Geochemical models capable of
proposing quick, simple estimations of porosity
evolution in hydrozones (marine, meteoric, and
mixing) typically affecting carbonate platforms
(Paterson et al. 2008) have been generated.
Eventually, the built workflow may be associated
to forward stratigraphic models of carbonate
platforms, allowing to include impacts of early
diagenesis. In addition, reservoir-scale models
could be nested in the larger basin-scale benefit-
ting from general boundary conditions (discussed
above). Here the scale is smaller and different
methods will be applied to quantitatively char-
acterize diagenesis and apply geostatistical and/or
geochemical transport reactive models. The
resulting simulations would illustrate the reser-
voir heterogeneities and can be placed again—
through Local grid Refinement (LGR) tech-
niques—in the basin model, where by simulation
fluid flow resumes.

4.4 Advancement in Numerical
Modelling of Diagenesis

New modelling tools, methods and workflows
are emerging for numerical simulation of diage-
netic phases/processes and their impacts on

reservoir rocks at various scales. Whether the
approach is geometry-based, geostatistical or
geochemical, the outcomes are not necessarily
the exact reproduction of the natural objects, it
should rather provide certain solutions to specific
problems.

In “numerical modelling terms”, the parame-
ters associated to “diagenesis” are different with
respect to the method used. When applying
geostatistical (and geometry-based) methods,
simulations concern final states of co-existing
variables (cements, porosity, permeability). The
modelling approach tries to spatially distribute
these variables based on geological concepts and
probability (e.g. correlating depositional facies
and specific diagenetic phases). Process-based
geochemical modelling methods treat the diage-
netic variables as continuously evolving with
time; such as continuous dissolution of calcite
while precipitation of dolomite. Therefore, the
spatial/temporal continuous distribution of dia-
genetic phases can be simulated, leading to val-
idating and testing the proposed concepts.
Eventually, the proposed paragenesis—already
quantified (Chap. 3)—becomes dynamic through
such numerical process-based models.

Generally speaking, new algorithms capable
of dealing with complicated computations of
diagenetic processes should be proposed (e.g.
nested facies/diagenesis geostatistical approach;
Doligez et al. 2011). Still, resulted simulations
(e.g., geometry-based, geostatistical, geochemi-
cal reactive transport modelling) must be vali-
dated—this is a crucial pre-requisite. Then,
adequate uncertainty analyses that are capable of
assessing the probability of success of modelling
realizations are to be applied (e.g. Koek et al.
2015).

I have presented several geostatistical
approaches which are based on industrial data
(from mature producing fields), to achieve geo-
logically meaningful distribution of diagenetic
phases and their impacts on reservoir properties
(check Fig. 4.37). The resulting realizations did
not necessarily replicate nature, but they deliver
the major trends and provide further suggestions
for defining key parameters for sensitivity
analyses.
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We have used geochemical modelling com-
bined with micro-CT and PNM in an attempt to
quantify and predict the 3D pore space evolution
in carbonate reservoir rocks (De Boever et al.
2012). Recently, simple examples of fluid-rock
geochemical simulations have been achieved
with ArXim, providing straight forward estima-
tions (0D simulations) of porosity destruction or
enhancement in hydrozones during carbonate
platform growth. Such modules can be eventu-
ally plugged in forward stratigraphic modelling
tools and help in predicting the effect of diage-
netic processes during the growth of a carbonate
platform according to residence times of specific
hydrozones (e.g. Paterson et al. 2008). Dolomite
front propagations have been modelled with
geochemical RTM techniques—e.g. Jones and
Xiao (2005) and Consonni et al. (2010). The
eventual goal for geochemical RTM is to be able
to predict the impacts of diagenesis on reservoir
properties.

In a practical approach, a simplified paragen-
esis (time-defined key diagenetic processes/
phases) could be integrated into the burial

history within basin and reservoir models. Sub-
sequently, adequate tools need to be developed to
allow for chain simulations of successive key
processes of diagenesis. Such tools need to be
able to: (i) integrate fluid flow and geochemical
species (e.g. Mg, Si, NaCl contents) transfer
across basin-scale and reservoir-scale models;
(ii) define robust porosity/permeability relation-
ships and implement them properly—e.g. reac-
tive transport models; and (iii) apply adequate
uncertainty analyses.

Finally, integrating basin and reservoir models
remains a major objective for future advance-
ment on modelling diagenesis. Bringing the
large-scale constraining parameters (temperature,
pressure, fluids) to the scale of reservoir—as
input data, is necessary to construct viable
numerical models of diagenesis. Subsequently,
the simulated reservoir heterogeneities can be
brought back to the basin-scale. Could a simu-
lation at the scale of the basin take into account
the alterations resulting from a specific diage-
netic phase? This is the challenge that I set for
future research projects.
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5Conclusions

This contribution concerns the general theme of
diagenesis and related impacts on the hetero-
geneity of reservoir rocks. It is both a review and
a look to the future, covering those aspects of
studies that have been well understood so far,
and highlighting future challenges for better
predicting quantitatively diagenesis on a broad
range of scales. The lessons that I learnt—and
which contributed to the collective scientific
advances—from all the research work that I have
been involved in, since a decade, are discussed in
detail in specific sections of the above chapters.

New techniques and recent advances in
numerical modelling will provide better tools for
achieving time-constrained, quantitative diage-
netic studies. Future operational workflows con-
sist of three main stages in an iterative way
(Fig. 5.1): (i) constructing a conceptual diagen-
esis model, (ii) quantifying the related diagenetic
phases, and (iii) modelling the diagenetic pro-
cesses. Proposed solutions to specific problems
and expected innovations related to the three
stages are discussed below.

Basin analysis and modelling appears to be a
crucial step in providing the larger framework for
reservoir studies. Therefore, two major clusters
for future research programmes on modelling
diagenesis will consist of: (i) numerical mod-
elling of fluid-rock interactions, and (ii) inte-
grated basin-reservoir modelling. In order to
undertake these programmes, a series of devel-
opments still need to be attained in each of the
above mentioned stages (Fig. 5.1).

5.1 Characterization Techniques
and Workflows

Classical diagenesis studies make use of a wide
range of descriptive analytical techniques leading
to conceptual models that characterize specific,
relatively time-framed fluid-rock interaction
processes, and deduce their impacts on reservoir
rocks. Currently used techniques, which were
presented in this book, combine petrographic,
geochemical and fluid inclusion analyses. The
inferred paragenesis is commonly projected on
burial/thermal evolution models, allowing better
constrained temperature and pressure conditions,
and subsequently, timing of diagenetic phases
(e.g. Fontana et al. 2014). Figure 2.23 shows an
example of a burial model (1D) over which the
main diagenetic phases are placed. By achieving
this task, we will be able to test the proposed
process associated to the specific phase. For
example, if the process of dolomitization is
proposed to be hydrothermal, the deduced tem-
perature of precipitation of the dolomites should
be higher than the ambient calculated burial
temperature at the same time. In addition, this
same task (e.g. Fig. 2.23) will help in con-
structing numerical models of diagenesis,
whereby process-based chain-simulations of
fluid-rock interactions can be achieved and
linked to the basin history (discussed below).

Since characterizing diagenetic features
implies analytical descriptive techniques,
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basically on rock samples from expensive well
cores and remote field areas (sometimes with
difficult access), one of the faced principal limi-
tations concerns data-collection and field obser-
vation. New innovative workflows are therefore
needed to improve field (well cores) data-
collection, aiming to decrease the number of
samples (and materiel), while increasing their
representativity. Accordingly, characterization of
diagenesis should take into account the Repre-
sentative Elementary Volumes (REVs). Field
data collection should be planned in function of
the set objectives and the scale of investigation,
as well as the tools that will be employed.

Faster and more systematic analytical char-
acterization of sedimentological and diagenetic
features would help treating larger amounts of
representative data (check Nader et al. 2013).
New analytical techniques or advanced devel-
opments need to be applied (e.g. Mg- and
clumped-oxygen isotopic analyses, U-Pb) in
order to decrease uncertainties and provide per-
tinent descriptions of the diagenetic phases and
conditions of their formation (Chap. 2).

Enhanced scanning performance with higher
resolution of cores and samples (e.g. computed
tomography coupled with image analysis

software development) will be crucial in order to
succeed in shifting characterization methods
towards the three-dimension (e.g. Fig. 2.19). This
will certainly operate with new, innovative pore
space description and classification schemes, with
a better connection to flow properties.

Having all said, new ideas and better con-
ceptual models for diagenetic processes are still
being produced. The dolomite “bandwagon”
with a variety of proposed models for dolomiti-
zation taught us that upon newly investigated
natural objects, improved analytical tools, and
scientific creativity, new concepts emerge.
Understanding the larger tectono-stratigraphic
framework seems to me critical to answer sev-
eral questions related to diagenetic processes.
While this is relatively easy on exposed outcrop
studies, it is certainly more challenging for sub-
surface studies.

5.2 Quantitative Techniques
and Workflows

Most of the current studies on diagenesis are
qualitative and do not yield quantitative data,
which are crucially needed for rock-typing and

Fig. 5.1 Proposed future operational workflow for tack-
ling diagenesis: a Conceptual studies of diagenesis—for
example hydrothermal or high temperature dolomitization
(HTD; Nader et al. 2004, 2007); b Quantitative diagenesis
methods—e.g. micro-computed tomography (micro-CT)

image analyses (De Boever et al. 2012); and c Numerical
simulations of diagenetic processes such as reactive
transport modelling of dolomitization (e.g. Consonni
et al. 2010)
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geological modelling. Innovative approaches are
emerging for applied quantitative diagenesis
(some of which are presented in Chap. 3). These
techniques are significant for providing numeri-
cal data that can be used by reservoir engineers
as entry (input) data, and for validating the
results of numerical simulations. Quantitative
diagenesis is a cornerstone for achieving mean-
ingful, predictive geomodels able of constraining
reservoir heterogeneities.

A huge wealth of semi-quantitative to quan-
titative data come from the industry, e.g. well
logs and cores from mature oil/gas fields. Today,
a crucial task would be to develop software and
numerical tools capable of integrating—and sta-
tistically analysing—such huge petrographic,
geochemical and petrophysical data-bases (e.g.
Nader et al. 2013). My experience taught me,
that these tools should be linked to basin
geo-modelling packages in order to facilitate
integrated approaches. On another level, outcrop
analogue studies by means of remote sensing and
image analysis have proven their utility by pro-
viding the missing 3D framework for investi-
gated subsurface reservoirs (e.g. Fig. 3.19).
Subsequently, quantitative upscaling and down-
scaling workflows including the most appropriate
way to define the REVs could be envisaged.

On the sample (rock) scale, achieving increased
resolution of 3D scanning (e.g. mineralogical
constituents—matrix and cement—macro- and
micro-pore space) is still needed. This develop-
ment needs to be accompanied by improved per-
meability modelling based on pore space and
related networks (e.g. De Boever et al. 2012). In
addition, quantitative mineralogical and geo-
chemical analyses of diagenetic phases could be
further applied with the integration of SEM-EDS,
XRD and EMPA (e.g. Fig. 3.8). Rock-Eval
pyrolysis can also be used to quantify mineral
species (as shown in Fig. 3.21). This last innova-
tion is expected to be further applied in the future.

As far as exact timing of diagenetic phases is
still difficult to quantify, important analytical
advancements are needed (e.g. U-Pb). This will
certainly help in properly placing the investigated
diagenetic processes within reservoir and basin
frameworks.

5.3 Modelling Techniques
and Workflows

Themes relates to the numerical modeling of
diagenesis include specially geometric and geo-
statistical methods as well as geochemical reac-
tive transport simulations of fluid-rock
interactions. How to be able to distribute
diagenesis-related reservoir heterogeneities in a
geologically meaningful way? How to predict the
extents and impacts of fluid-rock processes on
various scales? These are general scientific
questions that might be answered in the near
future by means of numerical modelling.

The concept of diagenetic “trends” appears to
be, at this stage, the main objective that I would
realistically seek with numerical modelling tools.
No matter on whether the selected modelling
approach is geometry-based, geostatistical or
geochemical, its outcomes will not necessarily
mimic the natural objects. Instead, modelling
results should rather provide reasonable solutions
to specific problems; and they should highlight
certain plausible trends constraining the extents
and impacts of the investigated diagenetic pro-
cesses on reservoir rocks.

Each numerical modelling approach (geosta-
tistical vs. geochemical) considers differently the
parameters representing diagenesis. For geosta-
tistical modelling the diagenetic variables are
“static” (final) values that need to be spatially
distributed according to pre-set relationships and
probability. This is contrasted to the way, diage-
nesis parameters are considered in process-based
geochemical modelling. Through the former
approach, the objective is to apply
probability-based geometric configurations of
sedimentary facies and diagenetic phases. I have
contributed by defining statistically proven dia-
genetic trends (e.g. dolomitization—or increased
dolomite%, dissolution—increased porosity val-
ues, anhydrite cement—increased anhydrite%).
Diagenetic “drivers” could be further proposed
based on statistical analyses (e.g. “when syntaxial
calcite overgrowth cement is abundant, average
permeability values are double than otherwise”;
discussed in details in Chaps. 3 and 4). Results of
incorporating the above summarized ideas in
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geostatistical modelling workflows are promising
(Fig. 4.37). I look forward to apply them on case
studies, whose resulting simulations can be vali-
dated later on. New algorithms capable of treating
complicated computations of both sedimentary
facies and quantitative diagenetic data, are being
developed (e.g. nested facies/diagenesis geosta-
tistical approach; Doligez et al. 2011).

Process-based geochemical modelling consid-
ers the diagenetic parameters as dynamic, evolv-
ing with time. This predictive approach aims at
calculating the spatial-temporal emplacement of
diagenetic phases (resulted from chemical reac-
tions). Geometry-based, geostatistical, geochem-
ical reactive transport models must be validated.
Alternatively, adequate uncertainty analyses that
are capable of assessing the probability of success
of modelling realizations must to be applied.

Based on the sedimentological and geochem-
ical studies of Whitaker and Smart (2007a, b),
fluid-rock (0D) geochemical simulations were
undertaken with ArXim to estimate porosity
destruction or enhancement in hydrozones during
their residence time in carbonate platform. Such
innovative modules (together with possibility to
undertake related sensitivity analyses on principal
critical factors) can be eventually plugged in
forward stratigraphic modelling tools and help in
predicting the effect of diagenetic processes dur-
ing the growth of a carbonate platform.

Attempts to quantify and predict the 3D pore
space evolution in carbonate reservoir rocks have
been done through geochemical modelling com-
bined with micro-CT and reactive pore network
modelling (PNM-R) (De Boever et al. 2012). Two
major problems were faced while using R-PNM
for modelling diagenesis: (i) difficulty to model
micro-porosity inside grains; and (ii) reaching
several possible paths for porosity-permeability
functions. This second limitation is expressed by
the fact that we could calibrate the model on the
known time-steps, yet the paths between these
steps could not be constrained (De Boever et al.
2012). Additional improvements are still needed
for achieving more pertinent results with similarly
integrated approaches.

Dolomite front propagations with geochemi-
cal RTM techniques—similar to Jones and Xiao

(2005), and Consonni et al. (2010)—aim to
predict the impacts of diagenesis on reservoir
properties. Additional progress in software
capabilities is still needed, as well as suitable
reference cases for validation. In particular,
porosity-permeability laws included into the
geochemical RTM tools need to be revised. In
addition, dual porosity and fracturing during
RTM simulations, which are not taken into
account at the moment, have to be properly
addressed.

Eventually, we will succeed in integrating the
paragenesis (time-defined key diagenetic
processes/phases) into the burial history within
basin and reservoir models. To reach this end, we
need to develop a new methodology that allows
chain simulations of successive key processes of
diagenesis. Such tools need to be able to: (i) in-
tegrate fluid flow and geochemical species (e.g.
Mg, Si, NaCl contents) transfer across basin-scale
and reservoir-scale models; (ii) define robust
porosity/permeability relationships and imple-
ment them properly—e.g. reactive transport
models; and (iii) apply adequate uncertainty
analyses.

5.4 Integrated Modelling
Workflows

Integrated basin/reservoir modelling involves
forward stratigraphic (source to sink), structural
and petroleum system modelling. Lithofacies
(simulated by forward stratigraphic methods) are
transferred to burial models. Such transfer
approach can be optimized by adding further
functionalities for stratigraphic modelling with
respect to early diagenesis and related impacts on
reservoir properties. Hence, fluid flow would be
better constrained in the larger basin geomodels,
especially across new frontier hydrocarbon pro-
vinces—such as the Levant Basin in the Eastern
Mediterranean region—where calibration wells
are lacking (Nader 2014).

The Levant Basin model (Hawie et al. 2015)
can be used as a reference case study to further
apply basin-reservoir integratedmodelling. Such a
workflow may secure the larger-scale boundary
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conditions that are needed for pertinent reservoir
modelling with emphasis on fluid-rock interac-
tions (e.g. Consonni et al. 2010). It is noteworthy
to remind that while most of the concepts of dia-
genesis operate at the larger, basin-scale, the
description of the diagenetic phases (products) and
their association with the overall petrophysical
evolution of sedimentary rocks remain at reservoir
(and even outcrop/well core) scale. Upscaling and
the definition of representative elementary vol-
umes will constitute major challenges for sedi-
mentologists and reservoir engineers in the
coming decades. Integrated basin-reservoir geo-
models can also help in tackling this challenge
which includes solving technical problems as well
as significant scientific questions.

In order to reach this end, we need to integrate
stratigraphic, structural and basin modelling,
incorporating organic matter distribution and fluid
flow and geochemical species transfer. This latter
breakthrough leads to inferring about the plausi-
bility of certain diagenetic processes across the
investigated basins. One should not forget frac-
tured reservoirs and the resulting dual flow
properties. The significance of the representativity

of investigated samples, upscaling and REVs has
been highlighted in this book. For modelling
fractured reservoirs, production tests are com-
monly used. Therefore, another challenging issue
is to find new ways to model dual, matrix and
fracture flow properties in reservoirs.

Through this contribution, I have proposed a
basin-reservoir integration workflow, whereby
the large-scale constraining parameters (pressure,
temperature, fluid fluxes) can be brought to the
scale of reservoir as boundary conditions, and
implementing the reservoir heterogeneities back
to the basin-scale (check Fig. 4.46, Chap. 4).
This approach will require applying and
improving functionalities such as Local Grid
Refinement to render the basin-scale grids closer
to those of reservoirs, facilitating the nesting of
reservoir models within the larger basin models.
A ‘Diagenesis Modelling Toolbox’ consists of
several numerical tools (some of which I have
presented above, e.g. geostatistical and geo-
chemical modelling) that will simulate diagenetic
processes within this scheme and estimate their
influences on the heterogeneity of carbonate
reservoirs (Fig. 5.2).

Fig. 5.2 The Diagenesis
Modelling Toolbox:
Several numerical tools
(such as geostatistical
methods and geochemical
RTM) embedded within the
basin-to-reservoir scale
loop, capable of simulating
diagenetic processes and
their impacts on carbonate
rocks
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5.5 Way Forward

Understanding and predicting subsurface hetero-
geneities remain of paramount importance for
petroleum exploration and production as well as
geothermal energy production, underground stor-
age, and environmental remediation. Numerical
modelling of quantitative diagenesis and its impact
on carbonate reservoir properties will be even
more developed in the near future. Therefore, the
way forward with respect to carbonate diagenesis
scientific research seems evident to me as the
integration of a variety of numerical workflows at
different scales: from a basin-scale (using seismic
data, outcrop-analogues, well cores, etc.) to a
reservoir-scale, and eventually the plug-scale.

‘Scale’ remains the parameter that has been
less investigated and cross-correlated. A mul-
ti-scale approach is, henceforth, necessary to
constrain pertinently diagenetic processes. The

challenge consists in defining the representativity
of the investigated scale (e.g. REVs) and suc-
ceeding meaningful upscaling. In other words,
we need to increase efficiency and avoid data
information loss through upscaling. Based on the
adopted scale of investigation, specific methods
are to be used. Thus, the choice of the efficient
methods for quantitative diagenesis is a function
of the modelling scale.

Results of numerical modelling are to be
validated by quantitative data with respect to
diagenetic processes. In order to achieve this
task, reference study cases should be character-
ized properly by means of modern quantitative
techniques (some of which are still under
development; e.g. clumped isotopes, U-Pb). In
particular, there is a necessity for an innovative
way in classifying pore space in carbonate rocks
based on the 3D pore geometry rather than the
surrounding texture.
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Glossary

ArXim Open source program for multiphase speciation, equilibrium and reaction calculations
between minerals, aqueous solutions and gases (EMSE and IFPEN)

AvizoTM 3D analysis software application for exploring and understanding materials structures and
properties, in a wide range of materials science research areas (FEI)

CobraFlowTM Software for performing geologically meaningful simulations using geostatistical
algorithms (IFPEN and Centre of Geostatistics of the Paris School of Mines)

CooresTM (CO2 Reservoir Environmental Simulator), a research code designed to study CO2 storage
processes from the well to the basin scale (IFPEN). It simulates multi-component three-phase and
3-D fluid flow in heterogeneous porous media. To take into account mineralogy changes, the
transport model is coupled with ArXim

DionisosFlowTM (Diffusion Oriented Normal and Inverse Simulation Of Sedimentation), a deter-
ministic 3D multi-lithology stratigraphic modelling software that simulates depositional processes
in a sequence of steps moving forward in time (IFPEN)

EasyTraceTM A multi-disciplinary 1D data processing and editing tool, featuring advanced
spreadsheets and a wide range of functionalities for geologists and geophysicists (IFPEN)

EOR Enhanced Oil Recovery

FracaTM Software capable of characterizing, modelling and calibrating faults and fractures. It builds
consistent fracture networks, constrained in 3D by seismic and geological attributes

GOCAD (Geological Object Computer Aided Design), a software package used for building and
update, geo-referenced 3D subsurface models (Gocad Research Group, Georessources UMR 7359,
Géologie—Université de Lorraine)

InterWellTM Software capable to analyse post, pre stack and 4D seismic data, to compute multi
cubes seismic wavelet calibrated at wells and to build a priori seismic impedance cubes honouring
wells and stratigraphic data (IFPEN)

JMicroVision A freeware designed to describe, measure, quantify and classify components of all
kinds of images allowing to analyze high definition images of rock thin-sections (http://www.
jmicrovision.com)

MatlabTM A high level programming language and interactive environment capable of advanced
numeric computation, data analysis and visualization, programming and algorithm development
and application (Mathworks)
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PHREEQ-C A computer program designed to perform a wide variety of aqueous geochemical
calculations. It implements several types of aqueous models and is capable of undertaking spe-
ciation, saturation-index, and transport calculations (USGS)

TemisFlowTM Basin modelling software package for assessing regionally controlled petroleum
systems and basin evolutions. It calculates the generation, migration and accumulation of fluids
(IFPEN)
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