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Preface

In 1989, the chief geologist of BP Exploration and his
senior colleagues recognized the need to expand the
company's resource of sequence stratigraphers, and created
the Stratigraphic Studies Group. This group initially in­
cluded a few experts, but was composed chiefly of a
mixture of willing geophysicists, sedimentologists and bio­
stratigraphers, who were to train as sequence stratigraphers,
but more importantly, were to bring the expertise from
their own disciplines to bear on sequence stratigraphy. This
merging of geological disciplines with sequence stratigraphic
principles first saw the light of day as BP's 'Introduction to
Sequence Stratigraphy' course. This course has been given
internally since 1991, and has been presented in whole or
in part to over a dozen national oil companies and at
several international geological and geophysical con­
ferences. The 'Introduction to Sequence Stratigraphy'
course manuals formed the basis for this book, because, as
we naively thought, it would not be too much trouble to
recast the manuals in the form of a textbook, which could
form the basis of university and professional courses. In­
evitably, it was more difficult than we had imagined.
Sequence stratigraphy is a rapidly evolving subject, new
terminology was being added as we wrote, and the jargon
we sought to demystify continues to grow. This book must
thus be seen as a sequence stratigraphic synthesis for the
mid-1990s, and not the final word on the subject. It is
above all a practical guide and contains tools and tech­
niques that the authors have found useful in their daily
work.

We have arranged the book to cover four main themes; a
brief history of sequence stratigraphy, concepts and prin­
ciples, sequence stratigraphic tools and finally the appli­
cation of sequence stratigraphy to different depositional
systems. For the last theme, we have tried to emphasize the
importance of seeing sequence stratigraphy in its sedimen­
tological context, and it is recommended that the reader
should have some familiarity with sedimentological
processes before tackling the last five chapters. Otherwise,

the book covers all the basics of sequence stratigraphy, and
is intended to be a broad text suitable for undergraduate
geologists of all years, MSc and PhD sedimentologists and
stratigraphers, and for oil company geoscientists who wish
to broaden their knowledge of the stratigraphic methods
avaiiable for solving problems with which they are routinely
faced. We hope you find it interesting and useful.
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CHAPTER ONE

Historical Perspective

1.1 What is sequence stratigraphy?

1.2 The evolution of sequence stratigraphy

1.1 What is sequence stratigraphy?

Sequence stratigraphy is a subdiscipline of stratigraphy, the
latter being defined broadly as 'the historical geology
of stratified rocks'. There have been many definitions of
sequence stratigraphy over the years, but perhaps the
simplest, and that preferred by the authors, is 'the sub­
division of sedimentary basin fills into genetic packages
bounded by unconformities and their correlative conform­
ities'. Sequence stratigraphy is used to provide a chrono­
stratigraphic framework for the correlation and mapping
of sedimentary facies and for stratigraphic predictiorr.

Several geological disciplines contribute to the sequence
stratigraphic approach, including seismic stratigraphy, bio­
stratigraphy, chronostratigraphy and sedimentology. These
are discussed in more detail in forthcoming chapters. Note
that lithostratigraphy is not considered to contribute use­
fully to sequence stratigraphy. Lithostratigraphy is the
correlation of similar lithologies, which are commonly
diachronous and have no time-significance (Fig. 1.1). Litho­
stratigraphic correlation is useful provided the sequence
stratigraphic boundaries enveloping the interval of interest
are constrained.

1.2 The evolution of sequence stratigraphy

Sequence stratigraphy is often regarded as a relatively new
science, evolving in the 1970s from seismic stratigraphy. In
fact sequence stratigraphy has its roots in the centuries-old
controversies over the origin of cyclic sedimentation and
eustatic versus tectonic controls on sea-level. Much of this
early debate has been summarized recently in a set of
historical geological papers edited by Dott in 1992 (1992a),
entitled 'Eustasy: the Ups and Downs of a Major Geological
Concept', and the interested reader is referred to this
volume for more detail. Other historically important collec­
tions of sequence stratigraphic papers include American
Association of Petroleum Geologists (AAPG) Memoir 26,
published in 1977, and Society of Economic Paleontologists
and Mineralogists (SEPM) Special Publication 42, pub­
lished in 1988.

Sacred theories

The Deluge and the story of Noah is the most well-known
of the earliest references to sea-level change. To the early
investigators of sea-level change, the veracity of the Deluge

Fig. 1.1 The difference between
sequence stratigraphy, which has a
geological time significance, and
lithostratigraphy, which correlates
rocks of similar type. A
lithostratigraphic correlation would
correlate conglomerate units 1 and 2,
sandstone units 3, 4 and 5 and
mudstone units 6, 7 and 8. A sequence
stratigraphic correlation would
correlate time lines A~A', B--- Brand
C-C

q)

E
F
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CHAPTER TWO

Concepts and Principles of
Sequence Stratigraphy

2.1 Introduction
2.1.1 Basin forming processes
2.1.2 Basin-margin concepts

2.2 Relative sea-level, tectonics and eustasy
2.2.1 Definitions of sea-level
2.2.2 Accommodation
2.2.3 Accommodation through time
2.2.4 Orders of cyclicity and global

correlation

2.3 Sediment supply
2.3.1 Principles of clastic sediment

supply
2..1.2 Filling of accommodation
2.3.3 Basin architecture

2.4 Sequences and systems tracts
2.4.1 Sequences and sequence

boundaries
2.4.2 Systems tract definition
2.4.3 Lowstand systems tract
2.4.4 Transgressive systems tract
2.4.S Highstand systems tract
2.4.6 Type 2 sequence boundary and the

shelf-margin system, traer
2.4.7 Lowstand systems trans on a

ramp margm
2.4.8 Controls on system'. tract

boundaries
2.4.9 Other possible systems tracts

within a relative sea-level cycle
2.4.10 Composite (second and third

order) sequences and systems
tracts

2.4.11 Genetic stratigraphic sequences

2.5 High-resolution sequence stratigraphy
and parasequences
2.5.1 Introduction
2.5.2 Parasequences and their

continental equivalents
2.5.3 Parasequence sets
2.5.4 Parasequence thickness trends
2.5.5 Sequence houndaries
2.5.6 Maximum flooding surfaces
2.5.7 Ravinement surfaces
2.5.8 Problems and pitfalls of high­

resolution sequence stratigraphy

2.1 Introduction

The stratigraphic signatures and stratal patterns in the
sedimentary rock record are a result of the interaction of
tectonics, eustasy and dimate. Tectonics and eustasy con­
trol the amount of space available for sediment to accumu­
late (accommodation), and tectonics, eustasy and climate
interact to control sediment supply and how much of the
accommodation is filled. Autocydic sedimentary processes
control the detailed facies architecture as accommodation
is filled. The purpose of this chapter is to introduce the
principles that govern the creation, filling and destruction
of accommodation. It then shows how these principles are
used to divide the rock record into sequences and 'systems
tracts', \vhich describe the distribution of rocks in space
and time.

The chapter uses siliciclastic systems to introduce the
concepts and principles of sequence stratigraphy. Carbonate
systems differ from clastic systems in their ability to produce
sediment 'in situ', and they respond in a different manner
to accommodation changes. Carbonates are therefore dis­
cussed separately in Chapter 10.

2.1.1 Basin forming processes

Tectonism represents the primary control on the creation
and destruction of accommodation. Without tectonic sub­
sidence there is no sedimentary basin. It also influences the

rate of sediment supply to basins. Tectonic subsidence
results from two principle mechanisms, either extension or
flexural loading of the lithosphere. Figure 2.1 illustrates
theoretical tectonic subsidence rates in extensional, foreland
and strike-slip basins. These curves in effect govern how
much sediment can accumulate in the basin, modified by
the effects of sediment loading, compaction and eustasy.

Extensional basins form in a variety of plate tectonic
settings, but are most common on constructive plate
margins. In extensional basins, tectonic subsidence rates
vary systematically through time, with an initial period of
very rapid subsidence caused by isostatic adjustment to
lithosphere stretching, followed by a gradual (60-100
million years) and decreasing thermal subsidence phase as
the asthenosphere cools. This systematic change in tectonic
subsidence rate has a strong influence on the geometry of
the basin-fill, such that it may be possible to divide the
stratigraphy into pre-, post- and syn-rift phases (these
phases have been termed megasequences; Hubbard, 1988).
In the simple syn-rift megasequence model the sediments
are deposited in the active fault-controlled depocentres of
the evolving rift and can show roU-over and growth into
the active faults. Differential subsidence across the exten­
sional faults may exert a strong control on facies distri­
butions. In the post-rift megasequence, any remaining rift­
related topography is gradually buried beneath sediments
that fill the subsiding basin and onlap the basin margin,
creating the typical 'steers head' geometry Ct\.1cKenzie,
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CHAPTER THREE

Seismic Stratigraphy

3.1 Seismic interpretation
3.1.1 Principles of seismic stratigraphic

interpretation
3.1.2 Resolution of seismic data
3.1.3 Seismic processing and display for

stratigraphic interpretation

3.2 Seismic reflection termination patterns
3.2.1 Marking up a seismic section

3.2.2 Categorizing reflection
terminations

3.2.3 Seismic facies and attribute
analysis

3.2.4 Recognition of stratigraphic
surfaces

3.3 Recognition of systems tracts on seismic
data

3.3.1 Recognition of lowstand systems
tracts

3.3.2 Recognition of transgressive
systems tracts

3.3.3 Recognition of highstand systems
tracts

3.4 Pitfalls in interpretation

3.1 Seismic interpretation

3.1.1 Principles of seismic stratigraphic interpretation

Seismic stratigraphy is a technique for interpreting strati­
graphic information from seismic data. Together with its
offspring sequence stratigraphy, it is acknowledged as being
among the most signific;mt developments in the earth
sciences in the last 30 years. The ideas behind the technique
were introduced in a number of papers in Association of
American Petroleum Geologists (AAPG) Memoir 26 (Vail
et al., 1977a,b,c).

The fundamental principle of seismic stratigraphy is that
within the resolution of the seismic method, seismic reflec­
tions follow gross bedding and as such they approximate
time lines. It is important to realize that this statement does
not deny in any way the physical fact that the seismic
reflections are generated at abrupt acoustic impedance
contrasts, nor does it dispute the fact that variations in
impedance contrast will produce reflections of varying
amplitude (impedance is the product of rock density and
seismic velocity). The key message is that the correlative
impedance contrasts represented on seismic data come

from bedding interfaces and not lateral facies changes. At
the scale of seismic resolution, facies changes in time­
equivalent strata are gradual and do not generate reflections
(Fig. 3.1).

The axiom states that reflections can be thought of as
time~lines that represent time surfaces in three dimensions,
separating older rocks from younger. There are acknowl­
edg<.:d exceptions. Some reflections, such as multiples or
reflected refractions, are unfortunate artefacts of the physics
of the method and need to be recognized as 'unreal' in a
geological sense. Others, such as those from fluid contacts
or diagenetic changes (such as bottom simulating reflectors
generated from the change from Opal 'A' to Opal 'B'), are
'real' and represent genuine cross-cutting surfaces (in a
chronostratigraphic sense). Finally there are 'reflections
which are the outcome of lack of seismic resolution due to

bed thickness' (Biddle et al., 1992), or 'tuned' lithofacies
juxtaposition (Tipper, 1993).

Notwithstanding these exceptions to the rule it follows
that a seismic section can be assumed to supply chrono~

stratigraphic information, as well as lithostratigraphic
information derived from reflection characteristics at im­
pedance contrasts. This combination, along with the geo-

Fig. 3.1 Seismic reflections are
believed to follow gross bedding
surfaces. Impedance contrasts are
abrupt across bedding planes and
gradual across facies boundaries Facies change along the bedding is GRADUAL
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CHAPTER FOUR

Outcrop and Well Data

4.1 Introduction and historical perspective

4.2 Resolution of well data

4.3 Sequence stratigraphy of outcrops and
cores
4.3.1 Parasequences in outcrops and

cores
4.3.2 Parasequence stacking patrerns

and systems tracts
4.3.3 Key stratigraphic surfaces in

outcrops and cores

4.4 Sequence stratigraphy of wireline logs
4.4_1 Log suites used in sequence

stratigraphy
4.4.2 Log trends
4.4.3 The log response of clinoforms
4.4.4 The log response of parasequences
4.4.5 Log responses from basinal

environments
4.4.6 Estimation of depOSitional

controls and sequence
strarigraphy from log response

4.4.7 Key surfaces
4.4.8 Identification of systems tracts

from log response
4.4.9 Pitfalls and ambiguities in

sequence analysis of log data
4.4.10 Check-list for sequence

stratigraphic interpretation of a
well-log data base

4.1 Introduction and historical perspective

The sequence stratigraphy of outcrop, core and wireline
log data was developed in the early 1980s with the testing
of seismic stratigraphic techniques against rock data. These
techniques have evolved considerably over the last decade,
especially in the last few years, with the publication of two
major volumes. Firstly, Society of Economic Paleontologists
and .Mineralogists (SEPM) Special Publication 42 (Wilgus
et al., 1988) contains a series of papers in which Exxon
workers laid out a series of key sequence stratigraphic
definitions and conceptual models. The definitions and
models together provide a framework linking ,basin-scale
'seismic stratigraphic models and sedimentary facies models.
In the second signiilcant publication, Van Wagoner et af.
(1990) dealt specifically with high-resolution sequence
stratigraphy from outcrop, core and wireline log data.
\Vith the publication of these volumes, outcrop, core and
wirclinc log sequence stratigraphy has reached a wider
audience and much progress has been made in the last few
years. However, at the same time a range of views, some­
times contradictory, has emerged. Miall (1991), for example,
has questioned many aspects of the models presented in
SEPM Special Publication 42, and Walker (1990) has
documented many challenging stratigraphic geometries from
well-constrained subsurface data sets in western Canada
that do not fit conventional models easily.

This chapter is organized into an outcrop and drill-core
section, material with which the reader is likely to have
some familiarity, followed by a longer section on wireline
logs and combinations of logs and drill-core. The outcrop
and core section is deliberately brief as it is covered in
greater depth in Chapters 7-1 O.

4.2 Resolution of well data

Not all the techniques described in this chapter yield the
same scale or resolution of stratigraphic information. Figure
3.2 shows a gamma-ray log and simplified lithological log
through the reservoir section of the North Sea Beatrice
Oilfield compared with a seismic waveform. The logs can
resolve bedding detail that the seismic cannot, and hence
permit a more detailed stratigraphic analysis. However, the
gamma-ray log and other electric logging tools described in
more detail in section 4.4 do not have perfect resolution,
and cannot 'see' beyond the vicinity of the well bore.
Furthermore, converting log properties to lithology does
not always provide a unique geological answer, and wher­
ever possible logs should be calibrated by core data. Core
data from wells is good material for sequence stratigraphic
analysis, but is rarely acquired in significant quantity.
Usually the core is cut in porous units over hydrocarbon­
bearing intervals, which usually means several tens of
metres of core at most. In addition, cores, like wireline
logs, see only a one-dimensional view of the geology at the
well bore. As well as log and core data, wells also yield
biostratigraphic information, discussed more fully in
Chapter 6.

4.3 Sequence stratigraphy of outcrops and cores

4.3.1 Parasequences in outcrops and cores

Parasequences are defined in section 2.5 as relatively con­
formable successions of beds and bed sets bounded by
marine flooding surfaces and their correlative surfaces. At
present, parasequences can be recognized with confidence
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CHAPTER FIVE

Chronostratigraphic Charts

5.1 The purpose of chronostratigraphic
charts

5.2 Construction of chronostratigraphic
charts from seismic data
5.2.1 Picking reflection terminations
.5 .2.2 Identification of seismic surfaces
5.2.3 Numbering seismic packages and

their component reHections
5.2.4 Transferring reflections to a time­

scale
5.2.5 Filling in the chronostratigraphic

chart

5.2.6 Adding wells on to the chart
.5 .2. 7 Scaling the chart to absolute time

5.3 Interpreting a chronostratigraphic chart
5.3.1 Chronostratigraphic expression of

sequence boundaries
.5 .3.2 Chronostratigraphic expression of

condensed sections
5.3.3 Chronostratigraphic expression of

depositional styles
5.3.4 Chronostratigraphic expression of

a seIsmic example

5.4 Coastal onlap curves and rdative sea­
level curves
.5.4.1 Coastal onlap curves
5.4.2 Relative sea-level curves
.5.4.3 Examples from the Tertiary of the

North Sea

5.5 Constructing chronostratigraphic charts
from other data
S.5.1 Producing chronostratigraphic

charts from well da ta

5.1 The purpose of chronostratigraphic charts

Sequence stratigraphy involves the interpretation of the
relationships of depositional systems in time as well as in
space. Chronostratigraphic charts are a means of showing
the time relationships of these systems, and their relation­
ships to surfaces of non-deposition, condensation and
erosion. These surfaces have little or no thickness in the
rock record, and their true significance can be appreciated
better by considering them in the time dimension.

The construction of chronostratigraphic charts provides
a check for the interpreter, ensuring that the interpretation
makes sense in time as well as in space. It also ensures
construction of a time-framework for measuring variables
such as sediment flux, subsidence, etc. In addition, chrono­
stratigraphic plots of the proximal limit of topset deposf.tion
(known as coastal onlap charts) provide direct measure­
ments of the frequency (but not the magnitude) of changes
in relative sea-level.

The basic procedures for producing chronostratigraphic
charts and coastal onlap plots from seismic data were
described initially by Wheeler (1958; chronostratigraphic
charts arc also known as Wheeler diagrams), Mitchum
et al. (1977a,b) and Vail et al. (1977b). A terminology for
the description of rock units in time was proposed by
Schultz (1982), who introduced the term chronosome for a
rock unit bounded by time planes.

A chronostratigraphic chart has time as the vertical axis,
with a spatial horizontal axis. On the chart are plotted the
distribution of systems tracts, bounded by surfaces of
onlap, toplap, downlap, etc. Within the systems tracts, the
limits in time and space of the facies units may be shown.

80

The remainder of the chart represents the poSitIOn and
duration of the areas of non-deposition, hiatus, bypass,
erosion and/or condensation.

Chronostratigraphic charts are most easily and accurately
constructed from seismic data, where the relative positions
of the depositional units in time and space can be deter­
mined more clearly. The principles of chronostratigraphic
construction, like many of the principles of seismic strati­
graphy, are based on the assumption that seismic reflectors
follow bedding, that bedding planes are isochronous, and
hence seismic reflections approximate to time-lines (section
3.1.1; Vail et ai., 1977a). The corollary of these assump­
tions is that reflection-bounded packages are chronosomes.

5.2 Construction of chronostratigraphic charts
from seismic data

Once the interpreter has chosen a representative seismiC
section through the stratigraphy, displayed it optimally,
and marked the non-stratigraphic reflections, the con­
version into a chronostratigraphic chart can begin. This
process will be illustrated by reference to Fig. 5.1, where a
schematic seismic section (Fig. 5.1 a) is translated into a
chronostratigraphic section (Fig. 5.le). Note that anyone
seismic line does not necessarily sample all of the strati­
graphy, and the chronostratigraphic section constructed
from it will not be a complete representation of deposition
within the basin. A full representation of the changing
patterns of deposition through time will be achieved only
from a three-dimensional chronostratigraphic chart, or a
grid of two~dimensionalcharts.



 



 



 



 



 



 



 



 



 

CHAPTER SIX

Biostratigraphy

6.1 Introduction

6.2 Fossil groups and zonal schemes
6.2.1 Fossil groups
6.2.2 Fossil zonation schemes and

biochronostratigraphic resolution

6.3 Palaeoenvironmental analysis
6.3.1 Benthos and palynofacies
6.3.2 Plankton
6.3.3 Biofacies

6.4 Biostratigraphy and sequence
stratigraphy
6.4.1 Sequence boundaries and their

correlative conformities

6.4.2 Lowstand systems tract
6.4.3 Transgressive surfaces
6.4.4 Transgressive systems tracts
6.4.5 Maximum flooding surfaces
6.4.6 Highstand systems tracts

6.5 Conclusions

6.1 Introduction introduction to the main fossil groups and biostratigraphic
techniques.

Biostratigraphy is a well-established branch of stratigraphy
based on the palaeontology of rocks. It uses the chrono­
stratigraphic range of fossil species to correlate stratigraphic
sections, and their palaeoenvironmental preference to
provide information on depositional setting.

Prior to the advent of seismic data, biostratigraphy was
the only means by which geologists could correlate time­
equivalent depositional sections accurately. However, many
of the fossil groups favoured by early palaeontologists,
certainly prior to the middle of this century, tended to be
forms that inhabited the sea-bed (benthos) rather than the
water column (plankton). As a consequence, these benthic
correlations often had a greater affinity to palaeoenviron­
mental conditions and depositional facies rather than
chronostratigraphy (Loutit et al., 1988). Indeed the dose
relationship between the presence of these benthic markers
and lithofacies was probably responsible for prolonging
the common practice of treating lithostratigraphic cor­
relations as chronostratigraphic events.

Seismic stratigraphy has now largely superceded bio­
stratigraphy as the primary correlative tool in subsurface
basin analysis. However, biostratigraphy, together with
other dating methods, such as isotope stratigraphy (Emery
and Robinson, 1993) and magnetostratigraphy, play an
important role in providing the chronostratigraphic control
to seismic correlations (Armentrout, 1987, Loutit et al.,
1988, McNeil et aI., 1990). Also, without the aid of
biostratigraphy, seismic stratigraphy is limited in areas
with complex structure.

This chapter will show how biostratigraphic data can be
integrated with other techniques to enhance and constrain
sequence stratigraphic interpretations, beginning with an

6.2 Fossil groups and zonal schemes

6.2.1 Fossil groups

All fossils have potentia] application to sequence strati­
graphy, although to date sequence boundaries and maximum
flooding surfaces accurately a high frequency of chrono­
stratigraphically significant fossil events is required. This
is best obtained through the integration of marker taxa
from several different fossil groups. The most useful fossils
are those which, as they evolved, exhibited distinct and
rapid morphological change, so as to be unequivocally
identifiable. It is also important that they are distributed
widely, and therefore correlateable within and between
basins, and occur in sufficient abundance that their presence
is a statistically viable event. Several macrofossil groups,
such as the ammonites and goniatites, together with the
larger foraminifera, are of particular value, but the limi­
tation of sample size in the petroleum industry has meant
that small fossils, usually less than a few millimetres in
diameter and as small as 4 !-tm, are the most widely used in
biostratigraphy. The three most useful groups include:
microfossils (e.g. foraminifera, ostracods, diatoms, calpio­
nellids, Radiolaria, calcareous algae and conodonts), nanno­
fossils (e.g. coccoliths and discoasters) and palynomorphs
(e.g. dinoflagellates, chitinozoa, acritarchs, tasmanitids,
pollen and spores). The advantage of using small fossils is
that, in favourable palaeoenvironments, they usually occur
in abundance. Figure 6.1 shows the stratigraphic range for
some of the more important fossil groups used in the oil
industry.
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CHAPTER SEVEN

Fluvial Systems

7.1 Introduction

7.2 Fluvial processes and channel styles
7.2.1 Straight and anastomosing rivers
7.2.2 High-sinuosity channel systems
7.2.3 Low-sinuosity channel systems
7.2.4 Classification of fluvial systems

7.3 The concept of the graded stream profile

7.4 Fluvial architecture
7.4.1 Controls on fluvial architecture
7.4.2 Sequence boundaries and

lowstand systems tracts in alluvial
strata

7.4.3 Transgressive systems tracts and
flooding surfaces in alluvial strata

7.4.4 Highstand systems rracts in
alluvial strata

7.5 Reconstructing fluvial architecture
7.5.1 Eocene Castissent Formation,

South Pyrenees, Spain
7.5.2 Triassic, Ivishak Formation,

Prudhoe Bay Field, North Slope,
Alaska, USA

7.1 Introduction

The value of sequence stratigraphy as a predictive tool in
the analysis of clastic shoreline and shallow marine systems
is well documented in the literature and is reviewed in
Chapter 8. Recent attempts to apply sequence stratigraphic
concepts to fluvial systems has met with less success because
the role of relative sea-level fluctuations in fashioning
the fluvial stratigraphic record is less clear (Posamentier
and Vail, 1988; Posamentier, 1993; Shanley, 1991; Shanley
and McCabe, 1989, 1990, 1991, 1994; Westcott, 1993).
Fluvial systems respond to a bewildering set of external
(allocyclic) and internal (autocyclic) controls (Schumm,
1968, 1981; Schumm and Ethridge, 1991). The problem is
compounded by rapid lateral facies changes and a lack of
internal features in thick alluvial successions which allow
them to be sub-divided into time stratigraphic units. As a
result, the application of sequence stratigraphy to fluvial
systems is still in its infancy, with concepts and models still
the subject of lively debate (Galloway, 1981; Miall, 1986,
1991; Boyd et at., 1989; Walker, 1990; Posamentier and
James, 1993; Schumm, 1993; Westcott, 1993; Koss et al.,
1994; Shanley and McCabe, 1994).

The early sections of this chapter focus on depositional
processes and fluvial channel patterns. The concept of the
graded river profile is then introduced as the primary
control on the development of accommodation in fluvial
systems. Finally, the potential role of relative sea-level
change in influencing the fluvial record is reviewed and
illustrated with a number of examples.

7.2 Fluvial processes and channel styles

Fluvial systems are one of the best studied of all depositional
environments. A detailed review of fluvial depositional
environments is beyond the scope of this chapter and the
reader is referred to a number of excellent summaries
on this subject (Cant, 1978b; Miall, 1978, 1992; Ethridge
and Flores, 1981; Collinson and Lewin, 1983; Collinson,
1986; Ethridge et al., 1987).

Four traditional styles of fluvial channel are commonly
recognized; braided, meandering, anastomosing and straight
(Leopold and Wolman, 1957; Leopold et al., 1964; Rust,
1978). These categories are useful but must be considered
only as tendencies within a spectrum of channel types or
classes (see discussion in Miall, 1992). River channel pat­
terns are controlled by discharge, sediment supply and
gradient (Bridge, 1985). As a result, changes between
channel classes are gradational, with one or a number of
different channel patterns containing similar morphological
elements.

7.2.1 Straight and anastomosing rivers

Strai.ght and anastomosing river systems are relatively rare
in the recent and geological record. Straight rivers have
well-defined single channel courses with stable banks
flanked by levees. Anastomosing rivers form interconnected
networks of low gradient, relatively deep and narrow
channels of variable sinuosity, characterized by stable,
vegetated banks composed of fine-grained silt or clay (Smith
and Smith, 1980; Putman, 1983; Rust and Legun, 1983;
Nanson et at., 1986; Fig. 7.1a). Lateral channel migration
is limited by the development of fine grained bank material
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CHAPTER EIGHT

Paralic Successions

8.1 Introduction

8.2 Paralic depositional systems
8.2.1 Deltas
8.2.2 Delta physiography
8.2.3 Deltas and sedimentary processes
8.2.4 Coastal plain to shoreline-shelf

systems
8.2.5 Estuaries

8.3 Sequences in paralic successions
8.3.1 Sequence boundaries and valley

incision
8.3.2 Interfluve sequence boundaries
8.3.3 The transgressive surface
8.3.4 Forced regressions
8.3.5 The maximum flooding surface

8.4 Parasequences in paralic successions
8.4.1 Sedimentary processes

8.4.2 Accommodation space
8.4.3 Grain size
8.4.4 Climate

8.5 The sequence stratigraphy of distinct
paralic systems
8.5.1 The stratigraphy of coastal plain

to shoreline _. shelf systems
8.5.2 The stratigraphy of deltaic systems
8.5.3 The stratigraphy of estuarine

systems

8.6 Correlation procedure
8.6.1 Depositional environments
8.6.2 Parasequence correlation
8.6.3 Progradation, aggradation, and

retrograda rion
8.6.4 Sequence boundaries

8.7 An example: the Viking Formation,

Western Canadian Basin

8.8 Reservoirs in paralic successions
8.8.1 Stratigraphic traps
8.8.2 Seals
8.8.3 Analogues and How units

8.9 Paralic systems at a seismic scale
8.9.1 Seismic-scale models
8.9.2 Seismic resolution
8.9.3 Seismic facies

8.10 Variations in paralic systems within a
sea-level cycle
8.10.1 Shelf processes
8.10.2 Spatial changes in processes
8.10.3 Sequence stratigraphic

framework

8.11 Summary

8.1 Introduction Table 8.1 Environments and subenvironments encountered in
paralic successions

Paralic successions include a wide range of environments ­
deltas, coastal plains, shoreline-shelf systems and estu­
aries - each deposited at or near to sea-level (Table 8.1).
As such they are extremely sensitive to changes in relative
sea-level and are therefore particularly suitable for high­
resolution sequence stratigraphic analysis.

The chapter commences with a summary of difff'rent
paralic depositional systems, and a discussion of high­
resolution sequence stratigraphy. It proceeds by showing
(i) how stratigraphic signatures vary in distinct paralic
environments; and (ii) how sequence stratigraphy can be
applied to paralic petroleum reservoirs. The chapter con­
cludes with an analysis of the seismic expression of paralic
successions, and how paralic successions may vary during a
sea-level cycle.

8.2 Paralic depositional systems

8.2.1 Deltas

A delta is the prism of sediment that accumulates where a
river enters a standing body of water. Deltas comprise a
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Environments
Deltas
Coastal plain to shoreline-shelf systems

Estuaries
Incised valleys

Sub environments
Distributary channels
Distributary mouth bars
Crevasse channels
Crevasse splays
Levees
Lagoons

Lakes
Cheniers

Beaches
Shoreline-shelf complexes

Tidal ridges
Tidal channels

Flood and ebb tidal deltas

Barrier islands
Bay·head deltas
Tidal flats, etc.
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CHAPTER NINE

Deep-marine Clastic Systems

9.1 Introduction

9.2 Deep-marine clastic systems ­
depositional processes and classification
9.2.1 Deposi tional processes
9.2.2 Classification of deep-marine

clastic systems

9.3 Fan development during )owstands
9.3.1 LOVlstand models
9.3.2 Basin-floor versus slope fan

systems
9.3.3 Lowstand systems tracts and deep­

manne clastic systems
9.3.4 The effect of sediment calibre on

the evolution of the lowstand
systems tract

9.4 Fan development during highstand and
transgression
9.4.1 Highstand fan systems
9.4.2 Fan development during

transgressions

9.5 Conclusions

9.1 Introduction

Sequence stratigraphy provides a powerful tool for strati­
graphie analysis of deep-marine clastic systems when lit is
combined with an appreciation of the variability in pro­
cesses and depositional products of deep marine settings.
This combined approach based on sequence stratigraphy
and sedimentary processes has advanced from early studies
of the late 19705, which emphasized simple model-driven
interpretations of deep-marine clastic systems based upon
seismic data (e.g. Mitchum et a!', 1977a,b; Vail et aI.,
1977a,b; Mutti, 1985; Posamentier and Vail, 1988; Van
Wagoner et al., 1990; Walker, 1992a,b; Posamentier and
Weimer, 1993).

This chapter first reviews the range of sediment transport
mechanisms in deep marine settings and the controls on
coarse clastic deposition within a basinal setting. The prin­
ciple large-scale deep-marine clastic depositional syste'ms
and the controls on their development are discussed. Th is
information is used to develop a suite of sequence strati­
graphic models, which show the variety of depositional
systems that may develop within a given systems tract.

9.2 Deep-marine clastic systems - depositional
processes and classification

9.2.1 Depositional processes

The erosion, transport and deposition of sediment in deep­
marine clastic settings are controlled largely by sediment
gravity flow processes; flows in which sediment- fluid ill ix­
tures move under the influence of gravity (Middleton and
Hampton, 1973, 1976; Lowe, 1979, 1982; Middleton and
Southard, 1984). Sediment gravity flows form a broad
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group of genetically related processes, ranging from slumps
and slides associated with the downslope translation of
cohesive material such as silt and mud, to fully turbulent
turbidity currents.

Four basic types of sediment gravity flow are recognized,
and include the following (Table 9.1):
1 Turbidity currents, in which the sediment is supported
by the upward component of fluid turbulence generated by
the density contrast between a sediment~fluid mixture and
the surrounding ambient fluid.
2 Fluidized/liquidized flows in which the sediment is sup­
ported by the upward movement of the escaping pore
fluids.
3 Grain flows in which the particles are supported by the
dispersive pressure of colliding grains.
4 Cohesive flows in which particles are supported by
matrix density and strength.
Turbidity currents and cohesive flows are considered to be
effective agents of sediment transport, and are the principal
mechanisms by which turbidite facies:~ develop within
basinal settings (Middleton and Hampton, 1973, 1976;
Lowe, 1982; Pickering et at., 1986; Postma, 1986; Pickering
et at., 1989). The remaining types of sediment gravity flow
are regarded as transient phenomena; occurring between
the initiation of sediment movement by slides and slumps,
and the final stages of sediment and fluid transport by fully
turbulent turbidity currents (Lowe, 1979, 1982; Postma,
1986).

l\1any authors draw the additional distinction between
low- and high-density turbidity current flows (c.g. Middleton

x The term turhidite facies is used here in the context of Mutti and Ricci-Lueehi

(1972) to refer ro all sediments deposited hy sediment gravity flows and not just

to turhidity eu rrents.



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 

CHAPTER TEN

Carbonate Systems

10.1 Introduction

10.2 Controls on carbonate sedimentation
10.2.1 Organic and inorganic

carbonate production
10.2.2 'Highstand' shedding
10.2.3 Carbonate platform drowning
10.2.4 Carbonate platform exposure

10.3 Carbonate slopes, platform
classification and facies belts
10.3.1 Slopes and platform

c1assiflcation
10.3.2 Facies belts on carbonate

platforms

IDA Sequence stratigraphic models for
carbonate platforms
10.4.1 Introduction

10.4.2 Ramps
10.4.3 Rimmed shelves
10.4.4 Escarpment margins
10.4.5 Isolated platforms

10.5 Cyclicity and parasequences on
carbonate platforms

10.6 Conclusions

10.1 Introduction

'Carbonate sediments are born, not made'. Noel James' apt
quotation neatly sums up why carbonates, as living systems,
require a rather different sequence stratigraphic approach
to their inert siliciclastic counterparts. Fortunately, this has
not resulted in a proliferation of new terms and concepts,
as many of the existing sequence stratigraphic principles
discussed in the first four chaptersare valid. However, the
range of environmental factors and of carbonate platform
geometries add two new dimensions that extend the range
of interpretation of any carbonate succession.

The objectives of this chapter are to outline the broad
controls on carbonate sediment production, the role of sea­
level and the major differences compared with siliciclastic
systems. This introductory section is followed by a brief
discussion of carbonate platform types, and of the geometries
that further distinguish carbonates from siliciclastics. The
final two sections outline sequence stratigraphic models for
different carbonate platform types, with subsurface and
outcrop examples, followed by a discussion of cyclicity in
carbonate platform settings and the concept of the para­
sequence in carbonates.

Several terms used in this chapter require defining. The
term 'carbonate platform' is used in a general sense to
denote any large body of shallow-water carbonate pro­
duction, such as the Bahama Banks, the Maldive Atolls and
the Great Barrier Reef. The term 'reef' is generally used
here in a narrower sedimentological sense, as a biologically
influenced carbonate accumulation that was large enough
during formation to possess some topographic relief. This
contrasts with the geophysical 'seismic' reef, which usually
is defined by mounded or chaotic seismic reflector geometry,

but mayor may not have any biological reefal component.
The term 'margin' is used in a broad sense to denote the
change from shallow-water high-energy deposits to slope
or deeper shelf sediments. The margin will coincide with
the 5helf break on carbonate platforms that exhibit a break
in slope (rimmed shelves or escarpment margins; see section
10.3), but on low-angle, homoclinal carbonate ramps the
margin is simply a facies change. Finally, some familiarity
with carbonate depositional environments is assumed be­
fore reading this chapter. For an introduction, the reader is
referred to the following excellent texts on general carbon­
ate sedimentology, modern and ancient; Bathurst (1975),
Scholle et al. (1983), Reading (1986), Scoffin (1987),
Tucker and Wright (1990) and Walker and James (1992).

10.2 Controls on carbonate sedimentation

10.2.1 Organic and inorganic carbonate production

Carbonate sediments are produced today in several marine
and some terrestrial settings, but their locus of maximum
production, the 'carbonate factory', is in shallow tropical
seas with low siliciclastic input. Carbonate sediment types
can be split into a skeletal component, dominated at present
by corals and algae, and a non-skeletal component com­
prising coated grains (including ooids), peloids, aggregates
and clasts (Folk, 1959). It is important to distinguish
between organic and inorganic carbonate production, as
their relative productivities can be very different, with
organic carbonate production generally able to outpace
inorganic production in shallow water environments
(Schlager, 1981). Because of this productivity difference,
inorganically dominated carbonate systems tend to evolve

211



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 

CHAPTER ELEVEN

Organic-rich Facies
and Hydrocarbon Source Rocks

11.1 Introduction
11.1.1 Controls on organic richness

and source potential
11.1.2 Source rocks, tectonics and sea­

level change

11.2 Delta/coastal plain organic-rich facies
and source rocks
11.2.1 Sequence stratigraphic

significance of coals

11.2.2 Geochemistry of delta plain
organic-rich facies

11.3 Organic-rich facies and systems tracts
in dastic systems
11.3.1 Lowstand systems tract
11.3.2 Transgressive systems tract
11.3.3 Highstand systems tract

11.4 Marine Carbonate Source Rocks
11.4.1 Genetic classification scheme
11.4.2 lntercarbonate build-up
11.4.3 Intraplatform depression
11.4.4 Unrestricted basin margin
11.4.5 Deep ocean basin

11.5 Conclusions

11.1 Introduction

Sequence stratigraphy provides a useful geological frame­
work for considering the distribution of organic-rich facies
(source-rocks"). It can allow a seismic, well or outcrop
section to be subdivided into systems tracts in which the
factors controlling source-rock deposition can be considered.
Understanding the sequence stratigraphic context of a source­
rock is necessary in order to predict its lateral extem and
variability. However, it should be emphasized that source­
rocks cannot be predicted from stratal geometries alone
because there are too many variables involved (Fig. 11.1).
This chapter first explores the controls on deposition of
organic-rich facies and to what extent these can be predicted
from sequence stratigraphic analysis. It then considers in
detail the sequence stratigraphic context of coals and trans­
gressive marine black shales and concludes by descfl bing
stratigraphic models for organic-rich carbonate facies.

11.1.1 Controls on organic richness and source potential

Enhanced organic matter preservation is a function of
many factors, the most important being the physiogeo­
graphy of the basin, climate, terrestrial organic productlVity,
marine aquatic organic productivity, oceanic circulation,
sedimentation rate and water depth (Fig. 11.1). A number
of these factors clearly are not predictable from sysccms
tract analysis alone, e.g. climate and oceanic circulation.

* An oil~prone source-rock comprises sediments that are rich in organic urbon

and contain organic material sufficiently hydrogen-rich to convert mainly to oil

on maturation (1'i550t et ai., 1974),
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Terrestrial organic productivity

Terrestrial organic productivity is a primary influence on
the development of coals and coaly sediments deposited in
coastal/delta-plain environments. McCabe (1984) con­
siders that the potential for modern peat accumulation is a
complex function of climate, which controls the balance
between the rates of plant production and decay. Hot,
humid climates favour plant production and cool climates
favour plant preservation. The nature of the plant ecosystem
has a strong influence on the type of organic matter pre­
served and hence the potential for oil- or gas-prone source­
rock development (section 11.2.2).

Terrestrial organic matter supply

The rate of terrestrial organic matter supply to marine
sediments is controlled principally by the nature of the
floral ecosystem in the hinterland, the grain size of the
sediment and the distance from the shoreline (Schlesinger
and Mellack, 1981). Terrestrial organic productivity was
negligible in pre-Devonian times and therefore little is
preserved in marine sediments. Terrestrial organic matter
will, because of its low density and grain size, tend to be
concentrated in the fine-grained mud and silt facies of the
systems tract. Terrestrial organic matter supply rates will
be highest in fine-grained sediments in close proximity to
well-vegetated deltas. Swamp and marsh areas are particu­
larly important sources of terrestrial organic matter. Supply
decreases exponentially with increasing distance from the
shoreline and increasing water depth. However, shelf-edge
deltas potentially may deliver high terrestrial organic matter
fluxes to the upper slope, and submarine canyons may tap



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 

CHAPTER TWEL VE

Computer Modelling of Basin Fill

12.1 Introduction

12.2 Forward model types
12.2.1 Hydraulic process-response
models
12.2.2 Diffusion or potential gradi.ent
models

12.2.3 Ceometrical models
12.2.4 Di~cussion of model rypes

12.3 Examples of the stratigraphic use of
computer modelling

12.4 Practical forward computer modelling
12.4.1 Points to consider
12.4.2 Worked example

12.5 Conclusions

12.1 Introduction

Computer simulation of basin fill is used increasingly in
basin analysis, both as a tool for attempting to simulate
known geometries within a basin, and to predict the stra­
tigraphy and facies distributions in poorly constrained
areas. Modelling packages have been developed at a variety
of scales to suit a range of purposes, from simulation of the
fill of entire basins, to replicating growth patterns of small
carbonate systems or sand-body distribution in a submarine
fan. This chapter discusses the range of model types and
their application to understanding the stratigraphical and
sedimentological development of basins.

Most natural systems arc extremely complex and difficult
to understand. A model of any natural system is an attempt
to simplify the important parts while still being useful. W'e
could say for example that the North Sea was a water-filled
hole that is in the process of being filled by sediment. This
would be a very simple model that could be used to convey
some aspects of the 'North Sea' to a colleague (i.e. it i" not
a desert environment and we expect marine or lacustrine
rather than aeolian processes to be acting). To be able to
use this model to predict the location of a sand bar, or the
distribution of organic-rich shales we need not only more
information but also more quantitative information, such
as the direction and perhaps strength of tidal and river
currents, position of sediment entry points, and changes in
water level. As we ask more detailed questions ot the
model, so we need more detailed information, and we
quickly reach the stage where both the number of parameters
and complexity of interaction between parameters are more
than we can manage without mechanical assistance. Hence
the need for computer modelling. If we need only the
answers to simple, qualitative questions then simplc mental
models may oftcn be enough, but if we need either simple
answers to complex problems or quantitative ansvvers
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to simple problems, then we can often gam by usmg a
computer.

There is another benefit from computer modelling, which
is that computers do not take kindly to ambiguity in
interpretation, they force us to make decisions in a way
that mental models do not. A mental model can carry
uncertainty in an intuitive sense very far along the interpret­
ation or prediction chain (in fact so far that we often forget
that there was any uncertainty in our original data), but
when the final map or section has to be drawn then we
cannot easily express the doubt other than by stippling the
boundaries. Quantifying uncertainty at an early stage and
using mathematics to carry the uncertainty through all
stages in interpretation and prediction leads to the develop­
ment of altcrnative working hypotheses and better com­
munication of our state of knowledge.

.Nlodelling lIlay be either 'forward' or 'inverse'. In the
forward model we start with what we hope are the major
processes acting on a system, wave direction and amplitude
for example, and some boundary conditions, such as beach
grain-size distributi'on, water depth, beach slope, etc. We
let the model run for an appropriate length of time and
look at the change in the system. If both the process model
and the boundary conditions were specified sufficiently
then the end result will be a prediction that can be tested at
an appropriate scale. There will always be higher resolution
features in reality that were not predicted by the simulation,
and we have to hope that these are not significant for our
proposed use. An important point to remember about any
modelling is that a model is always a simplification in some
aspect. The skill of the modeller is to ensure that the model
is neither too simple nor too complex to answer the question
being asked. Another way of looking at this is to say that if
you do not know what question you are asking, then no
model will ever satisfy your requirements. There is no such
thing as a generally applicable model.
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