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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
available 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 prediction.

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 Palcontologists
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 earlicst 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

Time

mudstone units 6, 7 and 8. A sequence
stratigraphic correlation would
correlate time lines A—A’, B—B’ and
C-C




was not in questien, but its origin was the subject of
considerable debate by scientists and clergy alike. Perhaps
the most popular of several theories were Burnet’s Sacred
Theory of the Earth, published in 1681, and the Telliamed
of de Maillet, published in 1748 (and recently revisited by
Carozzi in 1992). De Maillet proposed that following the
formation of the Earth by the accretion of the ashes of
burning suns over the cortex of an extinguished sun, a
water envelope which developed around the planet gradu-
ally diminished in volume through time, and in so doing
created the topography we see today. In effect, de Maillet
interpreted sea-level changes on Earth as a ‘single falling
limb of a cosmic eustatic cycle’ (Carozzi, 1992). This
concept of a one-way sea-level fall was known as Neptunian
theory. The erosion of primitive mountains by marine
processes and the development of a series of offlapping

Superficial, bedded . Primitive

and ossiliferous ' mountains

deposits of stage A b on
Sea-level, stage A erosto

—Marine erosion

sediment packages as implied by de Maillet and other
Neptunists is illustrated schematically in Fig. 1.2,

The eighteenth century

The ecighteenth century also saw the beginning of detailed
stratigraphic analysis of rock units, and the recognition of
unconformities as primary bounding surfaces. In 1788,
Hutton first appreciated the significance of unconformities
separating cycles of ‘uplift, erosion and deposition’,
and unconformities were used by stratigraphers such as
Sedgwick and Murchison in the following century to estab-
lish physical boundaries for geological periods (Sedgwick
and Murchison, 1839). As the great stratigraphers con-
tinued with their practical approach, William Buckland
(1823) proposed the concept of Diluvialism which was to
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Fig. 1.2 Schematic iflustrations of the
development of sedimentary units by
marine erosion and deposition during
continuously falling sea-level,
according to de Maillet (1748). After
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eclipse Neptunian theory. In diluvial theory, the geological
products immediately preceding the flood were referred to
as antediluvial, and those following the flood were referred
to as post-diluvial or alluvial. However, the attraction of
diluvial theory also soon waned as further geological
evidence served to counter the simplistic notion of a single
dramatic flooding event.

The nineteenth century

In the middle of the nineteenth century, the eustatic versus
tectonic controls on sea-level change debate began in earnest
with the glacial theories of Lyell and Agassiz. Lyell and
others (including Celsius and Linnaeus) observed raised
beaches along the coastline of Scandinavia and noted
evidence of falling sea-levels from centuries-old marks on
shoreline outcrops. Lyell concluded that the land was being
slowly and differentially elevated {(Lyell, 1835), a fact
confirmed by Bravais in 1840 who had observed tilted
beaches along fjords of the Scandinavian Arctic coast. At
about the same time, Agassiz (1840) was developing
his theories of glaciation, and MacLaren, on reviewing
Agassiz’s glacial theory in 1842, saw the potential of
melting ice-caps as a major control on global sea-level,
Unfortunately, neither Agassiz nor MacLaren received
acceptance for their ideas for at least two more decades,
until Croll (1864), in a forerunner of Milankovitch theory
(1920), published the concept of orbitally forced glaciations.

Original surface
i i

| (&)

Continental
base-plain

Fig. 1.3 Reproduction of figures from
Chamberlin (1898) on diastrophism,

unconformities and geological time .
divisions. From Dott (1992b) L@

The carly twentieth century

By the late ninetcenth century, glacial theory was thus able
to explain custatic sea-level change and isostatic uplift.
However, it was to be several decades before glacial custasy
was resurrected as a control on sedimentary rhythmicity;
other explanations of global eustasy took precedence,
notably the work of Eduard Suess. Suess first coined the
term eustasy in 1906, when he attributed the patterns of
onlap and offlap of sedimentary units to global sea-level
changes. Suess favoured a mechanism whereby sea-level
was lowered by subsidence of the sea-floor, and raised by
the displacement of seawater by oceanic sedimentation. He
refused to believe the evidence for differential land uplift
from Scandinavia, concluding that the Baltic was ‘gradually
emptying’ (Suess, 1888). However, the majority of geol-
ogists in the early twentieth century still held the Lyellian
view that the major control on sea-level at any point along
the coast was the movement of the land. Despite the
general lack of support for Suess’ ideas, a number of
American geologists began to develop concepts of global
controls on unconformity development. Foremost amongst
these was Chamberlin, who in 1898 and 1909 published
his theory on the ‘diastrophic control of stratigraphy by
world-wide sea level changes’. Three diagrams from his
first paper show this to be a precursor of modern sequence
stratigraphic concepts (Fig. 1.3).

Chamberlin’s ideas were developed by several American
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geologists in the following decades, particularly in Palaeo-
zoic systems of the Mid-west. Most notable amongst these
were Ulrich and Schuchert, the latter using early palaco-
geographic concepts and facies theory to re-create past
environments bounded by global unconformities. However,
the single most important publication from the ‘eustatic’
school was that of Grabau, a contemporary of Ulrich and
Schuchert, whose ‘pulsation theory’ postulated rhyvthmic
transgressions and regressions caused by changing heat
flow from inside the Earth. The resulting ‘pulse beat of the
Earth’, published in Grabau’s “The Rhythm of the Ages’ in
1940, had a periodicity of about 30 million years and
caused the development of global unconformities, which
could be used to divide the stratigraphic record. Prior to
Grabau’s work, European geologists, notably Stille (1924)
had begun to develop ideas about global unconformities
caused by global tectonism with resulting custatic effects,
akin to modern low-order eustatic cycles.

On a smaller scale, sedimentary rhythms were being
observed on a scale of metres in coal-bearing Carboniferous
(Pennsylvanian) strata in Illinois and Kansas. In 1935,
following further studies on Pleistocene glacio-eustatic
changes, Wanless and Shepard proposed a control on the
development of these Pennsylvanian ‘cyclothems’ by the
accumulation and melting of Gondwana glaciers. This
study and others like it resurrected the glacial-eustatic
control on sedimentation developed by Croll many decades
earlier.

The case for periodicity at a variety of scales in the
stratigraphic record was thus becoming compelling. How-
~ever, as with so many scientific bandwagons, it eventually
ran out of steam. In a keynote address to the geological
community in 1949, Gilluly argued for orogenesis as a
continuous, rather than episodic process, and as a result
the concept of rhythmicity of low order (tens of millions
of years) gradually lost credibility. The Carboniferous
cyclothems were then reinterpreted as autocyclic products,
resulting from delta lobe switching and the internal re-
organization of sedimentary systems. This latter point also
emphasizes the ascendancy of process sedimentology in the
early 1960s. Dott (1992a) amusingly points out that ar that
time many stratigraphers preferred to call themselves
sedimentologists!

The late twentieth century

Ironically, Sloss, Krumbein and Dapples (1949) first out-
lined the concept of stratigraphic sequences at the same
meeting that Gilluly proposed his ideas on orogenic con-
tinuum. Sloss, Krumbein and Dapples defined sequences as
‘assemblages of strata and formations’ bounded by promi-
nent interregional unconformities. Despite the negative
reaction to these ideas, Sloss (1963) published his major
sequences correlateable across the North American Craton,
the Indian Tribal names of which still appear as ‘super
sequences’ on the Haq et al. (1987) chart. Sloss’s ideas

were developed further by his graduate students at North-
western University, onc of whom was Peter Vail. Also
published at this time was Harry Wheeler’s classic 1958
paper on time-stratigraphy which contains many of the
concepts in use today, as well as an early attempt to
introduce sequence stratigraphic terminology.

Seismic stratigraphy

The next major breakthrough in sequence stratigraphy was
in the 1960s and 1970s, when the development of digitally
recorded and processed multichannel seismic data made
large scale two-dimensional images through basins avail-
able. Vail ez al. (1977a) in AAPG Memoir 26 is perhaps the
most referenced work on sequence stratigraphy to date. It
summarizes work carried out by Vail and his co-workers,
first in the Carter Oil Company and subsequently at the
Exxon Production Research Corporation, through the
1960s and early 1970s (Vail and Wilbur, 1966; Mitchum
et al., 1976). This period of time marks a break where
industry took the lead from academia in the development
of sequence stratigraphy. Further papers on seismic
sequence stratigraphy followed, and the ideas were gradu-
ally extended to incorporate both borehole and outcrop
data (Vail et al., 1984). In this work, eustatic sea-level was
emphasized as the controlling mechanism for sequence
development. In 1985 AAPG Memoir 39 appeared, in
which Hubbard et al. proposed a tectonic mechanism for
the subdivision of basin fill into ‘megasequences’, driven by
changes in tectonic process. The tectonic versus eustatic
debate was beginning afresh, although for many at this
time scismic stratigraphy was synonymous with eustatic
sea-level change, possibly because of its appeal as a global
predictive tool for hydrocarbon exploration. In 1987, the
Haq et al. global sea-level cycle chart was published. This is
possibly the single most contentious of all the ‘Exxon
school” publications, chiefly because the supporting cvi-
dence for the curves has not been released. It remains
unclear whether local corrections for tectonic uplift or
subsidence have been applied, and the dating of uncon-
formitics to the accuracy implied by the chart has been

challenged (Miall, 1991).

The sequence stratigraphy bandwagon rolls

Special Publication 42 of SEPM, Sea Level Changes — an
Integrated Approach, was published in 1988 and intro-
duced new concepts such as accommodation space and
parasequences, and many of the concepts and principles
described in Chapter 2 of this book. Special Publication 42
was important because it opened up the subject to a
broader geological community beyond industrial seismic
interpreters. In the late 1980s and in this decade, many
sequence stratigraphic publications have appeared, some of
which uncritically apply the tools and techniques, and
some of which are strongly critical. Many question the



validity of the interbasinal correlations upon which the
Hagq et al. {1987) curve is based, and others have questioned
the validity of certain aspects of the sequence stratigraphic
models presented in SEPM 42, such as Miall (1991) and
Schlager (1992). Galloway (1989) presented an alternative
model for the development of depositional units or ‘genetic
stratigraphic units’ bounded by major flooding surfaces,
rather than unconformities. Pitman (1978) has suggested
that the origin of sequences and onlap patterns can be
explained by variations in subsidence at continental
margins, whereas Cloetingh (1988) and Kooi and Cloetingh
(1991) proposed that relative sea-level changes and the
formation of sequences of millions of years duration can be
explained by intraplate stresses rather than eustatic sea-
level changes.

The most recent developments in sequence stratigraphy
have been in the area of high-resolution subseismic-scale
sequence stratigraphy and computer modelling of sedimen-
tary fill. Van Wagoner et al. (1990) led the way with the
publication of a colourful text on high-resolution sequence
stratigraphy from outcrops, logs and core. This stimulated
excellent work in superbly exposed marine and marginal
marine settings, such as the Jurassic of the Yorkshire Coast
and the Cretaceous of the Western Interior Seaway, USA
(see also Posamentier and Weimer, 1993, for review).
High-resolution sequence stratigraphy also has been com-
bined with work on metre-scale rhythmic successions, par-
ticularly bedded platform carbonates and mixed siliciclastic
carbonate units (Hardie et al., 1986; Goldhammer et al.,
1991). Milankovitch theory of orbital forcing has been
revived by sequence stratigraphers in order to explain

the origin of high-frequency subsequence-scale cycles.
Computer modelling packages have been developed to
analyse and replicate the sedimentary fill of basins, at scales
from a few metres to entire basins. Basin-wide models
include those developed by Royal Dutch/Shell, and pub-
lished by Aigner ez al. (1990), and the SEDPAK program
developed at the University of South Carolina. Smaller
scale cyclicity has been modelled by software such as
Mr Sediment (Goldhammer et al., 1989) and by Bosence
and Waltham (1990).

The tuture

The future direction of sequence stratigraphy is difficult to
predict, given the turbulent history of the sea-level change
debate. At least in the short-term, carbonate systems require
further case studies to demonstrate the importance
(or otherwise) of controls other than sea-level change.
Posamentier and Weimer (1993) have also emphasized the
need for further work on the applicability of the concepts
to non-marine and deep-marine settings, and further vali-
dation (or otherwise) of the sea-level cycle chart from
outcrop and subsurface data. Schlager (1992) and others
also argue for a more sedimentological approach to
sequence stratigraphy, accounting for the autocyclicity of
sedimentary processes within the sequence stratigraphic
framework. At the very least we can expect considerable
debate and further critiques of the subject. This level of
activity and debate is all a far cry from the early 1960s
when stratigraphy was unfashionable, before Peter Vail
and others rescued the subject from its decline.
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CHAPTER TWO

Concepts and Principles of
Sequence Stratigraphy

2.1 Introduction

2.4 Sequences and systems tracts

order) sequences and systems

2.1.1 Basin forming processes 2.4.1 Sequences and sequence tracts

2.1.2 Basin-margin concepts

boundaries

2.4.11 Genetic stratigraphic sequences

2.4.2 Systems tract definition

2.2 Relative sea-level, tectonics and custasy 2.4.3 Lowstand systems tract 2.5 High-resolution sequence stratigraphy
2.2.1 Definitions of sea-level 2.4.4 Transgressive systems tract and parasequences
2.2.2 Accommodation 2.4.5 Highstand systems tract 2.5.1 Introduction
2.2.3 Accommodation through time 2.4.6 Type 2 sequence boundary and the 2.5.2 Parasequences and their

2.2.4 Orders of cyclicity and global

shelf-margin systems tract

continental equivalents

correlation 2.4.7 Lowstand systems tracts on a 2.5.3 Parasequence sets
ramp margin 2.5.4 Parasequence thickness trends
2.3 Sediment supply 2.4.8 Controls on systems tract 2.5.5 Sequence boundaries
2.3.1 Principles of clastic sediment boundaries 2.5.6 Maximum flooding surfaces
supply 2.4.9 Other possible systems tracts 2.5.7 Ravinement surfaces
2.3.2 Filling of accommodation within a relative sea-level cycle 2.5.8 Problems and pitfalls of high-

2.3.3 Basin architecture

2.1 Introduction

The stratigraphic signatures and stratal patterns in the
sedimentary rock record are a result of the interaction of
tectonics, eustasy and climate. 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. Autocyclic 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’, which 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 sit1’, 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

2.4.10 Composite {second and third

resolution sequence stratigraphy

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 roll-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 (McKenzie,

11
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1978). The syn-rift and post-rift megasequences in a marine
rift will contain sequences in which development is con-
trolled by higher frequency changes in relative sea-level.

Foreland basins develop in response to loading of the
lithosphere below thrust belts. The lithosphere bends in
response to loading as the thrust sheets are emplaced, and
creates a depression that is accentuated towards the load.
The sedimentary fill to this foreland basin has a character-
istic wedge shape, thickening towards the thrust front and
forming a foreland basin megasequence. The width of the
basin is proportional to the rigidity of the underlving
lithosphere, and the depth is proportional to the size of the
load. Foreland basins formed adjacent to growing mountain
belts are characterized by large, and inidally rapidly increas-
ing, rates of sediment supply. Cessation of thrusting and
continued erosion of the mountain belt leads to an eventual
decrease in load, and many foreland basins become uplifted.

Strike-slip basins do not have a characteristic subsidence
pattern, although in general, rates of subsidence (and uplift)
are extremely rapid.

Tecronic subsidence curves provide a fundamental con-
trol on sediment accommodation, upon which higher fre-
quency controls, such as eustasy, fault movement and
diapirism, are superimposed. Figure 2.2 shows calculated
tectonic subsidence curves for two real basins. In the Llanos
Basin, Colombia, sediment supply has exceeded tectonic
subsidence. The basin has remained full to base level, with
excess sediment bypassed northwards to the sea. The sub-
sidence curve shows slow subsidence through the late
Cretaceous and early Tertiary, linked to thermal subsidence
in a back-arc basin setting. Two distinct increases in
subsidence rate occur in the mid—late Eocene and mid-
Miocene, corresponding to two phases of mountain building
in the Andes.

In the South Viking Graben example (Fig. 2.2), typical of
a number of rifts, sedimentation has not always keprt pace
with true tectonic subsidence. This led to periods in the
Cretaceous where water depths increased and sediment
starvation occurred. In the Tertiary, uplift of the Scottish
mainland and adjacent North Sea Basin resulted in increased
sediment input to the basin (Milton et al., 1990), which
locally filled to base level. The remainder of the basin
subscquently filled with sediment, resulting in the present-
day shallow sea. Separation of the syn-rift and post-rift in
this basin is difficult, because the transition occurred during
a period of sediment starvation (Milton, 1993).

During periods of rapid basin subsidence, sequence
boundaries generated by higher frequency eustatic sea-level
falls will be obscured. In times of slow tectonic subsidence
or basin uplift, sequence boundaries will be enhanced.

2.1.2 Basin-margin concepts

Many of the concepts and principles of sequence stratigra-
y p p q g

phy are based on the observation from seismic data that
prograding basin-margin systems often have a consistent
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Fig. 2.2 Calculated tectonic subsidence histories for two
sedimentary basins (reproduced by permission of BP
Exploration Ltd)

depositional geometry (Fig. 2.3). Topset is a term used to
describe the proximal portion of the basin-margin profile
characterized by low gradients (< 0.1°). Topsets effectively
appear flat on seismic data and generally contain alluvial,
deltaic and shallow-marine depositional systems.

The shoreline can be located at any point within the
topset. It can coincide with the offlap break or may occur
hundreds of kilometres landward. The proximal termin-
ation of the topset is usually termed the point of coastal
onlap, referring to the up-dip limit of coastal-plain or
paralic facies. Clinoform is used to describe the more
steeply dipping portion of the basin-margin profile (com-
monly > 1°) developed basinward of the topset. Clinoforms
generally contain deeper water depositional systems charac-
teristic of the slope. The slope of the clinoform generally
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'Coasfél onlap’
(or bay line)

Shoreline

Topset

- Offlap break

Fig. 2.3 Typical profile of a
prograding basin-margin unit,
comprising topsets and clinoforms

Bottomsets

Key: © Successive positions of the offlap break

separated by a break in slope; the
offlap break. Bottomsets may also be
present

can be resolved on seismic data. Bottomset is a term
sometimes used to describe the portion of the basin-margin
profile at the base of the clinoform characterized by low
gradients and containing deep-water depositional systems.

The main break in slope in the depositional profile
occurs between topset and clinoform and is called the
offlap break (Vail et al., 1991). The offlap break previously
has been termed the shelf edge (Vail and Todd 1981; Vail
et al., 1984), leading to a confusion with the shelf break,
i.e. the edge of the modern continental shelf, which is
usually a relict feature rather than depositional feature.
The term depositional shoreline break (Van Wagoner e al.,
1988) also has been used, but this implies that the main
break in slope in a depositional profile coincides with the
shoreline. The term offlap break is preferred here as it does
not imply coincidence of the main break in slope with the
shoreline.

The topset—clinoform profile results from the interplay
between sediment supply and wave, storm and tidal energy
in the basin. Sediment enters the proximal end of the
profile through river systems and is distributed across the
topset area by wave- and/or current-related processes.
These may include fluvial currents, tidal currents, storm
currents, etc. However, these topset transport processes are
effective only at relatively shallow depths of up to a few
tens of metres, and to move sediment into deeper water a
slope must develop in order to allow sediment transpor-
tation by gravity processes. The clinoforms build to the
angle needed to transport sediment at the required rate.
Slope angle is strongly influenced by sediment calibre.
Coarse-grained sediment, with a higher angle of rest. will
build up steeper slopes than fine-grained sediment (Kenter,
1990). Also, carbonate systems generally can build steeper
depositional slopes (up to 35°) than fine-grained clastic
systems (0.5—3°) owing to their greater shear strength.
Steeper slopes in clastic systems generally are either made
of coarser grade material or are zones of erosion and
sedimentary bypass.

The importance of the offlap break on the depositional
systems is most apparent during relative sca-level fall (see
2.2.1). When relative sea-level fall exposes the offlap break,
rivers commonly incise in order to re-equilibrate to lowered
base level, with the result that the river becomes entrenched
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at its mouth (discussed in 2.4.3). The response of the
depositional systems to this fall in relative sea-level depends
on the nature of the basin margin (Fig. 2.4).

Shelf-break margins are those with well developed depo-
sitional clinoforms. Fluvial entrenchment during sea-level
fall may result in focusing of the sediment load to discrete
locations on the clinoform slope. Failure of the sediment
mass has the capacity for forming large turbidity currents
and submarine fan deposits. Shelf-break margins are typical
of passive continental margins at times of slow rise of
relative sea-level, when the delta systems can easily prograde
to the shelf edge.

Ramp margins are characterized by relatively shallow
water depths, where storms and current processes can
operate over much of the area of deposition. Depositional
angles are generally less than 1° and seismic clinoforms (if
resolved) are shingled with a dip of around half a degree.
The offlap break on a ramp margin is likely to be at the
shoreline, where fluvial gradients pass into slightly steeper
shelf or delta-front gradients. The response of the depo-
sitional systems in a ramp setting to relative sea-level
change is therefore different from the shelf-break margin,
In particular, deep-water turbidite deposition during low-
stand may be absent, or of only minor significance. Depo-
sitional systems will, instead, be translated basinward
without significant slope bypass or basinal deposition. Any
turbidites found on a siliciclastic ramp margin are likely to
be delta-front turbidites, rather than detached submarine
fans (Van Wagoner et al., 1990).

Many modern delta systems can be considered to form
ramp margins, as generally they are shelf deltas prograding
on to the drowned topsets of a previous shelf-break margin
(Fig. 2.4). Frazier (1974) has shown that deposition on the
continental shelf of the Gulf of Mexico is confined to the
Mississippi delta, which is prograding into about 100 m of
water. The rest of the shelf is effectively an area of non-
deposition. The Mississippi delta presently forms a ramp
margin, although very little extra progradation is needed
for the delta to reach the shelf edge, and for the margin to
become a shelf-break margin.

Rift margins characterize basins undergoing active crustal
extension. Extensional faults have a strong influence on
both palacogeography and sediment influx rates. The spatial



(a) Shelf-Break Margin

Sea-level

100s
metres

Large water depths.
Slope facies are well developed

(b} Ramp Margin
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Small water depths.
Slope facies are not significant.

Ramp margins form in intracratonic basins, or

as shown, on the drowned topsets of previous shelf-break margins

(c) Rift Margin

Sea-level

Basement topography is high-relief,
and basement slopes may exceed the
clinoform angle, forcing bypass
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supply rate may
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(d) Foreland Basin
Subsidence is greatest near the mountain
front {proximal in the system). Sediment
supply rate can be high

Sea-level
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Sea-level
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Fig. 2.4 Basin-margin types: (a) shelf-break margin; (b) ramp
margin; (c) rift margin; (d) foreland basin, (e) growth-fault
margin

distribution of sediment accommodation within the rift is
controlled largely by tectonics. Subsidence rates generally
will increase from the margins to the centre of the rift,
although each individual fault block will have its own
pattern of accommodation, The foot-wall crest will see the
least subsidence and may experience uplift and erosion,
whereas the hanging wall will experience progressively
greater subsidence rates towards the controlling fault. The
depositional systems that develop will depend on whether
the rift is marine or continental. Transfer zones in the rift
margin may control sediment entry points. Rift margins
may be characterized by high topographic relief and rela-
tive sediment starvation, because sediment is bypassed
towards the rift centre. Basin-margin systems may build
out into deep water with long clinoform slopes and rela-
tively minor topsets (Fig. 2.4). There is little potential for
trapping coarse material in the topsets, and much may be
bypassed to the basin.

Foreland-basin margins vary depending on whether sedi-
ment is being fed axially along the foreland basin or
directly into the foreland basin from the thrust belt. In the
latter case, the rate of tectonic subsidence increases towards
the foreland thrust belt, i.e. the sediment source area. In
other words, sediment accommodation may be relatively
high in proximal areas compared with the basin centre.
This has a marked affect on stratal geometries and may
result in the aggradation of thick topset deposits, with little
opportunity for seismic-scale clinoforms to develop (Posa-
mentier and Allen, 1993).

Growth-fault margins are characterized by gravity driven
syn-sedimentary extensional faults. The rate of subsidence
is considerably greater on the hanging-wall side of the
growth fault, resulting in an expanded sedimentary suc-
cession. The effect of the growth fault in the depositional
systems developed will depend on whether the fault had
a topographic expression on the sea-bed. At times when
the hanging wall was a topographic low relative to the
foot wall, facies differentiation occurs across the fault,
with thick, deeper water clastic systems on the down-
thrown side. Growth-fault margins are discussed further in
section 9.3.3.

2.2 Relative sea-level, tectonics and eustasy

2.2.1 Definitions of sea-level

In order to understand the controls on sequence develop-
ment, it is first necessary to define what is meant by
eustasy, relative sea-level and water depth (Fig. 2.5, from
Jervey, 1988).

Global eustasy

Eustasy is measured between the sea-surface and a fixed
datum, usually the centre of the Earth. Eustasy can vary by
changing ocean-basin volume (e.g. by varying ocean-ridge
volume) or by varying ocean-water volume {e.g. by glacio-
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Local datum sea-level
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centre of
the Earth

eustasy). The interpretation of custatic changes from the
rock record is a complex and controversial topic, which
will be discussed in detail in section 2.2.4. For the moment
it is important only to emphasize that it can rise or fall,
thus varying the base level for erosion on a global scale,
where base level is defined as the level above which depo-
sition is temporary and erosion occurs (see 2.2.2).

Relative sea-level

Relative sea-level is measured between the sea-surface and
a local moving datum, such as basement or a surface within
the sediment pile (Posamentier ez al., 1988). Tectonic sub-
sidence or uplift of a basement datum, sediment compaction
involving subsidence of a datum within the sediment pile,
and vertical eustatic movements of the sea-surface all con-
tribute to relative sea-level change. Relative sea-level ‘rises’
due to subsidence, compaction and/or eustatic sea-level
rise, and ‘falls’ due to tectonic uplift and/or custatic sea-
level fall. Relative sea-level should not be confused with
water depth, which is measured between the sea-surface
and the sea-bed in any given geographic location at a point
in time. The term equilibrium point is sometimes used to
distinguish the point on a depositional profile where the
rate of relative sea-level change is zero. The equilibrium
point will separate, at any given time, the zone at the basin
margin where relative sea-level is falling from the zone
where relative sea-level is rising.

2.2.2 Accommodation

Eustasy and subsidence rate together control the amount of
space available for sediment accumulation — this is con-
ventionally termed accommodation. Accommodation is
defined as the space available for sediment to accumulare at
any point in time (Jervey, 1988). Accommodation is con-
trolled by base level because in order for sediments to
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Accumulated
sediment

Fig. 2.5 Definitions of sea-level (after
Jervey, 1988). ‘Eustatic sea-level’, base
level for fluvial systems entering the
ocean

accumulate, there must be space available below base level.
The basc-level datum varies according to depositional
settng (Fig. 2.6). In alluvial environments base level is
controlled by the graded stream profile, which is graded to
sca-level or lake-level at its distal end (Mackin, 1948; and
Chapter 7). In deltaic and shoreline systems base level
is cffectively equivalent to sea-level. In shallow marine
environments base level is ultimately also sea-level, although
fairweather wave base can form a temporary base level in
the form of a ‘graded shelf profile’. Sediment supply fills the
accommodation created and controls water depth:

Aaccommodation = Aeustasy + Asubsidence
+ Acompaction

Sediment supply fills available accommodation. If the rate
of sediment supply exceeds the rate of creation of accom-
modation at a given point, water depths will decrease:

Awater depth = Aecustasy + Asubsidence
+ Acompaction ~ sediment deposited

A series of cartoons in Fig. 2.7 illustrates the relationship
between accommodation, relative sea-level and water depth
in shoreline—shelf depositional systems. In these examples
relative sea-level change and new sediment accommodation
added are the same because base level is taken at the sea-
surface.

In the discussion that follows we examine the relation-
ship between relative sea-level and accommodation in
shoreline—shelf depositional systems. Fluvial systems and
the controls on the graded stream profile are discussed in
Chapter 7, paralic systems are discussed in Chapter 8,
submarine fans in Chapter 9 and carbonates in Chapter 10.

2.2.3 Accommodation through time

In order to understand how accommodation varies through
time it is useful to consider how diffcrent rates of tectonic



Sea-level

Graded sheif profile
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Slope
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Fig. 2.6 Definitions of base level in
fluvial, shoreline and shelf
environments

subsidence and, in this case, the same sinusoidal eustatic
sea-level curve combine to give different rates of addition
and destruction of accommodation (risc and fall of relative
sea-level) (Fig. 2.8; from Jervey, 1988).

In Fig. 2.8 subsidence is represented as a straight line, the
gradient of which indicates the rate of subsidence at each
point. The different gradients can be thought of as rep-
resenting positions in a basin with increasing subsidence
rates or changes in subsidence rate through time. Eustasy is
represented by the same smooth curve in each case. The
change in relative sea-level through time is found simply by
the addition of the two curves. Relative sea-level is, in this
case, equivalent to accommodation because the curves
begin at zero water depth.

Where slow subsidence occurs, maximum accom-
modation is developed near the eustatic maximum. When
eustasy falls to its original position, accommodation falls
to a value representing that created only by subsidence.
With increased rates of subsidence, the time of maximum
accommodation is progressively later. Points in the basin
where subsidence rates are very high experience no decrease
in accommodation even though eustatic fall may be occur-
ring. Note that the same curves could be produced theor-
ctically by adding variable rates of tectonic subsidence and
uplift to a flat custatic curve.

2.2.4 Otrders of cyclicity and global correlation

A depositional sequence represents a complete cycle of
deposition bounded above and below by erosional uncon-
formities. The sequence has a maximum duration, which
is measured between the correlative conformities to the
bounding unconformities. Thus, the duration of the
sequence will be determined by the event controlling the
creation and destruction of accommodation, i.e. tectonic
subsidence and/or eustasy. Tectonic cycles of subsidence
and uplift and eustatic cycles of rising and falling sea-level
can operate over different time periods, and it is useful to
classify sequences in terms of their order of duration,
commonly termed first, second, third, fourth order, etc.
(Fig. 2.9). A basin-fill can then be divided into a hierarchy
of sequences, each representing the product of a particular
order of tectonic or custatic cycle.

In Fig. 2.9, from Duval ef al. (1992), four orders of
stratigraphic cycle are depicted. The continental encroach-
ment cycle is defined by the very largest scale (> 50 million
years) cycles of sedimentary onlap and offlap of the super-
continents. There are only two such cycles in the Phanero-
zoic, according to the Haq et al. (1987) sea-level curve.
First-order continental encroachment cycles are considered
to be controlled by tectono-eustasy, i.e. changes in ocean
basin volume related to plate tectonic cycles (Pitman, 1978).
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Fig. 2.7 This series of diagrams

lustrates how custatic sea-level rise/
fall and subsidence/uplift can create/
destroy accommodation. The rate at

which sediment fills the space created
controls water depth and whether

» Relative sea-level rises from t1 to {2 as a result of subsidence

« Sediment supply > rate of relative sea-level rise (accommodation increase)

f- Sediment accommodation increases from 11 to £ 2 but water depth
| decreases resulting in facies belt regression

Relative
sea-level

A relative
sea-level

[+ "Relative sea-level rises from 1 to 12 as 4 résult of subsidence

} * Water and depth sediment accommodation increase from t1 to 12, ie. transgressionj
|

of facies belts occurs

Second-order (3—50 million years) cycles are the building
blocks of the first-order sequences and represent particular
stages in the evolution of a basin. They may be caused by
changes in the rate of tectonic subsidence in the basin or
rate of uplift in the sediment source terranc.

Third-order (0.5—3 million years) sequence cycles are
the foundation of sequence stratigraphy because they are
often of a scale well-resolved by seismic data. They are
identified by the recognition of individual cycles of accom-
modation creation and destruction. These cycles are con-
sidered by Vail et al: (1991) to be controlled by glacio-
custasy, although other tectonic mechanisms are possible
{(Cloetingh, 1988).

Composite sequence is a term sometimes used to describe
second- or third-order sequences made up of higher
order sequences (Mitchum and Van Wagoner 1991; and
sec 2.4.10).

Fourth-order (0.1-0.5 million years) ‘parasequence’
cycles represent individual shallowing upward facies cycles
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|« Sediment supply < rate of relative sea-level rise (accommodation increase)

. progradation ot retrogradation of

f facies belts is observed. In (a) relative
] sea-level rises and accommodation

| increases from time 1 to time 2 owing
to subsidence, but the rate of sediment
accumulation at this point is greater
than the rate of relative sea-level rise
and so water depth decreases from
time 1 to time 2. In the depositional
record, the interaction of these
parameters would result in an overall
regressive character to the vertical
facies succession. (b) Relative sea-level
rises and accommodation increases
from time 1 to time 2 owing to
subsidence, but the rate of sediment
accumulation is less than the rare of
relative sea-level rise and so water
depths increase from time 1 to time 2.
In the depositional record this may be
i apparent as a transgressive vertical

| facies succession. The same patterns
would occur for a relative sea-level rise
due to a eustatic rise of the same rate.
(c) (opposite)

Sea surface

Sea bottom

<— Datum

bounded by surfaces of abrupt deepening. These may be
related in part to autocyclic processes within the sedimen-
tary system.

The theory of eustatic control on deposition is a unifying
stratigraphic concept that has attracted geologists for many
generations (see Chapter 1 and papers in Dott, 1992a,b). If
it were true that a global eustatic signature was overprinted
on all stratigraphic successions, then it would be possible
to date a stratigraphic section from the pattern of sequences
and systems tracts, and to predict stratigraphy in unsampled
arcas from a knowledge of the global standard. A proposed
global sca-level chart was first published by Vail e al.
(1977a), and updated by Haq et al. (1987), based on
measurements from basins around the globe. This chart is
taken to support the theory that third-order relative sea-
level variations are mostly eustatic in origin. Sceptics would
argue that the chart is based on that theory rather than
proof of it.

More discussion and controversy have been caused by
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the concept of a global eustatic signal than any other aspect
of sequence stratigraphy. It is beyond the scope of this
work to cover this discussion in detail and the following is
a brief summary only.
There are a number of aspects of the Haq et al. (1987)
chart that have excited comment:
1 The data to support the Haq chart have never been
published fully, in particular the evidence for the global
correlatability of the sequence boundaries. Miall (1986,
1992) has been a consistent critic of the Haq et al. curve,
stating:
The basic premise of the Exxon cycle chart, that there
exists a globally correlatable suite of third order
eustatic cycles, remains unproven. . . There are some
specific cases where global synchroneity is suggested
by detailed stratigraphic documentation (e.g. 4th- and
Sth-order glacioeustatic cycles in the Neogene and,
possibly the late Palacozoic; 1st- and 2nd-order cycles

related to changing rates of global sea floor

spreading), but for the greater part of the Phanerozoic

column no such proof is available. (Miall, 1991)
Miall also points out that it is arguable whether global
biostratigraphic control is accurate enough to correlate
third-order relative sea-levels unambiguously. Thus, for the
moment, the global synchroneity of eustatic cycles has to
remain to a degree an article of scientific faith rather than
scientific fact.
2 The mechanism for generating third-order-scale eustatic
sea-level changes is problematic in certain periods of geo-
logical time. Increases in the global ice volume during
glaciations provide a mechanism for eustatic falls in sea-
level in the late Cenozoic and late Palacozoic, but no such
mechanism exists for the (presumed) ice-free Cretaceous
and Jurassic. Cloetingh et al. (1985) have proposed intra-
plate stress as a tectonic mechanism for generating third-
order plate-wide relative sea-level cycles. Finally, it is not
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Fig. 2.8 Accommodation space through time {from Jervey, 1988)

accepted universally that the eustatic signal will be visible
in all basins, and several stratigraphers believe that it may
be obscured by a tectonic signal (e.g. Hubbard, 198§).

However, work is continuing to date basin-margin
unconformities more accurately and to correlate these with
the Neogene oxygen isotope record and hence directly to
ice volume changes (e.g. Miller et al., 1991, 1993). Also,
various projects are underway to accurately date and corre-
late sequence boundaries on a regional scale in Europe, e.g.
De Graciansky et al. (1993).

2.3 Sediment supply

The rate of sediment supply controls both how much and
where accommodation is filled. The balance between sedi-
ment supply and relative sea-level rise controls whether
facies belts prograde basinward or retrograde landward,
and the calibre of sediment supplied to the basin has a
strong influence on sedimentary facies. The first part of this
section considers the principles controlling siliciclastic sedi-
ment supply to the basin margin and how sediment supply
may vary through time. The second part considers how
accommodation is filled in locations with high, moderate
and low rates of sediment supply. The principles of carbon-
ate sediment production and supply are discussed in
Chapter 10.

20

2.3.1 Principles of clastic sediment supply

River transport is the principle means of transporting
material from the continental interior to the depositional
basin. The volume and grade of sediment delivered to the
basin margin is a complex function of hinterland physio-
geography, tectonics and climate. Studies of modern rivers
show huge variations in the rate of sediment supplied to the
continental margins (Fig. 2.10). Around 70% of the total
load is supplied from only 10% of the land area, and
just three rivers, the Ganges, the Brahmaputra and the
Huang He (Yellow) supply 20% of the total fluvial load
(Summerfield, 1991).

The amount of sediment supplied to the basin margin is
a function of both the fluvial drainage basin area and the
mechanical denudation (erosion) rate. Tectonism at both
local and regional scale affects fluvial drainage basin shape,
size and relief and also the geology of the provenance area,
and will control the calibre of sediment croded. The rate of
fluvial denudation is a complex function of relief within the
drainage area and climate. Climate influences not only the
erosive power of the river by controlling discharge but also
the erodibility of soils in the drainage basin, and the
presence or absence of stabilizing vegetation. Present-day
mechanical denudation rates vary from less than 1 mm per
1000 years in the St Lawrence river drainage basin to
640 mm per 1000 years in the Brahmaputra drainage basin.
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A tributary of the Huang He river in China is an extreme
example, with a denudation rate of 19800 mm per 1000
years, because it drains over 3000km” of loess-covered ter-
rain in a semi-arid region of sparse vegetation (Summerfield,
1991).

It clearly would be unwise to think of sediment supply to
the basin margin as being either spatially or temporally
constant. Local sediment supply will depend on the prox-
imity to a fluvial entry point to the basin margin. There
also may be a linkage between glacio-custatically controlled
relative sea-level cycles and climate in the fluvial drainage
basin (Blum, 1990). This will mean that sediment supply
may vary through a sea-level cycle in a fashion characteristic
of the drainage basin.

2.3.2 Filling of accommodation

The amount of sediment supplied to locations in the basin
is a function of both the general rate of sediment supply to
the basin and the proximity to sediment entry points to
the basin. Figure 2.11 (from Jervey, 1988) considers the
relationship of facies, relative sea-level and rates of sediment
accumulation at three fixed points in the basin with identical
relative sea-level curves but with differing rates of sediment
supply. These could represent points along a continental

Sand prone coastal Shale prone
lain faci marine facies

1 Sediment
" bypassed

margin at varying distances from a point source. Each
model begins at time 0 with zero water depth, i.e. the
shoreline is exactly located at the model location. For the
purpose of illustration, Jervey distinguishes marine ‘mud-
prone’ from coastal plain ‘sand-prone’ facies in Fig. 2.11.
Sediment grain-size is clearly a function both of sediment
supply ‘type’ as well as sediment supply ‘rate’. The sediment
supply rate is held constant through the relative sea-level
cycle in this simple model.

At the location with low rates of sediment influx, accom-
modation always exceeds sediment accumulation, the coast-
line migrates landward and transgression ensues, with
considerable water depths being developed. Mud-prone
marine facies may be expected to accumulate at some
distance from a coastline located marginward of the figured
depositional site. The rate of accumulation in this case
reflects rate of supply of sediment to this point in the basin.

With a moderate rate of sediment influx, the sea-floor
can aggrade to sea-level (base level). The rate of increase of
accommodation initially exceeds the ability of sediment
supply to maintain the sediment surface at sea-level and a
transgression ensues. During the transgression water depth
increases at this location and marine shales are deposited.
As the rate of relative sea-level rise diminishes, regression
of the shoreline commences. Regression of the shoreline

Sediment
bypassed

™~L

Erosion ; . Erosion

Sediment
accumulation

Fig. 2.11 Water depth and facies relationships with varying sediment supply rates (from Jervey, 1988)
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continues until marine facies have aggraded to sca-level and
the coastline again reaches the location shown. Thereafter,
sediment supply rate exceeds the rate of creation of accom-
modation, the sediment surface is maintained at sea-level
and coastal-plain facies accumulate. Excess sediment which
cannot be accommodated in the coastal plain is transported
basinwards. When accommodation decreases (relative sca-
level falls) there is the potential for erosion of sediment
deposited previously.

Where sediment influx is rapid, sediment supply rate
always exceeds the rate of creation of accommodation and
coastal/delta-plain sediments will accumulate. Regression
of the shoreline will be continuous through the sea-level
cycle. The rate of accumulation at this point in the basin is
limited by the rate of accommodation increase. Erosion is
likely when accommodation is removed during relative sea-

level fall.

2.3.3 Basin architecture

In order to understand the behaviour of a topset/clinoform
margin through time it is necessary to consider the balance
between the rate of sediment supply and the rate of creation
of topset accommodation volume (sometimes termed ‘shel-
fal accommodation volume’). The rate of change of
accommodation volume is a function of the magnitude of
the sea-level rise multiplied by the topset area (Milton and
Bertram, in press). If, during the same interval, the basin
margin is supplied with a greater volume of sediment, then
topset accommodation volume will be completely filled,
and sediment will deposit on the clinoforms allowing the
offlap break to prograde basinwards (Fig. 2.12).

Progradational geometries therefore occur when sedi-
ment supply exceeds the rate of creation of topset accom-
modation volume and facies belts migrate basinward.
On seismic data progradation is expressed as clinoforms
that show the basinward migration of the offlap break.
Regression is a term that will be used here to refer specifi-
cally to basinward movement of the shoreline.

Aggradational geometries occur when sediment supply
and rate of creation of topset accommodation volume are
roughly balanced. Facies belts stack vertically and the
offlap break does not migrate landward or basinward.

Retrogradational geometries occur when sediment supply
is less than the rate of creation of topset accommodation
volume. Facies belts migrate landward and the former
depositional offlap break becomes a relict feature, Trans-
gression is used here to refer specifically to the landward
movement of the shoreline.

These phases of progradation, aggradation and retro-
gradation are not continuous but are made up of smaller
(subseismic) scale progradational units called parasequences
{see 2.5). Parasequences stack together in parasequence
sets to make up the depositional geometrics observable on
seismic data.

The next section will show that the principles of cyclic
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changes in accommodation through time can be used to
divide the sedimentary record into packages deposited
during characteristic phases of the sea-level cycle.

2.4 Sequences and systems tracts

2.4.1 Sequences and sequence boundaries

The term ‘sequence’, as applied in sequence stratigraphy,
was defined originally by Mitchum et al. (1977a) as:
A stratigraphic unit composed of a relatively
conformable succession of genetically related strata
bounded at its top and base by unconformities or their
correlative conformities.
This generalized definition does not specify the scale or
duration of the sequence, nor does it imply any particular
mechanism for causing the unconformities. The term ‘un-
conformity” in this definition was an initial cause of con-
fusion, because the precise usage of the term can vary.
Mitchum et al. (1977a) initially included marine hiatuses
and condensed intervals in the term ‘unconformity’, but as
models of cyclic deposition driven by relative sea-level
variations developed, it became clear that basin-margin
subaerial unconformities needed to be distinguished from
basin-centre marine hiatuses. For the purpose of defining
sequences, the term ‘unconformity’ is now restricted to a
much narrower definition, namely ‘a surface separating
younger from older strata along which there is evidence of
subaerial erosion and truncation (and in some areas corre-
lative submarine erosion) and subaerial exposure and along
which a significant hiatus is indicated’ (Van Wagoner et al.,
1988).

Thus sequences are units bounded by significant subaerial
erosion surfaces, Units bounded by marine condensed sur-
faces, surfaces of transgression, or marine onlap surfaces,
are not sequences by this definition. It is interesting to note
that the Exxon workers ‘seriously considered using the
term “synthem” instead of “sequence”’ (Mitchum er al.,
1977a). In retrospect this might have avoided a lot of
confusion with the sedimentological use of the term
‘sequence’, and with other cycle-defined ‘sequences’ {such
as the genetic depositional sequences of Galloway, 1989).
However ‘synthem stratigraphy’ does not have the same
ring to it!

At first sight the definition quoted above seems simple
enough. However, in practice, it is not so simple to apply.
It is difficult to demonstrate non-marine exposure from a
well log or from a seismic data set and tracing an erosion
surface offshore into its ‘correlative conformity’ is often
problematic. The term ‘significant’ in the clarification of
Van Wagoner et al. (1988), quoted above, is not particularly
helpful because it gives no indication of what magnitude of
discontinuity is significant. Composite sequences (discussed
in 2.4.10) are allowed to contain unconformities, provided
these unconformities are of a higher ‘order’ than the ones
which bound the sequence, and are therefore not significant.



Fig. 2.12 Depositional architecture as
a function of accommodation volume
and sediment supply (after Galloway,
1989)

Rise in relative sea-level
Increase in topset accommadation volume AVta

_T.AR
/
Topsets Clinoforms
The increment of topset accommodation volume AVta caused by a rise
in relative sea-level AR is equal to the product of AR and the topset area
S
TRANSGRESSIVE
= RETROGRADATIONAL
O =
o] &) 7
toe
5 L
Zow
22>
-5
oD AGGRADATIONAL
=%
a [0}
8] |
yue
-
zZ<
ToOkE
580
I
PROGRADATIONAL

<

25

sa[dpurig pue sideouony | 7 407dvg)



The stratigrapher must define ‘significant’ on the scale of
the particiar study.

Nevertheless the restricted principle is straightforward,
and a sequence represents one cycle of deposition bounded
by non-marine erosion, deposited during one ‘significant’
(on the scale of the study) cycle of fall and rise of base level.
In the majority of basins, base level is controlled by sea-
level, and a sequence is the produtt of a cycle of fall and
rise of relative sea-level. An idealized sequence resulting
from one cycle of base level change is shown in Fig. 2.13,
after figures in Van Wagoner ez al. (1988). This is a rype 1
sequence, where the fall in relative sea-level is sufficiently
large that the first topsets within the sequence onlap the
clinoforms of the previous sequence, implying a fall in
relative sea-level at the position of the offlap break. Type 2
sequences are described below in section 2.4.6.

According to Van Wagoner et al. (1988), a tvpe 1
sequence boundary is characterized by subaerial exposure
and concurrent subaerial erosion associated with stream
rejuvenation, a basinward shift in facies, a downward shift
in coastal onlap, and onlap of overlying strata. Coastal
onlap is a term used to describe the onlap point on topset
strata at the basin margin (sec Chapter 3). As a result of the
basinward shift in facies, non-marine or marginal marine
rocks, such as braided-stream or estuarine sandstones, may
directly overlie shallow-marine rocks, such as lower shore-
face sandstones or shelf mudstones, across a sequence
boundary with no intervening rocks deposited in inter-
mediate depositional environments. This facies super-
position is termed a facies dislocation. A type 1 sequence
boundary is interpreted by Van Wagoner ez al. (1988) to
form when the rate of eustatic fall exceeds the rate of basin
subsidence at the offlap break, producing a fall in relative
sca-level at that position.

2.4.2 Systems tract definition

The idealized type 1 sequence shown on Fig. 2.13 is rep-
resentative of a shelf-break margin. It can be seen to be
comprised of a number of distinct depositional packages. It

Highland
systems tract

"

.

Transgressive
" systems tract

was observed in the early days of seismic stratigraphy that
deposition in a basin was not uniform and continuous but
occurred in a series of discrete ‘packets’ bounded by seismic
reflection terminations {see Chapter 3). Workers in Exxon
found that these packages generally were arranged in
a predictable fashion in the majority of sequences they
observed on seismic data. These packages are known as
systems tracts.

This term systems tract was first defined by Brown and
Fisher (1977) as a linkage of contemporaneous depositional
systems, where a depositional system is a threc-dimensional
assemblage of lithofacies, genetically linked by active
{modern) or inferred (ancient) processes and environments
(after Fisher and McGowen, 1967).

A systems tract is therefore a three-dimensional unit of
deposition, and the boundaries of a systems tract are
depositional boundaries of onlap, downlap, etc. The seismic
expression of a systems tract is a unit of conformable
reflections bounded by surfaces of reflection termination
(‘seismic-stratigraphic units’ of Brown and Fisher, 1977;
‘seismic sequences’ of Mitchum et al., 1977a; referred to as
*scismic packages’ in Chapter $).

Systems tracts are recognized and defined by the nature
of their boundaries and by their internal geometry. Within
any one relative sea-level cycle, three main systems tracts
that characterize different parts of the relative sea-level

_cycle are frequently developed (Fig. 2.13).

It is easy to become lost in the complexities of systems
tract terminology, and it is always worth remembering the
purpose of stratigraphic division into systems tracts. The
systems tract represents the fundamental mapping unit for
stratigraphic prediction, because it contains a set of depo-
sitional systems with consistent palacogeography and
depositional polarity, and for which a single palacogeo-
graphic map can be drawn.

2.4.3 Lowstand systems tract

The basal (stratigraphically oldest) systems tract in a type 1
depositional sequence is called the lowstand systems tract.

_ Maximum flooding
surface

Lowstand
systems tract

Sequence Fig. 2.13 Stratal geometries in a type 1

boundary  sequence on a shelf-break margin. Five

| separate sedimentary packages are
shown, traditionally assigned to three
systems tracts; lowstand, transgressive
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The lowstand systems tract is deposited during an interval
of relative sea-level fall at the offlap break, and subsequent
slow relative sea-level rise.

Falling relative sea-level at the offlap break of a shelf-
break margin will have an extreme effect on the river
systems. Prior to the fall in relative sea-level, the rivers will
have more-or-less maintained a graded river profile with an
erosional upper portion and a depositional lower portion
(alluvial plain and coastal plain). The rivers will have been
free to avulse, responding to rises in relative sea-level over
this lower portion. When relative sea-level falls at the
offlap break, the river profile must adjust to the lowered
base level (see Chapter 7). The river incises into the pre-
viously deposited topsets; the alluvial plain, coastal plain
and/or shelf deposits of the previous sequence. These re-
worked sediments, and the fluvial load from the hinterland,
are delivered directly on to the previous highstand clinoform
slope. Because the river is not free to avulse, the sediment is
focused towards the same point on the slope. This is an
inherently unstable situation, and sedimentation processes
are dominated by large-scale slope failure resulting in
bypass of the slope and deposition of submarine fans in the
basin. These processes continue to dominate the sedimen-
tary record while relative sea-level is falling and the river
system is forced to incise.

At the relative sea-level low point the river profile stabil-
izes again, and a prograding topset—clinoform system can
then be established. The first topset of this system will
onlap below the level of the previous offlap break. This is
known as a downward shift in coastal onlap below the
level of the offlap break, and is indicative of a type 1
sequence boundary. The rate of rise of relative sea-level is
initially low, and together with the limited topset area of
the prograding system, this results in a low rate of creation

Previous highstand topset

Incised
valleys,

A

Coastal

of topset accommodation (see Fig. 2.15). This will be
outpaced by sediment supply, and so the system will pro-
grade. However the accelerating rate of creation of accom-
modation volume eventually may outpace sediment supply,
resulting in a change from progradation to aggradation
and retrogradation, and the onset of the next (transgressive)
systems tract.

The lowstand systems tract therefore consists of two
parts; a unit of submarine fans deposited during falling
relative sea-level, and a topset/clinoform system, initially
progradational but becoming aggradational, deposited
during a slow rise of relative sea-level. These can be treated
as separate and distinct systems tracts, because the fans and
the topset—clinoforms need never have been in depositional
continuity. They are traditionally both placed in a single
lowstand systems tract, on the basis that the boundary
between the two may be gradational rather than distinct,
with submarine fans forming much of the slope portion of
the lowstand wedge (Posamentier and Vail, 1988).

Lowstand submarine fans

Frequently two distinct fan units can be recognized within
the lowstand submarine fans; an initial basin floor fan unit,
detached from the foot of the slope, and a subsequent slope
fan unit, abutting the slope, occasionally referred to in
older literature as ‘slope front fill’ (see Fig. 2.14). Van
Wagoner et al. (1988) describe the basin-floor fan as being
characterized by submarine fan deposits on the lower slope
or basin floor. Fan formation is associated with the erosion
of canyons into the slope and the incision of fluvial valleys
into the shelf. Siliciclastic sediment bypasses the shelf and
slope through the valleys and the canyons to feed the basin-
floor fan. The base of the basin-floor fan (coincident with

Coastal plain
Sea-level

Shallo
marine

Slope

Fluvial incised
valley fill

Basin floor
submarine
turbidites fan

Fig. 2.14 Components of the lowstand systems tract on a shelf-break margin. These include a basin-floor fan and a slope fan, but
the diagram also shows the active systems of the lowstand wedge; namely valley fill, alluvial and coastal plain topsets, a shallow
marine belt and an active slope system, which in its early stages may contain shingled turbidites

27

sojdpunig pue sidaouo) | 7 4212dvgD)



Sediment

)

supply rate

Fig. 2.15 The relationship between
relative sea-level, topset
accommodation volume, and systems

Zero line tracts, in a simple numerical model

with sinusoidal relative sea-level and
constant sediment supply. The large
change in topset accommodation
volume between the lowstand and
transgressive systems tracts is caused
by flooding back over the highstand
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the base of the lowstand systems tract} is correlated with
the type 1 sequence boundary and the top of the fan may be
a downlap surface to the subsequent lowstand prograding
wedge, if it prograded far enough, or may be a downlap
surface for any overlying slope fans. Basin-floor fan depo-
sition, canyon formation, and incised-valley erosion are
interpreted to occur during a fall in relative sea-level over
the entire topset area.

Slope fans are described by Van Wagoner et al. (1988) as
characterized by turbidite and debris-flow deposition on
the middle or the base of the slope. Slope-fan deposition
can be coeval with the basin-floor fan or with the early
portion of the lowstand wedge. The top of the slope fan
may be a downlap surface for the middle and upper portions
of the lowstand wedge. Slope fans are typically described
as being composed of channel—levee complexes (see
Chapter 9).

It is not clear whether two distinct fan units will be
visible in all sequences in all basins, and the interpreter
should beware of force-fitting a twofold subdivision on a
submarine fan succession if the data do not warrant it.

Lowstand prograding wedge

As described above, the lowstand prograding wedge is a
topset—clinoform system deposited during accelerating
relative sea-level rise. It is separated from the overlying
transgressive systems tract by a maximum progradation
surface, marking a change in parasequence stacking geo-
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Systems tracts

\ e topsets. HST, highstand systems tract;
L LSF, lowstand submarine fan; LPW,
lowstand prograding wedge; TST,
transgressive systems tract

metry from progradational (in the lowstand wedge) to
retrogradational (in the transgressive systems tract). Depo-
sition of the lowstand prograding wedge is confined initially
to the areas around the mouths of the incised rivers (Fig.
2.15). Little if any topset accommodation volume is created
at this time, and the bulk of the sediment bypasses the
topsets to be deposited on the clinoform slope. Slope
instability and occasional fan deposition is likely to occur,
and the bottom sets of the early lowstand prograding
wedge may contain interbedded turbidites, which often
have a characteristic ‘shingled’ seismic facies.

As relative sea-level begins to rise, the fluvial valleys
incised into older topsets during falling relative sea-level
begin to be back-filled in their lower reaches with fluvial or
estuarine deposits, while topsets of the prograding wedge
begin to be deposited. Accelerating relative sea-level rise
results in a facies association indicative of increasing accom-
modation volume, such as an upwards increase in coals,
overbank shales, lagoonal facies, tidal influence, etc., and a
decrease in the connectivity of fluvial sandbodies. The
transition to the overlying transgressive systems tract may
be a gradational turnaround from progradation to retro-
gradation, or may, as in Fig. 2.15, be abrupt, as relative
sea-level rises above the level of the offlap break of the
previous sequence, resulting in a huge increase in topset
accommodation volume. This boundary can be called the
maximum progradation surface, the transgressive surface,
or the top lowstand surface.

The lowstand prograding wedge is often sandier than the



preceding highstand wedges, owing to the recycling of
sands from the highstand topsets. In a predominantly
muddy system, sandy lowstand wedges can be sealed against
underlying shales of the highstand systems tract and over-

lying shales of the transgressive systems tract, thus forming

stratigraphic traps.

2.4.4 Transgressive systems tract

The transgressive systems tract is the middle systems tract
of both type 1 and type 2 sequences (Figs 2.13, 2.16 and
2.18). It is deposited during that part of a relative sea-level
rise cycle when topset accommodation volume is increasing
faster than the rate of sediment supply. It contains mostly
topsets, with few associated clinoforms, and is entirely
retrogradational. The active depositional systems are topset
systems; alluvial, paralic, coastal plain and shelfal. Any
deltas are shelf deltas. These systems may show evidence of
an undersupply of sediment, and may be rich in coals,
overbank deposits and lagoonal or lacustrine deposits.
Drainage systems may be flooded to form estuaries. Wide
shelf areas are characteristic of transgressive systems tracts,
and tidal influence may be widespread. The transgressive
systems tract passes distally into a condensed section
characterized by extremely low rates of deposition and
the development of condensed facies such as glauconitic,
organic rich and/or phosphatic shales (Chapter 11), or
pelagic carbonates.

The maximum rate of rise of relative sea-level occurs
some time within the transgressive systems tract, and the
end of the systems tract occurs when the rate of topset
accommodation volume decreases to a point where it just

matches sediment supply, and progradation begins again.
This point is known as the maximum flooding surface.

Topsets of the transgressive systems tract tend to have a
lower sand percentage than those of other systems tracts,
because little of the mud-grade sediment bypasses the
topsets. The transgressive systems tract can therefore often
host sealing horizons to topset reservoirs, and sometimes
also source beds (see Chapter 11). Posamentier and Allen
(1993b) proposed a new component of transgressive
systems tracts, which they termed the ‘healing phase’ com-
ponent. They showed several examples of sediment wedges
banked against the foot of highstand clinoforms, which
they related to sediment reworked basinwards during trans-
gression. An alternative view of these wedges could be that
they may be the lowstand components of higher order
sequences within a composite systems tract, or products of
retrogressive slumping of the highstand slope.

The present-day depositional systems over much of the
globe form a transgressive systems tract. Wide continental
shelves are common (many of which are the flooded topsets
of the last lowstand). Most of the major deltas are shelf
deltas and most of the major fans are inactive. Estuaries
and tidal seas are common around northwest Europe,
whereas the eastern USA coast is dominated by retreating
barrier coastlines and lagoons, with deep-sea sedimentation
generally restricted to rare turbidites sourced from retro-
gressive slumping of the continental slope.

2.4.5 Highstand systems tract

The highstand systems tract is the youngest systems tract in
either a type 1 or a type 2 sequence (Figs 2.13, 2.18). It

Lagoon, washovers, flood tidal deltas

Barrier island

Sea-level

Ebb tidal
delta

Potential products of regraded slope

Zone

Sediment
\siarved

Slump scars

Fig. 2.16 Components of the transgressive systems tract. These are all topset systems, and here are shown to have significant tidal
influence, due to the wide shelfal area of the drowned lowstand topsets. Deposition includes estuarine, lagoonal, barrier and tidal

depositional systems, which pass seaward into a shelfal condensed zone
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represents the progradational topset—clinoform system
deposited after maximum transgression and before a
sequence boundary, when the rate of creation of accom-
modation is less than the rate of sediment supply (Fig.
2.17). The highstand systems tract is. characterized by a
decelerating rate of relative sea-level rise through time,
resulting in initial aggradational and dater progradational
architecture. Depositional systems may be similar initially
to those in the transgressive systems tract, but the infill of
shelf areas by progradation, and the decrease in the rate of
relative sea-level rise, may lead to a decrease in tidal
influence during a highstand systems tract, and a decrease
in the amount of coal, and of overbank, lagoonal and
lacustrine shales. Channel sandbodies will become more
common and more connected. !

Posamentier and Vail (1988) discuss various models
which imply that the late highstand systems tract is charac-
terized by significant fluvial deposition. They used the
concept of the ‘bay line’, which they defined as the line to
which stream profiles are graded and where fluvial processes
are replaced by paralic and shelf processes. The bay line
also represents the coastal onlap point during relative sea-
level rise. Late in the highstand systems tract the bay line
begins to migrate basinward as relative sea-level falls in the
proximal part of the depositional profile, and Posamentier
and Vail (1988) suggest significant alluvial accommodation
will be generated. These models are an oversimplification
and have been a source of considerable misunderstanding,
e.g. Miall (1991), Shanley and McCabe (1994) and dis-
cussion in Chapters 7 and 8.

2.4.6 Type 2 sequence boundary and the
shelf-margin systems tract

Relative sea-level may fall over the proximal area of the
highstand topsets, without falling at the offlap break. A
sequence boundary results, but not one characterized by
fluvial incision or submarine fan deposition. The sequence
boundary is recognized on seismic data by a downward
shift in coastal onlap to a position landward of the offlap
break, where topset reflections can be seen onlapping an
older topset (Fig. 2.18). This is known as a type 2 sequence
boundary, and the subsequent systems tract is known as a
shelf-margin systems tract. It consists of prograding topsets
and clinoforms, and is progradational initially but becomes
aggradational upwards, passing eventually into a retro-
gradational transgressive systems tract. The shelf-margin
systems tract may be very difficult to recognize in outcrop
or on a well-log data base, and is differentiated from the
underlying highstand systems tract by a subtle unconformity
only, and possibly by a change in parasequence stacking
pattern. It also could be recognized in a grid of wells, or a
large area of outcrops, as the onlap of one parasequence on
to another, and the merging of flooding surfaces (e.g. the
merging of two coal seams).

The type 2 sequence boundary and shelf-margin systems
tract are sometimes misused in the literature because of the
difficulty in demonstrating a basinward shift in coastal
onlap towards but not beyond the offlap break. Seismic
resolution is often insufficient to resolve the subtle change
in dip where topset onlaps topset. The change from pro-

gradation to aggradation, which is also considered charac-

teristic of the type 2 boundary, is not definitive on its own
because other factors such as decreasing sediment supply

Shallow marine Sea-level
Coastal onlap \"
Coastal plain
¢
&0
£y
ab c‘m
uS

Downlap

Fig. 2.17 Components of the highstand systems tract on a shelf-break margin. These include topset (alluvial, coastal), shallow

marine, and slope systems
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Transgressive systerristragt!
retrogradational vallsv ~,
parasequence set

Highstand systems tract:
aggradational to progradational
parasequence set

Shelf-margin systems tract:
slightly progradational to
aggradational parasequence
set

Key:

Coastal-plain
sandstones ™
and mudstones

Shallow-marine
sandstones

Shelf and slope sequence

mudstones

Condensed-section
deposits

BN

Depositional-
offlap break Shelf

break

Highstand systemns
tract of older

Sequence boundary

Parasequence

Fig. 2.18 A type 2 sequence. The type 2 sequence boundary is recognized from a downward shift in coastal onlap landward of the
offlap break. This downward shift does not result in shelf bypass, fan deposition, or incision of the highstand topsets. The sequence
boundary is overlain by a shelf-margin systems tract; a system tract of topsets with a predominantly aggradational stacking pattern.
The rate of sea-level fall at the shoreline is equal to, or less than, the subsidence (from van Wagoner et al., 1988)

rates could also affect such a pattern. In outcrop studies
type 2 sequence boundaries are often used simply to dis-
tinguish minor sequence boundaries. Note also that a type
2 sequence boundary may pass laterally into a type 1
sequence boundary depending on the tectonic subsidence
pattern in the basin.

2.4.7 Lowstand systems tracts on a ramp margin

The systems tracts described above are developed on a
shelf-break margin, where the clinoform slope is steep
enough and deep enough to allow large-scale failure and
the formation of submarine fan systems. On a ramp margin,
the lowstand systems tract was described by Van Wagoner
et al. (1988) as consisting of a relatively thin lowstand
wedge that may contain two parts (Fig. 2.19). The first part
is characterized by stream incision and sediment bypass of
the coastal plain. This is interpreted to occur during a
relative fall in sea-level when the shoreline steps rapidly
basinward until the relative fall stabilizes. The second part
of the wedge is characterized by a slow relative rise in sea-
level, the infilling of incised valleys, and continued shoreline
progradation. This results in a lowstand wedge composed
of incised valley-fill deposits up-dip and one or more pro-
gradational parasequence sets down-dip. The top of the

lowstand wedge is the transgressive surface; the base of the
lowstand wedge is the sequence boundary (discussed in
detail in 8.3.4).

During falling relative sea-level on a ramp margin there
is no bypass of sediment to the basin floor. Instead the
sediment may be deposited as a set of downstepping
prograding wedges, known as forced regressive wedges
(Posamentier et al., 1992). A number of these may be
preserved between the highstand and lowstand prograding
wedges. Posamentier (1993) referred to these wedges as
forced regressive wedge systems tracts, which at the site of
deposition are overlain by ‘regressive subaerial surfaces of
erosion’, and underlain by ‘regressive marine surfaces
of erosion’. The latter are likely to pass landward into
subaerial unconformities, and therefore both boundaries
are strictly sequence boundaries. These forced regressive
wedges are often sand-rich, and may form attractive stra-
tigraphic traps where encased in shale. A number of
examples of forced regressions, i.e. falls in relative sea-level
on a ramp margin, are presented by Posamentier et al.
(1992), and Posamentier and Chamberlain (1992) describe
the detailed stratigraphy of a ramp-margin lowstand
systems tract within the Viking Formation of Canada.

The transgressive and highstand systems tracts on a
ramp margin are similar to those on a shelf-break margin,

31

sojdpuiig pue sidaouo)) | 7 4212dvgD)



Incised
valley

Incised
valley fill

Alluvial Coastal Shallow
plain plain marine

Sediment
starvation
zone

Stranded wedges
deposited during
forced regression

Lowstand wedge

ea — Ievsy

Fig. 2.19 Components of the lowstand systems tract on a ramp margin. The water depth is not great enough to allow development
of a significant slope, and therefore turbidite systems are not developed during falling relative sea-level

although there is no significant clinoform component to the
highstand systems tract.

2.4.8 Controls on systems tract boundaries

The actual time of initiation of a systems tract is interpreted
by Van Wagoner et al. (1988) to be a function of the
interaction between eustasy, sediment supply and tectonics.
To this can be added ‘topset area’, which has a significant
bearing on the development of the transgressive surface
and the maximum flooding surface. Figure 2.15 shows the
relationship between topset accommodation and systems
tracts in a simple system of continuous subsidence and
sinusoidally varying eustatic sea-level. The systems tract
boundaries occur at the following points.

1 The type 1 sequence boundary (base of the lowstand
systems tract) occurs when the rate of relative sea-level rise
is zero and decreasing at the offlap break. The time at
which this occurs is a function of eustasy and subsidence.
2 The boundary between the lowstand fans and the low-
stand prograding wedge occurs when the rate of relative
sea-level rise is zero and then increasing at the offlap break.
The time at which this occurs is a function of eustasy and
subsidence.

3 The boundary between the lowstand prograding wedge
and the transgressive systems tract occurs when the rate of
creation of topset accommodation volume equals, and is
just about to exceed, the rate of sediment supply. Topset
accommodation volume is the change in accommodation
volume over the topset area during a rise in relative sea-
level, and when this exceeds the sediment supplied, a
transgression will occur. The timing of the boundary is a
function of eustasy, subsidence, sediment supply, and topset
area, and may occur when sea-level first floods back over
the previous highstand topsets (as in Fig. 2.15).

4 The boundary between the transgressive systems tract
and the highstand systems tract (the maximum flooding
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surface) occurs when the rate of creation of topset accom-
modation volume equals, and is just about to fall below,
the rate of sediment supply. This is a function of eustasy,
subsidence, sediment supply, and topset area.

It can be seen from the above that the timing of most of the
systems tract boundaries is affected by very many factors.
Those affected by fewest factors are the sequence boundary
and the top of the lowstand fans.

The relative volumes of the systems tracts will be a
function of their duration, and the sediment supply rate.
There may be a linkage between supply rate and systems
tract, for example in high latitudes where low sea-level in a
glacial period may be associated with ice cover in the
fluvial drainage basin. These factors, and factors such as
the basin topography, can seriously distort the ideal
sequence geometry shown in Fig. 2.15. It is very rare to
find a seismic line that looks like this ideal model. This does
not mean the model is wrong, merely that it should not be
used as a template for interpretation.

2.4.9 Other possible systems tracts within
a relative sea-level cycle

Van Wagoner et al. (1988) suggest that systems tracts
should be defined objectively on the basis of the types of
bounding surface, their position in a sequence (if this can
be determined) and on their internal geometry. Two other
theoretical systems tracts are not recognized in the original
Exxon scheme. These are shown on Fig. 2.20, and described
below.

The midstand systems tract (or forced regressive systems
tract of Hunt and Tucker (1992); see 2.4.7) represents an
entire sequence where at no time subsidence was sufficiently
high to outpace sediment supply and allow transgression.
This might be expected in basins with low or negative
tectonic subsidence and/or high rates of sediment supply.
Third-order scale midstand systems tracts on a shelf-break



{a) MIDSTAND SYSTEMS TRACT

Sequence boundary

" Seque
boundary

{b) REGRESSIVE SYSTEMS TRACT

Transgressive surface

Maximum flooding
surface

Fig. 2.20 Systems tracts not currently described in the Exxon
scheme; (a) midstand systems tract; (b) regressive systems tract

margin have been described by Jones and Milton (1994)
and Milton and Dyce (1995) from the Palacogene of the
North Sea at a time of basin-margin uplift. On a shelf-
break margin (such as the North Sea Tertiary, or the Rhone
delta) the midstand systems tract may comprise a unit of
fans and a prograding wedge. On a ramp margin only
prograding wedges will be developed.

The regressive systems tract (Fig. 2.20) is a theoretical
systems tract formed between two rapid rises in relative
sea-level separated by a slow rise (or by a pulse of increased
sediment supply during continuous rate of rise). The systems
tract is bounded below by a maximum flooding surface,
and consists of a prograding wedge. The prograding wedge
is bounded above by a maximum progradation surface.
The internal geometry of the wedge is aggradational to

progradational to aggradational again. Regressive systems
tracts would be expected when eustatic cycles were super-
mimposed on rapid background subsidence, so that not even
type 2 sequence boundaries formed during the eustatic fall.
Alrernatively they may occur during a steady rise in relative
sea-level with fluctuating sediment supply. Regressive
systems tracts were predicted to occur in foreland basins by
Posamenticr and James (1993), although these authors
termed them shelf-margin systems tracts, despite the ab-
sence of an underlying sequence boundary.

2.4.10 Composite (second and third order) sequences and
systems tracts

Coniposite sequences were defined by Mitchum and Van
Wagoner (1991) as ‘successions of genetically related
sequences in which the individual sequences stack into
lowstand, transgressive and highstand sequence sets’. Figure
2.21 shows a composite sequence; bounded by two
sequence boundaries but also containing four higher order
sequence boundaries. Figure 2.22 shows the relative sea-
level curve associated with Fig. 2.21, where two orders of
cyclicity are apparent.

Most second- and many third-order sequences will con-
tain higher order sequence boundaries, so it is important to
state the order at which a sequence or systems tract is
defined. For example, the highstand systems tract of a
second-order composite sequence may, in reality, be a
highstand sequence set, i.c. a stack of higher order sequences
where the topset prograding parasequences may be domin-
ant, but some higher order lowstand deposits may also
exist. This has been demonstrated by Jones and Milton
(1994), where all the systems tracts in a second-order
sequence in the North Sea Tertiary contain third-order-
scale lowstand fans. These fans particularly dominate the
stratigraphy in the second-order lowstand systems tract,
Finally, it is important to remember that systems tract
boundaries in a composite sequence will be gradational,
representing the interfingering of sequences and systems
tracts of a higher order.

—— Sequence boundary

Fig. 2.21 A type 1 composite sequence, consisting of a stack of five higher order sequences. The high-frequency sequences form the
building blocks of the composite sequence, and their nature is determined by their position in the composite sequence
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Fig. 2.22 The combination of low-
order and high-order variations in
relative sea-level implied in Fig. 2.21.
The nature of the high-order sequences

1
i Highstand systems tract
i
Composite Type 1 y Transgressive systems tract
highstand sequence
systems boundary
tract S~ Lowstand wedge
. Lowstand fans
Highstand systems tract
Type 2 Transgressive systems tract
I
Composite sequence
transgressive boundary Shelf-margin systems tract
® systems R 1
€ tract Highstand systems tract
=
Transgressive systems tract
Type 1 Lowstand wedge
sequence }
boundary Lowstand fans
) Highstand systems tract
Composite
lowstand Transgressive systems tract
prograding
wedge Lowstand wedge
Type 1 sequence boundary Lowstand fans
Midstand wedge
Composite
lowstand fans Lowstand fans
Type 1 sequence boundary
|

(their type, and the systems tracts

Sea-level

2.4.11 Genetic stratigraphic sequences

Sequences, as discussed above, are cyclic stratigraphic units
bounded by subaerial unconformities. However, because
deposition is cyclic, the choice of the boundary is relatively
arbitrary. Galloway (1989), after the work of Frazier
(1974), suggested another means of subdividing the stra-
tigraphy, using the maximum flooding surface as the cycle
boundary. He therefore defined a genetic stratigraphic
sequence as a package of sediments recording a significant
episode of basin-margin outbuilding and basin filling,
bounded by periods of widespread basin-margin flooding
(Fig. 2.23).

With hindsight it is regrettable that he used the term
‘sequence’ here, instead of the ‘depositional episode’ of
Frazier (1974), because this has led to a grear deal of
confusion. Some workers have used the Mitchum er al.
(1977a) definition of the term, and some the Galloway
(1989) definition. The sequence boundary, the maximum
flooding surface and the maximum progradation surface
are all valid correlation surfaces for dividing the stra-

~— HIGH

within them) are determined by their
position within the low-order sequence

tigraphy. Each surface has its advantages and disadvantages
as a primary stratigraphic boundary.

The sequence boundary can be recognized easily on
seismic data by a downward shift in coastal onlap (as
described in section 3.2.4). It indicates bypass and resedi-
mentation into the basin, and is associated with the devel-
opment of basinal reservoirs and hydrocarbon play systems.
Recognition of the sequence boundary is therefore of great
practical value in stratigraphic prediction for petroleum
exploration. The timing of the sequence boundary is inde-
pendent of sediment supply variations, so it is relatively
isochronous. It is, however, difficult to see in a log and
core data set, difficult to date precisely (occurring within
proximal sediments potentially barren of fossils), and dif-
ficult to trace into the basin (except where associated with
submarine fans).

The maximum flooding surface is also easily recognizable
on seismic data, and can be identificd easily on logs and in
core. It is associated with topseal and often also with
source-rock development. It may be represented by con-
densed marine facies, with a rich and easily dared fauna. It



Transgressive reworking

f

Hiatus;
Chemical sediments;
Soil zone;

Unconformity

Depositional platform

Fig. 2.23 A genetic stratigraphic
sequence after Galloway (1989)

can be traced into the basin, where it correlares with a
condensed interval, but may be difficult to trace into the
proximal alluvial plain. Where the system is made up of
several prograding lobes, it may be difficult to define pre-
cisely which lobe was most landward, and therefore where
the maximum flooding surface lies. It is not associated with
any particular reservoir development, and is seldom obvious
in outcrop, where mudstones associated with the maximum
flooding surface tend to be eroded or obscured.

The maximum progradation surface, or transgressive
surface, also has been proposed by some workers as a
natural surface for subdividing stratigraphy. This surface
represents the furthest extent of topset reservoirs into the
basin. It is recognized easily on seismic, outcrop, log and
core data. It may be difficult to date precisely, and is
difficult to correlate into proximal settings, and where the
system is made up of several prograding lobes, it may
be difficult to define precisely which fobe prograded the
furthest and therefore where the maximum progradation
surface lies.

The term sequence is usually now restricted to a unit
bounded by subaerial unconformities. However, the most
obvious surfaces in a basin are often the condensed intervals
and maximum flooding surfaces (Loutit et al., 1988). These
can be used for a pragmatic initial subdivision of the
stratigraphy into mapping units, such as in the Jurassic
North Sea studies of Partington et al. (1993a). However,
this subdivision into genetic stratigraphic ‘sequences’ sensu

Hiatus;

Chemical sediments;
Condensed section;
Marine unconformity;
Pelagic drape Slope regrading
f

Hiatus

TIME SECTION

Shelf edge

DEPTH SECTION

Galloway (1989) is not an end in itself. A complete under-
standing of palaeogeography and facies distribution is
achieved only by subdivision into systems tracts, which
requires identification of the sequence boundaries and trans-
gressive surfaces as well as the maximum flooding surfaces.

2.5 High-resolution sequence stratigraphy and
parasequences

2.5.1 Introduction

The concept of stratigraphic cycles driven by rises and falls
in relative sea-level was developed using seismic data. This
has a relatively coarse resolution of many tens to hundreds
of metres, and seismic-based stratigraphy has been termed
‘low-resolution sequence stratigraphy’ by Posamentier and
Weimer (1993). High-resolution sequence stratigraphy inte-
grates observations at a log, core or outcrop scale (Chapter
4). These detailed data sets allow gross stratal geometries
to be linked with the internal facies assemblages. In addition,
high-resolution shallow seismic data over modern sedimen-
tary systems has contributed much detail to the under-
standing of bedding geometries within sequences and systems
tracts,

High-resolution sequence stratigraphy is used increasingly
as a tool in hydrocarbon reservoir description (e.g. Posa-
mentier and Chamberlain, 1992; Reynolds, 1994). The key
introductory publication covering the theory and practice

35

sopdpunig pue sideouory | 7 421dvyn)



of high-resolution sequence stratigraphy is that of Van
Wagoner et al. (1990).

2.5.2 Parasequences and their continental equivalents

Shallow marine sediments are commonly arranged into
regular upward-coarsening units with an upward-shoaling
facies succession, separated by much thinner units repre-
senting an upwards-deepening facies succession (Fig. 2.24,
see also Fig. 8.4). Often the upward-deepening component
is represented only by a hardground or omission surface
marking a transition from shallower to significantly deeper
water facies. In sequence stratigraphic terminology, these
cycles are termed parasequences. Van Wagoner et al. (1990)
defined parasequences as relatively conformable successions
of genetically related beds or bedsets bounded by marine
flooding surfaces and their correlative surfaces. In special
positions within the sequence, parasequences may be
bounded either above or below by sequence boundaries,

The marine flooding surface in this definition is a surface
separating younger from older strata across which there
is evidence of an upward increase in water depth. This
deepening is commonly accompanied by minor submarine
erosion or non-deposition (but not by subaerial erosion
due to stream rejuvenation or a basinward shift in facies),
with a minor hiatus indicated. The marine flooding surface
has a correlative surface in the coastal plain and a corre-
lative surface on the shelf.

_Flooding
" surface

- Parasequence ———

Flooding
surface

/

lSilt‘ Sand !

The recognition of parasequence boundaries, and their
discrimination from sequence boundaries, was addressed
by Van Wagoner et al. (1990), who suggest that shallow-
marine parasequence boundaries are essentially flat, rela-
tively condensed sections that represent abrupt deepcning,
and may be characterized by marine carbonate, phosphate
or glauconite accumulations. The boundaries also mark
abrupt changes in lithology and bed thickness, and are
occasionally associated with lag deposits. Where lags do
occur they are composed only of sediment reworked from
below.

Parasequences form as a result of an oscillation in the
balance between sediment supply and accommodation
volume. Fluctuations in sediment supply due to autocyclic
processes, such as avulsion and lobe switching, are probably
the major control on parasequence formation. However,
high-frequency variations in relative sea-level would
produce high-order sequences that could look very similar
to parasequences, especially if they were type 2 sequences.

Parasequences are defined by the marine flooding surface,
and so cannot be defined in settings where changes in water
depth are unrecorded. However, it is likely that para-
sequences have correlative equivalents in non-marine strata,
such as fluvial avulsion cycles (although this has yet to be’
proved). Marine flooding surfaces could probably be corre-
lated with coal beds on the coastal plain, and with wide-
spread overbank mudstones and wet palaeosols on the
alluvial plain. There are no criteria for recognizing para-

* Beds increase in
thickness upwards

* Simple cleaning and
coarsening trend in
three dimensions

* Bioturbation decreases
upwards *1-50 m thick
*10% -~ 10° years

duration

* Facies indicate
shallowing upwards

Fig. 2.24 Anidealized parasequence. This represents a shallow-marine parasequence in a wave or storm-dominated setting, where
upward coarsening can be related directly to upward shallowing
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sequences in a deep marine setting. Parasequences will have
correlative units on the clinoform slope representing the
units of slope deposition fed by each delta lobe. Unless
sediment is also bypassed to the basin floor, parasequences
will have no equivalents in submarine fan facies. Mitchum
and Van Wagoner (1991) speculated that individual fan
lobes or leveed channels in the deep marine setting may
reflect individual parasequences.

2.5.3 Parasequence sets

A parasequence set was defined by Van Wagoner et al.
{1990) as a succession of genetically related parasequences
forming a distinctive stacking pattern bounded by major
marine-flooding surfaces and their correlative conformities
{Fig. 2.25). In some cases one or both boundaries of a
parasequence sct will be a sequence boundary. Whilst
parasequences may represent individual topset reflections
within a systems tract on seismic data, parasequence sets
often represent the entire topset component of that systems
tract.

A stacking pattern refers here to the architecture of a
vertical succession of parasequences. Progradational, retro-
gradational and aggradational stacking patterns can be
recognized (Figs 2.25 and 2.26). In a progradational stack-
ing pattern, the facies at the top of each parasequence
become progressively more proximal higher in the suc-
cession. In a retrogradational stack the facies become more

PROGRADATIONAL PARASEQUENCE SET

* Net basinwards movement of the shoreline

* Characteristic of highstand systems tract and lowstand
prograding wedge

AGGRADATIONAL PARASEQUENCE SET

* No net movement of the shoreline

* Characteristic of shelf-margin systems tract

distal upwards, and in an aggradational stack the facies at
the top of each parasequence is similar.

The topsets of the lowstand and highstand prograding
wedges generally consist of a progradational parasequence
set, whereas transgressive systems tracts consist entirely
of a retrogradational parasequence set. The terms ‘systems
tract’ and ‘parasequence set’ are not always synonymous
(Posamentier and James, 1993), and in areas of high sub-
sidence and sediment input, more than one parasequence
set can cxist in a systems tract. Parasequence sets are
considered here as a class of depositional unit intermediate
between parasequence and sequence, and the major marine
flooding surfaces that bound parasequence sets may form
subregional correlation markers.

2.5.4 Parasequence thickness trends

The thickness of a parasequence is controlled primarily by
the water depth into which the shoreline progrades. This
water depth represents the rise in relative sea-level since
abandonment of the previous parasequence, and para-
sequence thickness is therefore a product of the rate of rise
of relative sea-level and the periodicity of the parasequences.

If parasequence periodicity is relatively constant, then
a slow rate of rise of relative sea-level results in thin para-
sequences, and a rapid rate of rise results in thick para-
sequences. Changes in the rate of relative sea-level rise
should then be recognizable from trends in parasequence

RETROGRADATIONAL PARASEQUENCE SET

Basinward ——

* Net landwards movement of the shoreline

* Characteristic of transgressive systems tract

Fig. 2.25 Parasequence sets (after Van Wagoner et al., 1988)
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thickness. These ideas were documented by Posamentier
et al. (1988), who suggested that a lowstand prograding
wedge will be characterized by upwards-thickening para-
sequences (reflecting accelerating relative sea-level rise)
whereas a highstand prograding wedge will be characterized
by upward-thinning parasequences, due to decelerating
relative sea-level rise.

This thickness analysis can be applied in limited circum-
stances. Retrogradational parasequence sets, for example,
often show a thinning upward trend, due to basinward
thinning of the individual parasequences. This is not related
to decreasing rates of relative sea-level rise. Thickness trend
analysis also assumes a constant parasequence frequency,
which may not be a valid assumption in many cases.

2.5.5 Sequence boundaries

As described earlier, sequence boundaries can be recognized
on seismic data from a downward shift in coastal onlap,
implying a fall in relative sea-level, with exposure and
erosion of the highstand topsets. In a core, well log or
outcrop data set, the downward shift in coastal onlap is
rarely evident. Direct evidence for exposure, erosion and
forced regression must be sought instead (Fig. 2.27; sce
also section 8.3.1). A facies dislocation is a surface where
rocks of a shallower facies rest directly on rocks of a
significantly deeper facies. The trend of gradual shallowing
predicted by Walther’s law is thus ‘dislocated’. This dis-
location may be obvious, such as where a coal bed overlies
an outer shelf mudstone, or it may subtle, such as an upper
shoreface facies overlying lower shoreface with middle
shoreface absent. In shallow marine settings the facies
dislocation is often associated with an abrupt grain-size
increase. A facies dislocation implies a fall in relative sca-
level and the development of a subaerial unconformity,

%1

although this could be up-dip from where the dislocation is
observed. It thus marks a sequence boundary or its correla-
tive conformity. Facies dislocations commonly are developed
over the more distal areas of the highstand topsets, and the
highstand clinoforms.

Incised valleys are described by Van Wagoner et al.
(1990) as entrenched fluvial systems that extend their
channels basinward and erode into underlying strata in
response to a fall in relative sea-level. On the shelf, lowstand
deposits filling the incised valleys are bounded below by a
sequence boundary and above by the transgressive surface.
A facies dislocation may be present at the base of the
incised valley, although a grid of wells, or an outcrop data
set, may be needed to prove the existence of an incised
valley.

Incised valleys are differentiated from distributary
channels by being deeper and wider than the scale of an
individual channel or channel belt. The valley incises below
the level of the distributary mouth bars, and often contains
a more proximal fluvial facies deposited as part of the
aggradational late lowstand prograding wedge. Alterna-
tivelv they may contain estuarine to marine facies deposited
as part of the transgressive systems tract.

Between the incised valleys in the more proximal areas of
the highstand topsets, sequence boundaries may be very
hard to recognize. Any evidence of exposure, such as
major palaeosols, reddening, or weathering will be fairly
superficial and may be removed by subsequent transgressive
erosion, These surfaces are known as E/T surfaces, for the
superposition of erosion and transgression (Walker and
Eyles, 1991). The only evidence for a sequence boundary
may lic in the components of the transgressive lag, which
could be significantly coarser grained than the underlying
succession, or may contain material that is not derived
solely from the underlying succession.

A %

Fig. 2.27 Lines of evidence for the
presence of a sequence boundary.
These include a downward shift in
coastal onlap (recognizable on scismic
data and from correlation of a grid of
wells), a facies dislocation recognized
in well 3, and valley incision
recognized in well 1. Well 2 may find
little or no evidence for the sequence
boundary

Wells in Wells in this zone - Wells situated inthiszone o
this zone may find kttle or will see a facies dislocation,

will no evidence for e.g. a jump from facies B to D,
encounter a seguence with no facies C

an incised boundary

valley

Facies D

ol Facies C

I S |
Facies B
N T

Facies A
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In rare cases a sequence boundary may be recognized by
the truncation of underlying parasequences (e.g. fig. 24 in
Van Wagoner et al., 1990). Care must be taken, however,
to ensure that the limits of the parasequences are erosional,
not depositional.

2.5.6 Maximum flooding surfaces

In well log, core or outcrop data sets, maximum flooding
surfaces are recognized as the boundary between a trans-
gressive unit, or retrogradational parasequence set, and an
overlying regressive unit, or progradational parasequence
set (Fig. 2.28). In a proximal direction the maximum
flooding surface may lie within an aggradational para-
sequence stack, and it passes into a shelfal and basinal
condensed section in a distal direction. The condensed
section may be represented by a distinctive log facies or
lithofacies, such as a glauconitic horizon, chert band, lime-
stone band or high-radioactivity, low-velocity shale. The
distinctive character of maximum flooding surfaces, and
the widespread development in the basin of the equivalent
condensed interval, makes them the easiest of the sequence
stratigraphic surfaces to identify (Loutit ef al., 1988). They
are equivalent to the bounding hiatal surfaces that define
the genetic stratigraphic units of Galloway (1989).

It should be noted that other condensed sections may
form within a sequence, which are not equivalent to the
maximum flooding surface; such as the boundary between
the basin-floor fans and the slope fans, the boundary
between the slope fans and the lowstand prograding wedge,
and surfaces of major avulsion within a systems tract.

gWell 1

2.5.7 Ravinement surfaces

A ravinement surface is a surface of transgressive erosion.
Swift (1968) described transgressive intervals in cratonic
basins as commonly appearing to rest disconformably on
underlying strata. The underlying strata sometimes may be
pre-existing deposits of earlier cycles, but often are the
marginal marine deposits of the contemporaneous cycle.
The significance of such disconformities was first noted by
Stamp (1921), who showed that the surf zone of a trans-
gressing sea may bevel the marginal deposits of the coast
being transgressed. Stamp called the resultant disconformity
a ravinement,

The most widely accepted mechanism of landward beach
and barrier migration is termed shoreface retreat, in which,
as sea-level rises, sediment is eroded from the upper shore-
face and emplaced in the lower-shoreface—offshore area as
storm generated beds, or in the lagoon as a series of
washover fans (Bruun, 1962; and Fig. 2.29). As the upper
shoreface or breaker zone passes across the former barrier
it erodes the lagoonal and washover facies deposited during
the earlier stages of transgression and the lower shoreface
facies thercfore overlies a. planar erosion surface. This
erosion surface is referred to as the shoreface erosion plane,
or the ravinement surface (Stamp, 1921).

The extent of erosion at the shoreface depends on the
rate of rise of relative sea-level. In areas of rapid subsidence
and/or relatively rapid sea-level rise, a comparatively
complete transgressive unit may be preserved, whereas
with slow subsidence and/or sea-level rise shoreface erosion

is more pronounced and the transgressive unit is attenuated
(Fischer, 1961).

Condensed

{ Fig. 2.28 Representation of a
interval

maximum flooding surface

/ (MFS) in well data. In proximal
/ wells the maximum flooding
surface lics within aggradational
topset facies and may be difficult
to distinguish from a simple
parasequence boundary. In
distal wells the maximum
flooding surface clearly overlies
a retrogradation parasequence
set
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Retreating barrier shoreline

Sea-level at time 2

Sea-level at time 1

Profile at .~
time 2 //
Profile at

time 1 Zone of aggradation

Zone of erosion: formation
of ravinement surface

Fig. 2.29 Formation of a ravinement surface by transgressive
erosion during shoreface retreat

The ravinement surface acts like a facies belt moving in
parallel with other coastal facies belts during transgression.
It results in a marine flooding surface; a rapid progression
upwards from a supralittoral facies to a sublittoral facies
with no intervening preservation of intermediate facies.
This may form a striking surface in log, core or outcrop
data, but is in detail diachronous and forms within a single
episode of transgression. Ravinement surfaces therefore
may bound every parasequence in a parasequence set.
However, a more major ravinement surface may form at
the transgressive surface (the boundary between the low-
stand prograding wedge and the overlying transgressive
systems tract), Other major ravinement surfaces may bound
parasequence sets within a single systems tract.

2.5.8 Problems and pitfalls of high-resolution
sequence stratigraphy

High-resolution sequence stratigraphy, performed on a
subsurface data set, is not easy. The major problems can be
summarized as follows:

1 Recognition of parasequences, and indeed of the depo-

sitional setting of the interval being studied, is tenuous
without core control, good biostratigraphic controi, or
seismic indicators of basin setting {e.g. confirmation that it
is a topset interval).

2 Correlation of parasequences may not be straightfor-
ward. One parasequence may look very much like another.
Correlation will be easiest with closely spaced wells, or
where some parasequences have a diagnostic log shape, or
a marker lithology such as a prominent coal bed.

3 Recognition of sequence boundaries is not easy in the
areas between the incised valleys and is not easy generally
within a succession of parasequences.

4 Differentiating incised valleys from non-incised channel
deposits can be very tricky. Much argument often focuses
around the significance of anomalously large channel units,
Van Wagoner ef al. (1990) give several guidelines.

5 Systems tract boundaries can be recognized as surfaces
where parasequence correlation lines terminate. Para-
sequences either onlap these surfaces, are truncated below
them, or pinch out depositionally below them (in the case
of the maximum flooding surface). It can be difficult to
know which form of termination you are dealing with, and
therefore the nature of the surface involved.

6 In an outcrop data set, high-resolution sequence stra-
tigraphy is generally easier. There is abundant facies infor-
mation, and surfaces can be traced laterally with relative
ease, Differentiating incised from non-incised channels may
still be difficult, although ideally the base of an incised
valley could be traced laterally into an exposure/erosion
surface. Outcrops generally are not continuous and cor-
relating across gaps is perhaps the major problem. There
will be no seismic data to allow the outcrop information to
be placed in the context of stratal geometry, although
sometimes large cliff sections give geometric information at
a seismic scale (e.g. Bosellini, 1984, Fig. 4.5).
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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

analysis
surfaces

3.2 Seismic reflection termination patterns
3.2.1 Marking up a seismic section data

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 significant 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,bc).

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

3.2.2 Categorizing reflection
terminations
3.2.3 Setsmic facies and attribute

3.2.4 Recognition of stratigraphic

3.3 Recognition of systems tracts on seismic

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

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-
edged 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

Facies change across the
bedding is ABRUPT

abrupt across bedding planes and
gradual across facies boundaries

S
V

Facies change along the bedding is GRADUAL
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metric information present on seismic sections, produces
a very powerful tool for interpreting the subsurface strati-
graphic record.

3.1.2 Resolution of seismic data

A key requirement for the successful application of seismic
stratigraphic principles is a good understanding of the
resolution of the seismic method. A geologist working on
outcrop data and studying bed length and continuity is
limited only by the degree and quality of the exposure.
Subsurface wire-line logging tools in wells may be able to
resolve beds on a centimetre to a few metres scale. Seismic
reflection has, by comparison, a much coarser resolution
(Fig. 3.2), which needs to be considered both vertically and
laterally.

Vertical resolution

This can be defined as the minimum vertical distance
between two interfaces needed to give rise to a single
reflection that can be observed on a seismic section. In a

single noise-free seismic trace this is governed by the wave-
length of the seismic signal. At its simplest the shorter the
wavelength (and hence the higher the frequency) the greater
the vertical resolution. Seismic data are acquired and pro-
cessed to produce as wide a range of frequencies as possible.
It is the highest frequencies that constrain the resolution. If
a wedge-shaped relationship is envisaged (Fig. 3.3), and the
spacing between the reflective interfaces decreases below
the critical wavelength of the signal, interference begins to
cause the formation of a composite wavelet with anomalous
amplitude. Reflectors that are spaced more closely than
one-quarter of the wavelength have responses which begin
to add constructively to produce a reflection with a high
amplitude, known as the thin bed effect or ‘tuning’.

In addition to the bed thickness constraints there are
three other factors that limit the final resolution of the
seismic data. Firstly, the Earth acts like a giant fileer that
progressively attenuates the high-frequency components of
the seismic pulse. Secondly, there is a general trend towards
increasing acoustic velocity with depth due to compaction
and increased cementation. This effectively increases the
wavelength of the signal, with detrimental cffect on the
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resolution. Finally, if there is high ambient noise on the raw
data, the processing stream may include a high-cut filter,
which has the effect of removing the high frequencies
necessary for finer resolution.

Lateral resolution

Seismic energy travels through the subsurface and comes
into contact with the reflecting surfaces over discrete areas
much in the same way that a spot-light travels through the
darkness and illuminates a particular area. The energy
travels as wave fronts and the region on the reflector where
the seismic energy is reflected constructively is known as
the Fresnel Zone (Sherrif, 1977). Lateral resolution is
determined by the radius of the Fresnel Zone, which itself
depends on the wavelength of the acoustic pulse and the
depth of the reflector (Fig. 3.4). Thus in non-migrated
seismic data, lateral resolution is dependent on the seismic
bandwidth, on the interval velocity and on the travel time
to the reflector (Fig. 3.5). The procedure of migrating
seisrmic data considerably enhances resolution. For two-
dimensional migration there is still the problem of line
orientation relative to actual dip, but this is resolved on
three-dimensional data. Thus for migrated data, lateral res-
olution depends on trace spacing, the length of the migration
operator, time/depth of the reflector and the bandwidth of
the data.

3.1.3 Seismic processing and display for
stratigraphic interpretation

There is no single processing stream that can be rec-
ommended as optimal for seismic stratigraphic interpret-
ation. Different acquisition parameters, different sources
and above all variable geology mean that each case should
be treated carefully and as an individual project. Seismic
interpretation is about the recognition of familiar patterns
in the data. Processing can either enhance or obscure the
seismic representation of the geology. Processors and in-
terpreters need to work together to produce the best finished
article. It is important that the processor knows the type of
geological problems that the interpreter is trying to resolve
and it is equally important that the interpreter be aware of
what has been done to the data prior to the ‘finished
section’. Even after careful demultiple, migration and am-
plitude control, there is still the matter of choosing the best
display parameters. Much can be done to improve the
interpretability of the data by choosing the optimum display
format, Moreover the redisplay of an older data set is also
a comparatively inexpensive way of bringing new life to an
old data set.

There are four approaches to displaying the data. The
first involves altering the trace shape (i.e. the shape of the
‘wiggle’) to emphasize or enhance aspects of the reflectivity
of the stratigraphy. The second method relates to the form
of trace equalization used, to compensate for the inevitable
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Source/detector

Lateral resolution of unmigrated
data is given by the width of
the Fresnel zone.

The rays close to the Fermat
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loss of reflective energy with depth. The third technique
relies on displaying the other aspects of the data, the so-
called complex attributes. Finally there are the simple,
inexpensive, but nevertheless effective, techniques that rely
on visual enbancement of the final processed data.

Trace shape

Seismic energy returning to the geophones is stored as a
series that records time and amplitude, normally sampled
at 4 or 2ms intervals. Post-processing, these data are dis-
played as a continuous series with interpolation between
data points.

The choice of parameters governing the display of the
interpolation trace is critical for the final appearance of the
section. The simplest method is to show the data as a
‘wiggle’ trace, where the displacement from the centre linc
of the trace represents reflection amplitude, and polarity is
expressed by deflection to the right or left of this baseline
(Fig. 3.6). This format allows precise observation of the
change of wavelet shape from trace to trace and it empha-
sizes high-amplitude anomalies where traces overlap. It is
thus very useful for stratigraphic interpretation, particularly
at a reservoir scale, where information on bed thickness,

48

\ wavelength), the narrower the
Fresnel zone and higher the
lateral resolution

Fig. 3.4 The Fresnel Zone and
constraints on lateral seismic
resolution

lithology and fluid content is required. Unfortunately the
wiggle-only trace format is sensitive to dip and tends to
emphasize steeply dipping events, especially diffractions.

An alternative to the simple wiggle is the ‘variable area’
format, in which there is no continuocus trace but the
magnitude of associated values is displayed and shaded
(usually black) (Fig. 3.6). These displays bring out reflector
continuity, but care is required to avoid loss of information
on the shape of the wavelet and this problem, plus the stark
black and white appearance of the section, means that
variable area plots are rarely used on their own. A similar
approach is the ‘variable intensity (density) display, in
which variations in reflector strength are indicated by
varied shading or different colours. This is the standard
colour display in most workstations and it permits much
greater resolution of real events against high background
noise levels than the variable area format.

Conventional seismic commonly uses the combination
‘variable area and wiggle trace’ display, in which wiggle
traces are superimposed on to variable area or sometimes
variable density displays (Fig. 3.6). This provides infor-
mation on the waveform and emphasizes continuity, but
the section appearance is very sensitive to parameters such
as display gain. There is also the danger of the loss of
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information on amplitudes as traces cross or overlap at
peaks. This can be controlled by constraining the maximum
deflection of the trace within set-limits (clipping), but this
distorts the amplitude information and also can lead to
large areas of white on the section where high-amplitude
troughs are not displayed.

Once the trace type is chosen there are a number of
parameters that can be altered to govern the trace shape, and
these can alter the appearance of the section dramatically.

Swing controls the amount of deflection of a peak or
trough as a percentage of the trace spacing. If it is optimized
it can emphasize lateral continuity of weak reflectors.

3.30

Bias controls the position of the zero baseline between
positive and negative reflections. By adjusting the bias it is
possible to choose to emphasize peaks at the expense of
troughs or vice versa (a positive bias moves the baseline to
the left and enhances the peaks). A high bias, either positive
or negative, tends to emphasize continuity but very high
negative bias may lead to loss of correlatability of the
troughs.

Clip is used to control the maximum deflection of troughs
and peaks from the baseline. It is normally set as a multiple
of trace spacing. Low values can be used to smooth out or
homogenize amplitudes.
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Gain is set at the plotting stage of the seismic line and it
Is a very important parameter for emphasizing amplitude
variations. Tt affects the ‘darkness’ of the section and so
low values of gain may be used to help bring out amplitude
anomalies from the background signal.

Trace equalization

The pronounced loss of amplitude with depth on seismic
data can be overcome by application of a technique called
equalization, the aim of which is to try to produce a more
balanced and interpretable section. The process adjusts the
amplitude of the section to make the average amplitude
constant over a predetermined interval or window on the
trace. This window may be the whole section, as in single
gate equalization, or multiple, as in the procedure termed
automatic gain control (AGC).

Fast AGC is a special application of equalization in
which the gate is set at a particularly short interval, perhaps
one to ten times the sample rate (4—40ms). It is applied to
equalize all amplitudes as a way of enhancing reflector
continuity and terminations. It should be used with some
caution because fast AGC distorts the wavelet and empha-
sizes noise. Nevertheless the technique does have value,
especially when applied to bring out detail adjacent to high
amplitudes.

Complex ateributes

Conventional seismic information is displayed as frequency
and amplitude plots. However, these data, which have
been recorded at the geophone or hydrophone, can be
manipulated mathematically to produce an additional series
of attributes. Although no new information is produced in
this process, the display and interpretation of these complex
seismic trace attributes can sometimes give new insights
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into the geology that would not have been obtained from
conventional data. Their potential use in seismic strati-
graphic interpretation is shown in Table 3.1, and described
in more detail by Tanner and Sherrif (1977).

Table 3.1 Seismic stratigraphic application of seismic
attributes (after Sonneland et al., 1989).

Attribute Application

Bed thickness
Lithological contrasts
Fluid content

Instantaneous frequency

Instantaneous phase Bedding continuity

Cosine of instantaneous phase Bedding continuity

Identifying sequence boundaries

Reflection strength Lithological contrast
Bedding continuity

Bed spacing

Visual enhancement techniques

This term covers some simple, cheap but often very effective
redisplay options, which can be readily applied even when
tapes are not available.

Colour. There is no doubt that the use of colour improves
the interpretability of sections. Historically this was an
expensive option for paper, but with the advent of inexpen-
sive plotters this is no longer true. Moreover, workstations
are eminently suited to colour display and allow easy
experimentation to find the best scales to suit the user’s
preferences. Colour is probably best used as a background
intensity display on which wiggle traces are superimposed.



The increase in interpretability associated with colour is
clear in the presence of noise. It is better not to use too
many colours and always to be aware that a significant
proportion of the male population is colour blind.

Squash plots. Seismic sections were displayed originally for
structural interpretation and the aim was to have as near a
true scale, with no vertical distortion, as the time display
would allow. Although this may be an ideal scale for trap
definition it is often less than optimum for seismic stratigra-
phy, where sometimes the interpreter is interested in ex-
tremely subtle geometric relationships. Sedimentary dips
are generally low. Submarine fans may exhibit dips of
1—37 on the levees and depositional lobes. Clastic shallow-
marine prograding complexes rarely have dips greater than
a few degrees on the slope and the coastal plain is very
close to horizontal. In order to see marine onlap, downlap
and coastal onlap relationships in these environments,
especially when there is little syn-sedimentary structuring,
it is necessary to enhance the apparent dips. Indeed this is
what the interpreter has been doing optically by squinting
obliquely along the section. The redisplay can be done very
simply and cheaply by foreshortening the horizontal scale,
while keeping the vertical scale fixed, commonly 5 or
10ems™'. The advantage of keeping the vertical scale fixed
is that non-squeezed lines still tie. However, with modern
data the close trace spacing means that the reduction in
horizontal scale must be accompanied by dropping traces
or trace summing. An alternative approach to resolve this
problem is to reduce the horizontal scale until the minimum
horizontal trace spacing is reached. The horizontal scale
can be kept fixed and further vertical exaggeration is
achieved by increasing the vertical scale. In the past the
interpreter could request sections to be displayed at com-
pressed horizontal scales (e.g. 1: 100000 or 1: 200 000) or
the data could be optically compressed in a squeeze camera
in which the film and the section pass the lens at different
speeds. Nowadays, workstations permit easy scale changes
and all interpreters should be encouraged to experiment to
find the vertical exaggeration that best brings out the
stratigraphic relationships in their data set.

3.2 Seismic reflection termination patterns

3.2.1 Marking up a seismic section

The first step in the stratigraphic interpretation of a seismic
line is to determine the vertical and horizontal scale of the
section. An appreciation of both is essential to constrain
the geological models that will be constructed later. It is
also worthwhile to find out from the header or the seismic
data itself if the section has been migrated, and whether it
is marine or land data. Both are rich in multiples, even after
optimum processing, but it is generally easier to identify
multiples on marine data, where the acoustic contrast at
the sea-floor generates both simple water-bottom multiples

and peg-leg mutiples. If a reflection’s origin as a multiple is
suspected then it can be marked in some distinguishing
coloar, usually light blue by convention. In Fig. 3.7, from
the Tertiary succession of the Outer Moray Firth, North
Sea, a reflection is seen at the right-hand (eastern end) side
of the data, intersecting the edge of the section at 0.3 s. This
reflection is probably a widter-bottom multiple, caused by
the sound waves bouncing twice between the sea-surface
and sea-bed, and being recorded at a two-way-time (TWT)
twice that of the sea-bed. This reflection does not have any
geological significance, and can be ignored in the rest of the
interpretation.

The next step is to divide the seismic data into the
discrete natural stratigraphic packages that make up the
section. To do this, first identify and mark reflection termin-
ations. It will be obvious that all reflections do not go on
for ever; most stop, often against another reflection. Mark
these terminations with an arrowhead (by convention use a
red pencil). This is not always a straightforward procedure;
sometimes two reflections can appear to merge, and it may
be unclear which of the reflections terminates against which.
In noisy, chaotic, multiple-prone or low-amplitude data it
may be unclear whether reflections terminate, fade out,
and/or reappear somewhere else. Generally it is a good
idea to start by ignoring zones of broken or chaotic reflec-
tions and to concentrate on the better data areas. The
chaotic zones and poor data zones can be interpreted later
with the aid of the model derived from the good data. On
Fig. 3.7, the terminations of the continuous, high-amplitude
flat reflections above 0.7 s are hard to see. These reflections
look quite continuous, except where they are truncated by
channels. However, on closer inspection, often helped by
looking along the seismic line at a low angle, subtle termin-
ations can be recognized within this interval. In contrast,
the zone between 0.7 and 1s contains numerous dipping
reflections, which consistently terminate up-dip to the left
and down-dip to the right.

Where reflections terminate in a consistent manner they
define a line on the section (and a surface in three dimen-
sions). This is known as a seismic surface. The next step is
to use the red arrowheads to identify and highlight the
seismic surfaces on the line. The number of surfaces will
vary depending on the stratigraphic complexity, and there
generally will be several major seismic surfaces of consistent
reflection termination, and other more minor ones. These
surfaces are by convention coloured yellow in the initial
stages of a seismic stratigraphic excrcise prior to them
being assigned an identification colour based on their type
or age. In Fig. 3.7 these surfaces of consistent reflection
termination have been marked. The most prominent are
one or two surfaces of high relief in the zone 0.2—0.5s.
However, a good seismic surface is also seen at around
0.5 5. Others are present in the interval of flat-lying reflec-
tions, and a complex set of surfaces are present within the
interval of dipping reflections from 0.7 to 1s. A strong
reflection at around 0.7s is also classified as a seismic
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surface, owing to the onlap of overlying reflections around
shotpoint (SP) 9000.

Once all the seismic surfaces have been picked it is
necessary to perform a similar exercise on the other lines in
the seismic data set, and to tie the interpretations (i.e.
ensure that the interpretation is consistent where lines
cross) to generate a three-dimensional grid of surfaces.
Some of the seismic surfaces so defined will be important
regional surfaces, others will be more local and may be less
significant.

By picking the surfaces of reflection termination, the
interpreter has divided the stratigraphy on the seismic data
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Fig. 3.7 Seismic data from the Outer Moray Firth,
central North Sea, showing the seismic stratigraphy of
the post-Palaeocene section; (top) uninterpreted;
(bottom) interpreted. The surface at around 0.7 s is
dated as close to the top Eocene, the surface at 0.5 s may
mark the top of the Miocene, and the high-relief
surfaces in the shallower section are interpreted as
glacial lowstand surfaces in the Plio-Pleistocene

set into a number of depositional packages containing
relatively conformable reflections of a similar or gently
changing character and geometry, which are bounded by
surfaces that mark the reorganization of reflection geometry.

3.2.2 Categorizing reflection terminations

Reflection terminations are characterized on a two-
dimensional seismic section by the geometric relationship
between the reflection and the seismic surface against which
it terminates. Mitchum et al. (1977a) introduced the terms
‘lapout, truncation, baselap, toplap, onlap and downlap’ to



describe reflection termination styles (Fig. 3.8). Thesc terms
are described below. Most are based purely on geometry,
but others involve some interpretation of whether the
reflection termination is an original depositional limit. The
terms are applied to describe the reflection’s current
configuration.

Lapout is the lateral termination of a reflector (generally
a bedding plane) at its depositional limit, whereas truncation
implies that the reflector originally extended further but
has either been eroded (erosional truncation) or truncated
by a fault plane, a slump surface, a contact with mobile salt
or shale, or an igneous intrusion {Mitchum et al., 1977a,b).

Baselap is the lapout of reflections against an underlying
seismic surface (which marks the base of the seismic pack-
age). Baselap can consist of downlap, where the dip of the
surface is less than the dip of the overlying strata, or onlap,
where the dip of the surface is greater (Fig. 3.8).

Downlap commonly is seen at the base of prograding
clinoforms, and usually represents the progradation of a
basin-margin slope system into deep water (either the sea
or a lake). Downlap therefore represents a change from
marine (or lacustrine) slope deposition to marine (or lacus-
trine) condensation or non-deposition. The surface of down-
lap represents a marine condensed unit. It is extremely
difficult to generate downlap in a subaerial environment.
Note, however, that it may be easy to confuse true de-
positional downlap and original onlap rotated by later
tectonisim.

The reflection terminations interpreted as downlap may
in many cases be apparent terminations, where the strata
thin distally below seismic resolution.

Omniap is recognized on seismic data by the termination
of low-angle reflections against a steeper seismic surface.
Two types of onlap are recognized; marine and coastal.
Marine onlap is onlap of marine strata, representing a
change from marine deposition to marine non-deposition
or condensation, and results from the partial infill of space
by marine sediments. Patterns of marine onlap cannot be
used to determine changes in relative sea-level, because the
level of marine onlap is not related directly to relative
sea-level.

Marine onlap reflects a submarine facics change from
significant rates of deposition to much lower energy pelagic
drape. Wells drilled beyond the marine onlap limit of a
rock unit will encounter a time-equivalent condensed unit
or hiatus (time gap). The seismic surface of marine onlap
represents a marine hiatus or condensed interval,

Coastal onlap is onlap of non-marine, paralic, or marginal
marine strata and represents a change from a zone of
deposition to basin-margin (subaerial or shelf) erosion and
non-deposition. Coastal onlap generally is inferred from
seismic data as the landward onlap of topset reflections
(section 2.4), where these are assumed or are demonstrated
to represent littoral, paralic or non-marine deposits. These
topset deposits are assumed to have accumulated close to
sea-level, and parterns of coastal onlap with respect to the
onlapped surface indicate changes in relative sea-level. A
landward progression in coastal onlap results from rising
relative sea-level, whereas a downward or basinward shift
in coastal onlap results from a fall in relative sea-level
(described in more detail in Chapter 2).

Coastal onlap does not necessarily occur at the coastline,
and progressive landward coastal onlap may accompany
cither regression or transgression depending on sediment
supply. Wells drilled landward of the coastal onlap limit of
a rock unit do not encounter a time-equivalent succession,
but may encounter an unconformity, a palaeosol, or a karst
horizon.

Toplap is the termination of inclined reflections {clino-
forms) against an overlying lower angle surface, where this
is believed to represent the proximal depositional limit. In
marginal marine strata, it represents a change from slope
deposition to non-marine or shallow marine bypass or
erosion, and the toplap surface is an unconformity. An
apparent toplap surface can occur, where the clinoforms
pass upwards into topsets that are too thin to resolve
seismically. In a deep marine setting, an apparent toplap
surface is much more likely to be a marine erosion surface,
such as seen in contourites. In this case the surface is
localized and rarely flat over a large area.

Erosional truncation is the termination of strata against
an overlying erosional surface. Toplap may develop into

Truncation

UPPER BOUNDARY

Toplap
Apparent truncation

Q_\
\_ Onlap

Fig. 3.8 Types of reflection

termination

Downlap

Onlap

(marine) Downlap

LOWER BOUNDARY
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erosional truncation, but truncation is more extreme than
toplap, and implies either the development of ercsional
relief or the development of an angular unconformitv. The
erosion surface may be marine, such as at the base of a
canyon, channel or major scour surface, or a non-marine
erosion surface developed at a sequence boundary.

Apparent truncation is the termination of relacively low-
angle seismic reflections beneath a dipping seisméc surface,
where that surface represents marine condensation. The
terminations represent a distal depositional limit (or thinning
below seismic resolution), generally within topset strata,
but sometimes also within submarine fans. Many reflec-
tion terminations in marine strata fall under the heading
‘apparent’, because it is likely that thin condensed units
extend beyond the limit of seismic resolution (Fig. 3.9).

Fault truncation represents the termination of reflections
against a syn- or post-depositional fault, slump, glide or
intrusion plane. Termination against a relict fault scarp is
onlap.

Frequently it appears that reflections overlying a seismic
surface terminate against it, whereas those below appear to
be conformable (or vice versa). This conformity is often
apparent only, and is due to a very low angle between the
surface and the apparently conformable reflections or to
condensation along the surface.

Several types of reflection termination can be seen on
Fig. 3.7. There is obvious truncation beneath a high-relicf
channelled surface between 0.3 and 0.5 s. Short reflections
within the channels onlap the channel margins. The dipping
reflections in the Eocene package between 0.7 and 1s
downlap to the right and either toplap or are truncated to
the lefe. The overlying seismic surface is relatively flat
between shotpoints 950 and 1100, and is a toplap surface.
A unit of reflections below 0.8 s and east of shotpoint 1200
can be seen to onlap to the west and downlap to the east.

3.2.3 Seismic facies and attribute analysis

Once the seismic data has been divided into its component
depositional packages, using the procedure described above,
further geological interpretation of the stratigraphy may

‘Shale-out

GEOLOGY (distal shale-out of parasequences)

be attempted. This usually is done through scismic facies
mapping, described by Sangree and Widmier (1977) as the
interpretation of depositional facies from seismic reflection
data. It involves the delineation and interpretation of reflec-
tion geometry, continuity, amplitude, frequency, and interval
velocity, as well as the external form and three-dimensional
associations of groups of reflections. Each of these seismic
reflection parameters contains information of stratigraphic
significance.

One of the easiest attributes to map and define is the
geometry of the reflections. Prograding basin-margin units
are commonly seen on seismic data to consist of topsets
and clinoforms (Fig. 3.10; and as described in Chapter 2,
section 2.1.2). Examples are shown on Fig. 3.7, with the
late Eocene package east of SP 1200 and below 0.7s
displaying well-developed topsets and clinoforms. The
dipping reflections to the west of this package are clino-
forms, with minor or absent topscts. A well-developed
topset—clinoform package can be interpreted as represent-
ing a systems tract of paralic to shelfal units {the topsets)
and slope sediments (the clinoforms). The break in slope
between the two is the offlap break (Fig. 2.3).

Other sedimentary units, such as submarine fan lobes,
may sometimes have a similar shape, with relatively flat
reflections becoming steeper in a basinward direction. The
key to recognizing a true topset—clinoform package is to
recognize a clear offlap break, and for the topset reflections
to be concordant and parallel. Both these criteria are met
by the late Eocene package in Fig. 3.7. Occasionally, clino-
form reflections can be scen to decrease in slope downward,
and pass basinward into flatter lying reflections known as
bottomsets. In other cases the more distal low-angle reflec-
tions are not in depositional continuity with the clinoforms,
but form separare depositional packages onlapping the
clinoform front.

Ramasayer (1979) presented a rigorous methodology
for two-dimensional seismic facies mapping, known as the
‘AB,C technique’. Three characteristics of each seismic
package are recorded, given code letters (Table 3.2) and
mapped. These are the nature of the reflection terminations
against the upper boundary, the naturc of the reflection

Apparent truncation
N

T
SEISMIC RESPONSE (termination of reflections below a dipping surface)

Fig. 3.9 Apparent truncation; the

termination of reflections against an

! overlying surface, which looks like

“ erosional truncation, but represents

‘ the original depositional limit of the
strata
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. Sigmoid

Fig. 3.10 Types of clinoform profile

> Oblique : Sigmoid-
- tangential: oblique:

~ Oblique -
i paraliel

(after Mitchum et al., 1977a) L

Table 3.2 Seismic facies classification (from Ramasayer,
1979)

Code system A-B/C

Upper boundary (A) Internal configuration (C)

Te, erosional truncation P, paraliel
Top, toplap D, divergent
C, concordant C, chaotic
W, wavy
Lower boundary (B) DM, divergent mounded
On, onlap M, mounded

Dwn, downlap
C, concordant

Ob, oblique progradational
Sig, sigmoid progradational
Rf, reflection free

Sh, shingled

terminations against the lower boundary, and the internal
configuration of the reflections. Thus the late Eocene pack-
age in Fig. 3.7 mentioned above would be characterized in
its proximal portion as: C-On/P; and in its distal portion
as: C-Dwn/Ob.

These codes can be marked on a map, and distributions
of the various seismic facies can be constructed using the
entire seismic grid. With calibration from well data, it is
often possible to make a reasonable geological facies map
from seismic facies. The late Eocene seismic package de-
scribed above has not been drilled, but the seismic strati-
graphic and seismic facies analysis presented here predicts
that it contains a basin-margin—slope assemblage. How-
ever, the nature of the facies within the topsets is still
uncertain, and could be either alluvial plain, coastal plain,
paralic or shelf facies. An example of a seismic facies map
is shown as Fig. 3.11, reproduced from Mitchum and Vail
(1977).

There is no unequivocal link between seismic facies
and depositional systems, with the probable exception of
the link between clinoforms and slope systems. Sangree
and Widmier (1977) list seismic facies with their geological
interpretation, but without well control this link is tenuous.
Continuous flat-lying reflections may, for example, reflect
deep-marine shales, coastal-plain topsets, alluvial plain, or
lacustrine facies. However, a seismic facies map may be
used to construct one or more tentative geological models,
which should then be tested against and calibrated by well

penetrations through the mapped interval. Without well
control, a seismic facies map generally remains open to
several geological interpretations.

Using modern geophysical workstation technology a range
of parameters can be quantified and mapped for any seismic
package. The amplitude of the seismic reflections at the top
or basc of the package can be mapped (Enachescu, 1993).
Workstations can ‘snap’ a pick to the seismic data, ensuring
thar the horizon interpreted always lies on a seismic trough
or peak, and can map the amplitude of that horizon
through the data set. An amplitude map can be read
directly as a geological facies map where the amplitude of
the reflection is related to the geology. For example, under-
lying sands may result in a low-amplitude reflection, whereas
underlying shales result in a-high amplitude. The amplitude
map would thus show the sand—shale distribution. How-
ever, in a seismic stratigraphic interpretation, where the
top of a seismic package is not a reflection but a surface of
reflection terminations, it may not be possible to ‘snap’ the
pick to any one reflection, and amplitude maps of seismic
surfaces may not be possible.

The average amplitude of the whole package is often a
useful attribute. This generally is measured as a root-mean-
square of the amplitude within the package (RMS ampli-
tude;, or as a mean square amplitude {‘average energy’).
This attribute can be quantified, mapped and contoured
using a workstation, and used to differentiate zones of
different seismic amplitude. Seismic amplitude is a function
of density and/or velocity contrasts in the bedding, and
often is related closely to the depositional facies. In sub-
marine fans, for example, the channels may be recognized
as lincar zones of high-amplitude reflections and the depo-
sitional lobes as zones of low amplitude (or often vice
versa). For example, Den Hartog Jager et al. (1993) show a
‘gated amplitude extraction’ (RMS amplitude) of an interval
which includes the channel within the reservoir of the
Forties Field. The outline of the channel is clearly seen as a
linear zone of anomalous amplitude.

3.2.4 Recognition of stratigraphic surfaces

The key surfaces that divide stratigraphy into component
systems tracts arc sequence boundaries, transgressive sur-
faces, maximum flooding surfaces and marine onlap/down-

lap surfaces between the lowstand fans and the lowstand -

55

Aydeadueng orwsiag | ¢ 421dvy)



Scale: Key:
Downlap

0 16
Onilap

N x

Seismic Fig'. 3.11 An cxample of a seismic
lines facies map (from Mitchum and Vail,
S 1977). This map shows reflection

wedge (Chapter 2). Most of these can be recognized as
seismic surfaces (Fig. 3.12).

A sequence boundary (Chapter 2) can be recognized on
seismic data in two ways; from the development of a high-
relief truncation surface, particularly one which erodes the
topsets of older units, and by a downward shift in coastal
onlap across the boundary.

High-relief erosion surfaces can be seen on Fig. 3.7 ar
around 0.2—0.3s. These are sequence boundaries, associ-
ated with glacial lowstands and fluvial erosion, possibly at
the base of the ice cover.

Coastal onlap is the proximal onlap of topset reflections.
As these are believed to have formed at or close to sea-level
and certainly within the reach of shallow marine processes,
a downward (and thus basinward) shift in coastal onlap
implies a fall in relative sea-level, which can be assumed to
have been accompanied by subaerial exposure and erosion
over the topset area. Where coastal onlap falls below the
previous offlap break, the topset reflections onlap an older
clinoform, and the sequence boundary is a type 1 sequence
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boundary. Where coastal onlap does not fall below the
previous offlap break, the topset reflections onlap an older
topset, and the sequence boundary is a type 2 sequence
boundary. The difference between type 1 and type 2 sequence
boundaries is discussed in more detail in Chapter 2.

The late Eocene package on Fig. 3.7, lying below 0.7s
and to the east of shotpoint (SP) 1200, overlies a sequence
boundary. This is shown by the onlap of three topset
reflections against an older clinoform, around SP 1200.
The lowest topset onlaps at 0.8 s, whereas the offlap break
of the underlying clinoform lies at 0.7s. This sequence
boundary is type 1, representing a fall in relative sea-level
of around 100 m (equivalent to 0.1 TWT).

A transgressive surface marks the end of lowstand pro-
gradation, and the onset of transgression. It need not be
associated with any reflection terminations, but will mark
the boundary between a topset—clinoform interval, and an
interval of only topsets (sec Fig. 3.7).

A maximum flooding surface is recognized on seismic
data as a surface where clinoforms downlap on to under-



Fig. 3.12 Seismic surfaces within a
sequence

I
i
|

Maximum fiooding surface

o ’ //Sequence boundary

Top fan surface
/

Top basin-floor fan surface
/
I

lying topsets, which may display backstepping and apparent
truncation. Note that not every downlap surface is a maxi-
mum flooding surface. An important downlap surface usually
can be mapped at the base of the clinoforms of the lowstand
prograding wedge. This is the top lowstand fan surface (as
the lowstand wedge often downlaps on to the fan). The
difference is that the facies below this downlap surface are
basinal deposits, not topsets. An additional complication
can occur in a generally transgressive setting, where both
the highstand and lowstand wedge downlap on to topsets
of an older sequence. If it is possible to correlate the
downlap surface landward, it should pass laterally into
either a sequence boundary (in which case it is the top
lowstand fan surface) or into a topset assemblage (in which
case it is the maximum flooding surface).

In a basinal setting, packages of reflections are bounded
by marine onlap surfaces. Ideally these surfaces should be
correlated landward, into a basin margin setting, and ident-
ified as one of the four surfaces above. This will not always
be possible, particularly in a gencrally retrogradational
setting, where older slopes form zones of bypass. In a distal
setting in a basin, where the only deposition consists of
lowstand fans, the marine onlap surfaces between the fans
will represent condensed intervals time-equivalent to the
lowstand wedge, highstand, and transgressive systems tracts,
and will contain the correlative conformities to all four of
the surfaces mentioned above.

3.3 Recognition of systems tracts on
seismic data

It was suggested in Chapter 2 that systems tracts should be
identified by the nature of their boundaries, and by the
stacking pattern of their internal stratigraphy. This principle
applies to their recognition from seismic data. If the nature
of the boundaries has been interpreted, the systems tract
has been identified. Examples of systems tracts on seismic
data are shown on Figs 3.14—3.17, from the Palacogene
succession of the central North Sea. This succession is ideal

for performing seismic stratigraphy, being shallow, well
resolved by seismic data, and complex. Details of the
stratigraphy, derived from the same data set, are presented
by Jones and Milton (1994), who discuss how the sequences
and systems tracts are distorted by the effects of high rates
of uplift of the basin margins.

3.3.1 Recognition of lowstand systems tracts

A lowstand systems tract is bounded below by a sequence
boundary, and above by a transgressive surface. These
surfaces are recognized by the criteria mentioned above.
Figure 3.13 shows a lowstand systems tract, already dis-
cussed as part of Fig. 3.7. The lower boundary is identified
as a sequence boundary by the coastal onlap of three topset
reflections against an older clinoform (a downward shift in
coastal onlap of around 100m). The nature of the top
surface cannot be determined from Fig. 3.13, because we
cannot see the eastern limit of the systems tract. However,
other data in the area confirm this to be a lowstand
prograding wedge. This seismic package is the T98 unit of
Jones and Milton (1994). It is latest Eocene (or possibly
early Oligocene), but is too shallow to be prospective due
to biodegradation of oil at shallow depths of burial in this
area. Submarine fans also are developed in this lowstand
systems tract, but are not intersected by this particular
seismic line.

Figure 3.14 shows a lowstand systems tract in the same
area, but deeper in the succession. It is recognized as a
lowstand systems tract because it is underlain by a sequence
boundary, recognized by the downward shift in the toplap
level of the clinoforms within the systems tract. It is also
overlain by a transgressive surface (a transition to a retro-
grading topset unit, shown in more detail in Fig. 3.15), and
it contains a basinal fan unit, recognized as a mounded unit
of a couple of reflections lower, and more distal, than the
clinoforms. The details of the relationship between the
clinoform reflections and the basinal reflections is not clear,
but a possible interpretation has the clinoforms down-
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Fig. 3.13 A lowstand systems tract on seismic data. On this
part of this line, only the lowstand prograding wedge is seen.
The underlying sequence boundary is recognized by a
downward shift in coastal onlap. Late Eocene, Outer Moray
Firth, central North Sea

lapping on to a top fan surface (Fig. 3.14). This lowstand
systems tract therefore may be divided into two parts, a
lowstand fan and a younger lowstand wedge.

This systems tract is dated as late Palacocene, and forms
part of the T45 unit of Jones and Milton (1994). The
clinoforms would represent the Dornoch Formation, whereas
the basinal shales would be the Sele Formation. Larger Sele
Formation fans form attractive reservoir targets in the
North Sea. This lowstand represents the time of maximum
uplift of the Scottish Mainland and the adjoining North
Sea during the Palaeocene uplift episode (Jones and Milton,
1994).

Seismic surface

= Reflection termination

3.3.2 Recognition of transgressive systems tracts

Transgressive systems tracts are bounded below by a trans-
gressive surface and above by a maximum flooding surface
and consist of retrograding topset parasequences. Trans-
gressive systems tracts are often very thin, and may consist
of no more than one reflection. Figure 3.15 shows a trans-
gressive systems tract from the early Eocene of the central
North Sea. It is recognized as a transgressive systems tract,
as its base marks the transition from an underlying interval
of mainly clinoforms, to an interval of mostly or entirely
topsets. It also clearly shows internal retrogradational
geometries. Two high-amplitude reflections are seen within
the systems tract, the higher (younger) of which is dis-
placed landward with respect to the lower. These reflections
come from two retrograding coal intervals; one or both of
which is equivalent to the Top Dornoch Formation coal of
Deegan and Scull (1977). This figure shows the difficulty
of using time-transgressive facies such as coals to subdivide
stratigraphy.

The transgressive systems tract is overlain by a maximum
flooding surface, recognized by the downlap of overlying
clinoforms. A further coal overlies these clinoforms (the
Top Beauly Formation coal), marking the next transgression.
No clear apparent truncation can be seen below the maxi-
mum flooding surface, except perhaps at the extreme right-
hand end of the systems tract (Fig. 3.15).

3.3.3 Recognition of highstand systems tracts

Highstand systems tracts are bounded below by a maximum
flooding surface and above by a sequence boundary and
exhibit progradational geometries. Figure 3.16 illustrates a
highstand systems tract from the early Eocene of the central

Seconds TWT

Fig. 3.14 A lowstand systems tract on seismic data. Here the lowstand wedge can be seen as a clinoform unit, with a toplap level
significantly below the previous highstand offlap break. A lowstand fan unit is seen as a mounded unit with bi-directional

downlap. Earliest Eocene, Outer Moray Firth, central North Sea
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Fig. 3.17 Not every seismic line
encounters every systemns tract. Seismic

Lowstand
fan

North Sea. It consists of prograding topsets and clinoforms,
representing progradation, and it overlies a maximum flood-
ing surface. Clinoforms within the systems tract downlap
topsets of the underlying systems tract. Apparent truncation
can be seen beneath this surface, and the underlying systems
tract infills erosional relief on an older sequence boundary.
The systems tract also underlies a sequence boundary. Flat-
lying topsets of the subsequent systems tract onlap the last
highstand clinoform (representing a downward shift of
about 100 m). The nature of the two boundaries and the
progradational architecture confirm this as a highstand
systems tract. In detail, this highstand systems tract could
be interpreted to consist of two or perhaps three down-
stepping progradational wedges (each one displaced basin-
ward and below the previous wedge). These are probably
higher order (fourth order) sequences, and the systems
tract is a composite systems tract, as discussed in Chapter 2.

3.4 Pitfalls in interpretation

There are many pitfalls and ambiguities inherent in seismic
stratigraphic interpretation. The more important ones are
outlined below.

1 Seismic data have a relatively coarse resolution, and
stratal relationships in thin successions may be impossible
to resolve.

60

line A—A’ here misses the incised
valley and lowstand fan

2 Not every systems tract will be present on every line.
Any one line may, for example, completely miss the low-
stand fan system. This is illustrated in Fig. 3.17, where a
lowstand fan is shown developed at the mouth of a canyon
incised into a highstand slope. A seismic section along line
A—A’ would encounter neither the incised valley nor the
lowstand fan.

3 A common mistake is to assume that all seismic surfaces
which have been identified by reflection terminations must
be sequence boundaries sensu Van Wagoner et al. (1988).
4 The key to successful seismic stratigraphy is the appreci-
ation of the significance of coastal onlap and being able to
recognize it on seismic data. However, it is easy to confuse
marine and coastal onlap. Although coastal onlap is con-
fined to topset reflections, it is not always easy to determine
which reflections are truly topsets. Topsets can be identified
confidently only where they are parallel and lie landward
of an offlap break.

§ Fluvial incision and marine canyons may be easily con-
fused. Fluvial incision is an indicator of a sequence bound-
ary; canyon cutting is not necessarily so.

6 In a clinoform succession with extensive bottom sets, it
is easy to misidentify the downlap surface. Many of the
clinoforms will terminate against older bottomsets, and the
true downlap surface is at the bottomset terminations.
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Outcrop and Well Data

4.1 Introduction and historical perspective

4.4 Sequence stratigraphy of wireline logs
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4.3.1 Parasequences in outcrops and 4.4.5 Log responses from basinal stratigraphic interpretation of a
cores environments well-log data base
4.3.2 Parasequence stacking patterns 4.4.6 Estimation of depositional

and systems tracts
4.3.3 Key stratigraphic surfaces in
outcrops and cores

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 Mincralogists (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 significant publication, Van Wagoner ez al.
(1990) dealt specifically with high-resolution sequence
stratigraphy from outcrop, core and wireline log data.
With the publication of these volumes, outcrop, core and
wireline 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—10.

controls and sequence
stratigraphy from log response

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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only in shallow marine and shoreline successions, and are
much more difficult to identify in deeper shelf and basinal
settings, and in non-marine environments.

The precise nature of the parasequence geology depends
on the facies associations, and several end-members are
described in section 2.5 and by Van Wagoner et al. (1990).
The most common is the coarsening-up signature (Fig.
4.1), widely recognized in parasequences from marine set-
tings. Here, the shale content decreases upwards, but sand
content and bed thickness may increase upwards. The
marine flooding surfaces can be recognized by abrupt
deepening, for example marine shales lying erosively on
sandstones with rootlets. In addition, a number of non-
diagnostic features characterize the outcrop and core ex-
pression of parasequence boundaries:

1 marine carbonate, phosphate or glauconite may be pre-
sent, suggesting low siliciclastic sedimentation rates:

2 lags, which may record the transgression of the shoreface,
are common, but are generally thin (< 10cm thick) and
contain only sediment reworked from below;

3 where flooding surfaces pass into amalgamated marine
sandstones they sometimes can be traced as zones of pref-
erential marine sedimentation;

4 if outcrop exposure is good enough, or cores are spaced
sufficiently closely, parasequence boundaries may be rec-
ognized as essentially flat, with only a few centimetres (but
rarely up to a metre or two) of sediment eroded at the
boundary.

Dirtying-up parasequences may rarely also be recognized
from tidal estuary facies, and parasequences that shallow-
up to a non-marine facies may have a fine-grained unit of
paralic shale at the top, and possibly a coal bed.

Parasequences should have correlative units in contem-
porancous alluvial systems. Cyclicity in alluvial/fluvial
systems generally results in stacked channel facies, which
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individually may show fining upward trends in core and
outcrop. The link between thesc channel cycles and the
parasequences further down the systems tracts is discussed
in more detail in Chapter 8.

4.3.2 Parasequence stacking patterns and systems tracts

The stacking patterns (or ‘architecture’) of parasequences
are discussed in section 2.5.3. The three patterns observed
arc progradational, in which the facies at the top of each
parasequence becomes progressively more proximal, aggra-
dational, in which the facies at the top of each parasequence
is essentially the same, and retrogradational, where the
facies become progressively more distal. These stacking
patterns can be recognized both in outcrop and in core, and
the position of the parasequences with respect to a major
stratigraphic surface can help to constrain the systems tract
represented by the parasequence architecture.

The example illustrated in Fig. 4.2 is from the Viking
Formation, Alberta, Canada. A core cut in well 6-11-48-
21—-W4 shows two complete parasequences, considered to
have been deposited in a tidal sand-sheet environment
{Chapter 8, and Reynolds, 1994a). At its base the core
penctrates the top of a strongly bioturbated, fine-grained
sandstone with rare ripple-scale cross-lamination. An abrupt
decrease in the sandstone content marks the first flooding
surface, which is also bioturbated and contains scattered
medium-grade sand grains. Upward, there is a steady in-
crease in sandstone content and change from horizontal to
vertical burrows. These changes, along with an increase in
the preservation of unburrowed cross-beds, are interpreted
to indicate shallowing and progradation within a para-
sequence. The top of this parasequence is marked by a
decrease in sandstone content and by scattered medium-
grade sand grains, followed again by burrowed systems

Fig. 4.1 Coarsening upward
parasequence in outcrop, Panther
Tongue Formation Cretaceous,
Midwest USA. Telegraph pole
for scale
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Fig. 4.2 Parasequences in core, Viking
Formation, Alberta, Canada. See text
for details. FS, flooding sequence;

SB, sequence boundary 0
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similar to the first parasequence, but towards the top of
this second parasequence, dune-scale cross-bedding (sensu
Ashley, 1990) predominates. This cross-bedding is intepreted
to indicate daily current activity, the development of a
more proximal facies and hence a progradational para-
sequence set. Above the second parasequence is a third
flooding surface, marked by a thick lag deposit, then a
dramatic change in grain size and sedimentary structures.
The change in sedimentary processes suggest that this
surface may be an interfluve sequence boundary (Chapter

8). which from regional mapping evidence correlates lat-
erally with the development of an incised valley. The most
likely interpretation of the progradational parascquence set
in this example is as a highstand systems tract, overlain by
a sequence boundary.

Retrogradational parasequence architectures are well-
demonstrated in an outcrop example from the Jurassic
Scarborough Formation in Yorkshire (Fig. 4.3, and Gowland
and Riding, 1991). Below the Scarborough Formation, the
Gristhorpe Member is characterized by rooted crevassesplay
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sandstones, which record a lower delta-plain environment,
capped by a coal, which is in turn overlain by a dark
mudstone. The coal is interpreted to record the cutting off
of clastic sediment supply during initial relative sea-level
rise, with the base of the mudstone forming the flooding
surface followed by mudstone deposition in a transgressive
lagoon. The mudstone is overlain by two irregular coarsen-
ing upward parasequences, with the base of the first mud-
stone exhibiting bioturbation and a sharp contact with the
underlying mudstone. The sharp contact is interpreted to
represent the transgression of a low-energy shoreline, and
the parasequences themselves are considered to have been
deposited in a wave-influenced brackish embayment in a
lower delta-plain setting. Three further parasequences can
be distinguished, each of which has an upward-coarsening
signature, but in contrast with the first two parasequences,
they show bioturbation and the development of carbonates
on the flooding surfaces. The upward increase of bio-
turbation and carbonate content, along with an increase in
marine fauna, indicate that the parasequences comprise a
retrogradational set. Regional geological evidence also shows
that the fifth parasequence is the most marine portion of
this particular section, following which there is some evi-
dence for parasequence progradation. This retrogradational
parasequence set is hence interpreted as a transgressive
systems tract.

4.3.3. Key stratigraphic surfaces in outcrops and cores

As described above, parasequence architecture can help to
indicate the status of a stratigraphic surface. However, it
may be difficult to distinguish a flooding surface separating
parasequences from a more significant flooding surface in
the absence of continuous core coverage in the subsurface,
or from limited exposure. In the absence of interpretable
wireline-log evidence or a regional geological context, such
surfaces should not be overinterpreted beyond naming
them flooding surfaces. Such caveats also apply to sequence
boundaries, where lack of exposure or core coverage can
give rise to the overinterpretation of boundaries. Sharp-
based channel sandstones cutting into flood-plain deposits
may simply represent a river meandering across its flood-
plain, a normal sedimentary process, rather than abrupt
fluvial incision caused by sea-level fall. In cases where a
sequence boundary is suspected but not proven, it can be
referred to as a candidate sequence boundary.

The recognition of a sequence boundary from outcrop or
core requires the recognition of a facies dislocation; the
superposition of a relatively proximal on a significantly
more distal facies without the preservation of the inter-
mediate facies (Fig. 4.4). This is not likely to be obvious in
all locations; in the core example described above, the
sequence boundary was represented by a lag deposit that
could be correlated regionally into an incised-valley fill.
However, if an incised-valley fill is cored or exposed, the
rapid jump from fully marine to fluvial or estuarine valley-
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fill deposits may be dramatic. This is particularly well
illustrated by the Scarborough Formation outcrop described
in the preceding section. Above the retrogradational para-
sequence set a thin progradational unit of fully marine
highstand parasequences is evident. Above this unit is a
thick, coarse sandstone, the Moor Grit, which cuts down
into the underlying Scarborough Formation (Fig. 4.3). The
Moor Grit is an incised-valley fill of tidally influenced
sandstones, with minor mudstone drapes, showing a facies
dislocation with the underlying fully marine mudstones
and sandstones.

In areas of spectacular mountainside exposure it may be
possible to recognize the major stratigraphic surfaces from
large-scale geometries. This has been possible in the Italian
Dolomites, where progradational Triassic carbonate plat-
forms show slope sediments of the highstand systems tract
downlapping deeper water mudstones and carbonates of
the transgressive systems tract. The line drawing of Fig.
4.5, from Bosellini (1984), shows the outcrop expression of
a maximum flooding surface at the base of prograding
clinoforms of the Catanaccio.

4.4 Sequence stratigraphy of wireline logs

Sequence stratigraphic analysis of wireline logs is an im-
portant component of analysing a subsurface data set. Log
data allow lithology and depositional environment to be
placed on the seismic section, thus linking seismic facies,
rock properties, and sedimentological facies. Tying seismic
to well data is not a trivial exercise, however, and the
reader is referred to McQuillin et al. (1984) for further
details.

Sequence stratigraphic analysis of wireline log data is
neither easy nor unambiguous. Some systems tract bound-
aries may have a subtle expression on logs, and may even
be hard to recognize in core (section 4.3). Correlation
between individual wells is often ambiguous. Where wells
are closely spaced and core control is good, for example in
a data set of production wells from an oil or gas field, the
data coverage may be sufficient to resolve the sequence
stratigraphy. However, a more sparse well-data-set may
not allow a single stratigraphic model to be derived.

4.4.1 Log suites used in sequence stratigraphy

Sequence analysis is concerned with the inference of depo-
sitional controls on sedimentary successions. Sequence analy-
sis of a log suite must thereforc concentrate on logging
tools that measure depositional parameters. It is important
to be aware of the potential pitfalls involved in attempting
to obrain stratigraphic information from log responses. A
more comprehensive discussion of the use of logs is provided
by Rider (1986).

A suite of wireline logs over an interbedded succession of
siliciclastics is shown in Fig. 4.6, and the individual log
curves are discussed below.
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Gamma-ray logs

The gamma log is one of the most useful logs for sequence
stratigraphic analysis, and is run in most wells. The radio-
activity of the rock, measured by the gamma tool, is
generally a direct function of the clay-mineral content, and
thus grain sizc and depositional energy. Gamma-ray logs
are often used to infer changes in depositional energy, with
(for example) increasing radioactivity reflecting increasing
clay content with decreasing depositional energy. Although
this usually is the case, there are exceptions where this rule
breaks down.

Uranium in organic-rich anoxic shales, or precipitated
post-depositionally in sandstone aquifers, may give anom-
alously high gamma readings. The radioactivity from feld-
spar in arkosic sandstones may give a high gamma reading,
as may concentrations of heavy minerals in lags, particularly
monazite and thorite. Some of these effects can be dis-
tinguished by using a spectral gamma log.

Most of the variations on the gamma log shown on Fig.
4.6 are related to depositional parameters, and to the sand :
shale ratio. Exceptions are the cemented zones and coals,
which have low gamma readings without being necessarily
more sand rich.

Sonic

Sonic logs measure the sonic transit time through the
formation. Transit time is related to porosity and lithology.
Shales will have a higher transit time (lower velocity) than
sandstones of a similar porosity, which sometimes allows
the sonic log to be used as a grain size indicator. High
concentrations of organic matter in coals and black shales
will result in very long travel times, and these ‘troughs’ on
the sonic log are often indicators of organic-rich condensed
sections. The log is also affected by post-depositional
cementation and compaction, and by the presence of frac-
tures. The sonic log in Fig. 4.6 does not differentiate very
well between sandstones and mudstones, but clearly indi-
cates the cemented zones and coals.

SP log

SP (spontaneous potential) logs measure the difference in
electrical potential between the formation and the surface.
They are sensitive to changes in permeability, and are good
at distinguishing trends between permeable sands and im-
permeable shales. The SP log works best where there is a
good resistivity contrast between the mud filtrate and the
formation water. Opposite impermeable shales the SP curve
usually shows a more-or-less straight line on the log, known
as the shale base line, and any differentiation within the
shales is best done on the gamma or resistivity logs. Spon-
taneous potential is affected by hydrocarbons, cementation
and changes in formation water salinity. The SP log in Fig.
4.6 differentiates between the sandstone—mudstone inter-

beds in the lower part of the section, but is of little use for
determining trends in the upper mudstone.

Density—neutron suite

The density—neutron suite (the Schlumberger FDC—CNL
suite, and other similar curves) is the best indicator of
lithology and thus can be used to link lithology and depo-
sitional trends. It is one of the best log suites for sequence
stratigraphic analysis, but is not as commonly run as a
gamma tool. The density (FDC) log measures the electron
density of the formation via the backscatter of gamma rays,
which is related to the true bulk density. The neutron log
(CNL) attempts a measurement of formation porosity by
using the interaction between neutrons emitted from the
tool and hydrogen within the formation.

The logs are scaled to approximately overlie in clean
carbonate lithologies. In clean sandstones there will be a
small separation (larger if the sand is feldspathic). An
increase in shale content will result in an increasing neutron
reading (from hydrogen in bound water within the clays)
with no apparent change in density. The resulting cross-
over and separation between the curves can be a sensitive
and useful grain-size indicator. In addition, coals are easily
identified on the density—neutron suite. The density log is
affected by caved hole (oversized borehole due to erosion
or collapse of the walls), and by heavy minerals such as
pyrite and siderite. The presence of gas increases the neutron
response, owing to the high proportion of hydrogen atoms
within methane.

The density—neutron suite in Fig. 4.6 is as good as the
gamma log for determining depositional trends, with the
added bonus that the coals and cemented zones are differen-
tiated clearly. The density log in particular is a good
indicator in this well of small-scale upward-cleaning cycles
{e.g. in the water-bearing sandstone).

Resistivity suite

Resistivity logs measure the bulk resistivity of the rock,
which is a function of porosity and pore fluid. A highly
porous rock with a conductive (saline) pore fluid will have
a low resistivity, whereas a non-porous rock, or a hydro-
carbon-bearing formation, will have a high resistivity.
Resistivity trends may be excellent indicators of lithology
trends, provided the fluid content is constant (i.e. in the oil
leg or in the water leg). Resistivity logs often are excellent
for correlating within shale successions, or within clean
sandstones with uniform gamma response. Different resis-
tivity logs give different scales of bed resolution, and the
raw resistivity traces from dip-meter logs, measured every
2.5 or Smm, provide geological information on a bed-
scale. In Fig. 4.6, the effect of the oil leg in the upward-
cleaning sandstone masks any depositional trends.
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4.4.2 Log trends

Log response may be used to estimate lithology, subject to
the caveats above. Trends in log response (at any scale)
therefore may equate with trends in depositional energy,
and thus with patterns of sedimentary infill. In shallow
marine successions, for example, increasing depositional
energy is related directly to decreasing water depth. The
literature is full of studies relating log trends to deposition;
for example linking point-bar deposits to trends of upward-
increasing gamma, or mouth-bar deposits to trends of
upward-decreasing gamma (e.g. Pirson, 1977; Coleman
and Prior, 1980; Galloway and Hobday, 1983; Cant,
1984; Rider, 1986).

A number of distinctive trends are recognized frequently
on wireline logs, and generally are described from their
gamma-log expression. Log trends may be observed as a
change in the average log reading, or from shifts in the sand
or shale base line (where the sand base line on a gamma log
is the line marking the minimum gamma locus of the curve
over an interval, and the shale base line is the line marking
the maximum gamma locus). Typical log trends are illus-
trated on Fig. 4.7, and their significance is discussed below.

The Cleaning-up trend shows a progressive upward de-
crease in the gamma reading (generally seen in both the
sand base line and the shale base line; Fig. 4.7) representing
a gradual upward change in clay-mineral content. This is
either a progressive change in lithology (seen in many
intervals in Fig. 4.6), or a gradual change in the proportions
of thinly interbedded units below the resolution of the
logging tool. '

The trend of the other log curves depends on the log
response of the cleaner lithology. In a water-bearing clay—
silt—porous sand assemblage, the sonic transit time often
decreases upward initially from shale to silt, then increases
upward as sand porosity increases, while the resistivity
decreases upward and the FDC—CNL curves cross over
cach other. The pattern may be significantly different where
the sands are progressively cemented or are hydrocarbon-
bearing.

In shallow marine settings the cleaning-up motif is usually
related to an upward transition from shale-rich to shale-
free lithologies, owing to an upward increase in depositional
energy, upward shallowing and upward coarsening. This
interpretation should be cross-checked with any available
palacobathymetric data (core, biostratigraphic, presence

Gamma

Res Sonic

Y
s

CLEANING-UP TREND
(or funnel trend)

Gradual upward decrease
in gamma

DIRTYING-UP TREND
(or bell trend)

Gradual upward
increase in gamma

/\I‘“’\/ \/1

BOW TREND

{or symmetrical trend)
Gradual decrease
then increase in
gamma

IRREGULAR TREND

A‘,w-.’&

.

BOXCAR TREND

(or cylindrical trend)
Low gamma, sharp
boundaries, no internal
change

-

Fig. 4.7 Idealized log trends, assuming
saltwater-filled porosity

Key:
Vi Resistivity assumes water-filt
1 Sonic assumes no cementation;

porous sands slower than shales
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of marker lithologies such as coal, etc.), and seismic data
should be used to place the well in depositional context.
Figure 4.8 shows a cleaning-up gamma trend, from the
Middle Jurassic Tarbert Formation, of a well in the northern
North Sea (reproduced from Mitchener et al., 1992). Core
control demonstrates that this corresponds with an upward
coarsening and an upward shallowing of the facies.

There is a general coincidence between seismic clinoforms
and large-scale cleaning-up motifs, discussed in more detail
in section 4.4.4.

In deep marine settings the cleaning-up motif is seen
generally as part of a more symmetrical bow trend (dis-
cussed below), related to an increase in the sand percentage
of thinly bedded rurbidites.

Occasionally, cleaning-up units also may be a result of a

gradual change from clastic to carbonate deposition, or a
gradual decrease in anoxicity, neither of which need be
related necessarily to upward-shallowing or to progradation
of a depositional system.

The ‘dirtying-up® trend shows a progressive upward
increase in the gamma reading (generally scen in both the
sand base line and the shale base line; Fig. 4.7), related to a
gradual upward change in the clay-mineral component.
This could be a lithology change, for example from sand to
shale, or an upward thinning of sand beds in a thinly
interbedded sand —shale unit. Both of these imply a decrease
in depositional energy. As in the cleaning-up trend discussed
above, the trend on the other curves depends on the log
response of the cleanest sand.

Upward-fining predominates within meandering or tidal
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Fig. 4.8 A cleaning-up log unit from
the Tarbert Formation, Middle
Jurassic Brent Group, northern North
Sea. This unit represents an upward-
coarsening depositional unit, produced
by upwards shallowing during
progradation in a shallow marine
setting (after Mitchener et al., 1992)
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channel deposits, where it represents an upward decrease
in fluid velocity, and thus energy, within the channel.
Larger fining-up units are commonly recorded in coarse
fluvial successions and in estuarine fill (Chapter 8). Channel
deposits often have a basal lag, which may affect the
gamma responsc if the lag contains shale clasts or heavy
minerals.

In shallow marine settings the dirtying-up trend often
reflects the retreat or abandonment of a shoreline—shelf
system, resulting in upward deepening and a decrease in
depositional encrgy. In the case of Fig. 4.9 (reproduced
from Mitchener et al., 1992), the dirtying-up log trend
corresponds with a transgressive shoreline—shelf unit,
assigned to the Middle Jurassic Tarbert Formation, yet
clearly in a different systems tract to the Tarbert Formation
shown in Fig. 4.8. Larger scale shallow-marine fining-up
units may occur through the stacking of smaller coarsening-
up parasequences.

In deep marine settings the dirtying-up motif may be a
result of a decrease in the sand percentage of thinly bedded
turbidites, and so may record the waning/abandonment
period of submarine fan deposition (Fig. 4.11).

Dirtying-up successions also may be a result of a gradual
increase in anoxicity, or a gradual change, perhaps cli-
matically controlled, from carbonate to clastic deposition.

Boxcar log trends (also known as the cylindrical motif)
are sharp-based low-gamma units with an internally rela-
tively constant gamma reading, set within a higher gamma
background unit. The boundaries with the overlying and
underlying shales are abrupt. The sonic reading from the
sands may be either a higher or a lower transit time than
from the shales, depending on cementation and compaction.

The interbedding of the two contrasting log units implies
the existence of two contrasting depositional energies, and
an abrupt switching from one to the other. Boxcar log
trends are typical of some types of fluvial channel sands,
turbidites, and aeolian sands. Several of the sandstone units
in Fig. 4.10 can be described as boxcar sands, and the J64
unit has a boxcar motif. This log is from a turbidite
sandstone reservoir of the North Sea Miller Field, and is
reproduced from Garland (1993).

Turbidite boxcar units generally show a much greater
range of thickness than boxcar fluvial channel units. Trends
of upward-thickening or upward-thinning of boxcar sands
within a depositional unit often can be recognized in turbi-
dites (e.g. upward-thickening sandstones at the base of J64
in Fig. 4.10), and these trends show no systematic shift in
the shale base line or sand base line provided the units are
thick enough to be resolved properly.

Note that shallow-marine sand bodies may have truncated
bases due to faulting, or sharp bases due to falls in relative
sea-level or other factors. These therefore may have a box-
car appearance, although systematic shifts in the shale line
may be observable. In addition, evaporites often have a
boxcar response on the gamma log,.

The Bow trend (also known as barrel trends, symmetrical
trends) consists of a cleaning-up trend, overlain by a dirtying-
up trend of similar thickness and with no sharp break
between the two. A bow trend is generally the result of a
waxing and waning of clastic sedimentation rate in a
basinal setting, where the sediments are unconstrained by
base level, as for example during the progradation and
retrogradation of a mud-rich fan system. Figure 4.11 shows
gammma bows in Jurassic submarine fans in the area of
Ettrick Field, central North Sea. In some of the Ettrick
wells, turbidite sandstone beds are developed in the centre
of the ‘bow’.

The bow trend is seldom developed in a shallow marine
setting, where base-level constraints usually lead to thicker
progradational and thinner transgressive units. However,
shallow-marine bow motifs are not unknown, especially
where rift topography or growth faulting may have con-
strained transgression and allowed a thick transgressive
body to develop.

Irregular trends have no systematic change in either base
line, and lack the clean character of the boxcar trend.
They represent aggradation of a shaley or silty lithology,
and may be typical of shelfal or deep water settings, a
lacustrine succession, or muddy alluvial overbank facies.
Often there may in fact be a subtle and systematic shift in
the base lines in what appears to be an irregular trend.
Redisplay of the logs by increasing the horizontal scaling
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Fig. 4.10 Late Jurassic turbidite sandstones from the Miller Field, central North Sea (after Garland, 1993). Many of the
depositional packages can be described as ‘boxcar’; having abrupt bascs and tops, and relatively consistent internal gamma
response. OWC, oil-water contact; SST, sandstone; MDST, mudstone

and/or dccreasing the vertical scaling may make these
subtle trends visible. Irregular log trends are unlikely in any
shelfal or paralic facies, where cyclic changes in water
depth are likely to be recognized as cyclic log trends. and
identified as parasequences.

4.4.3 The log response of clinoforms

The log response of a systems tract varies significantly,
depending on whether the well passes through clinoforms,
topsets, or basinal deposits. The procedures for sequence
analysis of the log curve will be different in each case, and
analysis of logs from a large number of wells mav be
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needed before a coherent picture of the depositional archi-
tecture can be built ap.

On well logs, a clinoform unit is inferred from a cleaning-
upwards pattern that is suspected to reflect upward-
shallowing. The base of the cleaning-up pattern will be
equivalent to a downlap surface. Confirmation that this log
response represents a prograding clinoform pattern could
come from core or biostratigraphic data supporting upward-
shallowing, because upward shallowing in clastic systems
can occur only through progradation, except in special
circumstances. Additional confirmation is best sought from
seismic data, with subsidiary data from dip-meter studies
(although the dips involved may be small), and the inferred
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setting within the basin and within the stratigraphy (e.g.
between basinal facies below and basin-margin facies above).

The base of a clinoform unit is a downlap horizon. This
may be recognized as a distinct base to the cleaning-up
unit, often with a log facies diagnostic of marine conden-

sation, such as a high-gamma shale (Fig. 4.8), or a cemented
horizon. In other cases the downlap surface is more difficult
to identify. The top of a cleaning-up clinoform trend may
be marked either by an abrupt increase in shale content
(gamma reading), resulting from abrupt deepening across
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the transgressive surface, or it may be overlain by topsets
(see below).

In units thick enough to be resolvable on seismic dara,
breaks in the cleaning-up log profile generally tic with
breaks within the clinoforms. An abrupt increase in shale
content within the clinoform trend implies an abrupt upward
jump to a deeper facies, resulting from lobe switching or
transgression during relative sea-level rise. Similarly an
abrupt decrease in the gamma response may imply an
abrupt jump to a shallower facies, and thus a sequence
boundary, a normal fault or a slump. A sequence boundary
may be distinguishable from a normal fault in these cir-
cumstances by using seismic data, and possibly dip-meter
data, or by mapping it out. Further discussion cn the
recognition of sequence boundaries on logs is found in
section 4.4.7.

Two clinoform units commonly are present within a
sequence, the highstand prograding wedge and the lowstand
prograding wedge (Chapter 2). It is not always possible
from log response to tell which systems tract the clinoform
unit represents, although some indicators are mentioned in
scction 4.4.7. The thickness of the clinoform interval on
the log gives an approximate measure of the clinoform
height, and thus the basin water depth (modified by com-
paction, the effects of syn-depositional subsidence and
other factors).

4.4.4 The log response of parascquences

Topset parasequences are formed by repeated cycles of
filling of accommodation space between the offlap break
and the coastal onlap point, and are seen as small-scale
cycles on logs.

The precise nature of the log response of parasequences
depends on the facies, as described in section 4.4.1. The
most common is the cleaning-up motif (Fig. 4.8), widely
recognized in parasequences from marine settings. In the
cleaning-up motif the shale content decrcases upwards,
whereas primary porosity and bed thickness (as determined
from microresistivity traces) may increase upwards. The
marine flooding surfaces are recognized as abrupt upwards
increases in shale content (and hence gamma and SP read-
ings, and other diagnostic and indicative log responses).
Figure 4.12 shows a series of shallow marine to paralic
parasequences developed in the Middle Jurassic Ness Forma-
tion in the northern North Sea (reproduced from Mitchener
et al., 1992). The parasequences are rccognized in core as
upward-shoaling cycles on a 1-5m scale, often topped
with coal beds. On the gamma log the parasequences are
small-scale upward-cleaning log units, and the marine
flooding surfaces are abrupt upward increases in gamma
reading. Similar parasequences can be seen on Fig. 4.6.
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Parasequence stacking patterns

Progradation, aggradation and retrogradation of the basin-
margin system may be recognizable from the way para-
sequences are stacked into sets. Examples of parasequence
stacking patterns are shown in Fig. 2.26, reproduced from
Van Wagoner et al. (1990). Parasequence stacking, and
parasequence sets, are discussed in section 2.5.3.

4.4.5 Log responses from basinal environments

The log response of basinal units tends to be more sym-
metrical than the log response of clinoforms or topsets. The
exact nature of the log response depends on the nature of
the sediment; mud-rich basinal units tend to show a sym-
metrical bow response (Fig. 4.11), whereas sand-prone
systems tend to show a box-car or cylindrical log trend
{Fig. 4.10). Often wells through different parts of the same
depositional system show different log trends, a key fcature
of submarine fans.

These log trends are separated by log markers that
represent background pelagic sedimentation, uninterrupted
by sediment gravity flows from the basin margin. These
markers are usually thin shales with little or no silt and
sand, which may have anomalously high gamma response,
low density, low resistivity and low sonic velocity. These
shales represent marine condensed intervals (Fig. 4.10). In
some environments the condensed intervals are chert-rich
or carbonate-rich, and appear as sonic spikes. The marine
condensed intervals shown on Fig. 4.10 are well-developed
gamma ‘spikes’ representing pauses in submarine fan sedi-
mentation. These are used to subdivide the stratigraphy of
the Miller Field of the North Sea Jurassic into component
depositional units (Garland, 1993).

Marine condensed intervals represent a cut-off in sediment
supply at the well location, and may be a result of autocyclic
sediment switching on the submarine fan, a change from
‘basin-floor fan’ to ‘slope fan’ sensu Posamentier et al.
(1988) (see Chapter 9), or cessation of basinal deposition
during a phase of rising relative sea-level.

The most prominent log markers are likely to be those
related to a complete cessation of basinal deposition, and
these are also likely to be significant surfaces of seismic
onlap or downlap. They may contain a significant peak
abundance of planktonic fossils, which provide convenient
chronostratigraphically correlatable events (Chapter 6).
They are time-equivalent to the lowstand prograding wedge,
transgressive systems tract and highstand systems tract.
The other condensed intervals described above are likely to
be relatively local and represent limited time intervals.

It i1s not possible to perform a sequence stratigraphic
analysis from basinal sediments alone, as the information
needed to define systems tracts and sequence boundaries is
confined to the basin margins.

4.4.6 Estimation of depositional controls and sequence
stratigraphy from log response

A sequence analysis of a well-log suite is concerned with
the identification of periods of basin-margin progradation
and retrogradation, and the recognition of variations of
relative sea-level. The logging suite shown on Fig. 4.6 is
interpreted in Fig. 4.13, using the sequence stratigraphic
methodology described in this chapter.

Progradation can be recognized from either a clinoform
log response (large-scale cleaning- and shallowing-up unit),
or from the progradational stacking of topset parasequences
(as in Fig. 2.25). Evidence of basin-margin progradation
will be found only within basin-margin units (topsets,
clinoforms and toesets). Basinal logs may record only a
time-equivalent condensed section. Two prograding units
are interpreted on Fig. 4.13. A prograding shale unit is
recognized as a log unit with upward-decreasing gamma
and density, and upward-increasing resistivity and velocity,
representing an upward increase in the silt fraction. A
lower prograding sandstone unit consists of a stack of
parasequences seen most easily on the neutron-density
logs.

Retrogradation of the basin margin is recognized from
retrogradational stacking of topset parasequences, or from
interpretation of a log unit implying significant upward-
deepening (Fig. 4.9). Two retrograding units are recognized
on Fig. 4.13. The upper consists of a stack of very thin
parasequences with prominent hardground flooding sur-
faces (recognized as sonic spikes). The lower is a stack of
paralic parasequences, some of which are topped with
coals.

Rising relative sea level is demonstrated by the recognition
of stacked parasequences in basin-margin wells. For example,
the stacked parascquences of Fig. 4.13 imply cyclic filling
of accommodation volume during continued relative seca-
level rise. Accelerating relative sca-level rise is suggested
(but not proven, see arguments above) by a thickening-up
parasequence stack, especially if this thickening upwards is
regionally recognizable. However, this reasoning can be
applied only to parasequences that aggrade to base level.
The response of a prograding unit, with constant sediment
supply, to accelerating relative sea-level risc is a gradual
upward change from progradation to aggradation, leading
eventually to transgression. This may result in a log motif
that changes from cleaning-up to aggradational, typical of
many lowstand prograding wedges. Decelerating relative
sea-level rise is suggested by a thinning-up stack of para-
sequences that aggrade to base level, especially if this is
regionally recognizable.

4.4.7 Key surfaces

A number of key stratigraphic surfaces need to be identified
on the wireline log data base before the stratigraphy can be
subdivided into its component systems tracts.
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A maximum flooding surface can be recognized in proxi-
mal locations as the surface between a retrograding unit
and an overlying prograding unit. Where these are dirtying-
up and cleaning-up units respectively, the maximum flood-
ing surface will be a gamma-maximum. Maximum flooding
surfaces pass laterally into shelfal condensed intervals.
These may have a distinctive log response, such as a
gamma peak, a resistivity trough, or a density maximum or
minimum. Shelfal condensed sections often contain abun-
dant fossils, thus providing a key biostratigraphic corre-
lation surface. It should not be assumed that every gamma
peak is a maximum flooding surface. The key point is that
the surface lies above a retrograding interval and below a
prograding interval.

Figure 4.14 shows a well log with well-developed cycles
of progradation and retrogradation, some of which con-
sist of stacked parasequences. A clear maximum flooding
surface is shown, between an overlying progradational
parasequence stack and an underlying retrogradational
parasequence stack.

A maximum progradation surface can be recognized in
proximal locations as the surface between a prograding
unit and an overlying retrograding unit. Where these are
cleaning-up and dirtying-up units respectively, the maximum
progradation surface may be a gamma-minimum. The
maximum progradation surface is the top of the para-
sequence that progrades furthest into the basin, and marks
the time of turn-around betwceen progradation and retreat.
If the turn-around is gradual, the maximum progradation
surface may be very difficult or impossible to define; the
surface also may be vulnerable to erosion during trans-
gression. The maximum progradation surface in a type 1
sequence lies at the top of the lowstand prograding wedge.

A clear maximum progradation surface is marked on
Fig. 4.14, marking the boundary between a retrogradational
parasequence stack and an underlying progradational para-
sequence stack.

A marine condensed interval in the basin is recognized as
the shale-break between basinal log motifs (Figs 4.10 and
4.11). As explained above, hierarchies of marine condensed
intervals should be expected, and it is not always easy to
identify which are the most significant. Plots of faunal
aburnidance may help (Chapter 6).

A downlap surface is recognized as the base of a clinoform
(large-scale cleaning-up) log motif. The downlap surface
below the highstand prograding wedge is correlatable with
the maximum flooding surface, and the downlap surface
below the lowstand prograding wedge is correlatable with
the top fan surface or the sequence boundary.

A sequence boundary, resulting from a fall in relative
sea-level, may be difficult to recognize from well data
alone. It requires the recognition of a facies dislocation; the
superposition of a proximal on a significantly more distal
facies without the preservation of the intermediate facies.
This is likely to be obvious only in two locations, on the
front of the highstand clinoforms, and where shelfal erosion
has been significant (i.e. in the incised valleys). In other
localities there may be no significant facies dislocation, and
the sequence boundary will coincide with a later flooding
surface. In cases where a sequence boundary is suspected
burt not proven it can be referred to as a candidate sequence
boundary, for the purposes of constructing predictive
models. On the clinoform slope, a type 1 sequence boundary
would result in a jump to a significantly cleaner log response
within the cleaning-up motif. As discussed above, this
easily could be confused with normal faulting, Only those

Gamma

Fig. 4.14 A well log through the
Late Jurassic reservoir of the Ula
Field, offshore Norway. The
reservoir consists of a series of
shallow marine parasequences
arranged in progradational and
retrogradational stacks. The
maximum flooding surfaces and
maximum progradation surfaces
are used to guide the reservoir
stratigraphy. HST, highstand
systems tract; TST,
transgressive systems tract
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wells that pass through the final clinoform of the highstand
systems tract will see this abrupt jump.

In topsets a type 1 sequence boundary also could be
manifested as a jump to a far cleaner facies, with, for
example, fluvial deposits overlying distal shelf parasequences,
or clean topset strata overlying offshore mud. The sharp
base to a sand is shown on Fig. 4.13 as a candidate
sequence boundary, with clean sand abruptly overlying
shale. An alternative interpretation would have this surface
as a ravinement surface, with an offshore sand overlving a
lagoonal shale. Two sequence boundaries within the Middle
Jurassic Brent Group of the northern North Sea are shown
on Fig. 4.15 (reproduced from Mitchener et al., 1992). The
lower of the two is recognized as an abrupt upwards
cleaning on the logs, and in core as a very coarse to pebbly
transgressive beach facies overlying shelf mudstone. Note
the core-log shift in this well. The second sequence bound-
ary is more subtle, but again marks an abrupt upwards
cleaning and the transition from bioturbated lower shore-
face sandstone to much cleaner (and slightly coarser) beach-
barrier sandstone.

Wells through incised valleys may encounter a sharp-
based clean sand (with a fining-up or blocky trend), rep-
resenting an abrupt upwards shallowing from shelfal facies
to sandy fluvial or estuarine valley-fill. Alternatively the
valley-fill may be shaley, perhaps part of the transgressive
systems tract. In this case it would be difficult or impossible
to recognize the incision, and thus infer the sequence
boundary from wireline logs in a single well. A grid of wells
may allow recognition of the erosional feature, or core may
demonstrate the estuarine nature of the valley-fill muds.

Sequence boundaries often mark an abrupt upward change
from a progradational (cleaning-up) log motif to an aggra-
dational or retrogradational log motif. A candidate sequence
boundary is marked as ‘downshift?’ on Fig. 4.14, identified
from the abrupt change in stacking pattern accompanied
by a subtle shift in sand and shale base lines. Corroborative
evidence is provided by the presence of a pebble lag at this
horizon in several cores.

In many locations the sequence boundary coincides with
a flooding surface, and a downward (basinward) shift in
facies is not present. In these cases the sequence boundary
is invisible on a log data set alone.

A type 2 sequence boundary (after van Wagoner et al.,
1988, described in Chapter 2, section 2.4.6) is difficult or
impossible to demonstrate from well logs alone. The defi-
nition criterion is a downward shift in coastal onlap to a
position landward of the offlap break. This would be
recognized in a well log data set, from correlation of a close
grid of wells, as the coastal onlap of one parasequence on
to the top of another. As type 2 sequence boundaries are
not generally associated with hydrocarbon play geometries,
their subtle nature is not a great worry to the explorer. Van
Wagoner et al. {1988) suggest that a type 2 sequence
boundary could be inferred from the recognition of a time
of minimum rate of rise of relative sea-level at the boundary
between a thinning-up parasequence trend and an overlying
thickening-up trend, although it is debatable whether such
a minimum rate of rise need be accompanied by any
sequence boundary.

4.4.8 ldentification of systems tracts from log response

Recognition of the surfaces above allows subdivision of
the stratigraphy into systems tracts. Naming of the systems
tracts allows them to be placed in the context of cycles of
basin fill, providing the defining criteria exist. Identification
of a systems tract by the nature of its boundaries is discussed
in Chapter 2.

A lowstand fan is recognized as a fan unit bounded by
marine condensed intervals, where the fan package could
be demonstrated to correlate with a basin-margin sequence
boundary. Where this correlation cannot be demonstrated
(e.g. in a single well), it is impossible to decide whether or
not the fan is related to a lowstand.

A lowstand prograding wedge is recognized as a pro-
grading basin-margin unit succeeding a sequence boundary,
and bounded above by a maximum progradation surface.
Recognition of the sequence boundary is necessary before
the lowstand nature of the unit can be demonstrated, and
this may be difficult from well-log data alone. Topset
parasequences in a lowstand wedge ideally would be ex-
pected to show a thickening upward trend, indicating
accelerating relative sea-level, and this acceleration also
may be indicated by an upward change from progradation
to aggradation in the wedge.
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A transgressive systems tract is recognized as a retro-
gradational parasequence set (Fig. 4.14). It is bounded
below by a maximum progradation surface (often coincident
with the sequence boundary) and above by a maximum
flooding surface or its correlative condensed interval.

A bighstand systems tract is recognized as a prograding
basin-margin unit bounded below by a maximum flooding
surface and above by a sequence boundary. Recognition of
the sequence boundary is necessary before the highstand
nature of the unit can be demonstrated, and this may be
difficult from well-log data alone. Topset parasequences in
a highstand wedge ideally would be expected to show a
thinning upward trend, indicating decelerating relative sea-
level rise.

A shelf-margin systems tract would be recognized as a
prograding basin-margin unit succeeding a type 2 sequence
boundary, and bounded above by a maximum progradation
surface. A type 2 sequence boundary, and therefore a shelf-
margin systems tract, is difficult or impossible to recognize
from well data alone.

4.4.9 Pitfalls and ambiguities in
sequence analysis of log data

Several pitfalls in the link between log response and depo-
sitional parameters have been described in section 4.4.1,
and in the interpretation of log trends in section 4.4.2,
Additional, more general, pitfalls and guidelines are described
here.

1 Use core control wherever possible. Log response, even
when calibrated with core, is not an infallible guide to
depositional environment or to systems tract.

2 Do not expect to find every systems tract in every well,
Systems tracts are local and their areas of deposition often
mutually exclusive.

3 Do not expect to recognize the sequence boundary in
every well. It should be obvious where the lowstand wedge
onlaps the highstand front, and at the base of any incised
valley. Elsewhere it may coincide with the transgressive
surface, or lic within an equivalent marine condensed
interval, and so be effectively invisible on logs.

4 Other sharp breaks in log motif may resemble sequence
boundaries (such as faults, slump scars, and the bases of
channels).

5 The best first-pass horizons for correlating between wells
are maximum flooding surfaces and their correlative marine
condensed intervals. These are fairly unambiguous on logs,
and arc usually sufficiently rich in fossils to be dated
reliably.

6 Correlating within the units bounded by maximum flood-
ing surfaces may be extremely difficult. A sequence bound-
ary may be recognized in two widely spaced wells, but it
need not be the same sequence boundary if more than one
higher order sequences are present.

7 Systems tracts cannot be named unless the defining
criteria exist. For example, a progradational systems tract
can be recognized on log data, but if no sequence boundary

is recognized it cannot be assigned to any particular systems
tract. The defining criteria are often not present in a single
well, but may exist on a grid of wells, or on seismic data if
resolution permits.

8 The choice of a hanging-datum (that horizon in the wells
which ends up as a horizontal line on the final plot) is very
important when creating a well-log correlation panel, as
this often influences the way the correlation lines are drawn.
Examples of potential miscorrelation due to the choice of
the wrong datum are shown by Van Wagoner et al. (1990)
in their Fig. 18. The ideal hanging datum is a horizon that
was relatively flat at the time of deposition. A widespread
coal, or a major flooding surface, would make a satisfactory
hanging datum landward of the offlap break.

4.4.10 Check-list for sequence stratigraphic interpretation
of a well-log data base

1 Display the log suite at a consistent scale, chosen to
enhance the log trend. The standard log scale is often far
from ideal for trend interpretation.

2 Mark the major trends on to the logs. Interpret the
gamma log first, and confirm your interpretation on the
other logs. Use core control to correlate facies with log
response. Watch out for cemented horizons on the sonic
log. hydrocarbon legs on the resistivity log, changes to non-
clastic facies and casing shoes (which often look like major
breaks in the log trends).

3 Interpret the gross depositional setting (prograding clino-
forms, topset parasequences, basinal, etc.) using log trends
and marker lithologies (e.g. coals).

4 Use any additional environmental information (seismic
data, core, biostratigraphy).

5 Interpret the major condensed sections from log trend
boundaries and/or log character. Use faunal abundance to
corroborate this.

6 Determine intervals of progradation and retreat from
stacking patterns in parasequences and major clinoform
trends. Identify maximum flooding surfaces and maximum
progradation surfaces. Corroborate with seismic data.

7 Interpret candidate sequence boundaries from facies
discontinuities, evidence of incision of topsets, etc. Corrob-
orate with seismic data and core. Watch out for normal
faults, casing shoes, etc.

8 Interpret trends of parasequence thickening and thinning
to suggest variations in the rate of relative sea-level rise.

9 Interpret systems tracts, if the defining criteria exist,
using parasequence stacking patterns and the nature of the
systems tract boundaries. Sedimentology from core may
help, because certain facies may be suggestive of certain
systems tracts {e.g. coals and tidal deposits in the trans-
gressive systems tract). Cross-check with the seismic data.
10 Continue the interpretation around the entire well-
grid. Tie carefully to seismic data using synthetic seismo-
grams, and correlate with biostratigraphic data. Correlate
sequences, systems tracts, and parasequences (if possible).
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5.2.5 Filling in the chronostratigraphic
chart

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 deposition
(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 are also known as Wheeler diagrams), Mitchum
et al. (1977a,b) and Vail et al. (1977b). A terminology for
the description of rock units in timc was proposed by
Schultz {1982), who introduced the term chronosome tor 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 facics units may be shown.
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a seismic example

The remainder of the chart represents the position and
duration of the areas of non-deposition, hiatus, bypass,
crosion 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 scismic reflections approximate to time-lines (section
3.1.1; Vail et al., 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. 5.1a) is translated into a
chronostratigraphic section (Fig. 5.1¢). Note that any one
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-dimensional charts,



L,
4 et
3 5 3: S T
t \-{—/6\\
()
20~
15+
U 107
5._
R —
(d)
TOPSETS
ounoFOR
NON-MARINE ,
UNCONFORMITY (SEQUENCE BOUNDARY)! Fan
% 1
TOPSETS CLINOFORMS
MARINE
NON-MARINE CONDENSATION

UNCONFORMITY
i (SEQUENCE BOUNDARY)

Y FAN w

| |
@ -~ - |

Fig. 5.1 The process of construction of a chronostratigraphic
chart from seismic data; (a) a sketch seismic line; (b) a seismic
stratigraphic breakdown of the line; (c) numbering of the
reflections; (d) transfer of the reflections to a time axis, in
numeric order; (e) a chronostratigraphic interpretation of the
seismic data

5.2.1 Picking reflection terminations

Seismic reflections are not. of infinite extent. When reflec-
tions appear to terminate consistently against a specific
surface, it is termed a seismic surface (section 3.2.1). The
main types of reflection termination against a seismic sur-
face have been described in chapter 3, and include downlap,
onlap (coastal and marine), toplap, truncation (real and
apparent) and termination against a fault plane. These
terms refer to present-day geometries on the seismic section,
which are the product of original depositional geometry
modified by compaction and tectonic activity. The seismic
surfaces have been marked on Fig. 5.1b, defined by reflec-
tion terminations. Many of the seismic surfaces pass laterally
into apparent conformity.

5.2.2 ldentification of seismic surfaces

Termination of a reflection on seismic data is due to the
termination of the bedding plane, or thinning of the bedding
to below seismic resolution. A seismic surface therefore
represents a facies change from appreciable sedimentation
rates to very low, zero or negative sedimentation rates
(erosion). There are three main types of seismic surface,
with distinct chronostratigraphic expression (Fig. 5.1b and
5.1e). Itis important to differentiate between these surfaces
and termination relationships on a chronostratigraphic
diagram.

Non-marine seismic surfaces represent the product of
non-marine erosion, bypass and/or non-deposition. They
are characterized above by coastal onlap (which may be
removed later by erosional shoreface retreat), and below by
toplap or erosional truncation. The space representing the
surface on a chronostratigraphic diagram will include an
area representing strata deposited, but since eroded, and a
space representing non-deposition.

Marine seismic surfaces represent times of marine non-
deposition, condensation and/or erosion. They will be
characterized above by marine onlap, and below by appar-
ent truncation, marine erosional truncation, or possibly by
apparent conformity. The space occupied on the chrono-
stratigraphic diagram will include an area of marine hiatus
and condensation, and may include an area representing
strata deposited but since eroded.

Fault-plane surfaces represent the dislocation of strata
by extension, diapirism or compression. The space occupied
on the chronostratigraphic diagram represents an area
of rock missing due to extension or duplicated due to
shortening.

The seismic surfaces bound the depositional packages
{or systems tracts), which are the building blocks of the
stratigraphy we wish to plot on the chronostratigraphic
chart. On Fig. 5.1b non-marine seismic surfaces are present
on the left of the plot, passing to the right (basinwards) into
apparent conformity. The boundary between units 2 and 4
is a non-marine seismic surface, bounded above by coastal
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onlap and below by toplap. Seismic surfaces on the right of
the figure tend to be marine seismic surfaces, either on-
lapping out landward (the boundary between 2 and 4) or
passing landward into apparent conformity (the boundary
between 1 and 2).

5.2.3 Numbering seismic packages and
their component reflections

The chronostratigraphic chart has a vertical time axis. The
seismic reflections need to be plotted on the chart in order
of age, and so need to be numbered from the oldest to the
youngest. The first step in this process is to number the
reflection packages (systems tracts), bounded by the seismic
surfaces, in stratigraphic order. Generally this is straight-
forward, especially if well data on the ages of the packages
exists. However, in many cases it may be impossible to
determine precisely the relative ages of two systems tracts
that do not overlap in space. For example, the age of
systems tract 2 relative to systems tract 3 on Fig. S.1b is
unknown. Some degree of interpretation of the time relation-
ships is required, or an arbitrary choice may have to be
made in the absence of conclusive data. Once the packages
are numbered in stratigraphic order, the reflections within
them also can be numbered (Fig. 5.1¢). Again, this may not
always be possible to do objectively.

5.2.4 Transferring reflections to a time-scale

Once the reflection packages are identified and placed in
stratigraphic order, the remainder of the procedure for
constructing a chronostratigraphic chart is simple. The
horizontal axis of the chart corresponds to the horizontal
axis of the seismic section, and the seismic reflections are
plotted, in order of age, as horizontal lines on the chrono-
stratigraphic chart in the same lateral position as they
appear on the seismic line. For example, reflection 1 from
Fig. 5.1c, chosen as the oldest reflection, is plotted at the
bottom of Fig. 5.1d, in the same horizontal position as it
appears in Fig. 5.1c.

It is possible to mark on the chart any properties of the
seismic reflections you wish to record, such as their gross
geometry (topset, bottomset, clinoform), or attributes such
as seismic facies. The position of the offlap break is marked
on the topset/clinoform reflections in Fig. 5.1d as dots on
the horizontal time-lines. Similarly the thickness variations
in the strata can be represented on the chart by, for
example, colour coding or line thickness. Do not transfer
the seismic surfaces to the chart as horizontal lines. Only
the reflections should be transferred.

5.2.5 Filling in the chronostratigraphic chart

The area of the chart covered by horizontal lines represents
the pattern of deposition through time and space. Discretc
depositional packages of seismic reflections (systems tracts)
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appear as discrete areas of horizontal lines. The boundaries
of these areas should be drawn in on the chart, and each
boundary may be labelled, coloured or annotated according
to the type of reflection termination (onlap, downlap,
truncation, fault, etc.). The spaces on the chart not covered
by horizontal lines represent times and locations of non-
deposition, erosion, condensation below seismic resolution,
or fault separation. These spaces correspond to the seismic
surfaces described above. It is obviously important to
differentiate these areas. When reading a chart you need to
know whether any particular non-depositional zone rep-
resents condensed marine deposition, or subaerial exposure
and erosion, both in order to understand the basin history
and to place the systems tracts within the context of
relative sea-level cycles. A large degree of interpretation
may be required at this stage. Figure 5.1e represents a fully
interpreted chronostratigraphic chart of the sketch seismic
line of Fig. 5.1a. The chart is fully annotated and comprises
a record of deposition and non-deposition through time
along this seismic profile,

5.2.6 Adding wells on to the chart

Any wells that tie the seismic line should be drawn on the
chart, and used in the following ways:

1 intervals of progradation-and retrogradation below
seismic resolution (identified using well-log and core se-
quence analysis as described in Chapter 4) can be added to
the chart;

2 surfaces of hiatus (maximum flooding surfaces, con-
densed intervals) and erosion (sequence boundaries, sub-
marine channels) identified in the wells can be added to the
chart;

3 reflection characteristics, such as slope angle, seismic
facies, or seismic attributes can be translated into facies
information;

4 age data from the well can be uscd to scale the chart in
absolute time.

5.2.7 Scaling the chart to absolute time

The chart constructed above has a vertical time axis, but
with a non-linear scale. The seismic reflections have been
plotted in order of age, with an cqual time increment given
to each reflection. If data exist on the absolute ages of any
parts of the stratigraphy, the chart can be scaled to absolute
time. However, this is not a trivial exercise. Absolute ages
probably have been measured for a few key boundaries
only, and the scaling of the chart between these boundaries
still has to be decided. The reflections can be given equal
time increments between the boundaries, or alternatively
the reflections can be given some weighting, so that (for
example) the more laterally extensive reflections are con-
sidered to represent more time. There almost certainly will
be depositional packages not represented on the chosen
seismic line, as they were deposited out of the plane of the



section. The time of deposition of this package will be it is difficult to choose a correlative conformity. It is

represented on the seismic section as a time of hiatus, accepted practice to choose the correlative conformity to a
condensation, bypass or erosion. A two-dimensional type 1 sequence boundary at the time of onset of shelf
chronostratigraphic construction on a single line will not bypass (although the time of shelf bypass will be affected
assign enough time to this hiatus, but will distribute the by the local subsidence rate as well as the timing of eustatic
time through the deposition represented on the line. Proper variation).

weight will not be given to the time gaps unless chrono-
stratigraphic construction is carried out in three dimen-
sions; a problem too complex to be attempted without
using computer methods such as those of Nordlund and

5.3.2 Chronostratigraphic expression of
condensed sections

Griffiths 1993b. Marine condensation is also a process, often with a signifi-
cant duration. The duration is greatest towards the basin
and least towards the land. In the basinal succession the
boundaries of the marine condensed interval are marine
onlap boundaries. On the basin margin the condensed
interval is bounded above by downlap and below by ap-
parent truncation. The condensed interval has a tapering

5.3 Interpreting a chronostratigraphic chart

5.3.1 Chronostratigraphic expression of
sequence boundaries

A sequence boundary, comprising a subaerial unconformity wedge shape on a chronostratigraphic chart, and the apex
and its correlative conformity, will be represented on a of the wedge corresponds to the time of maximum flooding
chronostratigraphic chart as an area, with both extent and (shown as MFES on Fig. 5.2). The shape will be more
duration. The boundaries of an unconformity are coastal complex in the basinal succession, where the locus of
onlap above and toplap or truncation below. The duration deposition through time is affected by the shape of the
of the unconformity will be greatest towards the basin basin, and the growth patterns and autocyclic switching of
margin and least towards the basin centre, so the area on the submarine fans.

the chart will be tapered towards the basin centre. Figure
5.2 shows the chronostratigraphic expressions of a type 1
and a type 2 sequence in the Exxon model. The type 2
sequence boundary is represented by a wedge of time, and

5.3.3 Chronostratigraphic expression of
depositional styles

the correlative conformity to the sequence boundary can be The most distinctive depositional expression on a chrono-
considered time-equivalent to the apex of the wedge; the stratigraphic chart is that of prograding clinoforms. The
time at which the unconformity was at its maximum extent. continuous progressive lateral migration of deposition is
The type 1 sequence boundary also is represented by a easily seen on the chronostratigraphic chart as a diagonal
tapering area, but includes the time during which sediment zone of deposition. Toplapping clinoforms are bounded
bypassed the basin margin to be deposited in the basin. The below by a diagonal downlap line and above by a parallel
area on the chronostratigraphic diagram has no apex, and diagonal toplap line (e.g. the early part of the lowstand
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wedge on Fig. 5.2). Topset reflectors show an expanding
zone of deposition, with downlap in one direction and
coastal onlap in the other (e.g. the later part of the lowstand
wedge, and the shelf-margin systems tract, on Fig. 5.2).

5.3.4 Chronostratigraphic expression of a
seismic example

Figure 5.3 is a chronostratigraphic expression of a regional
seismic line through the Palaeogene section in the Outer
Moray Firth area of the UK North Sea. Several examples of
seismic data from this interval are shown in Chapter 3, and
the following features are evident from the chronostrati-
graphic chart of this stratigraphy.

Firstly, it is striking how much of the chart is covered by
periods of non-deposition. At any one point, relatively
brief periods of deposition are separated by long periods of
hiatus, bypass or erosion. The zone of clinoform deposition
is relatively narrow, and in the lower part of the diagram
moves rapidly out into the basin, overstepping the sub-
marine. fans below. These clinoforms are intermitrently
associated with minor topsets. Later (towards the top of
the diagram) topsets are well developed, with thick coal
beds, and clinoforms represent a small component of the
stratigraphy.

The zone of non-marine hiatus moves 150 km basinward
during the time represented. This can be due only to
a major fall in relative sea-level, and is not simple pro-
gradation. There is also a decrease in the width of the
clinoform belt during time, representing a decrease in
water depth in the basin, due partly to infill and partly to
relative sea-level fall.

Transgressions in the T45 and TS50 units are rapid,
representing flooding across older topsets. The T45 floods
back as far as the older T30 clinoform front. This implies
some relict topography on this clinoform front.

Several other subtleties can be seen from this plot. It is a
representation of the data with almost as much information
as the original, in a format that emphasizes the time
succession.

5.4 Coastal onlap curves and
relative sea-level curves

The construction of chronostratigraphic diagrams is
obviously not an end in itself. A chronostratigraphic exam-
ination of seismic data can allow a reconstruction of vari-
ations in relative sea-level; one of the key controls on
stratigraphic development. Curves of relative sea-level
variations through time can be used to date local tectonic
movements, differentiate regional depositional events, and
predict stratigraphy (using sequence stratigraphic models)
in non-drilled parts of the basin. Relative sea-level curves
can be produced directly from the patterns of vertical
movement of the offlap break, if seismic resolution allows.
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More usually, relative sea-level curves are derived from
coastal onlap curves.

5.4.1 Coastal onlap curves

Clinoform strata in a basin-margin setting commonly have
relatively flat topsets, sloping clinoforms and relatively flat
toesets. Topset facies are believed to be controlled by
shallow marine, paralic and non-marine processes, whereas
clinoform facies are believed to be controlled by slope
processes. Topsets are separated from clinoforms by the
offlap break. Onlap of strata landward of the offlap break
is known as coastal onlap. As these strata are controlled by
shallow marine processes, variations in relative sea-level
will influence patterns of coastal onlap and patterns of
movement of the offlap break.

A plot of coastal onlap through time is produced as a
part of a chronostratigraphic diagram, or can be produced
directly from the seismic data without constructing the rest
of the plot. The variation of coastal onlap through time in a
type 1 sequence (similar to that shown in Fig. 5.2) is shown
as Fig. 5.4. This represents the lateral movement through
time of the proximal depositional edge of the topset depo-
sition. The lateral movement of the offlap break (the break
in slope between the topsets and clinoforms; see section
2.1) is shown on Fig. 5.4 as a dashed line, and differentiates
progradation (seaward movement of the offlap break) from
retrogradation (landward movement of the offlap break)
and aggradation (no net landward or basinward movement
of the offlap break).

Variations in relative sea-level can be read from the
coastal onlap curve. Landward movement of coastal onlap
implies rising relative sea-level, whereas seaward movement
implies static or falling relative sea-level. This can be seen
on Fig. 5.4, where landward shifts in coastal onlap within
the lowstand wedge, highstand and transgressive systems
tracts are associated with rising relative sea-level, whereas
the fall in relative sea-level accompanying deposition of the
fans is associated with a basinward movement in coastal
onlap. The magnitude of the lateral movement in coastal
onlap depends partly on the magnitude of the relative sea-
level change, and partly on the basin topography, and is
equal to the relative sea-level change divided by the tangent
of the topographic slope. It is difficult therefore to deduce
the magnitude of relative sea-level changes from a coastal
onlap curve, although the frequency of the changes is
recorded. Note, however, that these changes may not all be
recorded on any one seismic line. A particular line may not
intersect a lowstand wedge, for example, and the relative
sea-level history associated with that lowstand would not
be apparent on the chronostratigraphic chart constructed
from that line. A three-dimensional chronostratigraphic
analysis is needed to understand fully the relative sea-level
history of an area. Also a long-duration period of erosion
may remove evidence for previous relative sea-level
variations.
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Fig. 5.3 A chronostratigraphic chart derived from seismic data covering the early Tertiary of the North Sea

Coastal onlap curves were produced for a number of
basins by workers in Exxon in the 1970s, and used to
construct the composite global coastal onlap curve pub-
lished by Haq ez al. (1988). The ‘saw-tooth’ nature of this
curve is an artefact of the plotting process, and the abrupt
basinward shifts in coastal onlap represent the boundaries
between onlapping topsets of the highstand systems tract
and onlapping topsets of the lowstand systems tract
{although in some cases the onlap patterns in the lowstand
fans were also included in the coastal onlap plot). This
asymmetry in the variations in coastal onlap should not be

construed as an asymmetry in relative sea-level variations,
with rapid falls and slow rises. Asymmetric coastal onlap
cycles will result from sine-wave variations in relative sea-
level, as a function of the sedimentary response.

5.4.2 Relative sea-level curves

A relative sea-level curve may be constructed by plotting
the vertical movement of the topsets through time. This is
based on the assumption that topsets were deposited as
relatively flat units close to sea-level. Obviously this
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assumption is not valid in detail, because even paralic
topsets will have had some depositional slope. It is probably
a good enough assumption in practice for measuring large-
scale variations in relative sea-level. For more accuracy, the
vertical movement of the offlap break could be measured,
based on the assumption that the offlap break occurred at a
constant depth during relative sea-level changes. Again this
probably is not valid in detail, because the depth of the
offlap break is a function of the balance between fluvial
supply and marine reworking, a balance that will change
during a relative sea-level cycle.

Rising relative sea level causes the topsets and the offlap
break to rise with time, with respect to the underlying
surfaces, whereas falling relative sea-level causes the offlap
break to fall, and the topsets to be displaced downwards. A
plot of relative sca-level therefore can be constructed from
the vertical movement of the topsets and/or the offlap
break. Details of the relative sea-level history will be lost if
any of the topsets are removed by erosion.

Variations in the rate of change of relative sea-leve! can
give characteristic patterns in the topset—clinoform system.
Static relative sea-level results in no vertical movement of
the offlap break or the coastal onlap point. The coastal
onlap point may, however, move basinward, with the
development of a toplap surface. The resulting offlapping
clinoform configuration is known as oblique offlap and is
shown on Fig. 3.10,

An accelerating rate of rise of relative sea-level causes
offlap to build outward and upward, and become more
aggradational upward. This is known as aggradational
offlap. Eventually this may lead to transgression.

A decelerating rate of rise of relative sea-level causes
offlap to build upward and outward, and become more

progradational upward. This is known as sigmoidal offlap
(Fig. 3.10).
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5.4.3 Examples from the Tertiary of the North Sea

Figure 5.4 has been presented already as a chronostrati-
graphic representation of the Palacocene succession on a
central North Sea seismic line. A coastal onlap curve of the
Palacocene and Eocene from a nearby line is shown in Fig.
5.5, reproduced from Jones and Milton (1994). This plot
has the following features.

1 Movements in coastal onlap are evident with a variety of
frequencies and magnitudes. Two large-scale basinwards
movements are seen; one from T30 to T43, and the second
from T60/70 to T98. Coastal onlap moved in the order of
100km during these cycles. The first equates to the basin-
ward movement in coastal onlap seen on Fig. 5.3.

2 Higher frequency movements in coastal onlap generally
have a lower magnitude, of the order of 10—40km.

3 Unlike conventional saw-tooth curves of coastal onlap,
with rapid basinward shifts and slower landward shifts,
this plot shows some more gradual basinward movements
in coastal onlap, which here represent toplapping clinoform
units.

Figure 5.6 is a relative sea-level plot for the same seismic
line, reproduced from Jones and Milton (1994). It is scaled
in milliseconds, and has not been depth converted, nor
have the effects of compaction been allowed for. However,
a rough depth conversion of 1 m per millisecond gives an
idea of the magnitude and frequency of relative sea-level
variations in this area during the Palaeogene. Relative sea-
level changes of a variety of magnitude and frequency can
be seen, which are responsible for the movements in coastal
onlap shown in Fig. 5.5. The magnitudes of the lower
frequency cycles are several hundred metres.

The Palacocene of the North Sea was a time of rapid
influx of sediment into a deep-water basin that was pre-
viously relatively starved of clastic input, and a site of chalk
accumulation. Historically the influx has been attributed to



Fig. 5.5 A coastal onlap curve for the
Palaeocene and Eocene of the central
North Sea, measured from seismic line
BP87-303 (from Jones and Milton,
1994)

uplift of the Scottish mainland, associated with develop-
ment of a mantle hotspot, resulting in a massive increase in
sediment supply. Milton et al. (1991) argued from basin
reconstructions that the uplift affected not only the hinter-
land but the basin as well. The chronostratigraphic analysis
of the seismic data, presented here and in Jones and Milton
(1994), allows the uplift to be demonstrated, timed and
measured. The increase in clastic sediment supply can be
shown, therefore, to be coincident with a massive, long-
duration, tectonically induced fall in relative sea-level. It is
hardly surprising therefore that the sedimentary record
associated with the Palaeocene is dominated initially by
submarine fans. Superimposed third-order relative sea-level
cycles also can be recognized, and these control the individ-
ual stratigraphic packages within the Palaeogene succession.

5.5 Constructing chronostratigraphic charts
from other data

Chronostratigraphic charts are constructed most easily
from a data source where the time relationships of depo-
sition are clear. On a basin scale this often means seismic

data, but chronostratigraphic representations of outcrop or
aerial photograph data are quite possible, although rarely
published. Charts produced from well data, or from a few
isolated logged sections, are very hard to produce objec-
tively. Without the cross-scctional view of the age relation-
ships that a seismic line or photomontage provides, the
interpreter can only really draw a chronostratigraphic chart
of his or her depositional model. These charts are necessarily
simplistic, and may become quite stylized. The production
of these charts from well data alone is quite common, and
some guidelines for their production are shown below.

5.5.1 Producing chronostratigraphic charts from well data

Chronostratigraphic diagrams can be constructed from
well data alone. This involves the sequence analysis of the
well data, and the identification of intervals of progradation
and retrogradation, and surfaces of hiatus and erosion,
both marine and non-marine (Chapter 4). The intervals
and surfaces are then correlated using biostratigraphic data
(Chapter 6), and a chronostratigraphic diagram is con-
structed using biostratigraphic age as the vertical axis. The
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surfaces and events appear on the chronostratigraphic
diagram as they would if constructed from seismic data, as
follows:

1 surfaces representing isochronous processes (e.g. se-
quence boundaries, condensed intervals) are wedges of
time;

2 surfaces or beds representing diachronous processes le.g.
ravinement erosion, sandstone deposition, clinoform depo-
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Fig. 5.6 A relative sea-level curve for
the Palacocene and Eocene of the
central North Sea, measured from
seismic line BP87-303 (from Jones and
Milton, 1994)

sition) are roughly parallelograms;

3 surfaces representing events (such as the resumption of
deposition) are non-horizontal lines.

Perhaps the safest way to attempt a chronostratigraphic
representation of a basin cross-section from well data alone
is to first draw the cross-section as it would appear on
seismic data, and then translate this into a chronostrati-
graphic diagram.
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6.1 Introduction

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 palaecenvironmental 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 palacontologists,
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 palaecoenviron-
mental conditions and depositional facies rather than
chronostratigraphy (Loutit et al., 1988). Indeed the close
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 al., 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

introduction to the main fossil groups and biostratigraphic
techniques.

6.2 Fossil groups and zonal schemes

6.2.1 Fossil groups

All fossils have potential 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
idenrifiable. 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 um, 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 palacoenvironments, 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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Fig. 6.1 Chronostratigraphic range of
stratigraphically useful microfossil,

* Freshwater ostracods, brackish water charophytes, benthic and freshwater diatoms and

benthic conodonts also exist

The availability of plants and animals for fossilization is
a function of evolution, geography and environmental
conditions. The actual fossil preservation of plants and
animals is dependent upon the mineral and organic con-
struction of the organism, the environment it was deposited
in and diagenetic history after burial. The absence of
expected marker fossils, either through biofacies restriction
or non-preservation, is a limitation common to biostrati-
graphic studies and a major hindrance to interpretation.

6.2.2 Fossil zonation schemes and biochronostratigraphic
resolution

Fossil organisms evolved, diversified and became extinct in
response to new environmental opportunities and pressures.
The first appearance datum (inception or ‘base’) and the
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groups for both terrestrial and marine
environments

last appearance datum (extinction or ‘top’) of a fossil
species in the rock record are useful markers for biostrati-
graphic correlation. Other events, such as maximum abun-
dance, are also often used, although these should be treated
with caution because local factors such as sedimentation
rates can affect their occurrence.

Biostratigraphic time is measured in biochronozones
which are based on the global inceptions and extinctions of
fossils. Bolli et al. (1985) provided a comprehensive syn-
thesis of the marine planktonic fossil groups used to define
these biochronozones. However, the full global range of a
fossil species may not be represented in every basin, owing
to local environmental or geographical constraints. In such
circumstances biozones based on these inception or extinc-
tion events only have local correlative value. This means
that global correlation of the type required to construct



sequence stratigraphic charts like that of Haq ez al. {1987),
or any comparisons with such charts, can be made only
with carefully scrutinized data.

The chronostratigraphic resolution obtainable from fossil
markers depends on the geological period, the number of
fossil groups used and the type of depositional environment,
The resolution of a fossil group is calculated by dividing
the geological period by the number of biozones in a par-
ticular global scheme. Average chronostratigraphic resol-
utions for different fossil groups are shown on Table 6.1.

Published biozonation schemes use both fossil inception
and extinction events to define biozones. In contrast, biozone
tops in the oil industry are defined preferentially on fossil
extinction events, whereas inceptions are relegated to de-
fining subzones. This is because the commonest samples
available to the industrial biostratigrapher are ditch cut-
tings, and as these are pumped to the surface in a mud
slurry they are subject to lag effects and open up-hole
contamination. Detailed reservoir studies, on the other
hand, use inceptions for high-resolution biozonation
schemes, because core and side-wall core samples usually

are available. These are used to produce more detailed
correlations in order to better understand lateral reservoir
variations and connectivity.

Local schemes usually are more refined and have greater
chronostratigraphic resolution. For example, the nannofossil
biozonation of the Late Miocene through to Pleistocene of
the Gulf of Mexico has an average resolution of 0.375
million years. The combined resolution from several fossil
groups gives even greater resolution. For example the
combined nannofossil and foraminiferal resolution for the
Late Miocene through to Pleistocene of the Gulf of Mexico
is approximately 0.2 million years.

6.3 Palacoenvironmental analysis

6.3.1 Benthos and palynofacies

Organisms living on or within the sea-bed are called
benthos. In the oil industry, the foraminiferal benthos is
used most commonly to define marine palaeoenvironments
(Van Gorsel, 1988), although other organisms, such as

Table 6.1 Examples of the resolution of fossil groups by age and by geography

Average
resolution
Fossil group Age range Geography {million years) References
Planktonic Neogene Tropical 1.2 1
Foraminifera
Planktonic Neogene Subtropical 14 1
Foraminifera
Planktonic Palaeagene Tropical 1.7 2,34
Foraminifera
Planktonic Palaeogene Southern 3.0 5
Foraminifera temperate
Nannofossils Neogene Undifferentiated 1.0-13 6,7
Nannofassils Palaeogene Undifferentiated 1.3—-1.6 6,7
Radiolaria Neogene and Undifferentiated 1.9-2.0 8
Palaeogene
Diatoms Neogene and Undifferentiated 1.4-2.4 9,10
Palaeogene
Dinoflagellates Neogene and Undifferentiated 5.7 1
Palaeogene
Dinoflagellates Neogene North Sea 33
Dinoflagellates Palaeogene North Sea 1.1
Planktonic Cretaceous Tropical 2.5 12
Foraminifera
Planktonic Cretaceous Temperate 4.0 13
Foraminifera
Nannofossils Cretaceous Undifferentiated 3.0 14
Radiolaria Cretaceous Undifferentiated 10.0 15
Palynomorphs Cretaceous Undifferentiated 6.5 11
Palynomorphs Late Jurassic North Sea 1.0
Palyncmorphs Early—Middte North Sea 2.0-25
Jurassic

1, Kennett and Srinivasan (1983); 2, Bolli and Saunders (1985); 3, Banner and Blow (1965); 4, Berggren
and Van Couvering (1974); 5, Jenkins (1985); 6, Bukry (1973); 7, Martini (1971); 8, Sanfilippo et al.

(1981); 9, Fenner (1985); 10, Barron (1985); 11, Williams (1977); 12, Caron (1985); 13, Bolli et a/. (1985);
14, Sissingh (1977); 15, Sanfilippo and Riedel (1985).
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calcareous benthic algae, conodonts and ostracods also are
important (Fig. 6.2). Benthic foraminifera have evolved to
exist in a range of environments, from marginal marine
setrings to the deep ocean (Murray, 1973, 1992). This
benthos also can withstand a variation of environmental
conditions, including temperature, oxygen, salinity, sub-
strate and light penetration (Fig. 6.3). In deep water
bathyal and abyssal environments the physical properties
of the stratified oceanic water masses, such as nutrients,
oxygen, salinity and temperature, control benthic distri-
bution, whereas in shelf seas, current energy, substrate
type, salinity, temperature and photic intensity are import-
ant. There is, therefore, a general relationship between
benthic organisms and water depth (Fig. 6.4).

Another method of determining depositional setting is
palynofacies analysis (Fig. 6.5). This has proved to be
particularly useful in fluvio-deltaic systems (e.g. Brent
Province, North Sea; Denison and Fowler, 1980; Hancock
and Fisher, 1981; Parry et al., 1981; Nagy et al., 1984).

6.3.2 Plankton

Organisms that live suspended in the water column are
called plankton. The distribution of marine plankton

is also controlled by environmental parameters, such as
salinity, oxygen supply, temperature and nutrient avail-
ability. Phytoplankton are also controlled by photic inten-
sity, which decreases with water depth and water clarity.
They are inhibited therefore by turbid water in the vicinity
of muddy delta systems. Environmental parameters vary
with respect to water mass origin, climate, geography and
warer depth. The different groups of plankton also have
varying degrees of tolerance to these environmental par-
ameters. Some are more sensitive than others. For example,
Radiolaria and planktonic foraminifera are generally un-
common in shelfal environments, whereas dinoflagellates
and acritarchs may live in marginal marine to open marine
environments (Fig. 6.6). Consequently the distribution of
some planktonic fossils can be related broadly to water
mass, water depth, and proximity to the land. The plank-
tonic: benthic microfossil ratio (Murray, 1976) and the
ratio of ‘deep’ marine dinocysts to ‘shallow’ marine dino-
cysts provides some measure of ‘oceanicity’ or upwelling.

6.3.3 Biofacies

An association of organisms representing a particular
depositional environment is referred to as a biofacies. The
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Fig. 6.3 Main environmental controls on the distribution of benthic organisms
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DECREASING DIVERSITY AND ABUNDANCE OF OCEANIC PLANKTON
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Fig. 6.6 Main environmental controls on the distribution of planktonic organisms

composition of a particular fossil assemblage in any bio-
facies is a function of palaeoenvironmental conditions,
post-mortem redistribution by currents or mass gravity
transport and diagenetic history. Most micro- and macro-
fossils species can be used to identify palaeoenvironment,
however, the small size, preservability and widespread
distribution of benthic foraminifera makes these organisms
especially useful. The distribution of sediment type is only
one of several environmental parameters controlling a bio-
facies. Consequently, there is no simple relationship between
biofacies and sediment type, although in shallow water
environments there is a closer relationship between bio-
facies and tidal or wave current energy and hence on
sediment grain size.

In retrogradational and progradational depositional
systems the environmental parameters controlling the distri-
bution of the fossil assemblages and hence the biofacies
migrate landwards and basinwards, respectively. Conse-
quently, the vertical fossil record will record the bathymetric
history of a basin, and inferences can be made as to
whether the basin margin is prograding, retrograding or
aggrading.

In progradational or retrogradational systems the
boundaries between biofacies are diachronous surfaces
{Armentrout, 1987). Consequently, the first and last fossil
appearance datums that coincide with the environment

changes are not necessarily evolutionary appearances or
extinctions, but possibly diachronous biofacies boundaries
related to progradation or retrogradation of the basin
margin (Fig. 6.7).

Marine biofacies

Palaeoenvironments based on benthic and planktonic bio-
facies interpretations normally are related to present-day
shelf and ocean bathymetry. Most modern biofacies, how-
ever, are only reliable analogues for late transgressive or
early highstand systems tracts, when the shoreline is located
a significant distance landward of the offlap break. During
sea-level lowstands or when the coastline of a highstand
systems tract has built out to the previous shelf break, the
shelf and upper bathyal biofacies would have been more
closely juxtaposed (Fig. 6.8). In such circumstances,
proximal and distal biofacies mixing by currents, and
subsequent downslope transport by gravity flows can com-
plicate palaeoenvironmental determinations.

The identification of the deepest water palacoenviron-
mental indicators in any assemblage can help to differentiate
actual from apparent (derived) biofacies indicators. How-
ever, bathyal biofacies have a poorer bathymetric resolution
by comparison with shelfal faunas. Consequently, changes
in relative sea-level have only a limited bathymetric effect
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Fig. 6.7 Planktonic biofacies relationships in regressive and transgressive systems: an example of the effects of biofacies depression
on the true extinction (tops) of planktonic foraminifera in the B High Island area of the Gulf of Mexico (after Armentrout, 1987).

E, true extinction; D, ecologically depressed extinction

on bathyal biofacies. Glacial and interglacial alternations,
however, influence the water mass properties of the oceans,
such as oxygen availability, temperature and nutrient supply,
and these have a pronounced effect on the composition of
the bathyal biofacies.

Terrestrial biofacies

Fossil assemblages from terrestrial environments can
provide a historic record of climatic conditions and a broad
environmental setting of the land mass adjacent to a basin
(Fig. 6.9). Microfloral assemblages indicative of warm, low
latitude arid climates, infer low runoff and the potential to
develop marine carbonate systems. Microfloral assemblages
from humid environments infer greater clastic input to the
basin and the development of fluvial and deltaic depo-

Good biofacies differentiation
onbroad shelf. Shelf/slope break

sitional systems. Humid environments also typically have
lush vegetation cover, which binds or traps sediment,
whereas more arid settings are prone to rapid sediment
erosion and the redeposition of coarse clastics.

Land and freshwater fossil assemblages can be trans-
ported into adjacent marine environments, either by wind
(particularly bisaccate pollen) or, more commonly, by
fluvial systems (miospores, charophytes, ostracods and
plant debris). In general terms abundance gradients of
terrestrially derived fossils in the marine environment can
be used to indicate the proximity of fluvial influx, and
increasing proportions of smooth miospores and bisaccate
pollen versus denser ornamented miospores and non-saccate
pollen provide an indication of the proximity of land
(Batten, 1974).
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__shelfrslope break

BATHYAL

Fig. 6.8 Shelf width and proximity of
the shore line to the deep basin during
lowstand and early highstand and their
effect on shelf biofacies. Flooded
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OUTER NERITIC tidal energy depending on location,
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Fig. 6.9 Climatic controls on the terresirial fossil signatures in marine deposits

6.4 Biostratigraphy and sequence stratigraphy

Our current understanding of this subject is limited by the
small number of biostratigraphic studies that have been
integrated fully with other sequence stratigraphic infor-
mation from well and seismic data. The majority of our
knowledge is derived from the Gulf of Mexico (Armentrout,
1987; Loutit et al., 1988; Allen et al., 1991; Armentrout
and Clement, 1991; Armentrout et al., 1991), although
recent studies by McNeil et al. (1990) on the Beaufort—
Mackenzie Basin, Jones ez al. (1993) on the Barrow group,
Northwest Shelf, Australia and Partington et al. (1993a) on
the North Sea Jurassic, are improving this situation.

6.4.1 Sequence boundaries and
their correlative conformities

A sequence boundary is a chronostratigraphically signifi-
cant surface produced as a consequence of a fall in relative
sea-level. If significant erosion has occurred at the sequence
boundary, a biostratigraphic hiatus may be resolved by the
juxtaposition of younger fossil assemblages on older ones
and the negative evidence of absent fossil markers. The age
and palaeoenvironmental contrast indicated by the fossil
assemblages from above and below the boundary, are both
a function of the magnitude of relative sea-level fall
(McNeil et al., 1990) and location within the basin. The
magnitude of relative sea-level fall, as discussed in Chapter
2, may range from a dramatic, tectonically enhanced un-
conformity and associated erosion, to the more subtle
changes in depositional facies experienced at a type 2
boundary. Irrespective of the magnitude of relative sea-

level fall, however, the change in fossil composition across
the boundary will vary along depositional dip. These vari-
ations may range from subtle changes in biofacies across
the correlative conformity in deeper water settings, through
shifts in biofacies accompanied by erosion marked by the
absence of biochronostratigraphic markers on the upper
slope, shelf and coastal plain, to more pronounced hiatuses
landwards.

Major, tectonically enhanced sequence boundaries
typically have rotated beds and widespread erosion of
subaerially exposed strata. Together these result in signifi-
cant widespread unconformities that are apparent in the
fossil record both through the absence of age diagnostic
species, and the abrupt superposition of markedly different
biofacies. Examples include non-marine paralic deposits
with pollen and spore assemblages overlying deep marine
hemipelagics containing planktonic foraminifera, nanno-
fossils and dinocysts.

The ability to resolve sequence boundaries, particularly
smaller magnitude ones, using biostratigraphy, is limited
by the resolution of marker fossils available. In the absence
of sufficient fossil markers, Armentrout and Clement (1991)
have proposed that minimum faunal abundances have the
potential to be used to recognize periods of maximum
regression and are therefore candidates for sequence bound-
aries. Gaskell (1991) has also demonstrated a possible
correspondence between increased extinction rate in benthic
foraminiferal faunas and rapid sea-level falls associated
with type 1 sequence boundaries, which was not apparent
tor slower rates of sea-level fall.

The need to recognize reworked fossils is a common
problem in biostratigraphy, and one that is associated
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closely with the erosion that occurs at sequence boundaries.
Indeed reworked fossils are often the commonest palaeon-
tologic component in rapidly deposited sediments. Their
presence, together with the abrupt influx into deep marine
basins of terrestrial fossils, such as pollen, spores and plant
debris, may be used to help identify a sequence boundary
(Fig. 6.13).

6.4.2 Lowstand systems tract

A significant fall in relative sea-level associated with the
production of a type 1 sequence boundary, causes an
abrupt basinward shift in facies that superimposes shal-
lower or non-marine deposits on deeper marine ones. In
essence the lowstand systems tract is recognized in the
proximal fossil record by an underlying hiatus, a sudden
shallowing up of biofacies or the superposition of non-
marine assemblages on marine. In the deep basin it is
recognized by increased rates of siliciclastic sediment supply
and sediments that contain reworked fossils and a low
abundance of indigenous fossils (Armentrout et al., 1991).
Erosion below lowstand deposits is usually less widespread
in the deep basin and often confined to channel systems or
local slope instability. The bathyal benthos is also unlikely
to be sufficiently sensitive enough to show a response to the
bathymetric change involved in the lowstand (Armentrout
et al., 1991).

The lowstand systems tract comprises two components;
the lowstand fan, and the lowstand wedge. Lowstand fans
(Fig. 6.10) are produced by gravity flow processes that
result from fluvially supplied sediment bypassing the shelf
and upper slope via incised valleys and canyons {Chapter 9).
Consequently they are likely to contain derived terrestrial
organisms and reworked fossil assemblages from the eroded
shelf and slope (Van Gorsel, 1988), together with older,
reworked fossils from the hinterland. Lowstand fan deposits
can thus be recognized by the presence of exotic fossil
assemblages encased within deeper marine shales contain-
ing indigenous assemblages.

Rapidly deposited fans are generally devoid of i situ
deep-marine fossils (Armentrout et al., 1991), which poses
a problem in placing the fan in its chronostratigraphic
context. Stewart (1987), in an integrated bio- and sequence
stratigraphic study of the central North Sea Palaeogene,
noted that the microfossil assemblages in the Forties low-
stand fan were impoverished and consisted predominantly
of long ranging agglutinated foraminifera.

Rapidly deposited fans may contain rip-up clasts eroded
from the slope during transport, which, if fossiliferous,
may provide a maximum age for fan development. In the
absence of indigenous fossils the age of the fan may be
constrained by dating the encasing condensed shales
immediately above and below the fan. Interfan lobes, how-
ever, may have indigenous fossil assemblages.

The reworked fossils provide information about the
nature of the sediment provenance from which they were
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derived and, therefore, the probability of developing mud-
rich, sand-rich or mixed sand~mud fans. Sand-rich fans
are composed typically of a series of rapidly deposited,
poorly fossiliferous, massive sand beds, which are difficult
to date accurately. Lowstand fans that develop over a
longer period are typically more mud prone and may
have a greater proportion of indigenous basinal fossil
assemblages.

The lowstand wedge is initiated as sea-level begins to rise
following a rapid fall. Lowstand wedge deposits comprise
progradational to aggradational parasequences (Fig. 6.11),
and contain indigenous fossils with proximal to distal
biofacies gradients. In a vertical succession through a pro-
grading wedge the fossil assemblages indicate a shallowing-
up signature from deeper marine, shallow marine, through
marginal marine to non-marine biofacies. Aggradational
wedges will not show such a pronounced shallowing-up
succession, rather a thick accumulation of similar biofacies,
either topset or slope. Consequently, lowstand wedge
deposits have similar biostratigraphic characteristics to
highstand shelf-edge prograding or aggrading systems
tracts.

In nutrient starved basins, sediment bypass to the basin
during lowstand may increase nutrient supply and lead to
greater plankton productivity. If this occurs, the distal part
of the lowstand wedge may be.recognized by the occurrence
of abundant plankronic fossils in condensed, hemipelagic
shales overlying the basin-floor fan deposits. In the absence
of fans, the fossil assemblages of the distal lowstand con-
densed shales will resemble those of the previous highstand.

Shelfal width is at a minimum during the lowstand
systems tract, and wave energy impinging on the shelf is at
a maximum. Such shelves are characterized by an epifaunal
benthos and possibly a steeply declining planktonic gradient
towards the land, depending on current distribution. Also
the close proximity of land to the deep basin during the
lowstand wedge is recognized by the presence of common
plant material in basinal deposits.

The shelf-margin systems tract is associated with a type 2
sequence boundary (Chapter 2). The deposits of the shelf-
margin systems tract are characterized by a progradational
to aggradational parasequence stacking pattern. The fossil
assemblages developed in the shelf-margin systems tract
have similar proximal to distal biofacies relationships to
the prograding and aggrading highstand systems tracts.
The erosional and non-depositional hiatus developed up-
dip of the coastal onlap point has insufficient magnitude to
be distinguished in the fossil record (McNeil et al., 1990).
Consequently shelf-margin systems tracts are poorly defined
by their fossil assemblages and easily confused with high-
stand system tracts.

6.4.3 Transgressive surfaces

The transgressive surface separates the lowstand systems
tract from the transgressive systems tract. It is characterized
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by in situ reworking and winnowing of sediment, neither of
which are conducive for the preservation of fossils. Hard-
grounds and glauconite-rich deposits are also associated
with the transgressive surface, and the diagenetic processes
under which these are produced also may limit the pre-
servation of fossils.

The presence of a transgressive surface may be inferred
by the abrupt superposition of marine fossil assemblages
upon marginal or non-marine ones. However, such an
occurrence may easily be confused with a minor marine
flooding surface, such as those associated with parasequence
boundaries, although transgressive surfaces usually herald
more prolonged and deeper water marine conditions. If the
sediment supply to the drowned shelf is limited during the
transgression, then the transgressive surface may be located
within the condensed section containing the maximum
flooding surface. Note that the transgressive surface rep-
resents a retrogradational biofacies boundary between
terrestrial and marine environments, and is consequently
diachronous.

6.4.4 Transgressive systems tracts

The transgressive systems tract comprises retrogradational
parasequence sets, which have an overall deepening upward
bathymetric signature in the fossil assemblages (Armentrout
et al., 1991), and usually the close superimposition of more
distal fossil assemblages upon proximal ones. In a vertical
succession the biofacies pass upwards, in a complete
example, from terrestrial through brackish, to shallow
marine and finally deep marine assemblages, which may be
either fully open oceanic or a restricted basin depending on
palaeogeography (Fig. 6.12).

Marine flooding during transgression creates new niches
as facies belts step landward and are colonized by oppor-
tunistic species. The rapid rise in relative sea-level coupled
with a low sediment input produces expanses of wetland,
which may be evident in the terrestrial, floral fossil record.
In warm climates, these are potential sites for coal swamp
formation; thicker coals are progressively developed during
the marine transgression as a result of higher rates of
coastal plain aggradation (Chapter 11). Brackish environ-
ments developed in protected coastal plains during the
transgressive systems tract are characterized by low-
diversity assemblages of low salinity tolerant plant and
animal species. These assemblages develop typically in low-
energy conditions and are predominantly muddy. They
represent a diachronous, retrogradational biofacies.

The shoreface deposits of the transgressive systems tract
also comprise a diachronous, retrogradational biofacies.
The marine flood events separating the parasequences
contain more potentially datable marine fossils, although
the periodicity of individual parasequence development is
probably below biostratigraphic resolution in most cases.

As the rate of sediment supply to the shelf and basin is
reduced during transgression, water turbidity decreases

and clear-water marine microfaunas, including larger
foraminifera and sea-grass species, become more frequent
(Van Gorsel, 1988). Reduced sediment supply results in the
widespread formation of condensed sections that contain
abundant fossil assemblages, and include the presence of
datable open marine planktonic markers. These sections
diachronously onlap progressively younger marine deposits
and reach their maximum development at the maximum
flooding surface. Shaffer (1987) has used the presence of
nannofossil abundances related to warm climatic periods
to recognize the marine transgression of the previous shelf.

In the deep basin, open marine fossil assemblages in
pelagic condensed sections are generally abundant, diverse
and dominated by planktonics with cosmopolitan index
taxa. The generation of submarine fans, due to slope
regrading during marine transgression, as suggested by
Galloway (1989), may be recognized by the presence of
reworked or derived shallower marine microfossils within
the deep basinal condensed shales.

6.4.5 Maximum flooding surfaces

The maximum flooding surface separates the transgressive
systems tract from the highstand systems tract, and rep-
resents the maximum landward extent of marine con-
ditions. The development of a widespread condensed section
on the drowned shelf and deep basin may occur at this
time, due to sediment starvation. These condensed sections
typically comprise high gamma-ray, high sonic travel-time
shales, associated with coneentrations of uranium in organic-
rich low-density sediments, and on seismic sections they
form major downlap surfaces. Not all condensed sections,
however, are indicative of maximum flooding surfaces.
They may develop for a variety of reasons at any time
within a sequence, for example on submarine highs, or due
to delta lobe switching. Planktonic abundance events also
may occur independently of condensed sections and be
controlled by local climatic effects such as upwelling
(Stmmons and Williams, 1992).

The maximum flooding surface represents the most land-
ward distribution of diverse, open marine, cosmopolitan,
often abundant, plankton and deep water benthos {Loutit
et al., 1988; Allen et al., 1991; Armentrout and Clement,
1991; Armentrout et al., 1991) (Fig. 6.12). The condensed
section associated with the maximum flooding surface
comprises a biostratigraphically distinctive event usually
with abundant planktonic fossils. It thus has the greatest
potential for being dated and correlated across a basin (and
possibly globally). It is, therefore, a more correlatable event
than the sequence boundary, which sometimes is difficult
to date or even recognize biostratigraphically. Partington
et al. (1993b) have used palynomorph and microfossil
assemblages from the maximum flooding surface associ-
ated with condensed sections, in the Jurassic to earliest
Creataceous of the North Sea, to provide a robust and
predictive biochronostratigraphic framework.
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At the basin margin the maximum flooding surface of a
condensed section is recognized by the sudden influx of low
diversity, open marine plankton, sandwiched between shal-
lower marine benthic or terrestrial fossil assemblages. On
the shelf the maximum flooding surface is recognized by
the presence of more diverse open marine plankton and
possibly deeper water benthic fauna, whereas in a deep
basin, sediment starvation may result in the development
of highly fossiliferous deposits. In the case of extreme
clastic starvation, pelagic carbonates, composed of the
remains of calcareous microfossils, may develop. Alter-
natively, slow sedimentation may allow time for corrosive
bottom-water to dissolve the calcareous fossils.

6.4.6 Highstand systems tracts

Aggrading highstand systems tracts occur when the rate of
sediment supply is equal to the amount of accommodation
space being created by rising relative sea-level. Thev are
characterized by thick accumulations containing stacked
shelfal or terrestrial fossil assemblages with no overall
shallowing-up observed.

Progradational highstand system tracts occur when the
rate of sediment supply exceeds the amount of accommo-
dation space being created by rising relative sea-level. In
essence they superimpose proximal fossil assemblages upon
more distal ones (Fig. 6.13). In a vertical succession they
pass upwards, in a complete example, from deep marine,
shallow marine, through marginal marine to non-marine,
possibly with an oscillatory character reflecting para-
sequences and minor flooding surfaces.

During early highstand, shelf deltas or the coastal margin
must first advance across the drowned shelf of the under-
lying transgressive systems tract to the margin created by
the previous lowstand wedge. At this time, shelf width is at
a maximum and wave energy is at a minimum. In the
absence of powerful tidal currents, muddy sediments rend
to predominate. The fossil assemblages of these broad
muddy shelves are dominated by distinctive, fine-sediment-
dwelling, ‘turbid water’ benthic assemblages in shelf to
slope environments. Tidally dominated shelves with coarse
lag deposits predominantly have an attached epifaunal
benthos and common derived planktonic clements owing
to increased transportation across the shelf.

Shelfal fossil assemblages are strongly influenced by the
presence of shelf deltas and associated rapid sedimentation,
increased turbidity of the water and reduced salinity. In
this nutrient-rich environment the benthic fossil assem-
blages are often abundant, diverse and dominated by in-
faunal species. Planktonics are generally scarce, although
certain groups, such as dinocysts and acritarchs, have
adapted to these conditions, and nannofossils, more easily
transported in from the open ocean owing to their very
small size, have important biostratigraphic correlation
potential.

If sufficient time and sediment are available, the highstand
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progradation may be able to advance to the margin created
by the previous lowstand wedge. These deltas now become
shelf-edge deltas and capable of supplying sediment, and
also terrestrial and shelfal organisms, directly to the deep
basin.

Topset highstand deposits may comprise shelfal, paralic
and fluvial deposits and associated shallow and non-marine
fossil assemblages, with the proportion of each dependent
upon the nature of the progradation. In extreme oblique
progradation the highstand will comprise mostly slope and
shelfal deposits, with significant sediment bypass and little
evidence of deposition in paralic or fluvial environments.
Accommodation space created during the highstand by a
relative rise in sca-level will result in the accumulation
of deposits with shallow marine and terrestrial fossil
assemblages.

The prograding highstand slope comprises both gravity
flow and hemipelagic deposits that are often croded,
stumped and contorted. Consequently they may contain
mixed indigenous and derived fossil assemblages. High
sedimentation rates can cause the dilution of indigenous
fossil assemblages. A prograding highstand slope may be
inferred in a vertical section, but not exclusively defined, on
a gradual shallowing-up signature in the benthic fossil
assemblages together with a decrease in the proportion
of planktonics (Van Gorsel, 1988). The vertical passage
through different, shallower biofacies as the highstand
slope advances into the basin, produces apparent extinc-
tions in the fossil record that may cause diachronous
correlations (Armentrout, 1987).

Within the deep basin, slow sedimentation basinwards
of the highstand toesets produces condensed sections thar
may contain abundant deep-marine fossil assemblages
similar to those in the condensed sections of the trans-
gressive systems tract and maximum flooding surface
(Armentrout and Clement, 1991). More rapid sedimen-
tation in the deep basin suggests erosion of the slope
through mass wasting via slumping, debris and turbidity
flows or possibly sediment bypass. These may introduce
both slope and shelfal, or non-marine, fossil components to
the deeper basin, diluting the indigenous fossil assemblages
and inhibiting a true palacoenvironmental determination.
Turbidites are commonly barren of indigenous fossils
(McNeil et al., 1990), and often contain only reworked
fossils and faunas derived from further up the slope.

6.5 Conclusions

The biostratigraphic character of sedimentary sequences is
controlled by the interplay of basin-specific environmental
conditions, the evolution of organisms and the cyclic
changes in depositional style related to base-level changes.
Consequently, there are few concrete laws on the relation-
ship between biostratigraphy and sequence stratigraphy.
However, there are general observations and trends that do
apply and are summarized as follows:
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1 Individual fossil groups do not provide sufficient age
and palaeoenvironmental determinations in all depositional
environments and throughout Phanerozoic time. The com-
bined use of different groups can complement each other
and improve biostratigraphic resolution. Individual fossil
groups used in isolation may result in incorrect palaeo-
environmental and age determination, with severe impli-
cations for geological modelling.

2 The late appearance or premature disappearance of a
fossil from a stratigraphic section may be due to local
environmental constraints, and relate to the biofacies of the
fossil rather than true extinction (Fig. 6.14(a)). Correlations

based on biofacies are generally diachronous and reflect
progradation or retrogradation.

3 Fossil resolution is hampered by rapid sedimentation
and by the degree of diagenesis (Fig. 6.14(b)). The highest
resolution possible with fossil events (the smallest resolvable
stratigraphic unit) may not be sufficient in all circumstances.

4 The ability to both identify and date sequence bound-
aries, transgressive surfaces or maximum flooding surfaces
using biostratigraphy, depends upon the actual fossil resol-
ution and the apparent resolution recorded by the sample
programme. Sample spacing should be designed to solve
the geological problem and, ideally, closely spaced samples
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Fig. 6.15 The effects of sample type and spacing on biostratigraphic resolution and impact for sequence and systems tract
recognition. HST, highstand systems tract; TST, transgressive systems tract; MFS, maximum flooding surface; SB, sequence
boundary. Palaeoenvironmental indicators; j, terrestrial; a, d, e, f, I, p, shallow marine; b, m, deep marine; k, marginal marine; c,
n, o, oceanic planktonics

are recommended in the vicinity of all potential boundaries.
Figure 6.15 summarizes the limitations and advantages of
different sample types. Note particularly the limited resol-
ution of cuttings compared with recovered cores.

5 Caution is advised when tying fossil and seismic events,
as both may have errors associated with depth conversion.
It is particularly important to recognize that fossil and
seismic ties in condensed sections may diverge significantly
if correlated into a thicker sedimentary package, such as
when correlating from condensed distal sediments intc a
prograding highstand systems tract.

6 Biostratigraphy and isotope stratigraphy are particularly
useful for calibrating and correlating sequence boundaries
and maximum flooding surfaces where there is poor seismic
correlatability due to tectonic complexity (e.g. North Sea —
pre-rift, Gulf of Mexico — growth faults) and poor or
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sparse data (e.g. Papua New Guinea — fold belt with
karstified carbonates affecting seismic resolution, and
tropical rainforest making seismic acquisition expensive).

7 Biofacies trends can be used to define progradational,
aggradational and retrogradational trends and predict the
timing of clastic accumulation on a shelf or bypass to a
basin. An overall shallowing-up trend in biofacies applies
equally to both highstand and lowstand progradation,
whereas the transgressive systems tract is marked by an
overall deepening-up trend in biofacies.

8 A maximum flooding surface is characterized by
common and diverse planktonic assemblages at their widest
distribution.

9 A sequence boundary is associated with erosion, a
biostratigraphic hiatus and reworking,.

10 The widespread distribution of planktonic markers



within the maximum flooding surface of a condensed section
makes this the preferred correlative surface for biochrono-
stratigraphic purposes.

11 The recognition of palaeoenvironments within systems

tracts using fossil assemblages can provide a general indi-
cation of the potential type, distribution and sand content
of reservoir facies.
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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 strata
7.2.3 Low-sinuosity channel systems
7.2.4 Classification of fluvial systems

7.4 Fluvial architecture
7.4.1 Controls on fluvial architecture
7.4.2 Sequence boundaries and
lowstand systems tracts in alluvial

7.4.3 Transgressive systems tracts and
flooding surfaces in alluvial strata

7.5 Reconstructing fluvial architecture
7.5.1 Eocene Castissent Formation,
South Pyrenees, Spain
7.5.2 Tnassic, Ivishak Formation,
Prudhoe Bay Field, North Slope,

Alaska, USA

7.4.4 Highstand systems tracts in

7.3 The concept of the graded stream profile

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 al., 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.

alluvial strata

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

Straight 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 al., 1986; Fig. 7.1a). Lateral channel migration
is limited by the development of fine grained bank material
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Fig. 7.1 (a) Block diagram of an anastomosing fluvial system illustrating the facies associations, channel belt and flood-plain
subenvironments. Channel belts confined by fine-grained, vegetated overbank and flood-plain systems. Preserved channel belt
systems form an interconnected network of low width-to-depth ratio sand bodies encased in overbank fines. Channel type
common in low-gradient drainage systems and where increasing accommodation space leads to vertical rather than lateral
accretion of alluvial deposits (after Galloway, 1981; Miall, 1992). OF, overbank fines; SB, sandy bedforms; CH, channels

and vegetation. Changes in channel course occur through
avulsion (Smith, 1983); a process where successive major
flooding events of the river result in progressive breaching
and crevassing of the channel banks and alluvial ridge,
leading to the formation of a new channel course along the
lowest segment of the flood plain. Width to depth ratios of
modern anastomosing channels are noticeably lower than
for meandering systems (Smith and Smith, 1980; Smith
and Putman, 1980; Smith, 1983; Tornqvist, 1993). The
overbank and flood-plain areas separating channel courses
consist of narrow natural levees, numerous crevasses, veg-
etated islands and wetlands (Smith and Smith, 1980).
Anastomosing channels have been documented in humid,
tropical, semi-arid and arid climate settings, and appear to
be typical of low-gradient downstream drainage systems
dominated by cohesive sediments such as coastal plains
and delta tops (Smith and Smith, 1980; Rust, 1981; Rust
and Legun, 1983; Smith, 1983; Cairncross et al., 1988).
This channel style may be developed preferentially in times
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of rapidly rising base level, where increasing accommo-
dation space leads to a fluvial succession dominated by
vertical rather than lateral accretion deposits (Smith and
Smith, 1980; Smith, 1986; Kirschbaum and McCabe, 1992;
Tornqvist, 1993). The depositional record of these systems
is therefore dominated by isolated, shoestring-like sand
bodies separated by levee—overbank, crevasse splay and
flood-plain fines (Fig. 7.1a; Friend et al., 1978; Friend,
1983).

7.2.2 High-sinuosity channel systems

High-sinuosity channels develop in drainage areas domi-
nated by low-gradient slopes, and where the river is com-
monly dominated by a high suspended load to bedload
ratio (Leopold and Wolman, 1957; Allen, 1965; Schumm,
1971, 1977, 1981). They are typically organized into
channel and overbank segments (Fig. 7.1b). Channels lie
within a broad meander belt dominated by a complex
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Fig. 7.1 (b) Block diagram of a high-sinuosity fluvial system illustrating the facies associations, channel belts and flood-plain
subenvironments. The channel belt is confined within a raised alluvial ridge. The character of the channel-fill may be highly
variable. Channels may migrate laterally to develop tabular to sheet-like sand bodies separated by fine-grained overbank and
flood-plain sediments, or deposition may be confined by channel plugs, resulting in ribbon sand bodies. In these cases the width-to-
depth ratios may therefore be variable. The stacking patterns of channel sand bodies will be affected significantly by rates of flood-
plain subsidence (accommodation space). (Modified after Galloway 1981; Miall, 1992)

distribution of active and abandoned channels. Active depo-
sition is confined largely to the channel belt, resulting in a
well developed, raised alluvial ridge which stands above
the general level of the flood plain. The distal margins of
the alluvial ridge form overbank areas that interfinger with
the adjacent flood plain. The course of the channel may be
constrained by abandoned channel plugs or be relatively
free to migrate laterally, developing point bars and associ-
ated lateral accretion deposits.

The sediment load of modern high-sinuosity channels is
highly variable, ranging from systems dominated by a fine-
grained suspended load (Jackson, 1976, 1978; Stewart,
1983) to coarse sand, gravel, pebble {Bernard and Major,
1963; McGowen and Garner, 1970; Levey, 1975; Arche,
1983) and gravel/pebble-rich systems (Gustavson, 1978;
Ori, 1982; Forbes, 1983; Campbell and Hendry, 1987). A
wide variety of facies and vertical facies successions may

develop in the ancient record and facies successions
may grade into the deposits of low-sinuosity systems
(Puigdefabregas, 1973; Miall, 1983, 1987; Stewart, 1983).

Channel facies form tabular to sheet-like sand bodies
separated by fine-grained overbank and flood-plain deposits
(Fig. 7.1b; Friend, 1983). Areally restricted ribbon sand
bodies may be more prevalent where channel belt migration
is impeded (Puigdefabregas and Van Vliet, 1978). Associ-
ated overbank deposits comprise wedged shaped accumu-
lations that thin and fine uniformly from the channel belt
into the adjacent lacustrine or flood plain {Tornqvist, 1993).

7.2.3 Low-sinuosity channel systems

Low sinuosity or ‘braided’ channel systems occur where
the coarser grain sizes, such as gravels and/or sands, form
the dominant load of the system. In these cases, the lack of
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Fig. 7.1 (c) Block diagram of a low sinuosity (upper) gravelly and (lower) sandy fluvial system illustrating the facies associations,
channel belts and flood-plain subenvironments. The lack of well-developed fine-grained overbank sediments within these systems
leads to mobile channel courses and well-developed sheet sandstones (SB) and gravel bodies (GB) (modified after Galloway, 1981;
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significant cohesive bank material leads to extremely mobile 1969; Collinson, 1970; Smith, 1974; Cant and Walker,
channel courses (Fig. 7.1c). Individual channels continually 1976, 1978, Miall, 1977; Cant, 1978a,b).

shift and bifurcate producing a rapidly evolving network of The high bedload content of the low-sinuosity rivers,
variable-scale braid channels with submerged in-channel combined with the highly mobile nature of channel systems
migrating bedforms (Leopold and Wolman, 1957; Coleman, leads to a stratigraphic record dominated by lenticular,
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concave-upward sand bodies characterized by variable scale
cross-stratification, lateral accretion deposits and a lack of
channel-margin facies (Moody-Stuart, 1966, Campbell,
1976; Hazeldine, 1983; Bristow, 1987).

7.2.4 Classification of fluvial systems

The basic channel styles described above are often difficult
to recognize in the geological record. The grain size of the
fluvial system has been suggested as a parameter to sub-
divide fluvial systems because it can be measured in both
the ancient and modern, at outcrop and in the subsurface.
On this basis, river systems can be broadly subdivided into
four principal types comprising; high-bedload, bed-
load, mixed-load and suspended-load dominated rivers
{Schumm, 1977; Schumm and Brakenridge, 1987; Orton
and Reading, 1993). Each of the four system-types displays
characteristic channel-fill geometries, facies assemblages
and vertical successions (Fig. 7.2 and Table 7.1).

7.3 The concept of the graded stream profile

In all depositional systems, deposition, burial and erosion
arc controlled by an equilibrium surface or base level
which defines and influences the amount of accommodation
space (sce Chapter 2). The equilibrium surface separating
erosion from deposition in fluvial systems may reflect the
influence of numerous base levels (Miall, 1987, 1992;
Posamentier, 1988; Westcott, 1993). These include lake-

level, the level of trunk-stream drainage, the position of
nick points, the position of ground-water tables and relative
sea-level. This is in contrast to shoreline and shallow
marine systems, where base level generally equates to sea-
level. For this reason, the concept of a graded stream
profile has been applied to fluvial systems to define an
equilibrium surface that separates erosion from deposition
and controls available sediment accommodation (Mackin,
194%; Sloss, 1962).

Mackin (1948) defined a graded stream or river as:
One in which, over a period of years, the slope is
delicately adjusted to provide, with available
discharge and with prevailing channel characteristics,
just the velocity required for the transport of load
supplied to the basin. The graded river is a system in
equilibrium: its diagnostic characteristic is that any
change in one of the controlling factors will be
transmitted throughout the whole profile.

A graded profile can be considered as representing a balance
between erosion and deposition; it will be graded such that
the stream can transport its load along the profile without
significant erosion or deposition. The slope at any point on
the graded river profile will be a function of river discharge
and sediment load (volume and capacity). Downstream
reductions in slope relate to increasing discharge and down-
valley decreases in grain size (Fig. 7.2). The overall shape of
the slope will be modified through time to approximate a
concave upward graded profile, flat at the river mouth and
steepening towards the source.

Table 7.1 Summary characteristics of fluvial depositional systems according to grain size (from Orton and Reading, 1993). Facies

codes after Miall (1978, 1985).

1 2 3 4
Gravel Gravel and sand Fine sand Mud/silt
Hinterland
Catchment area Small (< 103 km?) Intermediate (< 10°km?) Intermediate (< 10%km?) Large
Relief or tapography High Intermediate intermediate Low
Climate Arid, arctic Temperate Temperate Humid, tropical

Alluvial form

Size of stream Small

Stream gradient Very steep (>5mkm™"}
Flow velocity High to very high
Discharge Low (< 100 m3s" )
Discharge variability Very irregular
Sediment load Low (< 10° tons year™")
Load : discharge ratio High/very high

Intermediate
intermediate
Irregular—regular

Intermediate

Channel type Bed-load Bed-load
Channel pattern Braided/absent Braided
Bank strength Moderate Low~—moderate

Width : depth ratio Intermediate
Channel mobility Intermediate
Architectural elements GB, 5G

in deposits*

High—intermediate
High—intermediate
SB, FM, LA

Intermediate (>0.5mkm™")
Intermediate (< 103 m3s~")

Intermediate (< 107 tons year™ )

Intermediate Large
Intermediate (>0.05mkm™") Low
intermediate Low
Intermediate (< 10°m3s~") High

Regular—irregular
intermediate (< 10 tons year™")

Very regular
High (< 10'"° tons year™")

Intermediate Low

Mixed load Suspended load
Meandering/braided Straight/meandering
Low High

High Low

High Low (fixed)

LA, SB, FM, OF OF, LA, SB

* GB, gravel bar/bedforms; SG, sediment gravity flows; SB, sandy bedforms; FM, foreset macroforms; LA, lateral accretion; OF, overbank fines
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Fig. 7.2 Relationship between grain size and channel pattern (after Orton and Reading, 1993). Note general tendency of
increasing sinuosity, confinement of channel belts and discharge regularity with decreasing grain size and low-gradient slopes.
Position of fluvial examples approximate (based on Schumm, 1981; Ferguson, 1987; Miall, 1985) (Fluvial facies and architectural
elements, after Miall, 1985). Architectural elements: GB, gravel bar/bedforms; SB, sandy bedforms; FM, foreset macroforms; LA,
lateral accretion; SG, sediment gravity flows; and OF, overbank fines

Through time, rivers will attempt to establish a stable and internal attributes of the river (Schumm and Ethridge,
graded profile for a given discharge of water and sediment. 1991; Germanoski and Schumm, 1993; Schumm, 1993).
Disturbances in this system, such as sea-level fluctuations, This can be achieved by altering a river’s characteristics
climatic change and tectonics, cause the stream to re- such as (Table 7.2):
establish a new state of equilibrium by changing the external channel width
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sediment calibre
velocity

boundary roughness
depth

sediment discharge
slope

planform.

Although autocyclic mechanisms may modify the short-
term character of the fluvial system, only long-term allo-
cyclic events may alter fundamentally one or a number of
these variables, leading to major changes in fluvial architec-
ture. Studies of modern river systems suggest that these
adjustments may take considerable periods of time. Indeed
many modern rivers exhibit graded profiles still adjusted to
Quaternary glacial events (Wilcox, 1967; Church and
Slaymaker, 1989). Recognition of these large-scale system-
atic changes, and their attendant stratigraphic boundaries,
can provide a sequence stratigraphic framework for the
evaluation of ancient fluvial deposits.

7.4 Flavial architecture

Fluvial architecture can be defined as the three-dimensional
geometry and interrelationships of the deposits of channel,
levee, crevasse splay and flood-plain and other sub-
environments of the fluvial depositional system (Miall,
1983, 1985). Fluvial architecture can be regarded as the
result of the interaction between river process and long-

UPSTREAM CONTROLS

Climate
discharge

Geology
load

MID-STREAM CONTROLS

Tectonic tilting,
faulting, drainage basin

term allocyclic controls. The term can be applied at varying
scales from the deposits of a single river to the non-marine
depositional record of a basin fill. Most recent studies
suggest that all fluvial deposits can be subdivided into a
number of key architectural elements, defined by overall
shape, distinctive facies assemblages and internal geometries
(Miall, 1985, 1988). These elements form the basic building
blocks of all fluvial systems, yet their overall geometry and
stacking patterns vary between different fluvial channel
styles. Variations in the proportions of particular architec-
tural elements can be used to interpret different fluvial
styles in the geological record.

7.4,1 Controls on fluvial architecture

In modern systems, channel morphology evolves down-
stream in response to changes in valley slope, sediment
load, bank materials, climate and tectonic regime. These
same controls may change abruptly or evolve over time to
cause significant or subtle morphological changes through-
out the whole, or part, of the fluvial system (Table 7.2)
(Burnett and Schumm, 1983; Schumm, 1993). For this
reason, fluvial channel patterns in the geological record are
unlikely to remain constant through a stratigraphic unit.
To review how these changes take place, is it useful to
divide the fluvial system into three geographical areas (Fig.
7.31. These comprise: (1) the upstream area forming the
hinterland and source area for the river; (2) the mid-stream
region forming much of the drainage basin over which

DOWNSTREAM CONTROLS
)  Eustasy
Base level
Subsidence rate

Fig. 7.3 Key controls influencing the graded profile within the upstream, mid-stream and downstream portions of the fluvial

drainage system
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Table 7.2 Channel adjustment to changes in hydrology and sediment load based upon empirical equations derived from Schumm
(1968, 1977). The data illustrate how decreases and increases in annual discharge rates (Q) and percentage sediment load
transported as bed-load (QS) influence channel depth (D), meander wavelength (), sinuosity (P), slope (s) and width : depth

ratio (F)
Percentage Width-to-
Annual bed-load Channel Channel Meander depth Impact on fluvial
discharge transport = width depth wavelength Sinuosityt Slope ratio system
Q) (Qs) (8) (D) 0] (P) (s) (F
Increase Increase = Increase Increase/ Increase Decrease Increase/ Increase Broadening of channels,
decrease decrease decreasing sinuosity, increase
in channel width and slope
Decrease Decrease = Decrease Increase/ Decrease Increase Increase/ Decrease Narrowing of channels,
decrease decrease increase in channel depth,
increasing sinuosity,
decreasing slope
Increase Decrease = Increase/ Increase Increase/ Increase Decreases Decrease Narrowing and deepening of
decrease decrease channels, increased sinuosity,
decreased slope
Decrease Increase = Increase/ Decrease Increase/ Decrease Increases Increases Widening of channels,
decrease decrease increase in slope, decrease

in sinuosity

t Sinuosity (P) = channel length (/;}/valley length (1,) = valley slope (S,)/channel siope (5,)

sediment is transported; and (3) the downstream or lower
reaches of the river in which sediment is deposited (Schumm,
1977). The controls influencing each of these regions of the
system are discussed below.

Upstream controls

The graded profile within the upstream portion of the
fluvial system is affected by tectonics, climate and bedrock
geology. Tectonics plays a significant role in influencing the
type of channel system, the nature of the sediment load and
the calibre of sediment deposited (Cant, 1978b; Miall,
1981). For example, source areas undergoing rapid uplift
may generate large volumes of coarse-grained clastic sedi-
ments and steep gradients. These conditions may favour
the development of high-gradient braided or low-sinuosity
channel systems within the upstream portions of the drain-
age basin. In contrast, lack of relief in the stable hinterland
and river catchment areas may result in reduced regional
gradients and the transport of finer grained clastic sediments
by river systems. In these cases, meandering or anasto-
mosing river systems may dominate the upstream region.

The impact of tectonics on the architecture of upstream
fluvial systems is illustrated in studies of modern systems
{(Coleman, 1969; Alexander and Leeder, 1987), outcrop
(Heward, 1978; Gloppen and Steel, 1981; Lawrence and
Williams, 1987; Nichols, 1987; Jolley et al., 1990; Turner,
1992; Garcia-Gil, 1993) and in laboratory flume exper-
iments (Burnett and Schumm, 1983; Ouchi, 1985; Fig.
7.4). Active tectonics in the upstream areas of the fluvial
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system may lead to stream rejuvenation, incision by nick-
point retreat, river capture, and the erosion and cannibal-
ization of basin-margin clastic sediments. These events may
alter the discharge and load characteristics of the fluvial
system, leading to changes in shape of the graded profile.
Where these modifications are sustained, abrupt changes in
channel pattern, style and architecture may be recorded
in the stratigraphic record (Blakey and Gubitosa, 1984;
Butler, 1984; Turner, 1992).

The upstream portion of the fluvial system is affected
additionally by climate and bedrock geology (Schumm,
1977; Westcott, 1993). Climate influences the vegetation
types, the degree of rainfall and run-off and the long-term
discharge of the river (Knighton, 1984). Similarly, vari-
ations in bedrock geology control the type of material
available and the load transported.

Mid-stream controls

Intrabasinal tectonics exert the dominant control on the
mid-stream portion of the fluvial system by affecting the
location and types of drainage patternis on the alluvial plain
(Miall, 1981; Alexander and Leeder, 1987; Kraus and
Middleton, 1987). Tectonic tilting associated with extension
or thrust-related asymmetric subsidence superimposes
a new slope on the pre-existing flood-plain topography
(Alexander and Leeder, 1987; Wells and Dorr, 1987).
These changes influence the graded profile of the river,
leading to stream deflection and the shift of the channel
course in the direction of maximum subsidence. Tilting
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Table 7.3 Characteristic fluvial depositional patterns of systems tracts and their stratal boundaries associated with relative sea-
level changes (compiled from Nami and Leeder, 1978; Marzo et al., 1988; Van Wagoner ef al., 1990; Kirshbaum and McCabe,
1992, Shanley and McCabe, 1993; Torngvist, 1993; Westcott, 1993)

Sequence boundary

Lowstand systems tract

Transgressive systems tract

Maximum flooding surface

Highstand systems tract

Surface related to a
relative sea-level fall.
Boundary separates
change from decreasing
to increasing rate of
generation of
accommodation space.
Associated with a
basinward shift in facies
and potentially
accompanied by fluvial
incision

Relative sea-level fall
causes rivers to
straighten, deepen and
widen their courses
resulting in incised
valleys. Width of channel
belt significantly smaller
than the extent of the
valley incision

Sequence boundary may
define an abrupt change
in facies, e.g. change
from high- to low-
sinuosity channel
patterns, a change in
grain size in response to
increased stream power
and sediment load, and/
or a change in sediment
composition

Sequence boundary may
separate different
degrees of channel

sandstone amalgamation.

Change in architecture
reflecting change in
accommodation space

Fluvial systems linked
down-dip to coarser
grained lowstand
shorelines or bypass shelf
to feed submarine fans.
High stream powers,
discharge rates and
sediment loads may lead
to constructive fluvial-
dominated deltas

Depasition on the
climbing limb of the base
level curve {(cf. lowstand
prograding wedge).
Deposition propagates
upstream depending on
the rate of relative sea-
level rise. Progressive
reduction in stream
gradient with increasing
accommodation space

Braided or high-sinuosity
fluvial deposits directly
overlying marine shales
or lower net: gross
fluvial/deltaic facies.
Channel sandstones
multistorey and
interconnected.
Potentially coarsest
grained systems
developed during late LST
and early TST

Limited accommodation
space promotes flood-
plain reworking during
initially low rates of base
level rise. Reworking by
low- and high-sinuosity
systems feads to
amalgamated channel
sandstone storeys

Intermittent nature of
base level fall marked by
the preservation of
coarse-grained terrace
deposits and exposed
interfluves with well-
drained palaeosols

Lowstand shoreline
systems equivalent to up-
dip coarse-grained,
stacked fining upward
channel storeys forming
the incised-valley fill

Coarse-grained braided or high-
sinuosity channel deposits
overlain by rapidly accreting
flood plains with meandering
ar anastomosing channels.
Channel patterns/styles
reflecting increased rates of
generation of accommodation
space

increasing recognitidn of tidat
influences with down-dip
transition to estuarine systems.
Dominance of mixed-load
moderate/high-sinuosity
channel systems, with variabie
net: gross characteristics.
Upward decrease in sand-body
amalgamation and continuity

Base level rise may promote the
preservation of complete fining
upward channel units
associated with more rapid
flood-plain aggradation. Period
associated with poorly drained
sails, flood-plain peats and
development of high water
tables

Transition from early to late
transgressive systems tract
associated with decreasing
sand-body amalgamation.
Upward change from
amalgamated tabular sheets to
isolated channel ribbons.
Crevasse units may become
more prominent in succession

Period of shoreline
retrogradation and
transgression. Marine processes
may dominate at the shoreline
leading to destructive wave or
tidal-dominated deltas.
However, constructive/
destructive nature of deltas
dependem on rates of sediment

supply

Surface marking the most
landward extent of marine
inundation. Period prior to
and following the maximum
flooding event may be
contiguous with the lowest
fluvial gradients, reduced
river discharges and stream
power

Maximum flooding surface
may be equivalent to the
development of tidally
influenced heterolithic facies
in fluvial deposits, the
development of poorly
drained palaeosols, swamp
peats or the formation of
lacustrine carbonates

Low net : gross channel sand
bodies forming
discontinuous, ribbon or
shoestring geometries.
Crevasse units may be more
prevalent as the river system
continually attempts to
switch to areas of maximum
gradient advantage on low-
gradient flood plains

Transition from ‘maximum
flooding surface’ to
highstand systems tract may
be seen as subtle changes in
channel stacking patterns,
changing channel sinuosity
and increasing sand-body
amalgamation

Period of progressive
shoreline transgression and
ravinement

Period characterized by a
change from increasing
to decreasing
accommaodation space

Early part of highstand
characterized by poorly
connected, vertically
isolated sand bodies.
Character of deposits may
be broadly similar to the
fluvial deposits of the late
transgressive systems
tract

Late highstand fluvial
deposits may be
characterized by
increasing amalgamation
to form tabular channel
sand bodies. Sand-body
geometries reflect lateral
accretion owing to low
accommodation space

Low rates of
accommodation may lead
to truncated or poorly
preserved complete
channel-fill successions

Period of shoreline
progradation associated
with increased rates of
sediment supply and
progressive reductions in
accommodation space

Net : gross ratio, overall sand to shale proportions in fluvial channe! and floodplain systems.
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events may increase accommodation space and focus the
position of channel belts, leading to increased lateral
migration, greater channel deposit density and sand-body
interconnectedness (Allen, 1978, 1979; Bridge and Leeder,
1979). Intrabasinal tectonics may additionally promote the
formation of raised interfluve areas with more rapid soil
development, or trap flood waters within the low points on
the alluvial plain to form flood-plain lakes (Steel, 1974;
Bown and Kraus, 1981; Alexander and Leeder, 1987;
Kraus and Middleton, 1987).

Douwnstream controls

The downstream reaches of the fluvial system are affected
most by changes in relative sea-level or lake-level. It 1s
within this portion of the river system that the concepts of
sequence stratigraphy may have greatest application in
understanding the fluvial record (Shanley and McCabe,
1994). For river systems developed in close proximity to
marine and lacustrine basins, changes in base-level may
impose gradient changes in the lower reaches of the river
that are propagated upstream. The river responds to these
changes by aggradation, degradation or by altering its
internal characteristics to re-establish grade. Downstream
base-level changes will be felt only a finite distance upstream
from the river mouth. In the case of the Mississippi River,
the impact of the late Wisconsin lowstand propagated
some 220 km upstream from the river’s present mouth (see
discussion in Shanley and McCabe, 1994).

Changes in architectural patterns and channel styles also
may reflect the influence of upstream and mid-stream con-
trols on the graded profile. For example, downstream
aggradation may reflect increased sediment yield and dis-
charge ratios associated with upstream climatic change.
Similarly, upstream entrapment and the storage of bedload
may lead to fluvial degradation.

The degree to which a fluvial system responds to a
relative sea-level fall is controlled by a number of factors,
including the gradient of the graded shelf and slope, the
power of the river, the substrate and the rate and magnitude
of the base level change. Differences between fluvial and
shelf gradient exert a significant control on the response
of the fluvial system to a base level fall (Schumm and
Brakenridge, 1987; Miall, 1991; Schumm and Ethridge,
1991; Posamentier and Weimer, 1993; Schumm, 1993;
Westcott, 1993).

Where the gradient of the shelf and the river system are
equivalent, the fluvial system requires little or no adjustment
to maintain equilibrium, and the graded profile may simply
extend further across the exhumed shelf (Fig. 7.5b). Where
the gradient of the shelf is less than the river, a base level
fall may result in a reduction in stream power and transport
capacity, leading to deposition and/or an evolution in
channel style and channel-fll character, such as a change
from bedload dominated braided systems to mixed-load or
suspended-load dominated meandering systems (Fig. 7.5¢).

(&) INCISION

() GRADED PROFILE EXTENDED

(c) DEPOSITION

Fig. 7.5 Responsc of the fluvial system to base level falls;

(a) where the gradient of the shelf > river, stream power and
transport capacity may increase leading to erosion and fluvial
incision — this particularly may be the case where base level
falls below the shelf—slope break (type 1 sequence boundary);
(b) where the gradients of the shelf and river system are
equivalent, the stream requires little or no adjustment to
maintain equilibrium and the stream extends its profile across
the shelf; (c) where the gradient of the shelf < river, a
reduction in slope may reduce stream power and transport
capacity, leading to deposition. SL1, initial sea level; SL2, sea
level datum at lowered base level

Commonly, the gradient of the lower reaches of the river
is less than the gradient of the coeval shelf and a relative
sea-level fall will impose a steeper gradient on the graded
profile of the river. In such- cases stream power and dis-
charge may increase with a resultant increase in the poten-
tial for erosion and fluvial incision (Fig. 7.5a). The river
systern may attempt initially to reach a new equilibrium
profile by changing its load characteristics, sinuosity and
in-channel bedform styles. However, if the imposed gradient
is greater than can be accommodated by an increase in
channel width or by a changing channel pattern, the river
will tend to incise in order to reduce the slope. Rivers of all
scales commonly show a characteristic evolution in re-
sponse to base level falls, in which they first narrow and
straighten, then deepen and finally widen (Schumm, 1981).
In theory the incision is propagated upstream as a nick
point, and the whole river profile eventually lowers to
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reach an equilibrium with the new base level (Begin ¢t al.,
1981; Posamentier and Vail, 1988).

It has been suggested that the gradients of the incised
river are approximately double that prior to the base level
fall (Salter, 1993). This change increases stream power,
allowing the river to further incise unless the increased
energy of the river can be dissipated by the erosion of
channel banks, the widening of the river, and increasing
roughness of the channel floor or changing sediment load
characteristics, such as coarsening grain size. This perhaps
explains why the width of incised valleys is often much
greater than the river channels within the valley flls. It
further suggests that wider channel belts with coarse bed-
load will be a logical outcome of a base level fall. These
characteristics have been noted in a number of Quaternary
and ancient examples (Marzo et al., 1988; Eschard, 1989;
Van Wagoner et al., 1990). The greater the slope created
by the base level fall, the greater the slope imposed on the
fluvial system and the greater the degree of incision. Incision
is therefore particularly significant for type 1 sequence
boundaries (Posamentier and Vail, 1988; Van Wagoner
et al., 1990, Wood, 1991; Wood et al., 1991; Wesrtcott,
1993).

In practice, rivers often appear not to fully equilibrate
with the lowered base level, or the incision propagates only
a finite distance upstream before a subsequent base level
rise induces aggradation. In the absence of significant base
level fall, rivers are more likely to adjust their profiles by
changing their channel pattern, discharge and load charac-
teristics rather than incising major valleys into the shelf
(Suter and Berryhill, 1985; Blum, 1990; Autin et al., 1991,
Schumm and Ethridge, 1991; Westcott, 1993; Koss et al.,
1994). Sometimes base level fall may be marked not by
erosion and valley incision but by a more subtle boundary
separating fluvial deposits with distinctly different fluvial
architectures (Shanley and McCabe, 1993; Westcott, 1993).

The impact of base level rise (relative sea-level rise at the
shoreline) on the fluvial system is equally complex. Base
level rise may impose a lower gradient on the lower reaches
of the river system, reduce stream power and discharge and
decrease the capacity of the river to maintain sediment
transport. In these cases the river responds by depositing
sediment. Many workers have suggested that the rate of
base level rise is particularly important in controlling how
fluvial systems respond (Posamentier and Vail, 1988;
Posamentier et al., 1988; Shanley and McCabe, 1993, and
references therein). Rapid base level rise may be considered
analogous to damming the downstream portions of the
river valley (Fig. 7.6a). In these cases the rate of rise will be
greater than the rate of deposition, and the lower course of
the fluvial system will be flooded. Flood-plain aggradation
during shoreline transgression is limited. Upstream of the
flooded area, the effect on the river channel may be limited,
with it still remaining at grade.

Significant fluvial aggradation will occur mainly as the
shoreline progrades basinward by deltaic extension. Signifi-

122

to base level rise

(a) STAGE ONE
@ Initial rate of rise > rate of deposition, river course is flooded

@ Upstream the river channel is essentially unaffected

T

(b)y STAGE TWO

® Rate of rise slows and deltas build out at the new (higher) base level
® Fiuvial systems aggrade in response to imposed lower slope

Fig. 7.6 Fluvial system response to a base level rise. The
response of the fluvial system will be affected by the rate of
relative sea-level rise and the contrast in gradient between the
shelf and the alluvial system. Response of the fluvial system to
(a) rapid base-level rise and (b) slow base-level rise and/or high
sediment supply rate (modified after Posamentier and Vail,
1988; published with the permission of the Society of
Economic Paleontologists and Mincralogists)

cant fluvial aggradation will mainly occur as the shoreline
progrades basinward by deltaic extension; when the rate of
sediment supply exceeds the rate of base level rise (Fig.
7.6b; Posamentier and Vail, 1988; Shanley, 1991). In
effect, the river system will deposit sediment in order to
increase the slope and maintain grade with the upstream
discharge and load. The net result may be a narrowing of
the river channel belt, a change in channel style and a
decrease in sand-body connectivity. Aggradation of the
flood plain during rapid base level rise is therefore a
function of the rate of rise and sediment supply.

Coastal and marginal marine processes (i.e. waves, tides
and storms) may also affect the graded stream profile
during transgression. In the Canterbury Plains of New
Zealand, lowstand regional flood-plain deposits are pre-
sently being actively incised by braided river systems in an
area currently undergoing transgression during a period of
custatic highstand (Leckie, 1994). Coastal erosion and cliff
development during shoreline retreat has steepened fluvial
gradients, resulting in incision. This example serves to
further illustrate the potential difficulty in distinguishing
cause and effect in ancient fluvial deposits. Changes in
fluvial architecture related to downstream controls are
summarised in Table 7.3 and discussed below in the context
of the key stratal surfaces and systems tracts generated
during a relative sea level cycle.



7.4.2 Sequence boundaries and lowstand systems tracts in
alluvial strata

Sequence boundaries represent a surface along which sedi-
ment is bypassed during a relative sea-level fall. The bound-
ary is coincident with subaerial exposure and erosion, and
a basinward shift in facies belts and coastal onlap
{Posamentier and Vail, 1988; Posamentier et al., 1988;
Van Wagoner et al., 1990). In alluvial successions, the
recognition of sequence boundaries is complicated by lateral
facies changes and the difficulty of distinguishing major
incision and abrupt basinward shifts in facies from localized
channel scour (Posamentier, 1993; Posamentier and
Weimer, 1993; Westcott, 1993). Where the gradient of the
shelf exceeds the gradient of the fluvial system, significant
incision may occur, leading to the formation of an incised
valley (see also section 8.3). The fill of the incised valley
will be a complex function of the rate of base level rise
relative to sediment supply. Low rates of sedimentation are
likely to lead to rapid drowning of the fluvial system and
the formation of an estuary. High sediment supply rates
will result in thicker fluvial, deltaic and tidal deposits
{Eschard, 1989; Van Wagoner et al. 1990; Allen, 1991;
Dalrymple et al., 1992; Shanley and McCabe, 1993;
Shanley et al., 1993; Richards, 1994). Valleys abandoned
by drainage capture may be filled entirely by marine mud-
stones {Wheeler et al., 1990). Within the more downstream
portions of the fluvial systems, the abrupt vertical juxta-
position of coarse-grained fluvial deposits on marine or
marginal marine strata may record the presence of a se-
quence boundary.

Some caution should be applied in interpreting all cases
of stream rejuvenation as the product of relative sea-level
fall {Posamentier, 1993). Valley incision additionally may
occur in response to: (1) increased discharge and strcam
power, (2) decreases in stream load, or (3) from tectonic
uplift within the mid-stream and upstream portion of the
drainage basin. In all three cases fluvial incision results
in sediment bypass and the development of localized
unconformities.

Sequence boundaries developed within the interfluve
areas adjacent to incised valleys are represented by a sub-
aerial exposure surface recording periods of sediment by-
pass. They may be recorded by the juxtaposition of marine
shales on thin emergent pedogenic horizons, or marine
shales overlain by flood-plain and overbank fines. Associ-
ated pedogenic horizons and coals are developed but
are often thin owing to the limited sediment accommo-
dation available (Van Wagoner et al., 1990; and section
7.4.1).

Where valley incision is less clear, such as where the
slope of the shelf is equal to or less than rhe fluvial gradient,
the position of the sequence boundary is less casily inter-
preted. In these cases recognition of sequence boundaries
must come from identifying systematic changes in channel
stacking patterns; vertical variations in channel stylc and in

the degree of sandstone amalgamation, These changes may
be paralleled by variations in the grain size, abrupt changes
in sediment composition and variations in the scale of
sedimentary structures within the channel fills (Marzo
et al., 1988; Eschard, 1989; Shanley, 1991).

The lowstand systems tract in the fluvial record may
represent a period of renewed alluvial aggradation associ-
ated with the initial period of slow relative sea-level risc,
following base level fall. Channel courses are confined
inittally to the central axis of the incised valley, resulting in
repeated reworking of channel and flood-plain deposits
(Fig. 7.7). At this stage, differences in channel styles may be
less important in affecting the gross sand-body architecture
of the lower valley fill than the dominant sediment load of
the tluvial system. In effect, the depositional products of
the bédload-dominated, low- and high-sinuosity channel
systems may be identical because the lack of accommo-
dation promotes reworking and bypass of fines and the
limired differentiation between channel and flood-plain
deposits. As a result, the lower valley fill may be dominated
by high net: gross, multistorey—multilateral sand bodies.

Increasing rates of relative sea-level rise will promote
increasing accommodation and an overall reduction in
stream gradients. Low-sinuosity fluvial systems may re-
spond by increasing their sinuosity to maintain grade,
whereas high-sinuosity systems may become more effect-
ively partitioned into channel and flood-plain components
without a change in channel style.

The complex facies character and stratal patterns of
lowstand fluvial deposits are illustrated in studies of the
Blackhawk Formation of the Cretaceous Mesaverde Group,
Book Cliffs, Utah (Van Wagoner et al., 1990). The forma-
tion represents a time interval of 6 million years and can be
subdivided into threc units; the Grassy, Castlegate and
Desert Members. Four sequence boundaries are recognized
within the formation, the first occurring at the top of the
Grassy Member, a second and third within and bounding
the Desert Member, and a fourth within the Castlegate
Member (Fig. 7.8). The Desert Member lowstand systems
tract consists of point-bar deposits with probable tidal
influence (clay-draped lateral accretion surfaces), coals up
to 30cm thick and thin fluvial sheet sands. In places
incision has resulted in coals lying directly on the Mancos
Shale marine shelf facies, and meandering channel de-
posits crosively overlying lower shoreface sandstones. The
succeeding Castlegate lowstand systems tract shows a
downstream evolution in fluvial channel style, reflecting a
basinward reduction in stream gradient following a relative
sca-Jevel fall. The most proximal portions of the system are
represented by braided channel deposits, 50 m thick, which
thin and pass down-dip into high-sinuosity channel and
meandering point-bar systems down-dip. The downstream
sinuous channel patterns can be traced up-system to a
series of narrow separate valley fills with broad interfluves
over a total distance of approximately 100 km.
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Fig. 7.7 Conceptual models illustrating the potential cvolution of contrasting types of fluvial system in response to relative
sea-level fall. In this example, the impact of reductions in accommodation space leads to changes in the character of the fluvial
system, which may or may not include incision depending on the relationship between shelf and fluvial gradients. In all cases
changes in architecture or stream type are assumed to reflect changes in accommodation space in response to relative sca-level
fluctuations. No consideration has been given to the potential for stream capture or changes in upstream and mid-stream controls.
ITS, initial transgressive surface or equivalent alluvial surface; SB, sequence boundary or equivalent alluvial surface

7.4.3 Transgressive systems tracts and
flooding surfaces in alluvial strata

In shoreline and shelf successions, the transgressive systems
tract occupies the interval between the transgressive surface
and the maximum flooding surface (see Chapter ! for
definition). The identification of a transgressive systems
tract in alluvial successions is less clear because neither of
these stratal surfaces can be recognized in non-marine
sections. Instead, the transgressive systems tract may be
recognized only through changes in fluvial channel stacking
pattern related to rapid base-level rise and shoreline trans-
gression (Fig. 7.9).

Following a type I sequence boundary, the fluvial deposits
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of the lowstand and transgressive systems tracts can be
distinguished by the identification of the first major marine
flooding surface over the interfluves to the incised valleys.
In other instances, the distinction between the fluvial de-
posits of the lowstand and transgressive systems tracts may
not be clear. This may be the case where the initial flooding
and marine onlap of the sequence boundary occurs further
downstream of all, or part, of the major valley incision.
Where shelf and fluvial gradients are similar, the initial
deposits overlying the sequence boundary represent a de-
positional episode post-dating the initial transgressive
surface, and true lowstand deposits will be absent. For
this reason, Shanley (1991) coined the term alluvial
transgressive deposits to encompass the complete fill of the
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Fig. 7.8 Summary stratigraphy and selected vertical sections illustrating the range of facies juxtapositions associated with
sequence boundaries in the Blackhawk Formation, Book Cliffs (after Van Wagoner, 1992). Inset stratigraphy illustrating sequence
boundaries associated with the Castlegate, Desert and Grassy Members. Sections are 20 miles apart. Sequence boundaries
represented by SB, possible sequence boundaries by PSB (published with the permission of the American Association of Petroleum

Geologists)

incised valley. Use of this term can avoid misapplication of
systems tract terminology in areas where regional stratal
relationships are not apparent.

The fluvial deposits of the transgressive systems tract
reflect the balance between sediment supply and the rate of
relative sea-level rise. Where sediment supply is relatively
low only a thin veneer of fluvial sediment may be preserved
as the sea transgresses rapidly landwards. Where the rate
of transgression is lower, the fluvial record of a transgressive
systems tract may include the increased partitioning of
channel and flood-plain deposits in vertical section, the
decreasing connectivity of channel meander-belt sands, and
the increasing influence of tidal processes in the lower
reaches of the fluvial system (Allen, 1991; Shanley, 1991;
Shanley and McCabe, 1993). Reduction of fluvial gradients
may promote an evolution in channel styles to more mixed
load, meandering or anastomosing rivers, and the increasing
representation of crevasse deposits in the stratigraphic
record as rivers attempt to maintain grade with rising base
level (Ryseth, 1989; Kirschbaum and McCabe, 1992;
Torngvist, 1993).

The period of maximum flooding may be represented by
evidence for subtle or pronounced tidal influence within
the fluvial system (Shanley and McCabe, 1991). Poorly
drained palaeosols or thick coals may occur. Relatively
thick clastic and carbonate lacustrine facies reflecting rising

water tables and incursions into poorly drained flood plains
also may be developed (Ryer, 1981; Atkinson, 1986).

7.4.4 Highstand systems tracts in alluvial strata

The highstand systems tract represents the period of de-
creasing rates of relative sea-level rise. In shoreline and
shelf strata the interval is bounded at its base by a maximum
flooding surface and at its top by a sequence boundary.
Earlv highstand fluvial deposits may be indistinguishable
from the facies of the late transgressive systems tract.
During the late highstand, reductions in flood basin accom-
modation may result in the increased potential for lateral
rather than vertical accretion, and the formation of laterally
interconnected and amalgamated channel and meander
belt systems with poorly preserved flood-plain deposits
(Shanley and McCabe, 1993; Fig. 7.10). In all cases the
fluvial depositional record of the highstand will be affected
significantly by the rate of sediment supply to the system,
the character of the fluvial system during base level rise,
and the extent to which the highstand deposits are eroded
during a subsequent relative sea-level fall.

The broad links between a relative sea level cycle and its
impact on fluvial and shoreface architectural patterns are
schematically represented in Fig. 7.11 (from Shanley and
McCabe, 1994),
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Fig. 7.9 Conceptual models illustrating the potential evolution of contrasting types of fluvial system in response to relative sea-
level rise. In this example, the impact of increasing accommodation space leads to changes in the character of the fluvial system and
the increased potential for alluvial aggradation, depending on the relationship between shelf and fluvial gradients. In all cases
changes in architecture or stream type are assumed to reflect changes in accommodation space in response to relative sea-level
fluctuations. Rates of sediment flux are assumed to balance rates of relative sea-level rise. MFS, maximum flooding surface;

ITS, initial transgressive surface or equivalent alluvial surface

7.5 Reconstructing fluvial architecture

Reconstructing the architecture of alluvial successions re-
quires extensive, three-dimensional outcrops and the ability
to correlate information from widely spaced sample points
(such as road side outcrops, cores and logs). Conventional
methods of correlation are less easily applied to alluvial
successions owing to lateral facies variability and the pres-
ence of multiple erosion surfaces. The lack of diagnostic
fauna and flora within channel and flood-plain deposits,
and the absence of anomalous facies transitions also hamper
the definition of stratigraphic boundaries. Successful at-
tempts at reconstructing alluvial architecture have been
achieved with magneto-stratigraphy (Behrensmeyer and
Tauxe, 1982; Johnson et al., 1985, 1988), the correlation
of tuff layers (Allen and Williams, 1982), vertebrate
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taphonomy (Behrensmeyer, 1987) and the lithostratigraphic
correlation of coals and palaeosols (Ryer et al., 1980; Ryer,
1981). The value of palaeosols as a correlation tool has
long been recognized and is of particular interest because
soil processes are intrinsic to fluvial environments {Alicn,
1974; Johnson, 1977; Bown and Kraus, 1981; Kraus,
1987).

In the absence of these types of data, stratigraphic corre-
lation in fluvial deposits should emphasize anomalous or
systematic changes in facies, channel styles and sand-body
stacking patterns in defining the position of key bounding
surfaces. Once recognized, these surfaces can provide the
means of reconstructing the three-dimensional architecture
of the fluvial system, as illustrated in the following examples.
It is often unclear whether changes in alluvial architecture
reflect changes in local base level, tectonic subsidence or
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SHEET SANDSTONE BODIES
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Key:

GENERATION OF ACCOMMODATION SPACE
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STYLE
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EQUIVALENT ALLUVIAL
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FLUVIAL S8YSTEMS

TIDALLY INFLUENCED
CHANNELS ABOVE
SEQUENCE BOUNDARY

Fig. 7.10 Conceptual models of evolving alluvial styles during highstard. Period characterized by a reduction in the rate of
creation of accommodation space. In this example, the impact of decreasing accommodation space leads to changes in the

character of the fluvial system and the decreased potential for alluvial aggradation, depending on the relationship between shelf

and fluvial gradients. Rates of sediment flux are assumed to exceed rates of relative sca-level rise during the late highstand.

SB, sequence boundary or equivalent alluvial surface; MFS, maximum flooding surface or equivalent alluvial surface

sea-level. However, systematic changes in the architecture
of alluvial successions clearly reflect changes in accommo-
dation however formed, and the basic principles of sequence
stratigraphic models still apply.

7.5.1 Eocene Castissent Formation, South Pyrenees, Spain

The Eocene Castissent Formation of the Tremp-Graus
Basin illustrates fluvial and deltaic deposition in a small
thrust-top basin in the Southern Pyrenees Foreland (Marzo
et al., 1988). In this area, fluvial and deltaic deposition
throughout the Eocene was strongly controlled by the
emplacement of Pyrenean thrust sheets (Seguret, 1972;
Nijman and Nio, 1975; Ori and Friend, 1984). The Castis-
sent formation comprises a series of coarse-grained multi-

lateral, multi-storey fluvial sandstones, sandwiched between
two pronounced marine to brackish mudstone intervals of
Ypresian age (Nijman and Nio, 1975). The contact between
the fluvial sandstones and the underlying brackish-marine
mudstones is unconformable and represents a sequence
boundary (Marzo et al., 1988). Detailed mapping of the
sequence boundary shows that the Castissent Formation
forms an incised valley-fill and upper deltaic plain complex
dominated by three multilateral and multistorey sandstone
bodies (Marzo et al., 1988). These sand bodies are separated
by thicker developments of finer grained flood-plain and
brackish water deposits reflecting periods of enhanced
flocd-plain aggradation and sustained marine inundation
(Fig. 7.12).

Lateral variations in sand-body architecture and fluvial
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STRATIGRAPHIC ARCHITECTURE

SLOW BASE LEVEL RISE TO STILL STAND:
ISOLATED RIBBONS TO LATERALLY
AMALGAMATED MEANDER BELTS

STILL STAND-BASE LEVEL RISE: AMALGAMATED, HIGH NET
TO GROSS FLUVIAL DEPOSITS

BASE LEVEL FALL: VALLEY INCISION AND
_FORMATION OF TERRACE DEPOSITS

“~ P
N
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Fig. 7.11 Summary diagram illustrating the relationship between shoreface and fluvial architecture as a function of base level
change {after Shanley and McCabe, 1993). Detailed correlations suggest the timing of the incised-valley fll occurred after the
initial transgressive surface. For this reason Shanley and McCabe (1993) regard the valley-fill as ‘alluvial-transgressive’ deposits

style are best illustrated in the lowest sand-body complex
(Complex A of Marzo et al., 1988). The upstream valley-
fill is dominated by a braided network of channels showing
a high degree of vertical and lateral amalgamation to form
a sheet-sandstone complex. Correlative flood-plain deposits
form widespread red beds with caliche soils, suggesting
that most of the fines bypassed the alluvial area and the low
rates of sedimentation on the adjacent flood plains pro-
moted oxidation and soil formation. The valley-fill sand-
stones can be traced down-system into mixed-load
meandering channel deposits. This down-dip change in
channel style is accompanied by reduced incision, a decrease
in channel interconnectedness and the increasing preser-

vation of flood-plain deposits, due to high rates of flood-
plain aggradation. Lateral changes in fluvial architecture in
the Castissent Formation are therefore interpreted to reflect
reduced fluvial gradients from the hinterland to the margins
of the marine basin.

Systematic vertical changes in alluvial sand-body archi-
tecture also occur within the Castissent Formation, and are
interpreted to reflect relative sea-level fluctuations (sand-
bodies A1-A3, B1-B2 in Fig. 7.12). These changes are
particularly well developed in the proximal valley-fill of
the alluvial system, where they form repeated erosional —
aggradational cycles (Marzo et al., 1988). Each cycle com-
mences with a phase of valley incision into the underlying

Fig. 7.12 (opposite.) Summary diagram illustrating the geometry and correlation of sand bodies within the Castissent Formation,
Eocene, Pyrencan Basin (after Marzo et al., 1988). Note the evolution of fluvial channel styles from coarse-grained sheet-sand
bodies generared by low sinuosity systems to more tabular or ribbon sand bodies of meandering channel patterns. Individual
channel cycles are separated by periods of flood-plain aggradation, palaeosol formation and down-dip equivalent marine
incursions. Inset figure illustrates the main depositional facies and stratigraphic context of the Castissent Formation. Formation
forms as incised-valley fill sandwiched between two marine flooding events and their up-dip equivalents. Key: 1, Castissent
Formation (in black); 2, fluvial and upper delta plain; 3, lower delta plain; 4, fan-delta; 5, delta front; 6, slope and turbidites

{Hecho Group)
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flood plain or channel deposits. Deposition within the
valley is accomplished by vertical aggradation and lateral
switching of braided channel networks resulting in highly
connected sandstone bodies. The valley-fill deposits evolve
from braided to more mixed-load, high-sinuosity channel
systems and associated flood-plain deposits. This evolution
in channel style is accompanied by a decrease in sand-body
interconnectedness and increasing preservation of overbank
and floodplain deposits in the succession. This erosional—
aggradational cycle is repeated three times within each
sandstone complex, with successively later phases of incision
cutting down to the previous channel deposits to form
progressively wider valley margins. Evidence for sustained,
periodic flooding of the flood plain is manifested in the
formation of hydromorphic soils and brackish water marls.
Multiple phases of alluvial aggradation and degradation
indicate the operation of higher frequency allocyclic con-
trols. The upward change in alluvial architecture can be
interpreted in terms of a lowstand incised-valley fill, and
downstream flood plain, overlain by fluvial channel and
floodplain deposits within transgressive and highstand
system tracts.

7.5.2 Triassic, Ivishak Formation, Prudhoe Bay Field,
North Slope, Alaska, USA

Coarse-grained alluvial and fluvio-deltaic deposits of the
Triassic Ivishak Formation form the principal reservoir
facies of the Prudhoe Bay Field, North Slope, Alaska. The
field is the largest oil and gas field in the USA, with original
in-place reserves of about 22 billion barrels of oil and 42
trillion cubic feet of gas (Morgridge and Smith, 1972,
Jones and Speers, 1976; McGowen and Bloch, 1985;
Atkinson et al., 1988). The Ivishak Formation forms
part of the Sadlerochit Group, a clastic wedge of Permo-
Triassic age that unconformably overlies carbonates of the
Mississippian and Pennsylvanian Lisburne Group. The
Ivishak Formation is sandwiched between shelf mudstones
of the Kavik Formation and shelfal and phosphatic car-
bonates of the Shublik Formation (Fig. 7.13). The contact
with the Kavik Formation is considered conformable
whereas the upper boundary with the Shublik Formation is
sharp and associated with a phosphatic and pyritic pebbly
lag. This boundary is interpreted as a disconformity de-
veloped as a result of shoreface reworking of the Ivishak
Formation during transgression.

The Ivishak Formation varies from 400 to 700 ft thick
across the oil-field and is generally subdivided into two
large-scale depositional cycles; a lower coarsening upward,
fluvio-deltaic and fluvial interval of largely progradational
character, dominated by mudstones, siltstones, sandstones
and conglomerates, and an upper aggradational to retro-
gradational cycle dominated by finer grained fluvial sand-
stones and shales (Atkinson et al., 1988, 1990). Previous
studies have suggested that the formation was deposited by
a prograding fluvio-deltaic complex related to a braided-
river-dominated fan delta or coastal braid plain (Jamieson
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et al., 1980; Melvin and Knight, 1984; McGowen and
Bloch, 1985; Lawton et al., 1987).

Within the Prudoe Bay field the Ivishak reservoir has
historically been subdivided into four zones on lithostrati-
graphic and petrophysical grounds (zones 1—4, Atkinson
et al., 1988). Recent studies demonstrate the complex
stratigraphic nature of the Ivishak Formation (Richards
et al., 1994). The Sadlerochit Group can be subdivided into
seven sequences based on detailed facies analysis of core
data, sequence stratigraphic correlations of over 1300 wells
and parallel evaluation of dip-meter and three-dimensional
seismic data. Sequence boundaries are recognized by abrupt
changes of facies associations in cores, systematic variations
in the internal sedimentary structures, thickness and the
degree of amalgamation of channel-fill deposits. Four orders
of sequences are recognized and referred to here as first-
order, second-order, etc. In all cases, sequence boundaries
can be tied to the maximum progradation point of lower
order sequences. Note that the term order is used here for
easc of discussion, and no inferences should be made
concerning the duration of the scquence as defined in
section 2.2.4 (Fig. 7.13).

First-order sequence

At the largest scale, the Sadlerochit Group forms part of a
first-order lowstand delta and fluvial braid-plain complex
developed in response to a major relative sea-level fall. The
base of the sequence conforms to the sequence boundary at
the top of the Lisburne Group. The top of the sequence is
represented by the major sequence boundary separating the
Triassic Sag River Formation from the overlying Jurassic
Kingak Formation (Hubbard et al., 1987). The earliest
fluvio-deltaic deposits are predominantly progradational in
character, suggesting sediment supply exceeded the rate of
creation of accommodation. Overlying alluvial deposits
dominate the remainder of the Ivishak Formation to form a
thick, aggradational interval of fluvial and flood-plain
deposits. These topset deposits show an evolution with
time from mixed-load fluvial and deltaic systems, to coarser
conglomerate and sand-dominated fluvial systems. Gross
changes in fluvial channel style and stacking pattern reflect
an increasing rate of creation of accommodation over time
consistent with a relative sea-level rise. The end of Ivishak
deposition is marked by a gradual fining of alluvial deposits
and the eventual reworking of fluvial sandstones during
marine transgression, leading to eventual establishment of
Shublik Formation carbonate and Sag River Formation
clastic shelf facies (Fig. 7.13).

Second-order sequences

The first order sequence can be divided further into two
second-order sequences by a major sequence boundary
defined as the ‘6000’ surface. The 6000 sequence boundary
is a seismically mappable event (within the limits of seismic
resolution), and marks a major change in the sand : shale
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Fig. 7.13 Reservoir sedimentology, stratigraphy and equity subdivisions of the Ivishak Formation, Sadlerochit Group, Prudhoe
Bay Field, North Slope. The stratigraphic subdivision recognizes a hierarchy of key stratal surfaces including (a) sequence
boundaries (1000 series surfaces), (b) parasequence set boundaries or their up-dip equivalents (100 series surfaces), and (c)
parasequence boundaries (intra-100-series surfaces) (the authors gratefully acknowledge the permission of the Prudhoe Bay
Owners in the publication of this work by the Joint BPX—Arco—Exxon RAZOR team)

ratio of the succession. It also defines the upper boundary
to a suite of early Triassic faults, which are confined to the
base of the Prudhoe Bay reservoir. Palaeocurrent analysis
from core-calibrated dip-meter data also shows that the
sequence boundary marks a major switch in the palaeoflow
direction of Ivishak river systems from NW—SE below the
6000 surface to N—S above. The lower second-order se-
quence displays a systematic change in architectural style,
from predominantly progradational to aggradational to
deltaic and fluvio-deltaic deposits consistent with increasing
rates of relative sea-level rise. The succession above the
6000 surface is fluvially dominated, and it is unclear
whether the initial deposits above the sequence boundary
represent the depositional products of fluvial systems de-
veloped within lowstand or alluvial transgressive systems
tracts. Succeeding fluvial deposits show an overall aggra-
dational to retrogradational character consistent with
constant or declining sediment flux associated with increasing
accommodation.

Third-order sequences

Three third-order sequences are recognized within the suc-
cession based upon the recognition of basinward shifts in
facies belts and changes in the stacking patterns in both
marginal marine and fluvial deposits. Only the upper two
sequences will be discussed here (Fig. 7.14).

Sequence 2

The sequence is defined at its base by the 8000 surface and
at its top by the second-order 6000 sequence boundary.
The earliest depositional units of the sequence comprise
mixed-load to sandy deltaic systems (7400—7100), which
prograded from northwest to southeast into the Kavik sea.
The earliest deltaic lobes are progradational in character,
whereas later deltaic episodes show increased evidence of
aggradation and the increasing preservation of fluvial topset
deposits. These changes in deltaic style, combined with the
increasing thickness and continuity of deltaic and flood-
plain shales favour increasing sediment accommodation
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following a period of lowstand. The maximum progradation
point of the sequence corresponds to a third-order sequence
boundary (7000 surface) separating fluvio-deltaic from
alluvial deposits. The boundary is recognized in core data
within the southern portion of the field by the abrupt
vertical juxtaposition of distributary channel facies on
distal mouth-bar and lower delta-front deposits. In the
northwest of the field the same boundary is defined by
a change in channel stacking pattern from distributary
channel and delta-plain channels to sandy fluvial systems.
The boundary can be traced throughout the field and
corresponds to a shift in gamma-ray log response and a
change in petrophysical properties.

In the eastern portion of the field, relatively thick flood-
plain and lacustrine shale complexes dominate the upper
part of the sequence, where they form laterally extensive
intra-reservoir seals. These shales contain poor to moder-
ately well-developed pedogenic horizons, which can be
correlated between wells (Atkinson et al., 1988). Within
the northeastern parts of the field, channel-fill deposits
associated with lacustrine shales form isolated fining up-
ward units with low width-to-depth ratios (< 1:200).
These channel types evolved from amalgamated tabular
sand bodies within lower parts of the sequence. The overall
width to depth characteristics of these channel systems
together with their close association with thick lacustrine
and tlood-plain deposits favours an overall evolution from
moderate sinuosity to anastomosing channel styles associ-
ated with very low alluvial gradients and periodic flood-
plain flooding. Towards the southeast and central portions
of the field these isolated channel sand bodies give way to
more tabular, amalgamated channel storeys with higher
width-to-depth ratios (>1:200) associated with flood-
plain rather than lacustrine shales. These facies compare
favourably with the deposits of amalgamated sandy to
mixed-load, moderate-sinuosity channel systems developed
within the central part of the sequence. Both types of
channel deposits can be traced to the northwest, where
they give way to multstorey fluvial channel sand bodies.
The increasing development of thick lacustrine and flood-
plain shales in the cast of the field is paralleled by a
decrease in the degree of channel sand-body amalgamation
in the west. This may reflect increasing rates of creation of
accommodation through time. The scale and extent of the
shales towards the top of sequence 2 may further suggest
that they represent the fluvial equivalents of a maximum
flooding surface in marine strata.

Rates of alluvial aggradation decreased during the final
stages of sequence development, resulting, in the west
of the field, in an upward increase in the connectivity
and amalgamation of channel sand bodies to form well-
developed fluvial sand-sheets. This change in architectural
style is less transitional in the eastern part of the field, and
isolated channel sand-bodies are abruptly overlain by
stacked, multistorey channel sand-bodies dominated by
incomplete fining upward intervals and a lack of flood-
plain-abandonment fines (Atkinson et al., 1988; Richards

et al., 1994). The major change in stacking pattern and
degree of sandstone amalgamation marks the 6000
sequence boundary.

Sequence 3

The final third-order sequence commences with the 6000
sequence boundary and terminates in close proximity to
the Pre-Shublik unconformity. The exact position of the
upper boundary of the sequence is unclear in view of the
fluvially dominated nature of the succession and the evi-
dence for additional sequence boundaries within the suc-
cession. The sequence exhibits an overall progradational
to aggradational style. Sandy and mixed sand and gravelly
fluvial deposits dominate the base of the sequence, where
thev form a well-developed sheet sandstone covering the
entire extent of the field. The deposits give way abruptly to
coarse-grained fluvial channel conglomerates and con-
glomeratic sandstones. The junction between the con-
glomerates and underlying sandstones has been interpreted
traditionally as a sequence boundary based on the abrupt
change in grain size (Atkinson ez al., 1988). Although this
clearly represents a period of fluvial incision, the significance
of the surface may have been overstated in the past because
similar coarse-grained facies occur within fluvial deposits
underlying the boundary. This suggests that the magnitude
of facies dislocation is limited and that it represents a
higher order boundary. The coarse-grained fluvial deposits
are dominated by erosive-based, multistorey conglomerate
bodies up to 10 ft thick, characterized by normally graded,
horizontally bedded and cross-stratified conglomerates.
Overbank fines are rarely preserved within the section.

The upper part of the sequence is dominated by finer
grained, fluvial-channel sandstones, which form a broadly
upward-fining succession related to increasing sediment
accommodation. These deposits reflect the products of
sandy, distal coastal plain environments (Atkinson et al.,
1988). Within the western and eastern part of the field,
relatively thick shales occur as fine-grained flood plain and
lacustrine intervals of similar character to the shales of
sequence 2. The widespread nature and thickness of these
deposits may reflect periods of reduced alluvial gradients
and enhanced flood-plain aggradation associated with rising
base level. The top of the sequence may pass abruptly into
the carbonates of the Shublik Formation or be overlain by
thin, transgressive shelf sands of the Eileen Formation.

In summary, the stratigraphic record of the Ivishak
Formation illustrates the complex response of alluvial and
fluvio-deltaic systems to changes in sediment accom-
modation. Recognition of sequence boundaries and the up-
dip equivalents of flooding surfaces is complicated by the
lateral and vertical variability of fluvial and deltaic deposits
within the succession. Changes in sediment accommodation
are reflected at a variety of scales, from the evolving
patterns of channel sand-body amalgamation and shale
development to changes in channel pattern and style as the
fluvial depositional systems attempted to achieve equilibrium.
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CHAPTER EIGHT

Paralic Successions

8.1 Introduction

8.4.2 Accommodation space
8.4.3 Grain size

Western Canadian Basin

8.2 Paralic depositional systems 8.4.4 Chmate 8.8 Reservoirs in paralic successions
8.2.1 Deltas 8.8.1 Stratigraphic traps
8.2.2 Delta physiography 8.5 The sequence stratigraphy of distinct 8.8.2 Seals

8.2.3 Deltas and sedimentary processes

8.2.4 Coastal plain to shoreline—shelf
systems

8.2.5 Estuaries

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

8.8.3 Analogues and flow units

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

8.3 Sequences in paralic successions sysrems 8.9.3 Seismic facies
8.3.1 Sequence boundaries and valley
incision 8.6 Correlation procedure 8.10 Variations in paralic systems within a

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 Parascquences in paralic successions
8.4.1 Sedimentary processes

8.1 Introduction

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 3.1).
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 different
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 (i} 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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8.6.1 Depositional environments

8.6.2 Parasequence correlation

8.6.3 Progradation, aggradation, and
retrogradation

8.6.4 Sequence boundaries

8.7 An example: the Viking Formation,

sea-level cycle

8.10.1 Shelf processes

8.10.2 Spatial changes in processes

8.10.3 Sequence stratigraphic
framework

8.11 Summary

Table 8.1 Environments and subenvironments encountered in
paralic successions

Environments

Deltas

Coastal plain to shoreline—shelf systems
Estuaries

Iincised valleys

Subenvironments
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 fiats, etc.




subaerial portion and a subaqueous portion. The subaerial
portion, the delta plain, can be commonly divided into two
parts: the upper delta plain, which is fluvially dominated,
and the lower delta plain, which is marine influenced,
particularly by tides (Fig. 8.1). The following two sections
discuss variations in delta physiography, and the influence
of sedimentary processes on deltaic systems.

8.2.2 Delta physiography
Shelf-edge deltas (or deep-water deltas)

Shelf-edge deltas are located at the shelf—slope break. They
pass directly into an extensive coeval slope (with an angle
of 2—5°) and deep-water sedimentation system (Fig. 8.2a).
Shelf-edge deltas commonly exhibit a range of syn-
sedimentary deformational features, such as growth faults,
slides and mud diapirs. These features are gravity driven,

Fluvial plain

Older surface

Upper delta plain

Limit of tidal
inundation

Lower
delta plain

Sea-level

Shelf delta

Delta plain

Fig. 8.1 Delta terminology (after
Coleman and Prior, 1982}

Sea-level
A A

Delta front
30-70m
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and result from the rapid accumulation of a thick pile of
soft sediment fronted by an unconstrained slope.

Shelf deltas (or shoal-water deltas)

Shelf deltas develop in shallow water depths, commonly
30—70m, landwards of the shelf—slope break. The sub-
aqueous portion of shelf deltas comprises a relatively
coarse-grained, steep part (angles of 1—2°), known as the
delta front, and a fringing muddy, lower angle section
(angles < 0.5°), known as the prodelta (Fig. 8.2b). Shelf
deltas lack large coeval slope and deep water systems,
and, in general, are devoid of large-scale soft-sediment
deformation features.

Gilbert deltas

Gilbert deltas are coarse-grained fan-deltas characterized
by steep delta foresets (> 20°) that are dominated by sedi-
ment gravity flow processes (Fig. 8.2c; Colella, 1988;
Braga et al., 1990). Foresets range from subseismic to
seismic in scale (up to 700 m; Ori, 1987). Gilbert deltas are
common in rift and strike-slip settings, where subsidence
and uplift combine to generate the requisite basin-margin
water depth and alluvial fan catchment areas. If the water
depth is too shallow, rapid progradation will result and
steep foresets may not develop. If the water is too deep,
sediment may not accumulate as a subaerial fan, but pass
directly to the basin floor to accumulate as a submarine

(a) SHELF EDGE DELTA

Active delta

deposit. Fault-induced slumping may characterize the early
portions of Gilbert deltas while silty foresets up to 10 m
thick tend to increase in thickness and abundance basin-
wards. The foresets are commonly inversely graded.

8.2.3 Deltas and sedimentary processes

Fluvially dominated deltas

Deltas with a strong fluvial signature in the delta front
result from high sediment input and relatively low-energy
shelf processes. They are commonly characterized by a
sheet-like sediment body comprising coalesced mouth bars.
The core of each mouth bar, adjacent to the distributary
channel, is likely to be sandy. However, depending upon
the calibre of the supplied load, sediment deposited away
from the channel axis is likely to be increasingly mud-
prone. As a result, a finger-like sandstone isopach develops
in the lower delta plain and shallow delta front (Coleman
and Prior, 1982). The delta plain of fluvially dominated
deltas takes on the character of the fluvial system. Three
main types are recognized: rivers, braidplains and alluvial
fans, which feed river deltas, braid deltas and fan deltas
respectively (Orton, 1988).

Wave- and storm-dominated deltas

Deltas characterized by strong wave energy have relatively
straight coastlines, and shore-parallel sandstone isopachs

Sea-level

(b) SHELF DELTA
Active delta

Significant coeval deep-
water deposits directly
fed from the delta

Sea-level

Shelf

(c) GILBERT DELTA

Drowned delta plain

Coeval deep-water
deposits the product
of slope degrading
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skewed in the direction of prevailing longshore currents.
Fairweather waves move sediment onshore and provide an
effective barrier to its offshore transport. Storms redistrib-
ute the sand on to the inner shelf to increase the shore-
perpendicular width of the coastal sands.

Tide-dominated deltas

Strong tidal currents produce numerous coeval channels at
the delta front and result in a finger-like irregular sandstone
isopach (Coleman and Prior, 1982). Depending on tidal
strength, a tidal signature may penetrate deep into the delta
plain, favouring the development of tidally influenced
lagoons, tidal flats and crecks. The strongest tidal currents
are likely to be in the upper portion of the delta front and
in the lowermost delta plain, where daily reworking can
produce clean-swept sandstones. The subaqueous delta
may be extensive and grade into adjacent tidally influenced
shelfal areas, providing one of the few fairweather mech-
anisms for offshore sand transport.

8.2.4 Coastal plain to shoreline—shelf systems

Coastal plain to shoreline—shelf systems lack major rivers.
They receive the majority of their coarse sediment through
longshore and along-shelf transport, largely from coeval
deltas. Shelves are shallow, gently sloping, open-marine
areas characterized by wave, storm, tidal and, rarely, oceanic
currents. Shelves pass landwards into the shoreline, which
comprises the shoreface and the beach. The shoreface is
a steep, narrow zone (commonly less than 1km wide),
characterized by structures produced by shoaling waves
(Shepard, 1960; Bernard and LeBlanc, 1965; Friedman
and Sanders, 1978). The beach extends from the mean low-
tide mark to a supratidal zone that is only periodically
influenced by marine processes, for example during storms.
The beach may be backed by aeolian dunes. Shoreline—
shelf systems pass landwards into the coastal plain, which
is commonly fronted by a lagoon. Small rivers that debouch
into the lagoons form bay-head deltas.

8.2.5 Estuaries

Estuaries are drowned river valleys (Dalrymple ef al.,
1992). They are characterized by sediment input from both
fluvial and marine sources. At their heads, estuaries are
characterized by fluvial input. Where fluvial input is strong,
bay-head deltas may develop. Where fluvial input is weak
and tidal currents relatively strong, fluvial channels become
progressively tidally influenced and merge downstream
into tidal channels. Estuary mouths range from tidal to
wave-dominated, allowing estuaries to be divided into two
broad groups (Dalrymple et al., 1992).

In wave-dominated estuaries, along-shore and onshore
sand transport results in the accumulation of a sandy plug
at the head of the estuary (Fig. 8.3a). The sand plug

commonly comprises two elements, (1) a barrier with associ-
ated washover deposits, and (ii} a tidal inlet that breaches
the barrier allowing tidal exchange with the estuary and
forming a flood tidal delta. Landwards of the sand plug,
the central portion of the estuary is a low-energy zone
characterized by muddy facies. Together, the sand plug, the
central-basin muds and the bay-head delta form a tripartite
subdivision of wave-dominated estuaries.

In contrast, strong tides ensure an active exchange be-
tween the estuary and the open sea, preventing the develop-
ment of bay-head deltas, a muddy central basin or a
discrete sand plug (Fig. 8.3b). Instead, in tide-dominated
estuaries, a series of tidal sand bars ornamented by dunes
are likely to pass up-system into sandflats, and then to tide-
influenced and finally fully fluvial channels. Although a
muiddy central basin is not developed, an analogous zone
of relatively low energy is recognized (Dalrymple et al.,
1992). It occurs landwards of the strongly flaring tide-
dominated sandy estuary and is characterized by a
systematic change in channel types ‘straight—meandering—
straight’, reflecting changes in the balance between fluvial
and tidal process. At the seaward end an outer straight
section is tide dominated, with net headward sediment
transport. At the landward end an inner straight portion is
fluvially dominated with net seaward transport. In between,
a zone of net bed-load convergence is characterized by tight
meanders and fine grain sizes.

8.3 Sequences in paralic successions

8.3.1 Sequence boundaries and valley incision

In paralic successions sequence boundaries are recorded by
basinwards or ‘downwards’ shifts in facies belts. Two
important signatures are associated with base level fall:
(i) valley incision and (i1) forced regression.

Valley incision

The response of fluvial systems to relative sea-level fall is
discussed in detail in Chapter 7. If the new river course is
steeper than the equilibrium river profile, the river will
firstly straighten its coarse and then incise to form a valley.
Incised valleys are common features in paralic successions
(Van Wagoner et al., 1990). They are important because
thev represent unequivocal evidence of a sequence boundary
and also because they can form stratigraphic traps for
hydrocarbons.

The recognition of incised valleys

With limited well or outcrop data it is often difficult to
distinguish amongst (i) individual channels (e.g. fluvial or
tidal distributary channels); (i) multistorey channel sand-
stone bodies, and (iii) incised valleys. Both valleys and
channels are sharp based and commonly filled by fining
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Fig. 8.3 (a) Wave-dominated estuary

upwards successions. Similarly, both valleys and muld-
storey channel sandstones may comprise two or more
stacked-channel sandstone bodies. However, some key
features can allow these distinct scdiment bodies to be
distinguished:

1 Valley fills are commonly wider and thicker than chan-

138

WASHOiEg// >
N o

Key to section

X ES
3

Ssoscs

°%%%e Alluvial deposits

55860
o as o ol

Central basin

Inner shelf

Bay-head delta

Barrier shoreface,
1 and flood tidal delta

MARINE
©)
+ PROGRADING MARINE
TMF SHOREFACE
RS TRANSGRESSIVE SHELF
E
s CENTRAL BASIN
V]
A
R
Y BAY-HEAD DELTA
%Fs
FLUVAL ALLUVIAL CHANNEL
V5B AND

OVERBANK

nels. On average, valleys have width: thickness ratios in
the order of 1:1000 or more, whereas channels are nar-
rower, with width : thickness ratios of 1:100 (Reynolds,
1994b; Table 8.2).

2 Valleys can be inferred where deep incisions (deeper
than the thickness of individual channels) can be recognized.
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Commonly, these incisions take the form of terraces.

3 Valley incision is often heralded by the generation of
accommodation space at progressively slower rates, and
followed by a phasc during which accommodation is gen-
erated progressively more rapidly. Such progressive changes
are likely to be recorded in the rock record, leaving signals
that indicate proximity to a sequence. boundary. For

example, where the rate of generation of accommodation
space is decreasing, the thickness of parasequences and the
volume of crevasse splay deposits are likely to progressively
decrease, whereas channel connectivity is likely to increase.
4 The facies that fill incised valleys record a basinwards
shift in facies belts. Two types of valley fill are common in
paralic successions: estuarine valley-fills, and valley-fills
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Table 8.2 Summary statistics of paralic sandstones (after Reynolds, 1994b)

Widths (m) Lengths (m) Thicknesses (m)
Number of
Mean Range Mean Range Mean Range data points

Incised valleys 9850 63 000—-500 30.3 2-152 91
Fluvial channels 750 140060 9 24--2.5 6
Distributary channels 520 580020 7.8 40-1 268
Crevasse channels 60 400-5 24 17-0.2 44
Shoreline—shelf sandstones

Undifferentiated 25000 106 000—1600 93200 190 000—47 000 19.1 49-2.7 67
Highstand systems tract 16400 43000-16000 36
Transgressive systems tract 7200 200003300 5
Distributary mouth bars 2900 14000-1100 6500 96002400 9.7 42-1.2 26
Tidal ridges 6400 29300-750 17500 61000—-3250 11.2 229-3 32
Crevasse splays 800 7700-20 5600 11700-160 1.4 12-0.3 84
Flood tidal delta complex 6200 13700—-1700 12300 257002900 6.7 23-1.8 13
Lower tidal flat 1000 1550400 4.6 9-2.0 14
Tidal creeks 810 1550—-160 5.2 18-1 15
Tidal inlet 1850 2550700 4300 4300 4.8 3-7 3
Estuary mouth shoal 2400 2900-1700 3750 47002200 10 10-35

Chenier 3650 6400—-900 21800 3860049000 5.8 7-4.6 2
All sands 5050 106 000-5 35300 190 000—160 ? ? 569

that evolve from fluvial to estuarine fills. Marine mudstones
may also fill incised valleys (Fig. 8.4).

5 As a result of river rejuvenation, incised valleys com-
monly contain the coarsest sediment available locally.

6 Haq et al. (1988) suggest that phases of eustatic sea-level
fall are unlikely to exceed 100 m in magnitude. Therefore,
valleys produced by eustatic sea-level fall are unlikely ro be
deeper than 100 m. This may help to distinguish valleys
from slope canyons and gullies.

Incised-valley patterns

Incised valleys in the rock record have highly variable
patterns. Regional studies typically reveal patterns compar-
able to modern tributive drainage patterns (e.g. Dolson et
al., 1991). By contrast, detailed mapping over relatively
restricted areas commonly shows complex geometries
characterized by short cuts between adjacent valleys, vary-
ing valley widths and a great range in the spacing between
adjacent valleys (e.g. Jennette et al., 1992). As with all
fluvial systems, valleys are, in general, aligned down the
palaeoslope. Where the basin floor is exposed during sea-
level fall, the orientation of incised valleys may be perpen-
dicular to fluvial and distributary systems in the preceding
highstand systems tract.

8.3.2 Interfluve sequence boundaries

Valleys are restricted features separated by interfluves (Fig.
8.4). During falling sea-level the interfluves are exposed
subaerially and subject to erosion and pedogenesis. With
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relative sea-level rise the valley aggrades and the interfluves
are progressively onlapped. In paralic successions, valleys
are incised into the pre-existing coastal or delta plain, and,
therefore, the interfluves are likely to be flat topped. When
a valley has filled to the level of the old coastal plain, the
next increment of relative sea-level rise will flood the
interfluves generating a proportionately large volume of
accommodation space, and causing the shoreline to trans-
gress rapidly. As a result, many interfluves are characterized
by a sharp erosion surface, which is the product of ravine-
ment, and are overlain by a thin transgressive lag.

In many ways this signature resembles a simple marine
flooding surface. However, intetfluve sequence boundaries
may: (i) be underlain by well-developed palaeosols indicating
prolonged exposure; and (ii) be capped by anomalously
coarse lags, comprising clasts that were introduced to the
basin by rivers during lowstand, but are not present in the
underlying highstand successions.

8.3.3 The transgressive surface

The transgressive surface is the first significant marine
flooding surface across the shelf within a sequence (Van
Wagoner et al., 1988). The surface defines the top of the
lowstand systems tract and the base of the transgressive
systems tract. Commonly, the transgressive surface is co-
incident with the interfluve sequence boundary described
above. It will also cap valley-fill deposits (Fig. 8.4).

In delta plain and coastal plain successions it is often
difficult to recognize the landwards equivalent of the trans-
gressive surface. As a result, although valley fills and
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Valley filled by
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Interfluves
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Fluvial
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NN =
NAR
h \k\\g
T

[

12 5

13 14

|:| Shelf mudstone

= Sequence boundary

The transgressive surface

= = = Flooding surface

Fig. 8.4 Variable expression of sequence boundaries in paralic successions: (a) a plan view and (b) and (c) representative cross-

sections (after Van Wagoner et al., 1990)

maximum flooding surfaces can be recognized, it may be
impossible to divide intervening successions into lowstand

and transgressive systems tracts (Fig. 8.5).

8.3.4 Forced regressions

Forced regressions are basinward movements of the shore-
line, caused by relative sea-level fall. They are inde-
pendent of sediment supply (Posamentier et al., 1992;
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Fig. 8.5 (continued opposite) Wireline and associated graphic log of the Brent Formation in well 211/18a-7 in the Thistle feld,
North Sea. A sequence boundary is inferred at the base of the Etive Formation, where a multistorey succession of fluvial channel
sands lie above upper shoreface sands, and a maximum flooding surface is recognized in the middle of the Ness Formation,
between retrogradational and forestepping scts of bay-head deltas. However, there is no clear transgressive surface. As a result, the
intervening succession cannot be divided into lowstand and transgressive tracts (from Reynolds, 1995). Lithology: C, clay; S, silt:
F, fine; M, medium; C, coarse

Posamentier and James, 1993) and are expressed by basin- cesses, prior to sand deposition and renewed shoreline
wards or ‘downwards’ shifts in facies belts. Typically, progradation. Two types of lowstand shoreline are recog-
shoreline sands sharply overlie outer shelf mudstones. The nized: (i) attached shorefaces that overlic sands of the
sharp contact reflects the re-establishment of a sea-floor underlying highstand systems tract, and (ii) detached shore-
profile in equilibrium with shoreface and inner shelf pro- faces that are isolated in offshore shales (Fig. 8.6; Ainsworth
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Fig. 8.5 (continued)

and Pattison, 1994; Fitzsimmons, 1994). In addition, two
expressions of the sequence boundary are recognized. In
the first the sequence boundary rapidly dies out basinwards
into a correlative conformity (e.g. Plint, 1988; Posamentier
and Chamberlain, 1993). In the second the sequence bound-
ary remains a sharp erosive surface for 10—20km basin-
wards of the lowstand shoreline, and is always overlain by
a distinctive, commonly gutter cast, sand (Fitzsimmons,
1994).

To date, forced regressions have been recognized largely
in wave- and storm-dominated successions, where they
produce shore-parallel sand isopachs (e.g. Bergman and
Walker, 1988). However, sea-level fall also occurs in suc-
cessions dominated by tides or semi-permanent currents.
Reynolds (1994a) argues that a series of extensive undu-
lating erosion surfaces in the Viking Formation of Alberta,
Canada, were cut subaqueously by tidal scour following
sea-level fall (section 8.6).
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Fig. 8.6 Two types of lowstand shoreface: (a) attached and (b) detached, and (c) a set of lowstand shorefaces, or “forced regressive
set’. Note that this is only one example of a forced regressive set. The sand bodies could be spaced more closely or connected (after

Ainsworth and Pattison, 1994; Fitzsimmons, 1994}

8.3.5 The maximum flooding surface

In paralic successions, the maximum flooding surface is
coeval with the most landwards position of the shoreline.
Commonly, the maximum flooding surface is underlain by
a retrogradational parasequence set and overlain by a
progradational parasequence set. In many cases, however,
it is difficult to recognize a single, discrete surface. Instead,
a ‘maximum flooding zone’ is recognized. Within this zone,
two or three discrete surfaces may be candidates for a
‘maximum flooding surface’.

Basinwards of the shoreline, maximum flooding zones
are represented by outershelf silts and mudstones. Candi-
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dates for the maximum flooding surface are marked: (i) by
the finest grained deposits; (ii) by evidence for condensation,
such as Airmgrounds; or (iii) by outer shelf carbonates (Fig.
4.3). High gamma-ray values, and high organic matter
content reflect anoxic bottom water. These are common
during transgression and in the lower portion of maximum
tlooding zones.

On the delta plain, maximum flooding zones are charac-
terized by tidal influence in distributary channels (Shanley
and McCabe, 1993), pronounced channel crevassing, lake
expansion (Atkinson, 1983) and generally wetter palaeosols.
In lagoonal successions, discrete maximum flooding sur-
faces may be recognizable between backstepping and fore-



stepping bay-head delta parasequences (Fig. 8.5).

8.3.6 Parasequence sets

Parasequence sets record the net movement of the shoreline
over two or more parasequences. Their wireline log ex-
pression, and relation to key surfaces and systems tracts,
have been illustrated in previous chapters. In core and in
outcrop, progradational and retrogradational parasequence
sets are expressed as systematic changes in sedimentary
structures, ichnofacies and grain size (Figs 4.3 and 8.7).

8.4 Parasequences in paralic successions

The detailed character of parasequences is extremely
varied, and is controlled by a range of interconnected
factors: (i) sedimentary process; (ii) the calibre of the
supplied sediment; (iii) accommodation space; and (iv)
climate. Each of these factors is discussed below. The
following section, section 8.5, shows how they affect the
detailed stratigraphy of coastal plain to shoreline shelf
systerns, deltas and estuaries.

8.4.1 Sedimentary processes

In general, as fluvial, wave and storm-dominated shore-
lines prograde they each produce a coarsening succession.
However, the lateral and dip extent of the associated
sand bodies, and the detailed sedimentary structures,
differ depending on the dominant process (Fig. 8.8; Table
8.2). Shoaling waves redistribute sediment alongshore
and straighten the plan-form of shorelines. As a result,
wave- and storm-dominated shorelines produce tabular,
shore-parallel sandstone bodies with a spatially uniform
stratigraphic signature. Shoaling waves also generare an
onshore-directed current that prevents offshore sand trans-
port. By contrast, storms can transport sand to the inner
shelf, so that storm-dominated sand bodies can extend
further offshore than wave-dominated sand bodies (Fig.
8.8a,b). In fluvial- and tide-dominated settings the sand:
shale ratio, and the grain size will vary across the shoreline
portion of a parasequence, reflecting its composition by a
number of coalesced mouth bars (Fig. 8.8¢).

8.4.2 Accommodation space

Two models relate parasequences in shoreline successions
to delta plain and coastal plain successions. Van Wagoner
et al. {1990) show coastal plain mudstones developing
contemporaneously with shoreline progradation (Fig. 8.9).
By contrast, Devine (1991) shows strandplain and lagoonal
successions developing, respectively, during (i) progradation,
and (ii) aggradation and transgression (Fig. 8.10).

Both models are supported by detailed field-work, they
each reflect distinct rates of generation of accommodation

space. In Devine’s model no accommodation space is gen-
erated during regression, resulting in toplap, whereas sig-
nificant accommodation space is generated during barrier
island aggradation and transgression, resulting in a dra-
matic expansion of the lagoon. By contrast, accommodation
space is generated throughout strandplain regression in the
model of Van Wagoner et al. (1990}, allowing the syn-
chronous deposition of coastal plain deposits.

Partitioning of sand-body rypes into systems tracts

Analysis of coastal plain and deltaic sand bodies shows
(Table 8.3) that the overwhelming majority of sand bodies
deposited landwards of the shoreline (distributary channels,
crevasse splays, tidal creeks, and flood tidal deltas) occur in
transgressive systems tracts (Reynolds, 1994b). The data
indicate that accommodation space in the delta plain and
coastal plain is generated largely during transgression, and
that certain sand-body types are favoured when base level
is rising rapidly. For example, flood tidal deltas develop in
lagoons, which are favoured during transgression. Similarly,
basc level rise may also favour crevassing.

Sand-body dimensions

Recent studies have recognized the cyclic stacking of
sequences into sequence sets and composite sequences
(Mitchum and Van Wagoner, 1991; Jones and Milton,
1994). The low-frequency changes in accommodation space
and sediment supply that generate these patterns also

Table 8.3 Data to show the preferential partitioning of sand
bodies into particular systems tracts. LST, lowstand systems
tract; TST, transgressive systems tract; HST, highstand
systems tract; SMST, shelf-margin systems tract; %, the
percentage of a given sand-body type in a given systems tract;
N, the total number of sandstone bodies of a given type for
which the systems tract is known

Systems

tract % N
Valleys LST 100 47
Tidal creeks TST 100 13
Tidal flats TST 100 14
Shoreline—shelf HST 75 48

TST 17

LST 0

SMST 4
Distsibutary channels HST 22 78

TST 60

LST 18
Crevasse splays T5T 100 75
Flood tidal deltas ST 92 12

LST 8
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(a) WAVE-DOMINATED
SHORELINE SHELF

(b) STORM-DOMINATED
SHORELINE SHELF

(c) DELTAIC
SEDIMENTATION

Fig. 8.8 Variations in sand
distribution within parasequences
characterized by distinct sedimentary
processes. Wave-dominated (a) and
storm-dominated (b) parasequences
are characterized by simple cleaning
and coarsening signatures that extend
in three dimensions. They differ in that
the sand belt extends much further
from the shoreline in storm-dominated
successions. By contrast, deltaic
parasequences (¢) are characterized by
marked spatial changes in sandstone
content

\
300m 10-20km

Shoreface

Mid to
outer
shelf
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(a) LITHOSTRATIGRAPHIC MODEL

P Y ]

(b) CHRONOSTRATIGRAPHIC MODEL
10

COASTAL PLAIN MUDSTONES AND SANDSTONES

—==—=—=__ FLOOD TIDAL DELTA SANDSTONE/S//
4 NEEEE /IJ 4

TIDAL INLET
COASTAL PLAIN SCOUR

2 L

\

R
YJ ‘

COAL —

Fig. 8.9 Lithostratigraphic and chronostratigraphic models of parasequence development based on the work of Van Wagoner
et al. (1990). Coastal plain mudstones and sandstones are shown to be coeval with shoreline progradation. For discussion see text

influence sandstone body dimensions on a parasequence
scale. For example, the thickness of shoreline shelf sands
decreases upwards through highstand sequence sets. Simi-
larly, the dip extent of shoreline—shelf sands tends to be
twice as extensive during highstand systems tracts as in
transgressive systems tracts (Table 8.2).

8.4.3 Grain si;e

Coarse sediment (gravel and sand) favours: (i) low-sinuosity
channels in the delta and coastal plain; (ii) well-drained
delta and coastal plains that lack lakes; (iii) the rapid
deposition of river load at river mouths; (iv) a steep ‘reflec-
tive’ shoreline that receives the full effect of wave energy;
and (v) a steep delta front characterized by mass flow
processes (up to around 25° in Gilbert deltas).

By contrast, fine sediment (silt and mud) favours:
(i) high-sinuosity channels; (ii) poorly drained delta and
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coastal plains characterized by lakes; (iii) sediment dispersal
beyond river mouths as a result of buoyancy processes;
(iv) a low-angle shoreline that attenuates and dissipates
wave energy, and forms a sandy shoreline and inner shelf
zone; and (v) a low-angle delta front (around 1°).

The dominant grain size of deltas reflects the nature of
the catchment area: the area and physiogeography of the
catchment; the prevailing climate; and the bedrock lith-
ology. These factors, in combination with tectonic activity
and relative sea-level fluctuations, may change through
time to generate fluctuations in sediment flux and calibre.
For further discussion on the influence of grain-size, see
Orton (1988) and Orton and Reading (1993).

8.4.4 Climate

On the delta and coastal plain climate influences the nature
of lacustrine deposits, palaeosols and the development



A

Transgressive and
aggradational deposits

Regressive deposits
A

(a) LITHOSTRATIGRAPHIC MODEL

Transgressive phase ————

Geological time

Subaerial hiatus

(b) TIME-STRATIGRAPHIC MODEL

Transgressive deposits Regressive deposits

- Channelled estuary I:l Lagoon I:I Strandplain Hiatus
Barrier island - Inner shelf sands E Coastal plain

Fig. 8.10 (continued overleaf) Lithostratigraphic and chronostratigraphic models of parasequence development based on the
work of Devine (1991). Coastal plain mudstones and sandstones are shown to be coeval with transgression. For discussion see text
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PROGRADATIONAL PARASEQUENGE SET
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(b) RETROGRADATIONAL
PARASEQUENCE SET

Flooded fluvial systems
may develop into tripariite
esiuaries

I1. Muddy,
tidal sinuoys

Retrogradational

%

N
Stotm generated
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Fig. 8.11 (a) (continued overleaf) A progradational parasequence set in a storm-dominated shoreline—shelf succession. The
work of Devine (1991) and Van Wagoner et al. (1990) has been combined to show coastal plain and lagoonal successions
developing during progradation and transgression. The map shows the extent of shoreface sands in each parasequence 1—4. The
short logs (A) and (B) illustrate spatial variations in parasequence set signature that result from lobate parasequences. A flooding
surface lag is more likely if the underlying shoreface has prograded past a given location, as only then can shoreface erosion
winnow and concentrate coarse material (based on Hamblin and Walker, 1979; McCrory and Walker, 1986; Plint and Walker,
1987; Eyles and Walker, 1988; Plint ef al., 1988). (b) A retrogradational parasequence set in a storm-dominated shoreline—shelf
succession. During transgression, the shoreline may aggrade and keep pace with relative sea-level rise, so that significant
accommodation space is generated in the coastal and alluvial plain. With an increase in the rate of relative sea-level rise, or a drop
in sediment supply, the shoreline will jump landwards to a new position where these two variables are in balance (for a review see

Elliott, 1986b)

of coals, evaporites and lacustrine carbonates. The wind
regime has an important effect on the efficacy of storm
processes, while the prevailing winds determine the extent

8.5 The sequence stratigraphy of
distinct paralic systems

of aeolian (coastal) dune fields, the direction of longshore
sediment transport, and the presence of semi-permanent
shelf currents. Climate also influences the development of
shelf carbonates.

The fundamental controls outlined above affect the devel-
opment of all paralic successions. However, they combine
in different ways in different paralic systems. In many ways
coastal plain to shoreline—shelf systems are the simplest.
These are discussed and illustrated in detail below. Sub-
sequent sections show how stratigraphy differs in deltaic
and estuarine successions.
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Washover fans, fiood tidal
deltas and lagoons may be
important, but are likely to be
removed by ravinement

ay parallel shelf currents { shore para!lél
: or the sand { underlying sand ) .

Shoreface attached / detached ridges:

10 m high; 2 - 3 km wide; 2 - 6.5 km apart;
10s km tong; average 22 ° to coast;

slopes of a few degrees or less

2-70cm
thick beds

S, 5.
mﬂ Transgressive

lag
No obvious vertical
sequence

Transgressed
delta

Dimensions t(m) W (km) length (km)
Pattison 1988 0-6 0-5 60
Bergman and Walker 1988 0-10 0-5 10 Long pods on

extensive trend

Fig. 8.11 (c) A transgressive parasequence set in a storm-dominated shoreline—shelf succession. Surface 1 is cut by shoreface
erosion. The sand body, 2, is the product of short-lived progradation. All evidence for subaerial exposure is removed by
ravinement, producing surface 3. Ancient examples suggest that the preserved sediment bodies are linear and shore-parallel
(Bergman and Walker, 1988; Pattison, 1988). Modern shelves suggest the presence of numerous shore-oblique ridges (e.g.
Rine et al., 1986) and ragged patches of sand above transgressed sandy successions. W, width; t, thickness

8.5.1 The stratigraphy of coastal plain to shoreline—shelf
systems

Storm-dominated parasequences

In general, the lower part of storm-dominated para-
sequences (shelf and lower shoreface) comprises a series of
sharp-based beds 5—30cm thick that become thicker and
progressively amalgamated upwards (Fig. 8.11a). The beds
are often hummocky cross-stratified, with bioturbated,
wave-rippled tops. The upper shoreface may be: (i) storm
dominated and characterized by swaley facies (McCrory
and Walker, 1986); (ii) wave dominated, with or without
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bars; or {iii) cut by cross-bedded tidal channel units. Barred
shorefaces are characterized by erosively based, trough
cross-beds, deposited in longshore troughs and/or rip
channels. Non-barred shorefaces are characterized by wave
ripples, onshore and offshore directed cross-beds, and
planar laminae (for a review see Elliotr, 1986b). It is
critical, but not always easy, to distinguish channels gener-
ated by tidal inlets and longshore troughs, from incised-
valley fills. Coastal plain successions are strongly influenced
by climate, and are characterized by small fluvial systems.
Lagoonal deposits are generally shale prone, but may also
comprise sandy facies deposited in storm washovers, flood



tidal deltas, or bay-head deltas (Plint and Walker, 1987,
Devine, 1991).

In shelfal locations the stratigraphic signature of pro-
gradational, storm-dominated parasequence sets is generally
simple, comprising a stack of cleaning and coarsening
parasequences that become coarser and sandier upwards
reflecting net progradation of the shoreline (Fig. 8.11a). An
exception is suggested by detailed mapping in the Cardium
Formation (Eyles and Walker, 1988), which has revealed a
lobate form to individual parasequences that produces an
overall progradational, but variable, parasequence-set sig-
nature. In proximal locations the balance between sediment
supply and relative sea-level rise will control both the
parasequence and the parasequence-set signature (section
8.4.2).

The nature of retrogradational, storm dominated para-
sequence sets depends on the balance between sediment
supply and relative sea-level rise. Figure 8.11b shows one
combination of these variables — the shoreline—shelf el-
ements of the parasequences could be stacked more closely
or separated entirely.

Transgressive, storm-dominated parasequence sets com-
prise a series of back-stepping parasequences, the sandy
portions of which are neither connected nor overlain (Fig.
8.11¢). Many transgressive parasequence sets are charac-
terized by ravinement, removing all evidence for subaerial
exposure, and by shelfal processes reworking the stranded
shoreline deposits. Transgressive parasequence sets are
extreme forms of retrogradational parasequence sets.

Forced regressive, storm-dominated sets are generated
when sea-level falls in a series of more or less discrete steps
(Fig. 8.6¢). As discussed in section 8.3.4, the base of each
sand package is characterized by a downwards shift in
facies that records sea-level fall. If sea-level fall is associated
with river incision, then each sand package is a high-
frequency sequence. The sand bodies themselves are charac-
terized by a progradational, coarsening signature. Forced
regressive sets can have a geometry closely similar to
transgressive parasequence sets (compare Fig. 8.6¢ with
Fig. 8.11c). The shoreline position is likely to be fixed by
shelf irregularities, generated, for example, by deep-seated
faults.

Wave-dominated parasequences

The stratigraphic architecture of wave-dominated para-
sequences is closely comparable to that of storm-dominated
parasequences. A key difference is that the predominance
of shoaling waves commonly limits the distance from the
beach to the edge of the sand belt to less than 1km. As a
result, dip-extensive wave-dominated sands can be gencr-
ated only by progradation. As in storm-dominated para-
sequences, wave-dominated shoreline successions generally
coarsen, and increase in bed thickness upwards. Again, the
upper shoreface may be barred, non-barred, or cut by tidal
channels. Conglomeratic wave-dominated shorelines are

steeper and have their own distinctive suite of structures

(Fig. 8.12; Massari and Parea, 1988; Hart and Plint, 1989).

Tide-dominated parasequences

Tide-dominated shoreline—shelf systems pass laterally into
estuaries and deltas, and landwards into tidal flats (Fig.
8.13). If the tidal flats are richly fed with sediment by
alongshore and along-shelf tidal currents, they can form
the central portion of prograding coastal plain to shoreline—
shelf successions. Subtidal flats and the lower portions of
intertidal flats tend to be sandy, and to pass landwards into
muddy and then vegetated, intertidal and supratidal flats,
Consequently, prograding tidal flats generate fining up-
wards successions. These in turn may be cut by fining
upwards channel fills, the deposits of complex channel
systems which dissect the flats (for a review see Elliott,
1986a,b).

Progradational, tidal successions are illustrated in Fig.
8.13. Analogous transgressive tidal deposits are thinner,
developing during periods when rivers are drowned, form-
ing estuaries, and little sediment is transported to the shelf.
In such cases sandy shelf deposits tend to be sourced by
tidal scour and reworked from the underlying succession.
The combined effects of tidal scour and shoreface erosion
may generate complex erosional topography on the flooding
surface. Deposits that overlie the surface may include sand
sheets and sand ridges. Sand sheets may fine or coarsen
upwards depending on sand-sheet movement. The internal
structure of tidal sand ridges is poorly known, but is
thought to be dominated by dune cross-bedding. For a
detziled discussion see Stride (1982).

8.5.2 The stratigraphy of deltaic systems

Much of the stratigraphic variability observed in deltas is
controlled by interplay amongst: sedimentary processes,
accommodation space, sediment supply, climate and grain
size. Accommodation space and sediment supply play a
role similar in deltaic systems to that discussed for coastal
plain to shoreline—shelf systems. Following Orton (1988)
and Orton and Reading (1993) the importance of grain size
and sedimentary process can be shown by extending the
ternary process classification of Galloway (1975) into a
prismatic form (Fig. 8.14). Their model can be refined by
differentiating amongst shelf deltas, shelf-edge deltas and
Gilbert deltas. Space precludes illustration of this extra
diversity. For examples and discussion of the stratigraphy
of Gilbert and shelf-edge deltas the interested reader is
referred to Colella (1988), Braga er al. (1990), Ethridge
and Westcott (1984), Rossi and Rogledi (1988), Collinson
(19386), Pulham (1989) and (Elliott 1986a, 1989).

In high-resolution sequence stratigraphic studies, four
features distinguish the stratigraphy of deltas from that of
coastal plain to shoreline—shelf systems: delta lobe switch-
ing, lakes, major distributary channels, and growth faulting,
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SHOREFACE MORPHOLOGY

~
Beach ' s .
M\ i Steeper 'reflective’ shoreline

Fig. 8.12 (continued opposite) The shoreface morphology and associated structures of wave-dominated shorelines (based on
Clifton et al., 1971; Davidson-Arnott and Greenwood, 1976; Hunter et al., 1979; Massari and Parea, 1988; Hart and Plint,
1989). MHW, mean high water; MLW, mean low water

Delta lobe switching is an autocyclic process that resules
in the deposition of local parasequences (Fig. 8.15). The
process is initiated by river avulsion, which causes the
abandonment of previously active delta lobes. An aban-
doned lobe subsides and is transgressed, generating a local
flooding surface. When the river switches back, a new lobe
is formed through the progradation of a deltaic shoreline.
A second phase of abandonment generates a second flood-
ing surface, and completes the deposition of a local para-
sequence areally restricted to the abandoned delta lobe.
Lobe switching can occur at a variety of scales, from the
large-scale switching of major trunk rivers, to the local
switching of small-scale distributaries. As a result a complex
hierarchy of parasequences may develop.

The stratigraphic signature of lakes that develop on the
delta plain is commonly similar to that of interdistributary
bays (Fig. 8.15). Phases of lake expansion generate lacus-
trine flooding surfaces, whereas distributary and crevasse
channels feed a variety of prograding lacustrine shorelines,
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resulting in a ‘parasequence’ signaturc. Lakes, however,
have no marine connection and the relationship between
lacustrine flooding surfaces and marine flooding surfaces
may not be clear.

Major distributary channels are a key element of both
the delta plain and the delta front. In the delta front they
commonly truncate cleaning and coarsening shoreface
deposits, and with limited data they can be difficult to
distinguish from incised-valley-fill deposits (section 8.3.1;
Fig. 8.15).

Growth faulting is common in thick deltaic successions.
The subsidence that occurs in the hanging wall of such
faults, (i) enhances the effect of relative sea-level rise,
resulting in the enhanced prescrvation of flooding surfaces
in the hanging wall, and (ii) dampens the effect of relative
sea-level fall, so that sequence boundaries in the footwall
may pass into correlative conformities in the hanging wall
(Fig. 8.15).



ASSOCIATED STRUCTURES

(a) NON-BARRED (b) BARRED
0
Swash
zone
o Od
o) «— Inner
trough AR
9 TP T
Outer planar «{%{4
inner trough NN
oY -
—» Lunate small k&@}‘}:\%} :
N Y N
dunes “\\{\
———
—
Wave ripples
<«—» (oscillation
direction)

Fig. 8.12 (continued)

8.5.3 The stratigraphy of estuarine systems

Estuarine successions are valley fills that develop during
relative sea-level rise. Variations in valley shape, sediment
supply, sedimentary processes, and accommodation space
result in a variety of stratigraphic signatures. However,
many estuarine successions record steady transgression.

When initial rates of relative sea-level rise are low, the
basal portions of valley fills comprise lowstand fluvial
deposits (Dalrymple ez al., 1992; Allen and Posamentier,
1993). Where relative sea-level rises more rapidly, lowstand
fluvial incision and bypass may be immediately followed by
estuarine sedimentation (Wood and Hopkins, 1989). As
estuarine systems backstep, fining upwards successions
are generated in their mixed-energy and river-dominated
portions (Fig, 8.3; Pattison, 1992). These may be truncated
by transgressive erosion surfaces formed either by shoreface
erosion (Fig. 8.3a) or by tidal scour (Fig. 8.3b). If the rate
of sea-level rise decreases or sediment supply increases, estu-
arine facies belts can aggrade or prograde. In the latter case
a flooding surface can be recognized between the backstep-
ping and forestepping facies belts. However, parasequences
are not generally described within estuarine successions.
Rather, the high-frequency signature of estuaries is domi-
nated by repeated relative sca-level fall, within overall
transgression (e.g. Eschard et al., 1991; Wood and Hopkins,
1989).
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8.6 Correlation procedure

It is recognized increasingly that high-resolution sequence
stratigraphy provides an excellent means of correlating
within paralic successions. However, the ease with which
paralic successions can be correlated is highly variable,
being strongly dependent upon both the depositional
environment and the mechanisms that generate the relative
sea-level changes.

8.6.1 Depositional environments

Paralic subenvironments generate sand bodies with a range
of scales and geometries (Table 8.2). These dimensions can
be used to sense-check the detailed correlations required
for oilfield reservoir zonation. The impact of this data is
reinforced by considering the relative scale of different
sand bodies and typical paralic oil and gas fields (Fig.
8.16). Most paralic oil and gas fields are small. For example,
the vast majority of Indonesian paralic fields have a pro-
ductive area of less than 10km?* (M. Eller,\(pers. comm.,
1993), whereas even giant fields, such as Ninian in the
Nosth Sea (1045 x 10° barrels of recoverable oil and an
area of 89 km?; Abbots, 1991) commonly have areas less
than 100 km?. Comparing these sizes with the mean dimen-
sions of paralic sandstones, it can be seen that individual
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Fig. 8.13 (continued opposite) The stratigraphic signature of tide-dominated systems is poorly known, but likely to be highly
variable. In this model an active distributary channel supplies sand to a prograding, sandy, tide-dominated delta. The delta passes
gradationally into a prograding coastal plain to shoreline—shelf system that comprises tidal flats, and a sandy tide-dominated
shelf. In its tide-influenced portion the active distributary comprises a series of mixed fluvial and tidal channels (log a; Meckel,
1975; Dalrymple et al., 1990, 1992) separated by intertidal, and subtidal bars (log b; Mutti et al., 1985a). Where they are active, the
channels dominate the stratigraphic record. The bars pass down system into a series of ridges that straddle the transition from the
delta to the inner shelf (Smith, 1966; Johnson and Baldwin, 1986; Elliott, 1989). The ridges are likely to be characterized by dune-
scale cross-bedding, and with a plentiful supply of sand, the ridges will build to sea-level, and may grow laterally and coalesce (see
inset sections 1—3; Stride, 1982). The shelf ridges pass into sheet sands characterized by downstream changes in bedform type:
proximal portions have stronger tides and are dominated by large- and small-scale dunes, distal portions are characterized by small
dunes, ripples, and storm reworking (c—e). Sand-sheet progradation results in vertical profiles closely similar to those seen in
ancient tidal ridges (f; FS — flooding surface). Abandoned 