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Preface to Second Edition

It has been more than a decade since the appearance of the First Edition of this book.
Much progress has been made, but some controversies remain.

The idea that the stratigraphic record could be subdivided into sequences and
that these sequences store essential information about basin-forming and subsi-
dence processes remains as powerful an idea as when it was first formulated.
L. L. Sloss and P. R. Vail are to be credited with the establishment of the mod-
ern era of sequence stratigraphy. The definition and mapping of sequences have
become a standard part of the basin-analysis process. Subsurface methods make use
of advanced seismic-reflection analysis, with three-dimensional seismic methods, and
seismic geomorphology adding important new dimensions to the analysis. Several
advanced textbooks have now appeared that deal with the recognition and definition
of sequences and their interpretation in terms of the evolution of depositional sys-
tems, the recognition and correlation of bounding surfaces, and the interpretation of
sequences in terms of changing accommodation and supply. This is not one of these
books.

The main purpose of this book remains the same as it was for the first edition,
that is, to situate sequences within the broader context of geological processes, and to
answer the question: why do sequences form? Geoscientists might thereby be better
equipped to extract the maximum information from the record of sequences in a given
basin or region.

Central to the concept of the sequence is the deductive model that sequences carry
messages about the “pulse of the earth”. In the early modern period of sequence
stratigraphy (the late 1970s and 1980s) the model of global eustasy was predominant,
and it was to offer a critique of that model that provided the impetus for developing the
first edition of this book. Model-building has been central to the science of geology
from the beginning; it was certainly a preoccupation of such early masters of the
science as Lyell, Chamberlin, Barrell, Ulrich and Grabau. A historical evaluation of
the contrasting deductive and inductive approaches to geology has been added to this
edition of the book, in order to provide a background in methodology and a historical
context.

Standard sequence models have become very well described and understood for
most depositional settings, and are the subject of several recent texts. Two chapters are
provided in this edition in order to outline modern ideas, and to provide a framework
of terminology and illustration for the remainder of the book.

A major component of the first edition was devoted to a documentation and illus-
tration of the main types of sequence in the geological record, ranging from those
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representing hundreds of millions of years to the high-frequency sequences formed by
rapid cyclic processes lasting a few tens of thousands of years. Such documentation
remains a major component of the book, and has been updated with new examples.

The central core of the first edition was composed of a detailed description and
evaluation of the major processes by which sequences are formed. This remains the
central focus of the book and has been updated.

Perhaps partly in response to this book, many geoscientists have recognized the
complexity of the geological record, have adopted a rigorous inductive approach to
their analyses and remain committed to a multi-process interpretation of their rocks.
Such an approach can provide a rich array of ideas regarding regional tectonics and
basin analysis. However, the original Vail model of global eustasy remains convincing
to many, and a powerful guide to interpretation. The practical, theoretical and method-
ological issues surrounding this still controversial area are the focus of a concluding
section of the book. The philosophy and methodology that are the basis for the ongo-
ing work to construct the geological time scale constitute an essential background to
this discussion.

Toronto, ON Andrew D. Miall
September 2009
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Structure of the Book

Part I: The Emergence of Modern Concepts

The first chapter of the book provides some essential historical background to the
modern story of sequence stratigraphy. The history of the study of stratigraphy
includes two parallel but largely independent strands of research that have been
underway since at least the early twentieth century. They are characterized by some
profound differences in underlying principles, references and research methods, one
research method being essentially empirical and inductive in approach, while another
groups of researchers has attempted to develop deductive, theoretical models for
understanding Earth history. Chapter 1 is based largely on four papers which explored
this history (Miall and Miall, 2001, 2002, 2004; Miall, 2004). It is to be hoped
that readers will not skip this chapter, because experience suggests that students of
geology do not learn enough about the history, philosophy, or methodology of their
science.

The present book is not a treatise on the recognition, mapping and classification
of sequences. Modern work on this subject has been provided in such texts as Emery
and Myers (1996), Posamentier and Allen (1999, focusing on clastic sequences), Coe
(2003), Schlager (2006, focusing on carbonate sequences) and Catuneanu (2006), the
last being the most authoritative. The reader is referred to Catuneanu et al. (2009) for a
compilation of widely-held concepts concerning sequence classification and nomen-
clature. Two chapters dealing with sequence models are provided in the present book
as a basis for the subsequence discussion. Chapter 2 sets out the main framework
of our current ideas about the sedimentology and architecture of sequences, includ-
ing definitions and explanations of terminology. Chapter 3 describes some of the
lesser-known, mostly older, techniques, that have been used to explore the importance
concepts of accommodation and sea-level change.

Part Il: The Stratigraphic Framework

The last dozen years of research have revealed that there are five broad types of
sequence, in terms of their origins or driving mechanisms. These types were summa-
rized in a review article by Miall (1995), and little has occurred to change this basic
summation since that time. The classification is set out and illustrated in Chap. 4, and
this is followed by three chapters documenting the evidence in greater detail.

XV



XVi

Structure of the Book

One of the points made in 1995 was that the original “order” hierarchy of
sequences, based on their duration, that had been proposed by Vail et al. (1977) is not
supportable. The “orders” overlap in time, and the classification does not discriminate
between sequences having entirely different driving mechanisms.

The worldwide collection of case studies that provide the basis for the rest of Part
II range in scale from the hundreds-of-millions-of-years-long supercontinent cycle,
to the climate cycles driven by orbital forcing on a time scale of tens of thousands of
years, and the regional cycles of comparable duration that reflect tectonic effects on
accommodation and sediment supply. Chapter 5, 6, and 7 subdivide this material on
the basis of the temporal scale of the sequences, tens to hundreds of millions of years
(Chap. 5), millions of years (Chap. 6) and less than a million years (Chap. 7). The term
“episodicity” is used, rather than “periodicity” for this temporal scale because, of the
various driving mechanisms that have been recognized as the causes of sequence
generation, only orbital forcing may be said to be truly cyclic, in the sense of a
predictable, mathematical regularity. Nor should the chapters be taken to indicate
a subdivision or classification in terms of driving mechanisms, because these overlap
considerably in temporal scale.

Part lll: Mechanisms

Eustatic sea-level change is but one of a suite of mechanisms that govern accommo-
dation, and which act over widely varying time scales, some regional, some global
in scope, and commonly, in the geological past, acting simultaneously. These are the
subject of Part III of the book. Controversies arising from Vail’s original model of
global eustasy (Vail et al., 1977) have triggered a vigorous program of research to
explore, verify, or challenge this concept, and much new work is reported in this
part of the book. A short introductory chapter (Chap. 8) summarizes the various
mechanisms, with an emphasis on rates and scales.

The most important forward strides that have been made since the first edition of
this book was published in 1997 are in three main areas: Firstly, we are reaching a
better understanding of the importance of dynamic topography—the effects of man-
tle thermal processes on the surface elevation of the Earth’s crust. This is the most
significant new element in our understanding of 10-year cycles—what have come to
be called Sloss sequences, after their founder, the “grandfather” of modern sequence
stratigraphy (Chap. 9). Secondly, much new detailed regional mapping, incorporat-
ing refined methods of local and regional correlation, has provided many new case
studies of regional sequence successions and their relationship to local tectonism.
This has provided new insights into 10°~10°-year-scale tectonism and sedimentation
(Chap. 10). Thirdly, an increasing number of case studies of high-frequency sequence
stratigraphy of the early Cenozoic and Cretaceous record, is casting new light on
the importance of orbital forcing as a sequence-generating mechanism (Chap. 11).
Intriguing new arguments from the stable-isotope record are being used to argue that
even during the Cretaceous, supposedly a lengthy period when the earth was charac-
terized by a greenhouse climate, there were small, short-lived ice caps on Antarctica,
and these may have been the driving mechanism for high-frequency accommodation
changes that may therefore have been glacioeustatic in origin (Chap. 11).
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Chapter 11 concludes with a short section that explores the ways by which appar-
ently similar high-frequency sequences may be identified as either tectonic in origin
or caused by orbital forcing.

Part IV: Chronostratigraphy and Correlation: An Assessment
of the Current Status of “Global Eustasy”

To set the stage for this final part of the book, Chap. 12 presents much of the method-
ological discussion developed by A. D. Miall and C. E. Miall (2001). In this paper
we explored how research methods and the development of technical language set the
Vail/Exxon “school” of sequence stratigraphy apart (to understand the social frame-
work within which this happened the reader is referred to C. E. Miall and A. D. Miall,
2002). As suggested by the heading to Sect. 12.5, the global-eustasy paradigm could
be said to be a “revolution in trouble.”

Global correlation is a key criterion (necessary but insufficient) for the testing of a
model of global eustasy and the validity of any global cycle chart. It is argued in this
part of the book that the case for global correlation has not yet been made, except in
some very specific cases, which are enumerated in Chap. 14. Concepts of deep time,
the hierarchy of time, and its expression in the geological record, are discussed in
Chap. 13.

Standard methods of stratigraphic correlation and dating are described in some
detail in the first part of Chap. 14. These have dramatically improved in recent
years, with the use of multiple correlation criteria, the establishment of international
working groups to explore specific intervals of geologic time, and, even more impor-
tantly, the launching of an authoritative website www.stratigraphy.org, managed by
the International Commission on Stratigraphy, which is continuously updated with
new facts and references. An updated time scale sets out the methodology and latest
results (Gradstein et al., 2004), some of which are already superceded by information
posted online.

With these new concepts and methods in hand, the second half of Chap. 14 then
examines modern tests of the global eustasy paradigm, focusing on a few key areas,
notably New Jersey and New Zealand, where modern data sets provide the basis
for new interpretations. This author concludes that a case can still not be made for
global eustasy as a primary sedimentary control prior to the Neogene, when the well-
documented series of glacioeustatic fluctuations commenced. Overall, however, the
new style of detailed stratigraphic research, supported by meticulous chronostrati-
graphic documentation, is encouraging. A eustatic signal seems to be emerging for
the Neogene record—perhaps not surprisingly, given the importance of glacioeustasy
during this most recent period of Earth history.

The methodological discussions of Chaps. 1 and 12 are then brought to bear on
another emerging paradigm: cyclostratigraphy. While valuable work on the construc-
tion of a highly accurate time scale is underway, some similarities to the Vail/Exxon
pitfalls are pointed out, and some cautions expressed. This author is skeptical that a
reliable time scale can be developed for the pre-Neogene, which must largely rely on
“hanging” sections.

The book concludes with a brief discussion of modern research methods and
remaining issues and problem (Chap. 15).
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The Emergence of Modern Concepts

Modern sequence stratigraphy began with the work of L. L. Sloss, although it was
founded on observations and ideas that developed during the nineteenth century. The
subject did not move to the centre of the stratigraphic stage until modern develop-
ments in seismic stratigraphy were published by Peter Vail and his Exxon colleagues
in the mid-1970s. The purpose of this first part of the book is to set out the historical
and theoretical background, and to present current basic sequence concepts, building
from the original Exxon models with the incorporation of recent work on sequence
architecture and nomenclature. Supporting and parallel work by other authors is
referred to, some of the problems with the methods and concepts are briefly touched
upon, and some of the major current areas of research are listed. However, the main
critical analysis of the methods and results is contained in Parts III and IV of the
report.



Partl The Emergence of Modern Concepts

It was intimated in the introduction to the symposium on the classification and
nomenclature of geologic time divisions published in the last number of this maga-
zine [Journal of Geology] that the ulterior basis of classification and nomenclature
must be dependent on the existence or absence of natural divisions resulting from
simultaneous phases of action of world-wide extent (Chamberlin, 1898, p. 449).
Nature vibrates with rhythms, climatic and diastrophic, those finding expression
ranging in period from the rapid oscillation of surface waters, recorded in ripple
mark, to those long-defended stirrings of the deep titans which have divided earth
history into periods and eras (Barrell, 1917).

Psychologists, anthropologists, and philosophers of science have long recognized
the fact that there is a fundamental need in man to explain the nature of his sur-
roundings and to attempt to make order out of randomness . ... The Western mind
does not willingly accept the concept of a truly random universe even though there
may be much evidence to support this view. . ... Science, to an extent matched by
no other human endeavor, places a premium upon the ability of the individual to
make order out of what appears disordered (Zeller, 1964, p. 631).

In the late decades of the eighteenth century, geologists were striving toward a
stratigraphic taxonomy within which their observations could find organization
and structure. Some of the early schemes of classification were largely descriptive
and relatively free of the taint of genetic implication . .. By the middle of the 19th
century, the gross elements of geochronology and chronostratigraphy, the peri-
ods and corresponding systems (Cambrian, Cretaceous, and so on) were widely
recognized and accepted . . . transplanting classical chronostratigraphic units to the
New World, whether defined by unconformities and other physical changes or by
paleontologic changes, was not a simple or wholly satisfying operation. ... As the
twentieth century advanced, stratigraphers were made increasingly aware of the
necessity of distinguishing between what are now termed “lithostratigraphic” and
“chronostratigraphic” units. . . . In the same decades, the three-dimensional view of
stratified rocks provided by subsurface exploration and the practical requirements
of subsurface stratigraphic nomenclature in the service of industry and government
produced an environment within which nonclassical approaches were fostered and
developed (Sloss, 1988a, pp. 1661-1662).

The interpretation of the stratigraphic record has been greatly stimulated over the
past few years by rapid conceptual advances in “sequence stratigraphy,” i.e., the
attempt to analyze stratigraphic successions in terms of genetically related pack-
ages of strata. The value of the concept of a “depositional sequence” lies both in
the recognition of a consistent three-dimensional arrangement of facies within the
sequence, the facies architecture, and the regional (and inter-regional) correlation
of the sequence boundaries. It has also been argued that many sequence boundaries
are correlatable globally, and that they reflect periods of sea-level lowstand, i.e.
“sequence-boundaries are subaerial erosion surfaces.” (Nummedal, 1987, p. iii)
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1.1 Introduction

Many observations and hypotheses regarding regional
and global changes in sea level, and the ordering
of stratigraphic successions into predictable pack-
ages, were made early in the twentieth century. The
word eustatic was first proposed for global changes
of sea level by Suess (1885; English translation:
1906). He recognized that sea-level change could be
determined by plotting the extent of marine trans-
gression over continental areas, and by studying the
changes in water depths indicated by successions
of sediments and faunas. Observations, models and
hypotheses regarding regional stratigraphy and the
processes driving subsidence and sedimentation were
made by such scientists as Lyell, Grabau, Chamberlin,

A.D. Miall, The Geology of Stratigraphic Sequences, 2nd ed.,

Blackwelder, Ulrich, and Barrell. The North-American
mid-continent cyclothems are a particularly interesting
case of cyclic sedimentation. Workers such as Wanless,
Weller, Moore and Shepard began studying these in the
1930s. The reader is referred to Dott (1992a) and the
memoir of which this paper is a part, for fascinating
descriptions of the early controversies, many of them
having a very modern flavour.

Modern work in the area of sequence stratigra-
phy evolved from the research of L. L. Sloss, W. C.
Krumbein, and E. C. Dapples in the 1940s and 1950s,
beginning with an important address they made to
a symposium on Sedimentary facies in geologic his-
tory in 1949 (Sloss et al., 1949). H. E. Wheeler also
made notable contributions during this period, particu-
larly in the study of time as preserved in stratigraphic
sequences.

Ross (1991) pointed out that all the essential ideas
that form the basis for modern sequence stratigraphy
were in place by the 1960s. The concept of repetitive
episodes of deposition separated by regional uncon-
formities was developed by Wheeler and Sloss in
the 1940s and 1950s. The concept of the “ideal” or
“model” sequence had been developed for the mid-
continent cyclothems in the 1930s. The hypothesis of
glacioeustasy was also widely discussed at that time.
Van Siclen (1958) provided a diagram of the strati-
graphic response of a continental margin to sea-level
change and variations in sediment supply that is very
similar to present-day sequence models. An important
symposium on cyclic sedimentation convened by the
Kansas Geological Survey marks a major milestone in
the progress of research in this area (Merriam, 1964);
yet the subject did not “catch on.” There are probably
two main reasons for this. Firstly, during the 1960s and
1970s sedimentologists were preoccupied mainly by
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autogenic processes and the process-response model,
and by the implications of plate tectonics for large-
scale basin architecture. Secondly, geologists lacked
the right kind of data. It was not until the advent of
high-quality seismic-reflection data in the 1970s, and
the development of the interpretive skills required to
exploit these data, that the value and importance of
sequence concepts became widely appreciated. Shell
and Exxon were both actively developing these skills
in their research and development laboratories in the
1970s. Peter Vail, working with Exxon, was the first to
present his ideas in public, at the 1975 and 1976 annual
meetings of the American Association of Petroleum
Geologists (Vail, 1975; Vail and Wilbur, 1966). This
was the beginning of a major revolution in the science
of stratigraphy.

As the discussion in this chapter demonstrates,
there have been two strong but sometimes conflicting
methodological approaches to the science of geology:
(1) inductive science, or empiricism, and (2) deductive
science, the building and testing of models. Peter Vail
was a model builder, but his approaches to stratigra-
phy have very deep roots in the earth sciences. Some
of his concepts were anticipated by others in the early
1970s, the 1950s, and in fact as far back as the first two
decades of the twentieth century. It is instructive to fol-
low this history. But first, it is necessary to set out the
nature of the scientific method.

1.2 Methods in Geology

Geology is historically an empirical science, firmly
based on field data. Hallam (1989, p. 221) has claimed
that “Geologists tend to be staunchly empirical in
their approach, to respect careful observation and dis-
trust broad generalization; they are too well aware of
nature’s complexity.” However, interpretive models,
including the modern trend towards numerical mod-
eling, have become increasingly important in recent
years. As discussed by Miall and Miall (2001), specifi-
cally with reference to sequence stratigraphy, there are
two broad approaches that can be taken to geological
research. Most of this section is based on that study.
The empirical approach to geology, including the
building of models, is inductive science, whereas
the use of a model to guide further research is to
employ the deductive approach. This methodological
difference was clearly spelled out for geologists by

Johnson (1933). Frodeman (1995) recently reviewed
the work of the German philosopher Heidegger, argu-
ing that the practice of the science of geology illus-
trates a process termed the hermeneutic circle, in
which induction and deduction supposedly follow each
other in an iterative process of observation, gener-
alization and theorizing (induction), followed by the
construction of hypotheses and the seeking of new
observations in order to test and abandon or refine
the theory (deduction). 1deally, this is a continuous
and circular process (Fig. 1.1), but it has been argued
elsewhere (Miall and Miall, 2001; and see below)
that at present there are separate groups of strati-
graphic researchers that are following these two dif-
ferent methodological approaches in partial isolation
from each other. One of the purposes of this chapter is
to argue that this dichotomy has deep historical roots;
that from the mid-nineteenth century to the present,
the inductive and deductive approaches to the science
of stratigraphy have largely been followed by differ-
ent groups of researchers having different objectives,
and that through much of the history of the science,
the groups have had little to do with each other.

Since modern stratigraphic studies began in the late
eighteenth century a central theme of stratigraphic
research has been the empirical construction of a
vast data base of descriptive stratigraphy, focusing on
the occurrence and relative arrangements of forma-
tions and their contained fossils. This data base now
constitutes what has come to be called the chronos-
tratigraphic time scale. In recent years, methods of
determining the ages of beds by other means, such
as by radiometric dating, magnetostratigraphy and
chemostratigraphy have added depth to this data base.
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Fig. 1.1 The hermeneutic circle, based on Wallace (1969). The
terms around the periphery are those of the five “stages of
analysis” of Johnson (1933)
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As we show here, research into the preserved record
of deep geological time has grown into an enormously
complex, largely inductive science carried out mainly
in the academic realm. From this, a descriptive (induc-
tive) classification of Earth history has been built,
consisting of the standard eras, periods, epochs, etc.

At various times, deductive models of Earth his-
tory have been proposed that have had varying levels
of success in contributing to our understanding of
Earth’s evolution. There have also been many attempts
to develop deductive models of stratigraphic pro-
cesses, including the cyclothem model of the 1930s,
and modern facies models and sequence stratigraphy.
Ideas about the tectonic setting of sedimentary basins
have also included several bold attempts at model
building, including the pre-plate tectonic geosyncline
theory of Kay (1951), the modern petrotectonic assem-
blage concepts of Dickinson (1980, 1981), the var-
ious geophysically-based basin models of McKenzie
(1978), Beaumont (1981) and many later workers,
and the actualistic plate-tectonic models of Dickinson
(1974), Miall (1984) and Ingersoll (1988).

The concepts of sequence stratigraphy that evolved
from seismic-stratigraphy in the 1970s constitute the
basis for the most recent and most elaborate attempts
to develop deductive stratigraphic models. These
included the Exxon global cycle chart (Vail et al., 1977;
Haq et al., 1987, 1988a), which, if it had proved to
be a successful explanation of the stratigraphic record,
could potentially have become the dominant paradigm,
entirely replacing the old inductive classification of
geologic time, and largely supplanting the complex
method with which it was being constructed. However,
the two distinct intellectual approaches have resulted
in the development of two conflicting and competing
paradigms which are currently vying for the attention
of practicing earth scientists (Miall and Miall, 2001,
2002). It is argued later in this book (Sect. 14.7) that
current research in the field of cyclostratigraphy may
be following a similar pattern of development.

The history of stratigraphy since the end of the eigh-
teenth century has encompassed the following broad
themes:

(1) Recognition of the concept of stratigraphic order
and its relationship to Earth history, and the growth
from this of an empirical, descriptive stratigraphy
based on sedimentary rocks and their contained
fossils.

(2) The emergence of the concept of “facies” based
on the recognition that rocks may vary in charac-
ter from place to place depending on depositional
processes and environments. This was one of the
first deductive models developed to facilitate geo-
logical interpretation.

Recognition that rocks are not necessarily an accu-
rate or complete record of geologic time, because
of facies changes and missing section, and the
erection of separate units for “time” and for
“rocks”.

Development of a multidisciplinary, empirical
approach to the measurement and documenta-
tion of geologic time, an unfinished science still
actively being pursued.

Attempts at different times to recognize pat-
terns and themes in the stratigraphic succession
and to interpret Earth processes from such pat-
terns. Facies models and sequence stratigraphy are
amongst the main products of this effort.
Attempts to extract regional or global signals from
the stratigraphic record and to use them to build an
alternative measure of geologic time, based on an
assumed “pulse of the Earth.”

3)
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These themes may be further generalized into a
descriptive, inductive approach to the science (themes
1-4), which may be categorized as the empirical
paradigm of stratigraphy, and a distinctly different,
interpretive approach to the subject (themes 5 and 6),
that may be termed the model-building paradigm. The
model of global eustasy as applied to sequence stratig-
raphy is discussed below. The use of cyclostratigraphy
as a potential basis for a refined geologic time scale is
discussed in Sect. 14.7.

The purpose of the present chapter is to sum-
marize the parallel development of these two broad
approaches to stratigraphy, The discussion is not
intended to be historically complete; there is a sub-
stantial literature that addresses the history of stratig-
raphy. By establishing the history of stratigraphy, the
body of ideas from which the modern controversy
over sequence stratigraphy may be better understood.
The mainstream of stratigraphic research has been the
development of an ever more precise and comprehen-
sive chronostratigraphic time scale based on the accu-
mulation and integration of all types of chronostrati-
graphic data. This paradigm is essentially one of metic-
ulous empiricism which makes no presuppositions



6

1 Historical and Methodological Background

about the history of the Earth or the evolution of life
or of geological events in general. The Vail/Exxon
sequence models exemplify a quite different paradigm,
but one that reflects an equally long intellectual history.
They are the latest manifestation of the idea that there
is some kind of “pulse of the earth” that is amenable to
elegant classification and broad generalization.

These two strands of research correspond to two
of the modes or “cognitive styles” of research in
geology that were described by Rudwick (1982).
Descriptive stratigraphy and the development of the
geological time scale corresponds to the “concrete”
style of Rudwick (1982, p. 224), who cites several of
the great nineteenth-century founders of stratigraphic
geology as examples (e.g., William Smith, Sedgwick,
Murchison). These individuals were primarily con-
cerned with documenting and classifying the detail of
stratigraphic order. In contrast, the “abstract” style of
research includes individuals such as Hutton, Lyell,
Phillips and Darwin, who sought underlying principles
in order to understand Earth history.

1.2.1 The Significance of Sequence
Stratigraphy

The business of research is new ideas. Few things, how-
ever, are more unpopular with researchers than truly new
ideas. (Vail, 1992, p. 83)

Emerging in the 1970s, seismic stratigraphy, as
developed by Peter Vail and his coworkers at Exxon
Corporation (Vail, 1975; Vail et al., 1977), brought
about a revolution in the study of stratigraphy (Miall
and Miall, 2001). It re-energized a discipline, 200 years
in the making, offering new theoretical possibilities for
knowledge of Earth history and fundamental Earth pro-
cesses. It also provided a potentially powerful new ana-
lytical and correlation tool for use by practicing basin
analysts, especially those in the petroleum industry.
Amongst the new concepts and methods constituting
seismic stratigraphy were the following:

(1) The use of a new form of data—reflection-seismic
records—for the generation of stratigraphic infor-
mation,;

(2) Demonstration that the new data could provide
images of large swaths of a basin at once;

(3) Demonstration of the complex internal architec-
ture of basin fills;

(4) Demonstration that stratigraphic successions con-
sist of “sequences,” which are packages of con-
formable strata bounded by regional unconformi-
ties;

(5) The proposal that the bounding unconformities are
mostly global in extent and were generated by
repeated eustatic changes in sea level. We refer
here to this hypothesis as the global eustasy model.

(6) The proposal that Earth’s stratigraphic record, con-
sisting of a global record of sequences, could be
characterized by a global cycle chart, which could
be used as a universal correlation template.

Within the framework of scientific revolutions
established by Kuhn (1962, 1996), seismic stratig-
raphy could be said to constitute a new paradigm.
Kuhn (1962, 1996) explained “paradigms” as univer-
sally recognized scientific achievements that for a time
provide model problems and solutions to a commu-
nity of practitioners. These new developments have
proved to be of profound importance to the science
of stratigraphy. Building on points 1-4, stratigraphers
developed an entirely new way of practicing their craft,
including application of the concepts to outcrop and
subsurface well data, in a new science termed sequence
stratigraphy (Posamentier et al., 1988; Posamentier
and Vail, 1988; Van Wagoner et al., 1990). In this sci-
ence, the architecture and predictability of sequences
are amongst its most valuable components.

In the early days of seismic stratigraphy, in the late
1970s and early 1980s, the global cycle chart was con-
sidered an inseparable part of the new method. The
1970s were a period when globalization was a theme
in many facets of scientific and societal development.
Marshall McLuhan (1962) was teaching us about a
“global village” of humans, linked by the mass media;
economists were beginning to argue for increasing
globalization of trade and commerce; and, in the earth
sciences, the paradigm of plate tectonics was having
an enormous impact on our understanding of earth his-
tory (e.g., Dewey, 1980; Dickinson 1974). Indeed, the
global reach of seismic stratigraphy was one of its most
persuasive features.

Miall and Miall (2002) examined social factors
shaping the development, dissemination, and initial
validation of seismic stratigraphy and the social orga-
nizations in which these occurred. The main objective
of this chapter (based on Miall and Miall, 2001) is to
examine the methods that underlie the global-eustasy
model, and its precursors in stratigraphic modeling,
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as far back as the work of Charles Lyell in the
mid-nineteenth century. Later sections deal with the
period of the initial enthusiastic reception of seis-
mic stratigraphy by the scientific community in the
late 1970s, to a period of increasing doubt about the
global-eustasy model that extends to the present. Miall
and Miall (2002) argued that beyond the undoubted
new facts and invigorating new ideas that seismic
stratigraphy brought to geology, the popularity of the
new paradigm within the geological community owed
much to human, “social” factors. The analysis draws
extensively on Kuhn’s work regarding the develop-
ment and acceptance of new paradigms in science.
The paradigm model has been usefully applied to
the study of several areas of research in the earth
sciences, including the development of turbidite con-
cepts (Walker, 1973), methods of grain-size analy-
sis in sedimentology (Law, 1980), the acceptance of
plate-tectonic theories about the earth’s crust (Stewart,
1986), and the controversy surrounding the abiogenic
origins of oil (Cole, 1996).

It is also argued here that because of controver-
sies surrounding ideas about the origins of sequences,
sequence stratigraphy has now evolved into two dis-
tinct, competing paradigms. During the 1980s, a series
of anomalies and conceptual problems about the
global-eustasy model emerged. It is argued that these
have not been fully addressed by proponents of the
global-eustasy model, many of whom continue to use
this model as a central theme in their stratigraphic
work, despite a growing controversy that surrounds it.
In subsequent chapters an examination of the nature
of stratigraphic data and its importance in the pro-
cess of validating Vail’s new ideas is carried out
(Part IV).

The chapter is offered as a contribution to the study
of Dott’s (1998) question: “What is unique about geo-
logical reasoning?” As an outcome of the analysis it
is to be hoped that geologists will be alerted to the
bias that preconceptions and group processes can bring
to observations and interpretations in the geological
record.

1.2.2 Data and Argument in Geology

The traditional view of science, as described by the
tenets of analytical philosophy (Frodeman, 1995),

is that science proceeds from careful, objective
observation and replication of data, to hypotheses and
theory through the workings of the scientific method.
According to Popper (1959), scientists engage in the
practice of proposing and falsifying testable hypothe-
ses, based on dispassionate experimentation. There is
some basis for arguing that this is what actually hap-
pens in the so-called “hard” sciences, where ideas
may be tested by carefully designed experiments. Even
here, however, human factors can intervene, as the con-
troversy surrounding ‘“cold fusion” a few years ago
attests. The proponents of a new model of cold fusion
were able to convince themselves that their experi-
ments had provided evidence for it, but attempts at
replication by other observers demonstrated the fal-
sity of the original claims, and the new hypothesis was
quickly discarded (Peat, 1989).

It is not so simple in geology, where we are attempt-
ing to understand a past that cannot be replicated by
experiment. As Dott (1998) pointed out, there is much
that we can replicate, such as the chemistry of min-
eral formation, or flume experiments to model bedform
generation, but we cannot recreate the past in its com-
plex entirety. The new science of numerical modeling
is providing us with powerful new techniques for sim-
ulating complex processes, such as stratigraphic accu-
mulation under conditions of varying rates of basin
subsidence and climate change, but these are just sim-
ple models, not complete replication experiments, so
geologists have to search for what Frodeman (1995)
called “explanations that work.” Much of geological
practice constitutes what Dott (1998) referred to as
synthetic science.

Our views of “what works” have changed dramati-
cally as the science has evolved (Fig. 1.2). Consider the
science of stratigraphy, for example. Until the 1950s,
stratigraphic practice consisted primarily of what we
now term lithostratigraphy, the mapping, correlating
and naming of formations based on their lithologic
similarity and their fossil content. In the 1960s, the
revolution in process sedimentology led to the emer-
gence of a new science, facies analysis, and a focus on
what came to be termed “autogenic” processes, such
as the meandering of a river channel or the progra-
dation of a delta. Most stratigraphic complexity was
interpreted in facies terms, and the science witnessed
an explosion of research on process-response mod-
els, otherwise termed facies models. The revolution
in seismic stratigraphy in the late 1970s changed the
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Fig.1.2 An outcrop in the Book Cliffs of Utah (Tusher Canyon,
near Green River) interpreted using three successive deductive
models of stratigraphic interpretation. (a) based on Fouch et al.
(1983); (b), (c) based on van Wagoner et al. (1990) and Yoshida

face of stratigraphy yet again, with a new focus on
large-scale basin architecture and regional and global
basinal controls.

In the course of 20 years, therefore, the kinds of
data geologists looked for in the rocks, and the “expla-
nations that worked” in explaining them, underwent
two wholesale changes. The rocks did not change,
but the “objective” facts that geologists extracted from
them did. This attests to our improved understanding
of our own subject, but the details of the evolution of
this science, as with any other, are also influenced by
human factors. The fact that scientific journals include
“Commentary” or “Discussion” sections attests to the
fact that apparently dispassionate observation can,
nonetheless, lead to different interpretations and to
controversy. Scientists accept this, while they remain
reluctant to accept that human factors play an impor-
tant role in scientific development. How important is
the reputation of the scientist in furthering a new idea?
How important is “fashion”? Those of us who were
active in the 1970s may remember a time when fur-
bidite models were first popularized, and all thinly
bedded lithic arenites tended to be reinterpreted as tur-
bidites, and later, when the new sabkha model became
the explanation for all evaporites.

B. FACIES ANALYSIS

shelf assemblage

rav|

Fee

C. SEQUENCE STRATIGRAPHY

et Sequence 4

assemblage

ine,
= meenoNt Surface

el LT,

Sequence 1

(2000). Sequence-stratigraphic terminology: SB = sequence
boundary, TS = transgressive surface, MFS = maximum flood-
ing surface, LST, TST, HST = lowstand, transgressive and
highstand systems tracts

As argued by Miall and Miall (2001), social scien-
tists have helped to show that science, like other human
endeavors, is a human activity, subject to the same
social influences as non-scientific endeavors (Kuhn,
1962, 1996; Cole, 1992; Barnes et al., 1996). Mulkay
(1979) for example, has concluded that physical real-
ity constrains, but does not uniquely determine, the
conclusions of scientists. Much depends on the pre-
conceptions of the investigator. Further, the evolution
of a body of ideas depends on the social and work
conditions in which the practitioners find themselves
(e.g., Barnes et al., 1996). Particular data sets and
models are not necessarily tidbits of universal truth to
be teased from the ether by dispassionate scientists,
but are very much a product of the social condi-
tions within which the scientific work is carried out.
Even primary scientific observations are not value-
free, but have a context. This context may include an
array of hypotheses; these may be made using special
observation methods, and these methods may reflect
assumptions or simplifications of their own (Barnes
etal., 1996, p. 2). Barnes et al. (1996) have made a dis-
tinction between a simple “observation” and that which
is made and reported as part of an hypothesis-testing
exercise. The latter they have termed an “observation
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report.” They have suggested that “our thoughts could
influence our perceptions as well as our perceptions
influence our thoughts.” Indeed, it has been argued that
there really is no such thing as a “pure” observation.
There may be many assumption sets in a given field.
For example, as noted above, the same stratigraphic
section may have been described in at least three differ-
ent ways since the 1950s. As Kuhn (1962. p. 129) has
noted, “one and the same operation, when it attaches
to nature through a different paradigm, can become an
index to a quite different aspect of nature’s regular-
ity.” This is not intended as a criticism or negation of
the scientific method, but as an attempt to throw light
on the very human processes involved in the action
of “doing science”, so that we might understand it
better.

Such an analysis of the very foundations of the
scientific method, which points to and incorporates
the various contextual characteristics of the work,
is a dramatically different way of viewing science
than the analytical approach. Based on the philo-
sophical ideas of Heidegger, this approach is termed
hermeneutics, and the back-and-forth thought pro-
cesses between observation and interpretation are
conceptualized as the hermeneutic circle (Heidegger,
1927, 1962; Frodeman, 1995; Barnes et al., 1996).
Frodeman (1995), in a discussion of the philosophy
of science, noted that Heidegger identified three types
of “prejudgement” or “forestructures” that scientists
bring to each situation: preconceptions; ideas or pre-
sumed goals, and a sense of “what will count as an
answer” (Frodeman, 1995, p. 964); and the particu-
lar tools and methods of the research. Hermeneutics
argues that our original goals and assumptions result
in certain facts being discovered rather than others,
which in turn lead to new avenues of research and
sets of facts. Rudwick (1996) argued that, beyond the
basic data directly measurable by technological means,
such as the density of pyrite, or the drilling depth of
the Toronto Formation, “there are no theory-free facts
in geology.” While extreme, this viewpoint provides a
useful counterweight to the power of a newly popular
theory.

One of the themes followed through this book is
an attempt to show how “human factors” influenced,
and still influence, the progress of a single geological
model, that of global eustasy and its implications for
sequence stratigraphy.

1.2.3 The Hermeneutic Circle
and the Emergence of Sequence
Stratigraphy

Sequence concepts, as first developed by Sloss et al.
(1949) and Sloss (1963), constituted a resurrection
of the deductive approach to the documentation and
interpretation of the stratigraphic record (one with a
long prior tradition, as discussed below), but sequence
stratigraphy had not become the prevailing strati-
graphic method when approaches based on seismic
stratigraphy were first introduced in the mid 1970s.
The new work that emerged from Exxon in the 1970s
brought about what Kuhn would term a “crisis” in sed-
imentary geology; that is, the introduction of a new
method and a body of ideas that could not be recon-
ciled with existing paradigms. As Kuhn (1996, p. 181)
has stated:

Crises need not be generated by the work of the commu-
nity that experiences them and that sometimes undergoes
revolution as a result. New instruments like the electron
microscope or new laws like Maxwell’s may develop
in one specialty and their assimilation creates crises in
another.

The development of high-quality reflection-seismic
data and the new methods of stratigraphic inter-
pretation based on these data (e.g. the focus on
stratigraphic surfaces and terminations, and on three-
dimensional architecture) clearly constituted a new
“instrument” in the specialty of petroleum geophysics.
These data then affected the field of conventional,
largely university- and state-survey-based stratigraphy.
To this extent, Vail’s work created “crisis”, which his
work was, in turn, designed to resolve (Miall and Miall,
2001). Indeed, the emergence of sequence stratigra-
phy resulted in two additional challenges to what Kuhn
(1962) would have referred to as the “normal science”
of stratigraphic interpretation:

(1) The proposal that the global cycle chart was a
superior standard of geologic time to that based
on conventional chronostratigraphy. For example,
Vail et al. (1977, p. 96) stated: “One of the great-
est potential applications of the global cycle chart
is its use as an instrument of geochronology.” Vail
and Todd (1981, p. 217) stated, with regard to cor-
relations in the North Sea Basin: “several uncon-
formities cannot be dated precisely; in these cases
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their ages are based on our global cycle chart, with
age assignments based on the basis of a best fit
with the data.” They proceeded to revise biostrati-
graphic ages based on the correlations suggested
by their chart.

(2) The attribution of all changes in sea level to two
favored eustatic mechanisms—eustasy (typically
glacioeustasy for high-frequency sequences), and
changes in ocean-basin volumes (Vail et al., 1977,
pp. 92-94)—and the assertion that other regional
processes, including tectonism and changes in sed-
iment supply, affected only the amplitude but not
the timing of sea-level changes (Vail et al., 1991,
p. 619).

Unlike that which occurred during the develop-
ment and acceptance of plate tectonics (Stewart, 1986),
there was no “crisis” in normal science, in the sense
originally intended by Kuhn (1962). Other geolo-
gists were not dissatisfied with the body of “nor-
mal” stratigraphic science. Conventional chronostrati-
graphic methods, based on biostratigraphy, radiometric
dating, chemostratigraphy, etc., were, and remain, the
primary means for determining geologic age (e.g.,
Harland et al., 1990; Holland, 1998; Gradstein et al.,
2004) and, to the extent that there had been no
widespread search for global mechanisms for strati-
graphic processes, most were comfortable with the pre-
vailing views regarding the complexity of geological
processes. Nonetheless, it could have been expected
that a geological community, alerted to the power and
influence of the new global tectonics (plate tectonics)
in the mid- to late 1970s, would view a new global
model with interest and excitement.

Vail himself attempted to describe his own scientific
procedures. In his memoir on the evolution of sequence
stratigraphy (Vail, 1992), he discussed how research
creativity could be optimized through the application
of a set of procedures which seemingly reflected the
hermeneutic approach. These included what we could
term forestructures, such as the establishment of a the-
matic research program with clearly defined goals for
the overall research, and the definition of concepts that
would drive the thematic research—driving concepts.
However, Vail argued that it was important to define
driving concepts because it would then be possible “to
acknowledge and nurture ideas that challenge, and may
prove superior to the existing driving concepts” (Vail,
1992, p. 84). He also argued (on the same page) that,

truly new, worthwhile ideas based on competing driving
concepts may not be accepted within the framework of
thematic research. These competing driving concepts are
commonly ignored or put aside because of the priority of
other work.

Despite this awareness that driving concepts in the-
matic research can direct attention away from anoma-
lous observations and hypotheses, and based on his
own recollections of his time at Exxon, Vail appears
to have established, within his own seismic research
group, a structure likely to yield the kind of hermeneu-
tic circle which did not allow for competing driving
concepts, as argued in the remainder of this section.
According to Vail (1992, p. 89), two organizing princi-
ples appeared to guide the research. First, a working
environment was fostered in which problems were
accurately defined and interrelated through the estab-
lishment of a thematic research program informed by
the driving concepts mentioned above. These concepts
directed the group’s attention to the problems to be
solved, the methods to be used in obtaining solutions,
and the types of phenomena to be studied (from Vail,
1992, p. 87):

What this driving concept showed was that seismic
sections are a high-resolution tool for determining
chronostratigraphy-the time lines in rocks. This was
a “eureka” at that time. We had found the tool and
developed the methodology to make regional chronos-
tratigraphic correlations and to put stratigraphy into a
geologic time framework for mapping and the under-
standing of paleogeography. ... The fact that seismic
reflections follow time lines is the second basic driving
concept

As Sloss (1988a, p. 1661) put i,

the sequence concept was alive and well in a research

facility of ... Exxon. here, Peter Vail and a cohort of
preconditioned colleagues seized upon the stratigraphic
imagery made available by multichannel, digitally
recorded, and computer-massaged reflection seismogra-
phy to establish the discipline of seismic stratigraphy.

Second, an environment was created where both
teamwork and individual responsibility co-existed. As
Vail (1992, p. 89) has observed, in his article on
the evolution of seismic stratigraphy and the global
sea-level curve,

As a group, we developed an overall plan. We would
then try to identify the person who was most interested
and knowledgeable for each task, and then endeavor to
give each person a maximum amount of responsibility for
his or her project area. .. We tried to develop a situation



1.2 Methods in Geology

11

wherein each researcher had a clear-cut area of respon-
sibility, but we made sure it overlapped with as many
other areas as possible. This ensured good communica-
tion, because each person was vitally interested in what
the others were doing.

What this also ensured, as Law and Lodge (1984)
might argue, was that each member of the group had
an interest and an investment in the success of seis-
mic stratigraphy and the global eustasy model. The
work of the Exxon team, as described by Vail, is a
good example of the “socially constructed” nature of
group scientific work. As Clarke and Gerson (1990)
have argued, scientific theories, findings and facts are
socially constructed (although, of course, based on
observation and measurement). They note that to solve
research problems, scientists will make commitments
to specific theories and methods, to other scientists,
to research sponsors, and to various organizations.
Clark and Gerson (1990, p. 184) further directed atten-
tion to the importance of ... structural conditions of
work, and the concrete processes of actually collating
different lines of evidence.” These, they argued, are
critical to the emergence and maintenance of belief in
the results of a particular line of research in the face
of what they term the “buried uncertainties” of the
research.

It must be emphasized that the Exxon work
is being used here to illustrate common themes
in scientific research, not in order to criticize the
method, but in order to help focus in on the impor-
tance of group dynamics as the research evolved
and came under scrutiny by the wider geological
community.

It is instructive to situate Vail’s methodological
approach in a historical context. In the next sections
the development of two parallel traditions in stratig-
raphy is followed from their origins in the nineteenth
century.

1.2.4 Paradigms and Exemplars

As Kuhn (1962, p. 121) has noted, “given a paradigm,
interpretation of data is central to the enterprise that
explores it, but that interpretive enterprise . . . can only
articulate a paradigm, not correct it.”” Kuhn (1962,
pp- 23-24) has further argued that,

The success of a paradigm ... is at the start largely
a promise of success discoverable in selected and still
incomplete examples. Normal science consists in the
actualization of the promise, an actualization achieved by
extending the knowledge of those facts that the paradigm
displays as particularly revealing, by increasing the extent
of the match between those facts and the paradigm’s
predictions, and by further articulation of the paradigm
itself.

The fundamental building blocks of new science,
he goes on to state, are “solved problems.” These he
referred to as exemplars, because they are used as
examples for teaching and in order to guide further
research (See also, Barnes et al., 1996, pp. 101-109).

In an historical science like geology, it is difficult
to arrive at “truth” or “proof” by the normal process
of experimentation and replication (though not always
impossible, as demonstrated by Dott, 1998). It could
be argued that exemplars are “explanations that work;”
what Frodeman (1995) has referred to as a type of
understanding having “narrative logic.” Typical exam-
ples of exemplars in this case are: “In the North Sea,
15 of 17 unconformities identified on the basis of well
results and seismic data matched Exxon’s global sea-
level curve.” (P. R. Vail at a meeting in Woods Hole
Massachusetts in April as reported by Kerr, 1980, p.
484). And again: “We can correlate ten of them [uncon-
formities] perfectly with the Vail curve, five correlate
pretty well, and the others still have a few problems.”
(Tom Loutit and James Kennett commenting on their
work in New Zealand as reported by Kerr, 1980, p.
485). In a follow-up report on the Vail method 4 years
later, Kerr (1984) reported several more of these “X out
of Y” comparisons, where Y is slightly greater than but
never equal to X.

As we documented elsewhere (Miall and Miall,
2002), the publication of exemplars of this type helped
to rapidly convince the geological fraternity of the
power and importance of the new global eustasy
model. This, despite the lack of supporting documen-
tation in Vail et al. (1977), including, for example,
interpreted seismic lines or biostratigraphically doc-
umented subsurface sections. Missing, therefore, are
the “observations” that are supposedly so critical to
the scientific method (Barnes et al., 1996). At best, we
have what Barnes et al. (1996) might have called “a
report that such observations exist”. Given the lack of
published documentation, there was no opportunity for
outsiders to influence the workings of the hermeneutic
circle on the development of the global eustasy model.
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In their discussion of the development of scientific
knowledge in general, Barnes et al. (1996) discussed
how an important experiment in physics (determina-
tion of the charge of the electron) was gradually refined
by repeated experimentation, documented by extensive
laboratory note-taking, and how the results of a rival
set of experiments that generated different results were
eventually discarded because the results were gradu-
ally shown to be inconsistent with the results of new
work. Similarly, at some point, Vail and his coworkers
decided that a given set of sea-level events represented
global eustatic signals, and the first global cycle chart
(Vail et al., 1977) was the result. The global eustasy
hypothesis seems to have begun to work a powerful
influence on the selection and collation of additional
data. But how were these events selected? How did
Vail know that these were the “right” ones? How were
other events discarded as the result of “local tectonics”,
or as having been “offset” by biostratigraphic impreci-
sion? When consideration is given then to the “solved
problems” or exemplars of the global cycle chart, the
method of documentation and cross-checking and vir-
tually all of the primary data are missing. For example,
the reader’s attention is directed to the only published
diagram in AAPG Memoir 26 (Vail et al., 1977, Fig. 5
on p. 90) that illustrates the synthesis of individual
cycle charts into the global average. There are sev-
eral events appearing in the average curve that are
not well represented in the individual charts, and vice
versa (see also discussion of this subject in Chap. 12).
These points have not been explained by Vail or his
coworkers.

In his discussion of the consensus model of science,
Kuhn (1962) has observed that the real function of
experiment is not the testing of theories. He showed
that commonly, theories are accepted before there
is significant empirical evidence to support them.
Results which confirm already accepted theories are
paid attention to, while disconfirming results are
ignored. Knowing what results should be expected
from research, scientists may be able to devise tech-
niques that obtain them (Kuhn, 1977; Cole, 1992, pp.
7-8). The exercise of correlating new stratigraphic
sections to the global cycle chart entails the dangers
of self-fulfilling prophecy. As noted by Kuhn (1962,
pp- 80, 84):

The bulk of scientific practice is thus a complex and

consuming mopping-up operation that consolidates the
ground made available by the most recent theoretical

breakthrough and that provides essential preparation for
the breakthrough to follow. In such mopping-up opera-
tions, measurement has its overwhelmingly most com-
mon scientific function. ... Often scientists cannot get
numbers that compare well with theory until they know
what numbers they should be making nature yield.

The lack of published experimental documentation
and detailed analysis in support of the global-eustasy
model makes it difficult for scientists in general to
evaluate the importance of these human processes that
Kuhn described.

Why did geologists eagerly embrace the global-
eustasy model despite the lack of published data that
they could see for themselves? We suggest that it was
(1) because of the current willingness to accept global
explanations of earth processes in light of the new
plate-tectonics paradigm; (2) the ideas offered a util-
itarian application—the global correlation template—
of apparently considerable potential use in the explo-
ration business; (3) because of the assumed authority
of corporate geophysics, or what we term “the Exxon
Factor” (Miall and Miall, 2002); and (4) because work-
ing petroleum geologists had no investment in the
complex, confusing and ‘“academic” science of con-
ventional chronostratigraphy. Dott (1992b) suggested
an additional factor, the “innate psychological appeal
of order and simplicity” of a pattern of cyclicity based
on Milankovitch periodicity.

Use of the global cycle chart appeared to offer
a simple global solution to the problem of strati-
graphic correlation so, perhaps, it was not surprising
that working geologists eagerly adopted it. Indeed, the
non-availability of a data base, with all the messiness,
incompleteness and inconsistency such as normally
characterizes stratigraphic successions from diverse
areas characterized by different tectonic histories,
undoubtedly made it easier to accept the global cycle
chart as is. To cite Law’s (1980, p. 13) summation of
Mannheim’s philosophy, the application of the global
cycle chart displayed

the attributes of Mannheim’s natural law style of
thought — they are atomistic, generally quantitative,
emphasize the routine nature of scientific practice, seek or
utilize general laws, stress continuity, and are in general
reductionist.

The techniques for identifying sea-level events in
seismic records and (later) stratigraphic sections, and
equating them to existing events in the global cycle
chart, became a routine operation ideally suited to
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petroleum-exploration work. The alternative, holistic
approach to stratigraphy is the traditional one of corre-
lation by biostratigraphy and the erection of stratotypes
with no built-in assumptions of global events. It was
this approach that Vail’s chart seemed destined to
replace. While Vail and his colleagues have repeatedly
reaffirmed the importance of biostratigraphic dating
and correlation in the testing of the global cycle chart,
the emphasis in much of the work of this group is on
the superiority of the global cycle chart as a method of
correlation and stratigraphic standardization (Vail and
Todd, 1981, p. 230; Vail et al., 1984, p. 143; Baum and
Vail, 1988, p. 322; Vail et al., 1991, pp. 622, 659; see
Chap. 12).

In the early 1980s, however, problems with the
global eustasy model began to emerge as alternative
ideas about sequence generation began to appear, and
doubts emerged about the accuracy and precision of
chronostratigraphic methods available to test global
correlations. These are discussed in Chap. 12, where
the global cycle chart is examined in detail.

1.3 The Development of Descriptive
Stratigraphy

1.3.1 The Growth of Modern Concepts

The development of the science of descriptive stratig-
raphy is described by Hancock (1977), Conkin and
Conkin (1984), and Berry (1987). Earlier discussions
that include much valuable historical detail include
those by Teichert (1958) and Monty (1968). The fol-
lowing summary is intended only to emphasize the
evolution in methodologies that took place from the
latest eighteenth century until they stabilized during
the mid-twentieth century.

Stratigraphy is founded on the ideas of Richard
Hooke and Nicolaus Steno, physician to the Grand
Duke of Tuscany, although Vai (2007) suggested that
several key points were anticipated by Leonardo da
Vinci in about 1500. The Law of Superposition was
enunciated by Nicolaus Steno in his work Prodromus,
published in 1669. This law, simply stated, is that in
any succession of strata, the oldest and first formed
must be at the bottom, with successively younger
strata arranged in order above. As described by Berry

(1987), several rock successions were described dur-
ing the eighteenth century, primarily because of their
importance to mining operations, but no fundamental
principles emerged from this work until the four-
fold subdivision of the Earth’s crust was proposed by
Abraham Gottlob Werner.

The foundation of modern stratigraphy is attributed
to William Smith, a surveyor for contemporary canal
builders, who became interested in the rocks that were
being dug into as a series of canals were constructed
across southern England (Hancock, 1977, pp. 3-4;
Berry, 1987, pp. 56-57). His knowledge of geology
was self-taught, owing nothing to such illustrious pre-
decessors as James Hutton. As Hancock (1977, p. 5)
noted, Smith’s work was entirely empirical, free of any
attempt at grand theory, and free of any influence of
theology—an important point considering the power-
ful influence of biblical teachings at the time. Smith’s
work began in the Jurassic strata around Bath, in south-
west England. He recognized that the stratigraphic
succession was the same wherever he encountered it,
and that particular strata could also be characterized by
particular suites of fossils. From this inductive base,
Smith evolved the deductive principle that he could
identify the stratigraphic position of any outcrop by its
distinctive rock types and fossil content. He commit-
ted his observations to maps that showed the outcrop
patterns of his succession, and over a period of about
25 years he gradually compiled a complete geological
map of England and Wales, the first such map of its
kind ever constructed (Smith, 1815). Because Smith
was not a member of the landed or aristocratic class
in England, his work was largely ignored until late
in his life, when he was appropriately honoured by
the Geological Society of London. The story is told
in detail by Winchester (2001) and Torrens (2001).
Others were describing local successions of strata dur-
ing the late eighteenth and early nineteenth centuries,
such as Cuvier and Brongniart who documented the
Tertiary strata of the Paris Basin in the first two decades
of the nineteenth century (Conkin and Conkin, 1984;
Berry, 1987, p. 66), but Smith was the first to show that
rocks, with their contained fossils, constituted map-
pable successions. Cuvier was more concerned with
the history of life on earth (Hancock, 1977, p. 6).
Brongniart was amongst the first to appreciate the
importance of Smith’s contribution in creating the pos-
sibility of long-distance correlation based on fossils
alone, independent of rock type (Hancock, 1977, p. 7).
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As knowledge of regional stratigraphy evolved in
various parts of Europe, the fourfold primary subdi-
vision of Werner was broken down locally into various
“series”, and these, in turn, were commonly subdivided
into local “formations.” This was an entirely piecemeal
operation, reflecting local interests, but from this grad-
ually evolved a body of descriptive knowledge of rock
successions and their contained fossils. As noted by
Berry (1987, p. 63):

Many of the widely used descriptive units did bear fossils
that, when analyzed using the principle of faunal succes-
sion, proved to be a fossil aggregate diagnostic of a time
unit in an interpretive scale; thus many descriptive units
became interpretive ones, and today bear the same names.
Among the major units of the interpretive time scale that
were originally descriptive rock units are the Cambrian,
Carboniferous, Jurassic, Cretaceous and Tertiary. Units
that were based on interpretation of fossils from their
inception are the Ordovician, Devonian, Permian, and the
Tertiary Epochs.

During the 1820s and 1830s such workers as Young
and Bird in Yorkshire, and Eaton in New York, rec-
ognized that some formations changed in character as
they were traced laterally (Hancock, 1977, pp. 7-8).
Amand Gressly (1838; see translation in Conkin and
Conkin, 1984, pp. 137-139) was the first to sys-
tematize the observation of such changes, with the
introduction of the term and concept of facies, based
on his work on the Jurassic rocks of the Jura region of
southern France. For example, he was aware of the dif-
ferences between the limestones with contained fossils
of coral-bank environments, oolitic deposits (which we
now recognize to be beach deposits), and the “oozy”
deposits of deeper-water environments, all of which
may form at the same time, and may also form one
above the other as environments shift over time. This
type of change can be documented by careful obser-
vation of rocks in outcrop, by studying the vertical
succession of rock types or by tracing an individual set
of beds laterally, perhaps for many kilometres. Gressly
proposed two new laws: the first that in different places
formations (“terrains” in the French terminology) may
consist of rocks of different petrologic and paleon-
tological character (the original meaning of the term
facies, which we still retain), and, secondly, that a
similar succession of facies may occur in both verti-
cal and lateral arrangement, relative to the bedding.
As Hancock (1977, p. 9) pointed out, this predated
Walther’s proposal of the law of the correlation of
facies by some 56 years. The study of facies became

a central activity of stratigraphic work in the 1960s,
with the establishment of the process-response facies
model, as noted above.

With Gressly’s concept of facies in place, the stage
was set for the next important development, that of the
introduction of the concept of the stage, by another
French geologist, d’Orbigny (1842-1852). He rec-
ognized the vertical variability in fossil assemblages
within individual series, and realized that stratigraphic
successions could be subdivided into smaller units
based on careful categorization of these succeeding
fossil assemblages. These he called stages. D’Orbigny
also used the term zone, but nowhere clearly defined it
(Monty, 1968). Teichert (1958) argued that d’Orbigny
was inconsistent in his usage, sometimes using the
term zone as a synonym for stage, and sometimes as
a subdivision of a stage. He established, if informally,
the idea of the ideal “type” of succession, a locality
where the stage was well represented, and from this
has grown the concept of the type section or stratotype,
to which formal importance has now been assigned as
the first point of reference for establishing the char-
acter of a stratigraphic unit. Many of the stage names
d’Orbigny erected are still those used worldwide. He
was aware of the concept of facies change and of the
variability in the nature of stage boundaries, from con-
formable to unconformable. As Conkin and Conkin
(1984, p. 83) noted, the importance of d’Orbigny’s
work is his consolidation and adaptation of ideas that
already existed in embryonic form, and the scope of
his stage classification, which included the erection of
some 27 stages for the Paleozoic and Mesozoic.

Hancock (1977, p. 12) suggested that the true
foundation of biostratigraphy came with the work of
the German stratigrapher Albert Oppel (1856—1858),
whose work also concentrated on the Jurassic succes-
sion of western Europe. Oppel extended the ideas of
d’Orbigny about the subdivision of successions based
on their contained fossils to a more refined level. He
recognized that careful study of the contained fossils
would permit a much more detailed breakdown of the
rocks, into what he called zones. He investigated “the
vertical distribution of each individual species at many
different places ignoring the mineralogic character of
the beds” (Oppel, as quoted in Berry, 1987, p. 127).
Some species were discovered to have short vertical
ranges, others long ranges. Each zone could be char-
acterized by several or many fossil species, although
commonly one species would be chosen to be used
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as the name of the zone. Oppel built up stages from
groups of zones. Stages were referred to as zonegrup-
pen, or groups of zones (Teichert, 1958). These would
usually fit into the stages already defined by d’Orbigny,
but as Hancock (1977, p. 13) noted, in some places
his zones spanned already-defined stage boundaries.
This was the beginning of a practical problem that
has still to be fully resolved; but in many cases, such
as at the base and top of the Jurassic, Oppel’s zone
boundaries coincided with the System boundaries. In
practice, zones became the foundation upon which the
whole framework of biostratigraphy, the zone, stage,
series and system, was gradually built. Teichert (1958,
p- 109) emphasized the importance of Oppel’s original
description of zones as “paleontologically identifiable
complexes of strata,” not as subdivisions of time. The
original concept was therefore clearly inductive—the
recognition of a zone depended on the field geologist
finding specific fossils in the rocks.

In their summation of the work of d’Orbigny and
Oppel, Teichert (1958, p. 110) and Hancock (1977,
p- 11) were at pains to emphasize the empirical,
descriptive nature of the stage and zone concepts. They
suggested that they were later distorted by the intro-
duction of concepts about time that, they claimed,
served to confuse the science of stratigraphy for some
years. Teichert (1958) attributed these misconcep-
tions to individuals such as H. Hedberg and O. H.
Schindewolf. Hancock (1977) argued that Hedberg’s
influence was detrimental to the development of clear
stratigraphic concepts. These problems are addressed
below. However, careful examination and translation
of d’Orbigny’s original statements by Monty (1968)
and Aubry et al. (1999, Appendix A) cast a differ-
ent light on this historical work. Aubry et al. (1999,
p. 137) pointed out that in the mid-nineteenth cen-
tury no clear distinction between rocks and time had
been made, and that paleontology was the only means
of long-distance correlation. Selected translations from
d’Orbigny’s work clearly indicate that he envisioned
stages as having a time connotation (Aubry et al., 1999,
pp. 137-138).

Shortly after Oppel’s work was completed, Charles
Darwin’s The origin of species was published (1859),
and provided the explanation for the gradual change
in the assemblage of species that Oppel had observed.
However, resistance to the concepts of the stage and
the zone remained strong through the remainder of the
nineteenth century in Britain and the United States,

where the concept of facies had also still not taken
hold, and reliance for correlation tended to still be
placed on the lithology of formations. (Hancock, 1977,
pp- 14-15).

International agreement on the definition and usage
of most stratigraphic terms was attempted at the first
International Geological Congress in Paris in 1878.
A commission was established, that subsequently met
in Paris and in Bologna. At the latter meeting, in
September—October 1880, the commission:

Decided on definitions of stratigraphic words like series
and stage, and listed their synonyms in several lan-
guages .... Rocks, considered from the point of view
of their origin, were formations; the term was not
part of stratigraphic nomenclature at all, but concerned
how the rock had been formed (e.g., marine forma-
tions, chemical formations). Stratigraphic divisions were
placed in an order of hierarchy, with examples, thus:
group (Secondary Group) [what we would now term
the Mesozoic], system (Jurassic System), series (Lower
Oolite Series), stage (Bajocian Stage), substage, assise
(Assise a A. Humphriensianus), stratum. A distinction
was made between stratigraphic and chronologic divi-
sions. The duration of time corresponding to a group was
an era, to a system a period, to a series an epoch, and to a
stage an age (Hancock, 1977, p. 15).

Definitions of the terms “zone” and “horizon” were
added to the published record of this meeting by the
secretary of the commission, based on national reports
submitted by the delegates, but full international agree-
ment was slow in coming (Hancock, 1977, p. 16).
Nonetheless, by the early twentieth century, the follow-
ing basic descriptive terms and the concepts on which
they were based had become firmly established, if not
universally used:

Law of superposition of strata

Stratigraphic outcrop maps based on the succession of
sedimentary rocks with its contained fossils

Facies

Stage

Type section or stratotype

Zone

At the 8th International Geological Congress in
Paris in 1900 the stratigraphic hierarchy era, sys-
tem/period, epoch/series, age/stage, phase/zone was
accepted (Vai, 2007).

According to Teichert (1958), the term biostratig-
raphy was introduced by the Belgian paleontologist
Dollo in 1904, for the “entire research field in which
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paleontology exercises a significant influence on his-
torical geology.”

Codification of these principles by the mid-
twentieth century is illustrated by the work of Schenk
and Muller (1941). Various national and international
stratigraphic codes and guides have been developed
that standardize and formalize the definitions of strati-
graphic terms and set out the procedures by which
they should be used. An international guide was pub-
lished in 1976 (Hedberg, 1976), with a major revision
appearing in 1994 (Salvador, 1994). A code for North
America, based on the international guide, appeared in
1983 (NACSN, 1983).

1.3.2 Do Stratigraphic Units Have “Time”
Significance?

As long ago as 1862 Huxley wrote: “neither physi-
cal geology nor paleontology possesses any method
by which the absolute synchronism of two strata can
be demonstrated. All that geology can prove is local
order of succession.” (quoted in Hancock, 1977, p. 17).
As an example, Huxley suggested that there was no
way to prove or disprove that “Devonian fauna and
flora in the British Isles may have been contempora-
neous with Silurian life in North America, and with
a Carboniferous fauna and flora in Africa.” The vari-
ations in fauna and flora could simply be due to the
time it took for the organisms to migrate. There is
therefore a need for a distinction between “‘homo-
taxis’ or ‘similarity of arrangement’ and ‘synchrony’
or ‘identity of date” (Hancock, 1977, p. 17). Conkin
and Conkin (1964) suggested that this concept was first
enunciated by DeLapparant (1885; as cited and trans-
lated by Conkin and Conkin, 1984, p. 243), although
Callomon (2001, p. 240) stated that the Principle of
Biosynchroneity”, whereby beds with similar fossils
are assumed to be the same age, is “usually ascribed
to William Smith”. As geologists accumulated a very
detailed knowledge of the succession of fossils, the
assumption that the same succession of fossil assem-
blages indicated synchroneity assumed the status of a
truism. However, until the development of radiometric
dating and the growth of modern chronostratigraphy
(see below) the true “time” value of fossils remained
a problem, because biostratigraphy provides only rel-
ative ages. The basic assumption about the temporal
value of fossils was first made most clearly by Lyell

(1830-1833) and, according to Conkin and Conkin
(1984; see in particular their Table 1, p. 2), subse-
quent developments by Bronn (1858), Phillips (1860),
Lapworth (1879), DeLapparant (1885) and Buckman
(1893) established the main framework upon which
this part of modern stratigraphy is built.

One of Lyell’s (1830-1833) most important con-
tributions was his detailed study and classification
of Tertiary deposits, based on their contained fos-
sils. Berggren (1998) provided a succinct summary
of this important contribution. Lyell’s subdivisions of
the Tertiary were based on the idea that, through the
course of time, contemporary faunas become more and
more like those found at present. Under a heading “The
distinctness of periods may indicate our imperfect
information” he stated:

In regard to distinct zoological periods, the reader will
understand . . .. That we consider the wide lines of demar-
cation that sometimes separate different tertiary epochs,
as quite unconnected with extraordinary revolutions of
the surface of the globe, as arising, partly, like chasms in
the history of nations, out of the present imperfect state
of our information, and partly from the irregular manner
in which geological memorials are preserved, as already
explained. We have little doubt that it will be necessary
hereafter to intercalate other periods, and that many of
the deposits, now referred to a single era, will be found to
have been formed at very distinct periods of time, so that,
notwithstanding our separation of tertiary strata into four
groups, we shall continue to use the term contemporane-
ous with a great deal of latitude (Lyell, 1833, vol. 3, pp.
56-57).

This quote contains most of the modern concept that
units defined on the basis of their fossil content may
have global significance with regard to contemporane-
ity, but that the preserved record may be imperfect.
Lyell’s “lines of demarcation” are what we would
now define as chronostratigraphic boundaries. These
were commonly drawn at unconformities until the
introduction of modern practices, as described below.
Vai (2007, p. 87) pointed out that Lyell’s original
units were clearly described as physical rock bodies.
Therefore, the separation of “rock” and “time” is not as
clear in this early work as has sometimes been reported
(e.g., Berggren, 1998).

Phillips (1860, p. xxxii), in comparing fossil succes-
sions between localities in different parts of the world
(he mentioned several Paleozoic successions that had
been described from Europe and North America), sug-
gested that “the affinity of the fossils is accepted as
evidence of the approximate contemporaneity of the
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rocks.” Phillips (1860, p. xxxvi) referred to the work
of Charles Darwin to explain the succession of forms,
replacing the theologically-based assumptions about
the catastrophic destruction and remaking of life that
had dominated earlier interpretations of the geological
record.

Towards the end of the nineteenth century geol-
ogists developed some terms to distinguish between
rock subdivisions and implied time; for example, the
1880 Bologna congress recommended the use of the
term “age” for the rock equivalent of the time term
“stage.” The need for a “dual system” of nomen-
clature for time and for rocks was emphasized by
Williams (1894), and led to the dual hierarchy accepted
at the 1900 IGC, as noted in the previous section (see
Vai, 2007).

S. S. Buckman, in a series of papers on the bios-
tratigraphy of the English Jurassic strata, proposed a
new concept and a term to encompass it. This was
the hemera, defined by Buckman (1893, p. 481) as
“the chronological indicator of the faunal sequence.”
Buckman intended the hemera to be “the smallest
consecutive divisions which the sequence of different
species enables us to separate in the maximum devel-
opment of strata.” This unit of time was intended to
correspond to the acme zone, the rock unit representing
the maximum occurrence of a particular zone species.
If the record is complete, the span of time of a given
hemera should be present in the rocks even beyond
the facies changes that limit the extent of the origi-
nal zone fossils. There has always been the potential
for confusion between a reference to a time span and
the rocks that were deposited during that time span.
Buckman (1898, p. 442) noted that, for example, terms
such as Bajocian and Jurassic had been used to refer
to rocks of that age and also to a specific span of
time.

Most of the work in the nineteenth and early twenti-
eth centuries that addressed the issue of how geologic
time is represented in the rocks approached the sub-
ject from the point of view of the fossil record. We
have touched on some of the key developments in the
preceding paragraphs. For example, Buckman (1893,
p. 518) said

Species may occur in the rocks, but such occurrence is
no proof that they were contemporaneous . . .their joint
occurrence in the same bed [may] only show that the
deposit in which they accumulated are embedded very
slowly.

And in a later paper:

The amount of deposit can be no indication of the amount
of time ... the deposits of one place correspond to the
gaps of another (Buckman, 1910, p. 90).

A very different approach was taken by Barrell
(1917), in what became a classic paper, exploring the
origins of stratigraphic units in terms of depositional
processes. Aided by the new knowledge of the Earth’s
radiogenic heat engine and a growing understand-
ing of sedimentary processes, Barrell worked through
detailed arguments about the rates of sedimentation
and the rates of tectonism and of climate change.

Combining many of these ideas together, Barrell
(1917, Fig. 5) constructed a diagram showing the
“Sedimentary Record made by Harmonic Oscillation
in Baselevel” (Fig. 1.3). This is remarkably similar
to diagrams that have appeared in some of the Exxon
sequence model publications since the 1980s, and rep-
resents a thoroughly modern deductive model of the
way in which “time” is stored in the rock record. Curve
A-A simulates the record of long-term subsidence and
the corresponding rise of the sea. Curve B-B sim-
ulates an oscillation of sea levels brought about by
other causes—Barrell discussed diastrophic and cli-
matic causes, including glacial causes, and applied
these ideas to the rhythmic stratigraphic record of
the “upper Paleozoic formation of the Appalachian
geosyncline” in a discussion that would appear to
have provided the foundation for the interpretations of
“cyclothems” that appeared in the 1930s (see below).
Barrell showed that when the long-term and short-term
curves of sea-level change are combined, the oscilla-
tions of base level provide only limited time periods
when sea-level is rising and sediments can accumu-
late. “Only one-sixth of time is recorded” by sediments
(Barrell, 1917, p. 797). This remarkable diagram antic-
ipates (1) Jervey’s (1988) ideas about sedimentary
“accommodation” that became fundamental to models
of sequence stratigraphy (“accommodation” is defined
as the space made available for sediment to accumu-
late as a result of a rise of base level above the basin
floor), and (2) Ager’s (1973) point that the sedimen-
tary record is “more gap than record.” This important
paper did not appear to influence thinking about the
nature of the stratigraphic record as much as it should,
as demonstrated by the fact that the rediscovery of the
ideas by Jervey, Ager and others is largely attributed
to the rediscoverers, not to Barrell (Wheeler, 1958,
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Fig. 1.3 Barrell’s (1917)
explanation of how oscillatory
variations in base level control

the timing of deposition.
Sedimentation can only occur
when base level is actively
rising. These short intervals
are indicated by the black bars
in the top diagram. The
resulting stratigraphic
column, shown at the left, is
full of disconformities, but
appears to be the result of
continuous sedimentation

Columnar
sechion

in the first of an important series of papers to which
we return below, comments favourably on Barrell’s
“frequently neglected base-level concept”). The point
relevant to the discussion here is that Barrell demon-
strated how fragmentary the stratigraphic record is, and
how incomplete and unreliable it is as a record of the
passage of the continuum of geologic time.

Other workers of this period who were cognizant of
the significance of gaps in the stratigraphic record were
Grabau (1913), who first defined the term disconfor-
mity as a major time break between units that never-
theless remained structurally parallel—conformable—
to one another, and Blackwelder (1909) who wrote
an essay on unconformities. Barrell (1917, p. 794)
added the new term diastem, for minor sedimentary
breaks.

A much-needed updating in stratigraphic concepts
and terminology was undertaken by Schenk and
Muller (1941). They “tried to clarify the distinction
between the interpretive nature of ‘time’ and ‘time-
stratigraphic’ units in contrast with the purely descrip-
tive rock or stratigraphic term ‘formation.”” (Berry,
1987, p. 7). They formalized the system of nomencla-
ture that had been proposed at the Paris IGC in 1900
(see Vai, 2007), and is in use today:

Time intervals recorded by sedimeniation

Time-stratigraphic

Time division (for abstract division (for rock

concept of time) classification)
Era Erathem
Period System
Epoch Series

Age Stage

Phase Zone

Arkell (1946), the specialist in the Jurassic System,
said: “A stage is an artificial concept transferable to
all countries and continents, but a zone is an empir-
ical unit” (cited in Hancock, 1977, p. 18). By this
statement he was essentially adopting the rock-time
concepts of Buckman’s hemera for units of the rank
of the stage, suggesting that stages had some universal
time significance. This statement represents a deduc-
tive interpretation of the meaning of the fossil record,
and perpetuated the confusion between “rocks” and
“time.” Hancock (1977) blamed Arkell for bringing
into the modern era the controversy over the relative
meaning of chronostratigraphic and biostratigraphic
(zone) concepts. A biozone is an empirical unit based
on the rock record, and can only be erected and used
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for correlation if the fossils on which it is based are
present in the rocks. Stages are simply groupings of
zones.

Confusion between the meaning of “rock” units and
“time” units appeared to be widespread during the
early part of the twentieth century. Teichert (1958)
summarized the various approaches taken by French,
German, British and North American stratigraphers
and paleontologists up to that time. To him it was clear
that there were three distinct concepts (summarized
here from Teichert, 1958, p. 117):

Biostratigraphic units: the zone is the fundamental
unit of biostratigraphy, consisting of a set of beds
characterized by one or more fossil species.

Biochronologic units: the unit of time during which
sedimentation of a biostratigraphic unit took place.
These are true relative time units.

Time-stratigraphic units: units of rock which have
been deposited during a defined unit of time.
“Arrangement of rock-stratigraphic units within a
time-stratigraphic unit and assignment to such a unit
are generally made on a variety of lines of evidence
both physical and paleontologic, including extrapo-
lation, conclusion by analogy, and sometime merely
for reasons of expedience.”

The distinguished American stratigrapher Hollis
Hedberg picked up on Arkell’s idea about the mean-
ing of the stage. He stated (Hedberg, 1948, p. 456)
“The time value of stratigraphical units based on
fossils will fluctuate from place to place in much
the same manner as the time value of a lithologic
formation may vary.” He proposed defining a sepa-
rate set of chronostratigraphic units that corresponded
to, and could be used to define, units of time. In
1952 he became the Chairman of a newly estab-
lished International Commission on Stratigraphy, and
one of his achievements was to establish this new
set of units. These ideas became formalized and cod-
ified after many years work in a new international
stratigraphic guide (Hedberg, 1976). For example, he
defined a chronozone as a zonal unit embracing all
rocks anywhere formed during the range of a spec-
ified geological feature, such as a local biozone. In
theory, a chronozone is present in the rocks beyond
the point at which the fossil components of the bio-
zone cease to be present as a result of lateral facies

changes. Hedberg (1976) used a biostratigraphic exam-
ple to illustrate the chronozone concept but, clearly, if
the fossil components are not present, a chronozone
cannot be recognized on biostratigraphic grounds, and
its usefulness as a stratigraphic concept may be rather
hypothetical (Johnson, 1992a). However, other means
may be available to extend the chronozone, including
local marker beds or magnetostratigraphic data. This is
discussed this in the next section.

Hedberg (1976) suggested that the stage be regarded
as the basic working unit of chronostratigraphy
because of its practical use in interregional correla-
tion. As Hancock (1977, p. 19) and Watson (1983)
pointed out, Hedberg omitted to mention that all
Phanerozoic stages were first defined on the basis of
groups of biozones, and they are therefore, histori-
cally, biostratigraphic entities. In practice, therefore,
so long as biostratigraphy formed the main basis
of chronostratigraphy, no useful purpose was served
by treating them as theoretically different subjects.
Stages could be defined by more than one system
of biozones, which extended their range and reduced
their facies dependence, but, although this improved
their chronostratigraphic usefulness, it did not change
them into a different sort of unit. We return to
this point in the next section (the modern definition
of the term “stage” is quite different, as discussed
below).

Harry E. Wheeler of the University of Washington
pointed out the problems in Hedberg’s concepts of
time-stratigraphic units (Wheeler, 1958, p. 1050)
shortly after they appeared in the first American strati-
graphic guide (American Commission on Stratigraphic
Nomenclature, 1952). He argued that a time-rock unit
could not be both a “material rock unit,” as described
in the guide, and one whose boundaries could be
extended from the type section as isochronous sur-
faces, because such isochronous surfaces would in
many localities be represented by an unconformity.
Wheeler developed the concept of the chronostrati-
graphic cross-section, in which the vertical dimension
in a stratigraphic cross-section is drawn with a time
scale instead of a thickness scale (Fig. 1.4). In this way,
time gaps (unconformities) become readily apparent,
and the nature of time correlation may be accurately
indicated. Such diagrams have come to be termed
“Wheeler plots.” Wheeler cited with approval the early
work of Sloss and his colleagues, referred to in more
detail below:
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Fig. 1.4 Wheeler’s development of chronostratigraphic dia-
grams, showing a stratigraphic cross section plotted with a
vertical time axis in order to portray accurately the duration
of stratigraphic units and unconformities from place to place.
In the first diagram a generalized cross-section is provided. A

As a tangible framework on which to hang pertinent
faunal and lithic data, the sequence of Sloss, Krumbein
and Dapples (1949, pp. 110-11) generally fulfills these
requirements. Paraphrasing these authors’ discussion, a
sequence comprises an assemblage of strata exhibiting
similar responses to similar tectonic environments over
wide areas, separated by objective horizons without spe-
cific time significance (Wheeler, 1958, p. 1050; italics as
in original).

Sequences came later to be called simply
“unconformity-bounded units,” whereas Wheeler’s
description of them is a logically inconsistent mixture
of empirical description and tectonic interpretation.
He proposed a new term for time-rock units, the
holostrome, which consists of a sequence (in the Sloss
et al. sense) together with the “erosional vacuity”
representing the part of the sequence lost to erosion.
Such a vacuity would not be obvious on a conventional
stratigraphic cross-section, appearing simply as the
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time cross-section of sequence C is shown below, providing the
definition of some of the terms used by Wheeler. Remaining dia-
grams show conversion of these data into chronostratigraphic
charts (Wheeler, 1958)

line corresponding to an unconformity. However,
an erosional vacuity might constitute a significant
area of a Wheeler time plot and would require some
knowledge of the lateral variations in the age of the
units immediately above and below the unconformity
in order for it to be drawn in accurately. Although
Wheeler’s concepts and plots are now commonplace
in geology (they are cited in Vail’s early work), the
term holostrome has not become an accepted term.
The recognition of the importance of suites of strati-
graphic units bounded by unconformities, based on the
work of Levorsen, Sloss, Wheeler and others, led to
suggestions for the formal recognition of such units
in stratigraphic guides and codes. The proposal for a
type of unit called a “synthem” by Chang (1975) rep-
resents the first formal proposal of this type. Chang
(1975, pp. 1546-1547) considered the importance of
tectonic cycles in the generation of such deposits,
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quoting Grabau’s (1940) concept of “pulsations”, and
he was aware of Vail’s early work on eustatic cycles
(citing presentations by Vail’s group at a Geological
Society of America meeting in 1974). However, he
concluded that “In recognizing the unity or individu-
ality of a synthem, the involvement of as little sub-
jective judgment as possible is desirable.” In other
words, Chang was at pains to adhere to a descrip-
tive, empirical concept in his definition. Synthems
were included in the International Stratigraphic Guide
(Hedberg, 1976, p. 92) as an additional class of time-
significant unit, although, because of the variable age
of the bounding unconformities, they were not cat-
egorized as strictly chronostratigraphic in character.
Unconformity-bounded units were accorded their own
chapter in the revised version of the International
Stratigraphic Guide (Salvador, 1994, Chap. 6), and
also formed the basis for a new type of stratigraphy,
termed allostratigraphy, in the North American guide
(NACSN, 1983). But not everybody was content with
these developments. Murphy (1988, p. 155) pointed
out that “The statement that they [synthems] are objec-
tive and non-interpretive . ... assumes that particular
unconformities have tangible qualities by which they
can be distinguished and identified; this assumption
is false.” He went on to argue that many unconformi-
ties can only be recognized on the basis of knowledge
of the units above and below, and interpretation of
the nature of the unconformity surface itself, and that
therefore unconformity-bounded units are not a class
of objective stratigraphic unit. This objection has been
almost totally ignored in the rush to adopt sequence
stratigraphic methods, although attempts to incorpo-
rate sequence concepts into formal stratigraphic guides
and codes have yet to achieve agreement.

1.3.3 The Development of Modern
Chronostratigraphy

One of the central themes of the development of
stratigraphy has been the work to establish an accu-
rate geological times scale. Why? McLaren (1978)
attempted to answer this question. Here are his nine
reasons:

Some of these geological problems and questions
include: (1) rates of tectonic processes; (2) rates of sed-
imentation and accurate basin history; (3) correlation
of geophysical and geological events; (4) correlation of

tectonic and eustatic events; (5) are epeirogenic move-
ments worldwide ... (6) have there been simultaneous
extinctions of unrelated animal and plant groups; (7) what
happened at era boundaries; (8) have there been catas-
trophes in earth history which have left a simultaneous
record over a wide region or worldwide; and (9) are there
different kinds of boundaries in the geologic succession
(That is, “natural” boundaries marked by a worldwide
simultaneous event versus “quiet” boundaries, man-made
by definition).

It is, in fact, fundamental to the understanding of
the history of Earth that events be meticulously corre-
lated in time. For example, current work to investigate
the history of climate change on Earth during the last
few tens to hundreds of thousands of years has demon-
strated how important this is, because of the rapidity
of climate change and because different geographical
regions and climatic belts may have had histories of
climate change that were not in phase. If we are to
understand Earth’s climate system thoroughly enough
to determine what we might expect from human influ-
ences, such as the burning of fossil fuels, a detailed
record of past climate change will be of fundamental
importance. That we do not now have such a record is
in part because of the difficulty in establishing a time
scale precise enough and practical enough to be appli-
cable in deposits formed everywhere on Earth in every
possible environmental setting.

Until the early twentieth century, the geologic
time scale in use by geologists was a relative time
scale dependent entirely on biostratigraphy. The stan-
dard systems had nearly all been named., based on
European data, by about 1840 (Berry, 1987; Callomon,
2001). Estimates about the duration of geologic events,
including that of chronostratigraphic units, varied
widely, because they depended on diverse estimation
methods, such as attempts to quantify rates of erosion
and sedimentation (Hallam, 1989). The discovery of
the principle of radioactivity was fundamental, pro-
viding a universal clock for direct dating of certain
rock types, and the calibration of the results of other
dating methods, especially the relative scale of bios-
tratigraphy. Radiometric dating methods may be used
directly on rocks containing the appropriate radioactive
materials. For example, volcanic ash beds interca-
lated with a sedimentary succession provide an ideal
basis for precise dating and correlation. Volcanic ash
contains several minerals that include radioactive iso-
topes of elements such as potassium and rubidium.
Modern methods can date such beds to an accuracy
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typically in the £2% range, that is, =2 million years
at an age of 100 Ma (Harland et al., 1990), although
locally, under ideal conditions, accuracy and preci-
sion are now considerably better than this (£10%~103
years; see Fig. 14.22 and discussion thereof). Where
a sedimentary unit of interest (such as a unit with a
biostratigraphically significant fauna or flora) is over-
lain and underlain by ash beds it is a simple matter
to estimate the age of the sedimentary unit. The dif-
ference in age between the ash beds corresponds to
the elapsed time represented by the succssion of strata
between the ash beds. Assuming the sediments accu-
mulated at a constant rate, the rate of sedimentation can
be determined by dividing the thickness of the section
between the ash beds by the elapsed time. The amount
by which the sediment bed of interest is younger than
the lowest ash bed is then equal to its stratigraphic
height above the lowest ash bed divided by the rate
of sedimentation, thereby yielding an “absolute” age,
in years, for that bed. This procedure is typical of the
methods used to provide the relative biostratigraphic
age scale with a quantitative basis. The method is, of
course, not that simple, because sedimentation rates
tend not to be constant, and most stratigraphic succes-
sions contain numerous sedimentary breaks that result
in underestimation of sedimentation rates. Numerous
calibration exercises are required in order to stabilize
the assigned ages of any particular biostratigraphic unit
of importance. I return to this issue later in Chap. 14.

Initially, the use of radiometric dating methods was
relatively haphazard, but gradually geologists devel-
oped the technique of systematically working to cross-
calibrate the results of different dating methods, recon-
ciling radiometric and relative biostratigraphic ages in
different geological sections and using different fos-
sils groups. In the 1960s the discovery of preserved
(“remanent”) magnetism in the rock record led to
the development of an independent time scale based
on the recognition of the repeated reversals in mag-
netic polarity over geologic time. Cross-calibration of
radiometric and biostratigraphic data with the mag-
netostratigraphic record provided a further means of
refinement and improvement of precision. The tech-
niques are described in all standard textbooks of
stratigraphy (e.g., Miall, 1999; Nichols, 1999).

These modern developments rendered irrele-
vant the debate about the value and meaning of
Hedberg’s (1976) hypothetical chronostratigraphic
units. The new techniques of radiometric dating and

magnetostratigraphy, where they are precise enough
to challenge the supremacy of biostratigraphy, could
have led to the case being made for a separate set
of chronostratigraphic units, as Hedberg proposed.
However, instead of a new set of chronostratigraphic
units, this correlation research is being used to refine
the definitions of the existing, biostratigraphically
based stages. Different assemblages of zones gener-
ated from different types of organism may be used
to define the stages in different ecological settings
(e.g., marine versus nonmarine) and in different
biogeographic provinces, and the entire data base is
cross-correlated and refined with the use of radio-
metric, magnetostratigraphic and other types of
data. The stage has now effectively evolved into a
chronostratigraphic entity of the type visualized by
Hedberg (1976). This is the essence of the procedure
recommended by Charles Holland (1986, Fig. 10), one
of the leading spokespersons of the time for British
stratigraphic practitioners. For most of Mesozoic and
Cenozoic time the standard stages, and in many cases,
biozones, are now calibrated using many different data
sets, and the global time scale, based on correlations
among the three main dating methods, is attaining
a high degree of accuracy. The Geological Society
of London time scale (GSL, 1964) was an important
milestone, representing the first attempt to develop
a comprehensive record of these calibration and
cross-correlation exercises. Wheeler’s (1958) formal
methods of accounting for “time in stratigraphy” (the
title of his first important paper), including the use of
“Wheeler plots” for showing the time relationships of
stratigraphic units, provided much needed clarity in
the progress of this work. Time scales for the Cenozoic
(Berggren, 1972) and the Jurassic and Cretaceous (Van
Hinte, 1976a, b) are particularly noteworthy for their
comprehensive data syntheses, although all have now
been superseded. More recent detailed summation and
reconciliation of the global data base were provided
by Harland et al. (1990) and Berggren et al. (1995).
Gradstein et al. (2004) provided a comprehensive
treatment of the subject, and nowadays, the global
data base and updates of definitions are maintained at
an official website: www.stratigraphy.org.

In the 1960s, several different kinds of problems
with stratigraphic methods and practice had begun to
be generally recognized (e.g., Newell, 1962). There are
two main problems. Firstly, stratigraphic boundaries
had traditionally been drawn at horizons of sudden
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change, such as the facies change between marine
Silurian strata and the overlying nonmarine Devonian
succession in Britain. Changes such as this are obvi-
ous in outcrop, and would seem to be logical places
to define boundaries. Commonly such boundaries are
unconformities. However, it had long been recognized
that unconformities pass laterally into conformable
contacts (for example, this was described by Whewell,
1872). This raised the question of how to classify
the rocks that formed during the interval represented
by the unconformity. Should they be assigned to the
overlying or underlying unit, or used to define a com-
pletely new unit? When it was determined that rocks
being classified as Cambrian and Silurian overlapped
in time, Lapworth (1879) defined a new chronostrati-
graphic unit—the Ordovician, as a compromise unit
straddling the Cambrian-Silurian interval. The same
solution could be used to define a new unit correspond-
ing to the unconformable interval between the Silurian
and the Devonian. In fact, rocks of this age began to
be described in central Europe after WWII, and this
was one reason why the Silurian-Devonian boundary
became an issue requiring resolution. A new unit could
be erected, but it seemed likely that with additional
detailed work around the world many such chronos-
tratigraphic problems would arise, and at some point
it might be deemed desirable to stabilize the suite of
chronostratigraphic units. For this reason, the devel-
opment of some standardized procedure seemed to be
desirable.

A second problem is that to draw a significant strati-
graphic boundary at an unconformity or at some other
significant stratigraphic change is to imply the hypoth-
esis that the change or break has a significance relative
to the stratigraphic classification, that is, that uncon-
formities have precise temporal significance. This was
specifically hypothesized by Chamberlin (1898, 1909)
who, as discussed below, was one of many individu-
als who generated ideas about a supposed “pulse of
the earth.” In the case of lithostratigraphic units, which
are descriptive, and are defined by the occurrence and
mappability of a lithologically distinctive succession,
a boundary of such a unit coinciding with an uncon-
formity is of no consequence. However, in the case of
an interpretive classification, in which a boundary is
assigned time significance (such as a stage boundary),
the use of an unconformity as the boundary is to make
the assumption that the unconformity has time signif-
icance; that is, it is of the same age everywhere. This

places primary importance on the model of unconfor-
mity formation, be this diastrophism, eustatic sea-level
change or some other cause. From the methodologi-
cal point of view this is most undesirable, because it
negates the empirical or inductive nature of the classifi-
cation. It is for this reason that it is inappropriate to use
sequence boundaries as if they are chronostratigraphic
markers.

How to avoid this problem? A time scale is con-
cerned with the continuum of time. Given our ability
to assign “absolute” ages to stratigraphic units, albeit
not always with much accuracy and precision, one
solution would be to assign numerical ages to all
stratigraphic units and events. However, this would
commonly be misleading or clumsy. In many instances
stratigraphic units cannot be dated more precisely than,
say, “late Cenomanian” based on a limited record
of a few types of organisms (e.g., microfossils in
subsurface well cuttings). Named units are not only
traditional, but also highly convenient, just as it is con-
venient to categorize human history using such terms
as the “Elizabethan” or the “Napoleonic” or the “Civil
War” period. What is needed is a categorization of
geological time that is empirical and all encompass-
ing. The familiar terms for periods (e.g., Cretaceous)
and for ages/stages (e.g., Aptian) offer such a sub-
division and categorization, provided that they can
be made precise enough and designed to encompass
all of time’s continuum. A group of British stratigra-
phers (e.g., Ager, 1964) is credited with the idea that
seems to have resolved the twin problems described
here. McLaren (1970, p. 802) explained the solution in
this way:

There is another approach to boundaries, however, which
maintains that they should be defined wherever possible
in an area where “nothing happened.” The International
Subcommission on Stratigraphic Classification, of which
Hollis Hedberg is Chairman, has recommended in its
Circular No. 25 of July, 1969, that “Boundary-stratotypes
should always be chosen within sequences of continu-
ous sedimentation. The boundary of a chronostratigraphic
unit should never be placed at an unconformity. Abrupt
and drastic changes in lithology or fossil content should
be looked at with suspicion as possibly indicating gaps
in the sequence which would impair the value of the
boundary as a chronostratigraphic marker and should
be used only if there is adequate evidence of essential
continuity of deposition. The marker for a boundary-
stratotype may often best be placed within a certain bed
to minimize the possibility that it may fall at a time
gap.” This marker is becoming known as “the Golden
Spike.”
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By “nothing happens” is meant a stratigraphic suc-
cession that is apparently continuous. The choice of
boundary is then purely arbitrary, and depends sim-
ply on our ability to select a horizon that can be the
most efficiently and most completely documented and
defined (just as there is nothing about time itself that
distinguishes between, say, February and March, but to
define a boundary between them is useful for purposes
of communication and record). This is the epitome
of an empirical approach to stratigraphy. Choosing
to place a boundary where “nothing happened” is to
deliberately avoid having to deal with some “event”
that would require interpretation. This recommenda-
tion was accepted in the first International Stratigraphic
Guide (Hedberg, 1976, pp. 84-85), although Hedberg
(1976, p. 84) also noted the desirability of select-
ing boundary stratotypes “at or near markers favor-
able for long-distance time-correlation”, by which he
meant prominent biomarkers, radiometrically-datable
horizons, or magnetic reversal events. Boundary-
stratotypes were to be established to define the base
and top of each chronostratigraphic units, with a formal
marker (a “golden spike”) driven into a specific point in
a specific outcrop to mark the designated stratigraphic
horizon. Hedberg (1976, p. 85) recommended that such
boundary-stratotypes be used to define both the top
of one unit and the base of the next overlying unit.
However, further consideration indicates an additional
problem, which was noted in the North American
Stratigraphic Code of 1983 (NACSN, p. 868):

Designation of point boundaries for both base and top of
chronostratigraphic units is not recommended, because
subsequent information on relations between successive
units may identify overlaps or gaps. One means of min-
imizing or eliminating problems of duplication or gaps
in chronostratigraphic successions is to define formally
as a point-boundary stratotype only the base of the unit.
Thus, a chronostratigraphic unit with its base defined at
one locality will have its top defined by the base of an
overlying unit at the same, but more commonly, another
locality.

Even beds selected for their apparently continu-
ous nature may be discovered at a later date to hide
a significant break in time. Detailed work on the
British Jurassic section using what is probably the most
refined biostratigraphic classification scheme avail-
able for any pre-Neogene section has demonstrated
how common such breaks are (Callomon, 1995; see
Miall and Miall, 2002). The procedure recommended
by NACSN (1983) is that, if it is discovered that a

boundary stratotype does encompass a gap in the tem-
poral record, the rocks (and the time they represent) are
assigned to the unit below the stratotype. In this way, a
time scale can be constructed that can readily accom-
modate all of time’s continuum, as our description and
definition of it continue to be perfected by additional
field work. This procedure means that, once desig-
nated, boundary stratotypes do not have to be revised
or changed. This has come to be termed the concept of
the “topless stage.”

The modern definition of the term ‘“‘stage” (e.g., in
the online version of the International Stratigraphic
Guide by Michael A. Murphy and Amos Salvador at
www.stratigraphy.org) indicates how the concept of the
stage has evolved since d’Orbigny. The Guide states
that “The stage has been called the basic working unit
of chronostratigraphy. . .. The stage includes all rocks
formed during an age. A stage is normally the lowest
ranking unit in the chronostratigraphic hierarchy that
can be recognized on a global scale. ... A stage is
defined by its boundary stratotypes, sections that con-
tain a designated point in a stratigraphic sequence of
essentially continuous deposition, preferably marine,
chosen for its correlation potential.”

The first application of the new concepts for defin-
ing chronostratigraphic units was to the Silurian-
Devonian boundary, the definition of which had begun
to cause major stratigraphic problems as international
correlation work became routine in post-WWII years.
A boundary stratotype was selected at a location called
Klonk, in what is now the Czech Republic, following
extensive work by an international Silurian-Devonian
Boundary Committee on the fossil assemblages in
numerous well-exposed sections in Europe and else-
where. The results are presented in summary form by
McLaren (1973), and, more extensively, by Chlupéc
(1972) and McLaren (1977) (see also Miall, 1999, pp.
116-117). As reported by Bassett (1985) and Cowie
(1986), the establishment of the new procedures led to
a flood of new work to standardize and formalize the
geological time scale, one boundary at a time. This is
extremely labour-intensive work, requiring the colla-
tion of data of all types (biostratigraphic, radiometric
and, where appropriate, chemostratigraphic and mag-
netostratigraphic) for well-exposed sections around
the world, and working to reach international agree-
ment amongst ad-hoc international working groups
set up for the purpose. In many instances, once such
detailed correlation work is undertaken, it is discovered
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that definitions for particular boundaries being used
in different parts of the world, or definitions estab-
lished by different workers using different criteria,
do not in fact define contemporaneous horizons (e.g.,
Hancock, 1993a). This may be because the original
definitions were inadequate or incomplete, and have
been subject to interpretation as practical correlation
work has spread out across the globe. Resolution of
such issues should simply require international agree-
ment; the important point being that there is nothing
significant about, say, the Aptian-Albian boundary, just
that we should all be able to agree on where it is.
Following McLaren’s idea that boundaries be places
where “nothing happens”, the sole criterion for bound-
ary definition is that such definitions be as practical
as possible. The first “golden spike” location (the
Silurian-Devonian boundary at Klonk: Chlupac, 1972)
was chosen because it represents an area where deep-
water graptolite-bearing beds are interbedded with
shallow-water brachiopod-trilobite beds, permitting
detailed cross-correlation among the faunas, thereby
permitting the application of the boundary criteria to
a wide array of different facies. In other cases, the
presence of radiometrically datable units or a well-
defined magnetostratigraphic record may be helpful.
In all cases, accessibility and stability of the location
are considered desirable features of a boundary strato-
type, because the intent is that it serves as a standard.
Perfect correlation with such a standard can never be
achieved, but careful selection of the appropriate stra-
totype is intended to facilitate future refinement in the
form of additional data collection.

Despite the apparent inductive simplicity of this
approach to the refinement of the time scale, further
work has been slow, in part because of the inabil-
ity of some working groups to arrive at agreement
(Vai, 2001). In addition, two contrasting approaches
to the definition of chronostratigraphic units and unit
boundaries have now evolved, each emphasizing dif-
ferent characteristics of the rock record and the accu-
mulated data that describe it. Castradori (2002) pro-
vided an excellent summary of what became a lively
controversy within the International Commission on
Stratigraphy. The first approach, which Castradori
described as the historical and conceptual approach,
emphasizes the historical continuity of the erection and
definition of units and their boundaries, the data base
for which has continued to grow since the nineteenth
century by a process of inductive accretion. Aubry

et al. (1999, 2000) expanded upon and defended this
approach. The alternative method, which Castradori
terms the hyper-pragmatic approach, focuses on the
search for and recognition of significant “events” as
providing the most suitable basis for rock-time mark-
ers, from which correlation and unit definition can
then proceed. The choice of the term “pragmatic”
is unfortunate in this context, because the suggested
method is certainly not empirical. The followers of
this method (see response by J. Ramane, 2000, to
the discussion by Aubry et al.,, 2000) suggest that
in some instances historical definitions of units and
their boundaries should be modified or set aside in
favour of globally recognizable event markers, such
as a prominent biomarker, a magnetic reversal event,
an isotopic excursion, or, eventually, events based on
cyclostratigraphy. This approach explicitly sets aside
McLaren’s recommendation (cited above) that bound-
aries be defined in places where “nothing happened,”
although it is in accord with suggestions in the first
stratigraphic guide that “natural breaks” in the stratig-
raphy could be used or boundaries defined “at or near
markers favorable for long-distance time-correlation”
(Hedberg, 1976, pp. 71, 84). The virtue of this method
is that where appropriately applied it may make bound-
ary definition easier to recognize. The potential disad-
vantage is that is places prime emphasis on a single
criterion for definition. From the perspective of this
book, which has attempted to clarify methodological
differences, it is important to note that the hyper-
pragmatic approach relies on assumptions about the
superior time-significance of the selected boundary
event. The deductive flavour of hypothesis is there-
fore added to the method. In this sense the method
is not strictly empirical. As has been demonstrated
elsewhere, assumptions about global synchroneity of
stratigraphic events may in some cases be misguided
(see Miall and Miall, 2001, 2002).

The hyper-pragmatic approach builds assumptions
into what has otherwise been an inductive method
free of all but the most basic of hypotheses about
the time-significance of the rock record. The strength
of the historical and conceptual approach is that it
emphasizes multiple criteria, and makes use of long-
established practices for reconciling different data
bases, and for carrying correlations into areas where
any given criterion may not be recognizable. For this
reason, this writer is not in favour of the proposal by
Zalasiewicz et al. (2004), supported by Carter (2007),
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to eliminate the distinction between time-rock units
(chronostratigraphy) and the measurement of geologic
time (geochronology). Their proposal hinges on the
supposed supremacy of the global stratotype boundary
points. History has repeatedly demonstrated the dif-
ficulties that have arisen from the reliance on single
criteria for stratigraphic definitions, and the incom-
pleteness of the rock record, which is why “time”
and the “rocks” are so rarely synonymous in prac-
tice (see also Sect. 14.5.6 and Aubry, 2007, on this
point).

Ongoing work on boundary stratotypes is periodi-
cally recorded in the IUGS journal Episodes, and is
summarized in web pages at www.stratigraphy.org.
The reader is referred to Aubry et al. (2000, includ-
ing the discussion by Remane which follows) and
to Castradori (2002) for additional details about
this controversy. The latter article provides several
case studies of how each approach has worked in
practice.

For our purposes, the importance of this history of
stratigraphy is that the work of building and refin-
ing the geological time scale has been largely an
empirical, inductive process (with the exception of
the hyper-pragmatic approach discussed above). Note
that each step in the development of chronostrati-
graphic techniques, including the multidisciplinary
cross-correlation method, the golden spike concept,
and the concept of the topless unit, are designed
to enhance the empirical nature of the process.
Techniques of data collection, calibration and cross-
comparison evolved gradually and, with that devel-
opment came many decisions about the nature of the
time scale and how it should be measured, docu-
mented, and codified. These decisions typically were
taken at international geological congresses by large
multinational committees established for such pur-
poses (See Vai, 2007, for the early history). For
example, the International Stratigraphic Guide, first
published by Hedberg (1976), was an official product
of the International Subcommission on Stratigraphic
Classification of the International Union of Geological
Sciences’ Commission on Stratigraphy. For our pur-
poses, the incremental nature of this method of work is
significant because it is completely different from the
basing of stratigraphic history on the broad, sweeping
models of pulsation or cyclicity that have so frequently
arisen during the evolution of the science of geology, a
topic to which we now turn.

1.4 The Continual Search for a “Pulse
of the Earth”

The self-appointed task of geologists is to explain the
Earth. Given that Earth is a complex object affected by
multiple processes, there is a natural drive to attempt
to systematize and simplify these processes in our
hypotheses of how Earth works. Numerical modeling,
which has become popular in many fields with the
advent of small but powerful and cheap computers, is
but the most recent manifestation of this tendency, and
is now widely used by earth scientists. The purpose
of this section is to show how the idea of a world-
wide stratigraphic pattern, as exemplified by the Exxon
sequence model of the 1970s, is but the latest exam-
ple of a theme that runs through the entire course of
modern Geology.

Two themes that recur throughout the evolution of
geological thought are pattern recognition and cyclic-
ity. Zeller (1964) demonstrated the ability of geologists
to recognize patterns in data where none exists. In
a famous psychological experiment he constructed
simulated stratigraphic sections from lists of random
numbers (in fact, digits from lists of phone numbers in
a city phone directory), using the numbers to determine
rock types and bed thicknesses. Professional geologists
were then asked to “correlate” the sections, that is, to
identify “beds” that extended from one “section” to the
next. All were able to do so and, moreover, were able to
develop comparisons with actual patterns of repetitive
vertical order of rock types (sedimentary cyclicity) that
had been well documented in the local outcrop geology
and were well known to the professional geological
community. Zeller explained these results thus:

Psychologists, anthropologists, and philosophers of sci-
ence have long recognized the fact that there is a funda-
mental need in man to explain the nature of his surround-
ings and to attempt to make order out of randomness . . ..
The Western mind does not willingly accept the concept
of a truly random universe even though there may be
much evidence to support this view. .... Science, to an
extent matched by no other human endeavor, places a pre-
mium upon the ability of the individual to make order out
of what appears disordered (Zeller, 1964, p. 631).

Dott (1992a) compiled studies of a particular recurring
obsession of geologists, that of the idea of repeated
changes in global sea-level. The idea that the formation
and subsequent melting of continental ice caps would
affect sea levels by first locking up on land, and then
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releasing back to the oceans, large volumes of water, is
attributed to a newspaper publisher, Charles Maclaren
in 1842, and appeared in his review of Louis Agassiz’
glacial theory. The Scotsman James Croll was the first
to develop these ideas into a hypothesis of orbital forc-
ing in 1864, but the idea received no serious attention
until the 1920s. The word “eustatic,” as applied to
sea levels, and meaning sea-level changes of global
scope, was proposed by Suess (1888) (these historical
developments are summarized by Dott, in his intro-
duction to the volume). But, as Dott’s book demon-
strates, ideas about the repetitiveness or periodicity of
earth history have existed since at least the eighteenth
century.

Why should periodicity be such a powerful opiate
for geologists? Obviously, periodicity comes naturally
through the universal human experience of diurnal, tidal,
and seasonal cycles. And it has ancient roots in the
Aristotelian Greek world view of everything in nature
being cyclic. The answer must lie more directly, however,
in the innate psychological appeal of order and simplicity,
both of which are provided by rhythmically repetitive pat-
terns. For geologists the instinctive appeal to periodicity
constitutes a subtle extension of the uniformity principle,
which is in turn a special geological case of simplicity or
parsimony (Dott, 1992b, p. 13).

To Charles Lyell, the founder of modern Geology,
uniformitarianism included the concept that the Earth
had not fundamentally changed throughout its his-
tory, and would not do so in the future. Earth his-
tory was not only directionless, but might also be
cyclic (Rudwick, 1998; Hallam, 1998a). Lyell did not
accept Darwin’s ideas about organic evolution until
late in his career, but held the opinion that most life
forms had always been present on Earth, and if any
were absent from the fossil record it was because
of local environmental reasons or because the record
had been destroyed by post-depositional processes,
such as metamorphism. Lyell believed that in the
future:

Then might those genera of animals return, of which
the memorials are preserved in the ancient rocks of our
continents. The huge iguanodon might reappear in the
woods, and the ichthyosaur in the sea, while the ptero-
dactyl might flit again through the umbrageous groves of
tree ferns (Lyell, 1830; cited in Hallam, 1998a, p. 134).

Lyell’s ideas about the circularity of earth his-
tory were quickly discredited and discarded. However,
his combination of inductive and deductive science
and the attempt at building a grand, all-encompassing
model that ultimately failed is uncannily similar to the

modern story of sequence stratigraphy set out by Miall
and Miall (2001), as discussed in Chap. 12.

Through the latter part of the nineteenth century
and, in fact, until the modern era of plate tectonics,
most theories of Earth processes included some ele-
ment of repetition or cyclicity. These theories were
developed in the absence of knowledge of the Earth’s
interior, an absence that was not to be fully corrected
until development of the techniques of seismic tomog-
raphy in the 1970s (Anderson, 1989), which revealed
for the first time how Earth’s mantle really works. The
impetus for the development of theories of cyclicity
presumably arose from the tendency to seek natural
order, as described by Zeller, Dott, and others. The
more well-known of such theories were proposed by
some of the more prominent geologists of their times,
and typically seemed to represent attempts to recon-
cile and explain their knowledge of Earth’s complex
history accumulated over a lifetime’s work.

Among the more important such theories was
the model of worldwide diastrophism proposed by
Chamberlin (1898, 1909; useful summaries and inter-
pretations of Chamberlin’s ideas are given by Conkin
and Conkin, 1984 and Dott, 1992c) and elaborated by
Ulrich (1911). In some fundamental ways this model
contains the basis of modern concepts in sequence
stratigraphy, although the papers are not cited by the
main founder and “grandfather” of modern sequence
stratigraphy, L. L. Sloss, in his first major paper (Sloss,
1963), or in his later work.

Chamberlin opened his paper with this remark:

It was intimated in the introduction to the symposium
on the classification and nomenclature of geologic time
divisions published in the last number of this mag-
azine [Journal of Geology] that the ulterior basis of
classification and nomenclature must be dependent on
the existence or absence of natural divisions resulting
from simultaneous phases of action of world-wide extent
(Chamberlin, 1898, p. 449).

Chamberlin made note of the widespread transgres-
sions and regressions that could be interpreted from
the stratigraphic record, and he understood the impor-
tance of regional uplift and erosion as the cause of
widespread unconformities, which he termed “base-
leveling.” He suggested that “correlation by base-
levels is one of the triumphs of American geology.”
(Chamberlin, 1909, p. 690) and emphasized that “the
base-leveling process implies a homologous series of
deposits the world over” (emphasis by italics as in the
original).
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The concept of widespread unconformities, which
was later to form the basis for the sequence stratig-
raphy of Sloss and Vail (see below) appears to have
been an inevitable, inductive product of the mapping
and data collection that was gradually being carried
out at this time to document the North American con-
tinent. As noted by Carter (2007, p. 191), “North
American geologists have a long history of recognizing
and naming these large regional sediment packages,
which they first described as dynasties or terranes. For
example, Williams (1893, p. 284, 290) referred to the
Green Mountain, Appalachian, Rocky Mountain and
Glacial terranes as the main unconformity-bounded
Phanerozoic sediment packages of North America.
Each such unit was said to represent:”

periods of continuity of deposition for the regions in
which they were formed, separated from one another by
grand revolutions interrupting the regularity of deposi-
tion, disturbed by faulting, folding and sometimes meta-
morphosing the older strata upon which the following
strata rest unconformably and form the beginnings of a
new system.

Blackwelder (1909), in an essay on unconformi-
ties, published a diagram (Fig. 1.5) that contains, in

embryo, the sequences eventually documented and
named in detail by Sloss (1963). Knowledge of these
broad stratigraphic relationships seems to have formed
the basis for much subsequent theorizing, although few
references to this specific paper can be found in later
work. Barrell (1917) referred to a different study by
Blackwelder. Wheeler refers to it in his 1958 paper.

Chamberlin suggested that the base-levelings were
caused by “diastrophism,” that is, regional uplift and
subsidence of the Earth’s crust. He suggested that the
movements were periodic.

Reasons are growing yearly in cogency why we should
regard the earth as essentially a solid spheroid and
not a liquid globe with a thin sensitive crust. I think
we must soon come to see that the great deformations
are deep-seated body adjustments, actuated by ener-
gies, and involving masses, compared to which the ele-
ments of denudation and deposition are essentially trivial.
Denudation and deposition seem to me clearly incompe-
tent to perpetuate their own cycles. It seems clear that
diastrophism is fundamental to deposition, and is a condi-
tion prerequisite to epicontinental and circum-continental
stratigraphy (Chamberlin, 1909, p. 693).

According to Chamberlin the worldwide episodes
of diastrophism would have four important outcomes:
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(1) diastrophic uplift and subsidence of the Earth’
surface would cause the development of worldwide
unconformities; (2) such episodes of uplift and sub-
sidence would affect global sea levels (Chamberlin
did not have a term for this. The word “eustasy”
emerged later, from the work of Suess, as noted
above); (3) the rise and fall of the ocean, in alter-
nately expanding and contracting the area and depth
of the seas, would affect the living space and ecol-
ogy of life forms, and would therefore be a major
cause of organic evolution, which would explain the
worldwide synchroneity of successive faunas; and (4)
uplift and subsidence would also affect the area of
the Earth undergoing erosion, which would, in turn,
control the level of carbon dioxide in the atmosphere.
Chamberlin was one of the first to realize the impor-
tance of CO, as a greenhouse gas (he did not use
this term, either), and attributed Earth’s changes in
climate through the geologic past to this process. As
Dott (1992c, p. 40) noted, with this theory Chamberlin
provided much of the foundation of modern sequence
stratigraphy and of modern ideas about climate change.
He illustrated the formation of continental-margin sed-
iment wedges by progradation, the sediment being
derived by uplift and “base-leveling.” These pro-
cess, because of their effect on the stratigraphic
record, provided the “ultimate basis of correlation,” for
Chamberlin.

In his paper, Ulrich (1911) developed Chamberlin’s
ideas further. He complained (p. 289) about the
“Paleontological autocrat,” a symbolic representation
of the authority of biostratigraphic correlation which
was, by its massing of detail, making it difficult to
perpetuate the broad, sweeping generalizations about
stratigraphic correlation that he preferred. He was also
dubious about the supposed diachroneity of rock units,
regarding such a process as insignificant relative to
the regional correlatability of geological formations
(Ulrich, 1911, p. 295). Here is an excellent example
of the model-building paradigm at work—in assess-
ing the stratigraphic record Ulrich placed higher value
on his interpreted generalizations than on the actual
empirical evidence from the rocks. Ulrich opposed the
idea of “dual nomenclatures” for rocks and for time,
preferring to see his natural stratigraphic subdivisions
as a sufficient basis for stratigraphic classification. The
following quotations from this paper provide a remark-
able foretelling of many of the principles of sequence
stratigraphy:

In my opinion a rhythmic relationship connects nearly
all diastrophic movements. For a few the meter is very
long, for others shorter, and for still others much shorter.
The last may be arranged into cycles and these again
into grand cycles, the whole arrangement probably corre-
sponding in units to the divisions of an ideal classification
of stratified rocks and, so far as these go, of geologic time.
.... As I shall endeavor to show .. .. Diastrophism affords
a true basis for intercontinental correlation of not only the
grander cycles by also of their subordinate stages. . ...
The principle of rhythmic periodicity being recognized,
it seems to me merely a matter of time and close compar-
ative study of sedimentary rocks and faunal associations
to determine the time relations of interruptions in sedi-
mentation in any one section to similar interruptions in
another (Ulrich, 1911, p. 399).

Displacement of strandline chiefly relied on in prov-
ing periodicity of deformative movements.—The only
thing that moves . . . and which, therefore, offers the most
reliable criteria in determining the periodicity and con-
temporaneity of diastrophic events, is the level of the sea.
. ... Whatever the qualifications, there yet remains the fact
that the strandline is contemporaneously and universally
displaced (Ulrich, 1911, pp. 401-402).

Accuracy in correlation, whether narrow or intercon-
tinental in scope, depends solely on the uniform applica-
tion of the criteria and principles adopted, and that if our
practice is thoroughly consistent we shall finally succeed
in discovering physical boundaries what will separate the
systems so that none will include beds of ages elsewhere
referred to either the preceding or succeeding period
(Ulrich, 1911, p. 403).

In these three paragraphs we see in embryo the
concepts of a cycle hierarchy, the idea of sedimen-
tary accommodation, and the idea of the preeminent
importance of the sequence boundary as a time marker.
His model of diastrophic periodicity is illustrated in
Fig. 1.6.

Ulrich is referring here to the idea of “natural” sub-
divisions of geologic time into what we would now
call sequences, as a practice to be preferred to the use
of the European-based stage and series nomenclature.
In the North American successions with which Ulrich
was familiar, most of the boundaries between the series
and stages occurred within conformable stratigraphic
successions, and this was reason for him to ques-
tion their validity and usefulness. In his paper Ulrich
provided diagrams that illustrate sedimentary over-
lap, and discussed the implications of these structural
arrangements for documenting marine regression and
transgression.

The Chamberlin-Ulrich model was very influen-
tial on later generations of geologists. It undoubtedly
influenced Joseph Barrell of Yale University, whose
classic 1917 paper begins in this way:
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Fig. 1.6 Ulrich’s (1911) model of diastrophic periodicity

Nature vibrates with rhythms, climatic and diastrophic,
those finding expression ranging in period from the rapid
oscillation of surface waters, recorded in ripple mark, to
those long-defended stirrings of the deep titans which
have divided earth history into periods and eras.

Barrell (1917, p. 750) was aware of climatic cycles
and discussed what we would now call orbital-forcing
mechanisms (e.g., the “precession cycle of 21,000
years”). He discussed the major North American oro-
genic episodes and their influence on the broad patterns
of stratigraphy, referring (p. 775) to the rise and ebb
of sea level, which “pulsates with the close of eras,
falling and then slowly rising again,” as “the most far-
reaching rhythm of geologic time.” However, the main
focus of this important paper is on attempts to establish
the rates of geological processes and the measurement
of the length of geologic time, given the new impetus to
the study of this problem provided by the discovery of
radioactivity. He refers to “diastrophic oscillation,” but
only from the understanding such a process may pro-
vide for the interpretation of the stratigraphic record,
not as a fundamental mechanism to be used as a basis
for the definition of geologic time.

Having compiled a great deal of information about
the nature and rates of Earth processes, and having
assessed the ages of the major eras in earth his-
tory, including that of the major diastrophic episodes,
Barrell (1917, p. 888) suggested that “There appears
to run through geologic time a recurrence of greater
crescendos which in their average period approach
in round numbers to 200,000,000 years.” But then,
after some discussion of this periodicity, he warned
that “There is a human tendency, however, to seek
for over-much regularity in nature and it is doubtful
if much weight should be attached to this cycle of
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approximately 200,000,000 years. Although extremely
suggestive of a new perspective, there are not enough
terms, nor are they sharply enough defined, above
those of lesser magnitude to give this indication more
than such suggestive value” (Barrell, 1917, pp. 889-
890). On the basis of this discussion Barrell does not
appear to have been one of those who regarded some
“pulse of the earth” as central to geologic history.

A succession of late Paleozoic deposits that is
widely exposed in the continental interior of the United
States has had an exceptionally important influence on
the development of ideas about cyclicity in the geo-
logical record. Johan August Udden is credited with
being the first to recognize (in 1912) that a coal-bearing
succession of Pennsylvanian age in Illinois contained a
repetition of the same succession of rock types, which
he attributed to repeated inundations of the sea during
basinal subsidence (Langenheim and Nelson, 1992;
Buchanan and Maples, 1992). In 1926, the Illinois
Geological Survey began a stratigraphic mapping
study of these deposits, under the direction of J. Marvin
Weller. “As this study proceeded he [Weller] was
impressed by the remarkable similarity of the strati-
graphic succession associated with every coal bed. . . ..
Their studies showed that the Pennsylvanian system in
the Eastern Interior basin consists of repeated series
of beds or cyclothems, each of which is composed
of a similar series of members” (Wanless and Weller,
1932; they did not formally acknowledge Udden in this
work). This paper contained the definition of the term
cyclothem, for a particular type of cyclic or repeated
pattern of sedimentation. Cyclothems are typically no
more than a few tens of metres in thickness and,
we now know, each represents a few tens to hun-
dreds of thousands of years of geologic time. They
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are particularly characteristic of upper Paleozoic suc-
cessions, for reasons that Shepard and Wanless (1935)
were to suggest. Mapping by Weller and his colleagues
was the first to demonstrate that these cyclothems
underlie much of the continental interior of the United
States. Weller suggested diastrophism as the cause
of the cycles (Weller, 1930), but a different mecha-
nism was proposed a few years later. “It happens that
there is abundant evidence of the existence of huge
glaciers in the southern hemisphere during the very
times when these curious alternations of deposits were
being formed. A relation between these continental
glaciers and the sedimentary cycles has been proposed
recently by the writers” (Shepard and Wanless, 1935).
The authors proceeded to provide a sedimentological
interpretation of how climatic and eustatic oscilla-
tions associated with the formation and melting of
continental ice caps could have generated the succes-
sion of deposits that characterize the cyclothems. They
relegated diastrophic causes to a secondary role in
cyclothem generation, suggesting that tectonic move-
ments would have been too slow. Thus was borne
a very important hypothesis about the relationship
between cycles of glaciation, sea-level change and sed-
imentation, although nobody seems to have made the
connection between the Wanless-Shepard cyclothem
hypothesis and the MacLaren-Croll orbital forcing
concept until relatively recently (Crowell, 1978). The
Wanless and Weller paper also clearly established the
cyclothem as a stratigraphic concept, in the sense that
the cyclothem constitutes a distinct type of mappable
unit, distinct from the formation, which they described
merely as “a group of beds having some [lithologic]
character in common” (Wanless and Weller, 1932,
p. 1003).

Through the first half of the twentieth century theo-
ries of Earth processes tended to include ideas about
periodicity or rhythmicity. In part these ideas were
fueled by the new knowledge of the driving force of
radiogenic heat in the Earth’s interior (e.g., Joly, 1930).
As noted by Dott (1992b, p. 12) “by the 1940s the
enthusiasm for global rhythms was overwhelming.”
This can be seen in the title of some of the major books
of this period: Grabau’s (1940) The rhythm of the
ages, which contained his “pulsation theory” (Johnson,
1992b), and The pulse of the Earth (Umbgrove, 1947)
and Symphony of the Earth (Umbgrove, 1950). Other
“pulsation” theories of the period are noted by Hallam
(1992a, b).

Of particular importance to our theme is the work of
Grabau (1940), who developed a comprehensive the-
ory of eustatic sea-level change based on the ideas of
cyclic crustal expansion of the ocean basins (Johnson,
1992b). Grabau compiled a eustatic sea-level curve
for the Paleozoic, based on his own wide-ranging
stratigraphic compilation, which showed episodes of
continental transgression interspersed with episodes
of tectonic uplift and regression (Fig. 1.7). Grabau
based his documentation of sea-level events on offlap-
onlap relationships, just as did Vail some 30 years later
(Fig. 1.8). Although Grabau was noted for his massive
data compilation, he did very little field work of his
own after 1920, shortly after he moved from the United
States to China (Johnson, 1992b). As to his method, M.
E. Johnson (1992b, p. 50) quoted Grabau as follows:

It is not a question of coining a plausible theory of world
evolution and then attempting to apply it superficially
to the history of all continents. The theory is rather a
summation of the critical study of stratigraphic and pale-
ontological facts from all parts of the works assembled
by me during a period of more than 30 years. (Grabau,
1936a, p. 48).

In this statement Grabau was in effect claiming
to be carrying out inductive science—the building of
a hypothesis from dispassionately collected data. He
was answering a criticism by Hans Becker (cited in
Grabau, 1936a) in which “Becker doubted the wisdom
of applying an untested theory to the whole world.”
Becker argued that the proper approach would be to
“begin such an attempt in one continent and check the
results with the facts gathered in other parts of the
earth.” Becker clearly suspected that Grabau was being
model-driven, and he argued for the classic empirical
observation and replication approach. M. E. Johnson’s
(1992b, p. 50) conclusion about all this is that Grabau’s
ideas were “not a theory in search of data, but rather
a set of data somewhat reluctantly entrusted to a the-
ory of murky crustal mechanisms.” Johnson argues
that Grabau came late in his career to his model of
eustasy and that it therefore represents an empirical
construction.

Another influential model was that of Hans Stille
(1924) who postulated an alternation of epeirogenic
and orogenic episodes affecting all the continents.
He named some thirty orogenic episodes which were
believed to have global significance (his work is
summarized by Hallam, 1992b). As recently as the
late 1970s, Fischer and Arthur (1977) plotted graphs
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Fig. 1.7 Grabau’s curve of eustatic sea-level events, illustrating his “Pulsation Theory” (Grabau, 1936b)

of organic diversity through the Mesozoic-Cenozoic,
which they compared with Grabau’s eustatic cycles,
and believed demonstrated a 32-million-year cyclicity.

By the late 1920s the ideas of Chamberlin and
Ulrich about the periodicity of earth processes had
become very popular, but were strongly opposed by

some skeptics. For example, Dott (1992c, p. 40)
offered the following quote from this period:

So much nonsense has been written on various so-called
ultimate criteria for correlation that many have the faith
or the wish to believe that the interior soul of our earth
governs its surface history with a periodicity like the
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Fig. 1.8 Grabau’s model of offlap-onlap relationships, shown on the right in the form of a chronostratigraphic diagram (Grabau,

1906)

clock of doom, and that when the fated hour strikes strata
are folded and raised into mountains, epicontinental seas
retreat, and the continents slide about, the denizens of
the land and sea become dead and buried, and a new
era is inaugurated. This picture has an epic quality which
is very alluring and it makes historical geology so very
understandable, but is it a true picture? (Berry, 1929,
p. 2; italics as in original).

The work of Chamberlin, Ulrich, and Grabau, and
the development of the cyclothem concept were essen-
tially academic and theoretical, and did not appear to
directly affect the practice of stratigraphy, particularly
as it was carried out by petroleum geologists. The dis-
tinguished petroleum geologist A. I. Levorsen was one
of the first to describe in detail some examples of the
“natural groupings of strata on the North American
craton:”

A second principle of geology which has a wide applica-
tion to petroleum geology is the concept of successive
layers of geology in the earth, each separated by an
unconformity. They are present in most of the sedimen-
tary regions of the United States and will probably be
found to prevail the world over (Levorsen, 1943, p. 907).

This principle appears to have been arrived at on
the basis of practical experience in the field rather than
on the basis of theoretical model building (Fig. 1.9).

q o g

These unconformity-bounded successions, which are
now commonly called “Sloss sequences,” for reasons
which we mention below, are tens to hundreds of
metres thick and, we now know, represent tens to
hundreds of millions of years of geologic time. They
are therefore of a larger order of magnitude than the
cyclothems. Levorsen did not directly credit Grabau,
Ulrich, or any of the other theorists, cited above, who
were at work during this period, nor did he cite the
description of unconformity-bounded “rock systems”
by Blackwelder (1909). Knowledge of these seems
to have been simply taken for granted. It presumably
was based on long practical experience carrying out
regional petroleum exploration across the continent.

A general model for the architecture of continental-
margin sedimentation was proposed by Rich (1951;
see Fig. 1.10) and was used by Van Siclen (1958)
in his cyclothem model (Fig. 1.11). This model was
developed to explain the cyclothemic deposits of late
Paleozoic age as they draped across the margin of the
craton in central Texas (e.g., see Fig. 7.41). It antici-
pated modern sequence models by some 20 years. The
undaform environment corresponds to the continental
margin, a region up to several hundreds of kilometers
wide and under water depths of less than about 200 m,

— At L Winle, Mdellan, and others.

Fig. 1.9 Examples of Levorsen’s “Layers of geology” (Levorsen, 1943). AAPG © 1943. Reprinted by permission of the AAPG

whose permission is required for further use
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Fig. 1.10 The three
environments of Rich (1951)

Fig. 1.11 Subsurface
exploration of the Upper
Paleozoic section along the
shelf margin in central Texas
after WW2 generated
shelf-to-basin cross-sections
that displayed a strong
cyclothemic cyclicity. This is
the set of models developed
by Van Siclen (1958) to
explain the stratigraphic
architecture in terms of
different patterns of sea-level
change. AAPG © 1958.
Reprinted by permission of
the AAPG whose permission
is required for further use
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commonly only a few tens of metres. The undathem is
the body of sediments developed within the undaform,
and consists of shelf and platform deposits, such
as carbonate reef and backreef sediments, and shelf
sands deposited by storms and tides. The continen-
tal slope is the clinoform. The dipping packages of
strata that constitute the clinothem are a very important
component of continental-margin sequences, and can
readily be seen on reflection-seismic data, as shown
later. The fondoform is a deep-water environment,
where sediment supply and sedimentation rates are
usually slow.

Although we now know that most continental mar-
gins, especially those on extensional-margin settings,
have this basic architecture, the terminology that was
proposed for the three subenvironments and their
deposits has not survived. The term clinoform is the
only one of the original terms that is in regular use. It
is applied not to the environment but to the sediments
that develop on the continental slope, as characterized
by their distinctive depositional dips.

Larry Sloss of Northwestern University is com-
monly regarded as the “grandfather” of sequence
stratigraphy, for two reasons. Firstly, his classic 1963
paper (an elaboration of the original Sloss et al.,
1949 article) provided the foundation for the mod-
ern science, with its detailed documentation of the
six fundamental sequences into which the North
American cratonic Phanerozoic record could be sub-
divided (Fig. 1.12). Secondly, Sloss was the doctoral
supervisor of Peter Vail, who showed how sequences
could be recognized from modern seismic-reflection
data and thereby provided a critical practical tool for
petroleum geologists (Vail et al., 1977). Sloss (1963,
p. 111) cited Levorsen’s 1943 paper, and referred to the
ideas as Levorsen’s “layer cake” geology. Sloss (1963)
suggested that the sequence concept “was already old
when it was enunciated by the writer and his colleagues
in 1948” and that “many other workers of wide expe-
rience have informally applied the sequence concept
since at least the 1920s,” although he did not cite any
of the earlier work of Chamberlin, Ulrich or Barrell.
He would undoubtedly have been aware of (but did
not cite) Blackwelder’s (1909) essay on unconformi-
ties, which includes a diagram of “the principle periods
and areas of sedimentation” within North America, a
diagram which contains Sloss’s sequences in embry-
onic form (Fig. 1.5). Sloss may also have been thinking
of cyclothems as representing a type of sequence,

although these units are of a smaller order of thick-
ness than Sloss’s six major sequences, and are not
mentioned in his paper. Building on the work of Rich
(1951), Van Siclen (1958) had already developed a sed-
imentological model for cycles such as the cyclothems
(Fig. 1.11), which Sloss also did not cite, but which
was to be re-invented by sequence stratigraphers Henry
Posamentier and John Van Wagoner as part of their
adaptation of seismic stratigraphy for use on outcrop
and drill data (Van Wagoner et al., 1990).

A useful history of the development of modern
sequence stratigraphy has been provided by the main
protagonist, L. L. Sloss (1988a), who described the
evolution of the field based on the studies by him-
self, his colleagues and his students, of the cratonic
sedimentary cover of North America. His most impor-
tant early paper (Sloss, 1963) established the existence
of six unconformity-bounded sequences (Fig. 1.12)
which he named using Indian tribal names in order
to distinguish them from the conventional litho-
and chronostratigraphic subdivisions, the latter having
been mainly imported from Europe. This paper built on
earlier work by Sloss et al. (1949) and was paralleled
independently by Wheeler (1958, 1959a, b, 1963).

During this period prior to the appearance of seis-
mic stratigraphy (1960s and early to mid 1970s) a few
other workers were interested in the subject of global
stratigraphic correlations, the possibility of eustatic
sea-level change, and the geometries of stratigraphic
units formed under conditions of fluctuating sea level.
For example, Hallam (1963) reviewed the evidence
for global stratigraphic events and was amongst the
first to discuss the idea that global changes in sea-
level may have occurred in response to changes in the
volumes of oceanic spreading centres. Many of the
ideas incorporated into current models of continental-
margin sequence architecture were developed by work-
ers analysing the Cenozoic record of the Gulf and
Atlantic coasts of the United States. Curray (1964)
was among the first to recognize the relationships
between sea-level and sediment supply. He noted
that fluvial and strandplain aggradation and shoreface
retreat predominate under conditions of rising sea level
and low sediment supply, whereas river entrenchment
and deltaic progradation predominate under condi-
tions of falling sea level and high sediment supply
(Morton and Price, 1987). Curtis (1970) carried these
ideas further, illustrating the effects of variations in
the balance between subsidence and sediment supply
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Fig. 1.12 The six classic North American sequences of Sloss (1963)

as controls on the stacking patterns of deltas, con-
cepts that are now encapsulated by the terms progra-
dation, aggradation and retrogradation (Fig. 1.13).
Frazier (1974) subdivided the Mississippi deltaic suc-
cessions into transgressive, progradational, and aggra-
dational phases (Fig. 1.14), and discussed autogenic
(delta switching) and glacioeustatic sedimentary con-
trols. Brown and Fisher (1977) in a paper that actu-
ally deals with seismic data and appears in AAPG
Memoir 26, summarized the ideas of an important
group of stratigraphers at the Bureau of Economic
Geology, University of Texas, that later became an
integral part of the Exxon sequence-stratigraphy inter-
pretive framework—the use of regional facies con-
cepts to define depositional systems and systems tracts.
Soares et al. (1978) attempted to correlate Phanerozoic
cycles in Brazil with those of Sloss, and Hallam
continued his detailed facies studies of the Jurassic
sedimentary record, leading to successive refine-
ments of a sea-level curve for that period (Hallam,
1978, 1981).

Sloss (1963) defined stratigraphic sequences as
“rock-stratigraphic units of higher rank than group,

megagroup, or supergroup, traceable over major areas
of a continent and bounded by unconformities of
interregional scope.” With the advent of seismic strati-
graphic research sequences much smaller than group
in equivalent rank were recognized. This raised a
nomenclature problem, as discussed below.

Wheeler (1958) is credited with the introduction of
chronostratigraphic charts, in which stratigraphic cross
sections are plotted with a vertical time axis rather
than a thickness axis (Fig. 1.4). These diagrams are
now referred to as Wheeler diagrams (Sloss, 1984).
They are a useful way of indicating the actual range
in age from place to place of stratigraphic units and
unconformities. Vail and his team made use of these
concepts in their analysis of seismic stratigraphic data
(Fig. 1.15).

Sequence stratigraphy remained a subject of rela-
tively minor, academic interest throughout the 1960s
and 1970s (Ross, 1991), until the publication of a
major memoir by the Exxon group in 1977, which
revealed the practical utility of the concepts for basin
studies and regional, even global, correlation (Payton,
1977). The work was led by Peter R. Vail, the
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former graduate student of Sloss, and the research
team also included several other former students of
Sloss. Over a period of more than a decade in the
1960s and 1970s Vail and his coworkers studied
seismic-reflection data, and the methods and results
gradually evolved that eventually appeared in AAPG
Memoir 26 (Vail, 1992). Seismic stratigraphy makes
use of the concept that seismic reflections parallel bed-
ding surfaces and are therefore of chronostratigraphic
significance, enabling widespread correlation to be
readily accomplished, although there are limitations
to this general rule, where complex facies relation-
ships may not be completely resolved by the seismic
method (e.g., the pseudo-unconformities of Schlager,
2005, pp. 126-129; see also Christie-Blick et al.,
1990, Cartwright et al., 1993). This contrasts with the
correlation methods used in conventional outcrop basin

analysis, in which lithofacies contacts are known to be
typically diachronous. The resulting lithostratigraphic
classification may have limited local applicability,
and can only, with considerable effort, be inte-
grated into a reliable chronostratigraphic framework
(see discussion of mapping methods in Miall, 1999,
Chap. 5).

Seismic stratigraphy permitted two major practical
developments in basin analysis, the ability to define
complex basin architectures in considerable detail, and
the ability to recognize, map and correlate unconformi-
ties over great distances. Architectural work led to the
development of a special terminology for defining the
shape and character of stratigraphic surfaces. A par-
ticular emphasis came to be placed on the nature of
bedding terminations because of the significance these
carry with regard to the processes of progradation,
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Fig. 1.14 The sequence-stratigraphic concepts of Frazier (1974)

aggradation and erosion (Fig. 1.16). Seismic work by
Vail and his team eventually led to recognition of the
sequence-stratigraphic model for the interpretation of
seismic records and the building of regional and global
stratigraphic syntheses. The basic components of this
model are illustrated in Figs. 1.15 and 1.16, and a com-
plete summary of modern Exxon models is contained
in Chap. 2.

One of the original objectives of Vail’s work with
Exxon, which presumably reflected the early influ-
ence of Sloss, was to attempt to correlate seismic
sequences from basin to basin in order to test the
idea of regional and global cyclicity. As reported by
Sloss (1988a), a large data base consisting of seismic
sections, well records, biostratigraphic interpretations
and related data was assembled within the Exxon
group of companies worldwide. From this emerged the
famous global cycle chart, which was first published in
AAPG Memoir 26, and has subsequently gone through
several revisions and refinements. The chart is intro-
duced in Chap. 12 and discussed at some length in
Chap. 14.

Vail’s work is the latest manifestation of the
“cyclicity” theme in the evolution of geologic thought,

Temporary stillstand
of sea level

/=\ High stand of
sea level

and is dependent on the acceptance of the reality
of “patterns” in the rock record. In contrast to the
work on descriptive stratigraphy and chronostratigra-
phy described in the previous sections of this chapter,
Vail’s science is clearly deductive in nature, and con-
stitutes a distinct paradigm that has, since the 1970s,
coexisted with the paradigm of empirical stratigraphy.

1.5 Problems and Research Trends:
The Current Status

Vail’s work, beginning with AAPG Memoir 26
(Payton, 1977) has, of course, revolutionized the
science of stratigraphy, and Vail himself has been
much honoured as a result. This is as it should
be. However, as with the development of any
major new paradigm, many problems, some critical,
have developed in the application of sequence con-
cepts, and much research remains to be carried out.
Considerable controversy remains regarding the exis-
tence of a worldwide sequence framework, and in the
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Fig. 1.15 Basic concepts of the depositional sequence.
(a) Stratigraphic geometry. Three sequences are shown, sep-
arated by unconformities (a) and (b). (b) Chronostratigraphic
chart (Wheeler diagram) of the same succession as in (a),

interpretation of the origins of several types of
sequence. There are several separate but related types
of problem:

(1) The basic sequence models erected by the Exxon
group were intended for a specific type of tectonic
setting, that of extensional continental margins,
and should be used with caution in other types
of setting. The original models were also very

emphasizing the time breaks in the succession (Mitchum et al.,
1977b). AAPG © 1977. Reprinted by permission of the AAPG
whose permission is required for further use

simplistic with regard to the nature of the balance
among the three major controls of basin archi-
tecture: subsidence, sea-level change, and sedi-
ment supply, and were developed primarily for
siliciclastic sediments. Carbonate and evaporite
sequence models required major revisions of the
Exxon models (Sect. 2.3.3).

The problem of causality is a critical one. Much
work has been done and remains to be done to

@
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investigate the processes that generate unconfor-
mities. They are the result of erosion following
changes in sea level or the elevation of the con-
tinents. Some causal mechanisms are regional
in scope, others global. Some are rapid in their
effects, others slow, even by geological standards
of time (Part IIT). Distinguishing between all these
mechanisms involves a consideration of the third
problem.

The problem of correlation. Are sequences
regional or global in scope? Answering this prob-
lem is one of the first important tasks in attempts
to distinguish between the effects of global pro-
cesses, such as eustatic changes in sea level,
and the results of regional processes, including
various types of tectonism. Correlation among
sequences and other stratigraphic and tectonic
events is critical in answering this question.
However, correlation is a problem, because of
imprecisions in the geological time scale and dif-
ficulties in generating sufficiently accurate dates
for any given stratigraphic successions. Serious
questions remain about the construction, mean-
ing, and utility of the Exxon global cycle chart
(Part IV).

Approaches to these various problems have evolved

into several categories of research (see also Miall,
1995a):

ey

Theoretical geophysical studies of crust and
mantle processes in a search for mechanisms of

tract, 7ST, transgressive systems tract, HST, highstand systems
tract (Christie-Blick, 1991)

2

3

“

continent and ocean elevation change (Chaps 9
and 10).

Modelling of basins, employing numerical manip-
ulation and graphical computer simulation to inte-
grate the effects of subsidence, sea-level change
and sediment supply in various tectonic settings.
Such studies are commonly tested against data
from real basins in the process known as forward
modeling, using the research described in the next
two paragraphs.

Detailed stratigraphic studies, employing refined
chronostratigraphic methods to assess the signifi-
cance of unconformities, sequence boundaries etc.,
and to relate these to regional tectonic events
and the global cycle chart (so-called “tests” of
the Vail curve). These studies are focusing pri-
marily on the Mesozoic and Cenozoic, for which
the stratigraphic record is reasonably complete
(Part IV).

Detailed stratigraphic studies of the Cenozoic
record have become extremely sophisticated, espe-
cially the late Cenozoic, for which the marine
stratigraphic record provides excellent undisturbed
sections to which many separate techniques can
be applied (magnetostratigraphy, strontium- and
oxygen-isotope stratigraphy, refined biostratigra-
phy), and correlations can be carried out with the
record of glacioeustasy (facies and paleoecolog-
ical changes in the sedimentary record) and the
Milankovitch astronomical periodicities. This has
evolved into a new subdiscipline, cyclostratigra-
phy (Chap. 11, Sect. 14.7).
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(5) Investigation of modern and very recent sea-
level change around the world, and the effects of
glacioeustasy, carried out as a means of provid-
ing a base-line of well-constrained studies of what
is happening now, largely as a way to document
the possible effects on oceanic volumes of melting
continental ice caps. This specialized work car-
ries the subject to levels of measurement detail and
chronostratigraphic refinement that are beyond the
scope of most geological research, and the work is
not discussed in this book.

1.6 Current Literature

Good overviews of the subject of sequence stratigra-
phy, from various perspectives, can be obtained from
several recent books, special journal issues, and review
articles. These include the following:

1. Books: Miall’s (1999) textbook on basin analysis
includes a fairly succinct review of sequence stratig-
raphy and global stratigraphic cycles written at the
graduate level. It carries the development of techniques
up to the late 1990s. Hallam (1992a) discussed sea-
level changes throughout the Phanerozoic, and evalu-
ated the various mechanisms that have been proposed
for sea-level change. Walker and James (1992) pro-
vided a thorough, updated version of the Geological
Association of Canada “Facies Models” book, written
at the advanced undergraduate level. It contains exten-
sive discussions of the stratigraphic effects of sea-level
change, but there is little discussion of mechanisms in
this book beyond a useful introductory chapter. Exxon
models and terminology are deliberately avoided in
this book.

Detailed treatment of sequence-stratigraphic mod-
els, including the recognition and documentation of
sequences in outcrop, drill core, well logs and seis-
mic data, have been provided by several recent books,
including Emery and Myers (1996), Posamentier
and Allen (1999, focusing on clastic sequences),
Coe (2003), Schlager (2005, focusing on carbonate
sequences) and Catuneanu (2006). These books all
focus on the recognition and definition of sequences,
and do not examine the mechanisms for generating
sequences, or the problems and controversies sur-
rounding the issues of sequence correlation and its
bearing on the testing of eustatic models of sequence

generation. That by Catuneanu (2006) is comprehen-
sively referenced, contains examples and illustrations
from around the world, and is characterized by a
consistent emphasis on the temporal significance of
sequences, systems tracts and bounding surfaces; it
seems likely to achieve recognition as the standard
work on the subject.

2. Research syntheses (books and special journal
issues): Essential reading is the first major publication
on sequence stratigraphy, the AAPG Memoir which
established seismic stratigraphy as a major new tech-
nique (Payton, 1977). A second AAPG collection of
articles on seismic stratigraphy appeared in 1984, and
constituted an attempt to examine some of the major
premises of the Exxon work, such as the significance
of condensed successions in the sedimentary record,
and the ability to correlate unconformities using the
limited well and seismic data available from specific
continental margins (Schlee, 1984). Bally (1987) com-
piled three volumes of seismic-stratigraphic studies in
a large, atlas format. These include important introduc-
tory papers dealing with Exxon methods, and numer-
ous case studies from many types of basin around
the world. Most of these are superbly illustrated with
long seismic sections, many in colour. Berger et al.
(1984) edited a major research compilation dealing
with Milankovitch processes, including astronomical
and climatic studies and many papers describing the
geological evidence.

Two research collections published by the Society
of Economic Paleontologists and Mineralogists, one
edited by Nummedal et al. (1987), and the other by
Wilgus et al. (1988), contain many important papers.
The first focuses on studies of Quaternary sea-level
change, and provides comparisons of coastal stratig-
raphy with the ancient record; the second contains a
major suite of papers by the Exxon group, dealing with
their sequence models. These papers provided contem-
porary expositions of the Exxon sequence-stratigraphy
research, although much has changed since these book
appeared. The papers by Jervey, Posamentier and Vail
in Wilgus et al. (1988) constitute the next most impor-
tant exposition of the Exxon models following Payton
(1977), and contain the first detailed treatment of the
sedimentology of sequences. Practical examples of this
work are illustrated by Van Wagoner et al. (1990)
in a well-illustrated review of outcrop and subsurface
examples of Exxon-type sequences. In my opinion this
is the best of the Exxon products because it contains
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numerous actual examples, and is less “model-driven”
than the other papers by this group, although there are
problems with some concepts and terminology (see
Chap. 2).

Other collections of case studies include that edited
by James and Leckie (1988), which draws partic-
ularly on the wealth of subsurface detail available
for the Western Canada Sedimentary Basin. Collinson
(1989) edited a compilation of studies of relevance to
the petroleum industry, including techniques of cor-
relation, with examples from the Arctic and North
Sea regions. Cross (1990) put together a unique
compilation of research articles describing quantita-
tive approaches to basin modelling. Many important
details of the sequence-stratigraphy story emerged in
this book. Ginsburg and Beaudoin (1990) collected
research on the Cretaceous system—a synthesis of
the first major project of the Global Sedimentary
Geology Program. Fischer and Bottjer (1991) pro-
vided an introduction to a special issue of Journal
of Sedimentary Petrology dealing with Milankovitch
rhythms. Macdonald (1991) compiled case studies of
stratigraphic architecture in convergent and collisional
plate settings. One of the major focuses of this book is
to examine sequence stratigraphies in a tectonic con-
text. A wealth of stratigraphic detail is contained in
this book, but there are no synthesis or overview arti-
cles, except that by Carter et al. (1991), who tested
the sequence-stratigraphic model and the global-cycle-
chart model of Exxon against data from New Zealand.
Revelle (1990) edited an important collection of review
articles on sea-level change and its causes, includ-
ing several referenced separately, below. Swift et al.
(1991a) published a collection of research articles
on shelf sedimentation. This includes a major set of
theoretical papers that attempted to establish a quan-
titative framework for shelf sedimentation within a
sequence framework. Cloetingh (1991) edited a special
issue of Journal of Geophysical Research consisting
of a collection of papers that examined the measure-
ment, causes and consequences of long-term sea-level
change. Advanced computer modelling and the use of
refined stratigraphic data sets are two of the features
of this collection. Another collection of papers in this
area was edited by Biddle and Schlager (1991). Einsele
et al. (1991a) edited a multi-authored compilation of
chapters dealing with many aspects of cyclic and event
stratification, including several useful overview chap-
ters. An updated version of the Exxon approach to

sequence-stratigraphic analysis, including their first
realistic appraisal of the importance of tectonism, is
included in a chapter by Vail et al. (1991). Franseen
et al. (1991) edited a collection of articles on the
subject of sedimentary modeling, focusing on high-
frequency cycles. Another useful collection of papers
on tectonics and seismic sequence stratigraphy is that
edited by Williams and Dobb (1993).

Weimer and Posamentier (1993) and Loucks and
Sarg (1993) focus on the broader principles of sili-
ciclastic and carbonate sequence stratigraphy, respec-
tively. Many useful books consisting largely of case
studies have been published during the last decade or
so. Eschard and Doligez (1993) edited a suite of papers
demonstrating how detailed outcrop studies, including
documentation of high-resolution sequence stratigra-
phy, could be of use in the development of our under-
standing about petroleum reservoirs. A book edited
by Posamentier et al. (1993) contains papers dealing
with concepts and principles, methods and applica-
tions, and case studies. Van Wagoner and Bertram
(1995) edited a collection of papers dealing with the
sequence stratigraphy of foreland basins. The book
contains an introductory article by Van Wagoner that
provides revised definitions of many of the terms used
in sequence stratigraphy. Norwegian work in the North
Sea and Svalbard led to two important collections
(Steel et al., 1995; Gradstein et al., 1998). The very
useful book edited by Gradstein et al. (1998) contains
a lengthy historical article by J. P. Nystuen, and sev-
eral theoretical studies. Other sets of case studies have
been compiled by Armentrout and Perkins (1991) and
Hailwood and Kidd (1993).

One of the issues dealt with in Nystuen’s (1998)
article is the existence of several competing models for
sequence documentation and classification. This has
led to extensive debate regarding the relative impor-
tance of various surfaces that may be recognized in
stratigraphic successions (see Sect. 1.7, Chap. 2). Hunt
and Gawthorpe (2000) compiled a book that deals
with one aspect of this debate, the significance of
the process termed “forced regression,” which is the
term used to refer to the seaward migration of the
shoreline, shallow-shelf wave ravinement erosion and
shoreface sedimentation under conditions of falling
sea level. Processes of sea-level change and its strati-
graphic record are discussed in detail in a special
issue of Basin Research edited by Fulthorpe et al.
(2008).
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Milankovitch cycles are discussed in books by
Schwarzacher (1993) and Weedon (2003) that provide
detailed treatments of the nature of orbital pertur-
bations and spectral analysis of orbital and cyclic
frequencies. A collection of research papers was
published by de Boer and Smith (1994a). House
and Gale (1995) focus on orbital forcing and cyclic
sequences. More recent work includes the book edited
by D’Argenio et al. (2004a). Shackleton et al. (1999)
edited a collection of research papers dealing with
developments in a cyclostratigraphic time scale.

A special issue of the journal Stratigraphy (vol. 4,
pp- 2-3) published in 2007 contains many use-
ful articles discussing the history and development
of chronostratigraphy, including articles on current
debates about principles and methods. Christie-Blick
et al. (2007) contributed a very thoughtful article about
sequence stratigraphy to this collection, an article that
is cited at several places in this book.

3. Review articles: Useful reviews of Milankovitch-
type cycles were given by Fischer (1986) and Weedon
(1993). Burton et al. (1987) reviewed the lack of refer-
ence frames in attempts to quantify sea-level change,
and the fact that it is very difficult to quantify and iso-
late the effects of the three main depositional controls,
subsidence, sea-level change, and sediment supply.
Cross and Lessenger (1988) reviewed the methods of
seismic stratigraphy, and discussed some of the con-
straints on the use of seismic data in stratigraphic stud-
ies. Three useful companion studies by Christie-Blick
et al. (1990), Christie-Blick (1991) and Christie-Blick
and Driscoll (1995) reviewed current work on mech-
anisms of sea-level change and numerical modelling
techniques. Schlager (1992a) provided a brief but well
illustrated discussion of the sequence stratigraphy of
carbonate depositional systems. This is an important
contribution, containing many original ideas making
the case that the standard Exxon model for clastic
sequences cannot readily be applied to carbonate sys-
tems. Miall (1995a) outlined recent developments in
research in the field of stratigraphy, including sequence
stratigraphy. Wilson (1998) provided a set of personal
reflections on the sequence stratigraphic “revolution”
expressing some skepticism regarding the model of
global eustasy.

Catuneanu et al. (2009) published a landmark study
concerning the documentation, definition and classi-
fication of sequences, the objective of which is to
reconcile the many debates that have raged in the

lecture theatre, in panel debates, and in the published
literature, for more than two decades. This paper is
discussed below.

4. Web sites: There are numerous Internet resources
that now deal with sequence stratigraphy. Many are
teaching sites established by universities and con-
sist primarily of repetitions of standard textbook
fare. A few are exceptional and worth highlighting.
That maintained by C. G. St. C. (Chris) Kendall at
http://strata.geol.sc.edu/ is undoubtedly the most use-
ful. At this site there are numerous examples, teach-
ing modules, movies, galleries of photographs, and
summaries and online debate concerning sequence
definition and classification. Octavian Catuneanu has
posted most of the illustrations from his 2006 book
on a website from which they may be copied:
http://research.eas.ualberta.ca/catuneanu/.

The site at the University of Georgia http:/
www.uga.edu/~strata/sequence/index.html  provides
a useful source of definitions. Basic concepts are
defined by J. W. Mulholland at http://www.aseg.
org.au/publications/articles/mul/ss1/htm. There are
many other websites, including an article in Wikipedia,
but none particularly recommends itself as a primary
information source.

A different type of website is the official website
of the International Commission on Stratigraphy at
http://www.stratigraphy.org, which contains the online
version of the International Stratigraphic Guide and
maintains an up to date reference source for global
stratotypes and the definitions and ages of global stage
boundaries.

1.7 Stratigraphic Terminology

Sloss (1963) used the term “sequence” for his pack-
ages of strata. The term has had a varied usage
since that time, having been employed informally, in
a non-genetic sense, as a synonym for “succession”
in some literature, and for cyclic or unconformity-
bounded units of varying dimensions and time-spans.
Sloss’s original sequences represent sea-level cycles
that were tens of millions of years in duration. They
were termed second-order cycles by Vail et al. (1977;
see Chap. 3), whereas the term “sequence” was used
for much smaller packages of strata, representing
sea-level cycles of a few million years duration
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(third-order cycles of Vail et al., 1977) in the first
seismic work, that of Vail and his co-workers in
AAPG Memoir 26 (Payton, 1977). Attempts to sys-
tematize the terminology have met with mixed suc-
cess. Chang (1975) proposed the term synthem for
unconformity-bounded sequences, the intent being that
units would be defined and named using the word syn-
them in the same way as the term “formation” is used.
This proposal was not formally adopted by the North
American Commission on Stratigraphic Nomenclature
(NACSN, 1983), but the International Subcommission
on Stratigraphic Classification (ISSC, 1987) later
approved the suggestion, and added the additional vari-
ants supersynthem, subsynthem and miosynthem for
groups of synthems, and for two scales of subdivided
synthem. Other proposed terms, such as interthem
and mesothem were also discussed in this document
(ISSC, 1987) but were not formally accepted. These
terms are provided in the International Stratigraphic
Guide (Salvador, 1994; but not in the online version).
However, few, if any, geologists, have made use of
them, and some (e.g., Murphy, 1988) were actively
opposed to their adoption.

An alternative approach, contained in the North
American code (NACSN, 1983), has met with more
interest, perhaps only because of the more eupho-
nious nature of the terminology. This is the method
of allostratigraphy. “An allostratigraphic unit is a

mappable stratiform body of sedimentary rock that is
defined and identified on the basis of its bounding
discontinuities.” (NACSN, 1983, p. 865) A hierar-
chy of units, including the allogroup, alloformation
and allomember, was proposed, and rules were estab-
lished for defining and naming these various types
of unit. Allostratigraphic methods enable the erection
of a sequence framework that avoids the cumber-
some nature of lithostratigraphy; for example, lateral
changes in facies within a unit of comparable age,
may involve a change in name, and similar units of
similar age separated by facies change are typically
assigned to different units. In the past, because of the
localised nature of much stratigraphic research, dif-
ferent lithostratigraphic frameworks have commonly
been erected for similar successions in separate geo-
graphic areas, and this has led to much confusion.
An example of the allostratigraphic method is illus-
trated in Fig. 1.17, in which it can be seen that using
an allostratigraphic approach to the subdivision of a
fluvial-lacustrine assemblage, the natural subdivision
of the succession into four sequences, bounded by
breaks in sedimentation, can readily be formalised.
Several groups of workers are now explicitly
employing allostratigraphic methods. For example,
Autin (1992) subdivided the terraces and associated
sediments in a Holocene fluvial floodplain succession
into alloformations. R. G. Walker, A. G. Plint and

[ ] Mudstone

:l Sandstone
[ ] Conglomerate

Fig. 1.17 Example of the allostratigraphic classification of
a fluvial-lacustrine assemblage in a graben. Numbers 1-4
correspond to alloformations, which are defined by breaks
in sedimentation and cut across facies boundaries. Using

Allostratigraphic boundary
and Alloformation

asssras Paleosoil
s Disconformity

lithostratigraphic methods each gravel, sand and clay unit
would typically be given separate names (adapted from
North American Commission on Stratigraphic Nomenclature,
1983)
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their students and coworkers have employed allostrati-
graphic terminology in their study of the sequence
stratigraphy of part of the Alberta Basin, Canada.
Their first definition of unconformity-bounded units
is described in Plint et al. (1986), where the defin-
ing concepts are referred to as event stratigraphy,
following the developments of ideas in this area by
Einsele and Seilacher (1982). Explicit use of allostrati-
graphic terms appears in their later papers (e.g., Plint,
1990) and has become the standard method for the
work of this research group (e.g., Varban and Plint,
2008). The standard Canadian text on facies analysis
that builds extensively on the work of this group rec-
ommends the use of allostratigraphic methods and ter-
minology as a general approach to the study of strati-
graphic sequences (Walker, 1992). Martinsen et al.
(1993) compared lithostratigraphic, allostratigraphic
and sequence concepts as applied to a stratigraphic
succession in Wyoming. As they were able to demon-
strate, each method has its local advantages and disad-
vantages.

One of the achievements of seismic stratigraphy has
been development of the ability to trace unconformity-
bounded units into areas where the unconformable
bounding surfaces are no longer recognizable. Thus
Mitchum et al. (1977b, p. 53) defined a depositional
sequence as “‘a stratigraphic unit composed of a rel-
atively conformable succession of genetically related
strata and bounded at its top and base by unconfor-
mities or their correlative conformities.” Recognizing
the bounding contacts in a conformable succession
might, in practice, be difficult. The concept of a cor-
relative conformity does not appear in the NACSN
code, although some (e.g., Walker, 1992, p. 9) have
recommended that it should (see Sect. 2.2). Great care
needs to be taken in assessing the chronostratigraphic
significance of unconformities and correlative confor-

mities. Considerable disagreement exists regarding the
correlation of sequence-bounding unconformities from
basin margins, where they are commonly of subaerial
origin and may be accompanied by major facies shifts,
into deeper parts of the basin (Sect. 2.4). These con-
cerns are echoed by Christie-Blick et al. (2007) who
remarked (p. 222) that “some level of diachroneity [is]
unavoidable” and that “at some scale, unconformities
pass laterally not into correlative conformities but into
correlative intervals.”

Sequence classifications and allostratigraphic units
are based on concepts of sequence scale and duration
that are hierarchical in character (first- to sixth-order
sequences; synthem and its variants; alloformations
and allomembers). However, it is increasingly clear
that sequences occur over a wide range of time scales
and physical scales (e.g., thicknesses) that show no
significant natural breaks, as would justify hierarchi-
cal classification (Sect. 4.2). In this book, sequences
are described with reference to their duration (Chaps
5, 6 and 7), but formal hierarchical classifications are
largely avoided, except where it is necessary to make
reference to earlier literature. At the time of writing
this book, Working Groups of the IUGS International
Subcommission on Stratigraphic Classification and the
North American Commission on Stratigraphy were
wrestling with the problem of how to define sequences
and how to incorporate sequence concepts into formal
systems of stratigraphic nomenclature. A review paper
by Catuneanu et al. (2009) represents the efforts of a
large and diverse group of stratigraphers worldwide
to develop recommendations for the formalization of
sequence terminology. The current state of the debate
is touched on in Chap. 2, but this book is not primarily
about sequence terminology and models (for which the
reader is referred to Catuneanu, 2006, and Catuneanu
et al., 2009), but about the origins of sequences.
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2.1 Introduction

The purpose of this chapter is to present a succinct
summary of sequence concepts, focusing on what has
become the standard, or most typical, sequence model,
and making only brief references to exceptions and
complexities. These are described more completely
elsewhere, most notably by Catuneanu (2006).

The nomenclature for sequence architecture and
systems tracts was established initially by the Exxon
group, led by Peter Vail, and included much new ter-
minology, new concepts and new interpretive methods.
It is important to be familiar with these, as the terms
and concepts came to be used by virtually all stratig-
raphers. Application of the methods to different types
of data (outcrop, well-log, 2-D seismic, 3-D seismic)
from around the world permitted a quantum leap in
understanding of basin architectures, but also revealed

A.D. Miall, The Geology of Stratigraphic Sequences, 2nd ed.,

some problems with the Exxon concepts and terminol-
ogy that have stimulated vigorous debate over the last
two decades. The purpose of this chapter is to bring
the debate up to date by presenting current concepts,
with enough historical background that readers famil-
iar with the debates will be able to comprehend the
need for revisions and new approaches.

The history of sequence concepts is presented in
Chap. 1. Current concepts and definitions are presented
by Catuneanu (2006) and Catuneanu et al. (2009), from
which much of this chapter is summarized. The reader
is referred to these two sources which, at the time
of publication of this book, could be considered the
most up to date and definitive sources. The introduc-
tion to Chap. 5 in Catuneanu (2006, pp. 165-171) is
particularly useful in providing a history of the con-
troversies, the main players and publications, and the
concepts and terminologies about which there have
been dispute.

Sequence stratigraphic concepts are, to a con-
siderable extent, independent of scale (Schlager,
2004; Catuneanu, 2006, p. 9). Posamentier and Vail
(1988) and Posamentier et al. (1992) gave exam-
ples of sequence architecture evolving from base-level
changes in small natural systems, and much exper-
imental work has successfully simulated sequence
development in small laboratory tanks (e.g., Wood
et al., 1993; Paola, 2000). Interpretations of the tem-
poral significance of sequences can, therefore, be
difficult. However, as discussed later in this book,
some aspects of the driving process, notably tecton-
ism and climate change, generate facies and architec-
ture that are sufficiently distinctive to yield reliable
interpretations.

47

DOI 10.1007/978-3-642-05027-5_2, © Springer-Verlag Berlin Heidelberg 2010



48

2 The Basic Sequence Model

2.2 Elements of the Model

A practical, working geologist faces two successive
questions: firstly, is his/her stratigraphy subdivisible
into stratigraphic sequences? And, secondly, what gen-
erated these sequences: regional tectonism, global
eustasy, orbital forcing, or some other cause? The first
part of this chapter deals with the methods for analyz-
ing the sequence record. These include the following:

e The mapping of unconformities as a first step in
identifying unconformity-bounded sequences.

¢ Clarifying the relationship between regional struc-
tural geology and the large-scale configuration of
sequences.

e The mapping of onlap, offlap and other strati-
graphic terminations in order to provide information
about the internal architectural development of each
sequence.

e The mapping of cyclic vertical facies changes in
outcrop or well records in order to subdivide a strati-
graphic succession into its component sequences
and depositional-systems tracts, and as an indicator
of changes in accommodation, including changes in
relative sea-level.

The first three steps may be based on seismic-
reflection data, well records or outcrops; the last step
cannot be accomplished using seismic data alone. The
fourth step may make use of facies-cycle and other
data, as described in Chap. 3.

Sequence stratigraphy is based on the recogni-
tion of unconformity-bounded units, which may be
formally defined and named using the methods of
allostratigraphy, as noted in Sect. 1.7. Mitchum et al.
(1977b, p. 53) defined a depositional sequence as
“a stratigraphic unit composed of a relatively con-
formable succession of genetically related strata and
bounded at its top and base by unconformities or their
correlative conformities.” As noted in Sect. 1.7, an
unconformity may be traced laterally into the deposits
of deep marine environments, where it may be repre-
sented by a correlative conformity. However, recogniz-
ing the bounding contacts in a conformable succession
might, in practice, be difficult. Documentation of the
two- and three-dimensional architecture of sequences
was one of the most important breakthroughs of the
seismic method, as explained in the Sect. 2.2.2.

Sequences reflect the sedimentary response to
base-level cycles—the rise and fall in sea level rel-
ative to the shoreline, and changes in the sediment
supply. Change in sea-level relative to the shoreline
may result from eustasy (absolute changes in sea-
level elevation relative to the centre of Earth) or from
vertical movements of the basin floor as a result of
tectonism. Because of the difficulty in distinguish-
ing between these two different processes, the term
relative sea-level change is normally used in order
to encompass the uncertainty. These basic controls
are explained in Sect. 2.2.1. In nonmarine settings,
upstream controls (tectonism and climate change)
are the major determinant of sequence architecture
(Sect. 2.3.2).

The cycle of rise and fall of base level generates
predictable responses in a sedimentary system, such as
the transgressions that occur during rising relative sea
level, and the widespread subaerial erosion and deliv-
ery of clastic detritus to the continental shelf, slope,
and deep basin during a fall in relative sea level. The
depositional systems that result, and their vertical and
lateral relationships, provide the basis for subdividing
sequences into systems tracts. These are described and
explained in Sect. 2.2.2.

Unconformities provided the basis for the first defi-
nitions of sequences, by Blackwelder, Levorsen, Sloss
and Vail (see Chap. 1). The unconformities that are
the key to sequence recognition are those that develop
as a result of subaerial exposure. Unconformities may
develop below sea level as a result of submarine ero-
sion, but are not used as the basis for sequence defini-
tion. Where subaerial unconformities are present, as in
nonmarine and coastal settings, sequence definition is
relatively straightforward. Carrying a correlation into
the offshore, including recognition of a correlative con-
formity, is not necessarily simple; in fact this has been
the cause of considerable debate and controversy, as
discussed in Sect. 2.2.3. Several methods of defining
sequences evolved from these controversies, and this
has inhibited further progress in the establishment of
sequence terminology and classification as a formal
part of what might be called the official language of
stratigraphy. Catuneanu (2006) and Catuneanu et al.
(2009) have gone a long way towards resolving these
problems, and their proposals are summarized in
Sect. 2.3.
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2.2.1 Accommodation and Supply

Sequence stratigraphy is all about accommodation
(Fig. 2.1). Accommodation is defined as the space
available for sedimentation. Jervey (1988) explained
the concept this way:

3

base level

i

14
vl
SEA-LEVEL CHANGE

ACCOMMODATION

SUBSIDENCE lor UPLIFT T

Fig. 2.1 Accommodation, and the major allogenic sedimentary
controls. Total accommodation in a basin is that generated by
the subsidence of the basin floor (measured by backstripping
methods). At any moment in time, the remaining accommoda-
tion in the basin represents that not yet filled by sediment, and
is measured by water depth (the space between sea level and the
sediment-water interface). Changes in accommodation (eustasy
+ tectonism) almost never correlate with bathymetric changes
(eustasy + tectonism + sedimentation). Water depth reflects the
balance between simultaneous creation (eustasy + tectonics) and
consumption (sedimentation) of accommodation

In order for sediments to accumulate, there must be
space available below base level (the level above which
erosion will occur). On the continental margin, base level
is controlled by sea level and, at first approximation,

is equivalent to sea level. ... This space made avail-
able for potential sediment accumulation is referred to as
accommodation.

In marine basins this is equivalent to the space
between sea level and the sea floor. In nonmarine
basins, a river’s graded profile functions as sedimen-
tary base level (Holbrook et al., 2006). Sequences
are a record of the balance between accommodation
change and sediment supply. As accommodation is
filled by sediment, the remaining space is measured
by the depth of water from the sea surface to the
sediment-water interface at the bottom of the sea.
Total accommodation increases when the basin floor
subsides or sea level rises faster than the supply of
sediment to fill the available space. Barrell (1917)
understood this decades before geologists were in a
position to appreciate its significance (Fig. 1.3). Where
supply > accommodation, progradation results. Where
supply < accommodation, retrogradation results. These
contrasting scenarios were recognized many years ago,
and are illustrated in Fig. 1.13 with reference to
the stacking patterns of deltas on a continental mar-
gin. Figure 2.2 illustrates the initial Exxon concept

SEDIMENT ACCOMMODATION

WIGH LOW  UPLIFT  SUBSIDENCE mse A mised FALL mise ? FalL
EUSTATIC RATE OF i RATE OF
LEVEL
Spgﬁs"m TECTONIC SUBSIDENCE ég:{gﬁ - MINUS S.E."Mm = EOUALS = ggﬂﬁ
CHANGE HANGE CHANGE

Fig. 2.2 The standard Exxon diagram illustrating the rela-
tionship between eustasy and tectonism and the creation of
“sediment accommodation potential”. Integrating the two curves
produces a curve of relative change of sea level, from which
the timing of sequence boundaries can be derived (events 1-3
in right-hand column). However, changing the shape of the
tectonic subsidence curve will change the shape and position

of highs and lows in the relative sea-level curve, a point not
acknowledged in the Exxon work. This version of the dia-
gram is from Loutit et al. (1988). CS=condensed section,
HSST=highstand systems tract, LSWST=lowstand wedge sys-
tems tract, SF=submarine fan, SMWST=shelf-margin wedge
systems tract, TGST=transgressive systems tract
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of how “sediment accommodation potential” is cre-
ated and modified by the integration of a curve of
sea-level change with subsidence. A diagram very
similar to that of Barrell’s was provided by Van
Wagoner et al. (1990; see Fig. 2.3) and used to illus-
trate the deposition of shoaling-upward successions
(parasequences).

The three major controls on basin architecture, sub-
sidence/uplift (tectonism), sea-level change and sed-
iment supply are themselves affected by a range of
ultimate causes. Crustal extension, crustal loading,
and other regional tectonic processes (summarized in
Chaps. 9 and 10), provide the ultimate control on the
size and architecture of sedimentary basins. Sea level
change is driven by a range of low- and high-frequency
processes, as discussed at length in Chaps. 9, 10 and
11. Sediment supply is affected by the tectonic eleva-
tion of the source area, which controls rates of erosion,
and by climate, which affects such factors as rates
of erosion, the calibre, volume and type of erosional
detrital product, and the rates of subaqueous biogenic
carbonate production (see Sect. 5.1).

2.2.2 Stratigraphic Architecture

The recognition of unconformities and stratigraphic
terminations is a key part of the sequence method
(Vail et al., 1977). This helps to explain why sequence
stratigraphy developed initially from the study of seis-
mic data, because conventional basin analysis based
on outcrop and well data provides little direct infor-
mation on stratigraphic terminations, whereas these
are readily, and sometimes spectacularly, displayed on
seismic-reflection cross-sections.

Unconformities may be used to define stratigraphic
sequences because of two key, interrelated characteris-
tics: (1) The break in sedimentation that they represent
has a constant maximum time range, although parts of
that time range may be represented by sedimentation
within parts of the areal range of the unconformity;
(2) The sediments lying above an unconformity are
everywhere entirely younger than those lying below
the unconformity.

There are a few exceptions to the second rule, that of
the age relationships that characterize unconformities.
There are at least two situations in which diachronous
unconformities may develop, such that beds below the

unconformity are locally younger than certain beds
lying above the unconformity. The first case is that
where the unconformity is generated by marine erosion
caused by deep ocean currents (Christie-Blick et al.,
1990, 2007). These can shift in position across the
sea floor as a result of changes in topography brought
about by tectonism or sedimentation. Christie-Blick
et al. (1990) cited the case of the Western Boundary
Undercurrent that flows along the continental slope of
the Atlantic Ocean off the United States. This current is
erosive where it impinges on the continental slope, but
deposition of entrained fine clastic material takes place
at the margins of the main current, and the growth of
this blanket is causing the current to gradually shift up
the slope. The result is onlapping of the deposits onto
the slope below the current, and erosional truncation of
the upslope deposits.

The second type of diachronous unconformity is
that which develops at basin margins as a result of syn-
depositional tectonism. Continuous deformation dur-
ing sedimentation may lead to migration of a surface
of erosion, and subsequent rapid onlap of the erosion
surface by alluvial sediments (Riba, 1976; Anadén
etal., 1986). Typically these unconformities are associ-
ated with coarse conglomeratic sediments and die out
rapidly into the basin. There is, therefore, little dan-
ger of their presence leading to the development of
erroneous sequence stratigraphies.

As discussed in Sect. 2.3.3, breaks in sedimentation,
called drowning unconformities, occur in carbonate
sedimentary environments, as a result of environmental
change, having nothing to do with changes in relative
sea level.

A correlative conformity (defined by Mitchum et al.,
1977) is the deep-offshore equivalent of a subaerial
unconformity. In practice, as noted later in this section,
in many cases this surface is conceptual or hypotheti-
cal, occurring within a continuous section bearing no
indication of the key stratigraphic processes and events
taking place contemporaneously in shallow-marine
and nonmarine environments. It may be possible to
determine an approximate position of the correlative
conformity by tracing seismic reflections, but this may
be quite inadequate for the purpose of formal sequence
documentation and classification. As pointed out by
Christie-Blick et al. (2007, p. 222), given that an
unconformity represents a span of time, not an instant,
“at some scale, unconformities pass laterally not into
correlative conformities but into correlative intervals.
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Fig. 2.3 A modern version of Barrell’s diagram (Fig. 1.3),
showing the relationship between accommodation changes and
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of the composite curve indicate intervals of time when accom-
modation is being generated, and parasequences are deposited.

sedimentation. The “relative sea-level curve” is a composite of ~Examples of parasequences are indicated by the arrows (Van
three “eustatic” sea-level curves (although this could include  Wagoner et al., 1990). AAPG © 1990. Reprinted by permission
other, non-eustatic mechanisms, as discussed in Chap. 10), of the AAPG whose permission is required for further use
integrated with a smooth subsidence curve. The coloured areas
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clinoform

- — ”~
downlap

internal convergence

Fig. 2.4 Sequence architecture, showing common characteristics of “seismic reflection terminations” (redrawn from Vail et al.,

1977)

Such considerations begin to be important as the reso-
lution of the geological timescale improves at a global
scale.”

Various architectural, or geometric, characteristics
record the lateral shift in depositional environments in
response to sea-level change and subsidence (Figs. 2.4
and 2.5). Onlap typically takes place at the base of
the succession, recording the beginning of a cycle
of sedimentation. Offlap develops when the rate of
sedimentation exceeds the rate of accommodation gen-
eration. An offlap architecture may predominate in
settings of high sediment supply. Toplap represents the
abrupt pinch-out of offlapping units at the shelf-slope
break. This develops when there is a major difference
in accommodation generation between the shelf and
slope, for example when wave, tide, or storm processes
inhibit or prevent accumulation on the shelf. Sediment
transported across the shelf is eventually delivered to
the slope, a process termed sediment bypass. Toplap
my represent abrupt thinning rather than truncation,
with a thick slope unit passing laterally into a con-
densed section on the shelf. Discrimination between
truncation and condensation may then depend on seis-
mic resolution. Downlap surfaces may develop as a
result of progradation across a basin floor, and they
also develop during a transition from onlap to offlap.
They typically develop above flooding surfaces, as
basin-margin depositional systems begin to prograde
seaward following the time of maximum flooding. The

Fig. 2.5 A later diagram of
sequence architecture (from

dipping, prograding units are called clinoforms (after
Rich, 1951), and they lap out downward onto the
downlap surface as lateral progradation takes place.
The word lapout is used as a general term for all these
types of stratigraphic termination.

The broad internal characteristics of stratigraphic
units may be determined from their seismic facies,
defined to mean an areally restricted group of seis-
mic reflections whose appearance and characteristics
are distinguishable from those of adjacent groups
(Sangree and Widmier, 1977). Various attributes may
be used to define facies: reflection configuration,
continuity, amplitude and frequence spectra, internal
velocity, internal geometrical relations, and external
three-dimensional form.

Figure 2.6 illustrates the main styles of seismic-
facies reflection patterns (Mitchum et al., 1977a). Most
of these are best seen in sections parallel to depo-
sitional dip. Parallel or subparallel reflections indi-
cate uniform rates of deposition; divergent reflections
result from differential subsidence rates, such as in
a half-graben or across a shelf-margin hinge zone.
Clinoform reflections comprise an important class of
seismic-facies patterns. They are particularly com-
mon on continental margins, where they commonly
represent prograded deltaic or continental-slope out-
growth. Variations in clinoform architecture reflect
different combinations of depositional energy, subsi-
dence rates, sediment supply, water depth and sea-level

SEQUENCE
/ BOUNDARY

Vail, 1987), which
incorporates the concept of
initial onlap followed by
progradation across a downlap
surface. AAPG © 1987.
Reprinted by permission of
the AAPG whose permission
is required for further use

SEQUENCE
BOUNDARY DOWNLAP
T APPARENT

DOWNLAP SURFACE TRUNCATION
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Fig.2.6 Typical seismic reflection patterns, illustrating the con-
cept of seismic facies (Mitchum et al., 1977a). AAPG © 1987.
Reprinted by permission of the AAPG whose permission is
required for further use

position. Sigmoid clinoforms tend to have low depo-
sitional dips, typically less than 1°, whereas oblique
clinoforms may show depositional dips up to 10°
Farallel-oblique clinoform patterns show no topsets.
This usually implies shallow water depths with wave or
current scour and sediment bypass to deeper water, per-
haps down a submarine canyon that may be revealed
on an adjacent seismic cross section. Many seismic
sequences show complex offlapping stratigraphy, of
which the complex sigmoid-oblique clinoform pat-
tern in Fig. 2.6 is a simple example. This diagram
illustrates periods of sea-level still-stand, with the

development of truncated topsets (foplap) alternating
with periods of sea-level rise (or more rapid basin
subsidence), which allowed the lip of the prograding
sequence to build upward as well as outward. Mitchum
et al. (1977a) described the hummocky clinoform pat-
tern as consisting of “irregular discontinuous subparal-
lel reflection segments forming a practically random
hummocky pattern marked by nonsystematic reflec-
tion terminations and splits. Relief on the hummocks
is low, approaching the limits of seismic resolution.
The reflection pattern is generally interpreted as strata
forming small, interfingering clinoform lobes building
into shallow water,” such as the upbuilding or offlap-
ping lobes of a delta undergoing distributary switch-
ing. Submarine fans may show the same hummocky
reflections. Shingled clinoform patterns typically
reflect offlapping sediment bodies on a continental
shelf.

Chaotic reflections may reflect slumped or con-
torted sediment masses or those with abundant chan-
nels or cut-and-fill structures. Disrupted reflections are
usually caused by faults. Lenticular patterns are likely
to be most common in sections oriented perpendicu-
lar to depositional dip. They represent the depositional
lobes of deltas or submarine fans.

A marine flooding surface is a surface that sepa-
rates older from younger strata, across which there is
evidence of an abrupt increase in water depth. These
surfaces are typically prominent and readily recogniz-
able and mappable in the stratigraphic record. Each
of the heavy, arrowed lines within the lower, retrogra-
dational part of the sequence shown in Fig. 2.5 are
marine flooding surfaces, as are the heavy lines in
Fig. 2.7b. The maximum flooding surface records the
maximum extent of marine drowning, and separates
transgressive units below from regressive units above
(the dashed line extending obliquely across the centre
of the cross-section in Fig. 2.5 is a maximum flood-
ing surface). It commonly is a surface of considerable
regional stratigraphic prominence and significance. It
may be marked by a widespread shale, or by a con-
densed section, indicating slow sedimentation at a time
of sediment starvation on the continental shelf, and
may correspond to a downlap surface, as noted above.
The prominence of this surface led Galloway (1989a)
to propose that sequences be defined by the maximum
flooding surface rather than the subaerial erosion sur-
face. We discuss this, and other alternative concepts, in
Sect. 2.4.
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Fig. 2.7 Diagram of sequences, sequence sets, and composite
sequences. (a) Parasequences are the shoaling-upward succes-
sions, bounded by flooding marine surfaces (the heavy lines).

Sequences may consist of stacked facies succes-
sions, each of which shows a gradual upward change
in facies character, indicating a progressive shift in
local depositional environments. The small packages
of strata contained between the heavy lines in Fig. 2.7a
are examples of these component packages of strata.
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(b) Sequences are composed of parasequences, which stack into
lowstand, transgressive, and highstand sequence sets to form
composite sequences (Mitchum and Van Wagoner, 1991)

Van Wagoner et al. (1987) erected the term parase-
quence to encompass “a relatively conformable suc-
cession of genetically related beds or bedsets bounded
by marine flooding surfaces and their correlative sur-
faces ... Parasequences are progradational and there-
fore the beds within parasequences shoal upward.”
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As Walker (1992) pointed out, “parasequences and
facies successions ... are essentially the same thing,
except that the concept of facies succession is
broader.” However, other types of facies succes-
sion occur within sequences (e.g., channel-fill fining-
upward successions), and the term parasequence
is therefore unnecessarily restrictive. Many such
successions are generated by autogenic processes, such
as delta-lobe switching, and channel migration, that
have nothing to do with sequence controls, and to
include them in a term that has the word “sequence”
within it may be misleading. Walker (1992) rec-
ommended that the term parasequence not be used.
Catuneanu (2006, pp. 243-245) pointed out numer-
ous problems with the concept of the parasequence,
including the imprecise meaning of the term “flood-
ing surface” (which it is now recognized, may have
several different meanings) and the potential confu-
sion with surfaces generated by autogenic processes.
He recommended using the term only in the context of
progradational units in coastal settings. I suggest that
the term be abandoned altogether. We return to this
point at the end of the chapter.

2.2.3 Depositional Systems
and Systems Tracts

The concept of the depositional-system and basin-
analysis methods based on it were developed largely
in the Gulf Coast region as a means of analyzing
and interpreting the immense thicknesses of Mesozoic-
Cenozoic sediment there that are so rich in oil and gas.
A depositional system is defined in the Schlumberger
online Oilfied Glossary as

The three-dimensional array of sediments or lithofacies
that fills a basin. Depositional systems vary according to
the types of sediments available for deposition as well
as the depositional processes and environments in which
they are deposited. The dominant depositional systems
are alluvial, fluvial, deltaic, marine, lacustrine and eolian
systems.

The principles of depositional-systems analysis
have never been formally stated, but have been widely
used, particularly by geologists of the Bureau of
Economic Geology at the University of Texas (notably
W. L. Fisher, L. F. Brown Jr., J. H. McGowen,
W. E. Galloway and D. E. Frazier). Useful papers on

the topic are those by Fisher and McGowen (1967)
and Brown and Fisher (1977). Textbook discussions
are given by Miall (1999, Chap. 6) and Walker
(1992). The concept of depositional episode was devel-
oped by Frazier (1974) to explain the construction of
Mississippi delta by progradation of successive delta
lobes (Fig. 1.14).

Posamentier et al. (1988, p. 110) defined a depo-
sitional system as “a three-dimensional assemblage
of lithofacies, genetically linked by active (modern)
or inferred (ancient) processes and environments.” A
systems tract is defined as

A linkage of contemporaneous depositional systems ...
Each is defined objectively by stratal geometries at
bounding surfaces, position within the sequence, and
internal parasequence stacking patterns. Each is inter-
preted to be associated with a specific segment of the
eustatic curve (i.e., eustatic lowstand-lowstand wedge;
eustatic rise-transgressive; rapid eustatic fall-lowstand
fan, and so on), although not defined on the basis of this
association (Posamentier et al., 1988).

Elsewhere, Van Wagoner et al. (1987) stated that
“when referring to systems tracts, the terms lowstand
and highstand are not meant to imply a unique period
of time or position on a cycle of eustatic or rela-
tive change of sea level. The actual time of initiation
of a systems tract is interpreted to be a function
of the interaction between eustasy, sediment supply,
and tectonics.” There is clearly an inherent, or built-
in contradiction here, that results from the use in a
descriptive sense of terminology that has a genetic
connotation (e.g., transgressive systems tract implies
transgression). We return to this problem below.

Systems tracts are named with reference to their
assumed position within the sea-level cycle, and these
names incorporate ideas about the expected response
of a basin to the changing balance between the major
sedimentary controls (accommodation and sediment
supply) during a base-level cycle. There are four stan-
dard systems tracts. These are the highstand, falling-
stage, lowstand, and transgressive systems tracts. Each
is illustrated here by a block diagram model with sum-
mary remarks outlining the major sedimentary controls
and depositional patterns prevailing at that stage of
sequence development (Fig. 2.8). Other terms have
been used by different workers, but these four sys-
tems tracts and their bounding surfaces provide a
useful, easy-to-understand model from which to build
interpretive concepts.
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The linking of systems tracts to stages of the
sea-level cycle is unfortunate, because it has now
been repeatedly demonstrated that the geometric and
behavioural features that supposedly characterize each
systems tract and its link to the sea-level cycle are
not necessarily diagnostic of sea level, but may reflect
combinations of several factors. For example, on
the east coast of South Island, New Zealand, differ-
ent stretches of coast are simultaneously undergoing
coastal progradation, reflecting a large sediment sup-
ply, and coastal retreat and transgression, because
of locally high wave energy (Leckie, 1994). Andros
Island, in the Bahamas, currently exhibits three dif-
ferent systems-tract conditions. Lowstand conditions
characterize the eastern (windward) margin of the
island, facing the deep-water channel, the Tongue
of the Ocean. Transgressive conditions occur along
the northwest margin, where tidal flats are undergo-
ing erosion, whereas on the more sheltered leeward
margin, along the southwest edge of the Andros coast-
line, highstand conditions are suggested by tidal-flat
progradation (Schlager, 2005, Fig. 7.6).

2.3 Sequence Models in Clastic
and Carbonate Settings

In this section, a brief overview of sequence models
is provided for the main areas and styles of deposi-
tion, marine and nonmarine clastics, and carbonates.
A much more complete treatment of this topic forms
the core of the book by Catuneanu (2006). In addi-
tion, many useful review articles and books provide
additional insights into particular areas or themes
(e.g., Emery and Myers, 1996; Schlager, 1992,
1993, 2005; Posamentier and Allen, 1999; Hunt and
Gawthorpe, 2000; Yoshida et al., 2007).

2.3.1 Marine Clastic Depositional Systems
and Systems Tracts

The highstand systems tract (HST) corresponds to a
period when little new accommodation is being added
to the depositional environment. As shown in the
relative sea-level curve at the lower right corner of

Fig. 2.8, base-level rise is in the process of slow-
ing down as it reaches its highest point, immediately
prior to commencement of a slow fall. If the sediment
supply remains more or less constant, then Rd>Rs at
this point (the upper of the three conditions shown in
Fig. 1.13). The most characteristic feature of this
systems tract is the lateral progradation of coastal sed-
imentary environments. Major coastal barrier-lagoon
and deltaic complexes are the result. Normal regres-
sion is the term used to describe the seaward advance
of the coastline as a result of the progressive addition of
sediment to the front of the beach or the delta systems,
developing a broad fopset environment (the undathem
of Rich, 1951; see Fig. 1.10). This is in contrast to
the condition of forced regression, which is described
below.

Where the terrigenous sediment supply is high,
delta systems may largely dominate the resulting sed-
imentary succession, as shown in the accompanying
example of the Dunvegan delta, Alberta (Fig. 2.9).
The allomember boundaries in this diagram indicate
times of relative low sea level, followed by flooding.
Each allomember boundary is overlain by a mudstone
representing the maximum flooding surface, over
which delta complexes prograded. Sedimentary envi-
ronments characteristically include coastal mangrove
swamps, and may include significant peat swamps, the
sites of future coal development. The numbered subdi-
visions of each allomember indicate individual deltaic
shingles. Subsurface mapping may indicate that shin-
gles of this type shifted laterally as a result of delta
switching, in a manner similar to the Mississippi delta
and the Yellow River delta. This points to potential
confusion in terminology, because upward-shoaling
successions, such as those illustrated in Fig. 2.9 cor-
respond to the Van Wagoner et al. (1987) definition of
parasequence. We return to this point at the end of the
chapter (Sect. 2.4).

The thickness of highstand shelf deposits depends
on the accommodation generated by marine transgres-
sion across the shelf, typically a few tens of metres,
up to a maximum of about 200 m. Where the shelf is
narrow or the sediment supply is large, deltas may pro-
grade to the shelf-slope break, at which point deltaic
sedimentation may extend down slope into the deep
basin (Porebski and Steel, 2003). High-amplitude cli-
noforms may result, including significant volumes of
sediment-gravity-flow deposits.
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Fig. 2.9 The Dunvegan alloformation of northwest Alberta is
dominated by highstand deposits, reflecting its origins as a
deltaic complex. Each shingle represents an individual delta

The falling-stage systems tract (FSST). A fall in
base level from the highstand position exposes the
coastal plain and then the continental shelf, to sub-
aerial erosion. River mouths retreat seaward, and under
most conditions, river valleys incise themselves as they
continually grade downward to progressively lower
sea levels. Deeply incised paleovalleys may result.
In the rock record, many of these show evidence of
multiple erosional events (Korus et al., 2008), indicat-
ing repeated responses to autogenic threshold triggers
(Schumm, 1993) or perhaps to minor cycles of base-
level change. Significant volumes of sediment are
eroded from the coastal plain and the shelf, and are
fed through the coastal fluvial systems and onto the
shelf. Eventually, these large sediment volumes may be
tipped directly over the edge of the shelf onto the con-
tinental slope, triggering submarine landslides, debris
flows, and turbidity currents. These have a powerful
erosive effect, and may initiate development of sub-
marine erosional valleys at the mouths of the major
rivers or offshore from major delta distributaries. Many
submarine canyons are initiated by this process, and
remain as major routes for sediment dispersal through
successive cycles of base-level change. The FSST is
typically the major period of growth of submarine fans.

_—=="" allomember boundaries
shingles

marker beds

soil horizons

incised valleys

delta plain-delta front deposits
prodelta-open marine deposits

lobe, terminated by a flooding surface (indicated by a downlap-
ping half-arrow). Adapted from Bhattacharya (1991)

The falling base level causes basinward retreat of
the shoreline, a process termed forced regression by
Plint (1991) (Fig. 2.10). The occurrence of forced
regression, as distinct from normal regression, may
be detected by careful mapping of coastal shoreline
sandstone complexes. Fall of sea level causes water
depths over the shelf to decrease, increasing the erosive
power of waves and tides. This typically leads to the
development of a surface called the regressive sur-
face of marine erosion (RSME), which truncates shelf
and distal coastal (e.g., deltaic) deposits that had
been formed during the preceding highstand phase
(Fig. 2.10b). The first such surface to form, at the com-
mencement of a phase of sea-level fall, is termed the
basal surface of forced regression. Some specialists
used this surface as the basis for sequence definition,
as discussed in Sect. 2.4. Given an adequate sedi-
ment supply, especially if there are pauses during the
fall of sea level (Fig. 2.10c), shoreface sand accumu-
lates above the RSME, forming what have come to
be informally termed sharp-based sandstone bodies
(Plint, 1988). These are internally identical to other
coastal, regressive sandstone bodies, except that they
rest on an erosion surface instead of grading up from
the fine-grained shelf sediments, as in the initial coastal
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Fig.2.10 The process of forced regression, and the development of the regressive surface of marine erosion and “sharp-based sand

bodies”. Original diagram from Plint (1988)

sands shown in Fig. 2.10a (which are the product of
normal regression). Repeated pulses of sea-level fall
punctuated by stillstand may develop several offlap-
ping surfaces of marine erosion. Shelf-margin deltas
may form where the mouths of major river systems
regress to the shelf-slope break during forced regres-
sion (Porebski and Steel, 2003).

As noted above, the falling-stage is typically the
interval during the sea-level cycle when the sediment
supply to the continental shelf and slope is at its
greatest. Most sediment accumulation on submarine
fans occurs during this and the next phase, the low-
stand (discussed below). Most of the early sequence

models (e.g., Posamentier et al., 1988; Posamentier
and Vail, 1988) showed submarine fans resting on a
basal sequence boundary, but this configuration now
seems unlikely. On the continental shelf and coastal
plain, the sequence boundary is an erosion surface
representing the lowest point to which erosion cuts
during the falling stage of the base-level cycle. As
sea-level fall slows to its lowest point, sediment deliv-
ery from the newly exposed coastal plain and shelf
will gradually diminish. Sedimentation on submarine
fans will correspondingly slow down, and the deposits
may show a gradual upward decrease in average grain
size. Sedimentation there may virtually cease once
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the next phase of sea-level rise commences, and the
rivers feeding sediment to the slope become flooded
(transgressive systems tract). The sequence boundary,
therefore, is likely to be contemporaneous with the
middle to upper part of the submarine-fan succession,
possibly with the top of it. However, there is unlikely
to be an actual mappable break in sedimentation at this
level, and it may be difficult to impossible to locate
the position in the section corresponding to the turn-
around from falling to rising sea level. This horizon
is, therefore, what Vail et al. (1977) called a correl-
ative conformity, although his original application of
the term was to the fine-grained sediments formed in
deep water beyond the submarine-fan wedge, out in the
deep basin where it was assumed sedimentation would
be continuous throughout a sea-level cycle.

The sequence boundary (SB) marks the lowest point
reached by erosion during the falling stage of the sea-
level cycle. On land this is represented by a subaerial
erosion surface, which may extend far onto the con-
tinental shelf, depending on how far sea level falls.
The sequence boundary cuts into the deposits of the
highstand systems tract and is overlain by the deposits
of the lowstand or transgressive systems tracts. It is
therefore typically a surface where a marked facies
change takes place, usually from a relatively lower-
energy deposit below to a high-energy deposit above.
Mapping of such a surface in outcrop or in the sub-
surface, using well logs, is facilitated by this facies
change, except where the boundary juxtaposes flu-
vial on fluvial facies. In such cases, distinguishing
the sequence boundary from other large-scale channel
scours may be a difficult undertaking.

The lowstand systems tract (LST): This systems
tract represents the interval of time when sea-level
has bottomed out, and depositional trends undergo a
shift from seaward-directed (e.g., progradational) to
landward-directed (e.g., retrogradational). Within most
depositional systems there is little that may be con-
fidently assigned to the lowstand systems tract. The
initial basal fill of incised river valleys, and some of
the fill of submarine canyons are deposited during
this phase. Volumetrically they are usually of minor
importance, but they may be of a coarser grain size
than succeeding transgressive deposits. In parts of the
incised valley of the Mississippi River, for example
(the valley formed during Pleistocene glacioeustatic
sea-level lowstands), the basal fill formed during the
initial post-glacial transgression is a coarse braided

stream deposit, in contrast to the sandy meandering
river deposits that form the bulk of the Mississippi river
sediments. The episode of active submarine-fan sedi-
mentation on the continental slope and deep basin may
persist through the lowstand phase.

There may be a phase of normal regressive sedi-
mentation at the lowstand coastline. On coastal plains,
the lowstand is a time of stillstand, when little ero-
sion or sedimentation takes place. Between the major
rivers, on the interfluve uplands, this may therefore be
a place where long-established plant growth and soil
development takes place. Peat is unlikely to accumu-
late because of the lack of accommodation, but soils,
corresponding in time to the sequence boundary, may
be extensive, and the resulting paleosols may therefore
be employed for mapping purposes (e.g., McCarthy
et al., 1999; Plint et al., 2001).

Transgressive systems tract (TST): A rise in base
level is typically accompanied by flooding of incised
valleys and transgression across the continental shelf
(Fig. 2.8). Base-level rise exceeds sediment sup-
ply, leading to retrogradation of depositional systems
(Rd<Rs in Fig. 1.13c), except that at the mouths of the
largest rivers sediment supply may be sufficiently large
that deltas may continue to aggrade or prograde.

Flooded river valleys are estuaries; they typically
provide ample accommodation for sedimentary accu-
mulation. In estuarine successions, the upward tran-
sition from lowstand to transgressive systems tract
in estuaries and other coastal river systems is com-
monly marked by the development of wave- or tide-
influenced fluvial facies, such as tidal sand bars
containing sigmoidal crossbedding or flaser bedding.
The sedimentology of this environment has received
much attention (Fig. 2.11), because of the poten-
tial for the development of stratigraphic sandstone
traps, in the form of valley-fill ribbon sands. Studies
of ancient paleovalley fills have shown that many
are complex, indicating repeated cycles of base level
change and/or autogenic changes in sediment dispersal
(Korus et al., 2008).

On the continental shelf the most distinctive feature
of most transgressive systems tracts is the develop-
ment of a widespread transgressive surface (TS), a
flooding surface covered with an equally widespread
marine mudstone. A transgressive conglomeratic or
sandy lag may blanket the flooding surface. Offshore,
rapid transgression may cut the deep-water environ-
ment off from its sediment source, leading to slow



2.3 Sequence Models in Clastic and Carbonate Settings

61

Fig. 2.11 Depositional
model for estuaries (Reinson,
1992; Dalrymple et al., 1994)
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sedimentation, and the formation of a condensed sec-
tion. This is commonly a distinctive facies, consisting
of concentrated shell or fish fragments, amalgamated
biozones, and a “hot” (high gamma-ray) response
on well-logs, reflecting a concentration of radioac-
tive clays (Loutit et al., 1988). Significant volumes
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of clastic sediment deposited on the shelf may be
reworked during transgression. Posamentier (2002)
documented numerous complexes of shelf sand ridges
constituting parts of shelf transgressive systems tracts
that were formed by vigorous wave and tide action.
Offshore, limestones may be deposited, such as the
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Fig. 2.12 The process of
transgressive ravinement. The
dashed red line indicates the
time correlation between shelf
sediments deposited on the
ravinement surface and
contemporaneous lagoon
deposits that are truncated by
ravinement erosion as
sea-level rises. Adapted from
Nummedal and Swift (1987)
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shelf muds

RN

several Jurassic and Cretaceous limestones and chalks
in the Western Interior Seaway (Greenhorn Limestone,
Austin Chalk).

In the nearshore setting, wave erosion during trans-
gression is usually the cause of ravinement, with
the development of a diachronous ravinement sur-
face (Fig. 2.12). The juxtaposition of marine shelf
sediments, above, over coastal shoreline or lagoonal
sediments below, creates a prominent surface which
should not be confused with a sequence boundary. A
ravinement surface marks an upward deepening, the
opposite of the facies relationships at most sequence
boundaries. In some cases, ravinement erosion may
cut down through lowstand deposits and into the
underlying highstand systems tract, and in such cases
the ravinement surface becomes the sequence bound-
ary (Nummedal and Swift, 1987).

Peat may be deposited on the coastal plain and
in deltaic settings at any time during a cycle of
base-level change. However, the thickest and most
widespread coals are now known to be those formed
from peat accumulated during transgression, because
of the accommodation provided by rising base level,
during a time when clastic influx into the coastal plain
is “held back” by the landward-advancing shoreline
(Bohacs and Suter, 1997; see Fig. 2.13).

The maximum flooding surface (MFS) marks the
end of the phase during which the difference between
the rate of sea-level rise and the rate of sediment
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supply is at its greatest (Fig. 2.8). Sea-level rise con-
tinues beyond this point, but as the rate of rise slows,
sediment input begins to re-establish progradation at
the shoreline, and this defines the transition into the
highstand systems tract. The offshore shale formed
around the time of the MFS is an excellent map-
ping marker, because of its widespread nature and
distinctive facies. In areas distant from the shoreline,
where clastic sediment supply is at a minimum, the
MEFS is commonly marked by calcareous shale, marl
or limestone. In some studies, sequence mapping is
accomplished using this surface in preference to the
sequence boundary, because of its more predictable
facies and its consistent horizontality.

The preceding paragraphs constitute a set of useful
generalizations. However, there are many exceptions
and special cases. For example, consider the ultimate
fate of the clastic sediment flux on continental mar-
gins during cycles of sea level change. In the traditional
model (Posamentier et al., 1988), on which this section
is largely based, coastal plain complexes, including
deltas, typically accumulate during highstand phases,
following a period of coastal plain transgression and
flooding, and basin slope and plain deposits, includ-
ing submarine fans, accumulate during the sea-level
falling stage and lowstand. However, these general-
izations do not necessarily apply to all continental
margins. As Carvajal and Steel (2006, p. 665) pointed
out,
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This model has been challenged using examples from
narrow shelf settings (e.g., fans in the California
Borderland, Gulf of Corinth, and Mediterranean Sea; see
Piper and Normark, 2001; Ito and Masuda, 1988) or
extremely high supply systems (e.g., Bengal Fan; Weber
et al.,, 1997). In these cases slope canyons extending
to almost the shoreline may receive sand from littoral
drift or shelf currents during rising sea level. In addition,
deltas may easily cross narrow shelves and provide sand
for deep-water deposits under normal supply conditions
during relative sea-level highstand. It has also been pos-
tulated that in moderately wide (tens of kilometers) to
wide shelf (hundreds of kilometers) settings, significant
volumes of sand can be bypassed to deep-water areas at
highstand through shelf-edge deltas (Burgess and Hovius,
1998; Porebski and Steel, 2006). Nonetheless, document-
ing such delivery either in the modern or ancient has been
difficult (except for suggestions from studies at the third
order time scale, e.g., McMillen and Winn, 1991), biasing
researchers to interpret ancient deep-water deposits pref-
erentially following the lowstand model. Thus, focus on
this lowstand model has tended to cause us to overlook
(1) the dominant role that sediment supply may play in
deep-water sediment delivery, and (2) how such supply-
dominated shelf margins can generate deep-water fans
even during periods of rising relative sea level.

Covault et al. (2007) similarly noted the develop-
ment of submarine fans on the California borderland at
times of sea-level highstand. The connection of canyon
and fan dispersal systems to the littoral sediment

supply is the key control on the timing of deposition
in this setting.

In addition to the physiographic variations noted
here, which complicate the relationship between the
base level cycle and systems-tract architecture and
development, it is quite possible for episodic changes
in systems-tract development at continental margins
to have nothing to do with sea-level change at all
(Part IIT of this book). To cite two examples, in the
case of the modern Amazon fan, the marked facies
variations mapped by the ODP bear no relation to
Neogene sea-level changes, but reflect autogenic avul-
sion processes on the upper fan (Christie-Blick et al.,
2007). White and Lovell (1997) demonstrated that in
the North Sea basin, peaks in submarine fan sedi-
mentation occurred at times of regional uplift of the
crust underlying the British Isles, as a consequence of
episodes of magma underplating, resulting in increased
sediment delivery to the marine realm (Sect. 10.2.2;
Fig. 10.12).

Note, in closing, the caveats at the end of
Sect. 2.2.3 regarding the possible confusion between
the terminology of systems tracts (highstand, falling
stage, etc.) and the actual state of the sea-level cycle
which they represent.
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2.3.2 Nonmarine Depositional Systems

The early sequence model of Posamentier et al. (1988)
and Posamentier and Vail (1988) emphasized the accu-
mulation of fluvial deposits during the late highstand
phase of the sea-level cycle, based on the graphi-
cal models of Jervey (1988). The model suggested
that the longitudinal profile of rivers that are graded
to sea level would shift seaward during a fall in
base level, and that this would generate accommo-
dation for the accumulation of nonmarine sediments.
This idea was examined critically by Miall (1991a),
who described scenarios where this may and may not
occur. The response of fluvial systems to changes in
base level was examined from a geomorphic perspec-
tive in greater detail by Wescott (1993) and Schumm
(1993), and the sequence stratigraphy of nonmarine
deposits was critically reviewed in an important paper
by Shanley and McCabe (1994). An extensive discus-
sion of the sequence stratigraphy of fluvial deposits
was given by Miall (1996, Sect. 11.2.2 and Chap. 13),
and only a brief, updated summary of this material is
given here.

Shanley and McCabe (1994) discussed the rela-
tive importance of downstream base-level controls
versus upstream tectonic controls in the development
of fluvial architecture. In general, the importance
of base-level change diminishes upstream. In large
rivers, such as the Mississippi, the evidence from
the Quaternary record indicates that sea-level changes
affect aggradation and degradation as far upstream
as the region of Natchez, Mississippi, about 220 km
upstream from the present mouth. Farther upstream

than this, source-area effects, including changes in
discharge and sediment supply, resulting from tecton-
ism and climate change, are much more important.
In the Colorado River of Texas base-level influence
extends about 90 km upstream, beyond which the river
has been affected primarily by the climate changes
of Neogene glaciations. Blum (1994, p. 275), based
on his detailed work on the Gulf Coast rivers, stated
“At some point upstream rivers become completely
independent of higher order relative changes in base
level, and are responding to a tectonically controlled
long-term average base level of erosion.” The response
of river systems to climate change is complex. As
summarized by Miall (1996, Sect. 12.13.2), cycles of
aggradation and degradation in inland areas may be
driven by changes in discharge and sediment load,
which are in part climate dependent. These cycles may
be completely out of phase with those driven primarily
by base-level change.

The elements of a generalized sequence model for
coastal fluvial deposits are shown in Fig. 2.14. The
sequence boundary is commonly an incised valley
eroded during the falling stage of the base-level cycle.
This valley is filled with fluvial or estuarine deposits
during the lowstand to transgressive part of the cycle,
with the thickness and facies composition of these
beds determined by the balance between the rates of
subsidence, base-level change and sediment supply.
Away from the incised valley, on interfluve areas, the
sequence boundary may be marked by well-developed
paleosol horizons (McCarthy et al., 1999; McCarthy,
2002). It is a matter of debate whether the fluvial
fill of an incised valley should be assigned to the
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Fig. 2.14 Sequence model for coastal and shallow-marine
deposits. Changes in fluvial facies are based on the nonma-
rine sequence models of Wright and Marriott (1993), Shanley
and McCabe (1994), and Gibling and Bird (1994). Standard
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systems-tract abbreviations (MFS, etc.; explained in text) and
bounding surface rankings (numerals in circles) are shown (see
Miall, 1988, 1996)
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lowstand or the transgressive systems tract. The shape
of the sea-level curve and the timing of these deposits
relative to this curve are usually not knowable, and so
this is a somewhat hypothetical argument.

Transgression is commonly indicated by the appear-
ance of abundant tidal influence in the fluvial suc-
cession. Sigmoidal crossbedding, tidal bedding (wavy,
flaser and lenticular bedding), oyster beds and brack-
ish to marine trace fossils are all typical indicators
of tidal-marine environments. The transition from flu-
vial to tidal is typically diachronous, and the filling of
the incised valley changes from aggradational to ret-
rogradational. Inland from tidal influence, the change
from the lowstand to the transgressive phase may be
marked by a change in fluvial style or by the devel-
opment of coal beds (Fig. 2.13). Coal commonly
occurs during an initial increase in accommodation,
before this is balanced by an increase in clastic sup-
ply. Within the valleys of major rivers, the increase
in accommodation can result in more loose stack-
ing of channel sand bodies and greater preservation
of overbank fines. Changes in fluvial style are also
common, with braided rivers typifying lowstand sys-
tems and anastomosed or meandering rivers common
during times of high rate of generation of accommoda-
tion, as during the transgressive phase of the base-level
cycle.

A highstand systems tract develops when base-level
rise slows, and the rate of generation of accommoda-
tion space decreases to a minimum. There are two pos-
sible depositional scenarios for this phase of sequence
development. Retrogradation of the river systems dur-
ing transgression will have led to reduced slopes, and
a low-energy landscape undergoing slow accumula-
tion of floodplain deposits, limited channel aggrada-
tion, and closely-spaced, well-developed soil profiles
(Shanley and McCabe, 1994). Given no change in
source-area conditions, however, the sediment supply
into the basin will continue, and vigorous channel sys-
tems will eventually be re-established. Under these
conditions, channel bodies will form that show reduced
vertical separation relative to the TST, leading to lateral
amalgamation of sandstone units and high net-to-gross
sandstone ratios (Wright and Marriott, 1993; Olsen
etal., 1995; Yoshida et al., 1996). Basinward prograda-
tion of coastal depositional systems leads to downlap
of deltaic and barrier-strandplain deposits onto the
maximum flooding surface. A good nonmarine exam-
ple of this was described by Ray (1982), who mapped

the progradation of an alluvial plain and deltaic system
into lake deposits.

It seems likely that the HST will be poorly repre-
sented in most nonmarine basins, because the high-
stand is usually followed by the next cycle of falling
base level, which may result in the removal by sub-
aerial erosion of much or all of the just-formed HST
deposits. A minor increase in the sand-shale ratio
immediately below the sequence boundary may be
the only indication of the highstand phase, as in the
Castlegate Sandstone of Utah (Olsen et al., 1995;
Yoshida et al., 1996).

Care must be taken to evaluate all the evidence
in interpreting such data as net-to-gross sandstone
ratios. Changes in this parameter may not always be
attributable to changes in the rate of generation of
accommodation space. Smith (1994) described a case
where an increase in the proportion of channel sand-
stones in a section seems to have been related not
to changes in the rate of generation of accommoda-
tion space, but to increased sediment runoff resulting
from increased rainfall. In the case of sequences driven
by orbital forcing mechanisms, where both base-level
change and climate change may be involved, unravel-
ling the complexity of causes and effects is likely to
be a continuing challenge. In the model of Shanley
and McCabe (1994) a greater degree of channel
amalgamation is shown in the TST than in the HST,
the opposite of that shown in the model of Wright
and Marriott (1993). Shanley and McCabe (1994) sug-
gested that where rising base level is the main control
on the rate and style of channel stacking, the rate of
generation of accommodation is small during trans-
gression in inland areas while the coastline is still dis-
tant, and increases only once transgression has brought
the coastline farther inland where the effect of base-
level rise on the lower reaches of the river produces a
more rapid increase in accommodation. In this model
the rate of generation of accommodation is greater dur-
ing the highstand than during transgression, and results
in low net-to-gross sandstone ratios. However, this line
of reasoning omits the influence of upstream factors,
and must therefore not be followed dogmatically. One
must also be cautious in using systems-tract terminol-
ogy derived from marine processes for the labeling of
nonmarine events. There may be a considerable lag in
the transmission of a transgression upstream to inland
positions by the process of slope reduction, aggra-
dation and tidal invasion. The inland reaches of the
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river will not “know” that a transgression is occurring,
and it is questionable, therefore, whether the deposits
formed inland during the initial stages of the marine
transgression should be included with the TST.

Currie (1997) suggested an alternative terminology
for the standard systems tract terms used for marine
basins because, obviously, terms that include such
words as transgressive, highstand, etc., are inappropri-
ate for basins that are entirely nonmarine. For falling
stage and lowstand deposits Currie (1997) suggested
the term degradational systems tract, for transgressive
deposits, transitional systems tract, and for highstand
deposits, aggradational systems tract. These terms
provide analogous ideas regarding changes in accom-
modation and sediment supply and their consequences
for depositional style.

Holbrook et al. (2006) introduced the useful con-
cepts of buttresses and buffers to account for longitudi-
nal changes in fluvial facies and architecture upstream
from a coastline. A buttress is some fixed point that
constitutes the downstream control on a fluvial graded
profile. In marine basins this will be marine base level
(sea level). In inland basins it will be the lip or edge
of a basin through which the trunk river flows out of
the basin. The buffer is the zone of space above and
below the current graded profile which represents the
range of reactions that the profile may exhibit given
changes in upstream controls, such as tectonism or
climate change, that govern the discharge and sedi-
ment load of the river. For example, tectonic uplift
may increase the sediment load, causing the river to
aggrade towards its upper buffer limit. A drop in the
buttress, for example as a result of a fall in sea level,
may result in incision of the river system, but if the
continental shelf newly exposed by the fall in sea level
has a similar slope to that of the river profile, there
may be little change in the fluvial style of the river. In
any of these cases, the response of the river system is
to erode or aggrade towards a new dynamically main-
tained equilibrium profile that balances out the water
and sediment flux and the rate of change in accommo-
dation. The zone between the upper and lower limits is
the buffer zone, and represents the available (potential)
preservation space for the fluvial system.

Blum (1994) demonstrated that nowhere within
coastal fluvial systems is there a single erosion surface
that can be related to lowstand erosion. Such surfaces
are continually modified by channel scour, even dur-
ing transgression, because episodes of channel incision

may reflect climatically controlled times of low sed-
iment load, which are not synchronous with changes
in base level. This is particularly evident landward
of the limit of base-level influence. Post-glacial ter-
races within inland river valleys reveal a history of
alternating aggradation and channel incision reflecting
climate changes, all of which occurred during the last
post-glacial rise in sea level. A major episode of val-
ley incision occurred in Texas not during the time of
glacioeustatic sea-level lowstand, but at the beginning
of the postglacial sea-level rise, which commenced at
about 15 ka (Blum, 1994). The implications of this
have yet to be resolved for inland basins where aggra-
dation occurs (because of tectonic subsidence), rather
than incision and terrace formation. However, it would
seem to suggest that no simple relationship between
major bounding surfaces and base level change should
be expected.

Figure 2.15 shows a model of fluvial processes in
relationship to glacially controlled changes in climate
and vegetation, based on Dutch work. These studies,
and those in Texas, deal with periglacial regions, where
climate change was pronounced, but the areas were not
directly affected by glaciation. Vandenberghe (1993)
and Vandenberghe et al. (1994) demonstrated that a
major period of incision occurred during the transition
from cold to warm phases because runoff increased
while sediment yield remained low. Vegetation was
quickly able to stabilize river banks, reducing sed-
iment delivery, while evapotranspiration remained
low, so that the runoff was high. Fluvial styles in
aggrading valleys tend to change from braided dur-
ing glacial phases to meandering during interglacials
(Vandenberghe et al., 1994). With increasing warmth,
and consequently increasing vegetation density, rivers
of anastomosed or meandering style tend to develop,
the former particularly in coastal areas where the rate
of generation of new accommodation space is high dur-
ing the period of rapidly rising base level (Torngvist,
1993; Tornqvist et al., 1993). Vandenberghe (1993)
also demonstrated that valley incision tends to occur
during the transition from warm to cold phases.
Reduced evapotranspiration consequent upon the cool-
ing temperatures occurs while the vegetation cover
is still substantial. Therefore runoff increases, while
sediment yield remains low. With reduction in veg-
etation cover as the cold phase becomes established,
sediment deliveries increase, and fluvial aggradation is
reestablished.
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Fig. 2.15 Relationship among temperature, vegetation density,
evapotranspiration, precipitation, and sedimentary processes in
river systems during glacial and interglacial phases, and the

Fig.2.16 Longitudinal
NW-SE section,
approximately 250 km in
length, through the
mid-Cretaceous Dakota
Group, from Colorado into the =l
northeast corner of New
Mexico. The internal
architecture consists of a
series of
unconformity-bounded
sandstone sheets that reflect
“deposition during repetitive
valley-scale cycles of
aggradation and incision”
(Holbrook et al., 2006,

p. 164)
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It is apparent that fluvial processes inland and
those along the coast may be completely out of
phase during the climatic and base-level changes
accompanying glacial to interglacial cycles. Within
a few tens of kilometres of the sea, valley inci-
sion occurs at times of base level lowstand, during
cold phases, but the surface may be modified and
deepened during the subsequent transgression until
it is finally buried. Inland, major erosional bound-
ing surfaces correlate to times of climatic transition,
from cold to warm and from warm to cold, that is

:l Flood-Basin Strata (coastal flood basin, swamg, : Open-Marine Strata
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to say during times of rising and falling sea level,
respectively.

The Dakota Group of northeast New Mexico and
southeast Colorado provides a good example of an
internally architecturally complex fluvial unit gener-
ated by a combination of upstream tectonic controls
and downstream sea-level cycles (Fig. 2.16: Holbrook
et al., 2006). At the coastline, progradation and ret-
rogradation creating three sequences were caused by
sea-level cycles on a 107-year time scale. Each of these
sequences can be traced updip towards the west, where
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they are composed of repeated cycles of aggradational
valley-fill successions and mutually incised scour sur-
faces. These cycles reflect autogenic channel shifting
within the limited preservation space available under
conditions of modest, tectonically-generated accom-
modation. This space is defined by a lower buffer (in
the Holbrook et al., 2006 terminology) set by maxi-
mum local channel scour, and an upper buffer set by
the ability of the river to aggrade under the prevailing
conditions of discharge and sediment load.

2.3.3 Carbonate Depositional Systems

Carbonate and clastic depositional systems respond
very differently to sea-level change (Sarg, 1988; James
and Kendall, 1992; Schlager, 1992, 1993). The dif-
ferences between carbonates and clastics were not
understood at the time the original Exxon sequences
models were developed by Vail et al. (1977) and Vail
(1987).

Figure 2.17 illustrates a typical carbonate platform,
consisting of a wide, carbonate-dominated shelf with a
fringing barrier reef, scattered bioherms or patch reefs
in the platform interior, and a marginal clastic belt, the
width of which depends on the clastic supply deliv-
ered to the coast from river mouths, and the strength
of the waves and tides redistributing it along the

coast. Figure 2.18 illustrates the differences between
the responses of carbonate and clastic systems to sea-
level change, which are described briefly here. At
times of sea-level lowstand, terrigenous clastics bypass
the continental shelf, leading to exposure, erosion,
and the development of incised valleys. Submarine
canyons are deepened, and sand-rich turbidites systems
develop submarine-fan complexes on the slope and the
basin floor. Carbonate systems essentially shut down
at times of lowstand, because the main “carbonate fac-
tory”, the continental shelf, is exposed, and commonly
undergoes karstification. A narrow shelf-edge belt of
reefs or sand shoals may occur, while the deep-water
basin is starved of sediment or possibly subjected to
hyperconcentration, with the development of evaporite
deposits. Evaporites may also develop on the conti-
nental shelf during episodes of sea-level fall, when
reef barriers serve to block marine circulation over the
shelf.

During transgression of a clastic system, incised
valleys fill with estuarine deposits and eventually are
blanketed with marine shale. There may be a rapid
landward translation of facies belts, leaving the con-
tinental shelf starved of sediment, so that condensed
successions are deposited. By contrast, transgression
of a carbonate shelf serves to “turn on” the car-
bonate factory, with the flooding of the shelf with
warm, shallow seas. Thick platform carbonate succes-
sions develop, reefs, in particular, being able to grow

Fig.2.17 A typical
carbonate platform. The
continental shelf off
Nicaragua (Roberts, 1987)

Honduras
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vertically at extremely rapid rates as sea level rises. At
times of maximum transgression, the deepest part of
the shelf may pass below the photic zone, leading to
cessation of carbonate sedimentation and development
of a condensed section or hardground. The resulting
surface is termed a drowning unconformity (Schlager,
1989).

Carbonate and clastic shelves are most alike during
times of highstand. The rate of addition of sedimentary
accommodation space is low, and lateral prograda-
tion is therefore encouraged, with the development

reefs and
shoals

CARBONATE AND/OR EVAPORITE MARGIN

TRANSGRESSIVE SYSTEMS TRACT

of clinoform slope architectures. Autogenic shoaling-
upward cycles are common in both types of environ-
ment (e.g., terrigenous deltaic lobes, tidal carbonate
cycles). Schlager (1992) stated:

Prograding [carbonate] margins dominated by offshore
sediment transport most closely resemble the classical
[siliciclastic] sequence model. They are controlled by
loose sediment accumulation and approach the geometry
of siliciclastic systems (e.g., leeward margins .. .).

Carbonate platforms generate sediment at the high-
est rate during highstands of sea level, when platforms
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are flooded and the carbonate factory is at maximum
productivity. The sediment volume commonly exceeds
available accommodation, and the excess is delivered
to the continental slope, where it may provide the
sediment for large-scale progradation by carbonate
talus and sediment-gravity flows. This process, termed
highstand shedding is exemplified by the architecture
of the Bahamas Platform (Schlager, 1992). It is the
converse of the pattern of siliciclastic sedimentation,
within which, as already noted, sediment is fed to
the continental slope most rapidly at times of low sea
level.

Many ancient shelf deposits are mixed carbonate-
clastic successions, containing thin sand banks or
deltaic sand sheets interbedded with carbonate plat-
form deposits (Dolan, 1989; Southgate et al., 1993).
Galloway and Brown (1973) described an example
from the Pennsylvanian of northern central Texas,
in which a deltaic system prograded onto a stable
carbonate shelf (Fig. 2.19). The term reciprocal sed-
imentation has been used for depositional systems in
which carbonates and clastics alternate (Wilson, 1967).
In the example given in Fig. 2.19, deltaic distribu-
tary channels are incised into the underlying shelf
carbonate deposits. Widespread shelf limestones alter-
nate with the clastic sheets and also occur in some
interdeltaic embayments. Carbonate banks occur on
the outer shelf edge, beyond which the sediments

thicken dramatically into a clinoform slope-clastics
system. This association of carbonates and clastics
reflects regular changes in sea-level, with the carbon-
ate phase representing high sea-level and the clas-
tic phase low sea-level. The deltaic and shelf-sand
sheets and the slope clinoform deposits represent low-
stand systems tracts, while the carbonate deposits
are highstand deposits. During episodes of high sea-
level, clastics are trapped in nearshore deltas, while
during low stands much of the detritus bypasses
the shelf and is deposited on the slope (arrows in
Fig. 2.19).

The reciprocal-sedimentation model should, how-
ever, be used with caution. Dunbar et al. (2000)
reported on the results of a detailed sampling program
across the Great Barrier Reef, from which they con-
cluded that through the glacioeustatic sea-level cycles
of the last 300 ka, the maximum rate of siliciclastic
sedimentation on the continental slope occurred dur-
ing transgression, not during the falling stage. They
explained this as the result of very low fluvial slopes
across the shelf that became exposed during the sea-
level falling stage and lowstand, resulting in sediment
accumulation and storage on the shelf during this
phase of the sea-level cycle. The sediment stored there
was mobilized and transported seaward by vigorous
marine processes during the subsequent transgressive
phases.

Highstand carbonate platform

/ and coastal clastic systems

Fig. 2.19 The stratigraphic
architecture of the late
Paleozoic continental margin,
central Texas, an example of
“reciprocal sedimentation”
(Galloway and Brown, 1973)
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2.3.3.1 Breaks in Sedimentation
in Carbonate Environments

Submarine erosion, and other processes, can gener-
ate breaks in sedimentation without any change in
sea level. This is particularly the case in carbonate
sediments, which are very sensitive to environmen-
tal change, and may develop drowning unconformities
(Schlager, 1989, 1992). They may be architecturally
similar to lowstand unconformities, and care must be
taken to interpret them correctly. They may, in fact,
represent an interval of slow sedimentation, with many
small hiatuses and interbedded with thin condensed
sections, indistinguishable on the seismic record from
actual unconformable breaks because of limited seis-
mic resolution. Schlager (1992) stated:

Drowning requires that the reef or platform be sub-
merged to subphotic depths by a relative rise that exceeds
the growth potential of the carbonate system. The race
between sea level and platform growth goes over a short
distance, the thickness of the photic zone. Holocene sys-
tems indicate that their short-term growth potential is
an order of magnitude higher than the rates of long-
term subsidence or of third-order sea level cycles ...
This implies that drowning events must be caused by

Hardground,
calcrets, /

Fig.2.20 The types of unconformity

sequence that develop,
depending on variations in the
rate of relative sea-level rise
and carbonate sediment
production (Jones and
Desrochers, 1992)

unusually rapid pulses of sea level or by environmental
change that reduced the growth potential of platforms.
With growth reduced, drowning may occur at normal
rates of rise.

Schlager (1992) pointed to such environmen-
tal changes as the shifts in the El Nifio current,
which bring about sudden rises in water tempera-
ture, beyond the tolerance of many corals. Drowning
can also occur when sea-level rise invades flat bank
tops, creating shallow lagoons with highly variable
temperatures and salinities, plus high suspended-
sediment loads due to coastal soil erosion. Oceanic
anoxic events, particularly in the Cretaceous, are
also known to have caused reef drowning. Schlager
(1992) suggested that two Valangian sequence bound-
aries in the Haq et al. (1987, 1988a) global
cycle chart may actually be drowning unconfor-
mities that have been misinterpreted as lowstand
events. He also noted the erosive effects of subma-
rine currents, and their ability to generate uncon-
formities that may be mapped as sequence bound-
aries but that have nothing to do with sea-level
change. The Cenozoic sequence stratigraphy of the
Blake Plateau, off the eastern United States, is

FLOODING
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SUBTIDAL
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dominated by such breaks in sedimentation that do not
correlate with the Exxon global cycle chart, but have
been interpreted as the result of erosion by the mean-
dering Gulf Stream.

2.3.3.2 Platform Carbonates: Catch-up
Versus Keep-up

The style of carbonate sequence-stratigraphy on the
platform is mainly a reflection of the balance between
sea-level rise and carbonate production, as summa-
rized in a review by Jones and Desrochers (1992).
Where sea-level fall exceeds subsidence rates, expo-
sure occurs, and karst surfaces may develop (Figs. 2.20
and 2.21). Rapid trangression, on the other hand, leads
to the development of condensed sections, and may
shut down the carbonate factory, resulting in a drown-
ing unconformity. Nutrient poisoning and choking by
siliciclastic detritus may also shut down the carbon-
ate factory at times of high sea level, and this can
also lead to the development of drowning unconfor-
mities, which may be mistaken for sequence bound-
aries (e.g., Erlich et al., 1993). James and Bourque
(1992) argued that poisoning and choking were the
processes most likely to cause a shut down of reef
sedimentation, because studies have indicated that
under ideal conditions vertical reef growth is capa-
ble of keeping pace with the most rapid of sea-level
rises.

Figure 2.21 illustrates the main variations in plat-
form architecture that develop in response to changes
in the controls noted above. Drowning during a rapid
rise in relative sea level is typically followed by back-
stepping. A slightly less rapid transgression may lead
to catch-up architecture. Here the sea-floor remains
a site of carbonate production, and as sea-level rise
slows, sedimentation is able to catch up to the new
sea level. Vertical aggradation characterizes the first
stage of the catch-up, but lateral progradation may
occur late in the cycle, when the rate of generation
of new accommodation space decreases. Shoaling-
upward sequences are the result.

A balance between sea-level rise and sediment-
production rates will lead to keep-up successions, in
which cyclicity is poorly developed. Eventually, typi-
cally at the close of a cycle of sea-level rise, carbonate
production may exceed the rate of generation of
accommodation space. This can lead to lateral progra-
dation, and highstand shedding of carbonate detritus
onto the continental slope.

As with coastal detrital sedimentation, autogenic
processes may generate successions that are simi-
lar to those that are inferred to have formed in
direct response to sea-level change. Pratt et al. (1992)
summarized the processes of autogenesis in peritidal
environments, where shallowing-upward cycles are
characteristic, as a result of short-distance transport
and accumulation of carbonate detritus. Lateral progra-
dation and vertical aggradation both may occur. Rapid
filling of the available accommodation space may lead
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Fig. 2.22 Comparison of the five major ways in which
sequences have been defined (Catuneanu, 2006, Fig. 1.7).
Depositional sequence II refers to the work of Posamentier et al.
(1988); Depositional sequence III is that of Van Wagoner et al.
(1990); Depositional sequence IV is the definition of Hunt and
Tucker (1992); Genetic sequence is the preferred approach of
Galloway (1989a) and T-R sequence represents the work of
Embry and Johannessen (1992)

to a shut-down of the carbonate factory until relative
sea-level rises enough to stimulate its reactivation. The
alternative to autogenesis is the invocation of a form of
rhythmic tectonic movement to generate the required
sea-level change, or Milankovitch mechanisms. As
Pratt et al. (1992) noted, the scale and periodicity of
tectonism required for metre-scale cycles has not yet
been demonstrated.

Base level

2.4 Sequence Definitions

One of the commonest complaints about sequence
stratigraphy is that it is “model-driven.” Catuneanu
(2006, pp. 6-9) summarized the various approaches
that have been taken to defining sequences, and argued
the case that the differences between the various
models is not important, so long as sequences are
described properly with reference to a selected stan-
dard model, with correct and appropriate recognition
of systems tracts and bounding surfaces. His compar-
ison diagram is reproduced here as Fig. 2.22, and the
suite of important surfaces that are used in sequence
and systems-tract definition is shown in Fig. 2.23. It
should be noted that in each of the sequence defi-
nitions shown in Fig. 2.22, a similar set of systems
tracts is shown in much the same relationship to each
other. Exceptions include the T-R sequence, which
makes use of a simplified definition of systems tracts,
and such differences as that between the “late high-
stand” of depositional sequence III and the “falling
stage” of depositional sequence IV. The major differ-
ence between the sequence models is where different
workers have chosen to place the sequence boundary.
In the original Exxon model (Vail et al., 1977) the
sequence boundary (commonly abbreviated as SB on
diagrams) was drawn at the subaerial unconformity
surface, following the precedent set by Sloss (1963),
an approach which readily permits the sequence
framework to be incorporated into an allostratigraphic
terminology, at least for coastal deposits, where the
subaerial erosion surface is readily mapped. Offshore

Events Surfaces

Fig.2.23 Stratigraphic
surfaces used in the definition
of sequences and systems
tracts, and their timing,
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may be a different story. The first model did not recog-
nize the falling-stage systems tract. The highstand of
one sequence was followed directly by the lowstand of
the next sequence, with the sequence boundary falling
between the two systems tracts. With the recognition
of the process of forced regression (Plint, 1988), the
forced regressive deposits could be assigned either to
a “late highstand” or to an “early lowstand.” Based
on assumptions about the changing rate of sea level
fall, the sequence boundary—the coastal equivalent
of the subaerial erosion surface—was placed at the
basal surface of forced regression (assumed com-
mencement of forced regression). This placement
of the sequence boundary is the basis for what
Catuneanu (2006) refers to as “depositional sequence
II” (Fig. 2.22). The problem with this definition is
addressed below. In addition, the early Exxon work
defined several different types of sequence-bounding
unconformity. Vail and Todd (1981) recognized
three types, but later work (e.g., Van Wagoner et al.,
1987) simplified this into two, termed type-1 and
type-2 unconformities, based on assumptions about
the rate of change of sea level and how this was
reflected in the sequence architecture. In the rock
record, they would be differentiated on the basis of
the extent of subaerial erosion and the amount of sea-
ward shift of facies belts. However, Catuneanu
(2006, p. 167) pointed out the long-standing
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confusions associated with these definitions and
recommended that they be abandoned. These types are
not discussed further in this book. Schlager (2005, p.
121) recommended the separate recognition of a third
type of sequence boundary, one which forms “when
sea level rises faster than the system can aggrade,
such that a transgressive systems tract directly overlies
the preceding highstand tract often with a significant
marine hiatus. ... Marine erosion frequently accentu-
ates this sequence boundary, particularly on drowned
carbonate platforms.”

Hunt and Tucker (1992) were amongst the first
(since Barrell!) to point out that during sea-level fall,
subaerial erosion continues until the time of sea-level
lowstand, with the continuing transfer of sediment
through clastic delivery systems to the shelf, slope
and basin, and with continuing downcutting of the
subaerial erosion surface throughout this phase. The
age of the subaerial erosion surface, therefore, spans
the time up to the end of the phase of sea-level fall,
a time substantially later than the time of initiation
of forced regression. The use of the basal surface of
forced regression as a sequence boundary, as in “depo-
sitional sequence II” is, therefore, not an ideal surface
at which to define the sequence boundary, although, as
Catuneanu (pers. com., 2009) reports, it is commonly
a prominent surface on seismic-reflection lines. In fact,
as Embry (1995) pointed out (see Fig. 2.24), there
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is no through-going surface associated with forced
regression that can be used to extend the subaerial
erosion surface offshore for the purpose of defining a
sequence boundary. He argued that “from my experi-
ence I have found that the most suitable stratigraphic
surface for the conformable expression of a sequence
boundary is the transgressive surface” (Embry, 1995,
p. 4). This meets his criterion—one which all strati-
graphers would agree with—that “one of the main
purposes of sequence definition [is] a coherent genetic
unit without significant internal breaks” (Embry, 1995,
p- 2). His preferred definition of sequences, the T-R
sequence, places the sequence boundary at the TR sur-
face, at the end of the phase of regression and the time
of initial transgression (Figs. 2.22 and 2.24). There is,
of course, a delay in time between the end of downcut-
ting of the subaerial erosion surface during the falling
stage, and the flooding of the same surface during
transgression. The results of the two processes may
coincide in the rocks, which is why this surface may
provide a good stratigraphic marker; but it is impor-
tant to remember that the surface is not a time marker,
but represents a time gap, with the gap decreasing in
duration basinward.

Highlighting the timing of development of the sub-
aerial erosion surface by Hunt and Tucker (1992) also
served to highlight the inconsistency of assigning the
main succession of submarine fan deposits on the basin
floor to the lowstand systems tract, as shown in the Vail
et al. (1977) and Posamentier et al. (1988) models, in
which these deposits are shown resting on the sequence
boundary. Notwithstanding the discussion of the Hunt
and Tucker (1992) paper by Kolla et al. (1995), who
defended the original Exxon models, this is an incon-
sistency that required a redefinition of the standard
sequence boundary. It is now recognized that in the
deep offshore, within submarine-fan deposits formed
from sediment delivered to the basin floor during a
falling stage, there may be no sharp definition of the
end of the falling stage nor of the turn-around and sub-
sequent beginning of the next cycle of sea-level rise
and, therefore, no distinct surface at which to draw the
sequence boundary. The boundary here is a correla-
tive conformity, and may be very difficult to define in
practice.

An alternative sequence model, termed the genetic
stratigraphic sequence (Fig. 2.22), was defined
by Galloway (1989a), building on the work of
Frazier (1974). Although Galloway stressed supposed

philosophical differences between his model and the
Exxon model, in practice, the difference between them
is simply one of where to define the sequence bound-
aries. The Exxon model places emphasis on subaerial
unconformities, but Galloway (1989a) pointed out
that under some circumstances unconformities may
be poorly defined or absent and, in any case, are not
always easy to recognize and map.

Galloway’s (1989a) preference is to draw the
sequence boundaries at the maximum flooding surface,
which corresponds to the highstand downlap surfaces.
He claims that these surfaces are more prominent in the
stratigraphic record, and therefore more readily map-
pable. Galloway’s proposal has not met with general
acceptance. For example, Walker (1992) disputed one
of Galloway’s main contentions, that “because shelf
deposits are derived from reworked transgressed or
contemporary retrogradational deposits, their distribu-
tion commonly reflects the paleogeography of the pre-
cursor depositional episode.” Galloway (1989a) went
on to state that “these deposits are best included in
and mapped as a facies element of the underlying
genetic stratigraphic sequence.” However, as Walker
(1992) pointed out, most sedimentological parameters,
including depth of water, waves, tides, basin geome-
try, salinity, rates of sediment supply, and grain size,
change when an unconformity or a maximum flooding
surface is crossed. From the point of view of genetic
linkage, therefore, the only sedimentologically related
packages lie (1) between a subaerial unconformity and
a maximum flooding surface, (2) between a maximum
flooding surface and the next younger unconformity, or
(3) between a subaerial erosion surface and the over-
lying unconformity (an incised-valley-fill) (Walker,
1992, p. 11).

However, some workers have found Galloway’s use
of the maximum flooding surface much more conve-
nient for sequence mapping, for practical reasons. For
example, it may yield a prominent gamma-ray spike
in wireline logs (Underhill and Partington, 1993a),
or it may correspond to widespread and distinctive
goniatite bands (Martinsen, 1993), or it may provide
a more readily traceable marker, in contrast to the
surface at the base of the lowstand systems tract,
which may have irregular topography and may be
hard to distinguish from other channel-scour surfaces
(Gibling and Bird, 1994). In nonmarine sections it
may be hard to find the paleosol on interfluves that
correlates with the sequence-bounding channel-scour
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1. Progradation ~ “highstand”

2. Decline ~ “late highstand”
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4. Subsidence = “transgression”
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3. Abandonement ~ “falling stage”

[ ] delta distributaries
l:l marsh/backswamp

levee

Fig. 2.25 The development and abandonment of delta lobes in
a river dominated, Mississippi-type delta (e.g., see Fig. 7.5),
based on detailed analysis of the Mississippi delta system by
Boyd and Penland (1988). In stage 1, progradation develops an
upward-shoaling deltaic succession. Abandonment, followed by
subsidence (resulting from compaction) cause the upper layers
of the succession to be reworked (stage 2), resulting in the devel-
opment of an extensive barrier island system (stage 3). Finally,

surface (Martinesen, 1993). In some studies (e.g.,
Plint et al., 1986; Bhattacharya, 1993) it has been
found that ravinement erosion during transgression has
removed the transgressive systems tract, so that the
marine flooding surface coincides with the sequence
boundary.

Finally, a word about the parasequence. Proposed
originally as part of a hierarchy of terms, the bed,
bedset, parasequence, parasequence set, and sequence
(Van Wagoner et al., 1990; see Table 4.2), the parase-
quence has become a source of confusion, as noted
above (Sect. 2.2.2). The shingles that compose many
deltaic successions (e.g., see Fig. 2.9) are shoaling-
upward successions bounded by flooding surfaces, and
therefore fit the definition of parasequences. They
are commonly the product of a process of auto-
genic delta switching, as illustrated in Fig. 2.25. This

|:| distributary mouth
I:I beach/barrier
I:l shelf shoal

the deposit undergoes transgression and is covered by marine
shale (stage 4). Repetition of this succession of events when a
new delta lobe progrades back over the older deposit results in
shoaling upward successions bounded by transgressive flooding
surfaces, that is, parasequences. In this case, however, they are
clearly of autogenic origin. Systems-tract designations for each
of the four stages are indicated in parenthesis

has been demonstrated to be the case in the exam-
ple of the Dunvegan delta illustrated in Fig. 2.9
(Bhattacharya, 1991). The shingles and their bound-
ing flooding surfaces are therefore local in distribu-
tion, and their development has little, if anything,
to do with the allogenic mechanisms that generate
sequences. However, to apply to these successions
a term that contains the word ‘“sequence” in it is
inevitably to introduce the implication that they are
allogenic in origin and constitute regionally correlat-
able units. The correct interpretation clearly depends
on good mapping to determine the extent and corre-
latability of each shingle, andit would seem advisable
not to use a term in a descriptive sense that carries
genetic implications. As noted earlier (Sect. 2.2.2), this
author recommends abandoning the term parasequence
altogether.
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3.1 Introduction

A variety of supplementary methods that have evolved
for assessing regional and global sea-level changes
directly from the stratigraphic record. These include
the following:

* Analysing and correlating facies cycles.

* The mapping of changes in stratigraphic volumes
or areas covered by successions of a specified age
range as an indication of transgression and regres-
sion and changing rates of subsidence.

e The use of hypsometric curves to plot broad
changes in continental elevation and eustatic sea-
level changes.

* The study of paleoshorelines.

* Graphical and numerical methods for the documen-
tation and analysis of the metre-scale cycles that
are very common in some parts of the stratigraphic
record (e.g., certain lacustrine and shelf-carbonate
successions).

A.D. Miall, The Geology of Stratigraphic Sequences, 2nd ed.,

As discussed in several places in this book, one of
the principal problems with the assessment of causal-
ity is that there are no absolute reference frames for
the calibration of sea-level change. The vertical move-
ments of sea level can only be measured by the strati-
graphic record left on Earth’s crust, but the crust itself
is in constant vertical motion, driven by mantle and
lithospheric processes (Burton et al., 1987; Sahagian
and Watts, 1991). Much of this book deals with the
strategies earth scientists have evolved in their attempts
to attack and overcome this problem.

3.2 Facies Cycles

Vertical changes in lithofacies and biofacies have long
been used to reconstruct temporal changes in depo-
sitional environments and, with the aid of Walther’s
Law, to interpret lateral shifts in these environments.
Such an approach comprises the basis of the method
of facies analysis, as discussed at length in many text-
books (e.g., Miall, 1999, Chap. 4) and review articles
(e.g., Wanless, 1991). A single example of lithofacies
and biofacies analysis will suffice. Other examples are
illustrated elsewhere in this report.

Heckel (1986) presented a basic depositional model
for the so-called “Kansas cyclothem”, and for the
environments of deposition occurring on a gently slop-
ing tropical shelf (Fig. 3.1). Beds representing each
of these environments are extraordinarily widespread,
indicating shifts of environments of hundreds of kilo-
metres. Black, phosphatic shales with conodonts indi-
cate the deepest marine environments. Skeletal and
algal wackestones and grainstones were deposited
in shallow marine settings, whereas sandstones and
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Fig.3.1 (a) The typical
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coals indicate nonmarine and marginal-marine set-
tings. The vertical arrangement of these facies indi-
cates transgression and regression. As illustrated in
Fig. 11.18, Heckel (1986) and Boardman and Heckel
(1989) were able to develop a sea-level curve for
part of the Pennsylvanian by correlating these cycles
and their contained facies changes across the U. S.
mid-continent from Texas to Iowa.

In the foreland basin of the U. S. Western Interior,
Weimer (1986) listed the following criteria for recog-
nizing sea-level changes in the stratigraphic record:

. Progradational shoreline deposits with incised
drainage, with overlying marine shale.

. Valley-fill deposits (of incised drainage system)
overlying marine shale:

A. root zones at or near base of valley-fill sequence.
B. Paleosol on scour surface.

. Unconformities within the basin:

| MEMBERS |

. Missing faunal zone (except where absent for
paleoecological reasons).
. Missing facies in a normal regressive succession
(e.g., shoreface or delta-front sandstone).
Paleokarst with regolith or paleosoil.
Concentration of one or more of the following
on a scour surface: phosphate nodules, glau-
conite, recrystallized shell debris to form thin
lenticular limestone layers.

Thin, widespread coal layer overlying marine
regressive delta-front sandstone deposits (indicat-
ing rising sea level).

A spectrum of short- and longer-term sea-level
changes was documented, mainly in Europe and
North America, by McKerrow (1979), based on pale-
obathymetric interpretations of brachiopod communi-
ties (Fig. 3.2). In the Ordovician and Silurian, marine
shelf faunas consisted mainly of brachiopods, trilo-
bites, corals, stromatoporoids and bryozoans. These
comprise what is informally termed the shelly fauna.
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Fig. 3.2 Depth changes on three continents during the
Ordovician and Silurian. Symbols at head of column: S->D,
shallow->deep; TLEPSCD, transgression, Lingula, Eocoelia,
Pentamerus, Stricklandia, Clorinda, regression (see text for
explanation). Symbols on graphs: E, eustatic; C, continental; L,

It contrasts with the graptolitic fauna of deeper-water,
continental-slope, and abyssal oceanic environments.

Several authors have attempted to subdivide lower
Paleozoic shelf faunas into depth-controlled communi-
ties. Ziegler (1965) and Ziegler et al. (1968) recognized
five brachiopod-dominated assemblages in the early
Silurian, which he named after typical genera. They
are Lingula, Eocoelia, Pentamerus, Stricklandia, and
Clorinda, in order of increasing water depth. These
communities map out in bands parallel to the shore
in shelf sequences in Wales, the Appalachian Basin,
New Brunswick, and Iowa (McKerrow, 1979). The
communities are not related to distance from shore as
the shelf width varies from 5 to more than 100 km,
and they are not related to sediment character, as each
community occurs in various rock types. However,
Cant (1979) has observed that storms can redistribute
shallow-water fossil assemblages into deep water, and
so some caution must be used in interpreting these
data.

Ziegler’s faunal differentiation has been established
for the Upper Ordovician and the remainder of the

[IT[[[{ []ILD{T]WW }[[g'LH PH[ I TI_._L_LU1 m%_

local; T, transgression; R, regression; U, uplift; D, deepening.
Open circles indicate uncertainty of depth and/or age. Dashed
lines indicate terrestrial, unfossiliferous, or very deep environ-
ments that do not yield good depth control (McKerrow, 1979)

Silurian in a few areas. Sea-level changes over the
shelf should be accompanied by lateral shifts in these
communities, which should be recognizable in vertical
sections through the resulting sediments. McKerrow
(1979) used this approach, plus supplementary facies
data, to construct depth-change curves for the Middle
Ordovician to Early Devonian in 13 locations in
Europe, Africa, North America and South America.
The results are shown in Fig. 3.2. Some of the depth
changes can be correlated between many of the regions
examined and may reflect eustatic sea-level changes.
Others are more local in scope and were probably
caused by regional tectonic events.

McKerrow (1979) distinguished two types of
eustatic depth change, slow and fast. Slow changes
occurring over a few millions or tens of millions
of years include the rise in sea-level during the
Llandovery and the fall in the Ludlow and Pridoli.
The slow rise and fall during the Silurian took about
40 million years to complete. Fast changes include
the rapid rise in latest Llandeilo and earliest Caradoc
time, a short-lived fall at the end of the Ashgill, and a
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rise and fall at the beginning of the late Llandovery.
These rapid changes were of 1-2 million years
duration.

Examples of sequence analysis of stratigraphic sec-
tions based on facies studies are given in Figs. 5.12,
6.1, 7.12, 7.15, and 7.17. Sequence boundaries typi-
cally are identified at unconformities, or at transgres-
sive surfaces, where deepening took place.

In the subsurface, it may be necessary to rely
on petrophysical logs to define sequences. The vari-
ous components of the sequences may have distinc-
tive log characteristics (“log motifs”), which aid in
sequence definition, especially if the logs can be cal-
ibrated against one or more cores through the suc-
cession. For example, condensed sections commonly
are revealed by gamma-ray spikes. Cant (1992) and
Armentrout et al. (1993) described the methods of
analysis. Armentrout et al. (1993) used grids of seis-
mic lines and suites of petrophysical logs tied to the
seismic cross-sections to correlate Paleogene deposits
in the North Sea, and demonstrated that errors in cor-
relation of up to 30 m could occur when markers were
traced around correlation loops. In this area wells are
up to tens of kilometres apart, and such large errors are
not expected in mature areas such as the Alberta Basin
or the Gulf Coast.

3.3 Areas and Volumes of Stratigraphic
Units

In principle, the rising and falling of sea level should
be recorded by transgressive and regressive deposits,
leaving a record of shifting strandlines and of onlap
and offlap. A simple measurement technique for track-
ing these events is to document the changes in the area
of the basin or craton underlain by units of successive
age. Sloss (1972) employed this procedure to com-
pare the stratigraphic record of the Western Canada
Sedimentary Basin and the Russian Platform (Fig. 3.3).
As he noted, “the area covered by a given stratigraphic
unit is determined by the maximum area of original
deposition less the area of post-depositional erosion
of sufficient magnitude to remove the unit” (Sloss,
1972, p. 25). The record of transgression tends to be
better preserved than that of regression, because ear-
lier transgressive deposits are covered by later deposits
and thereby preserved, whereas during regression there
is the tendency for the deposits to be exposed and
eroded. Also, “the discovery of an isolated fault block,
or diatreme xenolith, or glacial erratic, can shift the
purported extent of late-cycle seas by hundreds of kilo-
metres and alter the supposed maximum elevation of
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Fig. 3.3 Comparison of the areal extent of a series of
Phanerozoic time slices on the Russian Platform and in the
Western Canada Sedimentary Basin. The maps were derived by

measuring the area covered by the deposits in a series of stan-
dard map areas contained in paleogeographic atlases for the two
areas (Sloss, 1972)
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sea level by tens to hundreds of metres” (Sloss, 1979,
p- 462). Given these constraints, nevertheless, Sloss
(1972, 1979) found considerable similarities between
the stratigraphic sequences of the Western Canada
Sedimentary Basin and the Russian Platform

In order to reduce the error inherent in the anal-
ysis of thin feather-edge cratonic remnants, Sloss
(1979) turned to intracratonic and pericratonic basins,
as representing loci of more continuous subsidence.
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Fig. 3.4 Volume of sediment preserved per unit time in
six Mesozoic-Cenozoic basins. TR=Triassic, J=Jurassic,
K=Cretaceous, P=Paleocene, E=Eocene, O=Oligocene,
M=Miocene (Sloss, 1979)

Figure 3.4 shows the volume of sediment preserved per
unit time in six Mesozoic-Cenozoic basins in various
tectonic settings. The four basins that yielded data on
the Triassic-Early Jurassic period indicated a marked
acceleration of subsidence in the Late Triassic or Early
Jurassic, and there are also peaks in the mid Jurassic
and mid- to Late Cretaceous. These data are combined
into a single plot in Fig. 3.5, in which the volume/rate
data for each basin have been normalized as a per-
cent of the median rate for each basin and plotted at
successive 10 million years increments. The smoothed
trend shows a series of cycles about 50 million years
long, which are presumably the result of interregional
or global processes.

A more recent application of these techniques was
presented by Ronov (1994), based on Russian pale-
ogeographic atlases. This work generated a global
“first-order” sea-level curve similar to that of Vail et al.
(1977), but the method is not suitable for application
to more detailed studies because of the coarse scale of
stratigraphic resolution in the published atlases.
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Fig. 3.5 Average Mesozoic-Cenozoic subsidence rates of the
six basins shown in Fig. 3.4 (Sloss, 1979)

3.4 Hypsometric Curves

A hypsometric (or hypsographic) curve is defined as
“a cumulative frequency profile representing the sta-
tistical distribution of the absolute or relative areas of
the Earth’s solid surface (land and sea floor) at vari-
ous elevations above, or depths below, a given datum,
usually sea level” (Bates and Jackson, 1987). Using a
planimeter and an equal-area projection, the amount
the sea advanced across a continent during any partic-
ular time interval can be derived from paleogeographic
maps and compared with the curve derived from the
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Fig. 3.6 Hypothetical hypsometric curves and various points
showing percentages of continental area flooded during a trans-
gression. Solid points: these all fall at the same elevation, indi-
cating a transgression due to sea-level rise without subsequent
change in continental hyposmetries. Open circles: transgres-
sion followed by substantial change in continental hypsometries
(Bond, 1978)

present continent (Burton et al., 1987). Bond (1976)
developed a method of using hypsometric curves for
distinguishing between sea-level changes and vertical
motions of large continental surfaces. The principal is
illustrated in Fig. 3.6. Application of the technique is
rendered difficult by the large number of generaliza-
tions that must be incorporated. The same difficulties
arise as those encountered by Sloss (1972, 1979) in
using map distributions, and there is the difficulty in
allowing for changes in continental hypsometry over
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Fig. 3.7 Percentage of flooding plotted on continental hypso-
metric curves. Af: Africa, Au: Australia, Eu: Europe, In: India,
NA: North America, SA: South America. “Europe adjusted” is
the curve for Europe with the area south of the Alpine collision
zone excluded. Albian: open squares, Late Campanian to early
Maastrichtian: solid squares, Eocene: triangles, Miocene: open
circles (Bond, 1978)

geological time because of plate-tectonic effects (e.g.,
crustal stretching and thickening).

Bond (1976) was able to demonstrate differences
that developed in continental elevations between the
major continental blocks during the mid-Cretaceous
to Miocene, and also estimated actual (eustatic) sea-
level changes during that time. The results are shown
in Figs. 3.7 and 3.8. In Fig. 3.7, the percentages
of the continental areas of several continents flooded
during several successive time periods are indicated.
Assuming no change in continental hypsometry since
the time indicated, the rise in sea level required
to bring about this percentage of flooding may be
read off the graph. These estimates are then replot-
ted in Fig. 3.8a. Clusters of three or four continen-
tal points occur at each time period, the close cor-
relation between them suggesting eustatic sea-level
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Fig. 3.8 (a) Sea-level elevations read off the curves in Fig. 3.17. (b) After corrections (black circles, corrections are explained in
the text), clusters are apparent which suggest eustatic sea-level changes (Bond, 1978)
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changes. However, Africa appears as an anomaly in
the Campanian-Maastrichtian, Eocene and Miocene
columns, and there is a scatter of points in the Albian
column. Bond (1978) suggested that Africa has been
uplifted since the Miocene. A 90-m lowering of the
Africa point, to the middle of the Miocene cluster
(point Af’) does not restore the Africa point to the
middle of the Eocene cluster, suggesting an Eocene-
Miocene uplift in the order of 210 m (point Af”). Other
corrections are also indicated in Fig. 3.8b. Bond (1978)
concluded that the final clusters indicate overall gen-
eralized changes in global sea level, a rise from the
Albian to a maximum of about 150 m above present in
the Campanian-Maastrichtian, followed by a gradual
fall. It is also clear from these data that the continents
have moved vertically independently of each other
through Phanerozoic time.

More recent work on hypsometric curves was sum-
marized by Burton et al. (1987). They concluded that
although the technique is useful in providing general
estimates of long-term changes in sea level there are
too many uncertainties to permit its use for determin-
ing detailed, short-term changes. A long-term sea-level
curve for the Paleozoic was published by Algeo and
Seslavisnsky (1995) based on analysis of recent pale-
ogeographic syntheses. They demonstrated significant
differences in the flooding histories of the major con-
tinents, and used the results to refine and calibrate
the long-term trends indicated by the work of Hallam
(1984) and Hagq et al. (1987, 1988a). Some causes for
the variation in continental elevations over time are
discussed in Chap. 9.

3.5 Backstripping

Backstripping is a technique for performing detailed
analysis of subsidence and sedimentation of a basin.
The initial purpose of this type of analysis was to reveal
tectonic driving mechanisms of basin subsidence. The
analysis consists of progressively removing the sedi-
mentary load from a basin, correcting for compaction
(plus lithification, if necessary), paleobathymetry, and
changes in sea-level, and calculating the depth to base-
ment. The load may be fitted to an Airy-type or flexural
subsidence model, depending on the tectonic setting of
the basin, and the residual subsidence that is revealed
can then be related to thermal behavior and changes

with time in crustal properties. The technique was
developed by Sleep (1971) and was first explored in
detail by Watts and Ryan (1976). Steckler and Watts
(1978) applied the McKenzie (1978) stretching model
to offshore stratigraphic data from the continental mar-
gin off New York, and Sclater and Christie (1980)
applied the techniques to an analysis of the North Sea
Basin, in papers that have become standard work on
the subject.

A subsidence curve can be predicted from a knowl-
edge of the tectonic setting of a basin. Departures
from the curve can then be interpreted in terms of one
or more of the “corrections” that are applied during
the analysis, in particular, tectonic events and changes
in water depth. Water depth in part represents a bal-
ance between subsidence and sedimentation rate, but
is also affected by sea-level change. If accurate esti-
mates of water depth during sedimentation can be
determined, changes in sea level may then be isolated.
For deep-water sediments this is difficult because of
the imprecision of paleoecological and other methods
of estimating this parameter (Dickinson et al., 1987).
However, for shallow-water sediments, such as shelf
clastics and platform carbonates, depth corrections are
small enough that major changes in sea level may
become apparent.

The procedure for backstripping a sedimentary
basin starts with the division of the stratigraphic col-
umn into increments for which the thickness and age
range can be accurately determined (Fig. 3.9). These
time slices are then added to the basement one by
one, calculating the original decompacted thickness
and bulk density, and placing its top at a depth below
sea-level corresponding to the average depth of water
in which the unit was deposited. Figure 3.9 illustrates
schematically what happens when a basement surface
is loaded with sediment and water. In order to accu-
rately reconstruct subsidence history, these events are
deconstructed into discrete steps to to t4. Note how at
each time step each unit is reduced in thickness as it is
loaded by overlying sediments. Also note changes in
water depth with time, due to changes in elevation of
the sea floor, sea level and sedimentation.

Subsidence history means the changing elevation
with time of the basement surface. An accurate recon-
struction of the changing position of this surface,
therefore, requires us to be able to reconstruct these
three factors, (1) compaction, (2) water depth, and (3)
sea level.
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Fig. 3.9 Time slices in the
subsidence history of a basin. t
Note that water depth, 0

sea level attime t, to t,
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compaction all vary with time.

depth

Each increment of sediment is
compacted beneath the weight
of successive increments, and
this effect must be removed
for each time slice in the
backstripping procedure (from
Mayer, 1987)

_

Compaction may be estimated by measuring
changes in porosity with depth. Porosity measure-
ments may be made in the laboratory from core plugs,
and they may also be estimated from petrophysical
logs. Figure 3.11 illustrates a set of measurements of
this parameter that were made in the 1970s, when
quantitative studies of subsidence history were first
conducted. Note the substantial reduction of porosity
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Fig. 3.10 The basic relationships between a loaded sedi-
mentary section and an unloaded, or backstripped, section.
Wd=water depth during deposition of given sedimentary unit,
S*=total sediment thickness, pm, ps, pw=density of mantle,
sediment and water, Y=depth of water with no sediment load,
Agp.=incremental eustatic change in sea-level (from Steckler
and Watts, 1978)

with depth, from >50% to about 10% at depths of
4 km. Compaction varies with lithology, being substan-
tial in mud-dominated successions, and considerably
less in sandstone and limestone successions, partic-
ularly the latter, which may be lithified soon after
deposition.

Water depth during sedimentation is difficult to esti-
mate. Benthic-fossil assemblages, trace-fossil assem-
blages and some sedimentary facies are depth-
dependent (Fig. 3.12), but the indications are impre-
cise.

Sea-level changes are even more difficult to esti-
mate. As discussed in Chap. 1, throughout the history
of geological research there has been a search for reg-
ularity and cyclicity in geological processes, which
has included several attempts to reconstruct sea-level
change through the geological past. The most recent
and most well known of these was the attempt by Peter
Vail of Exxon Corporation to develop a sea-level curve
based on analysis of reflection-seismic records. His
curve was popular and widely used for more than a
decade, but has now been shown to be suspect. This is
discussed in Chap. 12.

Given the necessary corrections and adjustments,
the isostatic subsidence caused by the weight of the
first sedimentary unit can then be calculated, and
the depth to the surface on which the sediment was
deposited is calculated with only the weight of the
water as the basement load (Fig. 3.10). The second unit
is then added and adjusted in the same way. The thick-
ness and bulk density of the first unit are adjusted in
accordance with the depth of burial beneath the second
unit, and so on up the column. An example of the pro-
cedure is shown in Fig. 3.13. In this figure, only two
layers, a and b, are shown. The first step (column 3)
is to remove layer b. The top of layer (a) is then posi-
tioned according to the estimate of the water depth at
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Fig.3.13 The backstripping 1 2 3 4 5
procedure, showing the steps Initial Present Removal Decompaction Subsidence
required to determine the basement position of layer (b) of (a) due to
subsidence due to unit (a). position tectonism

This can be broken down into feane
the subsidence due to the

present sea level

.".."-"."...-..".".."o"-."."o."."..“.".".."."lo.

sediment load, S, and the
subsidence due to the tectonic
driving force, S; (Célérier,

1988)

basement

the time of deposition (W4) and also correcting for the
estimated difference in sea-level relative to the present
day (Agp). Unit (a) is then decompacted according to
the estimated or measured changes in porosity and the
base of the unit moved down to the appropriate level
(column 4 in Fig. 3.13). The level of the basal con-
tact then indicates the depth from the original surface
which the basement had reached (Y{) at time t, at the
end of the deposition of unit (a). The compacted thick-
ness of this layer (S¢) corresponds to the sediment load,
and the remainder of the subsidence, S;, then corre-
sponds to the subsidence due to the tectonic driving
force. Repeating this procedure for each layer in turn
corresponds to the incremental unloading from t4 to to
shown in Fig. 3.9.

An example of the application of this method to
the study of sea-level change was given by Bond and
Kominz (1984). These authors were concerned with
evaluating the tectonic evolution of the early Paleozoic
Cordilleran miogeocline of western Canada—the for-
mer continental margin. An outcome of their analy-
sis was a model of the geometry of the continental
margin based on flexural subsidence, following the
methods of Watts (1981) (Fig. 3.14). A restored cross-
section of the margin shows that the flexural model
does not predict a basin as deep as that indicated by
the cross-section. Also, the sediment wedge extend
much further onto the craton than can be explained
by a flexural-subsidence model (Fig. 3.14). Bond and
Kominz (1984) suggested that thermal subsidence may
have been underestimated, and could account for the

water

sediment

greater-than-predicted thickness, and that a regional
transgression caused by eustatic sea-level rise during
the Middle Cambrian to Early Ordovician must have
been responsible for depositing the thin sediment blan-
ket that extends for several thousand kilometres onto
the craton.

Bond and Kominz (1991a) and Kominz and Bond
(1991) subsequently reported a detailed comparison
of early-mid Paleozoic subsidence curves for various
continental-margin and intracratonic basins in North
America. They suggested that sea-level changes could
be isolated by studying the subsidence history of Iowa,
a central, highly stable area of the craton which is
unlikely to have been affected by any tectonism dur-
ing this period. This analysis identified three episodes
of sea-level rise (Fig. 3.15). Their so-called “Towa
baseline curve” was then subtracted from other curves
derived from basinal settings. The plots that resulted
could still not be fitted to exponential McKenzie-type
subsidence curves, as would have been expected from
the tectonic setting of the basins. Additional subsi-
dence is indicated, which the authors related to long-
wavelength flexural subsidence induced by intraplate
stress, a mechanism discussed in Chap. 10. This result
is of considerable importance, because intraplate stress
has been proposed as a mechanism that may be capa-
ble of generating stratigraphic architectures similar to
those arising from eustatic sea-level changes over large
continental areas (Cloetingh, 1988). This observation
adds to the questions about the origins and significance
of the Exxon global cycle charts (Chap. 12).
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Fig. 3.14 The Cambrian-Ordovician continental margin of
western Canada. Comparison of a restored cross-section (below)
with a hypothetical model based on flexural loading of stretched

As discussed below, one of the best places to
study sea-level changes is at paleoshorelines, where
stratigraphic units thin against stable cratonic areas.
This approach guided the choice of Iowa as a “base-
line” in the work of Bond and Kominz. Sahagian and
Holland (1991) followed a similar approach in their
use of stratigraphic data from the Russian platform
to develop a eustatic curve by backstripping proce-
dures. By avoiding areas of active subsidence, the
need for complex corrections of doubtful accuracy is
eliminated. However, even stable continental interiors
are subject to vertical motions. The work of Gurnis
(1988, 1990, 1992) and Russell and Gurnis (1994)
has demonstrated that the entire surface of Earth,
including continents and the floor of the oceans, is
subject to broad, gentle epeirogenic movements driven
by thermal effects of deep-seated mantle processes.
Gurnis refers to this characteristic of Earth’s surface
as dynamic topography, a topic discussed at greater
length in Chap. 9. The important point to note here is
that this work demonstrates that no single location can
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crust (above). Inverted Vs indicate well locations (Bond and
Kominz, 1984)

be used as a reference location for assessing eustatic
sea-level variations.

Attempts have been made to extract additional
local and regional detail from one-dimensional vertical
profiles using more elaborate backstripping methods.
The techniques were described by Bond et al. (1989)
and Bond and Kominz (1991b), and were also illus-
trated by Osleger and Read (1993), and consist of
a series of reductions of the primary data. The first
step, termed R1 analysis, comprises construction of the
decompacted, delithified subsidence curve following
procedures summarized above. Next, an exponential
subsidence curve is fitted to the R1 curve using least-
squares methods. This step is, of course, designed for
use where tectonic subsidence is driven by thermal
relaxation mechanisms acting over a scale of tens of
millions of years, and builds in the assumption that
the subsidence follows a simple exponential path. The
R2 curve consists of the residuals derived by extract-
ing the exponential curve from the R1 curve. The
resulting R2 curve represents the external changes in



3 Other Methods for the Stratigraphic Analysis of Cycles of Base-Level Change

88
SAUK |  TIPPECANCE | KASKASKIA |
CAMBRIAN ORDOVICIAN SiL DEVONIAN Miss PENN
mz|l = |2 = ol|lplc o Q| |3 @@ =
. 1
“SEA LEVEL" CURVES RELATIVE TO IOWA
CRATON CORRECTED FOR WATER LOADING
300 —
AXIMUM
§i MID DEVONIAN -
LATE MISSISSIPPIAN
200 —
4
] LATE CAMBRIAN- MID ORDOVICIAN-
u ~] EARLY ORDOVICIAN MID SILURIAN
\ ” s MINIMUM
100 - -_1 KASKASKIA I,
? X
= ?
0
0 500 450 400 300 MA
0 ! : —t— {
| : | siincon | I K kl k
Wapsipincon / Eezml.; %
T Godar Valey 4 S:'nt Eiouis
i
o Mt Simon Up. Cedar V. Spergen
& 250 —fBonneterre 3 Lime Creek Warsaw
= Davis = ISt Peter Sheffield i St Genevieve
g St. Lawrence g ;Glenwood | , Aplingtor Maple Hil
_|Jordan € Decora A i | Prospect Hill
1 2 iPlatteville Silurian § i Hampton
; S {Galena A Gilmore City
s ; Maquoketa ; =
R1 CURVE FOR IOWA CRATON (16) — MINIMUM
C _—Eror Bars
IOWA BASELINE - R AL
FRASNIAN THROUGH VISEAN MIDPOINT
(180 METERS FOR MIDPOINT) :
~ MAXIMUM

Fig. 3.15 Subsidence curve for Iowa (lower curve), from which a sea-level curve (upper curve) has been derived by correcting for

sediment and water loading (Bond and Kominz, 1991a)

accommodation superimposed on the thermal subsi-
dence (Fig. 3.16). These changes may be of tectonic
and/or eustatic origin, and typically have wavelengths
in the million-year range. Comparison of R2 curves
from different sections may yield important informa-
tion on the extent of specific accommodation events.
For example, Fig. 3.17 illustrates a set of R2 curves

derived for Cambrian sections on the passive west-
ern margin of North America. Most of the peaks and
troughs can be correlated, suggesting that they are of
eustatic origin. A further reduction, termed R3 anal-
ysis, fits a polynomial to the R2 curve and plots the
residuals. The result is a reflection of the local depar-
tures from high-frequency changes in accommodation
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Fig.3.16 RI1 and R2 curves for Cambrian succession at Mount Wilson, Alberta, which consists of a series of “grand cycles” (Bond

and Kominz, 1991b)

space, that may be useful in clarifying differences
between curves resulting from changes in facies.

An evaluation of the many sources of error in these
methods, including inaccurate subsidence curves and
imprecision in correlation of the sections, indicates that
the form of the R2 and R3 curves provides a useful
general indication of the changes in accommodation
with time, but that they cannot yield accurate mea-
surements of the magnitudes of accommodation events
(Bond et al., 1989). It seems likely that these meth-
ods would only work well for carbonate sediments
because, given conditions suitable for the “carbonate
factory” to develop, carbonate facies and thicknesses
more are sensitive to changes in water depth, whereas
in the case of clastic sediments external factors of sed-
iment supply and current dispersion affect resulting
thicknesses, and would tend to complicate higher-order
data reduction (certainly at the level of R3 analysis).

An alternative approach is to study sediments that
are always formed at or near sea level, namely
shallow-water carbonates. A special application of
backstripping procedures was reported by Lincoln and
Schlanger (1991). They documented unconformities
and solution surfaces that occur in carbonates compris-
ing the platform on which Enewetak and Bikini Atolls

are built in the South Pacific Ocean. Gradual subsi-
dence of the atolls, driven by the weight of the sed-
iment and the thermal subsidence of the oceanic crust
beneath, has preserved a stratigraphic record extending
back to the Eocene. Periodic sea-level falls exposed
the atoll surfaces, leading to diagenetic changes and
the development of karst surfaces. Unless significant
erosion takes place during such intervals of expo-
sure, these surfaces are preserved upon subsequent
sea-level rise, and provide a record of sea-level his-
tory. Figures 3.18 and 3.19 illustrate the principals
in the use of atoll stratigraphy to document sea-level
change, and Fig. 3.20 illustrates the stratigraphy of
the drill holes that were used in their study. Part of
the record may be lost to erosion, and reconstruction
of the curve depends on the ability to date the sedi-
ments accurately and to determine subsidence histories
and 