Stratig

A Modern Synthesis

@ Springer




Stratigraphy: A Modern Synthesis



Andrew D. Miall

Stratigraphy: A Modern
Synthesis

@ Springer



Andrew D. Miall
Department of Geology
University of Toronto
Toronto, ON

Canada

ISBN 978-3-319-24302-3 ISBN 978-3-319-24304-7 (eBook)
DOI 10.1007/978-3-319-24304-7

Library of Congress Control Number: 2015952024

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been
made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(Www.springer.com)



“For Meredith, Henry and Owen”



The stratigraphic record is the major repository of information about the geological history of
Earth, a record stretching back for nearly 4 billion years. Stratigraphic studies fill out our
planet’s plate-tectonic history with the details of paleogeography, past climates, and the record
of evolution, and stratigraphy is at the heart of the effort to find and exploit fossil-fuel resources.

The exploration of this history has been underway since James Hutton first established the
basic idea of uniformitarianism toward the end of the eighteenth century, and William Smith
developed the stratigraphic basis for geological mapping a few decades later. Modern strati-
graphic methods are now able to provide insights into past geological events and processes on
time scales with unprecedented accuracy and precision, and have added much to our under-
standing of global tectonic and climatic processes. But it has taken 200 years and a modern
revolution to bring all the necessary developments together to create the modern, dynamic
science that this book sets out to describe.

It has been a slow revolution, but stratigraphy now consists of a suite of integrated concepts
and methods, several of which have considerable predictive and interpretive power. It is
argued in Chap. 1 of this book that the new, integrated, dynamic science that stratigraphy has
become is now inseparable from what were its component parts, including sedimentology,
chronostratigraphy, and the broader aspects of basin analysis. In this chapter, the evolution of
this modern science is traced from its nineteenth-century beginnings, including the contri-
butions that such special fields as facies analysis, fluid hydraulics, plate tectonics, and the
reflection-seismic surveying method have made to its evolution.

The following are just some of the major features of the stratigraphy of the early
twenty-first century: Sequence stratigraphy has become the standard methodology for docu-
mentation, mapping and interpretation, replacing the old descriptive practices of lithostratig-
raphy; reflection-seismic methods, including the use of 3-D seismic and the application of
seismic geomorphology, have become steadily more advanced tools for subsurface exploration
and development; the Geological Time Scale is being standardized with the universal adoption
of the system of Global Stratigraphic Sections and Points (GSSPs) and has become much more
precise, with the incorporation of several new methods for evaluating deep time.

The basic field and subsurface observations on which stratigraphy is based are described in
Chap. 2. Facies analysis methods are detailed in Chap. 3, and the recognition of depositional
environments by facies methods is described in Chap. 4. Chapter 5 provides a succinct
summary of sequence models for siliciclastic and carbonate sediments, and Chap. 6 describes
modern mapping methods for use in surface and subsurface studies, including seismic
methods. The synthesis of all this material is detailed in Chap. 7, which includes a discussion
of the current attempts to standardize sequence-stratigraphic terminology and the Geological
Time Scale.

Chapter 8, the concluding chapter of the book, focuses on the new understanding we are
acquiring about the processes by which the stratigraphic record preserves elapsed geologic
time. Refinements in chronostratigraphic methods are revealing the importance of breaks in
the sedimentary record and the ubiquity of missing time, and are revealing an important
disconnect between sedimentation rates and preservational processes operating at the present
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day versus those we interpret from the rock record. This calls for a significant modification in
the way that we apply the traditional principles of uniformitarianism to our reconstructions of
geologic history.

The new synthesis that is the subject of this book is offered for advanced undergraduate and
graduate training and for use by professionals, particularly those engaged in mapping and
subsurface exploration and development.

Toronto Andrew D. Miall
April 2015

Preface



My first book, Principles of Sedimentary Basin Analysis, has gone through three editions,
published successively in 1984, 1990, and 1999. A year or so ago, I realized that it might be
time for a new edition. In reviewing the changes that have taken place in the whole broad field
of sedimentary geology since that last edition, it became clear that stratigraphy is the area that
has undergone the most significant changes in the last decades, and that is what I decided
would most usefully be treated at length in this book.

Stratigraphy has undergone a revolution that has brought together multiple developments
dealing with different themes and concepts in sedimentary geology and basin analysis.
Chapter 1 includes a new section in which I trace the evolution of these many themes, and
attempt to show how they have come together during the last few decades (since about 1990).

The text of Chaps. 2 and 4 from Principles has been updated and becomes Chaps. 2—4 in
the present book. Chapter 3 of Principles, which dealt with dating and correlation, and the
formal methods for the definition and naming of units, has been substantially rewritten and
incorporates much of the material I wrote for “Sophisticated Stratigraphy,” a review prepared
at the invitation of the Geological Society of America (Miall 2013). It has been moved further
along in the present book, appearing as Chap. 7, the point being that stratigraphy should now
be seen as a science that synthesizes sedimentary geology, and which therefore requires that
the subject is best addressed once the work of sedimentological description and interpretation
is underway.

Chapters 5 and 6 of the present book are those that have undergone the most complete
rewriting, to reflect the major changes in the science since the previous edition. Sequence
stratigraphy (Chap. 5) has become the standard method for formal description and paleo-
geographic interpretation, and mapping methods (Chap. 6) are now dominated, at least in the
petroleum industry, by the techniques of the reflection-seismic method, including 3-D seismic
and the interpretive methods of seismic geomorphology.

The book culminates with Chap. 8, which is intended primarily as a review of current
research into the nature of deep time as preserved in the sedimentary record. It is partly based
on two research publications (Miall 2014b; Miall 2015) that focus on modern data dealing
with sedimentation and accommodation rates, and the implications of these data for strati-
graphic interpretation. The chapter concludes with a review of the current advanced research
into cyclostratigraphy and astrochronology.
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1.1 The Importance of Stratigraphy
It could be argued that in some respects Stratigraphy is the
most important component of the science of Geology. Here’s
why:

McLaren (1978) provided nine reasons why the study of
Stratigraphy with, at its center, an accurate geological time
scale, is important:

[Stratigraphy supplies unique and essential information regard-
ing:] (1) rates of tectonic processes; (2) rates of sedimentation
and accurate basin history; (3) correlation of geophysical and
geological events; (4) correlation of tectonic and eustatic events;
(5) are epeirogenic movements worldwide [?]... (6) have there
been simultaneous extinctions of unrelated animal and plant
groups [?]; (7) what happened at era boundaries [?]; (8) have
there been catastrophes 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 suc-
cession [?] (That is, “natural” boundaries marked by a world-
wide simultaneous event versus “quiet” boundaries, man-made
by definition).[question marks added]

Doyle and Bennett (1998, p. 1) stated that “Stratigraphy
is the key to understand the Earth, its materials, structure and
past life. It encompasses everything that has happened in the
history of the planet” In this statement is the recognition that
the stratigraphic history of layered sedimentary rocks pre-
served on the continents, and on the ocean floors constitutes
the documented record of Earth history. No other branch of
geology can provide this information.

Berggren et al. (1995, p. v) explained that the “essence of
Stratigraphy and its handmaiden Geochronology” is to
“understand the dynamic relationship which certainly exists
between the evolution of ocean-continental geometries and
concomitant changes in the climate and ocean circulation
system and the evolution of life itself” by situating “the
progression of events in this intricately related system in a
precise temporal framework.”

Torrens (2002, p. 251) pointed out a unique and essential
component of stratigraphy: “The science of geology is all
about time. So stratigraphy must first and foremost
concern questions of time. It is the only area of geology that



is truly unique, other branches of geology are too often
borrowed bits of physics, chemistry or biology.”

The world’s first stratigrapher was William Smith, a canal
surveyor, who produced the first regional geological map in
1815, covering England, Wales and part of Scotland. The
construction and refinement of geological maps, and the
documentation of the subsurface for the purposes of petro-
leum and mineral exploration, have constituted two of the
primary activities of practicing stratigraphers worldwide for
the past 200 years. Dating and correlating the rocks have
formed an integral part of this work, and questions about the
nature of the time signal preserved in stratigraphic succes-
sions, and the developments of methods to investigate it
have constituted a large part of this activity. William Smith’s
principal theoretical contribution—which is what made
geological mapping possible—was the recognition of the
reliability of the fossil record: the same assemblages of
fossils always occur in the same order, and thus were born
both the method of relative age-dating and the first reliable
method for correlation on the basis of time.

As I demonstrated in my review paper for the Geological
Society of America (“Sophisticated Stratigraphy”: Miall
2013), modern stratigraphic methods are now providing
extraordinary insights into the history of our Earth. Modern
methods of age-dating and modern analytical methods have
revolutionized the business of historical geology. In the
drive to develop and apply ever more precise laboratory
methods to geological samples, whether this be with the aim
of age dating or the reconstruction of past climates, it is all
too easy to lose sight of exactly where samples come from
and what was their field context. How typical and how
representative are samples, relative to the variability of their
field setting? How were they situated with respect to breaks
in sedimentation, the record of rare events, or disturbance
induced by bioturbation or syn-depositional tectonism?
Specialists in quantitative methods, particularly geophysi-
cists, and those using numerical and statistical methods,
including models and simulations, may be particularly sus-
ceptible to these hazards. One of the key elements of the
stratigraphic data base is therefore field context. What is the
stratigraphic and sedimentologic setting of the rocks that we
are using to make these sophisticated interpretations? This is
one of the unique characteristics of the science of stratigra-
phy, of particular relevance to the reconstruction of events in
past time.

Until the 1960s, stratigraphy was largely a descriptive
science, concerned primarily with the documentation of the
lithologic and biostratigraphic successions of sedimentary
basins as a basis for locating and exploiting fossil fuel and
mineral deposits. Textbooks on petroleum geology, such as
Levorsen (1954), contain some of the most advanced and
detailed treatments of stratigraphy as actually practiced in
the field. In many respects, William Smith’s focusing on
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basic mapping survived as a central focus through several of
the revolutions that were took place in the earth sciences,
beginning in the 1960s. However, over the last fifty years a
profound change in approach has taken place, initially under
the rubric of Sedimentology, which took sedimentary
geologists away from description and classification into a
focus on processes (Seibold and Seibold 2002, provided a
detailed history from a European perspective; see also
Middleton 2005). Only in recent years have Stratigraphy,
Sedimentology and Basin Analysis come together to pro-
vide a dynamic, unified approach to the study of sedimentary
basins. It would now be accurate to state that “Stratigraphy
IS Sedimentology and Sedimentology IS Stratigraphy.”

The evolution of modern methods can be understood as a
series of separate developments that partially overlapped in
time and which have gradually coalesced to create, in my
review written for the Geological Society of America (Miall
2013), what I called “Sophisticated Stratigraphy.” Middleton
(2005, p. 628) suggested that:

Only after 1950 was it common to find specialists who studied
sedimentary rocks, but declined to be called stratigraphers, and
since 1977 an increasing number of specialists refuse to make a
hard distinction between sedimentology and at least some
aspects of paleontology and stratigraphy, which they include
together as “sedimentary geology.”

Some of the developments in the study of sedimentary
rocks were initiated many years ago, but it has only been
since sequence stratigraphy matured as a standard descrip-
tive and mapping method during the 1990s that it has
become apparent that it has drawn on, exploited, and pulled
together these earlier developments that commonly tended to
be considered and written about in isolation. The historical
evolution of these concepts is summarized in the next
section.

1.2  The Evolution of “Sophisticated

Stratigraphy”

The roots of modern, dynamic stratigraphy go back to the
recognition of the concept of facies in the early nineteenth
century, but it is argued here that the modern era began with
the increased understanding of fluid hydraulics and cyclic
sedimentation and the evolution of the facies model con-
cept in the 1960s. The evolution is broken down below into
fourteen steps. A critical fifteenth strand of development
concerns the developments of concepts about geologic time
and the increasing accuracy and precision with which
geologist can now reconstruction the ages of events in the
distant geological past. This topic is addressed in Sect. 7.8.
These strands of development did not take place in isolation;
however, they represent separate concepts or areas of spe-
cialization, which took some time to come together into the
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unified, integrated science that is now practiced. This sum-
mary is intended only to touch on the main highlights. A full
historical and analytical account remains to be written. Many
of the publications listed have become classics, with many
hundreds of citations.

1.2.1 Beginnings (Nineteenth Century)
Middleton (2005) divided the history of sedimentology into
six periods or stages. The first stage ended about 1830 with
the publication of Lyell’s (1830) masterwork, that led to the
general acceptance of uniformitarianism, or actualism, as
the basis for geology. What follows in this section falls into
his second period. The subsequent discussion does not
adhere to his subdivision into “periods” because I focus on
specific themes which overlapped in time.

Two key early developments were the recognition of the
concept of facies (Gressly 1838), and the establishment of
Walther’s Law (Walther 1893-1894). Teichert (1958),
Middleton (1973) and Woodford (1973) reviewed the his-
tory and use of the concepts in light of contemporary ideas.
Note the dates of these papers (1958, 1973), in light of the
stages of development summarized below, because they help
to explain the chronological evolution of modern strati-
graphic thought and theory. Walther’s law is discussed
further in Sect. 3.4.1.

Developments in biostratigraphy were enormously
important, in establishing some of the basic ideas about
stratal succession, relative ages, and correlation. The evo-
lution of the concepts of zone and stage are discussed in
detail elsewhere (Hancock 1977; Miall 2004), topics that are
not repeated here. Stratigraphic paleontology was a central
theme of stratigraphy until relatively recent times. In fact, the
first professional society in the field of sedimentary geology,
the Society of Economic Paleontologists and Mineralogists,
founded in Tulsa in 1931, emphasized this fact in the title of
the society. Paleontology and mineralogy were important
elements of petroleum geology and basin analysis until the
seismic revolution of the 1970s, mainly because of their use
in the identification and correlation of rock units in
petroleum-bearing basins.

1.2.2 Cyclic Sedimentation (1932-1968)

Implicit in the early work on facies and on Walther’s Law is
the concept of recurrence of certain environments and their
deposits. The idea of cyclicity became explicit with the study
of the Carboniferous deposits of the US Midcontinent in the
early 1930s, which consist of repetitions of a coal-bearing
clastic-carbonate  succession. These came to be

called cyclothems. Wanless and Weller (1932, p. 1003) are
credited with the original definition of this term:

The word “cyclothem” is therefore proposed to designate a
series of beds deposited during a single sedimentary cycle of the
type that prevailed during the Pennsylvanian period

Shepard and Wanless (1935) and Wanless and Shepard
(1936) subsequently attributed the cyclicity to cycles of
sea-level change, an explanation that has never been
challenged.

The beginnings of an understanding of the significance of
the lithofacies signatures of common environmental settings
is implicit in the paper by Nanz (1954), where coarsening-
and fining-upward trends extracted from some modern sed-
imentary environments in Texas are presented. There is no
discussion of repetitiveness or cyclicity in this paper, but the
work was clearly foundational for the very important papers
by Nanz’s Shell colleagues that followed less than a decade
later (see Sect. 1.2.6).

Duff and Walton (1962) demonstrated that the cyclothem
concept had become very popular by the early 1960s. For
example, Allen (1962, 1964), who is credited as one of the
two originators of the meandering-river point-bar model for
fluvial deposits, used the term cyclothem for cycles in the
Old Red Sandstone in his first papers on these deposits. Duff
and Walton (1962) addressed the widespread use (and mis-
use) of the term cyclothem, and discussed such related
concepts as modal cycle, ideal cycle, idealized cycle, and
theoretical cycle, the differences between cyclicity, rhyth-
micity and repetition, and the possible value of statistical
methods for refining cyclic concepts. They speculated about
the possibility of repeated delta-lobe migration as a cause of
cyclicity, in contrast to the prevailing interpretation of the
cycles as the product of sea-level change.

With Carboniferous coal-bearing deposits as the focus,
two edited compilations dealing with cyclic sedimentation
made essential contributions to the birth of modern sedi-
mentology at about this time. Merriam (1964), based in
Kansas, provided a focus on the US Midcontinent deposits,
while Duff et al. (1967) dealt at length with European
examples. The Kansas publication included a study of cyclic
mechanisms by Beerbower (1964) that introduced the con-
cepts of autocyclic and allocyclic processes. Autocyclic
processes refers to the processes that lead to the natural
redistribution of energy and sediment within a depositional
system (e.g., meander migration, shoreline progradation)—
the preference is now to use the term autogenic because they
are not always truly cyclic—whereas allocyclic (allogenic)
processes are those generated outside the sedimentary sys-
tem by changes in discharge, load, and slope. Beerbower
(1964) was dealing specifically with alluvial deposits in this
paper, but his two terms have subsequently found universal
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application for other environments and their deposits. The
term allogenic is now used to refer to processes external to a
sedimentary basin, including eustasy, tectonism and climate
change.

Another important contribution at this time was that by
Visher (1965). The purpose of his paper was to build on the
ideas contained in Walther’s Law to highlight the impor-
tance of the vertical profile in environmental interpretation.
He provided detailed descriptions of the profiles for six
clastic environments, regressive marine, fluvial (channel or
valley-fill), lacustrine, deltaic, transgressive marine, and
bathyal-abyssal, drawing on both modern settings and
ancient examples. This was, therefore, one of the first
comprehensive attempts to apply the principles of actualism
(uniformitarianism) to sedimentological interpretations.
Interestingly (and this highlights one of the arguments of this
chapter that some ideas develop as separate lines of research,
which take time to come together), Visher’s paper makes no
reference to what are now the classic papers on Bouma’s
turbidite model (Bouma 1962), or Allen’s (1964, 1965) work
on alluvial deposits, which include his block diagram of a
fluvial point bar. However, Beerbower’s (1964) description
of autocyclicity and Duff and Walton’s (1962) speculation
about deltaic processes (neither of which are referenced by
Visher) indicate the beginnings of what shortly became a
flood of new work providing the basis for the facies model
revolution. Early applications of these ideas to the inter-
pretation of the subsurface are exemplified by Berg’s (1968)
study of an interpreted point-bar complex constituting a
reservoir unit in Wyoming.

1.2.3 Basin Analysis and the Big Picture (1948-
1977)

Driven in large measure by the needs of the petroleum
industry to understand subsurface stratigraphic successions,
geologists devised a number of ways to explore the broader
origins of a basin fill and understand its paleogeographic
evolution. Until the plate-tectonics revolution of the 1970s,
basins were interpreted in terms of the geosyncline theory,
which reached its full expression in this period with the
definition of a range of classes based on structural and
stratigraphic attributes (Kay 1951), many of which, as the
plate-tectonics paradigm subsequently revealed, had little to
do with the actual dynamics of continental crust.

Whereas the facies model revolution of the 1970s
(Sect. 1.2.7) dealt with sedimentology on the relatively small
scale of individual depositional systems (rivers, deltas,
submarine fans, reefs, etc.), paleogeographic reconstruction
for industry meant attempting to understand entire basins.
Provenance studies based on detrital petrography were
central to this work, hence the title of the first specialized
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journal in this field, the Journal of Sedimentary Petrology,
founded in 1931. Isopachs revealed broad subsidence pat-
terns, and (for outcrop work) regional paleocurrent studies
confirmed regional transport patterns, even in the absence of
the understanding of the hydraulics of sedimentary structures
that came later with the development of the flow regime
concept (Sect. 1.2.5). Krumbein (1948) pioneered the gen-
eration of lithofacies maps based on such indices as a
clastic-carbonate ratios. Dapples et al. (1948) demonstrated
how these maps could be used to deduce tectonic controls in
a basin. The subject of stratigraphy meant classical lithos-
tratigraphy. The books and reviews by Pettijohn (1949,
1962; Potter and Pettijohn 1963) and Krumbein and Sloss
(1951) and Levorsen’s (1954) textbook on petroleum geol-
ogy exemplify this approach.

However, some interesting new ideas that we would now
classify under the headings of basin architecture, accommo-
dation and sequence stacking patterns began to emerge,
although little of this work was widely used at the time, it
being only from the perspective of modern sequence methods
that we can look back and see how a few individuals were
ahead of their time. Rich (1951) described what we would
now term the continental shelf, the continental slope and the
deep basin as the undaform, clinoform, and fondoform,
respectively, and provided descriptions of the processes and
resulting sedimentary facies to be expected in each setting.
The only one of his terms to survive is clinoform, although
now it is used as a general term for deposits exhibiting a
significant depositional dip, rather than as a term for a depo-
sitional environment. Van Siclen (1958) examined the late
Paleozoic cyclothems where they tip over the southern con-
tinental margin which, at that time, lay within what is now
central Texas. His work includes 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. Oliver and Cowper (1963,
1965) may have been the first to specifically identify “clino”
beds in the subsurface using Rich’s concepts in a stratigraphic
reconstruction based on petrophysical log correlation. This
work is discussed in Sect. 6.2.3. Curray (1964) was among the
first to recognize the importance of 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 pre-
dominate under conditions of falling sea level and high sed-
iment supply. Curtis (1970) carried these ideas further,
illustrating the effects of variations in the balance between
subsidence and sediment supply as controls on the stacking
patterns of deltas, concepts that are now encapsulated by the
terms progradation, aggradation and retrogradation.
Frazier (1974) subdivided the Mississippi deltaic successions
into transgressive, progradational, and aggradational
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phases, and discussed autogenic (delta switching) and gla-
cioeustatic sedimentary controls.

Perhaps it is because Texas specializes in bigness; this
may be the explanation why some critical concepts con-
cerning large-scale sedimentological environments were first
developed there. The location of petroleum research labo-
ratories, such as that of Shell Oil in Texas (referred to below)
may also have been very influential. I refer to the concept of
the depositional system, the concept that takes sedimento-
logical analysis beyond the shoreface or the river meander or
the reef talus slope to an analysis that encompasses entire
systems. Fisk’s (1944) work on the lower Mississippi valley
and delta is an early example of this approach, but it was the
later work of William L. Fisher that better exemplifies this
next step and was more influential. The work he and his
colleagues carried out on the deltas and other depositional
systems of the Texas coast (Fisher et al. 1969, 1972)
established a whole different scale of operation. Application
of current subsurface stratigraphic methods to part of the
Eocene section of the Gulf Coast (Fisher and McGowen
1967) demonstrated that existing rivers and deltas along a
huge swath of the Gulf Coast had occupied essentially the
same map locations for about 40 million years. The depo-
sitional systems approach provided the foundation for the
systems tracts that became a critical part of sequence
stratigraphy twenty years later. Lastly, in a paper that
appears in the famous memoir that introducedseismic
stratigraphy to the geological community (Payton 1977),
Brown and Fisher (1977) summarized the ideas of this
important group of stratigraphers at the Bureau of Economic
Geology (at the University of Texas) and helped to bridge
the intellectual next step from large-scale sedimentology to
sequence stratigraphy.

1.2.4 The Meaning of “Facies” (1949-1973)

The concept of facies and the importance of Walther’s Law
were well understood and used in continental Europe during
the nineteenth century, according to Teichert (1958), but did
not become widely used in the English-speaking world until
the 1930s.

On November 11th 1948 a conference was organized by
the Geological Society of America in New York to discuss
“Sedimentary facies in geologic history.” This was a land-
mark event, the outcome of which was a Geological Society
of America memoir (Longwell 1949) that marked the
beginnings of several important developments. The memoir
begins with a lengthy paper by Moore (1949) which set the
scene by describing and illustrating, with the use of a block
diagram, the various facies present within a modern car-
bonate reef complex in Java, from which he derived this
definition:

Sedimentary facies are areally segregated parts of different
nature belonging to any genetically related body of sedimentary
deposits.

The paper includes numerous examples of complex
stratigraphic relationships from the Phanerozoic record of
the United States, illustrating the inter-tonguing of facies of a
wide range of environments. Moore’s paper also includes an
interpretation of the cyclicity exhibited by the cyclothems of
the Mid-Continent, accompanied by a diagram showing how
different facies develop as a result of repeated transgression
and regression. Other papers by E.D. McKee, E.M. Spieker,
and others, provide many other examples of complex
stratigraphy, indicating that by this time there was a
sophisticated understanding of the diachronous nature of
facies in the stratigraphic record, and its control by sea-level
change. The concluding contribution in this memoir is a
lengthy paper by Sloss et al. (1949) in which the concept of
the sequence is first described (see Sect. 1.2.9).

A decade later, Teichert (1958, p. 2719), working from
Gressly’s original discussion, explained the derivation of the
term Facies:

Facies is a Latin word meaning face, figure, appearance, aspect,
look, condition. It signifies not so much a concrete thing, as an
abstract idea. The word was introduced into geological literature
by Nicolaus Steno (1669, pp. 68—75) for the entire aspect of a part
of the earth’s surface during a certain interval of geologic time.

In his abstract Teichert (1958, p. 2718) provided this
succinct definition:

[Facies means] the sum of lithologic and paleontologic charac-
teristics of a sedimentary rock from which its origin and the
environment of its formation may be inferred.

Teichert (1958) asserted that the concept of facies asso-
ciations and the importance of vertical facies successions
were well understood by nineteenth-century European
geologists.

Interest in the work of the founders of modern sedi-
mentology was renewed in the 1960s, with the new devel-
opments in the study of modern sediments, structures and
environments. Woodford (1973, p. 3737) translated Gress-
ly’s (1838) “second law” as follows:

Facies of the same petrographic and geologic nature assume, in
different formations, very similar paleontologic characteristics
and even succeed each other generally across a more or less
numerous series of formations lying one upon the other.

Middleton (1973, p. 981) provided a translation of Wal-
ther’s methodology from the original German. Walther
referred to it as “ontology” (actualism, or uniformitari-
anism, in modern useage) as follows:

It consists in trying to investigate the events of the past through
modern phenomena. From being (existence), we explain
becoming (genesis).



Middleton’s (1973, p. 982) translation of Walther’s
original statement of his Law is as follows:

The various deposits of the same facies-area and similarly the
sum of the rocks of different facies-areas are formed beside each
other in space, though in a cross-section we see them lying on
top of each other. ... it is a basic statement of far-reaching sig-
nificance that only those facies and facies-areas can be super-
imposed primarily which can be observed beside each other at
the present time.

Middleton (1973, p. 980) suggested that “Walther must
be named with Sorby, Gilbert, Grabau, and a few others, as
one of the founders of the modern sciences of sedimentology
and paleoecology,” although he pointed out that whereas
Walther’s work was cited and acknowledged in much of the
pioneer work in the early 20th century, in the first modern
treatment of the subject of facies (Longwell 1949) there was
no explicit mention of Walther or his law. He had a much
greater influence in Russia, where facies studies were termed
“comparative lithology”.

1.2.5 Fluid Hydraulics and Sedimentary
Structures (1953-1976)

A key step in the development of modern sedimentology
was the emergence of the idea that sedimentary structures
represent measureable and repeatable physical processes,
and that they therefore provide information on depositional
environments and processes. Early work on the subject
included the observations by Sorby (1859, 1908) and Gilbert
(1884, 1899) on sedimentary structures, and Gilbert’s
experimental work (Gilbert 1914). Sorby (1852) was the first
to recognize the utility of crossbedding for determining
current directions (Sect. 6.7.1). However, as Allen (1993)
pointed out, it was not until the appearance of the synthesis
by Potter and Pettijohn (1963) that the richness and signif-
icance of the preserved record caught the general attention of
sedimentary geologists.

A necessary first step towards a modern study of sedi-
mentary structures is accurate description and classification.
McKee and Weir (1953) made an important contribution in
this direction, with their description of the scales of struc-
tures, their internal architecture and bounding surfaces. It is
in this paper that the familiar terms planar- and trough-
cross-stratification first appear. A decade later, a compre-
hensive classification by Allen (1963a) introduced a set of
Greek letters for different types of crossbedding, a system
that was widely used for some time. Several illustrated
atlases of sedimentary structures also appeared during this
period (Pettijohn and Potter 1964; Conybeare and Crook
1968), indicating that sedimentary geologists were coming
to grips with the full range of preserved and observable
structures.
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By the 1950s, sedimentary geologists had become more
widely aware of the directional information contained in
sedimentary structures, and some pioneering studies of what
came to be known as paleocurrent analysis were being
performed. For example, Reiche (1938) analysed eolian
crossbedding, Stokes (1945) studied primary current lin-
eation in fluvial sandstones, and several authors were dealing
with grain and clast orientation (e.g., Krumbein 1939).
Pettijohn (1962) provided an overview of the subject, with
many examples of the different techniques for analysis and
data display that were then in use. Curray (1956) published
what became the standard work on the statistical treatment of
paleocurrent data.

Meanwhile, several pioneers were attempting to make
sedimentary structures in the laboratory, in part as a means
to understand the sedimentary record. There was also an
interest in understanding fluid hydraulics from an engi-
neering perspective, to aid in the construction of marine
facilities, such as bridges and breakwaters. Kuenen and
Migliorini (1950), in a classic paper, brought together flume
experiments and observations of the ancient record to
demonstrate that graded bedding could be generated by
turbidity currents. As with many such contributions, it had
been preceded by observations and suggestions by many
other authors, but this was the paper that brought these
observations together into the comprehensive synthesis that
made it the benchmark contribution that it became. The term
turbidite was subsequently coined by Kuenen (1957).
McKee (1957), following his many years observing
cross-stratification in outcrop, particularly in fluvial and
eolian deposits in the Colorado Plateau area, experimented
with the formation of cross-stratification by traction currents
in a flume.

The critical theoretical breakthrough at this time was the
series of flume experiments carried out by the US Geological
Survey to study sediment transport and the generation of
bedforms. This resulted in the definition of the flow regime
concept, and the recognition of lower- and upper flow
regimes based on flow characteristics (particularly the
structure of turbulence), sediment load and resulting bed-
forms (Simon and Richardson 1961). At this time, Allen
(1963b) reviewed the observational work of Sorby and made
one of the first attempts to interpret sedimentary structures in
terms of flow regimes. However, the most important next
step was a symposium organized by Middleton (1965),
which brought together current field and experimental
studies in a set of papers that firmly established flow regime
concepts as a basic tool for understanding the formation of
hydraulic sedimentary structures formed by traction currents
as preserved in the rock record.

Middleton (1966, 1967) extended the work of Kuenen
with further experiments on turbidity currents and the origins
of graded bedding, work that was ultimately to lead to a
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significant new classification of sediment gravity flows, of
which it was now apparent that turbidity currents were only
one type (Middleton and Hampton 1976). Reference is made
in the first of these papers to field observations of turbidites
by Walker (1965), a reference which marks the beginning of
a significant professional collaboration, to which I return
later.

Walker’s (1967, 1973) field experience with turbidites led
to a proposal for the calculation of an index of the
proximal-to-distal changes that occur down flow within a
turbidite. This marked an attempt at an increasingly quan-
titative approach to the study of sedimentary structures,
although this index was not to survive an increasing
knowledge of the complexities of the submarine fan envi-
ronment within which most turbidites are deposited.

The important new developments in this field were well
summarized in a short-course, organized by the Society for
Sedimentary Geologists, the manual for which provides an
excellent review of the state of knowledge at this time
(Harms et al. 1975). This review contains the first descrip-
tion and definition of hummocky cross-stratification (HCS),
and the recognition of this structure as a key indicator of
combined-flow (unimodal and oscillatory) storm sedimen-
tation. Additional details regarding the history of develop-
ment of ideas about flow-regime bedforms, hydrodynamic
sedimentary structures, and sediment gravity flows, are
provided in Sects. 3.5.4 and 3.5.5.

1.2.6 Early Studies of Modern Environments
(1954-1972)

As noted above, references to modern depositional settings
appear in much of the early stratigraphic literature, but in the
1950s studies of “the modern” became more focused. Much
of this was due to the recognition by some oil companies of
the value of understanding the primary origins of
petroleum-bearing rocks. A leader in this field was the
research team at Shell Development Company.

Some of the earliest of these studies of modern environ-
ment were carried out in carbonate environments, including
the work of Illing (1954), and Newell and Rigby (1957) on
the Great Bahamas Bank, and Ginsburg and Lowenstam
(1958) on the Florida platform. This, and other work on
ancient carbonates (referred to below) led to two approaches
to the classification of carbonate rocks (Folk 1962; Dunham
1962) that are still used today. In fact, these two papers
(which appeared in the same SEPM Special Publication) are
amongst the most important of the “classic” papers men-
tioned in this chapter, because of their long survival. Later
studies of the Bahamas and Florida by Purdy (1963) and
Ball (1967) contributed much to the subsequent growth of
facies models for carbonate platforms and reefs.

The other outstanding set of classic works consists of the
research on the Texas coastal plain by Bernard, Leblanc and
their colleagues at Shell, building on the preliminary work of
Nanz (1954). The first facies model for barrier islands
emerged from the work of these individuals on Galveston
Island (Bernard et al. 1959, 1962) and the point-bar model
for meandering rivers is also attributed to this group, based
on their studies of the Brazos River (Bernard et al. 1959;
Bernard et al. 1962).

The Mississippi River and Delta is one of the largest of
modern fluvial-delta systems, and its location in the centre of
one of the most important, well-populated, industrial and
tourist regions of the United States, in a petroleum province
that generates a quarter of the US domestic supply, has led to
intensive environmental and geological studies. The strati-
graphic significance and complexity of the deposits of this
system were first brought to geologists’ attention by the
detailed work of Fisk (1944). From the point of view of the
growth of sedimentology the studies of Frazier (1967) were
more significant, providing architectural block diagrams that
illustrated the growth of distributaries in a river-dominated
delta. Later studies by Fisher et al. (1969, 1972) broadened
the scope of delta studies to other regions of the Texas coast
and to other deltas worldwide, providing an essential basis
for the subsequent development of formal delta facies
models. Shepard et al. (1960) edited a collection of broader
studies of the Gulf Coast.

Exploration methods for the continental shelf and deep
oceans were primitive, until the introduction of side-scan
sonar methods and improvements in navigation. The
GLORIA sonar system was developed in 1970, but did not
receive widespread use for geological purposes until it was
adopted by the US Geological Survey in 1984 at the com-
mencement of a program to map the newly established US
Exclusive Economic Zone. The Deep Sea Drilling Project
(DSDP) began in 1968. Extensive use of seismic strati-
graphic techniques had to await the developments taking
place in Shell, Exxon and BP, as noted below (in particular,
the work of Vail et al. 1977). Sedimentological studies of the
continental shelves and slopes and the deep basin were being
carried out at this time, but the main breakthroughs in sedi-
mentological analysis came from studies of the ancient sed-
imentary record, and are referred to below.

1.2.7 Facies Model Concept (1959-2010)

By the late 1950s a key idea was emerging that environ-
ments could be categorised into a limited number of depo-
sitional configurations, which are amenable to basic
descriptive summaries. The first explicit use of the term
“facies model” was in a conference report by Potter (1959,
p.- 1292). He opened the report with the following words:
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A discussion concerning sedimentary rocks was held at the
Illinois State Geological Survey on 4-5 Nov. 1958, for the
purpose of pooling the knowledge and experience of the group
concerning three topics: the existence and number of sedimen-
tary associations; the possibility of establishing a model for each
association that would emphasize the areal distribution of
lithologic units within it; and the exploration of the spatial and
sequential relations between the associations.

Later, on the same page, this definition is provided:

A facies model was defined as the distribution pattern or
arrangement of lithologic units within any given association. In
the early stages of geological exploration, the function of the
model is to improve prediction of the distribution of lithologic
types.

Note that the essential basis for a facies model is the
recognition of a distinctive facies association. Much work to
identify these associations now ensued.

A mention should be made here of the term
process-response model. This term has sometimes been
used with essentially the same meaning as facies model.
Whitten’s (1964, p. 455) discussion of this term quoted from
Krumbein and Sloss (1963, p. 501), who:

suggested that in the search for “... generalizing principles it is a
useful philosophical device to recognize models- actual or
conceptual frameworks to which observations are referred as an
aid in identification and as a basis for prediction.”

The journal Sedimentology was founded by the Interna-
tional Association of Sedimentologists (IAS) in 1962. The
editor was Aart Brouwer from the University of Leyden in
the Netherlands, representing what had become a strong
Dutch school of sedimentological studies. All the early work
on tidal flat sedimentation emerged from this school (e.g.,
Van Straaten 1954). The then President of the IAS, the
American marine geologist Francis Shepard said this, in the
Preface on p. 1 of v. 1 of the new journal:

As this is written, there appear to be several primary purposes in
sedimentological studies. One is to relate more completely the
present day sediments to ancient sedimentary rocks. Although
much has been done in this field recently, there are numerous
types of sedimentary rocks for which no equivalent has yet been
found in the sediments of today and some correlations need
careful reexamination to see if they are correctly interpreted.
Another need is for more careful study of sedimentary structures
that are often obscured both in old and recent sediments. These
structures can be very useful in interpreting paleoclimates and
conditions of deposition of ancient sediments. A third important
field to investigate is the geochemistry of sediments. Some of
the early indications from the chemical nature of sediments have
proven misleading and are in need of further study to explain
apparent anomalies. Fourth, the rates of sedimentation can be
given much more study with all of the new radioactive counting
methods.

In an introductory assessment of sedimentary studies
immediately following the Preface, editor Brouwer (1962,
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pp. 2-3) reviewed the early history and origins of the sep-
arate discipline now called Sedimentology:

Essential parts are derived from sedimentary petrography, others
from stratigraphy and still others have a purely palacontological
source. Perhaps stratigraphy takes a more or less central position,
and many definitions recently given of stratigraphy (Hedberg
1948; Weller 1960; and others) seem to include nearly all of
sedimentology, at least of ancient rocks. This is quite under-
standable, as sedimentary rocks are the stratigrapher’s natural
environment. Three modem textbooks, whose scope is mainly
sedimentological, have “stratigraphy” in their title (Krumbein
and Sloss 1951; Dunbar and Rodgers 1957; Weller 1960).

The reference to sedimentary petrography should be noted
here. The first journal to deal specifically with sedimento-
logical topics, the Journal of Sedimentary Petrology, was
founded in 1931, and initially dealt exclusively with petro-
graphic studies, including studies of detrital composition and
provenance, and diagenesis. The scope of the journal grad-
ually widened, and the name was changed to the Journal of
Sedimentary Research in 1994. According to Middleton
(2005) the term Sedimentology was coined by A.C. Trow-
bridge in 1925 and first used in print by Waddell in (1933),
but did not come into common usage until the 1950s.

Now began a focused program to identify specific litho-
facies and lithofacies associations by direct comparison
between modern sediments and the preserved record. The
comparison went both ways, determined in large measure by
the initial interests of the researcher. One of the first of these
studies was that by Beales (1958, p. 1846) who proposed the
term Bahamite for “the granular limestone that closely
resembles the present deposits of the interior of the Bahamas
Banks described by Illing (1954).” Although this new term
did not become part of the sedimentological lexicon, the
methods pioneered by Beales and his colleagues were about
to become part of the mainstream.

Two classic studies appeared in the early 1960s, Bouma’s
(1962) turbidite model and Allen’s (1964) point-bar model
for meandering river deposits. Both are concerned primarily
with interpretation of the rock record, but make extensive
reference to deposits and structures forming at the present
day.

There appeared a flood of new work during the 1960s and
1970s making use of the new facies model concepts. Potter
(1967) reviewed sandstone environments. He stated (Potter
1967, p. 360):

The facies-model concept with its emphasis on the existence of
relatively few recurring models represents cause-and-effect
“deterministic geology”-an approach that attempts to relate
distribution and orientation of sand bodies in a basin to mea-
surable, causal factors.

However, much of Potter’s discussion dealt with grain
size and other petrographic issues, and discussions about the
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shape and orientation of sand bodies (of importance for
stratigraphic-trap prospecting) rather than facies modeling,
as this term has come to be understood.

An edited compilation that appeared in the middle of this
period (Rigby and Hamblin 1972) provides another good
snapshot of the state of sedimentology at this time. It opens
with a brief review of the topic of “environmental indica-
tors” by H.R. Gould and this is followed by a classification
of sedimentary environments by E.J. Crosby, and by eleven
chapters providing details of seven depositional environ-
ments (three chapters on alluvial sediments and one dis-
cussing the use of trace fossils). There were also several
important new textbooks published during this period (e.g.,
Blatt et al. 1972; Reineck and Singh 1973; Wilson 1975;
Freidman and Sanders 1978; Reading 1978). That by Blatt
et al. (1972) contains the first summary of depositional
environments specifically focused on the concept of the
facies model (and using that term in the chapter heading).

The critical contribution at this time was the development
by Walker (1976) of a formal, theoretical description of the
concept of the facies model and its value as a summary and a
predictor. Central to this work was a new concept that
environments could be characterised by a discrete and lim-
ited number of specific facies states. Drawing on Middle-
ton’s (1973) restatement of Walther’s Law, Walker
emphasized the importance of the vertical succession of
facies, and introduced the facies relationship diagram, a
semi-quantitative expression of the range of vertical transi-
tions revealed by careful vertical measurement of a strati-
graphic succession. Reference was made to a detailed study
of de Raaf et al. (1965), which was the first to employ the
concept of facies states and the use of a facies relationship
diagram. Another study of vertical facies relationships at this
time was that by Miall (1973) using the basic concepts of
Markov Chain Analysis.

Walker’s (1976, Fig. 4) diagram summarizing the con-
struction of a facies model as a process of “distilling away
the local variability” to arrive at the “pure essence of envi-
ronmental summary” has been much reproduced (Fig. 3.9 is
the current version, from James and Dalrymple 2010).

Walker’s (1976) paper appeared first in a new journal,
Geoscience Canada (founded and edited by his colleague at
McMaster University, Gerard Middleton), and was intended
as the introductory paper in a series of invited articles written
mainly by Canadian sedimentologists dealing with specific
environments and facies models. The series was later pub-
lished as a stand-alone volume (Walker 1979) which became
a best-seller and subsequently, under changing editorships,
went into four editions (Walker and James 1984, 1992;
James and Dalrymple 2010). Its success was due in large
measure to the concise nature of the descriptions, the elegant
diagrams, and the emphasis on the nature of the vertical
profile, making this a very practical approach for

undergraduate teaching and for work with well logs and
cores. A close competitor was the edited volume compiled
by Reading (1978), a book written at a more advanced,
graduate to professional level by him and some of his
graduate students at the University of Oxford. This book
went into two later editions (1986, 1996).

Amongst the other widely used facies models that
appeared in the Geoscience Canada series (and subsequently
in Walker 1979) was a treatment of continental shelf sedi-
mentation highlighting the rock record of hummocky
cross-stratification, and a simple and elegant model for
submarine fans based almost entirely on ancient fan deposits
in California and Italy. In this book, carbonate facies models
were compiled and co-authored by Noel P. James, who
became a co-editor of later editions. Ichnology, the study of
trace fossils, evolved into an enormously valuable subsur-
face facies-analysis tool, allowing detailed analysis of sedi-
mentary environments in drill core, as well as throwing
much useful light on the significance of stratal surfaces, with
the preservation of evidence of non-deposition and early
lithification (Frey and Pemberton 1984; McEachern et al.
2010).

By the mid-1970s the stage was set for Sedimentology to
flourish. The Walker (1979) Facies Models volume, and
Reading’s (1978) textbook were enormously influential.
However, through the 1980s it remained largely isolated
from the “big-picture” concepts that were emerging from the
plate-tectonics revolution, and developments in seismic
stratigraphy. These I discuss below. Textbooks that appeared
during this period (e.g., Miall 1984; Matthews 1984a, b;
Boggs 1987) deal with all these topics essentially in isola-
tion, as separate chapters with little cross-referencing. As I
argue below, it took the maturing of sequence stratigraphy to
bring these topics together into what we may now term
sophisticated stratigraphy.

1.2.8 The Impact of the Plate-Tectonics
Revolution on Basin Studies
(1959-1988)

The plate-tectonics revolution explained where and why
basins form, provided a quantitative basis for their subsi-
dence and uplift behavior, and elucidated the relationships
between sedimentation and tectonics. As far as sedimentary
geology is concerned, the revolution was not complete until
the mid-1970s, when the re-classification of basins in terms
of their plate-tectonic setting reached maturity. However,
some important preliminary studies pointed the way.

Bally (1989, pp. 397-398) noted the work of Drake et al.
(1959) “who first tried to reconcile modern
geophysical-oceanographic observations with the geosyn-
clinal concept” and that of Dietz (1963) and Dietz and
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Holden (1974) who were the first to equate Kay’s “mio-
geosyncline” with the plate-tectonic concept of an
Atlantic-type passive continental margin. Mitchell and
Reading (1969) made one of the first attempts to reinterpret
the old tectono-stratigraphic concepts of flysch and molasse
in terms of the new plate tectonics.

But it was John Bird and John Dewey, in two papers
published in 1970, who completely revolutionized our
understanding of the origins of sedimentary basins (and
much of the rest of geology) with reference to the geology of
the Appalachian orogen, in particular, that portion of it
exposed throughout the island of Newfoundland. Dickinson
(1971) made reference to all of this work in his own first
pass at relating sedimentary basins to plate tectonics.

These breakthroughs of the 1970s initiated a worldwide
explosion of studies of basins and tectonic belts exploring
the new plate-tectonic concepts. Through the 1970s, a series
of books and papers was published containing the results
(Dickinson 1974a; Dott and Shaver 1974; Burk and Drake
1974; Strangway 1980; Miall 1980b, 1984). One of the more
important of these contributions was a paper by Dickinson
(1974b) which constituted the first comprehensive attempt to
classify sedimentary basins of all types in terms of their
plate-tectonic setting. This paper was particularly notable for
the extensive treatment of arc-related basins, and was fol-
lowed up by a more detailed paper on this subject (Dickin-
son and Seely 1979) that remained the standard work on the
subject for many years. This latter work was based in part on
the recognition of a series of arc-related sedimentary basins
within the Cordillera (Dickinson 1976), especially the Great
Valley basin of California, which has long served as a type
example of a forearc basin (e.g., Ingersoll 1978a, b, 1979).

Miall (1984, p. 367) argued that, by the application of
judicious simplification and by skillful synthesis we can
systematize the descriptions of depositional systems (their
facies assemblages and architecture), structural geology,
petrology, and plate-tectonic setting into a series of basin
models, for the purpose of interpreting modern and ancient
sedimentary basins. Dickinson (1980, 1981) used the term
petrotectonic assemblages with the same meaning. These
basin models are then a powerful tool for interpreting
regional plate-tectonic history.

Another important era in the field of basin analysis was
initiated by the development of  quantitative,
geophysically-based models of crustal subsidence, com-
mencing in the late 1970s. The importance of these models
to the development of stratigraphy was that they provided
the basis for the development of quantitative models of basin
subsidence and accommodation generation that greatly
improved our understanding of large-scale basin architec-
tures. The main breakthrough in the development of a
modern extensional-margin basin model was made by
McKenzie (1978), based in part on his studies of the
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subsidence of the Aegean Sea. This classic paper introduced
the concept of crustal stretching and thinning during the
initial sea-floor spreading event, and showed quantitatively
how this could account for the subsidence history of
Atlantic-type margins. Many of the important early tests of
this model were carried out on the Atlantic margin of the
United States. Stratigraphic data were obtained from ten
Continental Offshore Stratigraphic Test (COST) wells drilled
on the continental shelf off New England between 1976 and
1982, and led to the development of formal backstripping
procedures (Watts and Ryan 1976; Steckler and Watts 1978;
Watts 1989) and to simple computer graphic models of
subsiding margins (Watts 1981) that were very useful in
illustrating the development of the basic architecture of
Atlantic-type margins. Dewey (1982) emphasized their
simple two-stage development: the early phase of rifting,
typically capped by a regional unconformity, followed by a
thermal relaxation phase which generates a distinctive pat-
tern of long-term onlap of the basement.

An important modification of the McKenzie model was to
recognize the importance of simple shear during continental
extension, as expressed by through-going extensional crustal
detachment faults (Wernicke 1985). This style of crustal
extension was first recognized in the Basin and Range Pro-
vince of Nevada, and was suggested by preliminary seismic
data from the facing continental margins of Iberia and the
Grand Banks of Newfoundland (Tankard and Welsink
1987).

The North Sea basin is the best studied rift basin, and has
provided many insights regarding subsidence styles and
structural geology (White and McKenzie 1988)

Turning to the other major class of sedimentary basins,
those formed by flexural loading of the crust, it was Barrell
(1917) who was the first to realize that “the thick nonmarine
strata of the Gangetic plains accumulated in space made
available by subsidence of the Indian crust beneath the mass
of thrust plates of the Himalayan Range” (Jordan 1995,
p- 334). Price (1973) revived the concept of regional isostatic
subsidence beneath the supracrustal load of a fold-thrust belt
that generates the marginal moat we now term a foreland
basin (a term introduced by Dickinson 1974b), based on his
work in the Southern Canadian Cordillera. Beaumont (1981)
and Jordan (1981) were the first to propose quantitative
flexural models for foreland basins, constraining the models
with detailed knowledge of the structure and stratigraphy of
the studied basins. It is clear that the crust must have
mechanical strength for a wide foredeep, such as the Alberta
Basin or the Himalayan foreland basin, to be created. The
classic architecture of a foreland basin is defined by the
isopachs of the sediment fill, which is that of an asymmetric
lozenge, with a depocenter adjacent to the location of the
crustal load, tapering along strike and also thinning gradu-
ally away from the orogen towards the craton. Two major
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developments contributed to our current understanding of
these  basins.  Firstly, exploration drilling and
reflection-seismic data led to an understanding of the struc-
ture and dynamics of the fold-thrust belts that border fore-
land basins and, during uplift, provide much of their
sediment. Secondly, a growing knowledge of crustal prop-
erties permitted the development of quantitative models
relating crustal loading, subsidence, and sedimentation
(Jordan and Flemings 1990, 1991).

A significant development during the 1960s and 1970s
was the elucidation of the structure of the fold-thrust belts
that flank many orogenic uplifts and clearly served as the
source for the clastic wedges referred to above. McConnell
(1887) was one of the first to emphasize the importance of
thrust faulting and crustal shortening in the formation of
fold-thrust belts, based on his work in the Rocky Mountains
of Alberta. As noted by Berg (1962), the mapping of faults in
the Rocky Mountains of the United States and their inter-
pretation in terms of overthrusting became routine in the
1930s. However, as his paper demonstrates, seismic and
drilling data available in the early 1960s provided only very
limited information about the deep structure of thrust belts.
The release of seismic exploration data from the Southern
Rocky Mountains of Canada by Shell Canada led to a
landmark study by Bally et al. (1966) and set the stage for
modern structural analyses of fold-thrust belts. A series of
papers by Chevron geologist Clinton Dahlstrom, concluding
with a major work in 1970, laid out the major theoretical
principles for the understanding of the thrust faulting
mechanism.

The final piece of the puzzle was to explain accommo-
dation generation and the occurrence or regional tilts and
gentle angular unconformities on cratons hundreds of kilo-
metres from plate margins—the phenomenon termed
epeirogeny. Modelling of mantle processes indicated the
presence of convection currents that caused heating and
uplift or cooling and subsidence of the crust. Gurnis (1988,
1990, 1992) termed this dynamic topography. Cloetingh
(1988) described the process of intraplate stress (also ter-
med in-plane stress) whereby horizontal stresses exerted on
plates, such as the outward-directed compressive stress from
sea-floor spreading centres (“ridge push”), may be expressed
as intraplate earthquakes that cumulatively develop faults
and long-wavelength folds.

1.2.9 Unconformities and the Issue of Time
in Stratigraphy (1909-1970)

Although some of the ideas discussed in this section have
been around for many years, the issue of time in stratigraphy
did not begin to have a major influence on the science until
Ager’s work in the 1970s, and it was not until the full
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flowering of sequence stratigraphy in the 1990s that such
contributions as Barrell’s accommodation diagram (Fig. 5.2)
and Wheeler’s chronostratigraphic charts (Fig. 8.1) (both
discussed below) were fully integrated into the science of
stratigraphy. This is why this section is placed here, rather
than several pages earlier.

The science of geology began with James Hutton’s
observations in and around Scotland in the late eighteenth
century. His discovery of the angular Silurian-Devonian
unconformity at Siccar Point on the coast of southeast
Scotland gave rise to Playfair’s (1802) famous remark about
the “abyss of time.”

A predominant strand in geological work during the
nineteenth and early twentieth centuries was the gradual
documentation of the lithostratigraphy and biostratigraphy of
sedimentary basins worldwide. As documented elsewhere
(Hancock 1977; Conkin and Conkin 1984; Berry 1968,
1987; Miall 2004), some remarkably refined zonation
schemes resulted from this work, and stratigraphic termi-
nology and methods gradually evolved to facilitate
description and classification, but until the development of
radioisotopic dating by Ernest Rutherford and Arthur
Holmes (Holmes first book on the geological time scale was
published in 1913) the development of a quantitative
understanding of earth processes was limited.

Geological mapping and research in North America
during the “frontier” period is usefully summarized by
Blackwelder (1909), who discussed the various types of
sedimentary break (angular versus structurally conformable)
and the duration of the missing time that they represented.
His paper contained what is probably the first chronostrati-
graphic chart for the interior (cratonic) stratigraphy of North
America, showing what was then known about the extent of
the major Phanerozoic stratigraphic units on this continent
and the unconformities that separate them.

In a paper that was remarkably ahead of its time, written
shortly after the discovery of the concept of radioisotopic
dating, Barrell (1917, pp. 747-748) set out what we now
refer to as the concept of accommodation:

In all stratigraphic measures of time, so far as the writer is
aware, the rate of deposition of a sedimentary series has been
previously regarded as dependent on the type of sediment,
whether sandstone, shale, or limestone, combined with the
present rate of supply of such sediment to regions of deposition.
Here is developed an opposite view: that the deposition of nearly
all sediments occurs just below the local baselevel, represented
by wave base or river flood level, and is dependent on upward
oscillations of baselevel or downward oscillations of the bottom,
either of which makes room for sediments below baselevel.
According to this control, the rate of vertical thickening is
something less that the rate of supply, and the balance is carried
farther by the agents of transportation.

Barrell (1917) was probably the first to understand the
relationships amongst sedimentation, preservation, and
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accommodation. He constructed a diagram (Fig. 5.2)
showing the “Sedimentary Record made by Harmonic
Oscillation in Baselevel” (Barrell 1917, p. 796) that is
remarkably similar to diagrams that have appeared in some
of the Exxon sequence model publications since the 1980s
(e.g., Van Wagoner et al. 1990, Fig. 39; Fig. 5.5 of this
book). It shows that when long-term and short-term curves
of sea-level change are combined, the oscillations of base
level provide only limited time periods when base-level is
rising and sediments can accumulate. In his diagram “Only
one-sixth of time is recorded” by sediments (Barrell 1917,
p. 797). This remarkable diagram (1) anticipated Jervey’s
(1988) ideas about sedimentary accommodation that became
fundamental to models of sequence stratigraphy, (2) it also
anticipated Ager’s (1981, 1993) point that the sedimentary
record is “more gap than record;” and (3) it constitutes the
first systematic exploration of the problem of preservation
potential.

During the early part of the twentieth century there was
much theorizing about the forces at work within the Earth to
form mountain ranges and sedimentary basins. This is
summarized elsewhere (e.g., Miall 2004) and not dealt with
here, because ultimately it did not contribute much to the
development of modern stratigraphy. However, the practical
work of petroleum exploration did make a difference. The
distinguished 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 application to
petroleum geology is the concept of successive layers of geol-
ogy in the earth, each separated by an unconformity. They are
present in most of the sedimentary 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. 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 contemporary theorists who were at work during this
period (see Miall 2004), 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.

The symposium on “Sedimentary facies in geologic his-
tory” referred to above in Sect. 1.2.4 contained a lengthy
treatment of facies variability in the Paleozoic rocks of the
cratonic interior of the United States by Sloss et al. (1949).
In this paper much use is made of isopachs and lithofacies

1 The Scope of Modern Stratigraphy

maps using Krumbein’s (1948) concepts of clastic ratios and
sand-shale ratios. The work revealed to the authors the
contradictions inherent in current classifications of rock units
in North America according to standard geologic time units.
The use of the standard time scale (Cambrian, Ordovician,
etc.) as a basis for mapping, obscured the fact that the major
sedimentary breaks within the succession commonly did not
occur at the divisions provided by the time scale, and so they
set out to establish “operational units” for mapping purposes.
Thus were born the first sequences for the North American
interior: the Sauk, Tippecanoe, Kaskaskia and Absaroka.
The Sloss et al. (1949) paper in the symposium volume
(Longwell 1949) is followed by nearly 50 pages of published
discussion by many of the leading American geologists of
the day, in which the issues raised by detailed mapping and
the concepts and classifications available at the time for their
systematization were fully discussed. This broader discus-
sion is dealt with at length elsewhere (Miall 2004; 2010,
Chap. 1). For the purpose of this book, the importance of the
Sloss et al. (1949) paper and the wider discussion of sedi-
mentary facies contained in the other papers (see Sect. 1.2.4)
is that it clearly confirmed, at the time of publication, the
need for a systematic differentiation of descriptive termi-
nologies for “time” and for the “rocks.” This had been
provided by Schenk and Muller (1941), who proposed the
following codification of stratigraphic terminology:
Time division (for abstract concept of
Time-stratigraphic division (for rock classification)

time)

Era -
Period System
Epoch Series
Age Stage
Phase Zone

Wheeler (1958, p. 1050) argued that a time-rock
(chronostratigraphic) unit could not be both a “material
rock unit” and one whose boundaries could be extended
from the type section as isochronous surfaces, because such
isochronous surfaces would in many localities be repre-
sented by an unconformity. Wheeler developed the concept
of the chronostratigraphic cross-section, in which the vertical
dimension in a stratigraphic cross-section is drawn with a
time scale instead of a thickness scale (Fig. 8.1). 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 col-
leagues, referred to in more detail below:

As a tangible framework on which to hang pertinent faunal and
lithic data, the sequence of Sloss et al. (1949, pp. 110-11)
generally fulfills these requirements. Paraphrasing these authors’


http://dx.doi.org/10.1007/978-3-319-24304-7_5
http://dx.doi.org/10.1007/978-3-319-24304-7_5
http://dx.doi.org/10.1007/978-3-319-24304-7_8

1.2 The Evolution of “Sophisticated Stratigraphy”

discussion, a sequence comprises an assemblage of strata
exhibiting similar responses to similar tectonic environments
over wide areas, separated by objective horizons without
specific time significance (Wheeler 1958, p. 1050; italics as in
original).

Sequences came later to be called simply
“anconformity-bounded units.” However, a brief mention
should be made of the concept of the format, a term sug-
gested by Forgotson (1957) for laterally equivalent forma-
tions enclosed by widely mappable marker beds above and
below.

Wheeler’s (1958) methods are now universally accepted,
although in practice they are still rarely applied. Ager (1973)
is famous for his remark that “the sedimentary record is
more gap than record.” In a later book he expanded on the
theme of gaps. Following a description of the major
unconformities in the record at the Grand Canyon, he said,
(Ager 1993, p. 14):

We talk about such obvious breaks, but there are also gaps on a
much smaller scale, which may add up to vastly more unrec-
orded time. Every bedding plane is, in effect, an unconformity. It
may seem paradoxical, but to me the gaps probably cover most
of earth history, not the dirt that happened to accumulate in the
moments between. It was during the breaks that most events
probably occurred.

Dott (1983, 1996) similarly warned about the episodic
nature of sedimentation. However, as discussed in Chap. 7,
stratigraphers are still not dealing fully with the issue of time
and its representation in the rock record.

The evolution of chronostratigraphic methods and the
increasing accuracy and precision with which sedimentary
rocks can be dated is discussed in detail elsewhere (Miall
2004, 2010, Chap. 14), and is the focus of Sect. 7.8 and
Chap. 8 of this book. A landmark in the development of
modern stratigraphy was the adoption in the 1970s of the
GSSP principal for the fixing of major chronostratigraphic
boundaries. GSSP stands for Global Stratigraphic Sections
and Points, and is a system for identifying outcrop sections
that are accepted by the international community as marking
the boundaries of stages and series (McLaren 1970).

1.2.10 Sequences and Seismic Stratigraphy
(1963-1977)

Building on his earlier work (Sloss et al. 1949), further
analysis by Sloss (1963) added two more sequences of
Mesozoic-Cenozoic age to the North American suite (Zuni,
Tejas) and firmly established the concept of the large-scale
control of cratonic stratigraphy by cycles of sea-level change
lasting tens of millions of years. In later work Sloss (1972)
demonstrated a crude correlation of these sequences with a
similar stratigraphy on the Russian Platform, thereby
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confirming that global sea-level cycles constituted a major
sedimentary control. However, Sloss, unlike his student
Peter Vail, was never convinced that global eustasy told the
entire story (Sloss 1988, 1991). In his 1963 paper Sloss
included a pair of diagrammatic cross-sections of the Sauk
and Tippecanoe sequence across the cratonic interior of
North America that clearly indicated an angular unconfor-
mity between the two sequences, a relationship that could
only have been developed as a result of broad warping of the
craton before deposition of the Tippecanoe sediments.

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 unconformities was devel-
oped by Wheeler and Sloss in the 1940s and 1950s
(Sect. 1.2.9). The concept of the “ideal” or “model”
sequence had been developed for the mid-continent cyclo-
thems in the 1930s (Sect. 1.2.2). The hypothesis of gla-
cioeustasy was also widely discussed at that time. Van
Siclen (1958) provided a diagram of the stratigraphic
response of a continental margin to sea-level change and
variations in sediment supply that is very similar to
present-day sequence models (Sect. 1.2.3). 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 autogenic processes and the
process-response model, and by the implications of plate
tectonics for large-scale basin architecture (Sect. 1.2.7).
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,
British Petroleum, and Exxon were all actively developing
these skills in their research and development laboratories in
the 1970s. The first published use of the term “seismic
stratigraphy” was in a paper by Fisher et al. (1973)
describing a subsurface succession in Brazil (the term
appeared in the Portuguese language as estratigrafia sis-
mica). Peter Vail, working with Exxon, was the first to
present his ideas in the English-speaking world, at the 1974
annual meeting of the Geological Society of America, but it
was his presentation the following year at the American
Association of Petroleum Geologists (Vail 1975) that caught
the attention of the petroleum geology community. This was
the beginning of the modern revolution in the science of
stratigraphy.

The key idea that Vail and his colleagues proposed was
that large-scale stratigraphic architecture could be recon-
structed from reflection-seismic records. Their publication of
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Memoir 26 of the American Association of Petroleum
Geologists (Vail et al. 1977) was one of the major landmark
events in the development of modern stratigraphy. Vail had
learned about sequences from his graduate supervisor, Larry
Sloss, and added to these his own ideas about global
sea-level change (eustasy) as the major allogenic control of
sequence development. The debate about global eustasy was
long and controversial, and has been amply aired elsewhere
(see Miall 2010). However, what emerged from the debate
was the critical importance of the “big-picture” in strati-
graphic reconstruction, and the predictive value of sequence
models. Having once seen a seismic record interpreted in
terms of seismic stratigraphy, with its emphasis on seismic
terminations and regional unconformities, and the common
occurrence of clinoform architectures, old concepts of
“layer-cake” stratigraphy were dead forever. The section
reproduced here as Fig. 1.3 appeared in Memoir 26, and was
one of the first to bring this point home to the geological
community.

It also seems likely that, working in the Gulf Coast, Vail
learned from the “big-picture” stratigraphers at the Bureau of
Economic Geology. The regional view exemplified by work
such as the Texas atlas (Fisher et al. 1972) and the seismic
interpretation that these individuals were already working
on, and which eventually appeared in the same AAPG
memoir (Brown and Fisher 1977) were very influential in
helping sedimentary geologists understand the large-scale
setting and tectonic influences on sedimentary basins at the
very time that geophysical basin models were providing the
quantitative basis for the plate-tectonic interpretations of
these basins (Sect. 1.2.8).

Peter Vail has come to be called the “Father” of sequence
stratigraphy, while his graduate supervisor, Larry Sloss, has
posthumously earned the title of the “Grandfather” of
sequence stratigraphy.

1.2.11 Architectural Elements: Sedimentology
in Two and Three Dimensions
(1983-1990)

Lithofacies maps and isopachs and the reconstruction of
regional paleocurrent patterns had become standard tools of
the sedimentary geologist (or basin analyst) by the 1970s
(the second edition of the Potter and Pettijohn book “Pale-
ocurrents and basin analysis” was published in 1977), but
they often failed to capture the fine detail of sedimentary
processes that were by now emerging from facies studies. As
Miall (1984, Sect. 5.3) pointed out, these mapping methods
tended to produce generalizations that did not always reflect
the rapidly shifting patterns of depositional systems that
could now be reconstructed from detailed sedimentological
study of outcrops, well records and cores.

1 The Scope of Modern Stratigraphy

There was a scale mismatch. Lithofacies maps deal with
large map areas (tens to hundreds of kilometers across) and
are essentially two-dimensional. Facies studies at this time
(the 1970s to early 1980s) were one-dimensional, focusing
on the vertical profile in drill records or outcrops (typically a
few metres to tens of metres high). What were clearly nee-
ded were the tools to put the observations together.
Three-dimensional sedimentological studies provided part of
the answer, particularly for outcrop analysis, and sequence
studies focused on the larger picture (Sect. 1.2.12).

Work on fluvial systems by Allen (1983) and by Ramos
and his colleagues (Ramos and Sopefia 1983; Ramos et al.
1986) led the way. These papers focused on large
two-dimensional outcrops of complex fluvial deposits and
offered classifications of the lithofacies units that described
them in two or three dimensions. Picking up on this early
work, Miall (1985, 1988a, b) offered a systematized
approach that re-stated the lithofacies classification idea in
terms of a limited suite of architectural elements that, it
was proposed, constitute the basic building blocks of fluvial
assemblages. One of the strengths of the approach is the
ability to relate paleocurrent observations to the fine detail of
the channel and bar complexes, revealing whole new
insights into the bar construction and preservation processes.
Comparable approaches have subsequently been adopted for
other depositional environments. The use of photomosaics as
base maps for analysing large outcrops has become standard,
and there have been technological developments, such as the
use of LIDAR methods for outcrop documentation, facili-
tating the digitization of observations, corrections for scale
problems and perspective effects in ground observations, and
SO on.

1.2.12 Sequence Stratigraphy (1986-1990)

In the decade following the publication of AAPG Memoir 26
(Payton 1977) a wholesale re-evaluation of regional
stratigraphy was underway. The significance of this revolu-
tion can be exemplified by the first publication that applied
the new sequence concepts to an important swath of regional
geology, the Cardium Sandstone of Alberta. This loosely
defined unit is host to the largest oil field hosted in a clastic
reservoir in Canada, the Pembina field, and stratigraphic and
sedimentologic studies of the unit had been underway since
it was discovered in 1953. The Pembina reservoir was dif-
ficult to understand. It consists of locally as much as 9 m of
wave- and tide-deposited conglomerate accumulated some
200 km from the assumed contemporary shoreline. How did
it get there? The new interpretation by Plint et al. (1986)
reconstructed from well-logs a set of seven basin-wide sur-
faces of erosion and transgression, implying cycles of
base-level change lasting about 125 ka. The interpretation
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was controversial, and was subject to intense discussion at
the time (Rine et al. 1987), but the interpretation has stood
the test of time, and has led to a complete remapping of
Alberta basin stratigraphy using the new sequence concepts
(Mossop and Shetsen 1994).

Meanwhile, researchers working with seismic data, par-
ticularly in the research laboratories of Shell, BP and Exxon,
were applying sequence concepts to basins around the
world, yielding many insights into stratigraphic architecture
and regional basin controls, particularly the importance of
tectonism, even though the global-eustasy paradigm
remained dominant throughout the 1980s and early 1990s.
Several atlases were published at this time, taking advantage
of the large atlas format to display reflection-seismic
cross-sections at large scales (Bally 1987). Even more
importantly, in 1988 a second major production by the team
at Exxon was published (Wilgus et al. 1988), showing in
detail how sequence concepts could incorporate facies
analysis and could be applied to outcrop studies. The sys-
tems tract concept reached a full expression in several key
papers in this book (Posamentier and Vail 1988; Posamen-
tier et al. 1988), building on experimental models of Jervey
(1988) that essentially reinvented Barrell’s (1917) ideas
about accommodation and its control on sedimentation and
developed them further in the light of modern facies
concepts.

Another important publication from the Exxon team was
that by Van Wagoner et al. (1990) which presented the
results of several detailed field mapping projects and
extended the reach of sequence concepts further, to regional
outcrop and subsurface studies. Largely on the basis of these
two publications by the Exxon team, the term seismic
stratigraphy began to be replaced in common use by the
more general term sequence stratigraphy.

1.2.13 Reconciling Facies Models with Sequence
Stratigraphy (1990)

By the year 1990 a moment of tension had arrived in the
evolution of sophisticated stratigraphy. The enormously
successful facies model approach, focusing on very detailed
local studies, including meticulous analysis of drill cores,
had resulted in a proliferation of sedimentological studies
and numerous refinements of ideas about how to classify and
subdivide sedimentary environments in an ever expanding
range of tectonic and climatic settings. Most interpretations
dwelt at length on autogenic sedimentary processes. Mean-
while, sequence stratigraphy had introduced an entirely
different scale of research, encompassing whole basins, and
focusing on allogenic controls, particularly sea-level change.
In addition, the architectural-element approach to facies
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studies departed from the clean simplicity of the vertical
profile by suggesting multi-dimensional assemblages of
sedimentary building blocks in patterns difficult to pin down
and classify.

The problems may be exemplified by an examination of a
paper by Walker (1990), who was attempting to reconcile his
facies-model approach to the new concepts and methods. He
(Walker 1990, p. 779) complained that the
architectural-element approach, which treated elements as
building blocks that could be assembled in multiple ways
(Miall 1985), constituted “sedimentological anarchy.”
Walker (1990) conceded that the proliferation of information
about environments and facies associations that had resulted
from the explosion of facies studies rendered the simple
facies-model approach for complex depositional systems
(such as submarine fans) inadequate. He referred approv-
ingly to the depositional systems approach exemplified by
Fisher and McGowen (1967).

Future facies modeling must emphasize these contemporaneous,
linked depositional environments, and their response to tectonics
and changes of relative sea level. This will combine the
strengths of classical facies modeling with the recognition that
widely spaced and “distinct” geographic environments (sum-
marized as models) can be rapidly superimposed as part of one
transgressive or regressive system (Walker 1990, p. 780).

Walker (1990, p. 781) also expressed concern regarding
the new concepts of sequence stratigraphy, which were
becoming popular at this time. He pointed out the ambiguity
in some of the definitions (e.g., that of the parasequence;
see Sect. 5.2.2), the uncertainty with regard to scale, and the
lack of clarity in such expressions as “relatively con-
formable.” The issue of scale arises with reference to such
expressions as “genetically related” strata. In facies-model
studies, genetically related implies gradational contacts
between lithofacies that are related to each other in the sense
implied by Walther’s Law. In sequence stratigraphy,
genetically-related means the deposits formed during a full
cycle of base-level change, although, as Walker (1990,
p- 784) pointed out, using Galloway’s (1989) genetic
stratigraphic sequence model implies that strata above and
below a subaerial erosion surface (the E/T surfaces of Plint
et al. 1986), are genetically related, which they are certainly
not.

While reluctant to fully embrace the new methods and
terminology of sequence stratigraphy, Walker (1990) con-
ceded that the regional patterns and the emphasis on
large-scale sedimentary controls that were being revealed by
sequence studies were valuable. As a compromise he pro-
posed the adoption of the new system of allostratigraphy
that had been proposed in 1983 by the North American
Commission on Stratigraphic Nomenclature. Allostratigra-
phy is based on the recognition, mapping and subdivision of
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unconformity-bounded units. For example, a typical
sequence, in the sense implied by Vail et al. (1977) consti-
tutes an alloformation.

1.2.14 The Full Flowering of Modern
Sequence-Stratigraphic Methods

When sequence stratigraphy was introduced to the geologi-
cal community through the landmark publications of the
Exxon Group (Payton 1977; Wilgus et al. 1988; Van
Wagoner et al. 1990) it came with an overriding hypothesis
that eustatic sea-level change was the main driver of changes
in accommodation, and hence of sequence architecture.
Doubts about the universal applicability of this hypothesis
began to emerge in the 1980s, and by the mid-1990s most
earth scientists had accepted that other factors, including
climate change and regional tectonism may play a key role
(Miall 1995a). The controversy is described in detail in Miall
(2010; Chap. 12).

The realisation that many allogenic processes are at work
during the accumulation of a basin fill gave renewed impetus
to stratigraphic studies, because it became clear that
sequence methods, combining the large scale of
reflection-seismic surveying with the facies scale of the
outcrop or drill core, could be very powerful tools for the
reconstruction of geologic history, as well as provide much
more useful predictive stratigraphic models for petroleum
exploration and development. The increasing use of hori-
zontal “seiscrop” sections (horizontal sections extracted
from three-dimensional data volumes) has led to the devel-
opment of an entirely new discipline, seismic geomor-
phology, which deals with the analysis of ancient
depositional systems based on their preserved landscape
architecture and three-dimensional construction (Davies
et al. 2007; Hart 2013). Furthermore, the debate about global
eustasy placed renewed emphasis on the need for accurate
global chronostratigraphic correlations in order to test
regional and global correlations, and this also encouraged
new work in this field.

The flourishing of sequence stratigraphy as a research
topic inevitably led to differences of interpretation and even
to differences in the methods for defining sequences. For
example, Hunt and Tucker (1992) showed how the Exxon
sequence model was quite inadequate in dealing with the
falling stage of a base-level cycle. Galloway (1989) pro-
posed defining sequence boundaries at the maximum
flooding surface rather than the subaerial erosion surface and
its basinward correlative conformity. This and other con-
troversies (discussed in Sect. 7.7) hindered the development
of a uniform methodology and common language for dealing
with sequences on a formal basis.

1 The Scope of Modern Stratigraphy

Catuneanu (2006), in what has become the standard
textbook on sequence stratigraphy addressed these topics
topic and showed how different approaches could be rec-
onciled if care is taken with descriptions and definitions. In a
series of papers culminating in a review for Newsletters in
Stratigraphy he and selected colleagues have been leading
the way in the work to gain acceptance for sequence
stratigraphy as the appropriate formal basis for modern
stratigraphic work (Catuneanu et al. 2009, 2010, 2011).
More recently, Steel and Milliken (2013) have provided a
very useful documentation of the many incremental addi-
tions to our knowledge of siliciclastic facies associations and
models and their incorporation into sequence-stratigraphic
interpretations.

Modern theoretical and experimental work is making
substantial contributions to our understanding of processes
of sedimentation and sequence generation. The
specially-designed experimental facility (eXperimental
EarthScape Facility, or XES) described by Paola (2000) and
Paola et al. (2001, 2009) is particularly well-equipped to
explore what Sheets et al. (2002) termed the stratigraphic
“mesoscale”, the time scale of years to thousands of years.
Within this time frame, “the depositional pattern shifts from
reflecting the short-term flow pattern to reflecting long-term
basinal accommodation. Individual events are averaged to
produce large-scale stratal patterns” (Sheets et al. 2002,
p- 288). At this scale, autogenic processes grade into, or are
affected by and modified by allogenic forcing. Muto and
Steel (2004) demonstrated that, given steady conditions of
discharge and sediment supply, prograding deltas will
eventually start to “autoincise” over the mesoscale time
scale. Strong and Paola (2008) explored the evolving nature
of valley incision, terrace formation and valley fill, and
demonstrated that the valley-floor surface that ultimately is
preserved in the geological record during a cycle of
base-level change is an erosion surface that never actually
existed in its entirety as a topographic surface in its pre-
served form, because it undergoes continuous modification
by erosion or sedimentation until final burial. Kim and Paola
(2007) demonstrated that the autogenic process of delta and
channel switching may, under the influence of fault move-
ment, develop cyclothem-like cycles over time periods of
10° years.

Meanwhile, the research theme centred on facies analysis
is by no means complete. As discussed in Chap. 4, advances
in the understanding of processes and environments con-
tinue, aided by the experimental work touched on above and
by improved observational methods. Three topics merit note:
(1) the increasing recognition of the importance of
cool-water environments for carbonate sedimentation, (2) an
improved understanding of the development of deep-water
turbidite deposits relative to the cycle of sea-level change
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and sediment delivery patterns, together with a much
expanded understanding of the variability and complexity of
turbidite systems, due in large measure to developments in
marine geology, three-dimensional seismic surveying, and
large-scale outcrop work, and (3) the increasing realization
that in natural systems mud forms silt- and sand-sized
floccules, and most mud is transported and deposited by
currents of all kinds. Pelagic settling may be of minor
importance as a source of mud deposits.

1.2.15 Stratigraphy: The Modern Synthesis

The full flowering of modern stratigraphy represents the
amalgamation of the concepts and methods encompassed in
all of the separate developments described in the preceding
sections. The power of the modern science could not pos-
sibly have evolved without the contributions from all of
these strands of development. However, for the purpose of
education and training, the basic components of modern
stratigraphy can be broken down into the following list of
seven broad topics. Key references are provided here to
some of the main recent reviews and textbooks:

1. Facies analysis methods and facies models (James and
Dalrymple 2010).

2. Sequence stratigraphy, concepts, definitions and methods
(Catuneanu 2006).

3. Interpretations of the origins of sequences in terms of
basin processes (tectonism, eustasy, climate change, etc.)
(Miall 2010; Allen and Allen 2013).

4. Modern seismic methods, including seismic geomor-
phology (Veeken 2007; Davies et al. 2007; Hart 2013).

5. Chronostratigraphy and the Geologic Time Scale
(Gradstein et al. 2004a, 2012; see also www.stratigraphy.
org).

6. 4. Basin geodynamics: the origins of basins in terms of
plate tectonics and crustal behaviour (Miall 1999; Busby
and Ingersoll 1995; Allen and Allen 2013).

7. Modern formal stratigraphic methods (Salvador 1994).
Updated methods at www.stratigraphy.org.

A specialized branch of stratigraphy deals with the Qua-
ternary record. Specialists include archeologists and anthro-
pologists. Age dating reaches levels of accuracy and
precision in the 10°~10*-year range, based on dating methods
designed specifically for the Recent, including '*C and U-Th
radiometric methods, optically-stimulated luminescence,
cosmogenic radionuclides, and amino-acid geochronometry
(http://www.inqua-saccom.org/stratigraphic-guide/geochron
ometry/).

1.3  Time in Stratigraphy

Sedimentologists and stratigraphers study sedimentary
events over time periods extending through 17 orders of
magnitude, from the long-term global changes in plate dis-
tribution, atmospheric composition, and oceanic geochem-
istry that take place over billions of years (10° year), to the
entrainment and displacement of individual sand grains in
traction carpets, events that take but a few seconds
3s=10" year) (Miall 1991b, 2014b). Different parts of
this time spectrum have become the special interest of dif-
ferent scientific groups (and are considered in different parts
of this book). Consider this wide variety of observations:

1. Those interested in fluid hydraulics and the development
of bedforms are concerned with periods of a few seconds
to a few hours (107 =107 year; Chap. 2).

2. Those who study sedimentary facies and depositional
models have to take into account diurnal changes in air
and water circulation and tidal effects at one extreme
1073 year), the effects of dynamic events such as floods
and storms (durations of 10°-1072 year, spaced over
intervals of 107'-10" year), and, at the other extreme, the
growth, migration, and progradation of various suben-
vironments, such as river channels, tidal flats, delta lobes,
and crevasse splays (10'-10* year; Chap. 3).

3. Conventional stratigraphy—the mapping and formal
definition of formations, members and groups, and
sequence stratigraphy, deal with sedimentary packages
and depositional systems that may take 10°—107 year to
accumulate (Chaps. 5, 6 and 7).

4. For those concerned with the establishment of chronos-
tratigraphic relationships and the rates of geological
events and processes, chronostratigraphic precision in the
dating of stratigraphic events is rarely better than
about + 0.1 m.y. (10° year), this being the highest level of
resolution that the Geologic Time Scale can currently
attain for most of the Phanerozoic (Gradstein et al.
2004a; see Chap. 7). For the Neogene the availability of a
chemostratigraphic scale based on oxygen isotope vari-
ations has provided an even finer degree of resolution,
and work is underway to extend a cyclostratigraphic time
scale, with a resolution in the 10°-year range, back
through the Cenozoic (Sect. 7.8.2).

5. There is increasing recognition of the importance of
astronomical (orbital) forcing as a control on climate.
Commonly, in the geologic past, this has been respon-
sible for the growth and decay of continental ice caps,
with consequent major effects on climate and global sea
level, and hence, on stratigraphic cyclicity, notably the
development of the cyclic deposits termed cyclothems.
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These are the so-called Milankovitch processes, which
deal mainly with time periods of 10°-10° year. The study
of these cycles constitutes cyclostratigraphy and the
time scale that may be derived from them is termed as-
trochronology (Chap. 8).

6. A major task for modern stratigraphers is the establish-
ment and correlation of the major sequence framework
for the world’s sedimentary basins. These have durations
ranging from 10* to 107 year. The driving force for these
sequences includes eustasy, driven by changes in the
global average rate of sea-floor spreading, regional tec-
tonics, and climate change.

7. Geophysical modeling of sedimentary basins has, in
recent years, focused on the flexural and rheological
behavior of the earth’s crust in response to stretching,
heating, and loading events, and on the regional
(epeirogenic) changes in continental elevation caused by
mantle thermal processes (dynamic topography). Subsi-
dence driven by these mechanisms is slow, and the
evolution of the large-scale architecture of a basin is a
process that takes 10°~107 year to complete.

8. The assembly and dispersion of supercontinents on the
earth’s surface is a product of the thermal behavior of the
core and mantle. Evidence is accumulating for a
long-term  cyclicity throughout Proterozoic and
Phanerozoic time, with a periodicity in the order of
10® year.

The disparities in the time scales that form the back-
ground to the work of these various groups have given rise
to some tensions in the development of basin analysis. For
example, the study of fluid hydraulics in the laboratory has
yielded elegant phase diagrams that permit interpretations to
be made of instantaneous flow conditions in the develop-
ment of sequences of hydrodynamic structures (crossbed-
ding, parting lineation, etc.). However, such analyses relate
only to the few minutes or hours when the individual bed-
form was being deposited and can tell us nothing about the
usually much longer periods of time (up to several or many
years) represented by non-deposition or erosion, and they
also tell us nothing about the preservation potential of the
various bedforms.

As data have accumulated relating to time intervals and
rates of sedimentary processes it has become clear that there
are major disparities between the rates derived from the
study of modern sedimentary processes and those obtained
from analysis of the geological record. Sadler (1981) was the
first to document this in detail. Miall (1991b, 2014b) sug-
gested that a hierarchical approach be used to manage dis-
cussion of rates and time scales in the geological record.
This issue, and the question of preservation potential, are
addressed in detail in Chap. 8.

1 The Scope of Modern Stratigraphy

1.4 Types of Project and Data Problems
Data collection and analysis procedures are, of course,
determined by the nature of the project. The following are
some typical basin analysis problems, with a brief discussion
of the data collection potential.

1.4.1 Regional Surface Stratigraphic Mapping

Project

Work of this nature is one of the primary functions of
government surveys, intent on providing complete
map-sheet coverage of their area of responsibility, both as a
service to industry and as a basis for expert advice to gov-
ernment economic planners. Similar regional surveys are
commonly undertaken by industry as a preliminary to
detailed surface or subsurface exploration, although their
studies are rarely as thorough. Many academic theses are
also of this type.

Many government surveys are carried out by individuals
who are not specifically trained in the analysis of sedimentary
basins, the idea being that members of the survey should be
generalists, capable of mapping anything. This was an old
British tradition, and it is an unfortunate one because it means
that the individual survey officer cannot possibly be aware of
all the skills that are now available for mapping work in
sedimentary rocks, nor are they encouraged to take the time
for the specialized observations which would make their
work so much more effective. The argument that this is “left
for the academics to do later” is not always satisfactory, for it
is commonly the case that the stratigraphy of a succession can
only be clarified by those who thoroughly understand its
sedimentology. Many fruitless arguments about stratigraphic
terminology can be avoided if this is realized at the beginning
of a mapping endeavor. A team approach to a project is often
an ideal solution. For instance the research synthesis edited
by Besly and Kelling (1988) is an excellent example of an
integrated basin-analysis approach to a broad and complex
research problem, in this case the origin of a major series of
sedimentary basins in northwest Europe.

Another argument that is sometimes heard about geo-
logical mapping is that once it is done it does not need to be
done again. Political pressures to defund or disband state
geological surveys have been based on this argument, which,
of course, ignores the fact that maps constantly need to be
updated to incorporate new data, or redrawn to encompass
new concepts or to take advantage of new technologies, such
as Geographical Information Systems (GIS: digital map-
ping). It is likely that eventually most standard surface
geological maps will be redrawn using sequence concepts
instead of lithostratigraphic terminology.


http://dx.doi.org/10.1007/978-3-319-24304-7_8
http://dx.doi.org/10.1007/978-3-319-24304-7_8

14 Types of Project and Data Problems

The basis of all surface basin-analysis projects is the
careful compilation of vertical stratigraphic sections. These
are described by the geologist in the field, who also collects
samples for subsequent laboratory analysis, taking care to
label each sample according to its position in the section.
Where should such sections be located? The choice depends
on a variety of factors. First, they should be typical of the
area in which they are found and should be as free as pos-
sible of structural deformation. Obviously, they should also
be well exposed and, ideally, free of chemical or organic
weathering, which disturbs or obscures textures and
structures.

The best sections for regional correlation are those that
include several stratigraphic intervals, but it is rare to find
more than a few of these except in exceptionally well
exposed areas. Short, partial sections of a stratigraphic unit
can provide much valuable sedimentological data, such as
facies and paleocurrent information, although it may not be
possible to locate them precisely within a stratigraphic
framework unless they can be correlated by a marker bed or
structural interpretation (Chap. 6). Exposures of this type
tend to be ignored by the regional mapper, but they should
not be ignored by those intent on producing an integrated
basin analysis, because they add to the data base and may
provide many useful sedimentological clues.

The great advantage of surface over subsurface studies is
the potential, given adequate clean outcrop, to see medium-
to large-scale sedimentary features, such as crossbedding,
and larger scale architectural elements, including channels,
large bar deposits, bioherms, etc., that may be difficult or
impo