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Preface

In an earlier book, The Geology of Fluvial Deposits (1996), I set out in detail
modern methods of facies and architectural analysis of fluvial deposits, and used
numerous case studies to illustrate the architecture of fluvial systems, on scales
ranging from that of the outcrop to that of entire basins. Chapters were devoted to
the tectonic and climatic controls on fluvial deposition, and an attempt was made
to erect a classification of nonmarine oil and gas fields based on the stratigraphy
and architecture of the fluvial reservoirs.

In subsequent years, a host of new case studies has provided much material for
refining our understanding of allogenic controls, and has substantially improved
our ability to apply sequence-stratigraphic methods to fluvial systems. Exploration
techniques used for petroleum exploration and development have become much
more sophisticated, and in my view, are steadily reducing the need for much of
the statistically based modeling work that is carried out during the reservoir devel-
opment process, in favor of the detailed mapping of what is actually there, using
such techniques as three-dimensional seismic reflection, and the careful analysis
of production data, such as pressure-depth relationships.

One of the major foundations of sedimentological work has been the ana-
logue method, whereby the processes and products of modern and very recent
sedimentary environments form the basis for comparison with the ancient record.
However, our increasing ability to develop accurate ages for the rock record has
raised an important question about the validity of the analogue method, which
forms the basis for one of the fundamental principles of geology, that of uni-
formitarianism. The fragmentary nature of preserved stratigraphies is increasingly
apparent, and it is clear that comparisons to the ancient record based on studies
of post-glacial stratigraphy, such as the great deltas and continental margin sedi-
mentary prisms bordering modern oceans, must be carried out with a major caveat
regarding questions of preservability. This is particularly the case in the area of
sequence stratigraphy, an area that is examined in depth in this book as it relates to
the analysis and interpretation of fluvial deposits.



vi Preface
The purpose of this book is to discuss the new methods and the new under-

standing of fluvial depositional systems, with a particular emphasis on those tech-
niques and results that are most useful for subsurface work.

Toronto, March 2013 Andrew Miall
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Chapter 1
The Nature and Purpose of This Book

1.1 Looking Back to 1996

This book is not a revised version of “The geology of fluvial deposits” (Miall
1996), but an entirely different product.

Much of the material in the 1996 book was compiled at a time when the meth-
ods of facies analysis and architectural element analysis were maturing and were
becoming widely used by the sedimentological community. The lithofacies clas-
sification which I first proposed in 1977, and the method of architectural-element
analysis, set out in major papers published in 1985 and 1988, were thoroughly
documented in the 1996 book (Chaps. 5-7), and little has been done since then
to require revisions or an upgrade. A recent summation of the methods was pro-
vided by Miall (2010a). As expected, indeed, as was recommended, researchers
have taken the basic ideas and adapted them to suit the particular needs of their
research projects. Field techniques now include the use of LIDAR for the record-
ing of outcrop images, which may substitute for photomosaics, but the methods of
outcrop architectural analysis (Chap. 4) remain much the same. New approaches
and techniques for mapping the subsurface have been developed for use in the
petroleum industry; these are introduced briefly below and discussed at greater
length in Chap. 4 of the present book. Three-dimensional reflection-seismic data
is increasingly becoming a standard tool for petroleum geologists, and its interpre-
tive arm, seismic geomorphology, is a powerful tool requiring a deep knowledge
of sedimentology for maximum usefulness.

The compilation of facies models that constituted Chap. 8 of the 1996 book
has largely stood the test of time. Only one new facies model has been formally
proposed since that time, a model for rivers in hot, seasonal, semiarid and sub-
humid environments (Fielding et al. 2009, 2011). Extensive research, such as that
by Long (2011) has demonstrated the applicability of the original suite of models
to the rock record.

A. Miall, Fluvial Depositional Systems, Springer Geology, 1
DOI: 10.1007/978-3-319-00666-6_1,
© Springer International Publishing Switzerland 2014
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The tectonic control of fluvial systems was thoroughly described in Chap. 11 of
the 1996 book, and the chapters dealing with oil and gas fields in fluvial systems
(Chaps. 14 and 15) need little modification.

For a research-level textbook covering all this material, the reader is still
referred to the 1996 book.

1.2 New Developments

The area that appeared to require the most extensive revision and renewal is, not
surprisingly, the material dealing with sequence stratigraphy (Chap. 13 in the 1996
book). Much has changed since that chapter was written, and indeed, whole new
ways of thinking have evolved that require some new approaches. Some of these
new ways have thinking have developed from the imaginative and quite revolu-
tionary laboratory work undertaken by Chris Paola at his experimental facility at
the University of Minnesota. In this research, fluvial and deltaic processes have
been modeled in a large tank that has been constructed to simulate base-level
change and differential subsidence. Theoretical arguments and comparisons with
modern fluvial-deltaic systems have established that the results of the experiments
may be scaled up to that of natural systems, thereby filling an essential observa-
tional gap, termed the “mesoscale”, between the documentation of modern and
historical processes, which essentially only cover about the last 100 years, and
geological observations on the rock record, for which the most refined time scale
available is that of magnetostratigraphy, in the 10%-year range. Results and conclu-
sions drawn from the work of Paola and his group have been integrated into the
discussion at several places throughout this book.

Another critical development in the last two decades has been the steady accu-
mulation of quantitative data relating to sedimentary and stratigraphic processes.
We now know substantially more than we did in the 1990s about the rates of sedi-
mentary processes, and about the nature and rates of an increasingly wide range
of allogenic forcing processes. Work by such researchers as Paul Heller, Doug
Burbank, David Mohrig and Elizabeth Hajek, amongst others, has aimed to test
experimental and theoretical work against observations from the ancient fluvial
record, using carefully selected field case studies. Some of these results are dis-
cussed in this book, focusing primarily on the larger-scale fluvial systems and
those components of which (channels, channel belts and depositional systems) that
are the main focus of the subsurface geologist.

However, in one important area, this increasingly detailed and quantitative
knowledge of sedimentary processes has led to what, in this writer’s view, is the
emergence of a serious but hitherto largely unrecognized disconnect between
those studying modern processes and the post-glacial record, versus those study-
ing the more ancient record. The increasingly large data base that is now avail-
able to researchers on rates and time scales has demonstrated that sedimentation
rates, and the rates of processes, as measured in modern environments and in
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Pleistocene-Holocene settings, are one to three orders of magnitude more rapid
than those normally derived from detailed chronostratigraphic studies of the pre-
Neogene record. This is partly a reflection of the high rates and large magni-
tudes of changes that occurred through the late Cenozoic glacial cycles, but it is
also a reflection of the nature of what I have called the “geological preservation
machine”, whereby high-frequency, high-rate events are systematically removed
from the record as time passes. This is not a new observation; it was an obvious
conclusion of the work of Sadler (1981) who published a by-now classic paper on
sedimentation rates (Fig. 1.1). What is new is the availability of new theory and
much new data to assist in the explanation of this phenomenon. As discussed in
Chap. 2, and at greater length elsewhere (Miall, in press), stratigraphic processes
over the full spectrum of geological time scales may now be understood with ref-
erence to the concept of fractals.

In a widely-quoted remark, the implications of which have been largely ignored
in practice, Ager (1973) stated that “the stratigraphic record is more gap than
record.” As Miall (in press) argued, we now have to consider the fact that there
are, in effect, gaps within the gaps, and that the record is permeated with them,
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at every scale. Preserved stratigraphy constitutes a set of fragmentary remnants,
that have been called “frozen accidents.” (Bailey and Smith 2010, pp. 57-58).
These can tell us a great deal, but only if we work within the appropriate time
scale. Much of the present book consists of a working through of the implications
of these concepts for fluvial systems and the fluvial sedimentary record. This con-
stitutes part of what I have called “updating uniformitarianism” (Miall, in press).

We need a new approach to uniformitarianism, because of the disconnect, noted
above, between those working on the modern and the ancient record. It could be
argued that the analog method on which modern sedimentology is based, is no
longer a satisfactory foundation for research into long-term geological processes.
It was based on the long-standing, traditional Hutton-Lyell aphorism “the pre-
sent is the key to the past”, and its obverse, “the past is the key to the present”. If
the geological preservation machine systematically removes much of the modern
record before it can become part of the ancient record, we need to be constantly
alive to the potential for the bias this introduces into our interpretations.

In the practical world of petroleum geology, the transition that takes place from
exploration to production involves a handover from the geologist to the engineer
of a model of reservoir architecture to be used as the basis for the design of a pro-
duction program. There are tensions in this process because of the level of uncer-
tainty inherent in geological prediction (e.g., Martin 1993). Speaking of high-risk
and high cost frontier exploration project, Larue and Hovadik (2008, p. 337) said:

Project appraisal and development may be based on very few wells with or without the

benefit of 3D seismic data, but with implications for capital costs of hundreds of millions
to billions of dollars.

The qualitative nature of these models may not satisfy the quantitative require-
ments of the engineer. Typically this is now managed by the use of numerical
models that employ probabilistic methods to provide ranges of likely values for
engineering purposes. Essential information, such as the dimensions and spacing
of reservoir bodies may be calculated as ranges of likely values from the sedi-
mentological and sequence models compiled by the geologist. There are many
commercial computer modeling methods that manage this part of the production
process. With the exception of the next, concluding paragraph of this section they
are not discussed in this book, the main purpose of which is to assist the geologist
to understand the fluvial system from which the computer input is assembled.

A specialized area of computer simulation has grown to answer the following
problem:

In industry scenarios, the typical paucity of data relating to sedimentary heterogeneity at

a resolution finer than the seismic and interwell-spacing scales, together with the need to

undertake uncertainty analysis for the assessment of risk, has resulted in the need for the

development and implementation of stochastic methods for modeling reservoir sedimen-
tary architecture by simulating several different equiprobable architectural realizations.

Structure-imitating stochastic reservoir modeling aims at simulating sedimentary architec-
ture without considering depositional and/or erosional processes.

This quote, from Colombera et al. (2012, p. 2144) introduces an elaborate new
database system from which to sample input parameters relating to depositional
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systems, architectural elements and lithofacies in order to construct reservoir mod-
els for development engineering purposes. This approach appears to be by far the
most sophisticated in this category of model building. The purpose is not to sim-
ulate fluvial processes, but to construct a practical architectural model for reser-
voir planning purposes based on the limited input data available from preliminary
exploration and interpretation of facies, fluvial style, tectonic and climatic setting,
etc. However, as discussed throughout this book, fluvial systems are notoriously
difficult to predict. The simple case of trunk rivers having tributaries of variable
scales and fluvial styles (Fig. 2.11) may play havoc with a well-thought-out engi-
neering model. It is to be hoped that the contents of this book can assist in the
work to understand and constrain the input that needs to be used in models of this
type or, as we discuss in Chap. 4 (see below) to try to avoid statistical approaches
altogether, as much as possible, by the employment of various new mapping tools.

1.3 Introduction to the Contents of This Book

Chapter 2: Modern fluvial sedimentology began with the development of the point
bar model and the fining-upward cycle in the late 1950s and early 1960s (Miall
1996, Chap. 2). The process-response model flourished in the subsequent decades,
and has left us with a wealth of information on modern rivers and ancient depos-
its, much of it categorized under the heading of facies models. In Chap. 2 I take
a look at the modern state of fluvial facies studies, and conclude that the facies
model approach has long-since reached its limit of usefulness. One of the difficul-
ties is the selective preservation of modern fluvial processes. For example, stud-
ies of the shallow deposits of modern rivers using ground-penetrating radar have
demonstrated that the surface form is often not reflected by the internal structure,
but is superimposed on fragments of earlier channel and bar deposits above recent
local erosion surfaces. This is part of the preservability issue that I raised ear-
lier. Another important point is the growing data base that points to the low level
of predictability that can be inferred from geological studies of the rock record.
Gibling’s (2006) survey of dimensional data on fluvial facies units is examined in
Chap. 2, where I reproduce some of his data documenting such relationships as the
width:depth ratio. These kinds of relationships have been used for a long time as
predictive tools for studying the subsurface, but are not, in fact, very discrimina-
tory. Prediction of subsurface dimensions from limited vertical profile, including
core, data, is fraught with hazard.

Architectural methods of description and documentation of the rock record are
more powerful than traditional vertical-profile methods, because they direct the
observer to seek out three-dimensional information, and come with no presump-
tions regarding fluvial style. However, the methods are difficult if not impossible
to use where there is only limited well data, as in the early phases of a subsur-
face exploration program. In addition, many of the most interesting architectural
elements, such as nested channels and incised valleys, are commonly at scales of


http://dx.doi.org/10.1007/978-3-319-00666-6_2#Fig11
http://dx.doi.org/10.1007/978-3-319-00666-6_4
http://dx.doi.org/10.1007/978-3-319-00666-6_2
http://dx.doi.org/10.1007/978-3-319-00666-6_2
http://dx.doi.org/10.1007/978-3-319-00666-6_2

6 1 The Nature and Purpose of This Book

hundreds of metres to a few kilometres across that commonly are too large to be
seen completely in outcrop or sampled reliably by exploration wells, but too small
to be seen properly on reflection seismic data. I discuss this problem further in
Chap. 6.

Chapter 3: A major concern of the subsurface geologist is the problem of defin-
ing and describing the architecture of the various facies, particularly the porous
units—typically composed of sandstone or conglomerate, that constitute poten-
tial or actual petroleum reservoirs. The size, orientation and connectivity of these
bodies are critical to the effective and efficient design of well networks, particu-
larly for the purpose of enhanced recovery projects. Much depends on the ways in
which fluvial channels move around on a floodplain, whether by gradual migration
or by sudden shifting—the process termed avulsion—the major focus of this chap-
ter. Geological work on this problem has consisted of extensive study of the his-
tory of avulsion of modern rivers, mapping of ancient avulsions in the rock record,
and the numerical and experimental modeling of avulsions. The physical processes
of avulsion are complex, and are still not completely understood. Numerical mod-
els of the avulsion process, of which there are several, do not attempt to simulate
the physics of the process and are essentially exercises in dynamic geometry. The
results of laboratory experiments, primarily those of Chris Paola’s experimental
stratigraphy laboratory, are helping to throw light on the issue. Despite decades
of activity in this area, a definitive treatment of the issue of avulsion, and the more
general topic of the autogenic control of alluvial architecture, is still not possible.

Of key practical importance to the business of reservoir development is the
nature of the sand fairway. Sand body connectivity is the key descriptor, and in
this chapter we discuss the critical factors on which it depends. It can be demon-
strated that fluvial style is NOT a critical element in the determination of reservoir
performance.

Chapter 4: Moving on to larger-scale features of fluvial systems, where allo-
genic processes become predominant, requires the construction of detailed maps
and sections of fluvial systems. Modern mapping methods (Table 1.1) include a
range of dynamic tools that make use of production measurements, and are more
effective than the traditional methods based on the facies model and the vertical
profile, in that they are empirical, directed towards systematically revealing what
is actually there rather than attempting to predict based on assumed relationships
that may have little factual, basis. Some of these methods make use of the dynamic
production data that may be collected as a petroleum field is developed.

Chapter 5: Developments in the understanding of tectonic and climatic con-
trol of fluvial sedimentation have advanced significantly in the last few decades
owing to the accumulation of numerous case studies. The improved understanding
of high-frequency tectonism in foreland basins, and a much broader knowledge
of the development of paleosoils, including their dependence on climatic controls,
are two developments that have significantly improved our range of tools for inter-
preting the ancient fluvial record. At the same time, experimental and theoretical
research have provided essential insight into rates and scales, particularly regard-
ing such issues as the response time of alluvial systems to allogenic forcing.
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Table 1.1 Methods for mapping complex fluvial systems in the subsurface

Old/traditional methods largely based on facies-models concepts

“The geostatistics of random sandstone encounters” Discussed in Sects.:
The vertical profile (and its limitations) 2.2.1-2.22
Width-depth ratios and other geomorphic relationships 223

Architectural elements 2.3

Idealized bar models

Net: gross and sandbody connectivity 3.6

Reservoir models and their limitations

Newer, empirical methods:

Ground-Penetrating Radar (GPR) 4.1.2
3-D seismic surveys 4.2.1
Dipmeter and formation microscanner Miall (1966, Sect. 9.5.8)

Dynamic methods:

“Stroking the substrate” with directional drilling

Pressure testing 422
Geochemical fingerprinting, tracer testing, etc. 422
4-D seismic surveys 422
History matching 422

Chapter 6: Two important sequence models that were developed for fluvial
deposits in the 1990s have been very influential, but in Chap. 6, I suggest that they
commonly have been misapplied to the rock record. A number of worked exam-
ples are used to illustrate the argument that because these models are largely based
on observations from modern rivers and the post-glacial sedimentary record, they
cannot be applied directly to the ancient record, because of the issues of sedimen-
tation rates and preservation, that I introduced above.

There has been much interest in fluvial sequence boundaries in the last few
years, particularly the way in which erosional boundaries develop through lengthy
periods of negative accommodation. The shaping of this surface and the frag-
mentary deposits that are commonly left behind during this process provide a
graphic insight into the succession of vanished landscapes that evolve during these
periods—and suggest an illustration based on modern data of the “abyss of time”
that was so eloquently described by John Playfair on seeing Hutton’s angular
Silurian-Devonian unconformity at Siccar Point for the first time. As with other
aspects of fluvial processes, the experimental stratigraphy experiments of Paola’s
group are providing many useful insights.

Lastly, in Chap. 7, I discuss the issue of identifying large rivers and their
associated depositional systems in the rock record. There has been a substantial
recent literature published on the matter of large rivers (Gupta 2007; Ashworth
and Lewin 2012), large-scale depositional systems (Weissmann et al. 2010, 2011;
Fielding et al. 2012), and paleovalleys (Gibling et al. 2011; Blum et al. 2013).
Much of this is focused on rivers and valleys of the present day and the post-
glacial period, but there are limits on how far these data can be applied to the
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task of reconstructing ancient depositional systems. Modern and recent systems
can be interpreted in terms of contemporaneous tectonism and climate, but when
studying the ancient record, the problem is the reverse: that of deriving the maxi-
mum amount of information from what is often very fragmentary and incomplete
evidence—evidence that is commonly quite ambiguous. One of the outstanding
issues dealt with, in particular, by Gibling et al. (2011), is the problem of discrimi-
nating between paleovalleys and large channel systems.

1.4 Conclusions

The main purpose of this book is to assist those working with the rock record to
maximize the information they can obtain from their research. Architectural meth-
ods have contributed substantially to the interpretation of preserved fluvial systems
at the outcrop scale. In the case of the subsurface—the attempt to map and explain
potential reservoir units or to provide more complete descriptions of producing
units—many of the same problems remain as they have been for decades: the limi-
tations on interpretation that are imposed by the lack of critical data. However,
where available, such new exploration tools as the 3-D seismic-reflection method,
and some mapping methods that make use of production data, can add substan-
tially to the depth and reliability of interpretations.

As background to all of this are developments in our understanding of the “geo-
logical preservation machine”, the means by which allogenic and autogenic pro-
cesses operate over an enormous range of time scales to create the preserved rock
record, with all its recognizable features, such as channel systems and sequences,
while also inserting subtle and not so subtle gaps in the record, that make the work
of the geologist continually challenging.



Chapter 2
The Facies and Architecture
of Fluvial Systems

2.1 Introduction

In Sect. 2.3.1 I pose the question: why do petroleum geologists worry about fluvial
style? and provide the answer: it is because it has long been assumed that reservoir
architecture is the key to reservoir performance. In this chapter we discuss some of
the difficulties in the reconstruction of fluvial style and facies architecture from the
ancient rock record. It is important to note, however, that reservoir architecture, as
such, may not be the critical key to reservoir performance that it has commonly
been thought to be. As Larue and Hovadik (2008) have demonstrated, from their
series of numerical experiments, facies variation along the flow paths, and its con-
trol on permeability, is of the greatest practical importance. The most important
control on reservoir performance is sand body connectivity (the “sand fairway”),
which may only be loosely dependent on reservoir architecture. Channel density
and stacking pattern, regardless of the style of the channels, are the key controls
on connectivity. Sand body connectivity is discussed in Sect. 3.7.

2.2 Depositional Scales

One of the most distinctive features of the earth sciences is the wide range of
scales with which we have to deal (Fig. 2.1). The concept of deep time is a con-
cern of earth scientists, theoretical physicists and astronomers. On Earth we deal
with 4.5 billion years of time (about one third of the duration of the universe), but
we deal with it in different ways on different time scales that vary over sixteen
orders of magnitude:

— The formation of continents, basins and basin-fill successions over millions to
as much as a billion years;
— The effects of tectonism and climate change on time scales of 10*-107 years;

A. Miall, Fluvial Depositional Systems, Springer Geology, 9
DOI: 10.1007/978-3-319-00666-6_2,
© Springer International Publishing Switzerland 2014
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FLUVIAL ARCHITECTURE:
SCALE, CONTROLS AND TIME
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Fig. 2.1 Hierarchies of scale and time in fluvial deposits (Leeder 1993)

— The evolution of depositional systems, a geomorphic process that addresses pro-
cesses over a time scale of tens to hundreds of thousands of years;

— The formation of bedforms and local aggradational cycles in response to daily
and seasonal processes and to dynamic events (e.g., the 100-year flood). These
processes are observable in present-day depositional systems, but for the pur-
pose of understanding the ancient record we need to be aware that most of what
we observe is geologically ephemeral.

It has become a geological truism that many sedimentary units accumulate as a
result of short intervals of rapid sedimentation separated by long intervals of time
when little or no sediment is deposited (Ager 1981, 1993). It is also now widely
realized that rates of sedimentation measured in modern depositional environ-
ments or the ancient record vary in proportion to the time scale over which they
are measured. Sadler (1981) documented this in detail, and showed that measured
sedimentation rates vary by eleven orders of magnitude, from 10~ to 107 m/ka
(Fig. 1.1). This wide variation reflects the increasing number and length of inter-
vals of nondeposition or erosion factored into the measurements as the length of
the measured stratigraphic record increases. Breaks in the record include such
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events as the nondeposition or erosion that takes place in front of an advancing
bedform (a few seconds to minutes), the nondeposition due to drying out at ebb
tide (a few hours), up to the major regional unconformity generated by orogeny
(millions of years).

The variation in sedimentation rate also reflects the variation in actual rates
of continuous accumulation (fifteen orders of magnitude in total), from the rapid
sandflow or grainfall accumulation of a cross-bed foreset lamina (time measured
in seconds, or 10~ years), and the dumping of graded beds from a turbidity cur-
rent (time measured in hours to days), to the slow pelagic fill of an oceanic abyssal
plain (undisturbed in places for hundreds or thousands of years, or more), to the
development of a major structural-stratigraphic province, which could represent
hundreds of millions of years. There clearly exists a wide variety of time scales of
sedimentary processes (Figs. 2.1, 2.2, 2.3).

There also exists a hierarchy of physical scales, which the same two exam-
ples illustrate—the cross-bed foreset at one extreme to the basin-fill at the other
extreme (Fig. 2.1). At least fifteen orders of magnitude are represented, from the
few square centimeters in area of the smallest scale of ripple foreset, to the tens of
thousands of square kilometers of a major sedimentary basin. At the scale of the
bedform, physical scales are constant, because they reflect invariant processes of

hierarchy of fluvial architectural elements
Key

[ channel - fi
[ tevee

[ crevasse splay
[ overbank

Fig. 2.2 The hierarchy of depositional units in a fluvial complex. This diagram was developed
primarily to assist in the explanation of sequence-stratigraphic terms and concepts (Kendall
2008; sepmstrata.org)
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10'-10°m

10'-10°km

Fig. 2.3 The hierarchy of depositional units in a fluvial system. Circled numbers indicate the
ranks of bounding surfaces, using the classification of Miall (1996)

the physics of sedimentation. However, at other levels of the hierarchy the scales
may show wide variation, such as the scales of fluvial channels (Fig. 2.4).

The ways by which earth scientists study sedimentary processes and the result-
ant depositional products vary according to the scale of interest (Table 2.1).
Bedforms in flumes are studied during experimental runs of, at most, few days
duration. Nonmarine and marginal-marine sediments and processes have been
much analyzed in modern environments, using studies of surface processes, and
by sampling the sediments themselves in trenches and shallow cores. The use of
old maps and aerial photographs extends the record as far back as about 100 years.
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Fig. 2.4 Channel hierarchies
in the Brahmaputra River,
(a), and the Donjek River,
(b) (after Williams and Rust
1969). Numbers in circles
refer to bars, other numbers
refer to channels. The first-
order channel comprises the
whole river, which includes
several second-order chan-
nels. Bars scale within the
channels in which they occur.
In the Brahmaputra River
third-order channels modify
higher-order bars but still
have bars within them, which
cannot be shown at this scale
(Bristow 1987)

(a)Q—- ?0‘k_m_fb{bJQ_ 250m ——

Optically stimulated luminescence (OSL) can provide age information for the 300-
100,000-BP time span. '“C dates may enable stratigraphic records of the last few
tens of thousands of years to be calibrated. Many sedimentological studies draw on
geomorphological work on landforms and Recent sediments. However, such work
is hampered by the specific, and possibly non-generalizable nature of the Recent
record, such as the Holocene deglaciation, climatic change, and rapid rise of global
sea levels. Stratigraphic studies typically deal with much longer time periods, as
represented by the deposits of basin fills, which may have taken hundreds of thou-
sands to millions of years to accumulate. Intermediate scales, represented by such
major depositional elements as large channels and bars, delta lobes, draas, coastal
barriers and shelf sand ridges, which may represent thousands to tens of thou-
sands of years of accumulation, are particularly difficult to document in the ancient
record and to analyze in modern environments. The time scales of the relevant sed-
imentary processes are difficult to resolve, and the physical scale of the deposits
falls between the normal size of large outcrops and the well spacing or the scale
of geophysical resolution in the subsurface. Yet it is this scale of deposit that is of
particular interest to economic geologists, representing as it does the scale of many
stratigraphic petroleum reservoirs and their internal heterogeneities (Table 2.2).

Figures 2.2 and 2.3 represent two different ways of illustrating the hierarchical
nature of stratigraphic accumulations. Most of the problems faced by geologists
attempting to wrestle with field-scale heterogeneities relate to the intermediate
scales shown on these diagrams, the channel fill and channel complex of Fig. 2.2,
and the units shown in diagrams B, C, and D of Fig. 2.3. We return to these scale
issues in a discussion of reservoir problems, in the next section.

Geomorphologists have devoted considerable attention to the problem of
time scales and their effects on analysis and prediction (Cullingford et al. 1980;
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Table 2.2 Classification of fluvial-channel bodies and fluvial-valley fills according to size and
form (Gibling 2006)

Width (m) Thickness (m) Width/Thickness Area (km?)

Very wide > 10,000  Very thick > 50 Very broad Sheets > 1,000  Very large > 10,000
Wide > 1,000 Thick > 15 Broad sheets > 100 Large > 1,000
Medium > 100 Thick > 15 Narrow sheets > 15 Medium > 100
Narrow > 10 Thin > 1 Broad ribbons > 5  Small > 10
Very narrow < 10 Very thin< 1 Narrow ribbons < 5 Very small < 10

Hickin 1983; Schumm 1985a). As Hickin (1983, p. 61) has stated, “time-scale
selection largely determines the questions that we can ask.” Schumm (1985a)
showed that the significance of an event diminishes as the time-scale increases.
Thus, an individual volcanic eruption, a spectacular geological event at the time
of its occurence (a “megaevent”, to use Schumm’s term), diminishes in geological
importance as the millenia go by and other eruptions take place, until eventually,
after perhaps millions of years, all evidence of the eruption is lost (it becomes a
“nonevent”) as a result of erosion or burial of the rocks and landforms formed by
the eruption. Events that seem random in the short term (such as turbidity-current
events) may assume a regular episodicity, or even cylicity, with definable recur-
rence intervals, if studied over a long enough time scale. Many events occur only
when some critical threshold has been passed, such as the buildup of deposits
on a depositional slope leading to gravitational instability and failure. In several
essays, Schumm (1977, 1979, 1985a, 1988; Schumm and Brakenridge, 1987) has
discussed the concept of “geomorphic thresholds” and their impact on sedimen-
tary processes. Such thresholds reflect both autogenic and allogenic processes, and
are characterized by a wide range of time scales (Fig. 2.5) and scales of cyclicity
(Fig. 2.6).

The accumulation of information relating to sedimentation rates and its inter-
pretation based on fractal theory has led to two important developments: (1) The
realization that the stratigraphic record is far more fragmentary than has hitherto
been appreciated (Miall, in press); and (2) The realization that many processes are
scale independent. This has been argued from the perspective of sequence stratig-
raphy (Posamentier et al. 1992; Catuneanu 2006). It has also been argued from
the basis of experimental and theoretical considerations that small-scale experi-
ments, such as those carried out in the Experimental Earthscape Facility (XES) at
University of Minnesota can be used to explore full-scale sedimentological pro-
cesses that take place over geologically significant periods of time (Paola et al.
2009).

Miall (in press) proposed the definition of a suite of Sedimentation Rate Scales
to encompass the range of time scales and processes that can now be recognized
from modern studies of the stratigraphic record (Table 2.1, Fig. 2.7). Assignment
of stratigraphic units to the appropriate scale should help to initiate a potentially
rich new form of debate in which tectonic and geomorphic setting, sedimentary
processes and preservation mechanisms can be evaluated against each other,



16 2 The Facies and Architecture of Fluvial Systems

v

@

o

_)

=] (a)

o

=

o

2

o C

-

u—

>

2@

o

>

< (b)

L =

g :.9 [ =4

- o= 5| e

— =l'a o o=

= o|e| oynamic | ®| 3

< 2|al Dynam ol 8
w|2 equilibrium| = a

a

(c)

Time——

Fig. 2.5 The various time scales of geomorphic processes. a The erosion cycle, as envisioned
by W. M. Davis in the nineteenth century. The lower line indicates the elevation of the valley
floor, the upper line that of drainage divides. Initial uplift is followed by degradational lowering
and episodic pulses of isostatic uplift in response to erosional unroofing. Total elapsed time is
in the order of 1072 years for a major drainage basin, with minor uplift events occurring on the
scale of 1097 years (corresponding to the tectonic cyclothems of Blair and Bilodeau (1988)).
Box labelled B is enlarged in diagram (b). In detail the valley floor shows an episodicity on a
smaller time scale (in the range of 10?73 years) as a result of the periodic storage and flushing of
sediment from bars and floodplain deposits, for example by avulsion events. Box labelled C is
shown enlarged in (c), in which the episodicity of diagram (b) is shown in greater detail (diagram
from Schumm 1977)

leading to more complete quantitative understanding of the geological preserva-
tion machine, and a more grounded approach than earlier treatments of “strati-
graphic completeness”.

The incorporation of hierarchical scale concepts into fluvial studies requires
an architectural approach. Early approaches to the architectural study of fluvial
deposits, notably, the work of J. R. L. Allen and of A. Ramos and his colleagues,
is described elsewhere (Miall 1996, Chap. 2). The main classification used in this
book is briefly described in Sect. 2.3. The current explosion of interest in sequence
stratigraphy represents an increasing interest in large-scale stratigraphic archi-
tecture, and its dependence on such allogenic controls as tectonics and sea-level
change, which topics form one of the major focuses of the present book (Chap. 6).
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Fig. 2.6 The hierarchy of cycles of sedimentation, based on geomorphic concepts of the com-
plex and episodic response of fluvial systems to autogenic and allogenic forcing. Schumm’s cycle
terminology does not correspond to that which emerged with sequences stratigraphy (Vail et al.
1977), and is explained here with reference to the Sedimentation Rate Scales of Table 2.1. The
primary cycle is the entire succession, reflecting the gradual diminution of sediment grade follow-
ing initial uplift (corresponding to the “erosion cycle” curve of Fig. 2.5a; SRS 10 of Table 2.1).
Second-order geomorphic cycles reflect isostatic adjustments (tectonic cyclothems) or major cli-
mate change (the kinks in the curves of Fig. 2.5a; corresponding to SRSS-10 of Table 2.1). Third-
order geomorphic cycles are those relating to the exceeding of geomorphic thresholds, leading
to periods of “metastable equilibrium” and periods of rapid change and adjustment (The events
shown in Fig. 2.5b). These processes occur over various time scales (groups 6-8). Fourth-order
cycles are related to episodic erosion, and to the complex response of the fluvial system to any of
the above changes (SRS 5-8). Fifth-order cycles are related to seasonal and other major hydro-
logical events, such as the “hundred-year flood” (SRS 5, 6) (Schumm 1977)
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Fig. 2.7 Rates and durations of sedimentary processes. Numerals refer to the Sedimentation
Rate Scale (see also Table 2.1)

2.3 Fluvial Style

2.3.1 Statement of the Problem

A great deal of sweat and much ink has been spent on worrying about fluvial
style, that is, the shape and arrangement of channels on the valley floor of a flu-
vial system. Why? Because it has long been thought that fluvial style is the key
to reservoir architecture. Until the advent of three-dimensional seismic, and the
emergence of seismic geomorphology as practical tools for exploration and devel-
opment of stratigraphic traps, geologists had very little data and only very unreli-
able tools to reconstruct reservoir geometry in the subsurface.

Development geologists and engineers employ models to assist in the characteri-
zation of their reservoirs. These models take many forms, including the use of mod-
ern analogues of the reservoir’s interpreted depositional system, outcrop analogues of
a unit assumed to have formed under similar conditions, physical scale models of the
depositional system, and numerical simulations of the reservoir built using mathemat-
ical short-cuts to simulate the physics of reservoir construction. Many published stud-
ies attest to the usefulness of such models, at least as providing first approximations
of reservoir character, although it is almost always the case that discrepancies develop
between the predicted character of the reservoir and the actual performance of the
reservoir, as development proceeds (the issue of “history matching”). Several general
studies of the modeling process have appeared in recent years, that have provided
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excellent introductions to the strengths and limitations of the various approaches
(e.g., Alexander 1993; Bryant and Flint 1993; Geehan 1993; North 1996).

In a lengthy and thorough review of the area of modeling and prediction of sub-
surface fluvial reservoirs, North (1996) emphasized the complexity and variability
of fluvial successions and the difficulties in predicting fluvial architecture in the sub-
surface. He discussed the various conceptual approaches that have been used to sys-
tematize our understanding of fluvial systems, including vertical-profile-based facies
modeling, architectural-element analysis and sequence stratigraphy. He noted the
problems caused by the simultaneous actions of the various autogenic and allogenic
sedimentary controls. He demonstrated that limits of vertical seismic resolution and
the limits imposed by a borehole network, even within a mature basin, may limit the
ability of the geologist to accurately define and predict fluvial architecture with the
quantitative rigour required by development engineers. Ethridge (2011) likewise, in
an appraisal of the methods of sedimentological interpretation of ancient fluvial sys-
tems, reviewed the many attempts to classify fluvial channels and channel systems,
pointing out the inconsistencies in terminology and the fact that such classifications
have not, in fact, assisted greatly with the interpretation of the ancient record.

North (1996, p. 451) suggested that the computer models of flow in channels
(as recently summarized by Bridge, 2003), which provide predictions of vertical
profile and paleocurrent variations, are valuable, as providing the basis for more
reliable reconstructions of channel form and style than earlier, descriptive models,
but acknowledged that sufficient data would rarely be available from the subsur-
face to make this a practical tool. These numerical models are based on geomor-
phic data bases of channel dimensions, from which sets of equations have been
derived that express the relationships between such parameters as channel width,
depth, meander wavelength, discharge, etc. (e.g., Ethridge and Schumm 1978;
Bridge and Mackey 1993b). North (1996, p. 452) noted the inadequacy of the data
base on which paleohydraulic reconstructions have been based, the large errors
inherent in the standard equations, and the procedural errors involved in using the
output from one equation as the input for another. Many studies, including that
of Bridge and Mackey (1993b), have addressed the issue of the paucity of data,
but the conceptual question discussed by Alexander (1993) and Geehan (1993)
remains: how do we know we are using the right analogue?

Weissmann et al. (2011) offered an even more fundamental criticism of the data
base of fluvial studies on which modern fluvial sedimentology rests: they argued
that most of the modern river systems, the descriptive features of which have been
used to construct modern facies models, are located in degradational settings.
They asserted that these studies are of limited relevance in the interpretation of
ancient successions which, by their very existence, indicate the long-term persis-
tence of aggradational environments. They stated (p. 330):

We believe that these studies of fluvial systems in degradational settings have validity in

terms of channel processes and products at the scale of bar forms, macroforms, and chan-

nel belts. However, they do not inform us about the way the macroform-scale deposits
stack into overall 3D basin-fill architecture.

I address this argument in Sect. 7.3.2.


http://dx.doi.org/10.1007/978-3-319-00666-6_7

20 2 The Facies and Architecture of Fluvial Systems

A theme throughout the discussions by North (1996) and the concluding
remarks in the book of which that paper is a part (Carling and Dawson 1996) is
the lack of information about modern rivers, a refrain expressed many times by
J. S. Bridge, as well. For example, Mackey and Bridge (1995, p. 28) concluded
that “There is a critical need for more comprehensive architectural data from mod-
ern fluvial systems, especially data related to processes controlling floodplain
geometry and channel pattern over periods of thousands of years.” They called for
more comprehensive physical models of flow, sediment transport, channel geom-
etry and the effects of tectonism and base level change. However, the usefulness
of such models would still be questionable, for the reasons discussed below. North
(1996, p. 399) noted that:

The geological emphasis needed is often determined by the economic and engineering
parameters of the project. So in a hydrocarbon reservoir analysis, for example, while the
geologist may be fretting over the sinuosity of the ancient river, the engineer may be much
more concerned by the impact on channel-sand permeability and porosity of the variations
in diagenesis.

Tye (2004) argued that the documentation of surface form, without the need
for subsurface analysis, could provide an invaluable input into reservoir studies by
providing constraints on the scale, orientation and interrelationships between res-
ervoir components, such as channels and bars, so long as the appropriate modern
analogue had been selected from which modeling input data was derived. He illus-
trated his argument with examples of the use of measurements on selected modern
rivers and deltas as input into an object-based three-dimensional reservoir model.
He acknowledged, however, that his “geomorphology” approach could not take
account of the erosional relationships between successive channel-belt units. This
is where knowledge of the subsurface architecture must be added in.

The problem of documenting fluvial architectures from modern river systems
has largely been solved by the development of ground-penetrating radar (GPR).
This geophysical technique is superbly adapted to documenting the shallow sub-
surface, providing high-resolution architectural data that can be related precisely
to the surface channel and bar morphology (e.g., excellent case studies were
provided by Best et al. (2003), Lunt and Bridge (2004)). Both the value and the
limitations of modern architectural studies using GPR are well illustrated by the
detailed study of the Sagavanirktok gravelly braided river in Alaska by Lunt and
Bridge (2004) and Lunt et al. (2004). These papers contain detailed documenta-
tion of the channel and bar architecture, documented with numerous GPR pro-
files. From the GPR data the authors extracted a set of “vertical logs of typical
sequences through different parts of compound bar deposits and channel fills”
(Lunt et al. 2004, Fig. 24d). They also developed a table relating “stratal thick-
nesses measured in boreholes” to the “widths of different scales of stratasets”
(Lunt et al. 2004, p. 410 and Table 2.3). They stated that this “quantitative three-
dimensional depositional model ... will allow prediction of the dimensions and
spatial distributions of different scales of stratification ...”” However, they then go
on to say that “reconstructing the origin and evolution of compound bar deposits
from only recent aerial photographs or cores is impossible. It is also impossible to
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determine from core whether a compound bar was a point bar or a braid bar.” They
also assembled some modern data relating to the width-depth relationships for the
channel belt deposits of recent braided and meandering rivers and concluded that
this ratio is widely variable and that there may be very little difference between the
two river styles in terms of the channel-belt deposits currently accumulating.

Here, then, is the first of the two major problems with modern analogues for
interpreting the ancient record: snapshots of a modern river (surface maps, aerial
photographs) do not necessarily reveal the internal structure of the bars and chan-
nel deposits beneath the surface. For example, an apparently simple point bar in a
braided system may, upon dissection or GPR surveying, reveal an internal struc-
ture partly composed of the remnants of a different type of bar, or of an earlier
point bar with a different orientation, upon which the modern bar form has been
superimposed by the latest configuration of the adjacent active meander bend. Best
et al. (2003) documented the evolution of a single large braid bar in the Jamuna
(Brahmaputra) River in Bangladesh. This bar, 1.5 km long in a downstream direc-
tion, migrated downstream a distance equal to its own length in a little over a year,
and temporarily doubled in downstream length. How relevant to the study of the
ancient record is the detailed documentation of such an ephemeral feature, other
than to illustrate short-term bar-forming processes? How much of this bar is likely
to make it into the preserved record?

In its simplest condition, the evolution of a braided channel can be consid-
ered as the development of opposite-facing low-sinuosity meanders migrating
away from a central (mid-channel) bar (Bridge 1993). The work of Ashworth
et al. (2000) explicitly ruled out this mode of evolution in the case of the bar they
studied, although they made a comparison with the small bar in the Calamus
River, Nebraska, analyzed by Bridge et al. (1998), which the latter demonstrated
to have grown by a comparable pattern of lateral and downstream accretion from
an upstream nucleus. Where bar migration is symmetrical, as proposed by Bridge
(1993), channel scour would be expected to sweep out an erosional channel form
approximating the width of two channels plus the intervening bar. Assuming
two channels of second-order Brahmaputra scale (in the terminology of Bristow
(1987)), each 2 km wide, and a mid-channel bar also 2 km wide, if both chan-
nels were filled prior to abandonment this could theoretically generate a second-
order sand body bounded by a fifth-order surface (the numbering refers to the
channel-scale bounding surface classification of Miall (1988, 1996, 2010a)) in
the order of 6 km wide. With an average depth of 12 m such a sand body would
have a W/D ratio of 500. However, this scenario is quite speculative. Several
groups of researchers have demonstrated patterns of active anabranch migra-
tion and bar growth and erosion in the Brahmaputra/Jamuna River (Thorne et al.
1993; Ashworth et al. 2000), which indicate that sand bodies of the full theoreti-
cal width estimated here may never develop. Sand bodies bounded by surfaces of
fifth-order rank are likely to be substantially less than 6 km wide. The final pre-
served architecture of sand bodies of the type described by Ashworth et al. (2000)
would depend on the balance between (1) lateral growth of the bar under condi-
tions of anabranch migration, and (2A) erosional incision brought about by events
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of avulsive anabranch switching, or (2B) migration and lateral erosion of an ana-
branch from another location within the channel belt. Final preserved sand body
widths are presumably somewhere between the hypothetical maximum of 6 km
and the width of individual bars—a minimum of 1 km. How useful are estimates
with such wide error margins? I return to this question in Sect. 7.4, where the
Brahmaputra/Jamuna River is discussed as a possible analog for the interpretation
of the Hawkesbury Sandstone, Australia.

The second of the major problems is that well data (including core logs) relating
to the internal architecture may be as poor a guide as surface form as a diagnostic
tool for reservoir body evaluation. Lunt et al. (2004) reconfirmed the point argued
many years ago (e.g., see Miall 1980; Collinson 1986) that vertical profiles are not
reliably diagnostic of fluvial style, let alone of bar character within a river of known
style. Even with a detailed core record it may be difficult to impossible to determine
whether a particular vertical profile relates to a single channel-fill record or to super-
imposed fragments of several or many channel and bar deposits, such as the one
documented by Best et al. (2003). Interpretations derived from core should therefore
include the development of several alternative scenarios for further testing.

The demonstration of statistical relationships between channel thickness and
width may be useful for characterizing individual rivers, but such relationships
should be used with great caution in examining the ancient record. The problem
is that even detailed GPR documentation of a modern river system relates only to
the present-day snapshot of the deposits. On the short term (decades to hundreds of
years) the architecture relates to the preservation of fragments of bars and channels
formed, modified and eroded under the existing channel pattern. But none of this
present-day deposit has yet made it into the geological record (this is, in part, what
Weissmann et al. objected to, as noted above). On the longer term (from thousands
of years up to geological time scales) the pattern of preservation is influenced by
subsidence rates and climate change. In addition to the fragmenting of channels
and bars within the short-term time frame of channel migration and avulsion there
may be erosional incision caused by channel systems at much later time periods,
which may partially or completely remove the earlier deposits and which may
demonstrate different styles because of changes in long-term allogenic controls.
Given slow subsidence rates it is quite conceivable that a given stratigraphic unit
could contain the amalgamated, mutually incised fragmentary deposits of different
river styles that were active tens to hundreds of thousands of years apart and which
could have generated channel and bar deposits with significantly different internal
character and thickness-depth relationships (e.g., see Blum and Toérnqvist 2000;
Ethridge and Schumm 2007; Sheets et al. 2008). In Chap. 6 we address the issue of
the relationship between alluvial architecture and accommodation generation.

Shanley (2004, pp. 171-172) argued that although much geomorphic infor-
mation is available from studies of modern rivers, “the interplay of subsidence,
base level, and magnitude of sediment supply exerts a far greater control on the
degree to which fluvial [channel] deposits are amalgamated or isolated than the
many short-term processes commonly viewed in the study of modern analogs.”
Gibling (2006) has documented with a thoroughness not previously attempted the
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enormous range in the dimensions of channel bodies in the modern and ancient
record, the variability in sedimentary controls, and the difficulties inherent in inter-
preting and modeling fluvial systems from limited data. As Ethridge and Schumm
(2007) noted: “Because several controls can produce the same effect (conver-
gence) and one control may produce different effects (divergence), unambiguous
interpretations [of the ancient record] are not possible.”

Given the normal variability of geological processes, the assumption of archi-
tectural complexity and variability should be the null hypothesis for the purpose of
exploration and development. For these reasons, it is suggested that the statistical
relationships developed for reservoir body dimensions and the numerical models
that are based on them (e.g., Bridge and Mackey 1993a, b; Mackey and Bridge
1995) are most appropriately used only in a very preliminary fashion as guides
to the development of several alternative scenarios for reservoir interpretation and
development. Shanley (2004) demonstrated this approach with the use of an array
of different equations for the estimation of sand-body widths from log- and core-
derived thickness data.

Modern sedimentological interpretations began in the 1950 s with the recogni-
tion of the value of the “vertical profile” as a diagnostic feature of depositional
environment, a development largely attributable to the work of Esso and Shell
Development geologists, who recognized the repeated nature of certain profiles
on wireline logs (Nanz 1954) and compared these to profiles obtained from the
study of selected modern environments, including fluvial point bars (Bernard et al.
1962). At about the same time, Allen (1963, 1964, 1965a, b) working largely in
the Devonian Old Red Sandstone of the Anglo-Welsh borderlands area, began to
establish the link between meander migration, point bar formation, and the rela-
tionship between width, depth and other channel attributes as preserved in the
rock record. Leeder (1973) noted a useful relationship between the geometry of
point bar deposits and the dimensions of meandering channels. Geomorphologists,
such as S. A. Schumm, provided much food for thought from their study of mod-
ern river systems (e.g., Schumm, 1977) and the several generations of numerical
models that have been developed, most recently (Bridge and Mackey 1993a, b;
Mackey and Bridge 1995) have built on all this earlier work to simulate alluvial
architectures based on selected input data and sets of geomorphic equations based
largely on observations of the fluvial styles of modern rivers. This history (up to
the mid 1990s) is recounted in some detail in the history chapter of “The geology
of fluvial deposits” (Miall 1996, Chap. 2).

Amongst the foundational work necessary for modeling have been attempts to
document and categorize fluvial deposits based on their interpreted fluvial style,
major milestones in this progress being the papers of Fielding and Crane (1987)
and Robinson and McCabe (1997) (e.g., see Fig. 2.8), and culminating in the
authoritative compilation by Gibling (2006), the last word in empirical data col-
lection on the size and shape of all types of preserved sandstone and conglomer-
ate body in the ancient record. The hope has been that from all this generalization
would emerge patterns that would enable reservoir geologists to take the very few
bits of information that are normally available from subsurface exploration, such
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Fig. 2.8 The relationship between channel width and depth for various fluvial styles. Adapted
by Robinson and McCabe (1997) from an earlier synthesis by Fielding and Crane (1987). AAPG
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as sand-body thickness and lateral extent (based on sometimes questionable strati-
graphic correlation exercises), and from these develop reservoir models that could
be simply handed over as end products to the production engineer.

The effort, which has now been underway for more than half a century, to docu-
ment and categorize fluvial facies models is still not complete. Miall (1985) sum-
marized architectural work that had led to the recognition of 12 distinctive styles,
and this was later (Miall 1996, Chap. 8) expanded to 16. Long (2011) succeeded in
identifying examples of most of these in the Precambrian and Early Paleozoic rock
record. Nonetheless, some workers have argued that additional models are still nec-
essary. Fielding et al. (2009, 2011) defined a new model for tropical rivers charac-
terized by seasonal, semiarid to subhumid conditions, and applied this model to an
interpretation of the Upper Paleozoic record of Atlantic Canada (Allen et al. 2011).
Such criteria as “Sandstone bodies with complex and abrupt lateral variations of
sandstone and pedogenically modified mudstone” or “Paucity of lateral or down-
stream accreting macroforms” are cited as features that characterize high-discharge
rivers in such settings. However, as noted in Sect. 5.2.2, the climatic interpreta-
tion in this study depended largely on paleobotanical and paleosoil evidence. Most
of the facies and architectural features that are asserted to be characteristic of the
sandstones formed in this climatic setting are common in sandstones deposited in
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many depositional settings, and it seems very unlikely that the climatic setting of a
fluvial deposits could be unambiguously interpreted based solely on the lithofacies
assemblage or architecture of the clastic components of the succession.

On the other hand, North and Davidson (2012) pointed out a number of mis-
conceptions in the use of terms relating to unconfined flow and the resulting
deposits. They demonstrated that such terms as “sheetflood” and “sandflat” are
poorly defined and have been used in incorrect ways through much of the sedi-
mentological literature. This has important implications for interpretations of the
subsurface. For example, fluvial deposits characterized by a predominance of
plane bedding (lithofacies Sh, architectural element LS of Miall (1985)) have in
many cases been described as the product of sheetfloods. The implication is that
plane beds develop beneath bodies of water than may be described as sheet-like
in geometry—Ilacking bedforms—but the interpretation commonly includes the
implication that such flow conditions are most characteristic of high-discharge
events that overtop river banks and spread out onto the floodplain as a fluvial
“sheet”. The condition of high-discharge sedimentation across the floodplain
is well described by the term “unconfined flow”, but this does not necessarily
imply the plane-bed flow-regime condition. Indeed, unconfined flow may include
a wide range of deposits and, conversely, the plane-bed condition may be devel-
oped in channelized flow and has recently been cited (Allen et al. 2011) as one
of the characteristics of seasonal tropical rivers. Given that the term “sheetflood”
carries definite implications as to geometry—a criterion of key importance to the
reservoir geologists, such distinctions in terminology are of more than academic
importance. As North and Davidson (2012) note, the term “sandflat” is even more
poorly defined.

Increasing knowledge of the variety of fluvial depositional environments is
leading to a re-evaluation of some earlier facies interpretations. Even the famous
“fining-upward cycles” of the Old Red Sandstone of Britain are falling victim to
this phenomenon. These cycles, as exposed along coastal cliffs in South Wales,
were amongst the first to be interpreted as the product of point-bar sedimentation
(Allen 1963b). An increase in our knowledge of dryland environments, particu-
larly the Eyre Basin of interior Australia, has led to a reinterpretation of exposures
of these rocks in Pembrokeshire, in South Wales, as the deposits of ephemeral
systems, in which lateral point-bar migration comprised a very minor component
(Marriott et al. 2005).

2.3.2 Facies Models and the Subsurface

Has the work of facies analysis done what it set out to do—assist the subsurface
geologist to map and assess the reservoir potential of fluvial sandstone and con-
glomerate bodies? After a half century of research the answer has to be, not really.

Consider Figs. 2.9 and 2.10. Figure 2.9 established three basic models for
developing reservoir simulations. The layer-cake model is one that might be
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Fig. 2.10 Four scales of reservoir heterogeneity (after Tyler and Finley 1991)

expected to be demonstrated by such depositional systems as sheet-turbidites
within submarine down-fan settings. The jigsaw-puzzle and labyrinthine mod-
els are characteristic of many depositional systems and are difficult to map and
from which to develop useful predictions. With the possible exception of depos-
its composed entirely of laminated sandstone sheets (architectural element LS; the
“flashy, ephemeral, sheetflood, sand-bed river” of Miall (1996), Sect. 8.2.17), most
fluvial systems may be characterized by one or other of the jigsaw-puzzle or laby-
rinthine models. Much of the sedimentologic research into fluvial systems during
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the last five decades has been devoted to attempts to provide tools for the estima-
tion of the sizes, shapes, interconnectedness and orientation characteristics of the
complex types of reservoir body to be expected in reservoirs that may be described
by the jigsaw and labyrinthine models.

Figure 2.10 illustrates how reservoir complexity may be considered on at least four
different scales. Techniques for mapping and prediction vary between these scales.
The simplest to document are the largest and the smallest, the largest because the
scale of megascopic heterogeneity may be expected to exceed that of well spacing at
field development stage, and the smallest because this is the scale that may be reliably
documented from well cuttings and the thin-sections made from them. Mesoscopic
and macroscopic heterogeneity are sedimentologic in nature and, in the case of flu-
vial systems, reflect the size and architecture of channel systems and their constitu-
ent architectural elements. Tyler and Finley (1991) suggested that a knowledge of the
heterogeneities at these intermediate scales could increase production efficiencies dra-
matically, by providing guidance for careful placement of infill drilling or horizon-
tal production wells during enhanced recovery programs. However, they noted that
“mobile-oil recovery is inefficient in highly channelized reservoirs.” Much of the
intermediate heterogeneity may border on the unresolvable. This is why considerable
ingenuity has been devoted to the development of numerical models for fluvial archi-
tecture, based on statistical probabilities, as summarized above. Advanced sedimento-
logic research is now, in practice, aimed more at refining the data base for statistical
modeling than for documenting the actual specifics of individual reservoirs.

A large part of the problem is the naturally occurring inconsistency of fluvial
systems. Channel morphology changes downstream in response to changes in
valley slope, sediment load, bank materials, climate, or tectonic regime (e.g., see
Schumm 1977), and the same controls may cause changes through time in the mor-
phology of a particular river reach. It is therefore unwise to assume that fluvial style
will remain constant throughout a given stratigraphic unit. This point is particularly
relevant to the case of the largest river systems, and is examined further in Chap. 7.

Figure 2.11 illustrates a typical example of a large modern system, part of the
Congo River and some of its tributaries. The four major rivers visible in this image
display at least three distinct styles, each reflecting the nature of upstream and
local controls on fluvial magnitude and discharge variability, sediment load, bank
composition and vegetation cover. Each of the rivers exhibits a moderate degree
of variability along its length. The natural world is full of examples of this type,
where the basin centre and the various watersheds bordering it are characterized
by different source-area geologies and microclimates, leading to great within-
basin variability in fluvial style. Now imagine an ancient fluvial deposit in a major
basin developed by such a complex of rivers. Attempts to develop a geostatisti-
cal description of each river might have some success if it was known in advance
where each river was located, but this, of course, begs the question. Generalizations
for the whole basin from the data available from a few dozen exploration wells—
the most likely available at an initial discovery phase, would be hopelessly inac-
curate. Diagrams provided by Martin (1993) illustrate the problem (Fig. 2.12).
The value of these diagrams is that they place a basic geological problem in a
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Fig. 2.11 Part of the Congo River system. The image is about 40 km from east to west (Image
reproduced from Google Earth. Terra Metrics © 2009)
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Fig. 2.12 Comparison of common development problems with recognizable scales of familiar
human structures—a necessary step required to enable appropriate judgments about well spacings
and the real scales of depositional systems. a. Location and spacing of appraisal wells of the Snorre
field, offshore Norway compared with the major roads and Thames River of east London (Martin
1993, p. 340, Fig. 3); b. Well locations of an enhanced recovery pilot project superimposed on the
detailed street plan of the Piccdilly Circus area of London (Martin 1993, p. 341, Fig. 4)
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recognizable human-scale context. It is commonly far too difficult to make the
necessary scale comparison between a poorly known basin and actual depositional
systems. Diagrams like this are a great help. More on this topic in Sect. 7.3.2.

Some river systems, and their deposits, are, hopefully, described as “sheet-like”
in character. This was a term proposed by Miall (1996, p. 484) for a category of
reservoir units deposited by “steep-gradient, bed-load systems, such as braided riv-
ers, where channels comb across broad areas of the valley floor.”” Much of the main
reservoir unit in the Prudhoe Bay field (Sadlerochit Formation) has been described
using this term. For example, Martin (1993, p. 335) cited the Prudhoe Bay Field as
an example of a sheet-like reservoir with high net/gross ratios, porosity and perme-
ability and with oil recovery factors commonly up to more than 50 %. Reservoirs
are said to be in internal pressure communication with common field-wide con-
tacts. The gravel-braided rivers of the modern Canterbury Plain, South Island, New
Zealand (Fig. 2.13, may be considered a modern analogue. However, already by
1989 the Prudhoe Bay field was showing signs of troubling internal inconsistency,
as evidenced by the fact that the production team in Anchorage was interested
in the fluvial architectural work that was being developed at the time by myself
and others (e.g., Miall 1988). Once depletion sets in and reservoir pressures drop,
minor internal barriers and baffles to flow become more significant, and production
characteristics become more unpredictable (Fig. 2.14).

Fig. 2.13 Gravel-bed braided rivers of the Canterbury Plains, South Island, New Zealand
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Fig. 2.15 An extreme example of reservoir compartmentalization. See text for explanation
(Hardage 2010)

An extreme case of reservoir heterogeneity was described by Hardage (2010).
The problem is illustrated in Fig. 2.15. It had been assumed that the reservoir sand
“A” in hole 175 was in communication with sand bodies in the adjacent holes.
However, repeated pressure tests demonstrated that this was not the case. After
packing hole 202 to isolate sand “B”, a pressure pulse was run in hole 175, but
was not “felt” at all by pressure changes in hole 202. The same result was obtained
when packing was used to isolate sand “C.” The conclusion, that fluid communica-
tion could not be assumed even over a distance of 60 m, was troubling in the par-
ticular case, and provides a warning against relying on simplistic stratigraphic and
architectural reconstructions.

Figure 2.16 illustrates the general problem, one discussed briefly in an earlier paper
(Miall 2006a). It is a common complaint (e.g., Bridge and Tye 2000, p. 2006) that facies
models for fluvial deposits are of limited use in interpreting the depositional setting of
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(a) Travis Peak Fm., Zone 1, interpretation by Tye (1991)

‘Wells are shown regularly spaced. Actual spacing ranges from 0.8 to 2.2 km, averaging 1.54 km

(b) Travis Peak Fm., Zone 1, interpretation by Bridge and Tye (2000)
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(€) Travis Peak Fm., Zone 1, model based on high sand and minimal relief on channel bounding surfaces

Fig. 2.16 Three interpretations of the braided-fluvial deposits of the Travis Peak Formation,
Zone 1 (Early Cretaceous, East Texas). a Initial interpretation, by Tye (1991), based on detailed
core and isopach mapping study. Arbitrary equal well-spacing is used in this and the subsequent
diagrams. b A reinterpretation by Bridge and Tye (2000), based on assumptions of narrower
channel belts. Rectangular boxes at the base of this panel indicate range of channel-belt sizes
predicted from estimated bankfull depth, using the equations of Bridge and Mackey (1993b).
Their own model, shown here, does not make use of this range of values;.c. An alternative model
developed by the present writer (Miall 2006a), based on two basic guidelines for interpreting
petrophysical logs: (a) channels normally have flat bases, and (b) the main sand bodies are indi-
cated only by blocky-shaped, low-value gamma ray signatures

reservoir bodies because they are incomplete or misleading. In fact, all that such models
were ever intended for was general guidance, to serve as “norms” and “predictors,” to
use Walker’s (1976) terms. Bridge (2003, p. 222) correctly stated that channel patterns
cannot be deduced from vertical profile data alone, thereby confirming earlier observa-
tions by others who also dealt with the ambiguities of vertical profile data (e.g., Miall
1980, 1985, p. 263; 1996, p. 38-42; Collinson 1986, p. 59-60; Shanley 2004).
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While noting the inadequacy of vertical profile data, the suggested solutions are
in fact variations on this same approach. Thus, Leclair and Bridge (2001) explored
the relationship between crossbed thickness and bedform height so that the known
dependence of bedform height on flow depth may be used to estimate chan-
nel depth. Use of this relationship for subsurface analysis depends on being able
to obtain useful information about crossbed thickness from vertical profile data.
Another example of the dependence on vertical profile data is the subsurface meth-
odology proposed by Bridge and Tye (2000) in which diagrams that they explicitly
label as “idealized vertical sequences of lithofacies and wireline-log response” are
offered as improved tools for interpreting channel geometry and width.

Bridge and Tye (2000, p. 1223) claimed to have offered a “fresh approach”
to the quantitative evaluation of subsurface fluvial architecture (Fig. 2.16). This
approach has four components, about which the following may be said:

(1) Regarding their “new models for the three-dimensional variation of lithofacies

and petrophysical log response of river-channel deposits.” These models are
descriptions of bar (macroform) growth and migration. They are based on the
long-standing idea that they are independent of channel planform (e.g., Allen
1983; Miall 1985) and a growing conviction that such processes are scale-
independent (Sambrook Smith et al. 2005). In that sense the models are not
new. They incorporate much new data derived from studies of modern rivers
and ancient analogues, but they do not deal with such well-known fluvial pro-
cesses as crevassing, and the scouring that takes place at channel confluences,
both of which can generate distinctive facies architectures. Nor do these mod-
els take into account the issues of preservability of channels and their indi-
vidual elements.
Elsewhere Bridge (2003, p. 223) stated “When attempting to reconstruct
paleochannel patterns from ancient deposits it should be realized that chan-
nel patterns in a particular reach of a channel belt can vary markedly in space
and time. This may be due, for example, to local variations in bank materials,
localized tectonism, the effects of particularly severe floods, or bed cut-offs.”
The value of theoretical models is therefore moot.

(2) “Distinction between single and superimposed channel bars, channels and
channel belts.” It is asserted, but not demonstrated, that such distinction may
be made. In fact, as has long been known, distinction between these three
scales is difficult to impossible in core because of the lack of uniqueness of
any of the defining characteristics of the deposits (e.g., Miall 1980, 1988).
Figure 2.17 illustrates the four major scales of “fining-upward cycle” that may
be observed within fluvial deposits. Distinction between them based on lim-
ited drill-hole data is likely to be quite difficult.

With the possible exception of the scale (thickness) of individual crossbed sets,
none of the features of vertical profiles that are observable in core, including
vertical succession and the nature of bounding surfaces, is amenable to unique
interpretations. Application of the “new models” offered in this paper suffers
from the problems of fragmentary preservation, which is all too common in
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Fig. 2.17 The four scales of fining-upward cycle commonly observed in ancient fluvial deposits.
Adapted from Godin (1991)
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fluvial systems. Lunt et al. (2004) specifically acknowledged this problem in a
related paper in which they develop a gravelly-braided fluvial model.
“Interpretation of maximum paleochannel depth from the thickness of chan-
nel bars and from the thickness of sets of cross-strata formed by dunes”. The
interpretation of channel bar deposits is affected by the considerations noted
in the previous paragraphs. Estimates made from crossbed thickness may be
more reliable, but leave open the question of their representativeness. For
example, deposits formed following deep scour may be more preservable than
those that form during “normal” conditions, and are likely to be larger and
thicker than average, but how representative are they?

“Evaluation of methods for estimation of widths of sandstone-conglomer-
ate bodies that represent either single or connected channel belts.” No new
ideas are in fact offered here. The reader is referred to new equations relat-
ing thickness to width that are claimed to be “more generally valid because
they are based on broader data sets than previous equations or on theoretical
principles.” But no single data set can account for the simultaneous variations
in subsidence rate, sediment supply, and discharge that characterize natural
fluvial systems. The Bridge and Tye (2000) study made use of the empiri-
cal equations of Bridge and Mackey (1993b) to estimate channel-belt width.
These equations are based on unspecified data bases that presumably incor-
porate many different types of river, but given the variability in fluvial form
and the geological variability in the processes that govern fluvial style, no
objective reason can be provided for preferring one equation over another.
The immense natural variability in form and scale is well documented by
Gibling (2006).
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Bridge and Tye (2000) developed a new interpretation of a sandstone unit
that had earlier been described by Tye (1991). The original 1991 interpretation is
shown in Fig. 2.16a.

In fact, the reinterpreted channel belt model shown in Fig. 2.16b (redrawn from
Bridge and Tye (2000), Fig. 2.9c) does not correspond to the dimensions calculated
from their new equations. Bridge and Tye (2000, p. 1220) stated “If maximum
bankfull flow depth in the Travis Peak Formation [estimated from core] ranges
from 6 to 10 m, mean bankfull flow depth is 3—5 m, and the range of channel-belt
width is predicted to be 436—1741 m using the empirical equations from Bridge
and Mackey (1993b).” Two scaled rectangles, with these dimensions, are shown in
Fig. 2.16b. According to these estimates, but not as shown in their diagram, most
of the sand bodies would not be intersected by more than a single well, and sand
body interconnectedness would be very low, unless there are many more similarly
narrow sand bodies between and not intersected by any of the wells. No particular
value is attached to the third model shown here (Fig. 2.16c). It was drawn by this
writer to be as faithful to the logs as possible, and indicates a possible zone of
well-connected sand bodies near the centre of the section, and a low-sand interval
at the top. As discussed throughout this book, real fluvial systems, as opposed to
numerically simulated models, may be highly variable. Only surveillance meth-
ods (seismic time-slices, 4-D seismic, pressure tests) could determine the relative
“truthfulness” of these models.

Most attempts to describe and predict fluvial reservoirs based on geological data
have made use of outcrop analogue data. Bridge and Tye (2000, p. 1217) argued
that outcrop ancient-record analogues for subsurface comparisons are rarely ade-
quate because of a lack of fully three-dimensional data and uncertainties about the
appropriateness of the analogue being used for each specific case. In some pro-
jects, one or more specific outcrop case studies are referred to; in other cases use is
made of existing statistical relationships for relating to each other the various scale
parameters in fluvial systems. Various statistical techniques may be referred to, or
numerical modeling of the system attempted. But however sophisticated the statis-
tics and the numerical model, ultimately these projects must resort to some means
of determining appropriate input data from the real world of actual fluvial systems.

One of the most detailed studies of this type was the thesis work by Martinius
(1996; see also Martinius (2000)) who derived quantitative sand body, petrologi-
cal and petrophysical data from two outcrop studies of Tertiary units in Spain. The
use of detailed sedimentological studies in a mature field was described by Tye
et al. (1999). Their work on the Ivishak Formation in the Prudhoe Bay field showed
that production surveillance data could be used to refine the prevailing sedimento-
logical model and the enhanced recovery design, with subsequent improvements
in history matching. Willis and White (2000) provided a very detailed outcrop
study of a tidally-influenced delta deposit in Wyoming from which they devel-
oped probability scale distributions for five distinct facies types, and then carried
out flow simulations. Karssenberg et al. (2001) attempted to demonstrate the util-
ity of the three-dimensional numerical model of Mackey and Bridge (1995) by
“conditioning” the model with data from five synthetic wells to generate a realistic
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simulation. Yu et al. (2002) studied a large outcrop of a Jurassic fluvial system in
China and developed from this some generalizations about fluvial architecture and
petrophysics that they offered as an analogue for interpreting producing reservoirs
in east China. Svanes et al. (2004) defined “genetic types” of sedimentological
objects in vertical profile, and used these in conjunction with 3-D seismic data to
develop a fluid drainage model in a producing field. They pointed out the difficul-
ties in making adjustments to a stochastic reservoir model to accommodate new
input from well data or surveillance data (the “conditioning problem”).

Sand body architecture is a product of fluvial style and accumulation processes.
In other words, it’s all about the nature of the surface fluvial system—the size,
shape and orientation of channels and their component architectural elements
(including bars and crevasse splays)—and about how these fluvial systems behave
over time—the nature of lateral channel movement and rates of subsidence. In the
next section we examine the issue of fluvial style. In Chap. 3 we discuss autogenic
controls on the accumulation of fluvial systems over time, with a particular focus
on the process of avulsion. With this information in mind, we can then focus on
the issue of sand body architecture. Section 3.7 reviews modeling work in this area
that has been carried out with a view to understanding sand body connectedness—
the key issue in maximizing the productivity of fluvial reservoirs.

2.3.3 Controls of Fluvial Style

One of the major problems with the study of fluvial style is that the terms used
to describe style are not mutually exclusive; indeed they describe different con-
ditions and different process entirely. The term meandering, originally derived
from the name of the Buruk Menderes River in Turkey, refers to the pattern of
sinuous river bends that characterizes many rivers, especially (but not exclusively)
those carrying a relatively fine-grained bedload or suspended sediment load. (The
Buruk Menderes River is now in effect an underfit stream because of large-scale
water diversion for irrigation. Classic meandering channel and point-bar surface
form representing pre-modern fluvial architectures is visible as textural patterns
in aerial imagery of the floodplain, [e.g., on Google Earth] which has now been
entirely developed for mixed-crop farming). The term braiding refers to a pattern
of multiple channels separated by bars and temporary islands. For many years
the term anastomosing was considered to be synonymous with the term braiding,
but it is now recommended that the term be restricted to rivers characterized by a
network of stable channels of low- to high-sinuosity (Miall 1996, p. 15). Nanson
and Knighton (1996) and Knighton (1998) use the term anabranching as a catch-
all term for a range of similar channel styles, of which the anastomosing style
of Smith and Smith (1980) is the most well known. In contrast to braided rivers,
anastomosed rivers are typically characterized by stable, vegetated floodplains.
Braiding and meandering describe processes that can occur at the same time in
the same river, with the result that some rivers can be described using both terms,
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and this is one of the reasons why attempts by geomorphologists and geologists to
classify and explain fluvial styles are still in a state of flux.

How did these terms develop, what do they tell us and, following on from that, how
does a determination of fluvial style assist with the problem of subsurface mapping?

Much of the early history of development of ideas about fluvial style, including
the work of Davis, Chamberlin and others, has been summarized elsewhere (Miall
1996, Chap. 2). The various classification systems of Schumm and others are also
discussed in that chapter. In the discussion that follows here an attempt is made to
point out the confusions that are still present in much modern analyses, with the
aim of arriving at some concepts and ideas that are useful to the geologist working
with the ancient record.

Friedkin (1945) was probably the first worker to examine the issue of fluvial
style systematically. He carried out a much-cited series of large-scale experiments
to model meandering and braiding in a large flume. He attributed meandering to
bank erosion, but did not explain why this occurs and why it is characterized by
regularity. He agreed with the term “overloaded river” for braided rivers (Friedkin
1945, p. 16) and attributed the braided character to bank erosion and bedload dep-
osition enhanced by easily eroded bank materials.

Leopold and Wolman (1957) demonstrated that at least nine variables inter-
act to determine the nature of the resulting stream channel. They include discharge
(amount and variability), sediment load (amount and grain size), width, depth, veloc-
ity, slope and bed roughness. Schumm (1968a) later showed that the amount and
type of vegetation growth also will affect stream type and, therefore, climatic and
geological factors must also be considered. It is still not possible to define the ranges
of values that will invariably produce ariver of a given type although, as noted below,
certain interrelationships between the variables are now well enough understood for
some generalizations to be made. Leopold and Wolman (1957, pp. 72-73) stated:

Channel patterns, braided, meandering, and straight, each occurs in nature throughout the
whole range of possible discharges. Some of the largest rivers in the world are braided;
for example, the lower Ganges and Amazon. More are meandering, of which the lower
Mississippi is the best known example. Meanders are common in very small creeks and
braids are common in many small ephemeral streams... [It has been observed that] a
given channel can change in a short distance from a braid to a meander or vice versa, that
the divided channels of a braid may meander, and that a meandering tributary may join a
braided master stream. Such changes in a given channel or such different channels in jux-
taposition can be attributed to variations in locally independent factors.

In what was for many years the standard textbook on fluvial geomorphology,
Leopold et al. (1964, p. 281) made this general statement regarding river styles:

River patterns represent an additional mechanism of channel adjustment which is tied to
channel gradient and cross section. The pattern itself affects the resistance to flow, and the
existence of one or another pattern is closely related to the amount and character of the
available sediment and to the quantity and variability of the discharge. ... separation of
distinctive patterns is somewhat arbitrary.

Leopold and Wolman (1957) and Leopold et al. (1964, pp. 284-288) reported
on a by-now famous experiment to simulate mid-channel braid-bar formation
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(a process summarized by Miall (1977, pp. 12-14)). They stated (Leopold and

Wolman 1957, p. 50): “Braiding is developed by sorting as the stream leaves

behind those sizes of the load which it is incompetent to handle... if the stream

is competent to move all sizes comprising the load but is unable to move the total

quantity provided to it, then aggradation may take place without braiding”.
Leopold et al. (1964, p. 282) discussed braiding in this way:

Braided or anastomosing channels are often but not always associated with sandy or fri-
able bank materials. Also, vegetation has similar effects; a change from non-braided to
braided character is sometimes associated with a change from dense vegetation along the
channel banks to sparse or no vegetation. Whether these coincident changes are causally
related cannot usually be ascertained, although the coincidence is suggestive.

Note the by-now abandoned use of the term anastomosing in this quote.
Leopold et al. (1964, pp. 292-295) were very clear about the relationship
between sediment load and fluvial style:

Although the channels may meander at low stages, at overbank flow the braided river
often moves nearly straight down its valley. ... when two rivers of a given size of river
(same discharge) are compared, braided channels occur on steeper slopes than meanders.
Steeper slopes contribute to sediment transport and to bank erosion and are often asso-
ciated with coarse heterogeneous materials. All these are conditions which contribute to
braiding.

Where coarse material is available, braiding may result from the selective deposition
of the coarser material, causing formation of a central bar and thus diverting the flow and
increasing erosional attack on the banks. This was observed in the flume, in the grav-
elly channels studied by us in Wyoming, and in braided proglacial rivers described by
Fahnestock (1963) and others. Even in fine material, however, irregular deposition of bars
and bank erosion may produce a braided pattern. The shifting channel may move gradu-
ally during low flows, but during floods major changes in the position of the thalweg can
be produced. Because deposition is essential to formation of the characteristic braided pat-
tern, it is clear that sediment transport is essential to braiding. It is also evident, however,
that if the banks were unerodible and the channel width confined, the capacity of the reach
for the transport of sediment would be increased, reducing the likelihood of deposition. In
addition, any bars which formed would be removed as flow increased, since bank erosion
could not take place. Thus, for the bars to become stable and divert the flow, the banks
must be sufficiently erodible so that they rather than the incipient bar give way as the
flow is diverted around the depositing bar. Sediment transport and a low threshold of bank
erosion provide the essential conditions of braiding. Rapidly fluctuating changes in stage
contribute to the instability of the transport regime and to erosion of the banks; hence
they also provide a contributory but not essential element of the braiding environment.
Heterogeneity of the bed material in the same way creates irregularities in the movement
of sediment and thus also may contribute to braiding.

Schumm (1977, p. 106) similarly emphasized issues of sediment load and dis-
charge variability in the development of the braided pattern:

Although the records are short, they indicate that rivers with high ratios of peak to mean
discharge are morphologically different from rivers with low ratios, In a general way this
is substantiated ... for two rivers in Jamaica. In this case the only factor that can explain
the difference between the braided Yallahs River and the narrower, more sinuous Buff
Bay River is the marked seasonality of precipitation in the Yallahs River drainage basin.
Annual precipitation is similar in both drainage basins, but larger floods occur in the
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braided Yallahs channel. There have not been systematic studies of the influence of flood
peaks or of the ratio of peak to mean discharge on channel morphology, but this is an area
that warrants further attention.

And again, on p. 108:

In addition to the size of the sediment transported, the relative amounts of bed load and
suspended load also significantly influence themorphology of sand-bed streams. For
example, along the Smoky Hill-Kansas River system in Kansas, discharge increases in a
downstream direction, but channel width decreases from about 300 feet to less than 100
feet in central Kansas. Farther east there is a marked increase in channel width. These
and other changes are attributed to changes in the type of sediment load introduced by
major tributary streams (Schumm 1968b). Tributaries introduce large suspended-sediment
loads where the width decreases, and large bed-loads or sand loads are added where width
increases.

Elsewhere, Schumm (1977, p. 121) noted the importance of vegetation on the
channel banks in stabilizing the channel. The action of depositing the coarser
bed-load initiates mid-channel bar formation. In rivers of highly variable dis-
charge competency will be similarly variable, and there will be long periods of
time throughout which the river will be unable to move at least the coarsest part
of its bed-load. The incidence of bar initiation, flow diversion and the creation of
new channels (braiding) will thus be high. During high discharge events in streams
with high stream power, “bank erosion is vigorous, and a wide braided channel
forms” (Schumm 1977, p. 129). The conditions of abundant, coarse, non-cohesive
bed-load, strongly fluctuating discharge and steep slope are not typical of any par-
ticular tectonic or climatic setting.

Parker (1976) carried out a theoretical examination of the conditions of mean-
dering, braiding and anastomosis. He noted (pp. 476-477) that

It has traditionally been held that braiding is caused by sediment loads so high that the
river cannot carry the total amount, resulting in deposition on the bed as internal bars and
general channel aggradation. On the other hand, the mechanism causing meandering is
typically identified as secondary flow associated with channel curvature. If the causes of
meandering and braiding were so different a unified approach would be impossible. In
fact both these theories are demonstrably incorrect. The first theory implies that braided
channels can never be in an equilibrium, or graded state, whereby the load supplied from
upstream of a point is balanced by the load transported downstream. Presumably, then,
aggradation occurs until a higher equilibrium slope is obtained, at which point braiding
must stop. However, slope increases are in fact observed to exacerbate braiding rather
than damp it. Furthermore, many braided rivers do not aggrade. ... As regards meander-
ing, it has been shown herein that the channel curvature needed to induce secondary flow
is a result rather than a cause of initial meandering tendencies in straight channels, a fact
that has been experimentally verified.

Parker (1976, p. 477) went on to note that “most streams have a tendency to
form bars even though they are in a graded state. If the slope and the width-depth
ratio at formative discharges are sufficiently low, meandering is favoured”; and
further, “that aggradation, by increasing the slope and forcing the channel out of
its banks, can lead to a transition from a meandering to a braided state, or can
increase the tendency for braiding.
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Friend and Sinha (1993) carried out careful measurements of sinuosity and a braid-
ing index (of their own devising) on three river reaches in India. They averaged these
readings over 10-km reaches, measuring up to 28 individual reaches for the three riv-
ers. The data showed considerable variation in these two parameters, which they attrib-
uted to variability in the availability of bed-load sediment, reflecting local controls of
tributary and bank materials. These results are consistent with the earlier conclusions
of Carson (1984), who demonstrated that bed load grain-size influences the meander-
ing-braided transition, with coarser bed load causing the transition to occur at higher
slopes and/or stream power. As Schumm (1981, pp. 26-27) noted, quite minor varia-
tions in sediment load, which could reflect changing tributary or bank conditions, may
cause local abrupt temporal or downstream changes in fluvial style from braided to
meandering, or the reverse. In a simulation experiment, Stglum (1996) demonstrated
that the sinuosity of a meandering river varies between about 2.5 and 4 as a result of
continuous changes in the sinuosity of individual channels and the effects of meander
cutoffs, which locally, temporarily reduce sinuosity.

An alluvial data base compiled by Coleman and Wright (1975, Table 2.1)
shows that on a world-wide basis braided rivers are equally as common as mean-
dering rivers in Arctic, temperate, dry tropical and humid tropical regions. There
are two main reasons for this:

(1) The sediment load and discharge characteristics of a river may partially reflect the
climate and relief of a source area many hundreds of kilometres distant; for exam-
ple tropical rivers such as the Ganges, Brahmaputra and Mekong, all of which are
strongly braided, have headwaters located in the Himalayan Mountains.

(2) The causes of a high bed-load and a fluctuating discharge are diverse. The fol-
lowing are some of the main ones:

(a) Alpine source areas provide strong relief and a predominance of mechan-
ical over chemical weathering for the generation of coarse clastic debris.
Discharge is markedly peaked during periods of spring snow melt.
Glacial outwash streams are almost invariably braided. The deposits they
form are referred to as sandurs (and were the subject of several excellent
studies of braided-stream sedimentation: see Miall 1977).

(b) Marked discharge fluctuations also are characteristic of Arctic, arid and
monsoonal climatic areas.

(c) A lack of vegetation in a drainage basin means a lack of water and sed-
iment-storage capacity, and consequent immediate response to storms
in the form of flash floods. The degree of vegetation cover in an area is
mainly controlled by climate, but removal of the cover by deforestation
or fire can produce the same catastrophic flooding effects as characterize
arid regions (Chawner 1935).

(d) During most of geological time, until the Early or Middle Devonian, land
vegetation had a very restricted distribution (Seward 1959; Davies and
Gibling 2010a, b). Sediment transportation characteristics would, therefore,
have been similar to those of modem arid regions—a predominance of bed-
load rivers with strongly fluctuating discharges (Schumm 1968a, p. 1583).



40 2 The Facies and Architecture of Fluvial Systems

Yalin (1992), whose discussion of the morphology of rivers adopted the formal
theoretical approach of the engineer, described the meandering condition, following
Leopold and Langbein (1966) as that “form in which a river does the least work in
turning.” Experimental and field observation show that meanders develop by bank
erosion triggered by horizontal turbulent bursts, which develop at a regular spacing
depending on the scale and discharge of the channel. These bursts may or may not
be associated with localized erosion and sediment transport to develop alternate bars.
It is a common observation that even straight channels commonly have meandering
thalwegs with alternate bars on the insides of the incipient meanders, but Yalin (1992,
p- 170) made the point that alternate bars are not always present in rivers that con-
tain meanders. It is therefore the turbulent bursts that are the key element in the gen-
eration of meanders. Yalin (1992, p. 171) described alternate bars as the “catalysts
which accelerate the formation of meanders.” Braiding develops by erosion on both
banks, leaving a central elevated area, which entraps sediment, forming a braid (this
is in elementary terms the process described by Yalin, 1992, p. 209). This descrip-
tion is very similar to that developed by Leopold et al. (1964) based on their flume
model of the braiding process. According to Yalin (1992) The process is initiated (or
enhanced) by steepening of the valley slope or by increase in the sediment load.

In a research synthesis by Knighton (1998) it is stated (p. 220) that “there is as
yet no completely satisfactory explanation of how or why meanders develop.” The
author goes on to summarize Yalin’s “theory of macrotubulent flow and the burst-
ing process”, but argues that field tests of the hypothesis are lacking. Knighton
(p- 223) returns to the idea of instability between the flow and the channel bound-
ary resulting in the formation of alternate bars that then focus erosion, leading
to meander development. The conditions for braiding are described as an abun-
dant bed load, erodible banks, a highly variable discharge and steep valley slopes
(Knighton 1998, pp. 231-232). It is suggested that most or all of these conditions
need to be satisfied in order for the braiding pattern to develop. Anastomosed riv-
ers develop in areas of low gradient, small stream power, cohesive banks, and net
aggradation. Knighton (1998, p. 237), citing Smith and Smith (1980) and Smith
(1983), describes these as “cohesive-sediment anabranching rivers.”

Our understanding of anastomosed rivers also undergone some evolution
since the 1980s. According to Makaske (2001, p. 151), Schumm (1968a) may
have been the first to point out that the term “anastomosing” should not be used
as a synonym for braiding: “The terms braiding and anastomosing have been
used synonymously for braided river channels in this country [the US], but else-
where, particularly in Australia, anastomosing is a common term applied to
multiple-channel systems on alluvial plains. The channels transport flood waters
and, because of the small sediment load moved through them, aggradation, if it is
occurring, is a slow process. As a result, these low-gradient suspended-load chan-
nels are quite stable” (Schumm, 1968a, p. 1580). The Australian rivers Schumm
was describing occupy a completely different geomorphic and climatic setting
than the anastomosed rivers described by Smith and Smith (1980).

As is now apparent, there are at least two distinct anastomosed fluvial styles
to consider, those in humid settings (e.g., Columbia and Alexandra rivers, British
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Columbia; Cumberland Marshes, Saskatchewan; Magdalena River) and those in
arid settings (e.g., Cooper Creek, Australia). In humid systems an assemblage of
narrow, intersecting, ribbon sand bodies develops, encased in significant thick-
nesses of overbank deposits, including crevasse splays, flood basin muds and,
possibly coals. This is the classic facies assemblage of the Cumberland Marshes
(Figs. 3.4, 3.6). Dryland systems, as illustrated and described by North et al.
(2007) generate quite different facies assemblages. Channels are poorly defined,
and avulsion, as typically understood, does not occur. Rather, the entire floodplain
may be engulfed by rare floods, spreading sediment and water across the width of
the valley. It is thought that the facies distinction between channel and overbank
is much less significant than in humid systems, although stratigraphic information
from modern systems is sparse and data from the ancient record absent.

There is some suggestion that the anastomosed style is a temporary one. The
condition of multiple channels with frequent avulsion is a response to increased
sediment load or to repeated tectonic disturbance, such as subsidence events or
rise in sea level that increase accommodation and lead to increased aggradation
rates. The apparent stability of anastomosed channels (for example, the lack of
evidence of lateral accretion) may simply be a factor of the rate at which changes
in channel position by avulsion take place, before significant channel evolution has
occurred. Given stable conditions, it can be shown that the anastomosed condition
tends to evolve into a meandering style. This appears to have been the post-glacial
history of the Rhine-Meuse system (Tornqvist 1993). Makaske (2001, p. 169) sug-
gested that “At the moment, it may be most appropriate to characterize long-lived
anastomosis in general as a state of dynamic equilibrium, with avulsions maintain-
ing a multi-channel system, while older channels are slowly abandoned.”

Makaske (2001, p. 187) argued that not all ribbon sandstones interpreted as the
deposits of stable channels are the product of an anastomosed environment. North
et al. (2007) developed this idea further, pointing out the difficulty in demonstrat-
ing the action of simultaneous channels from the rock record. They re-examined
the Cutler Group, New Mexico, deposits interpreted by Eberth and Miall (1991)
as the product of an arid anastomosed system, and argued that the evidence for
anastomosis is virtually non-existent. The fact that ribbon sandstones have been
mapped intersecting each other does not demonstrate that they were contempo-
raneous. The Cutler facies assemblage of distinctly contrasting channel and over-
bank deposits, with well-defined channel “wings” and levees, is inconsistent with
the details of such arid-system rivers as Cooper Creek, as documented by North
et al. (2007). Ribbon sandstones are the predominant architectural form for channel
sandstones in the Cutler Group, but these probably are the product of a single-thread
fluvial system, such as occur in some large, sandy alluvial fan settings.

One of the most recent treatises on fluvial sedimentology is that by Bridge
(2003), in which much of the evolution of ideas (including that discussed here)
about the causes of meandering and braiding, and the controls on fluvial style, is
challenged. Bridge (2003, pp. 153—154) rightly notes the importance of the “chan-
nel-forming discharge” in determining fluvial styles. This category of event may
correspond to the bankfull discharge or to the seasonal maximum discharge, or to
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some rarer, larger-scale event, depending on the river system. Bridge (2003, pp.
154-155) argues that “the degree of braiding and the width/depth of channels
increase as water discharge is increased for a given slope and bed-sediment size,
or as slope is increased for a given water discharge and bed-sediment size”, a state-
ment which encapsulates the conclusions of the earlier generation of geomorpholo-
gists (Leopold and Wolman 1957; Leopold et al. 1964). However, Bridge then goes
on to categorize as myths several long-held conclusions regarding fluvial style:

A common myth is that discharge variability is greater for braided rivers than for single-
channel rivers. This myth probably originated from the early studies of proglacial braided
rivers in mountainous regions of North America, where discharge varied tremendously
during snowmelt. In contrast, many single-channel rivers were studied in temperate low-
land regions where discharge variations were moderated by groundwater supply. It is very
clear, however, that discharge variability does not have a major influence on the exist-
ence of different channel patterns, because they can all be formed in laboratory channels
at constant discharge, and many rivers with a given discharge regime show along-stream
variations in channel pattern (Bridge 2003, p. 156).

This statement seriously oversimplifies the earlier examinations of the causes
of braiding. Discharge variability, as noted in earlier paragraphs, is only one of
several key variables that cause braiding. The nature of bed and bank materials,
the influence of merging tributaries, and the bedrock control of valley slope, are all
contributing factors; so, yes, channel style may vary along a river that is charac-
terized by the same discharge pattern throughout, because, for example, the bank
stability varies with varying sediment composition.

A little further on, Bridge (2003, p. 157) claims that “the correlation between
sediment load, and bank stability is not generally supported by data, as recognized
implicitly by Schumm (1981, 1985) in his more recent classifications of chan-
nel patterns.” However, Schumm’s classification, which is reproduced here (as
Fig. 2.18) from Knighton’s book, where it is described favorably as encompassing
much of the full range of natural variability, makes it very clear that stability, sedi-
ment load and sediment size are all important influences on fluvial style. It is the
combination of variables that controls channel style, not any single parameter in
isolation. This is one reason why interpretations of channel style in the rock record
are so difficult to make and so difficult to interpret.

Jerolmack and Mohrig (2007) employed two relationships to generate a descrip-
tive discrimination between the main fluvial styles (Fig. 2.19). They turned to
Parker’s (1976) stability criterion to assess whether a river should be braided or
meandering (single-channel with multiple high-velocity threads, or single-thread
with straight to sinuous planform). This criterion, ¢ is defined as € = % (ghBYH/Q,
where S = water slope, g = gravitational acceleration, 7 = channel depth, B = chan-
nel width, Q = formative water discharge. The Mobility number, M, is defined as the
ratio of avulsion and lateral-migration time scales M = T4/T¢. Rivers consisting of
a single channel that sweep across a flood plain, reworking the floodplain by lateral
erosion and deposition have a value of M >> 1. In these cases, avulsion is infrequent.
Where rivers are undergoing active aggradation, with frequent avulsion, several
channels may be active at once. Such systems have values of M < 1.
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Fig. 2.18 A classification of channel patterns, adapted from Schumm (1981, 1985)

The various discussions of the controls on fluvial style summarized here (a dis-
cussion which is by no means exhaustive) do not provide much in the way of use-
ful ideas for geologists to follow. Geomorphic controls, such as valley and channel
slope, discharge and sediment load, are not amenable to exploration and documen-
tation for the geological record, so it is not much use for reservoir geologists to
wrestle with the implications of the structure of turbulent bursts in the formation
of meanders (I realize this sort of statement is anathema to the sedimentological
purist, but I am writing here for the practicing petroleum geologist who want tools
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that are useful). Perhaps the whole endeavour has been approached from the wrong
end. While we are conditioned by the Hutton-Playfair-Lyell tradition to cite that
mantra “The present is the key to the past,” uniformitarianism needs to include the
caveat that the past is a very selective record of the present, and that this selectivity
is determined by geological factors that cannot be directly observed at the present
because they involve the additional factor of geological time and the issue of pre-
servability (see Miall, in press, for a more general discussion of this topic).

What we really need to do is to look at what has actually been preserved and to
see if we can understand what to make of it. Here we enter a rich literature written
by practical sedimentologists who have looked long and hard at the actual ancient
record. It is, after all, what gets into the record, not the ephemera of the present day,
that is important to reservoir geologists. It was Geehan (1993, p. 56), a practicing
petroleum geologist, who stated “Clearly, outcrops are the only source of geological
analogue data that show indisputably what is preserved in the geological record, in
a form that fully represents all scales of heterogeneity up to the size of the outcrops.
Thus, outcrop data must continue to provide our most reliable controls for modeling
aspects of reservoir heterogeneity that are not directly measured in the subsurface.”

2.3.4 Architectural Classifications Based
on the Ancient Record

Classifications that focus on empirical description and two-or three-dimensional
information about preserved fluvial deposits require excellent outcrop, and it is
therefore not surprising that the first attempts at such classifications emerged from
research being carried out in the Cenozoic foreland-basin deposits flanking the
Pyrenees in northern Spain, where a relatively arid climate and limited vegetation
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cover have created excellent-large-scale outcrops much studied by Spanish, Dutch
and British geologists.

One of the first of these attempts to focus on the empirical record of ancient
fluvial deposits, as a basis for classification and interpretation, was that by Friend
et al. (1979). They pointed out the inadequacies of such style-related terms as
“braided” and “meandering” and suggested three ways of examining and classifying
ancient fluvial deposits, of which fluvial style is but the first. The second category
of description refers to the shape of the preserved sandstone or conglomerate bod-
ies; these may be narrow, channelized units, commonly ribbon-shaped, or broader,
sheet-like units (Fig. 2.20). Friend et al. (1979) suggested a distinction be made
between sheets and ribbons at a cut-off value of 15 for the width to thickness ratio.
Their third category of description related to the internal architecture of the sand-
stone or conglomerate body, making note of whether the unit consists of a single
stacked succession or whether it is complex, comprising several or many individual
successions or “storys” bounded by internal bounding surfaces (Fig. 2.20). This last
category of description touches on the method of architectural-element classification
that evolved from the work of Allen (1983), and is discussed in the next section.

Fig. 2.20 The classification RIVER FLOW
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Some elaborations of this preliminary approach to classification were sug-
gested by Friend (1983). He proposed using the non-genetic term “hollow” rather
than channel (Fig. 2.21), and added the term “mobile-belt” to the terms ribbon
and sheet, for the external geometry of sandstone bodies. Ribbon bodies were
assumed to represent fixed channels, while mobile channel belts implied the lat-
eral movement of the channel (or channels), resulting in the lateral amalgamation
of channel-fill units. He suggested that mobile channel belts may develop by steady
lateral migration or by migration and channel switching (Fig. 2.22). As would now
be recognized, much also depends on the rate of basin subsidence. Rapid rates of
subsidence might result in the development and preservation of floodplain depos-
its contemporaneous with channel migration, resulting in a separation of channel
units into separate bodies, whereas slow subsidence might lead to a channel comb-
ing back and forth through its own deposits and developing a broad, sheet-like unit.

Friend’s final classification scheme (Fig. 2.23) uses terms such as braided and
meandering, but only for description of channel behavior, not as terms for the
description of the alluvial architecture. He followed Schumm (1963, 1968a) in rec-
ognizing the importance of the nature of the sediment load and the character of
bank materials as controls on the resulting architecture.

The application of Friend’s approach to the Pyrenean outcrops lead to the
sandstone classification of Hirst (1991), reproduced here as Fig. 2.24. Note the
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Fig. 2.21 Definition of “channel” and related terms (Friend 1983)
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Fig. 2.22 Classification of sand bodies, and terms used (Friend 1983)

introduction of the term “wings” for thin wedge-shaped sandstone units that
extend laterally from channel margins. These are interpreted as levee deposits.
Hirst (1991) used this classification in his studies of the laterally very extensive
outcrops of Cenozoic fluvial systems in northern Spain.

Galloway (1981) developed his own approach to classification of alluvial archi-
tecture, based on his studies of Cenozoic successions along the coast of the Gulf
of Mexico. These have been studied largely in the subsurface and, as Galloway
(1981, p. 133) stated:

For regional synthesis and description of complex fluvial sequences, classification by
type models (such as braided, fine-grained meander belt, etc.) proves to be of limited use.
First, the variety of channel-fill deposits encountered typically includes many examples
that show little resemblance to well-described modern analogs. Secondly, a variety of
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Fig. 2.23 Friend’s (1983, Fig. 6) classification of alluvial architecture

intergradational fluvial sequences typically occurs at the same stratigraphic horizon within
a given local area. ... Thirdly, use of models requires detailed description of vertical or
lateral textural and sedimentary structural sequences that cannot be obtained in the sub-
surface, or in areas of poor exposure.

Galloway (1981) based his approach on the classification scheme of Schumm

(1977, 1981), which emphasizes the importance of the type of sediment load trans-
ported by the rivers. This system focuses on the subsurface characteristics of the vari-
ous preserved styles, particularly sand isolith patterns, vertical profiles and predicted
lateral relationships (Fig. 2.25). Architectures comparable to the ribbon, multistory
and sheet categories of Friend and co-workers, are apparent in this classification.

Another practical approach to classification of alluvial architecture was offered

by Alexander (1993), based on the surface and subsurface study of Jurassic units
in Yorkshire, U.K., and the North Sea Basin (Fig. 2.26). Again, the classification is
built on that of Friend et al. (1979) and Friend (1983). She wrote (p. 152):

No natural system is (or was) steady state; fluctuations in river discharge, temperature,
tidal variations, and storm surge are some of the major factors that result in major shifts
in facies belts on a variety of time scales. These changes are more extreme where they are
superimposed on a progressive change resulting from eustatic, tectonic or other prolonged
relative sea-level change.



2.3 Fluvial Style 49

(a)
1 |
r —
SHEET SANDSTONES W/T>15
(b) ST
Laterally unstable § channelized flow

) -

Poorly channelized flow

() = —
Unconfined flow

-

AMALGAMATED COMPLEX
® -

Fig. 2.24 The range of sandstone-body geometries in the Huesca fluvial system (Oligocene-
Miocene), Ebro Basin, Spain (Hirst 1991)

As she noted (p. 155): “It is unwise to infer the channel plan form from limited
two dimensional exposure.” This classification is strictly empirical, and ideally
suited to a methodical, analytical approach and to the production of architectural
documentation free of dogma that may then be used for production purposes.

Gibling (2006, p. 731) argued that although there had been many studies of the
internal organization of channel deposits, “in contrast, only a few accounts ... have
dealt comprehensively with the dimensions and 3-D form—or external geometry—
of channel deposits and valley fills.” He noted the importance of this topic to students
of sequence stratigraphy, as well as the traditional needs of the resource-industry
explorationist. Gibling (2006) assembled a data base of more than 1,500 examples
of channel-fill deposits, ranging in age from Precambrian to Quaternary. These con-
stituted a highly variable data set, including channel-belt units and valley-fill depos-
its deposited under a range of low- and high-accommodation settings. He made use
of Potter’s (1967) terms multistory and multilateral (Fig. 2.27) for units developed
by vertical stacking and lateral amalgamation, respectively. Succession-dominated
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Fig. 2.25 The sand body classification scheme of Galloway (1981), which is based on the
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and erosion-dominated are also terms used for multistory units which highlight a
distinction between bodies preserving relatively complete channel-fills versus those
comprising several or many fragmentary deposits separated by erosional bounding
surfaces (Fig. 2.27). The details of channel architecture may incorporate many geo-
morphic elements that are difficult to recognize from the ancient record. Amongst
the most important and least appreciated are scour surfaces. As Best and Ashworth
(1997) noted, scour depth at channel confluences and at bends may be as much as
five times greater than mean channel depth. Scour fills have been recognized as form-
ing a distinct type of architectural element—the scour hollow (element HO of Miall,
1996, 2010a), following the work of Cowan (1991). Width and thickness of chan-
nels may vary dramatically in short distances as the channel enters bends, encounters
tributaries, or resistant bank materials. W/D data may be affected accordingly. The
complete classification is shown in Fig. 2.28.
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Fig. 2.28 Classification of fluvial channel bodies and valley fills based on dimensions, geomor-
phic setting, and architecture (Gibling 2006, Fig. 4)

Gibling’s data indicate that the range of widths and thicknesses for braided and
other low-sinuosity systems, and those of meandering systems, overlap exten-
sively at the lower end of the width-thickness envelope (Fig. 2.29). Widths range
from 30 to 10,000 m and thicknesses from 2 to less than 100 m, except for some
outliers (some wider and thicker braided systems). The average width/thick-
ness ratio for meandering systems is in the range of 1:100; for braided systems
about double that. As noted by Gibling (2006, p. 737), “the larger channel bodies
are mainly those of meandering and braided rivers, which tend to generate wide
sheets.” Gibling (2006, p. 753) noted, interestingly, that “meandering rivers do not
appear to create thick or extensive deposits and, despite their familiarity in mod-
ern landscapes, their deposits probably constitute a relatively minor proportion
of the fluvial-channel record.” This is worth emphasizing, given the prominence
of the familiar meandering river channel and its point-bar complex in many sedi-
mentology textbooks—for example, this is the illustration that has been used for
the cover of the Geological Association of Canada’s “Facies Models” volume, in
its various editions, since it was first published in 1979. It is noteworthy, in this
regard, that Blum et al. (2013) have reached the opposite conclusion:
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Fig. 2.29 The range of widths and depths of two major classes of preserved channel sand body,
as compiled by Gibling (2006, Fig. 6). The red rectangles enclose the same size range for each of
the two plots: thickness range: 3—40 m, width range: 40 m-30 km

Experiments show that braided channels are the default self-organizing pattern in non-
cohesive sediments, and that self-sustaining single-channel meandering patterns require
bank-stabilizing muds and/or vegetation that reduce rates of outer bank erosion ...
However, on a global scale, braided channels are relatively uncommon (Paola et al. 2009),
the majority of channels in modern subsiding basins are meandering or anabranching, and
anabranching patterns dominate large low-gradient river systems.

These diverging opinions may be a reflection of the different experiences of
the two authors. Blum has worked primarily with modern and post-glacial sys-
tems, whereas Gibling’s experience has encompassed a wide range of modern and
ancient systems. Both note that the meandering patterns is common and familiar
in the modern landscape, but whereas Blum seems to assume that this prominence
would be reflected in the rock record, Gibling, having studied numerous ancient
systems for his 2006 compilation, suggests otherwise.

Gibling’s (2006) study contains useful comments regarding the recognition of
valley-fill deposits, which offer particular challenges to the subsurface stratigrapher.
Bounded as they are by erosion surfaces, just like any channel fill unit, the recogni-
tion of the particular origin of valley-fills may be difficult. Gibling (2006, p. 742)
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suggested three diagnostic criteria for valley-fills: (1) the presence of a widespread
basal erosion surface; (2) the dimension of the valley-fill are an order of magni-
tude larger than any component or otherwise correlatable channel deposit; (3) the
scale of erosional relief at the base is several times that of the typical channel fill. As
Posamentier (2001) and Miall (2002) demonstrated, incised valleys may be flanked
by incised tributaries and gullies (e.g., Fig. 4.43). The development of valley-fills
may be a consequence of base-level change or climate change, and their analysis
then becomes an integral part of the study of sequence stratigraphy (Chap. 6).
Gibling (2006, p. 760) noted the importance, in general, of allogenic controls on
alluvial architecture. For example, “For single-story channel bodies with a given ini-
tial aspect ratio, the balance between bank migration rate and channel aggradation
rate determines to a first approximation the channel-body geometry.” Aggradation
rate, which depends on base-level change and sediment supply considerations, is
also a major control on avulsion, and therefore on the rate of initiation of new chan-
nels. Drawing on the results of this study, and the results of modeling experiments
(e.g., Paola 2000), Gibling (2006, p. 763) concluded that these observations “tend to
suggest that fluvial channel bodies in the geological record represent a geomorphic
spectrum and that alluvial basin-fill stratigraphy is largely controlled by these fac-
tors and not by channel morphology.” The importance of this conclusion cannot be
over-emphasized. Since sedimentologists first began relying on the process-response
model they (we!) have been obsessed with surface form of depositional systems,
notably the familiar shapes and textures of modern rivers as seen from above. In my
first paper on architectural-element analysis (Miall 1985, p. 266) I noted “It is the
plan view of ... macroform elements that generates the familiar fluvial channel styles,
so commonly illustrated by low-level aerial photographs of modern rivers.” However,
it has now been demonstrated that these geomorphic features are of secondary impor-
tance and must be supplemented by considerations of allogenic processes, using
sequence-stratigraphic concepts, for a full understanding of alluvial architecture.

2.4 Architectural Element Analysis

Difficulties with the standard facies models began with braided systems which,
by their nature, tend to be complex and less predictable than the standard “fin-
ing-upward” point-bar successions of the basic meandering-stream model. Allen
(1983, p. 237) pointed out that “Channel behaviour and type can practically never
be predicted unambiguously from vertical sequences, if only because each kind
of stream is capable of generating a wide variety of local sedimentological pat-
terns.” He argued that increasing attention was being paid to the shape and inter-
nal architecture of channelized units. In a study of the sandy-braided deposits of
the Devonian Brownstones Formation in the English-Welsh border area, he noted
the predominance of complex, interbedded, lenticular units clearly representing the
deposits of various types of in-channel bar and minor channel, and this led to the
recognition of “eight kinds of depositional features” or “internal architectural ele-
ments” (Fig. 2.30).
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Fig. 2.30 Summary of the main kinds of depositional feature recorded from sheet sandstones
preserved in the Brownstones. a Tabular layers of dune cross-bedded (trough cross-bedded) sand-
stone; b assemblagesof down-climbing (forward-accreting) bar units; ¢ minor channel forms and
fills; d major channelform and fill; e groups of laterally-accreted bar units; f symmetrical com-
plexes (sand shoals) of laterally accreted bar units with gravel cores (Allen 1983, Fig. 18)

In a similar detailed study performed on large outcrops where bedding units
could be traced laterally, Ramos and Sopefia (1983) and Ramos et al. (1986)
defined eleven types of gravel and eleven types of sand body in a Permo-Triassic
unit in Spain (Figs. 2.31, 2.32).

Meanwhile, a quite different approach to fluvial facies studies was being under-
taken by geomorphologists Gary J. Brierley and Edward J. Hickin, studying the
deposits of the modern Squamish River, north of Vancouver, British Columbia
(Brierley 1989, 1991a, b; Brierley and Hickin 1991). This river varies along its
length between braided, wandering and meandering styles. It was the purpose of
their study to report the results of an intensive test of the supposed link between
river planform and fluvial sedimentology in modern rivers in one particular field
setting. They explained their field procedure, which was based on trenching of the
modern deposits, as follows: “Four morpho-stratigraphic units are identified: bar
platform, chute channel, ridge and remnant floodplain. When analysed in trenches
and bank exposures, these preserved floodplain depositional units are termed ele-
ments, and the remnant floodplain unit, composed of deposits laid down by uncon-
fined flows on bar/island surfaces, is differentiated into three top-stratum elements,
namely proximal, distal and sand-wedge top-stratum elements” (Brierley and
Hickin 1991, p. 74). They found that facies studies on their own were inadequate
to characterize the planform style of the river, and the reverse, that planform was
no predictor of facies. Element composition of the Squamish River floodplain var-
ies from site to site, related specifically to the character and extent of sediment
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Fig. 2.31 The major types of gravel-dominated depositional feature in the Triassic
Bundsandstein of central Spain (Ramos et al. 1986)

reworking and not necessarily to channel planform type. Amongst their conclu-
sions is this interesting observation (Brierley and Hickin 1991, p. 81):
Given this situation, it may be more appropriate to change the question posed above.
Rather than focussing attention on planform type, it may be more appropriate to focus

interpretation on mechanisms of floodplain development, examining exposures at the
scale of those processes by which sediments become preserved in the floodplain.

In other words, focus on the sediments, not the fluvial style. They began to for-
mulate what they called a “constructivist” framework, which views fluvial deposits
as particular associations of elemental units, which mayor may not relate to pre-
existing models (Brierley and Hickin 1991, p. 81).

These studies contained the basis of a new architectural approach, which Miall
(1985) proposed could be applied to all fluvial deposits. Architectural-element
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Fig. 2.32 The major types of sandstone-dominated depositional feature

Bundsandstein of central Spain (Ramos et al. 1986)

in the Triassic

analysis focuses on “macroforms,” to use Jackson’s (1975) term. These are the
component units of channels and floodplains, comprising the various building-
blocks of channelized and non-channelized sandstones and conglomerates, and
floodplain complexes. They reflect the cumulative effect of many dynamic events
over periods of tens to thousands of years. They include major and minor channels
and the larger, compound bar forms such as point bars, side bars, sand flats and
islands, plus such floodplain elements as crevasse channels, levees and splays.
Brierley’s parallel constructivist approach is described in a book chapter

(Brierely 1996). He noted (p. 276):

Given the lack of geomorphological distinctiveness of individual channel plan form
styles, it is scarcely surprising that planform-sediment correlates are far from unequivocal.
Similar bedform-scale facies assemblages may be viewed independently of planform style
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and there appear to be no sedimentary structures that are peculiar to individual channel
plan form types (Bridge 1985; Brierley 1989). The principle of convergence, in which dep-
ositional units stack in a similar manner for different planform styles, has also been dem-
onstrated for element assemblages that comprise the floodplains of contiguous braided,
wandering and meandering reaches of a gravel-bed river (Brierley and Hickin 1991).

Brierley (1996, p. 279) cited Collinson (1978, p. 579) to the effect that descrip-
tion and interpretation should not have as their primary objective to generate com-
parisons with existing models, but rather to construct interpretations based on the
observed assemblage of elements. That this is a necessary approach was illustrated
by his table (adapted here as Fig. 2.33) demonstrating that most observed element
types occur in more than one planform setting, so that it is the structure of the indi-
vidual elements and their overall assemblage that becomes critical in understand-
ing the architecture of an individual deposit.

Walker (1990, p. 779) had complained that architectural-element analysis “offers
no overall point of reference (norm) for a depositional system as a whole. Each com-
bination of architectural elements (each individual example) is treated as unique, and
in the absence of a norm, there is no way of knowing whether the individual exam-
ple is similar to, or greatly different from, other examples. This is sedimentological
anarchy.” In fact, this is sedimentological reality, as increasing numbers of studies
of fluvial deposits have made clear. This ever-expanding body of research led to the
definition of sixteen facies models by Miall (1996, Chap. 8), and it was pointed out
that there may be gradation and intermediate forms between any two of the models.
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Fig. 2.33 Element presence as components of four major planform styles (adapted from
Brierley, Table 8.4)
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A detailed discussion of the methods of architectural-element analysis is set out
in Chaps. 3 and 4 of Miall (1996), and a detailed documentation of the major types
of architectural element is provided in Chaps. 6 and 7 of that book. Miall (1985,
1996) had proposed that there are eight basic architectural elements in fluvial
deposits. To this has been added the hollow element (Fig. 2.34). Additional details
of the lateral accretion element were provided by Miall (1985, 1996) (Fig. 2.35)
and later work (Miall 1996, Fig. 7.3) expanded the “floodplain fines” element to
encompass the actual variability encountered in floodplain assemblages (Fig. 2.36).
A thorough documentation of architectural elements of within-channel and over-
bank elements was provided in the earlier book (Miall 1996). Since that time the

channel
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Fig. 2.34 The original eight architectural elements of Miall (1985) to which has been added the
hollow element: HO
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Fig. 2.35 Examples of lateral accretion elements. No vertical exaggeration. Fluvial-style model
numbers of Miall (1985) are indicated. a Conglomerate point bar (lithofacies Gm), with chute
channels (lithofacies Gt), model 4 (Ori 1979); b element composed of medium-grained sand-
stone, with abundant internal planar-tabular crossbedding (lithofacies Sp), model 6 (Beutner et al.
1967); ¢ fine- to very-coarse sandstone and pebbly sandstone with cobble to boulder conglomer-
ate lag. Abundant internal crossbedding (lithofacies Sp, St, Sh, and Sl), model 5 (Allen 1983); d
small sandy point bar with abundant dune and ripple crossbedding (lithofacies St, Sr), model 6
(Puigdefabregas 1973); e point bar composed mainly of fine sandstone and siltstone (lithofacies
S1) with minor medium- to coarse-grained, crossbedded sandstone (lithofacies St) at base, model
7 (Nanson 1980); f giant point bar with thick, fine-grained trough crossbedded sandstone at base
(lithofacies St) passing up into accretionary sets of alternating fine sandstone and argillaceous
siltstone showing evidence of tidal bundling (lithofacies Se), model 7 (Mossop and Flach 1983)
(diagram from Miall 1985)

methods have become widely used. Some researchers have adopted the architec-
tural classification offered in the 1996 book; most have developed variants of the
classification to suit the observed characteristics of their particular field project;



2.4 Architectural Element Analysis 61

IIIIIIIIIIIIIIIIII!IIIIII?IIIIII'-IIIIFIIIIIIIIIII1IIII—P
FF
T T O T O O O O O A O o P
‘0%-2"‘"__0_8,,;&————————‘—
m2 e — CS ¢ CR
<5m
— lake deposits
T T T O O o  m mii— P
LV
““1—-CH, LA
FF
LT T T O O O T A OO O T P

| _approx. 10m

Fig. 2.36 Architectural diagram of a floodplain succession, based on the Lower Freshwater
Molasse of Switzerland (Platt and Keller 1992), showing the range of elements to be expected in
a floodplain setting (Miall 1996, Fig. 7.3). Element codes: CH channel, CR crevasse channel, CS
crevasse splay, FF floodplain fines, LA lateral accretion element, LV levee. P pedogenic (paleo
soil) unit

many make use of the bounding-surface classification that was also documented in
the 1996 book. What follows here are some highlights of recent studies in this area.

Firstly, shown here are some general architectural classifications used for vari-
ous sedimentological, stratigraphic or other purposes. Figure 2.37 illustrates an
example to which the techniques of architectural-element analysis are being put,
in this case the aquifer characterization of a Triassic unit in Germany. Some of the
key characteristics of these elements are shown in Fig. 2.38.

Figure 2.39 illustrates an architectural classification used as the basis for a study
of subsidence rates and tectonic mechanisms. Lopez-Gomez et al. (2010) attempted
to relate differences in facies architecture to differences in subsidence rate and crustal
stretching factors, in a Permo-Triassic extensional basin in Spain. Sections showing
the most varied architectural geometries, including ribbon and nested forms, corre-
sponded to the highest stretching factors, reflecting tectonic phases of greater stretch-
ing and subsidence. Tectonic phases with a wider variety of fluvial geometries showed
a greater difference in stretching factors, indicating stages of basin development
related to different crust and lithospheric mantle activity. The field and laboratory data
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Fig. 2.37 An example of the application of architectural-element analysis to a specific field

study, in this case a Triassic aquifer in Germany (from Hornung and Aigner (1999))
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Fig. 2.38 Lithologic, wireline and porosity—permeability characteristics of the architectural ele-
ments in the Triassic aquifer studied by Hornung and Aigner (1999)
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suggest that although general subsidence in some way controls the resultant fluvial
geometry of the Permian and Triassic alluvial sediments of the Iberian Ranges, there
is no simple direct relationship between the two factors. The only correlation found
was between crustal and lithospheric mantle activity—reflected by their stretching
factors—and fluvial geometry. It would appear that, besides subsidence, we need to
consider a combination of other factors such as the rate of avulsion, climate, or budget
of sediments to predict the alluvial architecture of a basin (summarized from Lopez-
Goémez et al. 2010). This study is examined further in Chap. 6.

Yuanquang et al. (2005, Fig. 10) developed a channel classification for the pur-
pose of outcrop reservoir studies (Fig. 2.40). They carried out a detailed field pro-
gram of porosity and permeability measurement and examined how the poro-perm
architecture related to the facies and internal bounding surfaces of the channel sys-
tems and their component elements.

Allen and Fielding (2007) illustrated the range of architectural elements in a
Permian unit in Australia (Fig. 2.41).
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Fig. 2.40 A classification of channel systems in outcrops of a Triassic oil reservoir in western
China (Yanquang et al. 2005, Fig. 10). AAPG © 2005. Reprinted by permission of the AAPG
whose permission is required for further use

In a study of an ancient ephemeral system, North and Taylor (1996) developed
their own classification scheme for the coarse units (many are not channelized)
(Fig. 2.42), and illustrated, in a stratigraphic cartoon, how these elements form
part of a fluvial-eolian succession (Fig. 2.43). These researchers chose to erect
their own terminology, which may have advantages in enabling the researcher to
describe unique features without assumed or implied similarities to earlier pub-
lished classifications.

Long (2006) reported on a detailed study of a Paleoproterozic sandstone unit.
Deposited during the pre-vegetation era, this unit is dominated by laminated sand-
stone sheets and sheets of sand bedforms (elements LS and SB in the Miall 1996
classification). Figure 2.44 illustrates one of the profiles from this study.
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Fig. 2.41 The range of architectural elements in a Permian fluvial system in Australia (Allen
and Fielding 2007, Fig. 4). Numerals refer to the bounding-surface classification of Miall (1996,
2010a)

Fig. 2.42 The elements (1) Nonchannelized Sheet
(“facies associations”) of the
Kayenta Formation (Jurassic),
an ephemeral system in Utah
and Arizona (North and Taylor
1996, Fig. 4). AAPG © 1996.
Reprinted by permission of the
AAPG whose permission is
required for further use

(2) Poorly Channelized Sheet (Interbedded facies)

(3) Poorly Channelized Sheet (Parallel lamination)

(6) Compound Ribbon
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Fig. 2.43 The stratigraphic relationship of the component elements in the Kayenta Formation
and the relationship of this formation to overlying and underlying eolian units (North and Taylor
1996, Fig. 6). AAPG © 1996. Reprinted by permission of the AAPG whose permission is
required for further use
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Fig. 2.44 Profile diagrams from the Paleoproterozoic Athabasca Formation Saskatchewan (Long
2006, part of Fig. 10)
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Many other examples of architectural documentation and classification could

be cited. The point is that the message about the three-dimensional nature of flu-
vial architecture has clearly been heard in the sedimentological and petroleum-
geology community. There are four obvious applications of this approach:

ey

2

3

“

The increased ability to reconstruct convincing depositional environments
provided by architecturally documented two- and three-dimensional outcrop
panels.

The method provides a basis for the understanding of the relationship of
porosity—permeability structures in aquifers and reservoir units to primary
depositional fabrics. On a larger scale, the same methods help to evaluate the
nature of jigsaw-puzzle and labyrinth-type reservoir units. Application of the
methods is necessary for any advanced “analog” studies of reservoirs, offering
the advantage of the preserved record as a basis for comparison, rather than
the commonly ephemeral features observable in modern rivers.

The method is a necessary basis for studies of sequence stratigraphy in non-
marine rocks because any exploration of the dependence of fluvial architec-
ture on allogenic controls, such as tectonism and base-level change, requires a
systematic analysis of depositional architecture. Such architectural character-
istics as channel-stacking patterns (for example) are clearly related to rates of
change of base level or source-area uplift.

Basin evolution is commonly documented using such devices as subsidence
plots. This type of basic regional information may be usefully supplemented
by architectural studies, which help to reveal how depositional systems
respond to different patterns of basin uplift, subsidence or tilting (while bear-
ing in mind the necessary caveats regarding time scale of accommodation
generation versus the times scales of fluvial processes; see Chap. 6).
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Chapter 3
Autogenic Processes: Avulsion
and Architecture

3.1 Floodplain Processes

Fluvial architecture is constructed from channels and floodplains. In Chap. 2 we
focused on the formation and classification of channels. In this chapter we discuss
the formation of floodplains and the relationships between channels and flood-
plains. According to Nanson and Croke (1992), floodplains are constructed by six
processes: lateral point-bar accretion, overbank vertical accretion, braid channel
accretion, oblique accretion, counterpoint accretion, and abandoned channel accre-
tion. Not all of these processes occur in every fluvial system; for example, lateral
point-bar accretion and braid channel accretion tend to characterize contrasting
fluvial styles, the meandering and braided style, respectively, although as noted
earlier, the two processes are not entirely mutually exclusive.

The Nanson and Croke (1992) discussion and classification, although appar-
ently dealing with floodplains, is in fact based primarily on channel style. Three
broad classes of floodplain were suggested, as follows (with my own comments
added). The letter classification is from their paper:

A. High-energy non-cohesive floodplains: formed mostly within confined valleys in
upland regions, characterized by sudden, commonly catastrophic, cut and fill. Sheet-like
deposits of coarse sand and gravel are formed primarily during flood events. Individual
floodplain deposits have limited lateral extent and low preservation potential.

B. Medium-energy non-cohesive floodplains: the traditional braided, wandering and
meandering fluvial systems, characterized by well-developed channel-floodplain or broad,
braided channel systems.

C. Low-energy cohesive floodplains: single-thread and anastomosing systems, typified by
ribbon channel bodies and broad floodplains; facies assemblages reflect arid or humid cli-
matic conditions.

Of the six “floodplain™ processes listed by Nanson and Croke (1992), only
“overbank vertical accretion” would be considered a typical floodplain process, as
distinct from the processes that form channel systems, and which commonly cul-
minate in the geomorphic assemblage termed the alluvial ridge. In fact, overbank
vertical accretion may be broken down into several processes that are of interest to

A. Miall, Fluvial Depositional Systems, Springer Geology, 69
DOI: 10.1007/978-3-319-00666-6_3,
© Springer International Publishing Switzerland 2014


http://dx.doi.org/10.1007/978-3-319-00666-6_2

70 3 Autogenic Processes: Avulsion and Architecture

sedimentologists, because of the distinct facies assemblages and fluvial architec-
ture that result. These were listed by Brierley (1996) and constitute the following
four “landscape elements”, to use his terminology (see Fig. 2.33);

Levee
Crevasse-splay
Floodplain
Backswamp.

An architectural diagram that illustrates these elements is shown in Fig. 2.36.
Figure 3.1 illustrates the floodplain elements of a typical large river, a portion of
the Mississippi system.

based on Fisk (1944), Saucier (1969) and Farrell (1987)

Partially filled
- Levee B Upver point bar - abandoned channel
FF Backswamp _ Crevasse splay CH Water-filled channel

Fig. 3.1 The landscape elements and deposits of a floodplain, showing part of the Mississippi
system (after Farrell 1987)
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Floodplain construction involves repetition of various autogenic and allogenic
processes over a range of time scales. Individual flood events, bar deposition and
migration, and lateral accretion, are primarily autogenic processes and construct
discrete depositional units over time scales of up to a few years. Kraus and Wells
(1999) referred to these as micro-scale (<1 m thick, duration of days to months) to
meso-scale (>1 m thick, 1-10% yr duration) events. They form metre-scale cycles,
termed fluvial aggradation cycles (FAC) by Atchley et al. (2004). Longer-duration
cycles, termed macro-scale (>10 m thick, 103-10* yr duration), and mega-scale
(>100 m, 10°—107- yr duration) cycles, develop stacked cycles, termed FAC-sets
(Atchley et al. 2004), and are the product of allogenic processes.

The most important floodplain process is avulsion, the shifting of channels into
new positions on the floodplain. This is usually described and discussed in terms
of a sudden process. The word has origins in medical terminology. A Wikipedia
definition of the term is that avulsion is “a form of amputation, where the extrem-
ity is pulled off rather than cut off.” The online Free Dictionary refers to avulsion
as “The forcible tearing away of a body part by trauma or surgery.” As Mohrig et
al. (2000, p. 1787) stated: “River avulsion is the relatively rapid transfer of river
flow out of an established section of channel belt and into a new flow pathway
elsewhere on the flood plain. In river systems where avulsions occur, the process
typically dominates the long-term dispersal of sediment and water across their
alluvial surfaces (Fig. 3.2). As a result, understanding and characterizing the con-
trols on avulsion are important to the geomorphologist studying evolution of dep-
ositional landscapes, to the sedimentologist reconstructing the history of ancient
river systems, and to the civil engineer interested in controlling the position of
waterways.”

Avulsion is typically initiated by localized erosion of a channel bank, forming
a crevasse channel, which diverts some of the discharge and sediment load from
the main channel onto the floodplain. Initiation of crevasse erosion depends on a
number of factors, to be discussed below. Continued erosion within the crevasse
channel will deepen and widen it, and may lead to the formation of a crevasse
splay, a type of mini-delta splaying out from the channel bank into the floodplain.
Figure 3.1 illustrates a large, compound crevasse splay formed from the depos-
its of a number of small crevasse channels that developed along the banks of the

new alluvial n'dge

post-avuision
floodbasin di

older alluvium

Fig. 3.2 Idealized model of an alluvial ridge, with an active channel flanked by levees and by
avulsion deposits. The latter are mainly composed of silt and clay, with sand bodies deposited in
the minor channels of crevasse splays. From Makaske (2001, Fig. 10, p. 173), based on the work
of Smith et al. (1989) in the Cumberland Marshes of Saskatchewan
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Mississippi River, and Fig. 3.2 illustrates the typical architecture of the crevasse
splay deposits within avulsion complexes. Under certain circumstances, a crevasse
may eventually cause the diversion of most or all of the discharge passing down
the main channel, with the result that the main flow of the river is diverted into a
new course. An analysis of why this happens, and what are the consequences for
fluvial deposition, has consumed much energy on the part of fluvial sedimentolo-
gists. Why is it regarded as an important question? Because it appears to be the
key to the understanding of how large-scale fluvial architectures are constructed.
Viewed in their simplest form, fluvial successions consist of stacked channel
deposits separated from each other by floodplain fines. The nature of the stacking
and of the interconnectedness of the channel bodies, is the key to understanding
fluid flow in the subsurface, and is therefore of critical interest to hydrogeologists
and reservoir geologists.

An assumption that has exerted a major influence on interpretations and models
is that given a constant avulsion frequency, the density and connectedness of chan-
nel sand bodies should be inversely proportional to the aggradation rate (Bridge
and Leeder 1979). Is avulsion frequency typically constant? What controls avul-
sion events?

As Mohrig et al. (2000, p. 1787) noted:

Recent numerical models that simulate construction of the depositional architecture
(channel stacking pattern) of fluvial deposits have emphasized the role of avulsions as a
control on the distribution of ancient river channels in space and time (Allen 1978; Leeder
1978; Bridge and Leeder 1979; Mackey and Bridge 1995; Heller and Paola 1996). Key
assumptions of these models concern (1) when a channel will avulse, and (2) the position
of the new channel belt following avulsion. In the first assumption, it is essential to know
if there is some single aspect of the channel system that primarily, and predictably, creates
conditions favorable for avulsion. If so, this parameter may serve as a standard among
systems so that different-sized rivers can be compared. The second assumption evaluates
whether preexisting topography exerts a role on site selection of the newly formed stream.
Some workers have suggested that former channel positions create alluvial ridges along
the flood plain that repel new channels (Allen 1978; Bridge and Leeder 1979; Mackey and
Bridge 1995). In contrast, studies of modern avulsions show that newly avulsed rivers are
strongly attracted toward preexisting channels, the beds of which are preserved as lows on
the flood plain (Aslan and Blum 2000; Morozova and Smith 2000). Stratigraphic evidence
for this attraction was presented by Maizels (1990).

Mohrig et al. (2000, p. 1788) observed that the process of river avulsion can
be considered as having two fundamental requirements: “a setup, where the river
aggrades over tens to thousands of years and becomes poised for avulsion, and
a trigger, which is a short-term event that causes the slow or abrupt abandon-
ment of the channel” (typically floods; Mosley 1975; Brizga and Finlayson 1990;
Slingerland and Smith 1998). River avulsion setup is generally recognized to be a
consequence of the tendency for deposition rates near river channels to be greater
than those on the adjacent flood plain. The coupled deposition of sediment on
the bed of a channel and on the levees flanking the channel margins leads to the
channel becoming progressively perched above its flood plain while maintaining a
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cross-sectional shape that is best suited for the throughput of water and sediment
(Mohrig et al. 2000, p. 1788).

According to Jones and Schumm (1999) there are four major groups of pro-
cesses that trigger avulsion (Table 3.1). The first two of these groups focus on
changes in the relative slopes of the main channel and the potential avulsion
channel as a result of sedimentation. As they noted (Jones and Schumm 1999, p.
172), “avulsions are not always triggered by the largest floods on a given river”
because it may take an extended period for sedimentation to build the slope dif-
ferentials to a critical threshold value. The construction of an alluvial ridge flank-
ing and containing the main active channel is in the long-term (geomorphically
speaking) an unstable condition that eventually is likely to lead to avulsion.
Tectonic activity, such as tilting of the valley floor, or movement on a fault that
crosses the floodplain, may also trigger avulsion. The most well-known example
of the first process is the study of the South Fork Madison River in Montana by
Leeder and Alexander (1987).

Table 3.1 Causes of avulsion (Jones and Schumm 1999)

Can Ability of channel to
Processes and events that create instability and lead toward act as carry sediment and
an avulsion threshold and/or act as avulsion triggers trigger?  discharge
Group 1. Avulsion a. Sinuosity increase (meandering) No Decrease
from increase in b. Delta growth (lengthening of No Decrease
ratio, So/Se owing channel)
to decrease in S c. Base-level fall (decreased slope?) No Decrease
d. Tectonic uplift (result in Yes Decrease
decreased slope)
Group 2. Avulsion a. Natural levee/alluvial ridge No No change
from increase in growth
ratio, So/Se owing b, Alluvial fan and delta growth No No change
to increase in S, (convexity)
c. Tectonism (resulting in lateral Yes No change
tilting)
Group 3. Avulsion a. Hydrological change in flood peak  Yes
with no change in discharge
ratio, S,/Se b. Sediment influx from tributaries, Yes Decrease
increased sediment load, mass
failure, eolian processes
c. Vegetative blockage No Decrease
d. Logjams Yes Decrease
e. Ice jams Yes Decrease
Group 4. Other a. Animal trails No No change
avulsions b. Capture (diversion into adjacent - No change

drainage)

Notes: S, is the slope of the potential avulsion course, Se is the slope of the existing channel
4In settings where the up-river gradient is greater than the gradient of the lake floor or shelf slope,
base-level fall may result in river flow across an area of lower gradient
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As discussed below, avulsion typically results in the formation of channel clus-
ters, as viewed in stratigraphic strike-oriented cross-section. An understanding of
the processes which lead to channel clustering and the stacking or displacement
of clusters through stratigraphic time is essential for the understanding of channel-
body architecture and connectivity.

Undoubtedly the most detailed study yet carried out on avulsions in a mod-
ern river setting is that of the Rhine Meuse system. A very large data base of drill
holes and '“C dates has permitted a very detailed reconstruction of the history of
this river and delta system since the last glaciation ended, and fluvial processes
commenced about 8000 BP. This is referred to below. Stouthamer et al. (2011, p.
225) stated that:

Local/regional aggradation rate ratio and CDP [channel deposit proportion] are positively
related. The balance between local and regional aggradation rates determines cross-val-
ley gradients, which is generally regarded [as] an important prerequisite for avulsion. In
this view, the ratio of local to regional aggradation rate is a proxy for the probability of
avulsion.

They confirmed the importance of what is termed the “superelevation of the
channel or the channel belt above the floodplain and the associated increase in
cross-valley slope relative to either the downchannel or the downvalley slope.” (op.
cit., p. 226).

There have historically been four ways to approach the problem of understand-
ing avulsion:

(1) Historical documentation of avulsions in existing modern river systems
(maps, 14C dates of avulsion deposits, etc.);

(2) Numerical models of avulsion based on geometrical simulations of floodplain
processes;

(3) Scale modeling of fluvial processes in laboratory tanks;

(4) Detailed studies of the facies and architecture of pre-Recent and ancient avul-
sion successions directed towards understanding the specific local processes
at work.

3.2 The Historical Record of Avulsion in Modern Rivers

Fluvial geomorphologists have for some time studied the process of avulsion in
modern rivers. Very few case studies of actual avulsion events are available (Bryant
et al. 1995, p. 365), but historical records, including the reconstruction of avulsion
histories from old maps, have provided much information. For such major fluvial
systems as the modern Mississippi River (Saucier 1974, 1994), Yellow River (Hillel
1991; Li and Finlayson 1993), Po River (Nelson 1970), Rhine-Meuse system
(Torngvist 1994; Stouthamer 2001a, b; Berendsen and Stouthamer 2001; Hesselink
et al. 2003; Stouthamer et al. 2011), and the Kosi river in India (Wells and Dorr
1987; Singh et al. 1993), the history of avulsion over the last few hundreds
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or thousands of years has been well documented (Figs. 3.3, 3.4). These rivers
have, at various times and by various authors, been used as examples on which to
base geological models of the avulsion process, for use in unraveling the origins of
avulsion architectures in the ancient record (e.g., Mackey and Bridge 1995). The
usefulness of these documented histories may be of limited value, because they
are based on recent processes with a very brief record of stratigraphic evolution,
and one that is characterized by the uniqueness of a post-glacial history of a recent
rapid sea-level rise, with all the consequences of that for a rapid increase in accom-
modation in coastal regions.

The Mississippi and Rhine-Meuse systems have been explored extensively
using numerous drill holes, and the stratigraphic record of fluvial evolution is par-
ticularly well known for these major systems. However, the caveat regarding the
possible uniqueness of the post-glacial period in earth history remains. Tornqvist
(1994) measured variations in overall avulsion frequency in the Rhine-Meuse
Delta in the Netherlands by '“C methods. He found a higher rate of avulsion in
the delta system during the interval 8500 BP—4300 BP than from 4300 BP to the
present. The high-frequency interval corresponds to a period of faster sea-level rise
and was thus inferred by Tornqvist to represent a period of increased fluvial aggra-
dation rate. Stouthamer et al. (2011) updated these observations on the basis of
much additional data (Fig. 3.5). They documented a high avulsion frequency from
8500 to 7300 BP, with a drop in frequency following, until 3200 BP., possibly
related to “the steadily dropping rate of accommodation growth under decreasing
rates of sea-level rise” (Stouthamer et al. 2011, p. 222). An increase in avulsion
frequency after 3200 BP is associated with an increase in the fine sediment load
in the river system, and occurred despite the much slower rate of accommodation
generation associated with the slower rate of sea-level rise during this period. We
return to these river systems below.
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In a study of the modern Parand River in Brazil, Stevaux and Souza (2004, pp.
63-64) stated: “Although the average anastomosing process is related to rapid
sediment aggradation, vegetation (Smith and Smith 1980), bank cohesiveness and
low stream power, and this system can occur in a range of climatic environments
(Nanson and Croke 1992), in the present case climatic change and subtle tectonic
influence are suggested.” They noted that during periods of climate change the river
system underwent a period of instability corresponding to a short erosion interval.
They cited a short period of semi-aridity in central-southern Brazil and eastern
Argentina in the Upper Holocene (ca. 3.6—1.5 ka BP) during which time a period of
alluvial fan construction could be recognized, the channel thalweg underwent inci-
sion, and eolian erosion and dune sedimentation took place. They suggested that the
identified avulsion events originated from changes in river hydrology.

The Baghmati River, India, locally displays a pattern of avulsion that can throw
some light on the processes of architectural development. This river has been
described as “hyperavulsive” by Sinha et al. (2005, p. 192). Eight major and sev-
eral minor avulsions have been documented over the last 250 years, indicating a
decadal avulsion frequency. Several different types of avulsion occur, including
channel cutoffs, abandonment by floods, and nodal avulsions. Most avulsions are
local; many channels may be active simultaneously. The initiation of new channels
or old channel reoccupation during flood events appears to be the dominant pro-
cess, the regular occurrence of high-discharge events during the annual monsoon
likely being a major factor in the evolution of the system.

Jones and Hajek (2007, pp. 133-134) observed that research on modern sys-
tems has noted a difference in association of river systems and river avulsion with
crevasse splay deposition:

Aslan and Autin (1999) suggest that floodplain aggradation is dominated by crevasse
splay deposition during intervals of active avulsion of the Holocene lower Mississippi
River. Kraus and Wells (1999) attribute up to 50 % of floodplain aggradation in the
Willwood Formation to avulsion-related non-overbank deposition. This is similar to the
percentage of crevasse splay deposition during the Holocene lower Mississippi River
avulsions. Such settings are likely to produce stratigraphically transitional avulsion
stratigraphy. In contrast, there are other modern river systems known to be much less
splay-prone. Studies in several modern river systems, such as Narew River (NE Poland),
Okavango fan rivers (Botswana), Fitzroy River (Australia) and Cooper Creek (Australia)
have documented river avulsions that do not fit the Smith et al. (1989) avulsion model of
river avulsion (Rust and Legun 1983; McCarthy et al. 1992; Taylor 1999; Knighton and
Nanson 2000; Aslan et al. 2003; Gradzinski et al. 2003; Fagan and Nanson 2004).

The rivers listed above have avulsed by developing new channels by nick-point
retreat and/or overland flow on the floodplain. The modern Fitzroy River, north-
west Australia (Taylor 1999) demonstrates that channel avulsion is not associated
with crevasse splay deposition in that system (Jones and Hajek 2007). Rather,
channels relocate into topographic depressions on the floodplain, which are gen-
erated by scouring during overbank flow. Taylor (1999) suggested that crevasse
splay facies should be rare or absent in the Fitzroy’s stratigraphic record, in part
because of levees with very low topographic relief (800 m wide by <1 m high),
high-magnitude flooding events, and highly cohesive floodplain material. Such
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a system could dominantly produce stratigraphically abrupt channels. In com-
parison, Ferris Formation channels lack well-developed levee deposits and have
muddy floodplains, which might indicate low-relief levees and highly cohesive
banks, respectively (Jones and Hajek 2007, p. 134).

Sambrook-Smith et al. (2010) demonstrated that scour depths and channel and
bar features developed during a major, 40-year flood in the braided Saskatchewan
River, Canada differed in no major way from those features of the fluvial mor-
phology that were modified during normal, annual bankfull floods, making it dif-
ficult to distinguish the effects of discharge variability in rivers of this type. They
noted similar conclusions having been reached in several other large river systems.
These observations also have relevance for the concept of geomorphic threshold, as
applied to the triggering of major changes (including avulsions) in river systems.

3.3 Avulsion in the Recent Geological Record

The first detailed studies of the recent stratigraphic record of avulsion were carried
out in the Mississippi system (Saucier 1974, 1994; Autin et al. 1991; Asland and
Autin 1999; Aslan et al. 2005), the Cumberland Marshes of Saskatchewan (Smith
et al. 1989), and the Rhine-Meuse system (Tornqvist 1993, 1994). These studies
have shown that overbank sheet flooding is not a major mechanism for the accu-
mulation of floodplain deposits. Most floodplains are built by the development of
crevasse channels, which divert water and sediment into crevasse splays that, in
turn disperse sediment and water primarily into low standing areas of the flood-
basin, in particular into preexisting, abandoned channels. The reoccupation of
abandoned channels has emerged as a very significant process in floodplain devel-
opment, which means that channel sandstone bodies are, in many cases, multistory
units representing several phases of sedimentation.

In the Cumberland Marshes of Saskatchewan, a major avulsion was triggered by
an ice jam in 1873. The Saskatchewan River system branches into numerous chan-
nels in this area, and the event studied by Smith et al. (1989) represents only the lat-
est of a series of avulsions that have constructed the floodplain stratigraphy since
fluvial sedimentation began to fill the post-glacial Lake Agassiz some 8,500 years
ago. A detailed investigation of the shallow subsurface stratigraphy provided the
basis for a general model of avulsion and stratigraphic evolution (Smith et al. 1989).
An initial crevasse feeds a splay deposit that gradually grows larger and more com-
plex, with a system of interconnected, anastomosing channels occupying an ever
larger area of the floodbasin. Eventually, a single channel becomes dominant because
of a small local slope advantage. It begins to incise earlier splay deposits, and also
begins to develop meanders. Channel aggradation and point-bar development along
this dominant channel then combine to build a new alluvial ridge, setting the stage
for build-up to the next avulsive event when threshold conditions are reached again.

In a later study, Morozova and Smith (1999, 2000) examined earlier episodes
of avulsion stored in the stratigraphic record of the Cumberland Marshes. They
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Fig. 3.6 Cross-section through the Cumberland Marshes, along the transect X-X' of Fig. 3.4
(Morozova and Smith 2000, Fig. 2, p. 84)

documented nine major avulsions in the last 5,400 years, averaging one event
every 600 years (Fig. 3.4). The life-span of the avulsion complexes overlap each
other, indicating that new avulsions were accompanied by gradual abandon-
ment of the earlier channels. Most of the avulsions were nodal avulsions, that is,
they occurred near the entrance to the Cumberland Marshes, where river slope
decreases abruptly. Some of the avulsions led to the reoccupation of earlier chan-
nels, others filled floodbasins by the lateral progradation of splay complexes. A
cross-section through the basin exhibits a network of partially intersecting splay
complexes consisting of narrow channels and levees overlying broad splay com-
plexes that in most cases are several kilometers across (Fig. 3.6).

In the Rhine-Meuse system, avulsion event periodicity during the last 8 millennia
increased from 500 years at 8,000 BP to 1,500 years at 2,800 BP and then decreased
to 1,000 years at 1,500 BP (Stouthamer et al. 2011; Fig. 3.5 of this book). The fre-
quency was greater in the immediate post-glacial period, when sea-level was rising
rapidly. The river assumed an anastomosing style during this period, with a gradual
change to a meandering style as the rate of sea-level rise, and the rate of avulsion
both decreased after 4,300 yr BP. Tornqvist (1994, p. 714) stated:

The number of active Rhine distributaries in the Rhine-Meuse delta increased from
about four (8000 cal. yr BP) to a maximum of ten (5500 cal. yr BP) and then gradually
decreased to about five until the late medieval embankments reduced the number to three.
The period with the highest number of distributaries (6000-3500 cal. yr BP) coincides
well with the period of dominance of anastomosing fluvial style (Tornqvist 1993a).

The Mississippi system is particularly interesting because of the incipient avul-
sion of the main river channel into the Atchafalaya river channel, a process that was
well underway by the early 1950s, until brought under control by the U.S. Army
Corps of Engineers in order to protect the flow passing down channel through New
Orleans, a vital port city.



80 3 Autogenic Processes: Avulsion and Architecture

The avulsion history of the lower Mississippi is documented by Aslan et al.
(2005). During the late Holocene the Mississippi River avulsed three times, with
the Mississippi—Atchafalaya diversion representing a fourth incipient avulsion
(Figs. 3.7-3.9). Until about 500 years ago the Mississippi River flowed on the
western side of the valley, terminating in the Teche subdelta (Saucier 1994). An
avulsion event near Old River, shifted the river course to the eastern side of the
valley (Avulsion #1 in Fig. 3.7). By 1,500 yr BP, the Lafourche subdelta became
active and prograded across the abandoned Teche subdelta. Avulsion upstream near
Vicksburg, Mississippi (Avulsion #2, north of the area shown in Fig. 3.7) completed
the eastward shift of the Mississippi River. Avulsion near the Lafourche avulsion
site (Avulsion #3 in Fig. 3.7) led to the development of the modern Balize subdelta.
By the mid-eighteenth century a switch to the Atchafalaya River was underway.

Fisk (1952) suggested a four-step evolution for the Atchafalaya River (Fig. 3.8).
As described by Aslan et al. (2005, p. 653):

Initially, the Mississippi and Red rivers flowed south along separate courses and joined
downstream of Old River (Fig. 3.8a) A westward migrating meander of the Mississippi
River, Turnbull Bend, captured the Red River (Fig. 3.8b). Crevassing along the western
edge of the meander initiated the development of the Atchafalaya River in the Eighteenth
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Fig. 3.7 Late Holocene Mississippi River courses, subdeltas, and locations of avulsion nodes
(numbered circles). The avulsions are numbered from 1 to 4 (Aslan et al. 2005, Fig. 3, p. 652)
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Century (Fisk 1952), and by 1765, the Atchafalaya River was well established (Fig. 3.8b).
In 1831, an artificial cutoff (Shreve’s cutoff) across Turnbull Bend minimized flow
between the Mississippi and Atchafalaya rivers (Fig. 3.8c). Subsequent dredging of Lower
Old River between the 1880s and 1930s maintained flow between these two major water-
ways. Upper Old River filled with sediment during this time, which led to the capture
of the Red River by the Atchafalaya River and its continued enlargement (Fig. 3.8d). By
1950, the Atchafalaya was transporting; 25 % of the Mississippi River discharge, and
the growth of the Atchafalaya River and its down-valley gradient advantage over the
Mississippi made clear that capture was imminent (Fisk 1952). Ensuing construction of
the OId River Control Structures by the U.S. Army Corps of Engineers has, at least tem-
porarily, arrested this avulsion.

Guccione et al. (1999) studied an abandoned channel in the upper Mississippi
valley. An avulsion event had occurred as a result of a within-channel slope advan-
tage, but was abandoned when the avulsion node from which it developed was cut
off when the meander on which it was located became cut off and abandoned.
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The Jamuna (Brahmaputra) River of Bangladesh is currently the world’s larg-
est active braided river system, and has been much studied as a possible analog
for ancient sandy braided systems (Coleman 1969; Miall and Jones 2003). Since
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Fig. 3.10 The evolution of the Jamuna (Brahmaputra) river system, Bangladesh. Maps redrawn
from original sources by Bristow (1999, Fig. 1, p. 222)

the late eighteenth century the main course of the river, north of Dacca, has
shifted some 100 km westward. The town of Dewanganj, formerly on the west
bank of the river, is now on the east bank (Fig. 3.10). Early work, such as that by
Morgan and McKintire (1959) had suggested that tectonic tilting or river capture
may have been the cause of this major shift, but Bristow (1999) makes a convinc-
ing case that existing map and other historical evidence does not support these
ideas, and that the shift was entirely autogenic in origin. Figure 3.11 illustrates
the evolution of the Brahmaputra and its tributaries in the area of Dewanganj,
in northern Bangladesh. Several old river courses diverge from the main river
near and downstream from this town, and it seems likely that the major diver-
sion began simply as a case of “flow divergence around the mid-channel islands,
with one channel directed towards the west (right) bank, caused bank erosion,
which led to flow diversion into an existing floodplain channel, and which the
Brahmaputra exploited and enlarged to form the Jamuna” (Bristow 1999, p.
225). This process of simple autogenic channel and bar development led eventu-
ally to this dramatic shift in the course of the river, and constitutes a good exam-
ple of how autogenic processes may have substantial effects on the geography
of the river system. The shifting of the Mississippi, Po and Yellow River deltas
(Fig. 3.3) are other examples. The implications of these processes for the basin-
filling process are clear.
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3.4 Avulsion in the Ancient Geological Record

Another way to study avulsion is to examine the preserved geological record.
This may provide for a longer record of avulsions, through the examination of the
details of a lengthy stratigraphic record, at the expense of an accurate record of
timings and rates. This is an approach employed by several groups of researchers.
We discuss here the results of several such studies.

Kraus and Wells (1999) reviewed criteria for recognizing avulsion deposits in the
ancient record. What they termed “heterolithic avulsion deposits” commonly underlie
the main channels. Heterolithic avulsion deposits are laterally extensive, pedogeni-
cally modified, fine-grained deposits, in which narrow ribbon sandstones (width:depth
<10) and thin sheet sandstones occur, with paleoflow parallel or subparallel to the
trunk channels. Heterolithic avulsion deposits may also be interbedded with coal or
moderately well developed to well-developed paleosols. As Jones and Hajek (2007,
p- 125) noted, these observations match depositional successions documented in mod-
ern avulsions, particularly the Saskatchewan River (Smith et al. 1989). Because of
this convincing connection between ancient and modern, the Kraus and Wells (1999)
model has become a popular way to interpret ancient alluvial stratigraphy.

Mohrig et al. (2000) examined extensive outcrops records in a portion of
the Oligoccene fill of the Ebro Basin in northern Spain (Guadalope-Matarranya
System), and the Eocene Wasatch Formation of western Colorado. Many of the
channel fills in the Guadalope-Matarranya System showed clear evidence of a
multistory nature, indicating that they represent avulsions into pre-existing chan-
nels (Fig. 3.12). Mohrig et al. (2000, p. 1799) stated: “The superimposed channel
belts within the multistory sandstone bodies in the Guadalope-Matarranya system
show clear evidence of reoccupation of a fixed thoroughfare by a succession of
channels. The relative frequency of superimposed channel belts suggests that, at
least part of the time, abandoned channels remained as relative lows on the flood
plain and acted as attractors to avulsing river channels.”

Mohrig et al. (2000, p. 1799) noted that “such reoccupation of recently aban-
doned channels or secondary flood-plain channels is a common characteristic of
many modern river avulsions. Examples include the Lower Old River connecting the
Mississippi and Atchafalaya Rivers (Fisk 1952), Mississippi River flood-plain chan-
nels (Kesel et al. 1974), Rainbow Creek (Brizga and Finlayson 1990), the Assiniboine
River flood-plain channels (Rainne 1990), and the River Rapti, in India (Richards
et al. 1993).” Pre-existing channels provide ready-made low points and conduits for
flow; and unconsolidated sandy channel fills may be easier to scour out than sur-
rounding flood-plain material (Smith et al. 1998). Reoccupation of topographic lows
should produce stacked channel sandstone bodies in the stratigraphic record.

It is commonly thought that alluvial ridges, constructed by continuous chan-
nel-levee sedimentation along an alluvial plain, would be unlikely to be “reoc-
cupied” by avulsions, because they stand above the floodplain elevation. This is
a characteristic built into early alluvial architecture models (Allen 1978; Bridge
and Leeder 1979; Mackey and Bridge 1995). Yet reoccupation of channels, as
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indicated by their multistory nature, appears to be characteristic of the Guadalope-
Matarranya System. What might be the explanation of this paradox? It may be,
however, that abandoned channel sites that are not completely filled act as sem-
icontinuous thoroughfares that present preferential paths for avulsions. As such,
channel position in the flood plain may not be as random as is often assumed in
architecture models (Mohrig et al. 2000, p. 1799).

Their studies led Mohrig et al. (2000) to develop two models for avulsion: (a)
incisional avulsion, by knickpoint erosion back up a reoccupied abandoned chan-
nel, and (b) aggradational avulsion—the overtopping of banks to generate an initial
crevasse channel and splay. They suggested (p. 1801): “... that floodplain drain-
age characteristics exert major control between the incisional and aggradational
avulsion modes. Poorly drained flood plains can support standing water bodies
that would tend to slow flood waters, forcing deposition. In contrast, well-drained
flood plains promote through flowing channel systems and associated early ero-
sion by a variety of mechanisms.”
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Jones and Hajek (2007, p. 125) stated that:

Part of the confusion of characterizing avulsion stratigraphy in the ancient is one of defin-
ing avulsion. Kraus and Wells (1999) define ancient avulsions by recognizing heterolithic
avulsion deposits in a stratigraphic succession. This recognition criterion assumes that all
avulsions occur by successive sediment and water diversion from the trunk channel via
widespread crevasse splay progradation onto the adjacent floodplain. River avulsion how-
ever is more generally defined as an established channel relocating to a new position on the
floodplain (e.g., Mohrig et al. 2000; Slingerland and Smith 2004), regardless of the specific
processes by which sediment and water are diverted during channel relocation. We propose
that this basic definition is an appropriate starting point for interpreting ancient stratigraphy.

Two distinct manifestations of avulsion stratigraphy were observed by Jones and
Hajek (2007). Stratigraphically transitional channels are directly preceded by non-
overbank deposits, including crevasse splays, crevasse channels, distributary chan-
nels, distributary mouth bars, etc. The deposits underlying channel sandstones may
contain the suite of “heterolithic avulsion deposits” defined by Kraus and Wells
(1999). In contrast, channels juxtaposed directly atop floodplain/overbank deposits
are classified as stratigraphically abrupt. There is no evidence of heterolithic avul-
sion deposits or other non-overbank deposits in proximity to channels within the
stratigraphically abrupt successions observed by Jones and Hajek (2007).

The well-exposed Oligocene-Miocene Loranca Basin in east-central Spain
has yielded several useful studies of alluvial architecture. The first examined here
(Martinius 2000) is a regional study of the large-scale facies architecture, and the
nature and origin of architectural change downstream and vertically, through time. The
second study (Diaz-Molina and Mufioz-Garcia 2010) takes a detailed look at the inter-
nal architecture of meander-belt sandbodies within this system, with a view to recon-
structing sand body connectedness and illustrating calculations of reservoir volumes.

The Loranca fluvial system is derived from an active fold-thrust belt, and
extends for approximately 60 km downslope in a west to northwesterly direction.
Figure 3.13 is a reconstruction of the range of fluvial styles that deposited this fan-
like body, and Figs. 3.14 and 3.15 are reconstructed architectural panels that illus-
trate the depositional architecture at mid-fan and distal fan settings, respectively.
The locations of these panels, within the spectrum of fluvial environments, is indi-
cated in Fig. 3.13. The mid-fan location is near the village of Villarejo Seco, and
the distal location is near Huete.

The overall environmental interpretation is based on facies and architectural
analysis. Conglomerates are a significant component of the system only in the
southeast (facies zone 1). “Stacked bar” and “giant bar”” sandstone bodies are com-
pared to the linguoid bar macroforms of the modern Platte River (facies zone 2).
Ribbon sandstones, with width-depth ratios of between 3 and 25, are comparable
to the anastomosed channel deposits described by Smith et al. (1989). Composite
point-bar sandstones are the deposits of mixed-load meandering channel systems
(facies zone 3). Non-channelized lobate sandstone bodies are interpreted as ter-
minal splay deposits or as crevasse splays (facies zone 4). The variation between
these four fluvial styles is summarized in Fig. 3.16. This variation is interpreted as
allogenic in origin, because the deposits of each facies zone extend across the full



88 3 Autogenic Processes: Avulsion and Architecture

Meandering channels

Sand-dominated braided river

Gravel-rich braided rivers

Intra-basinal high

Fig. 3.13 The interpreted fluvial paleogeography of the Loranca fluvial system, Spain
(Martinius 2000, Fig. 8, p. 858)
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Fig. 3.14 Architectural panel diagram, constructed from exposures in a medial setting in the
Loranca fluvial system, near Villarejo Seco (see Fig. 3.13) (Martinius 2000, Fig. 10, p. 860)

width of the outcrop belt, suggesting that the changes in fluvial style are basin-
wide in extent. Chronostratigraphic data for the succession suggests that each
facies cycle (the change from, say, facies zone 1 to 2, or 3 to 4, in Fig. 3.16), takes
about 600 to 800 ka. Although there are subtle indicators of changing climate,
none can be clearly correlated with sedimentological changes within this system,
and Martinius (2000) concluded that either tectonism or climate change could
have been the cause of the changes in fluvial style.
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Fig. 3.15 Architectural panel diagram, constructed from exposures in a distal setting in the
Loranca fluvial system, near Huete (see Fig. 3.13) (Martinius 2000, Fig. 9. p. 859)

Diaz-Molina and Muifioz-Garcia (2010) focused on the facies architecture of
the meander-belt sandstones, near Huete (location in Fig. 3.13), examining them
as analogs for reservoir deposits. Figure 3.17a illustrates one of the reconstructed
meander-belt sand bodies, in which outcrop observations have been extrapolated
back into the near-subsurface, based on the known or most likely architecture of
individual meanders. The upper part of most of the point-bar deposits consist of
fine-grained mudstones, displaying lateral-accretion bedding. The volume of inter-
connected sandstone was then defined, based on interpreted sand-on-sand contacts
within the section, but excluding the fine-grained upper point-bar deposits from
the calculation (Fig. 3.17b). These estimates, when applied to the entire meander-
belt succession indicated that sandstone comprises between 38 and 46 % of the
total rock volume. Some 92 % of the meander loops were estimated to be verti-
cally or laterally interconnected. These architectural reconstructions also allowed
calculations regarding the probability of encountering sandstone in any given well
(Fig. 3.18). The probability of encountering at least one meander loop sandstone
varied between 36 and 98 %, in the two test areas, while the probability of encoun-
tering two such sandstones ranged between 35 and 70 %.

The Huesca fluvial system (Miocene) of the Ebro Basin, in northeast Spain,
shows a similar downstream gradation from conglomeratic through braided to
meandering sandstone fluvial styles (Hirst 1991; Donselaar and Overeem 2008).
Donselaar and Overeem (2008) carried out a detailed study of one of the mean-
der belts of this system (Fig. 3.19), in which sandstone architectures and con-
nectivity are comparable to those of the Loranca meander belts. They suggested
two models for the reservoir architecture (Fig. 3.20), one in which the point-bar
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Fig. 3.16 Schematic representation of the cross sections of the (a) medial and (b) distal areas
of the Loranca fluvial system (Figs. 3.14 and 3.15, respectively). Sandstone bodies are grouped
according to their position in one of the facies zones of the depositional model. The figure illus-
trates the stratigraphic position and order of appearance of the characteristic deposits of the
facies zones (Martinius 2000, Fig. 13, p. 864)

sandstones are isolated from each other, and one in which they are connected by
the relatively coarse, porous sandstones that accumulate on the channel floor. The
latter they termed the “string-of-beads” model. This is the preferred or expected
model for the Huesca deposits. Estimated sandstone content (or net-to-gross ratio)
of the total system thickness is in the order of 40 %, which simulation studies have
shown indicates a sandbody connectivity of 90 % (Larue and Hovadik 2006), as
discussed in the next section.

A completely different geological setting was the focus of the study by Ryesth
et al. (1998). This paper presented the results of a detailed subsurface mapping
exercise carried out as the basis of a development plan for the Osberg field in
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Fig. 3.17 a Three-dimensional architecture of seven meander-belt deposits obtained from
the compilation of geometric data and paleochannel orientations from the Garcinarro mean-
der belts, Loranca fluvial system. b Reservoir volume defined for the purpose of calculation.
p.a. = projection area (Diaz-Molina and Mufoz-Garcia 2010, Fig. 7, p. 250). AAPG © 2010.
Reprinted by permission of the AAPG whose permission is required for further use

C\ Sandstone bodies
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Fig. 3.18 Block diagram with hypothetical drill locations through meander system such as
that shown in Fig. 3.17, showing variations in sandstone content over short distances of well
separation. Note that some wells will encounter no sandstone at all (Diaz-Molina and Mufioz-
Garcia 2010, Fig. 10, p. 253). AAPG © 2010. Reprinted by permission of the AAPG whose
permission is required for further use
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Fig. 3.19 Cross-section through one of the meander belts of the Huesca fluvial fan system of
the Ebro Basin, Spain (Donselaar and Overeem 2008, Fig. 5, pp. 1114-1115). AAPG © 2008.
Reprinted by permission of the AAPG whose permission is required for further use

Fig. 3.20 Two conceptual models of the architecture of meander-belt sandstones, based on the
Huesca system outcrops (Fig. 3.19). a Some point-bar deposits appear to be isolated, which
makes for poor reservoir connectivity. b In other cases, it appears that points bars are con-
nected by the channel-floor deposits, which consist of relatively coarse, porous sandstone. This
is referred to as the “string-of-beads” model of sandstone architecture (Donselaar and Overeem
2008, Fig. 13, p. 1125). AAPG © 2008. Reprinted by permission of the AAPG whose permission
is required for further use

the Norwegian sector of the North Sea Basin. This field produces from the Ness
Formation, a unit of the very productive Brent Group (Middle Jurassic). Detailed
core studies, coupled with wireline log correlation and biostratigraphic con-
trol provided the basic control for a sequence-stratigraphic model of sedimenta-
tion. The unit consists of an assemblage of channel, overbank, crevasse-splay and
related facies representing a complex of meandering fluvial systems (Fig. 3.21).
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Fig. 3.21 Detailed correlation between two wells 250 m apart in the Osberg Field, North Sea
Basin, showing the basin-wide cycles that have been mapped throughout the field (Ryseth et al.
1998, Fig. 7, p. 1636). AAPG © 1998. Reprinted by permission of the AAPG whose permission
is required for further use
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Fig. 3.22 One of a series of correlation panels constructed to show the distribution and interrela-
tion of channel sandstone bodies (Ryseth et al. 1998, Fig. 12, p. 1636). AAPG © 1998. Reprinted
by permission of the AAPG whose permission is required for further use

Seismic data were used to plot the likely positions of sandstone-rich volumes, with
deviated wells directed to penetrate as many of these zones as possible. We focus
here on the facies architecture of these deposits, and return in later chapters to a
discussion of the mapping methods and the sequence model.

Figure 3.21 shows the detailed correlation that can be carried out between wells
250 m apart in the Osberg Field. This detailed comparison of vertical profiles sug-
gests that some beds, notably the overbank units (mainly the coals) may be cor-
related between wells, and this approach has led the authors to subdivide the Ness
Formation into 12 “zones” that, it is claimed, may be traced regionally. Correlation
panels, such as that shown in Fig. 3.22, do not reveal any systematic architectural
patterns, Channels are locally clustered, but are not related in any obvious way to
the locations of faults that cut the succession and that, based on thickness vari-
ations across the region, were active during sedimentation. Ryseth et al. (1998)
interpreted channel distribution as primarily autogenic in origin, a model that does
not seem compatible with a model of regional field-wide cyclicity, which would
argue for an allogenic control on sedimentation. A sequence interpretation was
not suggested by the authors for this succession, apart from the presence of an
erosional, partially incised base to the Ness Formation, which is interpreted as an
incised valley formed at a time of low accommodation.

Figures 3.23 and 3.24 illustrate the difficulties in attempting to use sedimento-
logical mapping criteria to locate the major features of the paleogeography. A map
of channel deposit proportion (CDP) constructed for the Upper Ness Formation
suggests a concentration of channels oriented northeasterly and crossing the north-
ern and south-central part of the field area; but a more detailed examination of cor-
relations in one zone of the Ness Formation generated the map shown as Fig. 3.24,
which suggests an entirely different alluvial pattern—major channels oriented
roughly south-to-north. Isopach maps, sand maps and other contour maps con-
structed from stratigraphic and sedimentologic data may be very misleading unless
they relate strictly to tightly defined units that provide a snapshot of a depositional
system over a very limited period of time. We return to this study in Chap. 4 to
illustrate the use of subsurface data in the planning of the placement of deviated
wells that comprise the production array for the Osberg Field.
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Fig. 3.23 Computer-
contoured map of the
“channel deposit proportion”
(CDP) of the UN1 zone of
the Ness Formation, Osberg
Field. This zone represents
all but the upper, largely fine-
grained portion of the Upper
Ness Formation. (Ryseth et
al. 1998, Fig. 15, p. 1643).
AAPG © 1998. Reprinted
by permission of the AAPG
whose permission is required
for further use

485,000

495,000




96 3 Autogenic Processes: Avulsion and Architecture

Fig. 3.24 Reconstruction of = T - -
the main zones of channel ()

and overbank sandstones

in zone UN1b of the Ness 2
Formation, one of four F
zones comprising the Upper ? {
Ness Formation. (Ryseth et .: /')
al. 1998, Fig. 16, p. 1644).
AAPG © 1998. Reprinted [
by permission of the AAPG
whose permission is required

for further use —LL 720000 :
?

o &
N

BO2
2
Z
60°30°
o
4 ? L
Ll
-
l
\
. . \
.
2 km
=—
485000 . 495000
I:I Main channel sandstones
[ overbank
— GOC

v Zone truncated
\\\\ below unconformity — OWC



3.4 Avulsion in the Ancient Geological Record 97

A different type of avulsive stratigraphy was described by Prochnow et al.
(2006) and Cleveland et al. (2007). These authors explored the nature of fluvial
cyclicity in the Triassic Chinle Formation of the Colorado Plateau area, a unit
deposited by braided rivers. Cleveland et al. (2007, p. 921) stated “In the Upper
Triassic strata of this study, a three-tier hierarchy is present that includes meter-
scale fluvial aggradational cycles (FACs) which stack into decametre-scale fluvial
aggradational cycle sets (FACSETs) which, in turn, stack into fluvial sequences.”
(Fig. 3.25) The FAC and FACSET terminology is based on Atchley et al. (2004).
Prochnow et al. (2006) attributed the three-tier hierarchy of FACs, FACSETs,
and fluvial sequences in the Late Triassic Western Interior to channel avulsion
and floodplain aggradation, successive episodes of channel avulsion, and tectonic
changes, respectively. FACSETs were interpreted to have been produced by suc-
cessive episodes of avulsion as channels drifted away from or toward a given posi-
tion in the alluvial valley (Kraus 1987; Kraus and Aslan 1999; Atchley et al. 2004;
see Sect. 5.2.1).

FAC FAC-SET Fluvial Sequence
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Fig. 3.25 Definition of FAC, FACSET and fluvial sequence in the Chinle Formation (Cleveland
et al. 2007, Fig. 7, p. 917; terminology based in Atchley et al. 2004)
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A reconstructed stratigraphic cross-section through the Chinle Formation
southwest of Moab, Utah, is illustrated in Fig. 3.26. Individual cycles (FACs) are
generally fining-upward cycles, capped by paleosols or by discontinuity surfaces.
The cycles cannot be correlated between sections. They each represent individual
autogenic depositional events within part of the braided fluvial system. Cycle sets
may be correlated more widely, as indicated in Fig. 3.25. These consist of stacked
FACs which show an overall upward fining and increase in paleosol maturity, sug-
gesting decreasing subsidence rates and exposure time through the accumulation
of each FACSET. Prochnow et al. (2006) attribute the development of FACSET
succession to periodic subsidence due to salt withdrawal in the underlying
Paleozoic section, a topic to which we return in Chap. 5.

On a basin scale, channel systems may form channel clusters, when viewed in
cross-section, and the locations of these clusters may provide insights into large
scale (allogenic) depositional controls. Good examples of this were described by
Hajek et al. (2010) and Hofmann et al. (2011). As the latter documented from a
careful subsurface study, channel bodies were organized stratigraphically into clus-
ters, and these clusters became systematically displaced, or offset through time
(Fig. 3.27). Hajek et al. (2010) used statistical methods to reject the hypothesis of
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Fig. 3.26 Cross-section through the Chinle formation, near Moab, Utah. The section is approxi-
mately 12 km in length, and shows the succession of fluvial aggradational cycles (FACs) and
cycle sets (FACSETSs) in this formation (Prochnow et al. 2006, Fig. 5, p. 1333)
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Fig. 3.27 Channel clusters and compensational stacking in the Williams Fork Formation (Upper
Cretaceous), Piceance Basin, Colorado (Hofmann et al. 2011, Fig. 3, p. 674)

random channel stacking. These patterns suggest that clusters may preferentially fill
available accommodation, leading to lateral displacement, much as delta and sub-
marine-fan lobes are displaced at the front of these depositional systems, a process
termed compensational stacking, a process we examine briefly in a later section.

The processes whereby channel clusters formed in the case of the Williams
Fork Formation (Hofmann et al. 2011) are the autogenic processes discussed
in this section. The localization of the channels into clusters was interpreted by
Hofmann et al. (2011) as having been determined by the location of alluvial “fair-
ways,” which may have represented individual major (trunk) rivers in the system.
In many of the clusters it was observed that, on average, channel bodies became
thicker upward within each cluster, suggesting an increasing tendency to channel
amalgamation. Most clusters are capped by a widespread coal.

Hofmann et al. (2011) interpreted the formation of clusters with upward
increases in sandbody amalgamation as a response to decreasing accommodation
rates (but see Sect. 6.2). Compensational stacking may represent the effects of an
allogenic control, causing long-term changes in accommodation over an estimated
400 ka time periodicity.
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3.5 Numerical and Scale Modeling of Avulsion

Modern attempts to understand the development of alluvial architecture began
with the speculations of Allen (1965a) regarding the expected stratigraphy of
the main types of river, including braided, meandering, and low-sinuosity sin-
gle-thread rivers. Allen’s later (1974) detailed study of the Devonian Old Red
Sandstone in the Welsh borderland area has come to constitute a major milestone
in the understanding of the controls on fluvial architecture. This unit contains
numerous pedogenic carbonate horizons that Allen realized represent major pause
surfaces on the alluvial plain, and that could be employed as time markers to cor-
relate preserved channel systems. The various patterns of channel and floodplain
relationship present in the Old Red Sandstone led Allen to speculate regarding
the possible autogenic and allogenic controls in sedimentation. Autogenic pro-
cesses included the “combing” of channels across a fan-like distributary plain, as
had been observed in the Kosi fan of India (Gole and Chitale 1966), and avulsive
switching. Allogenic processes included climate change and base-level change.
Figure 3.28 illustrates his model of avulsive stratigraphy. Another of his models
constitutes the first realistic model of base-level control of alluvial architecture,
and is in effect the first sequence model for fluvial systems. We illustrate this in
Chap. 6.

Numerical models have now been widely employed to simulate fluvial pro-
cesses with the objective of bringing greater understanding and predictability to
studies of the ancient record, particularly the record in the subsurface, where it
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Fig. 3.28 One of the alluvial architecture models of Allen (1974, Fig. 7, p. 197). This is model
3, which illustrates the predicted stratigraphy of an alluvial suite developed by periodic channel
avulsion under conditions of steady subsidence
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may be of considerable interest to petroleum, exploration geologists and produc-
tion engineers (see Figs. 2.8 and 2.9 and discussion thereof). All these models
originated with the speculations of Allen (1974), which were followed by some
simple simulation experiments (Allen 1978, 1979), in which Allen explored the
issue of sand body connectivity. In the first of these studies, Allen (1978) imagined
a simple, linear, subsiding continental margin, much like the Cenozoic margin of
the Gulf of Mexico (Fig. 3.29). In this model (Allen 1978, p. 130-131):

Differential subsidence is taking place with the consequence that the plain and an imagi-
nary hinge line parallel with the coastline are slowly moving seaward. Along any spatially
fixed section AB parallel with the coastline and seaward of the hinge, a uniform and con-
stant rate of subsidence, R, is considered to prevail in the short term. The model will show
how a sequence of alluvium is built up as the plain subsides beneath AB, the products of
its operation being a vertical two-dimensional section of the strata, normal to the trans-
port direction. We finally assume that the entire region is uniform in geological composi-
tion and structure, and also in physiography and climate. Rivers of a uniform character
may then be regarded crossing the plain at a constant longitudinal spacing. Each river is
considered to have a zone of influence of width W on the plain, within which it alone is
responsible for the channel sand-bodies accumulated.

Allen 1978 (p. 146) concluded that “the character of an alluvial suite may
be described in terms of the number-density and area-density of sand bodies,
where the latter is equivalent in a statistically isotropic suite to the average sand/
mud ratio afforded by one-dimensional vertical profiles (boreholes, conventional
logs).” Turning to a property of particular interest to petroleum geologists, he
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Fig. 3.29 Definition diagram for rivers building an alluvial suite on a coastal plain during sub-
sidence-controlled offlap. a General character of plain and zones of river influence. b Details of
sediment increment constructed between one avulsion and the next (fine-grained overbank sedi-
ments shown blank) (Allen 1978, Fig. 1, p. 131)
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also demonstrated that “The connectedness of the sand bodies may be described
by the coordination (average sand-body contacts per body), domain size (average
number of bodies in bounded cluster of bodies), and the average fractional con-
tact (fraction of sand-body perimeter in contact with adjacent bodies).” For sand-
body contents (net-to-gross) of less than 50 %, he concluded that the degree of
connectedness is very small, whereas above a content of 50 %, the connectedness
increases very rapidly.

The most important controlling factor in autogenic models of alluvial stratig-
raphy is the determination of the rate and style of avulsion. As noted earlier in
this chapter, little is known about the detailed avulsion history of most rivers, and
so some generalizing assumptions have to be made. Leeder (1978) and Bridge
and Leeder (1979), in their models, assumed that avulsion is not dependent on
the existing position of the channel within the model, but occurs sufficiently far
upstream from the location of the model that the channel is free to move to the
current lowest position on the floodplain. Avulsion frequency was determined by
reference to the limited information on stratigraphic and historical data, and the
recurrence interval was assumed to follow a distribution function similar to that of
earthquakes, which in any location of tectonic stress become more likely to occur
as time passes. Mean avulsion periods ranging from 111 to 1780 years were used
by Bridge and Leeder (1979).

Given an avulsion event the channel is moved to the lowest point on the flood-
plain, and allowed to accumulate a channel sand body at a preset accumulation
rate, ranging from 5 to 40 m/ka. Floodplain accretion is accomplished using a
simple equation that reduces the aggradation rate across the width of the model
cross-section in proportion to the distance from the channel belt. This reflects
the fact that floodplain sediments are derived primarily from overbank flooding.
Compaction of the accumulated deposits is accomplished, layer by layer, using
preset compaction factors. This process generates relief on the floodplain surface
because floodplain fines compact less than channel sands, and the least compac-
tion occurs where channel sands are stacked vertically. The model therefore builds
in a feedback effect, in that the site of the next lowest position for channel occu-
pancy will be determined by the outcome of the preceeding sedimentation-com-
paction history. An example of Bridge and Leeder’s (1979) models is illustrated
here (Fig. 3.30). In this model, sandbody distribution appears to be relatively ran-
dom after the initial ten avulsion events. The Bridge and Leeder (1979) model has
been much used, particularly by petroleum geologists, because of the insights it
yields into channel stacking patterns and interconnectedness, factors of considera-
ble importance in the understanding of reservoir predictability and fluid migration
behaviour. However, as discussed in Sects. 6.1 and 6.2, there is a significant issue
concerning rates of accommodation generation and sedimentation rates that must
be taken into account when applying these models to the rock record.

There is now a fairly long history of such model experimentation, the complex-
ity of which reflects increases in sophistication of the understanding of fluvial pro-
cesses, the increasing data base of relevant information on which such models are
based and the increasing computer power that has facilitated an improvement from
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Fig. 3.30 Example of a simulated cross-section of alluvial stratigraphy constructed using the
numerical model of Bridge and Leeder (1979, Fig. 2, p. 630). The cross-section is 10 km wide.
Channel-belt aggradation rate is 20 m/ka. Channel width is 600 m and depth is 3 m

two- to three-dimensional models and the use of ever more sophisticated graphi-
cal presentations of the results. It is interesting, however, to note the statement of
Larue and Hovadik (2006, p. 295) that: “It is comforting to realize that most of
the conclusions about 2-D connectivity presented by Allen (1978, 1979), using the
crudest of modeling techniques, are still embraced today.”

Bryant et al. (1995) referred to the founding models of Leeder, Allen and
Bridge as the “LAB models” (Allen 1978, 1979; Leeder 1978; Bridge and Leeder
1979). Bryant et al. (1995, p. 365) stated:

The theme of the LAB model is that as channel belts avulse (switch paths abruptly) in a
depositional river system, they produce a distribution of channel-belt sands in the verti-
cal plane (“‘alluvial architecture™) that depends on, among other things, the geometry and
rate of deposition and the dynamics of avulsion. A simple and widely used outcome of
the LAB model is that, if the frequency of avulsion is constant, the cross-sectional den-
sity of buried channel belts should be inversely correlated with sedimentation rate: widely
dispersed, isolated ‘“‘ribbon” channel-belt sand bodies represent high sedimentation rates,
when a substantial accumulation of overbank fines is deposited between avulsion events.
More densely connected, coalescing sandbodies represent periods of low sedimentation
rate, when little overbank material is deposited and channel systems rework the flood
plain, redepositing fines downstream. Other possible influences on alluvial architecture in
the LAB model include sediment compaction, tectonic tilting, and variation in width of
the channel belt (Bridge and Mackey 1993a, c).

Essentially all these models, from Bridge and Leeder (1979) to Mackey and
Bridge (1995), are geometric models. They make no attempt to simulate the
actual physics of sediment transport, the turbulence of flowing water, the erosion
of channel margins, the partitioning of the water and sediment load into a cre-
vasse and out onto a crevasse splay, the compaction of the resulting sedimentary
accumulations, and the subsequent iteration of all these processes. Actual digital
simulation of the physics on the ground would, of course, be a formidable task
absorbing an immense amount of computer power, so, as with all numerical mod-
els that are used in the earth sciences, the modeling process makes use of numeri-
cal short-cuts that simulate the actual physics. This is not even “parameterization”
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as it is usually understood. This term refers to the estimation of the range of values
to be used as input in a particular set of calculations of some physical process. The
numerical models of fluvial avulsion and architecture construction simply make
use of geometrical approximations of the actual physics. For example, compaction
is an important process in the construction of alluvial architectures because it con-
trols the accommodation that is generated on an alluvial surface as channel bod-
ies and floodplain deposits are accumulated on it during successive avulsions. The
physics of compaction involves the importance of the local petrological mixture of
clay minerals, silt and other particles, the expulsion of pore waters under increas-
ing hydrostatic load, the ability of the water to escape as controlled by the porosity
and permeability of the sediment body (flow equations), considerations of surface
tension, the gradual orientation of clay and other particles, and so on. None of this
is utilized in the compaction calculations of alluvial architecture models (or those
of basin subsidence models, for that matter). Instead, an empirical exponential
equation is derived from the best fit of a curve drawn through empirical measure-
ments of porosity changes with depth in selected sampled stratigraphic sections of
known lithology.

A major controlling factor in alluvial architecture models is the elevation of the
channel bankfull flow relative to that of the floodplain. Figure 3.2 illustrates the
typical structure of the alluvial ridge, with its raised levees. This referred to as the
superelevation of the channel. Figure 3.31 illustrates two diagrams that provide a
definition of this term. The mainstream models of Leeder, Allen and Bridge, and
their successors, focus much attention on these elevation differences across the
simulated alluvial plain, because they are employed within the model to provide
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Fig. 3.31 Two illustrations of the key parameter controlling avulsion, the superelevation of the

channel above the floodplain (%, in the top diagram). A “wing” is the preserved levee deposit, the
wedge of bedload deposited on the flanks of the channel
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the triggers for diversion and the direction of flow when diversion takes place.
However, it is all geometry, based, admittedly on the actual tendency of water to
flow down a slope, but paying no attention to the physics of flow around a bend,
the erosive power of the river under various conditions to generate a crevasse, the
local control of turbulence patterns to facilitate or inhibit erosion and flow diver-
sion, and so on. The actual moment of avulsion is an event simulated by a process
of randomization within the model, based on the geometry of the valley and chan-
nel slopes and of channel and floodplain elevations simulated from input sedimen-
tation-rate values. Stochastic devices are employed, making use of what is termed
Monte Carlo methods—the repeated random sampling from a range of potential
input values exhibiting a predetermined probability distribution. Nature is not, of
course, random, but commonly the processes are so complicated that they appear
random, and this is why Monte Carlo methods have become so widely employed.
But it’s not physics.

Mackey and Bridge (1995, and building on earlier studies) were able to gener-
ate some crude simulations of such distinctive architectural processes as the grad-
ual lateral shifting of the major distributary of the Kosi River, India. However, the
simulation was far from perfect, and though the model looked elegant, the ques-
tion arises, so what? How does this assist us with the interpretation and prediction
required for future exploration and production work? Some generalities emerged
about the role of tectonism, the construction of alluvial ridges along the floodplain,
and so on, but none of these was surprising. It is important, too, to bear in mind
the issues of accommodation rates and sedimentation rates, discussed in Chap. 6.

A modeling study of avulsion was reported by Bryant et al. (1995), who stated
(p- 366): “The connection between avulsion and channel superelevation resulting
from preferential deposition near the channel axis suggests that avulsion rate could
be related to sedimentation rate, if differential sedimentation between channels
and flood plain is scaled to overall sedimentation rate.” They measured avulsion
frequency as a function of sediment-feed rate in a series of small scale model flu-
vial fans. Their experiments demonstrated a strong relationship between avulsion
frequency and sedimentation rate. It remains unclear how the relationship might
change over time, as the model fan was gradually aggraded.

Slingerland and Smith (1998) examined the standard model of avulsion—the
building of an alluvial ridge higher than the floodplain. They approached the prob-
lem by employing the equations for the physics of sediment transport to explore
what might happen once an initial crevasse had been eroded by overbank flood-
ing. They noted (p. 435): “Our results show that whether a crevasse of arbitrary
initial geometry will trigger an avulsion depends upon sediment grain size, the ini-
tial depth of the crevasse, and the ratio of crevasse to main channel bed slopes.”
Reoccupation of a pre-existing channel, a common occurrence, as discussed
below, will tend to provide a deeper crevasse.

In a series of papers (Ashworth et al. 1999, 2004, 2007) examined the avul-
sion characteristics of gravel braided rivers and compared model data with field
date from exposures of the Recent gravel braided river deposits of the Canterbury
Plains, South Island New Zealand. In general, the results were as might have been
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expected, avulsion frequency is positively related to sediment supply, as influ-
enced, in the natural setting, by tectonic and/or climatic factors.

Oreskes et al. (1994) provided an insightful critique of numerical models as
employed in the earth sciences. Numerical models are widely employed, for
example, to predict groundwater flow, reservoir productivity, climate change, to
name three examples. Numerical modeling is used in alluvial architecture studies
because of the assumed value of such models to assist in the prediction of reser-
voir architectures for future drilling programs. However, two quotes from Oreskes
et al. (1994, p. 643) provide food for thought.

If the predicted distribution of dependent data in a numerical model matches observational
data, either in the field or laboratory, then the modeler may be tempted to claim that the
model was verified. To do so would be to commit a logical fallacy, the fallacy of “affirm-
ing the consequent.”

... even if a model result is consistent with present and past observational data, there is
no guarantee that the model will perform at an equal level when used to predict the future.
First, there may be small errors in input data that do not impact the fit of the model under
the time frame for which historical data are available, but which, when extrapolated over
much larger time frames, do generate significant deviations. Second, a match between
model results and present observations is no guarantee that future conditions will be simi-
lar, because natural systems are dynamic and may change in unanticipated ways.

The conclusion seems to be that if the results of numerical models are useful
in clarifying concepts, or, in the case of reservoir simulation, provide useful pre-
liminary results, then their use may be continued, but extrapolation too far beyond
initial conditions in time or space should be carried out with caution. As discussed
in Chap. 2, fluvial style is rarely constant in directions either parallel or perpendic-
ular to structural grain in sedimentary basins, and numerical simulation therefore
has obvious limits.

A different but related question is: how realistic are the results of small-scale
laboratory experiments? Can they really be “scaled up” to provide insights into
actual fluvial processes? In a wide-ranging review, Paola et al. (2009) argued that
many natural geomorphic processes are to a considerable extent scale independ-
ent, which therefore justifies the use of small-scale experiments to model natural
processes. The discovery of the fractal character of the elements of many natural
systems provides powerful support for this assertion. In an earlier paper by this
research group, Sheets et al. (2002) argued that scale modeling was ideally suited
to an investigation of what they termed mesoscale dynamics, that is, the interme-
diate time scale (10'-10* years) between the formation of channels and bars on
the observable human time scale, and the long time scale “on which autocyclic
variability sums to produce the average behaviour represented in large-scale strati-
graphic models” and which, in natural systems, begins to approach the precision
of high-resolution stratigraphic dating techniques (10°-10° years). In a series
of runs, they explored the predictions of the LAB avulsion models. Laboratory
experimentation essentially simulates the braiding process. It has not been found
possible to develop models that successfully mimic meandering rivers. Avulsion
has a different meaning in this setting. Whereas in meandering and anastomosed
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systems avulsion represents a shift of most or all of the discharge from a major
channel into an entirely different setting within the floodplain, in braided rivers,
avulsion refers to the shift of individual channels amongst a spectrum of large and
small channels within what is usually a wide braid plain.

Sheets et al. (2002) observed two contrasting types of avulsion event. In some
cases, flooding overtopping banks led to reoccupation of earlier channels, and the
consequent diversion of a portion of the braided channel flow into a new (earlier)
location. In other cases, where there was no pre-existing channel to reoccupy, a
broad crevasse splay sheet was deposited. Channel shifting was accomplished
primarily by avulsion rather than migration. Short-lived avulsions were found
to be most effective in filling the topography and therefore developing a poten-
tially preservable stratigraphic record, whereas “successful” avulsions served as
sediment transport routes, with no net deposition. There was also found to be an
inverse relationship between channel flow occupation time and net aggradation.
Long-lived channels served as sediment transport routes, with little net deposition,
whereas channels that were abandoned accumulated a significant aggradational fill
as abandonment took place.

On a short-term basis (the mesoscale), the pattern of avulsion and deposition
does not demonstrate a response to subsidence or tilt patterns scaled to model
natural rates. In other words, allogenic processes on these scales do not appear
to influence autogenic processes. However, given enough time, some consist-
encies emerged. Sheets et al. (2002) demonstrated that in their model, after the
deposition of a sediment layer equivalent to between five and ten channel-depths,
which required an equivalent number of “successful” avulsion events to occur, the
resultant layer had evolved a relatively consistent thickness and that the regional
variation in this thickness could be related to the pattern of subsidence. These
observations suggest a means to relate subsidence rates to avulsion frequencies,
and together they offer significant insights into the formation of the stratigraphic
record.

Jerolmack and Mohrig (2007) explored a simple relationship for avulsion fre-
quency, fa, using field and laboratory data. Their equation fy = vaN/h,,, where
vq = representative (near channel) aggradation rate, N = number of active chan-
nels, A, = average channel depth, proved to be a useful descriptor of average river
behaviour, and was not related directly to specific triggering events, such as floods
or ice jams. They suggested that anastomosis of individual rivers, and the develop-
ment of deltaic distributaries may arise from the same process, the main difference
being that rivers tend to be confined between valley walls, whereas deltas are typi-
cally unconfined coastal systems.

A later experimental study, by Straub et al. (2009) carried these observations
further. This project was focused on the mechanisms behind the formation of com-
pensational stacking. Compensational stacking is an architecture in which delta
lobes and submarine fan lobes are successively offset laterally from one another, a
process long interpreted as the result of slope advantages diverting discharge and
sediment into low areas in a depositional system (Fig. 3.32). Given enough time,
these depositional lobes may return to the same map position, resulting in offset
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Fig. 3.32 The process by which deposition is gradually distributed across an entire distributive
basin, such as an alluvial fan, delta or submarine fan. In deltas the lateral displacement is typi-
cally driven by slope advantages, triggered by an avulsion event. In fluvial systems this process
is recognizable by the clustering of channels and the rapid displacement of clusters to different
parts of the basin. Sedimentation is rapid where clusters are forming, but is slow, zero or negative
(erosional) elsewhere in the system, but over time, the average overall sedimentation rate will
average that of subsidence rate (dashed line). This is formalized by the expression oy = stand-
ard deviation of sedimentation/subsidence. Successive clusters form following avulsion into the
unfilled accommodation indicated by the white spaces below the dashed line. This can lead to
compensational stacking of clusters (and delta/submarine fan) lobes. Diagram from Straub et al.
(2009, Fig. 2, p. 676)

stacking through time. Similar architectures may occur in fluvial systems, as docu-
mented in a study by Hofmann et al. (2011) to which we make reference above
(see Fig. 3.27). Straub et al. (2009) carried out a series of experiments and per-
formed a detailed examination of a seismic data set from the Mississippi delta to
explore the natural controls on compensational stacking. They devised a measure,
k, the compensation index. For pure compensational stacking, i.e., when deposi-
tion always fills topographic lows, k = 1.0. Where stacking is random, without
any influence of pre-existing topography, k = 0.5. Anticompensation, where low
areas become lower as a result of in-place stacking, k = 0. Their experiments and
observations indicated that natural systems typically may have values of k between
0.5 and 1.0, but values in the mid-range between these extremes were typical. This
result is of interest and potential value in the construction of reservoir models.

Wang et al. (2011) defined a compensational time scale, T, = /r,, where t
is the surface roughness, and r, is the average, long-term sedimentation rate.
Roughness, in this setting, refers to the topographic mounding that occurs as
a result of avulsion and the building of alluvial ridges. They determined that the
time scale relationship “essentially states that the geometry of deposits carries the
signature of stochastic autogenic dynamics out to a time scale equal to the time
necessary to fill a basin to a depth equal to the amount of surface roughness in
a transport system. It is interesting that 7, for many systems extends into time
scales commonly associated with large-scale allogenic cycles (e.g., Milankovitch
cycles)” (Wang et al. 2011, p. 814). This means that purely autogenic processes
may take much longer than had been assumed to work though in an alluvial basin,
and that this may take such processes into the time scales normally assumed for
allogenic controls (10°-10° years and more).
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From the point of view of this book, one of the more important observations
made by Paola’s group, modeling fluvial systems in their experimental facility, is
that “unambiguous chronostratigraphic horizons are rare. Indeed, study of experi-
mental fluvial strata highlights how elusive ‘time surfaces’ really are in highly
dynamic sedimentary systems. The experimental deposit is just an accumulation
of fragmentary surfaces that cannot be precisely correlated over distances of more
than (at best) a few channel widths.” (Sheets et al. 2002, p. 294). This has implica-
tion for sequence stratigraphy, as we return to in Chap. 6.

3.6 Sand Body Connectivity

In an important study based on a review of oil fields in Texas, Tyler et al. (1984)
and Tyler and Finley (1991) argued that oil recovery is strongly dependent on
facies architecture, and that improvements in our understanding of, and knowledge
of, the architecture of complex reservoir successions could substantially increase
oil recovery factors, by providing improved guidance for the placement of produc-
tion wells, and for the design of secondary and tertiary recovery projects (see Fig.
2.10, which is from these studies). Studies of this type have been a major impetus
for sedimentary geologists in a program of research to improve our understand-
ing of channel geometry (based on fluvial style), and stacking patterns (based on
autogenic and allogenic controls on the development of alluvial belts). In Sect.
2.1.1 we introduced the problem of interpreting fluvial architecture from limited
outcrop and subsurface data. We reviewed the sedimentological fixation with “flu-
vial style” as a predictor of architecture, and concluded that it is only one fac-
tor to consider, and may not even be the most important one. In this chapter we
have reviewed the processes of autogenic avulsion as a control on fluvial archi-
tecture, and demonstrated the wide range of time scales and avulsive architectures
that have been preserved. Reservoir performance is in part based on channel (sand
body) connectivity, but this is a very variable and elusive characteristic of fluvial
deposits (see Figs. 2.14 to 2.16 and the discussion thereof).
Larue and Friedmann (2005, p. 131-132) pointed out that:

There is a largely unrecognized controversy regarding the degree to which stratigraphic
architecture influences recovery efficiency. As discussed below, geologists tend to believe
that stratigraphic architecture and geometric shapes influence recovery strongly, based
on connectivity and continuity arguments. Because of this, there has been a tendency in
the geological community to make more and more complex and realistic facies models.
Engineers, while acknowledging the importance of connectivity and continuity, are more
prone to stress permeability heterogeneity and permeability anisotropy on recovery, as
well as dynamic reservoir characteristics such as fluid types and well architecture.

Much depends on the range of variability of porosity and permeability in the
reservoir sandstones; for example, overall recovery may be significantly reduced
by the presence of a local “thief zone” of high permeability, that leads to rapid
water breakthrough. Oil viscosity is also a critical factor, influencing the rate at
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which enhanced recovery may be optimized. These criteria are the domain of
production engineers, and have been considered systematically elsewhere (e.g.,
Thakur 1991; Thakur and Satter 1998).

In this section we review some important modeling (simulation) experiments car-
ried out by Larue and Friedmann (2005) and Larue and Hovadik (2006). In the first
of these papers they ran simulations of “channelized reservoirs” deposited in unspec-
ified sedimentary environments, using statistical methods to construct a range of
simulated architectures, and then running waterflood programs through each model.
They tested three net-to-gross settings, 35 %, 60 % and 85 %, varying channel-sand
thickness, channel sinuosity and stacking pattern for each sand percentage. Well
spacing (110-acre spacing), water saturation, fluid properties and relative permea-
bilities were held constant for each mode. Figure 3.33 shows the variation in recov-
ery efficiency for the 60 % net-to-gross experiments, where other parameters were
modified one at a time. Figure 3.34 illustrates how each of these parameters affects
recovery, when varied one by one, while keeping the other parameters unchanged.
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Fig. 3.33 Recovery efficiency in a simulated fluvial architecture with a net-to-gross set at 60 %.
The thumbnail sketches illustrated at (a) images of porosity for eleven different models where
sand body width, thickness, sinuosity and stacking pattern were each varied one at a time while
keeping other parameters constant. The spread of recovery efficiencies shown in (b) indicates
that the variations in these parameters leads to only a 2 % variation in recovery factor, where
plotted against injected volumes, but increases to 6 % where plotted against time (c¢) (Larue and
Friedmann, 2005, Fig. 6, p. 137)
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Not a great deal of variability was apparent. As Larue and Freidmann (2005, p. 137)
noted “Even though 33 models with wide range of net: gross were considered here,
the total spread in recovery efficiency at 0.5 PVI is only about 5 %. All the strati-
graphic uncertainty represented by the wide range of geometries in the models did
not have disastrous effects on recovery efficiency.”

Of interest is the breakdown in the range of effects generated by each param-
eter in turn. This is shown in Fig. 3.34. Not surprisingly, the recovery efficiency
values increase from the TM to the SM to the EM models, with a variation of up
to 4 % depending on how some of the architectural details vary within each of
these net: gross model suites. The lower efficiencies corresponding to higher input
values (the ranges highlighted with stars in Fig. 3.34) are not explained in detail
by Larue and Friedmann (2005), and may relate to factors not directly recorded,
such as permeability heterogeneity. Other models run as part of this suite of exper-
iments indicate that this parameter is one of the most important overall influences
on reservoir performance, the presence of high-permeable thief zones being par-
ticularly troublesome in terms of sweep efficiency.

A companion paper by Larue and Hovadik (2006) focused specifically on
channelized reservoirs. They addressed in some detail the relationship between
net:gross and connectivity. Allen’s (1978) experiments had concluded that connec-
tivity drops off rapidly at net:gross values of less than 50 %. Larue and Hovadik
(2006) cited later studies based on percolation theory, which concluded that
66 % is the key ratio. Connectivity is very low until the net:gross reaches this
value, and then increases rapidly. Larue and Hovadik (2006) ran several hundred
different model simulations in two dimensions, and again in three dimensions,
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Fig. 3.34 Comparison of recovery efficiency results for three models of net:gross with three sets
of input values for sand body width, thickness, stacking, sinuosity and directional deviation. Net:
gross models are TM = 30 %, SM = 60 %, EM = 85 %. The range of input values is indi-
cated by the values P10, P50 and P90, for the smallest, median and highest values in each range.
Values indicated with a star are “out of sequence”, that is, the progression of points from P10 to
P50 to P90 is inconsistent. See text for discussion (Larue and Friedmann 2005, Fig. 8, p. 138)
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using a wide range of channel configurations in order to test this proposition.
The results are summarized in Fig. 3.35. The “S” curve representing the best fit
to the data points, is characteristic of all the experiments of this type. The near-
vertical portion is referred to as the “cascade zone.” In the 2-D experiments, this
zone spans the 50-75 % net:gross ratio. For values more than 75 %, connectivity
is greater than 95 %; for net: gross ratios less than 50 % connectivity is effectively
zero in this study. For the three-dimensional models the cascade zone spans the
10-30 % range. Given that actual reservoirs are, of course, three-dimensional, this
second diagram is of practical relevance, indicating that a minimum net:gross for
good reservoir performance is 30 %.

These model results are, of course, based on the randomized sampling and
placement of idealized channelized reservoir bodies. Some of the geological reali-
ties that may affect reservoir compartmentalization and recovery for better or
worse are illustrated in Figs. 3.36 and 3.37. Firstly, of course, it is misleading to
focus solely on the channelized units. Crevasse splay sands may provide impor-
tant additional elements of the sand body connectivity (the yellow units shown in
Fig. 3.36a). They may have much broader lateral extents than the channels, and
may, therefore dramatically improve connectivity and overall reservoir perfor-
mance. Channels with large width:depth ratios (Fig. 3.36b), sandstone sheets, such
as those generated by flood events, and channel clusters generated at times of low
accommodation (Figs. 3.36¢ , d ), are all likely to be characterized by better con-
nectivity. The architecture illustrated in Fig. 3.36d is of particular interest, because
it corresponds to the predicted changes in accommodation generation associated
with the development of nonmarine sequences. The peak of low rate of floodplain
aggradation indicated in this figure is the type of scenario expected to be associ-
ated with the generation of a sequence boundary.

Conversely, there are characteristics of natural systems that may intervene
to reduce connectivity and reservoir performance. The orientations (paleoflow
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Fig. 3.35 Connectivity as a function of net:gross, in a suite of two-dimensional experiments
(left) and three-dimensional experiments (right). The different colours refer to different chan-
nel configurations, the details of which are not significant for our purposes (Larue and Hovadik
2006, Fig. 6, p. 297; Fig. 7, p. 298)
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Fig. 3.36 A range of channel stacking scenarios that enhance sand body connectivity. See text
for discussion (Larue and Hovadik 2006, Fig. 10, p. 301)

(a)

B producer M injector

[ channel deposits connected
to both injector and producer

[[] channel deposits connected
to injector only

[ ] channel deposits connected
to producer only

Fig. 3.37 A range of channel stacking scenarios that reduce sand body connectivity. See text for
discussion (Larue and Hovadik 2006, Fig. 11, p. 301)

directions) of contemporaneous and successive fluvial systems may have devel-
oped geometries that reduce connectivity, for example parallel channels for
which no cross-channel connections are present (Fig. 3.37a). The converse of the
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low-accommodation, high-connectivity situation shown in Fig. 3.36d is that illus-
trated in Fig. 3.37b. Here, widespread regional mudstone intervals impede vertical
connectivity. This is a facies association to be expected during high-accommo-
dation periods in basin evolution—that correlated with the transgressive systems
tract in coastal, marine-influenced settings.

Within-channel facies variations may be significant. These are illustrated sche-
matically in Fig. 3.37c, and include mudstone drapes and plugs (1), stratigraphic
compartmentalization generated where the channel is composed of multiple suc-
cessive fills, some or all capped by mudstone (2), and channel fills developed by
successive lateral-accretion events separated by inclined, low-flow mudstone units
(3). The latter situation is particularly characteristic of channel systems composed
of inclined heterolithic units (Thomas et al. 1987). Reijenstein et al. (2011) illus-
trate examples of channel systems that contain well-developed point bar com-
plexes composed of porous sand, cross-cut by mud-filled channels “potentially
isolating one point bar from another, creating reservoir compartments” (op. cit., p.
1986).

The final scenario, that shown in Fig. 3.37d, is described as “‘compensational
stacking” of channels. This may potentially arise where channel deposition builds
a ridge on the basin floor (such as the alluvial ridge shown in Fig. 3.2), so that as
subsidence and accumulation continues, there is a tendency for subsequent depo-
sition to be diverted towards lower areas within the basin. This results in the off-
setting of channels over the long term. Compensational stacking of channels and
depositional lobes has been observed in some submarine fan systems (e.g., the
Frigg fan in the North Sea basin: Hertier et al. 1980; see also examples cited by
Larue and Hovadik 2006, p. 303). In the case of fluvial systems (some examples
are noted earlier in this chapter, e.g., see Fig. 3.27), diversion by avulsion away
from the alluvial ridge into the flood basin is the expected course of events, a dis-
cussion of which is the major topic of this chapter.

An example of a practical application of these concepts was described by
Pranter et al. (2009). The Lower Williams Fork Formation, in the Piceance Basin,
Colorado, is a gas producer. It outcrops near Grand Junction, Colorado, where the
stratigraphic architecture was studied in detail for the insights it might provide on
production strategies. Detailed vertical sections were measured through the unit
along a well-exposed outcrop belt some 9 km in length. The widths of exposed
channel bodies were estimated, taking their orientation relative to the outcrop
into account by using paleocurrent data. The vertical sections were then treated
as if they were subsurface well sections, with subsurface simulation models then
developed using appropriately spaced sections and the statistics of the channel
widths, depths and connectivities to construct production scenarios with 10-acre
and 20-acre spacings (Fig. 3.38). The exercise indicated that production could be
increased by infill drilling.

Labourdette (2011) used a well-exposed channel complex in Spain as the basis
for a series of simulation experiments to explore reservoir-body connectivity
(Fig. 3.39). The channels are part of a system of eight sequences, which are inter-
preted as the product of high-frequency tectonism. Each sequence is characterized
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Fig. 3.38 a, b: Two views
of a 3-D architectural model
for the Williams Fork
Formation of the Piceance
Basin, constructed using
minimum widths for the
channels, a 10 % net:gross
ratio and a 10-acre well
spacing. ¢ and d: Are graphs
of net:gross ratio versus
sandstone-body connectivity
for three width scenarios at
10- and 20-acre spacings,
respectively. The P10, P50,
and P90 scenarios indicate
minimum, median and
maximum values (Pranter et
al. 2009, Fig. 15, p. 1398).
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by a set of “low-accommodation” channels at the base, consisting of multistory,
laterally-amalgamated sandstone bodies, and a “high-accommodation” system at
the top, in which the channels are narrower and thicker (Fig. 3.40). No attempt
was made in this paper to explore in detail the controls on channel architecture.
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Fig. 3.39 Outcrop cross section of the Lower Olsen member of the Escanilla Formation, based
on outcrop measurements and aerial photograph interpretation (Labourdette 2011, Fig. 17, 608).
AAPG © 2009. Reprinted by permission of the AAPG whose permission is required for further
use

The simulation model was run using a model size of 4000 x 3000 x 200 m,
with a cell size of 15 x 15 x 1 m. The dimensional data from the outcrop chan-
nels was used to construct a size distribution, which was then used as the basis for
sampling in the construction of four successive modeling experiments (Fig. 3.41).
Other facies, including floodplain deposits, were not considered to have any poten-
tial to add to sand body connectivity. For the first model runs, channel sand bodies
as a proportion of the total volume were kept to the actual average of 40 %, but the
stratigraphic distribution was random, paying no attention to distribution within
the sequences. The result is a simulation that contains 31 reservoir bodies with
connected volumes ranging between 1336 and 6.68 x 108 m?.

In the second model, simulation was constrained by the stratigraphic frame-
work. This was done by developing a “vertical proportion curve” to constrain the
vertical distribution of channel bodies. This imposed a distribution such that low-
accommodation intervals were simulated at 80 % channel proportion, and high-
accommodation intervals at 20 % channel proportion. The simulation consisted of
26 connected reservoir bodies, with a connected volume ranging between 169 and
5.85 x 103 m3. Most of the connected volume consists of wide, multilateral sheet
sandstones in the simulated low-accommodation intervals.

In the third model, additional constraints were imposed on the model to reflect
subtle variations in differential subsidence across the field area. It had been
observed that the section thins slightly over two intraformational anticlines that
cross the area (Fig. 3.39), and that the low-accommodation channels were slightly
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Fig. 3.40 Vertical changes in channel morphology through the Lower Olsen Member of the
Escanilla Formation (Labourdette 2011, Fig. 15, p. 604). AAPG © 2011. Reprinted by permis-
sion of the AAPG whose permission is required for further use

thinner in these areas. The depositional topography imposed by this intraforma-
tional tectonism had an effect on contemporary paleoflow, and resulted in high-
accommodation channels being preferentially concentrated in the synclinal areas.
The result was an increased number of connected reservoir bodies (46 discrete
bodies), with a range of connected volumes of between 203 and 8.66 x 108 m3.

In the final model, channel volumes were constrained by vertical changes in
morphology. Field work had indicated that there were no such changes in the low-
accommodation intervals, whereas in the high-accommodation settings field obser-
vations had indicated that within each interval there was a decrease in channel
width and an increase in channel thickness with height (Fig. 3.40). This resulted
in a further increase in the simulated connected volume. The simulated volume of
connected geobodies ranged between 139 and 1.246 x 107 m3.

The lesson learned from these simulations is that local stratigraphy matters.
The volume of simulated connected sandstone bodies increased with each addi-
tion of a geological constraint. In addition, the focusing of the main connected
bodies in the synclinal areas means that recognition and mapping of these subtle
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Fig. 3.41 Four simulations of the channel distribution in the Lower Olsen Member of the
Escanilla Formation, showing simulated cross-sesctions (column 1), maps (columns 2 and 3)
and geobody ranking (coumns 4). Rows A to D refer to the four models discussed in the text
(Labourdette 2011, Fig. 19, p. 612). AAPG © 2011. Reprinted by permission of the AAPG
whose permission is required for further use
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Fig. 3.42 A subhorizontal section through the Ness Formation in the Osberg field, in the
Norwegian sector of the North Sea Basin. Vertical bars on the well trajectory indicate perforation
intervals (Ryseth et al. 1998, Fig. 21, p. 1649). AAPG © 1998. Reprinted by permission of the
AAPG whose permission is required for further use
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structural features within the study area could potentially contribute to the success
of an exploration or production program. Note, however, that there is no discus-
sion here of fluvial style. The geomorphology of the river systems was not con-
sidered in these experiments, which clarifies the argument by Larue and Hovadik
(2008) that reservoir architecture is of minor importance in assessing reservoir
performance. Labourdette’s (2011) experiments confirm that stratigraphic archi-
tecture is important, but have very little to say about fluvial sedimentology. Larue
and Hovadik (2008, p. 340) stated:

For reservoir architecture, two- or three-level designs may not do justice to the entire
range of uncertainty including for example, uncertainties in channel width, sinuosity, ori-
entation, sand fairway shape, bar geometry, non-stationarity (that is, trends in sand accu-
mulation), shale heterogeneities and mud-drapes. Moreover, creating geologically realistic
reservoir models while honouring well and other conditioning data can be extremely time
consuming; it is not uncommon to spend months creating stratigraphically complex 3D
facies models.

To refer briefly to just one of the parameters Larue and Hovadik (2008)
explored: they examined the effects of varying channel sinuosity on reservoir per-
formance, and demonstrated that where sand bodies had good connectivity, sinu-
osity was short circuited, essentially eliminating its importance. Additionally, as
we noted in Sect. 2.2.4 (Fig. 2.29) the width: depth relationships of preserved
sand bodies formed by braided and meandering fluvial systems may be very simi-
lar. Larue and Hovadik (2008, p. 368) noted that “details of reservoir architecture
are important later in field development, when infill well locations are considered,
and residual oil is targeted.” We provide some examples of this in Chap. 4.

All of the discussion in this section pertains to the maximizing of production
using only traditional vertical wells, for which the geostatistical approach has
proved to be the essential tool for developing production models from limited
exploration data. The ability of the industry to drill directional wells now creates
whole new opportunities. In Chap. 4 we discuss mapping methods, which include
such methods as 3-D seismic and surveillance techniques for mapping complex
stratigraphic architectures. Figure 3.42 illustrates a 1600-m-long subhorizontal
well section through the Ness Formation in the Osberg field, North Sea basin. In a
3-D seismic survey, impedance values were found to provide a reasonably reliable
means of discriminating between sand and shale (see Fig. 4.20), and it was on this
basis that the course of the well was planned. The cross section shows that the plan
was quite successful.
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Chapter 4
Basin Mapping Methods

4.1 Introduction

The purpose of this chapter, as for this book as a whole, is not to provide a
comprehensive textbook on basin analysis methods as applied to fluvial depos-
its, but to review recent developments, largely those that have taken place since
the publication of “The geology of fluvial deposits” in 1996. Formal description,
explanation and documentation of methods of facies analysis and architectural
analysis and basic subsurface methods (e.g., use of wireline logs) are treated at
length in that book, and do not require repetition here. Older, or traditional meth-
ods, are discussed in Chaps. 2 and 3 of the present book against the background
of our developing understanding of fluvial depositional systems, and how useful
these methods are in this evolving context.

Two main themes are examined in this chapter, the mapping of outcrop and
shallow subsurface deposits, and the mapping of deeply buried fluvial systems.

Outcrop studies of recent and ancient deposits have been used extensively to
provide insights into shallow aquifers and have also served as analogues for the
exploration of petroleum reservoir heterogeneities. Aquifer studies represent a
more direct application of sedimentological studies, because it is generally the
actual aquifer that is under investigation, whereas the reservoirs with which out-
crop studies are being compared usually represent completely different geological
units. Even where it is the same unit being compared, at the surface and in the sub-
surface, the comparison is being made over distances of tens to hundreds of metres
differences in depth and perhaps several or many kilometres distant, and paleogeo-
graphic conditions as represented by the surface outcrops and the buried reservoir
could be substantially different. This point was made in Sect. 2.2.1 (see Fig. 2.11)
with regard to the problem of defining fluvial style from limited data.

As noted by Geehan (1993, p. 56: see complete quote at the end of Sect. 2.2.2)
“outcrops are the only source of geological analogue data that show indisputably what
is preserved in the geological record.” For this reason, in this book we do not discuss
surface or shallow geophysical (e.g., GPR) studies of modern rivers as analogues for

A. Miall, Fluvial Depositional Systems, Springer Geology, 121
DOI: 10.1007/978-3-319-00666-6_4,
© Springer International Publishing Switzerland 2014
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fluvial reservoirs. GPR studies may reveal that the surface form of the river is super-
imposed on older channels and bars, with little modification of their architecture.

Quaternary fluvial sands and gravels commonly constitute important local aqui-
fers, and much work has been carried out to document their porosity—permeability
architecture. Increasingly, the two- and three-dimensional data obtainable from out-
crop studies is being supplemented by data derived from ground-penetrating radar
(GPR), which is a relatively inexpensive technique for generating three-dimensional
subsurface remote sensing imagery to depths of up to about ten to twenty metres.
Similar work is being done on more ancient deposits to provide analogue data for
the interpretation of more deeply buried aquifers and for reservoir analogue studies.
For example, outcrop and GPR information may be very useful in the documentation
of the types of barriers and baffles to flow generated by mudstones, poorly sorted
deposits, abandoned channel-fill clay plugs, etc., of the type illustrated in Fig. 3.35.
These mapping procedures are discussed in Sect. 4.2.

The mapping of the deep subsurface is a field of great importance to the reservoir
geologist and production engineer (Sect. 4.3). As is argued in Chaps. 2 and 3, map-
ping methods based on facies model concepts are of limited use at the development
phase of petroleum exploitation. The variability in fluvial styles and the lack of defin-
itive criteria for the determination of the scale and architecture of subsurface deposits
puts limits on the use of these methods for the planning of primary well placements
or enhanced recovery projects. The architectural-element approach may gener-
ate useful snapshots of a fluvial system and may be used, as was the facies-model
approach in earlier years, to provide analogue information for subsurface develop-
ment, but the main usefulness of this type of data is to establish architectural and
porosity—permeability parameters for the constituent cells in a geostatistical model.

Subsurface exploration and development can now routinely take advantage of
directional drilling techniques, and several new methods of subsurface mapping may
be used to guide the drill (Table 1.1). Under ideal circumstances, the drill may now be
targeted at specific porous subsurface units and may be directed to pass through them
horizontally in order to maximize the surface area of the porous unit exposed for fluid
flow into the production well. Under these conditions, the usefulness of the geostatisti-
cal approach diminishes, while the need for deep sedimentological understanding of
the target unit increases. Many aids to the investigation of reservoir compartmentaliza-
tion have been developed, which can supplement and correct the local sedimentologi-
cal model. These methods are also described briefly in this chapter, in Sect. 4.3.

4.2 Surface and Shallow Subsurface Architecture

4.2.1 Outcrop Characterization

In their introduction to a special issue of Sedimentary Geology on aquifer sedi-
mentology, Huggenberger and Aigner (1999, p. 179) stated:

Progress towards a better understanding of groundwater circulation and transport pro-
cesses in aquifers demands a multidisciplinary approach to a host of unresolved problems.
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Although much progress has been made within recent years in interpreting the dynamic
character of groundwater systems, many key issues remain to be addressed. In particular,
several areas demand attention: the role of sedimentological information (heterogeneity)
in groundwater and transport models, the scaling-up of observations from outcrop scale to
larger scales and the integration of geological and geophysical information of different qual-
ity into the description of an aquifer structure. Still nowadays many of the heterogeneities
cannot be recognized directly because of the limitation of measurement techniques.

One of the purposes of their special issue was to explore the role of lithofacies
and architectural-element analysis in the examination of aquifer heterogeneity.
A good example is the analysis presented in Fig. 4.1. The hydraulic conductivity

Photograph of Outcrop

Lithological Facies (Lithofacies)
Gmp Gep | Gepo! Gmtb| Getb  Gmh | Geh | [Geho  Gem  Sp. Sh | [Sg
Gmpb | Gepb Gmt  Get UGelo Gmhb | | Gehb | Gmm  Gg St Sm

Hydrogeological Facies (Hydrofacies) Horizontal Hydraulic Gonductivity K [m/s]
MerrnBow| s | 0.003960 | 0.252000  0.001100
BM M | 0.000116 ~ 0.000537

Fig. 4.1 Interpretation of a Quaternary gravel outcrop (fop) in terms of lithofacies (centre) and
hydrofacies (bottom). Lithofacies classification (centre panel) is expanded from Miall (1978) and
uses the first letter to indicate grain size (G = gravel, S = sand). Lithofacies may be grouped into
five different facies of hydrogeological significance, with uniform hydrogeological parameters:
(1) BM: bimodal gravels, (2) OW: open framework gravels, (3) P/T/H: planar/trough/horizontal
gravels, (4) M: massive gravels and (5) S: sands (Klingbeil et al. 1999, Fig. 4, p. 307)
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Fig. 4.2 One of a suite of outcrop panels mapped in the Stubensandstein, a Triassic braided
stream deposit exposed in southwest Germany. Also shown are the petrophysical logs of two drill
holes tied into the outcrop. Lettering on the panel refers to architectural-element codes, listed and
explained in Figs. 4.2 and 4.3 (Hornung and Aigner 1999, Fig. 5, p. 221)

values assigned to the hydrofacies in this diagram were derived from “170 in situ
and about 50 laboratory gas pneumatic and tracers tests within the single litho-
facies units accessible in the outcrops. Furthermore sieve analysis and column
experiments with water have been performed.” (Klingbeil et al. 1999, p. 304). The
purpose of this work was to provide basic ground-truth data for input into geosta-
tistical aquifer models.

In another paper in this special issue, Hornung and Aigner (1999) exam-
ined the Stubensandstein, an upper Triassic braided stream deposit interpreted as
formed in a terminal alluvial plain setting. In different areas this unit is exploited
as a freshwater aquifer, as a site for waste disposal and, downdip, as an oil res-
ervoir. Figure 4.2 illustrates one of their outcrop panels interpreted in terms of
local bounding surfaces and architectural elements. Dimensional information for
the architectural elements (Fig. 4.3) was derived from numerous outcrop measure-
ments, and porosity and permeability characteristics (Fig. 4.4) were assembled
from several hundred laboratory measurements made on core plugs extracted from
the outcrops. Gamma-ray profiles were derived by moving a hand-held scintillo-
meter over the outcrops.

Heinz et al. (2003) examined the lithofacies of Quaternary gravel pits in southwest-
ern Germany with a view to determining their hydraulic characteristics. Conductivity
values were determined for each facies by experiments in a permeameter column and
by empirical calculation. Three types of lithofacies assemblage were identified, as
illustrated in Fig. 4.5 and as summarized here (p. 12):

(1) gravel bodies of the “main discharge area”, which are dominated by a stack-
ing of large cut-and-fill elements (scour pool fills),

(2) gravel bodies of the “intermediate discharge area”, which are characterized by
a dominance of accretionary elements (e.g. gravel sheets) and locally small
cut-and-fill elements and

(3) gravel bodies of the “minor discharge area”, which show an interfingering of
many small-scaled accretionary elements with no distinct surface boundaries.
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Fig. 4.3 Architectural elements in the Stubensandstein (Hornung and Aigner 1999, Fig. 11, p. 258)
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Fig. 4.4 Lithology, petrophysical log character, and porosity—permeability properties of the archi-
tectural elements comprising the Stubensandstein (Hornung and Aigner 1999, Fig. 17, p. 269)
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Fig. 4.5 Lithofacies assemblages in Quaternary gravels in SW Germany. The example of the
“main discharge area” is oriented parallel to the overall paleoflow direction (from the /eft to the
right); the example of the “intermediate discharge area” is oriented perpendicular to paleoflow
(direction of the outcrop wall) and in the example of the “minor discharge area,” paleoflow was
from right to left (Heinz et al. 2003, Fig. 5, p. 13)

The sedimentology of the “main discharge area” is dominated by stacked scour-
pool fills, thought to represent the deposits of large, stable channels (Fig. 4.6). The
assemblage is a highly complex interfingering and interbedding of permeable litho-
facies (cGceg,0/Geg,0/sGeg,0: essentially clast-supported, graded, open-framework
gravels) and less permeable zones (Gem/sGem/Gem,b: clast-supported, massive
gravels). These lithofacies have good porosity—permeability characteristics and this
assemblage is therefore characterized by high hydraulic conductivity.

The “intermediate discharge area” is the product of small, unstable channels
markedly affected by high-magnitude floods, and represented by many cut-and-fill
elements.

Lithofacies of the “minor discharge area” are dominated by fine-grained gravels
and by poor sorting, suggests flashy discharge, with periods of low flow in minor
channels.

Flow modeling of these three types of assemblage indicate that the interme-
diate and low discharge areas are characterized by the most homogeneous flow
patterns. The more highly porous and permeable lithofacies in the high discharge
area leads to fluid transmission preferentially through these zones. In extreme
cases such units would be termed “thief zones” in petroleum production parlance,
because they lead to premature drainage and (in the case of enhanced recovery
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Fig. 4.6 The interpreted fluvial setting of the three main lithofacies assemblages in Quaternary
gravels in SW Germany (Heinz et al. 2003, Fig. 7, p. 16)

projects) water breakthrough and the isolation and abandonment of significant oil
pockets.

The authors emphasize that their data and interpretations did not adequately take
into account the downstream length of lithofacies units. Studies such as theirs, based
on limited outcrop data, are commonly limited by these types of considerations.

Comparable outcrop studies have been carried out for the purpose of develop-
ing petroleum reservoir models. A good example is that described by Stephen and
Dalrymple (2002). They created a photomosaic of a large outcrop approximately
450 m long and 45 m high of the Straight Cliffs Formation (Upper Cretaceous)
in Utah (Fig. 4.7). Paleocurrent measurements indicated that the outcrop is nearly
normal to paleoflow. The outcrop was straightened in order to eliminate structural
complications, and digitized. Units identified as shales or heterolithics—those
beds which are assumed to represent what would be impermeable barriers or baf-
fles to flow in the subsurface—were measured and their lengths tabulated. These
data were then used as input into flow simulation programs, with porosity and per-
meability set at various rates to assess reservoir performance.

The different well configurations show the effect of the heterogeneity distributions on
flow. For the case with linear [horizontal] drive, the shale and heterolithic distributions
have negligible influence on flow if the sand is considered to be homogeneous and iso-
tropic, once the volumetric variability has been accounted for. Such behaviour is not
surprising because the flow is effectively parallel to the alignment of the vertical flow
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Fig. 4.7 a Outcrop of the Straight Cliffs Formation, Utah; b Interpretation of the outcrop in
terms of basic lithofacies; ¢ The outcrop is artificially straightened and digitized using cell sizes
of 74 x 61 cm, yielding a total cell count of 661 horizontally and 81 vertically (Stephen and
Dalrymple 2002, Fig. 6, p. 803). AAPG © 2002. Reprinted by permission of the AAPG whose
permission is required for further use

barriers and impediments. Low or zero net-to-gross lithofacies do not affect the flow
paths or production efficiency and need only be considered in a very small number of
geostatistical realizations. If sand permeability is highly variable between sand bodies,
however, then the vertical flow properties of shales and heterolithics can have influence
but still may be ignored. These lithologies influence the crossflow between high- and
low-permeability sand bodies, which slightly affects the sweep efficiency in our case.
We found that, for vertical flow due to horizontal wells, the impact of heterolithic and
shale flow properties is very strong, assuming homogeneous sand. The flow is strongly
influenced by the combination of different types of lithology, which combine to affect
the tortuousity of the flow paths. When modeling a horizontal well parallel to the cross
section, heterolithics between wide shale pods can improve the sweep efficiency (Stephen
and Dalrymple 2002, p. 817).

Figures 4.8, 4.9, 4.10 illustrate a detailed study of the bounding surfaces
and architectural elements of the reservoir unit in the Karamay oil field, China,
based on studies of nearby outcrops, and the relationship of these sedimentologi-
cal details to the porosity and permeability patterns displayed by this producing
unit. The annotation of the outcrop lithofacies, architectural elements and bound-
ing surfaces uses methods adapted from Miall (1996). Figure 4.8 is the architec-
tural classification developed by Jiao et al. (2005) for the porous, producing sand
and gravel units. Outcrop examples of two of the sand complexes are illustrated
in Fig. 4.9.

The reservoir heterogeneity has been conceptualized on three scales (Fig. 4.10)
comparable to those illustrated in Fig. 2.9. At the microscale range of cores, pore
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Fig. 4.8 Architectural elements comprising the reservoir of the Karamay oil field, China (Jiao
et al. 2005, Fig. 10, p. 537). AAPG © 2005. Reprinted by permission of the AAPG whose permis-
sion is required for further use

texture and permeability anisotropy were measured. The greatest horizontal per-
meability (47.3 md) was found to be parallel to the paleocurrent direction; inter-
mediate values of horizontal permeability (16.4 md) were perpendicular to the
paleocurrent direction, and the vertical permeability was found to be the lowest.
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Fig. 4.9 a Architectural unit diagram of a sandy-gravelly distributary channel in the expanding-
lacustrine systems tract of the Karamay Formation; b Architectural unit framework of a sandy
distributary channel (Jiao et al. 2005, Fig. 7, p. 535 and Fig. 9, p. 536). AAPG © 2005. Reprinted
by permission of the AAPG whose permission is required for further use

In the middle-scale heterogeneity range, that of individual channels, iso-
lated fluid barrier beds were identified at different bounding surfaces (Fig. 4.11).
Porosity and permeability are also highly dependent on lithofacies. Jiao et al.
(2005, p. 539) identified three types of fluid barrier that could be used to predict
the distribution pattern of the fluid-flow units and their internal porosity and per-
meability, and to make a genetic interpretation of all these phenomena (figure
numbers cited below have been changed to those used in this book):

(1) Fine-grained isolated barrier beds, sediments of intrachannel units or of macroform
accretion units resulting from energy attenuation at the end of deposition, were distrib-
uted mainly at the tops of these sedimentary bodies. This kind of isolated barrier bed was
thickened in the direction of the interdistributary bays or even connected with fine-grained
sediments in the interdistributary bay. In specific cases, well-connected abandoned channel
mudstones may also serve as isolated barrier beds whose geometric shapes were not only
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(a) Megascale model of depositional system
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Fig. 4.10 The scales of heterogeneity in the Karamay oil field reservoir (Jiao et al. 2005,
Fig. 11, p. 538). AAPG © 2005. Reprinted by permission of the AAPG whose permission is
required for further use
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Fig. 4.11 Distribution pattern of porosity and permeability in (a) a Sandy-gravelly distributary
channel (Fig. 4.9a), and (b) a sandy distributary channel (Fig. 4.9b), in a lacustrine delta-plain
distributary system, Karamay oil field (Jiao et al. 2005, Fig. 13, p. 541). AAPG © 2005. Reprinted
by permission of the AAPG whose permission is required for further use

controlled by deposition but also closely associated with the later scouring (Fig 4.11a). (2)
Muddy gravel isolated barrier beds, actually a kind of relatively concentrated channel lag,
overlay fifth-order or third-order surfaces and thin out toward both sides of the channel
(Fig 4.11a). (3) A ferric diagenetic isolated barrier bed was a heterogeneous layer of nodules
along a sedimentary bounding surface formed during the diagenetic process (Fig 4.11b). The
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porosity and permeability of the three isolated barrier beds mentioned above were extremely
poor (e.g., 2.66 %, 24.9 md for a muddy isolated barrier bed, 1.47 %, 26.0 md for a muddy-
gravelly isolated barrier bed, and 6.49 %, 27.2 md for a ferric diagenetic isolated barrier bed).

In the megascale range of the depositional system, porosity and permeability
were compared between different genetic facies to identify high quality reservoirs.

4.2.2 Ground-Penetrating Radar (GPR)

Many of the architectural studies reported on in previous sections of this book
(and in Miall (1996)) have been essentially two-dimensional in character; that is,
they are based on studies of outcrops that may be high, stratigraphically (metres to
tens of metres) and lengthy (tens to hundreds of metres) but which display little or
no depth to provide architectural information in the third dimension. In a demon-
stration study of some ancient fluvial bar forms, Miall (1994) demonstrated how
the measurement of surface orientations at outcrop, including channel margins,
accretion surfaces and crossbedding, could provide useful insights into the third
dimension immediately behind the outcrop surface, but such information is neces-
sarily limited in its applicability. This has been repeatedly pointed out (e.g., Bridge
1985, 1993, 2003) as a criticism of outcrop methods.

The development of ground-penetrating radar methods seemed to point to a way
around this problem. This is a geophysical method that uses radar pulses to image
the subsurface, using electromagnetic energy in the microwave band. Superficially,
the technique is comparable to reflection-seismic methods, in that reflected energy
is collected, processed and displayed, typically in the form of two-dimensional
cross-sections, where the x-axis corresponds to the track of the radar survey and
the y-axis represents two-way travel time. The technique was first developed in
1929 to study the depth of a glacier (http://www.g-p-r.com/introduc.htm) but appli-
cations to geological studies did not commence until the 1970s.

GPR offers a potential resolution in the centimetre range for subsurface studies,
and the ideal combination for architectural studies is where large two-dimensional
outcrops occur within horizontal to gently dipping strata, where the top surface of
the outcrop is developed within one of the layers of the succession, affording a flat
surface over which to run the survey (such as the mesas of the American south-
west). A test and calibration line may be run a short distance behind the outcrop,
to provide a basis for direct outcrop-to-radar interpretation (Fig. 4.12), and a grid
of intersecting lines can then be run to extend the interpretation back into the sub-
surface and to provide extensive information on the third dimension. The utility of
the technique is limited primarily by the degree of water saturation of the surveyed
rocks, because the radar signal is rapidly attenuated in water-saturated media. The
signal is also absorbed by clay layers. Useful reflections are typically not returned
from below the water table, and so as far as surveying ancient rocks is concerned,
GPR is most useful in dry environments, such as the American southwest, where
penetration may exceed 10 m.
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Fig. 4.12 Comparison of outcrop-wall photograph and radar image of a Quaternary fluvial
gravel, southwestern Germany (Heinz and Aigner 2003, Fig. 3, p. 103)

A compilation of GPR studies was edited by Bristow (2003), and includes a
practical guide to field methods (Jol and Bristow 2003). Several studies of fluvial
deposits are included in this collection, and are referenced in this section. A major
review of GPR and its uses was provided by Neal (2004). This study focuses pri-
marily on geophysical principles and methodology, and while the author makes
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reference to sequence and facies studies, the only practical examples described are
of modern coastal strandplains and sand dunes. Akinpelu (2010) carried out a wide-
ranging review of GPR studies and carried out a suite of field tests, which lead to a
number of important conclusions about the methodology, discussed below.

This is not the place for a detailed description of field methods and techniques.
However, some essential points need to be made for the purpose of this review:

Most sedimentary studies use antennae with frequencies between 50 and 500 megahertz
(MHz), with the majority of research reported in this volume using 100 MHz antennae.
Higher frequency antennae (400 to 1000 MHz) have shorter wavelengths which can yield
high resolution but little depth of penetration. Lower frequency antennae (10 to 50 MHz)
have longer wavelengths that can yield greater depth of penetration but lower resolution
(Jol and Bristow 2003, p. 10).

Akinpelu (2010) reviewed the range of techniques used in GPR studies of clas-
tic sedimentary rocks, focusing on fluvial deposits. One of the most important
attributes of the equipment is the frequency of the antennae used to transmit and
receive radar energy.

As observed in many of the outcrop locations studied in this research; significant signal
attenuation and low penetration depth are the primary limitations of GPR imaging tech-
nology to outcrop studies. There is virtually nothing that can be done to reduce signal
attenuation due to shale content and the presence of diagenetic clay in the formation being
studied or overlying formations. Deeper signal penetration can be achieved by using lower
frequency antennae (12.5-100 MHz) for GPR surveys although lower frequency anten-
nas are usually bulkier .... which implies longer data acquisition time and in some cases,
additional survey crew. Resolution will also be sacrificed with lower frequency antennas
but the lower higher end of the high frequency antennas (100-400 MHz) is still ideal for
resolving architectural elements and macroforms. (Akinpelu 2010, p. 151)

Akinpelu (2010) noted that an antenna frequency of 12.5 MHz is limited to less
than 50 m penetration depth in most clastic rocks, even in dry clay-free lithologies.
A 100 MHz antenna commonly is used for deep (10-20 m) penetration.

Step-length—the spacing between individual ground readings—is of critical
importance for the imaging of three-dimensional structures in the subsurface, such
as channels, accretion surfaces and crossbedding (Figs. 4.13, 4.14). Jol and Bristow
(2003, p. 12) noted that a step length of 1 m is commonly used with an antenna
frequency of 100 MHz. However, structures less than about 2.5 m wide will not be
imaged completely at this spacing.

Useful three-dimensional information may be obtained from a grid of lines run
at right-angles to each other (Figs. 4.15, 4.16). However, the full power of three
dimensional analysis requires considerably more data. Line spacing will range
from 10 cm for a 250 MHz antenna, for very high resolution studies, to 5 m with
a 12.5 MHz antenna, for greater penetration but lower resolution (Akinpelu 2010,
p- 150). An example is shown in Fig. 4.17.

In geological applications, the parameters which have the greatest influence
on the electrical properties, and hence on penetration depth, velocity and reflec-
tor characteristics are: (i) water saturation, (ii) clay content and (iii) pore water
salinity. Dry, clay-free sediments generally have higher velocities of propagation
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Fig. 4.13 Macroscopic features of an ancient fluvial deposit, as seen in outcrop and as
revealed by a GPR survey behind the outcrop. a Inclined reflectors dipping at 10-20°, resting
on flat reflector, interpreted as inclined heterolithic stratification (IHS: Thomas et al. 1987); b
Moderately dipping (20-30°) reflectors showing concave-upward downlap onto basal sur-
face, interpreted as lateral accretion deposits within a channel. Dunvegan Formation (Upper
Cretaceous), Pink Mountain, British Columbia (Akinpelu 2010)
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Fig. 4.14 A suite of intersecting channels. Dunvegan Formation (Upper Cretaceous), Pink
Mountain, British Columbia (Akinpelu 2010)

and lower attenuation coefficients than wet strata. Depth of penetration is there-
fore highest in dry, porous sediments (e.g. limestone, where probing depths may
be up to 100 m) and lowest in water-saturated clay (where depth of penetration
may be <1 m).

Definition of radar facies is often based on shape of reflections; dip of reflections; rela-
tionship between reflections, reflection continuity and reflection amplitude (Neal 2004);
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Fig. 4.15 A grid of GPR lines through an interpreted crevasse-splay sheet, eroded into flat-
bedded floodplain deposits. Keuper Sandstone (Upper Triassic), near Tiibingen, southern Germany
(Aigner et al. 1996, Fig. 6b, p. 402)

Fig. 4.16 a At right: an outcrop of the Shinarump Member of the Chinle Formation (Triassic),
Hurricane Mesa, Utah. A GPR survey line was run at right-angles to the outcrop, as shown at left.
b Block diagram, based on outcrop and radar line, showing interpretation of channel with mid-
channel bar form (Akinpelu 2010)

these criteria can be significantly influenced by the processing steps. Continuous reflec-
tion can appear discontinuous by applying inappropriate gains during data processing and
reflection dips can result from spurious signals; hence the importance of proper signal
processing steps and outcrop data as ground truth to verify the fidelity of radar data. This
also underscores the importance of documenting data acquisition and processing steps in
GPR publications to allow comparison between studies. (Akinpelu 2010, p. 33)

Because GPR data interpretation depends significantly on the data processing steps
employed; more involvement of geophysicists on projects involving three dimensional
outcrop studies is required especially as GPR data processing, GPR attribute analysis and
visualization gets increasingly advanced. (Akinpelu 2010, p. 148)
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Fig. 4.17 A three-dimensional GPR survey through a Quaternary fluvial gravel, southwest-
ern Germany, showing an interpretation in terms of three-dimensional macroforms (Heinz and
Aigner 2003, Fig. 5, p. 105)

Several authors have proposed systems of “radar facies” whereby particu-
lar reflection configurations are said to characterize certain depositional fabrics.
However, Akinpelu (2010, pp. 66—68) warned against an over-simplified approach
to this topic, arguing that reflection characteristics depend on antenna frequency,
step length, ground conditions and data processing procedures.

Amongst applications to fluvial facies are the following: Studies of Quaternary
gravels: Huggenberger (1993), Asprion and Aigner (1999), Beres et al. (1999),
Heinz and Aigner (2003), Dubreuil-Boisclair et al. (2011); shallow subsur-
face mapping of a modern river and its deposits: Fielding et al. (1999), Lesmes
et al. (2002), Lunt and Bridge (2004), Lunt et al. (2004), Sambrook Smith et al.
(2006). There have been a few studies of ancient fluvial deposits: Gawthorpe et al.
(1993), Aigner et al. (1996), Stephens (1994) and of fluvial distributary channels:
McMechan et al. (1997), Szerbiak et al. (2001), Hammon et al. (2002), Corebanu
et al. (2002), Zeng et al. (2004). Other GPR studies of modern and ancient clastic
deposits are listed by Akinpelu (2010).

With appropriate antenna frequency and step length, significant details of mac-
roscopic fluvial architecture may be revealed by GPR studies. Akinpelu (2010)
carried out a series of case studies of fluvial units to explore this capacity of GPR,
and a few examples are illustrated in Figs. 4.13 and 4.14. Grid-line surveys may
reveal the subsurface extent of major tabular, sheet-like, channel-shape or other
bodies (Figs. 4.15, 4.16, 4.17). This may provide important information on the
subsurface orientation and scale of channels and other complex macroform units
(Stephens 1994).

Many studies have been carried out on clastic units with the object of devel-
oping three-dimensional information on porosity—permeability architecture
(McMechan et al. 1997; Szerbiak et al. 2001; Hammon et al. 2002; Corebanu et al.
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2002; Zeng et al. 2004). In these studies, actual facies characteristics are of less
importance than the scale and distribution in three dimensions of potential reser-
voir volumes, for input into flow modeling exercises.

4.3 Mapping the Deep Subsurface

4.3.1 Seismic Methods

The routine use of three-dimensional seismic methods in exploration and develop-
ment has revolutionized the application of sedimentology to the subsurface map-
ping of complex stratigraphies. The methods were pioneered by Alistair Brown
and published in AAPG Memoir 42, now in its seventh edition (Brown 2011).
Developments in the sedimentological applications of 3-D seismic were led
by Henry Posamentier, and have recently been brought together in a very useful
compilation of regional studies (Davies et al. 2007). An introductory article by
Posamentier et al. (2007) explains the basis of what has come to be called seismic
geomorphology—the interpretation of landforms and depositional systems from
seismic data. Horizontal seismic sections (also called seiscrops) are essential for
this purpose. Three-dimensional methods provide the ability to construct horizontal
sections through the data volume at any selected level, and such sections may also
be drawn along stratigraphic surface defined by the user (termed stratal slices),
which thereby provides the ability to account for structural dip, drape, etc., and
adjust a stratigraphic surface back to its original horizontal attitude. This also per-
mits the user to reduce complications in the reflection record from gently dipping,
closely-spaced horizons. Such images of the data are likely to be much more use-
ful than conventional vertical sections because they display depositional elements
in a landscape form that is familiar to anyone who has spent some time looking at
modern depositional processes. The issue of seismic resolution is also a potential
problem with the examination of vertical sections. Resolution (the ability to resolve
thin beds—conventionally regarded as 1/4 of the wavelength of the seismic wave)
ranges between about 10 m under ideal conditions at shallow exploration depths, to
more than 200 m at depths of several kilometres. Integration of seismic data with
borehole information, including wireline log characteristics and, where available,
sample and core data is essential for a full description and interpretation of the dep-
ositional system. Wireline logs can add useful information on lithologic variability
especially where vertical seismic resolution is poor, and provide quantitative data
for other, related calculations, as noted in the following discussion.

Two figures illustrate the power of the technique. Figure 4.18 illustrates a
meandering channel system developed along a depositional surface that has under-
gone gentle folding (this could simply be a drape effect reflecting differential com-
paction). The vertical section (in grey tones) illustrates the structure; the stratal
slice (in colour) is a map of amplitude variations, the darker colours (reds and
blues) highlighting what is in this case a meandering turbidite channel in the Gulf
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Fig. 4.18 A map of
amplitude variations draped
on a gently dipping stratal
surface, illustrating a
meandering turbidite channel
in shallow sediments in the
Gulf of Mexico (Posamentier
et al. 2007, Fig. 2, p. 3)

Fig. 4.19 A meandering
fluvial channel in shallow
sediments in the Gulf of
Thailand. From the first
(1986) edition of Brown’s
AAPG memoir (Brown

2011 is the latest edition).
AAPG © 2011. Reprinted
by permission of the AAPG
whose permission is required
for further use

KILOMETERS

of Mexico. Note the use of a perspective view for illustrating this depositional sys-
tem, simulating in some ways what a landform would look like as viewed out of a
low-flying aircraft window. A meandering fluvial system is illustrated in Fig. 4.19.
This was one of the first illustrations of a depositional system to be imaged in this
way; it appeared in the first (1986) edition of Brown’s memoir.
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Ethridge and Schumm (2007) provided an overview of fluvial channel styles
and classification, and made reference to some early examples of seismic-
geomorphic interpretations.

The value of a detailed and precise architectural reconstruction of the sub-
surface may be illustrated by Fig. 4.20, a diagram from an exploration program
completed now more than a decade ago (techniques have developed significantly
since that time). The section clearly indicates where productive reservoir intervals
are expected to be located. A comparison with Fig. 3.42 indicates how successful
the prediction was.

Sarzalejo and Hart (2006) illustrated several examples of meandering sys-
tems in the Mannville Group (Lower Cretaceous) of southeastern Saskatchewan
(Figs. 4.21, 4.22, 4.23, 4.24). Seismic resolution (1/4 wavelength) is approximately
12 m in these examples. Many gamma-ray logs are available from positions within
the selected seismic volumes, but no core or sample data are obtainable. The com-
bination of horizontal and vertical seismic sections and gamma-ray logs provides a
powerful tool for the interpretation of depositional systems which, in the appropri-
ate settings, may enable exploration to focus directly on prospective units.
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Fig. 4.20 Three-dimensional seismic section along the proposed path of well 30/6-C16 (see
Fig. 3.37). Low impedance values (green—blue colors) along the well trajectory indicate reservoir
sandstones (yellow parts of the trajectory). The impedance variation indicates that the well would
penetrate two main sandstone-dominated sections separated laterally by a mudrock-dominated
interval (Ryseth et al. 1998, Fig. 20, p. 1648). AAPG © 1998. Reprinted by permission of the
AAPG whose permission is required for further use
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Fig. 4.21 Meandering fluvial system, Manville Group, southeastern Saskatchewan. From
Sarzalejo and Hart (2006, Fig. 10, p. 147)

()
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Fig. 4.22 Meandering fluvial system, Manville Group, southeastern Saskatchewan. From
Sarzalejo and Hart (2006, Fig. 11, p. 147)

The time-slice map in Fig. 4.21 shows bands of darker colours (reds and blues)
interpreted as sets of scroll bars of intersecting point bar complexes. The vertical
section, with the gamma-ray logs, illustrate the classic serrated bell-shaped signa-
ture of upward-fining fluvial units, ranging between about 50 and 70 m in thickness.

Figure 4.22 provides an even clearer example of a meandering system. The ver-
tical section includes a suite of shingled reflectors between numbered surfaces I11
and IV, that are highlighted by a yellow ellipse in the interpreted section (at top
right). These are interpreted as lateral-accretion surfaces within a point bar. Their
appearance in such a section indicates a certain degree of lithologic heterogene-
ity in the point bar, such as sandstone intervals interbedded with significant mud
drapes or surfaces of internal erosion (3rd-order surfaces) marked by strongly con-
trasting lithology, such as poorly sorted, muddy or pebbly deposits. These surfaces
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Fig. 4.23 Meandering fluvial system, Manville Group, southeastern Saskatchewan. From
Sarzalejo and Hart (2006, Fig. 12, p. 148)
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Fig. 4.24 A single-thread fluvial channel, Manville Group, southeastern Saskatchewan. From
Sarzalejo and Hart (2006, Fig. 14, p. 150)

also show up as serrations in the gamma-ray logs, and the time slice (Fig. 4.22c)
clearly shows curved scroll-bar traces, the direction of curvature indicating point-
bar migration and growth toward the north.

Figure 4.24 illustrates an example of a single-thread channel about 140 m wide.
The curved traces underlying this channel probably reflect compaction of fine-grained
floodplain deposits beneath the denser and less compactible sand fill of the channel.
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The seismic sections illustrated in Figs. 4.21, 4.22, 4.23, 4.24 reveal an unusually
high resolution level. Two additional figures (Figs. 4.25, 4.26) provide cross-section
at an even higher resolution. These are from a sparker-seismic survey of the shallow
section immediately beneath the sea floor in the Gulf of Thailand (Reijenstein et al.
2011). The identification of these sections as point bars is established by 3-D seiscrop
sections of the same rock volume. Sparker surveys are only possible in shallow sec-
tions but provide a vertical resolution approximately 25 times that of conventional
3-D petroleum seismic, at about 25 cm. Figure 4.25 illustrates a typical point-bar
cross-section, complete with chute channels and an abandoned-channel mud plug.
Figure 4.26 illustrates the bidirectional dip that develops around the “point” of a point
bar, with accretionary dip oriented toward the channel all around the meander bend.

Skilled interpreters can extract even more information about depositional pro-
cesses. Figure 4.27 illustrates a vertical seismic section in which laterally-limited
channel sands have been identified as low-amplitude (red) patches in the section.
Three stratal slices taken within a 12-ms window show the subtle shifts in channel
position with time (Fig. 4.28). These can be interpreted in terms of the evolution
of a meander belt (Fig. 4.29). As expected, the meanders show evidence of migra-
tion and widening with time.

The in situ development of Alberta’s oil sands has provided the incentive for
highly detailed facies and architectural interpretations of the oil-bearing units.
Placement of injection and extraction wells for the SAG-D process (steam-assisted
gravity drainage) requires a detailed and precise knowledge of the location and
extent of oil-rich units, and given the shallow depth of the reservoirs, 3-D seismic
is the perfect tool for developing maps and sections that highlight this informa-
tion. A recent study by Hubbard et al. (2011) is one of the few for which details
have been made publicly available. Seismic resolution in this study is better than
5 m. Figure 4.30 illustrates the complex of tidally-influenced point bar deposits and
abandoned channels that comprise this unit. Integrating the seismic data with the

Confined laterally continuous seismic facies;

Fig. 4.25 High-resolution sparker-seismic dip-oriented cross-section through a point bar,
late Cenozoic fluvial deposits of the Gulf of Thailand. Note convex-up lateral-accretion sur-
faces, chute channels, and differential compaction overt the channel plug at left, suggesting
the predominance of a muddy facies (Reijenstein et al. 2011, Fig. 12, p. 1977). AAPG © 2011.
Reprinted by permission of the AAPG whose permission is required for further use
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Fig. 4.26 a High-resolution sparker-seismic cross-section through a point bar, late Cenozoic
fluvial deposits of the Gulf of Thailand. The section is oriented across the front of the bar, as
shown in the inset plan (e). The two main facies assemblages of the bar are point-bar and chan-
nel lag deposits (¢) and the overlying mud-dominated valley-fill facies (b). The margin of the
bar is shown in (d), together with an interpretation suggesting that the bar was built by discharge
at two stage conditions. The vertical profile is speculative (Reijenstein et al. 2011, Fig. 13, p.
1978). AAPG © 2011. Reprinted by permission of the AAPG whose permission is required for

further use
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Fig. 4.27 Conventional vertical seismic section through a meandering fluvial channel system
(Zeng 2007, Fig. 7a, p. 24)
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Fig. 4.28 Three stratal slices sampled within a 12-ms window of the section shown in Fig. 4.27
(Zeng 2007, Fig. 7b, p. 24)
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Fig. 4.29 Interpretation
of the meanders imaged in Downstream
Fig. 4.28 (Zeng 2007, Fig. 9, migration

p-27)
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gamma-ray signature yields the map of Fig. 4.30c, where the distribution of the
low values, indicating the most sand-rich facies, can be clearly delineated by corre-
lating spot values with the point-bar and channel architecture. Figure 4.31 provides
and interpretation of the range of point-bar styles present in this seismic volume.
Time slices through this seismic volume can be interpreted in terms of facies
and architectures:
Scroll patterns associated with point-bar processes are evident, defined by the contrast

between interstratified layers dominated by sandstone and siltstone. The overall geometry,
composition, and internal stratigraphic architecture of five main depositional elements are
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Fig. 4.30 Seismic exploration of the Alberta Oil sands. Mannville Group, south of Fort
McMurray, Alberta. a Time slice taken at a horizon, 8 ms (approx. 8 m) below a flooding surface
at the top of the oil-bearing unit; b Interpretation in terms of scroll bars, point bars and channels;
¢ Gamma-ray values at the selected horizon. From Hubbard et al. (2011, Fig. 2, p. 1126). AAPG
© 2011. Reprinted by permission of the AAPG whose permission is required for further use

described: (1) abandoned channel or oxbow lake fills; (2) point bars associated with lateral
accretion (PBLA); (3) point bars associated with downstream, or down-valley, accretion;
(4) counter point bars; and (5) sandstone filled channels. (Hubbard et al. 2011, p. 1131)

Abandoned channel reaches are characterized by a relatively homogeneous, moder-
ate seismic amplitude response on seismic time slices. They occur in curvilinear trending
bodies, recording the filling of abandoned sinuous channels 400 to 600 m (1312-1969 ft)
wide. Drill-core analysis shows that they are primarily composed of a siltstone (Lf4)
interval 25 to 35 m (82-115 ft) thick on average, with a cross-bedded sandstone (Lfl) or
mudstone clast-rich sandstone (Lf2) layer 2 to 4 m (6.6—13 ft) thick, locally preserved at
the base of the succession. Wireline log cross sections demonstrate that abandoned chan-
nel fills are asymmetric, gradually tapering out to a zero edge against adjacent point-bar
deposits Fill. (Hubbard et al. 2011, p. 1131)

Another example of the use of an integrated data set to characterize the Alberta
oil sands was provided by Fustic et al. (2008). In this study, gamma ray and
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Fig. 4.31 Stratigraphic cross-sections constructed along the lines shown in Fig. 4.30, showing
reconstructions of the details of the point-bar architecture, based on seismic and well-log data.
From Hubbard et al. (2011, Fig. 6, p. 1133). AAPG © 2011. Reprinted by permission of the
AAPG whose permission is required for further use

dipmeter data were used in combination with a seismic time slice to map the nest-
ing and orientation of channels and points bars.

A study by Bellman (2010) took the analysis further, by using seismic and wire-
line-log data to map reservoir facies in detail. Wireline sonic data can be analysed
to determine the compressional (P) and shear (S) components, from which shear
(mu) and compressibility (lambda) can be calculated. In Fig. 4.32 data so calculated
are plotted separately for sand and shale facies, as determined by correlation with
core. The results clearly demonstrate that wireline data can be used to discriminate
sedimentary facies. Shear and compressibility can also be calculated from seismic
data which, of course, can provide this information for every point within a seis-
mic volume instead of just a sample down a drill hole. Figure 4.33 shows a seismic
section that has processed using this inversion method to develop a facies analysis.
Gamma ray logs on this section were drilled after the seismic facies interpretation
had been constructed, and facies predictions made from this analysis agree with
those made from the gamma-ray logs over 75 % of the total footage drilled.

Steam injection turns bitumen from a solid to a liquid. The unaltered bitumen
can transmit a shear wave, whereas the heated, fluid cannot, so this technique,
when run repeatedly during production, can be used to follow the process of bitu-
men drainage of a reservoir volume.

Figures 4.34 and 4.35 illustrate other examples of fluvial architectural features
within the Freshwater Molasse of the Alpine foreland basin in Switzerland. In the
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Fig. 4.32 Cross-plot of computed well-logs from 85 wells, with facies separated on the basis

of core analysis. Bellman (2010, Fig. 2). AAPG © 2010. Reprinted by permission of the AAPG
whose permission is required for further use
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Fig. 4.33 A seismic profile (below) and a derived profile in which compressibility and shear
data have been interpreted in terms of reservoir and non-reservoir facies. Black shale or bottom
water-filled units; yellow bitumen reservoir; blue wet reservoir; green gas reservoir. Also shown
are gamma ray logs, drilled after the seismic survey and analysis had been completed. From
Bellman (2010, Fig. 3). AAPG © 2010. Reprinted by permission of the AAPG whose permission
is required for further use
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Fig. 4.34 Seismic image (uninterpreted and interpreted) of nested channels from the Freshwater
Molasse of the Swiss Alpine foreland basin. From Morend et al. (2002, Fig. 7, p. 255)

uninterpreted line shown in Fig. 4.34 half-arrows are used to point to truncation of
reflections by a scoop-shaped feature. This is interpreted as a pair of nested chan-
nels, the wider one being about 150 m across. Figure 4.35 illustrates an example
from the same stratigraphic unit of an incised valley about 50 m deep and at least
350 m wide sampled along two survey lines about 100 m apart. The valley fill
can be subdivided into two distinct seismic facies packages. The lower part of the
valley fill shows discontinuous, low-amplitude reflections, and it is suggested that
this may be an indication of valley-margin slumps, which have generated a chaotic
reflection character. The upper part of the valley fill would then represent an unde-
formed valley fill, probably deposited during a rise in local base level.

Hentz and Zeng (2003) and Zeng and Hentz (2004) completed a sequence anal-
ysis of the Miocene and lowermost Pliocene continental slope and shelf deposits
of part of the Louisiana offshore using seismic data tied to wireline and biostrati-
graphic data from offshore wells. Their study revealed many depositional features
that offered the possibility of seismic-geomorphic analysis. Wood (2007) followed
up with a detailed analysis of fluvial features in this very large data set that con-
tained thirty-seven identifiable surfaces for seiscrop mapping in the more than
3 km of section (Fig. 4.36). Wood turned to the literature on fluvial geomorphol-
ogy containing quantifiable data on channel widths, depths, meander geometries,
the ratios that relate these features to each other, and the relationships of this infor-
mation to fluvial styles and lithologies (the data discussed in Chap. 2 of this book).
She identified three classes of incised fluvial system (figure numbers in this quote
have been modified to the figure numbers used in this book):

Three types of channelized systems are visible in seismic geomorphologic slices taken
from the study area. On the basis of their geometry, Class 1 systems are interpreted as
large, aggradational fluvial systems with large meander-belt widths, high sinuosi-
ties, and large meander-arc heights (Fig. 4.37). These systems are both transportive and
depositional, forming extensive floodplains, complete with large, abandoned oxbow
lakes (Fig. 4.37). In contrast, Class 2 systems are interpreted as bypass fluvial valleys,
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Fig. 4.35 Seismic image of an incised valley fill, overlain unconformably by Pleistocene gla-
cial deposits. Freshwater Molasse of the Swiss Alpine foreland basin. From Morend et al. (2002,
Fig. 9, p. 258)

showing significantly lower sinuosity, well-defined edges within the study area, and
small meander-arc heights (Fig. 4.38). These systems are associated mainly with maxi-
mum lowstand surface sequence boundaries, showing significant incision. They are often
filled with a multitude of individual channel types and are dominantly filled with a sandy
lithology (Fig. 4.39). Class 3 systems make up a wide variety of architectural elements
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Fig. 4.36 Cross-section through the Miocene-Pliocene seismic volume from offshore Louisiana,
showing spontaneous logs, as analysed by Wood (2007, Fig. 5, p. 717)

in the fluvial-deltaic coastal-plain system, including distributary channels, tidal creeks,
and interdistributary drainages (Fig. 4.40). They form narrow meander belts with highly
sinuous, often crenulated channels and, more infrequently, nearly anastomosing. They fre-
quently show mappable meander-migration architecture. These channels most likely drain
limited areas in and around the coastal plain and shoreline or are distributive feeders to
small deltas immediately south of the study area. (Wood 2007, p. 723)

The lithologic composition of the channels can be determined from gamma ray
logs, using a method devised by Zeng and Hentz (2004). This shows that class 3
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Fig. 4.37 Seiscrop section in the Miocene of offshore Louisiana showing a large Class 1 aggra-
dational meandering fluvial system with some low-amplitude abandoned meander loops. This
Class 1 system is impinging upon an older Class 2 lowstand bypass fluvial system to the east-
southeast. (Wood 2007, Fig. 7, p. 710)

channels are of suspended load type (using the classification of Schumm (1977);
e.g., see Fig. 2.23), whereas classes 1 and 2 ranged between bedload, mixed load
and suspended-load type. As Wood (2007, pp. 728-729) noted, the ability to map
fluvial systems and predict their lithofacies could be a very useful component of
an exploration program.
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Fig. 4.38 Seiscrop section in the Miocene of offshore Louisiana showing a large Class 2 bypass
system incising into older late highstand distributary channels that bifurcate to the southwest.
Blue dots represent wells penetrating the interval. Smaller Class 3 creeks and single thread chan-
nels are draining the surrounding coastal plain to the north. Thick black lines represent major
faults across the area (Wood 2007, Fig. 8, p. 721)
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Fig. 4.39 Seiscrop section in the Miocene of offshore Louisiana showing a large Class 2 bypass
valley system with internal channels several hundreds of meters wide. Yellow dots are well loca-
tions. Several thick black lines mark major faults across the area (Wood 2007, Fig. 10, p. 724)

Miall (2002) analysed a series of closely-spaced time slices of the Pleistocene
fluvial succession beneath the Malay Basin. One of these is illustrated in Fig. 4.41,
and its interpretation in Fig. 4.42. One of the most interesting features of this data
set is the successive sampling, at different levels, of a valley fill with a meander-
ing system at its base, and an incised and gullied tributary, all of which are clearly
visible in the eastern part of the 196 ms image. The incised tributary is somewhat
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Fig. 4.40 Seiscrop section in the Miocene of offshore Louisiana showing multiple Class 3
creeks and distributary channels cutting the older highstand coastal plain, overlain by at least two
distinctly larger (2-3 km wide) Class 3 systems with multiple internal channels and accretionary
architectures. Several of these channels break into terminal distributary lobes (TD), and it is pos-
sible that a few crevasse splays (CS) are identifiable. Yellow dots are well locations. Several thick
black lines mark major faults across the area (Wood 2007, Fig. 11, p. 725)

wider than in the underlying plot (typically up to 600 m, vs. the 300 m width in
the 208 ms slice), suggesting a V-shaped cross section, as would be expected for
an incised valley. Assuming a simple triangular cross section, this corresponds to
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Fig. 4.41 A seismic time-slice image of Pleistocene fluvial deposits, 196 ms interval, Malay
Basin. Location of this map and of the data provided in Figs. 4.42 and 4.43 is given in Fig. 7.11,
project #2. From Miall (2002, Fig. 2, p. 1205)

valley sides sloping at about 4°. Figure 4.43 is a perspective view of the eastern
corner of the five successive time slices, superimposed to show how the meander-
ing river and its tributaries change from one level to another.
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Fig. 4.42 Interpretation of
the 196 time slice, Malay
Basin, from Miall (2002,
Fig. 4, p. 12006)
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Numerous other minor channels are visible, mostly of low sinuosity. Some
of these elements appear in more than one time slice, which is a well-known
“shadow” effect of seismic data.

Given adequate seismic data and well control, the imaging of incised valleys and
other features may make a substantial contribution to the development of a sequence
interpretation of a stratigraphic succession. An example was described in detail by
Maynard et al. (2010), from a Cretaceous heavy-oil field in Alberta. The stratigra-
phy in this data set was subdivided based on flooding surfaces recognized and cor-
related in seismic and well data. Facies were identified and classified on the basis
of core analysis, and tied to the well and seismic data, yielding a detailed regional
paleogeographic interpretation (not shown here). A highlight of the analysis is the
recognition of a series of intersecting incised valley systems (Figs. 4.44, 4.45, 4.46).
Facies analysis indicates that these are filled with fluvial to estuarine facies.

4.3.2 Surveillance Methods

As applied to the petroleum industry, the term “surveillance methods” means
methods of measurement and observation on a producing field that work to
monitor reservoir performance, including drainage patterns, changes in pressure,
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Fig. 4.43 A superimposition of five of the time slices drawn to emphasize the vertical succession
of features along the east side of the project area in the Malay Basin. The major feature of shown is
a valley-fill, with a tributary entering from the south. Note the meandering channel with scroll bars
in the lower two images and the major V-shaped tributary valley along the southeast edge of the pro-
ject area, which becomes wider as it is intersected in successively younger and higher time slices.
The valley fill above the main meandering system is visible in the 172 and 160 slices (Miall 2002,
Fig. 10, p. 1212)

water-cut, etc. A wide range of methods has emerged over the last couple of dec-
ades to provide this type of production information, the value of which is that it
can assist the production engineers, in real time, in adjustments or modifications to
production models in order to maximize production efficiency.

Nearly two decades ago, He et al. (1996) stated: “4D, or time-dependent, seis-
mic reservoir monitoring is an emerging technology that holds great hope as an
oil-production management system.” (p. 41) “... we are only just beginning to
visualize the changes that occur within reservoirs as oil and gas are drained over
time, and the changes that we see are surprising us. For example, gravity is often
not nearly as efficient at sweep as we thought it was for all these years.” (p. 42).

The example they highlighted in this report was the BP/Shell Foenhaven field
off the western Shetlands. In the mid-1990s a permanent bottom cable seismic



162 4 Basin Mapping Methods

7

Fig. 4.44 A time slice illustrating a complex of incised valley-fills in the Iron River Field,
Alberta. Each square is 1 mile (1.6 km) across (Maynard et al. 2010, Fig. 2, p. 613)

array had been installed over the field. Repeated surveying was then used to
“right-size” the volume and rate of production in this deep-water system. As He
et al. (1996, p. 42) stated: this type of technology could lead to “improved location
and timing of development drilling programs, early verification of the reservoir
simulation model, and improved in-fill drilling and injector placement.”

A quantitative reservoir simulation is constructed through use of both inverse and for-
ward seismic models of 4D seismic differences that can then be iteratively recomputed
and compared with the initial reservoir simulation. “Dynamic changes in the hydrocar-
bon reservoir can be monitored and simulated efficiently, and the results can then be used
to understand and predict drainage occurring during production. New wells can then be
placed to maximize the lives of oil and gas fields. To achieve the highest hydrocarbon
recovery rate possible”. (He et al. 1996, p. 43)

Amongst the invaluable bodies of information generated by the Shell survey
data was the revelation that gravity had not been as important a driver of drain-
age as had been thought. 4D data showed a complex pattern, probably reflecting
water fingering, most likely controlled by sand quality variations. Inefficient gravi-
tational sweep left many high-amplitude, low impedance zones downdip. In their
example, the identification of a bypassed zone led to the placement of a horizontal
well that then produced more than 1 million additional barrels of oil.

Smalley et al. (1996) provided an excellent summary of surveillance methods.
Here is their summary of methods—a ‘“reservoir compartmentalization toolkit”
being used at that time:

3D seismic interpretation;

Pressure data;

Oil geochemistry (molecular parameters, GC fingerprinting);
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Fig. 4.45 a Well correlation line shown in Fig. 4.44. Fluvial and estuarine sandstones and shales
valley fills incised into shallow marine shoreface deposits. The geometries are complex and without
the seismic it would be difficult to separate some of the valleys. Core logs are are colored accord-
ing to interpreted facies: yellow shallow marine, orange fluvial sandstones, and green fine-grained
nonmarine facies. b A seismic section through part of the same section. Note the parallel reflections
of the shoreface deposits (high to moderate amplitude continuous parallel seismic facies) that are
truncated by the incised valleys. Valley 100-4 shows moderate to high amplitude semi-continuous
shingled seismic facies interpreted as lateral accretion surfaces. Valley 125-8 shows high to moder-
ate amplitude discontinuous seismic facies (Maynard et al. 2010, Fig. 7, p. 619)

Oil PVT properties;
Well test analysis;
Fault seal analysis;
Formation water composition;
Residual salt analysis (RSA);
Reservoir heterogeneity modeling;
High-resolution stratigraphy;

To be used in fields with some production history:
Tracer data;
Pressure decline analysis;
4D seismic.
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Fig. 4.46 a Uninterpreted and b interpreted amplitude time slice from just below 100 flooding
surface showing the generations of channel fills for the 100_5 valley fill. Green, orange, and yel-
low are different point bars. Brown is the abandoned channel fill at the end of the orange point
bar. Grey is a small channel that is barely at detection level for the seismic that was the last event
recorded in the valley fill. ¢ Cross sections A~A’ and d B-B’ showing sequence boundaries (solid
lines) and flooding surfaces (dashed lines). Moderate to high amplitude semi-continuous shin-
gled seismic facies fills these incisions cut into high to moderate amplitude continuous seismic
facies. Lower version of each shows channel elements from 100_5 valley fill using same colors
as in b. Well logs show GR (red) and resistivity (blue) curves. Note the presence of valley 100_8
at the left side of B-B’ just below the 100 flooding surface (Maynard et al. 2010, Fig. 11, p. 626)
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For example, pressure-depth plots could show two wells to be on a different
curve indicating compartmentalization, which could be attributed to depositional
architecture or to faulting. Oil molecular maturity and gas chromatography data
could show the same compartmentalization. Residual salt analysis (RSA) is
another tool. The method is to recover dissolved solids that precipitate out in core
during storage. This provides a 87Sr/30Sr ratio from original pore waters, which
experience shows evolve differently in separate reservoir compartments.

As they stated, “integration is the key.” “Unfortunately, compartmentalization
is notoriously difficult to identify during the early history of a field, often only
coming to light as new wells are drilled and dynamic data accumulate during field
development. This, of course, may be too late! The discovery that a greater num-
ber of wells will be needed, or that surface facilities are inappropriately sized or
located, may already have compromised the economics of the project” (Smalley
et al. 1996, p. 163). They noted that reservoir compartmentalization can be con-
strained and quantified during reservoir appraisal, even in the absence of dynamic
production data.

Another useful treatment of the topic was provided by Villalba et al. (2001),
They dealt with the following techniques:

Pressure-depth plots reveal unconnected reservoir units.

Measurement of API gravity (This changes with time, with lightest gravity oils produced
first). Again, differences indicate conection or lack of between flow units.

Oil fingerprinting using gas chromatography to identify biomarkers.

Mezghani et al. (2004) discussed history matching and the use of 4-D seis-
mic. Compressional/shear impedance data from 3-D surveys are used to calculate
petrophysical properties and refine production models in successive 3-D surveys.
“Most of the 4-D seismic studies show it is especially possible to follow gas-oil
contact displacement because the latter makes appear important reflexions. Well,
gas apparition causes an important decrease of seismic velocities leading to an
impedance variation [sic].” (Mexghani et al. 2004, p. 5)

Andersen et al. (2006) developed a geological model from seismic inversion
data, and used that to construct a flow model and compare it with 4D seismic data.
Cross plots of the changes in elastic parameters from 4D seismic can be used to clas-
sify 4D effects into saturation related or pressure related changes. The proposed workflow
is combining both 3D and 4D elastic inversion data to classify lithology. In the case of
the 4D seismic, it is assumed that some of the observed production effects mainly can be
related to sand facies only. By utilising this, it is possible to achieve a sand probability

cube that has highest probabilities when both 3D and 4D seismic are utilised. (Andersen
etal. 2004, p. 1)

Kaufman et al. (2000) used a different technique. Sixty oils from Burgan field,
Kuwait were analyzed using oil fingerprinting, to see if individual reservoirs had
unique compositions and whether oil from different horizons was mixing during
production. Bulk properties of oils can be used to characterize them, including oil
gravity, gas/oil ratio, and bubble-point data.

Molecular composition is determined by whole-gas chromatography and is the
most sensitive way to characterize oil for this purpose. Differences are initially



166 4 Basin Mapping Methods

related to thermal maturity. Cluster analysis of chromatography data revealed
three groups of oils each corresponding to a different reservoir. However, oil fin-
gerprinting and pressure-depth plots for the three Burgan sands suggested good
fluid communication between these units. Some of this could be due to production
cross-flow. The 50-year production history of this field might have allowed some
leakage between reservoir zones, so the fingerprinting data cannot be relied on
completely to indicate what the primary flow paths and connectivities were. The
authors recommended that fingerprinting be done on samples taken before produc-
tion begins.

Westrich et al. (1999) showed that gas:oil ratio (GOR), AIP gravity, and pressure—
volume-temperature (PVT) data demonstrate different values for a later well brought
on stream along the flank of the field, suggesting a permeability barrier. Chemical
differences between oils demonstrated a permeability barrier within another of the
reservoirs. This could be structural or stratigraphic in origin (Fig. 4.47).

Compositional gradients in continuous reservoirs, mixing processes, and the underlying

causes and controls of observed chemical differences need to be understood for proper
interpretation. (Westrich et al. 1999, p. 518)

Another example of the use of geochemical and production methods was
described by Refunjol and Lake (1999). They used six different gas tracers over

Fig. 4.47 Geochemical
differences in the oil and
gas in two wells in the
Bullwinkle field, Gulf of Well ®
Mexico. The differences ® Higher Maturity A32
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p. 517) §
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a four-year period to test injector-producer communication in the North Buck
Draw field, Wyoming, a field producing from a complex valley-fill succession.
Tracer recoveries are shown by the arrows in Fig. 4.48. No recoveries were made
from some of the injectors (e.g., 22—17, 22-20 and 22-31) on the east side of the
IeServoir.

Tracer or tagged gas production at producers in the west, some at early and some at late
break-through times, indicated no sealing geological barriers are present. Conversely, the
lack of response to tracers injected in wells on the east side of the reservoir indicates no
communication or, at least, less communication between these wells and the rest of the
reservoir.

The second method used in this study was to compile monthly injection-
production rate data between each injector-producer pair. The data were con-
verted to ranks, and the values compared over periods of months. Given that the

\ 213‘ LEGEND
411 CH3T
— A - a

w C2HST
A HT
o C3IHNTT
& SF6
O K-S

146 336
@) C3  Notracer
? o"rm

Braakthrough
Time (months)

33-24
Q

Fig. 4.48 Tracer response pattern. The six codes at the top of the legend refer to six different
tracers used. Arrows indicate tracer recoveries between injector and producer (Refunjol and Lake
1999, Fig. 2, p. 212)
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response from injector to producer is a significant time lag, calculations of correla-
tions between injector and producer were lagged from zero to a lag corresponding
to half of the total number of months. Maximum correlation values were derived
when the lag time was set at 13 months. It was found that when the orientations
of injector-producer well pairs was compared, highest correlation values were
obtained when the orientation direction between the wells was in the northeast-
erly direction, which is consistent with the permeability trends already determined
from geological studies. Figure 4.49 is one of a series of maps generated from
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Fig. 4.49 Map of correlation values between injector and producer, plotted assuming perfect
correlation (a value of 1) if the injector and producer were coincident (Refunjol and Lake 1999,
Fig. 10, p. 2127)
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this study, in which correlation values have been plotted and contoured. Negative
correlations are interpreted as the result of influence from a third well. The map
shown here is characteristic of the area, in confirming the NE-SW orientation
of correlation values, and hence of reservoir connectivity and original sandbody
architecture.

A particularly instructive example of the information to be gleaned from an
integrated data set is that illustrated in Fig. 4.50. Hardage et al. (1996) reported
on a study of the Frio gas trend in the Stratton field, Texas. A seiscrop section
suggested the presence of several intersecting or overlapping channels. A suite
of wells drilled through this succession confirmed the presence of channel sands,
but it was impossible to interpret which, if any, are interconnected. The key data
set was provided by the pressure-depth data. Pressure decline curves (Fig. 4.50b)
revealed that there are three separate pressure compartments. Moreover, the almost
identical decline curve for wells 127 and 161 indicated that they are in good com-
munication. This information allowed the sand bodies to be shown as continuous
between the two wells in Fig. 4.50c, and this sand body is labeled Channel C in
Fig. 4.50d.
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Fig. 4.50 An integrated data set. See discussion in text (Hardage et al. 1996, pp. 4, 5, 6, 7, 30, 31)
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To conclude this section, survelliance methods can yield vital information
regarding reservoir body connectedness, based on ongoing performance. However,
such data can only be collected once a field is in production. This means that this
approach cannot be used in the initial establishment of an architecture model, but
may be invaluable for refining that model. Pressure data collected early in the
production history (Fig. 4.50b) may become available early enough to enable the
geologist to contribute sedimentological data to a reservoir model, but it may take
several years before clear trends emerge. Pressure pulse tests can be carried out at
any time on multiple well sets, but other trends, such as tracer tests, may also take
several years to complete, given the rate at which fluids move through a reservoir.



Chapter 5
Allogenic Sedimentary Controls

5.1 Introduction

There are three major allogenic sedimentary controls: tectonism, climate change,
and eustasy. All three controls may be acting on a sedimentary basin at any one
time, but they are not necessarily independent (Table 5.1). Of fundamental impor-
tance is the need to recognize a distinction between upstream and downstream
controls. Upstream controls include climate and tectonics. Climate controls flu-
vial discharge and vegetation cover and is a major influence on sediment sup-
ply. Tectonic controls affect regional slope and the relief in the source area, and
therefore are a major influence in controlling the quantity and caliber of the sedi-
ment load. The major downstream control is sea-level change, except in the case
of inland basins, where the downstream control is either the level of the lake into
which the river drains, or the level of the tectonic rim over which the river flows
out of the basin.

Shanley and McCabe (1994, Fig. 6) presented a conceptual diagram (adapted
here as the upper part of Fig. 5.1) in which they illustrated, qualitatively, how allo-
genic controls of river systems change from river mouth to source. Clearly, at or
close to sea level, base level change is the most important control. Near the source
area, upstream controls will predominate. There has been much study and debate
regarding the extent to which sea-level control extends upstream from a river
mouth. This is discussed further, below.

Holbrook et al. (2006) introduced the useful concepts of buttresses and buff-
ers to account for longitudinal changes in fluvial facies and architecture upstream
from a coastline. A buttress is some fixed point that constitutes the downstream
control on a fluvial graded profile (Fig. 5.1). In marine basins this will be marine
base level (sea level). In inland basins it will be lake level, or the lip or edge of a
basin through which the trunk river flows out of the basin. The buffer zone rep-
resents the available (potential) instantaneous preservation space for the fluvial
system (Fig. 5.1). The lower limit is set by the maximum depth of local channel
scour, and the upper buffer limit is the height to which the river can aggrade under

A. Miall, Fluvial Depositional Systems, Springer Geology, 171
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Table 5.1 Allogenic processes affecting nonmarine environments

Process Time scale Effects on nonmarine processes
Plate-tectonic migration of 108 years  Climate changes caused by changes in latitudi-
continental plates nal position and by changes in atmospheric
and oceanic circulation. Climate affects
temperature, fluvial discharge, sediment
yield
Plate-tectonic extension, 10’8 years  Vertical movement of continents affects
convergence and collision paleogeographic slopes, source-to-basin
relief, and hence erosion rates and sediment
delivery

Changing global average rate 1078 years  The major cause of long-term eustatic sea-level

of sea-floor spreading change

Regional tectonic processes 1047 years  Changes in elevation of source areas and

(rift faulting, nappe source-to-basin relief. Generation of clastic
emplacement, etc.) wedges: “tectonic cyclothems”

Orbital forcing 10%73 years Climate changes, eustatic sea-level changes,
including glacioeustasy. Consequent effects
on temperature, fluvial discharge, sediment
yield

Relative role of major controls

downstream controls

BUTTRESS
(sea level, lake level,
outflow ridge)

upstream controls

Movement of

buffer zone by
tectoni
BUFFERZONE  conom
(instantaneous
preservation
space)

Fig. 5.1 Allogenic controls on fluvial sedimentation. The relative roles of the major depositional
controls are based on Shanley and McCabe (1994, Fig. 6); the diagram is intended to suggest
how the balance between upstream (tectonic, climatic) and downstream (base-level) controls
changes from river mouth to source. The buttress and buffer concepts are based on Holbrook et
al. (2006), and are discussed in the text
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the prevailing conditions of discharge and sediment load. Scour depths can be con-
siderable. Best and Ashworth (1997), based on their studies of the Jamuna River
in Bangladesh, suggested that it may be as great as five times the mean channel
depth. The buffer zone may move vertically (up or down) or expand or contract in
reaction to changes in upstream controls, such as tectonism or climate change that
govern the discharge and sediment load of the river. For example, tectonic uplift
may increase the sediment load, causing the river to aggrade towards its upper
buffer limit. The limit itself may move upward. A drop in the buttress, as a result
of a fall in sea (or lake) level, may result in incision of the river system, but if the
continental shelf newly exposed by the fall in sea level has a similar slope to that
of the river profile, there may be little change in the fluvial style of the river. In any
of these cases, the response of the river system is to erode or aggrade towards a
new dynamically maintained equilibrium profile that balances the water and sedi-
ment flux and the rate of change in accommodation.

Away from the tectonically active basin margin, the interpretation of fluvial
depositional systems in terms of tectonic controls involves a focus on the con-
figuration, modification and rate of change of the buffer. This can be approached
through detailed stratigraphic studies of the architecture of the deposits, including
their facies variability, cyclicity, sequence stratigraphy, and changing sedimenta-
tion rates. Allen (2008, p. 20), concluded from a study of landscape evolution that

Large alluvial systems with extensive floodplains should therefore strongly buffer any

variations in sediment supply with frequencies of less than 10°~ © years. This has strong

implications for the detection of high-frequency driving mechanisms in the stratigraphy of
sedimentary basins.

It has long been known that scales and rates of clastic sedimentation vary over
many magnitudes of time scale and physical scale (e.g., Sadler 1981). Recent
research has indicated that this variability conforms to a fractal pattern, and this
provides a useful theoretical framework from which to develop a deeper under-
standing of stratigraphic processes (Sect. 2.1; Miall in press). What follows are
some examples of how a focus on the key features of fluvial depositional systems
can contribute to these advances. Reference is made to the Sedimentation Rate
Scales (SRS) defined in Sect. 2.1, which are provided in order to position discus-
sions of sedimentation rate within a time scale appropriate for the processes under
consideration.

5.2 Upstream Controls

5.2.1 Tectonics

The importance of tectonism, as a major upstream control, has long been recog-
nized. Pettijohn (1957), King (1959) and Sloss (1962) used the term clastic wedge
to refer to the thick, syntectonic, wedge-shaped deposits derived from orogenic
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uplift, and the term has subsequently been widely used for this sedimentary asso-
ciation. It is common for proximal deposits to make up large-scale coarsening-
upward cycles tens to hundreds of meters thick, recording increasing source-area
relief and depositional slope during tectonism. These have been called tectonic
cyclothems (Blair and Bilodeau 1988; see Fig. 5.2). A direct association between
tectonism and clastic wedge progradation has long been assumed but, in the case
of foreland basins, was challenged by Heller et al. (1988).

Embry (1990, p. 497) proposed a set of guidelines for identifying tectonism as
a major control of sequence generation. His proposal was based on his examina-
tion of the Mesozoic stratigraphic record of Sverdrup Basin, Arctic Canada, a suc-
cession up to 9 km thick, which he subdivided into 30 stratigraphic sequences in
the million-year frequency range. He suggested, however, that the guidelines have
general applicability. They are as follows:

(1) the sediment source area often varies greatly from one sequence to the next; (2) the
sedimentary regime of the basin commonly changed drastically and abruptly across a
sequence boundary; (3) faults terminate at sequence boundaries; (4) significant changes in
subsidence and uplift patterns within the basin occurred across sequence boundaries; and
(5) there were significant differences in the magnitude and the extent of some of the subae-
rial unconformities recognized on the slowly subsiding margins of the Sverdrup Basin and
time equivalent ones recognized by Vail et al. (1977, 1984) in areas of high subsidence.

To these points could be added: (6) sequence architecture can be genetically
related to the developments of structures within a basin; (7) truncation of entire
sequences beneath sequence boundaries indicates tectonic influence (e.g., Yoshida
et al. 1996); and (8) a sequence architecture consisting of thick clastic wedges can-
not be generated by passive sea-level changes (Galloway 1989).

The many types of tectonic influence on fluvial depositional processes were
discussed by Miall (1996, Chap. 11), including a discussion of the Heller et al.
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Fig. 5.2 Tectonic cyclothems. Adapted from Blair and Bilodeau (1988)



5.2 Upstream Controls 175

(1988) models of syntectonic and antitectonic sedimentation (Sect. 11.4.6).
Schumm et al. (2000) also provided a detailed and well-illustrated dissertation
on the relationships between Active tectonics and alluvial rivers (the title of the
book). Burbank et al. (1996) documented the close relationship between active
tectonism and the evolving geomorphology of river systems. Modern basin
research, using the full range of chronostratigraphic dating and correlation meth-
ods can now lead to detailed interpretations of time scales and rates of processes.
This section is concerned primarily with the response of fluvial systems to tectonic
forcing on a regional scale. The reader is referred to the references cited above
for detailed discussions of the local syndepositional response to basin-margin and
within-basin tectonism.

The concept of the clastic wedge has been a very useful one, in relating large-
scale nonmarine sedimentary processes to regional uplift. Other geological sce-
narios that contribute to an upstream tectonic control of sedimentation include
syndepositional movement on bounding or within-basin faults and folds.

Clastic wedges typically approximate a wedge shape because they splay out
from a point source of limited areal extent (reflecting the localization of most tec-
tonic episodes) and thin down dip as transport energy diminishes. The term clas-
tic wedge has come to be more broadly applied to other tectonic settings, such
as wedges of alluvial-fan deposits banked against a bounding fault in a rift basin.
The original concept included the supposition that the geometry and timing of
clastic deposits derived from the erosion of orogenic uplifts can be correlated to
tectonic episodes in their source area (the term tectonic cyclothem highlights this
concept). For example, alluvial to shallow-marine Cenozoic clastic wedges of the
Gulf Coast can be correlated with tectonism in the headwaters regions of the Gulf
Coast rivers—the Cordilleran mountains of the western United States, with uplift
and erosion along the Appalachian mountains, and with late Cenozoic glacial sedi-
ment supply from a northern hinterland (Canada).

Galloway (1989, 2005) compiled data on the ages of tectonic episodes in
these source areas, and on the distribution of remnant cratonic clastic sheets in
the US interior that represent areas of temporary sediment storage on the course
of rivers that ultimately drained into the Gulf of Mexico. He identified nineteen
genetic depositional sequences in the Gulf spanning the Paleocene to Pleistocene,
and eight long-lived, extrabasinal fluvial-deltaic axes through which the bulk of
the clastic detritus was delivered to the Gulf basin. From the Paleocene to the
Oligocene, the bulk of the detritus was derived from Cordilleran uplifts (Fig. 5.3).
The Ogallala Formation (Miocene), a fluvial sheet that extends from Wyoming and
South Dakota to Texas (and serves as a vital aquifer in this relatively arid area of
the High Plains) represents part of the sediment derived from the rising Cordillera
and deposited in easterly and southeasterly flowing rivers that drained out into the
western part of the Gulf basin. In the Miocene, rejuvenation of the Appalachian
Mountains contributed to the establishment of the Mississippi drainage as a prin-
cipal route for sediment delivery to the Gulf. “A broad belt of coarse, gravelly
sand, derived from the southern Appalachians now forms a broad, dissected and
poorly dated alluvial apron” along the southern Appalachians (Galloway 2005,
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Fig. 5.3 The evolution of fluvial systems in the interior of the United States in response to oro-
genic and epeirogenic uplifts and (in the Plio-Pleistocene) glaciation in the north (Galloway
2005, Fig. 6, p. 418)

p- 420). The Citronelle Formation, a gravelly sand veneer along the east-central
Gulf coastal plain, represents sediment derived from the Appalachians during the
Pliocene, much of which entered the Mississippi or Tennessee drainage and was
ultimately delivered to the Gulf. Later in the Pliocene, the flood of glaciofluvial
drainage from Canada substantially increased the discharge and sediment load of
the Mississippi system. Deepening and incision of this river led to its capture of
the Red and Tennessee rivers in the Pleistocene.

Another example of the correlations that can be made between tectonism
and sedimentation encompasses the various pulses of nonmarine sediment that
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characterize the interior basins of British Columba and the clastic wedges that
entered the Alberta foreland basin from the rising Cordilleran uplifts during
the Jurassic-early Tertiary (e.g., Kootenay-Fernie, Blairmore, and Belly River-
Paskapoo: see Fig. 5.4). The ages of these local basin fills and foreland basin clas-
tic pulses have been loosely correlated with terrane-accretion events along the
western continental margin (Stockmal et al. 1992; Ricketts 2008). Petrographic and
paleocurrent evidence has been crucial in these reconstructions. Timing of terrane
docking has, in many cases, been confirmed by the presence of “overlap assem-
blages” of detritus that was clearly derived from one terrane (based on its detrital
petrography), overlaps the terrane suture and extends onto the adjacent terrane.

Clastic wedges and tectonic cyclothems occur over a wide range of physi-
cal scales and time scales. For example, Figs. 5.5, 5.6 and 5.7 illustrate part of
the Sevier clastic wedge of the Rocky Mountain foreland basin at successively
larger scales. The entire wedge (Fig. 5.5) represents a 30 m.y. (Cenomanian
to Maastrichtian) cycle of progradation some 500 km across, from the Wasatch
Range of central Utah, to the Front ranges near Denver. Figure 5.6 illustrates the
lower part of this wedge, consisting of three major cycles spanning approximately
10 m.y. The Ferron Sandstone, deposited during the mid- to late Turonian, repre-
senting perhaps 3 m.y., constitutes the most basinward extent of coastal regres-
sion during this period. In detail (Fig. 5.7) it can be seen that the Ferron comprises
nine cycles of coastal regression, each followed by transgression and coal accu-
mulation. Ryer (1984) attributed the higher order cyclicity shown in Figs. 5.6 and
5.7 to eustatic sea-level change, based on purported correlations with the global
cycle charts of Vail et al. (1977). However, studies of part of the Upper Cretaceous
record of the Rocky Mountains basin indicate that eustatic sea-level control is
unlikely, based on the lack of correlation between cycles at widely spaced sections
within the basin (Krystinik and DeJarnett 1995). Miall and Miall (2001) and Miall
(2010) suggested that the Vail/Exxon curves should not be accepted as standard
scales for the determination of eustatic control. It is more likely that that the mil-
lion-year cycles illustrated in Fig. 5.6 are tectonic in origin. The presence of an
unconformity landward of the Ferron sandstone tongue is consistent with an inter-
pretation that the Ferron sandstone is the product of tectonic rejuvenation of the
source area. The high-frequency Ferron cycles of Fig. 5.7 may be the product of
orbital climatic or sea-level forcing, a mechanism discussed below.

Some of the most detailed work relating sedimentation to active tectonism has
been carried out in foreland basins, particularly the Sevier clastic wedge of the
Rocky Mountain Basin and the basins flanking the Pyrenees. The physical scale of
these cycles, and the geologic time that they represent, are reflections of the pro-
cesses involved in their generation. For example, Table 5.2 summarizes the local
to regional tectonic processes that may occur in foreland basins, ranging from the
movement and loading of individual thrust plates to the crustal loading caused by
the collision and suture of an entire continental margin.

Growth strata that develop adjacent to active structures, such as basin-margin
thrust faults are typically deposited at SRS-70 rates, which represent the highest
long-term geological rates that have been recorded. Along the southern flanks of
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the Pyrenees coarse, proximal, syntectonic alluvial deposits are well exposed and
detailed mapping has revealed the patterns of uplift, erosion, basement unroofing,
and coarse clastic sedimentation (Barrier et al. 2010). Unfortunately, it is very dif-
ficult to accurately determine the rates of processes in this type of setting, owing
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Fig. 5.7 The minor cycles of the Ferron Sandstone (Ryer 1984, Fig. 4, p. 220)

Table 5.2 The relationship between tectonic processes and stratigraphic signatures in foreland

basins, at different time scales

Duration m.y.  Scale Tectonic process Stratigraphic signature
>50 Entire tectonic ~ Regional flexural Regional foredeep basin
belt loading, imbricate

stacking

10-50 Regional Terrane docking and Multiple “molasse” pulses
accretion

10-50 Regional Effects of basement Local variations in subsid-
heterogeneities ence rate; may lead to local
during crustal transgressions/regressions
shortening

>5 Regional Fault-propagation Sub-basin filled by sequence
anticline and sets bounded by major
foreland syncline enhanced unconformities

5-0.5 Local Thrust overstep Enhanced sequence boundaries;
branches develop- structural truncation and
ing inside fault- rotation; decreasing upward
propagation anticline dips; sharp onlaps thick low-

stands, syntectonic facies
<0.5 Local Movement of individual ~ Depositional systems and

thrust plates, normal
listric faults, minor
folds

bedsets geometrically
controlled by tectonism and
bounded by unconformable
bedding-plane surfaces.
Maximum flooding surfaces
superimposed on growth-
fault scarps. Shelf-perched
lowstand deposits

This table was adapted mainly from Deramond et al. (1993), with additional data from
Waschbusch and Royden (1992), Stockmal et al. (1992)

to the difficulty in determining accurate ages of coarse alluvial deposits. Burbank
et al. (1996, Fig. 6) provided an example where accumulation rates averaged
0.117 m/ka over 1.7 m.y. Data provided by Medwedeff (1989) indicate a growth
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rate of 0.305 m/ka over 8 m.y. for an example in California. At the margins of the
Tarim Basin, in western China, Sun et al. (2010) used magnetostratigraphic data to
determine the rates of accumulation of “growth strata” in proximity to a growing
anticline. Sedimentation rates increased from 0.325 m/ka prior to the syndeposi-
tional movement of the growth structure, to 0.403 m/ka during the period of active
tectonism, over a total time span of about 10 m.y.

In some cases, tectonic episodes can be linked quite specifically to depositional
episodes. Mapping by R. L. Armstrong, P. G. DeCelles, and many others since the
1960s has unraveled a close relationship between episodes of thrust faulting and
uplift along the Sevier fold-thrust belt in the US Rocky Mountains region, and
the development of coarse, source-proximal conglomerates derived directly from
those uplifts (e.g., Horton et al. 2004). Eastward, the conglomerates pass into non-
marine and shallow-marine coastal plain deposits. Commonly the conglomerates
are themselves cut and displaced by the faults, which is further evidence of the
genetic relationship between tectonism and sedimentation. Figure 5.8 summarizes
this relationship, as it has been documented in northeastern Utah and southern
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Fig. 5.8 The time—space relationship between thrust fault episodes and synorogenic conglom-
erate deposition in northeastern Utah and southern Wyoming. HFC Hams Fork Conglomerate;
LMCC LittleMuddy Creek Conglomerate;WCC Weber Canyon Conglomerate; ECC Echo
Canyon Conglomerate; FC Frontier Conglomerate (Liu et al. 2005, Fig. 3, p. 491)
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Wyoming, and Fig. 5.9 is a synthesis of the stratigraphy of these sequences.
Figure 5.10 is a chronostratigraphic chart which synthesizes the stratigraphy,
facies and timing of these sequences in relationship to regional and global events.
The definition of the sequences shown in Figs. 5.9 and 5.10 did not automati-
cally emerge from a synthesis of the regional stratigraphy, but required a search
for and a recognition of the key indicators of changing regional accommodation
that are now know to characterize sequence generation. This is a good illustration
of the “genetic” nature of sequence stratigraphy—application of sequence con-
cepts can greatly facilitate synthesis and interpretation, but only if there are exist-
ing concepts and models that are appropriate for the field case under study. This
illustrates both the strengths and the pitfalls of the method. In the case under study
here, sequence mapping was facilitated by the appropriate choice of datum for the
construction of the stratigraphic synthesis (Fig. 5.9). This is not a mundane meth-
odological issue, but may become a key to the elucidation of stratigraphic rela-
tionships. The datum, in this case, was placed at the base of the Canyon Creek
Member of the Ericson Formation, which clarifies the progradational nature of the
units above, and introduces as little distortion as possible to the complex tectono-
stratigraphic relationships of the units below. The five sequences into which the
succession has been divided were recognized in the basis of ““an iterative process,
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Fig. 5.10 Correlation chart for the Upper Cretaceous “megasequences” of southern Wyoming,
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curve from Abreu et al. (1998) and the T-R cycles of Kauffman (1984). WMT Willard-Meade
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equence, UCF = unconformity (Liu et al. 2005, Fig. 5, p. 494)

in which regional unconformities and/or surfaces across which there was a demon-
strable rapid change in subsidence regime were the chosen boundaries” (Liu et al.
2005, p. 493). Correlation of the units westward, through the facies change into
the syntectonic conglomerates, was also an important criterion. Using accommo-
dation cycles as a model for interpretation, lithostratigraphic units that have long
been known in this area could be assigned their appropriate position in the suc-
cession of systems tracts. Specific marine shales could then be identified as trans-
gressive deposits or representing maximum flooding intervals, upward-coarsening
transitions from coastal-plain sandstone to coarse conglomerate could be assigned
to highstand systems tracts, and so on. The complete Cenomanian-Maastrichtian
succession took 32 m.y. to accumulate to a maximum thickness of 3,500 m
(Fig. 5.9), a sedimentation rate of 0.108 m/ka, a rate consistent with SRS 10 or 11.
Aschoff and Steel (2011) summarized earlier work on the Sevier clastic
wedge, in the classic area of the Book Cliffs (Utah-Colorado), focusing on the
Campanian section (Fig. 5.11; the middle portion of the Sevier wedge, as illus-
trated in Fig. 5.5). This succession has long been interpreted as the product of
repeated thrust loading along the Sevier fold-thrust belt (Kamola and Huntoon
1995; Yoshida et al. 1996; Horton et al. 2004). Aschoff and Steel (2011) calcu-
lated rates of coastal progradation and rates of sediment accumulation in order to
explore relationships between sedimentation and tectonism. The range of sedi-
mentation rates is 0.047-0.14 m/ka, calculated over stratigraphic times spans of
between 2.1 and 6.5 m.y. These are within the range for SRS /1, but are low rela-
tive to those recorded in some Andean basins (Miall, in press). By comparison, the
Catskill Delta of New York-Pennsylvania accumulated at comparable rates. Data
provided by Ettensohn (2008) indicate a maximum rate for the proximal part of
the “delta” (in reality a major clastic wedge deposited in a range of nonmarine to
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Fig. 5.11 Summary of Campanian clastic wedges in the Cordilleran foreland basin showing
units, shoreline stacking trajectories, generalized facies types, and progradation rates (Aschoff
and Steel 2011, Fig. 2, p. 1825)

shallow-marine environments) of 0.096 m/ka (maximum thickness of 3 km accu-
mulated over about 9 my between the Givetian and the Famennian).

Horton et al. (2004) cited petrographic evidence for tying the origin of the
Castlegate Sandstone to movement on thrust structures in the Sevier orogen.
Aschoff and Steel (2011) speculated about the possible influence of basement
uplift within the Sevier foreland basin, which would tend to cancel out some
of the subsidence due to flexural loading. This seems particularly likely for the
middle portion of the clastic wedge, that characterized by the Castlegate sand-
stone, the sheet-like nature of which has, for some time, been attributed to a
slow rate of regional subsidence (Yoshida et al. 1996). The incipient activation of
Laramide structures within the basin, as suggested by Aschoff and Steel (2011),
would be consistent with these characteristics of the clastic wedge. However,
no such special influence on rates of accommodation has been suggested for the
Appalachian basin.

Distinguishing downstream eustatic from upstream tectonic causes of cyclicity
in the fluvial record depends on the construction of a regional overview, with cor-
relation to tectonic or eustatic episodes in the upstream or downstream directions,
respectively. Two additional examples are described here to highlight the strati-
graphic and sedimentologic features that can cement the relationship between sed-
imentation and tectonics.

Herrero et al. (2010) described the evolution of a largely subsurface foreland
basin of Cenozoic age in northern Spain. Well records (Fig. 5.12) display charac-
teristic conglomeratic-sandy autogenic cycles. Seismic reflection data reveal the
presence of three major unconformity-bounded sequences, in which the angular-
ity of the unconformity and the depth of erosion increase toward the source area
(Figs. 5.13 and 5.14). Paleocurrent data confirm the uplifted basin margin as the
sediment source, to the north of the basin. Thickness and age information for the
Vegaquemada sequence, the oldest of the three, indicate that it was deposited over
a period of 25 m.y. and reached a maximum thickness of 1,400 m in the north,
immediately adjacent to the main bounding fault. This translates into a long-term
accumulation rate of 0.056 m/ka, characteristic of SRS-//, the rate typical for
basin-fill complexes undergoing average regional subsidence rates.
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Fig. 5.12  Well log through part of the Candanedo sequence (Miocene), Duero basin, northern
Spain, showing a succession of autogenic fluvial cycles (Herrero et al. 2010, Fig. 13, p. 255)

Turning to a completely different tectonic environment, Mack et al. (2006)
documented in detail the sedimentary history of the southern Rio Grande Rift in
New Mexico. During a largely aggradational phase, extending from 5 to 0.8 Ma,
approximately 100 m of fluvial sediment were deposited in eight separate sub-
basins along the rift system (sedimentation rate 0.023 m/ka, SRS 9). Most of this
sediment accumulated along the central rift, where it was deposited by the axial
ancestral Rio Grande River (Fig. 5.15). Alluvial fans prograding from the faulted
basin margins deposited narrow wedges of coarse conglomerate. The variation in
stratigraphic completeness from basin to basin, the presence of internal discon-
formities and mature paleosoils attest to the movement on individual faults within
the rift system, causing local differential uplift and subsidence movements. Leeder
(e.g., Leeder and Gawthorpe 1987, and later papers) has documented in detail the
relationships between sedimentation and tectonics in rift systems characterized by
subsidiary and cross-cutting faults, how the tectonic evolution of these structures
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Fig. 5.13 Evolution of the three major tectono-stratigraphic sequences in the Duero basin, Spain
(Herrero et al. 2010, Fig. 19, p. 260)

controls the development of steep erosional scarps on the face of downfaulted
blocks, and the location of marginal erosional valleys and sediment delivery
systems.

Lépez-Goémez et al. (2010) described the fluvial fill of a Permian—Triassic basin
in eastern Spain that subsided at varying rates as a result of episodic extensional
faulting and thermal subsidence. The most rapid subsidence rates, in the range of
25 m/yr, occurred over a 2 m.y. period in the late Permian (256-254 Ma; Lépez-
Goémez et al. 2010, Fig. 6). Subsidence rates during the Triassic were at about half
this rate, but still, at 10~2 m/ka, within the SRS-11 range. This study explored the
relationship of fluvial architecture to stretching factors, using values of 3 and f
for upper- and lower-crustal stretching factors calculated form borehole data. The
hypothesis to be tested was whether stretching factor could be related to variations
between various styles of amalgamated or isolated sandbody, it being assumed
that the architecture would be a proxy indicator of subsidence rates. However,
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Fig. 5.14 Depositional
models for the (a)
Vegaquemada sequence, (b)
Candanedo sequence and
(c) Barrillos sequen, Duero
Basin, Spain (Herrero et al.
2010, Fig. 21, p. 261)
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MESOZOIC ROCKS
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subsidence rates were neither quoted nor discussed in the paper (they may be cal-
culated from data presented in their Fig. 5.6). They concluded:

Collectively, our field and laboratory data suggest that although general subsidence in
some way controls the resultant fluvial geometry of the Permian and Triassic alluvial sedi-
ments of the Iberian Ranges, there is no simple direct relationship between the two fac-
tors. (Lopez-Gémez et al. 2010, p. 329)

They suggested a relationship between architecture and stretching factor, but
the relationships do not appear to be straightforward. Indeed, they noted that other
factors, including climate change, could have affected the final composition of the
preserved alluvial architecture.

It is suggested here that the relationships between subsidence and alluvial
architecture are far more complex than proposed by Lopez-Gémez et al. (2010).
Alluvial architecture—the preserved complex of amalgamated macroforms, is
determined by sedimentary processes that occur within the SRS-6 to SRS -8 range,
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Fig. 5.15 Schematic cross-sections of: (a) half graben, (b) full graben, and (¢) Cedar Hills
Transfer Zone, showing distribution of alluvial-fan and axial-fluvial sediment of the Camp Rice
and Palomas formations. Black rectangles in cross-sections represent floodplain and distal allu-
vial-fan mudstones (Mack et al. 2006, Fig. 9, p. 152)

that is, on time scales of 10>~10° years and sedimentation rates of 1071-10% m/ka.
Formation and preservation of the elements of alluvial stratigraphy are therefore
completed within time scales several orders of magnitude more rapid that regional
subsidence (see Sect. 6.2 and Miall, in press). This may be well illustrated by a
comparison with the geology of the Rio Grande Rift, the development of which is
referred to briefly above.
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Research in experimental stratigraphy is providing some essential insights into
the response of fluvial systems to tectonic forcing. Kim and Paola (2007) mod-
eled the case of a fluvial system flowing over and between active extensional faults
oriented normal to flow direction. When interpreted in terms of full-scale systems
their experiments demonstrated that a pulse of fault movement would trigger an
allogenic response that would take about 107 years to complete and would generate
a cycle in the range of 100 m thick (SRS 7-8). However, autogenic adjustments to
the tectonic forcing would include cycles of channel adjustment and alternations
between episodes of sediment storage and release (at times of channel incision)
that would generate a set of smaller-scale cycles nested within the main cycle. In
their experiments, these nested cycles were typically 10-20 m thick. This is not
inconsistent with the conclusions of Allen (2008), quoted in the Introduction to this
chapter (Sect. 5.1). Allen (2008) summarized theoretical work and observations on
modern alluvial fan-catchment systems where tectonic episodes (fault movements)
and landscape response times were measured over a time scale of a few millions of
years. Whereas large alluvial systems are expected to damp out tectonic forcing of
sediment supply over a 10°—10°-year time scale, observations of small-scale river
systems indicate that response times may be as short as 10* years.

5.2.2 Climate

The late Paleozoic Mid-Continent cyclothems were amongst the first ancient
deposits to be interpreted in terms of an overall climatic control. Shepard and
Wanless (1935) suggested a glacioeustatic control based on the major regional
continental glaciation underway across Gondwana at the time of cyclothem dep-
osition (Pennsylvanian-Permian). These deposits locally contain thick deltaic
successions, which Wanless (1964) attributed to regional tectonism along the
Appalachian orogen. The interpretation of cyclothem deposition as the result of
orbitally-forced, high-frequency sea-level change associated with continental
glaciation in Gondwana was a major conceptual development that has not subse-
quently been challenged. However, subsequent studies (most recently: Soreghan
and Montanez 2008; Allen et al. 2011) have demonstrated a wide range of vari-
ability in the nature and time scale of climate change through this period.

Miall (1996, Chap. 12) discussed a range of problems that arise when attempt-
ing to identify and isolate climatic controls on sedimentation in the ancient record:

1. Large variations in fluvial discharge produce recognizable effects in the facies
record, such as the interbedding of very coarse and very fine facies, but the time
scale of variation may not be obvious and the climatic implications therefore
unclear. Seasonal effects, such as those arising from the freeze—thaw cycle,
monsoonal variations, and those that occur in arid environments characterized
by occasional violent flash floods months or even years apart, all generate the
same wide variation in discharge, and consequent wide variation in facies, but
the climatic interpretation of the resulting facies may be quite ambiguous.
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2. The climate of the sediment source area and that of the depositional basin
may not be the same. For example, rivers flowing southward from the Alpine-
Himalayan mountain chain are all strongly seasonal, reflecting the alpine cli-
mate of their mountainous source areas, but they enter very different climates in
the plains to the south. European rivers, such as the Rhone and Po, with head-
waters in the Alps, have coastal plains in the subtropical Mediterranean region.
The Tigris and Euphrates enter the highly arid Mesopotamian basin. The fluvial
plains of northern India are located in a tropical climate where seasonal mon-
soonal rainfall strongly influences discharge characteristics.

3. Related to the above point is the fact that flow hydraulics of a river, and there-
fore the facies and architecture of the bedload deposits, are largely determined
by the climate of the source area, whereas floodplains and their finer grained
deposits are influenced primarily by the climate of the depositional basin.

4. Topographic effects may generate local climates that complicate the depo-
sitional record. For example, mountain ranges rising in the path of prevailing
humid winds may generate high orographic rainfalls on their upwind slopes
and rain shadows downwind. The topographic diversion of air masses is an
important general effect. Very high plateaus, such as Tibet, are also a significant
influence on regional climatic patterns, which have their own effects on air tem-
peratures and circulation.

5. Even within a fluvial basin, levels of water saturation (the water table) and
redox conditions may vary from channel to floodplain and between the proxi-
mal, possibly more elevated basin-margin rivers and the topographically lower
basin-centre channel systems.

6. Climate is commonly recorded in the sedimentary record by vegetation, the
fossil remains of vegetation itself, and by the effects vegetation has on sedi-
ment erodibility, sediment yield, channel style, and so on. However, the styles
of vegetation that characterize the earth today have evolved with time, and
were very different in the geological past. The development of large land plants
in the Devonian, of plants that could survive seasonal climate changes in the
Mesozoic, and of grasses in the Miocene, all brought about changes in fluvial
hydrology and channel style. This was first suggested by Schumm (1968a), and
has been explored in depth and confirmed by the detailed reviews of Davies and
Gibling (2010a, b, 2011). Modern analogues therefore have a limited applica-
bility to the distant past, with pre-Devonian landscapes probably functioning
sedimentologically much as do arid regions of the present day, even where rain-
fall was abundant.

Correctly identifying these various effects and separating them from the some-
times very similar effects of tectonic control, requires meticulous observation and
very careful deductive reasoning.

The Late Paleozoic Ice Age of Gondwana, which extended from the late
Pennsylvanian to the Early Permian, was a period of climate instability world-
wide (Soreghan and Montanez 2008). Much of the world’s coal reserves in North
America and Europe were deposited during this period, at a time when these
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regions were situated between 30°N and 30°S, deep within the supercontinent
Pangea. Partly for this reason there has been considerable interest in exploring the
relationship between sedimentation and climate, and the controls on coal devel-
opment. Tabor and Poulsen (2008) listed seven factors that may have influenced
paleotropical climates: (1) tectonic drift, (2) land-sea distribution, (3) supercon-
tinentality, (4) monsoon variability, (5) uplift/collapse of major orogenic belts,
(6) waxing and waning of Gondwanan ice sheets, and (7) atmospheric pCO,. How
these regional and global controls affected alluvial architecture is discussed below.

The sedimentological evidence of climate change is not limited to field cases
where it is possible to establish high-frequency sea-level change (of glacioeus-
tatic origin). Cecil (1990) and Perlmutter and Matthews (1990) provided general
models of the response of depositional systems to climate change. Climate con-
trols sedimentation through its effects on temperature, humidity, rainfall, evapo-
ration rates, wind and sunlight, all of which affect vegetation cover, weathering
and erosion patterns, and sediment yield (Table 5.3; Figs. 5.16, 5.17). As climate
belts shift as a result of orbital forcing, or the continents drift through climate belts
as a result of plate motions, climate changes lead to changes in clastic sediment
yield and patterns of chemical sedimentation. Vegetation patterns change both in
elevation and latitude, as the global climate cycles through the changes in season-
ality and total energy flux. Arid climates are times of low sediment yield and, in
low-lying areas, are accompanied by formation of pedogenic carbonates and evap-
orites. Sediment yield increases with increasing precipitation, leading to a predom-
inance of clastic sedimentation. Maximum yields occur under temperate, seasonal
wet/dry climatic conditions. Very humid climates are characterized by thick vegeta-
tion cover, which results in a reduction in sediment yield and an increasing impor-
tance of peat/coal formation. Specialized studies of paleosoils can yield much
information regarding prevailing climates and climate change (Retallack 2001).
Leier et al. (2005) demonstrated that giant alluvial fans (“megafans”) occur where
monsoonal climate conditions are responsible for large-scale discharge fluctua-
tions, resulting in the rapid dumping of enormous volumes of coarse detritus along
a mountain front.

As discussed in detail by Blum and Toérnqvist (2000), the sedimentologi-
cal behavior of a river depends on the balance between discharge and sediment
load (Fig. 5.18). Sediment supply depends on many factors, with climate being
a primary influence, as noted above. Stream power is determined primarily by
discharge, which may be steady or flashy, depending on climatic regime. Given a
river system that has reached a dynamic equilibrium, an increased in bedload will
result in aggradation, whereas an increase in discharge, or a reduction in bedload,
will result in degradation.

The Niger River and delta system offers an interesting example of how changes
in climate might be directly reflected in alluvial sedimentation (Fig. 5.19). The
Niger River, which is the major sediment source for the delta, flows through three
major climate belts that cross tropical west Africa. In the north, the Sahel is an
area of steppe climate—arid, with very limited vegetation cover. Rainfall is sparse
and flashy, leading to erratic yield of coarse clastic detritus. The savanna is an
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Fig. 5.16 Sedimentological
response to climate change.
(a) Probability for clastic
input in response to climatic
wetness. (b) Conditions

for formation of chemical
sediments (Cecil 1990,

Fig. 1, p. 533)

Fig. 5.17 Sedimentary
response to changes

in paleoclimate in the
Pennsylvanian, based on
interpretation of cyclothems
(Cecil 1990, Fig. 4B, p. 535)
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area of grassland, and the rainforest belt a zone within which weathering and ero-
sion processes will tend to generate more suspended chemical sediment load than
clastic bedload. Cooler global climates, such as those that characterize glacial epi-
sodes, will tend to shift these climate belts southward, meaning that more of the
Niger watershed lies within the steppe zone, with consequent increased levels of



194 5 Allogenic Sedimentary Controls

Fig. 5.18 Balance model for m

aggradation and degradation

of alluvial channels, [T ——
P . sediment size

emphasizing changes in

the relationship between

discharge and sediment

Q
supply (Blum and Tornqvist I discharge
2000, Fig. 8, p. 12; after \*/
Lane 1955) 1 lati agg ati

Sediment Supply Stream Power

L KW/\/ 7
\ LA

110 e st
channel slope

* . boundary of
‘watershed

Fig. 5.19 The climate zones of the Niger River watershed. Movement of these belts as a result
of climate change can be expected to exert a major control on the amount and type of sediment
delivered to the Niger delta (after Van der Zwan 2002)

clastic sediment delivery to the delta. Conversely, during periods of warmer cli-
mate, the rainforest belt would be expected to expand northward, with a resulting
reduction in the clastic sediment load. These variations might be expected to be
present in the form of cyclic variations in sediment calibre or sand-bed thickness
in the Niger delta (although this would likely be masked on the delta front because
of autogenic overprinting by slumps, turbidite events, etc.).

Figure 5.20 shows a model of fluvial processes in relationship to glacially con-
trolled changes in climate and vegetation, based on Dutch work. These studies, and
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similar work in Texas (Blum 1993), deal with periglacial regions, where climate
change was pronounced, but the areas were not directly affected by glaciation.
Vandenberghe (1993) and Vandenberghe et al. (1994) demonstrated that a major
period of incision occurred during the transition from cold to warm phases because
runoff increased while sediment yield remained low. Vegetation was quickly able
to stabilize river banks, reducing sediment delivery, while evapotranspiration
remained low, so that the runoff was high. Fluvial styles in aggrading valleys tend
to change from braided during glacial phases to meandering during interglacials
(Vandenberghe et al. 1994). Vandenberghe (1993) also demonstrated that valley
incision tends to occur during the transition from warm to cold phases. Reduced
evapotranspiration consequent upon the cooling temperatures occurs while the veg-
etation cover is still substantial. Therefore runoff increases, while sediment yield
remains low. With reduction in vegetation cover as the cold phase becomes estab-
lished, sediment deliveries increase, and fluvial aggradation is reestablished.

It is apparent that fluvial processes inland and those along the coast may be
completely out of phase during the climatic and base-level changes accompanying
glacial to interglacial cycles (Fig. 5.20). Within a few tens of kilometres of the sea,
valley incision occurs at times of base level lowstand, during cold phases, but the
surface may be modified and deepened during the subsequent transgression until
it is finally buried. Inland, major erosional bounding surfaces correlate to times of
climatic transition, from cold to warm and from warm to cold, that is to say during
times of rising and falling sea level, respectively.

Another clear example of climate change affecting fluvial sedimentation was
provided by Foreman et al. (2012). The Paleocene-Eocene thermal maximum
(PETM) represented a period of about 200 ka during which it has been hypoth-
esized that global climates were substantially warmer than earlier in the Paleocene
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Fig. 5.20 Relationship among temperature, vegetation density, evapotranspiration, precipitation,
and sedimentary processes in river systems during glacial and interglacial phases, and the rela-
tionship to the contemporaneous marine cycle. Based on work in the modern Rhine-Meuse sys-
tem (Vandenberghe 1993), with the marine cycle added
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and, subsequently, later in the Eocene. The cause is beyond the subject matter of
this book, but in one of the nonmarine Laramide Basins of Colorado, the Piceance
Creek Basin, it would appear that the climate change imposed a very distinctive
change on the fluvial style. An interval of some 40 m of fluvial strata, in the
middle of a continuous Paleocene-Eocene section, shows a marked shift from
thin, laterally restricted sand bodies, interpreted as the product of small, shallow
rivers, to much thicker, broader sand bodies in which the evidence of upper flow-
regime plane-bed sedimentation is particularly common and distinctive. Foreman
et al. (2012) are able to rule out tectonic or other controls that brought about these
changes, and the fact that they can be correlated in time with the PETM is more
than suggestive.

Blum (1993) developed a detailed radiocarbon-based chronostratigraphy for
several of the rivers draining into the Gulf of Mexico. The alternation of episodes
of floodplain aggradation and channel incision records changing climatic condi-
tions since the peak of the last ice age. The chronology of events in the Upper
Colorado drainage of central Texas, illustrating the evolution of late Pleistocene
through modern alluvial stratigraphic sequences, is summarized in Fig. 5.21.

Diagram (a): During the last full-glacial period, approximately 20—14 ka, sedi-
ment supply exceeded transport capacity, resulting in deposition of late Pleistocene
fills; (b) approximately 14—11 ka, sediment supply greatly diminished resulting in
abandonment of late Pleistocene flood plains and excavation of bedrock valleys; (c)
The first of two episodes of aggradation: approximately 11-5 ka, sediment supply
exceeds transport capacity resulting in deposition of early to middle Holocene fills;
(d) approximately 5-2.5 ka, flood magnitudes decrease resulting in abandonment
of early to middle Holocene flood plains and soil formation, but sediment supply
remains high, thus promoting storage of sediments and production of unconformity
by continued lateral migration of channels; (e) approximately 2.5-1 ka, sediment
supply remains high, thus promoting continued lateral migration of channels and
storage of sediments, but increases in flood magnitudes result in burial of soil pro-
files on previously stable surfaces; and (f) last 1000 years, decreases in sediment
supply result in clearing of stored sediments, whereas decreases in flood magni-
tudes result in abandonment of flood plains, and incision of modern narrow valley.

Another example of glacial to interglacial climatic control of sedimentation is
provided by the Po Basin in Italy (Amarosi et al. 2008). In this case, the basin is
situated near sea level, and the climatic control is expressed by changes in allu-
vial architecture that reflect the direct control of sea-level. Correlation of laterally
amalgamated channel sand bodies in the subsurface is facilitated by the presence
of well-developed mud-dominated layers with a characteristic pollen signature of
warm-temperate forests (Fig. 5.22). These are interpreted as transgressive depos-
its corresponding to phases of rising sea-level at the end of a glacial episode. The
underlying, laterally amalgamated fluvial-channel bodies “which may be several
tens of km in width, are interpreted as complex systems of laterally migrating,
braided- and low-sinuosity rivers that developed under conditions of increased sed-
iment supply” during cool, glacial phases. “Low accommodation during lowstand
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Fig. 5.21 The sequence of events in the Upper Colorado drainage, central Texas. See text for
details (Blum 1993, Fig. 6, p. 269). AAPG © 1993. Reprinted by permission of the AAPG whose
permission is required for further use

(and early transgressive?) phases favoured lateral migration of river channels, with
widespread development of scour-and-fill episodes” (Amarosi et al. 2008, p. 66).

The sharp transitions at cycle boundaries from sheet-like fluvial channel bodies to organic-
rich clays and their diagnostic pollen signal (sharp increase in arboreal pollen) may suggest
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Fig. 5.22 Subsurface Quaternary stratigraphy of part of the Po Basin, Italy. Laterally amalga-
mated channel sand complexes can be correlated with each other by the presence of distinctive
mud-dominated layers (shown by dashed lines) characterized by a pollen spectrum typical of
warm-temperate forests (Amarosi et al. 2008, Fig. 6, p. 65)

that generalized development of paludal areas and poorly drained floodplains took place
in the study area in response to rapid sea-level rise close to the onset of interglacial peri-
ods (TST). During these phases, river channels were probably essentially non-migrating,
as suggested by the strongly lenticular, ribbon-shaped channel geometries ... Increased
accommodation due to the combined effect of subsidence and sea-level rise led to wide-
spread aggradation. (Amarosi et al. 2008, p. 66)

In the Rio Grande Rift of New Mexico, Mack et al. (2011) demonstrated a cor-
relation between phases of terrace development and climate change. Periods of
terrace development, including the deposition of floodplain sediments, correlated
with episodes of relative humidity, whereas periods of incision occurred during
times of aridity. These changes provide another example of the processes illus-
trated in Fig. 5.18.

In the more ancient clastic sedimentary record climatic control is clearest
in the case of lacustrine deposits that have been deposited under the influence
of orbital forcing. Two classic examples are discussed briefly here, the Triassic
Newark Group of eastern North America, and the Eocene Green River Formation
of Wyoming. In both cases, lacustrine cycles, which include evaporites and/or oil
shales, are very well developed and have yielded clear orbital signals. Alluvial
deposits occur at the margins of the basins, and interfinger with the lake deposits
to an extent that varies, depending on the changing climate.

Olsen (1990) defined three types of lacustrine facies complex (Fig. 5.23).
Alluvial deposits, consisting mainly of coarse alluvial-fan deposits, are limited
largely to the basin margins. Tongues of fluvial sandstone extended further into
the lake basin during arid periods, when lake water levels dropped, and ephem-
eral drainage systems extended across a widening sand flat around the basin mar-
gins. A strong orbital signature has been extracted from these rocks (Fig. 5.24).
A very similar stratigraphic pattern is illustrated by the Green River Formation
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required for further use

(Fig. 5.25). Eugster and Hardie (1975) provided a depositional model which
shows how these various facies relate to each other (Fig. 5.26).

Advances in the interpretation of paleosoils, the evolution of vegetation,
and the interpretation of facies assemblages and architecture led Allen et al.
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(2011) to offer a detailed interpretation of the variations in climate through the
Carboniferous to Permian record in Atlantic Canada. This record is largely non-
marine, includes thick coals and significant evaporite deposits, and has long been
interpreted as the product of deposition on a tropical regime. In a section headed
“Fluvial Deposits as Climate Proxies” (p. 1525), they noted that

Continental records of climate change within the paleotropics have been interpreted using
a number of different methods by various researchers, including the spatial and temporal
distribution of climate-sensitive lithologies such as coal, evaporites, and eolianite, sequence
stratigraphy, paleosols, geochemical proxy analysis, and paleobotanical and paleo-ecological
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analysis. To date, geochemical and paleobotanical records have provided the majority of
high-resolution interpretations of paleoclimate change within continental successions.

Amongst the objectives of this paper was a project to employ facies criteria to
identify climate change within the fluvial deposits. Earlier studies by the authors
had suggested that a distinctive facies association is developed in tropical environ-
ments characterized by strongly seasonal discharge (Fielding et al. 2009), and the
criteria discussed in this and other papers were applied to the analysis of the fluvial
record in the project area. While the results appear internally consistent, it is sug-
gested that it remains the paleobotanical and paleosoil evidence that is the most
definitive in identifying climatic conditions in these rocks. These rocks provide a
good example of the difficulties in characterizing fluvial style discussed in Sect. 2.2
of this book.

5.2.3 Distinguishing Between Climatic and Tectonic
Driving Mechanisms

There are many examples in the ancient record for which speculative interpreta-
tions of climate change have been invoked to explain facies variations. In Sect. 3.4
we discuss the deposits described by Martinius (2000), in which a crude cyclicity
between facies associations (Fig. 3.16), clearly of allogenic origin, is interpreted
as either tectonic or climatic in origin. Hillier et al. (2007) described facies evi-
dence for contrasting climates in the deposition of the Old Red Sandstone of South
Wales. It is unclear from the field evidence whether the contrasting climates rep-
resent climatic cyclicity during the basin history, or whether the distinctly facies
associations were derived from source areas marginal to the basin that were char-
acterized by different local climatic settings. Kallmeier et al. (2010) described
coarse fanglomerates deposited by stream flow and sediment gravity flow, with the
variation between these facies types likely indicating changing climatic humidity
or, possibly, tectonic control.

In this section we use the term cyclothem to refer to sequences generated by
orbital forcing and the term cyclothemic to refer to cycles that may be similar
to cyclothems in facies, thickness, and time span, but are not necessarily gener-
ated by orbital forcing. There is an overlap in frequency and sedimentation rate
between cyclothems, as thus defined, and those attributed to high-frequency tec-
tonism (SRS-8,-9 and -10). Dickinson et al. (1994) noted that there are four types
of processes that can potentially generate cyclothemic-type deposits: (1) orbital
forcing, (2) autogenic processes, such as delta-lobe switching, (3) movement of
faults and folds, and (4) flexural loading of individual thrust plates. Criteria for
distinguishing between these various processes are clearly essential. A summary of
the comparisons and contrasts between cyclothems and cycles of tectonic origin is
presented in Fig. 5.27.
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Fig. 5.27 Table summarizing the key differences between sequences generated by tectonic
mechanisms, and cyclothems generated by orbital forcing

Some autogenic deposits may potentially be confused with true cyclothemic
deposits on the basis of vertical profile characteristics. However, autogenic depos-
its are limited in areal extent to the depositional system which they represent.
The largest delta systems (e.g., Mississippi, Niger, Nile) are on the order of about
100 km across. Therefore, the lateral extent of a cyclic unit is clearly an important
criterion by which to distinguish autogenic facies successions from regional cycles
caused by allogenic mechanisms.

The two major allogenic driving forces that develop cyclothemic deposits on
a regional scale are orbital forcing and flexural loading. The immediate effects of
flexural processes may be to generate accommodation close to the point of load,
giving rise to the classic “lozenge-shaped” regional isopach distribution. However,
because the crust has flexural strength and may transmit stress “in-plane” through
the crust, flexural effects may be generated over wide areas of a continent. In fact,
as discussed elsewhere (Miall 2010, Sect. 10.4), changes in intraplate stress may
be capable of generating tectonic events and rapid changes in accommodation on
a continental, hemispheric, even, potentially, on a global scale. However, high-
frequency sequences that are deposited as a result of the changes in accommoda-
tion and sediment supply caused by tectonism will have characteristics that clearly
distinguish them from true cyclothems. Cycle thickness and facies will show clear
relationships to structural features within a basin. There may be changes in clas-
tic grain-size that can be related to structural features. For example, coarse con-
glomerates may be cut by and rest on the thrust faults along which movement has
generated the accommodation for a tectonic cyclothem (e.g., Fig. 5.8). Cycles gen-
erated by tectonism will typically vary in thickness and facies along trends that
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forebulge

Fig. 5.28 The evolution of a forebulge, showing the development of an unconformity as a result
of uplift and cratonward migration, and the onlap of foredeep and back-bulge-basin strata (Currie
1997, Fig. 6, p. 1211)

parallel tectonic grain, and may contain internal architectural features, such as
onlap patterns and angular truncations that indicate the syndepositional nature of
tectonism (e.g., Figs. 5.9, 5.13, 5.28). Where the proximal regions of basin fills
are preserved, that is, the areas where active structures affect contemporaneous
sedimentation processes, growth strata may be defined and mapped, which show a
clear relationship between sedimentation and tectonics, such as progressive uncon-
formities (e.g., Riba 1976; Anadon et al. 1986; Barrier et al. 2010), The reciprocal
-stratigraphy process described by Catuneanu et al. (1997b, 1999, 2000) is a par-
ticularly clear example of the way in which tectonism may leave an unmistakable
imprint on stratigraphic architecture.

Conversely, cyclothems and other sequences generated by orbital forcing may
be expected to extend across tectonic elements, such as forebulges, without major
change in thickness, but may change in facies. If eustatic sea-level change, or con-
tinental-scale climate change, are the major driving forces in sequence generation,
then although sequences may show major internal facies changes, they may, never-
theless, extend across tectonic boundaries and be correlatable across and between
sedimentary basins that are the product of a range of tectonic environments. This
is the basis for the erection of the Greenhorn cycles of the Western Interior Basin
(This unit is present in the lower right part of the section illustrated in Fig. 5.5)
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Fig. 5.29 A general model of “non-glacial” Milankovitch cyclicity, based on cycles observed
in the Western Interior Seaway. These are correlated against an idealized oxygen isotope curve,
showing the relationship between sea level, the alternation of warm and cool global temperatures,
and the resulting sedimentary facies. Cooler, wetter episodes, which may correlate to glacioeus-
tatic lows, are periods of higher sediment yield, with the development of significant nonmarine
clastic wedges, and delivery of fine clastic material to the continental shelf. During warmer or
drier phases clastic supply is limited, coastal deposits are thinner or finer grained, and on the
continental shelf biogenic carbonate production may become the dominant sedimentary process.
(Generalized from concepts in Elder et al. 1994)

and a general model of non-glacial Milankovitch cycles shown in Fig. 5.29. A
cyclic change in climate is the only mechanism that could generate sequences
that change facies assemblage entirely from location to location. Likewise, cycles
that consist entirely of changes in chemical sedimentation, such as marl-limestone
rhythms, can only be the product of climatic forcing of changes in water chemistry
or organic productivity.

Dickinson et al. (1994) used these ideas in the construction of some simple
but elegant diagrams that clarified the differences between the effects of the two
major allogenic driving mechanisms. Figure 5.30 compares the successions in
two contemporaneous basins, the Paradox basin in Utah, and the Pedregosa Basin
in the Ouachita-Marathon foreland of southeast Arizona. Each column shows 17
cycles. The scale of the cycles is comparable, and it is concluded that they likely
correlate, even though the absence of diagnostic fusulinids precludes a definitive
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correlation. As they stated (p. 30): “the very existence of persistent and wide-
spread stratigraphic cycles may well afford the means to achieve stratigraphic
correlation throughout the continent at a scale difficult to attempt with confidence
using stratigraphic criteria alone.”

Dickinson et al. (1994) went on to argue that the style of cycle generated by
high-frequency tectonism as a result of flexural loading would be quite different.
He compared two successions from foreland basin settings with the Pedregosa
basin cyclothems (Fig. 5.31). That in the Antler foreland involve “alternations of
oolitic to peloidal grainstones with intertidal to supratidal laminites. They reflect
modest variations in water depth, from wave-washed shoals to peritidal lagoonal
environments, with the carbonate platform that developed on the flexural fore-
bulge” of the Antler foreland basin (Dickinson et al. 1994, p. 31). The succes-
sion is not consistent in facies or thickness across the basin. Contacts between the
cycles become gradational as the cycles thicken basinward. The other foreland-
basin succession is from the Cretaceous Sevier foreland of the Green River-Tusher
Canyon area of central Utah. The deposits consist of interbedded shelf, prodelta,
shoreface and delta plain deposits. Again, the cycle frequency and the facies are
variable. At least in vertical section, these two foreland basin do not appear to dis-
play the regularity that would be expected from deposition under the control of an
astronomically precise and regular climatic beat.

Currently there is an interesting debate underway regarding the nature of allo-
genic controls on parts of the Upper Cretaceous section in the Western Interior
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Fig. 5.31 Comparison of the Pedregosa basin succession of cyclothems (right; from Fig. 5.30)
with two different foreland-basin successions. On the left, the Devonian-Mississippian succes-
sion of the Antler foreland basin in Nevada; ar centre, the Upper Cretaceous Sevier foreland
basin succession of Utah (Dickinson et al. 1994, Figs. 8, 9, p. 32, 33)

Seaway which, traditionally, has been described as a typical foreland basin set-
ting controlled predominantly by high-frequency tectonism. However, as sum-
marized by Miall (2010, Sect. 11.3.3) isotopic evidence is growing for short-lived
glacial episodes during this long period of supposedly “greenhouse” climates. An
increasing number of researchers are reporting regional high-frequency cyclicity
or rhythmicity in parts of the Cretaceous record of the Seaway, and concluding
that the evidence supports the existence of an orbital forcing mechanism, possi-
bly including glacioeustasy (Plint 1991; Elder et al. 1993; Sageman et al. 1997,
1998; Laurin and Sageman 2007; Plint and Kreitner 2007; Varban and Plint 2008).
For example, Varban and Plint (2008) pointed to the presence of repeated, wide-
spread regional transgressive bounding surfaces in the Upper Cretaceous stratigra-
phy of northern Alberta, and estimated “on geometric grounds” that glacioeustatic
sea-level changes with amplitudes of around 10 m seemed to be suggested. Antia
and Fielding (2011) described the high-frequency cyclicity of the nonmarine-
estuarine Dakota Sandstone (Cenomanian-Turonian) in several areas of Utah, and
made a case for drawing comparisons to the cyclicity of the contemporaneous
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coastal-marine to open marine succession in the basin centre further east (Laurin
and Sageman 2007). The stratigraphic successions are not rigorously rhythmic
(Fig. 5.32) and, clearly, local autogenic processes were active in generating chan-
nels, sediment lobes, erosional features, and so on, that complicate the recogni-
tion of any possible regional allogenic control. Antia and Fielding (2011) noted the
influence of active tectonic features within the basin, and the differences in accom-
modation between the basin centre, the forebulge and the backbulge; yet, despite
these complicating factors, they are led to suggest that low-amplitude but high-
frequency eustatic sea-level changes might have played a role in generating the
overall stratigraphic architecture. In the absence of clear evidence of tectonism,
such as the intraformational angular unconformities described in a different part of
the Cretaceous succession by Vakarelov et al. (2006), the orbital forcing model for
these deposits appears increasingly possible.

Another complex problem of causation is the cyclicity in the Chinle Formation of
the American southwest. This unit, which spans most of the Triassic, has been subdi-
vided into a series of members, all of them consisting of nonmarine clastic deposits
representing a wide range of facies and depositional settings. Figure 5.33 illustrates
the succession in the area of the Petrified Forest National Park of Arizona, and
Fig. 5.34 highlights the major regional unconformities (TR-1, TR-3, J-0) and sequence
boundaries (SB 1 to 6) that have been recognized in this unit in Arizona and Utah.

The “major cycles” defined in Fig. 5.34 each correspond to one of the mem-
bers of the Chinle, and are bounded at top and base by sequence boundaries. The
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Fig. 5.33 The Chinle formation (Triassic) in the vicinity of Petrified Forest National Park, east-
central Arizona, showing the subdivision of the formation into members, the generalized lithol-
ogy, and the cut-and-fill architecture characterizing the basal members (Dubiel and Hasiotis
2011, Fig. 2B, p. 395)

boundaries are marked by deeply incised paleovalleys and by mature paleosols on
interfluve surfaces between the valleys.
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Permian

The progression from valley-fill fluvial systems in the Shinarump Member to a marsh,
lake, and delta complex in the Monitor Butte Member and back to paleovalley-fill fluvial
systems in the Moss Back Member are examples of the major alternating degradational-
aggradational cycles in the lower part of the Chinle. (Dubiel and Hasiotis 2011, p. 412)

These degradational-aggradational cycles were interpreted as climatic in ori-
gin, by Dubiel and Hasiotis (2011) but as tectonic in origin by Cleveland et al.
(2007). Dubiel and Hasiotis (2011) suggested that the cycles reflect variations in
the strength of a monsoon-dominated climate system, citing paleosol and ichno-
facies data in support of this interpretation. They also suggested that there was a
long-term climatic trend through deposition of the Chinle, from wetter climates
and greater landscape stability at the base of the succession, to alternating wet-dry
seasonality and greater fluctuations in soil moisture in the middle of the Chinle, to
drier climatic conditions with generally low water tables during deposition of the
upper Chinle (Fig. 5.35).

Cleveland et al. (2007) described three scales of nested cycles (Fig. 5.36). The
definition of these cycles is, in part, based on observations of paleosoil maturity.
The smallest scale of cycle, representing facies aggradational cycles (FACs) were
interpreted as autogenic channel-fill cycles; the intermediate scale were inter-
preted as the product of channel avulsion combined with a net drift of the allu-
vial belt across the valley, resulting in thinner floodplain deposits. The largest
scale of cycle, some hundreds of metres in thickness, representing 1-2 m.y., were



5.2 Upstream Controls 211

Climate

Wet Monsoon Dry Paleo-
latitude

30°

199.6
Ma

xﬂ
s
=X-]
fC o

Owl
Rock

Norian

20°

Moss Petrified
Back Forest

Triassic

Butte

10°

Carnian

Shina- Monitor

rump

228.7
Ma

245

Moenkopi

Equator

Oxisols Alfisols Aridisols
Histosols Vertisols Inceptisols

Paleosols

Fig. 5.35 Climatic trends through the Triassic, as evidence in the Chinle Formation of Arizona
and Utah (Dubiel and Hasiotis 2011, Fig. 13D, p. 417)

interpreted as the product of pulses of source-area uplift and stream rejuvenation.
They noted (Cleveland et al. 2007, p. 922):

Lucas (1997) and Lucas et al. (1997) describe three-third-order “‘sequences” in the Chinle
strata in New Mexico and Arizona that are attributed to tectonic pulses (Fig. 1). The basal
parts of these cycles are characterized by coarse, bedload deposits of multistory channel
complexes (e.g., Shinarump Formation of southern Utah and the age equivalent Agua
Zarca Formation of northern New Mexico; see Fig. 1). The upper parts of these cycles
are characterized by finer-grained overbank deposits and interbedded single-story channel
sandstones of suspended-load fluvial systems (e.g., Petrified Forest Fm. and equivalents).
Between these cycles are the regional TR-4 and TR-5 unconformity surfaces (Lucas 1997;
Lucas et al. 1997). The sequence-scale cyclicity in this study has a higher frequency
than that of the “‘third-order sequences” of Lucas (1997) and Lucas et al. (1997). The
“third-order sequences” have a frequency of approximately 4—10 Myr, whereas the fluvial
sequences identified herein likely have a frequency closer to 1-2 Myr (Fig. 1). Because
eustatic and climatic changes are unlikely, higher-frequency pulses of source area uplift
and/or subsidence are the most likely mechanism for sequence-scale deposition of this
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Fig. 5.36 Cycles in the Upper Triassic Chinle Formation of northern New Mexico (Cleveland
et al. 2007, Fig. 7, p. 917)

study. Regional-scale tectonism can cause changes in deposition rates and avulsion fre-
quency on a 1 Myr scale, which can result in changes in mean grain size and the propor-
tion of channel deposits in strata on the 100 m scale.

The suggestion of a tectonic mechanism for the larger-scale cyclicity is consist-
ent with many other studies of nonmarine sedimentation where sediment supply and
fluvial style are at least in part dependent on tectonically-determined paleoslopes.
In this case, there are no obvious indicators of tectonic control, such as changes in
paleoslope at the sequence boundaries, whereas the paleosoil and ichnofacies evi-
dence compiled by Dubiel and Hasiotis (2011) seems more consistent with their
interpretation of climatic cyclicity. However, comparable cycles on the hundreds-
of-metres scale in the Cretaceous-Tertiary section of the Tornillo Basin in West
Texas are interpreted as possibly caused by eustatic sea-level changes which, it is
suggested, cause changes in the rate of accommodation generation up to several
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hundred kilometres upstream from the coastline (Atchley et al. 2007). Clearly, each
case needs to be examined individually.

5.3 Downstream Controls

Early sequence models, strongly influenced by the work of Vail et al. (1977) and
the other major Exxon contributions (Posamentier and Vail 1988; Posamentier
et al. 1988; Van Wagoner et al. 1990) focused on eustatic sea-level change as the
predominant allogenic control on coastal depositional systems, including eus-
tatic changes driven by global tectonism and changes in sea-floor spreading rates,
and glacioeustasy. To these processes must be added relative changes in sea-level
caused by local or regional tectonic changes in basin elevation.

It was long assumed that a fall in sea level would lead to incision of river val-
leys or to extension of the fluvial system to a new, lower river mouth (or both),
whereas a rise in sea level would lead to regional transgression, and the flooding
of incised valleys, which thereby become estuaries. Based on the early geomor-
phic work of Gilbert, Davis and others, Mackin (1948) articulated what has long
been a fundamental concept regarding the development of fluvial longitudinal pro-
files: streams grade themselves to base level.

The graded stream is one in which, over a period of years, slope is delicately adjusted
to provide, with available discharge and with prevailing channel characteristics, just the
velocity required for the transportation of the load supplied from the drainage basin. The
graded stream is a system in equilibrium; its diagnostic characteristic is that any change in
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Fig. 5.37 Definition sketch for fluvial response to sea-level change along a continental margin
with a distinct highstand depositional shoreline break. Diagram illustrates concepts of channel
extension during sea-level fall and lowstand, vs. upstream limits of onlap during sea-level rise
and highstand. (figure and caption from Blum and T6rnqvist (2000), Fig. 13, p. 18)
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any of the controlling factors will cause a displacement of the equilibrium in a direction
that will tend to absorb the effect of the change.

Figure 5.37 illustrates the key components of the fluvial response to sea-level
change. There has been an extended debate regarding the effect of base-level
change on fluvial processes. Early assumptions that a fall in base level would
cause rivers simply to incise to create a new point of grade have been shown to
be simplistic (Miall 1991b). Similarly, an assumption that incision, beginning at
the mouth during a fall in sea level, would simply work its way back upstream as
a “knickpoint” (Butcher 1990) have also been shown to be a simplification. There
are several degrees of freedom in the physical response of rivers to environmen-
tal change. A change in sea level necessarily involves a lateral shift in the posi-
tion of the mouth of the river. As Miall (1991b) argued, whether a river incises
or aggrades during a fall in sea level depends in part on the difference in slope
between the original slope of the lower course of the river and the new slope
exposed by the sea-level fall. Schumm (1993) demonstrated that to a considerable
degree, changes in slope may be accommodated by a change in fluvial style, with
little or no change in the balance between aggradation and incision. Leeder and
Stewart (1996) added the additional significant factor that much also depends on
sediment supply. Where sea-level fall takes place across a gently-sloping shelf,
a river bearing a significant sediment load would not incise its valley and may,
instead, construct a prograding alluvial plain.

Sequence models for fluvial systems all incorporate the concept of the incised
valley as defining the sequence boundary (Wright and Marriott 1993; Shanley and
McCabe 1994). However, as discussed in Chap. 6, much is now known about the
conditions under which such valleys form, and the significance of these develop-
ments for sequence models.

As noted in the previous section, changes in sea level during the late Cenozoic
were accompanied by significant changes in sediment supply, which makes it dif-
ficult to separate cause and effect in the development of the final preserved strati-
graphic record. The stratigraphic generalizations emerging from studies of the
valley and terrace record of the Gulf Coast and the Rhine-Meuse system may not
be fully applicable to other periods of adjustment in the geological past, when the
conditions of change may have been very different. Blum and Tornqvist (2000)
provided a review of the evolution of ideas in this area, and conclude (p. 19):

The fundamental responses to sea-level change appear to be channel extension or short-
ening, coupled with changes in the elevation of channel bases and floodplain surfaces,
in order to keep pace with a shoreline that is advancing or retreating and changing its
elevation. All other adjustments take place within this context, and should be regarded as
nondeterministic, since they depend on alluvial valley, coastal plain, shoreface and shelf
gradients ..., discharge and sediment supply from the drainage network and local physi-
ographical factors.

As an example of how specific geologic scenarios may evolve in ways that
appear counterintuitive, Blum and Tornqvist (2000) cite the case of the coastline
of South Island, New Zealand. The Canterbury Plains constitute the deposits of
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an active braidplain, consisting of the coarse, predominantly gravel deposits
eroded from the actively rising Alpine Mountains to the west. This scenario might
be expected to have led to the construction of an actively prograding coastline.
However, sea-level has been rising steadily along the coastline, which might be
expected to create a condition in which accommodation and supply were in
approximate balance, generating an actively aggrading coastline. Neither condi-
tion prevails. Because of high wave energy much of the coastline is undergoing
erosion, with the development of a wave-cut ravinement surface and an actively
retreating cliff line (Leckie 1994).

Another issue of considerable significance to the development of appropri-
ate sequence models for coastal fluvial systems is the extent to which sea-level
change affects the patterns of incision and aggradation inland from the river
mouth. Early ideas on this topic were strongly influenced by the work of Fisk
(1944) on the lower Mississippi Valley, who argued that that eustatic control of the
river extended some 1,000 km upstream. This view was challenged in later stud-
ies, by Saucier (1994, 1996), who concluded that the influence of sea-level change
was somewhat less, arguing that the Mississippi was only affected by eustasy
in the stretch downstream from Natchez, a distance of about 400 km. Blum and
Torngvist (2000, p. 19 and Table 1) defined the limit of eustatic influence as the
“the upstream extent of coastal onlap due to sea-level rise” (see Fig. 5.37) and,
drawing on a range of studies, concluded that this limit is highly variable, ranging
from 300400 km for large, low-gradient systems such as the Mississippi, to as lit-
tle as 40 km for smaller rivers with steeper gradients.

Current research in this area focuses on the recognition of a distinct area, called
the backwater zone, which is transitional between the nonmarine and marine envi-
ronments. The upstream limit of this zone is where the channel bed drops below sea
level. Bedload transport and deposition drop markedly as the river enters the back-
water, and in deltaic settings, avulsions tend to occur more frequently in this zone
(Chatananavet et al. 2012). Studies of the ancient record suggest that the transition
into the backwater zone can be recognized by facies changes. In the Castlegate
Sandstone (Upper Cretaceous) of Utah, it has been postulated that the transition
is represented by a downstream change from the fully nonmarine record of amal-
gamated channels sandstones to a zone of isolated, mud-filled channels with thin
overbank deposits (Petter 2011).



Chapter 6
Sequence Stratigraphy

Sequence stratigraphy was developed initially for shallow-marine deposits (Vail
et al. 1977), but was extended to the interpretation of coastal fluvial deposits in the
models of Posamentier and Vail (1988) and Posamentier et al. (1988). These mod-
els included a number of controversial features regarding the response of fluvial
systems to base-level change that were discussed at length by Miall (1991, 1996);
a discussion not repeated here. Two models developed specifically for fluvial sys-
tems were proposed in the early 1990s, those of Wright and Marriott (1993) and
Shanley and McCabe (1994), referred to hereafter as the WMSM models. These
two papers drew extensively on the concepts relating fluvial architecture to accom-
modation that had been explored in the numerical simulation model of Bridge and
Leeder (1979). That model, in turn, drew on concepts developed earlier by J. R.
L. Allen, and was further developed in a series of papers referred to collectively
as the LAB models, after the authors Leeder, Allen and Bridge (see Sect. 3.6).
However, the LAB and WMSM models are based primarily on sedimentary pro-
cesses studied in modern rivers and the post-glacial record. As argued in Sect. 6.2,
because such studies are focused on relatively high-frequency processes and short
time scales, typically at SRS 7 or 8, they are of limited value in interpretations of
the ancient rock record, most studies of which have been carried out at SRS 9, 10
or /1. This requires a re-evaluation of much of the current research on the ancient
fluvial record, a discussion of which is introduced in Sect. 6.3.

6.1 Standard Sequence Models

6.1.1 Development of the Relationship Between Architecture and
Accommodation

Studies of alluvial architecture began with the classic work of J. R. L. Allen on
the Devonian Old Red Sandstone of Wales (Allen 1974). Allen’s original project
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was to explain the architecture of cycles that included thick and laterally extensive
pedogenic carbonate units, which indicated extensive periods of soil development
on interfluves. His models postulated cyclic base-level change, incised valleys, or
periods when the main feeder stream combed far away across the alluvial plain.
Based on qualitative, deductive reasoning Allen (1974) developed five distinct
models, with additional variations bringing the total to eight. These represent
essentially abstract models in which an interpretation of the Old Red Sandstone
was an almost incidental byproduct of the analysis. One of the models is illus-
trated in Fig. 3.27 as part of a discussion about the controls on avulsion. Another
is reproduced here because of its historical interest (Fig. 6.1). The first represents
a purely autogenic model, and one which has now been produced by computer
simulation, as discussed below and in Sect. 3.6. The second, that shown here, rep-
resents, in effect, the first model of fluvial sequence stratigraphy.

In his subsequent papers, Allen turned to the question of sand body connectiv-
ity, an issue of obvious relevance to the reservoir characteristics of these succes-
sions. The independent variables on which attention focused, and which became
the basis for the first quantitative models, were primarily subsidence rate, chan-
nel dimensions, and channel avulsion rate. Pedogenic carbonates and exposed
interfluves did not feature in any of the subsequent quantitative models discussed
below. Indeed, and perhaps ironically, the question became inverted. Instead of
exploring the causes of pauses in sediment accumulation, the question became
focused on accommodation: how do changes in accommodation affect alluvial
architecture?
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Fig. 6.1 An example of Allen’s qualitative models of alluvial stratigraphy. Model 5B, developed
by a combination of autogenic channel avulsion and a cycle of dissection and aggradation, in which
base level changes over a vertical interval greater than channel depth (Allen 1974, Fig. 9, p. 200)
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Allen’s speculative architecture models became the basis for a series of
quantitative studies collectively termed the “LLAB models” after the authors, M. R.
Leeder, J. R. L. Allen, and J. S. Bridge (Allen 1978, 1979; Leeder 1978; Bridge
and Leeder 1979; Bridge and Mackey 1993a, b; Mackey and Bridge 1995). These
studies, in turn, have been examined and experimented with by a number of other
researchers (e.g., Heller and Paola 1996; Marriott 1999).

The generation of alluvial stratigraphy models by computer simulation was
pioneered by Bridge and Leeder (1979). This is a much-quoted paper (see also
discussion of avulsion in Sect. 3.6) that was built on an analysis of the mechan-
ics of channel-belt and floodplain construction and a systematic documentation
of the rates and scales of various autogenic sedimentary processes. The main pur-
pose of the model is to build cross-sections of alluvial stratigraphy in an orien-
tation perpendicular to paleoslope. The model is quantitative, in that magnitudes,
rates, and scales are stated, and many of the parameters are designed as variable
input for successive computer runs to permit an exploration of the complex inter-
action between dependent and independent variables. Channel-belt sandbodies are
assumed to be constructed by any appropriate fluvial style, following the assump-
tion that the two major styles, meandering and braided (the “mobile channels” of
Friend (1983)), both construct complexes of bars and minor channels within rela-
tively stable meander belts. This is certainly the case for meandering systems, in
which lateral migration is constrained by the alluvial topography of levees and the
resistance met by channels when they erode laterally into the fine-grained deposits
of abandoned channels and the floodplain. The assumption of a confined channel
belt may not be so appropriate for braided systems.

The alluvial stratigraphy models discussed here are autogenic, in that the exter-
nal, allogenic variables that control the long-term behaviour of the river system are
set at constant background values. Tectonism and sea-level change are not assumed
to affect the system, so that average accumulation rates and regional paleoslope
remain constant throughout a model run. Climate change, and its effect on dis-
charge, fluvial style and sediment supply is also not considered. Bridge and Leeder
(1979) were amongst the first to consider the quantitative effects of tectonism on
fluvial aggradation, by building in the ability in the computer model to tilt the dep-
ositional surface in a direction perpendicular to paleoslope (not discussed here. See
Miall 1996, Sect. 11.2.1). The construction of their model is discussed in Sect. 3.6.

Two examples of Bridge and Leeder’s (1979) model are illustrated in this book.
The most realistic of these is the first (Fig. 3.29), in which sandbody distribution
appears to be relatively random after the initial ten avulsion events. The second
model (Fig. 6.2) shows a much too regular stacking of the channel bodies, an effect
that occurs when channel width and depth are set too large relative to aggradation
rate. The effects of the stacking and compaction of numerous preceding events are
downplayed in this model, and successive channel positions are determined primar-
ily by the position of the two or three immediately preceding channels. The result
is a distribution of channel bodies not unlike that of bricks in a wall. Nevertheless
the Bridge and Leeder (1979) model has been much used, particularly by petro-
leum geologists, because of the insights it yields into channel stacking patterns


http://3.6
http://dx.doi.org/10.1007/978-3-319-00666-6_3
http://3.29

220 6 Sequence Stratigraphy

Fig. 6.2 Example of a simulated cross-section of alluvial stratigraphy constructed using the
numerical model of Bridge and Leeder (1979, Fig. 2, p. 631). Channel units are set at 2 km wide
and 7 m deep

and interconnectedness, factors of considerable importance in the understanding
of reservoir predictability and fluid migration behaviour. The model was expanded
and updated by Bridge and Mackey (1993a, b), Mackey and Bridge (1995), but the
improvements are at a level of refinement that does not need to be addressed here.

According to Heller and Paola (1996, p. 297) “The link between sedimentation
rate and channel stacking architecture in the LAB model was a major conceptual
breakthrough.” These authors went on to note that up to the time of publication,
there had been few direct tests of the LAB model because of a lack of information
on sedimentation rates and other processes, and their paper also provided a discus-
sion of other controls on alluvial architecture beyond the autogenic processes that
constitute the LAB model, such as the importance of different styles of avulsion
(nodal versus regional) and the influence of cross-valley and down-valley tilts.
Very few of the early studies listed in this section referred to the pioneering work
of Wescott (1993), who demonstrated the “complex response” of rivers to forc-
ing processes. His paper focused primarily on the response of fluvial systems to
changing base level, but the discussion of the complex way in which rivers adjust
to autogenic and allogenic processes has not been widely taken up in subsequent
work, apart from a lengthy debate about the formation of incised valleys and suba-
erial erosion surfaces (Miall 1996, Sect. 11.2.2).

6.1.2 The First Sequence Models for Fluvial Deposits

The issue of accommodation is central to sequence stratigraphy, and concepts
emerging from the LAB models were readily incorporated into the first two major
sequence models for nonmarine systems, those of Wright and Marriott (1993) and
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Shanley and McCabe (1994), referred to as the WMSM models throughout this
chapter.

Wright and Marriott (1993) developed a sequence model which they specifi-
cally compared with Allen’s (1974) Model 5B (Fig. 6.3; compare to Fig. 6.1). The
sequence boundary consists of a subaerial erosion surface, into which is cut an
incised valley, formed during the preceding falling stage. The erosion surface may
be marked by paleosoils, the maturity of which reflects the duration of exposure.
The incised valley may include marginal terraces, with preserved fluvial channel
or overbank remnants deposited during the falling stage. They suggested that there
may be a lowstand deposit characterized by coarse deposits, dominated by amal-
gamated-channel facies. A transgressive phase is then formed as sea-level begins
to rise, with the proportion of coarse channel to fine floodplain deposits depending
in part on the rate of sea-level rise. A rapid rise, meaning a high rate of accommo-
dation generation, is presumed to lead to a higher preservation potential for thick
floodplain deposits, with isolated channel bodies, and a greater probability for the
formation of soils of hydromorphic type, that is, soils formed under saturated,
commonly anaerobic conditions. Siderites are common. As sea-level rise slows,
in the highstand phase, it is suggested that the rate of accommodation generation
decreases, and the rivers evolve primarily by lateral migration and point-bar accre-
tion, leading to the formation of laterally-amalgamated sand bodies, with a much
lower proportion of floodplain fines, and a greater probability of the development
of mature soils. They then suggested that a subsequent fall in sea-level, which
could have the effect of steepening the slope, might be marked by the development
of braided systems and the deposition of coarser deposits, although this phase of
the cycle would have a low preservation potential because of the high probability
of erosional removal as the rivers cut down to a new lowstand.
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Fig. 6.3 The fluvial sequence model of Wright and Marriott (1993, Fig. 1, p. 206)
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Wright and Marriott (1993) provided a few examples of fluvial systems, to
illustrate this model, but emphasized that it was largely speculative and hypotheti-
cal. However, it has been widely referenced by subsequent fluvial researchers.

The Shanley and McCabe (1994) model was based in part on the authors’
earlier study of Upper Cretaceous sedimentation on the Kaiparowits Plateau of
south-central Utah (Shanley and McCabe 1989). They emphasized (Shanley and
McCabe 1994, p. 546) that “The evolution of stratigraphic architecture at the scale
of depositional sequences is governed by the rates at which accommodation space
is created or destroyed as well as the sedimentary processes inherent to deposi-
tional systems. Interpretation of stratigraphy and application of analogs must
reflect an understanding of these fundamental controls.” Their summary model
(Fig. 6.4) is similar to that of Wright and Marriott (1993), and includes the defi-
nition of systems tracts based on the dependence of the alluvial architecture on
the rate of accommodation generation. The major difference from the Wright and
Marriott model is a discussion of the evidence that might be preserved in a flu-
vial system of a condition corresponding to the marine maximum flooding surface.
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Fig. 6.4 The fluvial sequence model of Shanley and McCabe (1994, Fig. 10, p. 560), showing
the relationship between shoreface and fluvial architecture and baselevel change. a Falling stage
systems tract, with development of incised valley and fluvial terraces, b Lowstand systems tract,
¢ Tidal influence indicates the beginning of the transgressive systems tract, d Highstand systems
tract. AAPG © 1994. Reprinted by permission of the AAPG whose permission is required for
further use
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They suggested that retrogradation of coastal systems during the transgressive
phase might lead to “the invasion of tidal processes into areas formerly dominated
by purely fluvial processes” (p. 559). In their studies in Utah they documented
tidal influence on fluvial strata as much as 65 km inland from coeval shoreline
deposits (Shanley et al. 1992).

In both models there is a discussion of how the magnitude of a base-level rise
controls whether coastal fluvial deposition spreads out beyond the margins of an
incised valley system. Shanley and McCabe (1994) also devoted considerable space
to a review of the work of M. Blum on Pleistocene-Holocene fluvial sedimenta-
tion along the coast of the Gulf of Mexico, where it has been clearly demonstrated
that episodes of aggradation and degradation relate not to sea-level change but to
climate change (this work, and comparable studies in the Rhine-Meuse system are
discussed at length in Miall 1996, Chap. 13). They offered a caution that

Our Quaternary models may be superb analogs for the Carboniferous, also thought to be a
period of widespread glaciation, but how appropriate are they for the middle Cretaceous,
a period of limited glaciation? Application of Quaternary models should be done with at
least a modicum of restraint. (Shanley and McCabe 1994, p. 557)

This last caution has not been followed, as demonstrated at length in the next
section.

6.2 Rates of Accommodation and Sedimentation

6.2.1 Accommodation and Channel Stacking Pattern

In the LAB and WMSM models, and in subsequent research on nonmarine
sequence stratigraphy, it became a central assumption that changes in accommoda-
tion rate are critical in the control of alluvial architecture. For example, Wright and
Marriott (1993, p. 206) stated of the transgressive systems tract (TST): “During
the early stages of the TST the rate of accommodation space creation will be low,
producing multistorey sand-bodies,” and later in the transgressive phase “Increased
accommodation rates favour high levels of storage of floodplain sediments result-
ing in isolated channels.” Other workers, noting the inappropriateness of using
terms for nonmarine systems that refer to sea-level changes, suggested terminol-
ogy for systems tracts such as “high accommodation” and “low accommodation”
(Olsen et al. 1995) and “aggradational” and “degradational” (Currie 1997).

Channel-stacking patterns are the basis for the differentiation between high-
and low-accommodation systems tracts. During high accommodation, the argu-
ment is that channel bodies become buried before the active channel returns to
erode or re-occupy the channel site on the alluvial plain. During low accommo-
dation, channels comb through their own deposits and are more likely to develop
amalgamated, laterally offset, sand bodies. Channel return depends on the pattern
of avulsion.
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The condition of high accommodation is defined as a time during which, in
some locations, floodplain sedimentation proceeds through at least several chan-
nel cycles without evidence of a channel return. The presence of a paleosoil of
any level of maturity indicates low accommodation, whereas levees, crevasse
plays or pond deposits all indicate normal floodplain accumulation. The dis-
tinction between high and low accommodation is therefore a question of the
balance between the rate of subsidence/sedimentation and the rate of avul-
sion. High accommodation may be defined as occurring when channels become
completely buried before a channel or meander belt returns to the same loca-
tion. This will occur whenever (R; * a * r) > h, where Ry = sedimentation rate
in m/yr, a = avulsion frequency, r = the number of avulsion events which occur
before the channel/meander belt returns to the same location on the floodplain,
and h = channel depth. The LAB models use 1000 yrs as a typical avulsion fre-
quency, whereas Stouthamer and Berendsen (2007) demonstrate that in the Rhine-
Meuse system the frequency is about 500 yrs. If we set 4 = 5 m, a = 1000, and
r = 5, for continuous floodplain sedimentation to occur, Rg must be > 0.001 m/
yr (1 m/ka = 10° m/ka). An extreme case may be imagined, where it takes 10
avulsion events (10,000 years) for a channel return to occur, in which case the
sedimentation rate must be > 0.5 m/ka (10~ m/ka). These rates and time scales
correspond to SRS 7. These simple calculations are intended only to help make
the point that there is a substantial difference, in most cases, between the sedimen-
tation rates measured in modern and Recent sediments, and those recorded from
the ancient record, a point discussed in detail in Sect. 6.2.3. As Heller and Paola
(1996) and others have demonstrated, there are several other factors, including the
style of avulsion (regional versus nodal) and tectonic tilting of the valley floor that
affect channel stacking patterns.

The LAB models were based on a limited range of data derived from a few
studies of modern processes, and the post-glacial (post 8000 BP) sedimentary
record. Bridge and Leeder (1979) based their models on an average channel-belt
aggradation rate of 20 m/ka (10! m/ka). All the subsequent LAB studies refer back
to this source. Since little of the actual physics of sedimentation can be simulated,
these are exercises in dynamic geometry rather than stratigraphy. The WMSM
sequence models make some reference to the LAB models, but are largely con-
ceptual. Shanley and McCabe (1994) speculated about the possibly inappropriate
use of late Cenozoic analogs as a basis for interpreting the ancient record, but their
caution has been ignored. Likewise, Holbrook (2001, p. 216) stated: “The implicit
assumption in fluvial LAB-model applications is that channel belts consistently
stack in an upward trend to fill accommodation space as it is created. .... It is a
reasonable assumption, however, that fluvial sections recording several punctuated
episodes of localized valley and nested valley incision, instead of unidirectional
aggradation, are common.”

The few cases where quantitative stratigraphic data are available from the
ancient record reveal some problems with the assumptions behind the models, and
it is the purpose of this section to address these.
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6.2.2 Time Scales and Sedimentation Rates

Sadler (1981) demonstrated that there is an inverse, log-normal relationship in the
stratigraphic record between sedimentation rate and the time span over which it
is measured. Sedimentation rates measured in modern settings and the geologi-
cal record vary by eleven orders of magnitude, from 10~ to 10’ m/ka. This huge
range of values reflects the increasing number and duration of intervals of non-
deposition or erosion factored into the measurements as the length of the measured
stratigraphic record increases. The sedimentary time scale, from 107 to 109 years,
constitutes a natural hierarchy corresponding to the natural time range of temporal
processes—the burst-sweep cycle in turbulent transport, diurnal, lunar, seasonal,
and geomorphic-threshold processes, orbital forcing, tectonism, etc. (Miall 1991a).

An increasingly rich and detailed record has become available in recent years
pertaining to well documented recent and ancient deposits from which rates of
stratigraphic and sedimentary processes can be extracted. It can now be demon-
strated that the distribution of layer thicknesses, the durations of stratigraphic
gaps, and sedimentation rates in stratigraphic successions accord to a fractal
model (Miall, in press). This model provides an elegant basis for integrating the
processes of accommodation generation with the data on varying sedimentation
rates, the scales of hiatuses, and the processes that operate over these time scales
(Fig. 2.7). The concept of the Sedimentation Rate Scale (SRS) has been proposed
(Miall, in press) to encapsulate the rates and time scales over which sedimentolog-
ical and stratigraphic processes occur (Table 2.1, Fig. 2.7), from the migration of
grains across a bedform in a river channel (SRS-7) to the accumulation of basin-fill
complexes (SRS-10, 11).

Most stratigraphic units, when accurately dated at geological time scales
(10%-107 years) yield long-term, average sedimentation rates of 0.01 to 0.1 m/ka
(10~! to 1072 m/ka: SRS-11). In some rapidly subsiding basins, such as the proxi-
mal regions of some foreland basins, pull-apart basins in strike slip settings, and a
few other scenarios, long-term accumulation rates of > 1 m/ka (10 m/ka: SRS-10)
have been measured.

Throughout this discussion, sedimentation rates are presented as logarithmic
values, both to emphasize the order-of-magnitude variations under discussion, and
also to underscore the consistency of the rates defined for each SRS category.

The LAB models are based on SRS-7, that is, a time scale of 103—10* years,
and sedimentation rates of 10°~10! m/ka, characteristic of long-term geomorphic
processes, including channel aggradation and avulsion, and the development and
switching of channel belts. Studies of post-glacial alluvial systems fit within this
time- and rate-scale definition, e.g., the Cumberland Marshes studies of Morozova
and Smith (1999), and the Rhine-Meuse studies of Stouthamer and Berendsen
(2007) and Stouthamer et al. (2011). The problem, then, is that the modern studies
and the simulations on which the LAB and WMSM models are based assume an
accommodation rate up to three orders of magnitude more rapid than is typically
represented in the preserved ancient record.
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A variation on the LAB models was presented by Marriott (1999), in which
she modeled cyclic variations in base level at a sedimentation rate of 0.21 m/ka
(10~! m/ka). Four complete cycles of base-level change were modeled within a
simulated time span of 474,650 years, and an avulsion about every 2400 years.
This is within the time and rate scale of “4th-order” Milankovitch cycles, as noted
by the author, and corresponds to SRS-8. However, this is still an order of magni-
tude more rapid than the case studies discussed below.

There is also the larger question of preservability. How much of the succes-
sion now being formed will survive glacial-interglacial cycles into the geologi-
cal record? The accommodation that permitted modern coastal fluvial, estuarine
and deltaic systems to aggrade was created by post-glacial sea-level rise, at a rate
in the range of 5 m/ka (concordant with SRS-7). Tectonic subsidence, at a rate of
10~! to 10~2 m/ka, continuing for a full-glacial cycle of 10° years, would provide,
at most, a few metres to tens of metres of accommodation. But a full-scale glaci-
oeustatic fall could remove most of the deposits by erosion, leaving only the old-
est portion of the record, that corresponding to the lowstand or early transgressive
phase. Over a geological time scale, successive similar fragments would become
amalgamated between successive regional unconformities.

6.2.3 Some Examples from the Geological Record

Castlegate Sandstone, Book Cliffs, Utah: The Campanian portion of the Sevier
clastic wedge, in the classic area of the Book Cliffs (Utah-Colorado) has long been
interpreted as the product of repeated thrust loading along the Sevier fold-thrust
belt (Yoshida et al. 1996; Horton et al. 2004). Aschoff and Steel (2011) calculated
rates of coastal progradation and rates of sediment accumulation. The central por-
tion of the section, which they term Wedge B, and which includes most of the
Castlegate Sandstone, yields an accumulation rate 47 m/my (= 0.047 m/ka: SRS 9,
11) over 1.92 my.

Robinson and Slingerland (1998, Fig. 3) defined the stratigraphy slightly differ-
ently. Their Castlegate sequence, comprising 200 m of section at the type section
(Price Canyon) was deposited in 4 my, yielding an accumulation rate of 0.05 m/ka
(102 m/ka; SRS 9, 11).

Olsen et al. (1995) subdivided the Campanian to Paleocene strata of the Book
Cliffs into five sequences, of which the Castlegate Sandstone comprises one. They
defined and subdivided the sequences based on a contrast between sandstone-
dominated successions at the top and base of the sequences, and shale-rich middle
portions, in which some evidence of tidal influence is present, in the form of tidal
bedding and Skolithos traces (see also Yoshida 2000). The gradation between these
contrasting facies assemblages was attributed to increasing and decreasing rates of
base-level rise (Olsen et al. 1995, Fig. 10). Their model is illustrated here as Fig. 6.5.

Olsen et al. (1995, p. 276) state that “A similar model with a similar structure
and dominance of the transgressive aspects, with more weight to the positions and
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Fig. 6.5 Idealized fluvial sequence model for the Mesaverde Group, Utah (Olsen et al. 1995,
Fig. 10, p. 276)

maturity of soils within a fluvial sequence, has been developed by Wright and
Marriott (1993).” However, the sedimentation rates calculated above cannot be
reconciled with this type of changing accommodation model. Avulsion periodicity
(channel return rate) in modern systems is around 10* years and does not vary by
orders of magnitude from this range in natural systems. Therefore, at SRS 9 and
11, channels will always return to a former position before the earlier deposit is
buried, and therefore amalgamated architectures are always to be expected.

The sedimentological observations of Olsen et al. (1995, Fig. 10) and Yoshida
(2000) require a different interpretation. Whereas a model based on changing rates
of accommodation will not work, one base on shifting facies belts does. Sea-level
change or tectonic adjustments to accommodation may cause influx and retreat of
marine influence. Intraplate stress changes can generate accommodation at 0.01
to 0.1 m/ka at time scales of 10° yrs (Cloetingh 1988, p. 216), which is within
the range of SRS 9-11. Episodic thrust loading within a foreland-basin setting may
generate regional basement adjustments at a higher rate (Peper et al. 1992). This
was the preferred model of Yoshida et al. (1996) and Miall and Arush (2001a) for
the sequence architecture of the Castlegate Sandstone, and would complement the
regional model of Aschoff and Steel (2011).

Morrison and Cedar Mountain Formations, Utah-Colorado: A sequence anal-
ysis of the Upper Jurassic and Lower Cretaceous strata of the Sevier foreland
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basin in the Uinta Mountains of Utah and Colorado was the basis from which
Currie (1997) suggested the terms aggradational, transitional and degradational
for nonmarine systems tracts, as alternatives to the standard marine terminology
(Fig. 6.6). Currie (1997) defined four sequences; two are discussed here.

Sequence UJ-2 comprises the Upper Salt Wash and Brushy Basin members of
the Morrison Formation. It was deposited during the Kimmeridgian-Berriasian,
over a time span of approximately 10 my. The sequence ranges from 35 m in
thickness in central Wyoming to 125 m in the area of the San Rafael Swell. These
values indicate sedimentation rates ranging from 0.0035 to 0.0125 m/ka (1073
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Fig. 6.6 An alternative systems-tract terminology for fluvial systems (Currie 1997, Fig. 2,
p. 1208)
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to 1072 m/ka). Sequence LK-2 corresponds to the Cedar Mountain Formation,
together with the Cloverly Conglomerate in the east. It ranges in thickness from
30-90 m within the project area and was deposited over a time span of 16 my,
indicating a sedimentation rate of 0.0019 to 0.0056 m/ka. Beyond the project area,
at the west end of the Uinta Mountains, isopachs indicate a thickness exceeding
300 m, which yields a sedimentation rate of 0.03 m/ka (1072 m/ka). These val-
ues are those of SRS 9, /1. Unconformities representing nearly 10 my are present
between sequences UJ-2 and LK-1 and between LK-1 and LK-2. Accommodation
generation was therefore slow to negative in the project area throughout the Upper
Jurassic to Lower Cretaceous.

Currie (1997) interpreted the deposits as the product of tectonically-controlled
sedimentation over the forebulge and backbulge of the Sevier foreland basin. They
state (p. 1207): “high rates of aggradation will produce channel sandstones that are
isolated both vertically and laterally by fine-grained overbank material (e.g., Allen
1978; Bridge and Leeder 1979).” On p. 1208 they further state: “The assumption
behind these models is that channel avulsion frequency is random and independent
of sedimentation rate. However, increased sedimentation rates associated with an
accommodation increase may promote more rapid rates of channel avulsion and
a higher proportion of channel interconnectedness (Heller and Paola 1996).” They
concluded (p. 1212) that “four depositional sequences [are] defined by changes in
sedimentary architecture that resulted from variations in the rate of accommoda-
tion development.”

However, the facies assemblages defined as aggradational, transitional and
degradational cannot be interpreted in terms of the LAB model. Much slower
processes were at work. It seems more likely that the facies variation reflects long-
term (10%-year) tectonic controls on paleoslopes, sediment supply, and paleogeog-
raphy. This is clearly implied by Currie’s (1997) analysis. The comparisons to the
LAB model can therefore be considered an inappropriate distraction.

Ericson Sandstone, Rock Springs Uplift, Wyoming: This fluvial to delta-plain
unit was subdivided into two sequences by Martinsen et al. (1999), and interpreted
in terms of cyclic fluctuations in the accommodation/supply ratio in response to
changes in the rate of base level rise and fall (Fig. 6.7). They stated (p. 248) “We
suggest that in non-marine successions, the sequence architecture can be divided
into low- or high-accommodation systems tracts based on alluvial architecture.”

Estuarine and deltaic deposits, including single-storey sandstones were inter-
preted as high accommodation deposits, and fluvial sheet sandstones representing
amalgamated channel sandstones were interpreted as low accommodation depos-
its. Explanations of these variations were made with reference to the LAB models.

The Ericson Formation and the lower Almond Formation (which is included
in the sequence analysis) span much of the upper Campanian. Their stratigraphic
table indicates that the deposits span 15 of the 21 ammonite zones which com-
prise the Campanian. Therefore the deposits represent approximately 9.2 my. The
formation ranges from 100 to 400 m in thickness within their project area, which
indicates average sedimentation rates of 0.011 to 0.043 m/ka. The section includes
a major disconformity (sequence boundary) which may represent as much as half
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Fig. 6.7 Sequence stratigraphic model of the Ericson Sandstone in the Rock Springs Uplift,
Wyoming (Martinesen et al. 1999, Fig. 14, p. 255)

of the elapsed time, indicating that sedimentation rates for the preserved portion of
the record could have been double the figures quoted above. But this is still within
the range of 10~2 m/ka and corresponds to the SRS 9 or 11 time scale.

Based on the arguments presented here, interpretation of the changes in facies
assemblage based on changes in the accommodation/supply ratio may be chal-
lenged. However, in arguing for a regional control by repeated tectonic activity
within the nearby Wind River Range the authors are probably correct. As with the
previous case, paleoslopes, sediment supply, and paleogeography may be con-
trolled on a 10%-year time scale.

Williams Fork Formation (Upper Cretaceous), Piceance basin, Colorado:
Subsurface data revealed a pattern of channel clustering and compensational stack-
ing in this formation (Fig. 3.27), which Hofmann et al. (2011) attributed to chang-
ing rates of accommodation, with reference to the LAB models. However, the rate
of change they suggested (~400 ka) does not correspond to that of the LAB mod-
els and they suggested allogenic, rather than autogenic, mechanisms underlying
the generation of these architectural patterns.

Permo-Triassic, Iberian Basin, Spain: Lopez-Gomez et al. (2010) described the
fluvial fill of a Permian-Triassic basin in eastern Spain that subsided at varying
rates as a result of episodic extensional faulting and thermal subsidence. The most
rapid subsidence rates, in the range of 0.05 m/ka, occurred over a 2-my period
in the late Permian (256-254 Ma; Lépez-Goémez et al. 2010, Fig. 6). Subsidence
rates during the Triassic were at about half this rate, but still, at 102 m/ka, within
the SRS 11 range. This study explored the relationship of fluvial architecture to
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stretching factors, using values of 3 and f for upper- and lower-crustal stretching
factors calculated from borehole data, it being assumed that the architecture would
be a proxy indicator of subsidence rates. However, subsidence rates were neither
quoted nor discussed in the paper (those cited here were calculated from data
presented in their Fig. 6), and the variations in alluvial architecture (Fig. 2.38 of
this book) do not seem to this writer to suggest any systematic relationship to the
stratigraphy.

The authors suggested a relationship between architecture and stretching factor,
but the relationships do not appear to be straightforward. Indeed, they noted that
other factors, including climate change, could have affected the final composition
of the preserved alluvial architecture. Subsidence rates varied within one order
of magnitude, values at least an order of magnitude smaller than the SRS-7 val-
ues required to generate and preserve architectural differences using the LAB and
standard sequence models.

Iwaki Formation, Eocene, northeast Japan: A 400-m thick conglomeratic unit, of
Middle-Late Eocene age, shows a distinct upward trend from laterally-amalgamated,
multistory channels, to multistory channels, to isolated, single channels
(Komatsubara 2004). No precise age information was provided, but if the assign-
ment of a mid-Late Eocene age is used, the sedimentation rate was approximately
0.06 m/ka (10~2 m/ka). The author invoked the WMSM sequence models but, as
with the previous cases, we can now argue that this comparison is inappropriate.

Ishikari Group, Eocene, Hokkaido, Japan: The Ishikari Group consists of a
complex of estuarine to fluvial deposits, and was subdivided into four sequences
by Takano and Waseda (2003). The youngest of these sequences (Isk-4), totaling
as much as 1450 m, was deposited between about 39.5 and 37 Ma, indicating a
sedimentation rate of 0.58 m/ka (10~ m/ka). This is a geologically rapid rate, as
noted by the authors, but is consistent with a geological setting comprising a fore-
land basin that developed over a forearc following arc-continent collision.

A sequence model for these estuarine to fluvial deposits was proposed
(Fig. 6.8). Changes in fluvial style and channel density through the uppermost
sequence (Takano and Waseda 2003, Fig. 14) were compared by the authors to
the LAB models and the WMSM sequence models. The rapid rate of subsidence
and the time frame are consistent with the high rates of convergent-margin basins,
and constitute a good field example SRS /0. The sedimentation rate is comparable
to that of SRS 8 and 9. However, only one complete architectural cycle is repre-
sented by sequence Isk-4, which spans 2.5 my, compared to the orbital cycles of
SRS 8 and 9 and the 10*-yr autogenic cycles of the LAB models. The comparison
is therefore not appropriate.

Camp Rice Formation (Upper Pliocene-Lower Pleistocene, Rio Grande Rift,
New Mexico: Stratigraphic events in this rift basin are well constrained by magne-
tostratigraphy. Mack and Madoff (2005) analyzed channel distribution and pale-
osoil maturity and tested the data against the fluvial architecture models of Bridge
and Leeder (1979) and Bryant et al. (1995). Sedimentation rates over a study
interval of 50 m representing approximately 1.6 my ranged from 0.036 m/ka at
the base of the section to 0.017 m/ka at the top. This study therefore represents
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Fig. 6.8 Sequence model for the Ishikari Group (Takano and Waseda 2003, Fig. 13, p. 152)

a focus at the SRS-9 scale. The authors stated (p. 207) that their study provided
“a test of numerical, theoretical, and experimental models of fluvial architecture
and palaeosol development.” However, the time scales represented by this basin
fill are an order of magnitude greater than those of the LAB model. Channel return
rates ranged from 228685 ka in different sections measured in this rift valley suc-
cession. Channel sand bodies are separated by mature paleosoils indicating peri-
ods of landscape stability lasting 10*~10° years. These values suggest that what is
being measured is allogenic shifting of channel belts, not individual channels, in
response to tectonic tilting of the basin.

Eocene of Tremp-Ager Basin, South Pyrenees, Spain: Nijman (1998) developed
a detailed relationship between tectonism, the evolving paleogeography, and the
resulting stratigraphy for the Eocene fill of the Tremp-Ager Basin in Spain. In this
case, long-term geological rates and shorter-term sedimentological rates appear to
be comparable. The overall sedimentation rate for the 2000 m of section, which
accumulated in 10 my is 0.2 m/ka = 10~! m/ka (Nijman 1998, Fig. 13). The time
and the rate are equivalent to SRS 9 or /0. Individual cycles in this succession
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(Nijman 1998, Table 2) lasted between 100 and 150 ka at sedimentation rates of
0.185-0.673 m/ka = 10! m/ka, equivalent to SRS-8, the time and rate scale of
which encompass high-frequency orbital cyclicity. Nijman (1998) described com-
plex variations in alluvial architecture, including aggradational and amalgamated
sheet cycles, and attributes the changing architecture primarily to tectonic influ-
ences. The LAB and WMSM models were not invoked in this case.
Plio-Pleistocene of the Nyirség-Pannonian Basin, Hungary: Closely-spaced
groundwater wells and good wireline log control enabled Piispoki et al. (2013)
to develop a detailed chronostratigraphy for the Plio-Pleistocene section on the
northeastern margin of the Pannonian Basin in Hungary. Figure 6.9 is a strike-
oriented cross-section from near the margin to near the centre of the Nyirség
sub-basin. Facies analysis suggests a subdivision into two types of systems
tract deposits, one developed in a low-accommodation setting and the other in
a high-accommodation setting. Low accommodation deposits rest on sequence
boundaries and consist of amalgamated channel deposits. High-accommodation
deposits are characterized by complete macroform (point-bar) deposits, hetero-
lithic complexes, and a greater preservation of overbank fines. Near the centre of
the section one unit of high-accommodation deposits is interpreted as lacustrine
in origin. The sequence boundaries at the base of the low-accommodation suc-
cessions are erosional, and have stepped margins, as seen in Fig. 6.9. These are
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interpreted as erosional terraces, the elevated terraced margins corresponding to
interfluve areas, on which mature paleosoils were recorded in some boreholes.
Based on magnetic susceptibility measurements a regional correlation has been
established with the Chinese loess succession (Fig. 6.10), and this, in turn, has
been correlated to the global oxygen isotope scale, which provides an absolute
chronology for the section (Fig. 6.11). This has demonstrated that the Hungarian
basin succession is almost complete, in that virtually all the chronostratigraphic
stages have been recognized. Sequences ranged in duration from 120,000 to
730,000 years. The loess chronology is based on a much higher-frequency
Milanokovitch signal, and it is clear from Fig. 6.11 that the sequence generat-
ing mechanism is not orbital forcing—the timing is wrong, although, as noted
below, it seems likely that climate change may have been an important second-
ary control on sequence generation. Rates of sedimentation are in the range of
0.17 m/ka (10~ m/ka), (based on the ages of the sequence boundaries and the

Global geocrhonology ) Parameter boreholes in the
Hungarian reference boreholes Nyirség
Marine Isolope stages chinese Loess
(5180 records) (Ging et al. 2005) Dévavanya-1 Veszis-1 Levelek-gk1 Nyirtelek-f-4/5
(Lisecki and Raymo 200%) {data from Nbdor et al 2003)  (data rom Nador ef al 2000) 00001 @0m 00001 2001
Q0001 00N amn 0601
4 m— . 80
Ay S8 — = 51
0.1 E 5 .
e - 5e ] ! = s
02 7 -
= 2 g = 52 L 83
0a ° g2 -
10 - B0 P 53
04 12 SETIE 54 ' 54
05! | P —c: - i : .
-~ 15a = -
06 % — —
1 15e -
o1 | o - 56 L o - _565
. = 57 = -
o8 20 = 19 -
ool | IO = ;58 s8
= . 25 — 59 E o= 59 st
10 @ S1 1 510
- = S10 o
0 - | | —1 |_Er_-"/—‘b—-tsn 511
oo se—r =512 51 ) S
; —, . 513 .
12 3 P - - 313 o s14 iy
" s15°™ - - 515 = 515 "8
13 40 518 E ( 516 _ S16 .
— 518 - . =~ 518-
har I —— S18 = 518 = 519 G-t
43 == 520 = £20 s
15 50 "853 = 521 L
) S, AN 522
. & - s ©os23 " . sz23
! 523 - >
56 o 2 ?
17 S8 —4 - 24 524
60 - = s24
18 8 63 g 525
o o 7 B - .525 8525 525
’ L —s2 526 526 L S25
20 | T4 7 0 7 Ea
76 7 7 7
7 ? e 527 — 827 = S27-28
21 B0 sz = — - 528 - sz8 =
B £ s - o s
22 B i 529 - ;520 520 =
BB . = s29
bt g 530 3 = s
23 = F sn i = 530 S30 . 530 -
- M
24 o4 2 = 31 i
] s 3
g L ’
251 | 400 832 53z 532 =
102 b s32 " -
26 104 ' ' =

n
8
-
2
gag
Lo}
2
E4
g
5
"1
(2]
L |

Fig. 6.10 (Piispoki et al. 2013, Fig. 14, p. 48)
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Fig. 6.11 (Piispoki et al. 2013, Fig. 15, p. 49)

thicknesses of the sequences) which corresponds to SRS 9-10, equivalent to the
rates measured in tectonically very active basins. Piispoki et al. (2013) inter-
preted the sequence-generating mechanism as tectonic in origin, the sequence
boundaries being generated at times of active uplift, which in part correspond
to times of volcanic activity. This is summarized in Fig. 6.12. The likely course
of the major rivers can be reconstructed through time by mapping the distribu-
tion of the high- and low-accommodation facies. The “areas of frequent fluvial
denudation” in the block diagrams are the interfluve areas prone to erosion and
terrace formation.

Piispoki et al. (2013) cite earlier work that suggests an association of climate
change from dry, cold episodes to warmer, humid times, with the generation of
sequence boundaries. Although the sequences are not orbitally forced, they sug-
gested (p. 52) that

In dry and cold periods, due to the low transport capacity of the rivers, coarse grained
sediments were trapped in the updip parts of the basin, close to the areas of sediment entry
points of the supplying systems. This sediment was then transported into the down dip
parts of the basin during the subsequent warm and humid periods.

Climate change may have acted as a trigger, that pushed the rate of landscape
change to a point where it reached a threshold that accelerated the much slower
rate of change driven by tectonism (Schumm 1979). The evidence for this asser-
tion is that the sequence boundaries appear to correlate to the base of intervals of
high magnetic susceptibility. These high MS values are, in turn, correlated to inter-
glacials on the oxygen isotope scale.

This interpretation does not rest on an assumed association between autogenic
channel stacking pattern and accommodation generation (the basis of the LAB
models), and is in accordance with the interpretations of alluvial sequence archi-
tecture developed in this chapter.
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6.2.4 Discussion

In a significant way the present is not the key to the past. There is an orders-of-
magnitude difference in sedimentation rates between those measured from modern
sediments and the post-glacial record, and those recorded from the ancient geolog-
ical record. The high-frequency processes that form the basis for the LAB models,
based in turn on the post-glacial record, are not preserved from the more remote
geological past. High accumulation rates occur regionally in only a very few geo-
logical settings, such as in the source-proximal corners of some convergent-margin
basins, and it requires special circumstances for the shorter-term high frequency
processes that constitute SRS / to 7 to achieve long-term preservation (Miall, in
press).

Gibling (2006, p. 761) made a related point. Focusing on the many controls on
alluvial architecture, including discharge, sediment supply, bank materials, and
so on, he warned that: “The recent tendency in sequence stratigraphy to relate
channel-body form to accommodation (e.g., Shanley and McCabe 1994) is thus
subject to many caveats.” There is not necessarily a simple relationship between
forcing processes and a stratigraphic result. Jerolmack and Paola (2010) refer to
the “Shredding of environmental signals by sediment transport” (the title of their
paper). Gibling et al. (2011, p. 439-441) offered similar comments, suggesting that
the alluvial stacking pattern on which accommodation models have been based
may in fact be controlled by climate change or changes in fluvial paleogeography
unrelated to subsidence rates. They suggested that the Quaternary record, charac-
terized by an icehouse climate, with high-magnitude and high-frequency environ-
mental change, is not necessarily a good model for interpreting the ancient record.
Valleys formed by Neogene glacial sea-level cycles are likely to be a more promi-
nent part of the coastal sedimentary record that during the Mesozoic, for example,
when it assumed that glacioeustasy was of minor importance to non-existent.

It is argued here that systematic stratigraphic changes in alluvial architecture
in the ancient rock record are not the product of changing avulsion rates and
changes in fluvial style under the influence of variable rates of accommodation,
as in the LAB models, but reflect regional shifts in facies belts, that themselves
are a response to tectonism and to changes in accommodation and other variables
(climate, discharge, sediment supply, etc.) at much slower rates, by one to several
orders of magnitude, than those assumed for the LAB models. A model of a more
realistic interpretation of the reasons for regional changes in fluvial style through
time is provided by the interpretation of shifting facies belts of the Loranca fluvial
system (Fig. 3.13). This system was most likely controlled by tectonism.

Some recent studies of ancient fluvial systems are beginning to provide the
essential sedimentological data to support the argument made in this section.
For example, Hampson et al. (2013) documented in detail the changes in flu-
vial style through the Blackhawk Formation of central Utah. This unit is part
of the Mesaverde Group (as is the overlying Castlegate Sandstone, discussed
earlier in this section), a very well documented succession for which a detailed
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sequence-stratigraphic framework is available, from which may be derived
testable hypotheses about the relationship between fluvial style and accom-
modation. Outcrop quality enabled some detailed reconstructions of alluvial archi-
tecture to be carried out, and these revealed a range of fluvial styles throughout
the Blackhawk Formation, but no systematic changes with stratigraphic posi-
tion. They also made reference to earlier studies (Adams and Bhattacharya 2005;
McLaurin and Steel 2007) which demonstrated no systematic variation in fluvial
style through the overlying sequence boundary into the Castlegate Formation. The
conclusion of Hampson et al. (2013, p. 166) is that the “internal architectures of
the sandbodies do not result from systematic, short-term changes in accommoda-
tion such as those that characterize incised-valley fills formed by relative sea-level
change in coastal-plain settings” but they they “appear to reflect local changes in
the balance of sediment flux and transport capacity due to upstream controls, such
as high-frequency climatic variations, and autogenic responses.”

One of the experimental stratigraphy studies by Paola’s group has helped to
confirm this interpretation. Strong et al. (2005) ran an experiment to construct a
braided fluvial fan delta under varying subsidence rates and different conditions
of water and sediment discharge. The experimental sediment supply consisted of
a mixture of two lithologies, quartz sand, and coal particles, the latter serving as a
proxy for fine-grained sediment by virtue of its lower density. Four different sets
of background conditions were used in the experiment, the results of which were
then sliced vertically, parallel and perpendicular to depositional strike, to construct
the cross-sections shown in Fig. 6.13. The most interesting outcome of this series
of experiments is the transition from Stage 2 to Stage 3, the cause of which is dis-
cussed below.

The enlarged cross section of Stage 2 in Fig. 6.13 illustrates a simulated allu-
vial plain with stacked channel deposits, highlighted in black to increase their vis-
ibility (in other words, these are sand channels, not coal). Stage 3 deposits consist
primarily of laminated coal layers, with no visible channels. The section parallel
to depositional dip (the bottom panel in Fig. 6.13) shows a major lateral shift in
the facies boundary. Stages 1 and 2 deposits are primarily sand, whereas Stage 3
deposits are coal-rich, with a transition upstream into sand taking place half way
up the experimental delta. These architectures would appear to illustrate the con-
trasting conditions in the LAB models of stacked channels (Stage 2) indicating
slow subsidence and channel amalgamation, versus rare, dispersed channels (Stage
3) corresponding to the condition of rapid subsidence. In fact, the change in condi-
tions from Stage 2 to Stage 3 was exactly the opposite. This transition represents
a reduction of about 75 % in the subsidence rate, together with a reduction in the
discharge and sediment load. With reduced slope and water in Stage 3, most of the
sand was deposited in the proximal part of the delta, with the coal portion selected
out and transported further downslope. The transition to Stage 3 represents an
upstream shift in the facies boundary between sand-rich, channelized deposits and
distal, fine grained deposits with few to no channels. The relevance to full-scale
alluvial systems is that it is the overall balance of conditions that determines allu-
vial architecture, subsidence rate being only one of them.
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A
densely stacked channels isolated channels

major facies retraction

Fig. 6.13 The results of an experiment to model variations in alluvial architecture base on vari-
ations in subsidence rate, water discharge and sediment load. The experiment was run under four
successive combinations of conditions. The top three diagrams illustrate a strike-parallel section
through the experimental result, the bottom diagram is a dip-parallel section (Strong et al. 2005,
Figs. 3, 4, p. 247)

6.3 Sequence Stratigraphy of Ancient Fluvial Systems

6.3.1 How to Re-Focus Fluvial Studies of the Ancient Record

Given the discussion of the previous sections of this chapter, it should now be
clear that there are a number of hitherto unrecognized difficulties in studying sedi-
mentation in the distant past. We need to take on board several important points
with regard to the interpretation of the ancient record:

e Although the concept of “the present is the key to the past” can be used with
confidence to interpret the products of basic processes such as those related to
the flow of water, turbulence, bedform generation, soil generation, and so on,
all of which are built on standard principles of physics and chemistry, we need
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to be much more cognisant than we have been to date of the importance of time
and of the rates of processes.

e The fragmentary nature of the preserved record means that we need to be much
more cautious than we have been with regard to assumptions about continuous
sedimentation and the interpretations that include this as a starting point, such
as the cyclicity that may be observed in vertical sections and which has become
an essential component of fluvial facies analysis methods.

e Fluvial environments and processes are likely to be highly variable across a
basin at a one moment in time, and also to vary significantly through time. As
Gibling et al. (2011, p. 441) noted: “The identification of systems tracts in an
alluvial basin tends to imply a basinwide effect, whether the authors intended
this or not. However, alluvial regions such as the Ganga Plains are huge areas
with many geomorphic elements (orogenic and cratonic sources; megafans,
interfluves and axial drainage systems) and large precipitation gradients. In
basins of this scale, basinwide bounding surfaces will be a rarity, and most
prominent surfaces may be of local extent.”

e The high rates of processes recorded in the post-glacial record, and the high-
frequency and high-amplitude changes in climate and sea-level that character-
ized the Neogene, are largely non-uniformitarian, in that most of geologic time
was probably not characterized by such large-scale changes. With the excep-
tion of the Gondwana glaciation of the Carboniferous to Permian, most of the
Earth’s continents throughout most of the Phanerozoic appear to have been
characterized by a greenhouse climate (exceptions to this are discussed below).
This means that we must be very careful in the way we use Late Cenozoic ana-
logs as a basis for interpreting the ancient record.

e As has now been very well documented by Davies and Gibling (2010a, b,
2011), the evolution of land plants had a profound effect on the shaping of the
alluvial landscape, with major changes occurring through the mid-Paleozoic.

Allogenic and autogenic sedimentary processes may generate predictable,
ordered stratigraphic patterns at all time scales. The order and predictability
may include erosional processes as well as processes of accumulation. This has
always been the basis for Walther’s Law and, more recently, sequence stratigraphy.
Therefore, contrary to the random or chaotic processes of accumulation implied
by Bailey and Smith (2010), stratigraphic order, including cyclicity, may be pre-
served in the rock record and may be understood and interpreted within the focus
of the appropriate SRS. Walther’s Law is based on the concept of shifting deposi-
tional environments represented by deposits stacked in a vertical succession. Many
of the environments to which this law has been applied generate the characteristic
vertical profiles (e.g., fluvial fining-upward cycles, deltaic crevasse splays) over
time spans of 10'-10° years, and may, therefore be interpreted within the frame-
work of SRS 5-7. Larger scale systems, such as deltas, develop in accordance with
Walther’s Law at longer terms, SRS 7-9.

The greenhouse climates of the Phanerozoic may not have been greenhouse all
the time. Miller et al. (2005a, b) argued for a new interpretation of Cretaceous to
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early Cenozoic climates, based on their detailed studies of New Jersey stratigraphy,
including the oxygen isotope record. While acknowledging the sparseness of the
isotopic data, and the susceptibility to diagenetic modification of samples from
older, relatively deeply buried sections, they argued that enough evidence had now
been assembled for a rethinking of the concept of a long period of greenhouse
climatic conditions. They suggested that the climate was characterized by “cool
snaps’—the development of small ice caps lasting in the order of 100 ka. It was
postulated that these ice caps must have been located in Antarctica, which was, as
it is now, located in a polar position. The implication is that cycles of glacioeustatic
sea-level change might be expected for parts of the Mesozoic. Amplitudes would
be expected to be modest—a few tens of metres, at most.

The detailed stratigraphic studies that have been carried out by A. G. Plint
and his group on the Cretaceous record of northwestern Alberta have yielded
many clues to allogenic processes operating in that area. In several of his studies
(Plint 1991, 2002; Plint et al. 2001), the evidence has suggested eustatic sea-level
changes as a significant controlling mechanism. In a detailed study of paleoval-
leys (referred to later in this chapter), Plint et al. (2001) suggested that “eustatic
excursions of the order of 20-30 m might have effected the base level changes
responsible for valley formation, and suggested that valley incision took place
throughout the falling stage systems tract” (Plint 2002, p. 294). The lack of evi-
dence for structural tilting within this active foreland basin and the fact that the
valleys maintained comparable depths throughout their length suggested that flex-
ural movement of the basin (which might have been expected to be significant in
this foreland-basin setting) was not a factor.

Given the conclusions from the very detailed studies cited in this chapter, is
seems likely that relatively small-scale glacioeustatic cycles may be one of the pro-
cesses that need to be considered in interpretations of at least the Cretaceous record
of coastal fluvial systems. Further, the now extensive record for orbital forcing of
lacustrine and other systems for many ancient successions through the Phanerozoic
(e.g., see Miall 2010b, Chap. 7) suggests that orbital forcing of fluvial cyclicity,
including effects on fluvial discharge and sediment load, with or without glacioeus-
tasy, is likely an ubiquitous component of the driving processes involved at all times
in fluvial sedimentation, although the effects were probably overprinted for much of
geologic time by the more pronounced effects of local tectonism. The processes of
“shredding of the environmental signal” referred to by Jerolmack and Paola (2010)
also seems likely to have complicated the processes by which allogenic forcing is
recorded in the preserved deposits. Allen (2008) demonstrated that the response time
of alluvial systems to tectonic forcing may be significant, extending to at least 10°
years, which means that high-frequency processes may be damped out completely.

Other allogenic mechanisms of relevant to the interpretation of the pre-
Neogene record are discussed in Chap. 5, and include the effects of flexural loading
and intraplate-stress changes in tectonically active basins. There is some evidence,
discussed in that chapter, that the effects of high-frequency allogenic processes
have been recorded in the fluvial sequence record, but this is clearly an area that
needs considerable additional research.
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6.3.2 The Sequence Boundary

Bounding surfaces are of critical importance in sequence stratigraphy, and there
has been much debate regarding the appropriate surfaces to use in sequence defini-
tion, and how they relate to each other (Catuneanu 2006). In fluvial systems, the
definition of sequences is, at least superficially, more straightforward. Regional
subaerial erosion surfaces are the only bounding surfaces that have been iden-
tified in fluvial systems that have the necessary properties of being (1) laterally
extensive and (2) apparently amenable to interpretation as the product of allogenic
forcing, that they have been employed as essential components of the currently
popular fluvial sequence models (e.g., Figs. 6.3, 6.4). Subaerial erosion surfaces
are interpreted as representing episodes of negative accommodation. They are
the surfaces exposed by falling base level or by uplift of the alluvial valley, such
that the buffer zone of the alluvial system (in the terminology of Holbrook et al.
(2006)) is perturbed downwards, in favour of erosion. The topography of the suba-
erial erosion surface reflects the pattern of erosion that develops during this nega-
tive accommodation phase, and the nature of the deposits immediately above and
below the surface may provide essential information regarding the fluvial style,
drainage patterns and the climate of the basin during the erosional interval.

It is common practice to regard sequence boundaries as chronostratigraphic
surfaces for the purpose of mapping, but although this is a reasonable gener-
alization for use on a broad, regional scale, it is important to make note of the
important qualifications that modify this assumption. As Catuneanu (2006, p. 116)
noted, “The stratigraphic hiatus associated with the subaerial unconformity is
variable, due to differential fluvial incision and the gradual expansion of subae-
rial erosion in a basinward direction during the stage of base-level fall.” As is the
case for any unconformity, the age of the beds truncated by the unconformity may
vary significantly from place to place, indicating a diachronism in the initiation
of erosion at the surface, or variation in the depth of erosion. Similarly, the age of
the beds that rest on the surface may also vary significantly from place to place,
indicating a diachronism in the development of positive accommodation at the
beginning of a sequence cycle; for example, a gradual transgression up an incised
valley. As noted above, Gibling et al. (2011, p. 441) have pointed out the likely
regional nature of key events and their sedimentological response in large alluvial
basins.

If there is a lateral transition into marine deposits, the age of the beds below the
sequence boundary and that of the first deposits above the sequence boundary is
likely, in both cases, to be older at the coast than anywhere else. This is because a
fall in sea level at the coast may initiate a wave of erosion that gradually translates
inland up the river valley as a “knickpoint,” resulting in longer and deeper erosion
where erosion commences, at the coast (Fig. 5.34). Similarly, the bottoming out of
a sea-level curve re-establishes a buffer zone at the coast, within which lowstand
deposition can take place, and as transgression commences, this zone of sedimen-
tation will gradually be extended up the valley inland.
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Strong and Paola (2008) pointed out an important distinction between a fopo-
graphic surface and a stratigraphic surface. The topographic surface that cor-
responds to the subaerial erosion surface undergoes continual change until it is
finally buried and preserved. It is the stratigraphic surface that we map in the rock
record, but this is a surface that never actually existed in its entirety as a topo-
graphic surface in its final preserved form, because it undergoes continuous mod-
ification by erosion or sedimentation until final burial (Fig. 6.14). The subaerial
erosion surface may also violate one of the fundamental principles of an uncon-
formity, which is that all the deposits below the unconformity surface are older
than all the beds above the surface. Deepening and widening of an alluvial val-
ley may continue during the final stages of the evolution of a subaerial surface,
even while a turn-around in the base-level cycle has begun to transgress and bury
the surface during the beginning of a transgression. Channel or overbank depos-
its that are preserved as terrace remnants, resting on the basal erosion surface,
could therefore predate the coastal deposits formed during the final stages of base-
level fall, and would therefore be older than the sequence boundary at the coast,
although resting on it.

Many nonmarine sequence boundaries are clearly expressed as incised valleys,
although where data are limited, it may be very difficult to distinguish an incised
valley from a simple channel scour. This is discussed further, below. Given suf-
ficient time (which could mean many millions of years) fluvial erosion may lead
to peneplanation of the landscape, with the development of regionally signifi-
cant, topographically flat unconformity surfaces. An erosional sequence boundary
is therefore characterized by fluvial valleys that may range from narrow, shal-
low, isolated, linear valley architectures to broad, compound valleys, to undulat-
ing peneplaned surfaces (Sect. 6.3.3). Ancient examples are discussed at length in
Sect. 6.3.4. Where erosion of the interfluve areas is slow, because the landscape
has achieved the condition of peneplanation or because fluvial energy is low,
reflecting low regional slopes, much of the surface may be capped by a soil. The
study of paleosoils can yield much useful information regarding regional climate,
as discussed in Sect. 5.2.2. Paleosoils may constitute useful markers of sequence
boundaries, as discussed in Sect. 6.3.6. In other cases, sequence boundaries may
be marked by major changes in fluvial style, with little or no evidence of chan-
nel incision. As discussed in Sect. 6.3.5, such non-erosional sequence boundaries,
including what Miall and Arush (2001a, b) termed cryptic sequence boundaries,
are indications of regional changes in discharge or sediment load brought about by
tectonic or climatic forcing.

In a recent review, Holbrook and Bhattacharya (2012) carried out a detailed
deconstruction of the concept of the subaerial erosion surface as a conventional
sequence boundary; that is, as a surface that accords to the conventional concept
of an unconformity as a time barrier. Their review presents additional detail and
argument along the lines of that developed by the experimental work of Strong
and Paola (2008), touched on above, and reprises and expands on the field evi-
dence from incised valleys presented by Holbrook (2010), which is discussed
below. In this writer’s view, the subaerial erosion surface survives this examination
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weathered, but matured, as a useful concept. However, Holbrook’s (2010) work,
in particular, presents a vista of time, particularly missing time, on multiple time
scales, that is worth pondering at length by those of us who too readily toss around
millions of years as unreducible elements of our geological histories.

6.3.3 Classifications of Erosional Sequence Boundaries

Incised valleys have received considerable attention from sedimentary geologists
in recent years, in part because of their perceived significance in reconstructions
of accommodation changes within a sequence context. It has also been recognized
that incised valley-fills may constitute excellent stratigraphic traps for petroleum.
Dalrymple et al. (1994, 2006) compiled two invaluable compilations of research
papers on incised valleys, including a discussion of depositional models, and case
studies of modern and ancient examples in a range of tectonic and climatic set-
tings. Most of them contain estuarine sedimentary fills. Many other significant
studies of fluvial valleys have been completed, as discussed below.

Incised valleys are difficult to study in the ancient record, because they typi-
cally exhibit a complex cut-and-fill stratigraphy that may be problematic to inter-
pret with limited outcrop or subsurface data, and because of the huge range of
scales that may need to be considered, from small, single-thread rivers to large
braided systems or compound, laterally nested river systems (e.g., Holbrook
2001). Such complexities are well below the resolving power of most conventional
chronostratigraphic techniques. In many basins, such as the low-accommodation
settings that constitute the eastern flank of the Alberta basin, multiple cycles of
base-level change have generated complexes of intersecting valleys which require
special mapping techniques for accurate and reliable correlation. Examples from
this and other areas are discussed below.

Plint and Wadsworth (2003, p. 1152) summarize the criteria used to recognize a
valley-fill, as distinct from a simple, incised channel:

(i) a valley is a linear erosional topographic structure, typically larger than a single chan-
nel form, that truncates underlying strata, including regional markers; (ii) the base and
walls of the valley constitute a regionally mappable erosion surface across which there
is an abrupt seaward shift in depositional facies; (iii) the erosion surface may be mantled
by a pebble lag and/or characterized by a Glossifungites ichnofacies; (iv) the erosion sur-
face should be traceable to an exposure surface, possibly characterized by a palaeosol on
the adjacent interfluve; (v) depositional markers within the valley fill will onlap the valley
walls; and (vi) tributary valleys are recognizable.

Attempts to develop wide-ranging descriptions and classifications of alluvial
valleys were published by Holbrook (2001) and Gibling et al. (2011). Their key
diagrams are shown here as Figs. 6.15, 6.16 and 6.17. Holbrook’s (2001) classi-
fication (Fig. 6.15) is based on his studies of the mid-Cretaceous (upper Albian-
lower Cenomanian) Muddy Sandstone of Huerfano Canyon in Colorado. He was
particularly interested in the architecture of scour surfaces, channels and valleys,
as expressed in outcrop over a wide range of scales, and was able to document
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relevant in particular cases (Gibling et al. 2011, Fig. 9, p. 438)

these in some detail, based on the interpretation of photomosaic maps constructed
from large and very well-exposed outcrops. He made use of the concept of hier-
archical architectural elements and bounding surfaces developed by Miall (1985,
1988, 1996), defining surfaces in his project area of 6th, 7th, 8th and 9th-order
rank, and suggested ways by which the larger-scale elements of this hierarchy
could be classified using the principles of allostratigraphy, for example by assign-
ing units such ranks as allomembers and allosubmembers. These ideas are inte-
grated into the Sedimentation Rate Scales concepts in Table 6.1.
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Fig. 6.17 A classification of Quaternary valley-fills, based in part on Holbrook (2001) (Gibling
etal. 2011, Fig. 10, p. 439)

Holbrook’s (2001) paper is an excellent illustration of how the architectural
approach can be used to construct complex interpretations of a specific rock
unit. However, caution needs to be expressed in generalizing from this study. As
Holbrook says: “There is no compelling reason, however, to assume that 7th-order
nested valley and/or 8th-order valley surfaces record preserved segments of pre-
viously continuous sequence bounding unconformities. Seventh- and 8th-order
surfaces can just as well record valley-unique incision occurring where local
climatic, tectonic and/or other drainage factors overwhelmed regional trends.”
(op. cit., p. 209). And again: “The possibility must also be considered that simple
and complex valleys may potentially result from local incision and not be part of
a basin-wide sequence boundary (op. cit., p. 210). Holbrook’s (2001) study pro-
vides a good reminder of the need to keep time scales in mind when evaluating the
ancient record against analogs from the late Cenozoic. A major sequence boundary
typically constitutes a SRS 9 or /] event and may represent several million years
of elapsed time. The processes of valley and terrace formation that have been
observed in the post-glacial record (e.g., Blum 1993) typically represent the prod-
uct of climatically-driven and autogenic events on a SRS-8 or 9 scale, that is, on
a time scale one to two orders of magnitude more rapid. Potentially, therefore, a
major sequence boundary in the rock record could be the product of tens to scores
of depositional and erosional cycles that have, at best, left highly fragmentary
records. The intermediate scales represented by Holbrook’s allowsubmembers are
a particularly difficult scale to evaluate in the rock record, being typically too large
to map reliably in outcrop, but too small to image on seismic records (except the
type of high-resolution seismic used to map the shallow subsurface) or to correlate
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Table 6.1 The hierarchy of channels and valleys at fluvial sequence boundaries

Type or rank Bounding Sedimentation Time scale Processes Driving
(terminology surface rank rate scale (years) mechanism
from Holbrook (Miall 1996) (Miall, in
2001) press)
Nested channel 4 5 10°-10! Seasonal to Normal climatic
cuts 10-year flood events
Channel scours 5 6 10%-10° Channel Autogenic
avulsion valley-floor
aggradation
Channel-belt 6 7 10>-10*  Channel-belt Autogenic val-
(b allosub- avulsion, ley-fill; shifts
member) river capture in river due
to climatic
or tectonic
events
Nested valley 7 7-8 103-10° Channel-belt Shifts in river
(nv allosub- avulsion, due to
member) river capture climatic
or tectonic
events
Valley-fill 8 9 10°-10°  Channel-belt Shifts in river
avulsion, due to
river capture climatic
or tectonic
events
Sequence 9 9-12 10°-107  Regional changes Major tectonic
boundary in ratio of or climatic
accommo- changes
dation to
sedimentation

using wireline logs. Terraces in river valleys are remnants of aggradational cycles
that have been partly removed by subsequent degradation. As Archer et al. (2011)
indicated, such deposits might constitute important, but overlooked, elements of a
fluvial assemblage, and could provide useful clues to tectonic or climatic cycles,
the evidence for which has been largely lost.

Holbrook’s (2001) cautions regarding the possibly local nature of specific cut-
and-fill architectures in the rock record has now been matched by the results of an
important set of experiments that explored the development of incised valleys car-
ried out by Strong and Paola (2008). They demonstrated the importance of a process
that seems counter-intuitive: the shape of the final preserved stratigraphic valley is
determined by erosion and sedimentation taking place during the rising limb of the
base-level curve (Fig. 6.14). Pockets of channel deposits are formed by temporary
deep scour throughout the base-level cycle, and some of these may be preserved
as a result of lateral shifts and abandonment of the main fluvial channel. It should
therefore be assumed that the basal fill of the valley is highly diachronous. It is
entirely possible that such scour-fill pockets may be formed during the transgressive
phase, towards the end of the phase of modification of the topographic surface, and
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Multivalley complex above a valley-composite sequence boundary, Cretaceous Ro ille Sandstone, SE Colorado
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Fig. 6.18 Top An architectural interpretation of the Romeroville Sandstone (middle Cretaceous),
Huerfano Canyon, Colorado, plus two close-up panels (centre and bottom) which illustrate
enlarged portions of the profile. The numbered valleys in the top panel each constitute nested-
valley complexes (Holbrook 2010, Fig. 1, p. 2; see Table 6.1 in this book for explanation of the
terminology)

after the formation and burial of the base of the valley during the lowstand. In such
cases, these deposits—the base of which defines part of the basal erosion surface
and sequence boundary—would be younger than coastal deltaic or marine deposits
formed at the lowstand; in other words, these beds, resting on the basal unconform-
ity, are older than some of the beds cut by the basal scour near or at the coastline.
The diachronous, composite character of the basal sequence boundary is nicely
illustrated in Fig. 6.18, which is from a Discussion of the Strong and Paola (2008)
paper, submitted by Holbrook (2010). Holbrook illustrated the theme of diachro-
neity with a detailed architectural profile (Fig. 6.18), which shows a set of four
valley-fills, each 200-300 m wide, that offset and nest into each other. Part of the
basal sequence boundary is defined by the base of valley 1, part by valley 2, and
part by valley 3. Each of the valleys, in turn, comprise fills formed largely by lat-
eral accretion, indicating that the base of each valley is itself diachronous, on a
smaller scale. This architectural profile illustrates the difficulty of distinguishing
incised valleys from simple channels, because an incised valley is, in most cases,
simply an amalgamation of channels that have formed slightly offset from each
other over a period of time longer than that required for the formation of a simple
scour by meander migration. Interpretations of the time scales associated with the
channel and valley hierarchy illustrated in this diagram are provided in Table 6.1.
A further illustration of the ambiguity associated with sequence boundaries is
illustrated by Figs. 6.19 and 6.20. The first of these is a detailed sequence cor-
relation of a delta in the Ferron Sandstone of Utah. At first sight the incised val-
ley-fill complexes (coloured red in Fig. 6.19) that mark the base of sequences 1
and 2 would appear to define a relatively simple, almost layer-cake stratigraphy.
This is essentially the interpretation shown in Fig. 6.20a, in which all the incised
valleys are assigned to sequence 2. However, there is no definitive proof that this
is the correct interpretation. The regional erosion surface that marks the base of
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Fig. 6.19 Cross-section through the Ferron Notom delta (Turonian), Utah, hung on bentonites.
Parasequences are numbered 1 to 17, and are grouped into six sequences. Two alternative Wheeler
diagrams for this cross-section are shown in Fig. 6.20 (Bhattacharya 2011, Fig. 11, p. 135)

sequence 2 across the left-hand end of the section could be a composite of erosion
surfaces cut at different times after the end of deposition of parasequence 7. This
is the basis for the interpretation shown in Fig. 6.20b, in which it is suggested that
the incised valley-fills that comprise the first valley-fill complex were formed at
different times following the deposition of parasequence 9.

The most recent study of alluvial valleys, by Gibling et al. (2011), presented a
set of criteria for recognizing valleys in the rock record (Fig. 6.16) and offered a
classification based on Holbrook’s work, with suggested Quaternary examples
(Fig. 6.17). However, as noted in Sect. 6.3.1, the use of Quaternary examples as a
basis for interpreting the ancient record may be questioned. We discuss below some
of the specific examples cited in that paper, and reconsider them as interpretive tools
from that perspective. In general, the applicability, and hence the value, of classifi-
cations (Figs. 6.15, 6.17), needs to be assessed against these important points:

e There exists a wide range of river channel sizes reflecting the wide range of riv-
ers in nature. The hierarchy is not standardized according to scale (see Fig. 2.4).

e Valleys may vary in width not only according to river size but also according to
the time they remain at the same stratigraphic level, leading to widening by lat-
eral combing of the channels or by avulsive switching, as on many delta plains.

e Valleys of widely varying size may be developed within a small area, reflecting
the presence of trunk rivers and tributaries of different sizes, the presence of
deep scours at channel confluences, etc.

e Autogenic and allogenic processes, modified by lags and damping effects
imposed by geomorphic threshold and response-time considerations, may
develop comparable sedimentary responses that overlap and interact in unpre-
dictable ways.
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Fig. 6.20 Two alternative Wheeler diagrams for the cross-section shown in Fig. 6.19. The dif-
ferences between them focus primarily on the chronostratigraphic interpretation of the incised
valley-fills (Bhattacharya 2011, Fig. 14, p. 138)

e Major sequence boundaries, representing 10°-10° years elapsed time, could
encompass scores of higher-frequency aggradational-degradational events and
cycles which have left extremely fragmentary to no record.

The conclusions from this discussion would appear to be that while classifica-
tions of valleys and valley-fills might constitute a useful descriptive terminology,
considerable caution needs to be used in building generalized interpretations from
these descriptions.
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6.3.4 Examples of Valley-Fills in the Recent and Ancient
Rock Record

Studies of incised-valley-fills in Alberta have a long history, because of their
importance in the formation of numerous small- to medium-sized stratigraphic
traps for petroleum. Three illustrations from a study by Wood and Hopkins (1992)
are included here as Figs. 6.21, 6.22 and 6.23. In this area of low accommodation,
large-scale fluvial systems appear to have repeatedly switched by lateral migration
and avulsion, during recurring episodes of base-level rise and fall, building a com-
plex suite of high-frequency sequences that cut into and intersect each other. Wood
and Hopkins (1992) described techniques utilizing petrophysical data and detrital
petrography to distinguish the valleys from each other, as an aid to wireline-log
correlation. Chemostratigraphic techniques have been employed more recently for
the same purpose. Chemical fingerprints for stratigraphic units may be derived by
whole-rock geochemical analysis of core samples (Wright et al. 2010).

Arnott et al. (2002), Lukie et al. (2002), and Zaitlin et al. (2002) described the
complex stratigraphy of the Basal Quartz Member of the Mannville Formation in
project areas within the southern part of the Western Canada Sedimentary Basin.
Accommodation in this area ranged from low to very low. At this time, southern
Alberta was part of the foreland basin but was located some distance from the
main locus of subsidence. The contemporary “deep basin” was centred in north-
eastern British Columbia (Zaitlin et al. 2002, Fig. 2). Subsidence trends and pale-
ocurrent patterns indicate a strong influence of basement control, which Zaitlin
et al. (2002) related to the heterogeneity the Precambrian crust under the influence
of thrust-sheet loading. Tectonism triggered differential movement on structures
in the basement generating responses that varied from region to region (Fig. 6.24).
Stratigraphic studies indicate multiple phases of incised valley development
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Fig. 6.21 Schematic stratigraphy of the Glauconite Member of the Upper Manville Group
(Lower Cretaceous), Alberta, showing the succession of high-frequency sequences that intersect
each other (Wood and Hopkins 1992, Fig. 5, p. 908). AAPG © 1992. Reprinted by permission of
the AAPG whose permission is required for further use
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(Fig. 6.25). Most would appear to be “complex valleys.” In the Holbrook (2001)
classification (Fig. 6.15) or “entrenched channel belts” in the Gibling et al. (2011)
terminology (Fig. 6.17).

During the Early Cretaceous there was “an area of extremely low accommoda-
tion along the Saskatchewan-Alberta border and the SE corner of Alberta, where
isopach values range between 0 and 40 m and net sedimentation rates [were] less
than 2.2 m/my. This area was dominated by long periods of erosion and expo-
sure, the development of paleosols, and multicycle incision of valley systems”
(Zaitlin et al. 2002, p. 35). Accommodation increased slightly across a hinge-line
defined by an aeromagnetic low, corresponding to a fault zone in the basement
(Fig. 6.24). This maps as an east—west “hinge-line” in Fig. 6.26. To the north of
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Fig. 6.23 Stratigraphic (a) and structural (b) cross-section through one of the valley-fill com-
plexes illustrated in Figs. 6.21 and 6.22 other (Wood and Hopkins 1992, Fig. 17, p. 921). AAPG
© 1992. Reprinted by permission of the AAPG whose permission is required for further use

the hinge-line is “an area of low-intermediate accommodation where isopach val-
ues range between 40 and 120 m, and net sedimentation rates ranged between 1.3
and 6.6 m/Ma. This area is characterized by mappable valley systems with sheet-
like fluvial to coarse-grained meandering deposits, paleosols and thin coals at their
base, changing upward into finer-grained meandering-fluvial to fluvial-estuarine
systems” (Zaitlin et al. 2002, p. 35). The net sedimentation rate for the Lower
Mannville was estimated as 6.6 m/my, and for the Upper Mannville 20 m/my
(Zaitlin et al. 2002, p. 35). These are extremely low rates (1073 m/ka), an order of
magnitude less than SRS-71, and assigned to SRS-12.

An example of the valley system developed during one phase of the Mannville is
illustrated in Fig. 6.26 and a stratigraphic cross-section through part of this system
(section E-E’) is shown in Fig. 6.27. The “BAT"” sandstones, like most of the valley-
fill units, are prolific hydrocarbon reservoirs, forming numerous stratigraphic traps.

The Upper Cretaceous (Cenomanian) Dunvegan Delta complex of northwestern
Alberta has been mapped in detail by Bhattacharya (1993), Plint (2002) and Plint
and Wadsworth (2003). A cross-section through the complex (Fig. 6.28) shows a
subdivision into seven regional allomembers, A to G, each representing a cycle of
marine flooding, followed by progradation of river-dominated deltas. The deltas
within each allomember consist of offlapping shingles, which represent individ-
ual deltaic lobes in plan view. Figure 6.29 is a map of the complete delta-plain
and delta-lobe geography of Allomember E. The tributary systems and the trunk
streams of this system have been mapped in great detail, based on the correlation
of wireline logs in 4800 wells by Plint (2000) and Plint and Wadsworth (2003).
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Fig. 6.24 Conceptual tectonic model for the Western Canada Sedimentary Basin in southwest-
ern Alberta, showing the influence of Precambrian basement heterogeneity on the architecture
and subsidence history of the foreland basin (Zaitlin et al. 2002, Fig. 34, p. 68)
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Fig. 6.25 Generalized stratigraphy of the Basal Quartz Member (Lower Manville Formation) as
developed in a low-accommodation setting (Zaitlin et al. 2002, Fig. 3, p. 36)
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Fig. 6.26 Composite isopach and paleogeographic map of the BAT, a unit consisting of local
sandstones named Bantry, Alderson and Taber. Arrows represent inferred paleodrainage direc-
tion. Where no contours are present, no BAT was deposited or preserved. Location of cross-
section E-E/ (Fig. 6.27) is shown (Zaitlin et al. 2002, Fig. 21, p. 55)

The details for allomember E are shown in Fig. 6.30. Some of the valleys are up to
10 km wide, and can be traced for as much as 330 km in the subsurface. Like the
Mannville valleys, these appear to be “complex valleys” in the Holbrook (2001)
classification (Fig. 6.15) or “entrenched channel belts” in the Gibling et al. (2011)
terminology (Fig. 6.17).

A typical strike-oriented cross-section through one of these paleovalleys is
shown in Fig. 6.31. A schematic diagram illustrating the longitudinal stratigraphic
relationships of a typical valley is shown in Fig. 6.32. The valley truncates deltaic
shingles updip (to the north and west). In this illustration, three schematic gamma
ray logs illustrate typical signatures through valley-fill deposits and host strata.
“The centre log shows an upward-fining cap to the valley-fill, perhaps representing
the muddy heterolithic part of a tidal point bar, or a tidal flat succession. The two
flanking logs show at the top of the valley-fill, a sandier-upward succession that
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Fig. 6.27 Cross-section of the Mannville Formation, showing the low-accommodation BAT
valley-fill geometry, and the more isolated channel architecture of the Upper Mannville along
section E-E/ (location shown in Fig. 6.26) (Zaitlin et al. 2002, Fig. 22, p. 56)
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Fig. 6.28 Allostratigraphic subdivision of the Dunvegan Formation (Cenomanian) of northwestern
Alberta (Bhattacharya 2011, Fig. 2b, p. 124; modified from Bhattacharya 1993)
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Fig. 6.29 The tributary and trunk river system feeding a river-dominated delta, Allomember E of
the Dunvegan Formation, Alberta (see Fig. 6.28), based on subsurface mapping by Plint (2002) and
Plint and Wadsworth (2003) using some 4,800 well records (Bhattacharya 2011, Fig. 24, p. 148)

might represent a bay-head delta. The muddy, estuarine portion of the fill appears
to die out in the lowest reaches of the valley, which is interpreted as grading into a
distributary” (Plint 2000, p. 293).

The Late Cenozoic incised-valley system mapped on the shelf of the East
China Sea by Wellner and Bartek (2003) is cited by Gibling et al. (2011, Table 4)
as an example of a “near-smooth basal unconformity channel sheet.” It is a “mul-
tistorey sheet” in their classification (Fig. 6.17) and a “multivalley complex” in
the Holbrook (2001) classification (Fig. 6.15). A map of the complex that devel-
oped during the MIS-2 isotopic stage (26—10 ka) during which sea level fell and
rose about 100 m, is shown in Fig. 6.33, and a detail of the complex, imaged by
the water-gun reflection seismic method, is shown in Fig. 6.34. In its entirety, the
complex is more than 330 km across and reveals incision depths of up to 72 m.
The authors attribute the width of the system to lateral channel migration. The
detail of Fig. 6.34 reveals the presence of several separate channel systems, each
of which was filled largely by lateral accretion. The shelf deposits into which this
complex incised are marine deposits formed during the preceding highstand, and
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Fig. 6.30 The palleovalley system of Allomember E, Dunvegan Formation (the same system
shown in schematic form in Fig. 6.29), showing well locations (Plint 2002, Fig. 5, p. 286)

they are overlain by the transgressive to highstand deposits of MIS-1. The appro-
priate sedimentation-rate focus for these deposits is SRS-8. Given that the entire
complex is at less than 80 below present sea level, its long-term survivability
through another full-glacial cycle is low. How relevant is this system, therefore, to
the interpretation of the ancient record? It could be speculated that the more mod-
est eustatic cycles predicted for parts of the Cretaceous, if applied to this paleoge-
ographic environment, would have led to multiple re-incision of the same system,
with many fragments spanning an age range of up to several million years that
would become laterally amalgamated and with slow, steady subsidence, also offset
vertically by a few metres. The end product might appear similar architecturally,
but the total age range of the deposits might be entirely different.

Studies of the channel and valley complexes of the giant rivers of northern India
have been undertaken by Tandon et al. (2006) and Sinha et al. (2007). Gibling et al.
(2011, Table 4) suggested that they provide an example of a compound-complex
system, in the Holbrook (2001) classification (Fig. 6.16). Tandon et al. (2006, p.
19) noted the difficulty of distinguishing “channels” from “valleys” in this area,
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Fig. 6.31 Schematic longitudinal cross-section along a paleovalley in the Dunvegan Formation,
Alberta (Plint 2002, Fig. 16, p. 293)
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Fig. 6.32 Schematic strike-cross-section of a paleovalley in the Dunvegan Formation, summariz-
ing the main sedimentological features of the valley-fill (Plint and Wadsworth 2003, Fig. 3, p. 1152)

given the large size of the autogenic channel scours, and the regular occurrence
of deep scour caused by the seasonal monsoonal floods. Stratigraphic studies sug-
gest that particular examples of deep incision can be related to monsoon events.
Regionally, it is suggested that the major channels have shifted laterally as a result
of the active tectonism in the basin, which is dominated by flexural subsidence and
southward migration of the Himalayan thrust belt (Fig. 6.35). An example of this
channel shifting is illustrated in Fig. 6.36, based on correlation of drill-core stra-
tigraphy to the surface channel patterns. A large meander with a radius of about
10 km appears to have undergone a neck cut-off and the straightened channel also
shifted southward, presumably in response to tectonism. It is not known what is
the nature of the surface that defines the base of the compound valley interpreted
from this stratigraphic evidence (the base of the grey area defining the valley in
Fig. 6.36). It is likely that it constitutes a compound erosion surface, which may
climb slightly through the floodplain-interfluve deposits in a southward direction.
Viewing the Ganga system through a speculative lens from the distant geologi-
cal future, what is likely to happen to it over the next few million years? In other
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Fig. 6.33 Interpreted paleogeography of the vallely-fill complex of the East China Sea during
the MIS-2 (late Wisconsin) stage. The location of the seismic section shown in Fig. 6.34 is indi-
cated (Wellner and Bartek 2003, Fig. 9¢, p. 937)
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Fig. 6.34 Detail of the incised-valley system on the shelf beneath the East China Sea. Location
is shown in Fig. 6.33 (Wellner and Bartek 2003, Fig. 5, p. 933)
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Fig. 6.36 Stratigraphy of the Ganga valley and interfluve, based on valley-margin outcrops
and drill core. Dating of the channel fills in the drill-core sections suggests an episode of lateral
migration of the Ganga valley about 30 km to the southwest (Sinha et al. 2007, Fig. 9, p. 405)
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words, in what way do we need to adjust our interpretation of this system if we are
to use it as an analog for interpreting the ancient record? High-frequency, high-
amplitude glacioeustasy is not an issue in this case. Over an intermediate (10%~10°-
year) time scale it is likely that monsoonal variability, autogenic meander shifting
and avulsion would continually erode and replace specific channel fills and inter-
fluve deposits, with only fragments becoming positioned for long-term preserva-
tion. It is likely that the southward shift of the system will continue. In a million
years an active foreland may subside as much as 100 m (SRS-10: typical subsid-
ence rate: 0.1 m/ka). Proximal deposits—those within a few tens of metres of the
thrust front—may be tectonically disturbed, tilted, uplifted and partially eroded.

The examples of paleovalley described so far have been based on the avail-
ability of excellent subsurface control—tight networks of wireline logs, or high-
quality reflection-seismic data, from which reliable dimensional information could
be obtained. In the absence of such control, where the data consists of scattered
outcrops or widely dispersed wells, it might be difficult to distinguish valley-fills
from channels. Batson and Gibling (2002) described an example of where detailed
facies and architectural methods could be used to distinguish valley-fills from
simple channels and, employing additional criteria, such as associated facies and
vertical profile, the different channel assemblages could be confidently assigned
to different stages of base-level and climate cycles. The examples are from the
Carboniferous, coal-bearing succession of the Sydney Basin, in Cape Breton
Island, Atlantic Canada. Five distinct assemblages or “groups” of channel style
were recognized, ranging from large incised systems, 4.6—13 m deep, to small
channel sandstones less than 1 m thick. The large channels, assigned to group
A, are interpreted as paleovalleys, filled during transgressive phases. This is sug-
gested by the upward passage of the channel sandstones into finer-grained depos-
its, some showing evidence of marine influence, and into coals. The channels are
commonly capped by beds containing hydromorphic soils.

6.3.5 Non-Erosional Sequence Boundaries

Sequence boundaries are a record of regional changes in depositional processes.
The standard nonmarine to shallow-marine sequence boundary is based on the
subaerial erosion surface, and commonly constitutes, or at least includes as part of
its regional architecture, an incised valley system, as discussed at length in the pre-
vious section. However there are two mechanisms that may generate a nonmarine
sequence boundary without evidence of significant erosion.

An incised valley is clear evidence for an episode of negative accommodation,
which is usually equated to a fall in sea-level or to tectonic uplift. The key idea here
is the change in depositional processes generated by allogenic forcing, and a ref-
erence to the buttress and buffer concept of Holbrook et al. (2006) may usefully
be made at this point (Fig. 5.1). Significant changes in depositional processes may
be forced by upstream controls, which cause a redefinition of the position of the
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buffer zone and the sedimentary processes taking place within it. Tectonic changes
in depositional slope may change the calibre of the sediment load and modify the
direction of tilt of the paleoslope; climate changes, through modifications to dis-
charge or vegetation cover, may affect the balance between discharge and sedi-
ment load, leading to changes in the balance between aggradation and erosion (Fig.
5.16), and to changes in fluvial style. The result may be more-or-less synchronous,
regional, mappable, changes in fluvial style with little or no evidence of significant
erosion; in other words, a sequence boundary generated without the requirement
for a period of negative accommodation. Sequences do not need to be defined on
the basis of changes between high- and low-accommodation styles (whatever that
may mean with respect to sedimentation rates, as discussed in Sect. 6.2).

The second mechanism for the generation of nonmarine sequence boundaries
that lack evidence of large-scale incision is where forced regression takes place
across a gently dipping continental shelf. If sediment supply is adequate, the river
system will respond by aggradation of the coastal plain as it extends seaward in
response to falling sea level. This mechanism was suggested by Miall (1991b), and
the Canterbury Plains of South Island, New Zealand, provide an excellent exam-
ple of the fluvial sequence stratigraphy that results (Browne and Naish 2003). The
Canterbury Plains constitute a braid-plain some 50 km across (in the direction of
depositional dip) and 200 km wide, formed from the coarse, gravel-dominated
deposits eroded from the actively uplifting Alpine Mountains to the northwest
(one of the gravel-bed rivers is illustrated in Fig. 2.13). During repeated cycles of
sea-level fall, during the Neogene, the braid-plain extended some 100 km further
seaward, to the shelf edge, and then underwent rapid transgression during the sub-
sequent episodes of sea-level rise. This process has been repeated at least seven
times (Fig. 6.37). The sheets of fluvial deposits so formed, constituting regressive
systems tracts, consist of a predominantly gravel association, with minor sand and
mud, comprising an assemblage similar to that described from the “Scott-type” of
fluvial system by Miall (1996). Mutually-incised channel scours are present, mark-
ing the location of short-lived braid channels, but there is no evidence of deep inci-
sion. As the coast underwent regression during each episode of sea-level fall, the
braid plain aggraded by developing very low-angle seaward-dipping clinoforms
10-30 m thick (Fig. 6.38). The clinoforms terminate in more steeply-dipping del-
taic foresets on the upper continental slope, marking the lowstand. The subsequent
transgressive deposits appear as hummocky or mounded features on high-reso-
lution seismic records, and are interpreted as stranded beach, barrier and lagoon
deposits formed during rapid transgression. The highstand deposits in the subsur-
face consist mainly of shelf muds. The modern coast is undergoing transgression
along most of the Canterbury Plains shoreline, and is developing an erosional sur-
face of wave ravinement (Leckie 1994).

The distinctive architecture of the Canterbury Plains deposits is a reflection of a
very high sediment supply, steep fluvial slopes, and cycles of rapid accommodation
changes during the falling stage, when the buffer zone underwent seaward transla-
tion, resulting in lateral and vertical expansion on the coastal plain. Once again,
as in several of the other examples described in this book, the architecture is very
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Fig. 6.37 Cross-section through the northern portion of the Canterbury Plains near Christchurch
to the edge of the continental shelf showing the stratigraphy of alternating lowstand fluvial grav-
els and sands and highstand sand, silt, clay, and peat. Numbers refer to inferred oxygen isotope
stages based on radiocarbon age dating (Browne and Naish 2003, Fig. 2, p. 670)
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Fig. 6.38 High-resolution seismic section across the middle and outer portion of the shelf off
the Canterbury Plains, correlated to the marine isotope stages based on limited '*C dating, and
age estimates based on sedimentation rates (Brown and Naish 2003, Fig. 17, pp. 69-70)

much a product of the late-Cenozoic high-frequency, high-amplitude changes in
accommodation. Absent the high-frequency glacioeustatic cycles, how would the
architecture of this coastal braid-plain be different? Assuming the same tectonically
active source area and high sediment supply, it would seem likely that the main dif-
ference would be that, because of the much lower rate of accommodation genera-
tion, there would be a substantial rate of sediment bypass, with much of the coarse



266 6 Sequence Stratigraphy

detritus delivered to the coast to be deposited as steeply-dipping deltaic clinoforms,
and much of the sediment would then undergo slope failure and further transport
deeper into the ocean by sediment-gravity flow processes. There is no reason to
suppose that the base of the regressive braidplain systems tract would be bounded
by deeply incised valleys or channels. It would not display a clinoform configura-
tion, but would probably be seismically incoherent, reflecting an internal architec-
ture of repeated channel avulsion and mutual erosion to shallow channel depths.
The Castlegate Sandstone (Upper Cretaceous) of the Book Cliffs in Utah
contains a good example of what Miall and Arush (2001a,b) termed a cryptic
sequence boundary. The base of the formation is defined by a major change in
facies, but detailed mapping (Fig. 6.39) indicates that there is an unconform-
ity which truncates the Buck Tongue (a shale unit) and defines an upper and a
lower part of the unit, which therefore constitute two separate sequences (Willis
2000; Yoshida 2000). Tectonic control is clearly indicated by the regional shifts
in paleoslope from one sequence to the next (Fig. 6.40). During periods of slow
subsidence, basinward sediment transport was facilitated, following the anti-
tectonic model of Heller et al. (1988), leading to the development of extensive,
sheet-like depositional units. The lower Castlegate Sandstone and the Bluecastle
Sandstone are examples. These deposits represent tectonically-generated nonma-
rine analogs of lowstand systems tracts. They extend more than 150 km down
depositional dip from the type area. The sequence boundaries at their base may
represent intervals of considerable erosion, as indicated by the regional mapping
documented in Van Wagoner et al. (1990). The sequence boundary that truncates
the marine shale unit constituting the Buck Tongue truncates tens of metres of
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into two sequences (Miall and Arush 2001a)
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Fig. 6.40 Regional paleocurrent patterns in the three sequences of the Castlegate-Bluecastle
succession, Book Cliffs, Utah (sequence stratigraphy shown in Fig. 6.39). Note the different
regional tilts to the paleoslope indicated by crossbed orientations in each of the three sequences
(Willis 2000, Fig. 17, p. 301)

strata in an updip (westerly) direction, and is difficult to detect at the type sec-
tion of the formation (Fig. 6.41) because it superimposes similar facies across
a contact that is no different on the outcrop scale from a typical channel scour
surface. Miall and Arush (2001a) employed petrographic techniques to detect the
sequence boundary, and determined that it probably was situated at surface D at
the type section (Fig. 6.41), on the basis of changes in detrital composition of
the sandstone across this surface, and evidence of early cementation of the beds
below the surface, suggesting a considerable period of exposure and non-erosion
of this surface during the accumulation of the Castlegate Sandstone.

In fact, as explicitly suggested by Bhattacharya (2011, Fig. 18), there may be
multiple surfaces of regional erosion within the Castlegate Sandstone. Currently,
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Fig. 6.41 The type section of the Castlegate Sandstone, at Price Canyon, Utah. Prominent chan-
nel scour surfaces, of 5th-order rank or higher in the bounding surface scheme of Miall (1996,
2010a) are indicated by heavy white lines and letters
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mapping techniques are not adequate to the task of testing this more complex
stratigraphic model.

6.3.6 Interfluves

Although sequences are conveniently defined on the basis of widespread erosion
surfaces which, in the case of fluvial systems, commonly include incised valleys,
there may be broad areas within fluvial systems, between the valleys, where little
or no erosion takes place, and which therefore may not be identifiable on the basis
of cut-and-fill architectures or major changes in clastic grain size (such as where
a channel-floor deposit rests on a finer-grained lithofacies). These “interfluve”
areas may be the site of significant soil development, and the identification and
mapping of these may provide valuable additional data for sequence mapping and
interpretation (Fig. 6.42). McCarthy and Plint (1998) provided the first important
study of the use of paleosols in sequence identification and mapping, and have fol-
lowed up with several additional detailed analyses (McCarthy 2002; McCarthy and
Plint 2003), in which it is demonstrated how details of facies associations, paleosol
type, and the microfacies and geochemical composition of the soils may be used to
extend a sequence interpretation. For example, facies association and soil type may
be able to help distinguish floodplain from upland, interfluve settings (Fig. 6.43).
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Fig. 6.42 The types of relationship between channel and floodplain clastic facies, and overly-
ing pedofacies. Type 1-4 paleosols form in floodplain environments representing relatively high-
accommodation settings, whereas type 5 paleosols form on interfluves during intervals of low to
negative accommodation (McCarthy 2002, Fig. 5, p. 163)
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It should not be assumed that an interfluve marked by a paleosol represents a
single cycle of slow to negative accommodation between cycles of fluvial aggrada-
tion. Well-developed soils require only a few tens of thousands of years to develop
which, on the geological time scales that are normally involved in sequence analy-
sis, means that there is ample time for several to many cycles of aggradation and
degradation, and high-frequency climate change, each of which might have led to
distinctive lithofacies and soil types deposited on the interfluve. As the studies ref-
erenced here demonstrate, some surfaces are marked by cumulative paleosols or
pedocomplexes, formed by multiple cycles of soil formation, where several epi-
sodes of clastic or chemical sedimentation and minor erosion have also included
periods suitable for soil development.

6.4 The Way Forward

Sequence concepts for fluvial systems have evolved significantly since the WMSM
models were first proposed in the early 1990s, yet the speculative models of Allen
(1974b) still have value as an intellectual exercise, constituting a set of thought
experiments that explore the various controls that might affect alluvial systems.
The basic base-level-change model, #5B (Fig. 6.1) remains a useful sketch for
beginning to think about nonmarine sequence stratigraphy.

There is a considerable need for new field documentation of fluvial sequences.
As this chapter has attempted to point out, the LAB and WMSM models, while
valuable, may have reached their limit of usefulness in that they appear to be con-
sistently directing researchers into developing interpretations at the wrong time
scales. As noted earlier, these models are most appropriate for research focused
at the SRS 7 or 8§ scales, at which scales autogenic processes are significant. The
models are therefore of limited value in interpretations of the ancient rock record,
most studies of which have been carried out at SRS 9, 10 or 11, where allogenic
processes are predominant.

Future studies of the ancient also need to consider much more carefully the
unique nature of the post-glacial record when using this record as a source of ana-
logues for comparison and interpretation. The high rates of post-glacial sea-level
change and the more complete preservation of events formed over the SRS -7
time scales means that the Recent really is different, and to this extent uniformi-
tarianism does not apply (Miall, in press). In several places in this chapter I have
offered speculations about how particular modern depositional systems being used
as analogs might have evolved under long-term conditions that lacked the high-
frequency glacioeustasy of the late Cenozoic.

Holbrook’s (2001, 2010) work on the architectural scale of fluvial systems,
in particular his emphasis on the larger scale elements of fluvial systems, such
as channel belts and valleys, has extended our thinking in an important way, by
focusing attention on a scale of stratigraphy that is particularly difficult to come
to grips with (see also Holbrook and Bhattacharya 2012). Lithofacies units and
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facies assemblages can be documented in outcrops and in drill core; sequences
and systems tracts can be studied in reflection-seismic data and by careful correla-
tion of wireline logs. However, this leaves a scale gap. Many units at the scale of
the valley, typically hundreds of metres to a few kilometres across, and represent-
ing deposition over time scales in the range of SRS 7 to 8, are particularly diffi-
cult to capture systematically. The processes that take place at those times scales
also tend not to lead to large-scale preservation, and the scales of data available
to us do not make mapping simple. Geologists have long suspected that deposi-
tional fragments such as river terraces contain more information than can readily
be extracted (e.g., Archer et al. 2011). Holbrook’s examples from the Cretaceous
of Colorado reveal how much can actually happen between the end of one cycle
of base-level fall and the beginning of the next. Bhattacharya’s (2011) alternative
interpretations of the incised valley-fill units in the Ferron delta-plain (Fig. 6.20)
make a comparable point. The simple sequence boundary at the base of sequence
2 in Fig. 6.19 may not be so simple after all. Sequence boundaries should perhaps
be termed Rip Van Winkle Events. They may hide a lengthy series of events that
have left little or no record, or one that is highly ambiguous in terms of temporal
relations.

LsT Tract: TST = Systems Tract ST = Highstand Systems Tt [ oo [ 787 [ ]
5B = Sequence Boundary, TS = Surface; MFS looding Surface. .

Fig. 6.44 The a uninterpreted and b interpreted high-resolution two-dimensional sparker cross
section (peak frequency ~2000 Hz; tuning thickness ~25 cm [~10 in.]) showing six major
stratigraphic discontinuities (marked in red) that define seven discontinuity-bounded strati-
graphic (DS) units in the uppermost 80 m (262 ft) of sediments beneath the Gulf of Thailand
Shelf. Location is given in Fig. 7.12, project #1. The valley fills, shown in brown, constitute the
lowstand systems tracts of each sequence. The architecture of the valley-fills, as indicated by the
seismic facies, reveals complex, overlapping lateral-accretion units. Another example of the val-
ley fills, mapped using a series of time slices, is shown in Fig. 4.43. Beyond the valley margins
sedimentation only occurred during the transgressive to highstand phase, when these systems
were flooded by marine transgression. The highstand deposits consist largely of marine muds
(from Reijenstein et al. 2011, Fig. 2, p. 1962). AAPG © 2011. Reprinted by permission of the
AAPG whose permission is required for further use
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Modern data sets, particularly the advent of high-resolution, 3-D seismic, with
its daughter product, seismic geomorphology, are providing many opportunities
for more sophisticated interpretation. Some examples provided in Chap. 4 (Figs.
4.18 to 4.46) illustrate the types of information that may now be gleaned from the
subsurface. Figure 6.44 is another example, showing the repetition of sequences
5-30 m thick generated by glacioeustatic cycles in the Gulf of Thailand. An
incised valley and its tributary valleys from one of these sequences, imaged a few
kilometres to the south, are shown in Figs. 4.41, 4.42 and 4.43.
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Chapter 7
Large Rivers and Their
Depositional Systems

7.1 The Definition of Large Rivers

The topic of big rivers has intrigued geologists for some time. The purpose of this
chapter is to discuss the two major means by which the subject of big rivers and
their associated depositional systems have been approached in the study of the
ancient record, (1) Prediction from basin setting, including plate-tectonic environ-
ment, and (2) Analysis of the scale of depositional elements and other facies crite-
ria, and study of sedimentary provenance.

There is a need, first of all, to agree on what is meant by the term “big river”.
Various authors have highlighted the length of the major trunk river, the area of the
drainage basin, or the magnitude of the water or sediment discharge as primary
criteria. The largest rivers on Earth are bigger than individual sedimentary basins
(Ashworth and Lewin 2012, p. 86).

Potter (1978) was one of the first to examine large rivers systematically. His main
objective was to explore the sources of the world’s sandstone detritus and to under-
stand the variations in its petrologic and geochemical composition. He noted that the
drainage basins of the five largest present-day rivers (Amazon, Congo, Mississippi,
Nile and Yenisei) amount to 10 % of the world’s continental drainage area, the
Amazon, alone, accounting for half of that total. Eleven of the largest rivers account
for 35 % of the sediment load transported into the oceans. He noted that all but one
of the fifty largest drainage areas of modern rivers had river lengths of more than
1,000 km, and that collectively these rivers drained 47 % of the total continental sur-
face area, excluding the ice-covered regions of Greenland and Antarctica.

Schumm (1994), in a table compiled by B. R. Winkley, provided documenta-
tion of the basic size data for these fifty rivers; the shortest river listed is 900 km in
length. A minimum of 1,000 km makes a convenient cut-off. Rivers of such dimen-
sions average drainage-basin areas of 100,000 km?. Gupta (2007), cited Hovius
(1998) who documented the hydrologic geomorphic and climatic data for the world’s
97 largest rivers, all of which had drainage areas greater than 25,000 km?. Ashworth
and Lewin (2012) noted several criteria that have been used to describe rivers as
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“big”. Channel width has been used informally, suggesting that channels wider than
1 km “could reasonably be described as big.” They noted some of the largest riv-
ers on Earth have widths of up to 5 km (Amazon) or 10 km (the Brahmaputra with
its complex of bars and islands). Ashworth and Lewin (2012) also noted that large
rivers commonly widen and narrow and change style along their length in response
to local geological conditions. Scour depth is also an indication of magnitude. The
Brahmaputra (Jamuna) River locally scours to depths of 44 m (Best and Ashworth
1997); the middle Amazon to depths of 100 m (Ashworth and Lewin 2012, p. 85).

Amongst the examples of “big-river” deposits in the ancient record, a few
stand out. The Hawkesbury Sandstone (Triassic) of the Sydney Basin, Australia,
is a unit that has for some time been interpreted as the deposit of a large river
(Conaghan and Jones 1975; Rust and Jones 1987), although other interpretations,
including marine and eolian scenarios, have also been proposed, as summarized by
Miall and Jones (2003). The main basis for the interpretation is the abundance of
large-scale crossbed units, which are spectacularly exposed in numerous road cuts
and cliff sections in the Sydney area. This example is discussed at greater length
below, as illustrating the problems with interpretation from facies data.

The Athabasca Oil Sands of Alberta, Canada, are another deposit of a giant
river system. Initially interpreted as the foresets of a delta (Carrigy 1971), Mossop
and Flach (1983) demonstrated definitively that the distinctive, dipping strata
exposed in the banks of the Athabasca River are the accretionary sets of giant,
tidally-influenced point bars up to 25 m thick (Fig. 2.34). Much recent work has
fleshed out this interpretation in detail (e.g., Fustic et al. 2008; Hubbard et al.
2011; See Figs. 4.30, 4.31).

A second Canadian example of a unit that has been interpreted on the basis of
the scale of its component depositional elements is a sandstone of Neoproterozoic
age in northwestern Canada (Rainbird 1992). Compound crossbed sets are up to
8.5 m thick and have been traced for up to 5 km. They suggested channel depths of
8.5 m within a braidplain system 150 km wide. Provenance data (discussed below)
suggested a source on the other side of the continent.

Archer and Greb (1995) speculated about possible “Amazon-scale” drain-
age paralleling the Appalachian orogen during the early Pennsylvanian. Their
primary evidence lay in the mapping of incised paleovalleys 5-10 km wide and
up to 62 m deep, cut into Mississippian strata. The fill of these paleovalleys con-
sists of quartzose sandstone and pebble conglomerate interpreted as the deposits
of large braided rives. Based primarily on paleogeographic arguments the authors
suggested longitudinal river systems extending from their mouths at the margin of
the Ouchita Basin northeastward as far as Maritime Canada, or even Greenland.
However, no architectural data, such as large bar forms or individual channel cut-
banks were described that would provide evidence of the actual channel scale. As
noted below, distinguishing the cutbanks of individual large channels from the
similarly deep valleys generated by the incision of rivers that are not necessarily
“big” is a perennial problem in fluvial sedimentology.

Many other examples of the deposits of large rivers in the ancient record are
described and illustrated by Fielding (2007) and Fielding et al. (2012).


http://dx.doi.org/10.1007/978-3-319-00666-6_2
http://dx.doi.org/10.1007/978-3-319-00666-6_4#Fig30
http://4.31

7.2 Tectonic Setting of Large Rivers 275

7.2 Tectonic Setting of Large Rivers

The focusing of water and sediment along a few exceptionally large drainages is
an outcome of tectonic activity. But exactly what tectonic processes lead to big
rivers is not at all a simple matter. Obviously, large areas of exposed continent
are required, but beyond that, no simple, generalizations are possible. Dickinson
(1988) attempted to classify continental drainage systems into four broad types,
only the first of which seems guaranteed to generate long rivers with potentially
large sediment loads. This is the “Amerotype” of continent, which is characterized
by marginal orogenic belts, leading to asymmetric drainage patterns, with large
rivers draining across the interior to a distant continental margin. The Amazon
and Mississippi-Missouri systems fit this categorization. Dickinson’s second cat-
egory, “Eurotype” continents, are those which contain interior orogenic belts, from
which rivers flow transversely along structural grain or out across marginal cra-
tons. Asia displays both type of river system, the Tigris-Euphrates, Indus, Ganges—
Brahmaputra, Irrawaddy, Mekong and Red rivers all flow along structural grain,
while the great rivers of Siberia (Ob, Yenisei, Lena) are, in tectonic setting, com-
parable to the Mississippi and Amazon, in flowing from orogenic highlands out
across vast, interior, cratonic platforms. Less predictable are Dickinson’s third
type of continent, the “Afrotype”, characterized by centrifugal flow from rift high-
lands, or along rift axes. The Niger-Benue, Orange, Congo and Zambesi follow the
first of these patterns, whereas the Nile fits, in part, the second. Dickinson’s fourth
type of continent, “Austrotype”, are low-lying landmasses with no dominating oro-
genic highlands, and limited water and sediment. Australia, with only one signifi-
cant river, the Murray, fits this categorization.

Many other workers have reviewed the origins and tectonic setting of large riv-
ers (Miall 1981, 2006b; Hovius 1998; Tandon and Sinha 2007; Fielding 2007).
Miall (2006b) suggested that there are five tectonic settings in which big rivers
are particularly likely to develop (Fig. 7.1): (1) Axial flow along foreland basins,
including retroarc and peripheral basins (e.g., Indus, Ganges—Brahmaputra, Tigris-
Euphrates); (2) Strike-slip basins (e.g., Red River of Vietnam); and (3) Rift basins
(e.g., Nile, Rhine, Rio Grande); (4) forearc basins (e.g., [rrrawaddy); (5) Accretion
of large terranes in complex orogens can also create conditions for large rivers to
develop, commonly following tortuous paths around and across sutures (Danube
in Europe, Columbia and Fraser in North America). Fielding (2007) suggested
that big rivers develop primarily in three settings: (1) marginal to contractional
orogenic belts, where they are oriented along or close to the locus of maximum
subsidence parallel to the structural grain; (2) Within major rift zones, where they
flow along the axis of the zone, from rift basin to rift basin. Some of the basins
may be occupied by lakes, through which the river flows; (3) Extending outward
from the centre of large, stable cratons.

Miall (1981) developed a tectonic classification of rivers and drainage patterns,
pointing out the two main common patterns of flow, longitudinal (or axial) and
transverse, relative to structural grain. Longitudinal flow is most likely to lead to
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big rivers, except where orogens are flanked by wide cratons, across which the
flow of large rivers could be classified as transverse with respect to the first-order
tectonic fabric (although both of the most typical large, cratonic rivers cited above,
the Mississippi and Amazon, are guided in their lower course by the ancient struc-
tural fabric of the basement). None of these generalizations is reliable, even for
analyzing and classifying present-day rivers, and should be taken as providing
only the most generalized of guidelines for interpreting the ancient record.

Many big rivers appear to follow no obvious or simple rules. For example, the
Don-Volga system of Kazakhstan flows fowards the Alpine-Himalayan orogen,
draining into the Caspian Sea. Some rivers seem to make no sense at all, at least in
terms of elementary patterns of tectonic evolution (e.g., Colorado of the Colorado
Plateau in the United States). In such cases, a knowledge of the principles of ante-
cedent drainage is required to understand the present day course of the river. In
North America, late Cenozoic continental glaciation, which paid no regard to the
tectonic framework, had a profound effect on river systems. The Mississippi is as
big as it is primarily because of the southward diversion of drainage from what is
now the north-central plains of the United States (Knox 2007). The Mackenzie,
of northern Canada, might appear to be a typical longitudinal river flowing along
the axis of the foreland basin flanking the Cordilleran orogen, but is, again, a pro-
duct of ice damming and diversion of rivers that formerly, and probably through-
out much of the Cenozoic, flowed eastward toward Hudson Bay (McMillan 1973;
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Duk-Rodkin and Hughes 1994), but became diverted northward along overflow
valleys into the ice-free corridor between the Cordilleran and cratonic ice caps.
Brookfield (1993, 1998) showed how large rivers change in size and shift their
course in response to regional tectonism.

7.3 Prediction and Analysis of the Deposits of Big Rivers

7.3.1 Facies Criteria

Since the relationship between fluvial hydraulics and bedform generation was first
elucidated in the late 1950s (Middleton 1965), it has become an elementary com-
ponent of sedimentological investigation that the scale of depositional elements in
channel systems is in some way related to the scale of the depositing system. Early
work by Allen (1965a, b, 1966) included the development of two themes, (1) ideas
about the relationship between the size of bedforms, such as dunes, and the depth
of the flow in which they formed, and (2) recognition of the significance of lateral
accretion in channels opened a means to estimate the scale of channels from the
thickness and dip angle of the accreting sand body.

Ashley (1990) compiled much useful information about bedform scale and its
relationship to channel size, and there is now a significant body of literature on this
topic, much if it summarized in recent books by Miall (1996) and Bridge (2003).
It is now generally understood, following Ashley’s (1990) compilation, that meso-
forms (dunes) are typically scaled to the size of the channel in which they form.
Where crossbed set thickness is consistently greater than about 1.5 or 2 m, it has
long been assumed that this indicates the former presence of a deep channel. For
example, this was one of the most obvious criteria that first led sedimentologists
to suggest a “big-river” origin for the Hawkesbury Sandstone of the Sydney Basin,
Australia (see Rust and Jones 1987 and Miall and Jones 2003, for a review of the
sedimentological analysis of this famous and spectacular deposit, which is discussed
further in Sect. 7.4). Leclair and Bridge (2001) suggested that water depths could be
estimated from the thickness of crossbed sets, based on a compilation of the hydrau-
lic relationship between these parameters as observed in modern rivers. However,
the preservation of bedforms as crossbedding in the rock record may entail signi-
ficant erosion of the top of the bedform by the turbulent scour cells that precede
the migrating foresets, and so this relationship should only be regarded as a quali-
tative guide. As applied to the analysis of core or microscanner data, this method
also suffers from the problem that it may be extremely difficult to accurately deter-
mine crossbed scales from the limited intersections of the 1st-, 2nd-, or 3rd-order
bounding surfaces that are encountered in single vertical transects through a deposit.
Ashworth and Lewin (2012) pointed out that in larger rivers, the response of dunes
to major changes in stage may not be predictable, so that the relationship between
dune height and flow depth may have considerable scatter. Leclair (2011) demon-
strated that flood stage in large rivers may leave no clear sedimentological signature.



278 7 Large Rivers and Their Depositional Systems

The relationship between channel-fill dimensions and channel scale has long been
pursued in the sedimentological literature, following Allen’s (1965a, b) preliminary
ideas. Statistical relationships for the point bars of meandering rivers were developed
by Leeder (1973), and much geomorphic work on channel dimensions was intro-
duced to the geological literature by S. A. Schumm and F. G. Ethridge, notably in
their 1978 review article (Ethridge and Schumm 1978). By far the most reliable indi-
cator of large channels is the presence of very large inclined strata, which form by
lateral accretion across the full depth of a channel. The thickness of the point bar is
therefore a measure of the bankfull depth of the channel. These earliest attempts to
reconstruct fluvial paleohydrology focused on the scale of “point-bar” deposits—now
referred to more generally as lateral-accretion deposits. More recently, the develop-
ment of the two- and three-dimensional approach to the study of outcrop facies archi-
tecture (architectural-element analysis of Allen (1983), Miall (1985, 1988)) has added
new tools for the determination of channel scale, while the parallel work of Bridge
(2003), combining studies of modern rivers with numerical and theoretical mod-
eling, has added another set of methodologies for the analysis of the ancient record.
Gibling’s (2006) compilation of data from the rock record is now the definitive study
of channel and sandbody scale.

The use of two- and three-dimensional facies data is important for this work,
because the vertical scale of a depositional unit is not a sufficiently definitive
item of evidence. Channel-fill scale is a good indicator of channel depth, but this
relationship can only be employed if the geologist is certain that the observations
relate to the autogenic fill of individual channels. (Leeder 1973; Ethridge and
Schumm 1978). As illustrated in Fig. 2.17, there may be cycles within cycles in
any given fluvial deposit, and determining which if these (if any) provide accu-
rate indications of channel depth may be no easy task. The presence of lateral
and downstream accretion deposits can be used to identify individual channels.
Examples are discussed below. Fielding (2007, Fig. 7.3) illustrated several exam-
ples. Blum et al. (2013) demonstrated that point bar dimensions (thickness and
width) scale with the size of the river based on such indicators as drainage area
and discharge (Fig. 7.2).

In the ancient record, multistory channel fills are common, and compara-
ble successions, showing the typical upward fining grain size distribution of an
aggrading channel, may be developed by allogenic processes; for example, the
tectonic cyclothems of Blair and Bilodeau (1988) (see Fig. 5.2). It is necessary,
therefore, to distinguish between the laterally-limited deposits of channel fills and
the regional lithostratigraphic units that reflect regional allogenic processes. It is
also important to take note of such issues as the response time of fluvial systems
to allogenic forcing, and the style of autogenic cyclicity that may be triggered
by allogenic episodes (see Kim and Paola 2007, and Sect. 5.2.1). Another pos-
sible source of confusion is the potential similarity between the deeply scoured
channels of large rivers and the deeply entrenched incised valleys filled with the
deposits of smaller-scale river systems that form during episodes of negative
accommodation. Fielding (2007) and Gibling et al. (2011) discussed the char-
acteristics of incised valleys and the criteria that need to be assessed in order to
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Fig. 7.2 Relationships between drainage-basin area, discharge and point bar scale for present-
day large rivers (Blum et al. 2013, Fig. 5, p. 135)

correctly identify them. Fielding (2007, pp. 105-106) suggested the following
diagnostic criteria for recognizing incised valleys:

(1) the basal erosion surface that records the lowstand of relative sea level (the “sequence
boundary”) must be regional (basin-wide) extent; (2) facies associations overlying the
basal erosion surface should be markedly different from those below the surface; (3) the
erosional unconformity should remove underlying strata, which may be preserved beneath
interfluve areas of the sequence boundary; and (4) incised valley fills have a distinctive
internal architecture that is commonly multi-storey, and that records the progressive rise
in base-level through the filling of the valley. The first of these criteria is crucial and prob-
ably the only one that is truly diagnostic. This criterion is also very difficult to satisfy une-
quivocally, however, because it requires that any correlation of a surface between outcrops
or subsurface data points demonstrates absolute equivalence.

7.3.2 Trunk Versus Tributary Systems

River systems typically consist of a central trunk river with many tributaries
supplying sediment and water from the edges of the catchment. Most river sys-
tems are predominantly “tributive” in nature, that is, in tracing a river upstream
from its mouth, tributaries join the trunk river and the trunk river may eventually
diverge into several smaller rivers of comparable size. Each of these, and each of
the tributaries, also show patterns of branching and divergence in an upstream
direction. Important exceptions to this general pattern commonly occur at basin
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margins where there may be a major contrast between a high-relief watershed
area and the more subdued topography of the alluvial plain. In this setting, steep,
sediment-laden streams emerging from the upland source area may diverge to
form fan-shaped distributary patterns at the break in slope between the steep, con-
fined configuration of the mountainous valley and the much flatter, less confined or
even unconfined configuration of the plain. Such distributary systems are common
elements of preserved ancient fluvial systems, occurring as, for example, coarse
alluvial fan deposits banked against a basin-margin fault or prograding from an
active thrust front. At their mouths, rivers are also commonly distributive in nature,
where the trunk river splays out as the distributaries of a delta.

This elementary dissertation on fluvial geography is a necessary introduction
to a debate that has been taking place in recent years regarding the relative impor-
tance of tributative versus distributive (or contributary versus distributary) patterns
of fluvial channel patterns, as preserved in the rock record. In a pair of provocative
essays, Weissmann et al. (2010, 2011) claimed that “distributive fluvial systems
(DFS) commonly called megafans, fluvial fans, and alluvial fans in the literature,
dominate the fluvial depositional patterns in active continental sedimentary basins,
with a much smaller proportion of the fluvial area in these basins covered by riv-
ers that are generally confined.” (Weismann et al. 2011, p. 327). They suggested
that trunk rivers may be confined at the centre of a basin between DFS actively
prograding from opposite basin margins, and that this could account for their sup-
posedly volumetrically minor importance in the rock record. They also claimed
that such DFS are poorly represented by descriptions in the sedimentological
literature.

These authors further claimed that most modern concepts relating to facies
characteristics, facies models and architectural studies as employed in the inter-
pretation of the ancient record were largely derived from studies of modern tribu-
taries in degradational settings, and this led them to ask the question “are these
the appropriate rivers to study when attempting evaluate facies distributions in the
rock record?” (Weismann et al. 2011, p. 327).

To take their last point first, their question addresses one of the fundamental
assumptions underlying the sedimentological method, the method of analogy that
bases interpretations on the uniformitarianist principle that “the present is the key
to the past.” Virtually all of the fine details of the facies analysis method are based
in whole or in part on observations and interpretations made from comparable envi-
ronments and processes that can be observed in modern settings. Elsewhere Miall
(in press) has addressed this question in general, as it relates to the stratigraphic
and sedimentological interpretation of all clastic deposits in shallow-marine and
nonmarine environments. It is suggested that processes that are completed and can
be observed within a human time scale (Sedimentation Rate Scales 1-6, see Table
2.1) may be legitimately compared to preserved sedimentary products in the ancient
record that developed over those time scales. Examples would be bedforms and
many of the macroforms in fluvial systems. Whether a modern river is in a degrad-
ing setting or not is irrelevant to the development of bedforms and macroforms,
because the degradational time scale (>10* years) is so much greater than the time
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scale of macroform and bedform generation. In the case of longer-term products,
such as channel complexes and deposits on a sequence scale (SRS 7-12), issues of
preservation need to be considered, and here the problem of interpretation of fluvial
systems is part of a much broader issue that has not been fully addressed in modern
sedimentological and stratigraphic studies. Miall (in press) described the work of
the “geological preservation machine” which, by definition, has not completed its
work in the case of modern deposits, because the main geological processes that
involve long time scales (sea-level change, subsidence, climate change) are, at all
times, in the middle of cycles that require at least 10* years for completion. In Sect.
6.2 1 discuss the application of sequence models for fluvial systems, which have
been developed primarily from studies of the modern record, to the interpretation of
sequences in the ancient record.

As to the first question, that of the relative importance of distributive fluvial
systems (DFS), the papers by Weismann et al. triggered a vigorous response from
Fielding et al. (2012) who disputed the claim by Weismann and his colleagues
that DFS predominate in the rock record. This is an important debate, because it
bears on the mappability and predictability of fluvial systems in the subsurface. At
least some of the examples cited by the latter do not appear to support their thesis,
based on their own data. For example, the upper Brahmaputra River of northeast
India (Weismann et al. 2011, Fig. 4E) is clearly a tributary system.

The main criteria for DFS are (1) radiating distributive channels, (2) downstream
decrease in channel size, (3) downstream decrease in sediment grain size, and
(4) channels are largely unconfined. Fielding et al. (2012) suggested that Weismann
et al. (2010, 2011) consistently applied only the first of these criteria in the identifi-
cation of their examples. Many are illustrations of dryland settings, where the DFS
is essentially a terminal fan grading basinward into lower energy environments.

The most important counter argument to the importance of DFS is the abun-
dant documentation of the deposits of large rivers in the rock record, as discussed
above. Numerous examples of large rivers, including some illustrated by outcrop
photographs of large-scale lateral-accretion deposits, were supplied by Fielding
(2007) and Fielding (2012). The two worked examples described later in this
chapter also illustrate the significance of the “big river” in two different strati-
graphic settings, where there is no evidence for a DFS. In future, the increasing
use of high-quality seismic-reflection data and the employment of the methods of
seismic geomorphology will make resolution of this question simple.

The facies distribution and sedimentological composition of the deposits of large
rives depends to a considerable extent on the pattern of tributaries and the sediment
supplied by them (Ashworth and Lewin 2012). Figure 7.3 illustrates some of the var-
iations that are present on Earth at the present. Some rivers are supplied primarily
from a distal, mountainous source (e.g., Amazon, Indus: Fig. 7.3a,c); longitudinal
rivers, such as the Ganges, may receive most of the sediment from tributaries flow-
ing in primarily from one side (Fig. 7.3b). Where the discharge and sediment load
of the trunk and the tributaries is very different, the fluvial style may vary mark-
edly across a basin (see Fig. 2.11 and discussion thereof). Some large rivers, such as
the upper Nile and the Danube, flow across tectonic barriers separating successive
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Fig. 7.3 Types of trunk-tributary configuration, in relation to areas of sediment sourcing and sedi-
ment deposition. a = Mountain-dominated (e.g., Amur, Mekong), b = Lateral tributary-dominated
(e.g., Ganges, Mississippi, Parand), ¢ = Headwater-dominated with foreland depositional basins (e.g.,
Amazon, Orinoco), d = Headwater-dominated with lowland alluvial corridor (e.g., Ob, Mackenzie),
e = Alternation between depositional basins and mountain belts (e.g., Danube, Yangtze), f = Few
mountainous sources (e.g., Congo, Rio Xingu). From Ashworth and Lewin (2012, Fig. 2, p. 87)

basins along their course. Tandon and Sinha (2007) provided a similar classifica-
tion. They distinguished between mountain-fed, foothills-fed, plains-fed and mixed-
fed river systems. Mountain fed rivers are likely to carry significant coarse bedload,
whereas plains-fed rivers may be dominated by suspended load, with the result that
the deposits that become part of the preserved stratigraphic record may show very
different facies and architectural characteristics in different parts of the basin. One
of their illustrations (Fig. 7.4) shows how there may a wide range of facies and
architectures in such settings. Large channel bodies form where a major fan extends
across the basin margin; smaller rivers yield smaller channel units, interbedded with
abandoned-channel deposits, some including peat/coal deposits. Interfluve areas
may lack coarse (conglomerate, sandstone) bodies altogether.

Ashworth and Lewin (2012) defined four main types of sedimentary-basin land-
scapes that are characteristic of large fluvial depositional systems (Fig. 7.5). The
first type (a) is displayed by rivers with abundant wetlands, such as the Magdalena,
the second (b) by larger rivers sourced from distant catchments with few major tri-
butaries, as along much of the length of the Mississippi. Rivers with many tributaries
(c), such as the Ganges and Indus display main channels with numerous tributaries
that may be of similar or quite different fluvial style. The fourth style, the bedrock
channel (d) occurs in the geological record as an incised valley (Fig. 7.5).

7.3.3 Provenance Studies

Provenance studies can demonstrate distant sediment sources, but they cannot
indicate the size of the river. Nevertheless, this approach has generated useful sup-
plementary data for paleogeographic analysis and, in several cases, this has had
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Fig. 7.4 Architectural cartoon of a typical suite of transverse rivers entering a basin from an
orogenic highland, showing the variety of architectural styles to be expected in this type of geo-
logical setting (Tandon and Sinha 2007, Fig. 2.7C, p. 19)

significant implications for the reconstruction of continental-scale tectonic evolu-
tion. Three examples from North America are briefly mentioned here.

Rainbird et al. (1997) used U-Pb and Sm—Nd geochronology to explore poten-
tial sediment sources for the Neoproterozoic sandstone earlier interpreted as the
deposit of a large braided river system. The ages of the majority of the zircons sep-
arated from this sandstone indicate Grenville sources. Rainbird et al. (1997) argued
that paleogeographic characteristics of the sandstones, including the regional struc-
tural setting and paleocurrent data, suggested sources to the southeast, and they
concluded that the Grenville orogen of eastern north America, some 3,000 km dis-
tant, was the most likely source for the bulk of the sand.

Having speculated about continental scale provenance controls (Dickinson
1988), Dickinson subsequently explored in detail the provenance of the exception-
ally thick and extensive Permian and Jurassic eolian sandstones of the southwest-
ern United States (Dickinson and Gehrels 2003) using a similar approach to that of
Rainbird et al. (1997). Zircon ages indicate a variety of Precambrian sources, and
the authors concluded that the Appalachian orogen was the major sediment source
for this sand, indicating long-distance transport across the Laurentian craton.
Neither the location nor scale of specific river systems could be identified by this
research, but given the distance of transport and the volume of sediment display-
ing these provenance characteristics that is now located on the western continental
margin, it seems highly probable that big rivers were involved. The westerly tilt of
the craton during the late Paleozoic and early Mesozoic could at least in part be
attributed to continental-scale thermal doming leading up to the rifting of Pangea,
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Fig. 7.5 The four main fluvial patterns of large-scale fluvial depositional systems: a lacustrine-
dominated; b dominated by single large river; ¢ Large river with many tributaries exhibiting vari-
ous styles; d confined or bedrock-dominated river. Ashworth and Lewin (2012, Fig. 8, p. 94)

followed by the more localized heating and uplift of the rift shoulder of the newly
formed Atlantic rift system (Fig. 7.6a).

During the Cenozoic, available evidence suggests that big rivers in the North
American continental interior were flowing the other way, towards the east
(Fig. 7.6b; McMillan 1973; Duk-Rodkin and Hughes 1994). The reversal in
regional drainage is attributed to the formation and uplift of the Cordilleran oro-
gen, with a likely contribution, also, from dynamic topography effects related to
mantle thermal systems that were re-ordered as Pangea broke up and the North
American continent began to be carried westward.

7.4 Hawkesbury Sandstone: Big River Prediction from
Facies Analysis

The challenge in the examination of the rock record is to identify key indicators
of scale. As an example of an interpretation of a “big-river” deposit based on
facies criteria, this section provides a modified version of a discussion provided in
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Fig. 7.6 Reconstructions of large river systems in North America, during a the Jurassic
(Dickinson and Gehrels 2003) and b the Cenozoic (McMillan 1973; Duk-Rodkin and Hughes
1994)

Miall (2006b). The example under discussion has long been considered an ancient
analog of the sandy braided Brahmaputra River, but it has been a legitimate ques-
tion how close the comparison is. Does the interpreted scale of the Hawkesbury
rivers compare closely to the Brahmaputra, or were they bigger or smaller?

The Hawkesbury Sandstone is Triassic in age, and was deposited in the Sydney
Basin, a narrow foreland basin flanking the New England Fold Belt. Regional
paleoflow patterns indicate fluvial currents flowing in a northeasterly direction,
and provenance studies by Cowan (1993) confirm that the sandstone was sourced
from the craton and Lachlan Fold Belt to the south and west. Transport directions
were therefore neither clearly axial nor transverse; a cratonic source for a foreland
basin fill is unusual.

Miall and Jones (2003) describe the recording and analysis of a 6-km-long
profile, almost 100% exposed, of the Hawkesbury Sandstone along the eastern
coastline of Kurnell Peninsula, south of Sydney (Fig. 7.7). A simplified version
of this profile, with a vertical exaggeration of x16.7, is shown in Fig. 7.8. Tracing
of major bounding surfaces within this profile outlined fifteen major sandbodies,
bounded by surfaces of fifth-order rank (classification of Miall (1988, 1996)), that
is, the scale of major channels within a braided system (Table 7.1).

The thicknesses of accretionary architectural elements (lateral-accretion and
downstream-accretion units, in the terminology of Miall (1988)) in this long outcrop
indicate that channel bars ranged up to about 10 m in height (Fig. 7.9). This height
indicates the minimum constructional depth of the channels, although bankfull depth
was undoubtedly somewhat greater. Scour depths ranged from 4 to 20 m, based on the
identification of scour hollows. Second-order channels in the modern Brahmaputra
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Fig. 7.7 Location of Kurnell Peninsula profile (Fig. 7.8), across Botany Bay immediately to the
south of Sydney, Australia

1st- to Ird-order surfaces
T Hawkesbury Sandstone
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Fig. 7.8 Architectural Profile of the Hawkesbury Sandstone, Kurnell Peninsula, near Sydney,
Australia (Location in Fig. 7.7), with x16.5 vertical exaggeration. The orientation of the profile
varies somewhat along the cliff, as indicated by the course of the boat shown in Fig. 7.7. The top
and bottom of the cliff are indicated by the dotted lines. Fifth-order architectural elements are
labeled with capital letters in circles (from Miall and Jones 2003)

are typically 10-12 m deep, but scour depths of up to 44 m have been recorded (Best
and Ashworth 1997). Maximum (bankfull) depths are reached for short periods dur-
ing each monsoon flood. Bars typically range from half to slightly less than bank-
full depth, therefore in a 12-m-deep channel, bars would typically be about 7 m high
(Bristow, pers. comm., 2001). Comparisons with the scale of equivalent elements of
the modern Brahmaputra river are summarized in Figs. 7.10 and 7.11.
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Table 7.1 Size and orientation of the major (fifth-order) elements in the Kurnell Peninsula
profile

Element Width (m) Max. Paleocurrent Interpreted outcrop
orientation

thickness (m) Mean n

A >600? >8 257 10 Strike

B >3200? >20 ?

C >500 >8 297 5 Strike

D ~2700 20 082 3 Strike

E >900 22 360 9 Dip

F >1600 >20 ?

G >800 >18 097 12 Strike

H ~600 11 ?

I >1300 >20 ?

J >1100 >18 112 14 Strike

U ? >10 ?

v >1200 10 135 6 Dip

w >600 13 342 15 Dip

X >500 15 101 7 Oblique

Y >300 11 095 5 Oblique

From Miall and Jones (2003)

south north

DA element

=" FF(C) element

Fig. 7.9 Panorama of a downstream-accretion element (DA), near Curracurrong, Royal National
Parks, south of Sydney, Australia. The element rests on a fifth-order bounding surface, and below
this is a finer grained sandstone bed, which accounts for the erosional overhang of the base of the
DA unit. The element is capped by a fourth-order surface. The scale of this outcrop is indicated
by the person, at centre (arrow), but the photomosaic was constructed from four photographs all
taken from the same point, so the scale is reduced at either end of the view (from Miall and Jones
2003)

Detailed data are now being obtained regarding the internal architecture of
modern channel and bar deposits in the Brahmaputra (Jamuna) River. Best et al.
(2003) documented the structure and evolutionary history of a mid-channel braid
bar, which was initially 1.5 km long, oriented in a downstream direction. Within
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Fig. 7.10 Comparison of the architecture of the Hawkesbury Sandstone at Kurnell Peninsula
with the dimensions of channels and bars of the modern Brahmaputra River. At top, a typical
reach of the Brahmaputra (Jamuna) River of northern Bangladesh is shown next to a summary
of the Kurnell Peninsula outcrop profile reduced to the same horizontal scale. Numbers 1 and 2
in circles indicate the first- and second-order channels and within-channel bar complexes of the
river, as classified by Bristow (1987). Note the scale of the interpreted crevasse channel in the
Kurnell Peninsula profile. At bottom, the Kurnell Peninsula profile is shown at the same scale
as a longitudinal cross-section through a modern bar in the Brahmaputra River, as reconstructed
from GPR data (from Miall and Jones 2003)

two years the bar had migrated downstream a distance equivalent to its own length
and had doubled in size. A simplified version of a long-axis cross-section through
this bar, derived from GPR analysis, is shown in Fig. 7.10.

The major problem in estimating river scale from ancient deposits is the ephem-
eral nature of the modern deposits with which we would make the comparisons.
Although we now know more about the internal architecture of a Brahmaputra bar
than ever before, we have no way of knowing how much of this deposit will sur-
vive long enough to become part of the geological record, nor how typical such
a series of depositional and preservational events would be in a river of this type.
Miall and Jones (2003) worked through arguments indicating that the preserved
deposit widths of a Brahmaputra-scale channel and bar complex could range any-
where from 1 to 6 km.

The largest Hawkesbury Sandstone sand body for which the width is reason-
ably certain is ~2.7 km wide, in the Kurnell profile. The extremely limited pale-
ocurrent data available from the crossbedding in this body suggests that the
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Fig. 7.11 Comparison of sandbody scales between the modern Brahmaputra River and the
Hawkesbury Sandstone at the Kurnell Peninsula. The Brahmaputra architecture reconstruction
is speculative, based on data provided by Bristow (1987), Thorne et al. (1993), Ashworth et al.
(2000) and Best et al. (2003) (from Miall and Jones (2003))

Kurnell Profile is oriented approximately perpendicular to the flow direction
within this channel, so that the 2.7 km figure is an approximate measure of sand
body width. This is in the middle of the range of possible widths of a typical 2nd-
order Brahmaputra sand body (Fig. 7.10). Other Hawkesbury Sandstone bodies
appear to be somewhat smaller, although most are incomplete.

Two main conclusions may be drawn from this exercise: (1) Comparisons of
the widths and lengths of channels and bars of modern rivers with the scales of
similar features in ancient deposits are of very limited use, firstly because it is so
difficult to measure or estimate the scales of these features in ancient rocks from
outcrop or well data, and secondly, because the preservability of these features in
modern rivers is largely unknowable. Seismic time-slice analysis offers the pos-
sibility to revolutionize such comparisons, because of the ability to see entire
ancient river systems as preserved snapshots (Figs. 4.25, 4.26, 4.30, 4.31, and see
example, below). (2) Comparisons of vertical dimensions of channels, bars, scour
hollows and bedforms between modern and ancient deposits are likely to be much
more reliable, because these features are much more easily measured (in vertical
section) and because it is quite easy to assess how typical such measurements are
relative to a given river system, either modern or ancient. The vertical dimensions
of channels (depths) can be assessed from the heights of cutbanks. The vertical
dimensions of bars can be assessed from the amplitude of dipping accretionary
bodies. As noted above, care must be taken to ensure that the measurements relate
to channel and bar features, not to regional units formed by allogenic processes.
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Extreme care needs to be taken when assessing vertical dimensions from drill hole
data (logs, core) alone, because of the difficulty in determining the significance
(rank) of bounding surfaces within sand bodies. Figure 2.17 and the discussion of
this figure in Chap. 2 highlights this problem.

7.5 Plio-Pleistocene Deposits of the Malay Basin: Big River
Prediction from Tectonic Setting

The Malaya Basin is one of many basins that developed as part of the process of
“extrusion tectonics” that took place throughout southeast Asia following the col-
lision of India with the Asian continent in the early Cenozoic. These basins are
mainly bounded by faults on which extensional dip-slip and strike-slip are pre-
dominant (Tapponnier et al. 1986; Hutchison 1989). Subsidence and sedimentation
have been rapid, with vast quantities of clastic debris shed from rising mountain
belts, such as the Himalayas, and transported basinward by such giant rivers as
the Brahmaputra, Irrawaddy, Red, and Mekong. Nonmarine sections at least 8 km
thick have been reported in the subsurface beneath the Gulf of Thailand (e.g.,
Pattani Trough: Blanche 1990). Hutchison (1989, p. 69) and Brookfield (1998)
suggested that the Mekong River flowed through Thailand and out into the adjacent
Gulf until it was diverted by faulting during the late Cenozoic (Fig. 7.12). Much of
the detritus was trapped in terminal fluvial and lacustrine basins within Thailand
during the Oligocene-Pliocene (O’Leary and Hill 1989; Bidston and Daniels 1992).

The present marine environment of the Gulf of Thailand reflects a rise in rela-
tive sea level during the Holocene, as a result of eustatic or tectonic processes, or
both, and probably also reflect s a recent reduction in sediment supply, as a result
of river diversion. The Mekong River now enters the sea through Vietnam, and
the major river of Thailand, the Chao Phraya, drains only the interior of Thailand,
and is not classed as one of the world’s major rivers. However, the structural set-
ting and tectonic history of the Malay Basin leads to a reasonable prediction that
the deposits of a big river might be present in the late Cenozoic section. Seismic
data through portions of the Malay basin Plio-Pleistocene section were analyzed
by Miall (2002) and Reijenstein et al. (2011) and some of the highlights of those
analyses are introduced here in order to illustrate the problems of paleogeographic
prediction in a tectonically active area.

None of the rivers identified on this analysis is particularly large. What charac-
terizes them is their variability in fluvial style, which is interpreted as a result of
continual tectonic disturbance, high-frequency (Milankovitch) climate change or
glacioeustatic sea-level change (or a combination of these processes), modifying
the slope, load and discharge conditions on a time scale of 103-10* year.

Seismic data demonstrate that the Plio-Pleistocene section consists of a
series of sequences 5-30 m thick, with incised valleys at their base up to 3 km
wide and up to 20 m deep at their base. Figure 6.39 is a cross section through
these deposits, and Fig. 4.43 illustrates a series of time slices through one of the
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Fig. 7.12 Location of Plio-
Pleistocene deposits of the
Malay Basin, down-dip from
the Chao Phraya River and
on the trend of a possible
tectonically controlled big
river. Seismic images from
two projects are discussed in
this chapter: 1: Reijenstein
et al. (2011); 2: Miall (2002)

Thailand

Basin

Pattani
Trough

valleys, illustrating the architecture of the fill. A meander belt occupies the base
of the valley, which is about 10 km wide, and is overlain by a seismically struc-
tureless section, probably floodplain deposits, suggesting that the river has been
diverted, captured or abandoned. V-shaped tributary valleys can be seen entering
from the side. Figure 7.13 illustrates several of the meandering systems imaged
by Reijenstein et al. (2011). Figure 7.14 illustrates a time slice and a cross-section
through a braided system which has a channel-belt width of about 4 km. This is
equivalent in scale to one of the major channels and component bars of the sand-
bed Brahmaputra system, but is less than half the width of the entire Brahmaputra
channel belt. A closer comparison, in terms of scale, is with the Red River of
Oklahoma, which is at the bottom of the scale of “big rivers,” using the cut-off
limit of 1,000-km length suggested earlier in this chapter.

These are the largest fluvial systems identified within the project area. They
suggest the development of rivers of moderately large scale, but not compara-
ble to the present-day trunk drainages in southeast Asia, such as the Irrawaddy
(Myanmar), Mekong or Red River (Vietnam).

Did the seismic surveys by Miall (2002) and Reijenstein et al. (2011) miss the
largest river systems in this area? This seems unlikely, The purpose of the seis-
mic surveys was to explore the thickest section in the centre of the Malay Basin,
which is, itself, one of the largest of the Cenozoic basins that resulted from the
Himalayan orogeny in the Gulf of Thailand. It seems more likely that Hutchison’s
(1989) suggestion is correct, that the major drainage into Thailand and the
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Fig. 7.13 The plan-view
images of continental-scale
channel and channel belts
evident at 160 ms (a,b, ¢)
and 184 ms (d, e, f). Panels
a, b, and c represent the
160-ms time slice visualized
as a conventional amplitude
display, b coherence seismic
attribute, and ¢ mapped
surface delineating the major
geomorphic and depositional
elements. Panels d, e, and

f represent the 184-ms

time slice visualized as d
conventional amplitude
display, e coherence seismic
attribute, and f mapped
surface delineating the major
geomorphic and depositional
elements. Panel G is a
modern analog with similar
dimensions and comparable
depositional elements,
Ucayali River, Peru (diagram
and caption from Reijenstein
et al. 2011, Fig. 6, p. 1970).
AAPG © 2011. Reprinted
by permission of the AAPG
whose permission is required
for further use
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Fig. 7.14 Braided channel system in Plio-Pleistocene deposits of the Malay basin. The image on
the left corresponds to the “Nauk™ channel in the cross-section (Miall 2002)

offshore gulf was diverted into the Mekong prior to the deposition of the fluvial
systems illustrated here. Brookfield (1993, 1998) has demonstrated that this type
of diversion, resulting in major changes in sediment dispersal paths, has been a
common occurrence throughout the Himalayan orogeny. Tectonic setting is, there-
fore, no reliable predictor of fluvial scale.

7.6 Discussion

The best clue to the scale of a fluvial depositional system is the size of the dep-
ositional elements that can be observed, especially where these may be docu-
mented in large surface outcrops. It was the enormous scale of the point bars
in the Athabasca Oil Sands, Alberta, and the scale of the crossbedding in the
Hawkesbury Sandstone, Australia, and in the Neoproterozoic deposits of NW
Canada that first alerted sedimentologists to the likely presence of very large river
systems in these cases. Scale estimates from vertical profile data, alone, are inad-
equate, because of the ambiguity of the vertical dimension with respect to auto-
genic versus allogenic controls. Big rivers may not therefore, be interpreted based
on limited subsurface-well data. Seismic data, especially time-slice seismic sec-
tions, however, will be definitive.
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Tectonic setting is no predictor of fluvial scale. A few specific tectonic settings
(foreland basins, strike-slip basins and rift basins) are more likely than others to
be characterized by major axial drainage systems because of the funneling effect
of the basin configuration, but this is not a useful predictor of overall scale. The
largest rivers, as Potter (1978) first showed, are those that flow across major tec-
tonic boundaries within large continents. Their presence is impossible to predict
with any certainty, but clues from regional geology may be instructive. Thus,
Dickinson’s (1988) question about the sources of the large Permian and Jurassic
erg systems of the American southwest, which stimulated the search for large,
contemporaneous highlands and regional slopes that could have delivered the
appropriate amount of sediment (Dickinson and Gehrels 2003). Likewise, a com-
parable problem stimulated Rainbird et al.’s (1997) analysis of Precambrian sedi-
ment sources. A more complex body of evidence was used by Duk-Rodkin and
Hughes (1994) to reconstruct the pre-glacial Cenozoic drainage of the cratonic
interior of Canada, building on clues from landforms and stratigraphy, some of
which were first observed in the nineteenth century. The ultimate fate of much of
the detritus eroded from the Cordilleran orogen and craton of central Canada is
thought to be the continental margin off Baffin Island and Labrador, but there is,
as yet, little confirmatory evidence for this beyond seismic evidence of the scale of
these subsea deposits. Drilling data are not yet available.

None of these regional studies have yet pinpointed actual large rivers. In each
case, the main fluvial channels, large though they might have been, are prob-
ably entirely lost to erosion, although detailed mapping of buried cratonic uncon-
formities might prove fruitful. Potentially, the Permian/Jurassic valley systems
crossing the cratonic interior of North America could be preserved. This interval
corresponds to the Absaroka sequence of Sloss (1963), which is represented by a
regional unconformity across much of the High Plains region of Canada and adja-
cent areas of the northern United States.
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