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Preface to the
first edition

In this book I have attempted to show how the depositional environments of
sedimentary rocks can be recognized. This is not a work for the specialist
sedimentologist, but an introductory survey for readers with a basic knowledge
of geology.

Within the last few years environmental analysis of ancient sediments has
been enhanced by intensive studies of their modern counterparts. Thus Geikie’s
dictum ‘the present is the key to the past’ can now be applied with increasing
accuracy. While an understanding of Recent processes and environments is
critical to the interpretation of their ancient analogues, it is beyond the scope
of this book to describe these studies in detail. I have, however, attempted to
summarize the results of this work; detail being sacrificed in the interest of
brevity. Inevitably, this has led to a tendency to generalize; I have tried to
counteract this by providing bibliographies of studies describing Recent
sediments.

The economic importance of environmental analysis of ancient sediments is
increasing. With the world expected to consume as much oil and gas in the decade
1970-80 as has beei. produced to date, the search extends increasingly to the
more elusive stratigraphically controlled accumulations.

Similarly environmental analysis has a part to play in locating metallic ores
in sediments whose geometries are facies controlled.

The book begins with a discussion of the classification of sedimentary
environments and an evaluation of the methods which may be used to identify
them in ancient deposits.

Each subsequent chapter describes a particular depositional environment,
beginning with a summary of its characteristics as seen on the earth’s surface
at the present time. This is followed by a description of an ancient case history
whose origin is then deduced. A general discussion of the problems of identifying
the environment in ancient sediments comes next, and each chapter concludes
with a brief review of its economic significance.

Neither the selection of environments nor the discussion of economic aspects
is intended to be comprehensive. I hope, however, that there are sufficient
examples to show how the environment of a sedimentary rock can be determined
and some of the ways in which sedimentology can be used in the search for
economic materials. The discussions of the economic aspects of the various
environments are heavily biased in favour of the oil industry at the expense of
mining, hydrogeology, and engineering geology. This is no accident. The oil
industry is the largest employer of sedimentologically oriented geologists and
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Xii Preface to the first edition

has done more to advance and apply sedimentology than any other branch of
industrial geology.

Critical readers will notice that metres, feet, kilometres, and miles are used
indiscriminately throughout the book. Since the oil industry refuses to go metric,
the student must quickly learn to correlate the two systems. A conversion scale
is included in the first figure.

January, 1970 RICHARD C. SELLEY
Tripoli, Libya
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Preface to the
second edition

I began to write the first edition of this book after spending nearly ten years
at university studying and teaching how to diagnose the depositional
environments of sedimentary rocks where they crop out at the earth’s surface.

The first edition was written during the first three months of my five-year
sabbatical in the oil industry. From then on a very large part of my time has
been spent learning how to diagnose the environments of sediments from bore
holes in the sub-surface. This is a far more challenging occupation for there
are fewer data, the techniques are quite different, and the economic implications
may be immense.

The new edition reflects this experience. The introductory chapter includes
a discussion of the techniques of sub-surface facies analysis, and subsequent
chapters discuss the criteria by which each environment may be recognized in
the sub-surface.

Most of the chapters have been modified in one way or another; sections on
modern environments have been expanded and some of the case histories have
been extensively modified and, for the Captain ‘reef’, completely rewritten.

I have updated the bibliographies, but since the sedimentology part of
GeoAbstracts show that some 20 000 papers have been published in this field
since the first edition, I may well have missed one or two important papers.
I apologize to the reviewers, for experience has taught me that the unquoted
seminal papers are inevitably their own.

August, 1977 RICHARD C. SELLEY
Imperial College, London
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Preface to the
third edition

I wrote the first edition of this book at a very impressionable age. I had just
completed nine years of university research on the environmental interpretation
of sediments, and had started work for an oil company. The first edition was
thus concerned with the interpretation of sedimentary environments from
outcrop, from an aesthetic stance, with no thought of vulgar commercial
applications.

I wrote the second edition after spending several years learning how to
interpret the depositional environment of sediments in the subsurface, and in
trying to apply this knowledge to petroleum exploration. Thus the second edition
was expanded to include sections on the use of geophysical well logs in subsurface
facies analysis.

Within the last few years seismic geophysical surveying has improved
tremendously. A whole new field has developed, loosely termed seismic
stratigraphy, which applies sedimentary concepts to the interpretation of seismic
data. Today seismic surveys may delineate channels, deltas, reefs, submarine
fans, and other deposits. In this edition I have included sections on the seismic
characteristics of the various sedimentary facies. I have also expanded sections
on metalliferous sedimentary deposits, and on recent environments. New case
histories have been introduced and I have attempted the impossible task of
updating the bibliographies.

September, 1984 RICHARD C. SELLEY
Imperial College, London
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Figure 0.1 Detailed measured rock sections, illustrated throughout the book, are
drawn using the above key. Note that grain size is drawn increasing to the left so
as to correlate with wireline logs.
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1 Introduction

SEDIMENTARY ENVIRONMENTS AND FACIES

A sedimentary environment is a part of the earth’s surface which is physically,
chemically, and biologically distinct from adjacent terrains. Examples include
deserts, river valleys, and deltas.

The three defining parameters listed above include the fauna and flora of the
environment, its geology, geomorphology, climate, weather, and, if subaqueous,
the depth, temperature, salinity, and current system of the water. These variables
are tightly knit in dynamic equilibrium with one another like the threads of a
spider’s web. A change in one variable causes changes in all the others.

Numerous deserts, lakes, deltas, reefs, and other environments are found all
over the present-day face of the earth suggesting that there are a finite number of
sedimentary environments. This statement must be qualified though by noting that
no two similar environments are ever exactly alike, and that different environ-
ments often merge imperceptibly with one another across the face of the earth,

A sedimentary environment may be a site of erosion, non-deposition, or
deposition. As a broad generalization, sub-aerial environments are typically
erosional while sub-aqueous environments are mostly depositional areas. Some
environments alternate through time between phases of erosion, equilibrium,
and deposition. River valleys are a case in point.

Erosional environments generally occur in dissected mountain chains, and to
alesser extent along rocky shores. They are not preserved in the statigraphic record
and we can only infer their past existence from adjacent detrital formations.

Equilibrial or nondepositional environments occur both on land and under
the sea. Many deserts are equilibrial surfaces on which there is neither erosion
nor net deposition. The wind may transport sand in eolian dunes, but these
bed forms often migrate across scoured bedrock or gravel surfaces. Similarly
many continental shelves are equilibrial surfaces where there is neither erosion
nor net deposition taking place, though as with deserts, tidal sand waves may
migrate across scoured rock or lag gravel sea floors. Equilibrial environments
also occur in deep oceanic environments. Here the sedimentation rates may be
so slow that the rate of solution of sediment particles may keep pace with
deposition. Equilibrial environments, like erosional ones, do not actually deposit
detritus. They are commonly preserved in the stratigraphic record as
unconformities. Because the rock beneath an equilibrial surface is generally very
well cemented they often generate velocity contrasts with the overlying strata
and thus may show up as reflecting surfaces on seismic surveys.

The third type of sedimentary environment is the depositional one. It is the
depositional sedimentary environment which is actually preserved in the
stratigraphic record in the form of sedimentary facies.
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2 Ancient sedimentary environments

A sedimentary facies is a mass of sedimentary rock which can be defined and
distinguished from others by its geometry, lithology, sedimentary structures,
palaeocurrent pattern, and fossils.

The consensus of geological opinion is that there are a finite number of
sedimentary facies which occur repeatedly in rocks of different ages all over
the world. Comparison with Recent sediments suggests that these can be related
to present-day depositional environments. As with their Recent counterparts,
therefore, no two similar sedimentary facies are ever identical, and gradational
transitions between facies are common.

A sedimentary facies is the product of a depositional environment, a special
kind of sedimentary environment. One of the main problems of determining
the origin of ancient sediments is that, though essentially reflecting depositional
environments, they also inherit features of earlier erosional and non-depositional
phases. Consider for example an old river channel. The profile of the stream
bed reflects an erosional environment, the infilling sediment reflects the nature
of the source rocks and the hydraulics of the current which transported (as well
as deposited) the sediment, while rolled bones and wood are derived from non-
depositional environments outside the channel. It is only the sedimentary
structures (and palaeocurrents) which unequivocally indicate the depositional
environment.

These concepts of sedimentary environments and facies are summarized in
Table 1.1. A more detailed review of the concepts of environments and facies,
and their historical evolution, will be found in Selley (1982, pp. 255-266).

Table 1.1. The relationship between sedimentary environments and sedimentary

facies.
CAUSE » EFFECT
Process
Phy51c.al SEDIMENTARY Erosional 3 Qeometry
Chemical ENVIRONMENT Non-depositional Lithology
Biological Depositional - SEDIMENTARY ) Sedimentary
FACIES structures
Palaeocurrents
Fossils

It is very important to distinguish a sedimentary environment from a
sedimentary facies. There is no problem in identifying the environment of Recent
sediments. A sand sample collected from a beach today is, by definition, a beach
sand. When studying ancient sediments, however, it is best to classify them into
facies on a purely descriptive basis; it is unwise to give them environmental
names. Thus one should talk of pebbly channel sand facies, flysch facies, and
so on, rather than of fluviatile facies or turbidite facies.
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Introduction 3

Many attempts have been made to classify both Recent sedimentary
environments and ancient sedimentary facies (e.g. Pettijohn, 1957, p. 610;
Krumbein and Sloss, 1959, p. 196; Visher, 1965; Potter, 1967; Shelton, 1967,
and Crosby, 1972).

The classification of depositional environments used in this book is unique,
but owes much to previous ones (Table 1.2). It is put forward not as a final
statement of environments but as a foundation on which to base the case histories
discussed in subsequent chapters.

Table 1.2. A classification of depositional environments. Like all classifications this

one contains several deficiencies and inconsistencies which are inherent due to

the complexity of environments. Note particularly that eolian deposits can form

on the crests of barrier islands: deltas can build into lakes as well as seas; reefs
occur in fresh, as well as sea water.

. Braided
Fluviatile Meandering
Continental Lacustrine
Eolian
Transitional 3 Lobate (deltas) Terrigenous
(Shorelines) Linear Mixed carbonate: terrigenous
Carbonate
Reef
. Shelf
Marine Submarine channel and fan
Pelagic

Recent sedimentary environments can generally be divided into sub-
environments. For example, a linear shoreline is often composed of a complex
of barrier islands, lagoons, and tidal flats lying between alluvial and shelf major
environments. Ancient sedimentary facies can be divided in a similar manner
into sub-facies which can often be attributed to sub-environments.

RELATIONSHIP BETWEEN FACIES,
SEQUENCES AND STRATIGRAPHY

Sedimentary environments occur side by side across the earth in a predictable
manner. Thus for example, an alluvial flood plain may merge into a tidal flat,
which may pass laterally via a lagoon into a barrier island and so to the open
sea. As the sea level rises and falls the shoreline may transgress and regress the
continental environment. The result of this process may be the deposition of
a series of conformable facies with gradational vertical transitions. This
importént relationship between facies and environments was first noted by
Walther (1894), and is now known as Walther’s Law. This may be stated
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4 Ancient sedimentary environments

concisely as: ‘A conformable vertical sequence of facies was generated by a
lateral sequence of environments’ (Middleton, 1973).

This concept was developed by Busch (1971) who defined the terms genetic
increment and genetic sequence. A genetic increment is ‘a mass of sedimentary
rock in which the facies or sub-facies are genetically related to one another’.
A typical genetic increment may thus consist of a single prograding delta
sequence with its constituent prodelta, delta slope and delta front deposits.
A genetic sequence is a conformable series of the same genetic type (Fig. 1.1).

Figure 1.1 Geophantasmogram to show the relationship between sedimentary
environments and facies, to demonstrate Walther’s Law, and to show how genetic
increments and genetic sequences develop.

These definitions are a formal way of stating that deposition is often cyclic.
One may paraphrase George Orwell and say that ‘All sedimentation is cyclic,
but some is more cyclic than others’. This phenomenon of cyclic sedimentation
has been described and discussed in an extensive literature reviewed by Duff,
Hallam, and Walton (1967).

Because of the complex interplay of the processes which control the deposition
of a sedimentary sequence it is seldom that a cyclic motif, if present, is
conspicuous. Instead of seeing four sub-facies arranged ABCD, ABCD, ABCD,
etc., it is more usual to find something like ABCABDCDAB and so on. It is
possible to deduce from the latter sequence that the ‘ideal’ cycle is ABCD, but
this is based on a highly subjective mental process. Within recent years the eyeball
method of analysing cyclic sequences has been replaced by statistical techniques.
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Introduction 5

These include simple methods which, though statistically naive, can easily
be used and understood by the field geologist (e.g. Selley, 1969b). Other, more
sophisticated techniques necessitate the use of a computer, but suffer from the
assumption which they have to impose on the geological data.

The advent of the computer now enables all sorts of statistical gymnastics
to be applied to the study of cyclic sedimentation, both from real rock sections
and from sequences generated artificially by computer modelling (Merriam,
1967; Schwarzacher, 1975).

Once the cyclic pattern has been extracted from a sedimentary sequence one
is faced with the problem of its interpretation.

Cycle-generating processes have been classified into two groups defined by
Beerbower (1964, p. 32) as follows:

(i) Autocyclic mechanisms: ‘are generated in the depositional prism and
include such items as channel migration, channel diversion, and bar
migration.’

(ii) Allocyclic mechanisms: ‘result from changes external to the sedi-
mentary unit such as uplift, subsidence, climatic variation, or eustatic change.’

One of the most interesting results of studies of Recent sediments is that they
have shown how sub-environments migrate laterally over one another across
the depositional area resulting in a regular sequence of sub-facies. This has led
to an increased understanding of the importance of autocyclic mechanisms in
generating ancient cyclic sequences. Previously stress was laid on allocyclic
processes.

Recognition of sequences of autocyclic origin within a sedimentary facies is
an important way of identifying its depositional environment. Figure 1.2 idealizes
the various sequences of autocyclic origin which may be present in different
facies. It is interesting to note that these can be detected purely on a basis of
vertical variations in grain size without recourse to other facies parameters. This
approach can be particularly fruitful in sub-surface studies as will shortly be
discussed.

METHODS OF ENVIRONMENTAL DIAGNOSIS

There are many different techniques which can be used to determine the
depositional environment of a sedimentary rock. These vary considerably
according to whether the study is based on surface or sub-surface information.
An alternative arrangement for this book would have been to describe and
discuss methods of environmental recognition, rather than to actually show them
in operation solving specific case histories. Though the latter approach seems
more interesting it is appropriate first to discuss the various techniques which
will shortly be employed.

As a general rule the diagnosis of a sedimentary environment should be based
on a critical evaluation of all available lines of evidence. Commonly however
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Figure 1.2 Vertical grainsize profiles produced by some sedimentary environments.
Further details and explanations are given at appropriate places in the text. The
thicknesses of the various genetic increments are rough approximations only.
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Introduction 7

not all the data that are desirable are actually available. This is particularly true
of sub-surface studies in which the main sources of data are seismic sections
and geophysical well logs with minimal rock samples from cores and cuttings.
In such cases one can only make the best use of what facts can be ascertained.
In other cases, such as outcrop studies, though there may be a wealth of facts
to utilize, only one or two may actually be critical to the diagnosis of the
environment in question. In different cases different lines of evidence will be
of varying importance. Thus the recognition of a reef may be confidently based
on only lithological and palaeontological data. A delta on the other hand may
be identified by its geometry and vertical sequence of grain size and sedimentary
structures. These points will become clearer as the book proceeds.

The techniques of environmental analysis can most conveniently be discussed
under the five defining parameters of a facies: geometry, lithology, sedimentary
structures, palaeocurrent patterns, and fossils.

The chapter concludes with a discussion of the use of wireline logs in sub-
surface environmental interpretation.

Geometry

The over-all shape of a sedimentary facies is a function of predepositional
topography, the geomorphology of the depositional environment and its post-
depositional history. For example the geometry of blanket sands burying old
land surfaces will largely be controlled by the geomorphic stage and process
which previously operated on that terrain. This may give little indication of the
origin of the overlying sand. Likewise post-depositional erosion and tectonic
deformation will modify the geometry of a facies and inhibit the use of its over-
all shape as a diagnostic feature. It is only when the syn-depositional shape of
an environment is preserved that geometry is a valuable diagnostic criterion.
Figure 1.3 illustrates some of the more important facies shapes that may be
recognizable. It is important to note that the same geometry may be produced
in one of several different environments. Channels may be fluvial, deltaic, tidal
or submarine. Fans may be alluvial, deltaic or deep marine. A blanket geometry
is obviously of no environmental significance. Detailed study may show however
that a sheet is composed of a series of coallesced channels, shoestrings or other
smaller bodies.

The geometry of a sedimentary facies may be relatively easy to determine
where it crops out at the surface and where exposure is good. In the subsurface
however this is impossible. Traditionally the approach was to map the geometry
of facies from borehole data; environmental interpretation being carried out
on each well so as to locate the next one in optimum position. Nowadays however
seismic surveys make it possible to map the geometry of facies long before any
well has been drilled. Space does not allow the seismic method to be outlined
here, but this topic is covered in many text books (e.g. Coffeen, 1978, Kleyn,
1982 and Anstey, 1982). A whole new branch of seismic interpretation has now
evolved known loosely as seismic stratigraphy. This applies established
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8 Ancient sedimentary environments

N2 S

Shoestring Bank

Figure 1.3 Cartoons of various facies shapes. The diagnostic significance of the
various geometries are discussed in the text.

stratigraphic and facies concepts to the interpretation of seismic data. Seminal
papers on this topic by Vail, Mitchum and their colleagues will be found in
an important volume edited by Payton (1977).

Examination of a seismic line often shows that it may be divided into a number
of units. The geometry of these units may be mappable using the data from
a complete seismic survey. Channels, fans, progrades and many other forms
may be detectable. The shapes of these seismic units are often environmentally
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Introduction 9

diagnostic as previously discussed. The character of seismic unit boundaries may
be important in establishing the geological history of the area. Vail, Mitchum
et al. (1977) have defined the various types. Seismic unit boundaries may be
either concordant or discordant. The former are rare because where reflectors
are concordant it will be difficult to map a boundary unless there are significant
differences in the internal seismic character of adjacent units.

Discordant unit boundaries are of several types. The upper boundary will
show offlap or, as it is sometimes termed, toplap. Seismic data alone may not
show whether this boundary is due to erosional truncation, or whether it reflects
a regressing increment deposited while sea level remained constant. The lower
discordant boundary of a seismic unit may show either onlap or downlap. Onlap
is commonly caused by a marine transgression, or by the progressive infilling
of a continental basin. Downlap is generally caused by progradion, either of
a whole shoreline or of an individual fan of some sort. Fig. 1.4 illustrates the
various types of seismic unit boundary.

Figure 1.4 Sketch to show some of the terminology of seismic stratigraphy.

The internal nature of a seismic unit may be as instructive as its’ boundaries.
The two important parameters to consider are the amplitude and continuity
of the reflecting horizons (Anstey, 1982, p. 26-30). High amplitude reflectors
with good lateral continuity commonly indicate interbedded marine limestones
and shales. High amplitude events of poor continuity characterize continental
deposits with interbedded channel sands and shales. Low amplitude reflectors
with good continuity suggest basinal shale sediments. Hummocky reflectors may
be produced from the corrugated topography of shallow marine and coastal
sand bodies. Chaotically dipping reflectors of short continuity may indicate
slumped beds, especially if seen at the base of a prograde.

Lithology
The lithology of a sedimentary facies is one of the easiest of parameters to
observe and one of considerable environmental significance. As a general rule
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the lithology of limestones is of more diagnostic importance than that of
sandstones. This is because studies of Recent carbonates show that they occur
in a number of micro-facies whose distribution is closely related to their
depositional environment (e.g. Imbrie and Purdy, 1962). Furthermore, they
cannot survive transportation far from where they formed (Ginsburg and others,
1963, p. 572). Because of these facts many limestones can be attributed to an
environment by examination of a small chip or thin section and close comparison
with Recent deposits (see Chapters 8 and 9).

The lithology of a clastic sediment on the other hand is a function not only
of the environment in which it was deposited but also of its transportational
history and of the type of rock from which it was derived. Petrographic studies
of sandstones are thus of much less value as an indicator of depositional
environment than those of carbonates. On the other hand sandstones are less
susceptible to diagenesis than carbonates, so their depositional fabric is generally
easier to discern.

Many attempts have been made to use the texture of a sediment to determine
its depositional environment. This topic is described in a vast literature which
can scarcely be avoided by leafing through any recent textbook or journal dealing
with sedimentary rocks. Folk (1967), Moiola and Weiser (1968), Pettijohn et
al. (1972, pp. 86-8) and Selley (1982a, pp. 19-22) have reviewed the problems
of this approach. The basic philosophy of this technique is that the sediments
of Recent environments can be distinguished from one another by careful
statistical evaluation of their texture. Numerous studies have shown just how
easily this may be done, e.g. Feldhausen and Ali (1975), and Reed et al. (1975).
By analogy it should be possible to carry out granulometric analyses of ancient
sediments, subject them to various statistical gymnastics and, by comparing them
with Recent sediments of known origin, determine their depositional
environment.

Unfortunately this approach has largely proved unsatisfactory and the
granulometric analysis of ancient sediments is a declining art, to the delight of
laboratory technicians. There are several reasons for the failure of this method.
First, as already mentioned, the texture of a sediment is a function not just
of the depositional environment, but also of its previous history. Thus, to take
an extreme case, if a clean well-sorted fine sand is the only sediment being
transported into an environment then a clean well-sorted fine sand is all that
can be deposited in it. A second problem of using texure to determine the
environment of a sediment lies in the origin of the fine detritus. Studies of Recent
sediments show that clay content is a very sensitive indicator of depositional
process (Doeglas, 1946). In an ancient sediment it is not possible to prove that
the clay matrix was deposited at the same time as the rest of the detritus. It
is also possible that it was washed in at a later date, that it was transported
in particles coarser than clay, or that it was formed from the diagenetic breakdown
of chemically unstable sand grains (Cummings, 1962). A third problem of the
granulometric analysis of sedimentary rocks is a purely technical one.
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Post-depositional solution and overgrowths may considerably alter the size of
sand grains and modify the over-all texture of a rock. Intensive cementation
may make it impossible for a rock to be disaggregated to its original textural
composition. In such cases it may be necessary to determine the sorting curve
by measuring the dimensions of grains in thin sections. This is a slow and
complex process and the end results are extremely difficult to compare with
sieve analyses of Recent sediment samples (Chayes, 1956).

For the reasons outlined above, therefore, statistical textural studies of ancient
sediments have largely proved an unsatisfactory method of environmental
diagnosis, though some success stories have been recorded (Visher, 1969).

Considered from a more general standpoint the grain size of a sediment is
an important indicator of the energy level of a depositional environment. The
coarser the grain size the higher the energy level of the depositing current and
the better the sorting the more prolonged its action. These generalizations have
long been applied to terrigenous sediments and form the basis for a useful
classification of carbonates (Dunham, 1962). However even these generalizations
of the correlation of grain size and sorting to energy level must be interpreted
with caution. No matter how strong a current it cannot deposit sediment coarser
than that available in the source. Similarly the grain size of carbonate rocks
may not always be a reliable indicator of the energy level of their depositional
environment. This is because many limestones are composed of skeletal
particles. Shells can form what are virtually organic conglomerates in a
low-energy environment merely by living and dying there. Lagoonal oyster reefs
are a case in point. Similarly the sorting and micrite content of carbonates
is not solely a function of turbulence but is also influenced by other factors,
notably micrite-forming algae and shell-munching predators (Bathurst, 1967,
pp. 463-4).

Considerable attention has been given to the way in which depositional
processes may affect the shape of sand grains. Recent glacial sands tend to be
more angular and of lower sphericity than water-borne grains, while dune sands
are often very well rounded. Kuenen (1960) summarizes a series of papers
describing the experimental abrasion of sand grains by various processes. His
data confirm that wind action is a more effective rounding agent than running
water. Grain shape however is not just a function of the last depositional process
which affected it but also of its previous history and original shape. Polycyclic
sands will tend to be well-rounded regardless of the various processes to which
they have been subjected (see also p. 92).

Electron microscope examination has shown that glacial, aqueous and eolian
processes imprint characteristic markings on grain surfaces (e.g. Krinsley and
Funnel, 1965, Krinsley and Cavallero, 1970, and Krinsley and Doornkamp,
1973). This is a valuable technique but it must be interpreted with care. Post-
depositional solution, compaction, and tectonic grinding may modify the surface
texture of a sand grain. It may also take a while for a grain which has been
transported from one environment to another to have its surfaces altered.
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Nonetheless eolian transport textures have been observed on sandstones as old
as Triassic (Krinsley et al., 1976).

Apart from its physical aspects the chemistry of a sediment holds many
important clues as to its origin. Degens (1965) gives a comprehensive account
of this topic. Only one or two examples will be described here to illustrate the
present scope and future potential of geochemistry in environmental diagnosis.

There has been considerable discussion on the use of clay minerals as indicators
of sedimentary environments (e.g. Grim, 1958; Shaw, 1980). As a general rule,
however, the chemistry of a clay reflects not just its depositional environment
but also the parent rock, the climate which weathered it, and its diagenetic
history. Weaver (1958) on the basis of hundreds of analyses of clays from ancient
sediments showed that no single clay mineral is specific to any one environment,
even in such broad terms as marine and non-marine. His data do show however
that illite and montmorillonite are more characteristic of ancient marine rocks,
while kaolinite is more typical of continental, especially fluviatile deposits (ibid.,
p. 258, Fig. 1).

Glauconite is a mineral which is widely believed to form only in marine
environments and to be so unstable that it cannot survive re-working. It is
therefore held to be diagnostic of marine rocks. This criterion is not infallible.
Detrital glauconite occurs in fluviatile Neogene red beds in the Dead Sea Valley.
As a general rule however glauconite is a useful indicator of marine environments
and studies of the present day distribution of glauconite suggest that it may
be possible to narrow down the precise conditions which limit its formation
(Ireland et al., 1983).

The Boron content of clays was first discussed as a palaeosalinity indicator
by Degens and others in 1957, and has subsequently been studied by many
workers. Analysis of 82 Recent muds has shown that, for a given clay content,
marine muds contain 30-45 ppm more Boron than freshwater muds (Shimp
et al., 1969). This technique for distinguishing non-marine and marine deposits
has been applied to ancient rocks with varying degrees of success (see for example
Potter et al., 1963, and Murty, 1975).

Similar geochemical approaches have been applied to other constituents of
Recent sediments, notably phosphates and iron, in attempts to diagnose their
depositional environments in ancient rocks. These studies have not so far been
notably successful due largely to the scarcity of Recent environments where
phosphates and iron are forming (see for example Bromley, 1967 and Rohrlich
et al., 1969, respectively).

In conclusion it can be seen that the lithology of a sedimentary facies holds
many important clues to its depositional environment. This is truer of carbonates
than sandstones since they are deposited at, or close by, their point of origin.
The lithology of sandstones gives less indication of their depositional
environment since the sediment is introduced from outside the site of deposition
and inherits extraneous characteristics due to its previous history.

Grain size, sorting, shape, and texture often reflect the energy level and process
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of the environment. They must be interpreted carefully. Geochemistry, a rapidly
expanding field, has great potential in environmental diagnosis.

Sedimentary structures

Sedimentary structures are very important indicators of depositional
environment. Unlike lithology and fossils they are undoubtedly generated in
place and can never have been brought in from outside. Sedimentary structures
are easy to study at outcrop where exposure is good. In sub-surface work,
however, only the smallest ones can occasionally be found in rock cores.

A huge number of sedimentary structures have been described in the literature.
Their nomenclature and classification is confused and complex. This is largely
because it is extremely hard to define accurately their morphology. Atlases of
sedimentary structures have, however, been compiled by Pettijohn and Potter
(1964), Gubler and others (1966), and Conybeare and Crook (1968).

Within recent years the interpretation of sedimentary structures has been
greatly enhanced both by experimental work and by studies of Recent
environments (Allen, 1970; Raudkivi, 1976; Selley, 1982a, pp. 169-95; and White
et al., 1976).

Sedimentary structures can provide evidence of whether an environment was
glacial, aqueous, or sub-aerial. They give some indication of the depth and
energy level of the environment and of the velocity, hydraulics, and direction
of the currents which flowed across it (Allen, 1967, 1982; Collinson and
Thompson, 1982; Reineck and Singh, 1980; and Selley, 1982, pp. 208-54).

Most sedimentary structures can be arbitrarily fitted into a genetic
classification of pre-, syn- and post-depositional categories. The environmental
significance of sedimentary structures will now be briefly reviewed under these
three headings.

Pre-depositional sedimentary structures

Pre-depositional sedimentary structures are those observed on bed interfaces
which formed before deposition of the younger bed. They are thus erosional
features, not to be confused with post-depositional bed base deformational
phenomena such as loadcasts. Pre-depositional structures include channels, scour
marks, flutes, grooves, tool markings, and a host of other erosional phenomena.
Despite considerable experimental work the hydraulic conditions which cause
these structures are not well understood. Regardless of this they give valuable
indications of the flow directions of the current which generated them.

Syn-depositional sedimentary structures
Structures formed during deposition include flat-bedding, crossbedding,
lamination, and micro-crosslamination (ripple-marking).

When a bed of sand is subjected to a current of increasing velocity different
bed forms develop in a regular sequence. Each bed form deposits a different
sedimentary structure (see Table 1.3). The point at which one bed form changes
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Table 1.3. The sequence of bed forms and sedimentary structures produced by a

current of increasing velocity passing over a sand bed. The threshold velocity at

which one bed form changes to another increases with increasing grain size. The

ripple phase is absent for sands coarser than about 0-60 md. (Based on data in
Simons, Richardson, and Nordin, 1965.)

Flow regime Bed form Sedimentary structures
Erosion
Upper Antidunes  Seldom preserved due
(upcurrent  to re-working as

Increasing migrating velocity decreases
current  Deposition dunes)
velocity Transition Plane bed Flat-bedding

L 3 Dunes Cross-bedding

ower Ripples Micro-crosslamination

Non-deposition: Current velocity too low to transport sediment.

to another is a function of many variables, including the velocity, temperature,
and viscosity of the fluid and the fall velocity (which more or less corresponds
to the grain size) of the sediment particles. These variables have been integrated
into the flow regime concept which expresses the sum total of all these parameters
(Simons, Richardson, and Nordin, 1965). The main value of the flow regime
concept is that it points out that beds of the same grain size need not necessarily
have been deposited by currents of equal velocity. For example a micro-
crosslaminated sand was deposited by a current of lower velocity than that which
deposited a flat-bedded sand of equivalent grade. Similarly two beds of different
grain size may not have been deposited by currents of different velocities. A
flat-bedded fine sand and a cross-bedded medium sand may have been deposited
by currents of the same velocity.

Despite the valuable insight that the flow regime concept has given to the
study of syn-depositional sedimentary structures it has only indirectly aided
environmental analysis. This is because the conditions generated by the confined
flow of water in a sediment flume occur in nature in many different situations,
such as rivers, estuaries, delta distributaries, tidal channels, and so on.

Cross-bedding is a sedimentary structure which is both common,
morphologically variable, and extensively documented (see Potter and Pettijohn,
1963, pp. 62-89). Much can be learnt about the process which formed cross-
bedding, but, since few processes are restricted to any one environment, this
knowledge is of limited value (Allen, 1964, 1982). Large scale eolian cross-
bedding may be an exception to this rule (see p. 95).

Micro-crosslamination however is of more use as an environmental indicator.
Walker (1963) and Jopling and Walker (1968) have described morphological
criteria for distinguishing ripples due to different processes which are sometimes
environmentally specific. Tanner (1967) has empirically determined a number
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of statistical criteria for identifying the depositional environment of ripples.
Even so, Allen (1968, 1982) has shown how the most sophisticated of analytical
and experimental techniques, while contributing much to our understanding of
ripple formation, are of little value in environmental interpretation.

Post-depositional sedimentary structures

Structures which develop in sediments after their deposition are no less diverse
and complex than those which form during deposition. They too have generated
a ponderous literature in geological books and journals (see Mills, 1983 for a
useful review). Again experimental studies, and the examination of Recent
deposits have done much to increase our understanding of soft sediment
deformation. Basically it is possible to distinguish two main genetic groups of
these structures. One group shows an essentially vertical reorientation of
bedding, while the second shows lateral rearrangement of the fabric. The first
type includes loadcasts and pseudonodules where beds of sand collapse into
underlying mud, as well as convolute lamination and quicksand structures which
are contortions within beds of interlaminated fine muddy sand and clean sand
respectively. Experimental studies have shown that there are a variety of
triggering mechanisms which can generate these structures in unconsolidated
sediment. These include earthquakes, current turbulences, and hydrostatic
pressures due to connate fluids (see Selley, 1969a for a review). These processes
can all operate in a variety of geological situations and are therefore of little
significance in environmental analysis.

The second group of post-depositional sedimentary structures are those due
to lateral movement of sediment, as opposed to the predominantly vertical
reorientation shown by the previous type. These structures include slumps and
slides which are penecontemporaneous recumbent folds and faults indicating
large-scale sideways transport of sediment. Such phenomena occur where rapid
sedimentation or erosion forms steep slopes which, from time to time, become
so unstable that they collapse and shed superficial deposits down slope. These
slope failures can occur spontaneously or be triggered by earthquakes, storms,
or herds of stampeding dinosaurs.

Deformational sedimentary structures due to lateral movement can occur in
many geological situations ranging from river banks to abyssal slopes. Slumping
on an extensive scale however seems to be most typical of delta slopes and
submarine canyons and fans.

Regardless of whether slumps can be used to determine depositional
environment they are important criteria for recognizing palaeoslopes.

Palaeocurrent patterns

Of the five defining parameters of a sedimentary facies (geometry, lithology,
structures, palaeocurrents, and fossils) all but palaecocurrents are observational
criteria. To determine the palaeocurrents of a facies involves not just the
description, but also the interpretation of data. This is a severe handicap.
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Compensation is to be found however in the fact that since palacocurrents are
discovered from sedimentary structures they clearly reflect the depositional
environment of a facies and cannot inherit features from outside the actual site
of deposition. The palaeocurrent analysis of a facies involves the following steps:

(i) Measurement of the orientation of significant sedimentary structures
in the field (e.g. cross-bedding dip direction, channel axes, etc.).

(ii) Deduction of palaeocurrent direction at each sample point.

(iii) Preparation of regional palacocurrent map.

(iv) Integration of palaeocurrent map with other lines of facies analysis
to determine environment and palacogeography. In some environments
palaeocurrents may indicate palaeoslope (e.g. in rivers), in others they do
not (e.g. eolian deposits).

The methodology and applications of palaeocurrent analysis have been
reviewed by Potter and Pettijohn (1977) and Selley (1982a, pp. 231-40). Many
workers have warned that the deduction of palaeocurrent directions must be
carried out with great care, both because of the complex relationship between
structures and currents, and the diverse and variable nature of the currents
themselves (e.g. Allen, 1966). None the less it has been pointed out that for
Recent sedimentary environments there is a close correlation between their
current systems and the local and regional orientation of their sedimentary
structures (Klein, 1967). Similarly Selley (1968) has suggested that there appear
to be a number of palacocurrent patterns which have been recorded repeatedly
from rocks of different ages all over the world. These different patterns or
models are specific to various environments. Each can be defined both by the

Table 1.4. A classification of some palaeocurrent patterns. Based on data in Selley

(1968).
Environment Local current vector Regional pattern
Alluvial Braided Unimodal, low variability =~ Often fan-shaped
uvia Meandering Unimodal, high variability Slope-controlled, often
centripetal basin fill
Eolian Uni-, bi- or polymodal May swing round over
hundreds of miles around
high pressure systems
Deltaic Unimodal Regionally radiating
Shorelines and Shelves Bimodal (due to tidal Generally consistently
currents), sometimes oriented onshore
unipolar or polymodal offshore, or longshore
Marine turbidite Unimodal (some exceptions Fan-shaped or, on a
noted, see p.253) larger scale, trending

into or along trough axes
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palaeocurrent vector at individual sample stations and by their regional
relationships (Table 1.4).

It would seem therefore that, though it must be interpreted with great care,
palaeocurrent analysis is an important technique for recognizing ancient
sedimentary environments and their palaecogeographies.

Fossils

Last, but certainly not least, of the five parameters defining a facies are its fossils.
These have always been one of the most important methods of identifying the
depositional environment of a sediment. The way in which fossils lived, behaved
towards one another, and influenced and were influenced by their environment
is termed palaeoecology. Reviews of this large field of research have been given
by Hedgpeth and Ladd (1957), Gecker (1957), Ager (1963), Imbrie and Newell
(1964), Dodd and Stanton (1981), McCall and Tevesz (1982) and Gall (1983).
To use fossils to identify the depositional environment of the host sediment two
assumptions must be made:

(1) That the fossil lived in the place where it was buried.
(2) That the habitat of the fossil can be deduced either from its morphology
or from studying its living descendants (if there are any).

These are two very real problems which must always be kept in mind when
using fossils as environmental indicators. It is not always easy to be sure that
a creature lived in or on the sediment in which it was buried. Many fossils are
preserved in a particular environment not because they lived in it but because
they found their way into it by accident and it was so hostile that it killed them.
Think of all the drowned cats washed out to sea by the River Thames.

The second problem, that of deducing the habitat of a fossil, is also a very
real one which has been discussed extensively in the literature. To consider one
simple case, it has been pointed out that bears live today from the arctic to
the equator. If only Polar bears lived at the present time old bear bones might
be used as indicators of glacial climates (Shepard, 1964, p. 4).

Lest the preceding paragraphs have painted too gloomy a picture of fossils
as environmental indicators it must be stated that they are one of the most
valuable techniques available.

Of all the different fossils that can be used in environmental analysis perhaps
two of the most important types are micro-fossils and trace fossils. Micro-fossils
have the great advantage over mega-fossils that they are recoverable from well
cuttings, and that a small volume of rock may contain sufficient specimens to
be used in statistical studies. There are many different groups of microfossils
that may be used in environmental interpretation. These include the
foraminifera, ostracods, microplankton and palynomorphs. One of the problems
faced in environmental interpretation is that different groups of microfossils
may give conflicting answers. The average geologist generally lacks the specialist
expertise necessary to adjudicate in such disputes. One of the most useful groups
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of fossils for environmental diagnosis is burrows, tracks, and trails, collectively
called trace fossils. These have been extensively studied in Crimes and Harper
(1970, 1977) and Frey (1975).

Trace fossils are useful in environmental interpretation for two reasons. First,
they occur in situ, and cannot therefore be reworked like other fossils. Second,
it has been noted that certain types of trace characterize particular environments,
though the beasts responsible may be unknown. Using this fact workers have
defined a series of ‘ichnofacies’. Each ichnofacies consists of a suite of trace
fossils which occur in characteristic sedimentary facies whose environment may
be determined independently (see Seilacher, 1967; Rodriguez and Gutschick,
1970; and Heckel, 1972). These ichnofacies have remained constant through
Phanerozoic time, despite the evolution of the creatures responsible (Fig. 1.5).

Figure 1.5 Characteristic ichnofacies for various environments. From Selley (1976,
Fig. 7.1) by courtesy of Academic Press Inc.

For this reason, and because of their preservation in situ, trace fossils are
very useful in sub-surface facies analysis when they are found in cores.

Used carefully these and other fossil groups indicate many environmental
parameters including depth, temperature, salinity, current turbulence, and
climate. This necessarily brief résumé of a complex problem is discussed in
greater depth in the references quoted at the beginning of this section.

SUB-SURFACE ENVIRONMENTAL INTERPRETATION

The preceding sections of this chapter have reviewed how depositional
environment may be deduced from rocks at the surface using the five
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facies-defining parameters (geometry, lithology, sedimentary structures,
palaeontology, and palaeocurrents). The chapter concludes with a review of
the methods which may be used to interpret the depositional environment of
sediments in the sub-surface. The concepts are unaltered for this purpose but
the techniques are substantially different.

Considering geometry first, it has already been discussed that whereas, for
example, reefs and channels may be recognized from their exhumed topography
at outcrop, in the sub-surface the geometry of a facies is identified from borehole
data or seismic maps.

Lithology is of varied utility in sub-surface environmental interpretation, and
the difference of the methods applied to carbonate and terrigenous rocks cannot
be overemphasized. As already mentioned, and as will be elaborated in Chapters
7, 8, and 9, there are various types of carbonate grain which form in different
environments. Therefore the origin of carbonate rocks in the sub-surface is
largely deduced from petrographic studies of well samples. The environment
of deposition of terrigenous rocks may seldom be deduced from petrography,
however, because of the problems of inheritance and diagenesis discussed earlier.
The key to the sub-surface diagnosis of terrigenous rocks lies in the study of
vertical sequences: sequences of sedimentary structures in cores, and sequences
of grain size which may be inferred from geophysical logs.

After a borehole has been drilled the geophysical properties of the adjacent
strata are measured by passing a series of electronic devices along the borehole.
These can record many of the physical and chemical properties of a sediment,
including resistivity, density, sonic velocity, and radioactivity. These logs can
be used to correlate adjacent wells, to identify lithology, to measure the amount
of porosity, and to calculate the amount of oil, gas, or water within the pores.

The study of formation evaluation, though an essential tool for stratigraphers
and sedimentologists, is beyond the scope of this book and the reader is referred
to works by Asquith (1982) and Pirson (1983) for further details. Only two
aspects of formation evaluation are essential in the present context; the use of
geophysical logs as vertical profiles of grain size, and the use of the dipmeter
log in the interpretation of sedimentary dips and palaeocurrent analysis.

Interpretation of vertical grain-size profiles from

geophysical logs

When discussing cyclic sedimentation earlier in this chapter it was pointed out
how depositional systems often tend to deposit characteristic sequences of grain
size and sedimentary structures.

The response of several geophysical logs is indirectly related to sediment grain
size. Such logs may thus be used as vertical grain-size profiles. This is a well
established technique which has been widely used in the oil industry for many
years (see for example Galloway, 1968; Fisher, 1969; Pirson, 1983; and Selley,
1976b). The two logs which are mainly used as grain-size profiles are the
Spontaneous Potential (generally abbreviated to S.P.) and Gamma logs.
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Figure 1.6 Well log of spontaneous potential (S.P.) curve against depth, showing
how sand line and shale base lines are constructed. Sand grain size can be calibrated
with the S.P. curve where cores or well cuttings are available.
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The S.P. log records the difference between the potential of an electrode
moved along the borehole and the fixed potential of an electrode at the surface.
This varies with the cumulative effect of electrofiltration and electro-osmosis
in the strata adjacent to the borehole. These parameters are essentially related
to permeability. It is a general observation that shales are impermeable and that
sands are permeable. Furthermore in sands permeability tends to decrease with
grain size (see for example Pryor, 1973). This is because the amount of clay
matrix tends to increase with decreasing grain size, and the matrix blocks the
throat passages between pores. Thus because the S.P. log essentially records
permeability and because permeability is generally related to particle size, then
this log may be used as a continuous vertical grain-size profile.

If a well has been cored then a direct calibration can be made between observed
grain size in the core and the adjacent S.P. value (measured in millivolts). Even
when there is no cored interval it is generally possible to establish a ‘sand line’
and a ‘shale base line’ from the two extreme values of the S.P. curve (Fig. 1.6).
Calibration may then be made since the sand line will correspond to the coarsest
sand samples seen in the well samples.

Though the use of the S.P. log as a grain-size profile is a well-established
technique it has several limitations naturally. The relationship between the
permeability and grain size is valid only for sediments with primary intergranular
porosity.

Thus the S.P. log may not reflect grain size in cemented sandstones or in
carbonates with complex diagenetic histories. Furthermore the S.P. curve only
shows good amplitude when there is a substantial difference between the salinity
of the drilling mud and that of the formation waters. For a number of reasons
S.P. curves of offshore wells seldom show sufficient amplitude to be used as
grain-size curves.

The second geophysical tool which may be used for this purpose is the gamma
log. This records the radioactivity of the formation as the sonde is passed along
the borehole. This is essentially related to the amount of clay present, and this
largely occurs in the clay minerals. Thus the gamma reading tends to increase
in proportion to the amount of clay present in the sediment, and as already
stated, this tends to increase with decreasing particle size. Thus the gamma log,
like the S.P., can be used as a grain-size profile. Sand line and shale base line
values can be calibrated to particle size in the same way.

Like the S.P. log, the gamma tool has several limitations. It is affected by
hole diameter and may give too low a reading where there is extensive caving.
This can be monitored by the caliper log which is generally run simultaneously
with the gamma, and a correction can be applied. A second problem is the
occurrence of radioactive minerals other than those present in clays. In particular
the presence of large amounts of mica, glauconite, or zircon can make a sand
abnormally radioactive and appear fine and shaley on the gamma log.

There is one particular trick that the gamma log can play. This concerns
channels with basal conglomerates. With an extraformational conglomerate there
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Figure 1.7 Grainsize profiles and gamma log responses for some upward-fining
sequences. Note how intraformational conglomerate on a channel floor may cause
the gamma log to apparently indicate an upward-coarsening sequence.
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24 Ancient sedimentary environments

is generally no problem. Pebbles of quartz, quartzite, etc. give the same low
API readings as terrigenous sand. Where a channel is floored by an
intraformational shale pebble conglomerate the situation is very different. The
gamma log may apparently indicate an upward-coarsening grain size motif when
in fact the very opposite is the case (Fig. 1.7).

The gamma log has a limited use in carbonate facies analysis where it can
indicate fluctuations in clay content, but it does not vary with carbonate grain
size per se.

Despite their limitations both the S.P. and gamma logs can often be used
as vertical grain-size profiles. This technique is very useful sub-surface analysis
as is shown in this book.

It cannot be too strongly stressed, however, that the starting point for all
sub-surface facies analysis is the meticulous sedimentological logging of every
available core. Thus the wireline log can be calibrated with real rocks and they
can be related to the associated lithologies, textures and structures.

Figure 1.8 shows some of the characteristic gamma log motifs which can
commonly be seen. These, from left to right, indicate: thinly interbedded sand
and shale, a sand body with a gradational base and abrupt top (i.e. with an
upward-coarsening grain-size profile), a uniform sand body with abrupt upper
and lower contacts, and lastly, a sand with an abrupt base and a gradational
top (i.e. with an upward-fining grain-size profile).

While it is true that clastic environments deposit characteristic grain-size
profiles, yet no environment possesses a unique motif. Similar motifs are
produced by different environments. For this reason wireline log patterns must
never be interpreted in isolation. As already pointed out, accurate diagnosis
can more easily be made where supplementary core and palacontological data
are available. Where these are absent or inconclusive the occurrence of
glauconite, shell debris, mica and carbonaceous detritus can be used to assist
in the correct identification of log motifs.

Glauconite is a complex mineral related to the clays and the micas; essentially
it is an aluminosilicate containing magnesium, iron, and potassium. Glauconite
occurs as a replacement of faecal pellets and as an internal mould of forams
and other small voids. Detailed discussion of the genesis of glauconite in modern
sediments will be found in Odin and Matter (1981), Logvinenko (1982) and
Ireland et al. (1983).

The consensus of opinion is that glauconite forms only as an authigenic
mineral during the very early diagenesis of marine sediment. Penecontem-
poraneous reworking can concentrate glauconite in shoal sands and transport
it into deeper basinal sands.

Glauconite is extremely susceptible to sub-aerial weathering and, except in
one or two extremely rare instances, it is not known as a reworked second cycle
detrital mineral. For this reason the presence of glauconite in a sand is a useful
criterion for a marine origin.

The absence of glauconite is, of course, inconclusive and does not indicate
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a non-marine environment. It is interesting to note that on a world wide basis
that glauconite formation was very common in the Lower Palaeozoic and from
the Jurassic through to the Palaeocene (Pettijohn, Potter, and Siever, 1972,
p. 229).

The great attraction of glauconite is therefore that it can be used as an
indicator of a marine environment. It can be identified from cuttings in
sandstones where there are no cores and which are palaeontologically barren.
Correct identification is of course imperative, and glauconite should be
distinguished from green, but flaky, chlorite and from waxy green weathered
volcanic grains.

Identifiable fossil fragments are obviously very important environmental
indicators. It is possible however, that the mere presence of unidentifiable shell
fragments in a sandstone may suggest a marine environment. Certainly lime-
secreting organisms occur in both marine and non-marine environments. It
appears however that the preservation potential of their skeletal remains is lower
in continental sediments than marine ones. This may be because in the former
calcareous shell fragments are likely to be leached out by percolating acidic
ground water. In marine sediments however early diagenesis tends to occur in
a neutral or alkaline pore fluid. Thus lime may be preserved, and even
precipitated. Most geologists would probably support the statement that shelly
sands tend to be marine rather than continental.

The third important authigenic constituent of sands which can help define
environment is carbonaceous detritus. Microscopic particles of lignite and coal
are a common minor component of many sands. Traditionally this is taken as
a criterion of a non-marine or deltaic environment. This is not invariably true.
It is unlikely that many of the coals found in carbonate sequences are terrestrial
in origin. More probably they are due to marine algae. Similarly masses of rotting
seaweed are reported from modern submarine canyons down which they are
transported, mixed with shelf derived glauconite, to be deposited in submarine
fans.

The presence or absence of carbonaceous detritus is not therefore an indicator
of non-marine or marine environments. It is a winnowing index which reflects
the degrees of turbulence and agitation to which a sediment has been subjected.

Detrital mica flakes can be used in much the same way as carbonaceous
detritus. Mica is generally winnowed out of high energy environments and tends
to be deposited in low energy ones where sediment is rapidly deposited with
little reworking. Thus micaceous sands characteristically occur in crevasse-splays,
outer delta slopes and in the upper parts of turbidites.

Figure 1.9 shows how the presence or absence of glauconite shell debris, mica
and carbonaceous detritus define four major groups of sands.

Glauconitic and/or shelly sands devoid of carbonaceous detritus are formed
in the high energy marine environments of sand bars, shoals, and barrier islands.
Carbonaceous and/or micaceous sands, from which glauconite and shell debris
are absent, characterize deltaic, fluvial, and lacustrine environments. The mix
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Figure 1.9 The presence or absence of glauconite and carbonaceous detritus divides
sands into four main environmental groups: marine winnowed sands, non-marine
winnowed sands (eolian), mixed sands with both glauconite and carbonaceous
matter, commonly found as turbidites, and poorly winnowed non-marine sands.

of all four constituents is especially characteristic of deep sea environments in
which shelf-derived shelly glauconite sand is dumped with mica flakes and humic
or algal organic debris. In an ‘ideal’ situation a sand with none of these
constituents would be eolian, but this diagnosis must be treated with scepticism
unless supported by adequate supplementary data.

This technique is real cowboy geology which must never be used in isolation.
It is extremely interesting however to combine this approach with the analysis
of wireline log motifs.

Figure 1.8 shows how the log motifs, non-diagnostic on their own, can be
allocated to specific environments when data are available on the presence or
absence of glauconite and carbonaceous detritus.

Consider first the nervous ‘ratty’ log motif, indicating thinly interbedded sands
and shales. If these sands contain both glauconite and carbonaceous detritus

IRANNGE=

Geological Academy of IRAN



https://iranageo.ir/

Introduction 27

then, as already argued, this is probably a submarine fan or turbidite deposit.
The presence of glauconite and/or shell fragments on their own may indicate
that the sand was laid down on the flank of a bar sand.

The presence of mica and/or carbonaceous detritus on their own suggests
an origin in a distal deltaic or crevasse-splay environment.

Consider now the second log motif, reflecting an upward-coarsening grain-
size profile. If such a sand is carbonaceous a seaward prograding delta lobe
is the preferred environment. If on the other hand this is glauconite, then it
is probable that this is a regressive sand bar.

The third log motif, reflecting a sand with abrupt upper and lower contacts
and a uniform grain-size profile, is open to three interpretations. If it contains
glauconite and/or shell debris alone, then it is most probably a marine shoal
sand or tidal sand ridge. These sands have erosional bases, abruptly overlying
an abraded substrate. They are well sorted, contain skeletal detritus and lack
clay and carbonaceous matter.

A sand of uniform grain size with abrupt upper and lower contacts, containing
mica and/or carbonaceous matter and no glauconite or shell debris, is probably
a channel, either a fluvial channel or a delta distributary. Such a sand body
with both glauconite and/or shell fragments together with mica and/or
carbonaceous matter is probably a submarine channel which acted as a feeder
for a submarine fan at its basinward mouth.

Consider now the last characteristic log motif: a sand with an abrupt base
and a transitional upper contact. Upward-fining grain-size profiles such as this
characteristically reflect the gradual infilling of a channel.

The presence of mica and/or carbonaceous detritus on their own suggest a
fluvial or deltaic environment. Where these are present together with shell debris
and glauconite this is probably a submarine channel.

Thus the study of log motifs combined with the study of petrography can
be very useful in the detection of sand body environments.

The use of the dipmeter in sub-surface facies analysis

Another important technique in sub-surface facies analysis is the interpretation
of sedimentary dips from the dipmeter log. The dipmeter tool consists of a sonde
with four pairs of closely spaced electrodes at 90° from one another. As the
sonde is withdrawn from the borehole the resistivity of the formation is measured
at the four opposed points on the borehole wall, and is recorded electronically
on four tracks. Simultaneously a recording is made of the orientation of the
sonde with respect to the magnetic north.

The resistivity of sediments is very variable, so the four traces show a very
erratic character. By selecting four similar events on the curves, which relate
to a bedding surface, it is possible to calculate the direction and the amount
of dip of the surface. This is done by computer, which selects events, calculates
the azimuth and amount of dip, and gives a statistical appraisal of the
significance of each reading (Fig. 1.10).
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Figure 1.70 Sketch to show the mode of operation of the dipmeter log and the
way in which dip directions are calculated from the four mutually opposed resistivity
curves.

Dip results may be presented in tabular form, but are more commonly shown
by one of several graphic displays. That which is most frequently used is the
‘tadpole’ plot, in which each reading is plotted as a dot on a graph whose vertical
ordinate is depth and whose horizontal ordinate shows the amount of dip.
A short line appended to each dot points in the direction of dip (Fig. 1.11).

More detailed accounts of the operation, computation, and display of
dipmeter logs will be found in the manuals of well logging service companies.

The dipmeter tool is invaluable in deciphering sub-surface structures in areas
of complex tectonics. Folds, faults, and unconformities may be identified and
their orientation determined from the dipmeter. Such applications of the tool
are beyond the scope of this book.

The dipmeter is extremely relevant however to sub-surface facies analysis.
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Figure 1.11 Dipmeter log in the conventional tadpole plot format. The head of each
tadpole marks the amount of dip for a given depth, the tail of the tadpole points

in the direction of dip. This figure shows the four basic dipmeter motifs, the
significance of which is discussed at appropriate points in the text.
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Each environment generates characteristic dip motifs which can be used to
determine the geometry and orientation of porous reservoir bodies, such as
channels, sand bars and reefs.

When a dipmeter is first run it is usual to calculate dips using a quick and
dirty program. This will be able to show however the amount and direction
of structural tilt, and to identify faults and unconformities. Obviously structural
tilt must be removed from the data before sedimentary dips can be seen. It is
thus normal practice to process a dipmeter log at least twice. The second pass
will remove tectonic tilt, it will use a program appropriate to the sedimentary
fabric present, and it will ultimately display the data both as tadpole plots and
in azimuths for carefully defined intervals.

Selection of the appropriate program depends on the type of sedimentary
fabric recognized. There are three types of fabric to consider.

Type I fabric. This type of fabric occurs in cross-bedded sands. There are
generally two sets of planar surface. Major bedding surfaces separate the
individual cross-bedded sets (Fig. 1.12). The major bedding surfaces may
superficially appear to be horizontal but, depending on their origin, may have
a low depositional dip component. Commonly the major bedding surfaces of
migrating dunes dip upcurrent at a low angle. In channels the major bedding
surfaces of point bars may dip in towards the channel axis. Thus Type I fabrics
consist of two populations of planar surfaces, the high angle cross-beds that
dip down-current and the subhorizontal set boundaries. Most cross-beds occur
in units less than about one metre thick. Thus to examine a Type I fabric the
dipmeter log must be processed using a computer program that calculates dips
for very small vertical intervals.

Type II fabric. This type of fabric is produced by prograding deltas or
submarine fans. It therefore consists of a single population of dips, in which
the angle of dip generally increases up the increment along with the grainsize
(Fig. 1.13). Type II fabrics can be identified from dipmeter computer programs
which calculate dips from large vertical intervals.

Type III fabric. The third type of fabric has a random arrangement. Planar
surfaces may be of short lateral continuity, and random orientation, or the
sediment may be completely isotropic. Regardless of the type of program used
this fabric can only generate a random pattern of dips (Fig. 1.14). Such random
motifs may be due to bad hole conditions or to unsuitable drilling mud. They
may however be geologically significant, indicating the presence of slumping,
fractures, conglomerates or grain flows.

When the dips have been computed using a suitable program they must be
displayed in an appropriate way. The convention is to construct a separate
azimuth plot for each genetic increment, defined by the gamma, S.P. or other
logs (Fig. 1.15). When azimuths are plotted for dips over large vertical intervals
polymodal patterns may result. This is because dips from several increments
may have been grouped together. When it will be found that dipmeter logs tend
to show four basic motifs on the ‘tadpole’ plot (Fig. 1.11).
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34 Ancient sedimentary environments

Figure 1.15 Log to show how dipmeter data plotted increment by increment may
show well defined modes. The same data plotted together will yield a polymodal plot.

Steady dips, which for some depth show uniform amounts and directions
of dip, are called ‘green’ patterns. They characterize shale sequences and may
be used to determine the structural dip of the formation. Dips of uniform
direction but upward decreasing amount are termed ‘red’ patterns. These are
characteristically found in channels, and, as will be shown in subsequent
chapters, can be used to locate the trend and axis of the channel. Dips of uniform
direction but upward increasing amount are termed ‘blue’ patterns. These often
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indicate the direction of progradation of sand bars, delta lobes, submarine fans
and reefs.

Lastly the fourth dip motif is all too common. This is aptly termed the ‘bag
o’ nails’ or ‘drunken tadpole’ pattern for intervals whose dips are random, both
in amount and direction. This may indicate a poor quality log where, for
example, the tool did not work well due to poor borehole conditions, such as
caving. ‘Bag o’ nails’ motifs are also characteristic of conglomerates and
grainflow sands whose heterogenous fabrics lack planar surfaces.

Further details on the interpretation of sedimentary patterns from dipmeters
will be found in Campbell (1968), McDaniel (1968), and Jageler and Matuszak
(1972).

In subsequent chapters of this book the various applications of dipmeter
interpretation will be discussed in the sub-surface analysis of each environment.

Summary
This introductory chapter has covered a great deal of ground so it is perhaps
appropriate to summarize the preceding review of techniques of environmental
interpretation before considering the problems of sub-surface facies analysis.
A sedimentary environment is a part of the earth’s surface distinguishable
from adjacent areas by physical, chemical, and biological parameters. These
areas may be erosional, non-depositional, or depositional. Sedimentary facies
originate in depositional environments. They may be defined by their geometry,
lithology, sedimentary structures, palacocurrents, and fossils. These reflect not
only the depositional environment but also other earlier and time equivalent
environments.
The same kind of sedimentary environments occur repeatedly over the face

Observe —————» Interpret ——————> Predict

Geometry

Lithology

\ Sedimentary Location, geometry,
I

Fossils )
environmentand ————> and trend of
i / palaeogeography economic materials
Sedimentary
structures

l—-» Palaeocurrent

Compare with
Recent sediments

Figure 1.16 lustrative of the basic approach to finding out how a sediment was
deposited.
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Figure 1.17 The FACDISPLAY log format used for presenting the results of a
subsurface facies analysis.

of the earth today. But no two similar environments are ever identical and the
boundaries between different adjacent environments are often transitional.

There appear to be a number of ancient sedimentary facies which occur
repeatedly in rocks of different ages all over the earth. These can be related
to Recent sedimentary environments.
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As environments migrate to-and-fro across the earth they deposit vertical
sequences of facies. Thus a conformable vertical sequence of facies can be
interpreted according to this concept, known as Walther’s Law. Stratigraphic
sections can be divided into genetic increments of the same facies type, and may
consist of genetic sequences composed of vertically stacked increments of the
same origin.

A basic approach to the analysis of ancient sedimentary environments is
summarized in Fig. 1.16.

It is generally best to gather all the available data of a sedimentary facies,
and not to base the diagnosis of its origin on any single criterion. Geology is
at best an imprecise science in which it is seldom possible to make deterministic
statements. We deal in probabilities rather than certainties.

The final result of subsurface facies analysis may be illustrated on a
FACDISPLAY log format (Fig. 1.17). This presents the gamma and/or S.P.
logs, which are the grain-size profile, the dipmeter log, and other relevant data.
These are the bare essentials required to present any kind of environmental
interpretation.

The student reader must learn to beware of the kind of dogmatic statements
with which this chapter abounds. Studious readers may care to immure
themselves in the nearest geological library for the next year checking references.
Out and out sceptics may prefer to spend the next ten years in the field. Let
the rest read on remembering that all generalizations are dangerous including
this one.
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2 River deposits

INTRODUCTION: RECENT ALLUVIUM

Thick sequences of red-coloured interbedded conglomerates, sands, and shales
devoid of marine fossils are common all over the world. These are generally
believed to be alluvial in origin. The geomorphology, hydrology, and
sedimentology of Recent rivers are well known from both observational and
experimental studies (see Chorley (1969), Gregory (1977), Schumm (1977) and
Collinson and Lewin (1983) for reviews).

Recent alluvial deposits are basically of two kinds whose characteristics are
largely related to the morphology of the river channels which deposited them:

(1) High-sinuosity meandering channels
(2) low-sinuosity braided channel complexes.

Alluvium of meandering rivers
High-sinuosity meandering river channels typically develop where gradients and
discharge are relatively low compared to those of braided channel systems
(Schumm, 1981 and Cant, 1982). At the present time they are characteristic of
humid vegetated parts of the world where seasonal discharge rates are fairly
steady and sediment availability is relatively low due to subdued topographic
relief and the impeding effect of vegetation both on soil erosion and lateral
erosion of channel margins. The Mississippi is a good example of a Recent
meandering river (Turnbull, Krinitsky, and Johnson, 1950; Fisk, 1944).
The deposits of a meandering river can be sub-divided into three main sub-
facies due to deposition in three different sub-environments (Shanster, 1951).

Floodplain sub-facies

Sheets of very fine sand, silt and clay are deposited on the overbank areas of
the river’s floodplain. These are laminated, ripple-marked, and often contain
horizons of sand-filled shrinkage cracks, suggesting sub-aerial exposure. The
presence of soils may be indicated by carbonate caliches, ferruginous laterites,
and rootlet horizons. Peat may form and detrital plant debris be preserved on
bedding surfaces. This sub-facies is deposited largely out of suspension during
floods when the river breaks its banks.

Channel sub-facies

The lateral migration of a meandering channel erodes the outer concave
bank, scours the river bed, and deposits sediment on the inner bank (point bar).
This produces a characteristic sequence of grain size and sedimentary structures.
At the base is an erosion surface overlain by extraformational pebbles,
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intraformational mud pellets, fragmented bones, and waterlogged drift wood.
These originated as a lag deposit on the channel floor and are overlain by a
sequence of sands with a general vertical decrease in grain size. Massive, flat-
bedded and trough cross-bedded sands grade up into tabular planar cross-bedded
sands of diminishing set height. These in turn pass up into micro-crosslaminated
and flat-bedded fine sands which grade into silts of the floodplain sub-facies
(Mackin, 1937; Allen, 1964; Visher, 1965).

Abandoned channel sub-facies
Curved shoestrings of fine-grained deposits infill abandoned channels, sometimes
called ox-bow lakes, formed when the river meanders back on itself short-
circuiting the flow. This sub-facies is similar to floodplain deposits but- is
distinguishable from them by its geometry and because it abruptly overlies a
channel lag conglomerate with no intervening point bar sand sequence.

The origin and geometry of the sub-facies deposited by meandering rivers
are summarized in Fig. 2.1

Alluvium of braided rivers

Braided river systems consist of an interlaced network of low sinuosity channels.
Recent examples occur on steeper gradients and have higher discharges than
meandering rivers (Miall, 1977; Rust, 1979; Rachocki, 1981; Schumm, 1981;
Cant, 1982 and Nilson, 1982). Many present-day braided rivers are found on
piedmont fans at the edges of mountains where there are large amounts of
sediment and discharge is often, but not always, seasonal. Examples have been
described both from the hot deserts of the U.S.A., Algeria and Australia
(Blissenbach, 1954; Williams, 1970 and 1971 respectively), and also from
periglacial mountainous regions such as Western Canada (Smith, 1983), and
the Yukon (Williams and Rust, 1969; Rust, 1972). In these regions erosion is
rapid, discharge is sporadic and high, and there is little vegetation to hinder
runoff. Because of these factors rivers are generally overloaded with sediment.
A channel is no sooner cut than it chokes in its own detritus. This is dumped
as bars in the centre of the channel around which two new channels are diverted
(Knight, 1975). Repeated bar formation and channel branching generates a
network of braided channels over the whole depositional area. Thus the alluvium
of braided rivers is typically composed of sand and gravel channel deposits to
the exclusion of fine-grained overbank silts and clays. Due to repeated channel
switching and fluctuating discharge there is generally an absence of laterally
extensive cyclic sequences similar to those produced by meandering channels.
Fining-upward gravel, sand, silt sequences have been recorded however and are
attributed to waning current velocities as a channel is gradually infilled (William
and Rust, 1969). Coarsening-upward sequences have been described from the
Pleistocene glacial outwash sands and gravels of southern Ontario (Costello and
Walker, 1972). These are attributed to the infilling of braided channels at times
of rising flood stages.
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The small amount of silt which is present in braided alluvium is generally
deposited in abandoned channels. These form both by channel choking and
switching (Doeglas, 1962) and by river piracy due to rapid headward erosion
of channels on the downslope part of a fan (Denny, 1967, Fig. 1). Where an
abandoned channel still connects to an active channel downstream it can form
a trap for silt and clay carried into it by reverse eddies from the main channel.
Thus fine-grained sediments form with shoestring geometries which correspond
to the original channel form.

It is apparent from this review of processes in modern braided channel systems
that, though both upward-fining and upward-coarsening sequences of grain size

Figure 2.3 Distribution of Torridonian (PreCambrian) sediments, northwest Scotland.
Arrows indicate red facies palaeocurrents. Note how these describe two radiating
fans whose apices lie along the Minch fault. Modified from Williams, 1969, Fig. 12;
by courtesy of the Journal of Geology.
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may be formed sometimes, the gross arrangement of sub-facies tends to be
haphazard. The resultant formation tends to be made up of coalesced braided
channel sands and gravels with rare abandoned channel shale shoe-strings
(Fig. 2.2). This is in marked contrast to the more regular arrangement of sub-
facies deposited by meandering channel systems, with their laterally extensive
overbank shales.

Two case histories of ancient alluvium will now be described. In the first of
these emphasis will be placed on the deposits of braided rivers, in the second
on those of meandering channels.

The Torridon Group (Precambrian) of northwest Scotland:
description and discussion

The Torridonian rocks crop out along the northwest coast of Scotland and on
adjacent islands of the Hebrides (Fig. 2.3). These are fascinating rocks which
have been attributed to nearly every depositional environment and climate known
on earth (see Van Houten, 1961). An extraterrestrial origin was proposed by
Parkes (1963) who suggested that the Torridonian dropped off the moon. First
the facts: these sediments overlie the Lewisian gneiss with an irregular
unconformity and are themselves separated by a planar unconformity from
overlying Lower Cambrian sandstones and limestones.

The Torridonian is divisible into two groups by an unconformity which
separates westerly dipping red sandstones and shales of the Stoer Group from
the overlying sub-horizontal Torridon Group. This consists essentially of about
3 km of interbedded red conglomerates, sandstones, and shales. In the north
these deposits are separated from the Lewisian gneiss by a planar pre-
Torridonian weathered surface. Traced southward, they overlie the Stoer Group.
Still further south around the type area of Loch Torridon these deposits overlie
and infill a dissected topography cut into the gneiss basement with a relief of
several hundred feet. In low-lying parts of this surface breccias banked against
the flanks of pre-Torridonian mountain pass laterally into grey shales and
sandstones.

Such a situation can be seen on the island of Raasay whose Torridon Group
sediments will now be described. These are divisible into three major facies
defined as follows:

(i) Basal facies: Red and grey breccias and granulestones present adjacent
to the buried gneiss topography.

(ii) Grey facies: Grey sandstones and shales, laterally equivalent to the basal
facies.

(iii) Red facies: Coarse red pebbly sandstones and siltstones overlie the
previous two facies.

The regional geometries of the three facies are summarized in Fig. 2.4. Each
facies will now be described and its environment discussed.
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Figure 2.4 Measured sections and facies distribution of Torridon Group sediments
on Raasay. Reproduced from Selley, 1969, Fig. 1; by courtesy of the Scottish Journal
of Geology.
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Figure 2.5 Lewisian gneiss boulder in basal facies conglomerate, west coast of
Raasay opposite Fladday island. From Selley, 1965, Fig. 6; Journal of Sedimentary
Petrology; by courtesy of the Society of Economic Paleontologists and Mineralogists.

Basal facies: description

On Raasay the sub-Torridonian unconformity (after allowing for later tectonic
tilting) is a dissected plateau with a steep westerly facing scarp some 60 m high.
This topography has largely been stripped of its Torridonian cover.

Basal facies deposits can still be found, however, infilling gullies on the scarp
crest and as fan-shaped deposits banked against its lower slope.

These sediments are boulder beds, breccias, and granulestones. Individual
boulders are up to 2 m in diameter (Fig. 2.5). The composition of the boulders
and the arkosic nature of the granulestones leaves no doubt that they are locally
derived from the Lewisian gneiss. These sediments are extremely poorly sorted,
generally massive, or rudely bedded.

When allowance is made for regional tectonic tilting (by correction using a
stereographic net) it can be seen that the bedding of this facies has a considerable
depositional dip. In the basal facies on the east side of Loch Arnish dips radiate
from exhumed valleys cut in the Lewisian gneiss (Fig. 2.6). These, the strati-
graphically lowest basal facies deposits, are red in colour due to a ferric oxide
matrix. Higher up the succession, where they pass laterally into the grey facies,
the basal facies themselves have a grey-green chloritic cement. Higher still where
the basal facies infill gullies on the crest of the Lewisian plateau they are red,
like the red facies with which they are laterally equivalent.
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Figure 2.6 Distribution of red basal facies of the Torran outlier, north Raasay.
Conglomerates (large dots) overlain by pebbly granulestones (small dots). Small
arrows and numbers indicate orientation and inclination of depositional dip, after
allowing for tectonic tilting. Thick arrows indicate presumed direction of scree
movement down pre-Torridonian valleys cut in the Lewisian gneiss. Conspicuous
parent valley for upper granulestones absent, but finer grain size suggests a more
distant source. From Selley, 1965, Fig. 5, Journal of Sedimentary Petrology; by
courtesy of the Society of Economic Paleontologists and Mineralogists.

Basal facies: interpretation

The coarse grain size, angularity, poor sorting, and petrography of the basal
facies deposits clearly show that they were derived locally from the Lewisian
gneiss. Their geometry and the radiating depositional dips leaves little doubt
that they are ancient piedmont fans. Deposition was probably due to avalanches,
mudflows, and sheet floods such as occur on steep slopes near the apices of
Recent fans.

Grey facies: description
The basal facies pass laterally into the grey facies at Brochel and along the Raasay
coast opposite the island of Fladday. The grey facies consist of over 130 m of
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Figure 2.7 Interbedded graded greywackes (?turbidites) and shales with desiccation
cracks, overlain by coarse cross-bedded channel sand. Grey facies; Brochel foreshore,
east Raasay. From Selley, 1965, Fig. 12. Journal of Sedimentary Petrology; by courtesy
of the Society of Economic Paleontologists and Mineralogists.

three interbedded rock types: thick beds of coarse sandstone, thin beds of
medium and fine sandstone, and shales.

Shales are the most abundant rock type, composing about 80% of the grey
facies section at Fladday and about 50% at Brochel. These are poorly sorted
fissile siltstones, grey in colour, laminated, argillaceous, and micaceous. Thin
clay and sand laminae are frequent. Within these shales are lenses and isolated
ripples of very fine micro-crosslaminated sands. Desiccation cracks infilled by
red medium well-rounded (? wind-blown) sands are common.

Interbedded with the shales are 10-15-cm thick medium and fine-grained
sandstones. These are of two types. In the Fladday section are cleanwashed
arkoses, micro-crosslaminated from top to bottom. At Brochel, however,
equivalent sands are largely poorly sorted vertically graded greywackes. Their
bases are often conspicuously erosional and overlain by a thin layer of granules
and shale clasts. Internally these sands are generally massive or laminated with
occasional convolutions. In contrast to the equivalent beds on Fladday
micro-crosslamination is restricted to the top two or three centimetres of these
units (Fig. 2.7).

Interbedded with the silts and greywackes at Brochel are coarse grey cross-
bedded arkose channel sandstones (Fig. 2.7). Apart from their drab colour these
are similar to those of the red facies above.
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Grey facies: interpretation

The abundance of laminated grey shale suggests that this facies originated in
alow energy environment where fine-grained sediment settled out of suspension.
The presence of desiccation cracks shows that the water was shallow and
occasionally receded or evaporated.

Intermittent high-energy conditions are indicated by the beds of medium and
fine sandstone. The well-sorted, micro-crosslaminated sands of Fladday were
probably deposited by gentle traction currents. The poorly-sorted graded
greywackes at Brochel, however, show many of the typical features of turbidites
(see p. 246).

The coarse cross-bedded channel sands at Brochel herald the advance of the
overlying red facies alluvium and, as they debouched into the waters of the grey
facies, perhaps generated the turbidites.

Considered overall therefore the grey facies was deposited mostly under quiet
shallow water which from time to time receded or evaporated.

Sands, deposited both by traction currents and turbidity flows, indicate higher-
energy conditions which ultimately dominated the area due to burial by the red
facies. One of the problems of the grey facies, however, is whether it was
deposited within enclosed lake basins or in the bays of a dissected coastline.
For Phanerozoic rocks this problem would be quickly solved by palaeontology.
Though the grey facies shales do contain microfossils their environmental
significance is uncertain. Likewise the sedimentological evidence is equivocal.
Desiccation cracks can form on both tidal flats and dried out lakes. Turbidity
flows have been recorded both from Recent lakes and fjords (p.249).
Palaeocurrents in the grey facies are unipolar, but even bipolar palaeocurrents
would not be significant since they have been recorded from ancient lakes and
are not therefore exclusive to marine tidal deposits (p. 107). Outcrop is not good
enough to show whether the grey facies are restricted to isolated hollows in the
gneiss basement or whether they are mutually connected along a dissected
shoreline.

Geochemical data support a non-marine origin, the boron content of illites
in the shales being in the order of 100 ppm, whereas illites from marine shales
commonly show more than twice that amount (Stewart and Parker, 1979).

Red facies: description
The grey and basal facies of the Torridon Group are quantitatively insignifi-
cant. The bulk of the sediments are of the red facies which is some 2 km thick
on Raasay and over 3 km on the Scottish mainland. The red facies is composed
largely of coarse red pebbly arkoses and rare red shales. There are considerable
lateral and vertical variations in grain size both on Raasay and adjacent islands
and on the mainland.

The red facies on Raasay can be divided into coarse-, medium-, and fine-
grained sub-facies defined by their grain size and sedimentary structures.
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Figure 2.8 Ruptured quicksand in red facies sandstone. Foreshore, northwest coast
of Fladday island. Reproduced from Selley and others, 1963, plate XVI. Fig. 1; by
courtesy of the Geological Magazine.

The coarse sub-facies is composed of very coarse red pebbly arkoses. It occurs
in sheets, seldom more than a few metres thick, which can be traced laterally
across the southeastwards palaeoslope for kilometres (Fig. 2.4). The bases of
these sheets are undulose erosion surfaces overlain by thin intra- and extra-
formational conglomerates. These pass up into very coarse pebbly sandstones
which show flat-bedding and both trough and tabular planar cross-bedding.
Penecontemporaneous deformation can often be seen, including recumbent
foresets, convolute bedding, and huge diapiric structures several metres high
(Fig. 2.8).

The medium-grained sub-facies makes up the bulk of the red facies section
on Raasay, being composed of coarse-, medium-, and fine-grained arkoses.
These generally occur in lenticular beds about a metre thick; bounded above
and below by red siltstone layers one or two centimetres thick. These sandstones
are better sorted than those of the previous sub-facies and pebbles are generally
absent. Sedimentary structures include tabular planar cross-bedding and
horizontal bedding. These are often deformed in the various manners described
for the previous sub-facies. Layers of heavy minerals, mainly iron ore, are
common in this and the previous facies. They too are often deformed.

The fine sub-facies makes up about 10% of the total section of the red facies.
It is composed of dark red soft weathering shaley argillaceous siltstone with
thin interbeds of very fine pink sandstones. The sandstones are often deformed
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Figure 2.9 Measured sections and sketches of silt-infilled abandoned channels in
red facies sandstones, Raasay. From Selley, 1969, Fig. 4; by courtesy of the Scottish
Journal of Geology.
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due to penecontemporaneous collapse into the underlying shale forming
loadcasts and pseudo-nodules. Internally the sands are generally micro-cross-
laminated throughout, with ripples preserved on the upper surface where they
are overlain by siltstone. The siltstones are generally laminated and sometimes
contain laminae and isolated ripples of sand.

The fine-grained sub-facies occurs in sequences about a metre thick. At the
base they overlie laterally extensive scoured surfaces which truncate primary
bedding and quicksand structures of the sand beneath. The contact is marked
by a thin conglomerate of extraformational pebbles, mainly of quartz and
igneous rocks. The tops of siltstone sequences are also erosional and channelled.
The contact with overlying sandstones is marked by a thin conglomerate of both
extraformational and intraformational red shale pebbles (Fig. 2.9).

Palaeocurrents determined from cross-bedding in the red facies on Raasay
indicate deposition by southeasterly directed currents. There is a very low scatter
of readings. Regionally, however, red facies palacocurrents radiate from two
point sources west of the present outcrop (Fig. 2.3). Deposits of the northern
fan wedge out southwards beneath the second.

Red facies: interpretation
The coarse grain size and cross-bedding of this facies indicate deposition by
unidirectional high velocity traction currents. The lenticular geometry of the
sand beds suggests sedimentation by alternate scouring and infilling of hollows.
Shale laminae between sand lenses indicate that current velocity fluctuated
widely. The shale lenses between erosion surfaces are clearly abandoned channel
deposits. Considered overall therefore the evidence suggests that the red facies
originated in an alluvial environment; the sandstones having been deposited from
migrating megaripples by violent currents in active channels; and the shales
originating in abandoned channels. Nearly half the red facies sandstones were
penecontemporaneously deformed. Foresets are overturned downcurrent,
original flat-bedding convoluted, whole sandstone beds form diapiric intrusions
metres high, and heavy mineral bands founder down into arkose sand. The
dominantly vertical trend of these structures suggests that they are not slumps,
due to lateral movement, but fossilized quicksands due to water escaping from
waterlogged sediment. The expulsion of pore water could have been initiated
by seismic vibrations, by turbulent currents, or hydrostatic pressure generated
by connate water migrating down the palaeoslope. All these processes have
successfully generated analogous quicksand structures in the laboratory. The
weight of the evidence suggests however that turbulent currents were the most
probable initiator of quicksand movement. Deformational structures similar
to those of the red facies (though generally smaller and less abundant) are
ubiquitous in sands deposited by traction currents in many environments (Allen
and Banks, 1972).

Considering the red facies as a whole, coarse grain size, low palaeocurrent
variability, and absence of shale sheets with transitional bases comparable to
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overbank sediment all suggest deposition by low sinuosity braided channel
complexes, rather than by high sinuosity meandering rivers. This explanation
is consistent with the regionally radiating palaeocurrents which strongly suggest
that the red facies was deposited on piedmont fans. It is interesting to note that
the fan apices lie along the line of the Minch fault (evidence for the existence
of which is based on a deep, glacially scoured, now subsea, valley and an offset
of structural zones between the Lewisian gneiss of the Outer Hebrides and the
Scottish mainland (Dearnley, 1962). This structure has been interpreted as a
Caledonian tear fault analogous to that of the Great Glen. It is interesting to
speculate, however, that the Minch fault had an easterly downthrow in the late
PreCambrian. The Torridon Group piedmont fans may have been generated
by its escarpment.

Geopoetry aside, it can be seen that these sediments are a good example of
ancient alluvium attributable to deposition from braided rivers. Many other
examples are known from around the world (e.g. Miall, 1981; Nilson, 1982).

DEVONIAN SEDIMENTS OF SOUTH WALES AND THE
CATSKILL MOUNTAINS, USA: DESCRIPTION

At the end of the Silurian Period the Caledonian orogeny formed extensive
mountain chains in the continental areas around the North Atlantic. Marginal
basins, often fault-bounded, were infilled during the Devonian Period by thick
sequences of red conglomerates, sandstones, and shales (the Old Red Sandstone).
These thin away from the mountainous source regions and pass into fine-grained
marine sediments. Red-bed sedimentation was generally terminated by a marine
transgression in the Lower Carboniferous. Devonian red beds have been
intensively studied in North America, Greenland, Spitzbergen, and the United
Kingdom (Fig. 2.10).

Figure 2.10 Photograph of Continental Devonian ‘Old Red Sandstone’. Kong Oscars
Fjord. East Greenland.
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Figure 2.11 Generalized comparative sections of Catskill (USA), and south Wales
Devonian sediments.
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Figure 2.12 Map of south Wales and adjacent areas showing outcrop of Devonian
strata (stippled). Almost totally continental (Old Red Sandstone) facies in south Wales
pass south-wards into interbedded marine and continental facies in north Devon.

Table 2.1. Summary of Devonian facies in south Wales and Pennsylvania and New
York State, USA.

Nomenclature
N.E. USA S. Wales Sedimentology Fauna Environment

Pocono facies A coarse red pebbly generally braided
cross-bedded sand- barren alluvium
stone, rare shales

Catskill facies B interbedded red fish, meandering
medium sands lamellibranchs  alluvium
and shales plants

Chemung facies C interbedded grey fine plant debris, marine
sands and shales, rare burrows, shoreline
coals lamellibranchs,

and brachiopods
Portage — laminated dark pyritic ammonoids open marine

shales, rare dark calci- lamellibranchs
lutites and greywackes
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Figure 2.13 Outcrop of Devonian sediments, northeastern USA.

Based on data from northeastern USA and south Wales four main Devonian
facies can be recognized (Table 2.1). Their stratigraphy is summarized in
Fig. 2.11, and their outcrops in Figs 2.12 and 2.13.

The Catskill facies (facies B of south Wales) will now be described. The
reasons why it is thought to be the alluvium of meandering rivers will then be
discussed.

In its type area of the Catskill Mountains this facies has a north-westerly
thinning prismatic geometry with a maximum thickness of about 600 m. It is
overlain by the westerly diachronous Pocono facies and itself diachronously
overlies the Chemung facies. The analogous facies ‘B’ deposits of south Wales
show a more erratic and less well-defined distribution. They occur at two
stratigraphic levels being limited vertically both by unconformities and changes
into Pocono- and Chemung-type sediments (Fig. 2.11).

Lithologically the Catskill facies consists of sandstones and shales in about
equal proportions with a minor amount of conglomerates.

The conglomerates are thin, lenticular, and seldom more than a few decimetres
thick. They are composed of extraformational pebbles of vein quartz and rock
fragments, and of intraformational shale pebble of local penecontemporaneous
origin.

The sandstones are variable in texture and composition. Generally they are
medium- to fine-grained and seldom well sorted. A sparse clay matrix is
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Figure 2.14 Generalized section of fining-upward sequence in Devonian Catskill
facies, USA and south Wales.

sometimes present. Petrographically these vary from lithic sandstones to sub-
greywackes. In south Wales they are red-coloured due to ferric iron in the matrix.
In the Catskill region they are generally drab or mottled.

The shales with which the sandstones are interbedded are argillaceous sandy
siltstones with thin fine sand layers. A red colour predominates though drab
and mottled units do occur. Interbedded with the shales are occasional thin layers
of nodular microcrystalline limestone and dolomite. Pebbles of this lithology
sometimes occur in the conglomerates due to reworking.

The three lithologies of the Catskill facies have a tendency to be repeatedly
arranged in upward-fining sequences of conglomerate, sand, and shale. These
lithologies are accompanied by a corresponding systematic vertical arrangement
of sedimentary structures (Fig. 2.14).

Each sequence commences with an erosional, scoured, and often channelled
surface cut into the shales beneath. This is overlain by the thin conglomerate
member, though it may locally be absent. The conglomerate is generally massive
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or sometimes poorly stratified with bedding surfaces arranged sub-parallel to
channel margins.

The sandstones above the conglomerates are generally medium-grained and
cross-bedded in their lower part grading up into fine flat-bedded and micro-
crosslaminated sandstone. The geometry of the sand bodies is generally hard
to establish due to poor exposure. Sometimes however it is possible to see that
they are either isolated channels or laterally extensive sheets composed of a plexus
of laterally coallesced channels. Occasionally major bedding surfaces can be
seen that dip in towards the channel axes. Between the major bedding surfaces
are cross-beds that dip down channel. This is therefore a Type I fabric as
described in Chapter One. The sandstones pass up transitionally into the shales.
These generally show lamination and contain thin sandstone layers, ripples,
sand-filled desiccation cracks, and nodular carbonate horizons. These fining-
upward sequences of conglomerate sand and shale are generally between 2-15 m
thick.

Dip directions of cross-bedding are highly variable at individual sample points.
Plotted regionally, however, they generally show a preferred trend which is
believed to correspond to the palaeoslope. This was southwards in the Welsh
basin and generally northwestwards in the Catskills.

Fossils in this facies are generally hard to find. Shales sometimes contain plant
fragments and rootlet horizons. The sandstones occasionally yield disarticulated
plates and spines of primitive fish such as the Pteraspids and lamellibranch shells
often, in south Wales, called Archanodon jukesi. Plant fragments are sometimes
present in the sandstones and conglomerates.

DEVONIAN SEDIMENTS OF SOUTH WALES
AND THE CATSKILL MOUNTAINS, USA: INTERPRETATION

The repeated upward-fining of grain size in this facies suggests deposition by
currents which at any one point waxed quickly and waned slowly in velocity
through time. Thus the conglomerate covered erosion surfaces record scouring
turbulent currents while the overlying sands indicate lower velocity unidirectional
traction currents which deposited cross-beds from migrating megaripples. The
gradation up into siltstone shows that velocity diminished to the extent that fine
sediment could settle out of suspension. The channelled nature of the sands
and the way in which major bedding surfaces dip towards the channel axis,
invites comparison with the point bars of modern meander channels.

The interbedded shales with their cross-laminated fine sands and desiccation
cracks imply sedimentation in an environment in which deposition from
suspension and low velocity traction currents alternated with periods of subaerial
exposure. The nodular cryptocrystalline carbonates are analogous to modern
caliche soil horizons. Considered altogether it seems most probable that the fine
grained subfacies was deposited in an overbank flood plain setting, through
which the fluvial channels meandered (refer back to Fig. 2.1).
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The fauna is generally believed to be freshwater. The reason for this
is largely a circular one: that the deposits are continental, therefore the
fossils are non-marine. It is significant, however, that there is an absence of
undoubtedly marine fossils, such as brachiopods, echinoderms, and trilobites.
Similarly the occurrence of plant debris and rootlet horizons suggests that the
environment, if not continental, was certainly near the shore and intermittently
swampy.

Considered altogether the evidence points to the conclusion that the Catskill
deposits were laid down in a continental environment. The vertical sequence
of lithologies and sedimentary structures is closely comparable to those produced
today by the lateral migration of meandering rivers (p. 43); the conglomeratic
scoured surfaces originating on channel floors, the sands being deposited on
the point bars and the silts on the floodplains (Mackin, 1937; Allen, 1964; Visher,
1965).

This type of fining-upward cycle occurs in many ancient alluvial deposits (see
Allen, 1965, for a review). Before this simple explanation was advanced several
other suggestions had been made. These included eustatic changes of sea level,
which would affect the base level and equilibrium of a river; tectonic uplift of
the source, which would increase sediment supply; and climatic changes varying
rainfall and hence runoff and current velocity.

It is clear, however, that the to and fro migration of a river across its
floodplain is an adequate explanation for alluvial cycles when superimposed
on gradual tectonic subsidence. This is not to say that the other processes did
not affect sedimentation but that if they did then their effects must be
superimposed upon this built-in cycle mechanism of an alluvial floodplain.
Certainly the large-scale vertical facies variations and unconformities of the south
Wales basin indicate forces beyond those generated by a meandering river. In
a statistical study of Devonian cyclothems in Pembrokeshire, Allen (1974)
showed that both localized and laterally extensive types were present. He
attributed the former to autocyclic processes, such as channel migration, and
the latter to allocyclic processes of regional significance.

Five upward-fining sequences occur in the Pleistocene and Recent alluvium
of the Mississippi river valley. These can be attributed to eustatic sea-level
changes during the ice age (Turnbull, Krinitsky, and Johnson, 1957). For further
discussion of the origin of cycles in alluvial successions see Beerbower (1962),
Allen (1964; 1965), Visher, (1965), and Duff, Hallam, and Walton (1967,
pp. 21-35).

DISCUSSION

Large volumes of rock in many parts of the world ranging in age from Pre-
Cambrian to the present day have been attributed to alluvial environments.
Basically these can be classified into four main types:
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(1) Prisms of sediment thousands of feet thick deposited in basins adjacent
to mountain chains.

(2) Sequences, thousands of feet thick, deposited in fault-bounded troughs
within continental shields.

(3) Laterally extensive sheets of coarse braided alluvium generally only a few
hundred feet thick blanketing continental shields.

(4) Thin sheets of alluvium beneath transgressive marine deposits.

The first type of alluvial deposit is shown by the Catskill and associated facies
of North America and by the south Wales Old Red Sandstone basin just
described. Other examples include the Upper Cretaceous sediments east of the
Rocky Mountains (Chapter 6), the Tertiary molasse of Switzerland, and the
Siwalik Series south of the Himalayas. These examples have the following
features in common. They all were formed in basins along the edges of rising
mountain chains. They are thousands of feet thick adjacent to the mountains
from which they were derived. The sediments thin away from the source as grain
size diminishes. Facies analysis suggests that the depositional environment
changed from braided alluvium at the source, through meandering alluvium
to marine shoreline and, ultimately, open marine conditions.

The second type of alluvium occurs in fault-bounded troughs often closed
from the sea either within mountain chains or on continental shields. These
deposits, often thousands of feet thick, are generally coarse braided alluvium
generated from fans on the marginal fault scarps. They may pass laterally into
meandering alluvium or directly into lacustrine deposits in the trough centre.
These deposits are often interbedded with volcanic rocks which erupted along
the marginal faults. Example of this model include the Triassic Newark:
Connecticut trough complex of northeast North America (Klein, 1962; Van
Houten, 1964), the Devonian Midland Valley of Scotland, the PreCambrian
Dala and Jotnian sandstones of Scandinavia, and possibly, the Torridonian.

The third type of alluvial occurrence are sheets of coarse pebbly sandstone
which, though only a rew hundred feet thick, cover hundreds of square miles.
At their base they are separated by a conglomerate from a planar unconformity
though in detail this may be channelled or with protruding hillocks.

Extensive deposits of this type occur around the edges of the Saharan and
Arabian Shield. These range in age from Cambrian to Recent (Picard, 1943),
and are loosely referred to as of Nubian facies (the type Nubian is Cretaceous).
Sedimentologically these rocks are closely comparable to the braided alluvium
of the Torridonian red facies. It is difficult to see, however, how the steep
gradients and high current velocity necessary for braided rivers could have been
maintained downcurrent over hundreds of miles. One would expect sediment
to quickly build up to base level so that current velocity diminished and fine-
grained meandering alluvium deposited.

An answer to this problem was suggested by Stokes (1950) in a study of the
Shinarump and similar formations on the Colorado plateau. Here there are
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several sheets of coarse sandstones and conglomerates each generally less than
300 ft thick and overlying a planar unconformity. Stokes points out that, since
these rocks contain terrestrial fossils, it is unlikely that they were laid down
by a sea transgressing over a peneplain. It is more probable that these sand sheets
were deposited on piedmont fans derived from scarps which retreated as they
cut back across a pediplain. Williams (1969) put forward a similar explanation
for the Torridonian fans.

This concept can be applied to the Nubian facies of the Saharan and Arabian
Shields. Typical examples of these deposits occur in the Southern Desert of
Jordan (Fig. 2.15). Here the PreCambrian igneous basement is overlain by 700 m
of coarse cross-bedded pebbly sandstones attributable to a braided alluvial
environment (Selley, 1970; 1972). The alluvial facies is divisible into three
formations (Fig. 2.16). The unconformity with the PreCambrian basement is
a planar (?penecontemporaneously) weathered surface south of Wadi Rum.
Downcurrent to the north inselbergs protrude 35 m into the overlying Saleb
Formation which thickens northwards from 30 m south of Wadi Rum to about
60m in a distance of 30 km. The base of the overlying Ishrin Formation is
marked by huge channel complexes whose floors are lined with imbricate
siltstone slabs over 1 m long. These were presumably re-worked from the Saleb
Formation beneath. The Ishrin Formation is about 300 m thick and shows little
regional thinning over hundreds of square miles. The top of the Ishrin Formation
is incised by channels over 5m deep which again are sometimes completely
infilled by siltstone slabs. These channels mark the base of the Disi Formation
which, like the Ishrin Formation, is about 300 m thick and shows little regional
thickness variation over hundreds of square miles. At its top the Disi passes
abruptly, but apparently without erosion, into overlying marine shelf sands of
the Um Sahm Formation (p. 199).

Figure 2.15 Pediment cut in Pre-Cambrian igneous basement (dark rock), overlain
by Cambro-Ordovician braided alluvium of the Saleb and Ishrin formations. Recent
braided alluvial fan in foreground. Wadi Rum, Jordan.
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Figure 2.76 Section of Cambro-Ordovician braided alluvial sandstones in the
Southern Desert, Jordan. Diagrams illustrate possible depositional mechanism of
repeated uplift and pedimentation.
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Deposition from the braided fans of repeatedly retreating scarps is certainly
a most attractive explanation for these extensive alluvial deposits. According
to this concept the Arabian Shield was uplifted three times. Each phase of
rejuvenation of the landscape caused scarps to retreat into the hinterland of
the shield. The first scarp would have cut a pediment into the basement on which
the braided alluvium of the Saleb Formation was deposited. The next phase
of uplift caused a second scarp to cut a new pediment into the Saleb deposits
and bury it with Ishrin alluvium. A third repetition of this process deposited
the Disi Formation (Fig. 2.16).

This process can explain the Nubian-type sand sheets of the Arabian and
Saharan shields. '

The fourth type of alluvial deposit, thin sheets beneath marine transgressions,
is genetically related to shorelines and discussed therefore in Chapter 6.

ECONOMIC ASPECTS

Alluvial deposits are of economic interest in the search for petroleum, uranium,
metals, and coal.

Alluvial deposits can make good petroleum reservoirs where there are adjacent
source beds. Since these may be absent, especially in arid continental basins,
an unconformity generally separates petroliferous alluvial reservoirs from their

Figure 2.17 Cartoon to show how braided alluvial sand sheets may form major
petroleum reservoirs in tilted fault blocks when transgressed by organic rich shales.
Examples cited in text. Oil shown in black.
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source rock. A major distinction must be made between the petroleum potential
of the sand blankets of braided channel systems and the isolated channel sands
of meander belts. The former give rise to giant structurally trapped fields, while
the latter host small stratigraphically trapped fields.

Braided channel systems can deposit thick blankets of porous permeable sands
with few impermeable shale beds. Subsequently the region may subside, often
accompanied by faulting, and be drowned by a marine transgression. This may
result in the deposition of organic rich muds. After burial petroleum may migrate
from the shales and become trapped in truncated braided alluvial sands on the
crests of anticlines or tilted fault blocks (Fig. 2.17). This sequence of events

Figure 2.18 Cartoons to show how petroleum may be trapped in alluvial flood plain
deposits. Note that though in most cases the reservoir is provided by sand within
the channel, in case B the channel is clay-plugged and acts as a seal. Examples of
the various types of trap are cited in the text.
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has led to the development of such giant fields as Prudhoe Bay, Alaska (Jamison,
Brockett and McIntosh, 1980), Hassi Messaoud, Algeria (Balducci and
Pommier, 1970), and the Sarir and Messla fields of Libya (Sanford, 1970,
Clifford et al., 1980).

Because of the high ratio of shale to sand the alluvium of ancient meander
channel flood plain systems can seldom host giant structural petroleum traps.
Smaller stratigraphic accumulations are the norm. The limits of such fields may
conform solely to the boundaries of a sand-filled channel. Usually however there
is an element of closure due to regional tilt. Figure 2.18 illustrates four common
types of trap in alluvial flood plain deposits.

Sometimes a sand-filled meander channel has been tilted in the direction of
the palaeostrike. Petroleum migrating up dip may then be trapped in the updip
termination of point-bar sands where they are sealed laterally by overbank shales
(Fig. 2.18A). The Recluse field of Wyoming may be an example of this type
of trap (Forgotson and Stark, 1972).

It is important to remember that a channel is an environment for transporting
sand, but is not always an environment in which sand is deposited. Some
channels become abandoned and clay plugged. Thus there are cases where
abandoned channel shales have provided an updip seal to petroleum migration
(Fig. 2.18B). Examples of this type of trap include the Coyote Creek and Miller
Creek fields of Wyoming (Berg, 1968).

If tilting is in the direction of the palaeodip then oil may migrate far up a
sand-filled channel and become trapped where it finally pinches out between
impermeable beds above and below (Fig. 2.18C). The Clareton and Fiddler Creek
fields of Wyoming are of this type.

Lastly channels may cross-cut anticlines giving rise to very elusive
accumulations (Fig. 2.18D). The Pikes Peak field of Saskatchewan illustrates
this type of trap (Putnam, 1983).

Aside from oil and gas, alluvial deposits can also be metalliferous. The
gold deposits of Witwatersrand in South Africa are a case in point. These have
been extensively described and discussed in the literature (e.g. Haughton,
1964; Pretorius, 1979). The Rand basin lies on the PreCambrian basement
of South Africa. It measures about 250 km from northeast to southwest and
170 km from northwest to southeast. It is infilled by over 8 km of PreCambrian
clastics which coarsen upwards and northwestwards towards their presumed
source. There has been continuous debate about the depositional environment
of the Witwatersrand deposits and of the genesis of the gold and uranium
that they contain. Mapping of pebble size and palaeocurrent directions
has shown that the sediments were deposited in a series of fans that radiated
out into the basin from several points along the western margin (Fig. 2.19).
Current opinion favours a braided alluvial outwash plain depositional
environment. Regardless of whether the ore is a detrital placer or of syngenetic
origin there is no doubt about the close correlation between its distribution and
sedimentary facies. Regionally the ore is richest near fan heads, but on a local
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scale is concentrated in conglomerate channels some 600 m wide and 60 m deep.

Uranium mineralization occurs in Triassic-Jurassic alluvium in the Colorado
Plateau and in Eocene alluvium in Wyoming, USA. Again there is debate as
to the origin of the ores, but widespread agreement about the close correlation
between mineralization and sedimentary facies. On a regional scale ore bodies
occur in arcuate zones, halfway down ancient alluvial fans. There appears to
have been a critical ratio of permeable sands to impermeable shales which
favoured mineral precipitation (Crawley, 1982). This has been noted for example
in the Uraven mineral belt within the Morrison alluvial fan of Colorado (Fischer,
1974), and in the Puddle Springs fan of Wyoming (Galloway, 1979). On a local
scale the ore occurs in meniscus shaped bodies termed ‘roll fronts’ within fluvial

Figure 2.19 Map of the Witwatersrand basin (Precambrian), South Africa, showing
the correlation between gold and alluvial fan heads (based on Haughton, 1964 and
Pretorius, 1979).
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Figure 2.20 Cartoons to illustrate the sedimentological control on the distribution
of uranium in alluvial fans. For examples see text.
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channels. Precipitation of the ore probably occurred at the interface of mixing
connate and uranium-enriched meteoric waters (Fig. 2.20).

Coal occurs in ancient alluvial deposits. For convenience sake the application
of environmental interpretation to coal will be dealt with in Chapter 5, which
deals with deltas.

SUB-SURFACE DIAGNOSIS OF FLUVIAL DEPOSITS

Fluvial deposits are frequently encountered in the sub-surface, and since, as
just discussed, they are sometimes prospective, it is important to be able to
recognize them.

Since the deposits of braided and meandering channel systems are so different
it is appropriate to consider them separately, reviewing the five parameters of
geometry, lithology, sedimentary structures, palaeocurrents (i.e. dip motifs) and
palaeontology for each in turn.

Sub-surface diagnosis of braided fluvial deposits
The geometry of braided fluvial deposits tends to be sheet-like, thick, laterally
extensive and often overlying an irregular or pedimented unconformity surface.

The upper and lower boundaries of braided alluvial deposits may show up
as seismic reflectors where they generate sufficient velocity contrast with the
adjacent rocks. Blanket or fan geometries may be mappable. Because of the
uniform sandy nature of braided alluvial deposits they contain few internal
velocity variations and thus seldom show any internal reflectors.

The lithology of braided fluvial deposits consists almost entirely of
conglomerates and coarse sands, with only minor amounts (some ten per cent)
of fine sands and siltstones. Glauconite is absent naturally, but so also is
carbonaceous organic matter due to the oxidizing nature of the environment.
Braided alluvial sediments tend to be red in colour due to the presence of a
red ferric oxide cement. The origin of red colouring in sediments is due to

Figure 2.21 Cartoon to show the relationship between early diagenesis of iron
compounds and the level of the water table.

IRANNGE=

Geological Academy of IRAN



https://iranageo.ir/

72 Ancient sedimentary environments

diagenesis, which is beyond the scope of this book (see Turner, 1980). As a
general statement however sediments that are deposited above the water table
undergo early diagenesis in an oxidizing environment. Organic matter is
destroyed and iron preserved as red ferric oxide. Sediments that are deposited
below the water table undergo early diagenesis in a reducing environment.
Organic matter may be preserved and iron preserved as drab-coloured ferrous
oxides or pyrites (Fig. 2.21).

Thus braided alluvial fan sands tend to be red coloured, as do some other
deposits of arid or semiarid continental environments. There are exceptions to
these general statements (naturally). Some deep marine oozes are red (p. 284)
and secondary reddening occurs beneath some unconformities. Red beds may
become grey-green in colour if they are flushed by strongly reducing connate
fluids. This phenomenon is especially common adjacent to petroleum
accumulations.

The characteristic sedimentary structure of braided alluvial deposits is
channelling, though this cannot be seen in a single well log or core. The channels

Figure 2.22 Log motifs for a borehole penetrating braided alluvial deposits. The
gamma log shows that this is a more or less uniform sandy sequence with a single
shale unit. The dip log shows green structural dips in the shales and steep foreset
dips in the channel sands. Core logs show mainly cross-bedded sands with an
abandoned channel shale lying between two erosion surfaces.
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are infilled with cross-bedded and flat-bedded sands, with occasional recumbent
foresets and disturbed bedding.

The most characteristic feature to look for in cores is the double erosion
surface above and below shale units. These abandoned channel sequences are
diagnostic of braided deposits. Recognition of these is important because one
may predict that the shales have shoestring geometries and that they will not
act as barriers to fluid migration in hydrocarbon reservoirs or aquifers.

Dipmeter motifs of braided deposits tend to be complex. Green patterns
indicative of structural dip may be present in the abandoned channel shales.
‘Bag o’ nails’ motifs are not uncommon in the channel conglomerates and sands,
but 20-25° foreset beds may be present which dip in the direction of current flow.

Cross-bedding in braided channel systems tends to show a well-developed
down current vector mode (Smith, 1972).

Quite large changes in mean direction of dip are common from channel to
channel.

Braided alluvial deposits tend to be palaeontologically barren because of the
oxidizing nature of the environment. There may be rare vertebrate tracks and
trails, including orgasmoglyphs produced by rutting dinosaurs.

These then are the five criteria to look for in the sub-surface identification
of braided deposits. Figure 2.22 shows the gamma profile, dip log pattern and
sedimentary core log characteristics to be anticipated in a borehole penetrating
such a facies.

Sub-surface diagnosis of meandering fluvial deposits

In the same way that braided channels pass into meandering ones, so their
deposits show a similar gradation. True meander flood plain sediments differ
from braided outwash plains principally in their sand:shale ratio. Whereas

Figure 2.23 Geological model and seismic response for an upward-fining channel
(from Schramm et al. 1977 by courtesy of the American Association of Petroleum
Geologists).
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braided outwash plains are almost exclusively composed of sand and gravel,
the alluvium of meander channel flood plains consist of about equal parts
channel sand and flood plain shale.

The external geometry of the two types may be comparable, but the internal
characters are very different. The channelled nature of flood plain sediments
may generate a series of impersistant seismic reflectors. Since channels commonly
have an erosional base and a gradational top detailed analysis suggests that these
signals are generated by the channel floors (Fig. 2.23). Three-dimensional

Figure 2.24 Three-dimensional seismic survey from the Gulf of Thailand, showing
alluvial flood plain meander belt (from Brown et al., 1982, by courtesy of the American
Association of Petroleum Geologists).
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seismic surveys may be able to delineate a whole meander belt in which channels
and ox-bow lakes can be differentiated from the overbank shales (Fig. 2.24).
Lithologically meandering fluvial deposits have an overall finer grain size,
with sand: shale ratios of about 50:50. Conglomerates are rare, apart from those
of intraformational origin. The sands tend to be relatively finegrained. Red
colouration may be present in semi-arid alluvial deposits, and may be associated
with nodular carbonate caliches. Drab-coloured sand and shales, reflecting
waterlogged alluvial plains, occur however, and these are often associated with
coal beds, and disseminated carbonaceous detritus in sands and shales alike.
Cored intervals should show the suites of sedimentary structures associated
with upward-fining grain-size sequences described previously. A channel floor
erosion surface may be followed by cross-bedded point-bar sands which grade
into crosslaminated finer sands and desiccation-cracked overbank shales.
Dipmeter patterns are of two types. Green motifs indicative of structural dip
occur in the shales, while upward-decreasing red motifs characterize channels
sands. Detailed analysis of the red patterns sometimes shows a bimodal pattern:
one mode pointing towards the channel axis due to major point-bar bedding

Figure 2.25 Log motifs for a borehole penetrating alluvium of meandering fluvial
systems. Regular upward-fining motifs are not readily apparent on the gamma log,
but the high ratio of shale to sand differentiates these deposits from continental
beds of braided channel or eolian origin. Note the green dip motifs in the shales
and the ted patterns in the channel sands. Upward-fining grain-size profiles are
readily seen in the core.

IRANNGE=

Geological Academy of IRAN



https://iranageo.ir/

Figure 2.26 Borehole from the North Sea showing fluvial deposits unconformably
overlain by marine shales. There are several cycles in which channel sands with
abrupt erosional bases pass up with a steady or upward shaling gamma log motif
into overbank shales and coals. From Selley (1976, Fig. 5) by courtesy of the American
Association of Petroleum Geologists.
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surfaces, the second mode, at 90° to the first, pointing down channel, reflecting
cross-beds. This dip motif is illustrated and discussed in more detail in the context
of deltaic distributaries with which they are analogous (p. 142).

Palaeontologically meandering deposits may yield non-marine pollen and
spores.

Figure 2.25 shows the log motifs which may be anticipated in boreholes which
penetrate the deposits of meandering fluvial systems and Fig. 2.26 illustrates
a well log from the North Sea that penetrated several increments of channel
sands and overbank coals and shales.
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3  Wind-blown
sediments

INTRODUCTION

Ancient wind-deposited sediments are often very hard to distinguish from those
laid down by running water. As this chapter shows, however, a number of
criteria have been proposed to distinguish eolian from aqueous sediments. Some
of these are of debatable merit when used in isolation. The ultimate decision
of whether a sediment is of eolian origin must be based on a critical evaluation
of all the available data. Fortunately this is helped by studies of Recent wind-
blown deposits, notably by Bagnold (1941), McKee (1966, 1977), Glennie (1970),
Wilson (1972, 1973) and Ahlbrandt and Fryberger (1981, 1982).

When discussing sedimentary environments in an earlier section it was pointed
out that most non-marine environments are areas of erosion. Most deserts are
equilibrial surfaces. That is to say regions of the earth’s crust where there is
neither erosion, nor deposition taking place; though there may be a considerable
amount of sediment being reworked and transported across desert surfaces.
Unfortunately the Hollywood image of deserts as regions of sand dunes is a
distortion of the facts, probably only about 25% of deserts are composed of
sand dunes. The major surface areas are flat sand, gravel or bedrock covered
plains.

Recent eolian sediments

When the wind blows across a desert silt and clay are carried up into the
atmosphere and may be transported far away ultimately to settle out in the seas.
Any dust that does resettle in the desert may form beds of loess, as in periglacial
realms, or be carried by floods into ephemeral desert lakes. Sand, by contrast,
is transported close to the ground largely by saltation. Fortunately, wind
velocities are seldom sufficiently high to transport gravel.

The bed forms of sands transportation are asymmetric ripples and megaripples
whose geometry resembles that of subaqueous ones. The physics of eolian and
aqueous transportation are basically similar concerning a granular solid within
a fluid. This is probably the main reason why the eolian environment is the
hardest one to recognize in the subsurface.

There are many different types of dune shape. Arbitrarily four main types
can be defined though there are transitional varieties and some minor ones
(Fig. 3.1).

Probably one of the best documented is the barchan or lunate dune. As with
most dunes they have a gentle windward slope and a steep accretionary foreset
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on their downwind side. Barchans are characterized by two horns which are
directed downwind at either end of the slipface. Barchans are very photogenic
and photos are common in many text books. Their internal structures have also
been studied in some detail. This effort is probably largely unnecessary because
it is unlikely that barchan dunes actually get preserved.

Barchans are isolated dunes out away from the big sand seas. They generally
occur migrating across flat equilibrial surfaces of rock, gravel and sand. It is
easy to drive around a barchan, take a few pictures and dig some holes with
a reasonable certainty of being back in camp in the evening and surviving to
write a paper for one of the learned journals.

Figure 3.1 Cartoons of the four common types of dune seen in recent deserts.
Probably only the transverse dune is responsible for significant deposition of sand.
The other three types are commonly bed forms of sand reworking and transportation
across equilibrial surfaces (from Selley, 1982, by courtesy of Academic Press).
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The second major dune type is the pyramidal stellate or Matterhorn variety.
This is a very beautiful dune to look at, sometimes attaining a height of several
hundred feet. Stellate dunes are relatively rare, occurring in tangled patterns
within sand seas, or where sand seas but against jebels or escarpments.

The third type of dune is the longitudinal or seif variety. These are generally
gregarious, many seifs being aligned parallel to one another and to the prevailing
wind direction. Seifs when studied in detail are often seen to be complex bed
forms in which the basic longitudinal geometry is punctuated by a series of
barchanoid or pyramidal culminations.

Seif dunes are like barchans however, in that they overly flat desert surfaces.
They are bedforms in which sand is reworked and transported but from which
little net deposition actually takes place.

The transverse dune is the fourth variety to consider. This is seldom described
in the literature, but is probably the most important variety. Transverse dunes
are not lonely dunes migrating across flat surfaces but gregarious dunes that
migrate over the backside of the next dune downwind. It is transverse dunes
which actually deposit sands which may be buried and preserved in the
stratigraphic record. They are seldom described in the literature because it is
difficult to penetrate sandseas and to return to camp for a cool beer in the
evening. Essentially transverse dunes are just like the straight-crested megaripples
which deposit cross-bedded sands under water.

The interdune area has been defined as ‘a geomorphic surface commonly
enclosed or at least partially bounded by dunes or other eolian deposits such
as sand sheets’ (Ahlbrandt and Fryberger, 1981). As already discussed, many
interdune areas are equilibrial environments where bed rock is exposed or lag
gravels just lie there. In some instances, however, deposition takes place in
interdune areas. Ahlbrandt and Fryberger (1981, 1982) recognize three such
types: dry, wet, and evaporitic.

Dry interdune deposits consist of massive or flat bedded sand and granules
which are generally coarser grained than the adjacent dunes and are bimodally
sorted. Wet interdune deposits are rather different. They contain more clay and
silt since these particles may be attached to the damp substrate. Similarly, sand
may form adhesion ripples as it is blown across the interdune flat. Animal tracks
and trails may be preserved, together with Rhizoconcretions (Glennie and
Evamy, 1968). Evaporitic interdune deposits develop where sand seas occur
adjacent to sabkhas. Nodules, layers and intergranular cements of evaporites
are associated with fine-grained flat-bedded terrigenous sediment. Adhesion
ripples and shrinkage polygons occur.

Interdune deposits are of significance in two ways. First they may form
permeability barriers which may slow down, if not totally inhibit, fluid
movement in eolian sands. Secondly, considerable amounts of organic matter
have been discovered in recent evaporitic interdune sediments, and it has been
suggested that this may act as a petroleum source.

Ancient rocks which have been attributed to eolian deposition are
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quantitatively insignificant in the sedimentary rocks of the world, but they are
widely distributed and range in age from PreCambrian to Recent. Some of the
best documented complexes of supposed ancient eolian sediments occur in the
western USA. These will now be briefly described and the reasons for attributing
them to eolian action stated.

EOLIAN DEPOSITS OF WESTERN USA: DESCRIPTION

The Colorado Plateau occupies parts of the states of Colorado, Arizona, Utah,
and New Mexico in western USA (Fig. 3.2). This region was an important site
of intermittent eolian sedimentation through some 150m.y. from the
Pennsylvanian (Upper Carboniferous) to the Upper Jurassic. The regional
geology is complicated but can often be resolved due to a combination of good
exposure and dissected topography (Fig. 3.3). In general the Cordilleran
geosyncline lay to the west and was an area of marine deposition through much
of this time. The present Colorado Plateau was then an unstable shelf on which
sedimentation took place in a number of basins which were intermittently
connected to one another and to the sea. These include the Paradox, San Juan,
Kaiparowits, and Black Mesa basins. The stratigraphy of this region is complex

Figure 3.2 Areal distribution of ancient eolian sandstones of the Colorado plateau,
USA.
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therefore, with rapid lateral and vertical facies changes due to both tectonic
and sedimentary causes. Three main facies can be recognized in the
Pennsylvanian to Jurassic rocks of the Colorado Plateau:

(1) Easterly thinning sheets of limestones, shales, dolomites, and evaporites
(thought to be marine).

(2) Wedges and fans of red sandstones, siltstones, and conglomerates,
generally best developed in the east, e.g. the Moenkopi and Morrison Formations
(thought to be fluviatile).

(3) Red and white sandstones with irregular sheet geometries, e.g. the
Entrada, Navajo, Wingate, Weber, De Chelly, and Coconino Formations
(thought to be eolian).

The supposed eolian sandstones are interbedded with the other two facies
with interfingering but generally abrupt margins. They are irregular in plan and
seldom greater than 60 m thick though some examples like the Navajo Sandstone
approach 300m Lithologically these deposits are exclusively sand-grade
sediment. Petrographically they are protoquartzites with minor amounts of
feldspar, mica, chert, and red ferruginous clay. Cementation is by quartz and

Figure 3.3 lsolated butte illustrating good exposure of the Colorado plateau.
Monument Valley, Arizona. Massive Wingate eolian sandstone (Trias-Jurassic) forms
a steep cliff above a talus slope with ledges of fluviatile Chinle sandstones and shales
(Trias). Photo by courtesy of W. F. Tanner.
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calcite. In one or two exceptional cases, as in the upper part of the Todilto
Formation, wind-blown gypsum sands occur. The grade of the sandstones range
from very fine to coarse, but it is mainly fine. Sorting is moderate to good,
occasionally bimodal, with coarse grains in a fine sand. Rounding of grains
is moderate to good.

Cross-bedding is the characteristic sedimentary structure of these rocks
(Fig. 3.4). Both tabular planar and trough sets are present. Set heights vary
from 1-60 m and troughs range in width from 1-60 m. Individual foresets dip
at between 20-30° and are generally curved at the base. Low angle backsets
also occur sub-parallel to erosion surfaces. Penecontemporaneous deformation
of bedding is sometimes present. Some of the fine sandstones show long
wavelength low amplitude asymmetrical ripples with R.I.s between 20 and 50
(the ripple index (R.1.) is calculated by dividing the wavelength by the amplitude).

Figure 3.4 Eolian cross-bedding in Entrada Formation (Jurassic), Church rock. New
Mexico. Photo by courtesy of W. F. Tanner.
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Figure 3.5 Reconstruction of Entrada sandstone palaeogeography. Cross-section
about 100 m thick. Modified from Tanner, 1965, Fig. 7. Reproduced from the Journal
of Sedimentary Petrology, by courtesy of the Society of Economic Paleontologists
and Mineralogists. Thin arrows: slope controlled seaward flowing fluvial
palaeocurrents. Thick arrows: slope independent eolian palaeocurrents.
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Dip directions of cross-bedding show wide scatters within one outcrop.
Throughout the majority of Pennsylvanian to Upper Jurassic time they indicate
transport generally to the south, with some variation to southeasterly and
southwesterly directions.

These sandstones are devoid of fossils except for occasional footprints
attributed to terrestrial quadrupeds and bipeds, largely dinosaurs.

EOLIAN SANDSTONES OF WESTERN USA: DISCUSSION

There are two main lines of argument for the eolian origin of these sands. Some
arguments are negative, suggesting that these are not water-laid sands, others
are positive, suggesting that they are wind-blown.

It is unlikely that these are water-laid sands because of the absence of pebbles,
which are generally too heavy to be wind-blown, and of clay, which is generally
too light to come to rest on a windy earth. There is no sign of an aqueous biota
either marine or non-marine. Conglomerate-lined channels suggestive of running
water are absent.

Positively in favour of an eolian origin for these sandstones is their close
comparison with Recent desert dunes. Points in common are the dominance
of sand-grade sediment which is generally well sorted, matrix free, and well-
rounded. Cross-bedding of such vast height is unknown in Recent aqueous
sediments, but is known from Recent terrestrial dunes. Ripple indices > 15 are
recorded from Recent eolian ripples whereas aqueous ripples have R.I.s <15
(Tanner, 1967). Recent dune country is generally lifeless, such plants and animals
as live and die there are desiccated and destroyed by the shifting sands. The
persistent southerly direction of sand transport is perpendicular to the (general)
westerly palaeoslope of the Colorado Plateau and locally can be seen trending
oblique to slope-controlled palaeocurrents of the associated fluviatile red beds
(Fig. 3.5).

Some doubt has been expressed as to the eolian origin of these sands. It has
been pointed out that the large scale cross-bedding, the well-rounded, well-sorted
texture and frosted grain surfaces of these sediments could also have formed
in a marine shelf sea. Log-probability sorting curves of the sands are comparable
to those of modern tidal-current environments. Green pellets have also been
recorded, and interpreted as glauconite of marine origin (Stanley et al., 1971;
Visher, 1971; Freeman and Visher, 1975).

It is difficult to pontificate in such a controversy, especially without field
experience of the rocks in question. Two points can be made, however. First,
this dilemma points up the absence of any clear criteria for recognizing eolian
deposits. Second, on a broad shelf where a tidal shallow sea transgresses and
regresses a desert, eolian sands may inherit aqueous textural characteristics and
vice versa.

Due to the wealth of stratigraphic and sedimentologic data available it is
possible to reconstruct the palaeogeography of the ancient Colorado Plateau
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area in some detail. In Pennsylvanian and early Permian time dunes extended
intermittently along a coastal plain separating the Rocky Mountain geosynclinal
seas from alluvial piedmont fans to the east. There are no known eolian sands
of Upper Permian to Middle Triassic age.

In Late Triassic and Early Jurassic time dune fields developed in inland basins
away from the sea. Middle Jurassic eolian sandstones are unknown. In Upper
Jurassic time both coastal and interior basin dune fields developed (Fig. 3.6).
Tanner (1965) has produced a particularly elegant detailed study of the Upper
Jurassic palaecogeography of the ‘Four Corners’ region of the Colorado Plateau.
Marine deposits with southwesterly directed longshore palaeocurrents interfinger
eastwards with the Entrada sandstone. This was deposited by a complex of
southeasterly migrating coastal dunes which, for a time, separated the open sea
from the hypersaline deposits of the Todilto Formation lake. Tongues of fluvial
sediment within the eolian Entrada sandstone show northwesterly directed cross-
bedding indicating the direction of the palaeoslope as the river flowed down
to the sea (Fig. 3.5).
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Figure 3.6 Diagrammatic cross-sections illustrating Colorado Plateau eolian
sandstone palaeogeographies.
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GENERAL DISCUSSION OF EOLIAN SEDIMENTS

Because the processes of eolian and aqueous sedimentation are so similar these
deposits are extremely difficult to differentiate. Even the classic Mesozoic eolian
sands of the Colorado have been subjected to attempts to reinterprete them as
we have just seen. There is no single criterion which unequivocally indicates
an eolian origin to a sandstone. Only an assemblage of criteria may suffice,
backed by the absence of criteria which positively demonstrate a subaqueous
environment. Subsurface diagnosis will now be reviewed under the five headings:
geometry, lithology, palaeontology, sedimentary structures and palaeocurrent
pattern.

There is no distinctive shape to eolian formations. The original dune
morphology of a sand sea is generally planed out before sediments of another
facies are deposited. Basically a blanket is the final geometry. The environments
of adjacent facies may be significant. Because deserts are equilibrial
environments sand dunes often migrate across unconformities, cemented by
ferrocrete, calcrete or silcrete and overlain by a veneer of pebbles which may
include dreikanter, fierkanter and occasionally even the legendary funfkanter.
Eolian sands may be expected to pass laterally into braided alluvial outwash
sands, playa lake shales and evaporites or fanglomerates. There is no significant
seismic response. Because of their uniform sandstone composition there are no
significant internal reflectors and, as already discussed, dune palaeotopography
is unlikely to be preserved.

According to geological folklore eolian sands are well-rounded, well-sorted
orthoquartzites with grain surfaces which are frosted when examined by a
microscope, and show diagnostic markings under a scanning electron
microscope. Statistical analysis of grain-size curves can differentiate recent eolian
sands from subaqueous ones.

Alas, it is not quite so simple. As already discussed granulometric analysis,
and surface texture are dangerous tools to use in environmental diagnosis because
of the problems of inheritance and reworking, together with the difficulty of
disaggregating lithified sandstone, and of surface textures being modified by
solution and cementation. It is true that most Saharan and Arabian desert dunes
are well-rounded, well-sorted orthoquartzites. But so they would be regardless
of their present environment. In both deserts their recent dune sands are poly-
poly-polycyclic. They have been through many cycles of weathering, erosion,
deposition, transportation and lithification. One will expect these sands to be
texturally and mineralogically mature, regardless of their present environment.

In point of fact though most eolian sands are texturally mature, they are often
mineralogically very immature.

Well rounded feldspar grains occur in the recent Sahara and in the North
Sea Permian dune sands. There are black dunes of volcaniclastic sand in Iceland
and around Tertiary lava flows of the Sahara and elsewhere.
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Many geologists have proposed textural criteria to distinguish wind-blown
from water-laid sand. It is widely accepted that eolian sands are better sorted
than aqueous ones. This is generally true, but there is no arbitrary dividing limit.
The classic eolian Triassic Bunter Sandstones of England have a Trask sorting
coefficient of 1-41 (Shotton, 1937). This is not so well-sorted as a beach sand
cited by Krumbein and Pettijohn (1938, p. 232) which has a value of 1-22. It
is widely accepted that eolian sands are positively skewed, with a tail of fines
(Folk, 1966, p. 88, Folk, 1971). This factor can generally be used to distinguish
them from beach sands, but not from fluvial ones (Friedman, 1961, p. 514).
Though, as discussed on p. 10, textural criteria have been developed to
distinguish eolian sands from aqueous ones in Recent sediments it is hard to
use these in ancient deposits for technical reasons (see also Bigarella, 1973).
Eolian sands are widely believed to be very well-rounded and certainly
experiments show that wind is much more efficient at rounding quartz sand
than is running water (Kuenen, 1960). It is important to note, however, the
polycyclic history of the eolian sandstones of the Colorado Plateau, the Permo-
Trias of Europe, and the present Sahara. One would expect these sands to be
well-rounded and well-sorted, whether they were eolian or not.

Eolian sand grains show a frosted, pitted surface under the optical microscope
and, under the higher powers of the electron microscope, show a variety of
characters which can be used to distinguish them from sands subjected to
aqueous and glacial action (Krinsley and Funnel, 1965). All these textural
features of eolian sands must be carefully interpreted; remembering that dunes
may be re-worked by running water, and alluvial fans may dry out and be
re-worked by wind. Water-laid deposits may therefore inherit eolian textural
parameters and vice versa. For this same reason wind-faceted pebbles (ventifacts,
dreikanters) should be interpreted with care.

Many recent beaches and barrier islands are capped by eolian dunes. These
sands often contain marine shell debris and some are indeed composed of
nothing but carbonate grains. Coasts around the world are rimmed by
Pleistocene limestones with spectacularly large cross-bedding. These are variously
termed Bahamite (in the Bahamas) Eolianite or Miliolite (in the large Gulf
between Iran and Arabia). Geologists have had many arguments about the eolian
or marine origin of these rocks. Limestones may of course become dolomitised,
so we must expect eolian dolomites to exist in the subsurface. The problem is
worse than that. Some recent eolian dunes are composed of gypsum sands. These
occur where sabkhas are deflated and gypsum and crystals eroded and abraded.
Recent examples are known from both coastal dunes, like those of Abu Dhabi,
and inland dunes, like those in White Sands National Park, New Mexico. The
analogous Jurassic Todilto dunes have just been mentioned.

When buried and heated of course, gypsum dehydrates to anhydrite. We must
not be surprised therefore if we encounter cross-bedded anhydrite in the
subsurface.
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Not all eolian deposits are of sand grade. The Pleistocene loess silt deposits
of North American, Europe, and China are widely interpreted as due to wind
action in arid zones around the ice caps (Smalley, 1975).

It is apparent therefore that it may be difficult to use lithology as a diagnostic
criterion of eolian deposition. In a simple world we might look for well rounded,
well-sorted medium to fine-grained sand of diverse mineralogical composition,
ranging from quartzite and arkose to limestone, dolomite or evaporite. One
would not expect to find pebbles or shale clasts in these sands. A red ferric
staining should be anticipated, indicating early diagenesis above the water table
as discussed on p. 71.

From the preceeding account of eolian sand lithology it is apparent that these
deposits may contain, and indeed be totally composed of, a diverse marine fauna.
One would however expect the fossils to be extremely fragmented, abraded and
rounded.

The presence of abundant bioturbation would be one criteria which would
serve to differentiate marine shoal sands from eolian ones; the problem being
that these two facies are otherwise remarkably similar in lithology, texture and
sedimentary structures. Marine vertical burrows should however be differentiated
from rhizoconcretions. These are pipes of carbonate or gypsum cemented sand
which form around plant roots (Fig. 3.7). As the plants draw moisture from

Figure 3.7 Photograph of rhizoconcretions in continental red Triassic sandstone,
Sidmouth, England.
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the sand salts are precipitated around the rhizomes (Glennie and Evamy, 1968).
Rhizoconcretions are not of course unique to eolian sands but also occur in
fluvial sands in arid environments. Intraformational conglomerates of
fragmented concretionary tubes also occur.

Sedimentary structures have often been used to distinguish wind-blown from
water-laid sediment. As already noted (p.89) long, low ripples have been
recorded from wind-blown sediments and Tanner (1967) states that an R.I. of
>15 can be used to distinguish wind ripples from those due to water,
except for swash zone ripples on beaches. This writer has also empirically
derived a number of other statistical criteria for distinguishing eolian and
aqueously formed ripples. One might have supposed that contorted sand bedding
was restricted to aqueous deposits. Unfortunately this is not so. McKee (1966,
p. 69) has recorded it in Recent dunes. It occurs in the Colorado Plateau eolian
sandstones and is particularly widespread in the Navajo Formation (Stokes,
1961, p. 158).

Very thick cross-beds are often held to be restricted to eolian sands
(Fig. 3.8). However, insufficient is known of Recent marine sand bars to give
the maximum set height of water-formed cross-bedding. Therefore no arbitrary

Figure 3.8 Photograph of large curvaceous cross-bedding in red Permian sandstone,
Dawlish, England. Many geologists accept this style of cross-bedding as characteristic
of eolian deposition.
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limit between eolian and aqueous set heights may be given. Eolian foresets are
often no higher than water-laid sets, and only a fraction of the height of the
dune in which they occur (see McKee, 1966, Fig. 8).

Eolian dune foresets are often said to be asymptotically curved towards their
bases, and to have steeper inclinations than water-laid foresets. An angle of
about 30° is often quoted as critical for distinguishing water-laid from wind-
blown foresets. Angles in excess of this figure have been widely recorded from
Recent dunes and supposed ancient ones (e.g. McKee, 1966; Mackenzie, 1964;
McBride and Hayes, 1963; Laming, 1966; Poole, 1964). On the other hand
Shotton (1935) recorded a mean value of only 24° for the Triassic Bunter dune
sands of England and Tanner (1965) recorded dips between 21 and 26° as
common in the Entrada sandstone of the Colorado Plateau. Care should also
‘be taken in studying foreset inclination data from ancient rocks since it is hard
to determine the horizontal datum of the time of their formation. Major bedding
surfaces generally represent old erosional slopes of the dune surface, and could
seldom have been horizontal (see also Potter and Pettijohn, 1963, pp. 78, 80,
and 86).

A further problem of eolian sandstones is the determination of their transport
directions. Recent dunes show extremely varied morphologies. Transverse dunes
whose foresets consistently dip downwind are generally quantitatively
subordinate to barchan (lunate), seif (longitudinal), and stellate dunes. These
types have much more complex geometries and correspondingly more varied
foreset orientations. Barchan foresets curve through an arc of about 180°, while
seif dunes show bipolar forest dip orientations perpendicular to mean wind
direction (McKee and Tibbits, 1964) (Fig. 3.9). Despite these complexities ancient
eolian deposits have produced consistent palacocurrent trends, though with
predictably high scatters of readings. Thompson (1968), in an extremely elegant
account of the three-dimensional geometry of Triassic sand dunes in the English
Midlands, measured many unimodal dip patterns. Similar results have been
obtained from dipmeter logs of Permian Rotliegende dunes of the North Sea
(Glennie, 1972). Regional studies have been used in attempts to reconstruct
palaeoclimates, particularly the past distribution of high pressure air cells
(Shotton, 1956; Opdyke, 1961).

A further problem of eolian palaeocurrents in that they are not slope-
controlled like many (but not all) aqueous currents. As we have seen (p. 90)
this has been demonstrated in the Entrada sandstone of the Colorado Plateau
(Tanner, 1965). In an elegant study of Permotrias desert deposits of southwest
England, Laming has shown (1966) how sediment was alternately flushed down
alluvial fans by floods and blown upslope again by wind.

In conclusion this discussion shows that it is not easy to recognize ancient
wind-blown sediments. This is basically because wind and water both transport
and deposit sand in ripples and dunes. Many textural and structural criteria
have been proposed to distinguish the results of these processes; few, if any,
are foolproof. Recognition of an ancient eolian sediment must be based on a
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Figure 3.9 Diagrams illustrative of the relationship between dune morphology and
cross-bedding orientation shown plotted on azimuths. Wind blows up the page.
Barchan and seif dunes are generally ephemeral bed forms which are seldom
preserved. Net eolian sedimentation actually appears to come from transverse dunes.
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critical evaluation of all the available data. It may help to distinguish criteria
which weigh against an aquatic origin separately from those positively in favour
of eolian deposition. Finally it often helps to ask the question: ‘If this facies
is not eolian, what else could it be?’

ECONOMIC SIGNIFICANCE OF EOLIAN DEPOSITS

Eolian sandstones are potentially of high porosity and permeability because they
are typically well-rounded, well-sorted, and generally only lightly cemented.
Regional permeability is likely to be good due to absence of shale interbeds.
Because of these features eolian sandstones can be important aquifers and
hydrocarbon reservoirs. In general, however, eolian sandstones are rated as poor
hydrocarbon reservoir prospects. This is because they frequently lie within
continental basins far from marine shales which could be potential source rocks.
Exceptions to this general rule are found where eolian sandstones are brought
into contact with organic-rich source beds by unconformities or by tectonic
movement. Some of the North Sea gas fields occur within Permo-Triassic dune
sands which unconformably overlie Upper Carboniferous (Pennsylvanian) Coal
Measures (Marie, 1975). Deep burial of coal beneath the younger sediments
may have caused gas to be expelled during devolatization (Eames, 1975).

In Utah and Wyoming several oil fields produce from some of the Triassic
and Jurassic eolian sands described earlier in this chapter. Here, within the
foothills of the Rocky Mountains, several of the eolian formations have been
thrust over Cretaceous organic-rich shales (Lamb, 1980; Lindquist, 1983).

The distinction of eolian from water-laid sediment can be important where
the latter are mineralized and the former are barren. This situation is found
in the distribution of Uranium mineralization of the Colorado Plateau (p. 69)
and in the Zambian Copper belt (p. 163).

SUB-SURFACE DIAGNOSIS OF EOLIAN DEPOSITS

From the preceding account it will be apparent that the unequivocal diagnosis
of eolian deposits from boreholes is not easy.

Geometry of eolian formations is irregular and lithology is varied. Though
the classic eolian sandstone may be a pink well-sorted, well-rounded, medium-
fine grained quartzite, other eolian sediments include evaporites, bioclastic
limestones and red loessic siltstones.

Perhaps the most diagnostic feature is a clean low A.P.I. gamma log with
occasional upward asymmetric sawtooth patterns. The corresponding dip motif
is a blue pattern in which the upward increase in dip occurs opposite to the
short shaley interval of the gamma curve. This corresponds to the sub-horizontal
toeset of the dune on which clay and mica settle out. This passes up into the
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clean gamma interval with uniform high angle foreset dips (Fig. 3.10). Such
eolian sediments tend to be palacontologically barren.

The Permian Rotliegende of the southern North Sea is probably the best
documented example of sub-surface facies analysis of an inland arid basin in
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Figure 3.70 Gamma and dipmeter log motifs for a borehole through eolian dune

deposits.
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which wireline log interpretation, aided by cores, enables the differentiation
of fluvial, eolian and sabkha playa-lake deposits (Glennie, 1972; Marie, 1975;
and Van Veen, 1975).
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4  Lake deposits

INTRODUCTION

Lakes are landlocked bodies of non-marine water. Recent examples may be
hundreds of kilometres long, as are the Canadian Great Lakes, and of widely
varying depths. They may be permanent bodies of water or only of short
duration. For example, the playa lakes of central Australia last for only weeks
or months every few years after torrential rainstorms. Lakes occur in
mountainous regions, as in the Alps, and on low-lying continental platforms, like
Lake Chad. Their waters range from fresh in temperate and periglacial climates
to hypersaline in arid regions. Lakes may be caused by tectonic subsidence and
faulting, by glacial erosion, and by damming due to ice, lava, and, recently, man.

Because of their widely variable environmental settings Recent lacustrine
sediments are of many kinds. We must expect ancient lacustrine deposits to show
a similar diversity. It is beyond the scope of this book to examine all the different
kinds and, after briefly reviewing recent lakes, one case history must suffice.
This is followed however by a review of some other ancient lake deposits. Both
recent and ancient lakes have been intensively studied for economic as well as
aesthetic reasons. Reviews of recent lakes and their relation to ancient ones have
been given by Collinson (1978), Matter and Tucker (1978), Picard and High
(1981), Fouch and Dean (1982), and Dean and Fouch (1983).

RECENT LAKES

The chemistry, physics and biology of modern lakes have been extensively
studied. But rather less is known about their sedimentology. Most of this work
has concentrated on the permanent lakes of temperate climates (Hutchinson,
1957; Reeves, 1967 and Lerman, 1978). The sediments of recent ephemeral lakes
have been studied by Reeves, 1972, and Neal, 1975).

These studies have shown that the two main controlling parameters of
lacustrine sedimentation are the degree of aridity and the amount of sediment
input. The latter is controlled partly by climate (temperature, and the type,
frequency and amount of precipitation) and partly by the relief and rock type
of the hinterland. These variables have been used as a basis for classifying lakes
by Kukal, 1971; Visher, 1974; Picard and High, 1972. Figure 4.1 presents a
simple classification of lakes that can be recognized both on the surface of the
earth today and in the stratigraphic record. Around the lake shores rivers may
build out deltas from which wind generated currents can transport sand in
beaches and bars. Where there is no influx of terrigenous detritus swamps may
deposit peat. On some lake shores lime is deposited. This is largely of biogenic
origin, ranging from algal reefs to detrital sands of mollusc shells and algal debris
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Figure 4.1 Cartoons to illustrate the various types of lake classified according to
rate of sediment supply and the degree of aridity.
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and even to oolite sands. Turbidity currents may transport detritus from the
shoreline far out into the basin centre where the finest sediment comes to rest.
This may include not only terrigenous detritus but also transported lime and
humic organic matter. Extensive algal growth within the shallow photic zone
in the centres of lakes may give rise to the deposition of sapropelic muds.

In many lakes a stratification of water develops, with warm shallow water
overlying cooler denser water. The activity of phytoplankton in the upper layer
generates oxygen which supports many other forms of life. If a lake has a density
stratification then the oxygen in the lower layer becomes depleted, and cannot
be renewed because it is too dark for photosynthesis. In this situation the lower
layer becomes anoxic and organic matter settling from above may be preserved.
These two layers are referred to as the Epilimnion and the Hypolimnion
respectively (Fig. 4.2).

Intermittent storms may mix the two water masses. This often leads to
catastrophic mortality of organisms in the upper layer whose bodies may then

Figure 4.2 Cartoon to show the relationship between sediment type and some
relevant physical and chemical parameters in a lake with a thermally induced density
stratification.
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be preserved on the lake floor as anoxic conditions reestablish themselves in
the Hypolimnion. This is why many ancient lake deposits contain oil shales and
petroleum source beds in their centres. Regular repetition of this process imparts
a cyclic lamination to the lake sediments. Cyclicity is also commonly seen in
glacial lakes where laminae of terrigenous detritus from melt-water streams are
interlayered with lime mud and organic matter. These regular layers, termed
‘varves’, are of course annual.

Sedimentation in ephemeral desert lakes has been described by Reeves (1972)
and Neal (1975). Lake basins in arid mountainous terrain are often referred
to as playas. Red clays and silts in the centre of the lake basin generally pass
via alluvial outwash plains into fanglomerates adjacent to mountains. Many
playa lakes are only flooded for a few months every twenty years or so as a
result of torrential storms and flash floods (it has been remarked that more
people are drowned in the Sahara than die of thirst). For the rest of the time
the lake basins are dry flat surfaces with intermittent sand dunes around their
edges and occasional huge desiccation cracks in their centres.

Some lakes in arid regions are areas of evaporite sedimentation. Recent
examples include the Great Salt Lake of Utah, the Dead Sea, and Lake Eyre,
Australia.

THE GREEN RIVER FORMATION
(EOCENE) ROCKY MOUNTAINS, USA: DESCRIPTION

At the end of Cretaceous time the Laramide orogeny threw up the Rocky
Mountains in a north-south line trending through western central North
America. A series of basins developed on the eastern side of these which were
infilled by Tertiary continental sediments. During the Eocene Period fluviatile
and lacustrine deposits were laid down in parts of Wyoming, Colorado, and
Utah. Sandstones, silts, and coals of the Wasatch Formation are overlain by
the lithologically diverse Green River Formation. This is one of the largest and
best documented examples of ancient lacustrine deposits in the world.
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