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PRESENTATION

Petrobras is honored to deliver to the Geosciences community the book entitled Turbidite Systems: An
Outcrop-Based Analysis authored by Professor Dr. Emiliano Mutti. The present edition contains part of his
Work, the fruit of his exemplary dedication to scientific work, developed over several decades in the field,
in classrooms of the most renowned teaching institutions in the world, and together with major interna-
tional oil companies, including Petrobras.

Professor Dr. Emiliano Mutti, recognized and awarded several international awards, is the author of dozens
of scientific articles and several books, having based his academic life on the study of the stratigraphy
and sedimentology of sedimentary basins tectonically exposed in orogenic belts, especially in the Spanish
Pyrenees and the northern Italians Apennines.

With the advance of the oil discoveries in turbidite reservoirs in the Campos Basin, in the 1970s and 1980s,
the deepening in the knowledge of this type of reservoir became imperative and Professor Mutti, with his
brilliance and innovative ideas, became part of the history of oil exploration at Petrobras.

In addition to his invaluable contribution to the construction of the basis for modern sedimentary facies
analysis, the basic cell of Sedimentology and Modern Stratigraphy, Professor Emiliano Mutti has acted as
consultant and actively collaborated in the training, qualification and post-graduation projects of Petro-
bras’ geoscientists. Since the 2000s, this action has intensified with the resumption of field courses by our
explorers in the Spanish Pyrenees and the northern Apennines in Italy.

Turbidite Systems: An Outcrop-Based Analysis represents an outstanding scientific contribution to cur-
rent and future generations of scholars in the Earth Sciences and in particular Petroleum Geology.

We register our recognition for the incomparable work of Professor Mutti and our gratitude for his willing-
ness to share his knowledge, such as that registered in this book, which we are privileged to be able to edit
as a chapter of his Work.

Welcome to this adventure of knowledge and enjoy your reading.
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PREFACE

In the late 80's, after spending many years studying turbidites of orogenic belt basins, | started to realize that |
was missing an important part of the history of these basins, i.e., the relationships between turbidite systems and
their adjacent shallow-marine and alluvial feeder systems.

So, | decided to start climbing the slope of the Eocene Hecho Group deep-water basin in the south-central Pyre-
nees —the basin | knew best — leaving behind my beloved turbidites. After a few months I was totally immersed in
the study of the eastern margin of the deep-water turbidite basin, the magnificent Tremp-Graus basin (Figure 1)
with its alluvial, fluvio-deltaic and shelfal deposits coeval with the Hecho Group turbidites.

The long journey from the deep basin to its alluvial equivalents has been one of the most interesting and reward-
ing experiences of my professional life. After a while and to my great surprise, | came to the conclusion that most
of the beds that | was observing day after day had basic similarities to the turbidite beds | was familiar with in
that they were also sharp-based, overall graded and displaying vertically ordered laminated divisions. Also, to my
great surprise, | gradually realized that my observations were casting increasingly serious doubts on what | had
learnt from the literature on fluvial and deltaic systems.

At this point, | thought it was necessary to re-examine many outcrops that | had seen before and this made me
visit or revisit more carefully the Neuquén and San Jorge basins, Argentina, the Tertiary Piedmont Basin, NW Ita-
ly, the Pleistocene Sant'Arcangelo Basin and the Tertiary Calabrian Basin, southern Italy, as well as in many other
basins in Brazil, Greece and Spain.

As a result of these new observations, | became definitively convinced that graded beds form a dominant com-
ponent of both alluvial and shallow-marine terrigenous successions and that these beds, which can only be in-
terpreted as the deposit of sediment gravity flows, share many characteristics with deep-water turbidites. The
simple conclusion that at this point must be drawn for the principle of parsimony is that, for an increasing degree
of energy, episodic fluvial floods may generate catastrophic or convulsive events that enter floodplain, lacustrine
or marine basins as sediment gravity flows moving for their excess density (hyperpycnal flows of Bates, 1953)
and carrying their sediment load in progressively more basinal zones. These episodic flows periodically increase
their frequency for cyclic climate variations, thus becoming almost “uniformitarian” during certain periods of
time when large amounts of water are made available in drainage basins and being responsible for impressive
accumulations of turbidite and fluvio-deltaic sands. As suggested in a previous and preliminary work (Mutti et
al., 1996), the ultimate consequence of this hypothesis are systems that go directly from a river flood to the final
accumulation of deep-water turbidite sands, as in the well-known example of the Missoula flood (see Zuffa et al.,
2000). Perhaps in a somewhat provocative way, these systems were referred to as “fluvio-turbidite systems” by
Mutti et al. (1996) (Figure 2).

Of course, | am fully aware that turbidity currents can be triggered by causes other than rivers in flood (see Nor-
mark and Piper, 1991; Piper and Normark, 2001, for a thorough discussion). However, as amply discussed in this
book, there are several criteria that permit to distinguish delta-fed systems from turbidite deposits generated by
highly catastrophic events associated with earthquakes, tsunami, basin margin collapses and similar high-mag-
nitude and low-frequency events.

When | presented some of the results of my observations and related preliminary conclusions in a workshop in
Oxford (Mutti, 1992a), | soon became aware that either my observations and conclusions were completely wrong,
or they were seriously conflicting with some different points of view. The differences, as | clearly realized, were
essentially two: (1) my “catastrophic” approach to the problem, in disagreement with the rather “uniformitarian”
approach, though with some caution, of the school of thought that was at that time dominating sedimentological
research worldwide, and (2) my interpretation of HCS that for the Walther's law (vertical and lateral stratigraphic
relationships) | was forced to relate with floods entering a body of water rather than with wave storm-dominated
environments. Both arguments are amply discussed later.
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Nonetheless, much of the results of the research | carried out with my co-workers were published in several arti-
cles (Mutti et al., 1996, 2003a, 2003b, 2009) and presented orally on occasion of many meetings and invited lec-
tures (AAPG distinguished lecturer, Central and South America, 1996; IAS special lecturer, Europe, North America,
Africa and Indonesia, 1996; invited lectures at AAPG Meeting, Long Beach, 2007; AAPG Meeting, Milan. 2011;
EAGE meeting, Vienna 2013 among others).

This book summarizes many of the field observations of 25 years and attempts a few general conclusions that
can be drawn from these observations. Most of my field work has always been based on careful examination of
beds, their geometry, texture and internal structure and on the attempt to frame these beds within their local and
regional stratigraphic, structural and depositional context. The approach is very time-consuming, but | have been
fortunate in my life since as a professor | could always find time and funds for long field seasons alone or, most
commonly, with my students and many colleagues. There are thousands of beds that | would say | know “person-
ally”, and | have thousands of photographs that will remind me these beds even when | will not be able to go to the
field any longer. Clearly, the book relies very heavily on my personal experience, thus being biased by what | have
seen and studied over the years, an inherent limitation shared by most of us, though.

The assumption behind this book is that in tectonically active basins, fluvio-deltaic and deep-water turbidite
systems are in most cases the shallow-water and the deep-water expression, respectively, of a series of processes
that are essentially originated by rivers in flood and ultimately by climate variations and the tectonic setting. The
“dirty rivers” of Milliman and Syvitski (1992), associated with high-elevation drainage basins, steep gradients,
and narrow alluvial plains provide a simple and convincing way of thinking to partly understand active margin
sedimentation and the relationships between turbidites and fluvial systems, a problem of paramount importance
for basin analysis in orogenic belts and probably in other settings. Huge accumulations of flood-generated del-
ta-front sands, that could be termed shallow-water turbidites, are a new and very interesting target for hydro-
carbon exploration. As discussed later, this implies that climate and sediment flux to the sea are basic controlling
factors also in the development of sequence stratigraphic interpretation.

The book describes and discusses beds, facies and facies associations of sediment gravity flow-dominated dep-
ositional systems that are observed in the settings above, believing that they are of primary importance in the
study of most ancient basins because of their volumetric importance and their obvious bearing on hydrocarbon
exploration and production. Since, if taken in isolation, beds and facies may be often misleading, a first chapter
extensively reviews some basic principles of physical stratigraphy and facies analysis, as well as approach and
terminology adopted herein. In particular, facies, facies associations, lithofacies and elementary depositional se-
quences, where the analysis of individual beds plays a critical role, are reviewed and discussed in detail. Most of
the examples and concepts derive from my field work in the Eocene of the Pyrenees and deal principally with
marginal marine sediments which are the most suitable for an understanding of the basic principles of stratigra-
phy and facies analysis. Transferring the same principles to the study of deep-water successions remains difficult
at present for obvious reasons, though it is clear that a similar way of thinking should be followed also for these
sediments. The problem is dealt with in the second chapter.

| think that the life of every geologist is marked by a primary geological interest in one problem. No doubt, my
primary interest has been that of understanding the magnificent foreland basin of the south-central Pyrenees
between the late Cretaceous and the end of the Eocene. | have been working there since 1966, when | was a young
research geologist of Esso Production Research. In 1969 | resigned from Esso (where | learnt much) and moved
back to university. Ever since, the Pyrenees remained my primary interest and | can say that | spent there a sub-
stantial part of my life. My work is essentially summarized in two guidebooks prepared for an AAPG meeting held
in Barcelona in 1988 and for the “Second high-resolution sequence stratigraphy conference” convened by Henry
W. Posamentier and Emiliano Mutti which was held in Tremp, Spain, in 1994 (Mutti et al., 1988; Mutti et al., 1994)
and not in formal publications. The reason is simple: a guidebook discusses work in progress, with its doubts and
problems, whereas in a formal paper on a prestigious journal you are supposed to convince the reader that you
came to a conclusion. The geology of the Pyrenees is very well exposed, and this is probably the reason why is so
elusive. Instead of coming to a conclusion with time (and certainly | spent many years out there), | rather multi-
plied the number of problems which were raising almost every day. | passed through alternating periods of en-
thusiasm and pessimism and thus gradually became aware that geology had to be that way and I liked it so. | thus
became rather skeptical about models and fancy interpretations that often hide what the real world is. Models
may be useful shortcuts for a while, though short living in the long term.
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Of course, | love sedimentology, but despite what some people may think, | always used sedimentology main-
ly as a tool to better understand geology. And geology, at least in my opinion, starts and ends with maps and
cross-sections. My basic background comes from having mapped in detail a substantial part of the island of
Rhodes, Greece, between 1961-1965 (Mutti et al., 1969, 1970), the Eocene of the south-central Pyrenees (Mutti et
al., 1988), and to a lesser degree the Tertiary Piedmont Basin, northwestern Italy (Mutti et al., 1995, 2002). Most of
the rocks | mapped were turbidites, so | had to become familiar with them and try to understand their geological
meaning. With time, | became obviously very interested in their sedimentological aspects. The same happened
later with the fluvio-deltaic sediments of the Pyrenees.

| greatly benefited from my work as a consultant that allowed me to visit many outcrops and examine kilometers
of cores from many basins worldwide, discuss basic problems of exploration and production with so many explo-
rationists, and become familiar with seismic data which have certainly revolutioned our way of approaching basin
analysis and reservoir geology.

| tried to keep the text as much informal as possible, having in mind that the potential readers would be mostly
young researchers who would appreciate some fresh air and simple writing. The many figures and photographs
should be hopefully self-explanatory in most cases. Some figures are sketches | prepared for my students directly
in the field. Bibliographic references are limited to really important and pertinent papers and books. Exceptions
are made for some historical reviews and some problems which are particularly debated, thus requiring being
aware of alternative interpretations.
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CHAPTER I: GENERAL CONCEPTS

1-INTRODUCTION

1.1 - THE BEAUTY OF ROCKS

Trying to understand sedimentary rocks is not as
simple as one might think after being reassured by
reading many recent papers and textbooks on sed-
imentology, stratigraphy and facies analysis. Over
50 years of experience have convinced me that one
has to look at the rocks the way they are and not the
way they may fit one’s preconceived ideas or exist-
ing models. | personally believe that either you love
sedimentary rocks, or it may be difficult to get some
serious answers from them. Loving them means that

you are fascinated by their layering, colour and grain
size variations, internal depositional structures, their
fossil content, sole markings and, at least for me, by
the sense of deep mystery they emanate. Though not
discussed in this book, a similar beauty can be appre-
ciated when sedimentary rocks are observed in thin
section under the microscope. Some examples of this
beauty are shown in Plates 1- 13, with emphasis on
sole markings, which are also fundamental for the in-
formation they can give on paleocurrent directions.
The interested reader is referred to a masterpiece on
this subject written by Dzulinsky and Sanders (1962),
two pioneers of modern sedimentology. | loved these
structures very much when | started observing sedi-
mentological features.

Plate 1 - Spectacular exposure of upper Cretaceous and Tertiary sediments in the Riba Gorzana Valley, south-central Pyrenees. In the
background the virtually flat-lying upper Eocene and Oligocene conglomerates resting unconformably on folded and faulted strata
deformed at the end of late Middle Eocene. This geological setting is further expanded in the concluding chapter.
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Plate 3 - The beauty of colors. A - Triassic aeolian sandstones in Red Canyon, Nevada. Note that the sharp color boundary is time-transgres-

sive since it cuts bedding surfaces. B - Green and yellowish volcaniclastic lacustrine deposits (Cretaceous, San Jorge Basin, Argentina).
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Plate 5 - Dendritic flow pattern at low tide, Japaratinga beach, Brazil.

Plate 6 - The beauty of the sole markings preserved as casts (counterparts) at the base of sandstone beds. For the interested reader,
these features are described and interpreted in the classic paper of Dzulynski and Sanders (1962). Basically, all these structures record
the erosion of a muddy substratum by sediment gravity flows in both terrestrial and subaqueous environments, though being most

common in turbidite sediments. In addition to their beauty, sole markings are fundamental for studies on paleocurrent direction and
flow characteristics, as well as in structural geology for recognizing upside down successions. A and B - Counterparts of flute marks (flute
casts, FC) at the base of sandstone beds in the Eocene Monte Sporno Flysch of the northern Apennines.
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Plate 9 - Exterior wall of a house made of turbidite sandstones (Pennsylvanian Atoka Formation) ornamented by a variety of well-preserved

and beautiful sole markings, Oklahoma, USA.A —Bounce casts; B —Mostly flute casts.
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Plate 11 - The beautiful romanesque churches of the South-Central Pyrenees have usually their
exterior walls made of turbidite or delta-font sandstone stones from originally tabular beds.

These walls contain a wealth of sedimentological information in terms of internal depositional
structures.
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Plate 12 - Degradational structures in the bank of small rivers forming during the falling stage of minor flood events.
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[ fellin love with sedimentary geology when | was around
21 and wanted to become a medical doctor. At that time,
| was actually used to spend most of my time with my
dog hunting partridges and woodcocks in the moun-
tains around my home village, Nociveglia, in the north-
ern Apennines. One day | was driving across the moun-
tains and suddenly | was struck by the magnificent out-
crop of the Mount Cassio Flysch in the Baganza valley,
near Parma (Figure 3). 1 knew very little about geology at
that time, but | remained impressed by the layering and
the colours. What did they mean? A few months later |
started studying geology.

More than five centuries before, | think that Jan van
Eyck (1390-1441), a Flemish naturalistic painter of the
15th century who developed the technique of oil paint-
ing, had also to be struck by the beauty of an exposure
that is shown in his painting entitled “St. Francis re-
ceiving the stigmata” (Figure 4). There are two almost
identical paintings with the same title, one dated 1428

is at the Philadelphia Museum of Art, the other dated
1434 at the Galleria Sabauda, Turin. In the right side of
both paintings there is a three-dimensional exposure
of rock where one can see in great detail an alternation
of thick (some 40 cm) and thin (some 2-10 cm) beds
with internal laminae and colour bands. The beds, al-
most certainly sandstone beds, are separated by very
thin, softer and darker partings (shale) and have a
roughly tabular geometry. Angular blocks which fell
down from the exposure contain whitish shells (proba-
bly oysters) and shell fragments on their surfaces.

The naturalistic approach of van Eyck and his superb
technique result in an extraordinary reproduction of
those rocks. That portion of the painting resembles very
closely a modern high-quality photograph. The painter
obviously had to love the mysterious rocks he was paint-
ing without knowing what in reality they were. He certain-
ly liked their beauty and their mystery to the point that
they became part of a highly touching religious scene.

Fig. 3 - The spectacular exposure of the upper Cretaceous Monte Cassio Flysch. Baganza valley, northern Apennines.
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Fig. 4 - Jan van Eyck (1390 — 1441) — St. Francis receiving the stigmata, Galleria Sabauda, Turin, Italy.

The painting is so detailed, in spite of its size (29.2 x
33.4 cm for the copy in Turin | could examine), that is
tempting to try a sedimentological interpretation of
these rocks five centuries later. My personal interpre-
tation is that the exposure shows sharp-based sand-
stone beds which might be turbidites or flood-domi-
nated delta front sandstones (shallow-water turbid-
ites). The exposure had to be along a rocky beach as
testified by encrusting oysters on the fallen blocks
and ubiquitous traces of boring organisms also in
the uppermost part of the exposure, suggesting a
rocky shoreline undergoing high and low tides. It can
be speculated that Jan van Eyck found this exposure
somewhere along the coasts of south-western France,

CHAPTER I: General concepts

northern Spain or Portugal, during a diplomatic mis-
sion for the Duke of Burgundy in 1426. I'm quite sure
that the exposure must exist somewhere and is proba-
bly described in a paper by a geologist unaware of the
van Eyck's painting.

Leonardo da Vinci (1492-1519) also paid attention to
layering in some drawings and in the painting “The Vir-
gin of the Rocks” (in the copy at the Louvre) where beds
and internal laminae are carefully reproduced, proba-
bly a memory of some turbidite sandstone beds he had
seen somewhere when travelling across the northern
Apennines or observing exterior walls of many build-
ings in Florence.
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I.2 - LAYERING AND BEDS

Since beds are the main subject of this book, it may
be appropriate to review some aspects of layering in
some depth. As stated by Johannes Walther (1894,
p.623; fide C.V. Campbell, 1967, his p. 7) “... No problem
of geology compares in importance with the question
of the origin of bedding.... What is bedding? How does
it originate? What does it prove?”.

Nicholas Steno (1638-1686), in his “De solido intra sol-
idum naturaliter content dissertationis prodromus”
(1669), was the first to analyze and interpret layering
as a natural phenomenon whereby deposition would
take place horizontally layer upon layer, spread out by
the action of water, thus setting the basis for relative
chronology in stratigraphic studies. His geometrical
drawings (Figure 5) with angular unconformities and
onlap relationships are incredible precursors of mod-
ern seismic stratigraphy, and his interpretation of lay-
ers as a result of deposition from a fluid heralds the
settling velocity of small particles of the Stokes' law.
The birth of stratigraphy is certainly there.

For Lyell (1871, p.3), the author of the great Princi-
ples of Geology, “The term stratum means simply a
bed, or anything spread out or ‘strewed’ over a giv-
en surface; and we infer that these strata have been
generally spread out by the action of water, from

what we daily see taking place near the mouth of
rivers, or on the land during temporary inundations.
For, whenever a running stream charged with mud or
sand, has its velocity checked, as when it enters a lake
or sea, or overflows a plain, the sediment previously
held in suspension by the motion of the water, sinks
by its own gravity, to the bottom. In this manner lay-
ers of mud and sand are thrown down one upon an-
other.” These conclusions are basically the same as
those reached by Nicholas Steno in 1669 (see above).
Charles Lyell did not further elaborate on the prob-
lems of bedding. Derek Ager (1993), who was a tena-
cious defender of the “catastrophist” Georges Cuvier,
thought that the Frenchman was a better geologist
than the “uniformitarian” Charles Lyell. According to
Ager (op. cit.), Lyell generalized and theorized, whilst
Cuvier carefully looked at rocks as documented by his
detailed stratigraphic studies in the Paris basin. The
scant regard of Lyell for layering stands out from the
comment G.P. Scrope sent to him after the publica-
tion of the second volume of Principles of Geology:
“It is a great treat to have taught our section-hunting
quarry men that two thick volumes may be written on
geology without once using the word ‘stratum’(vide
Ager, 1993, p.2). Fortunately, each geologist has his
own scale of observation and his preferences, other-
wise geology would be boring.
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prodromus.
Florentiae, 1669

Fig. 5 - STENONIS NICOLAI (1638-1686). “De solido intra solidum naturaliter contento dissertationis prodromus.” Florentiae, 1669.
Layers are originally horizontal and tend to be laterally continuous. Sedimentation takes place layer-upon-layer, hence, the bed above
is younger than the bed below. A. Example from the Jurassic shallow-marine strata of the Lajas Formation, Neuquén Basin, Argentina
Stratigraphic unconformity. B. Upper Eocene and Oligocene alluvial conglomerates resting upon upper Cretaceous and Paleocene strata

through an angular unconformity, south-central Pyrenees.

CHAPTER I: General concepts




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Terms like layer, stratum, bed, laminae started to be-
come widely used in the literature in the past century
and several definitions were offered, based on lithol-
ogy, thickness and other criteria (e.g., Payne, 1940;
Shrock, 1948; McKee and Weir, 1953; Krumbein and
Sloss, 1958; Botvinkina, 1962; McBride, 1962; Camp-
bell, 1967; Bosellini et al., 1989). In reality, the limited
number of reseachers who spent time thinking about
stratification seems to suggest that for some reason
beds, laminae and layering have never been an attrac-
tive subject among sedimentologists.

Here | will mainly follow definitions and concepts set
forth by C.V. Campbell (1967) which are simple, clear
and of great stratigraphic relevance. The author rec-
ognizes four types of sedimentary layers or strata,
which from the smallest to the largest include lami-
nae, laminasets, beds, and bedsets; each of the four
types of layers can be considered as a sedimentation
unit formed during similar conditions; compared with
each other, these strata differ mainly in lateral extent
and length of time for formation. Surfaces separating
individual strata, termed stratal surfaces, are thought

-

lamina

to be practically synchronous; as a consequence, a
layer bounded by two stratal surfaces is an informal
chronostratigraphic unit of limited areal extent and
of relatively short time span. Since seismic reflectors
follow the different types of stratal geometry, the
author also concludes that seismic lines can be inter-
preted in terms of informal chronostratigraphic units
—a conclusion that will form the conceptual basis for
the seismic sequences of Vail et al. (1977) and later
for the sequence stratigraphy of Posamentier et al.
(1988) and Vail et al. (1991) (see later).

According to Campbell (1967), a stratum is a layer of rock
or sediment that is visually or physically more or less dis-
tinctly separated from layers above and below by stratal
surfaces (Figure 6). A lamina is the smallest observable
stratum; a laminaset consists of a group of conformable
laminae that form a distinctive division within a bed; a
bed is a stratum that reveals the principal rock layering.
Because beds are usually the most readily recognizable
layers, they can be considered the fundamental compo-
nent of sedimentary rocks. A bedset consists of a number
of superimposed, similar beds (Figures 7 and 8).

laminaset

Fig. 6 - Example of bed and its component laminasets and laminae according to the conceptual scheme of Campbell (1967). Lacustrine
delta-front sandstone lobes from the Oligocene Ebro basin, south-central Pyrenees.
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Time for the formation of laminae, laminasets, beds, and
bedsets as well as of their bounding surfaces is general-
ly short. Laminae may form in a few seconds; bedsets in
tens of years to few thousands of years. The areal extent
of these stratal units is depending upon the environment
of deposition and the processes which are operative in
each specific environment. In some turbidite deposits,
beds and bedsets can be basinwide features. In other en-
vironments (e.g., nearshore or fluvial), stratal units may
have areal extent of only a few square meters or less.
Regardless of their absolute values, both the time for
formation and the areal extent of these stratal units in-

crease from the smallest to the largest. It will be noted
that laminae and beds have no limiting thickness nor lith-
ologic constraints, in contrast with most previous classifi-
cations (e.g., McKee and Weir, 1953).

Though conceptually satisfactory, the Campbell’s clas-
sification of stratal units encounters some problems in
its practical application. The more we know about sed-
imentary structures and their possible hydrodynamic
interpretation, the more difficult and sophisticated is
the recognition of beds and their bounding surfaces
(see later).
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Fig. 7 - Lamina, laminaset, bed and bedset according to Campbell (1967).

CHAPTER I: General concepts




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 8 - Example of bedsets. Bedset A is made of graded, parallel-sided and internally laminated sandstone of similar medium thickness.
Bedset B consists of thick to very thick beds of graded pebbly sandstone with upper crudely laminated divisions and shallow basal scours.
These two different kinds of bedset can also be considered as two distinct types of facies (see later). Oligocene Capo d'Orlando Fm.,

Calabria, southern Italy.

Beds, their bounding surfaces and their internal dep-
ositional structures (laminae and laminasets) are the
basic key to an understanding of modern facies analy-
sis and the many stratigraphic problems involved. Yet,
beds taken in isolation may offer an excellent subject
for pure sedimentological investigations but fail to re-
veal the context in which their deposition took place.
Thus, placing beds in their context is fundamental. For
this reason, the following sections introduce and dis-
cuss at length some basic principles of stratigraphic
and facies analysis that should help stratigraphers and
sedimentologists to frame laminae, laminasets, beds
and bedsets within the complex framework of deposi-
tional units.
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Il - STRATIGRAPHIC UNITS, THEIR BOUNDING
SURFACES AND BASIC PRINCIPLES OF SEQUENCE
STRATIGRAPHY

Sedimentary rocks are basically layered successions
where sediments pile up as discrete bodies separated
by surfaces. This holds true at every physical and tem-
poral scale, from that of mm-thick laminae observable
within beds and deposited in few seconds to that of a
seismic reflection profile depicting large-scale basin
fill architectures implying periods of time up to tens of
millions of years.

Geologists have long attempted to put some order in
this general pattern developing models and related
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terminologies that vary from the Bouma sequence, ap-
plicable to an individual turbidite bed, to the sequence
stratigraphy that may be applicable to an entire basin fill.

Each attempt considers at different scales volumes of
sediment separated by surfaces. The historical develop-
ment of these concepts started with Steno (1669) who
first recognized layering and its importance and signifi-
cance in the upbuilding of sedimentary successions (see
above), and has ended, for the time being, with Vail et
al. (1977), Posamentier et al. (1988) who suggested, in
a series of breakthrough contributions, that sedimen-
tary successions build up through cycles of relative sea
level variations. These cycles are recorded by deposi-
tional sequences bounded by unconformities and their
correlative conformities and displaying an internal pre-
dictable succession of systems tracts named lowstand,
transgressive and highstand systems tracts after their

position along the different intervals of the cycle of
relative sea level variation (Figure 9). A systems tract is
the linkage of contemporaneous depositional systems
(Brown and Fisher, 1977). Sequences and systems tracts
are large-scale units defined by surfaces, and systems
tracts are further characterized by their internal stratal
configuration expressed by parasequences, which are
lower-rank units bounded by flooding surfaces (Van
Wagoner et al., 1988), and parasequencesets (Figure
10). These basic concepts and their many derivatives
and variants (and ensuing confusion and semantic
problems) are discussed at length in a number of papers
(e.g., Galloway, 1989; Embry and Johannessen, 1992;
Hunt and Tucker, 1992; Posamentier and Allen, 1999;
see Catuneanu, 2006, and Catuneanu et al. 2011, for ex-
tensive reviews, pertinent references, and attempts to
clarify concepts, problems and terminology).

Fig.9 - Stratal patterns and systems tracts in a type 1 depositional sequence (from Van Wagoner et al., 1988).
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Fig. 10 - Vertical stacking patterns of aggradational, retrogradational and progradational parasequence sets (from Van Wagoner et al., 1988).

For the reader’s convenience, Figures 11 and 12 show
the different types of sequences as envisaged by dif-
ferent authors, as well as the related differences in the
timing of systems tracts and sequence boundaries.

Figure 13 shows the more complex architecture of a
depositional sequence as offered by Catuneanu (2006).
In the Exxon model sea level fall was thought to be ex-
tremely rapid, leaving no stratigrahic record except for
an unconformity surface and a basin-floor turbidite
system. The scheme of Figure 13 also incorporates the
falling-stage systems tract produced by forced regres-
sions when accommodation becomes negative at the
shoreline, which is forced to move seaward and step
down through very distinctive stratal patterns (Hunt
and Tucker, 1992; Nummedal, 1992; Ainsworth, 1994;
Plint and Nummedal, 2000).

Comparing these new schemes with the Exxon model of
Figure 9 leaves no doubt that sequence stratigraphy is
now developing highly conceptual models that will be in-
creasingly difficult to apply in the practice in absence of
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high-resolution seismic data. Probably, most recent work
is too focused on shelfal, nearshore and coastal setting,
overlooking deep-water sedimentation, i.e, turbidite and
contourite systems, or treating them in a somewhat cur-
sory way. As a consequence, the sequence stratigraphic
relationships between shallow- and deep-marine sed-
imentation remain poorly understood. In the Exxon
scheme, the turbidite basin-floor fan lies above a sur-
face which is correlative with a subaerial unconformity.
Catuneanu (2006) apparently prefers to follow the Hunt
and Tucker (1992) interpretation whereby the basin-floor
fan lies below the unconformity that forms diachronous-
ly landward of and above each downstepping “stranded”
parasequence during falling sea level, though Posamen-
tier and Allen (1999) placed the unconformity at the be-
ginning of the forced regression. These discrepancies
and their very important bearing on the interpretation
of deep water depositional systems, are amply discussed
in the next chapter. According to Catuneanu (2006), the
main events and surfaces associated with the develop-
ment of a sequence and its component systems tracts
are those illustrated in Figure 13 A.
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Sequences
Sloss et al. (1949)
Sloss (1963)
Genetic Sequences Depositional Sequence | T-R Sequences
Frazier (1974) (Seismic Stratigraphy) Johnson & Murphy (1984)
Galloway (1989) Mitchum et al. (1977) Embry & Johannessen (1992)
Depositional Sequence Il Depositional Sequence Il Depositional Sequence IV
Haq et al. (1987) Van Wagoner et al. (1988, 1990) Hunt & Tucker (1992, 1995)
Posamentier et al. (1988) Christie-Blick (1991) Helland-Hansen & Gjelberg (1994)

Fig. 11 - Evolution of sequence-stratigraphic approaches (from Catuneanu et al., 2011).

Saqumeorduj Depositional | Depositional | Depositional| Depositional| Genetic T-R
Events
Sequence | | Sequence Il | Sequence Ill|Sequence IV| Sequence | Sequence
and stages
HNR HST early HST HST HST RST
endof T MFS
T o TST TST TST TST TST
=
end of R 2 MRS 1
@ g
E LNR o\ late LST LST LST late LST
- (wedge) (wedge)
end of RSL fall cer
eary LST early LST
FR (fan) late HST FSST (fan) RST
onset of RSL fall cc* cc*
HNR HST early HST HST HST
end of
RSL fall
end of
e SEQUENCe boundary T\ | /“__tramgressfon
——— systems tract boundary 1 time
——— within-sequence surface \./
—-—-——- within-systems tract surface \
onset of end of
RSL fall regression

Fig. 12 - Nomenclature of systems tracts, and timing of sequence boundaries for the various sequence stratigraphic currently in use
(from Catuneanu, 2006).
Abbreviations: RLS - relative sea level; T — transgression; R — regression; FR — forced regression; LNR — lowstand normal regression;

HNR - highstand normal regression; LST — lowstand systems tract; TST — transgressive systems tract; HST — highstand systems tract;
FSST - falling-stage systems tract; RST — regressive systems tract; T-R — transgressive-regressive; CC* - correlative conformity in the
sense of Posamentier and Allen (1999); CC** - correlative conformity in the sense of Hunt and Tucker (1992); MFS — maximum flooding
surface; MRS — maximum regressive surface.
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Figures 14 is my personal attempt to clarify and
simplify part of these problems and related termi-
nology by showing the main sequence stratigraphic
events and open problems as related to a cycle of
base level or relative sea level variation, as well as
by suggesting a simpler geological terminology.
Figure 15 shows a Wheeler-type of simplification of
the problem, indicating stratal (seismic) configura-
tions of the different types of depositional systems
as primarily related to accommodation variations
as well as the suggested timing of more basinal

turbidite deposition. This timing is probably the
most common, though turbidite deposition is also
reported from other portions of the sea level cycle
and is certainly strictly related also to variations of
sediment flux to the sea (Mutti et al., 1999, 2003).
The problem will be amply discussed in the follow-
ing chapters. As shown in the sketch of Figure 15,
sequence boundaries and timing of turbidite depo-
sition are closely related and their definition large-
ly depends upon the surface that is chosen as se-
quence boundary (see above).

Subaerial erosion / bypass 4-|

end of forced regression (1)

gradationally based

Falling-stage systems tract

sharp-based

Marine erosion faggradaﬁon
NG o ®)

[ shoreface FSST
I shelf FSST

fluvial LST

end of regression

Lowstand systems tract

: @)

[ shoreface LST
I shelf LST

(1)
Marine aggraciation
and progradation

sharp-based

gradationally based

fluvial TST

end of transgression

Transgressive systems tract

@)
i

2
Onlapping healing-phase depos(irs)

[ shoreface TST

Highstand systems tract

I shelf TST
fluvial HST ;
/ onset of forced regression
I R T T @
. estuar}i_ e, Marine aggradation
e — and radation
e SFSS ... andprog

~IS

—
e e e e,
= T L

I shelf HST

—  SUbaerial unconformity
——— correlative conformity
"""""" basal surface of forced regression

—— [AVinement surface

—————— maximum regressive surface
——— maximum flooding surface
et within-trend normal regressive surface

— regressive surface of marine erosion —— lateral shifts of facies
- coastal onlap (healing-phase deposits)

Fig. 13 - The component systems tract of a depositional sequence according to Catuneanu (2006).
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Base level Events Surfaces

--------- - Onset of forced regression-| «— Correlative conformity*

......... ----End of transgression - - -| «—Maximum flooding surface
Transgressive ravinement surfaces
il paate End of regression----- <—Maximum regressive surface

-T-- --End of forced regression-- «—Correlative conformity**

Ly Subaerial unconformity

< and

‘I’ Regressive surface of marine erosion

{e——Full cycle—»,

- Onset of forced regression | «— Correlative conformity*

< > * sensu Posamentier and Allen (1999)
Rise Fall ** sensu Hunt and Tucker (1992)

Fig. 13 A - Main events and surfaces in a full cycle of base-level variation (from Catuneanu, 2006).

A PERSONAL AND SIMPLIFIED SUMMARY OF SEQUENCE STRATIGRAFIC CONCEPTS

. LOWEST SEALEVEL
. Subaerial erosion with limited preservation of forced
Fast falling sealevel ) . N
regression wedges. Upper erosive regressive system 5
Beginning of subaerial erosion and forced regression 4

wedges. Lower erosive regressive system

Upper progradational system (depositional regression) 3
ves A N N .
Transgressive system 2
Slowly rising sealevel LOWEST SE ALEVED Lower progradational system (depositional regression) 1
A
TIME Negative accommodation

(space is removed at

different rates)
MFS: maximum flooding surface

Unconformity is created during stages 4and 5

A = B Full cycle Positive accommodation
(new space is added at
THE SCHEME DESCRIBES COASTAL PLAIN, differentrates) AL\

NEARSHORE AND SHELFAL SETTINGS

Fig. 14 - A personal and simplified summary of sequence-stratigraphic events and sedimentation associated with an ideal full cycle of

baselevel variation.
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Fig. 15 - Wheeler-type of simplification showing the basic stratal configuration of the different types of depositional systems, the
problem of the unconformity (one surface above the erosive regressive system or a time interval including the beginning of the erosive

regression and ending at the maximum sea-level lowstand), and the timing of turbidite systems formation. For graphic clarity reasons,
the falling stage time has been arbitrarily shortened.

Hierarchical order Duration (My) Cause

First order 200-400 Formatlon_and breakup of
supercontinents

Second order 10-100 Volumg changes in mid-oceanic
spreading centers

Third order 1-10 Regional plate kinematics

Fourth and fifth order 0.01-1 Orbital forcing

Fig. 16 - Geodynamic and orbital control on eustatic sea-level fluctuations. Local structural deformation may affect duration and mag-

nitude of relative sea-level variations (from Catuneanu, 2006).
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Cycles of relative sea level variations, originally consid-
ered as essentially related to relatively long-term and
mainly eustatically-driven variations of sea level and
typically expressed by seismic depositional sequences
(3rd order-cycles of Vail et al., 1977), were later recog-
nized as an additional and important controlling factor
in the development of a higher-frequency cyclicity and
related sequences (Mitchum and Van Wagoner, 1991; see
also Mutti, 1979, 1990, and Mutti et al., 1988, 1994). This
led tointroduce 4th and 5th order depositional sequenc-
es and the problem of their genetic relations to parase-
quences. For the reader’s convenience, Figure 16 shows
the different orders of sedimentary cyclicity as well as
their possible origin. Following Catuneanu (2006), cycles
of relative sea level variations and base-level variations
are here used as essentially synonymous. Conceptual-
ly similar is also the accommodation succession meth-
od suggested by Neal and Abreu (2009), emphasizing
stacking patterns produced by progradation to aggra-
dation (PA), retrogradation (R), and aggradation to pro-
gradation followed by degradational forced regressions
(see their Figure 1, p. 780).

It would be beyond the scope of this book to review
all the problems mentioned above, their historical de-
velopment, and the many related enthusiastic or con-
troversial opinions. However, two main achievements
appear to stand out. The first one is our increasingly
better understanding of sedimentological processes
that govern the formation of beds and their internal
structures, that is, the most common type of layering
observable in outcrop and core analysis. Especially
during the last 50 years, this kind of layering has been
studied in great detail and has led to a substantial im-
provement of our understanding of depositional and
erosional structures produced by various types of flow
(e.g., fluvial currents, waves, tides, sediment gravity
flows, wind, and bottom currents), thus providing an
invaluable tool for facies analysis and for the recog-
nition of depositional systems. The latter, introduced
by Fisher and McGowen (1967) and Brown and Fisher
(1977), with emphasis on their seismic expression and
their characteristics inferred from modern environ-
ments, have thus become recognizable and mappable
stratigraphic units on the basis of their facies and rea-
sonably inferred processes and environments, offering
a valuable alternative to stratigraphic units previously
defined only through their lithological characteristics
(the well-known lithostratigraphic units).

The second achievement is certainly the renewed in-
terest in classic concepts such as regressions and
transgressions, unconformities, accommodation (sub-
sidence, uplift and eustatic variations), climate chang-
es and sediment supply, and sedimentary cyclicity
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brought about by sequence stratigraphy. This has led
to recognize the highly dynamic stratigraphic architec-
ture of basin fills that formed in complex, ever-chang-
ing conditions of paleogeographic settings created by
relative sea level variations, unconformities, deposi-
tional and forced regressions, and transgressions.

With time and along with improvements of sedimen-
tological analysis, sequence stratigraphy has gradu-
ally changed our stratigraphic approach to the study
of sedimentary rocks replacing the static lithostrati-
graphic units with a geologically more significant way
of organizing our observations and thinking in terms
of amore dynamic basin analysis. Comparing basin fills
described in terms of groups, formations and members
of classic lithostratigraphy with those described and
interpreted in terms of depositional sequences and
their components systems tracts and parasequences
highlights the substantial improvement of our under-
standing of stratigraphic successions.

Unfortunately, the general enthusiastic acceptance
of this new way of thinking has led to the tendency to
overlook sediments and their facies. Current models,
mainly derived from seismic reflection data, most com-
monly describe sediments not based on their intrinsic
characteristics, such as facies and facies associations,
but rather in terms of their relative position within ac-
commodation cycles. As aresult, depositional systems
and their tracts are described in most recent literature
directly as lowstand, transgressive, highstand and fall-
ing-stage deposits rather than in terms of what they
really are from a sedimentological standpoint. Deposi-
tional sequences and their component systems tracts
have thus become somewhat conceptual units with
emphasis on the different kinds of surface that permit
their recognition (Figure 13), but with little information
on their basic components which should remain facies
and facies associations and the environments they
should record.

Attempts have been also made recently to formalize
sequence stratigraphic units and surfaces in order
to provide stratigraphers with standard criteria for
their recognition and to reconcile different conceptual
models developed with time and related terminolo-
gy (Catuneanu et al., 2009, 2011). In my long experi-
ence, attempts to formalize stratigraphic units are an
approach implying the acceptance of a paradigm or
model in the very elusive and subjective domain of
subdividing stratigraphic successions into “objective”
units. With very few exceptions, | do not have mem-
ory of any stratigraphic problem | faced in my career
where everybody would fully agree on boundaries and
even on units to choose to work with. The problem is
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commonly left with personal background, purposes of
the work, the time available and the knowledge of the
regional and local geological setting based on both
personal work and available literature (sometimes not
in English).

lll - TRANSGRESSIONS, REGRESSIONS
AND UNCONFORMITIES

These basic concepts date back almost to the birth of
stratigraphy but the renewed interest in their mean-
ing and importance has been greatly emphasized by
sequence stratigraphy. In their classic meaning, trans-
gressions and regressions refer to the position of the
shoreline. A transgression takes place when the coast-
line moves landward, and a regression occurs in the
opposite case. For most old-school geologists, a trans-
gression would be typically expressed by marine fossil-
iferous sandstones resting above a continental depos-
it and a regression would be the opposite. Introducing
relative sea level variations, the picture becomes more
complex and interesting.

As shown in the pioneer scheme of Weller (1960), rel-
ative sea level can be stationary, falling or rising dur-
ing a certain period of time (Figure 17). If sea level is
stationary and enough sediment is supplied at the
shoreline, the system moves seaward and is said to un-
dergo progradation or regression. If sea level is rising,
the system aggrades vertically and may develop a re-
gressive, stationary or transgressive trend depending
upon the balance between sea level rise and sediment
supply. Finally, if sea level is falling, a series of down-
stepping and prograding wedges will form. Much of the
modern sequence stratigraphic concepts are heralded
in the Weller's scheme, which quite surprisingly has
been virtually ignored in subsequent literature.

Clearly, the old-school stratigrapher was concerned
with a surface, whereas the Weller”s scheme empha-
sizes trends forming through time. Figures 18 and 19
attempt to clarify the problem of linking surfaces and
trends by using the classic parasequences of the Exx-
on's model (Figure 10), here simply intended as units
bounded by marine flooding surfaces and whose ver-
tical stacking results by incremental rises of relative
sea level. Figure 18 shows regressive, stationary and
transgressive trends of parasequencesets. Figure 19
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shows how each parasequence, for instance a shal-
lowing-upward beach deposit, records an elementary
transgressive-regressive cycle, where the transgres-
sion is recorded by a surface (transgressive surface)
or a thin unit through which new space is locally added
(accommodation) and a regressive volume of sediment
that fills it. As we will see later, the problem is some-
what more complex because of the parasequence ori-
gin and significance.

Regressions can be both depositionaland erosive. Depo-
sitional regressions are sediment-driven and take place
in any interval of the cycle whenever enough sediment
is supplied to the system under consideration. Erosive
regressions occur where rates of sea level fall exceed
rates of sedimentation and the shoreline is forced to
move seaward leaving behind a surface of subaerial
exposure. The process forces coarse-grained marginal
marine sediments to shift basinward and unconform-
ably overlie fine-grained deposits without intervening
transitional facies. This kind of regressions were termed
“erosive” by Curray (1964) and Bosellini et al. (1989) and
later termed “forced” regressions by Posamentier et al.
(1990). These features are now considered as diagnostic
of the falling stage of relative sea level.

Landward of the shelfbreak, and thus in their shelfal,
nearshore and coastal and alluvial plain expression,
most depositional sequences are characterized by
sedimentary wedges each basically recording a trans-
gressive-regressive cycle, somewhat similar to the cy-
cles suggested by Embry and Joannessen (1992) and
corresponding to transgressive-regressive cycles of
shoreline shifts (Catuneanu, 2006). Inspection of the
scheme of Figure 20, which does not include the falling
stage and its related downstepping erosive regressive
wedges, may clarify some concepts and terminology
problems. For reasons of clarity, the scheme is based
again on parasequences. Sea level rise is recorded
by the vertical aggradation and onlap termination of
parasequences against an unconformity surface. The
scheme illustrates the basic difference between shore-
line trajectories (transgressions and depositional re-
gressions) and coastal encroachment, i.e., the pro-
gressive upstepping migration of onlap terminations
of continental strata against the basal unconformity.
The thickness of the cycle and the extent of its en-
croachment give a rough approximation of the total
relative sea level rise.
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Relative sea level variations

Stationary sea level

—

Sea level fall

Sea level rise : moderate input

)

Sea level rise : scarce input

Fig. 17 - The schemes of Weller (1960) showing stillstand, falling and rising sea-level stages, as well as prograding, stationary, and rece-
ding stacking patterns. These basic schemes have been ignored in subsequent literature.

CHAPTER I: General concepts




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS
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:| environments

Continental
shelf's pelite

Fig. 18 - Regressive, stationary and transgressive trends and resulting overall shallowing-, stationary, and deepening-upward facies

successions at parasequence scale (from Bosellini et al., 1989).

Unconformity surfaces form the boundaries of depo-
sitional sequences, whatever their scale. An unconfor-
mity is a physical surface recording a stratigraphic gap
or lacuna, i.e., a missing part of geological time which
is unrecorded because of non-deposition, erosion or a
combination thereof. The part of the gap produced by
non-deposition is referred to as hiatus, the one pro-
duced by erosion as erosional vacuity (Wheeler, 1959).
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Many definitions and classifications of the various
types of unconformities can be found in the litera-
ture and are not reviewed here (the interested read-
er is referred to Bosellini et al., 1989, and Catuneanu,
2006, among others), encompassing surfaces ranging
from spectacular angular unconformities produced
by structural deformation in orogenic belt basins to
surfaces separating packages of conformable strata
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where the discontinuity records a gap which is im-
possible to document because the length of time
involved is well beyond stratigraphic resolution. In
its classic sequence stratigraphic definition, an un-
conformity is “a surface separating younger from
older strata, along which there is evidence of sub-
aerial erosional truncation (and, in some areas, cor-
relative submarine erosion) or subaerial exposure
with a significant hiatus indicated” (Posamentier
et al.,, 1988, their p. 110; see also Mitchum, 1977). A
better and more general definition, particularly for
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the purposes of high-resolution studies, is probably
that, whatever the hiatus, an unconformity surface
simply implies a zone of subaerial exposure where
accommodation is negative, passing basinward to a
surface where accommodation is gradually resumed,
and sedimentation thus becomes conformable and
continuous. It would thus seem advisable to omit
“significant hiatus” from the original definition as
well as the correlation of subaerial exposure with
submarine erosional surfaces, a problem still open
to debate.

FACIES ASSOCIATION FACIES SEQUENCE SEA LEVEL
.1’.‘0‘.‘. .o:.:‘: Iy
*, .regressive facies, t

R
:....f...‘.' -: '.".::_:...:O...‘-‘ B
,‘.dlasemlc.- P R R
coosunace o \'.timeline.- St
‘.0: L ...o . ../.'..-...
- . * L] . LI -
Vet ttte, Sand o2+ "+ sand-pelite _ i
RPN ek .o". . e.v| alternation — — — - pelites
t = geological time R=relative sea level rise =mmm surface or thickness of
diastemic sediments

Fig. 19 - Example of two ideal and simplified monogenic beach facies associations produced by two transgressive events, each adding

new space for sedimentation, and a volume of sediment that fills this space through a shallowing-upward facies sequence, i.e., a regres-
sive deposit. Time lines represent the beach profile at any considered time (from Bosellini et al., 1989).
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Fig. 20 - An ideal transgressive-regressive cycle, showing stepwise landward and seaward migration of the shoreline during an overall
relative sea-level rise. The magnitude of the rise is roughly indicated by the sediment thickness and coastal encroachment (from Bo-

sellini et al., 1989).

At a seismic scale, these concepts have revolutioned
stratigraphy permitting to define depositional se-
quences as conformable successions of genetically
related strata bounded by unconformities and their
correlative conformities (Vail et al., 1977). At a smaller
scale and particularly in high-resolution field-based
studies, with which this book is primarily concerned,
unconformities become increasingly more subtle and
difficult to identify. At this paint, facies analysis and
the concept of equilibrium point become the basic
tools available for their recognition (see later). Based
on the above considerations, it would seem tempting
to define these subtle surfaces as sedimentological
unconformities.

The basic meaning of an unconformity and its cor-
relative conformity is shown in the diagram of Figure
21, inspired from Gignoux, 1950. Even more simply,
these concepts become obvious if one thinks to walk
down from the mountains, cross the shoreline and
end its journey in the deep sea, a journey from a
zone of subaerial exposure to a zone of marine dep-
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osition. As a conclusion, we may say that human be-
ings have their natural habitat upon an unconform-
ity surface.

IV - A SIMPLE APPROACH TO INFORMALLY
SUBDIVIDE STRATIGRAPHIC SUCCESSIONS

IV.1 - DEPOSITIONAL UNITS AND THEIR
HIERARCHY

From a practical standpoint and thus setting aside
for the moment the many conceptual and terminolo-
gy problems involved, one may say that stratigraphic
successions simply consist of depositional units and
related bounding surfaces that are physically hierar-
chically ordered. In an early and preliminary attempt,
Bosellini et al. (1989) proposed a practical hierarchy
of these units, by these authors referred to as “strati-
graphic depositional units”, that from the smallest to
the largest include (Figure 22):
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Fig. 21 - The basic scheme of an unconformity and its correlative conformity (from Bosellini et al., 1989; inspired from Gignoux, 1950,

1960). The gap or lacuna varies from A to C. In A, time 1, 2, and 3 are missing for erosion; time 4,5,6 and part of 7 is missing for non-de-
position. In B, time 3 is missing for erosion; time 4, 5, and 6 are missing for non-deposition. In C, time is entirely recorded.
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Fig. 22 - Stratigraphic-depositional units according to Bosellini et al. (1989).
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The rationale behind the approach is simple and of
practical application. Beds and bedsets stack to form
facies and facies associations which allow for the rec-
ognition of depositional systems and their component
elements. Depositional systems and their tracts stack
to form depositional sequences. It will be noted that,
with the exception of laminae, none of the units above
can be reasonably understood without some basic in-
formation gathered from the smaller-scale unit that is
lower in the hierarchy. Basically, these units are what
stratigraphers need for facies and basin analysis. The
physical hierarchy clearly implies a similarly ordered
relative temporal scale.

Here, | will expand on this approach and try to refine
it based on the new data and concepts gathered from
my own work and selected pertinent literature. For the
sake of simplicity, | will simply refer to these units as
depositional units.

Depositional units can be considered as volumes of
sediment ranging in scale from thin laminae up to large-
scale depositional sequences and surfaces vary from
stratal surfaces within a bed to unconformities and their
correlative conformities of depositional sequences. At a
small scale, these units are relatively simple to recog-
nize in that they are basically controlled by processes
that govern the upbuilding of laminae, laminasets, beds
and bedsets. These processes form bounding surfaces
that are easily recognizable in most cases.

With increasing scale, depositional units become
more difficult to define since processes vary with
time in response to both external and internal con-
trolling factors, such as relative sea level, climate
and sediment supply variations, tectonism, or lat-
eral shifting of the loci of deposition. This leads to
changing patterns of deposition, i.e., to changes
in local or regional paleogeography or paleoland-
scape. To fully appreciate these changes, that are
recorded either by transitional conditions or more
ore less distinct surfaces, one has to start looking
at the way sediments stack and take into consider-
ation time. Stacking patterns and their trends thus
become very important (see Posamentier and Vail,
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1988). With increasing scale, most surfaces become
even more difficult to define. Most importantly, the
stratal surfaces of Campbell (see above) gradual-
ly loose their strict synchroneity and become more
complex surfaces usually still generally well defined
in seismic reflection profiles but less obvious in out-
crop analyses (see discussion in Catuneanu, 2006).

As shown in Figure 23, | believe that for practical pur-
poses a stratigrapher should be first concerned with
identifying beds and bedsets, and recognizing facies,
facies associations, and facies sequences. The next
step should be that of identifying depositional sys-
tems and their component elements; at the same time,
the stratigrapher should organize his data and obser-
vations within the schemes of sequence stratigraphy
in an attempt to understand how and why these units
stack and change with time.

Applying this simple approach is not as easy as it may
seem. The problem is found when one attempts to link
facies to depositional systems and meets with the first
and probably most genuine application of sequence
stratigraphic principles to its smallest scale, that of
parasequences or, better, to the stacking of facies and
facies associations (see later).

Based on and expanding upon the scheme of Bosellini
et al. (1989), stratigraphic depositional units can be
subdivided into small-scale, medium-scale and large-
scale units. Small-scale units are typically observed
in outcrops and cores. Medium-scale units need rel-
atively large outcrops and long cored intervals where
stacking patterns can be observed; the same units are
well expressed in well logs, aerial photographs and
high-resolution seismic reflection profiles. Large-
scale units require regional stratigraphic analyses and
regional cross-sections in surface studies and are bet-
ter displayed by seismic reflection profiles, especially
those of regional extent.

The scheme of Figure 23 is the ideal workflow or meth-
odology that should be followed in basin analysis.
Most commonly, depending upon the purpose of the
work and personal background or preferences, the flow
can be interrupted at any level, and this is essentially
what makes the difference between sedimentologists
(small- to medium-scale units), modern stratigraphers
(medium- to large-scale units), and regional geolo-
gists and explorationists (mostly large-scale units). If |
am allowed a personal remark, | would say that whatev-
er the scale of observations, everybody should have a
clear perception that sedimentary geology starts with
a bed and ends with a basin fill, that is, it starts with a
depositional process and ends with geodynamics.
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Fig. 23 - Suggested hierarchical classification of depositional units.

IV.2 - SMALL-SCALE UNITS (SSUs)

IV.2.1 - Types of bed

Small-scale units are the stratal units of Campbell
(1967) which, from the smallest to the largest, in-
clude laminae, laminasets, beds and bedsets. These
units record processes that are essentially related
to the upbuilding of layers by different types of
flow, their transformations, and the complex inter-
action of erosion, transport and deposition. Careful
analysis of these units permits to recognize the ac-
tion of some basic processes such as tides, waves,
mass transport, sediment gravity flows, wind, and
bottom currents, thus providing a first clue to a
general paleoenvironmental interpretation (see
above). Caution should however be exerted since
similar processes may be operative also in different
environments producing similar beds. Therefore,
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the analysis should be possibly integrated with the
knowledge of the general context and paleontolog-
ical data.

Bosellini et al. (1989) have suggested that beds can be
simple or composite. Simple beds are one-event bed,
i.e., a stratal unit characteristically bounded by a ba-
sal relatively sharp or erosive surface and displaying
vertical grain size and lamina-set variations indicating
overall waning flow conditions, though variations in
the flow strength and even direction may be common.
Beds of this type are “episodic” in the sense of Dott
(1983, 1988) or “event beds” in the sense of Einsele
et al. (1991). Turbidity currents, fluvial floods, storm
waves and tsunamis are typical processes resulting
in simple beds (Figure 24). Most simple beds are com-
posed of different lithologies, most commonly by
sand/mud couplets (Figure 25).
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Fig. 25 - Examples of simple beds.

A. Medium-bedded turbidites showing beds comprised by
three distinct lithologic divisions including from base to top
sandstone (brownish), mudstone (dark grey) and biogenic cal-
careous mudstone (whitish). The next sand sharply rests upon
the calcareous mudstone part of which is probably of hemipe-
lagic origin and deposited above CCD. Eocene Hecho Group,
south-central Pyrenees.

B. Thin-bedded turbidites showing complex lithologic charac-
teristics. Turbidite beds (TB) consist of a basal fine-grained
sandstone (a) overlain by a dark siltstone (b) which is capped
by a light calcareous mudstone (c). The latter is overlain by a
green mudstone (d) containing arenaceous foraminifera and
radiolarians indicating deposition in very deep water, below
CCD. Eocene Val Luretta Fm, Northern Apennines.

Composite beds result from the repetition of similar
day-to-day processes and conditions and have thus
similar lithologies and internal structures. Each com-
posite bed is actually a bedset in which the surfaces
bounding each bed are largely obscured by subse-
quent erosion and reworking. Composite beds are gen-
erally bounded by master bedding surfaces expressed
either by erosional surfaces or thin, muddier deposits
indicating periods of decreased energy. Day-to-day
processes in fluvial, tidal and wave-dominated envi-
ronments are typically expressed by composite beds.
Figures 26 and 27 show some typical composite beds
in tidal deposits. In many cases, the primary bedding is
difficult to observe because of wheatering, pedogene-
sis or amalgamation (Figure 28).

According to Bosellini et al. (1989), beds can also be sub-
divided into homogeneous and non-homogenous (Figure
29). Homogenous beds are generally quite rare and con-
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sist of the same lithology and grain size and are devoid of
internal structures. Some mudstone beds may be (or look
like) homogenous. Homogenous sandstone beds are
commonly the result of syn-depositional or post-depo-
sitional dewatering and/or bioturbation. More commonly,
beds are non-homogenous showing either an internal
organization in terms of grain size variations (coarse-tail
and distribution grading, inverse grading) and internal
laminae and laminasets or an internal disorganized and
chaotic structure. Beds with an internal chaotic struc-
ture include essentially mass transport units (creeping,
slumps, blocky and debris flow deposits, see later).

Setting aside their lithology, texture and internal
depositional structures (laminae and laminasets)
that will be amply discussed in the following chap-
ters, beds are characterized by their thickness and
geometry, types of bounding surfaces, and types of
accretion.
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Fig. 26 - Composite beds from tidal facies Note the abundance of flaser bedding with a typical capped-off ripple (arrow) probably indicating
Intertidal conditions. Composites beds are bounded by more shaly partings that appear as the only reliable master bedding surfaces. Both
examples are from the Eocene Ager basin, south-central Pyrenees Subtidal bedding made up of composite, broadly lenticular sandstone beds
showing internal current reversal and some mud couplets. Also, in this case, master bedding surfaces consist of thinner-bedded and muddier
partings formed during periods of weaker tidal action. Many of these beds show an internal sigmoidal pattern.
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Fig. 27 - Tidal mud couplets. Mud couplets are a very, diagnostic feature of tidal sedimentation produced by the asymmetry of the tidal
cycle. The dominant flow deposits a sand layer which is markedly thicker than the layer deposited by the subordinate flow. The thinner

subordinate-flow deposit is typically sandwiched between two mud drapes recording slack water conditions. Each pair sand/mud can be
considered as a simple bed produced by the same flow. Mud couplets are also found in some contourite deposits. Both examples are from

the Eocene Figols Group, south-central Pyrenees.
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Fig. 28 - Poorly-defined and obscured bedding. Stratal surfaces poorly defined (A) and obscured (B) in coarse-grained alluvial Quaternary
deposits, south-central Pyrenees. In A, channel-fill deposits, cutting into paleosols, preserve some evidence of lateral accretion (or

backsets produced at hydraulic jumps). In B, debris flow conglomerates stack through vague amalgamation surfaces suggested by grain-
size variations.
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Fig. 29 - Homogeneous and non-homogeneous beds. The latter can be further subdivided into disorganized (e.g., some debris-flow

deposits and slump units) and organized (e.g., grading, lamination) beds (from Bosellini et al., 1989).

IV.2.2 - Bed thickness and geometry

Thickness may vary from mm-thick beds observed in
many types of deposit (e.g., tidal-flat, prodeltaic, tur-
bidite or contourite deposits) to huge beds reaching in-
dividualthicknessin excess of 100 m, such as for example
the exposed Eocene megaturbidites of the south-cen-
tral Pyrenees, and many chaotic mass-transport depos-
its observed in both modern and ancient basins (Figures
30, 31,32 and 33). Classifying beds based on their thick-
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ness has never reached a unanimous consensus mainly
because of the different opinions concerning their defi-
nition. The interested reader is referred to some basic
papers dealing with the subject (e.g., Payne, 1940; McK-
ee and Weir, 1953; Blatt et al., 1972). Figure 34 shows
a suggested attempt by Campbell (1967), though | am
aware that most workers would have a different opinion.
If bed thickness is critical for a certain type of study, bed
thickness should then be measured when logging a sec-
tion in outcrop or core analysis.
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Fig. 30 - Examples of thin to very thin beds. A. Delta-slope sediments of the Jurassic Los Molles Fm, Neuquén basin, Argentina. B. Delta-slope
sediments of the Eocene Castissent Group, south-central Pyrenees. Both examples can be interpreted as deposits of dilute hyperpycnal flows
or river plumes (see later).
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Fig. 31 - In cores, thin and very thin beds are much better defined as to their stratal surfaces and internal depositional structures.

Bedding geometry is a similarly somewhat vague
and probably overlooked aspect of the more general
problem of layering, though, in my opinion, one of the
most important. Even when driving at a reasonable
speed, the most obvious features observable along
road-cuts are bed thickness and geometry.

As suggested in an early attempt by Campbell (1967),
the geometry of a bed is determined by its bounding
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stratal surfaces (Figure 35). These surfaces can be (1)
even, wavy or curved, (2) parallel or non-parallel, and (3)
continuous or discontinuous. In reality, bedding geome-
try is considerably more complex including for instance
lenticular beds, sigmoidal beds, very complex beds de-
posited in tidal environments, and many other types of
geometry emerging from recent work in both modern
and ancient deposits. Many examples of such beds are
described and discussed in the next chapter.




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

‘uredg uJa3sea-yiou ‘YasAj4 eodznding ausd07 “UOISSIIINS 3JPIGINY B Ul SSIUXIIY3 Paq JenplAipul Jo Ajiqerrea yeaib ay ] - 2¢ *bi4

CHAPTER I: General concepts



TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 33 - Some features of the carbonate megaturbidites occurring in the Eo-
cene Hecho Group, south-central Pyrenees. Thickness of individual beds may
exceed 200 m; the basal divisions of many beds contain giant slabs of lithified
shelfal carbonates (red arrow in C). These beds stand out as impressive relie-

f-forming features even on satellite images and are excellent marker-beds of
basinwide extent. Bedding of the megaturbidites shown in the photographs
is vertical. Younging direction is toward the viewer in A and B, away from the
viewer in C.
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Fig. 34 - Attempt to classify beds and laminae according to their thickness (from Campbell, 1967).

One point that should be emphasized is that beds are
recognizable as long as there is a sufficient lithologic
contrast along the bounding surfaces. Where the con-
trast is weak, the surfaces become indistinct and so
does the geometry of the bed. It is therefore import-
ant, especially for beds that have some lateral extent,
to consider the characteristics of the bounding surfaces
that following, an energy-gradient, are seen to change
from erosive, sharp to to indistinct.

IV.2.3 - Types of bed accretion

Beds generally accrete vertically (vertical accretion),
i.e., following the Steno’s principle that claims that
sedimentary rocks were originally deposited as hori-
zontal strata (Figure 5). For practical purposes and
for relatively limited areal extent, it can be safely as-
sumed that beds do accrete in this way in many dep-
ositional environments and particularly in shelfal and
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basin-plain regions where bedding patterns can be
impressively even and parallel. The well-known strati-
graphic technique of “flattening” is actually based on
the Steno’s principle and assumes that horizontal bed-
ding and vertical accretion are the norm in most sedi-
mentary successions.

Departures from vertical accretion are found in many
depositional environments and are detected with ref-
erence to originally horizontal strata. Most margin-
al marine sediments form seaward accreting strata
because of the nearshore depositional profile at the
transition between the shoreline and the shelf along
the gently seaward-dipping shoreface; such a frontal
accretion is typically observed in beach and some del-
taic deposits. Examples of this kind of frontal accre-
tion in marginal marine strata are shown in Figures 43
and 47. Downcurrent accretion patterns are common
in sandstone bars of many fluvial and shallow-marine
environments (Figure 36).
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Fig. 35 - Main types of bedding geometry according to Campbell (1967). Bounding surfaces can be (1) even, wavy or curved, (2) parallel

or non-parallel, and (3) continuous or discontinuous.

It will be noted that, at a smaller scale, the same kind of
patternis observedinripples; atalarger scale, seaward
frontal accretion is typical of clinoforms at the shelf-
edge basin transition and dowcurrent accretion can be
observed in huge fine-grained sediment drifts depos-
ited by bottom currents in deep oceanic settings.

A third type of bed accretion is characteristically ob-
served in meandering channels in fluvial, tidal and some
deep-marine environments. This type of accretion, re-
ferred to as lateral accretion, was originally described
from point bar deposits forming in fluvial meandering
systems (Allen, 1964). As indicated in Figure 37, point
bar deposits consist of cross strata that abut against a
basal erosional surface and dip toward the concave or
erosional bank of the meander. As we will see in subse-
quent chapters, spectacular examples of meandering
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channels occur also in deep-water. Their lateral accre-
tion patterns have been referred to as LAPs (lateral ac-
cretion packages) by Abreu et al. (2003).

Upcurrent- and upslope-accreting beds (upcurrent ac-
cretion) have also been reported from turbidites and fan
delta-front successions and related to hydraulic jumps
suffered by turbidity currents at the transition between
super- and sub-critical regimes. The importance of
these features, which are still poorly documented and
whose origin is still matter of debates, is discussed later.
The best examples of this kind of accretion are mainly
derived from marine geology data from modern set-
tings or high-resolution seismic-reflection profiles.

For the reader’s convenience, downcurrent and lateral
accretion patterns of sandstone bodies are compared
in Figure 38.
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Fig. 38 - The basic differences between lateral and downcurrent accretion patterns of sandstone bodies. Lateral accretion patterns
(above) develop in both alluvial and marine meandering channels and accretion occurs nearly perpendicularly to flow direction. These
deposits are always characterized by an erosional base produced by the migration of channel talweg and a depositional dip toward the
concave bank of the meander. Each body is characterized by a typical fining-upward facies sequence. Most commonly, beds are amalga-

mated in the basal portion of the bar. Downcurrent accretion patterns (below) consist of bodies formed by frontal accretion of sandstone
beds. As discussed in Chapter lIA, these bodies may display a variety of internal stratal configurations and be characterized by erosional
basal contacts in their upstream expression. The example shown here refers to the common expression of a sandstone bar formed, for
example, in a delta-front setting. Individual beds thin and shale out in the bottom set and are generally bounded above by a sharp sur-
face acting as local transfer zone. Typically, such bodies display thickening- and coarsening-upward facies sequences.

IV.3 - MEDIUM-SCALE UNITS (MSUs)

IV.3.1 - General

Medium-scale units can be defined as all those packages
of strata where stratigraphers and sedimentologists meet
with the basic problems of interpreting processes and
environments of deposition and the way in which these
processes and environments change in relatively short
time as aresult of changes in allogenic factors such as ac-
commodation, water depth, climate and sediment flux or
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authogenic factors such as the lateral shifting of the loci
of deposition. Stated in more simple words, these units
are the natural link between facies analysis and sequence
stratigraphy. The physical scale at which these problems
are considered is that of m- to dam-thick units that in-
clude facies, facies associations, facies sequences, litho-
facies, lithofacies couplets, parasequences, elementary
depositional sequences, and short-lived and long-lived
depositional systems. An attempt is made in this section
to clarify terminology and part of these problems.
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Though there is an increasingly tendency to extend
the concept of facies down to the scale of individu-
al beds and their component divisions particularly in
turbidite deposits (see later), classic work on facies has
been traditionally carried out on m-thick packages of
beds. A bedset is thus also a facies in that is different
from the beds above and below and is defined by the
similar characteristics of its component beds. Bedsets
are the natural transition between small-scale and
medium-scale units. Before entering the discussion of
medium-scale units, it seems necessary to briefly re-
view the many problems involved with the use of the
term “facies”.

IV.3.2 - Definition of facies

Facies — a term introduced in the geological literature
nearly two centuries ago (Gressly, 1838) and which
means “aspect” in Latin — is probably the term most
commonly used in sedimentary geology. Unfortunate-
ly, the term is currently used in a very loose and sub-
jective sense to define rock bodies at different level of
description and interpretation and developed at many
different physical scales (e.g., Moore, 1949; Krumbein
and Sloss, 1958; Teichert, 1958; Blatt et al.,1972; Mutti
and Ricci Lucchi, 1972; Middleton, 1973, 1978; Selley,
1978; Reading, 1978, 1996; Walker, 1984; Bosellini et
al., 1989; Mutti, 1992; James and Darlymple (2010) for
discussions and reviews see Walker, 1992). Facies is ac-
tually used to denote a colour (e.g., black shale facies),
a lithology (e.g., a sandy facies), a general environment
(e.g., a deltaic facies), a specific environment (e.g., a
channel-mouth bar facies), a type of internal structure
(e.g., current-laminated facies), or even a process (e.g.,
the “inundites” and “tempestites” of Einsele et al.,
1991; also the term “turbidites”, introduced by Kuenen
in 1957, belongs to this category).

The problem is in reality an old one and had already
been clearly faced by Teichert (1958) who wrote (his
p.2718): “This word (facies), not so long ago a gener-
ally understood and well-defined item of geological
terminology, is now bereft of meaning, unless used
with qualifying adjectives or accompanied by lengthy
definitions”.

Following Teichert (1958), one may agree that facies is,
in the last analysis, an abstraction created by a stratig-
rapher by considering the surn of all primary character-
istics of a sedimentary rock and that the original envi-
ronment of deposition of the rock is inferred from these
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characteristics (facies). Since 1958, our knowledge of
the origin of primary sedimentary structures - certainly
the sedimentologically most significant aspect of the
“lithologic characteristics” of a facies - has consider-
ably improved, thus permitting a conceptual process of
abstraction which greatly facilitates the environmental
interpretation of the facies considered. A seminal paper
for its clarity in this respect and the type of approach
was certainly that of De Raaf et al. (1965) on the cyclic
sedimentation in the Lower Westphalian of Devon, En-
gland (see also Middleton, 1978).

Considering a facies as an abstraction is obvious-
ly highly subjective since it is necessarily based on
the interaction between the rock and the observer,
and thus on what the observer has been taught to
see, on what the observer has learnt on his own, and
on how familiar the observer is with the rocks under
examination. As a result, the abstraction can be very
simple and objective like, for instance, “cross-bedded
sandstone facies”, implying several possible process-
es and environments that can produce the objectively
observed cross bedding. The abstraction and its envi-
ronmental meaning can go a bit further by adding that
the facies suggests a cross bedding produced by tidal
currents. The observer can go much further, conclud-
ing that the cross bedding was produced by vigorous
tidal currents on the crest of a subtidal sand ridge. At
least the second level of interpretation is required for
modern facies analysis. The third level of interpreta-
tion can only be attained if the observer takes into
consideration also the context, that is the facies above
and below and the geometry of the deposit.

Figure 39 shows an example of a cross-bedded sand-
stone facies from the upper Cretaceous Aren Sandstone
in the south-central Pyrenees. A further consideration
comes from birectional-cross bedding and some sig-
moidally-shaped beds. One would be therefore tempt-
ed to conclude for a tidal origin, though the conclusion
seems to be inconsistent with the lack of mudstone
drapes. When viewed in their context, these cross-bed-
ded sandstones appear to be enclosed by typical beach
sandstones with seaward dipping swash lamination. The
local succession also includes oyster-rich lagoonal de-
posits, flood tidal delta facies, and lacustrine intercala-
tions. Summing up, the cross-bedded sandstone of Fig-
ure 39 can be reasonably interpreted as the remnant of
a tidal inlet within a barrier-island environment. Strong
wave energy is the possible explanation for the lack of
mud drapes.
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IV.3.3 - Sedimentological facies

In sedimentological studies, the term is commonly
used to define the physical characteristics of a rock
which are related to specific processes and ultimately
to an environment of deposition. Since the basic ap-
proach to this kind of study is sedimentological, the
term sedimentological facies seems very appropriate.
For the sake of clarity, we follow herein Bosellini et al.
(1989) who used the term in a descriptive way and as-
signed it an environmental significance only if framed
within the context of vertical and lateral facies associ-
ations (see later). A facies considered in isolation only
gives information about sedimentary processes mainly
derived from primary sedimentary structures (laminae
and laminatsets) observed within individual beds. Such
processes, as it has been clearly recognized in recent
years, can operate in many different depositional en-
vironments and can not therefore be diagnostic of any
specific depositional environment. One-event graded
beds, for instance, can be observed in alluvial, near-
shore, and deep-water strata as the result of floods,
storms or turbidity currents. Such beds can be inter-
preted correctly only if viewed within the context of
their facies association.

For our purposes and with specific reference to ter-
rigenous rocks, a facies can be considered as a bed-
set with individual thickness ranging between tens of
decimeters and a few tens of meters. Most commonly,
facies are expressed by bedsets developed on a meter
scale. Each facies possess distinctive characteristics
that permit to differentiate it from the facies above
and below and from those which are adjacent to it.

Individual facies have geometry and areal extent which
depend upon the configuration and extent of the orig-
inal environment where the considered unit formed.
The external geometry of a facies can be viewed in
terms of extent to thickness ratio. For practical pur-
poses, this ratio is more commonly expressed by the
width to thickness ratio. Facies and related facies as-
sociations thus form a spectrum of deposits having a
highly variable geometry (see later). All the different
ways to study and try to understand facies are gener-
ally lumped together with the term facies analysis.

At the scale of bedsets, a facies is defined by (1) the
characteristics of its component stratal units, (2) its ex-
ternal geometry, and (3) types of boundaries. A great
deal of care should be exerted in defining both vertical
and lateral facies boundaries. These boundaries can be
transitional, sharp, or erosional. Depending upon the
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correct recognition of these boundaries, a facies can
be considered as genetically related or unrelated to the
facies that enclose it. As a general rule (although it is
not always the case), transitional boundaries indicate
genetic relations, i.e., stratigraphic continuity, whereas
sharp and/or erosional boundaries are in some cases
associated with more or less important changes and/or
breaks in sedimentation, thus indicating lack of direct
genetic relations.

The characteristics of the component stratal units, in-
cluding texture, bedding pattern, internal sedimentary
structures, fossil assemblages, and traces of organic
activity (burrows, root prints, etc.) generally permit the
interpretation of each facies in terms of specific depo-
sitional processes and, though with some guessing, a
general depositional environment. The latter, however,
is commonly better inferred from facies associations
and facies sequences (see below).

IV.3.4 - Facies sequences and facies associations

A facies sequence is represented by the vertical stack-
ing of two or more facies which are gradational into
each other and have thus been deposited in strati-
graphic continuity. Depending upon many factors, but
mostly on the types of process, environment and sed-
iment availability, facies sequences may be stationary
or showing coarsening- and thickening-upward (CU) or
fining- and thinning-upward (FU) trends (Figure 40 A).
A classic CU trend is developed for instance by a pro-
grading beach; a FU trend is typical of laterally accret-
ing point bars developed in a meandering channel as
well as in many other environments, both alluvial and
marine. As discussed later, these trends have to be
treated with great caution because of the many pos-
sible pitfalls. The three-dimensional assemblage of
these facies makes up a facies association. Essentially
afacies association is a facies tract that can be station-
ary, prograding or receding (Figure 40 A).

Facies sequences have commonly thickness of several
meters up to a few tens of meters. The areal extent of
individual facies and facies associations depends upon
the original extent of the environment where these units
formed. Sand and gravel deposited at a mouth of a small
torrential stream in an ephemeral lake may form a faci-
es association extending only over a few tens of square
meters; some turbidite facies extend over distances up
to hundreds and even thousands of km.
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If the relations between superimposed and adjacent
facies are recognized as indicative of stratigraphic
continuity, then the resulting facies associations can
be interpreted as the product of a specific depositional
environment. The approach to this interpretation re-
quires being familiar with at least the basic principles
of sedimentology and particularly the origin of prima-
ry sedimentary structures, both erosional and deposi-
tional, and, most importantly, being also familiar with
what happens in modern environments (see later).

IV.3.5 - Facies and environment of deposition

Once the main process or processes which is or are re-
sponsible for each facies has or have been determined,
then a facies association or its corresponding facies
sequence can be viewed as the sedimentary product of
genetically related processes which were operative in a
specific environment of deposition. The concept be-
hind this interpretation is the classic Walther’s princi-
ple, or law (Walther, 1983), which states that only those
facies that are seen form adjacent to each other in
modern environments can be superimposed in strati-
graphic continuity (Figures 42 and 43), a principle that
holds true also at a larger scale. The principle implies
that each environment can be subdivided into geo-
graphically distinct subenvironments each of which is
characterized by specific erosional and depositional
processes, and therefore by a specific facies (the “litho-
tope” of Krumbein and Sloss, 1951). The local process-
es of a subenvironment are genetically inter-related
being part of the main process or processes that de-
fines or define the environment where the facies as-
sociation is forming. Energy gradients defining specific
subenvironments are obvious in most modern environ-
ments we are familiar with, such as beaches, tidal flats,
channel-mouth bars, and many others. A facies is thus
ultimately the product of a specific subenvironment
and a facies association is made up of those facies that
form in the component subenvironments of a specific
environment. Facies sequences have been erected as
facies models for a number of environments (see es-
pecially the various editions of the “Facies Models" of
the Geological Association of Canada and the “Sedi-
mentary environments” edited by H.G. Readings, 1978,
1996) and these models have become very popular as a
useful guide among sedimentologists. It will be noted
that the Walther's law heavily relies on modern envi-
ronments, being thus based on the saying “the present
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is the key to the past”. As discussed later, the concept
should admit some serious departures, but it remains
of fundamental importance for the interpretation of
many alluvial and shallow-marine deposits. Figures 44
and 45 show some simple and obvious applications of
it. Figures 46 and 47 illustrate examples of how pro-
cesses and physiography of modern environments can
be used to define facies models for ancient deposits.

The ideal deposits to understand the concepts dis-
cussed above are in particular the marginal-marine
strata formed in beach, tidal and deltaic environments
because of their very distinctive facies characteristics
and relatively well-understood processes. Although
still valid, the same concepts are less clear or have
been overlooked in other environments and particu-
larly in deep-water settings (see later).

IV.3.6 - Time-parallel and time-transgressive facies
boundaries

Depending upon the type of deposit, facies boundaries
can be time-parallel over great distances, or time-trans-
gressive, as in most marginal marine deposits (Figure 40
B). A spectacular example of time-transgressive facies
boundaries in a mouth-bar deposit from the Eocene
Figols Group, south-central Pyrenees, is shown in Figure
41 A. The example also provides a clear demonstration
of the validity of the Walter’s principle at outcrop scale.
Impressive time-parallel facies boundaries can be ob-
served in shelfal and basinal settings. In the latter, some
turbidite sandstone lobes (essentially bedsets) can be
traced for tens of km (Figure 41 B).

IV.3.7 - Sedimentological facies and stratigraphy

Most of the concepts discussed above refer to those
cases in which a facies association is built up by the
same process. Such facies associations can be termed
monogenic facies associations because essentially re-
lated to a single process or hybrid facies associations
when showing minor modifications produced by a sub-
ordinate process. These facies associations have no
specific sequence stratigraphic significance and simply
record the only way in which a sedimentary environment
can be recorded by a deposit within its available space
during periods of time sufficiently short so that chang-
es in accommodation can be considered as negligible.
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Fig. 41 - A. Time-transgressive facies boundaries The example shows a mouth-bar deposit from the Eocene Figols Group, south-central
Pyrenees, in the Rio Isabena valley. The strata are gently dipping seaward and the succession is sharply overlain by a marine flooding
surface (see Figure 43 for a more dip-oriented view). The example shows that the two facies (1 below and 2 above) are lateral equivalent
as demonstrated by bedding surfaces (time surfaces) that can be traced all across the exposure. Facies 1, more proximal, passes laterally

(seaward) into facies 2, giving way to a time-transgressive facies boundary over short distance. B. Time-parallel facies boundaries The
late Proterozoic Zerrissene Turbidite System, desert of Namibia. Note m-thick sandstone packages (turbidite sandstone lobes) with
perfect tabular geometry that can be traced for many tens of kilometers. Bedding surfaces (time surfaces) coincide with time-parallel
facies boundaries.
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As clearly seen in modern environments, monogenic
(and hybrid) facies associations and sequences are very
short-lived sedimentological features. Typical examples
of such features are the classical fining-upward facies
sequences that we can see forming today in meander-
ing fluvial channels or the coarsening-upward facies se-
quences produced by frontal accretion of modern chan-
nel-mouth bars or beaches. Such features can clearly
occur anywhere and anytime during a cycle of relative
sea-level variation provided that suitable conditions
exist for their formation. Many sedimentological facies
models describe features of this type (see above).

Monogenic (and hybrid) facies associations, each re-
cording the same type of environment, can be later-
ally associated to form more complex bodies of simi-
lar consanguineous facies associations or grade into
different types of facies and related environments
that were originally adjacent. Such settings can be
viewed as tracts of monogenic facies associations

(Figure 48). Within a given accommodation space,
which is assumed to remain roughly constant during
deposition (see later), similar monogenic (and hy-
brid) facies associations and related sequences may
stack to form composite monogenic facies associa-
tions. This repetitive stacking pattern is the expres-
sion of the classic autocyclic process of Beerbower
(1964) and is essentially related to the freedom of
a depositional system to switch laterally its depo-
sitional zones within its assigned accommodation
space. Bifurcation and avulsion of distributary chan-
nels and ensuing relocation of mouth-bar deposi-
tionin a fluvial-dominated delta system are a typical
expression of this process. The same process is also
common in turbidite systems in their channel-lobe
transition and proximal lobe zones zone, giving way
to complex architectures produced by both erosion
and compensation (see later). The boundaries be-
tween these monogenic facies associations can be
either erosional or transitional.

Time

distance

Fig. 42 - Scale-invariant space-time relationships in strata deposited in stratigraphic continuity (i.e., vertical and lateral stratigraphic

relationships).
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Fig. 44 - “The present is the key to the past” A. The well-known Oligocene “pattes d'oiseaux” of Mangin (1962) from the Liedena Beds, south-
central Pyrenees. These tracks are preserved as casts at the base of flood-generated sandstone beds in a coastal plain environment. B. Small
bird tracks in a modern stream. Water depth is indicated by the floating leave.

CHAPTER I: General concepts




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 45 - Interpretation of an ancient sandstone facies as an intertidal or shallow-subtidal deposit ba-

sed on what can be observed ina modern tidal flat (Arcachon Bay, France). The ancient example is from
the upper Cretaceous Aren Sandstone, south-central Pyrenees.
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Frodaelid
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Fig. 47 - Example of an ancient sandstone body interpreted as a prograding river mouth-bar on the basis of its facies characteristics, stratal
geometry and comparison with a modern channel-mouth bar environment. Eocene Atarés Fm, south-central Pyrenees.
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Fig. 48 - Tract of monogenic facies associations having in common a mudstone facies.

Though fundamental for understanding processes
and environments, facies analysis remains essentially
a sedimentological approach and the different stratal
units that the analysis permits to recognize are not, in
most cases, operational units for stratigraphic analy-
sis. Unless the work is carried out in great detail and
at a very local scale, sedimentological facies and their
associations cannot be generally mapped or used
for preparing stratigraphic cross-sections of broad-
er scope. Nonetheless, the results of facies analysis
permit to delineate processes and environment of
deposition and, therefore, introduce the problem of
depositional systems and their component elements,
thus allowing for moving higher into the hierarchy of
depositional units.
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IV.3.8 - Lithofacies, lithofacies sequences
and lithofacies associations

Exposed terrigenous successions are characterized
by the cyclic alternation of ledge-forming m-thick
(less commonly dam-thick) units of relatively coarse-
grained sediment with units of variable thickness con-
sisting of finer-grained lithologies. An excellent ex-
ample of these units is shown in Figure 49, depicting
a succession of lens-shaped conglomerates separated
by finer-grained lithologies and recording the stack-
ing of alluvial fans entering flood basins with some
ephemeral lacustrine episodes.

These units are each characterized by a distinctive
predominant lithology and thus differ from the units
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above and below and laterally adjacent. For the sake
of simplicity and convenience, let's consider m-thick
sandstone bodies alternating with dominantly mud-
stone units. These units, or lithofacies, are probably
the most obvious, objective and natural subdivisions
that we can make in sedimentary successions wherever
a sufficient lithologic contrast permits their recogni-
tion (Mutti et al., 1994). They are directly observable
in outcrops and, if sufficiently thick, in aerial photo-
graphs, as well as clearly expressed on wireline logs
and most high-resolution seismic reflection profiles.
Most detailed stratigraphic cross-sections in both sur-
face and subsurface studies are based on these units
which are in most cases the smallest and informal op-
erational unit of stratigraphic analysis. Needless to
say, the sandstone units are the “potential” reservoirs
of the oilindustry. Physical and temporal scale of these
units coincide with the parasequence scale of sequence
stratigraphy. The vertical association of a coarse-
grained lower unit with an overlying finer-grained unit
is herein referred to as a lithofacies sequence (Figure
50) and its three-dimensional expression as a lithofa-
cies association.

As we will see later, this cyclic alternation can be ob-
served in alluvial, shallow-marine and deep-marine set-
tings, though with some obvious differences. In a way,
one can say that this cyclicity is the background motif of
most sedimentary successions (Figure 51). However, for
reasons of clarity, | will expand here on these units mak-
ing specific reference to shallow-marine settings where
many problems are considerably clearer.

From a sedimentological standpoint, lithofacies can be
seen as lithologically similar facies associations that
permit their paleoenvironmental interpretation. Most
of the information is derived from the study of sandy
lithofacies which contain an abundance of sedimentary
structures relatively easy to understand. Conversely,
mudstone-dominated lithofacies are generally more
difficult to interpret in outcrop studies because are
commonly poorly exposed. However, where the expo-
sures are good also these lithofacies may contain abun-
dant sedimentological information expressed, in most
cases, by alternating thin sandstone and mudstone
beds. Unfortunately, these alternations are common-
ly overlooked and simply referred to as “heterolithic
facies” in most recent literature, a term traditionally
used to define a specific tidal flat deposit (Reineck and
Wunderlich, 1968) and now used to collectively define
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thin sandstone and mudstone alternations, whatever
their origin. These facies are extremely well expressed
in cores, thus greatly facilitating the interpretation of
processes and environments (see Figure 31).

Sandy lithofacies differ from the lithologically similar
facies associations discussed above in that they are
characterized by a more complex internal organization
as well as, in some instances, by a slightly greater thick-
ness. In some cases, they do not differ at all, being made
up by simple, composite or consanguineous monogenic
facies associations through their entire thickness. Most
commonly. however, they differ in showing a more or
less clear tendency to develop vertical trends indicating
that the basic processes controlling deposition change
gradually or abruptly with time. For instance, tides or
wave action may become predominant with time at the
expenses of fluvial processes in delta-front deposits; in
other cases, carbonate deposition may replace terrig-
enous sedimentation. In deep-water, bottom-current
deposits may overlie turbidite sandstone beds within
the same sandstone body. These deposits are essen-
tially composite facies associations in which genet-
ically distinct processes partake the upbuilding of a
lithofacies. These changes can take place along more or
less distinct surfaces or more gradually through alter-
nations. What is important is that the vertical sequence
shows that these changes take place through vertical
accretion and therefore through time. The surfaces or
the transitional facies types marking the boundary with
the overlying mudstone-dominated lithofacies can be
explained in several ways and probably a combination
of them. The boundary records essentially an aban-
donment surface, whereby the sand body upbuilding
comes to an end and this can result from an abrupt de-
crease in sediment supply or a sudden relative increase
of selevel, i.e., a transgression (Figure 52).

The problem can be considerably simplified if viewed
within the framework of sequence stratigraphic con-
cepts. In more simple words, the study becomes an
integration of facies analysis and sequence stratig-
raphy and faces the fundamental problem of linking
the highest-rank unit of facies analysis with the low-
est-rank unit of sequence stratigraphy, i.e., a facies
association and a parasequence respectively. The need
for such an approach was strengthened in early work
of Mutti (1990, Mutti et al., 1988, 1994) which was later
re-emphasized by Catuneanu et al. (2011, p. 188).
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Parasequences, as originally introduced and defined by
Van Wagoner et al. (1988, 1990) and Mitchum and Van
Wagoner (1991), are the "building blocks” of sequence
stratigraphic units. A parasequence is a relatively con-
formable succession of genetically related beds or bed-
sets bounded by marine flooding surfaces and their
correlative surfaces and is generally characterized by
a coarsening- and shoaling-upward facies succession.
The origin of parasequences is the same as that of the
high-frequency depositional sequences, i.e., a 4th or
5th order cyclicity primarily controlled by orbital forc-
ing. High-frequency sequences would preferentially
form during the falling periods of the low-frequency
curve, whereas parasequences would preferential-
ly form during the rising ones. Though originally not
defined by an order of thickness, it appears obvious
that the physical scale of parasequences as intended
by Van Wagoner et al. (1990) is a m- to dam-scale, as
clearly shown by both outcrop and subsurface exam-
ples. As noted in subsequent work by several authors
(e.g., Mutti, 1990; Posamentier and James, 1993; Mutti
et al., 1994, 2000; Catuneanu, 2006; Darlymple, 2010),
the problem is probably more complex than it would
appear from the above definitions. In particular, the
problem is to explain how packets of strata bounded
by marine flooding surfaces (the Galloway's criterion
to define genetic sequences, see above) can be the
“building block” of depositional sequences bounded
by unconformities and their correlative conformities in
the classic Exxon's model. A second and similarly im-
portant problem arises from the fact that most work-
ers have overlooked the importance of the equilibrium
point, a concept introduced by Posamentier and Vail
(1988) but apparently not fully explored in its practi-
cal application in later work. Based on the many exam-
ples reported in the literature, it can be safely said that
parasequence scale can be equated with that of litho-
facies as defined above (e.g., Mutti et al., 1994; Spence
and Tucker, 2007; Tucker and Garland, 2010).

All these units are of fundamental importance in fram-
ing the results of facies analyses within sequence
stratigraphic concepts and the problem is primarily
based on our understanding of processes and environ-
ments and the way they change over relatively short
time. Without a careful description and interpretation
of the facies under examination and their component
beds most of our conclusions would remain only theo-
retical. For this reason, the problem is amply discussed
with pertinent examples in the following sections.
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As shown in Figure 23, lithofacies analysis leads to
define higher-order units that can be split into two
groups. One group considers units mainly in terms of
their paleoenvironmental significance and therefore
defines short and long-lived depositional systems.
The other group recognizes elementary deposition-
al sequences and the way they stack into small-scale
composite depositional sequences. Both groups of
units, requiring the integration of facies analysis and
sequence stratigraphy are more amply discussed in the
following sections mainly concerned with the sequence
stratigraphic aspect of the problems.

IV.4 - LARGE-SCALE UNITS (MSUs)

These units form thick and relatively long-lived sedi-
mentary bodies that define the main architecture of ba-
sinfills. Their recognition can only be based onaregional
approach, taking into account facies analysis, sequence
stratigraphy and the local and regional structural set-
ting. At this physical and temporal scale, large-scale
composite depositional sequences (in most cases the
classic 3rd order sequences of Vail et al., 1977), resulting
from the stacking of lower order units (see above), are
the basic stratigraphic component of basin-fills. These
units and their component systems tracts stack to form
basinwide higher order units, or allogroups, whose ori-
gin is mainly controlled by tectonics.

IV.5 - A PRAGMATIC AND INFORMAL SEQUENCE
STRATIGRAPHIC APPROACH

IV.5.1 - General

Most of the available sequence stratigraphic models ac-
tually dealwith concepts and examples primarily derived
from seismic data obtained from continental margins or
from scattered field studies of exposed basin fills with
limited tectonic activity. Since the sequence strati-
graphic approach is certainly of general validity, its ap-
plication to tectonically active basins is highly desirable
and would be of great help for a better understanding of
the huge sediment accumulations that can be observed
in exposed orogenic belts, i.e. in geodynamic settings
where tectonism plays a major role (Mutti, 1990; Ca-
tuneanu, 2006). Most importantly, this kind of approach
would also considerably improve our understanding of
the relationships between tectonics and sedimentation
- a long-lasting problem already perceived and nicely
reviewed several decades ago by Krumbein and Sloss
(1958) in the early days of modern stratigraphy.
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The upper Cretaceous and Eocene marginal marine
strata of the south-central Pyrenees provide in this re-
spect a very good example of a basin fill which formed
in the collisional setting of a foreland domain and thus
affected by thrusting, folding and faulting during its
infilling (see Munoz, 2002, for a general review of the
tectonic setting). In the concluding chapter of the
book, these relationships between tectonics and sed-
imentation will be amply discussed. Figure 53 shows
the classic Monte Perdido thrust and a spectacular an-
gular unconformity associated with a major phase of
structural deformation.

Seismic data virtually do not exist, but the exposures are
generally excellent and structural deformation is not so
severe as in other circum-Mediterranean orogens (e.g.,
the Apennines). As a result, field work is greatly facilitat-
ed and with time the south-central Pyrenees have thus
become a classic, world-renowned area for field-based
studies and training programs. On the other hand, the
lack of seismic data severely prevents the recognition
of large-scale stratal configurations and thus a critical
tool for delineating stratal stacking patterns typical of
forced and normal regressions and transgressions as
well as shoreline trajectories. Conversely, most of the
work in exposed tectonically mobile basin fills is essen-
tially based on the study of vertical sections and their
correlation, and on the inferences that can be made
from these limited data sets.

Mutti (1989) and Mutti et al. (1988, 1994) introduced
a pragmatic approach to the sequence stratigraphic
interpretation of these sediments with specific refer-
ence to the Eocene succession and to marginal, mostly
flood-dominated deltaic deposits. Since in the field time
is difficult to measure and high-resolution biostratigra-
phy is not routinely available, these authors suggested
instead a physical and hierarchical approach serving the
purposes of both regional mapping and detailed strati-
graphic work. From the smallest to the largest, they rec-
ognized the following units (Figure 54):

Elementary depositional sequence (EDS)

Small-scale composite depositional sequence (SS-
CDS)

Large-scale
(LSCDS)

Allogroups (abbreviated into groups)

composite depositional sequence

Elementary depositional sequences stack to form
small-scale composite depositional sequences. The
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latter stack to form large-scale depositional sequenc-
es and these stack to form allogroups. All these units
are bounded by unconformities and their correlative
conformities. The hierarchical order is simply based on
the relative thickness of each unit and on the lateral
extent of the bounding surfaces. Basinwide unconfor-
mities and correlative conformities define allogroups
and are related to major and regional phases of struc-
tural deformation, thus being characterized by marked
angular unconformities along basin margins. Their
identification and tracing permit to correlate alluvial
and marginal marine strata with basinal turbidite sys-
tems (Figure 1). Setting aside turbidites for the mo-
ment, lower-rank units in alluvial and marginal marine
strata are bounded by surfaces which progressively
decrease their lateral extent being recorded by depo-
sitional units of similarly limited extent.

IV.5.2 - Elementary depositional sequences (EDSs),
equilibrium point and the problem
of parasequences

The basic unit of this practical classification has been
termed "elementary depositional sequence” (EDS) by
Mutti et al. (1994), “elementary” referring to the fact
that such unit is the smallest depositional sequence
observable in the field, much in the same way as a lam-
ina is the smallest stratal unit in the hierarchical clas-
sification of layers of Campbell (1967). Each EDS basi-
cally coincides with a lithofacies sequence made up of
a basal relatively coarse-grained lithofacies (mostly a
sandy lithofacies) overlain by a mudstone-dominated
lithofacies. Units of this type generally develop over
thickness between a few meters up to a few tens of
meters and are pervasive in alluvial, marginal marine
and deep-water settings.

With particular reference to delta-front successions
and therefore to relatively shallow water environ-
ments, the most sensitive to relative sea level varia-
tions, each EDS basically records a forestepping sandy
episode followed by an episode of backstepping or
abandonment with ensuing deposition of fine-grained
facies. Each EDS is thus characterized by an overall fin-
ing- and deepening-upward trend. This trend may be
interrupted by an increase in sand deposition toward
the top of the mudstone lithofacies. This increase ap-
parently mimics the falling stage of sequence- strati-
graphic models (see above).
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Fig. 53 - Tectonically-induced angular stratigraphic unconformity (Pallaresa valley, Pyrenees).
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HIERARCHY OF THE SE®RUENCE
STRATIGRAPHIC UNITS OF THE UPPER
CRETACEOUS AND PALEOGEANE OF THE S-CENTRAL
PYRENEES

A
[Ls s \
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LATERAL EXTENT OF BOUNDING SURFACEg

Fig. 54 - Hierarchy of the sequence stratigraphic units of the upper Cretaceous and Paleogene of the south-central Pyrenees (from Mutti,

1989 and Mutti et al., 1994).

The internal facies and facies associations observed
within these sequences may vary greatly depending
upon many controlling factors such as the location of
the sequence considered along the original deposi-
tional profile, the ratio between the rates of subsid-
ence and relative sea level variation (equilibrium point,
see later), the sediment flux, and the sedimentary pro-
cesses of the depositional system or systems active at
that specific location at any considered time.

The bounding surfaces of EDS are unconformities and
correlative conformities that develop with characteris-
tics controlled by the position of the EDS considered
along the depositional profile and, more specifically,
by the position of the equilibrium point. The equilibri-
um point has been introduced by Posamentier and Vail
(1988) and defines two zones along the depositional
profile: (1) a zone of relative sea level rise that is sea-
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ward of the equilibrium point, and (2) a zone of relative
sea level fall that is landward of the equilibrium point.
These two zones are identified by the ratio between
the rate of sea level fall and the rate of subsidence.

Mutti et al. (1994, 2000) have argued that, if the equilib-
rium point is located in a shallow-marine environment
or somewhere in the shelf, the zones are actually three:
(1) a seaward zone of the equilibrium point where the
water depth increase, (2) a landward zone of and adja-
cent to the equilibrium point where the water depth de-
creases and the depositional profile is shallowing, and
(3) alandward zone and away from the equilibrium point
where the rate of relative sea level fall largely exceeds
the rate of subsidence leading to subaerial exposure
(Figure 55). In this simple scheme the way in which un-
conformities and correlative conformities can develop in
alluvial, nearshore and shelfal settings is incapsulated.
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Recognizing unconformities associated with angular
discordance, subaerial exposure, or sharp contacts be-
tween incompatible facies is generally easy. The prob-
lem becomes considerably more difficult in the case
where the depositional profile undergoes shallowing.
In this case, facies and facies associations are the only
available tool for detecting the process.

Figures 56 and 57 show a real example of sequence
boundaries recognized in an Eocene tide-dominated
delta in the south-central Pyrenees and herein inter-
preted as produced by shallowing of the depositional
profile recorded by a facies change. Note the internal
complex architecture of the sandy lithofacies that con-
sists of prograding tidal bars with a marked coarsening
and shallowing-upward trend interrupted by a sharp
transgressive surface (marine flooding surface) rest-
ing upon a thin unit of highly bioturbated sandstones.
The basal unconformity may be relatively sharp or ex-
pressed by a very thin reworked unit of the underlying
finer-grained and bioturbated lithofacies containing
mudstone clasts. Probably the local water depth-driv-
en shallowing of the depositional profile is recorded
only when tidal action becomes strong enough to leave
its signature in the resulting facies. Higher in the sandy
lithofacies, large-scale tidal bedforms (tidal bars) re-
cord a sediment-driven shallowing of the depositional
profile, i.e., a sort of depositional regression.

Figure 58 shows another example of EDS, very com-
mon in fluvial-dominated delta-front strata, where the
sandy lithofacies consists of a basal sandstone facies
made up of graded beds with HCS conformably over-
lain by mudstones with thin sandstone beds passing
upward into a prograding mouth-bar sandy deposit.
The latter can be directly and sharply overlain by the
mudstone lithofacies and, in mixed systems, by associ-
ated fossiliferous shelfal carbonates as in the example
shown. Both the sharp surface and the carbonates im-
ply the demise of the fluvio-deltaic system below and
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the deepening of the depositional profile. The lower
boundary of the sequence is a sharp contact with an
underlying mudstone lithofacies. Its interpretation
in terms of water depth is here difficult because the
graded sandstone beds indicate a deposit of sedi-
ment gravity flows that undergo the well-known “bot-
tom-seeking” effect, i.e., these flows tend to reach and
deposit in the deepest topographic low locally availa-
ble or where external and internal friction prevail, forc-
ing the flow to deposit its load. This zone has no limit-
ing water depth. Conversely, the sudden facies change
observed along the lower boundary of the EDS clearly
indicates a similarly sudden change in the sediment
flux through powerful flood-generated hyperpycnal
flows. The best explanation of this change seems an
abrupt climate change that may or may not be asso-
ciated with sea level. Therefore, EDSs of this type, as
suggested by Mutti (2012), are probably mainly con-
trolled by flood magnitude and frequency related to
climate cycles (Figure 59). Both types of EDS described
above record a cyclicity in the Milankowich range (Wah-
ery, 1999; Torricelli et al., 2006). Fluvio-deltaic EDSs are
amply discussed in the next chapter.

The scheme of Figure 60 shows the relationships
between EDSs and parasequences. EDSs record a
high-frequency orbital cyclicity and are bounded by
surfaces that record changes in water depth and/or in
climate-controlled sediment flux to the sea. Parase-
quences are herein explained as shoaling-upward facies
successions that record progradational events taking
place in the upper portions of some sandy lithofacies
where environments, processes and sediment supply
are favourable. Essentially, parasequences record shoal-
ing-upward monogenic or hybrid facies associations
typical of many depositional settings (see above). Dep-
ositional sediment-driven regressions and downcurrent
accretion of many sandstone bars are probably the most
common occurrence of these features.
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RELATIONS BETWEEN SEDIMENT FLUX, FOOD
MAGNITUDE AND FACIES TYPES
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Fig. 59 - Relations between sediment flux, flood magnitude and facies types in flood-dominated delta-front elementary depositional

sequences.

As shown by Figure 60, the lower boundary of parase-
quences is transitional to muddier and slightly deep-
er facies; the upper one is a marine flooding surface
recording either a rise of relative sea level, a sudden
decrease in sediment supply or a combination there-
of. If defined in this way, that this writer would consid-
er as a reasonable one, parasequences simply record
a facies association and not a depositional sequence.
A conceptual scheme showing the basic relationships
between EDSs and parasequences as a function of
the equilibrium point is shown in Figure 60 A; it will be
noted that in this scheme parasequences are main-
tained as theoretically possible thin units recording
the stepwise rise of sea level above the basal sandy
lithofacies of EDSs, which would mimic a transgres-
sive system at its elementary scale. A possible exam-
ple of these thin units has been described by Mut-
ti et al. (1994) from the Eocene Figols Group in the
Ager basin, south-central Pyrenees. It follows from
the above discussion that the term “parasequence”
as originally defined (see above) is not appropriate
to identify the “building block” of sequence stratig-
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raphy; the term carries with itself many ambiguities
and should hopefully be abandoned to avoid further
confusion. Obviously, the interpretation suggested
above implies a new way in reconstructing the stack-
ing pattern of lithofacies sequences in both outcrop
and wireline analysis.

1V.5.2.1 - The importance of EDS

In addition to their conceptualimportance (see above),
EDSs can be considered as the basic operational unit
of sequence stratigraphic analysis. These units can
be mapped at an appropriate scale and be used to
prepare detailed stratigraphic cross sections in both
surface and subsurface studies. Obviously, this type
of stratigraphic analysis is very time-consuming and
can be carried out only for limited portions of a basin
fill, requiring an integration of logged sections and
lateral tracing of the lithofacies. The lateral tracing in
the field is generally based on the well-known “walk-
ing out” technique with the help of aerial photographs
and drone-assisted surveys.
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Meter to decameter scale PARASEQUENCE

Shoaling-upward
succession bounded
above and below by
marine flooding
surfaces

ELEMENTARY
DEPOSITIONAL
SEQUENCE (EDS)

Regressive-transgressive
succession bounded above
and below by sequence
boundaries (SB)

SL: delta-front sandstone lobes
MB : mouth-bar (channel-exit) deposits
TS : transgressive deposits associated with marine flooding surfaces

Sequence boundary (unconformity and correlative conformity)
Marine flooding surface (base level rise)

Fig. 60 - Sequence stratigraphy of marginal-marine fluvio-deltaic systems: Parasequences and Elementary Depositional Sequences (EDS).

- LAND OPENSEA »

PARASEQUENCESS. (<1m)

PARASEQUENCE ACCORDING
TO VAN WAGONER
ET AL. (1988, 1990)

SURFACE ® AT TIMEt1 T ®
@) :CE>>S (immersion and non depositional) \@
:CE> S (depth decrease) ~
© {CE <S (depth increase followed by depositional regression)
CE= Eustautic fall 5= Subsidence
PE= Balance point (CE=S)

t2 records the migration of PE in the land direction, expressed by a transgressive trend
TREND OF FACIES SEQUENCES: S (shallowing), SD (shollowing-deepening), D (deepenig)

[ |Pelites  [:5::7] Transgressive sandstones Regressive sandstones

Fig. 60 A - Conceptual scheme showing the relationships between EDSs and parasequences as related to the equilibrium point. Note that
parasequences are conceptually maintained as thin units recording incremental sea-level rise at its elementary scale (from Mutti, 1990).
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Each EDS is actually the expression of a short-lived
depositional system the duration of which is in the Mi-
lankowich range and is recorded by the stratigraphic
thickness between the two bounding surfaces. Since
depositional systems have a finite extent, an EDS
should be recognizable only over this area. Assuming
a fluvio-deltaic system, the sandstone body forming
the basal lithofacies of an EDS will ideally change fa-
cies and geometry in a seaward direction according to
the scheme of Figure 61. The resulting EDS expression
will thus change depending on its position along the
depositional profile, as far as this expression will be
maintained by the lithologic contrast and the bound-
ing surfaces will be recognizable.

Surprisingly, however, many EDSs maintain their ex-
pression over considerable distance, even over sev-

eral km. Carminatti (1992) was able to document
detailed correlations of these EDSs over some 20
km and through a stratigraphic thickness of about
1000m in the Eocene Figols Group, south-central
Pyrenees (Figure 62). Impressive lateral continuity
of these sequences is also shown from aerial photo-
graphic mapping (e.g., Sgavetti 1992). It is here sug-
gested that this lateral continuity strongly favours an
allocyclic (relative sea level variations, climate cycles)
control on most sequence boundaries and, in addi-
tion, a nearly simultaneous activation of sediment
flux to the sea in different, though roughly adjacent,
small depositional systems thus giving way to a sort
of small-scale systems tracts within individual EDSs.
Local structural control may affect deposition even at
this scale (see later).

Expression of EDS at different locations along the depositional profile
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Fig. 61 - Proximal-distal variations of sandstone lithofacies geometry (from Mutti,1989).
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Needless to say, EDS are easily recognizable only where
their boundaries are well expressed as in the cases dis-
cussed above, i.e., where the shallowing of the deposi-
tional profile or the sudden increase in sediment flux
can be recognized through a detailed facies analysis.
These conditions are met particularly in shallow-water
deposits which are the most sensitive to the migration
of the equilibrium point (see above). If EDSs are ob-
served away from this zone, the problem becomes more
complex and has to keep into account processes and
their efficiency in carrying sediment away from river
mouths (see following chapters).

IV.5.2.2 - EDSs, short-lived and long-lived deposi-
tional systems (and elements)

Short-lived depositional systems of EDSs stack to form
long-lived depositional systems, i.e., systems which are
cyclically activate and deactivated (Figure 62 A).

In current sequence stratigraphic models, deposition-
al systems are arranged in a predictable stratigraphic
order within each depositional sequence as lowstand,
transgressive, highstand and falling-stage systems
tracts (Figure 13) but are little described in terms of
specific facies and facies associations. A more sim-
ple and geologically understandable terminology has
been suggested in Figures 14 and 15, emphasizing the
vertical stratigraphic succession of depositional sys-
tems as related to prograding, receding and erosive
(degradational) events within a cycle of relative sea
level variation.

Depositional systems were defined as three-dimen-
sional assemblages of lithofacies genetically linked
by active (modern) or inferred (ancient) processes and
environments (Fisher and McGowen, 1967; Brown and
Fisher, 1977). These systems are designated by a ge-
netic term, e.g., a delta system; components of a del-
ta system are referred to simply as facies, e.g., a del-
ta front facies. The terms “depositional system” and
“facies” thus define large-scale features which have a
seismic expression and contemporaneous depositional
systems can be linked to produce a systems tract, such
as for example a tract composed of fluvial, delta, shelf,
and slope systems (Brown and Fisher, 1977, p.215).

The concepts above, which can be very useful in
seismic stratigraphic studies and, more generally, in
broadly regional stratigraphic analysis, are howev-
er inadequate for the purposes of high-resolution
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sequence stratigraphy because of an obvious scale
problem. The concepts actually describe genetic
stratigraphic units developed at such a large scale
that the term “facies” can be used to denote a seismi-
cally defined delta front. These concepts clearly need
to be applied also to the physical and temporal scales
of EDSs which contain the sedimentological informa-
tion upon which a system can be identified, though at
a small scale and over a short interval of time.

We will therefore consider herein (1) short-lived depo-
sitional systems expressed by EDSs, and 2) and long-
lived depositional systems formed by the stacking of
consanguineous EDSs recording similar processes and
environments. Clearly, without the basic sedimento-
logical information gathered from the analysis of its
component EDSs a long-lived depositional system
would be hardly recognizable. Similarly, without this
information it would be difficult to detect its vertical
facies variations and understand its stacking pattern.

It is also suggested here that the term “facies”, as
intended by Brown and Fisher (1977), be replaced by
“depositional element”, and meant to define the main
environments that can be recognized in the system un-
der consideration. The example of Figure 63 A shows
an elemental subdivision of a fluvial-dominated delta
system into its three basic elements: (1) a delta plain,
(2) a delta front, and (3) a prodelta. Each of these ele-
ments is characterized by its own facies, facies associ-
ations and types of EDS. It will be noted that the three
elements are coeval, thus defining an elements tract.
As discussed in the next chapter, flood-dominated flu-
vio-deltaic systems have very distinctive expressions
of EDSs depending upon their position along the dep-
ositional profile and the position of the equilibrium
point at the time considered (Figure 63 B).

Similar elements tracts can be established for other
types of system. This elemental approach may greatly
help to recognize the main transgressive and regressive
episodes within the system under consideration where
reliable stratigraphic correlations are available. Elements
are here intended in the sense of Mutti and Normark
(1987, 1991), i.e., operational and mappable depositional
units defined by specific facies associations, sand body
geometry and EDS characteristics (Figures 64 - 67).

Concepts and problems of an integrated approach to
sedimentological and sequence stratigraphic interpre-
tations of exposed successions are further discussed
in the final chapter.
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Fig. 62 A - Example of short-lived and long-lived depositional system Note the cyclic stacking pattern of lithofacies and related EDSs for a
closeup. Facies and facies associations indicate a general delta-front environment. The vertical evolution of the EDS characteristics indicates
a large-scale composite depositional sequence. The exposure is a beautiful example of how facies analysis and sequence stratigraphy can be
integrated Eocene Castigaleu Group, Esera valley, Pyrenees.
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Fig. 63 - A. Example of the subdivision of a prograding fluvio-deltaic depositional systems into three basic depositional elements made
up of facies associations indicating deposition in delta plain, delta-front and prodelta environments. The scheme is also an example of

elements tract (from Bosellini et al., 1989). B. In the case of flood-dominated fluvio-deltaic systems, each element will show EDSs with
different characteristics as related to different processes and to the position of the equilibrium point at any considered time (modified
from Mutti et al., 1996, 2000).
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Fig. 64 - Relationships between EDS “sand small-scale composite depositional sequences in the delta-front strata of the Castigaleu Group, Esera valley.
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Fig. 67 - Esdolomada - stacking pattern of EDSs indicating an overrall transgressive (retrogradational) system tract cuminating into a

highly-fossiliferous condensed section.
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CHAPTER Il: TURBIDITES

| - TURBIDITES: BRIEF HISTORICAL REVIEW OF
SELECTED PREVIOUS WORK

1.1 - GENERAL

Turbidites are among the most popular, interesting and
beautiful deposits of the sedimentary record and oc-
cur worldwide in a variety of tectonic and depositional
settings spanning in time from Precambrian to Recent.
They are known particularly from orogenic belt basins
where they give way to impressively thick successions
of alternating sandstones and mudstones. Some spec-
tacular exposures of these sediments are the epitome
of layering (Figure 68).

Their economic importance is related to the hydrocar-
bon exploration and production in many offshore re-
gions (e.g., the North Sea, the Gulf of Mexico, and the
Brazilian offshore basins) where turbidite sands form
prolific reservoirs in many oil fields. Successful explo-
ration of these sediments depends on predicting where
sand accumulations preferentially occur within a given
deep-water depositional system and, on our ability, to
predict reservoir quality of sandstone bodies. There-
fore, both exploration and exploitation require a sound
knowledge of the basic principles of turbidite deposi-
tional systems and their component facies and facies
associations.

Probably the term “turbidites” implies so many dif-
ferent things, concepts and models that most people
unfamiliar with the literature are inevitably confused. |
think that the meaning of the term should be seriously
discussed among sedimentologists to find a gener-
al consensus on its use. During the past two or three
decades apparently, most workers have tried to elab-
orate their data and ideas mainly based on their own
datasets with little critical evaluation of previous liter-
ature and thus of different datasets and approaches.
As a consequence, communication among workers has
become increasingly difficult.

Particularly in recent years, there has been a sort of
revolution in the attempt to understand turbidite sed-
imentation. Most relevant research has moved to lab-
oratory experiments, monitoring of modern turbidity
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currents in the deep sea, numerical modeling, or to de-
tailed outcrop studies aimed at clarifying the meaning
of some types of facies (e.g, shale-clast bearing beds)
and depositional setting (e.g., cross-current facies
tracts against bounding slopes) and their relevance
in assessing reservoir quality. Terms like “turbidite”
and “turbidity current” are progressively losing their
meaning and many papers do not even refer to the
main geological problem, that is how we can interpret
facies, facies associations and their component beds,
keeping in mind their variety and in an attempt to de-
velop some simple schemes of general validity for out-
crop and subsurface studies.

Though tempered by a long experience with seismic
data and core analysis from many basins worldwide,
it is my strong conviction that the information we can
obtain from exposed turbidite successions of orogenic
belts is still under-appreciated. Therefore, this chap-
ter heavily relies upon outcrop studies and especially
on turbidite systems of foreland basins with which I'm
most familiar. Needless to say that the concept of “tur-
bidites” was born from these sediments.

The complexity of the problems involved requires a
brief historical review of the way in which our knowl-
edge of turbidites has evolved with time. The review
is limited on purpose to a number of selected papers
which | think are most pertinent to this chapter. The
interested reader can find more extensive reviews in
several publications (e.g., Walker, 1973; Mutti et al.,
2009; Shanmugam, 2016; Pickering and Hiscott, 2016).
Then this chapter expands on turbidite systems and
their component elements emphasizing sandbody
geometry and general processes. The last part of the
chapter offers a new and simple scheme of classifica-
tion of turbidite facies that describes the basic facies
groups encountered in these sediments, ranging from
conglomerates to mudstones, and discusses the way
these groups and their component facies can be used
to reconstruct genetic schemes (facies tracts) for pre-
dictive purposes. This part of the chapter includes an
extensive photographic inventory of the many types of
bed that form the broad spectrum of turbidite facies.
Many of these problems are discussed in more detail in
Mutti et al. (in preparation).
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Fig. 68- Typical basin-plain deposits of a relatively large turbidite system: a well-known spectacular example of basin-plain turbidites
consisting of alternating thin-bedded carbonates, fine-grained sandstones and mudstones (see Van Vliet, 1982). Note the even and

parallel bedding pattern of basin-plain turbidites. Eocene Guipizcoa Flysch, Basque country, Spain.
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I.2 - THE BIRTH OF TURBIDITES
AND THEIR GOLDEN AGE

The outcropping thick, laterally extensive and appar-
ently monotonous marine successions made up of al-
ternating sandstone, shaly and calcareous beds which
are characteristic of many thrust-and-fold belts were
originally called “flysch” by Studer (1827). The term,
although carrying in itself many ambiguities, is still
in use among many Alpine geologists to denote basin
fills predating and/or accompanying major phases of
structural deformation and dramatic paleogeographic
reorganization.

The main problem with these sediments was to reconcile
the alternation of sandstone beds —which in the common
belief of those days were a shallow-water deposit - with
shaly interbeds with open- and deep-marine fossil as-
semblages. Vassoevitch (1948) suggested a tectonic con-
trol on sedimentation with tectonic “ups” and “"downs” at
the scale of individual beds.

It was not until 1950 that a geologically more reason-
able interpretation — refusing the skittish behaviour of
Mother Earth with a “jo-jo" sort of process —was provid-
ed in a breakthrough paper of Kuenen and Migliorini en-
titled “Turbidity currents as a cause of graded bedding”
(Kuenen and Migliorini, 1950). These authors proposed
that the origin of graded sandstone beds in a deep-ma-
rine environment was a resedimentation process, which
they called “turbidity current”, able to transfer sand and
shallow-marine fossil assemblages from basin margins
into adjacent deeper basins through density currents
moving downslope because of their excess density. The
idea was the result of field observations and laborato-
ry experiments and a great deal of creativity. The term
“turbidites” — denoting the deposit of turbidity currents
- was introduced later by Kuenen (1957) following a
suggestion of one of his students (C.P.M. Frijlinck). From
then on, the term “flysch” gradually lost any sedimento-
logical meaning and remained to denote a tectofacies in
the evolution of orogenic belt basins.
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The milestone and revolutionary paper of Kuenen and
Migliorini had an enormous impact on the scientific
community and dramatically changed our way of think-
ing in stratigraphy, sedimentology, and the relations
between tectonics and sedimentation. Thousands of
papers and tens of volumes and special publications
dealing with many aspects of turbidite deposition have
appeared over the past 60 years which would be im-
possible to review in depth herein.

Initially, in the 60's and 70's, studies were mostly con-
cerned with the outcrop expression of turbidites and
were thus carried out particularly in classic flysch basins
of the Alps, the northern Apennines and the Carpath-
ians mainly by Dutch and Polish geologists under the
Kuenen’s guidance. Arnold Bouma developed his model
— the popular Bouma sequence —in 1962 mainly based
on field work in the Maritime Alps (Bouma, 1962).

The sequence (Figure 69 A) describes a graded bed
containing five depositional divisions which, from
base to top, include a basal structureless division (“a")
with coarse-tail grading, followed upward by thinly
current-laminated divisions (“b” through “d”) in turn
capped by a homogenous mudstone division (“e”).

Stemming from the Bouma’s cone (Figure 69 B), Par-
ea (1965) and Walker (1967) developed the concept
of proximality and distality. Many papers described in
great detail the internal structures of turbidite beds
and their beautiful sole markings (see Chapter I) and
provided a wealth of information on paleocurrent di-
rections from many basins, thus improving paleogeo-
graphic reconstructions. It is during this period that
oustanding papers with magnificent line-drawing
figures and photographic plates showed the beauty
and the scientific importance of turbidite beds (e.g.,
Kuenen, 1957, ten Haaf, 1959; Dzulynski and Sanders,
1962). Bouma and Brouwer (1964) edited a volume
containing the state-of-the-art of turbidites in their
golden age.
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Fig. 69 - The Bouma sequence and its depositional cone (after Bouma, 1962).

1.3 - THE “FLOWING GRAIN LAYER"” OF SANDERS
(1965)

Heralded by the paper of Dzulyinki et al. (1959) on
fluxoturbidites, the origin of the Bouma sequence
from a simple turbulent suspension started to be
questioned soon after its birth. In an illuminating
paper pioneering process-sedimentology, Sanders
(1965) argued that the basal coarse-grained division
of the Bouma sequence was in fact the deposit of an
inertia flow (or flowing grain layer) impelled from the
shear stress imparted by an overlying suspension,
the latter being the genuine turbidity current where
grains are kept in suspension by turbulence (Figure
70). The Bouma sequence was thus interpreted as
the product of two distinct processes, a basal flowing
grain layer (division “a") and an overlying turbulent
turbidity current (divisions “b” through “e"). An early
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application of this concept was attempted by Mut-
ti (1969) in his interpretation of the Oligocene Mes-
sanagros Sandstone, Island of Rhodes, Greece.

Il - DEEP-SEA FAN MODELS

Concomitantly with the above studies, research start-
ed moving to modern deep-water basins and marine
geology thus became increasingly important to un-
derstand basin physiography and the primary role
of canyons and deep-sea fans in modern turbidite
sedimentation (e.g., Gorsline and Emery, 1959; Shep-
ard and Dill, 1966; Shepard and Einsele, 1962; Haner,
1971). An extensive review of many of these problems
has been recently offered by Shanmugam (2016, with
references therein).
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Fig. 70 - The flowing grain layer of Sanders (1965).

1.1 - THE SUPRAFAN MODEL OF NORMARK (1970)

The first attempt to develop a model from a modern
deep-sea fan was that of Normark (1970) mainly based
on his study of the San Lucas fan, off the southern tip
of the peninsula of Baja California (Figure 71). The
model shows a depositional lobe of sediment, or su-
prafan, below the short, leveed fan-valley extending
from San Jose Canyon. The suprafan appears as a con-
vex-upward bulge on a radial profile of the fan.

Based on the above study, a model for deep-sea fan
growth, predicts that deposition on a fan will be local-
ized in a suprafan at the end of large, leveed valleys
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commonly found on, and generally confined to, the
inner portions of deep-sea fans. The suprafan normal-
ly is on the midfan and is characterized by numerous
smaller distributary channels. Rapid aggradation in
the suprafan coupled with migration and meandering
of the channels produces a surface marked by isolat-
ed depressions or channel remnants. Uniform deposi-
tion, producing a symmetrical half-cone morphology,
results from the shifting through time of fan-valleys
across the area of the fan. Coarse-grained sediment
is restricted to the channelized portion of the supra-
fan, passing over short distance into peripheral fine-
grained deposits.
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Fig. 71 - The suprafan model (Normark, 1970; AAPG Bulletin, v. 54, n. 11. Reprinted by permission of the AAPG whose permission is

required for further use.)

1.2 - THE CANYON-FED MODEL OF MUTTI AND
RICCI LUCCHI (1972)

In 1972, Mutti and Ricci Lucchi (see also Mutti and
Ghibaudo, 1972) developed a fan model primar-
ily based on field studies from the northern Apen-
nines and the south-central Pyrenees along with a
first classification of turbidite facies and facies as-
sociations. Their fan model became very influential
on subsequent studies mainly because of the clear
distinction between channel and lobe elements.
The model (Figure 72) suggested that most turbid-
ite sediments contain facies associations recording
deposition in slope and inner, middle and outer fan
and basin-plain environments, and that these sed-

iments were typically associated with chaotic and
hemipelagic facies. Based on their detailed study of
the Miocene San Salvatore Sandstone in the north-
ern Apennines, Mutti and Ghibaudo (1972) highlight-
ed the similarities between deep-sea fans, with their
channels and lobes, and fluvial-dominated delta
systems, with their channels and mouth bars, and
the common tendency of both types of systems to
develop basinward progradation (Figures 73 e 74).
The late Tor Nilsen, who had spent several months
doing field work in Italy and Spain with the authors
in 1974-1975, translated the original Italian version
of the paper of Mutti and Ricci Lucchi (1972) into En-
glish (see Mutti and Ricci Lucchi, 1978).

Inner fan

Fig. 72 - The deep-sea fan model of Mutti and Ricci Lucchi (1972).
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Fig. 73 - The canyon-fed deep-sea fan model of Mutti and Ghibaudo (1972) emphasizing the similarities with fluvial-dominated deltas.

Outer-fan sandstone lobes are compared with river mouth bars.

To document the applicability of the model and show
that the model itself was based on actual mapping, |
recently obtained the permission from ExxonMobil to
show the map | prepared in 1971 for an internal re-
search report (the research, which lasted 3 years, was
carried out when | was still working for Esso Production
Research Co., European Laboratories) on the Eocene
Hecho Group turbidites in the south-central Pyrenees
(Figure 75) — a map which | still consider as basically
correct and certainly, to my knowledge, one of the very
few showing an entire turbidite basin fill. The map
shows the main channelised pathway, the sand-rich
submarine fan complex (essentially lobe deposits), and
the distal basin floor deposits (basin plain), as well as
paleocurrent directions.
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11.3 - FAN MODEL WITH DETACHED LOBES (MUTTI
AND RICCI LUCCHI, 1974)

Later, Mutti and Ricci Lucchi (1974; see also Mutti, 1977,
1979) further suggested that outer-fan sandstone
lobes could occur as depositional features detached
from their feeder channels through bypass processes
(Figure 76). The bypass concept was initially highly criti-
cized by the scientific community (e.g., Stanley and Ber-
trand, 1979) but became widely accepted in subsequent
literature (e.g., Normark and Piper, 1991; Piper and Nor-
mark, 2001; Wynn et al., 2002). They also suggested
that channel and lobe facies sequences were commonly
expressed by fining- and thinning-upward and coarsen-
ing- and thickening-upward trends respectively (Mutti
and Ricci Lucchi, 1974), thus offering an apparently im-
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portant tool to discriminate channel and lobe deposits
in well logs. The many pitfalls with these facies-trend
models emerged quite soon from careful observations
in the field and well-log analysis.

11.4 - THE COMPOSITE DEEP-SEA FAN MODEL OF
WALKER (1978)

Walker (1978) attempted to reinterpret the facies as-
sociations of Mutti and Ricci Lucchi (1972) within the
suprafan model of Normark (1970), but except for a
new terminology no real improvements were made for
a better understanding of the problem (Figure 77).

1.5 - DELTA-FED MODELS IMPLYING MULTIPLE
CHANNELS (CHAN AND DOTT, 1983; HELLER AND
DICKINSON, 1985)

The canyon-fed deep-sea fan models were challenged
by Chan and Dott (1983) on the basis of their study on
the Eocene Tyee and Flournoy formations in the south-
ern and central Coast Range, Oregon. This paper doc-

umented that deltaic sands cascaded into deep-wa-
ter along the edge of a narrow deltaic shelf through
a series of nested channels up to 350 m wide and 40
m thick incised into fine-grained slope and shelfal
deposits. These channels fed a deeper submarine fan
through a line roughly corresponding to the shelfedge
contrary to a single large channel or canyon (point
source) of the classic deep-sea fan model. Most im-
portantly, the new model established for the first time
the close genetic relationship between fluvio-deltaic
and turbidite systems. In a subsequent paper, Heller
and Dickinson (1985) substantiated the model (Fig-
ure 78) and introduced the term “Delta-fed submarine
ramp depositional model”. The term “ramp” was thus
preferred to that of “fan”, though facies associations
seem to be very similar. As discussed later, | think that
delta-fed turbidite systems are the fundamental and
still largely overlooked depositional setting of most
deep-water systems cropping out in orogenic belt ba-
sins and probably occurring also in many continental
margins with shelfedge deltas in different geodynamic
settings (e.g., Carvajal and Steel, 2006).

Thinning-upward

outer fan sequence

channel-fill sequence

Thinning-upward prograding

Inner channelized fan,
distrutary system

Outer fan,
outbuilding system

Fig. 76 - Fan model with detached lobes and facies sequences diagnostic of channel-fill and lobe deposits (after Mutti and Ricci Lucchi, 1974).
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Fig. 77 - Composite deep-sea fan model combining the models of Normark (1970) and Mutti and Ricci Lucchi, 1972) (after Walker, 1978).
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Fig. 78 - The delta-fed deep-sea fan model. A. Canyon-fed deep-sea fan system B. Delta-fed deep-sea fan. Note the numerous deltaic
distributaries feeding turbidite channels and lobes in proximal and distal ramp regions. The growth and the position of turbidite sedi-
ments are controlled by the lateral switching of the main deltaic distributary channels (Heller and Dickinson, 1985; AAPG Bulletin, v. 69, n.
6. Reprinted by permission of the AAPG whose permission is required for further use.)
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11.6 - THE HIGHLY- AND POORLY-EFFICIENT FAN
SYSTEMS OF MUTTI (1979)

The concept of flow efficiency, i.e., the ability of a flow
to carry its sediment load at great distance, was intro-
duced by Mutti and Johns (1978) and further expanded
by Mutti (1979, 1992). Highly efficient systems devel-
op from large-volume and mud-rich turbidity currents
that are efficient in transporting sand over large dis-
tances because of their low rates of momentum loss,
giving way to characteristic sheet-like sandstone bod-
ies in lobe and basin-plain regions. Conversely, poorly
efficient systems are built up by relatively mud-poor
and small-volume turbidity currents with the com-
mon development of sand-rich bodies in proximal fan
segments. The two types of system were thought to

be intergradational. The main characteristics of the
two types of system are summarized in Figures 79 and
80. Volume of flows and their textural characteristics
thus became important parameters in determining
facies characteristics, geometry and scale of turbidite
systems. With reference to highly efficient systems,
Mutti (1977, 1979) addressed the problem of bypass
and their sedimentary product, suggesting that highly
efficient flows would undergo a hydrodynamic read-
justment (hydraulic jump) at channel exits or breaks
in slope resulting in residual dune-shaped bedforms
essentially produced by bypassing flows. The problem
is discussed at length in the following sections of this
chapter since it is critical to a better understanding of
turbidite elements and facies.

Diagram showing the different transport and depositional zones
in a highly-efficient submarine fan.
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Fig. 79 - Highly-efficient system with bypass and detached sandstone lobes (after Mutti, 1979).
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Fig. 80 - Poorly-efficient turbidite system with thick-bedded lobes deposited at channel terminations (after Mutti, 1979).

1.7 - THE COMPLEXITY OF DEEP-SEA FANS AS
REVIEWED BY RICHARD AND READING (1994)

The complexity of deep-sea fan sedimentation and
the difficulties in developing general models were ad-
dressed by Reading and Richards (1994). The authors
developed a detailed and exhaustive classification
of both modern and ancient turbidite systems based
on grain size, feeder systems and flow efficiency and
recognised mud-rich point-source submarine fans,
submarine ramps fed by multiple channels, and slope
aprons fed by linear sources as well as all the possible
transitional types. Probably, this is the most complete
attempt available in the literature to describe the great
variety of modern and ancient deep-water systems
and the similarly varying parameters that control sedi-
mentation. The paper includes a thourough discussion
of previous literature and offers some pertinent sub-
surface examples of turbidite systems mostly based
on well-log data.

Il - ACADEMY AND INDUSTRY

All the above studies (except for my map of Figure 75)
can be considered as academic efforts to understand
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turbidite sedimentation. Things started to change be-
ginning in the late 70's with the advent of seismic stra-
tigraphy (later sequence stratigraphy), the exploration
of continental margins by industry through 2D and
3D seismic and extensive drilling, and the substantial
improvements of marine geology techniques. At that
point, it became clear to geologists and geophyicists
that deep-water sedimentation was considerably
more difficult to understand than previously thought
and that, in addition to the real scientific difficulties
encountered, differences in data sets and unneces-
sary terminology problems had started hampering
communication. Both academy and industry convened
at Comfan | (Pittsburgh, 1982; see Normark et al.,
1983/84; Bouma et al., 1985) and Comfan Il (Parma,
1988; see Weimer and Link, 1991) to discuss these new
issues. Other similar meetings were organized in later
years with increasing participation of industry (e.g.,
GCSSEPM, Fifteenth Annual Research Conference,
1994; see Weimer et al., 1994; Parma 2002; see Mut-
ti et al., 2003a). | will expand on these problems later
but clearly oil industry sedimentologists were starting
to lead research either directly or indirectly providing
funds to some universities. One of the main issues in
most meetings has been and still is the comparison
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between ancient and modern deep-sea fan systems,
as well as the way to use the wealth of information
gathered from outcrop studies to better understand
the increasing complexity emerging from deep-water
sedimentation of continental margins as depicted by
their exploration for hydrocarbons and marine geol-
ogy studies.

1.7 - THE ADVENT OF SEISMIC AND SEQUENCE
STRATIGRAPHIES AND ITS IMPACT ON TURBIDITE
SEDIMENTATION

Seismic stratigraphy (Vail et al., 1977) forced sedimen-
tologists and stratigraphers to consider deep-sea sed-
imentation at the scale of basin fills and within cycles
of relative sea level variations (depositional sequences)
by introducing the concepts of highstand and lowstand
of sea level. Seismic stratal patterns were used as indi-
cators of seismic facies and the latter were interpreted
in terms of deep-sea fans and bottom-current deposits.
The seismic stratigraphic expression of submarine fans
(lowstand fans) was described by Mitchum (1985) em-
phasizing the downlap terminations of individual fans
and their overall mounded cross-sectional geometry
(Figure 81). At the same scale, Mutti (1985) set forth a
classification of turbidite systems from outcrop data
derived from foreland basin fills and discussed their
relations to depositional sequences. Three main types
of systems were identified based on where sand is de-
posited, essentially as a result of decreasing volume of
sediment gravity flows and their enrichment in mud and
ensuing backstepping of sandy depositional zones (Fig-
ure 82). Type 1 systems are mainly made up of detached
and tabular sandstone lobes; Type 2 systems are made
up of of channel fills and channel-attached lobes; and
Type 3 systems develop as mud-dominated features
with sand deposition primarily restricted to deposition-
al channels. Initiation of turbidity currents was thought
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to be essentially related to retrogressive sediment fail-
ures of progressively smaller volume of fluvio-deltaic
deposits formed during periods of sea level highstand
(Figure 83).

Sequence stratigraphy (Posamentier and Vail, 1988;
Vail et al.,, 1991) (see Chapter ) brought about funda-
mental concepts for basin analysis and framed turbid-
ite deposition within the scheme of basin-floor fans
(dominantly sandy) and slope fans (dominantly muddy
with shingled turbidite sand units; note that the slope
fan is intended in this chapter to include also the deep-
est water portion of the prograding lowstand complex
predating the transgressive systems tract; see original
definition of Van Wagoner et al., 1988) during the devel-
opment of a cycle of relative sea level variation recorded
by three stages: lowstand, transgressive, and highstand
and their related systems tracts. A fourth stage — the
falling stage systems tract formed between the onset
of relative sea level fall and relative sea level lowstand
(see Chaper 1) - was added later by Hunt and Tucker
(1992) and Nummedal et al. (1992) (see also Plint and
Nummedal, 2000). There is no doubt that the falling
stage exists and can be documented by many examples;
however, there seems to be some doubt that deep-wa-
ter turbidites (the basin floor fan of Posamentier and
Vail, 1988) develop during this stage. The falling stage
actually does not consider the triggering mechnisms
of turbidity currents, a basic element of the problem
whose importance was starting to be appreciated (e.g.,
Normark and Piper, 1991). Mass-transport deposits
may certainly form during the forced regressions of the
falling stage as well as the early rising of sea level due
to headward erosion of submarine canyons and delta
slope channels, but substantial accumulations of ba-
sinal sands are more likely to form when larger drainage
basins and steeper fluvial gradients are made available
by the final lowstand. Most of the above problems will
be amply discussed in the concluding chapter.
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Fig. 83 - Disintegrative failures of fluvio-deltaic deposits feeding basinal turbidite systems (from Mutti, 1985).

The relations of sediment supply to deep-sea fan
growth, which is of great importance for the sequence
stratigraphic interpretation of most ancient turbidite
systems, has been addressed by Mulder and Syvits-
ki (1995) and Mulder et al. (2003) who, in the light of
flood-generated turbidity currents, postulate that eu-
stasy-driven lowstands of sea level and wide shelves
give way to very large and mature rivers that should
considerably reduce the ability of floods to reach the
shoreline and hence deeper marine regions. Mutti et al.
(2003) have argued that this model could be reversed
in case of relative sea level lowstands primarily pro-
duced by tectonic uplift of the drainage basins, which
would enhance the role of floods by steepening river
gradients and leading to the cannibalization of large
portions of the falling stage deposits (Figure 84).

Since there is ample evidence from the Recent that
high-frequency turbidity currents are being produced
in many small and high-gradient settings (e.g., Born-
hold et al., 1994), caution should also be exerted in
assuming that there is always a direct relationship be-
tween sea leveland the occurence of turbidites, though
sea level lowstands have been proven to control most
substantial turbidite accumulations (e.g., Shanmugam
and Moiola, 1988; Normark and Piper, 1991; Reading
and Richard, 1994; Steel et al., 2000).

IV - FURTHER DEVELOPMENTS

Being aware of the problems encountered when com-
paring modern deep-sea fans and ancient turbidite
systems, Mutti and Normark (1987, 1991) drew the
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attention on the many factors limiting the compar-
ison not only between modern and ancient deposits
but even between modern and modern and ancient
and ancient deposits. The authors identified these
limiting factors in the (1) different geodynamic set-
tings, controlling long- or short-term stability of the
basins and sediment supply; 2) scale factors, requiring
that comparisons be made at similar spatial and tem-
poral scales; and 3) different scales of observations,
i.e., different data sets that result from the study of
modern deep-sea fans or exposed ancient systems.
These authors also attempted to frame this kind of
sedimentation within a scheme of hierarchical physi-
cal and temporal scales and introduced the elemental
approach. The approach, which is amply discussed in a
following section on turbidite systems and their com-
ponent elements, is intended to define mappable ero-
sional and depositional elements which are common
and recognizable in both Recent deep-sea fans and
ancient turbidte systems. In descending hierarchical
order of magnitude (physical and temporal), turbid-
ite deposition consists of the following units (and
related events): 1) turbidite complexes, 2) turbidite
systems, 3) turbidite stages, and 4) turbidite substag-
es (Figure 85 A). Among the elements introduced by
these authors and further refined by Normark et al.
(1993) (Figure 85 B) is the “channel-lobe transition
zone (CLTZ)" that will become matter of interest and
dispute in subsequent work (see later), representing
the critical zone where channelized flows spread out
downfan depositing their sediment load. These con-
cepts were further refined and illustrated with many
examples by Mutti (1992) and Normark et al. (1993).
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Normark and Piper (1991) analysed in great detail the
many factors controlling the ignition and development
of turbidity currents in modern fans, focusing in par-
ticular on sediment source and triggering mechanisms.
They amply discussed turbidity currents generated by
wave storms, earthquakes, and hyperpycnal flows. The
authors highlighted the importance of the fjord-head
deltas of British Columbia (see later) where a close
relationship can be established between river floods
generated by ice and snow melting and morphology
and sediment types in the delta slope and adjacent
deeper basin (e.g., Prior and Bornhold, 1989). They also
tentatively related these different types of flow initia-
tion to allocyclic changes such as sea level eustasy and
climate. Sea level lowstand would favor direct input of
fluvial sediment into deeper waters through hyperpyc-
nal flows; canyon incision would promote slump and
mass failures; during rising sea level seismic trigger of
occasional thick muddy flows would predominate. Sea
level variations can also affect coastal morphology,
thus changing the point of sediment supply, as doc-
umented by the growth of the Monterey Fan and the
relations between its feeder canyons and littoral drift.

Another important point discussed by Normark and
Piper (1991) is the occurrence of large scours (giant
flutes) and fields of bedforms (both coarse-grained
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and fine-grained sediment waves) observed in several
deep-sea fans. Scours, which have horizontal dimen-
sions of tens to hundreds of meters and may in some
instances exceed one km and have depths roughly
proportional to their width, are reported from both
the floors of broad turbidite channels and fan regions
located immediately downslope from fan valleys and
distributary channels, that is, areas where supercrit-
ical turbidity currents undergo rapid flow expansion
and increased turbulence. This area essentially coin-
cides with the element “channel-lobe transition zone”
of Mutti and Normark (1987, 1991). Gravel waves with
lengths of several tens of meters and heights of a few
meters are reported from several modern fan valleys.
Distally, these gravel waves are covered by sand rib-
bons and smaller sandy waves are also present in prox-
imal lobes ("macrodunes” of Clarke et al., 1990). Similar
sandy features are also reported from fjord deltas of
British Columbia (Prior et al., 1987). Fine-grained sed-
iment waves are reported from both levee complexes
and open-fan regions with wave lengths up to 1.5 m
and heights up to tens of meters and typically migrate
upslope. Piper and Normark (1991) admit the many
problems raised by sediments waves and do not rule
out the possibility that bottom currents may have con-
tributed to the formation of upslope-migrating fine-
grained waves.
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Using sea-floor morphology, bottom sediment distri-
bution, and in-situ instrument packages, Zeng et al.
(1991) have described the sea-floor sedimentation
system of the Bute Inlet, a fjord of south-western Brit-
ish Columbia which is 70 km long, 4 km wide and reach-
es a water depth of 655 m. Fjord-head deltas, whose
rivers are mainly fed by the annual snow melt in their
drainage basins, originate turbidity currents that com-
prise a depositional system extending for some 70 km
along the Bute Inlet. In British Columbia, as noted by
Prior and Borhold (1990), delta growth started about
10.000-12.000 years ago, when fjords and adjacent
areas became ice-free, and reached its maximum pro-
gradation when sea level attained its present position
about 8.000-9.000 years ago. Progradation consider-
ably increased the slope of the delta promoting trans-
fer of sediment in deeper water.

The study of Zeng et al. (1991) describes in great de-
tail the properties of turbidity currents (flow velocity
and density) as well as some of the sediment charac-
teristics (grain size and sedimentary structures) as
observed in cores. In a down-fjord direction, the Bute
Inlet turbidite system includes: 1) an incised and sin-
uous channel about 30 km long and 100-400 m wide,
which in its lower portion contains spillover lobes, 2)
a channel-lobe complex or suprafan; 3) a distal splay
area; and 4) a basin-plain region, located more than 55
km from the delta front (Figure 86). Channel depth de-
creases down-fjord from 34 m at the base of the delta
front to 6 m at the apex of the channel-lobe complex;
side-scan sonar tracks show scours and transverse
bedforms on the flat channel bed. The mean velocity
of the most recent flows, estimated from surface sedi-
ment grain size, varies from 100-120 cm/s in the chan-
nel, to 20-50 cm/s in the channel lobe complex and to
<5cm /s in the basin plain. Much higher velocities can
be inferred for past flows. An overall substantial de-
crease of flow velocity can be documented or inferred
at the critical transition beween channel and channel
lobe complex.

The above authors suggest an origin of turbidity cur-
rents from slope failures, though admitting possible
underflows. The latter are however preferred by Prior
et al. (1987) and well documented (e.g., Bornhold and
Prior, 1990; Bornhold et al., 1994) for this and other
similar settings (Figure 87).
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A very important point brought about by Zeng et al
(1991) deals with core analysis. The authors show
that many turbidites grade downcurrent from mas-
sive divisions (channel and channel lobe complex) into
massive divisions overlain by slurried divisions (distal
splay) which in turn grade into dominantly slurried
beds in the basin plain (slurries are transitional flows
between turbidity currents and debris flows; see lat-
er). The interpretation is that individual turbidity cur-
rents evolve downcurrent from cohesionless suspen-
sions in the channel and the channel lobe complex to
somewhat cohesive slurries in the distal splay and ba-
sin plain. Apparently, turbidity currents reaching the
distal splay and basin plain contained abundant mud
and clay chips eroded upstream, immediately fjord-
ward of the channel lobe complex, which dramatical-
ly increased the flow cohesion. This kind of setting
is of primary importance for a correct interpretation
of shale-clast bearing and muddy-sandy divisions of
turbidite facies (see later).

The results of the study of Zeng et al. (1991) have many
relevant implications. The basin is relatively small and
elongate, strongly resembling foredeeps of foreland
basins (see later), and is sourced from one-end, with
minor proportions of sediment supplied from lateral
sources. The system provides an excellent example of
fast-moving channelized flows that suddenly deceler-
ate in the channel lobe complex and further decelerate
moving toward the basin plain. Finally, core data indi-
cate how flows change downcurrent from cohesionless
suspensions to cohesive slurry flows substantially
enriched in mud content and mud clasts through bed
erosion. Most basin-plain sandstone beds are virtually
entirely composed of muddy-sand divisions contain-
ing floating mud clasts.

Though primarily limited to the Amazon and the Huen-
eme fans, the paper by Piper and Normark (2001) pro-
vides the best integrated analysis of recent submarine
fans and their different architectures and deposit
types by using data from high-resolution seismic re-
flection surveys and DSDP/ODP wells and their de-
tailed stratigraphy. The paper is strictly a high-level
scientific contribution, but at the same time offers
predictive models for exploration to locate potential
reservoir sands in deeply buried turbidite systems. The
elemental approach was used to describe both fans
and for their comparison.
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The Hueneme Fan is a relatively small feature (25 by
50 km) located in the tectonically active Santa Monica
basin of the California borderland. Being made up of
dominantly sandy elements (channel-fills and lobes),
the fan can be regarded as a typical example of sand-
rich fan. Sands occur as 1) channel-fills within fan val-
leys, 2) channel-termination lobes in the middle fan
passing downslope into low-gradient lobes typical-
ly 3 km wide and pinching out downdip in less than 5
km, and 3) sand-rich lower fan and ponded basin plain
deposits. Careful reconstruction of the fan evolution
through the past 10-12 ka permits to recognize how
triggering mechanisms of turbidity currents changed
repeteadily from hyperpycnal flows and river mouth
failures, torip currentsin canyons, and finally to earth-
quake-triggered slumps in the late Holocene. Sea level
variations and climate changes are thought to partly
control these processes.

The Amazon Fan is a very large feature located on a
divergent continental margin and fed by one of the
largest rivers in the world. The fan grew rapidly during
Pleistocene lowstands when, according to the authors,
frequent turbidity currrents originated from prodelta
failures, being unlikely that a large and mature river
such as the Amazon could generate hyperpycnal flows.
At sea level highs, most of the river-born sediment is
transported northward by shelfal currents and the fan
undergoes periods of abandonment.

The architecture of the youngest Amazon Fan suggest-
ed by Piper and Normark (2001) is shown in Figure 88
depicting a series of schematic strike sections downfan.
The cross sections show very clearly how the sand:mud
ratio of the youngest (last glacial cycle) levee complex
on the Amazon Fan varies downfan. In the upper fan
sedimentation is essentially recorded by muddy levee
deposits and limited sand deposition in channel axes.
Moving downfan sand deposition increases within chan-
nels and in HARP's (high-amplitude reflection packag-
es), i.e., relatively tabular sandstone beds confined by
levee morphology and produced by channel avulsions
upfan. Sheet-like sand lobes are inferred to be predom-
inant in lower fan regions, grading into alternating mud
and sand in more distal basin plain regions. Bed thick-
ness and lateral continuity of lower fan sandstone lobes
appear considerably greater than those observed up-
fan in the HARP element. The limited amount of sand
occurring in the channels suggest a substantial bypass
of most turbidity currents that probably led to the for-
mation of detached lobes in lower fan regions. Though

CHAPTERII: Turbidites

based on limited data, the authors suggest that also the
basin plain may be sand-rich.

Despite being generally considered as different types
of fan, both the Amazon and the Hueneme show how
the mixture of mud and sand supplied to a system be-
comes segregated during transport with sand being
preferentially deposited in channels and channel-ter-
mination lobes and mud preferentially deposited in
fast aggrading levee elements. The authors also briefly
review other modern fan systems emphazing the huge
sand accumulations found in the Escanaba trough
which are thought to be associated with the Missou-
la megafloods and deposited in about 5 ky (between
10.8 and 15.5 ka). Sandy turbidite beds, with individual
thickness between 2-12 m, extend over an area of 1300
km2 and suggest turbidity currents with run-out dis-
tance up to 1000 km. As noted by Piper and Normark
(2001), erecting deep-sea fan models of general valid-
ity is highly premature not only because of the differ-
ences in available datasets, but especially because a
better appreciation is needed of the many parameters
controlling the growth of each fan in terms of source
characteristics, initiation processes and flow evolution
of the turbidity currents, together with the tectonic
setting controlling shape, size and depth of the basin.

Wynn et al. (2002) expand on the channel-lobe transi-
tion zone (CLTZ) of Mutti and Normark (1987, 1991) de-
scribing similar settings from the recent Agadir Channel
mouth, the Lisbon Canyon mouth, and the Rhone Fan,
and briefly discussing other possible examples from
both recent and ancient depositional systems. Mainly
based on high-resolution side-scan sonar imagery, the
author recognizes various types of scour, spoon- and
chevron-shaped, which may amalgamate forming ero-
sional features several km across, as well as depositional
bedforms or sediment waves with wave lengths of 1-2 km
and wave heights up to 4 m. Following Mutti and Normark
(1987, 1991), the authors interpret these features as pri-
marily produced by hydraulic jumps suffered by turbidity
currents at channel exits and breaks of slope, resulting in
increased turbulence, bed erosion and sediment bypass.
The authors strengthen the difficulties in defining and
mapping the CLTZ since variations in turbidity current
volume will shift the location of any hydraulic jump within
the system. Wynn et al. (2002) refine the model of high-
ly- and poorly efficient systems of Mutti (1979) restrict-
ing the concept of the CLTZ to highly efficient systems.
As discussed later, the CLTZ actually characterizes both
systems, albeit with different expressions.
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Piper and Normark, 2001).

Deptuck et al. (2008) have provided a very well-docu-
mented example of the growth and geometry of sand-
stone lobes in late Pleistocene relatively small and sand-
rich deep-sea fans off East Corsica (Figure 89). Based on
1300 line km of high-resolution (0.5 m) boomer profile
supplemented by core data, the authors describe in
great detail the Golo fan system consisting of severalin-
terfingering submarine fans fed by large shelf-indent-
ing canyons and slope gullies. These fans are located in
a shallow (< 900 m) and narrow (< 50 km) fault-bound-
ed depression with a length of about 150 km known as
the Corsican Trough. The basin in bounded by a narrow
shelf and is fed by small and high-gradient rivers. The
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fans are dominated by sandy lobes, with limited devel-
opment of levees and basin plain deposits.

Two basic types of lobes can be identified: 1) proxi-
mal isolated lobes (PILs) located on the slope o near
the base-of-slope and fed by slope gullies (the Pineto
lobe-type); and 2) composite mid-fan lobes (CMLs) de-
veloped more basinward at the termination of leveed
fan valleys (the north Golo lobe-type). The Pineto lobe
reaches a maximum thickness of 19 m near the toe-of-
slope and abruptly decreases in thickness to 1.5 m over
a distance of about 6 km (Figure 90). This kind of lobes
formed during the last transgression and were proba-
bly fed by small sediment failure and surge-type flows.
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Fig. 89 - Relatively small and sand-rich Pleistocene canyon-fed deep-sea fans on the eastern continental margin of Corsica (from Dep-

tuck et al., 2008).
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Fig. 90 - The Pinedo lobe. Note that without vertical exaggeration the sandstone body is basically tabular (C), showing an abrupt thin-

ning upslope and a gradual pinching-out basinward (from Deptuck et al., 2008).

The CMLs lobes are larger and more tabular feaures,
or composite lobes, formed from the stacking of lobe
elements, that reach a maximum thickness between
25-40 m at the exit of fan valleys and can be correlat-
ed over distances between 8-14 km beyond the fan
valley mouth. Scours and possible coarse-grained
bedforms are associated with the distal fringes of
these sediments, possibly indicating - in this writ-
er's opinion -, local conditions of sediment bypass
for more vigourous currents. Notewhorty is the pres-
ence of backstepping reflections near the fan valley
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mouth, a feature that according to the model of Post-
ma et al. (2016) may be indicative of supercritical tur-
bidity currents and related hydraulic jumps in chan-
nel-lobe-transition settings (see later). The CMLs
lobes are interpreted as lowstand deposits mainly fed
by hyperpycnal flows.

Deptuck et al. (2008) also discuss at length the com-
pensational stacking of lobe deposits, suggesting a
new terminology and a hierarchical classification (Fig-
ure 90 A).
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Fig. 90 A - Terminology and hierarchy of compensational stacking patterns of sandstone lobes (from Deptuck et al., 2008).

As mentioned above, Postma et al. (2016) have recently
offered a quite revolutionary approach to the study of
deep-sea fans and turbidite systems. The approach is
fundamentally based on flow criticality and is “aimed to
resolve process-facies links at both bed and environmen-
tal scales for the CLTZ" (op. cit., p.469). The supporting
outcrop data are from two examples studied in the Tab-
ernas submarine fan (southern Spain) and the Lorenc del
Munt fan-delta (Catalonia, Spain) and are used to estab-
lish a link between seismic scale architecture and facies
recognized in cores. Though | may fully agree that flow
criticality is fundamental for turbidite facies analysis (see
later), | honestly think that a new model of fan sedimen-
tation based on the available data on supercritical turbid-
ity currents is somewhat premature.
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Despite the difficulties outlined above, in recent time
there has been a vigorous revival of canyon-fed deep-
sea fan models, largely promoted by the availability
of high-quality seismic-reflection and marine geolo-
gy datasets. This tendency is typified by the scheme
for deep-water sedimentation offered by Posamentier
and Walker (2006). The contribution is primarily based
on seismic reflection and marine geology data and
emphasizes the importance of levee and channel ele-
ments associated with lateral and frontal splays (lobes
in most previous literature). Compared to the com-
plexity encountered in the real world and the variety
of depositional settings displayed by modern and an-
cient turbidite systems (see above), the model seems
of limited general validity.
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V - SOME CONCLUDING REMARKS

In my opinion the main problems with turbidites are
still basically those discussed at a workshop held in
Parma in 2002 and summarized in a special issue of
Marine and Petroleum Geology (Mutti et al., 2003):
(1) the tendency to mix data and interpretations from
outcrop studies of orogenic belt basins and subsurface
data and interpretations from divergent margin basins
(mostly base on seismic reflection data); in most cas-
es datasets are not comparable; (2) the lack of studies
that cover an entire basin or substantial portions of it
to partly understand the well-known problem “from
source to sink” and the depositional and stratigraph-
ic relationships of turbidites with coeval fluvio-deltaic
systems; (3) an extremely complex and confusing ter-
minology; (4) the tendency to produce facies classifi-
cations based mostly on processes and terminology
rather than on rocks (see later); and (5) the tendency to
overlook the importance of bottom currents in rework-
ing and redistributing turbidite sands in many basins,
particularly in oceanic settings.

In an illuminating paper, Milliman and Sivitsky (1992)
highlighted the basic differences of fluvial systems
in active and passive continental margins, emphasiz-
ing the role of small and medium size “mountainous
rivers” in dramatically increasing sediment flux to the
sea. Mulder and Syvitsky (1995) further explored this
problem showing that hyperpycnal flows generated by
small and high-gradient rivers in flood (their “dirty riv-
ers") become turbidity currents that are able to trans-
fer river-born sediment directly to deep-waters. Mutti
etal. (1996, 2000, 2003) used outcrop data to show that
flood-dominated fluvial systems comprise a dominant
component of the alluvial and deltaic successions of
orogenic belt basins and documented the direct rela-
tionships between certain types of turbidite systems
and their feeder flood-dominated fluvial and deltaic
equivalents. These problems are amply discussed in
the final chapter of this book. Heralded by the pa-
pers of Chan and Dott (1983) and Heller and Dickinson
(1985), delta-fed turbidite systems — the “ramp mod-
el” with multiple feeder channels incised into the delta
slope (see above) — appear to be common in orogenic
belt basins (see above) and related to the high rates of
sediment flux to the sea of the “mountainous rivers” of
Milliman and Sivitsky (1992).

Basically, the above considerations demonstrate the
need for reconsidering turbidite sedimentation within
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a broader depositional framework including its shal-
low-water feeder systems —a problem already stressed
in Chapter I. Significant basin analysis should compare
these two kinds of sedimentation in an attempt to rec-
ognize how different types of basinal turbidites can be
recognized on the basis of the characteristics of their
related shallow-marine deposits and, therefore, of dif-
ferent triggering mechanisms of turbidity currents.
A better understanding of the well-known problem
“from source to sink” (see discussion in Mutti et al.,
2003b) heavily depends on this kind of basin analysis.

A second and important point comes from the discovery
that large portions of the late Cretaceous and Tertia-
ry sands producing oil in the Brazilian offshore are not
turbidites as previously thought but contourites, i.e.,
bottom-current deposits whatever the origin of the cur-
rents (Mutti and Carminatti, 2012). This finding carries in
itself several implications for exploration and production.
Sandy contourites and turbidite sands reworked by bot-
tom currents form important reservoirs for petroleum
accumulations and this is an unexpected new target for
industry. At the same time, bottom currents and contou-
rites — thought to be essentially thin, fine-grained and
bioturbated deposits in previous literature (e.g., Stow et
al,, 2002; Stow, 2005) — become an extremely important
element for the interpretation of the stratigraphic and
depositional settings of many continental margins (Mutti
etal., 2014; Capella et al., 2017).

VI - WHAT CAN BE LEARNT FROM EXPOSED TURBI-
DITE SYSTEMS OF FORELAND BASINS

VI.1 - GENERAL

Most of what we know about turbidites is derived from
exposed systems of tectonically-mobile basins where
the concept of “flysch” —the forerunner of turbidites —
was born long time ago (see Mutti et al., 2009). Sandy
flysch like the Macigno and Marnoso-arenacea (north-
ern Apennines), the Hecho Group (south-central Pyre-
nees) and the Annot Sandstone (French Maritime Alps)
are certainly among the turbidite basin fills that have
substantially contributed to a better knowledge of this
kind of sedimentation.

| will therefore review in this section some of the ba-
sic features of these basin fills in the attempt to partly
understand how far we can go in their comparison with
modern and buried deep-sea fans located in different
geodynamic settings and the many models that de-
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scribe them. The review is limited to ancient foreland
basin fills, that is the basins that most contributed to
our knowledge of ancient turbidites. For an extensive
review of turbidite basin fills of other kinds of tectoni-
cally mobile settings the reader is referred to Pickering
and Hiscott (2016).

VI.2 - FORELAND BASIN TYPES

With specific reference to the northern Apennines and
the south-central Pyrenees, with which | am most fa-
miliar, turbidites are found in three basic settings as-
sociated with the develoment of foreland basins and
related orogenic wedges (Figure 91). Following the
scheme suggested by Mutti et al. (2002), turbidite
deposition in foreland basins occurs in three distinct
domains, each being defined by a specific tectonic
setting and basin geometry. As shown in Figure 91,
turbidites essentially occur in 1) wedge-top basins, 2)
piggy-back basins, and 3) foredeeps.

Thrust-top basins form in the deeper portions of
structurally induced depressions and unconformably
overly, with or without intervening alluvial and shal-
low-marine deposits, highly tectonically deformed

units of the orogenic wedge. These basins are filled
by sand-rich and immature turbidites (poorly efficient
systems) with abundant conglomerates and mass
transport deposits and are characteristically associat-
ed, both vertically and laterally, with flood-dominat-
ed and coarse-grained flood-dominated deltas and
fan-deltas.

Typical thrust-top successions are those of the Ter-
tiary Piedmont Basin, northwestern Italy (e.g., Mutti
et al.,, 2002), and the Tertiary Epiligurian basins (e.g.,
Ogata et al., 2012; Tinterri et al., 2015), formed during
the inception and the development of the northern
Apennines thrust-and-fold belt. Though with some
caution, these basins share many characters with the
intra-slope basins produced by salt and mud mobility
in above-grade slopes of divergent continental mar-
gins (see Prather, 2003).

Foredeeps are the classic turbidite basins of orogenic
belts formed in highly subsiding and elongate troughs
developed in front of an advancig and growing orogen-
ic wedge. Their subsidence is thought to be produced
by the loading of the orogenic wedge (flexural subsid-
ence) and/or to more complex geodynamic settings in-
volving deeper crustal levels.

Basinal turbidite

system
OUTER S
RAMP . FOREDEEP
SIN
OUTER AXIAL
FOREDEEP

What do we really know about turbidites of thrust-and-fold
belts from where we started?

Ancient exposed turbidites are primarily the fill of elongate and highly
subsiding troughs, called foredeeps, which are part of the foreland domain
developed in front of an advancing and growing orogenic wedge

FORELAND BASIN

Mixed Fluvio-deltaic
system systems
| Wedge-top basins
INNER FOREDEEP
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Fig. 91 - Ancient exposed turbidites are primarily the fill of elongate and highly subsiding troughs, called foredeeps, which are part of the

foreland domain developed in front of an advancing and growing orogenic wedge (from Mutti et al., 2002).
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Except for their inner portion where thrusting and
folding progressively scrape-off and incorporate fore-
deep strata into the advancing thrust front and creates
much structurally-induced topography and related
sub-basins (inner foredeeps or piggy-back basins,
see Tagliaferri and Tinterri, 2016 for the Firenzuola
basin of the Marnoso-areneacea), the axial foredeep is
relatively undeformed and allows for the deposition of
impressively tabular strata over distances up to tens
and hundreds of km. These sheet-like deposits are es-
sentially the outer fan lobes, fan-fringe and basin plain
facies as described by Mutti and Ricci Lucchiin 1972.

Certainly, the best-known examples of this kind of sed-
imentation are the Miocene Marnoso-arenacea (MA) of
the northern Apennines and the Eocene Hecho Group
of the south-central Pyrenees. Both basins formed in
a context of continent-to-continent collision, are elon-
gate parallel to thrust fronts and in their early devel-
opment were filled from one end and supplied from ex-
tra-orogenic source areas. In the early phases of their
development, basin margin contributions to the basin
fills are strictly limited to chaotic deposits derived ei-
ther from the thrust front, still largely subaqueous, or
from the outer foreland ramp. The fills of both the MA
and the Hecho Group basins share many similarities
in terms of geometry of sandstone bodies and facies
characteristics. Largely stemming from original work
of Ricci Lucchi and co-workers (e.g., Ricci Lucchi and
Valmori, 1980) in the MA and Mutti et al. (1988) in the
Hecho Group extensive and detailed field studies were
carried out in both basins in recent years (Remacha et
al.,2003; Remacha and Fernandez, 2005; Amy and Tall-
ing, 2006; Magalhaes and Tinterri, 2010; Tinterri and
Magalhaes, 2011, Sumner et al., 2012). Spectacular
exposures and the occurrence of very distinctive key
beds (calcareous megaturbidites) allow for impressive
bed-by-bed correlations within turbidite systems over
distances of several tens of km. No doubt, foredeep
turbidites are essentially sheet-like deposits with lo-
cal anomalies clearly produced by subtle topographic
highs produced by ongoing structural deformation
and the onset of basin margin-derived chaotic units.
Buried systems of this kind have also been document-
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ed by Ghielmi et al. (2013) for the Po Plain-Adriatic
foredeep of the northern Apennines during late Plio-
cene-Pleistocene time.

Outer foredeep deposits form where turbidites onlap
the outer margin of the axial foredeep.

V1.3 - MAIN CHARACTERISTICS OF FORELAND BA-
SIN TURBIDITE SEDIMENTATION

Turbidite sedimentation of foreland basins differ sub-
stantially from that described from other types of con-
tinental margins, especially those located in stable di-
vergent ones and fed by large rivers. In particular, they
form basin fills that either irregularly shaped by ongo-
ing structural deformation (faults and folds) in thrust-
top and inner foredeep (piggy-back) basins or elongate
for considerable distance parallel to thrust fronts in the
foredeeps. Compared to divergent-margin settings, ba-
sins are small and, being based on less subsiding conti-
nental crust, probably also developed at shallower wa-
ter depths. Some foredeeps may extend longitudinally
up to some hundreds of km; some thrust-top basins
may be only few km across.

Tectonic mobility creates short-term variability in dep-
ocenter location and source areas. In foredeeps, longi-
tudinal supply from one-end may be replaced with time
by lateral supply from basin margins, particularly from
the tectonically unstable inner margin, leading to the
“cannibalization” of previously deposited turbidites in-
corporated in the advancing orogenic wedge.

As indicated in Figure 92, largely inspired from the Mar-
noso-arenacea Formation, long-term evolution of basin
fills is strongly controlled by the growth and outward
displacement of the orogenic wedge, with resulting out-
ward shifting of sand depocenters and dramatic chang-
es in depositional style. The result could be described as
an overall tectonically forced regression. A very detailed
study of Tinterri and Tagliaferri (2015) discusses the main
stratigraphic and sedimentological features of this kind
of tectonically controlled evolution for the transition be-
tween the inner and outer foredeep of the Miocene Mar-
noso-arenacea.
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scale) (from Mutti et al., 2002).
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As noted by Mutti and Normark (1987, 1991), another
important and commonly overlooked difference with
ocean-facing continental margins certainly resides in
the fact that foreland basins are too small and tec-
tonically isolated to be reached by large-scale oceanic
circulation and, therefore, by bottom currents, which
are increasingly reported as a fundamental process
in reworking turbidite sands and building up substan-
tial contourite sand bodies (see above). The problem,
which | believe is of basic importance for a better un-
derstanding of deep-water sedimentation, is amply
discussed in the final chapter of the book.

Setting aside geodynamic and physiographic set-
tings, scale and planview geometry, these turbidite
systems share nonetheless many characterisics with
modern deep-sea fans, in that in both cases sed-
imentation occurs via conduits and terminal sand
lobes grading in turn into more or less developed
basin plains. These similarities led to conclude that
turbidites of this kind could be interpreted by as-
suming modern deep-sea deep-sea fans as a model

(Mutti and Ricci Lucchi, 1972). It was not until 1983,
at COMFAN |, that turbidite sedimentologists be-
came fully aware of the difficulties in maintaining
this assumption and tacitly agreed on introducing
the more neutral term “turbidite systems” (Bouma
et al, 1985).

Barnes and Normark (1985) presented an impressive
wall chart (Figure 93) showing the differences in scale
of a significant number of both modern deep-sea fans
and ancient and exposed turbidite systems from oro-
genic belt basins. Inspection of Figure 93 shows how
some foreland-basin systems compare with large
modern deep-sea fans. Figure 94 shows a comparison
between the size of the Eocene Hecho Group basin fill
of the south-central Pyrenees and the Congo deep-sea
fan. The differences are somewhat striking and should
suggest caution in making comparisons. Nonetheless,
useful comparisons can be made following the elemen-
tal approach of Mutti and Normark (1987,1991) if care-
fully constrained by comparable physical and temporal
scales and the inherently different datsets (see below).

Modern and Ancient
Submarine Fans
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Fig. 93 - Chart comparing some modern deep-sea fans and ancient turbidite systems (from Barnes and Normark, 1985).
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Fig. 94 - Channel-lobe map of the late Quaternary Congo Fan established from bathymetric and seismic data (from Picot et al. 2016) and

comparison with the total length of the Eocene Hecho Group, south-central Pyrenees.

V1.4 - TURBIDITE SYSTEMS AND THEIR
COMPONENT STAGES AND ELEMENTS

V1.4.1 - Definitions and general schemes

Turbidite systems are mappable turbidite accumula-
tions that usually grow through distinct stages and
substages and are characterized by internal erosive
and depositional elements. In its most simple expres-
sion, a system consists of a basal sandy stage followed
by a muddier stage formed following a decrease in the
sand supply. In basinal settings, turbidite systems may
stack to form turbidite complexes; within each system,
turbidite stages can be further subdivided into m- to
dam-thick substages recording high-frequency varia-
tions in depositional patterns largely associated with
orbital cycles. High frequency cyclicity, sometimes
recorded by spectacular alternations of sub-stages
in both channelized and tabular deposits (Figure 94
A), is one of the most pervasive features observed in
turbidite strata and is therefore present in all elements
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discussed in later sections. These concepts are sum-
marized in the actual example of Figure 95 from the
Proterozoic Zerrissene Sandsone, Namibia, and are
amply discussed by Mutti and Normark (1987, 1991),
Mutti (1992) and Mutti et al. (1999, 2009).

Once a system and its main stages of growth have
been recognized and mapped in outcrop or subsurface
studies, by using a simple lithologic approach or seis-
mic and well-log characteristics, the further step is the
definition of its basic component elements. As intend-
ed herein, elements can be considered as the objective
and “anatomic” components of a depositional system
and a system can thus be defined as an association of
two or more genetically related elements. The two ba-
sic elements include a sediment pathway and a depo-
sitional zone. Whatever the scale and the depositional
setting, these two elements can be recognized in the
great majority of turbidite systems.
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Fig. 94 A - High-frequency stacking pattern of channel-filland lobe complexes at the sub-stage scale. Note the compensational stacking

pattern of sandstone lobes (from Mutti, 1985).

Cycles of tectonico uplift and relaxion

1 2 7 3

Fig. 95 - The spectacular exposure of the Proterozoic Zerrisene turbidite sandstone lobes in the Nabib desert showing cyclic stacking

patterns at different physical (and temporal) scales. Younging direction from left to right. Note high-frequency cyclicity (EDSs) supe-
rimposed on long-period cycles of base level variations (from Mutti et al., 2009).
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The approach defines a limited number of erosional
and depositional elements that are relatively easy to
recognize and map in outcrop and seismic-reflection
studies, thus allowing a significant comparison of a
variety of systems, both ancient and modern. An ad-
ditional further step, which can be undertaken only
through detailed outcrop and core facies studies, leads
to the “physiologic” understanding of depositional
systems and their component elements, i.e., the pro-
cesses which control the way rocks form and vary in
space and time thus allowing reasonable prediction.
As in the human body, anatomy describes the compo-
nent pieces and the way they are assembled; physiolo-
gy takes care of understanding how these pieces work
together and how we are thus alive. It will be noted
the fundamental difference between “anatomic” and
“physiologic” elements as used herein and the “archi-
tectural” elements of Miall (1985) which best fit the
concepts of facies and sandbody geometry (see also
Miall, 1989, and Clark and Pickering, 1996).

The main elements, both erosional and deposition-
al, indicate that turbidite deposition is basically con-
trolled by conduits, or sediment pathways, along which
sediment gravity flows are accelerated and transferred
basinward and by lobe and basin-plain elements where
flows decelerate and progressively deposit their sed-
iment load. An ideal turbidite depositional system,
consisting of a conduit and an unconfined depositional
zone is shown in the diagram of Figure 96. This con-
ceptual scheme should be considered only as a way of
thinking that should be adapted to local conditions,
particularly basin size and configuration which are
controlled by the type of local and regional tectonic
setting, type of sediment source, and volume, textural
composition and triggering mechanisms of sediment
gravity flows (see later). Figure 97 shows a dipsec-
tion of an ideal highly-efficiency system with a chan-
nel-lobe-transition zone formed upcurrent of laterally
extensive basinal sandstone lobes.

Basically, turbidite systems can be viewed as fluvial
systems as intended by Schumm (1977), that is sys-
tems consisting of a source zone that provides sedi-
ment and water, a transfer zone along which sediment
and water are transferred downstream, and a deposi-
tionalzone where the process comes to an end through
final deposition. The analogy is striking if the assump-
tion is made that these systems can be fed directly by
hyperpycnal flows (cf. fluvio-turbidite systems of Mut-
tietal., 1996; Chapter I). The analogy is still valid if the
source zone is identified in the combination of fluvial
floods and concomitant failure and remobilization of
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normal inter-flood river-mouth deposits. The analogy
loses some strength if the source zone is identified in
sediment failures on prodeltaic slopes, also because in
this case failures should be retrogressive to intercept
and remove sands in inner delta-front regions as well
as long-lasting enough to account for the great num-
ber of events that characterize turbidite depositional
units. Large catastrophic failures and MTDs are not a
likely triggering mechanism because of their low fre-
quency and their apparent difficulties in transforming
in turbidity currents.

The main elements which can be recognized in turbid-
ite systems are shown in Figure 98 and briefly discussed
below. Erosional elements are erosional features, es-
sentially canyons, fan valleys, channels and scours;
depositional elements include a variety of turbidite ac-
cumulations ranging from the fill of erosional features
to transitional deposits between erosional and deposi-
tional settings (channel-lobe transition element), and to
fully depositional elements such as lobe and basin-plain
elements. Channel-levees are an important element of
many large systems produced by both erosion (channel)
and lateral deposition through overbanking. Their pres-
ence largely depends upon the volume of flows and the
amount of fines they carry in suspension (see later).

V1.4.2 - Slope sediments

Setting aside canyons and delta-slope channels, in-
cised into the slope and forming the erosional ele-
ments of more basinal turbidite accumulations, as well
as the sandy infill of intraslope minibasins in tectoni-
cally mobile settings, most slope deposits are record-
ed by mudstone-dominated facies which have gen-
erally received little attention. These sediments are
conversely very important particularly in those cases
where basinal turbidite sedimentation is fed by deltaic
systems developed on the shelf or the shelfedge via
hyperpycnal flows. An understanding of these sed-
iments is thus critical for the so-called “source-to-
sink” problem.

Below | will briefly describe some of the main features
of a spectacularly exposed slope succession in the Eo-
cene foreland basin of the south-central Pyrenees (see
Mutti et al., 1988, 2003) (Figure 99). These slope sedi-
ments record the link between flood-dominated delta-
ic systems and an adjacent turbidite basin, comprising
thick sedimentary wedges thinning out in a basinward
direction and separating turbidite sandstone wedges
thinning out in a landward direction (Figure 100).
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Fig. 96 - Conceptual planview model of a turbidite system (from Mutti et al., 1999).
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Fig. 97 - Idealized dip section of a highly-efficiency turbidite system showing bypass channels, a channel-lobe transition zone, and ba-

sinal sandstone lobes pinching-out landward (slightly modified from Mutti et al., 1988).
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MAIN TURBIDITE ELEMENTS

EROSIONAL ELEMENTS

Large-scale erosional features ( canyons, fan valleys)
Channels (erosional, mixed, depositional)

TRANSITIONAL ELEMENTS ( channel-lobe transition)

Large scours

Gravelly and sandy sediment waves

DEPOSITIONAL ELEMENTS

Levee complexes
Channel-exit lobes
Detached lobes
Basin plain

Fig. 98 - Main turbidite elements.

The main features observed in these sediments in-
clude:

Mudstone-dominated facies with very thin silt-
stone/mudstone couplets thought to be the prod-
uct of river plumes (Mutti et al., 2003). Occasionally,
some siltstone beds have an upper rippled surface
suggesting deposition from very dilute hyperpyc-
nal flows (Figure 101).

Mudstone-dominated  successions containing
m-thick packets of roughly tabular or broadly
lensing thin-bedded and fine-grained sandstones
(Figure 102) which may be occasionally deformed
by slumping. Lateral and vertical stratigraph-
ic relationships suggest that these packets could
be the slope extension of coeval shallow-marine
flood-dominated sandstone lobes.

M-thick chaotic units consisting of blocks of un-
consolidated or weakly litified folded and disrupted
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shelfal sediments floating in a sandy-muddy matrix
with abundant shallow-marine skeletal debris.

Rotational slump units typically a few meters thick
with very well-preserved extensional and fron-
tal compressional features (Figure 103). These
units are interpreted as the product of shallow
downslope creeping.

Large- to very large-scale slump scars. Some of
these features may have widths of more than 10 km
and depths of several hundreds of meters and are
unconformably filled in with mudstone-dominated
facies or by coarse-grained turbidites in their de-
pest portions (Mutti et al., 1988). These large fea-
tures are interpreted as sediment failures related
to structural deformation on the seaward edge of
prograding delta systems. Part of these features
funneled subsequent sediment gravity flows, thus
becoming turbidite conduits in their axial and
deepest zones.
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Fig. 100 - Stratigraphic relationship between slope wedges and basinal turbidites (basin-fill scale) (from Mutti et al., 1988).

Fig. 101 - Slope sediments. Thin siltstone/mudstone couplets thought to record river plumes. Some starved ripples are probably the

deposit of dilute hyperpycnal flows. Eocene Castissent Group, south-central Pyrenees.
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Fig. 102 - Slope sediments. Packets of thin-bedded turbidites overlain by a slump unit. Eocene Castissent Group, south-central Pyrenees.

Fig. 103 - Slope sediment. Example of rotational slump. Sense of movement is from left to right. Eocene Castissent Group, south-central

Pyrenees.
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The example discussed above gives a quite clear picture
of a tectonically unstable slope connecting a shelf to a
basin and suggests that much work remains to be done
on this kind of sedimentation, particularly as to their
sequence stratigraphic significance. Part of these prob-
lems will be briefly discussed in the concluding chapter.

V1.4.3 - Turbidite elements

Large-scale erosional features are large canyons and
fan-valleys, with widths up to several km and depths up
to several hundreds of m, that are apparently restricted
to similarly large fan systems developed in front of large
and mature rivers. Basically, these features act as rela-
tively long-lived sediment transfer zones or conduits
of sediment gravity flows connecting clastic shelves to
deep-water environments. Stated in more simple words,
these features can be viewed as submarine rivers trans-
fering sediment to deep-water deltas, i.e., submarine
fans, over relatively long periods of time. Relatively sta-
ble tectonic settings and source areas are probably their
fundamental controlling factors.

As shown by marine geology and high-resolution seis-
mic studies, the fill of large-scale erosional features is
very complex being controlled by alternating phases of
erosion and bypass, deposition, and abandonment and
by the local readjustment of the channel profile due to
sedimentation or the growth of local synsedimentary
structures. Knickpoint migration produced by growing
structural features is one of the most important factors
controlling depositional and erosional areas along the
channel longitudinal profile (Heinio and Davis, 2007).
Deptuck et al. (2003) have provided excellent examples
of these very complex erosional features from the Indus
Fan, Arabian Sea, and the Niger Delta slope (Figure 104).

These features may have lengths up to several hun-
dreds of km and typically contain channels displaying
complex planforms and cross-sectional geometry.
Some of these channelized features and their levees,
as in the case of the Congo deep-sea fan described
by Picot et al. (2016) (Figure 94), extend for consid-
erable distances basinward, apparently giving way to
turbidite systems that substantially differ from the
more common deep-sea fan models (see later). Here,
in my opinion, long meandering channels act at the
same time as transfer and depositional zones accu-
mulating large amounts of sand in meandering belts
much in the same way as meandering rivers do in sub-
aerial alluvial plains. As a result, these systems have
apparently little sand in terminal lobes.

These large-scale erosional features are basically
absent in foreland basinfills for the simple reason
that the large and mature rivers of passive margins
are here replaced by much smaller, higher-gradient

CHAPTERII: Turbidites

and immature rivers developed in highly tectonical-
ly mobile settings. These features are thus omitted
from the discussion in the following sections.

Channel-levee deposits form a very prominent and
seismically well-defined element in some large recent
and modern canyon-fed fans. Typically, these deposits
are associated with fan valleys where thick turbidity cur-
rents previously contained within canyon walls expand
and spill over channel crests forming thick accumula-
tions of overbank fine-grained deposits dipping away
from channel axes and wedging out and downlapping
onto open-fan or interchannel regions. This kind of de-
posit has a very distinctive seismic signature in some
modern and recent large mud-rich fans (Figure 105).

In small and sand-rich systems fed by similiarly small
and high-gradient rivers, slope channels, and gullies,
levee deposits may locally occur, as documented by
Deptuck et al. (2008) for the small recent sandy fans off
Corsica (see above). However, these deposits are diffi-
cult to recognize in most ancient successions since, if
present, they are interfingering with virtually identical
thin-bedded and fine-grained turbidites of the del-
ta slope environment. Of course, the basic problem is
whether a channel exists in association with these faci-
es. Conversely, small packets of intra-channel overbank
deposits produced by relatively small flows can be local-
ly preserved and recognized in many channel-fill depos-
its. For the reasons above, also channel-levee complex-
es are also omitted in the following sections.

Channels and their fills are dealt with in number of pa-
pers (e.g., Clark and Pickering, 1996; Mayall and Stew-
art, 2000; Sprague et al., 2002; Posamentier and Walker,
2006; McHargue et al., 2011; Fildani et al. 2013; Covault
et al., 2016; Pemberton et al., 2016) from both ancient
and modern settings, covering most of the many prob-
lems related to this kind of turbidite sedimentation.
These features are developed at a smaller scale than
large-scale canyons and fan-valleys since they may oc-
cur within their fill, more basinward on open fan surfac-
es, as isolated features on slope regions, or as features
connecting intra-slope minibasins in above-grade slope
settings, thus covering a wide range of planform and
cross-sectional geometries and possible origins.

Basically, a channel is a sediment pathway which is ex-
pressed by a negative relief and is partly filled in with
sediment during its activity and partly upon its sud-
den or gradual abondonment. Most of channel char-
acteristics are generally inferred from their geome-
try, sediment types, and vertical facies sequences. So,
there may be some confusion between an empty fea-
ture (channel) and its fill (channel-fill). Channelized
features vary greatly in scale, from that of a single
channel element to that of much thicker and laterally
extensive channel complexes (Figure 106).
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Fig. 104 - A. Uninterpreted and interpreted seismic profile of the Indus channel-levee system showing erosional fairway, inner and outer

levees, and high-amplitude reflections indicating channel deposits. B. Scheme showing the incision (a-b) and three-phase fill history of
the Benin channel-levee system. From Deptuck et al. (2008).
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BOUDING SURFACES AND SEISMIC FACIES
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sediments

Fig. 105 - Cross-sectional geometry, stratal pattern, and main facies distribution of the youngest channel-levee deposits of the Missis-

sippi Fan (from Weimer, 1991). Note the huge scale of the channel-levee complex.

Fig. 106 - Multiple scales of channelized features observed in turbidite systems (from Fildani et al., 2013).
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By using a simple approach, Mutti and Normark (1987,
1991) have attempted to define erosional, mixed and
depositional channels by comparing modern and an-
cient examples (Figure 107). Erosional channels show
coarse-grained residual facies directly overlying the
main basal erosional surface, thus indicating a phase
of channel activity with sediment bypass. The aban-
donment stage is generally recorded by small, iso-
lated and channelized sandstone bodies alternating
with mudstones. An example of this kind of channel
is shown in Figure 108 emphasizing the distinction
between a first phase of channel activity and depo-
sition of residual conglomerates and a second phase
of abandonment. The two phases or stages are sep-
arated by a very clear surface. Depositional chan-
nels are expressed by thick, generally amalgamated
sandstone beds in channel-axis zones that onlap onto
and pinch out toward channel margins according to
the scheme of Figure 109. Channel-margin facies are
characteristically composed of thin rippled beds com-

monly without mudstone partings (Mutti, 1977). Typ-
ical examples of depositional channels are shown in
Figure 110. Mixed channels include a bypass stage at
the base followed upward by sand deposition similar
to that of depositional channels. As noted by McHar-
gue et al. (2011), mixed channels may show internal
architectures and facies types suggesting underfilled
and filled channel types (Figure 111). Both types are
probably present also in depositional channels and
represent but two examples of the many ways chan-
nels may be filled. Underfilled mixed channels are
characterized by moderate to high rate of overbank
aggradation and more abundant shaly partings in the
axial facies; filled mixed channels would typically show
low rate of overbank aggradation, which may be locally
sandy, and common amalgamation of sandstone beds
in the axial zone. Fining-upward facies trends record-
ing channelabandonment are more common in under-
filled settings. Some channel-fills may contain chaotic
deposits at their base.

Erosional

Mixed

Channel width 10-100 m

Thickness of individual channel-fill sequences 1-10 m

Depositional

Thick-bedded, coarse-
rained amalgamented axial

acies

Alternating sandstone,
mudstone

Fig. 107 - Basic types of channel-fill turbidites (from Mutti and Normark, 1987).
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Fig. 109 - Idealized scheme showing a depositional channel and its relationships to levee and interchannel deposits (from Mutti, 1977).

Fig. 110 - Examples of depositional channels: A. Miocene Marnoso-arenacea
Formation, northern Apennines; B. Late Miocene-Pliocene Capistrano Forma-
tion, California (note thinning of sandstone beds toward channel margin).
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Fig. 111 - Examples of underfilled (A) and filled (B) channels according to McHargue et al., 2011.

Sandstone-filled channels raise the problem of how
sand deposition may occur within a conduit of turbidity
currents, i.e., a sediment transfer zone. Deposition of
turbidity curents may occur because of flow-stripping
at sharp channel bends, the process through which
a bipartite flow loses its upper more dilute portion
(Piper and Normark, 1983), because structural and/
or depositional relief forces deceleration of turbidity
currents and ensuing partial or complete deposition of
their load, or more generally because flow volume de-
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creases with time to the point that the lower segments
of channels become depositional zones. This process,
implying backstepping of the loci of deposition of tur-
bidity currents from the lobe region to feeder chan-
nels is apparently the easiest explanation of lobe-type
facies forming the fill of channels. The process, which
has been suggested by Mutti and Normark (1987), is
shown in Figure 112. Similar settings are described
by Deptuck et al. (2008) from Quaternary fans on the
eastern margin of Corsica (see above).
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Fig. 112 - Conceptual model showing backstepping of sand deposition from the lobe region to a channel due to decrease of flow volume

with time: the lowermost diagram shows the correlation between lobes and channel-fill deposits (from Mutti and Normark, 1987).

Channels, their origin and types of fills remain basically
poorly understood despite the great number of papers
available on the subject. Though very popular, large
meandering channels appear restricted to specific set-
tings of continental margins (see above). At a smaller
scale and in tectonically mobile basin fills, meandering
channels do occur, but are small and rare features com-
monly associated with the abandonment phase of ma-
jor channelized units or, in some cases, with sandstone
lobes (e.g., Van Vliet, 1982; Elliott, 2000).

Figure 113 shows the main types of scours that
can be recognized at outcrop scale. These features
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are very important especially in identifying chan-
nel-lobe-transition zones, i.e., regions where strong
turbulence generated by turbidity currents leads to
localized bed erosion (see later). They are also im-
portant in defining facies types (see later). In Figure
113, A shows cut-and-fill features which are common
at the base of or within structureless sandstone beds
(Figure 114); B are tabular scours commonly found in
sandstone lobes; and C are mud-draped scours indi-
cating erosion followed by bypass (Figure 115). Large
cut-and-fill scours can be easily mistaken for chan-
nels at outcrop scale.
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Concave-upward scours are common in channel-fill and
channel-lobe transition deposits. They are produced
by intense turbulence.

AMALGAMATION SURFACE n
T "."  RIP-UP MUDSTONE :
T CLASTS - . . ; i
£ . o, = ‘ : Tabular scours are particularly common in sandstone
Y " % - 'L % lobe facies. They are primarily produced by the impact
l T o * - | of dense flows on a soft substratum.
AMALGAMATION SURFACE n

Mud-draped scours are common in channel-lobe
transition facies. They are produced by intense
turbulence developed in flows that result in by-passing.

Fig. 113 - Main types of scour which can be observed in turbidite sediments (from Mutti and Normark, 1987).

Fig. 114 - Small scour (cut-and-fill type) producing a concave-upward amalgamation surface (indicated by arrow) and mudstone clasts.

Eocene Hecho Group, south-central Pyrenees.
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Fig. 115 - Mud-draped scours are produced by intense turbulence, bed erosion and bypassing. They are common in the channel-lobe

transition zone. Eocene Hecho Group, south-central Pyrenees.
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The channel-lobe transition element, as defined by
Mutti an Normark (1987, 1991) is an important zone
where turbidity currents undergo a dramatic trans-
formation when passing from confined to unconfined
conditions before spreading out basinward. The zone,
abbreviated in CLTZ, is characterised by sudden dep-
osition of thick sandstone beds forming the apexes of
depositional sandstone lobes in poorly efficient sys-
tems. An association of erosional (scours, large flutes)
and depositional (field of relatively coarse-grained
bedforms) features, commonly below seismic resolu-
tion, are observed in highly efficient systems and in-
terpreted as the product of bypassing large-volume
flows carrying the bulk of their sediment load farther
downsystem into the lobe region (Mutti, 1979; Mutti
and Normark, 1987, 1991; Wynn et al., 2002, Tinter-
ri and Tagliaferri, 2015). These features can only be
recognized through careful facies analysis in out-
crop or high-resolution marine geology techniques
in modern settings. Among turbidite elements, the

CLTZ is the most difficult to map since its deposits in-
terfinger with beds produced by turbidity currents of
different volume and characteristics which were not
affected by this kind of flow transformation. The sed-
iments of this element are discussed in more detail in
the following sections. Figure 115 A shows the basic
differences between poorly efficient and highly effi-
ciencient flows in the channel-lobe-transition zone.

The term lobe has been used in the literature in a
somewhat loose sense and thus requires a definition.
The “depositional lobe” of Normark (1970) refers to a
morphological buldge developed in a mid-fan region
and produced by deposition of sand at the exit of a
leveed valley. The feature is most commonly referred
to as suprafan (see above). The term “fanlobe” has
been used by Bouma et al. (1985) to describe an entire
stage of growth of a deep-sea fan encompassing all its
erosional and depositional elements from a canyon to
a basin plain.

Fig. 115 A - Break in slope sedimentation of poorly-efficient (A) and highly-efficient (B) flows. A. small-volume, sand-rich flows depo-

siting at the slope-break; B. large-volume, mud-rich flows bypassing the slope-break and depositing their sand load farther basinward

(from Mutti and Normark, 1987).
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Largely following Mutti and Ghibaudo (1972) and
Mutti and Ricci Lucchi (1972), we use herein the term
lobe element to define the main sandy deposition-
al zone of turbidity currents within each considered
system and, through the stacking of successive sim-
ilar sand beds - a mappable element invariably pres-
ent at the exit of feeder channels and thinning and
shaling-out basinward, passing to basin-plain strata.
The element in its most typical outcrop expression
consists of uncannelized sandstone bodies, usual-
ly 3-15 m thick, made up of parallel-sided graded
sandstone beds that can be amalgamated or more
commonly separated by muddier divisions. These
sediments can be considered as the most common
and volumetrically important element of ancient
turbidite systems of foreland basins, certainly the
most classic expression of turbidite deposition and
probably the most attractive reservoir for hydro-
carbon accumulations. The concept of turbidity cur-
rent of Kuenen and Migliorini (1950) actually stems
from these parallel-sided graded sandstone beds in

the Oligocene and Miocene foredeeps of the north-
ern Apennines. The Bouma sequence (Bouma, 1962)
was also derived from the study of similar sediments
in the Tertiary Peira Cava Formation (Annot Sand-
stone) of the Maritime Alps.

In small and short-lived systems, sandstone lobes
may occur as isolated features enclosed by mud-
stone-dominated facies; in large and long-lived sys-
tems sandstone lobes may stack to form impressively
thick successions of alternating m-thick sandstone
bodies separated by variable, but usually thinner,
muddier and thinner-bedded facies (Figure 116). The
same variability can be observed in the lateral extent
of lobe elements. In foredeep basins these sediments
may form roughly tabular sandstone bodies that can
be traced for tens of km, as documented in great detail
by Remacha et al. (1998, 2003), Remacha and Maestro
(2005), and Tinterri et al. (2003) in their work on the
Eocene Hecho Group, south-central Pyrenees. An ex-
ample is shown in Figure 117.

Fig. 116 - Impressively thick succession of turbidite sandstone lobes. Oligo-Miocene Zoumi Sandstone, Morocco.
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Fig. 117 - Downsystem cross-section of the Eocene Banaston system, Hecho Group, south-central Pyrenees. Note how lobe packages

can be correlated over tens of km. Without vertical exaggeration (below) the system has an overall tabular geometry (from Mutti et al.,

1999, originally from Remacha et al., 1998).

A lobate to elongate planview geometry is clearly doc-
umented by seismic and marine geology data for many
modern and buried lobe elements (e.g., Piper and Nor-
mark, 1991; Deptuck et al., 2008). In large foredeeps,
the planview geometry of sandstone lobes remains
unclear. It is here suggested that this planview geom-
etry should change from elongate to broadly lobate
in a downsystem direction to account for the over-
all tabular geometry of these bodies in stratigraphic
cross-sections.

In relatively small and sand-rich systems (poorly ef-
ficient systems) lobes apparently form near channel
exits due to sudden breaks in slope and transition
from confined to unconfined flow conditions. An excel-
lent Quaternary example of this setting is that of the
deep-sea fans described by Deptuck et al. (2008) from
the eastern margin of Corsica (see above). More gen-
erally, it can be said that poorly efficient lobes consist
of relatively thick sandstone bodies whose geometry
and stacking patterns are strongly controlled by their
depositional relief at the exit of channels. This relief
generates processes of cannel avulsion, erosion and
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compensation that considerably complicate the local
architecture. Compensational features, as introduced
by Mutti and Sonnino (1981), refer to flow deflections
produced by previous depositional relief and ensuing
formation of compensation cycles (Figure 118) that
may considerably complicate an otherwise simple
stacking pattern at different scales. Moving downsys-
tem and laterally, lobes gradually thin-out and flow
confinement diminishes resulting in sandstone bodies
with more tabular geometry.

Proximal, high-relief sandstone lobes are associate
with relatively thick compensation cycles (Figures 119
and 120). With distance the geometry of individual
lobes tends to become more tabular in both poorly and
highly efficient systems, compensation features still
dominate at the scale of individual beds. Exposures
are rarely large enough to permit their recognition in
terms of lateral variations of individual beds (an excep-
tion is however shown in Figure 121 A), but their almost
pervasive occurrence is documented by small-scale
thickening-upward cycles within individual sandstone
lobes (Figure 121 B).
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Fig. 118 - Compensation cycles (Mutti and Sonnino, 1981).

Fig. 119 - Thickening-upward compensation cycles above a thick-bedded, relief-forming sandstone lobe. Late Eocene-Oligocene Ran-
zano Sandstone, northern Apennines.
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Fig. 120 - Thickening-upward compensation cycles at the top of a thick-bedded sandstone lobe with scouring and amalgamation in its

uppermost part. Miocene Laga Formation, northern Apennines.

Following an early paper of Mutti and Ricci Lucchi
(1974), individual turbidite sandstone lobes have been
commonly thought in most literature as characterised
by a thickening-upward trend of their sandstone beds
and thus as prograding features similar to mouth-bar
deposits of fluvio-dominated depositional systems.
This was an oversimplification of a much more com-
plex problem that raised many controversies result-
ing in different interpretations and re-definitions (see
Pickering and Hiscott, 2016, for an extensive review).
Basically, a correct understanding of lobe ciclicity and
internal trends of individual lobes is fundamental for
the recognition of a sandstone lobe, being clear that
this is the typical case of interaction between auto-
genic processes, such as compensation and channel
shifting, and allogenic processes, as related to ele-
mentary depositional sequences (EDSs, see chapter
1). The problem of cyclicity (see Figure 94 A) will be
discussed in the final chapter of the book for both
turbidite and fluvio-deltaic systems and necessarily
considered within a high-resolution sequence strati-
graphic framework). As suggested by Mutti (2011,
AAPG invited lecture, Milan; 2013, Lamarck Medal
Lecture, Vienna) autociclic processes in both types of
systems seem to favour thinning- and fining-upward
trends as a result of flow-volume decrease with time.
Needless to say, the problem has a great relevance
also for the interpretation of well logs. The example
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of Figure 122 shows an outcrop example and its pos-
sible interpretation.

The basin-plain element (Mutti and Ricci Lucchi, 1972)
records the distal depositional zone of turbidity cur-
rents, peripherally to the sandy lobe region and there-
fore characterized by finer-grained sedimentation (Fig-
ure 123). In common with the lobe element, basin-plain
deposits are made up of parallel-sided beds which, in
some ancient examples of confined basins, are con-
spicuous for their lateral continuity over distances up
to several tens and probably hundreds of km (e.g., Ric-
ci Lucchi and Valmori, 1980; Remacha et al., 2003; Amy
and Talling, 2006; Magalhaes and Tinterri, 2010; Tinterri
and Magalhaes, 2011, Sumner et al,, 2012). Converse-
ly, in small and sand-rich systems basin plain deposits
can be only represented by thin, isolated packages of
thin-bedded turbidites of limited areal extent (Figure
124). Particularly in ponded settings, like those of the
Marnoso-arenacea and the Hecho Group, basin-plain
deposits are characterised by the common occurrence
of relatively thick sandstone beds with similiarly thick
or, more commonly, thicker mudstone caps. Most of
these beds have very complex internal divisions pro-
duced by ponding and reflection processes generated
by bounding slopes (e.g., Remacha et al., 2005; Tinterri
and Magalhaes, 2011).
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Thinning direction of individual sandstone beds.

4= Thickening-upward compensation cycle.

Fig. 121 - Outcrop examples of compensation cycles at bed scale. A. Miocene Noceto Formation, Tertiary Piedmont Basin, NW lItaly.

B. Eocene Banaston system, south-central Pyrenees
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Younger obe compensating
Tor previou

Fig. 122 - Sandstone lobes of the Miocene Laga Formation, northern Apennines. Available data do not permit to interpret this cyclic

pattern in terms of autogenic or allogenic control.

123 - Typical basin-plain deposits of a relatively large turbidite system. Note the regular bedding pattern of alternating mudstones,

fine-grained sandstones and carbonates. Eocene Guipizcoa Flysch, Basque country, Spain. See full outcrop at Figure 68.
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Fig. 124 - Basin-plain expression of a very small and poorly-efficient turbidite system. Note very thin and laterally discontinuous sands-

tone beds with poorly developed internal structures. Tertiary Piedmont Basin, northern Italy.

Because of their common tabular geometry, lobe and
basin-plain strata can be lumped together, in some
cases, as a more general sheet element of turbidite
depositional systems which is well recognizable in
ancient foreland basins and in modern abyssal plains
(“sheet systems” of Pickering et al., 1989).

Albeit their general limited interest for hydrocarbon
exploration, ponded basin-plain regions may repre-
sent the final depositional zone of giant sediment
gravity flows whose run-out distance may reach 1500
m and have volumes well in excess of 100 km. Beds
of this type tend to keep flat the basin floor smooth-
ing out previous topography. Examples of this kind
of extraordinary and catastrophic sedimentation are
the well-known Missoula Flood and the Grand Banks
turbidity current having their final depositional zones
in the Escanaba trough in the Pacific Ocean, and the
Sohm abyssal plain in the Atlantic Ocean, respective-
ly (Figure 125). Similarly spectacular examples have
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been described by Pilkey (1988) from the Hatteras
Abyssal Plain, western north Atlantic, and Talling
et al. (2007) from the offshore of northwest Africa.
Ancient examples of this kind of catastrophic sed-
imentation are well known from the Eocene Hecho
Group, south-central Pyrenees, where carbonate re-
sedimented units, referred to as megaturbites, reach
individual thickness up to 200 m, lateral extent up to
130 km, and have dry-sediment volumes in excess of
200 km (Johns et al., 1981; Labaume et al., 1987). At
a smaller scale, a similar feature is that of the well-
known Contessa Bed of the Miocene Marnoso-arena-
cea (Ricci Lucchi and Valmori, 1980). Because of their
very limited occurrence, these giant and catastrophic
events are omitted in the following sections, though
they could be excellent reservoirs if large volumes
of sand would be involved in these flows. Because of
their possible origin from earthquakes, sediments of
this type were also referred to as seismoturbidites
(Mutti et al., 1984).
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V1.4.4 - A concluding remark

The association of erosional and depositional elements
gives way to an almost endless spectrum of modern and
ancient depositional systems greatly varying in both
physical and temporal scales, planview geometry, and
tectonic setting. At the two ends of the spectrum are
km-scale and even smaller-scale systems occurring in
slope mini-basins of divergent continental margins or
in thrust-top basins of fold-thrust belts and modern

gigantic deep-sea fans mainly developed on oceanic
crust. Basically, each system has to be described and
interpreted on the basis of its own size, textural charac-
teristics, elements, geometry and facies types. Despite
these difficulties and whatever the physical and tempo-
ral scale involved, the simple diagram of Figure 126 may
offer a preliminary appreciation of the main differences
between channel, channel-lobe-transition, and lobe el-
ements in terms of their most diagnostic features.

Fig. 126 - The diagnostic basic characteristics of channel, channel-lobe transition, and lobe elements (from Mutti and Normark, 1987).
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VIl - TURBIDITE FACIES

VIL.1 - INTRODUCTION

Turbidite elements and their component sub-stages
can only be described and interpreted on the basis of
their facies and facies associations. At this point, an
understanding of elements and sub-stages in terms
of procesess and environments as well as of their
possible sequence stratigraphic significance adds the
“physiologic” information required to understand the
dynamics of the systems and develop possible predic-
tive criteria.

In recent times, research on turbidites has certainly
moved, with very few exceptions, to process-sedimen-
tology, with increasing interest in laboratory exper-
iments, numerical modeling, theoretical considera-
tions, and monitoring of modern flows in deep water.
To support the above conclusion, the reader is referred
to the paper of Talling et al. (2015), signed by 30 geo-
scientists from both academia and industry, indicating
the “key future directions for research on turbidity cur-
rents and their deposits”. Certainly, rocks do not play a
major role in these future directions.

| concur with Pickering and Hiscott (2016) that this
phase of research has greatly contributed to a more ro-
bust hydrodynamic understanding of sediment gravi-
ty flows, or subaqueous sedimentary density flows.
On the other hand, however, | believe that this phase
of research has also shown the inherent complexity of
these flows (see also Shanmugam, 2017) and — in my
opinion — has led far away from simplicity and practical
applicability to basin and facies analyis. This complex-
ity, coupled with an increasing under-appreciation of
rock characteristics — that is, the actual facies — has led
to schemes (e.g., Mulder and Alexander, 2001; Postma
and Cartigny, 2014) with little potential to facies anal-
ysis in the real world. Processes and terminology are
discussed at length, but their product in terms of rock
typesis largely theoretical without a documented sup-
port from real examples.

The problems above clearly require a careful re-exami-
nation of many outcrops in order to develop some crite-
ria to bridge the gap between the “classic” facies models
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set forth in previous years and the many new data and
ideas which permeate turbidite sedimentology today.
This appears as a timely reminder of the need for revis-
iting turbidite facies in outcrop and cores with new eyes.

In the following sections, after a brief historical review
of turbidite facies analysis, | will expand on the results
of field studies | carried out in recent years revisiting
a number of basin fills including, among others, the
Tertiary Piedmont Basin, northwestern Italy, the Mio-
cene Marnoso-arenacea and Laga formations, north-
ern Apennines, and the Eocene Hecho Group and the
Guipuzcoa Flysch in the south-central Pyrenees and
the Basque region, respectively, Spain. The purpose of
these studies was primarily a re-appreciation of many
turbidite outcrops and facies also in the light of the
many new contributions appeared in recent time to
improve our understanding of turbidity currents and
their deposits.

As a result, | came to the conclusion that a wise start-
ing point could be that of working on an inventory of
the many facies types comprising the spectrum of beds
or divisions of beds that we can observe in a significant
number of exposed ancient systems. The spectrum
ranges from gigantic blocky-flow deposits to resedi-
mented mudstone layers through an almost endless se-
ries of conglomerates, pebbly sandstones, structureless
or internally stratified sandstones, and shale clast-rich
sandstones and muddy sandstones. Each system has
actually its own and probably unique characteristics dic-
tated by the type of sediment available, initiation of tur-
bidity currents and mass transport processes, flow vol-
ume and duration, bed erosion and ensuing flow bulk-
ing, basin size and configuration, and the local control
exerted by both depositional and structural relief (see
above). Nonetheless, an inventory of the main types of
facies and an attempt to interpret them on the basis of
our present knowledge appears as a necessary step to
partly overcome the problems above.

The main objectives of the following sections are (1) to
offer a general and descriptive subdivision of the main
turbidite facies groups encompassing the full spectrum
of deposits observed; (2) to present an inventory of the
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main facies types (herein termed facies boxes) observed
within each group with a tentative interpretation of their
formative process or processes.

VII.2 - SELECTED PREVIOUS WORK

The first attempt to frame turbidity currents and their
deposits within a more general scheme of “subaqueous
gravity depositional processes” is certainly that of Dott
(1963), who considered turbidity currents as the end
member of a continuum from rockfall, slump and slid-
ing, and mass flow, i.e., a continuum from elastic to fluid
behavior of gravity-induced mass movements (Figure
127). A very important point highlighted by Dott (1963,
p.113) is that “such theoretical distinction is real as
attested by deposits in nature representing arrested
examples of every gradation in the continuum”. As
discussed in later sections, this concept forms the basis
for interpreting turbidite facies tracts, from the paren-

tal-flow to distal quasi-static dilute suspensions.

The Bouma sequence (Bouma 1962), though original-
ly intended to be mainly descriptive, contains in itself
the assumption that a turbidity current is a non-uni-
form and unsteady flow, i.e., a flow decreasing its ve-
locity and competence with distance and through time
as shown implicitly by the Bouma'’s cone (Figure 69).
Following fundamental papers relating sedimentary
structures and flow regime in flume experiments and
modern alluvial channels (Simons et al., 1965; Harms
and Fahnestock, 1965) and keeping in mind the “en
masse” deposition of the “quick” liquefied bed de-
scribed by Middleton (1967) in his experiments with
high-density turbidity currents, attempts were to in-
terpret the Bouma sequence in terms of upper and
lower flow regime (e.g., Harms and Fahnestock, 1965;
Walker, 1967; Pickering et al., 1989). These interpreta-
tions were summarized by Pickering et al. (1989) and
are shown in Figure 128.

ELASTIC BEHAVIOR

Water level

¢. SUBAQUEOUS MASS FLOW

ELASTIC AND PLASTIC BEHAVIOR

Water level

d. SUBAQUEOUS TURBIDITY FLOW

Fig. 127 - Major categories of subaqueous gravity movements (from Dott, 1963, AAPG Bulletin, v. 47, n. 1,pp. 104-128. Reprinted by

permission of the AAPG whose permission is required for further use.)
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THE "COMPLETE" TURBIDITE, AFTER BOUMA (1962)

INTERPRETATION IN TERMS OF FLOW REGIME

PELITIC DIVISION E

UPPER DIVISION OF
PARALLEL LAMINATION

DIVISION OF CURRENT
RIPPLE LAMINATION

LOWER DIVISION OF
PARALLEL LAMINATION

GRADED DIVISION Al

PLANE BED. NO GRAIN
MOVEMENT.

LOWER
FLOW REGIME

RIPPLED BED.

DUNES WITH
RIPPLES, DUNES,
AND WASHED-QUT DUNES.

PLANE BED WITH GRAIN MOVEMENT.

STANDING WAVES.

UPPER
FLOW REGIME

ANTIDUNES.

Fig. 128 - Interpretation of the Bouma sequence in terms of flow regime (from Walker, 1967).

Beginning in the late 70's and stemming from the pa-
pers by Mutti and Ricci Lucchi (1972, 1975), Walker and
Mutti (1973), and Walker (1975, 1978) and the very
influential paper of Middleton and Hampton (1973)
on sediment gravity flows, a great number of authors
started to investigate facies and inferred processes of
turbidite beds and suggested their possible classifica-
tions which gradually became process-oriented.

Middleton and Hampton (1973) suggested that sedi-
ments generally referred to as the product of turbid-
ity currents can be significantly subdivided according
to the support mechanism maintaining the particles
within the flow. The main types of mechanisms include
turbulence (turbidity current s.s.), upward intergran-
ular flow (fluidized sediment flow), grain interaction
(grain flow), and matrix strenght (debris flow) (Figure
129). Though very important in many respects and
notably because it introduced the concept of “sedi-
ment gravity flows”, this contribution fails to explain
the great variety of facies that characterizes the vast
majority of coarse-grained sandstone beds (see later)
and defines univocally only the deposits of low-densi-
ty or dilute turbidity currents and those of some debris
flows. Surprisingly, Middleton and Hampton (1973) did
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not consider the “flowing grain layer” of Sanders (1965)
nor its relation to the complete Bouma sequence.

In two papers mostly based on theoretical considerations,
Lowe (1976, 1979) expanded many of the concepts of Mid-
dleton and Hampton (1973) making a clear distinction be-
tween the fluid and plastic behavior of fluid flows (newto-
nian) and debris flows (non-newtonian) respectively, thus
emphasizing the importance of fluid rheology. The types
of flow and their nomenclature, as well as the sediment
support mechanisms are shown in Figure 130.

Beginning with Walker (1965, 1978) and Mutti (1979),
facies started to be interpreted in terms of their possi-
ble hydrodynamic significance and high- and low-den-
sity turbidity currents, along with debris flows, became
the most likely processes to account for the vast ma-
jority of the turbidite facies observed in outcrop. In
particular, Walker (1978) suggested a direct transi-
tion from turbulent debris flows to high-concentra-
tion (high-density) turbidity currents, thus eliminat-
ing grain flows and fluidized flows as a long-distance
transport process (Figure 131). The same basic distinc-
tion between high-density and low-density turbidity
currents forms the basis of the facies classification
suggested by Mutti (1979) and shown in Figure 132.
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Fig. 129 - Sediment gravity flows and their sediment-support mechanisms (From Middleton and Hampton, 1973).

FLOW SEDIMENT SUPPORT
BEHAVIOR EOWTIFE MECHANISM
TURBIDITY CURRENT FLUID TURBULENCE
FLop IFIEEED&L ESCAPING PORE FLUID
FLUIDIZED FLOW (FULL SUPPORT)
LIQUEFIED FLOW ESCAPING PORE FLUID
(PARTIAL SUPPORT)
GRAIN FLOW DISPERSIVE PRESSURE
PLASTIC DEBRIS
(BINGHAM) FLOW
MUDFLOW OR COHESIVE MATRIX STRENGHT
DEBRIS FLOW MATRIX DENSITY

Fig. 130 - Main types of sediment gravity flows based on flow rheology and particle-support

mechanisms (from Lowe, 1979).
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Fig. 131 - Facies and processes (from: Walker, R. G., 1978, AAPG Bulletin, v. 62, no. 6, p. 932-966. Reprinted by permission of the AAPG
whose permission is required for further use.)

TR GHDTC

Explanation
DF = Debris flow
TR = Traction

GHDTC = Gravelly high-density turbidity current
HDTC = High-density turbidity current

LDTC = Low-density turbidity current

(fe) = Fluid escape

A1, A2, efc. = Facies types

LDTC LDTC

D, Ds

Fig. 132 - Facies scheme and related processes (from Mutti, 1979).
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Lowe (1982) presented the first facies scheme with
a thourough discussion on how turbidite beds can
be related to a continuum of processes responsible
of the deposition of both coarse-grained and fine-
grained internal divisions of these beds. The facies
scheme of Lowe, emphasizing how different grain-
size populations are controlling the type of internal
divisions in turbidite beds, is summarized in Figure
133, which is also an attempt to reconcile the parti-
cle-support mechanisms of Middleton and Hampton
(1973) with the real world of observable facies types.
This scheme and the two classic facies sequences of
Figure 134, intended to show the basic divisions of
high-density and coarse-grained turbidite beds, have
been and still are highly influential models for turbid-
ite facies analysis.

A comprehensive facies scheme mainly based on out-
crop studies was subsequently offered by Mutti (1992),
who introduced the concept of facies tract as related
to flow transformations of a parental flow occurring
during its the downcurrent motion. The scheme is con-
ceptually very simple in that is mainly based on the
graphic presentation of a number of facies and relat-
ed erosional features that record the arrested steps
or deposits along an ideal depositional profile. These
concepts, refined in subsequent work (Mutti et al.,
1999, 2003; Tinterri et al., 2003), are amply discussed
in the following sections.

Mulder and Alexander (2001) provide the most updated
and comprehensive attempt to define the characteris-
tics of sedimentary density flows (a new term appar-
ently synonymous with the sediment gravity flows of
Middleton and Hampton, 1973) and their inferred de-
posit. A first subdivision, based upon flow rheology, is
between cohesive and frictional flows. Cohesive flows
have matrix strength produced by cohesion between
fine-grained particles; the strength maintains the co-
herence of the flow body. Conversely, frictional flows
can develop intergranular space or porosity which is
filled with water. Frictional flows are then subdivided
based upon sediment concentration into hyperconcen-
trated density flows, density flows, and turbidity cur-
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rents with different particle-support mechanisms. The
scheme of Figure 135 summarizes flow and deposits
characteristics. Though very useful for an understand-
ing of processes, the scheme offers a very weak docu-
mentation of the characteristics of the resulting beds
or facies, thus greatly limiting its applicability to the
practice of facies analysis.

Talling et al. (2012) offer an extensive and critical re-
view of the many attempts made by sedimentologists
to classify turbidites, or more generally subaqueous
density flow deposits. The authors also provide a new
classification scheme based on deposits characteris-
tics, dominant particle support mechanisms, and types
of flow, with related new terminology (Figure 136). The
authors are mostly concerned with sandy deposits,
thought to be primarily deposited by high-density and
low-density currents in a layer-by-layer aggradation
fashion from an overlying suspension (Figure 137),
and with associated shale clast-rich co-genetic deb-
rites (see also Haughton et al., 2009; Sumner et al.,
2012). Deposition of mudstone divisions is dealt with
in great detail, but coarse-grained facies are virtual-
ly omitted from their discussion. If | correctly under-
stood the authors’' opinion, structureless sandstone
divisions would form from sandy cohesionless debris
flows or from sustained liquefied zones at the base of
high-density turbidity currents.

Pickering and Hiscott (2016) present a revised and
well-illustrated version of their original facies classifi-
cation (Pickering et al., 1989). The classification is pri-
marily descriptive and covers a very wide spectrum of
facies, hierarchically arranged in classes, groups, and
facies. Albeit important as a reference, the classifica-
tion, which also includes biogenic and chemical depos-
its, seems too complex to memorize and use in outcrop
studies. Explicitly, Pickering and Hiscott (2016, p. 60) do
not consider process-oriented facies schemes, such as
that of Mulder and Alexander (2001), because they are
not designed to be used in the field. My opinion is that
such approach is conversely necessary since it does not
deprive the geologist of the pleasure to try to under-
stand what is observing.
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Fig. 133 - Facies and processes according to Lowe (1982) and the basic distinction between high- and low-density turbidity currents.
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Fig. 134 -A. Ideal deposit of a sandy high-density turbidity current showing both high-density (51-3) and late-stage low-density (Tt, Td-
e) divisions. (From Lowe, 1982; reprinted by permission of Society of Economic paleontologists and Mineralogists). B. Ideal sequence of
divisions deposited by a single, gravelly high-density turbidity current declining through gravelly and sandy sedimentation waves (from
Lowe, 1982; reprinted by permission of Society of Economic Paleontologists and Mineralogists).
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Flow type terminology Sediment support mechanism (s)
DEBRIS AVALANCHE Debris avalanche deposit Particle collisions; Matrix strength
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Fig. 136 - The basic distinction between debris flows and turbidity currents and their deposits according to Talling et al, (2012). Note
that turbidity currents are further subdivided into mud density, sandy low density and sandy high density, and that debris flows are

subdivided into cohesive, poorly cohesive and non-cohesive. Turbulence appears as the main sediment support mechanism in turbidity
currents, whereas debris flows are considered as laminar or almost laminar flows with excess pore pressure and cohesive strength. See
text for more details.
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Fig. 137 - Sediment transport and deposition in high-density and low-density turbidity currents according to Talling et al. (2012). Note

that in the basal flow of high-density turbidity currents settling is hindered by elevated near-bed sediment concentration. In both low
density and high-density currents deposition takes place in a layer-by-layer fashion from an overlying turbulent flow.

VII.3 - SOME REMARKS ON TURBIDITE FACIES
ANALYSIS

It has become evident with time that turbidite facies
analysis requires criteria that differ from those gen-
erally used for other types of sediments. Classic work
of modern facies analysis primarily deals with packets
of beds (essentially the bedsets of Campbell, 1967),
their geometry, texture and internal structures, in an
attempt to interpret sedimentary processes and ulti-
mately the environment of deposition. The approach
is well established in the literature and heavily relies
upon a comparison between ancient facies and sedi-
ments, processes and environments observed in the
Recent (see Chapter I). The same approach cannot be
followed in turbidite facies analysis because sedimen-

CHAPTERII: Turbidites

tation takes place in deep-water and there are no di-
rect observations linking turbidity current deposition
to specific environments of deposition such as chan-
nels, lobes and basin plains. Turbidite facies analysis
tends thus to restrict the interpretation to processes
such as for instance high- and low-density turbidity
currents, cohesive and frictional debris flows and hy-
perconcentrated flows overlooking the environment of
deposition. Admittedly, most turbidite facies analysis
is at present mainly based on inference of what hap-
pens in the deep sea, i.e.,, in environments far away
from our direct control particularly over the very short
lapse of time during which a turbidity current deposits
its load (the reader is referred to an interesting discus-
sion in Shanmugam, 2016).
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VIl.4 - THE RATIONALE BEHIND NEW ATTEMPTS

Though still useful as a way of thinking, the general
application of the Bouma sequence in turbidite facies
analysis is now very limited because of the complexity
of the problems encountered. In reality, turbidite faci-
es form such a broad familiy of sediments that general
classification schemes appear unrealistic at present.
The problem has been summarized by Mutti (1992, p.
105) who claimed that, if viewed without preconceived
ideas or existing models in mind, “no two turbidite
beds are really the same”.

Difficulties emerge particularly when attempting to
interpret the coarse-grained divisions of turbidite
beds. The basic problem is to understand those dense
flows that carry coarse-grained sediment (e.g., cohe-
sive debris flows, hyperconcentrated and concentrated
flows, high-density turbidity currents, sandy debris
flows, grain flows, flowing or inertia grain layer). The
ensuing tendency is to separate their deposits from
those attributed to genuine turbidity currents in which
finer-grained sediment is transported and deposited
by turbulent suspensions. The term “turbidites” would
be therefore restricted to the latter deposit, whereas
most coarse-grained deposits would be described ac-
cording to their inferred formative process. “Debrites”
and “densites” are typical examples.

| think that it would be essentially useless to try to as-
sign each bed forming a turbidite basin fill to a specific
process. The final result would be a telephone book.
And in addition, the interpretation of these process-
es would necessarily change with time thus rendering
frustrating any attempt to stratigraphic and facies
analysis. The problem was clearly perceived by Ph.H.
Kuenen (in Sanders, 1965, p.217) who wrote: “A tur-
bidity current is a current flowing in consequence of
the load of sediment it is carrying and which gives it
excess density. This leaves the controversial mode of
suspension out of account (turbulence, impact, in-
ertia flow, etc.” | fully agree with what Ph. H. Kuenen
wrote more than 60 years ago.

Early in my career, | was in love with concepts and pro-
cesses, but | was told by my manager at Exxon that the
company was drilling rocks and not concepts and the
same do geologists or geophysicists when mapping
rock units in outcrop or in the subsurface. A lesson |
learnt quite well. So, | have always been very pragmat-
icin this respect, which does not necessarily mean not
being scientific.

To avoid terminology problems permeating most re-
cent literature, turbidite facies are here intended as
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originally defined by Mutti and Ricci Lucchi (1972),
that is a spectrum of intergradational facies rang-
ing from matrix-supported conglomerates to grad-
ed mudstones — the spectrum of lithologies that is
commonly observed in orogenic belt turbidite basin
fills. As a consequence, turbidity currents should be
regarded not strictly as fully turbulent flows but as
composite, most commonly bipartite flows (Mutti
et al., 1999, 2003; see later), from which all these ge-
netically inter-related facies can be deposited. Much
remains to be learnt about the exact hydrodynamic
behaviour of these flows and looking in detail at their
products, though often difficult to understand, is
certainly not a minor point.

VIL.5 - DESCRIPTIVE AND GENETIC TURBIDITE FACIES

Descriptive facies are those based on objective litho-
logic criteria such as grain-size, sand:shale ratio, and
bed thickness and geometry. The approach is useful
for general description purposes in both outcrop and
subsurface studies to preliminary define m- to dam-
thick packages consisting of “roughly” similar beds.
Figure 138 shows an example of descriptive facies from
Mutti and Ricci Lucchi (1972).

Examples of descriptive facies terms are, for exam-
ple, “thin-bedded turbidite sandstones”, “thick-bed-
ded turbidite sandstones”, “massive sandstones”,
“thick-bedded amalgamated sandstones”, “classic
turbidites”, “graded pebbly-sandstones”, “channelized
sandstones and conglomerates”, “clast- and ma-
trix-supported conglomerates” and many other terms
commonly used for purposes of general description.
Using descriptive facies as operational stratigraphic
and mappable units in both outcrop and subsurface
studies is the most common approach in early at-
tempts to understand the main stratigraphic and dep-
ositional framework of a basin fill.

Genetic facies are defined through a more detailed
and time-consuming approach that considers indi-
vidual beds or depositional divisions within each bed
and describe them in terms of grain size and internal
structures in the attempt to interpret depositional
processes. The approach is therefore process-orient-
ed and aiming at an understanding the way in which
different facies form and grade into each other both
laterally and vertically in order to develop predictive
facies models. Most recent work on turbidite facies is
essentially based on the genetic approach and largely
relies on the facies tract concept (see below).
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Principal Types of Facies

General Description

(A)

Conglomeratic sandstones

Coarse-grained sandstones and conglomerates; poorly sorted, make up thick to massive beds, which
are irregularly shaped and amalgamated. Internal structures of these coarse-grained beds include
occasional grading and abundant shale clasts.

(B)

Sandstone

Medium-fine to coarse sandstones, better sorted than sandstones of Facies (A), in thick to massive
beds which are lenticular, however, more laterally continuous. These beds are characterized by thick,
parallel or broadly undulating laminae. Shale clasts and erosional features are quite common. Dish
structures are occasionally present.

(© Sandstones with
shale interbeds

Medium to fine sandstones with minor amounts of shales. The sandstone beds are bounded by even
and parallel surfaces having rather good lateral continuity. Small shale clasts either scattered or
concentrated in distinct lenses and levels are commonly found in the sandstones.

(D) Shales with sandstone
interbeds - |

Fine and very fine sandstones, siltstones, and shales, having marked lateral continuity. Internal
structures of these beds include thin current laminae which can be either, parallel undulating,
convolute or oblique.

(E) Shales with sandstone
interbeds - I

This facies is differentiated from Facies (D) above by the following characteristics: (1) higher
sand/shale ratios, (2) thinner irregular beds, (3) more discontinuous beds with wedging and lensing.
Quite commonly the top of these beds are in sharp contact with the overlying shales.

Fig. 138 - Example of descriptive turbidite facies (based on Mutti and Ricci Lucchi, 1972).

VII.6 - THE FACIES TRACT CONCEPT

Genetic facies can be best appreciated only within the
framework of the facies tract concept. The concept
has been introduced by Mutti (1992) in his classifica-
tion of turbidite facies and implies a number of corol-
laries which are briefly discussed below.

A facies tract can be defined as the lateral association
of genetic facies that can be observed within an indi-
vidual bed or a package of strictly time-equivalent
beds, or bedset (Mutti, 1992, p. 49). Both downcurrent
and crosscurrent facies tracts can be observed, though
downcurrent examples are most commonly considered
(see later). A stratigraphic constrain is therefore essen-
tial to extract geologically significant conclusions from
facies tract analysis.

The facies tract concept stems from field observations
forcing the conclusion that sediment gravity flows un-
dergo transformations during their downcurrent motion.
Sediment gravity flows are non-uniform flows, i.e., flows
that change their velocity with distance. As a rule, and af-
ter a phase of initial acceleration and bulking, these flows
decelerate with distance thus depositing progressively
finer grained sediment because of decreasing flow com-
petency. Within a facies tract, each facies is thus always
finer-grained than its upcurrent equivalent and coars-
er-grained than the downcurrent one. It follows that, as
stated by Lowe (1982), in turbidite facies analysis grain
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size, which is a function of flow competence, is of funda-
mentalimportance.

Each flow also changes velocity with time at each lo-
cality along the depositional profile. These flows are
referred to as unsteady flows and produce variations in
grain size and depositional structure within individual
beds. As a rule, flows decelerate with time giving way
to normally graded beds of which the Bouma sequence
would be the ideal example. Turbidite facies tracts are
thus the result of flow transformations in both space
and time. Local variations in flow velocity mainly pro-
duced by sea floor morphology are omitted from this
discussion.

The facies tract of Figure 139 A and its original inter-
pretation (Figures 139 B and 140) show the downcur-
rent evolution from matrix-supported conglomerates
to graded turbidite mudstones and discuss flow trans-
formations from dense debris flows to dilute qua-
si-static turbidity currents in the same direction. The
scheme of Figure 139 A restricts turbidite facies to 9
main types (F1 to F9) thought to represent the basic
and most common (in this writer's experience until
1992) depositional divisions observed in outcrop stud-
ies mainly from foreland basin fills of the south-cen-
tral Pyrenees and northern Apennines, as well as from
wedge-top small systems of the Tertiary Piedmont Ba-
sin, north-western Italy.
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A refined version of the above schemes has been of-
fered by Mutti et al. (1999, 2003) and Tinterri et al.
(2003) who introduced the concept of bipartite tur-
bidity currents and their basic subdivision into a
basal dense flow and a more dilute upper turbulent
flow — a concept originally suggested by Sanders
(1965), admitted by Middleton and Hampton (1973)
and strenghtened by Ravenne and Beguin (1983)
and Norem et al. (1990) on the basis of laboratory
experiments and numerical modeling respective-
ly. In particular, Norem et al. (1990) emphasized the
importance of the excess pore pressure of dense or
granular flows which would reduce internal friction,
thus allowing them to run over considerable distance.
The basic scheme of Mutti et al. (1999, 2003) is shown
in Figure 141, portraying a bipartite turbidity current

with a dense basal flow moving ahead of and faster
than an overlying turbulent flow. With distance, the
dense flow loses its excess pore pressure, freezes
and is bypassed and reworked by the turbulent flow
that moves farther downcurrent. The above authors
also attempted to simplify facies types and inferred
transport and depositional processes in terms of
grain-size populations, their downcurrent segrega-
tion and associated erosional, depositional and by-
pass features (Figure 142).

Flow transformations may occur without leaving a
distinctive depositional record and some of them can
only be expressed by erosional features (mud-draped
scours in the sense of Mutti and Normark, 1987,1991).
Also, these erosional features have thus to be taken
into account for the interpretation of facies tracts.
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Fig. 139 - (A) Facies tract and inferred depositional processes (slightly modified from Mutti, 1992). Note the inferred main transforma-
tions of the flow (B) and the occurrence of a primary and secondary dense flow. The latter would form from reconcentration of the flow

after its expansion at a hydraulic jump (flow expansion in the figure) and would be responsible for the genuine graded and structureless

division of the Bouma sequence.
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The above schemes refer to an original parental flow
containing all the grain size populations and its pro-
gressive transformation from a blocky or gravelly flow
into a dense sandy flow. These flows (termed granular
flows in Figures 141 and 142) can be simply referred
to as dense flows, i.e., flows with high sediment con-
centration that are generally known as debris flows,
hyperconcentrated flows, gravelly flows, sandy debris
flows, high-density turbidity currents and other simi-
lar terms (see above). Following the schemes of Mulder
and Alexander (2001), frictional dense flows as intend-
ed herein should encompass a range of flows with de-
creasing sediment concentration from hyperconcen-
trated flows (up to more than 25 % by volume), with no
vertical particle sorting, to concentrated density flows,
with coarse-tail vertical grading allowed by limited ver-
tical settling. For further decrease in sediment concen-
tration (< 9% by volume), concentrated density flows
would then become turbulent flows, i.e., true turbidity
currents. As discussed later, facies analysis makes this
problem considerably more complex.

The schemes of Figures 141 and 142 depict facies
tracts characteristic of very efficient flows. Provided
the flow can travel over sufficient distance, the process
produces a clear grain-size segregation in a downcur-
rent direction expressed by very distinctive facies indi-
cating successive phases of deposition and bypass un-
til even the finest sediment load is deposited in distal
regions during the final waning stages of the current.
Such flows have been referred to as highly efficient,
conversely, very poorly efficient flows will only partly
segregate their different grain size populations, thus
producing a more limited number of facies types with
poor textural sorting (Mutti, 1979, 1992; Mutti and
Normark, 1987, 1991; Mutti et al., 1999). The scheme
of Figure 143 illustrates the concept of flow efficiency
and its depositional characteristics.

Figure 139 shows facies the way you can see them in
outcrop or in cores when you attempt to organize your
observations within a logical and predictive framework.
A facies is essentially defined on the basis of the tex-
ture and internal depositional structures within individ-
ual beds or packets of beds, or bedets. More specifical-
ly, a facies can be defined as the dominant and coars-
er-grained division within a bed. The scheme is based
on the fundamental stratigraphic principle, the Walther
principle, that states that a facies has to be considered
also in terms of lateral and vertical stratigraphic rela-
tionships. Therefore, in the specific case of turbidites, a
facies is but a piece of a broader spectrum of related
facies that record deposition from a single flow event
through transformations suffered during its basin-
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ward motion. In the scheme of Figure 72, each facies
is simply coarser grained than the facies upcurrent and
finer grained than the downcurrent one in the reason-
able assumption that overall a flow is not uniform and
decelerates with distance, thus loosing competence.
Textural characteristics are supplemented with internal
structures and other features thought to be important.

If flow characteristics are taken into account, then a
turbidity current can be splitted into a spectrum of
flow types ranging from a hyperconcentrated frictional
flow to a dilute turbulent suspension, all the spectrum
members being part of the same turbidity current,
that is the same episodic event. A correct description
an understanding of these facies has enormous impli-
cations for reservoir geology.

To sum up and largely following the previous schemes
of Mutti (1992) and Mutti et al. (1999, 2003) assuming
that the grain-size populations transported by each
flow are deposited in a predictable order of deposi-
tional divisions both vertically and longitudinally, an
ideal turbidity current gives way to depositional cone
that thins and fines outward. The cone can be consid-
ered as an elementary depositional lobe built up by a
single flow.

The scheme omits the problem of the interaction be-
tween flow motion and submarine relief generated by
structural deformation or previous deposition. These
settings can only be understood on a case-by-case
basis and also include flow waxing, waning and even
local current reversal associated with the formation of
specific supercritical bedforms (e.g., chutes and pools
and cyclic steps). Most commonly, the flow naturally
decelerates with distance and through time because
of deposition (loss of density), friction and subtle
slope decrease in an essentially smooth basinal re-
gion. The mixture of sediment and water that moves
because of its excess density, and which we consid-
er as a bipartite turbidity current, undergoes flow
transformations that result in a continuous process
of deposition of the relatively coarser grain-size pop-
ulations and bypass of the finer ones until the final
settling of a muddy cloud (Figure 142). The resulting
bed and its internal divisions record the facies tract
of the considered flow (Figure 139 A). As noted above,
the deposit of a single composite sediment gravity
flow, whatever the mechanisms and the resulting faci-
es, is considered as a “turbidite bed” produced by the
same event and its transformations in space and time.
Strictly speaking, a turbidite bed becomes in this way
an intra-bed facies association or facies tract.
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VII.7 - THE CHANNEL-LOBE TRANSITION ZONE AND
ITS PROBLEMS

An early and tentative interpretation (Figure 79) assumed
that in highly efficient flows a basic transformation oc-
curs at a change in slope or at the exit of a channel from
a supercritical dense flow to a subcritical and fully turbu-
lent flow, i.e., the flow suffers a hydraulic jump implying
flow expansion and deceleration. This zone has been re-
ferred to as “channel-lobe transition (CLTZ)" by Mutti and
Normark (1987, 1991) and Winn et al. (2002) and thought
to be critical for the downcurrent evolution of turbidity
currents (see above). Its characteristics were defined to
include scours, mud-draped scours, and fields of sedi-
ment waves produced by tractional processes (primarily
cross-laminated sandstone beds formed by migrating
dunes). These features were summarized in the scheme
of Figure 126, showing the basic differences between
channel, channel-lobe transition zone, and lobe ele-
ments. Following and expanding on the original scheme
of Mutti (1979), all these features were interpreted as the
result of hydraulic jumps of supercritical flows followed
by sediment bypass and deposition of the main sand load
in lobe regions farther downsystem. As noted by Mutti
and Normark (1987, p. 24), the hydraulic jump zone was
not related to a substantial reduction in the capacity of
the flows to carry sand farther basinward in the lobe re-
gion, a concept recently expanded and substantiated by
Dorrell et al. (2016).

The problems of the hydraulic jump, its location and
impact on the flow have recently become matter of de-
bate and are far less simple than previously thought.
Direct monitoring of submarine density flows, numer-
ical modeling, small-scale laboratory experiments,
some limited field evidence and theoretical consider-
ations (e.g., Kostic and Parker, 2006; Postma et al., 2009;
Sumner et al., 2013, with references therein; Dorrell et
al., 2016;) show the complexity of the problem which is
stillin its infancy (see a critical review by Shanmugam,
2016). Yet, and for our purposes, all the available in-
formation indicates that this basic transfomation does
exist, though it may be expressed in different types of
record, some of which still remain unclear or unrecog-
nized. Nonetheless, there seems to be a general con-
sensus that hydraulic jumps are associated with scour-
ing of the sea floor and sediment waves of various size
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and sediment type that may extend basinward from
channel exits over considerable distance.

VII.8 - ASUGGESTED NEW CLASSIFICATION
VII1.8.1 - Introduction and basic subdivisions

Being aware of the many problems discussed in previ-
ous sections and based on new field observations (see
above), an attempt is made here to try to reconcile part
of the new data emerged about turbidity currents and
their deposits with classic facies schemes. The result-
ing new scheme is shown in Figure 144.

We identify 6 main facies groups (termed F1 through
F6) that allow for the subdivision of turbidite succes-
sions into packages or for the identification of beds
that are easily recognizable on their objective charac-
teristics and primarily on their texture. Other criteria
include bed thickness and geometry, sand/shale ra-
tio, and internal structures. These facies groups are
conceptually similar, though considearbly refined, to
the main descriptive subdivisions introduced in early
work by Mutti and Ricci Lucchi (1972), Walker and Mutti
(1973), and Walker (1965) and are thought to represent
the first step to be taken in turbidite facies analysis
when examining outcrops or cores.

The groups include include (Figure 144):

F1 - Conglomerates (both matrix- and clast-support-
ed) and pebbly sandstones;

F2 - Structureless sandstones commonly including
granules and small pebbles;

F3 - Internally-stratified, well- to relatively well-sorted
coarse- to fine-grained sandstones;

F4 - Dune- and ripple-shaped medium- to very coarse-
grained sandstones; dune-shaped beds commonly
show internal cross laminae;

F5 - Shale-clast bearing sandstones and muddy sand-
stones;

F6 - Thoroughly current-laminated, fine- to very-fine
sandstones and coarse siltstones commonly grading
upward into mudstone divisions and occasionally un-
derlain by a fine-grained structureless divisions (Bou-
ma-like beds).
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Graded and parallel-sided beds of highly variable thickness of fine to very fine
sandstone transitionally capped by a mudstone division. Typical internal structures

escape features.

F6 from turbulent flows produced by traction-plus-fallout processes which may be locally
strongly affected by depositional and structural relief. Bouma-like beds.

F5 Sandstone beds with floating shale clasts and/or containing divisions of muddy
sandstone locally with pseudonodules and small shale clasts.

F4 Dune- and ripple-shaped cross-laminated beds of relatively well-sorted coarse- to
medium-grained sandstone.
Medium to thick beds of laminated coarse to fine sandstone.Thick to thin horizontal,

F3 wavy, and low-angle cross laminae. Fairly to very well sorted. Large- to small-scale water

Medium to very thick beds of structureless and poorly-sorted coarse- to fine sandstone,
F2 locally with small pebbles and granules. Beds vary from well to crudely graded.
Many beds show multiple grading produced by scours associated with traction carpets.

F1 Matrix-supported and clast-supported conglomerates / Graded pebbly sandstones.

Tectonic melanges, large-scale mass-transport deposits (slumps, slides, blocky flows).

Fig. 144 - Basic turbidite facies groups. See text for details.

Though the groups are primarily descriptive, some in-
terpretation becomes implicit in the way they are or-
dered in Figure 144. From base to top, F1 and F2 are
simply defined by their grain-size populations. F3 is
defined by grain-size and internal stratification. F4 is
defined primarily by bedding geometry, grain size and
internal structures. F5 is defined by beds containing
shale clast-rich divisions as well as muddy-sandstone
or sandy-mudstone divisions with small shale clasts
and pseudonodules of rippled sandstone. Finally, F6
contains beds that can be described according to the
sequence of depositional divisions of the classic model
of Bouma (1962), though with common and substan-
tial departures.

The scheme shows the evolution from gravelly (F1)
and sandy (F2) dense flows to turbulent flows (F3).
Beds of F2 and F3 are seen in most cases to be lo-
cally overlain by F3 deposits interpreted as tractional
and aggradational features following settling from
a suspension. F6 deposits are finer-grained trac-
tion-plus-fallout deposits from an overlying turbu-
lent suspension (see later for F5). The scheme thus
shows an overall tendency in the evolution of facies
groups as well as of individual beds toward a decrease
of dense-flow sedimentation which is gradually re-
placed by that of more dilute flows where turbulence
becomes increasingly important. The process leads
also to a general decrease in grain size and increase
in textural sorting.
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The scheme is largely based on the interpretation of F4
deposits. Dune-shaped and relatively coarse-grained
sandstone beds (facies B2 of Mutti, 1979; facies E of Mutti
and Normark, 1987; facies F6 of Mutti, 1992). These beds,
which are common though unfortunately overlooked, are
here interpreted as a genuine expression of sand dune
migration under subcritical flow conditions. Their cross
laminae are invariably indicating paleocurrent directions
parallel to flute casts and their relative stratigraphic
position shows without any possible doubt that these
cross-stratified sandstones directly overly current-lami-
nated deposits of F3. The same kind of dune-shaped and
cross-laminated sandstones is also commonly found at
the top of structurelss bed of F2 (e.g., Mutti, 1992; Tinter-
ri and Tagliaferri, 2015; Cunha et al., 2017).

F4 beds are thus of fundamental importance since
they record the first and clear evidence of a subcriti-
cal flow regime, thus marking a significant boundary
between types of flow and resulting deposit. Note
that a similar conclusion was reached by Hiscott and
Middleton (1979) in their study of the lower Ordo-
vician Tourelle Formation, Quebec, Canada, where
cross-bedded divisions overlay structureless divi-
sions thought to be the deposit of supercritical flows.

As schematically shown in Figure 145, F1 through F3
are thus interpreted here as the deposit of fast-moving
dense (F1 and F2) and turbulent (F3) supercritical flows
(Fr >1) whilst the groups above are interpreted as the
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deposit of subcritical flows (Fr <1) (though with some
exception for F5 beds; see later). The transition between
the two types of flow is recorded by a still poorly under-
stood region where supercritical flows suffer hydraulic
jumps marked by flow thickening and deceleration with
dissipation of energy through intense turbulence (chan-
nel-lobe transition zone, see above). These features are
thus closely associated with scours and mud-draped
scours. As noted by Muttiand Normark (1987, p. 24), the
hydraulic jump zone is not related to a substantial re-
duction in the capacity of the flows to carry sand farther
basinward in the lobe region.

Within each group we further identify a number of se-
lected facies, simply indicated by progressive numbers
(e.g., F1-1, F1-2 etc), on the basis of textural character-
istics and internal depositional structures. We define
herein these facies as facies boxes and show part of
them graphically to emphasize their main characteris-
tics which allow for a preliminary interpretation of their
formative process or processes. It should be noted that
the selected facies boxes represent but a fraction of
the variants you can observe in the field as perceived
by Dott (1963) (see above). The selection offered here
is obviously based on my own experience and reflects
my personal conviction that these facies boxes are es-
pecially common and significant in the systems | could
examine. Unlike in previous work (e.g., Mutti, 1992),
facies boxes are not arranged in a new classification
scheme, but are rather intended as a subjective guide-

line for examining outcrops and cores and to share my
way of thinking with the reader. Facies groups and their
component facies boxes are discussed below.

Both facies groups and their component facies boxes
form a useful descriptive inventory to be used for a
genetic approach to turbidite facies analysis. For each
considered system, or portions of it, facies boxes,
or bed types, can be assembled into facies tracts of
roughly coeval beds that allow for a better interpre-
tation of depositional processes. Recent examples of
the application of this approach are those of Tinter-
ri and Tagliaferri (2015) and Tagliaferri and Tinterri
(2016) for the Miocene Marnoso-arenacea, Cunha et
al. (2017) for the Eocene-Oligocene Annot Sandstone,
Maritime Alps, and of Fonnesu et al. (2018) for the up-
per Cretaceous Gottero Sandstone. These examples
show the great number of facies boxes that can be
recognized in specific settings and highlight the po-
tential of the approach.

For the sake of brevity and clarity of the text, biblio-
graphic references are limited to some specific prob-
lems requiring clarification. The reader interested in the
great number of papers dealing with the subject and the
many different and often conflicting interpretations is
referred to the encyclopedic textbook of Pickering and
Hiscott (2016). For the reader’s convenience, some basic
processes and terminology as used herein are summa-
rized in Figures 146 and 147.

GRAVELLY DENSE FLOWS

Fr<1 DILUTE TURBULENT FLOWS

Facies produced by F4 S

major flow transformations +SCOURS
Fr>1 SANDY TURBULENT FLOWS

SANDY DENSE FLOWS

Fig. 145 - Rationale behind the subdivision of turbidite sediments into facies groups ranging from gravelly dense flow deposits to sand
and mud deposited by waning turbulent suspensions. See text for an extensive discussion.
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UPWARD FLUID

ESCAPE
(EXCESS PORE PRESSURE)

FLUID
STRENGTH

PARTICLE
COLLISIONS TURBULENCE

PARTICLE SUPPORT MECHANISMS

Dominant Type of flow

Fig. 146 - Sketch showing dominant flow types, particle-support mechanisms and particle settling in sediment gravity flows.

GRAVELLY DENSE FLOWS

SANDY DENSE FLOWS

SUPERCRITICAL TURBULENT FLOWS

SUBCRITICAL TURBULENT FLOWS

Clasts are mainly supported by an overpressured fluidized matrix which may locally retain some strength; fric-
tional freezing and reworking at the head and margins of flow; hindered settling. F1 deposits.

Sand is mainly supported by excess pore pressure and increasing particle collisions toward the base of the flow;
en masse deposition by frictional freezing and limited traction; hindered settling. F2 deposits

Sediment is maintained within the flow by turbulence and sedimentation takes place through fallout and sub-
sequent traction along the bed producing supercritical bedforms F3 deposits.

Sediment is maintained within the flow by turbulence and sedimentation takes place through fallout and subse-
quent traction along the bed; high rates of fall out may result in structureless sandy divisions. F6 deposits.

Fig. 147 -Main types of flows accounting for transport and deposition of the facies groups as defined herein.

VII.8.1.1 - Tectonic mélanges and large-scale mass
transport deposits (slumps, slides, blocky flows)

In many basins and associated with the above turbid-
ite groups are relatively thick units of chaotic depos-
its generally referred to as “mass-transport deposits”
(MTDs) which are increasingly recognised in exposed
orogenic belt basins as well as portrayed from seis-
mic and marine-geology data from buried and recent
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continental margins. Since the pioneering papers of
Dott (1963) and Carter (1975), these units have been
interpreted as produced by sliding and slumping of
poorly consolidated sediments from the shelfedges
and slopes bounding deeper-water turbidite basins
and were thus considered as strictly genetically as-
sociated with turbidite sedimentation in the early fa-
cies schemes of Mutti and Ricci Lucchi (1972). Chaotic,
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mass transport deposits should be therefore consid-
ered as a proximal end member of turbidite sedimen-
tation. Although conceptually correct, several lines of
evidence suggest however that the two types of sed-
imentation are generally distinct, being developed at
different physical and temporal scale. Mass-transport
processes are rare events displacing huge volumes
of sediment at once; turbidity currents are relatively
high-frequency events of generally much smaller vol-
ume organized in conduits and lobes, thus requiring to
be fed by repetitive and similar triggering mechanisms
in the source areas.

Recent advances in their description and understanding
clearly show that chaotic units cover a wide spectrum of
facies ranging from tectonic mélanges formed at rel-
atively deep structural levels as observed in orogenic
belts to purely sedimentary deposits typified by fric-
tional debris-flow deposits via a variety of facies record-
ing the transition from deep-seated broken formations
and tectonic melanges, dominated by tectonic forces, to

shallower units where gravitational processes dominate
(see Festa et al., 2012, for an extensive discussion).

Chaotic units of sedimentary origin comprise a group of
deposits ranging from slump and slides to blocky and
pebbly mudstones that result from instability processes
along basin margins or in basinal “highs” produced by
structural deformation (faults, thrusts, salt and mud di-
apires). In orogenic belt basins allochthonous material,
derived from advancing thrust-sheets is commonly in-
volved in these chaotic units.

Some examples of chaotic deposits of both tectonic
and sedimentary origin are shown in Figures 148-151.
In particular, Figures 150 and 157 show the transition
between slumps and cohesive debris-flow deposits,
strengthening the concept of a genetic link between
mass-transport deposits and turbidites. A useful
overview of mass transport sedimentation has been
recently provided by Ogata et al. (2014, with referenc-
es therein).

Fig. 148 - Typical example of a tectonic melange showing unsorted angular fragments of limestone, sandstone and shale enclosed in a

pervasively sheared finer-grained matrix. Oligocene Sanguineto Complex in the Bobbio tectonic window, northern Apennines.
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Fig. 149 - Chaotic structure of a mass-transport unit. Disrupted and folded large blocks of sandstone and mudstone are either separa-

ted by shear surfaces or by an overpressured finer-grained matrix. The unit can be interpreted as a blocky flow deposit. Upper Eocene-0-
ligocene Ranzano Sandstone, northern Apennines.
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SWUITMIPD W Bd U

Fig. 150 - Slump unit made up of mudstones and nodular limestones passing into a highly cohesive dense flow. Paleocene-Eocene

Tremp-Ager Group, south-central Pyrenees.

Fig. 151 - Transition from slump into a cohesive dense flow. Note that the clasts of the flow are represented by limestone nodules. En-

circled pencil for scale. Paleocene-Eocene Tremp-Ager Group. South-central Pyrenees.
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VII. 8.1.2 - F1 and its facies boxes

This group includes matrix-and clast-supported con-
glomerates and graded pebbly sandstones thought
to be the deposit of gravelly dense flows. Matrix can
vary from dominantly muddy to mixtures in variable
proportions of mud, sand and small gravel. Beds can
be ungraded, normally or inversely graded and have
variable types of geometry ranging from thick and
tabular to thin and lenticular. In general, these beds
are devoid of internal stratification but, where they are
deposited by long-lasting and powerful flows or are
reworked by similarly strong flows in the axial zones of
submarine conduits, bedforms develop, giving way to
thick parallel and large-scale cross laminae. Since | am
not very familiar with this kind of facies, stratified con-
glomerates and pebbly sandstones are omitted in the
following discussion. The interested reader is referred
to the paper by Hein and Walker (1982).

The deposits of this group refer to facies and process-
es that are dealt with in an abundant literature that
would be impossible to review herein. Among the many
papers, we would like to draw the attention on that of
Crowell (1957) in which the reader can find one of the
best descriptions of “pebbly mudstones” interpret-
ed to be the deposit of debris flows (Figure 152). The
paper was written about 60 years ago and is an out-
standing example of how far a geologist can go based
on careful and patient field observations.

The origin of most F1 deposits is traditionally associ-
ated with the concepts of “debris flow” and "hypercon-
centrated flow”, i.e., dense mixtures of sediment and
water were the clasts are supported within the flow by
the interaction of matrix strength, buoyancy, grain-to-
grain collisions, and excess pore pressure (Middleton
and Hampton, 1973; Lowe, 1982; Pickering et al., 1989;
Mutti, 1992; Iverson, 1997; Mulder and Alexander, 2001;
Talling et al., 2012).

Following Lowe (1982) and Mutti (1992), we think that
cohesive debris flows are an end member of this broad
family and a type of flow in which the larger clasts
are entirely sustained within the flow by buoyancy
and the cohesiveness of the clay-water matrix. The
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deposits of these flows are denoted with F1-1 and
consist of ungraded units of extremely poorly sorted
clasts floating in a mudstone matrix which is typical-
ly plastically deformed. Most commonly, these sed-
iments are found in carbonate turbidites developed
in ramp or block-faulted settings forming breccias or
paraconglomerates where the clasts are quite often
early diagenetic nodules disrupted by extensional or
compressional boudinage (Figures 153 and 154).

In terrigenous successions F1-1 deposits are rarely
observed either because this type of cohesive flows
does not form, or they immediately mix with water
and transform into more mobile flows with a fluidized
matrix. The most common deposits of Group 1 associ-
ated with terrigenous successions are shown by faci-
es boxes termed F1-2 and are here interpreted as the
deposits of gravelly dense flows transitional between
cohesive debris flows (see above) and fluidized flows in
the sense of Lowe (1979), i.e., flows in which the coarse
particles are sustained by both matrix strength and
density and escaping pore fluid (fluidized matrix with
excess pore pressure and strength).

Facies boxes of F1-2 deposits (Figures 155-158) show
the typical expression of these flows resulting in beds
of poorly sorted and ungraded pebbly and cobbly mud-
stones with a fully mixed and liquefied matrix consisting
of a mixture of mud, sand, and small gravel. Some beds
contain large blocks, up to several meters across, of slope
mudstones with thin bedded sandstones or thick-bed-
ded turbidite sandstones which are typically deformed
into tight isoclinal folds whose cores are injected by a
fluidized matrix. High matrix strength may be preserved
toward the top of some flow producing passively moving
“rigid plugs” (sensu Middleton and Hampton, 1973) con-
taining large floating blocks (Figure 156).

As noted by Mutti (1992), these beds record transport
and deposition by extremely powerful and erosive flows
probably recording the phase of “catastrophic erosion”
and bulking suggested by Parker (1982) for the early ig-
nitive phase of turbidity currents. Among turbidite faci-
es, these beds are certainly those suggesting the most
catastrophic character of the formative flow.
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DESCRIPTIONS OF PEBBLY MUDSTONES

Graded bed with pebbles at base up to /2]
in diometer & cloystone at top. Excellent
bosol food cosfs.

Pebbly mudstone, gray, with 20%* pebbles &
cobbles up to 8" in' diameter dispersed in
massive mudstone. Some foint twisted loyers
of sondy siltstone indicole mixing Good lead
costs. Unit slightly groded with more & larger
closts at base. Clasts: gneiss, gray saondstone
(Eocene ?), buff limestone & siliceous shale
{Monterey formation 2, WMiocene), quartzite,
black chert, median phalanx of ' deer (Qdog-
o] oileus).

INCHES

—
2

Graded bed with small pebbles & granules ot]
bese & current bedded siltstone 8 wvery
fine-sandstone ot fop. Scme convolsle bedding,

=

COLUMNAR SECTION OF PEBBLY MUDSTONE BED, SANTA PAULA CREEK, CALIFORNIA

P °
et oc‘onﬁ'mnmu:
B o 8+ o -

L iiaepane

DIAGRAMMATIC SKETCH OF LARGE LOAD CASTS AT BASE OF THICK CONGLOMERATE
BED, SANTA PAULA CREEK, CALIFORNIA

BRECCIA, SANTA PAULA CREEK, CALIFORNIA

Fig. 152 - Description of a pebbly mudstone and associated deposits by Crowell (1957, his Figures 6,7, and 8, p.1001).
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F1-1

Fig. 153 - Very poorly-sorted carbonate breccia with a dark muddy matrix. Cretaceous Palombini Limestone, northern Apennines.

F1-1

Fig. 154 - Cohesive debris-flow deposit. Clasts float in a muddy matrix and consist of early-diagenetic nodules derived from adjacent

slope sediments. Santonian Vallcarga Formation, south-central Pyrenees.
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F1-2

Fig. 155 - Large mudstone clasts (slope sediments) floating in a fluidized matrix of fully mixed mud, sand, skeletal material, and scatte-

red pebbles. Eocene Hecho Group, south-central Pyrenees.

F1-2

Fig. 156 - Classic “pebbly mudstone” with large folded blocks of intraformational turbidite sandstones (indicated by arrow) forming the

“rigid plug” of the flow. Oligocene Messanagros Sandstone, Island of Rhodes, Greece (from Mutti, 1992).
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F1-2

Fig. 157 - Pebbles floating in a muddy-sandy matrix. Detail of Figure 156.

F1-2

Fig. 158 - Folded clasts of slope mudstones enclosed in and injected by a liquefied poorly sorted matrix. Eocene Hecho Group, south-cen-

tral Pyrenees.

CHAPTER II: Turbidites
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Boxes of F1-3 shows beds similar to those of F1-2 but
characterized by the beginning of grading (Figure 159).
Coarsest clasts tend to collect toward the base of the
bed though some blocks may still float toward the
top. We interpret these beds as the deposit of flows
in which the cohesiveness of the matrix and buoyan-
cy are decreasing, allowing the settling of the coarsest
clasts toward the base of the flow and thus forming a
faster-moving frictional flow undergoing rapid dewa-
tering. After frictional freezing, the clast-supported
conglomerates would be overlain by the matrix-rich
deposit of the more cohesive portion of the flow.

For progressive loss of matrix strength and excess pore
pressure for settling (sea above) and along the lead-
ing edges of the flow, the sediments above pass into
clast-supported conglomerates deposited through
frictional freezing (F1-4). Facies boxes of Figures 160-
161 illustrate some examples of this kind of deposit,
generally forming residual lags at the base of erosion-
al features after a major flow transformation. Most
commonly they occur as amalgamated bodies char-
acterized by extensive scouring. Bedforms are diffcult
to observe, though large cyclic steps might play here
a major role. Mud-clast breccias (sensu Mutti et al.,
2003) are sometimes found at the base of these units,
suggesting impact of the edge of the flow on a mud
substratum. Figure 162 shows both F1-3 and F1-4
facies spaced vertically only a few meters within the
same stratigraphic unit.

Facies boxes shown in Figures 163-165 describe a sig-
nificantly different type of deposit consisting of dis-
organized and extremely poorly sorted conglomer-
ates with relatively small amounts of a finer-grained
matrix that is essentially free of mud (F1-5). Boulders,
cobbles and pebbles form clusters suggesting suc-
cessive sediment waves. Imbrication may be common
and in some cases the deposit shows evidence of ei-
ther shearing from an upper flow or post-deposition-
al downslope flowage.

This kind of facies is apparently restricted to small,
high-gradient and very poorly efficient systems di-
rectly fed by alluvial-fans or fan-deltas. These con-
glomerates are usually capped by strutureless and
coarse-grained sandstone divisions suggesting dep-
osition from inertia-dominated, frictional dense flows
moving ahead of more dilute flows. The process en-
visaged herein is very similar to that suggested by
Sohn et al. (1999) for some flood-flows in alluvial fans,
where the deposits of frictional, inertia-driven debris
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flows are successively overlain by those of hypercon-
centrated flows and eventually streamflows (Figure
166). Clearly, there must be all the gradational facies
between the deposits of dominantly cohesive or domi-
nantly frictional dense gravelly flows.

Figures 167-172 show some examples of graded peb-
bly sandstones. This facies, which is very common in
turbidite successions and still poorly described and
understood, essentially consists of beds where a ba-
sal pebbly and cobbly division is overlain by sandy
divisions that can be either internally stratified or
structureles. The basal conglomeratic division is either
characterized by inverse-to-normal grading and con-
vex-upward types of geometry at outcrop scale (F1-6)
or by a disorganized structure of very poorly sorted
coarse clasts (F1-7). In the first case, basal scours and
mudstone clasts are very common.

F1-6 pebbly sandstones are probably supercriti-
cal bedforms generated at the final leading edges of
frictional dense flows. The orientation, spacing and
geometry of these bedforms is difficult to establish
in outcrop. The association with well-developed trac-
tion carpets laterally and above these features might
suggest a cyclic-step origin. The best descriptions
of this type of facies is still that of Hein and Walker
(1982) from the Cambro-Ordovician Cap Enragé For-
mation, Quebec, Canada, showing the complexity of
these sediments and the variety of their geometry
types and erosional and depositional features. These
sediments were apparently deposited by powerful and
efficient flows which were able to produce supercritical
bedforms during their bypassing phase. These beds
commonly include a basal division of rip-up mudstone
clasts (impact breccia, see above). If the reader is up
for a crazy idea, these convex-upward conglomerate
lenses sharply capped by finer-grained deposits bear
some strange resemblance to the terminal noses of
the dense flow deposit shown in Figure 173.

F1-7 pebbly sandstones are more immature deposits
where poorly sorted and internally unstratified crude-
ly graded or ungraded conglomerates, with variable
amounts of matrix, are abruptly overlain by structure-
less sandstone. The lack of tractional features sug-
gests “en masse” deposition for frictional freezing of
poorly efficient flows. Sharp bypass surfaces at the top
of conglomerate layers are generally absent. Figure
174 compares the two end members of graded pebbly
sandstones. Also, in the case of graded pebbly sand-
stones there must be a spectrum of transitional facies.
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F1-3

Fig. 159 - Graded pebbly mudstone. Loss of flow strength has allowed for the settling of the coarsest clasts at the base of the flow,

probably forming a faster moving frictional flow. Note the large folded block (note book for scale). Oligocene Messanagras Sandstone,
Island of Rhodes, Greece.

F1-4

Fig. 160 - Clast-supported conglomerates segregated from an originally cohesive gravelly flows and deposited through frictional free-

zing. Oligocene Messanagros Sandstone, Island of Rhodes, Greece (encircled hammer for scale) (from Mutti, 1992).
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F1-4

F1-4

Fig. 161 - Clast-supported conglomerates deposited by frictional gravelly flows. Stacking of these beds results in highly irreqular pat-

terns with lensing and scouring. Eocene Gerbé-Cotefablo system, Hecho Group, south-central Pyrenees.

VII. 8.1.3 - F2 and its facies boxes

We include in this group a great variety of sediments
having in common a diagnostic structureless or “mas-
sive” division and a relatively coarse-grained and poor-
ly sorted texture (Figures 175-177), locally including
granules and small pebbles. Beds have an overall tab-
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ular geometry though basal scours and amalgamation
are common.

Thicker beds (up to several meters) are most commonly
overall graded and generally contain multiple scours and
associated traction carpets (F2-1, see Figures 178-186).
Unless large exposures are available, the occurrence of
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multiple scours within the same bed can be often mis-
taken for successive amalgamation surfaces. The infill
of scours and traction carpets are coarser-grained than
the enclosing deposit and may consist, in some cases,
of fine conglomerates. An excellent description of sim-
ilar beds was provided by Hein and Walker, 1982, from
the Cambro-Orovician Gaspé Peninsula, Quebec (Fig-
ure 187). Typically, depth and width of the scours and
the thickness of the traction carpets decrease upward

F1-3

F1-4

along with a grain-size fining. Especially at the base
of thick beds, after infilling the basal scour or a series
of scours, coarse-grained sediment aggrades forming
broadly lenticular, convex-upward units, which, in small
outcrops, can be mistaken for tabular bodies. Clearly,
except for the finer grain size, these beds share many
similarities with the F1-6 graded pebbly sandstones
(see above), suggesting once again the natural transi-
tional character of facies and processes.

Fig. 162 - Examples of cohesive (F1-3) and frictional (F1-4) debris flow deposits from the upper Cretaceous Vallcarga Formation, south-

-central Pyrenees. The two types of facies are thought to be intergradational.
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F1-5

Fig. 163 - Gravelly dense-flow deposits with virtually mud-free matrix. Note scouring surfaces and successive sediment waves forming

coarse clastic clusters. Flow direction is to the left. Oligocene Budroni system, Tertiary Piedmont Basin.

Fig. 164 - Detail of Figure 163 showing pebble imbrication. Flow is from right to left.
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F1-5

Fig. 165 - Typical 1-F5 conglomerate with sediment waves. Flow is to the left. Oligocene Roboaro System. Tertiary Piedmont Basin.

Encircled knife for scale.

Other beds, usually thinner (0.5-1 m) and finer grained,
herein referred to as F2-2, (Figures 188-197), are made
up of a stuctureless, crudely graded division compris-
ing most of the thickness of the bed (see facies F5 of
Mutti, 1992) which are in most cases capped by a thin
ripple-division, which is more rarely underlain by thin
parallel laminae, through a bypass surface. These beds
are very common and typically comprise spectacu-
lar successions of parallel-sided beds separated by
thin shaly partings in lobe regions (Figure 195). Other
beds may show a main structureless division capped
by thick parallel laminae (traction carpets?) produced
by supercritical flows (F2-3). In all the above cases,
sedimentation culminates with fine-grained deposits
laid down by the tail of the flow. Apparently, there is a
spectrum of facies indicating a process through which
dense flow structureless deposits may be gradually
replaced in space and with time by crudely or well-de-
veloped parallel laminae produced by settling from an
overlying suspension, be this subcritical or supercrit-
ical, followed by some traction along the bed. Talling
et al. (2012) argue instead that the reversal is true, but
they probably refer to finer-grained deposit of turbu-
lent suspensions and to sudden variations in rates of
sediment fallout (see later).
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Among the many problems encountered in turbidite
facies analysis, the one raised by these sandstone
facies is particularly relevant not only because most
turbidite reservoir sands apparently belong to this
category of deposits but also because the origin of
their “massive” or “structureless” character is unclear
and therefore debated. Their interpretation thus var-
ies between basal “traction carpets” impelled from an
overlying and faster moving suspension (e.g., Postma
et al., 1988), and inertia-driven and overpressured
dense layers moving independently from and faster
than an overlying suspension (e.g., Mutti et al., 1999).
These dense layers may represent part the original
flow since the beginning of the process (thus herein
termed primary dense flows), or form later from the
settling imposed by density stratification and turbu-
lence damping (thus herein termed secondary dense
flows). In the second case, apparently favoured in the
schemes of Kneller and Branney (1995), Cantero et al.
(2012), and Talling et al. (2012), all the particles were
originally transported by a turbulent flow and sim-
ply aggrade through settling of individual particles
or in a layer-upon-layer fashion. A type of secondary
dense flow can also develop from reconcentration of
an expanded dense flow after a hydraulic jump (see
Figure 139 B).
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Rapid deposition of dense
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flood flow

Massive, clast-supported
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gravelly debris flow
dominated by frictional
grain interaction

Fig. 166 - The model of Sohn et al. (1999) for the interpretation of flood-flow deposits in an alluvial fan. An inertia-driven frictional

debris flow moves ahead of an hyperconcentrated flow followed by a supercritical streamflow. The deposit is capped by suspension
mudstones. Note the reversal of the longitudinal grading from the transport stage to the depositional stage (from Sohn et al., 1999).

| think that the very poor sorting, the lack of current
laminae and the common occurrence of water escape
features developed at different scales favour an origin
from dense sandy flows under conditions of excess
pore pressure. Particularly in confined settings, where
these beds may reach considerable individual thickness,
large-scale water escape structures are very common.

Deposition would occur “en masse”, or through suc-
cessive sediment waves, and results from frictional
freezing due to the progressive loss of excess pore
pressure from elutration. The residual excess pore
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pressure, which may be retained after deposition, is
still sufficient to generate diffuse water-escape fea-
tures and to plastically deform the overlying and fine-
grained current-laminated divisions particularly if the
bed is capped by an impervious mudstone division
(Figure 198). In other cases, there seems to be a grad-
ual and complete loss of the excess pore pressure be-
fore the deposition of finer-grained current laminated
sandstone and siltstone (Figures 199-200). Most of
these beds are eventually capped, through a grain size
break indicating sediment bypass, by the dilute tail of
the flow.
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F1-6

Fig. 167 - Inversely to normally graded division of clast-supported conglomerate sharply overlain by crudely- laminated sandstone with

dispersed pebbles (arrows). Oligocene Messanagras Sandstone, Island of Rhodes, Greece.

F1-6

Fig. 168 - Graded pebbly sandstone. Note crude lamination in the sandstone division with dispersed pebbles at the base. Note also the

pinching out of the conglomerates to the right. Eocene Banaston system, Hecho Group, south-central Pyrenees.
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Fig. 170 - Detail of Figure 169 showing underlying mudstones injected by coarse-grained matrix at the base of the pebbly sandstone

(impact breccia).

UPCUFTENt dIPPIng coarse-grained cross strata |
(WIThN PepDlesS and snale Clasts)

0 VeX-upwara conqgtomeratic

F1-6

Fig. 171 - Graded pebbly-sandstone probably associated with a hydraulic jump (see also Fedele et al., 2016, their Figure 25). Eocene

Ainsa system, Hecho Group, south-central Pyrenees.
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F1-6

Fig. 172 - Graded pebbly sandstone consisting of a basal clast-supported small-pebble division sharply overlain by a sandstone division

with traction carpets. Eocene Hecho Group, south-central Pyrenees.

Fig. 173 - Sharp and lobate termination of dense flow deposit observed in a pond after a heavy rain. Suspension deposits with mud

cracks and bird tracks drape the coarse-grained minidelta. Near Tremp, Catalonia, Spain.
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Fig. 175 - Typical poorly-sorted texture (with granules and very small pebbles) of structureless sediments of F2. Oligocene Mioglia
system, Tertiary Piedmont Basin.

Fig. 176 - Poorly-sorted structureless sandstone of F2. Oligocene-Early Miocene Cervarola Sandstone, northern Apennines.
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F2

Fig. 177 - Graded, poorly-sorted coarse sandstone (F2) with mudstone clasts at the base of the bed. Note lack of internal structures.

Eocene Banaston system, south-central Pyrenees.

Fig. 178 - F2-1 beds. Note multiple scours and the slightly convex-upward upper surface of the basal conglomeratic sandstone. Lower

Miocene Noceto system, Tertiary Piedmont Basin.
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Fig. 179 - Structureless sandstone with thick laterally discontinuous basal units of structureless or crudely cross-stratified small pe-

bble-size conglomerates and traction carpets (F2-1). Lower Miocene Noceto system, Tertiary Piedmont Basin.

Fig. 180 - F2-1 beds. Note the pinching out to the left of a basal coarser-grained division. Thick structureless sandstone beds display

water escape features and multiple scours. Lower Miocene Noceto System, Tertiary Piedmont Basin.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 181 - Typical example of parallel-sided and amalgamated F2-1 beds with basal scours passing laterally and vertically to traction

carpets. Fill of scours and traction carpets made of very coarse sandstone and granule conglomerate. Note crude lamination and dewa-
tering features in upper divisions. Lower Miocene Noceto system, Tertiary Piedmont Basin.

Fig. 182 - Traction carpets in F2-1 beds. Lower Miocene Noceto system, Tertiary Piedmont Basin.
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Fig. 183 - Amalgamated structureless sandstone beds showing repeated scours filled in with finely conglomeratic sandstone and asso-
ciated traction carpets and shale clasts (F2-1). Lower Miocene Rapalino system, Tertiary Piedmont Basin.

Fig. 184 - Structureless sandstone beds with scours and traction carpets (F2-1). A bed in the middle shows an upward transition into

thick parallel laminae. Swiss knife indicated by arrow. Lower Miocene Rapalino system, Tertiary Piedmont Basin.
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Fig. 185 - Thick structureless sandstone bed with basal multiple scours (F2-1). Eocene Banastdn system, south-central Pyrenees.

Fig. 186 - Multiple scours (indicated by arrow) filled with medium to coarse sandstone (F2-1). Japaratinga, Sergipe-Alagoas Basin, Brazil.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 187 - Graded pebbly (small pebbles) sandstones with multiple scours from the Cambro-Ordovician Gaspé Peninsula, Quebec (from

Hein and Walker, 1982).

Fig. 188 - F2-2 beds showing grading and water-escape features. Note the occurrence of crude parallel laminae at the top of thicker

beds. Oligocene Mioglia system, Tertiary Piedmont Basin.
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Fig. 189 - Typical F2-2 beds with structureless graded basal division overlain by thick parallel laminae with water escape features. Oligo-

cene Mioglia system, Tertiary Piedmont Basin.

Fig. 190 - Structureless, slightly graded sandstone bed (F2-2) capped by a thin ripple division. Note shallow scour at the base (indicated

by arrow). Eocene Hecho Group, south-central Pyrenees.
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Fig. 191 - Structureless sandstone bed (F2-2). Eocene Hecho Group, south-central Pyrenees.

Fig. 192 - Close-up of the bed of Figure 191 showing the total lack of internal stratification in the basal structureless division.
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BYPass SUrtace

Fig. 193 - Structureless bed (F2-2) with floating shale clasts up to the boundary with an upper laminated division, suggesting that the
boundary separates a dense-flow deposit (below) from a dilute-flow deposit (above). Eocene Hecho Group, south-central Pyrenees.
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Fig. 194 - Typical F2-2 bed showing a basal structureless division (sld), followed by a bypass surface in turn overlain by a parallel-laminated

division (pld) and a ripple-laminated division (rd). Eocene Hecho Group, south-central Pyrenees.
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Fig. 195 - Spectacular succession of parallel-sided F2-2 sandstone beds. Miocene Marnoso-arenacea, northern Apennines. Note tabular

geometry and the occurrence of thin shaly partings.

Fig. 196 - F2-3 bed, showing a basal structureless division transitionally overlain by thick parallel laminae (traction carpets ?). Eocene Hecho

Group, south-central Pyrenees.
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IRIpPlé Taminaeé)

Fig. 197 - Graded structureless division overlain by faint parallel laminae (traction carpets from an overlying suspension ?), in turn shar-

ply overlain, through a grain-size break (arrow), by ripple laminae (F2-3).Eocene Broto system, Hecho Group, south-central Pyrenees.
Beds are up-side down.

Fig. 198 - A. Medium-grained structureless division with basal load features deposited by a dense sandy flow under conditions of excess
pore pressure. Japaratinga, Sergipe-Alagoas Basin, Brazil. Note basal flame structures and diapir-like features at the top of the division

with concentration of mudstone clasts and plant fragments floating at the top of the dense flow (red arrows). B. Fine-grained current-la-
minated division (mostly current ripples) deposited by a dilute turbulent flow and plastically deformed by water escape moving upward
and laterally. C. Impervious mudstone division.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

LUrrent-ripple divisior

Fig. 199 - Example showing dewatering of the dense-flow deposit (structureless division) before deposition of the overlying and unde-

formed ripple division. Japaratinga, Sergipe-Alagoas Basin, Brazil.

Fig. 200 - Detail of Figure 199 showing floating mudstone clast and plant fragments at the boundary between the dense- and the dilu-

te-flow deposits. Some plant fragments were also incorporated at the base of the dilute flow. Japaratinga, Sergipe-Alagoas Basin, Brazil.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

As noted above, the sandy dense flows responsible
for the deposition of the bulk of these beds are here-
in interpreted as supercritical flows. The common oc-
currence of multiple scours (cut-and-fills) and relat-
ed traction carpets can be explained by localized and
repetive hydraulic jumps associated with chutes and
pools or small-scale cyclic steps, probably generated
along the upper interface of denser basal layers pro-
gressively forming through settling from above layers.

VII. 8.1.4 - F3 and its facies boxes

F3 deposits are basically the same as those of the facies
B of Mutti and Ricci Lucchi (1972) who described them
as "medium-fine to coarse sandstones, better sorted
than sandstones of facies A (F2 of the present paper),
in thick to massive beds which are lenticular, how-
ever, more laterally continuous than the sandstones
of Facies A. These beds are characterized by thick,
parallel or broadly undulating current laminae. Shale
clasts and erosional features are quite frequent. Dish
structures are occasionally present. These sediments
are inferred to be the product of both grain flows and
high velocity turbidity currents (upper flow regime;
particularly the anti-dune phase).” (op.cit., p. 162).
The same type of facies, though without an interpre-
tation, was later described as B1 facies by Mutti (1979).

The original description is from the upper part of the
Miocene Marnoso-arenacea Formation, northern Ap-
ennines, and its interpretation was largely based on a
suggestion by G.V. Middleton with whom the authors
had visited the best exposures of these sediments.
Figure 201 shows the main features of this facies in
their original definition. Figures 202-208 show exam-
ples of this kind of facies from the same formation and
from the Miocene Laga Formation.

A fundamental paper for introducing these turbidite
sediments is that of Van Vliet (1982) on the Eocene
Guipuzcoa Flysch in the Basque region, northern Spain.
In this paper (see also Kruit et al., 1975, and Van Vli-
et, 1978), the author describes the stratigraphy of this
spectacularly exposed turbidite succession through a
series of detailed logs that focus in particular on par-
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allel-laminated sandstone facies with abundant water
escape features. These sandstones may occur in isola-
tion or form an internal division of many beds which is
underlain by coarser-grained, structureless and crude-
ly graded division with multiple scours and is sharply
overlain by a single set or a coset of medium-scale
cross bedded sandstone (Figure 210). | visited these
exposures with Arthur Van Vliet and the late Tor Nils-
en in 1974, but | could not perceive their importance,
nor their importance was perceived by Van Vliet at that
time, when we were mostly concerned with large-scale
deep-sea fan architectures. | have revisited some of
these exposures recently with Philippe Crumeyrolle,
a former student of mine presently at Total, and my
attention was captured by the beautiful parallel-lam-
inated sandstones. So, | returned to these outcrops a
few months later with Rogerio Cunha and Fabrizio Lima
to make more detailed observations. At that point |
became convinced that the Facies B of Mutti and Ric-
ci Lucchi (1972) is indeed the deposit of supercritical
turbidity currents, and that the interpretation is sub-
stantiated by the dune-shaped and cross-stratified
sandstone facies that sharply overlay them and record
the transition to a subcritical regime (see later).

The sandstones of F3 are characterized by a general
good sorting and display a dominant parallel lamina-
tion enhanced by thickness and grain-size variations.
Careful inspection reveals large-scale wavy laminae,
low-angle cross laminae (dipping in both up- and
down-current direction), subtle truncation surfac-
es, wedging, and shallow erosional surfaces generally
paved with small shale clasts. Most thin sets of laminae
display typical thinning- and fining-upward trends,
possibly resulting from the decreasing amplitude of
antidune within a train of these bedforms (see Car-
tigny et al., 2014). Figures 209-218 show some of the
characteristics of these sediments.

Most of these features are common to the Guipuzcoa
Flysch, the Marnoso-arenacea and the Laga Formation.
Based on my personal observations, similar laminated
facies, though interpreted in a different way (e.g., Fel-
letti et al., 2009; Marini et al., 2011) or simply described
(e.g., Cornamusini, 2004), are also common in many
flysch units of the northern Apennines.
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Fig. 201 - Medium to fine sandstone beds in parallel-sided beds showing thick parallel, wavy, and low-angle cross laminae, as well as

internal scours. Miocene Marnoso-arenacea Formation, northern Apennines. These beds were originally thought to be the deposit of
antidunes in supercritical flows (from Mutti and Ricci Lucchi, 1972, their Figure 2, p. 167).

Fig. 202 - Typical exposure of parallel-sided thick sandstone beds of F3. Internal structures mainly include thick horizontal, wavy and low-angle

cross laminae. Note large basal scours in B. Miocene Marnoso-arenacea Formation, northern Apennines. Courtesy of Franco Ricci Lucchi.
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Fig. 203 - Bedding pattern of F3 sandstone beds. Note slightly oblique beds in the lower part of the exposure. These beds could be

interpreted as backsets associated to a hydraulic jump located farther to the right. Miocene Marnoso-arenacea Formation, northern
Apennines.

Fig. 204 - F3 beds. Note thick gently dipping cross laminae and wedge-shaped laminasets. These features are interpreted to be product

of supercritical flow, mostly antidunes. Flow is to the right. Miocene Marnoso-arenacea, northern Apennines.
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Fig. 205 - F3 beds. Truncation surface (internal scour) into a parallel-laminated division. Miocene Marnoso-arenacea, northern Apennines.

Fig. 206- F3 beds showing thick parallel laminae deformed by water escape. Miocene Marnoso-arenacea, northern Apennines.
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Fig. 207 - F3 beds showing basal divisions characterized by supercritical internal structures overlain by climbing-ripple divisions. See

text for explanation. Miocene Marnoso-arenacea, northern Apennines.

Fig. 208 - F3 bed showing wavy, low-angle cross laminae and water escape features overlain by a thick division of climbing ripples. Mio-

cene Laga Formation, northern Apennines.
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Fig. 209 - Spectacular coastal exposure of the early Eocene Guipizcoa Flysch, northern Spain. The lower part of the local succession is
entirely made up of thick, parallel-sided beds of well-sorted sandstone of F3.
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Fig. 210 - Detailed logs showing sets and cosets of cross-laminated sandstones scouring into underlying horizontal and/or gently di-

pping laminae. Cross laminae are locally folded by the drag of bypassing flows. Mudstone clasts occur at the base of scours. Scale in
meters to the left. From Van Vliet (1982).
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Fig. 211 - Thick F3 sandstone beds displaying internal parallel and wavy laminae. Eocene Guipizcoa Flysch, Basque country, Spain.

Fig. 212 - F3 beds. Subtle truncation surfaces and very low-angle cross laminae. Eocene Guipizcoa Flysch, Basque country, Spain.
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Fig. 213 - F3 beds. Low-angle, sinusoidal cross laminae dipping roughly opposite to main flow direction. Careful observation indicates

very subtle pinching-out of several laminasets. Eocene Guipizcoa Flysch, northern Spain.

LOW=dlngle Cross (aminac

Fig. 214 - Detail of Figure 213 showing low-angle cross laminae, wedging of laminasets and shale clasts (F3 facies). Eocene Guiptzcoa

Flysch, northern Spain.
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Fig. 215 - F3 beds. Examples of small thinning- and fining-upward laminasets produced by antidunes. Eocene Guipizcoa Flysch, Basque

country, Spain.
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Fig. 216 - F3 beds. Division of thick parallel to slightly wavy laminae. Eocene Guiptizcoa Flysch, northern Spain.

Fig. 217 - F3 parallel-laminated sandstone. Laminasets form very distinctive cm-thick thinning-upward trends possibly produced by

decreasing amplitude of antidunes (see text). These thin trends are almost ubiquitous in many parallel-laminated beds, providing a
good criterion to distinguish this structure from the b Bouma division. Eocene Guipizcoa Flysch, northern Spain.
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Fig. 218 - Thick, graded and amalgamated sandstone beds (F3) displaying parallel laminae and water escape structures (lower part of

the exposure). Eocene Guiptizcoa Flysch, Basque country, Spain. Note the excellent reservoir characteristics.

In recent years there has been an increasing interest
in flow criticality and attempts have been made to de-
scribe sedimentary structures produced by supercritical
flows. Attempts are mostly based on small-scale flume
experiments, numerical simulations, and theoretical
considerations with very limited support from field ob-
servations (e.g., Alexander et al., 2001; Cartigny et al.,
2014, with references therein; Fedele et al., 2016). The
possible importance of these structures in fluvial sed-
iments has been reviewed by Fielding (2006) who sug-
gests that supercritical sedimentary structures might
even represent a new architectural element of fluvial
strata. From the above studies, the conclusion can be
drawn that these structures do exist but have gone un-
noticed in most previous outcrop-based studies. On the
other hand, their theoretical study seems in its infancy
and probably needs a vigourous and hopefully usefulin-
put from new and well-constrained field observations to
bridge an obvious gap in facies analysis (see final Chap-
ter for additional comments and references).

For the limited purposes of this book, and because
of my very limited knowledge of hydrodynamics, it is
sufficient to emphasize here that F3 sediments oc-
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cupy a relative position within individual sandstone
beds which, according to the Walther’s principle, indi-
cates a flow regime higher than that of the overlying
cross-bedded sandstones (F4) deposited by a subcrit-
ical flow (see later). A second important point is that
these facies are quite unique and therefore easy to rec-
ognize, though their interpretation remains extremely
difficult at present. The fact that they have gone un-
noticed is entirely due to our preconceived ideas when
looking at the rocks.

For the reasons above, facies boxes illustrating this
facies are only meant to show some examples of this
kind of turbidite sedimentation basically without in-
terpretation. Much work remains to be done on these
sediments.

VII. 8.1.5 - F4 and its facies boxes

This group consists of very distinctive sandstone beds
basically formed by migrating dunes (mostly 3D me-
garipples) and associated coarse-grained ripples; mi-
grating dunes form broadly lenticular beds that can
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easily recognized in outcrop studies. Dune geometry
and internal cross laminae consistently indicate flow
direction coincident with that of sole markings. Sand-
stone dunes most commonly vary in height between
5-20 cmandin length from 1.5 to 3 meters.

Recognized in early work by several authors (e.g., Hu-
bert, 1966; Watson, 1981), these beds were first de-
scribed in detail by Mutti (1977) who intuitively inter-
preted them as the product of sudden flow expansion
and deceleration taking place at channel exits followed
by fallout of the coarsest particles and their traction
along the bed with bypass of the residual flow, i.e., a
process basically similar to a hydraulic jump. The in-
terpretation was strengthened in subsequent work by
Mutti (1979) and particularly by Mutti and Normark
(1987, 1991). The latter authors highlighted the im-
portance of the hydraulic jump and interpreted these
beds as a typical expression of their “channel-lobe
transition zone”, a zone of crucial flow transformation
in both poorly- and highly efficient deep-sea fans and
turbidite systems (see above). More recently, these
beds have been briefly discussed also by Sumner et
al. (2012), though with poorly documented examples
from the Marnoso-arenacea Formation.

AsshowninFigures 219-237, F4 deposits display a vari-
ety of facies boxes. F4-1 consists of medium- to large-
scale cross strata of coarse to very coarse grained
sandstone with repeated erosional contacts, probably
indicating composite beds from successive flows. Mud-
stone clasts (not shown) may be common. F4-2 (Fig-
ure 231) is made of dune-shaped beds of medium to
coarse grained sandstone, which may locally contain
granules, small pebbles and mudstone clasts. Beds are
highly lenticular, bounded by sharp contacts below and
above and characterized by internal cross laminae that
can either be well or crudely developed and conform
the leeside of the megaripple. F4-3 (Figures 221-223)
consists of rippled coarse-grained sandstone in thin
to very thin and highly lenticular and irreqular beds,
with eight and length varying over very short distance.
Beds are sharp based and can be directly overlain by
a mudstone layer or, through a very distinctive break
in grain size, by a thin division of very fine sandstone
and siltstone with low-amplitude ripples or sinusoidal
laminae passing upward into mudstone. F4-3 beds are
laterally transitional to dune-shaped F4-2 beds over
very short distance (Figure 224) in both dowcurrent
and upcurrent direction suggesting variations in flow
velocity over the same distance. Some thin beds form
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the infilling of troughs of underlying megaripple bed-
forms.

F4-4 (Figures 225-226) is characterized by a well-de-
veloped basal megaripple-shaped division with
troughs sharply overlain by a division of very fine-
grained sandstone with ripple and sinusoidal laminae,
less commonly parallel laminae. Beds of this type are
characteristically developed as individual sharp-based
units which stand out mainly because of their geome-
try contrasting with the generally parallel-sided beds
of the associated turbidite beds.

F4-5 and F4-6 are also included in this facies group,
though with some substantial differences with re-
spect to the facies above. F4-5 (Figures 227-228) are
cross-bedded, and relatively coarse-grained sand-
stone divisions still produced by migrating dunes that
occur above structureless, coarse-grained and poor-
ly-sorted sandstone divisions of F2. The basal contact
of the cross-bedded division is generally sharp and
erosive. F4-6 (Figures 229-231) is found in the upper
portion of many F3 beds and differs substantially from
the facies described above in that it consists of very
well-sorted medium to fine sandstone forming either
a single set of dune-shaped dunes or being arranged
into climbing-dune sets (Figure 232). The basal con-
tact of these units with the underlying horizontal lami-
nae of F3 divisions is sharp and locally erosive and may
contain pockets of coarser grains and small mudstone
clasts.

A final type of deposit (F4-7) refers to beds showing a
basal structureless division of variable thickness, but
commonly less that 0.5 m, overlain, through a sharp
or slightly transitional surface, by laminated divisions
which record a phase of partial erosion and resuspen-
sion of the frozen structureless division from bypass-
ing flows. Parallel laminae of the b Bouma division,
which are caracteristically made of very fine sand, con-
tain in this case some coarse-sand grains resuspended
from the top of the newly frozen structureless division
and forming laminae a few-grain thick. Except for the
interpretation, this facies roughly coincides with the
near-bed suspension deposits of the F7 of Mutti et al.
(2003). The facies is included in F4 because is strictly
related to the facies above, being the result of resus-
pension and local reworking of dense-flow deposits
and even of resuspension of sand grains deposited
during the main phase of flow decoupling and sand
dune or megaripple migration.
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F6

Fig. 219 - Very coarse-grained cross laminated sandstone recording multiple phases of megaripple migration (F4-1). Oligocene Reitano

Flysch, Sicily, Italy (from Mutti, 1992).

F4-2

F4-2

F4-3

Fig. 220 - Dune-shaped beds of medium to coarse grained sandstone (F4-2) bounded by sharp upper contacts and alternating with thin

and highly lenticular sandstone beds (F4-3).
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Fig. 221 - Typical coarse-grained F4-3 showing variation in ripple height and length over very short distance. Eocene Hecho Group, near

Ainsa, south-central Pyrenees.

Fig. 222 - Same as in Figure 221. Coarse-grained and irregularly-shaped F4-3 beds indicated by arrow.
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[TRAICating BYPAsS

Fig. 223 - Thin F4-3 bed of coarse-grained sandstone bounded by sharp contacts below and above. Note the siltstone laminae above

indicating bypass. Except for an irregularly rippled upper surface the bed is virtually structureless and ungraded. Eocene Hecho Group,
south-central Pyrenees.

Fig. 224 - F4-3 thin beds and their lateral transition (arrow) to thicker F4-2, broadly lenticular beds. Eocene Hecho Group, south-central

Pyrenees.
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BED 1

BED 2

Fig. 225 - F4-4 beds. Bed 1 shows a well-developed megaripple at the base. The trough of the megaripple is filled with finer-grained

laminated divisions (see Figure 226). Bed 2 shows the same basic motif. Late Eocene Annot Sandstone, Maritime Alps.

IRIpPLe Taminaé)

Fig. 226 - Detail of Bed 2 (Figure 225) in the megaripple trough. Fine-grained parallel and ripple laminated divisions overlie trough a

grain-size break the coarse-grained sandstone of the underlying megaripple. The contact is paved with small mudstone clasts.
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F9a

F6

F5

Fig. 227 - Cross-laminated sandstone (F4-5) sharply overlying a coarse-grained structureless division

(F2). Late Eocene Annot Sandstone, Maritime Alps, France (from Mutti, 1992).
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Fig. 228 - Cross laminated sandstone (F4-5) resting through a sligthly erosional contact on a structureless division. Oligocene “Macigno

costiero”, northern Apennines. Courtesy of Gianluca Cornamusini.

F4-6

Fig. 229 - F4-6 bed showing cross bedded sandstone produced by dune migration erosively overlying supercritical very low-angle cross

laminae (antidunes). Eocene Guipuzcoa Flysch, northern Spain.
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LEETace of medarippte

F4-6

F3

Fig. 230 - Typical expression of dune-shaped cross-laminated sandstone (F4-6). Eocene Hecho Group, near Ainsa, south-central Pyre-

nees. A set of cross laminae erosively overlies a division of antidune parallel laminae (modified after Mutti, 1992).

RIPPLES

F4
F3

Fig. 231 - Same as Figure 230 showing ripples on top. The crests of these ripple commonly indicate current directions at an angle to

the underlying dunes (up to 90°), suggesting very shallow flows (flow tails) controlled by the relief of underlying dunes (modified after
Mutti, 1992).
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Fig. 232 - Sets of climbing dunes (F4-6) erosionally resting upon parallel-laminated sandstone (F3). Eocene Guipuzcoa Flysch, northern

Spain. Courtesy of Philippe Crumeyrolle.

IKIppLE (aIninac)

F4-7

Fig. 233 - Basal structureless division sharply overlain by finer-grained thin, parallel laminae. The lowermost laminae contain alignments

of medium and coarse sand resuspended from the underlying structureless division. Eocene Banaston system, south-central Pyrenees.
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F4-7

IKIpPLE (ainindc)

[Graifn-=siZze preaxk inaicating nypass)

Fig. 234 - F4-7 bed showing parallel laminae partially derived from the erosion of an underlying structureless division as suggested by the
occurrence of grain-size banding. Eocene Hecho Group, south-central Pyrenees. The bed is upside down.
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Fig. 235 - undergoing thinning, dewatering and freezing in trying to ascend a confining slope. A decoupled turbulent flow, which can
partly ascend the slope, reworks the frozen dense-flow deposit in megaripple and ripple fields of coarse-grained sediment (F4 beds).

The model makes reference to the Eocene Ainsa system (south-central Pyrenees) and the late Eocene-Oligocene Ranzano Sandstone
(northern Apennines). The model may also apply to flows confined in a channel (see megaripples on channel terraces of Watson, 1981;

see also Figure 236).
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Fig. 236 - Lateral facies change from F2 bed (right) to F4-3 bed (thin rippled bed of coarse-grained sandstone) over very short distance.

Flow direction is away from the viewer. Small channelized bed within a major erosional unit. Eocene Gerbé-Cotefablo system, Hecho
Group, south-central Pyrenees.

F4-3
F2

Fig. 237 - Example of cross-current flow decoupling from a dense flow (F2) into a bypassing turbulent flow with reworking into F4-3 thin

beds (see text for more details). Eocene Hecho Group, south-central Pyrenees.
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F4 deposits raise several problems as to their origin
and significance in turbidite facies analysis. Whatever
their interpretation, two basic points have to be kept
in mind: first, these sediments have to be considered
as an important component of the turbidite family,
though underestimated in previous work; secondly,
they are clearly produced by migrating dunes and rip-
ples in a subcritical flow moving in a direction conci-
dent with that obtained from basal sole markings.

The characteristics of F4 deposits reasonably suggest
that sandstone beds are deposited by predominant-
ly tractional processes acting on a coarse-grained
sand bed. Depending upon the duration, strength and
steadiness of the flow, these deposits vary between
relatively well-sorted sandstone beds with well devel-
oped cross laminae to poorly sorted sandstone beds
with more crudely developed cross laminae and dune-
and ripple-shaped external geometry.

Based on our field observations, beds of this type oc-
cur primarily where dense sandy flows are more or less
abruptly decelerated against bounding slopes and by-
passed and reworked into tractional bedforms by the
residual turbulent flow, essentially a flow splitting, or
decoupling dictated by an upslope deceleration and
deflection of the dense flow (Figure 235). This model,
introduced by Mutti and Tinterri (2004) based on ob-
servations carried out in the Eocene of the south-cen-
tral Pyrenees and in the Eocene-Early Oligocene of the
northern Apennines, implies that axial dense sandy
flows pinch-out laterally trying to ascend channel mar-
gins or gentle slopes created by structural deforma-
tion. The model also applies in the case of thick sand
beds in proximal lobe regions. In the latter case, these
beds are associated with the development of com-
pensation processes (see above). Detailed studies on
cross-current facies tracts of slope-ascending flows
substantiate the model above (e.g., Tinterri and Tag-
liaferri, 2015: Cunha et al., 2017). Small-scale examples
of flow-decoupling and bypass in a cross-current di-
rection are shown in Figures 236 and 237. As suggest-
ed in previous work (Mutti, 1992; Mutti et al., 1999;
2003) and though in a more subtle and gradual way,
flow splitting and bypass take place also in a general
downflow direction probably partly controlled by com-
pensation and flow decoupling upon low relief lobes,
or more simply where the dense flow freezes and its
deposit undergoes reworking by the residual and by-
passing turbulent flow. The problem needs further in-
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vestigations and should imply a better knowledge on
flow criticality (see also conclusions in Part 3).

F4-6 is probably the facies of the group of easiest
interpretation. The cross-bedded sandstone dunes
overlie the horizontally laminated sandstones of F3
which have been interpreted as produced by supercrit-
ical antidune aggradation (see above). There seems to
be little doubt that this is an example of a vertical tran-
sition between a supercritical flow deposit into a sub-
critical one. As noted above, the contact may be locally
erosive and characterized by small mudstone clasts
suggesting scouring produced by intense turbulence
at a hydraulic jump.

VII. 8.1.6 — F5 and its facies boxes

Mudstone clast-bearing sandstone beds have long
been reported in the literature (e.g., Wood and Smith,
1959; Ricci Lucchi, 1965; Marshalko, 1970). Only recent-
ly, however, have these beds received considerable at-
tention from sedimentologists especially for their high
mud content controlling their reservoir characteristics.

Mudstone clasts can occur anywhere in turbidite sand-
stone facies, provided that the flows are sufficiently
powerful to erode the soft muddy substratum along
which turbidity currents move. For this reason, as noted
by Mutti and Normark (1987), rip-up mudstone clasts
are common in both channel-fill, channel-lobe-tran-
sition and lobe elements (Figure 60). However, it soon
became clear that sandstone beds containing rip-up
mudstone clasts are particulary common and well or-
ganized in lobe elements (Mutti et al., 1978; van Vliet,
1978). In a short paper, Mutti and Nilsen (1981) further
elaborate on the significance of these beds and pro-
posed a simple model shown in Figure 238. The mod-
el suggests that, after erosion of a mud substratum
in outer fan regions, the clasts float within the basal
denser portion of the flow and move upward for buoy-
ancy as well as downcurrent. The process is accompa-
nied by progressive disaggregation and rounding of
the clasts which become smaller with distance until
remnants of the original clasts, if still preserved, accu-
mulate at the boundary between the denser basal flow
and the overlying more dilute flow. Basically, the mod-
el is based on the density of mudstone clasts which is
less than that of the dense flow and greater than that
of the dilute turbulent flow.
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Fig. 238 - Buoyancy and downflow motion of mud clasts (From Mutti and Nilsen, 1981).

Beginning with Haughton et al. (2003), a great number
of papers have dealt with the same problem introducing
new important concepts and related terminology (e.g.,
Talling et al., 2004; Haughton et al., 2009; Magalhaes and
Tinterri, 2010; Patacci et al., 2014; Fonnesu et al., 2015,
2018, with references therein). The ideal basic model
suggested by Haughton et al. (2009) (Figure 239) de-
scribes beds including a basal structureless sandstone
(H1), succeeded by a banded sandstone (H2), a muddy
sandstone with or without mudstone clasts (H3), a lam-
inated very fine sandstone (H4), and finally a mudstone
cap (H5). These beds are referred to as “hybrid event
beds" (HEBs) since deposited by similarly “hybrid flows”,
i.e., flows with different rheology within the depositing
current. Divisions H1 and H4 are interpreted as turbid-
ites, whilst the division H3 is interpreted as a debrite
deposited by a cohesive debris flow, being the division
H2 (the banded sandstones of Lowe and Guy, 2000) a
transitional deposit between the two types of flow. An
additional and probably more important division char-
acterizes some of these beds, the “mudstone-clast-rich
beds” (MRBs) of Fonnesu et al. (2015, 2018), made up of
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mudstone clasts of variable size embedded in a sandy
matrix, and thought to be proximal equivalent of HEBs
formed in the early stages of hybrid flow development.
These beds have long been mentioned in previous liter-
ature, though never formalized.

The enrichment in mud of turbidity currents during
their motion throughbed erosion and their transition to
“slurry”, cohesive flows was first documented by Zeng
et al. (1991) from the Bute Inlet (see above). Whether
this process is of general validity for all turbidite sys-
tems remains doubtful; significant bed erosion and de-
velopment of HEBs seems actually restricted to con-
fined basins and the deceleration and transformations
suffered by turbidity currents against confining slopes
(e.g., Magalhaes and Tinterri, 2010; Patacci et al., 2014;
Cunha et al., 2017). In particular, bed erosion would be
enhanced by hydraulic jumps that would increase the
pressure above the bed (Postma et al., 2009). It is here
suggested that HEBs may also be related to subtle
depositional “highs” related to the upbuilding of sand-
stone lobes in outer fan regions generating hydraulic
jumps and flow decoupling.
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DIVISIONS

INTERPRETATION

Pseudonodular and/or ive

Suspensionfallout * shearing

Parallel and ripple

Traction by dilute turbulent wake

Muddy sand ¢+ mudclasts, sand
patches, injections, outsized
granules, shear fabrics, Often
segregation of carbonaceous
fragments to top where they can
laminated.

Cohesive debris flow, locally modified by
sand injection from beneath, and partly
reworked at top

Alternating lighter and darker
sands, With loading at base of
lighter layers. Sheraed dewatering

Transitional flow with intermittent
turbulence suppression due to near bed
dispersed clay and internal shearing

Isolated mudclasts surrounded by
clean sandstone

Graded to ungradede, structureless
and dewatered, relatively clean sand,
commonly with isolated floating

Progressive aggradation beneath
non-cohesive high-denity turbidity

mudclasts at top.

~——— 5cm ->10 m thick

current

Fig. 239 - The model of a hybrid event bed (HEB) according to Haughton et al. (2009). See text.

Whatever their origin and significance, HEBs are com-
monplace in many turbidite systems and their recogni-
tion as animportant component facies of these systems
seems necessary. The best and most simple scheme for
their description and interpretation offered until now is
that of Fonnesu et al. (2018) which essentially empha-
sizes the importance of (1) basal sandstone divisions
with mudstone clasts and (2) muddy-sandstone divi-
sions (“slurry flow” deposits sensu Ricci Lucchi and Val-
mori, 1980) sandwiched between sandstone divisions
(Figure 240). These two types of occurrences are herein
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termed F5-1 and F5-2 respectively. Examples of these
facies are shown in Figures 241-249. F5-1 could be fur-
ther subdivided according to the position of mudstone
clasts within each sandstone division. Mudstone clasts
may form nests at different levels within the bed, sug-
gesting successive phases of bed erosion. The downcur-
rent imbrication of relatively flat mudstone clasts may
provide in some case an additional tool for establishing
flow direction. F5-2 could be further subdivided based
on whether the basal sandstone division is structureless
(F5-2a) or laminated (F5-2b).
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Fig. 240 - Diagram showing proximal to distal changes within an ideal depositional cone from mudstone clast-bearing sandstone to a

sandwiched muddy sandstone within the same bed. Note the gradual disaggregation of large mudstone clast in a downcurrent direction
(from Fonnesu et al., 2015).

Fig. 241 - Large, tabular and angular mudstone clasts contained at the base of a thick, graded and laminated bed (F5-1). The bed scours

into an underlying F3 bed with supercritical bedforms. Japaratinga, Sergipe-Alagoas Basin, Brazil.
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Fig. 242 - Structureless sandstone bed (ca 1 m thick) containing m-size clasts of folded and disrupted alternating mudstones and

sandstones floating in the upper part of the bed (F5-1). Miocene Marnoso-arenacea Formation, northern Apennines.

Fig. 243 - Sandstone bed containing large mudstone clasts (F5-1). The clasts are floating in a structureless division capped by a set of

current ripple. Miocene Marnoso-arenacea, northern Apennines.
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Fig. 244 - Cm-size mudstone clasts floating in a coarse-grained sandy matrix and concentrated in the middle portion of the bed (F5-1).

Tertiary Piedmont Basin, northern Italy.

UPpWard 1] [e

Fig. 245 - Structureless dense-flow deposit showing dewatering features and randomly floating mudstone clasts of various size (F5-

1). The smallest mudstone clasts are concentrated at the top of the structureless division. Japaratinga, Sergipe-Alagoas Basin, Brazil.
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Fig. 246 - Cm-size mudstone clasts (indicated by arrow) floating at the top of a sandstone division, immediately below a division of

finer-grained, current-laminated division (F5-1). Japaratinga, Sergipe-Alagoas Basin, Brazil.

A few personal remarks on these deposits are briefly
added below. | would suggest that muddy-sandstone
divisions can develop also in absence of large-scale
bed erosion (sandstone divisions with mudstone
clasts) in cases where diffuse turbulence generates
similarly diffuse erosion through flute marks (Figure
250). Large amounts of very small mudstone clasts
must be produced by the process and their rapid dis-
aggregation within the flow can certainly promote
its transformation into a cohesive flow (“slurry”
flow). | also maintain the essentials of the model of
Figure 238 implying that rip-up mudstone clasts are
firstincorporated within a dense flow either through
hydraulic jumps (see above), delamination (Fonnesu
etal., 2016), or a combination thereof. Buoyancy and
downflow motion control the position of these clasts
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within the flow and therefore within the bed once
frozen. Finally, | would strongly suggest a simpler
terminology. Basically, HEBs record a reverse flow
transformation (Figure 182) whereby a dense sandy
flow becomes a cohesive flow because of progres-
sive ingestion of mud. The flow actually remains the
same, despite its local transformation, and the flow
and its deposit still remain a turbidity current and a
turbidite respectively. If at each flow transformation
we change terminology, we add confusion to an in-
herently complex problem.

For the above reasons, these beds are shown in Figure
150 as being part of the turbidite family and denoted as
F5, i.e., “sandstone beds with floating mudstone clasts
and/or containing divisions of muddy sandstone”.
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Fig. 247 - Examples of muddy sandstone divisions (MSD) underlain by structureless divisions (F5-2a). Miocene Marnoso-arenacea, nor-

thern Apennines.
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Fig. 248 - Muddy sandstone division (MSD) resting on a sandstone division with thick laminae on top (F5-2b). Eocene Hecho Group,

south-central Pyrenees.

Fig. 249 - F5-2b beds showing a muddy sandstone division (MSD) sandwiched between sandstone laminated divisions. Younging strati-

graphic direction is to the left. Miocene Marnoso-arenacea, northern Apennines.
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Fig. 250 - Base of a sandstone bed ornamented with flute casts recording diffuse bed erosion by small scale vortexes. Miocene Marno-

so-arenacea Formation, northern Apennines.

VII. 8.1.7 - F6 and its facies boxes

F6 deposits, which are certainly the most common in
exposed turbidite successions, consist of fine to very
fine-grained sandstone, siltstone and mudstone divi-
sions that were deposited by turbidity currents in their
waning turbulent state. These sediments can be viewed
as the “classical” turbidites of Walker (1967), Walker and
Mutti (1973) and Walker (1978), i.e., sediments that can
be described according to the model of the Bouma se-
quence (Figure 251). As discussed below, great caution
should however be used in many cases because of se-
rious departures from the model. The same sediments
were grouped into F8 and F9 facies by Mutti (1992).

In their ideal expression, F6 turbidites are bipartite beds
each including a lower sandy portion transitionally over-
lain by a mudstone division. The sandy portion may con-
tain a basal, graded or ungraded structureless division
herein thought to be the deposit of “en masse” deposi-
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tion (Middleton, 1967) produced by high rates of fallout
from an overlying suspension (F6-1). This sandy division
is the genuine expression of the a division of the Bouma
sequence (Mutti, 1992). For decreasing rates of fallout,
the same division may instead aggrade through relative-
ly thick and generally thinning-upward laminae probably
recording a phase of traction carpet sedimentation, i.e., a
layer-by-layer sedimentation with reduced traction along
the bed (F6-2) (Figures 256-259). With decreasing rates
of fallout, the basal division is overlain by thin to very
thin parallel and horizontal laminae (b), in turn overlain
by current-ripple laminae (c). Through very fine-grained
sinousoidal or parallel laminae (d), generally barely visible
in outcrop, the sandy portion of the bed grades into an
overlying mudstone division (e). This is the complete de-
velopment of the Bouma sequence with its a, b, ¢, d, and
e divisions. Based on my personal experience, these ideal
beds are extremely rare to observe, though the model is
very useful as a reference or norm.
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Fig. 251 - Genuine Bouma sequence with well-developed a,b and c divisions. Note flame structures at the base of the bed. Note also the

gradual transition between the three divisions without breaks in grain size. Below, is a sharp-topped coarse-grained sandstone bed (F3).
The two “beds” might also be part of the same event. Early Cretaceous Maceié Formation, Sergipe-Alagoas basin, Japaratinga, Brazil.

RIPPLE tamimae ()

Paratiel laminae (D)

Fig. 252 - F6-1 bed showing the Bouma sequence. Note the fine-grained texture. Eocene Katavia Flysch, Island of Rhodes, Greece.
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Ripple and convolute laminae

F9a Fine-grained structureless
sandstone (a)

F8

Fig. 253 - F6-1 bed. Bouma sequence lacking the b division (parallel laminae). Residual excess pore pressure of the structureless division

has plastically deformed the overlying divisions. Miocene San Salvatore Sandstone (Bobbio Formation), northern Apennines.

rippte taminac)

Fig. 254 - F6-1 bed. Fine-grained structureless division (a) directly overlain by a ripple-laminated division (c). Miocene Cervarola Sands-

tone, northern Apennines.
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Fig. 255 - F6-1 bed. Lower part of a Bouma sequence (a and b divisions) from a small, sand-rich and poorly-efficiency system. The a
division consists of a structureless graded sandstone: the b division is made of few parallel laminae capped a set of ripples forming the

¢ division (not visible in the photograph). Beds of this type result from small, short-lived flows with very small proportions of fines.
Tertiary Piedmont Basin, northern Italy.

Fig. 256 - F6-2 bed. Note thinning upward traction carpets (thick laminae) below the b Bouma division. Oligocene Macigno, northern

Apennines. Courtesy of Gianluca Cornamusini.
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Fig. 257 - F6-2 bed. Thick parallel laminae replacing the a Bouma division under conditions of reduced rate of sediment fallout. Cretaceous,

Simi Mountains, California.

Fig. 258 - F6-2 bed. Miocene Marnoso-arenacea, northern Apennines. Thin horizontal laminae of the b division overlie a basal cm-thick

structureless division, probably a remnant of supercritical bedforms, which are common in overlying and underlying beds.
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Fig. 259 - F6-2 bed. The classic b and c Bouma divisions. Oligocene Macigno, northern Apennines. Courtesy of Gianluca Cornamusini.

IKIppLe laininae \C)

Paratiel taminae (0)]

Fig. 260 - F6-3 bed. Sandstone bed showing parallel and ripple laminae of the b and c divisions of the Bouma sequence. Eocene Hecho

Group, south-central Pyrenees.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 261 - F6-3 bed. Climbing ripples (Bouma c division). Miocene Laga Formation, northern Apennines.

Fig. 262 - F6-3 beds. Closely-spaced thin, wavy sandstone beds (Tc-e units) with virtual no mudstone partings overlying a F1 bed. These

beds are common in channel-margin settings. Eocene Hecho Group, south-central Pyrenees.
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Most commonly, F6 beds lack the basal structureless
division thus being made of current-laminated divi-
sions (b through d) capped by mudstone (F6-3). Beds of
this type are ubiquitous in turbidite successions being
deposited by different processes and in different tur-
bidite elements. Dilute hyperpycnal flows form huge
accumulations of this facies in delta slope elements;
overbank processes account for similar accumulations
in channel-levee complexes and, to a lesser degree,
within many channels. The typical element of this kind
of deposits are however the basin plains, particularly in
ponded basins, which are reached by distal and dilute
turbidity currents. These beds display a great degree of
variability in terms of individual thickness, sand:mud ra-
tio and internal structures (Figures 260-262).

There are no general criteria to classify F6 deposits, es-
pecially F6-3 beds, nor many attempts have been made
in this direction. Mutti and Ricci Lucchi (1975) and Mut-
ti (1979) attempted to subdivide them based on sand:
mud ratio and introduced their D1, D2 and D3 facies.
This might be a convenient approach for descriptive
purposes. A further attempt was made by Mutti (1992)
who made a clear distinction between F9a and F9b fa-
cies (Figures 263-264). F9a are made up of well-de-
veloped and well-sorted b through c divisions and
thought to be the deposit of similarly well-developed
traction-plus-fallout processes; F9b are mostly thin
Tc-e beds with poorly developed internal structures and
poorer sorting, suggesting deposition from short-lived
immature suspensions. In most cases, these deposits
are simply thin sandstone beds with a rippled upper
surface. If not carefully observed and framed within
their association, these beds can be mistaken for F4-3
beds (see above) or plumites (see later). Mudstone caps
are typically thicker in F9a beds and considerably thin-
ner in F9b beds. Basically, F9b beds seem the product of
poorly efficient, short-lived and mud-poor flows typical
of relatively small sand-rich systems.

Great departures from idealized models are observed
where dilute turbulent flows undergo ponding, reflec-
tion and deflection against bounding slopes of con-
fined basins or intrabasinal “highs”. Settings of this
kind have been analyzed in great detail particularly by
Remacha et al., 2003; Remacha and Fernandez, 2005,
Magalhaes and Tinterri, 2010, and Tinterri and Muzzi
Magalhaes, 2011. In these cases, an almost endless
series of modifications are imparted to the resulting
beds herein termed F6-4. These settings, which are of
local significance, have to be studied on a case-by-case
basis. More generally, however, it can be safely said
that F6 deposits have received little attention from
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sedimentologists so far. Their better understanding
should provide a very useful tool for the analysis of
turbidite systems due to their common occurrence in
outcrops and cores and to their extreme facies varia-
bility (see photographs).

The abundance of F6 deposits in a system is strictly a
function of the amount of fines that turbidity currents
contain in their original parental flow or have been
eroded from the bed and resuspended within the flow
during its motion. A high content of fines promotes
flow efficiency; the contrary generates flows that have
reduced mobility. Care should be exerted in basins af-
fected by bottom currents which may resuspend these
fines and transport them far away to form contour-
ites (e.g., Mutti and Carminatti, 2012). The problem is
more amply discussed in the final chapter. Similar care
should also be exerted in those cases where mud incor-
poration is so important that the flow becomes cohe-
sive (see later).

VII. 8.1.8 - A final note on hydraulic jump-related
deposits

Growing evidence suggests that hydraulic jumps are an
important, though poorly understood process of tur-
bidity currents (see above). The process is increasingly
reported in the literature by both marine and land-
based sedimentologists, but the problem remains
as to how we can recognize its record on facies char-
acteristics, say at the bed scale. Some examples are
discussed below in the attempt to have some possible
insights on this fascinating flow transformation when
observing the rock record.

A basic point on which there seems to be a general
consensus is that hydraulic jumps imply localized bed
erosion produced by intense turbulence. The pres-
ence of scours is thus the first evidence of the process,
though turbulence-related scours may vary in scale
from a small flute cast (e.g., Dzulynski and Sanders,
1965) to large km-scale scours detected by marine
geology (e.g., Mutti and Normark, 1987; Wynn et al.,
2002). At outcrop scale, flutes and m-scale scours can
only be observed. Figure 267 portrays a mud-draped
scour that clearly show as a bypassing flow left a scour
in an underlying deposit which was successively filled
with a series of thin-bedded turbidites. The bypassing
flow clearly produced bed erosion and incorporated
through resuspension the sediment removed through
the process (sand and mud clasts). This is the reason-
able expression at outcrop scale of a hydraulic jump,
though only erosional.
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Fig. 263 - F6-3 beds displaying well-developed parallel and ripple laminae and thick mudstone caps. Beds of this kind are typically found

in basin-plain elements and are characterized by a parallel-sided geometry over considerable distance. These beds are the F9a facies of
Mutti (1992). Eocene Hecho Group, south-central Pyrenees.

Fig. 264 - F6-3 beds with the characteristics of F9b of Mutti (1992). Internal structures are poorly developed and bedding geometry is irre-

gular. Most thin and very thin beds can be better interpreted as plumites. Late Eocene-Oligocene Ranzano Sandstone, northern Apennines.

CHAPTER II: Turbidites




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 265 - F6-4 bed, showing departures from normal F6-3. Note ripples at the base, internal wedging and truncation of laminasets.

These beds occur in a highly confined basin with reflection processes. Upper Cretaceous Vallcarga Formation, south-central Pyrenees.

Fig. 266 - F6-4 bed showing alternation of parallel- and ripple-laminated divisions, probably generated by reflection against a bounding

slope. Eocene Hecho Group, south-central Pyrenees.
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Fig. 267 - Example of mud-draped scour thought to be produced by a local hydraulic jump. The scour is filled with thin sandstone beds.

Dog for scale. Eocene Hecho Group, south-central Pyrenees. Beds are overturned.

Figure 268 shows a bed consisting of a basal division
of very low-angle cross laminae, interpreted as super-
critical bedforms (see Figure 163) overlain by migrating
megaripple bedforms. Fedele et al. (2016) have recently
suggested that dunes (megaripples) can form in both
subcritical and supercritical flows. Though | concur with
these authors that comparing bedforms of sediment
gravity flows with those of subaerial bedform regimes
may be potentially misleading, | also argue that the me-
garipples of Figure 268 as well as those of F4 deposits
(see above) are strictly similar to those observed in flu-
vial sediments and in particular they never show lateral
changes into antidune reverse flow conditions (back-
sets) or downstream dipping low-angle cross laminae
that would be expected in supercritical flows. | there-
fore maintain my conclusion that these bedforms are a
typical expression of subcritical flows. The stratigraphic
relationships shown by Figure 268 clearly indicate that
a supercritical flow passes to subcritical conditions for
a normal and natural process of deceleration and su-
percritical features are suddenly replaced by subcritical
features. The change is marked by a more or less ero-
sional surface commonly paved with mudstone clasts.
The surface is the expression of bed erosion at the jump.
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A different but equally interesting example of hydrau-
lic jump is shown in Figure 269. The bed below (Bed 1)
contains a basal division of medium- to fine-grained
sandstone with parallel and wedge-shaped low-angle
cross laminae with grain-size banding, interpreted as
a supercritical antidune deposit. With an apparently
transitional contact, this basal division is overlying by
a division of well-developed climbing ripples capped a
thin mudstone. The bed above (Bed 2) displays the same
two facies but includes an intervening scour with a steep
upcurrent wall which is filled in with structureless sand-
stone with some crude cross laminae in its most upcur-
rent portion. The scour and its infill are here interpreted
as the record of a hydraulic jump within the same flow
which probably developed at the expenses of the denser
basal flow (see 2-phase suspension flow of Postma et
al., 2009) and forced the flow to subcritical conditions.

The examples above are very limited but should en-
courage to look at the rock record more carefully since
it contains a wealth of information which is certainly
underexploited. This information may considerably
help explorationists predict basinward extent of
sandbodies and their petrophysical characteristics.
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F4

F3

Fig. 268 - Contact (indicated by large red arrow) between F3 deposits (sand deposited by a supercritical suspension) and F4 deposited by a
subcritical flow through migrating dunes. Eocene Guipizcoa Flysch, northern Spain.
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Fig. 269 - Example of hydraulic jump. The bed below (Bed 1) shows an apparently transitional contact between supercritical antidunes

and subcritical climbing ripples. The bed above (Bed 2) shows the same succession but also a clear internal scour (HJ) intervening be-
tween the two facies. The scour is filled in with structureless sand displaying some faint cross laminae dipping in a downcurrent direction
(right). The scour and its infill are interpreted to represent a local hydraulic jump accounting for the change between supercritical and
subcritical flow conditions. The same change must be inferred also for Bed 1, though the hydraulic jump ha not left record here. Miocene
Marnoso-arenacea, northern Apennines.
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CHAPTER III

CHAPTER IlIA (FLOOD-DOMINATED
FLUVIO-DELTAIC SYSTEMS)

| - APREMISE

In this chapter, we will first review some basics of classic
fluvial and deltaic sedimentology and will then expand
on the importance of flood-dominated fluvio-deltaic
systems, a group of depositional systems which is still
poorly known and largely overlooked in the literature.
These systems are conversely among the volumetrical-
ly most important components of many exposed basin
fills of orogenic belts and probably of many other geo-
dynamic settings. | will then describe and discuss the
ways in which these flood-dominated sediments under-
go more or less substantial reworking by tides and, to a
lesser degree, by waves, suggesting an easy comparison
with deep-water settings where turbidite sedimenta-
tion is reworked and even replaced by bottom currents,
giving way to mixed and contourite systems.

Because of health problems, this chapter was written
more than one year later than the two previous chap-
ters. Despite this temporary inconvenience, the delay
turned out to be very useful in allowing to incorporate
in this chapter and particularly in the final conclusions
some of the points of a number of papers published
between 2017-2019 on hyperpycnal flows, turbidity
currents and their deposits. This has forced to comple-
ment and, in some cases, partly revise what had already
been written, showing, for better or worse, how fast re-
search is moving today. This also shows how difficult is
writing a textbook when information and related prob-
lems grow so fast. New data and new relevant papers
can now improve our knowledge and modify our ideas
on an almost every-day basis.

Il - INTRODUCTION TO FLOOD-DOMINATED
ALLUVIAL AND FLUVIO-DELTAIC SYSTEMS

In the previous chapter we have described and dis-
cussed in detail the characteristics of deep-water tur-
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bidite systems and the many problems that this kind
of sediments still raises as to their interpretation. As
mentioned in the introduction of Chapter I, sediment
gravity flows do not only dominate sedimentation in
deep-waters, but are also a fundamental process in
alluvial and shallow marine environments of tectoni-
cally-active basins, resulting in the deposition of one-
event beds sharing many features with beds deposited
in deep-waters by similar flows. Large accumulations
of conglomerates, pebbly sandstones and sandstones
deposited by such flows are thus a fundamental com-
ponent of many alluvial and deltaic systems (Figure
270). In some delta-front settings these deposits form
sandstone bodies with considerable thickness and lat-
eral extent made up of graded and tabular beds that
so closely resemble turbidite sandstone beds that one
would be hard-pressed to see any difference based
on one outcrop (Mutti et al., 1996; Mutti et al., 2007).
These delta-front sandstones can be regarded as a
sort of “shallow-water cousins” of deep-water turbid-
ites, thus strengthening the close relations between
turbidite and deltaic sedimentation. Fluvial floods of
sufficient magnitude and sediment concentration and
their propagation in seawaters as hyperpycnal flows
(see later) are the only plausible process to account for
these sediments. Fluvial floods and related sediment
gravity flows are equally important for explaining fa-
cies characteristics and sand-body geometry of many
alluvial and lacustrine fluvio-deltaic deposits.

It should be clear that fluvial floods, though with their
episodic character, are part of the day-to-day process-
es governing modern sedimentation in many alluvial
environments. As such, they are included in the classic
architectural elements of Miall (1985) and referred to
by this author as “sediment gravity flow” (S5G), “Lam-
inated sand” (LS), and “Overbank fines” (FF). Typical
examples are debris flows and sheet floods in alluvial
fans or in immature braided streams; classical flood
deposits are especially the sand beds deposited from
suspended load associated with overbanking in levees
and adjacent flood plains or late flood-stage depo-
sition in many rivers (Figure 271). Stanley (1968) first
noted the strong similarities of these beds and their
internal structures with typical turbidite Bouma se-
quences. The point emphasized herein is that the above
flood processes are part of the “normal” everyday flu-
vial sedimentation, though their deposits comprise
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a subordinate portion of modern fluvial systems. The
bulk of modern fluvial and deltaic sedimentation is ac-
tually dominated by normal bedload and suspended
load mechanisms. Conversely, the stratigraphic record
shows that flood-related processes, with a much higher
degree of catastrophism, were dominant in alluvial and
deltaic systems of tectonically mobile basins over long
periods of times. As a result, most stratigraphic succes-
sions are composed of facies and facies associations
produced by catastrophic flood-generated sediment

gravity flows in both continental and shallow-marine
domains. As we will see later, this does not mean that
“normal” processes were not active at the same time; it
simply means that catastrophic deposits have a higher
preservation potential and that, during certain periods
of times, they are highly frequent, recording a sort of
“normal” deposition with which we are not familiar. This
implies that the saying “the present is the key to the
past” needs to be partly reconsidered in terms of “nor-
mal” vs “catastrophic” or “episodic” processes.

FAmMplona Marly

Fig. 270 - Impressive succession of flood-dominated deposits in the Eocene and Oligocene of the south-central Pyrenees (Jaca basin).
From base to top: 1) prodeltaic or delta-slope mudstones (Pamplona Marl), 2: flood-dominated fan-delta deposits consisting of partly

covered, shallow-marine graded sandstone and pebbly-sandstone lithofacies (Atares delta), and 3): alluvial-fan conglomerates (Santa

Orosia conglomerates)
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Fig. 271 - Modern flood unit displaying internal divisions identical to those of the well-known turbidite Bouma sequence. A. graded,
structureless division; B. parallel-laminated division; C. division with ripples, climbing ripples, and sinusoidal laminae. Arrow indicates

surface of slight flow re-acceleration. Unrecorded ephemeral stream, Chubut province, Argentina.

Il - NORMAL VS EPISODIC SEDIMENTATION

Some basic questions concerning this problem were
raised by Dott (1983) in a paper that was a sligtht-
ly modified version of the Dott's SEPM presidential
address in Calgary, Alberta, in 1982. The questions
raised by Dott are very simple but address basic
problems in sedimentary geology: (1) “Do sedimen-
tary rock record mainly average, continuous, day-
to-day processes or relatively rare, large-magnitude
ones separated by long non-depositional intervals1”;
(2) “How normal is any so-called average condition?”,
and (3) “How rare are so-called rare events?”. Dott
(1983, p.6) also notes “.... that, more than we realize,
our pet doctrine of uniformitarianism — even a mod-
ern version thereof under whatever rubric — casts
subtle constrains upon our thinking”. As a result,
we are strongly biased toward average conditions
and favor continuity rather than discontinuity in the
stratigraphic record. Where changes are undeniable
and repetitions occur, we invoke cyclicity, which Dott
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(1983) sees as a special form of uniformity — that
is, uniform change with uniform deviation from the
norm, and with uniform repetition rates.

The interested reader will find excellent papers dis-
cussing these fascinating problems (e.g., Ager, 1980,
1993; Dott, 1988; Clifton, 1988; Huggett, 1989) and
their implications not only in sedimentary geology but
also in the creationist-neocatastrophist cause to the
point that Dott (1983, p. 9) suggests that the use of
the adjective catastrophic together with the noun cat-
astrophism should be reserved only to supernatural
phenomena to avoid misunderstanding with the cre-
ationists. He therefore suggested the term “episodic”
to denote large-magnitude events which represent
positive (greater-than-normal) deviations from the
norm and are rare on the human time scale. For similar
reasons, Clifton (1988) suggested the term convulsive
instead of catastrophic or episodic. Seilacher (1991)
also coined new terms to denote the deposit of epi-
sodic events (Figure 272).
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Fig. 272 - Types of episodic event bed (after Seilacher, 1991).

The term catastrophic most commonly describes the
concept of an episodic event of large magnitude whose
consequences are potentially tragic for the organisms
living where the catastrophe occurs. The use of “tragic”
is apparently restricted in most cases to events affect-
ing only humans: a somewhat anthropocentric point of
view. Unfortunately, we do not know the opinion about
catastrophic events of the living organisms that suf-
fered this kind of events millions of years ago. Typ-
ical episodic events with a catastrophic connotation
are great storms, giant mass failures on continental
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slopes, jokulhaups, explosive volcanic eruptions, great
earthquakes, giant tsunamis, large asteroid impacts,
and a great number of large-volume turbidity cur-
rents. These are events of regional influence implying
extraordinarily release of energy (see discussion of
many pertinent examples in the GSA Special Paper 229
edited by H. E. Clifton, 1988).

What the term “catastrophe” really means in the evo-
lution of geological systems is well beyond the scope
of this book. Basically, catastrophic processes do exist
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and are hierarchically ordered in terms of magnitude
and consequences (Figure 273). For our purposes, the
assumption is made that catastrophic processes, as
observed operating in modern environments, are still
part of the “normal” spectrum of fluvial and marine
processes, though most of them can be considered
as natural disasters. Therefore, some catastrophism
is probably inherent also to uniformitarianism, being
episodic events of greater magnitude than most com-
mon or average events. Setting aside doctrinal impli-
cations, the adjective “catastrophic” is used hereafter
to simply denote river floods and related processes
that generate mixtures of sediment and water of suf-
ficient volume and sediment concentration to depos-
it gravel, sand and mud far away from their original
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fluvial drainage basins in alluvial, nearshore, shelfal,
slope and basinal regions, thus progressively in-
creasing the length of transfer zones (Figure 274).
These beds can occur in isolation or, most common-
ly, comprise thick sedimentary successions produced
by similar catastrophic conditions over considerable
periods of time. In fluvio-deltaic system the degree
of catastrophism can be simply appreciated by the
amount of sand that flood-generated flows can di-
rectly transfer to nearshore and shelfal zones and in
some cases to adjacent deep-water basins (see flu-
vio-turbidite systems, Chapter I). The degree of cata-
strophism can also be indicated by the distance of fi-
nal sand deposition from channel-exit, i.e., a measure
of flow efficiency.

After BAKER & BUNKER, 1985
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Fig. 273 - A. Area of the northwestern United States which was affected
by the catastrophic Missoula flood during the Late Wisconsin (from Baker
and Bunker, 1985). The flood generated hyperpycnal turbidity currents
that deposited thick sequences of sandy turbidites in the Escanaba trou-
gh in the Pacific Ocean. B. Small, flood-generated modern sand lobe in
the Alfredo Wagner area, Santa Catarina, Brazil.
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Fig. 274 - Idealized model showing how the length of the transfer zones indicates different stages or degrees of catastrophism of flood-

generated flows and their related depositional systems (from Mutti et al., 1996).

IV - FLUVIO-DELTAIC SYSTEMS:
GENERAL CHARACTERISTICS

Terrigenous sediments, in both subaerial and sub-
aqueous environments, are ultimately derived from
rivers that transfer clastic particles to their sites of
transient or permanent deposition. Along with sub-
aerial and submarine slides, the process accounts for
huge accumulations of gravel, sand and mud anywhere
on our planet surface. River-born sediments are the
main and obvious primary component of alluvial and
deltaic successions. The same sediments provide the
source for other processes, such as for instance wind,
waves, tides, and turbidity and bottom currents that
can rework them in eolian systems on land, and in a
great variety of depositional systems in shallow- and
deep-marine environments. All these processes —
commonly collectively referred to as “source to sink”
—have the ultimate goal of eroding the mountains and
transferring sediment to the oceans. The knowledge of
rivers, their processes and sediments are thus the ba-
sic key to begin to understand clastic sedimentology.

IV.1 - THE BASIC CONCEPTUAL MODEL

Rivers give way to depositional systems invariably con-
sisting of three genetically interrelated zones (Figure
275): (a) a drainage basin (Zone 1), which supplies sed-
iment and water, (2) a sediment transfer zone (Zone 2),
i.e., ariver which removes the waste of the drainage ba-
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sin, and (3) a terminal depositional zone (Zone 3) where
sediment accumulates in alluvial fans, fan-deltas, allu-
vial plains and deltas (Schumm, 1981). This holds true
whatever the scale of the system under consideration.
The main implication of Schumm's concepts for strati-
graphic analysis is perhaps that the most complete
record of the evolution of ancient fluvial systems with
time is likely to be preserved in their final deposition-
al zones because of their higher preservation poten-
tial (Schumm, 1981, pp.27-28). Stated in other words,
a fluvial system has to be considered as a whole con-
sisting of genetically inter-related zones and the main
problem remains how to link facies and processes of
the transfer zones with those of the depositional ones.
Therefore, a fluvial system has to be described and in-
terpreted also on the basis of a stratigraphic and sed-
imentological analysis encompassing both zones, or
significant portions of them.

The above approach is apparently overlooked in most
literature dealing with fluvial sedimentation, where
transfer and depositional zones are generally dealt
with as two largely independent domains. Available
studies and reviews focus specifically on the sedimen-
tology of (a) alluvial fan and fan-delta deposits (Figure
276), (b) fluvial transfer zones, with their classic subdi-
visions in straight, meandering and braided channels,
and related architectural elements (Figure 277), and (c)
river-delta systems (Figure 278). The literature cover-
ing all these sediments is so abundant that its review
would be well beyond the scopes of this book. The
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reader is referred to Collinson (1986), Rachocki and
Church (1990), Blair and McPherson (1994a, 1994b),
Bridge (2006), and Miall (1977, 2006) for fluvial and
alluvial-fan deposits, to McPherson et al. (1987),
Wescott and Ethridge (1990), and Nemec and Steel
(1988) for fan-deltas and coarse-grained deltas,

and to Coleman and Wright (1975), Galloway (1975),
Wright (1977), Elliott (1986), Orton and Reading,
(1993), Reading and Collinson (2006), and Bhattacha-
rya (2006, 2010) for river-deltas (the reader is also re-
ferred to the basic text book “Global Geomorphology”
by Summerfield, 1991).

ZONE 1 (production)
Upstream Controls Drainage Basin
( Climate, diastrophism,

land-use.)

ZONE 2 (transfer)

...... ZONE 3 (deposition)
Downstream Controls

(baselevel, diastrophism.)

Zone 1

Zone 2

Zone 3

Patagonia

Fig. 275 - The fluvial system and its three basic zones (Schumm, 1981).
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Type-1 alluvial fan
(debris-flow dominated).

Type-2 alluvial fan
(sheet-flood dominated).

Coarse gravelly debris flows
(Type | fan) or sheetfloods
(Type Il fan), +/- rocklalls,
rock slides, rock avalanches,
or incised-channel flows

Rockfalls,
rock shdes,
rock avalanches,
colluvial slides,
+/- debris flows

Talus or
colluvial
cones

Cobbly, pebbly, & sandy debris
flows (Type | fan) or sheetticods
/ (Type Il fan), & incised-channel

flows; +/- rocklalls, rock slides,
or rock avalanches

Evolutionary stages of alluvial fans
with time and increase in size.

Precursor Stage 2

Stage

Stage 1

Stage 3

Fig. 276 - Evolutionary stages of an alluvial fan system (after Blair and McPherson, 1994).

The great number of depositional models discussed in
the above literature is largely derived from modern al-
luvial and deltaic systems and heavily based on modern
rivers. Accordingly, processes are primarily those operat-
ing in modern environments, particularly in alluvial and
nearshore deltaic settings where every day processes and
resulting deposits can be easily and directly observed.

Debris flows and sheet floods predominate in al-
luvial fans (piedmont-type, in the sense of Blair
and McPherson, 1994a, see later) and in the alluvial
component of fan-deltas (e.g., Miall, 1978; Blair and
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McPherson, 1994a, 1994b); tractive currents moving
sands and gravels as bedload are thought to pre-
dominate in river systems characterized by a variety
of channel styles, bars, and bedforms (e.g., Walker,
1976; Miall, 1978, 2006); and waves, tides, storms,
sediment gravity flows, fluvial plumes, slumps and
large-scale sediment failures account for much of
the final phases of sediment transport and depo-
sition in the marine components of both fan-deltas
(e.g., Nemec, 1990; Orton and Reading, 1993) and riv-
er deltas (e.g., Coleman and Wright, 1975; Galloway,
1975; Elliott, 1986).
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Fig. 277 - A. Fluvial channel classification according to Schumm (1981); B. Architectural elements for the analysis of fluvial deposits

according to Miall (1985).
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Barrier island

10-20 m e
Isobath

WAVE-DOMINATED DELTA

Fig. 278 - The three main types of delta according to the ternary classification

of Galloway (1975) (see also Coleman and Wright, 1975).
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In both marine and lacustrine fan-deltas and river del-
tas, the density contrast between the river water and
that of the receiving basin plays a major role in deter-
mining the sediment distribution pattern (Figure 279).
Entering a standing body of water (lakes, seas), efflu-
ent river water can produce hypopycnal, homopycnal
or hyperpycnal flows (Bates, 1953). Hypopycnal flows
(less dense than basin waters) can only form in denser
sea water and undergo rapid deposition of bed load at
river mouth; suspended load generates buoyant tur-
bid plumes that carry fines basinward in prodeltaic,
shelfal and slope regions; homopycnal flows (equal-
ly dense than basin waters) undergo rapid mixing at

river mouths followed by deposition of both bedload
and suspended load over short distance; high-density
outflows (denser than basin waters) move along the
bottom as hyperpycnal flows, or underflows, causing
sediment to escape the shoreline (see Elliott, 1986 for
areview). As we will see in the following sections, these
density differences are fundamental in the process of
delta upbuilding and the resulting types of deposits. In
particular, hyperpycnal flows are a basic process in the
formation of flood-dominated deltas (see later). The
importance of hyperpycnal flows as related to turbid-
ite deposition has been discussed in Chapter Il and will
be reemphasized in later sections.

"' ) l

Homopycnal flow
Pf=Pw

|
|
f
|

Mesopycnal flow

Pw,<Pt <Py,

Wi

pycnocline

o \

Hypopycnal flow
Pi<Py
Py
Hyperpycnal flow
S PL I P1>Pw

A

sediment-laden
channelized flow |

| flow expanding into receiving water body

Fig. 279 - Hypopycnal, homopycnal, mesopycnal, and hyperpycnal flows (after Mulder and Alexander, 2001). Homopycnal and mesopycnal

flows are not discussed herein.
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The classic depositional models of alluvial and deltaic
sedimentation that can be derived from the comparison
of modern and ancient sediments are highly diversified
and offer a very fragmentary view of fluvial systems in
terms of possible relationships between transfer and
final depositional zones. The problem can be clearly ap-
preciated by considering the classic ternary classifica-
tion of river deltas in fluvial-, wave-, and tide-dominated
depositional systems proposed by Galloway (1975) (see
Figure 278), and implicit also in the work of Coleman and

Wright (1975), who emphasized how sand distribution
patterns of delta systems substantially differ from each
other depending on the prevailing process(es) (Figures
280 and 281). Fluvial processes end at the shoreline,
and even farther up-stream of it, in both wave- and
tide-dominated systems, thus preventing any possible
comparison between processes and deposits of the flu-
vial transfer zones and those of delta-front deposition-
al zones where river-born sediment is redistributed by
waves and tides.

Fig. 280 - Sand distribution patterns as controlled by fluvial and marine diffusion processes. A. river dominated; E. wave dominated; F. tide

dominated (after Coleman and Wright, 1975).

Receiving water body

p2

OUTFLOW DISPERTION,
determined by inertial,
buoyancy and fritional
processes

4

channelized flow of sedment-
laden currents -

Region of flow
expansion,
deceleration and
dispersion

A/

P
P1

BASINAL PROCESSES,
waves, tides,
long-shore drift,
semi-permanents
currents, ocean
currents

—
~

Fig. 281 - Some of the main factors controlling outflows at river mouths (from Mutti et al., 1996; slightly modified from Elliott, 1986).
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IV.2 - SOME BASIC RELATIONSHIPS BETWEEN
FLOW VELOCITY AND DEPTH, GRAIN SIZE, AND
BEDFORMS

IV.2.1 - Bed load structures

In the mid Sixties, flume experiments developed by the
US Geological Survey (Simons et al., s1965) and obser-
vations of modern sediments in shallow trenches in the
Rio Grande bed near El Paso (Harms and Fahnestock,
1965) showed that velocity and depth (depth will be
omitted hereafter) of a unidirectional flow — an ideal
river —, determine bed load transport through migrating
bedforms with well-defined configurations produced by
tractive processes. These contributions still represent a
benchmark in sedimentology. Figure 282 shows an ex-
cellent example of these bedforms (ripples and megar-
ipples) preserved in fluvial deposits of the Eocene Cas-
tissent Group in the south-central Pyrenees.

As indicated in Figure 283, for a grain size population
in the range of medium and coarse sand, both experi-
ments carried out with increased flow velocity and field
observations show the transition from a static bed
without particle transportation to bed load movement

through migrating ripples, megaripples and plane bed
configuration. For the interested reader, these struc-
tures are dealt with in detail in “Introduction to Clas-
tic Sedimentology” (Notes for a Universitary level) by
R.J. Cheel (2005) — a text that | strongly recommend
for its clarity and simple terminology; see also “Struc-
tures and sequences in clastic rocks — Lecture notes”
by Harms et al., 1982).

Ripples and megaripples are asymmetrical bedforms
(Figures 283 and 284) which are characterized by in-
termittent transport along their stoss side (upcurrent
side), through sliding, rolling and saltation, until grains
reach the crest of these features, followed by grain av-
alanching and deposition of cross strata on the lee side
(downcurrent side). Through this process, ripples and
megaripple migrate downstream. In the higher-veloc-
ity plane-bed configuration, grains form mm- to cm-
thick carpets and move collectively downstream im-
pelled by the shear stress of the current above. Depo-
sition takes place when the shear stress of the flow can
no longer overcome the internal friction of the grains
within the moving carpet.

Fig. 282 - Eocene bedforms preserved in fluvial sandstones. Note megaripples with superimposed ripples that were migrating toward the

viewer. Late-stage flood deposits in the Eocene Castissent Group, south-central Pyrenees. These features are sharply overlain by a muds-

tone unit which explains their exceptionally good preservation.
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Fig. 283 - Flow regime, bed forms, and resulting sedimentary structures (after Harms and Fahnestock, 1965).

The transition between megaripple and plane bed con-
figuration coincides with the transition between lower
and upper flow regime; in the former, water surface is
out-of-phase with the bedforms, whereas in the latter
bedforms and water surface are in phase. It is generally
agreed that the transition between lower and upper flow
regime results from a change in the Froude number (Fr),
i.e., roughly speaking a ratio between inertia and gravity
forces, that separates subcritical flows (Fr <1) from su-
percritical flows (Fr > 1). For higher flow velocities, bed-
forms become progressively more complex giving way
to standing waves, antidunes and other features (Figure
283), which were at that time somewhat overlooked in
the assumption of their little preservation potential.
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Figure 285 is a size-velocity diagram showing the sta-
bility field of the different bedforms. It will be noted
that dunes (3D large ripples) and sandwaves (2D large
ripples) do not form in fine-grained sediment, where,
for increasing flow velocity, ripples are directly replaced
by upper plane bed, but at lower velocity than in coars-
er-grained sand. The transition between lower and
upper flow regime is still an open problem and largely
depends on the interpretation of upper-plane bed lam-
inae. The problem is amply discussed by Cheel (2005)
who emphasizes how the transition may actually occur
for Fr numbers ranging between 0.84 and 1 (Figure 286
A) and how washed-out dunes develop parallel laminae
fitting into the lower flow regime (Figure 286 B).
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Fig. 284 - Elements and terminology of asymmetrical bedforms (ripples and megaripples) (from Cheel, 2005).
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Fig. 285 - Size-velocity diagram showing the stability field of bedforms (flow depth of 18-22 cm; temperature of 10° C) (from Harms et al., 1982).
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Flow Regime Bedforms Characteristics
Lower flow regime Lower plane bed, + F<0.84-1.0";
Ripples, Dunes + low rate of sediment transport,
dominated by contact load;
+ bedforms out-of-phase with the
water surface.
Upper flow regime Upper plane bed, + F>084-10%
In-phase waves, + high rates of sediment transport,
Chutes and pools high suspended load;
+ bedforms in-phase with the wate
surface.

*Note that Simons and Richardson (1961) set F < 1.0 for lower flow regime and F > 1.0 for upper flow
regime. However, subsequent work indicated that in-phase waves began to develop over the range 0.84
<F < 1.0. Because in-phase waves were particularly charactenistic of the upper flow regime the linuting
value of F has been adjusted accordingly here.

SEQUENCE OF UPPER FLOW REGIME BEDFORMS PRODUCED
UNDER UNIDIRECTIONAL FLOWS

STRATIFICATION

WASHED-OUT DUNE
HORIZONTAL
LAMINATION

UPPER PLANE BED
HORIZONTAL
LAMINATION

Upper Plane Bed —Washed-out dunes

084 <F<1.0

— 5 | DOWNSTREAM-MIGRATING

INPHASE WAVE
HORIZONTAL
LAMINATION

——» | DOWNSTREAM-MIGRATING
INPHASE WAVE
FORESET
CROSS-LAMINAE

STANDING
INPHASE WAVE
DRAPE
LAMINAE

INCREASING FLOW STRENGTH

ANTIDUNE
BACKSET
CROSS-LAMINAE

“— Direction of bed /water surface wave migration.

<—— Inphase waves increasing in amplitude and wave-length

Fig. 286 - The problem of upper plane-bed laminae (A) as envisaged by Cheel (2005). Note that washed-out dunes would actually be
lower flow regime bedforms (B).
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It is also my opinion that upper plane bed horizontal
laminae can form in both upper and lower flow regime.
As discussed in turbidite facies (Chapter II), parallel
laminae can be observed in F3 beds, an upper flow re-
gime deposit, and their origin can be, in this case, relat-
ed to the migration of low-amplitude bed forms; paral-
lel laminae also occur in F5 beds, which are apparently
the deposit of flows in the lower regime. The former is
characterized by grain-size banding and form thin sets
typically fining- and thinning-upward and bounded by
broadly non-parallel surfaces; the latter are general-
ly thinner and finer grained, display an abundance of
surfaces loaded with mica and locally plant fragments
(along which laminae can easily split), and are invari-
ably associated with typical ripple laminae both verti-
cally and laterally.

The main sedimentary structures produced by the
migration of ripples, megaripples and plane beds are
characteristic of relatively coarse-grained materi-

al (medium to coarse sand). Figure 287 shows how
the cross strata geometry produced by ripples and
megaripples is controlled by the plane-view geome-
try of ripple and megaripple crests. Straight-crested
megaripples originate a type of cross strata referred to
as tabular (or 2D) cross-bedding; sinuous crests orig-
inate festoon-type (or 3D) cross-bedding or trough
cross-bedding. In both flume experiments and modern
streams straight-crested megaripples (also referred to
as sand waves) form for flow velocities slightly slow-
er than those producing sinuous-crested megaripples
(often referred to as dunes). The terms 2D and 3D
dunes should probably be preferred to avoid termi-
nology problems. Within each set, cross laminae can
be angular, concave-upward, tangential or sigmoidal
(convex-upward) (Figure 288). There is general con-
sensus about angular, concave-upward and tangential
laminae being the product of an increase in flow veloc-
ity; sigmoidal laminae are generally interpreted as in-
dicating increasing rate of sediment fallout (see later).

Fig. 287 - Internal structure of basic bedforms (after Harms et al., 1982).
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Fig. 288 - Geometry of cross-strata according to Cheel (2005).

Fig. 289 - Modern flood deposits showing fine-grained current laminated sands, with climbing ripples. Note small convex-upward lenses

of small pebbles at the base of some flood units. Unrecorded ephemeral stream, Chubut province, Argentina.
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Fig. 290 - Examples of suspended load deposits in modern flood units (unrecorded streams, Patagonia, Argentina). A. Climbing ripples; B. Sets
of parallel laminae separated by low-angle erosional surfaces (indicated by arrows).

Much larger bedforms, which would be impossible to
reproduce in laboratory experiments, develop in mod-
ern fluvial systems at a scale that dwarfs that of the
Rio Grande structures. The monsoon-driven Brahma-
putra and Ganges rivers drain an enormous land area
and carry to the Bay of Bengal some 13 million tons
of suspended sediment per day during flood. Coleman
(1969) has shown that during maximum-flood periods
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bedforms (giant dunes or sand bars) attain heights
up to some 15 m and migrate downstream at rates as
high as 600 m per day. During falling stage, these gi-
ant dunes become covered by smaller-scale features
(trough-cross and upper plane bed laminae) and even-
tually by climbing ripples from suspended load (Bri-
stow, 1993). Though from a giant river system as the
Ganges-Brahmaputra system, these bed load features
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seem very important in assessing the role of floods
in a transfer zone (see later), since it is difficult to es-
cape the conclusion that a substantial part of them
must result from traction along the bed produced by
the shearing imparted from bypassing turbulent flows
loaded with fines. Through the Swatch of No Ground
canyon, these flows actually bypass the shoreline and
deposit huge amounts of fine-grained load in the sim-
ilarly huge Bengal Fan.

IV.2.2 - Suspended load structures

Under normal conditions, particles smaller than say
125 microns have the tendency to move as suspend-
ed load, i.e., they are kept in suspension by the vertical
component of turbulence eddies; once suspended, the
particles move at a velocity which is about the average
flow velocity. Turbid fluvial waters that are common
after a heavy rain and with which we are all familiar
exemplify the normal suspended load transport. No
flume experiments have been performed concerning
this type of transport and sedimentation, but deposits
originated under such conditions are extremely com-
mon and easily observable in modern rivers and flood
plains. (Figures 289-290).

Basically, this kind of deposits results from turbulent
flows that during the waning stage lose their sediment
load though progressive fallout from the suspension.
Once reached the bed, individual particles undergo
traction forming laminae that will be eventually buried

under new and finer-grained sediment falling out from
the flow. The basic structures are those described by
Jopling and Walker (1968) in their fundamental pa-
per with examples from the deposits of density un-
derflows of sediment-laden meltwater flowing into a
glacial lake during the late Wisconsin near Concord,
Massachusetts.

The process is generally referred to as “traction plus
fallout” and its typical deposit is shown in Figure 291.
Most beds formed under these conditions are char-
acterized by a sharp basal contact, well-developed
distribution grading (i.e., mean grain size decreases
upward, i.e with time), and a vertical succession of lam-
inasets that are highly diagnostic of this process. For
decreasing flow velocity, increasing rates of fallout,
and progressively smaller particles, a basal division of
horizontal laminae is followed upward by ripple lami-
nae indicating increasing preservation of stoss-side
deposits and finally by climbing ripple and sinusoidal
laminae. Climbing ripples are probably the most diag-
nostic feature of these beds (Figure 292). A division of
structureless mudstone forms the uppermost part of
the bed. Upward-decreasing thickness of individual
parallel laminae as well as the decrease of tractional
processes hampered by increasing particle cohesion in
the ripple divisions are good evidence of this process.
These deposits can hardly be distinguished from those
of dilute and turbulent turbidity currents (see above)
and, though originated from the suspended load of
fluvial currents, can be regarded, for practical purpos-
es, as a sort of “sediment gravity flow".

Fig. 291 - Comparison of most diagnostic features produced by bedload traction (A) and traction-plus-fallout from suspended load (B).
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Fig. 292 - Example of low-angle climbing ripples. Cretaceous Rayoso Group, Neuquén basin.

IV.3 - SOME REMARKS ON TROUGH
CROSS-BEDDING, SIGMOIDAL BEDDING,
AND SIGMOIDAL BARS

In most literature there is an abuse of the term
“trough cross-stratification” (produced by the mi-
gration of 3D megaripples) without a correct appre-
ciation of the external and internal geometry of the
structure. The tendency is to equate cross-bedding
with trough cross-bedding, overlooking the fact that
there are many different kinds of cross bedding pro-
duced by migrating megaripples under conditions
differing from those of unidirectional and steady flu-
vial currents (see above).

In this section we briefly review the problem of sigmoi-
dal-shaped cross-bedded features which are impor-
tant in both tidal and flood-dominated fluvial and flu-
vio-deltaic deposits. Their correct recognition is fun-
damental for facies analysis. In its most simple usage,
the term “sigmoidal” refers to individual cross laminae
with asymptotic terminations both upcurrent and
downcurrent (Figure 288). The term has however been
used to describe the geometry of beds and bedsets in
both tidal and flood-dominated deposits raising prob-
lems as to terminology and origin of these features.
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As acknowledged by De Rosa and Zuffa (1979), sigmoi-
dal tidal bedding was first recognized in the Ager basin
by Mutti and Rosell back in the mid 70's and thought to
be diagnostic of tidal processes. This kind of bedding
was later formally introduced in the literature by Mutti
et al. (1984) and Mutti et al, (1985) to describe sigmoi-
dal beds and bedsets (Figure 293). A tidal sigmoidal
bed consists of a set of medium-scale cross laminae
which are sharply bounded above by a roughly flat ero-
sional surface or, more commonly, by a thin horizontal
division of current ripples resting on an erosional sur-
face. The cross laminae become tangential downcur-
rent grading into flat-lying ripples and thin mudstone
partings comprising the bottomset of the unit. These
beds have thicknesses commonly on a decimeter scale
and maximum length generally less than one meter.
Tidal sigmoidal bedsets consist of lateral sequences
of sigmoidal shaped cross-bedded sandstone units
separated by finer-grained partings. These bedsets
are typically bounded by a basal flat or gently down-
current dipping surface and by an upper broadly con-
vex-upward surface. When fully developed, sigmoidal
bedsets, having lengths up to several meters, consist of
individual sigmoidal beds arranged in lateral sequences
showing an initial stage of downcurrent thickening that,
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after reaching a peak, is replaced by a gradual thinning
and flattening of each bed. Based on data from mod-
ern and recent tidal deposits offered by Visser (1980)
and Boersma and Terwindt (1981) in two fundamental
papers, it appears that this kind of sedimentation is re-
lated to tidal cyclicity, essentially to the alternation of
strong and weak tidal currents with time (Figure 294). In
the case of neap-spring-neap cycles each tide produces
a sigmoidal bed (dominant tide) and an associated mud
couplet (slack water and subordinate tide). For longer
period tidal cycles, perhaps related to equinox phases,
each sigmoidal bed is a composite bed recording an en-
tire lunar cycle. The analysis of mud couplets generally
permits the distinction. (Figures 295-296)

Tidal sigmoidal beds and bedsets are clearly features in-
dicating upward terminations produced by truncation of
bedforms of more complex and still poorly understood
origin. In some cases, sigmoidal bedsets are preserved as
thin remnants of their original configuration (Figure 296).
The process is likely to be an erosion produced by subse-
quent lower-strength tidal currents that, following tidal
cycles of longer periods, removed and transferred down-
flow the sand of the original upper portions of these fea-
tures. For decreasing strength of tidal currents with depth,
sigmoidal bedsets become thinner and very broadly len-
ticular in most subtidal environments (Figure 297).

The term sigmoidal has also been used by Mutti et al.
(1994,1996, 2000) and Tinterri (2007, 2011) to describe

features associated with fluvial and fluvio-deltaic sys-
tems dominated by fluvial floods and related hyperpy-
cnal flows. The term sigmoidal has been used to refer
to a particular type of facies commonly observed in
flood-dominated river mouth-bar deposits (sigmoid-
al bedding), and to sigmoidal bars produced by flash
floods. In the first case (Figure 298), amply discussed
and compared with tidal bedding by Tinterri (2011)
(Figure 299), sigmoidalunits form as tractional features
when sediment-laden streamflows enter seawater,
drop and tract their excess sediment and keep moving
seaward as turbulent hyperpycnal flows carrying most
of their sediment as suspended load. Basically, these
sigmoidal cross strata move seaward impelled by the
shear stress of an overlying turbulent flow. From a ge-
ometric standpoint, these beds bear many similarities
with tidal sigmoidal bedding in that also in this case in-
ternally cross-bedded sigmoidal units most common-
ly form lateral sequences thinning in a downcurrent
direction. These units are bounded below by a sharp
surface in their upcurrent portions grading downcur-
rent into a transitional contact; the upper boundary
can be a flat horizontal or gently downcurrent dipping
erosional surface or a drape of finer-grained and lam-
inated sediment resting upon truncated or sigmoidal
cross laminae. The lateral sequence of sigmoidal units
as well as their downcurrent thinning can be easily ex-
plained by the gradual decrease in strength and the
pulsating character of the incoming flow (see later).

Thin rippled sandst. .

Mudstone partings
separating successive
sigmoids .

SANDSTONE

=mm= [INE GRAINED DEPOSITS
NUMBERS DENOTE INDIVIDUAL SIGMOIDAL UNITS

SIGMOIDAL -BED SET

Sigmoidal sandstone bed .

Fig. 293 - Original definition of tidal sigmoidal bedding (Mutti et al., 1985).
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INTS!

Fig. 294 - Typical tidal sigmoidal bedding. Red lines indicate master surfaces produced by vertical accretion; yellow lines are boundaries of
sigmoidal bedsets; white lines define individual sigmoidal beds. From right to left, blue lines and arrows indicate first thickening then thinning

of individual sigmoidal beds. Wts: weak tides; Sts: strong tides. Eocene Figols Group, near Ager, south-central Pyrenees. Cyclic variation of tidal
current strength with time. Periodicity can be related to neap-spring cycles, equinoctial cycles or longer period cycles.

The sigmoidal bars consist of meter-scale sigmoi-
dal shaped bodies bounded upcurrent by a deep ba-
sal scour filled in with cross-stratified conglomerates
grading upward and downcurrent into progressively
finer-grained and laterally continuous sediments (Fig-
ure 300). Typically, these finer-grained deposits show
a vertical transition from angular or concave-upward
cross laminae into sinusoidal laminae that drape the
entire unit. These units have been interpreted to re-
cord flash flood deposits following a hydraulic jump
(Mutti et al., 1996). Tractive processes dominate the
upstream termination of these bars, being gradual-
ly replaced downstream by suspended-load features.
Depending upon the degree of flow efficiency, sus-
pended load can be deposited at different distances
from the coarse-grained expression of the sigmoidal
bar (see Figure 300). As discussed later, also these bars
are essentially an expression of sigmoidal bedding.

Clearly, careful inspection of fluvial sigmoidal bedding
and sigmoidal bars rule out any possible doubt about a
tidal origin, though in the cases of outcrops of limited
extent and without knowledge of the context, the dis-
tinction may be difficult.
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Because of their importance, flood-generated
cross-bedding, sigmoidal features and their interpre-
tation are amply discussed in the following sections
dealing with depositional elements and their compo-
nent facies.

IV.4 - THE PROBLEM OF FLOW CRITICALITY

For many years, the models developed for bed load
and suspended load structures and their formative
processes discussed above have been widely accepted,
thus forming the basis for the hydrodynamic interpre-
tation of fluvial sediments and their internal struc-
tures. In particular, these models focussed on bed load
transport without substantial sediment addition from
above and ensuing aggradation. Supercritical flows
and their structures were thought to be essentially
very rare because of their poor preservation potential.
The only structure assigned to an upper flow regime
and therefore to a supercritical flow remained for long
time the parallel lamination found at the base of many
ripple divisions in fine to very fine-grained sandstone
beds transported by rivers as suspended load.
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A Dominant Current Stage
= Dominant Current Direction
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B Stack Water after the Dominant Current
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C Subordinate Current Phase
Y of Subardinate Current Direction
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D Slack Water after the Subordinate Current
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# Points where the tidal current has zero
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Fig. 295 - Example of mud couplets, Eocene Figols Group, south-central Pyrenees (above) and their origin as related to tidal cycles. The insert

in lower left is from Darlymple (2010) (based on Visser, 1980).
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WIS

Fig. 296 - Downcurrent migrating sandstone sigmoids (produced by strong tidal currents, STs) separated by muddier partings (produced by
weaker tidal currents, WTs). Mudstone couplet (MC) analysis shows that at least one neap-spring cycle is contained within each sandstone

sigmoid, thus suggesting longer period tidal cycles, perhaps related to equinox phases. Note erosional remnants of sigmoidal bedsets (R).
Eocene Figols Group, south-central Pyrenees, Spain.

Fig. 297 - Subtidal sigmoidal bedding. Note the broadly lenticular geometry of sigmoidal bedsets. Dominant tidal currents toward the right.

Eocene Figols Group, near Ager, south-central Pyrenees.
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2 -5 meters

Fig. 298 - Example of sigmoidal bedding in river-mouth bar deposits overlying shelfal sandstone lobes with hummocky cross stratification.
Eocene Figols Group, south-central Pyrenees, Spain (from Mutti et al., 2000).

Fig. 299 - Comparison of processes controlling the development of a tidal sigmoid, i.e. the product of one dominant tide (A) and flood-

generated sigmoidal bedding produced by a single flood event through its pulsations. From Tinterri (2011).
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Fig. 300 - Cross section of a sigmoidal bar in a cut parallel to the flow direction (above). Below, A, B and C show sediment distribution as a
function of flow efficiency (after Mutti et al., 1996).

As amply discussed in Chapter I, growing evidence in-
dicates that many turbidity currents are supercritical
and can deposit part of their load from fast-moving,
powerful suspensions through a traction-plus-fallout
mechanism very similar to that of the suspended load of
“normal” fluvial floods. Similarly, several structures ob-
served in coarse-grained (pebble- and coarse-grained
sand-grade) seem likely to be the product of super-

CHAPTERIII

crtitical flows moving as basal dense flows (Figure 301).
Since most of the flows generated by fluvial floods are
sediment gravity flows, it is here argued that many of
these flows, especially if accelerated in high-gradient
settings, should be supercritical. Therefore, supercrit-
ical sedimentary structures should also be present in
alluvial and fluvio-deltaic deposits, though partly or
entirely removed by subsequent subcritical processes.
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Fig. 301 - White lines define bedding surfaces of graded pebbly sandstone beds. These beds are underlain by a complex unit consisting of a
basal unsorted debris flow deposit, containing pebbles, cobbles and angular boulders, overlain by pebble-filled scours (red lines) associated
with banded sandstones and pebbles forming laminae dipping away from the scour. These features are thought to be the deposit of a

supercritical flow through cyclic steps possibly promoted by bed roughness (boulders). Cross laminae indicated with BS could be the backset

of a hydraulic jump. Brackish or lacustrine fandelta from the Oligocene Molare Group, Tertiary Piedmont Basin, northern Italy.

Fielding (2006) has emphasized that most of these
features have probably gone unnoticed until now
(though see early mentions in Roe, 1987, and Massari,
1996) and preliminarily suggested a scheme for their
recognition, with bed configurations ranging from
transitional dunes to chute-and-pools (Figure 302).
Based on flume experiments, synthetic stratigraphy,
numerical simulations, and limited discussion of ex-
amples from the ancient record, Cartigny et al. (2014)
have also attempted to provide some insight into the
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same problem (Figures 303-304). Thought very use-
ful for a better understanding of the complex depo-
sitional patterns inherent to supercritical flows, obvi-
ous scale problems still make it difficult the practical
application of these models to outcrop studies (see
Chapter Il). The same authors also provide a compari-
son of both field observations and flume experiments
concerning these structures (Figure 305), from which
the reader can realize how subjective the interpreta-
tions may still be.
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Only recently, some of these structures have been
investigated in some more detailed outcrop studies,
though restricted to glacigenic coarse-grained, Gil-
bert-type deltas (e.g., Lang et al., 2017). Nonetheless,
mainly because of the general paucity of data and the
lack of robust reference models, these structures are
only marginally and tentatively dealt with hereafter

and briefly reconsidered in the conclusive sections.
A very simple and recommended approach to their
identification is a good knowledge of the “classic”
sedimentary structures described in the mid sixties
(see above). Departures from these features is a good
reason to start thinking about supercritical flows and
their products.

Fig. 302 - The model of Fielding (2006) . Spectrum of scale-independent internal depositional structures produced by supercritical flows. From

1to 8, these structures indicate flows of increasing Froude number and vary from transitional dunes (1) to chute and pool (8) bed configuration,

via plane bed and antidunes. See text and Figure 32 for more details.
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LY STABLE ANTIDUNES
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E UNSTABLE ANTIDUNES

Surge at maximum position
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‘\_‘_-_-_'—‘_ =

Surge migrating upstream Surge flushed downstream Restored supercritical flow

Surge stabilizes in a hydraulic Supereritical flow restores

Fig. 303 - The model of Cartigny et al. (2014). Summary diagram showing four kinds of bed configurations produced by supercritical flows and
related erosional and depositional structures. Flow is toward left, and vertical scale is exaggerated. The scheme is based on data from flume
experiments and synthetic aggradation. Flume was 12 m long. 0.48 m wide, and 0.6 m deep. From top to base and for increasing Fr number, the
scheme shows the structures produced by stable antidunes (A), unstable or breaking antidunes (B), chutes-and-pools (C), and cyclic steps (D).
B and C are characterized by highly complex bedding patterns.
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Fig. 304 - Chutes-and-pools structures obtained by flume experiments with increasing synthetic aggradation rates from base to top (from

Cartigny et al., 2014). Scale would preclude their actual recognition in outcrop and core studies, where these structures would be mistaken, in
most cases, for parallel laminae.
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Fig. 305 - Suggested characteristics of supercritical flow structures compared from different sources (from Cartigny et al., 2014).

V - ATURNING POINT: ACTIVE MARGIN
SEDIMENTATION AND THE IMPORTANCE
OF “DIRTY RIVERS" IN DELTA FORMATION

In a breakthrough paper, Milliman and Syvitski (1992)
made, for the first time, a clear distinction between the
flux of fluvial sediment to the sea in divergent and col-
lisional continental margins respectively. Based on the
analysis of data from 280 rivers, the authors showed
that “small mountainous rivers” (drainage basins < 10
000 km?), characteristic of tectonically active margins,
have a previously underestimated sediment flux to the
oceans favoured by high-elevation drainage basins,
their proximity to the shoreline, high gradients, limit-
ed development of alluvial and coastal plains, and the
general occurrence of narrow shelves. Such settings
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are more prone to periodic floods and large amounts of
sediment that may escape the narrow shelves to deeper
basins. These small and medium-sized rivers therefore
discharge large percentages of their sediment load di-
rectly to the sea through the combined effect of flu-
vial floods, slumps and turbidity currents also during
high-stands of sea level. Conversely, the sediment flux
of large rivers, almost invariably associated with diver-
gent margins, has been largely overestimated since
most of the sediment load is sequestered in extensive
alluvial plains and deltas. According to these authors,
small mountainous rivers do not form classic deltas, but
should probably give way to coalescing small delta/fan
deposits. This kind of sediments are thought by the au-
thors to be rarely preserved in the stratigraphic record
because subducted during the active margin evolution.
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The scheme of Figure 306 attempts to summarize the
main differences between divergent margins and tec-
tonically active margins in terms of physiographic el-
ements and types of sedimentation. For convenience,
active margin sedimentation, which may occur in a va-
riety of geodynamic settings, is here exemplified by a
foreland basin. The scheme highlights some important
implications as to sediment distribution patterns:

In divergent margin settings, gravel is preferen-
tially deposited in proximal alluvial fans and braid-
ed streams; sand and mud are partly deposited in
fluvial transfer zones and associated alluvial plains
and only the remaining sediment (sand and mud)
can reach the sea. The initial sediment has thus
been fractionated by size during its seaward mo-
tion by fluvial sorting and transient selective depo-
sition. Sediment is essentially transported as bed
load and suspended load by normal fluvial process-
es.Nonetheless, it should be kept in mind that large
rivers may still carry large amounts of sand and
mud to the sea. For an ideal grain of quartz origi-
nated in a drainage basin, the process is typically
intermittent and requires a long time and different
phases of transport and temporary deposition be-
fore the grain gets to the sea.

In tectonically active settings, the above process-
es are shortened and take place over much shorter
distances. Sediment fractioning basically occurs

within a single event generated by flooding in the
drainage basin and, because of lack of extensive
flood plains, only limited proportions of the orig-
inal sediment volume is lost in transient deposi-
tional zones during flow motion. Rather, powerful,
flood-generated flows are highly erosive and thus
increase their concentration and momentum by
eroding and resuspending transient deposition
sediments encountered on the way down to the sea.
As we will see later, the process continues also when
these flows enter seawater.

In divergent margins, upon reaching the sea sedi-
ment fractioning results from the complex interac-
tion of marine diffusion processes (mainly waves
and tides) and the fluvial processes that basically
end at the exit of fluvial distributary. Conversely,
in tectonically active settings sediment fraction-
ing results from a sudden lost of excess sediment
at the shoreline and, if the flows maintain suffi-
cient momentum to escape the shorezone, from a
progressive sediment fining in a seaward direction
because of flow deceleration forced by friction and
deposition. Depending on basin physiography,
flows can deposit their load on shelfal regions
or move directly to deep waters to form turbidite
systems. In both cases, sedimentation will occur at
depth well below wave base, thus forming deposits
with a high preservation potential.

AN\
/\’\ Alluvial & Coastal Plain

——

Shoreline
Sealevel

- Extensive alluvial and coastal plains incised by mature rivers
- Great distance from mountain front and shoreline Transient

- Very long time involved for source-to-sink process

- Transient depositional zones sequester large proportions of sediment

VST

Wl

Thermal Subsidence

Orogenic wedge

- High-elevation drainage basins close to shoreline
- High-gradient fluvial systems

- Floods dominate transport and sedimentation

- Transient deposition reduced by short time of source-to-sink processes

Foreland basin

mn

Flexural Subsidence

Fig. 306 - Divergent (A) and active (B) continental margin characteristics.
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The above considerations form much of the concep-
tual framework most of the following pages are based
upon. They should be kept in mind whenever problems
of “sediment routing systems” — an all-encompassing
and fascinating approach introduced by Allen (2017) -
are considered. These problems are briefly re-empha-
sized in the concluding sections.

Mulder and Syvitski (1995) expand on the data and
conclusions of Milliman and Syvitski (1992) and em-
phasize the role of marine hyperpycnal plumes, or
hyperpycnal flows, generated by floods. A hyperpy-
cnal flow is defined as “a negatively buoyant plume
that flows along the basin floor due to plume densi-
ty in excess of ambient density of the standing water
body, as a result of the sediment load that it carries”
(op. cit., p.285) — basically a refined definition of the
Bates (1953)'s concept (see above). The flow is a par-
ticular kind of turbidity current (fine-grained sediment
fully supported by turbulence) occurring at a river
mouth when the concentration of suspended sediment

is large enough to overcome the density of ambient
water. In a fresh-water lake the sediment concentra-
tion needed to produce a hyperpycnal flow is quite low
(< 1 kg/m3); in seawater a minimum concentration of
35-45 kg/m? is required. Based on the analysis of 150
rivers, the authors conclude that only 9 modern rivers
can trigger a significant number of underflows during
one or more periods of the year (Table I). Except for
the Huanghe River (the Yellow River), the remainder
rivers have small mountainous drainage basins with
low annual discharge. Only one river, namely the Haile
River, China, flows into the sea with sediment concen-
tration sufficient to develop hyperpycnal flows all over
the year. Most of these rivers can be defined as small
to medium sized rivers and have been termed “dirty”
rivers by the same authors. The paper also discusses
the possibility of generating occasional hyperpycnal
flows for many other cleaner rivers, though ruling out
the same possibility for the largest rivers of the world
because of their insufficient sediment concentration
when entering seawater.

0s,* 0s,. c, Oy
(m3s-7) (kg m-3) (kg m-3) (m3s-)
High mountain (>3000 m)
Choshui (Taiwan) 2000 190 10.5 389 17900
Mountain (1000-3000 m)
Djer (Algeria) 20 2 13,4 42,7 7170
Tsengwen (Taiwan) 980 76 12,9 38,9 12100
Isser (Algeria) 190 12 15,4 42,7 18800
Rioni (Rusia) 110 5 20,7 43,5 28700
Daling (China) 1140 38 36,0 42,7 32300
Haile (China) 2570 63 40,5 42,7 40100
Huanghe (China) 34900 1880 18,5 42,7 56300
Upland (500-1000 m)
Erhian (Taiwan) 400 16 25,5 38,9 6780

Table | - Dirty rivers that produce frequent hyperpycnal flows (from Mulder and Syvitski, 1995). a — average suspended sediment load;

b —average discharge; c —average suspended sediment concentration; d —critical sediment concentration to trigger a hyperpycnal flow;

e —maximum possible
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VI - ANCIENT FLOOD-DOMINATED FLUVIO-DELTAIC
SYSTEMS OF OROGENIC BELT BASINS AND THE
ROLE OF HYPERPYCNAL FLOWS

As shown by Mutti et al. (1996, 2000, 2003), the great
majority of alluvial and fluvio-deltaic systems of ex-
posed orogenic belt basin fills can hardly be described
by current sedimentological models, being instead
dominantly made up of sediments transported and
deposited by sediment gravity flows. The origin of
such flows can only be explained through processes
related to floods. Using examples from many different
basins (Figure 307), these authors showed for the first
time that (1) active-margin fluvio-deltaic sediments
can be preserved in favourable geodynamic settings,
despite the different opinion of Milliman and Syvitski
(1992) (see above); (2) hyperpycnal-flow deposition
also includes coarse-grained sediment (“bed load” of
some usage) and not only finer-grained suspended
load as suggested by Mulder and Syvitski (1993), thus
raising new problems about processes; and that (3)
unsuspectedly high degrees of catastrophism, much
higher than that observable in some modern “dirty”
rivers, have to be considered to explain sedimentation
of the facies observed. For some reasons, the strati-
graphic record indicates that during certain periods of
time catastrophic processes became almost the nor-
mal processes governing sedimentation, thus casting
serious doubts on the general validity of depositional
models derived from modern processes and their faci-
es (see Chapter ).

Mutti et al. (1996, 2000) introduced the term “flood-
dominated fluvio-deltaic systems” to denote small
and medium-sized depositional systems of orogenic
belt basin fills predominantly made up of flood units
in both their alluvial and marine elements. These units,
each being deposited by an individual flood event and
thus being a bed, range from thick-bedded, internal-
ly unstratified mud- or clast-supported poorly sorted
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conglomerates to thin-bedded graded siltstones and
mudstones, via a great number of pebbly-sandstone
and sandstone facies. Despite the great variety of
depositional systems encountered, the authors rec-
ognized two intergradational end members of flu-
vio-deltaic sedimentation, namely (1) flood-dominat-
ed fan-deltas and (2) flood-dominated river deltas.
As shown in Figure 308, both types of system have in
common a depositional element made up of nearshore
to shelfal tabular sandstone beds, with grading and
hummocky cross stratification, interpreted as shelfal
sandstone lobes deposited by hyperpycnal flows. In
fan-delta systems, these lobes grade landward into
and interfinger with an alluvial fan with its debris-flow
and sheet-flow deposits; in river delta systems, they
grade into mouth-bars formed at the exit of relative-
ly stable distributary fluvial channels and associated
lower delta-plain deposits. In both fan-delta and river
delta systems, the lobe element grades seaward into
prodeltaic and delta-slope, mudstones.

Though with some caution and reluctance, probably
because of its catastrophic implications as opposed
to the uniformitarian approach (see Chapter I), this
kind of fluvio-deltaic sedimentation is slowly being
accepted by the sedimentological community (e.g.,
Fielding et al., 2005; Bhattacharya 2006; Olariu et al.,
2010; Gani and Bhattacharya, 2018) and even used to
interpret some Mars rocks (Stack et al., 2019). However,
though some models and numerous ancient examples
have been recently offered for hyperpycnal flow dep-
osition (e.g., Tinterri, 2011; Zavala et al., 2011; Zavala
and Arcuri, 2016, Zavala and Pan, 2018), flood-domi-
nated fluvio-deltaic systems still remain basically very
poorly described and understood. Most importantly,
no attempts have been actually made until now to
understand the deposition of these flows in their up-
system expression, i.e., in the fluvial transfer zone. In
the following sections an attempt is made to partly fill
this serious gap.
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Fig. 307 - Location of the main study areas, with basin-fills from many different types of tectonically-active settings.

FAN DELTA SYSTEMS
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Fig. 308 - The main depositional elements of flood-dominated fan-delta and river-delta systems according to Mutti et al. (1996). Shelfal

sandstone lobes (yellow) with hummocky-cross stratification (HCS), as well as their shelfal and slope muddier equivalents (green) are elements
that are common to both types of system.
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VIl - WHAT DO WE REALLY KNOW ABOUT HYPER-
PYCNAL FLOWS?

Sedimentation related to hyperpycnal flows has giv-
en raise to a series of controversial opinions related
to processes, types of deposit, and terminology. For
these reasons, these problems are briefly reviewed
below before discussing flood-dominated fluvial and
fluvio-deltaic systems. For reasons of convenience and
the sake of brevity, the discussion is limited primarily
to fluvial floods entering seawaters.

VII.1 - HYPERPYCNAL FLOWS AND THEIR DEPOSITS

A hyperpycnal flow, as redefined by Mulder and Syvit-
ski (1995) (see above), is a flood-generated, negative-
ly buoyant fluvial plume that enters lakes or seawater
and plunges at river mouth because of its excess den-
sity, thus becoming an underflow (Figure 309 A). The
plume is a fully turbulent mixture of fresh water and
relatively fine-grained particles (< medium sand) with
a density in excess of 36-45 kg/m?3; the plunging point
is a zone of collapse and acceleration of the underflow
(Lamb et al., 2010; see Figure 309 B). Hyperpycnal flows
form seaward of the coastline at the mouth of small
and medium size “dirty” rivers and are interpreted as
relatively long-lived, quasi-steady flows sustained by
the incoming fluvial flood; as such, they substantially
differ from surge-type submarine gravity flows pro-
duced by sediment failure of finite volume. Based on
the above characteristics, these flows can only deposit
clay, silt and fine sand.

Hyperpycnites are the deposit of hyperpycnal flows
(Mulder et al., 2002, 2003) and thought to be the de-
posit of a particular type of turbidity currents, i.e.,
sustained sediment gravity flows where the particles
are entirely kept in suspension by the flow turbulence,
but showing distinctive characteristics related to the
original flood hydrograph (variations of discharge and
sediment concentration with time). The typical beds
produced by such hyperpycnal turbidity currents are
shown in the scheme of Figure 310. The scheme is
conceptually very elegant and describes the different
types of hyperpycnal turbidites (hyperpycnites) as a
function of flow magnitude (discharge). In particular,
the scheme shows that inversely graded divisions (Ha)
overlain by normally graded divisions (Hb) form for
low- and mid-magnitude floods, and that Ha divisions
can be removed by erosion in the case of high-magni-
tude floods. Stated in other words, Ha divisions record
the rising stage of the flood hydrograph, whereas Hb
divisions record flood peak followed by the falling limb.
Unfortunately, the scheme is poorly supported by field
data. Flood hydrographs can actually be reconstructed
from the vertical sequence of sedimentary structures
observed within beds, as for example in a recent fluvial
bank (Figure 311) and in an ancient delta-front deposit
(Figure 312). However, this kind of beds are quite rare
in the ancient record and particularly in deep-water
deposits (hyperpycnal turbidites), suggesting that
Ha/Hb sequences are probably only rarely preserved
mostly in proximal depositional regions but that Ha di-
visions are in most cases eroded and resuspended or
bypassed during flood peak conditions.

0 o

Fig. 309 - A. Example of plunging plume in Lake Tanganyika (from Mulder et al., 2003). B. Scheme showing how a fluvial outflow of sufficient

density becomes a plunging plume and a turbidity current (from Lamb et al., 2010).
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Fig. 310 - Types of bed produced by floods of different magnitude at river mouths according to Mulder et al. (2001). Explanation in the legend

by the same authors. Beds 2, 3 and 4 are the deposit of hyperpycnal turbidity currents and should be termed hyperpycnites. See this text for
comments.

Falling limb

Flood peak

Rising limb

Fig. 311 - Example of a modern flood unit with depositional divisions showing, from base to top, current ripples and sinusoidal laminae sharply

overlain by parallel laminae, in turn overlain by ripples and sinusoidal laminae. The bed clearly records the rising limb (yellow), the peak (red),
and the falling limb (blue) of the flood event. Unrecorded stream in the Neuquén region, Argentina.
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Fig. 312 - Flood hydrograph recorded in sandstone lobes of a flood-dominated fan delta. Note the truncation of the ripple division by the

overlying parallel laminae of the flood peak. Oligocene-Miocene Stilo-Capo d'Orlando Formation, Calabria, southern Italy.

It is worth mentioning that hyperpycnal flows are ruled
out as a possible process capable to deposit substan-
tial amounts of sand on the shelf by both Talling (2014)
and Shanmugam (2018). These authors conclude that
hyperpycnites should be the deposit of feeble and
muddy flows and made up of thin (< 10 cm) and fine-
grained beds. It should be noted, however, that both
authors have ignored or overlooked in their conclu-
sions all the previous literature on shelfal coarse-
grained hyperpycnites.

Though supporting the hypothesis that hyperpy-
cnal flows are a process that may ultimately end in
deep-waters generating fluvio-turbidite systems (see
Chapter 1), Mutti et al. (1996, 2000) focussed their at-
tention on the importance of hyperpycnal flows in
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delta-front settings and flood-related flows in alluvial
systems. These studies, based on a significant num-
ber of ancient deposits from orogenic belt basins (se
above), leave no doubt that in flood-dominated flu-
vio-deltaic systems a considerable proportion of sedi-
ment carried to the shelf by hyperpycnal flows consists
of coarse-grained sandstones, pebbly sandstones and
conglomerates. It follows that a new definition of hy-
perpycnal flows to include dense river outflows seems
to be necessary.

My suggestion, at present, is that hyperpycnal flows
form a broad spectrum of density flows whose the two
end members are coarse-grained dense flows (CGDFs)
and turbulent plunging plumes (TPPs) (Figure 313). An
almost endless series of transitional flows must operate
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between the two end members, controlled by the char-
acteristics of the fluvial system taken into consideration.
Basically, CGDFs, which can vary from gravelly to sandy,
dominate high-gradient settings, such as fan-deltas
and coarse-grained deltas with limited development of
alluvial plains. Typically, these flows carry substantial
amounts of coarse-grained sediment as bedload. Con-
versely, TPPs dominate more mature and low-gradient
settings where coarse-grained sediment is trapped in
alluvial plains or in upstream fluvial reaches. The above
conclusion appears to be a logical corollary of the model
offered by Milliman and Syvitski (1992) (see above).

In the case of CGDFs of small and high-gradient sys-
tems, flood-generated subaerial flows probably be-
have like relatively short-lived surges, transferring to
the sea their entire sediment load all at once through
inertia-driven dense flows. By increasing the size of
the system and the amount of fines, flows become

more complex and typically consist of three parts (Fig-
ure 314). The leading edge of the flow is most com-
monly a frictional debris flow followed by a bipartite
flow consisting of a basal dense flow sheared by an
overlying highly concentrated suspension; a more di-
lute and slower turbulent flow carrying fine sediment
in suspension forms the trailing part of the flow. The
scheme, inspired from the model envisaged by Sohn
et al. (1999) (see Chapter Il, Fig 95; see also Mutti et
al., 2000, and Tinterri, 2007) implies deposition show-
ing the downcurrent inversion of the deposits of the
different parts of the flow (Figures 315 and 316). We
concur with Sohn et al. (1999) that, except for the trail-
ing dilute suspension, the frontal and the intermediate
flows should be supercritical in most cases. Depending
upon their volume, grain-size populations, and con-
tent in fines (controlling matrix strength), CGDFs can
produce highly variable facies tracts.

S AN A AN NAN

Dense flow

Shorezone

Plunging plume

Fig. 313 - The two basic types of river outflows that can generate hyperpycnal flows. Dense flows (A) consist of gravelly and sandy
flows driven by inertia forces under conditions of excess pore pressure that overcome density contrast with seawater and keep moving
seaward. These flows deposit conglomerates graded pebbly sandstones and coarse to medium sandstones because of progressive

freezing (mostly frictional) and deceleration with distance. Plunging plumes (B) are turbulent fluvial outflows loaded with fine sand
and mud that plunge in the shorezone transforming into sustained, quasi-steady hyperpycnal flows. Most commonly, these flows can
deposit only fine-grained sandstones and mudstones.
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O]

A: Gravelly flow; B : Sandy flow; C: Dilute turbulent flow

®

A - Structureless or graded conglomerates deposited by frictional gravelly flows

B - Graded pebbly sandstones and structureless sandstones deposited by supercritical
flows

C- Laminated sandstones (mostly antidunes)

D - Fine-grained sandstones and mudstones with current ripples

Fig. 314 - Coarse grained dense flow (CGDF) and its deposits. See text for explanation.

Parental flow (subaerial flow)
Flow transformation and bypass(channel exit)
|

Deposition (subaqueous flow)
|

Longitudinal grain-size gradient

Fig. 315 - The basic process of flood-generated flows entering fresh or sea water.
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Fig. 316 - Cartoon showing a dense coarse-grained flow entering seawater.

Very good examples of some of these facies are dis-
played by the fan-delta front deposits of the Silo-Capo
d’'Orlando Formation, southern Italy. These facies are il-
lustrated in Figures 317-320 and briefly discussed here-
after. Figure 317 A shows structureless conglomerates
with a sandy matrix deposited by frictional freezing of
the head of the flow (part A of the flow); Figure 317 B
shows the graded pebbly sandstone facies deposited
by bipartite flows with a basal pebble carpet driven by
inertia forces, probably in a liquefied state, and also im-
pelled by an overlying supercritical suspension. The an-
tidune laminae are very similar to the “thickly stratified
pebbly sandstones” of Sohn et al. (1999, their Figure
11). Figure 318 shows a pebbly sandstone facies con-
taining HCS-like laminae in the fine-grained divisions
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deposited by a trailing and more dilute turbulent flow.
Figure 319 shows a very good example of the complex
internal structure of the pebbly sandstone facies with
basal pebble carpets overlain by antidune bedforms re-
corded by thin alternations of small pebbles and sand-
stone. Figure 320 show the close association of struc-
tureless conglomerates and graded pebbly sandstones
in a setting slightly more distal than that of the previous
figures. Here, the pebbly sandstones consist of beds in
which the basal conglomerate division either occurs as
a coarse-grained structureless unit or as faint parallel
laminae of alternating very small pebbles and sand-
stone. These sediments are further discussed in fol-
lowing sections dealing with alluvial fans and fan-delta
front sandstone lobes.
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Fig. 317 - A. Structureless poorly sorted conglomerate with sandy matrix (note boulder at the base); B. Graded pebbly sandstones. Antidune

laminae (with small pebbles) indicated by arrows. Antidune laminae are overlain by laminated fine sandstone with plant fragments (dark)

deposited by the trailing turbulent flow.

Inthe case of TPPs, turbulent sediment-laden stream-
flows can transfer to the sea large amounts of mud
and sand as suspended load through a long-lived
process (days, weeks and even months in the case of
floods generated by monsoon rains, see Mulder et al.,
2003). Entering seawater, these streams plunge to
form a negatively buoyant plume that moves basin-
ward as a sustained quasi-steady hyperpycnal flow.
It should however be clear that all flood-generated
subaerial flows must form plumes when entering
seawater since the presence of some fine-grained
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suspended load is a general characteristic of rivers in
flood. Therefore, this kind of plumes is also presentin
settings dominated by CGDFs and become dominant
if dense flows do not have sufficient momentum to
overcome friction at the shoreline and are thus forced
to deposit their coarser sediment when entering sea-
water. Similarly, some bed load is present in many
settings dominated by plunging plumes, probably
dropped by the plume at river mouth and its plung-
ing point or incorporated by the flow through initial
bed erosion.
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Fig. 318 - Conglomerates and graded pebbly sandstones. Note HCS-like laminae (yellow arrows) in the finer-grained divisions.

print

Fig. 319 - Graded pebbly sandstones with antidune laminae (yellow arrows). Note how a normally graded (NG) pebble division changes into an

inversely graded (IG) division in less than one meter.
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Fig. 320 - Association of structureless conglomerates (SLCGL) and graded pebbly sandstones. Note the thin laminae (yellow arrow) of

alternating very small pebbles and sandstone. See text.

The problems discussed above remind me very much of
the many controversies about turbidity currents, their
deposits, and related terminology. Most of us are aware
of the complexity of those flows that Kuenen and Migli-
orini (1950) first described as turbidity currents and are
similarly aware of the complexity of their sediments. If
we look at individual beds and consider all the different
possible processes that we can infer from our field obser-
vations, flume experiments, monitoring of modern flows,
and theoretical considerations, we would end up with a
very confusing picture and an ever-changing terminolo-
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gy (see Chapter ll). Like turbidity currents and turbidites,
hyperpycnal flows and hyperpycinites are terms repre-
senting a fair compromise to describe processes and sed-
iments that are in fact inherently very complex and poorly
understood. For these reasons attempts to frame these
processes and sediments into rigid schemes of nomen-
clature and classifications appear somewhat premature
at present. | will probably be insulting your intelligence by
showing what you can learn about dense and turbulent
flows by looking carefully at what happens in nature un-
der your feet (Figure 321).
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Fig. 321 - Unexpensive experiments on dense and turbulent flows by looking carefully at what happens under your feet. A- Small delta
observed after a heavy rain. Tracks of small birds for scale. Note the abrupt and lobate termination of the dense flow deposit. Mud cracks and

bird tracks on the reddish siltstone deposited by the trailing turbulent flow. B — Very small delta forming on the bank of small river. Note the
lobate shape and abrupt termination of the dense flow deposit and the plunging of the trailing turbulent flow in the delta slope.
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VIi.2 - TURBIDITES, HYPERPYCNITES
AND PLUMITES

A further problem is that raised by hypopycnal flows,
i.e., the dilute fluvial surface plumes propagating sea-
ward (see above). Work by Parson et al. (2001) and
Mulder et al. (2003) on flume experiments and, more
recently, by Hizzett et al. (2017) through a detailed
time-lapse monitoring of the Squamish Delta in Brit-
ish Columbia, Canada, has highlighted the previously
overlooked importance of these flows in generating
turbidity currents. These new observations have led to
conclude that the dilute surface plumes exiting river
mouths and floating on and propagating in seawater
can dominate in some cases the triggering of turbidity
currents, rather than submarine slope failures or dense
plunging plumes. Through diffusive convection pro-
cesses, at sediment concentrations as low a Tkg/cubic
meter, these plumes give way to sediment layers with
a density sufficient to sink and generate a hyperpyc-
nal flow (Figure 322). If the dense bottom-riding lay-
er can further increase its density by bed erosion, the

flow undergoes acceleration and a turbidity current, or
a "plume-triggered event” as termed by Hizzett et al.
(2017), is ignited. Obviously, the process is limited to
fine-grained sediment (< medium sand), which is that
originally transported as suspended load by plunging
hyperpycnal plumes and dllute hypopycnal plumes.

Mutti (2019) has further expanded on this model and
shown how most exposed “thin-bedded turbidites” can
be explained in a similar way. Obviously, thin-bedded
turbidites do exist especially as overbank deposits inin-
ner and outer levees, as well as in distal basin plains and
other specific settings (Mutti, 1977; Tinterri and Magal-
haes, 2011). However, plume-triggered hyperpycnal tur-
bidity currents as well as very dilute surface plumes not
affected by diffusive convection processes can account
for laterally extensive blankets of very thin to thin sand-
stone/mudstone couplets that drape coarser-grained
turbidite sediments and cyclically alternate with them.
Mutti (2019) has proposed that these plume-derived
sediments be termed plumites.

Fig. 322 - Transformation of a hypopycnal plume into a hyperpycnal flow through diffusive convection processes as portrayed by

experiments (a). Scheme summarizing the process (no scale involved) (b). Note finger-like features (After Parson et al., 2001).
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Plumites are a very important group of deposits form-
ing the natural link between fluvio-deltaic and del-
ta-fed turbidite sedimentation. Being derived from
dilute plumes characterized by low-sediment con-
centration — probably the most common expression
of rivers in flood -, these sediments form blankets
that extend from delta-front to slope and basinal re-
gions, at distance from river mouths controlled by the
volume of river outflows. In small and medium-sized
orogenic belt basins, these blankets may be of virtu-
ally basin-wide extent. In particular, these sediments
comprise the bulk of prodeltaic and delta-slope mud-
stone-dominated elements (see later). Their correct
recognition requires excellent exposures allowing for
detailed inspection of internal sedimentary structures.
Most of these details are clearly visible in cores.

Basically, these sediments are thin- to very-thin silt-
stone/mudstone and sandstone/mudstone couplets
forming three main types of facies (for more details
see Mutti, 2019):

Type 1 facies consists of very thin (mm-scale)
beds with a lower division made of coarse siltstone
forming mm-thick and laterally persistent parallel
laminae or laminasets (Figures 323 and 324). These
beds alternate with rarer and slightly thicker beds
with a basal division made of small starved ripples,
commonly with variable length and separated by in-
tervening parallel laminae. Both kinds of bed show
a sharp contact between the coarse-siltstone divi-
sion and the overlying mudstone. The parallel lam-
inae suggest direct deposition onto the bed from
hypopycnal plumes with low sediment concentra-
tion and through differential settling imposed by
the Stokes settling velocity. As suggested by the
experiments of Parson et al. (2001), these plumes
allow for discrete particle settling without being
affected by convection processes. The starved rip-
ples indicate some traction on the bottom probably
produced by weak and turbulent flows in the ab-
sence of sufficient coarse silt fallout.

Fig. 323 - Type 1 facies. Very thin bedded siltstone/mudstone couplets. Siltstone forms mm-thick parallel laminae or slightly thicker starved

ripples. Eocene Castigaleu Group, south-central Pyrenees. From Mutti (2019).
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Fig. 324 - Type 1 facies showing good examples of parallel laminae starved ripples with varying length. Cretaceous Macei6 Formation, Brazil.

From Mutti (2019).

Type 2 facies includes several types of beds
thought to be genetically interrelated. These sand-
stone/mudstone couplets have individual thickness
ranging between a few cm and 15-20 cm and their
sandstone divisions display a variety of internal
structures. These structures include soft-deforma-
tion features with “cloudy” units and preserved “fin-
gers” (Figure 325), structureless muddy sandstone
with pseudonodules of ripple-laminated sand-
stone, mudstone clasts and plant fragments (Fig-
ure 326), and structureless clean sandstone (Figure
327). Through a break in grain size, all these divi-
sions are capped by one or few sets of current rip-
ples that grade into overlying mudstone divisions
Ripples may be locally deformed by water escape
and/or downcurrent flowage of the entire sandy di-
vision. Type 2 facies can be interpreted as a typical
deposit of “plume-triggered events” (Hizzett et al.,
2017) which could not fully ignite to transform into
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hyperpycnal flows (hyperpycnal turbidity current)
and were thus forced to rapid deposition from a thin
near-bed layer with high-sediment concentration.
Figure 325 shows an example of these dense layers
just sunkinto a soft substratum and still preserving
some of the original “fingers”. Further sinking pro-
duces complex “cloudy” features and transition to
structureless liquefied layers. After a phase of lim-
ited bed erosion and mud clast incorporation, these
flows move as cohesive laminar debris flows con-
comitantly with the deposition of current ripples
from an overlying turbulent flow on their top (Fig-
ure 326). Through progressive loss of excess pore
pressure and elutriation, the basal flow may trans-
form into a basal layer of clean sand which keeps
moving as a structureless layer impelled by an over-
lying, weak turbulent flow (Figure 327). At this point
the flow has become a bipartite and poorly efficient
“plume-triggered” turbidity current.
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Fig. 325 - Facies 2. The photograph shows convection “fingers” preserved at the contact with a soft substratum and how “cloudy” structures

evolve into a liquefied and structureless layer. Unrecorded Cretaceous stratigraphic unit, Cameroon. From Mutti, 2019.

Fig. 326 - Type 2 facies. Beds (yellow lines) showing a basal sandy division with pseudonodules, plant fragments and mudstone clasts sharply

overlain by ripples. The sandy divisions are plume-triggered dense layers which underwent limited motion (flowage) during and immediately
after deposition. Cretaceous Maceié Formation, Brazil. From Mutti, 2019.
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Fig. 327 - Type 2 facies - Structureless fine-grained sandstone divisions sharply overlain by current ripples and sinusoidal laminae. Cretaceous

Maceio Formation, Brazil.

Type 3 facies consists of thin beds (cm-scale) with
a lower subtly graded division of very fine and clean
sandstone containing current-ripple laminae transi-
tionally overlain by thinner, sinusoidal or parallel lam-
inae (Figure 328). Typically, ripples show a final back-
stepping stage indicating waning flow conditions and
transition to the overlying mudstone divisions.

More generally, as discussed in the conclusions,
plumites also occur as an important component of tur-
bidite systems forming a sort of background sedimen-
tation separating more episodic and coarser-grained
turbidite deposition.

VIlL.3 - THE IMPORTANCE OF FLOOD-GENERATED
SIGMOIDAL CROSS-BEDDING: MAIN TYPES AND
INFERRED PROCESSES

The more | look at the rocks, the more | become
convinced that flood-generated sigmoidal cross-bed-
ding is very common in both alluvial and shallow water
strata, though developed on different physical scales
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and with different characteristics. Both external ge-
ometry and internal sedimentary structures produced
by this process are unique and easily distinguishable
from other types of cross bedding. Admittedly, the
term sigmoidal is quite generic, encompassing a great
variety of features ranging from a convex-upward cross
lamina to meters thick units formed by downcurrent
migrating foresets. A review of the meaning of sigmoi-
dal cross-bedding was provided by Roe (1987) pointing
out the general consensus on the origin of the struc-
ture as indicative of a bedform transitional between
dunes and an upper-regime plane bed. Nonetheless,
particularly on the basis of new data, it seems neces-
sary that the term be further specified when used.

Basically, flood-generated sigmoidal bedding forms
where a flow starts to drop part of its load producing a
basal carpet that keeps moving through traction along
the bed, being sheared by an overpassing flow. There-
fore, sediment moves through two distinct processes:
the coarser-grained carpet moves intermittently along
the bottom forming cross-laminae of migrating bed-
forms, whereas the finer-grained sediment moves fast-
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er, being kept in suspension by the overlying flow. The
sharp topset surface of the cross laminae is a bypass
surface along which the basal carpet is continuously
fed from behind. The setting is essentially similar to
the microdelta of Jopling (1965) (Figure 329), albeit on
a different scale and bears also some interesting simi-
larities with the decoupled turbidity currents producing
migrating megaripples (G4 facies, see Chapter ). When
the overlying turbulent flow decelerates and starts to
deposit, the bypass surface becomes depositional and
sigmoidal laminae start to form indicating an aggrading
topset (see later). Strictly speaking, the bedforms are
not megaripples (dunes) because they lack their exter-
nal geometry (see later). For this reason, they require a
different term. | suggest “microdelta cross-bedding” or
“flattened dunes”, or whatever you like. The same prob-
lem was clearly perceived by Roe (1987), who suggested
the term “solitary to quasi-periodic bars” (see later).

As in tidal deposits, also in this case we can recognize
individual sigmoidal units that, most commonly, occur
in lateral sequences produced by their downcurrent

migration. In tidal sediments, an ideal sigmoid is one-
event bed (a simple bed) produced by the dominant
tide of a diurnal or semi-diurnal cycle (see above); in
flood-dominated sediments, an individual sigmoid
is the product of an extremely short-lived pulse of
the flood. The entire bed produced by a single flood
(one-event bed) is thus more difficult to define, being
composed of tractive sigmoidal units at the base and
of sediment produced above and downcurrent by par-
ticle settling from the overlying suspension. Strictly
speaking, an individual sigmoid is therefore an ideal
laminaset in the sense of Campbell (1967) (see Chapter
1). Nonetheless, we will use also in this case the terms
bed and bedsets to avoid communication problems.
Small and short-lived floods produce bedsets which
can be clearly defined over short distance. Larger and
sustained (long-lived) floods produce bedsets whose
exact recognition requires sufficiently large exposures.
Types of deposit also depend on the textural compo-
sition of the incoming flow and its dominant process.
Below, we will briefly review these deposits beginning
from their most simple expressions.

Fig. 328 - Type 3 facies consisting of thin and very thin beds of very fine-grained sandstone with ripple laminae overlain by a mudstone division.

Note the backstepping pattern of ripples and the downcurrent transition from ripple cross laminae into thinner sinusoidal laminae. These beds
are a typical deposit of dilute turbulent flows through a traction-plus-fallout process. Cretaceous Macei6 Formation, Brazil. From Mutti, 2019.
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Fig. 329 - The microdelta of Jopling (1965). Explanation in the original legend. Note the toplap geometry of depositional units. Sediment is

added to foresets by the dense layer at the base of the flow.

Figure 330 shows an example of a small flood-gener-
ated sigmoidal unit (A) produced by a weak and short-
lived flood. The unit is identified by a basal sandy and
cross-stratified division (microdelta) that abruptly
wedges out upcurrent resting on a local scour. The
unit thickens downcurrent, downlapping onto a pro-
gressively depositional surface until it gradually thins
and passes, further downcurrent, into a train of rip-
ples forming the bottomset of the feature. The upper
boundary of the basal cross-stratified unit is a flat and
essentially horizontal erosional surface that is capped
by a train of ripples forming the drape the entire fea-
ture. The interpretation of this simple sigmoidal unit
is that after the erosion of the upcurrent scour by
turbulence a microdelta is formed, with foreset lami-
nae moving downcurrent sheared by an overlying flow
along an erosional topset. Late-stage flood deposits
are recorded by ripple trains resting on the erosional
surface. A similarly thin flood unit (B) occurs just above.

Figure 331 shows an example of sigmoidal bedding
generated by short-lived and powerful floods (flash
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floods) of considerably higher strength than that of
Figure 330 here involving conglomerates and pebbly
sandstones. Two sigmoidal units (A and B), closely fol-
lowing each other in a microdelta-type setting and pos-
sibly being part of the same flood event, are separated
by a drape of current-laminated sandstone truncated
at the topset surface. This sandstone is slightly de-
formed in a small compressional feature probably pro-
duced by the impact of the overlying flow. Unit A con-
sists of clast-supported and relatively well-sorted con-
glomerates that fill a large scour with high-angle and
fining-upward cross laminae dipping in a downcurrent
direction. Angle of dip of the cross-laminae and size of
the clasts gradually decrease upward and downcurrent,
passing into a series of graded pebbly sandstones with
locally scoured bases. Unit B has a similar internal con-
figuration. Both units are draped by a sandstone bed
in turn overlain by mudstones and paleosols. The in-
terpretation offered for these units, largely based on
a well-exposed facies association, implies the sudden
downcurrent transformation and dilution (hydraulic
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jump) of an extremely poorly sorted, matrix-supported
and highly erosive debris flow. The matrix-free coarse-
grained sediment resulting from the transformation
was sheared, sorted and bypassed by the residual pul-
sating flow forming a limited number of downcurrent
accreting sigmoids consisting of pebbles and coarse
sand. A sharp and virtually flat erosional topset surface
indicates substantial sediment bypass. Each of these
units is a “flood-generated sigmoidal bar” in the sense
of Mutti et al. (1996, 2000; see above).

Figure 332 shows a good example of sigmoidal bed-
ding produced by a flood of considerable strength. The
unit consists of several coarse-grained sigmoids form-
ing a basal microdelta with a thickness of about one
meter and an observable length of approximately 10
meters. The base of the unit is sharp and character-
ized by numerous shallow scours. The top of the unit

is more complex being expressed by erosional surfac-
es indicating sediment bypass or by the transition of
sinusoidal cross strata into thin horizontal topset de-
posits. The micro-delta division shows downcurrent
variations in terms of grain size, thickness of individ-
ual sigmoids, types of cross laminae, and both basal
and upper contacts indicating pulsating flow condi-
tions within an overall waning process. The suggest-
ed interpretation is that the microdelta was accreting
downcurrent through flood pulses, being sheared by a
bypassing flow. The sedimentary structures observed
in the bottomset deposits indicate that the flow was
essentially supercritical with the development of an-
tidune bedforms. The most distal deposits associat-
ed with this kind of facies are thin-bedded and fine-
grained sandstones characterized by climbing ripples,
indicating suspension sedimentation from trailing, di-
lute turbulent flows.

Fig. 330 - Small flood-generated sigmoidal units (A and B) in ephemeral lake deposits. Cretaceous Rayoso Group. Neuquén basin.
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BYpass strface

Fig. 331 - Flood-generated sigmoidal units arranged in a microdelta-type setting. See text for explanation. Paleocene-Eocene Tremp-
Ager Group, south-central Pyrenees.

Fig. 332 - Sigmoidal bedset produced by a pulsating flood, Quaternary, Rio La Leona, Santa Cruz province, Argentina. Encircled pencil for

scale. (Courtesy of Carlos Gulisano). See text for a more detailed explanation.

CHAPTERIII




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

The most common occurrence of sigmoidal bedding is
probably that described by Mutti et al. (2000) and Tin-
terri (2007, 2011) and observed in river-mouth depos-
its, i.e., the region where hyperpycnal plumes plunge to
become underflow (see above). In this critical zone, beds
can be either horizontal or dipping in a seaward direc-
tion, comprising the typical clinoforms of mouth-bar
progradation. These beds are generally composed of
relatively well-sorted and medium- to coarse-grained
sandstone containing lateral sequences of sigmoids.
These sigmoidal units are essentially microdelta fea-
tures sheared by an overlying and bypassing turbulent
flow and recording the waxing and waning pulses of the
pulsating original flood. Individual sigmoids have the
tendency to thin and flatten in a downcurrent direction
and the microdelta feature is characteristically bounded
by an upper truncation surface.

In many other cases, sigmoidal cross-bedding is ex-
pressed by more subtle features which may be more
difficult to identify and interpret, though being clearly
related to the microdelta scheme. Figure 333 portrays
an example showing vertically stacked and amalga-
mated units separated by erosional surfaces that can
be either flat and horizontal, slightly oblique, or gen-

tly convex upward. This type of bedding can be easily
mistaken for classic tabular cross-bedding produced
by the migration of 2D megaripples (see above). How-
ever, careful inspection of the photograph allows for a
further step in our understanding of sigmoidal bedding.
The units in the lower half of the exposure are thinner,
bounded by a broadly convex-upward erosional surface
and clearly show the internal structure produced by the
lateral sequence of individual sigmoidal units over very
short distance. In the upper half of the exposure, beds
are thicker, bounded by flat surfaces, and with a less ob-
vious arrangement into internal lateral sequences. The
terms “flattened dunes” or “flat-topped cross-bedding”
would be tempting in this case. An easy conclusion is
that the type of sigmoidal bedding records the steadi-
ness of the flood flow. Highly unsteady flows would re-
sult in closely spaced sigmoidal beds showing thickness
variations over short distance. Steady or quasi-steady
flows would conversely tend to form sets of similar
cross laminae with greater lateral extent and for which
the sigmoidal geometry can only be detected in large
exposures. This kind of bedding is basically the same as
that described by Roe (1987) in Late Precambrian fluvial
sandstones, northern Norway.

O

Fig. 333 - Vertically stacked and amalgamated cross-bedded sandstone units separated by horizonal, slightly oblique, or broadly

convex-upward surfaces. See text for explanation. Bundsandstein, Killsberg Park, Stuttgart.
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For the reader’s convenience, the scheme of Figure 334
summarizes the main features of sigmoidal bedding
and attempts some interpretations. Sigmoidal units
are subdivided into 1) bypass features (A1 and A2) and
2) bypass plus depositional features (B1 and B2). The
former includes sigmoidal bedsets (Figure 335) and
flat-topped sets of cross laminae (Figure 333), both
being bounded by an erosional upper surface indicat-

ing prolonged bypass. The latter include both fore-
stepping (Figure 336) and backstepping (Figure 337)
features produced by highly pulsating flows. The fall-
ing stage of each pulse gives way to flow deceleration
followed by deposition of slightly finer grained sedi-
ment that drapes the cross bedded unit with sinusoi-
dal laminae. Under these conditions both topsets and
bottomsets can aggrade.

A Widal lamina

B mﬁ Sigmoidal bed (sigmoid)

(@)

SN soSs. Sigmoidal bedset

Flat-topped cross
lamina-set

D __ RSSO

E ssss =

e

L e
Topset aggradationT’Ef

[

draping

BYPASS FEATURES

C and D: bounded by upper erosional surface indicating bypass
without vertical aggradation between flood pulses.

C: closely spaced flood pulses;

D: long-period flood pulses resulting in almost steady-flow
conditions.

BYPASS PLUS DEPOSITIONAL FEATURES

For each flood pulse, both E and F record bypassing followed
by flow deceleration resulting in draping

and vertical aggradation (topset).

E : Forestepping pulsating flow.

F: Backstepping pulsating flow.

Note that in E aggrading topsets are largely removed by
subsequent flow pulses

BYPASS SURFACE

*No scale involved. Size of the featuresis a
function of flow magnitude

Fig. 334 - Some characteristic features of sigmoidal bedding. Note the basic difference between sigmoidal beds and bedsets indicating

bypass without aggradation (A1 and A2) and cosets produced by pulsating flows where bypass (cross strata) and vertical aggradation
(topsets and bottomsets) alternate (B1 and 2).
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Fig. 335 - Typical example of A1 deposit expressed by closely spaced sigmoids bounded by an upper, broadly convex-upward erosional

surface indicating bypass (red line). Eocene Figols Group, south-central Pyrenees.

Fig. 336 - Typical example of B1 deposit. Within the same flood, cross-bedded sigmoidal units (yellow) record individual pulses. The

falling stage of each pulse is recorded by finer-grained partings allowing for topset and bottomset aggradation. The entire flood unit is
forestepping. Cretaceous Agrio Formation, Neuquén basin.
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Fig. 337 - Close-ups of Figure 64 showing falling-stage finer-grained partings separating and draping cross-bedded sigmoids and

extending into bottomset and topset.
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Fig. 338 - Example of B2 deposit. Cross-bedded sigmoidal units decrease in thickness from base to top indicating backstepping of a

pulsating flood. Red lines indicate the base of each sigmoidal unit. White lines indicate topset deposits: Cretaceous Maceio Formation,

Japaratinga.

VIl.4 - FLOW REGIME VARIATIONS
AND “"HUMPBACK DUNES"

Down to the scale of individual beds and their inter-
nal structures produced by a single flood and related
flow variations in space and time, the examples shown
in Figures 339 and 340 illustrate an important prob-
lem arising from the downcurrent transition of foreset
cross-stratification into its associated bottomset de-
posits. As clearly shown by the two beds of Figure 339,
large-scale tangential cross laminae pass downcurrent
into gently convex-upward cross laminae which, in turn,
pass into wavy or horizontal laminae in the bottomset
and topset draping the underlying microdelta. Figure
340 and the line drawing of Figure 341 attempt to ex-
plain this kind of setting by assuming that the bypass-
ing flow undergoes deceleration resulting in the rather
abrupt cessation of foreset progradation expressed by
the sudden appearance of sinusoidal laminae. These
laminae are followed in a downcurrent direction by pro-
gressively flatter laminae that markedly expand in the
same direction and thin and converge toward the top-
set region. These laminae are termed herein “healing
laminae”. Upon re-establisment of a smooth and flat
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bed, supercritical, thick horizontal laminae aggrade on
the topset. The lack of climbing ripples and mudstone
divisions at the top of these flood units suggests that
fines transported by trailing turbulent flows bypassed
this region or were removed and re-suspended by sub-
sequent flood flows.

The relations between foresets and their associated
topset and bottomset deposits has been amply dis-
cussed by Fielding (2006) with emphasis on “hump-
back dunes”, which are characterized by cross laminae
with a sigmoidal profile involving topset, foreset and
bottomset and commonly diverging in a downcurrent
direction before flattening out in the bottomset. Fol-
lowing the results of flume experiments by Saunder-
son and Lockett (1983), Fielding (2006) interprets
these features as recording the transition from dune to
upper plane stability conditions, i.e., from subcritical to
supercritical flow conditions, or viceversa. Rising flow
power would be expressed by topsets with supercrit-
ical parallel (plane bed) laminae, whereas falling flow
power would conversely result into the lack of topset
deposits replaced by an erosional surface or small-
scale bedforms on the stoss side of the dune.
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Fig. 339 - Flood-generated sigmoidal units arranged in a microdelta-type setting. See text for explanation. Paleocene-Eocene Trem-

p-Ager Group, south-central Pyrenees. (A) Angular cross laminae; (T) Tangential cross laminae; (W) wavy or horizontal laminae e (H)
“Healing” laminae.

BYDPASS SUIrTace)

Fig. 340 - Flood units (red lines indicate boundaries). The lower one shows the transition from a prograding set of cross laminae into

aggrading topset deposits formed during the falling stage of the flood. Thick red line indicates the bypass surface. See line drawing of
Figure 69 for an explanation. Cretaceous Maceidé Formation, Brazil.
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Fig. 341 - Humpback-like bedforms and flow velocity variations within flood units. Schematic line drawing of bed of Figure 69 showing
the gradual transition of angular cross laminae (A) in tangential cross laminae(T) and eventually in sigmoidal cross laminae (S). “Healing”
laminae (H) expand downcurrent and thin and converge toward the topset. Horizontal laminae, or topset laminae (TS), are unaffected by
previous depositional relief. The basal cross-bedded unit is bounded by an upper bypass surface (red line) that truncates the underlying
angular cross laminae. The surface gradually becomes depositional farther downcurrent. The setting is interpreted as the product of
decreasing flow velocity followed by sediment fallout from an overlying suspension.

The interpretation that | offer for this problem is con-
siderably different and probably simpler. As long as
the microdelta or flattened dune is bounded above by
an essentially flat erosional surface and the overlying
flow is bypassing, there is no topset aggradation, and
probably little sedimentation in the adjacent bottom-
set. During this time, sedimentation of suspended load
is taking place farther downcurrent. Ideally, the flood
peak (maximum flow discharge) should be recorded by
the thickest sigmoid of the microdelta. When the flow
decelerates suspended sediment starts to fallout and
aggrade, draping first the high-angle cross laminae of
the microdelta with sinusoidal laminae extending from
the topset to the toeset. Increased sedimentation
rates because of further flow deceleration result into
a well-developed topset and bottomset that appear
as essentially horizontally stratified. Therefore, the
“humpback” geometry is not related to the transition
from lower to upper flow regime, but rather to flow de-
celeration and ensuing deposition. Conversely, if the
flow is accelerating the microdelta would undergo par-
tial or total erosion and sediment resuspension.

The above interpretation may also explain why mi-
crodeltas are commonly bounded by an upper flat and
erosional surface. This surface is probably a super-
critical bedform (plane bed or low amplitude anti-
dunes) along which bypassing takes place. No typical
dune geometry might develop under these conditions.

VIiI - MAIN TYPES OF FLOOD-DOMINATED
SYSTEMS, ELEMENTS, AND FACIES

VIII.1 - INTRODUCTION

Mainly based on observed facies, documented by a
great number of photographs, and limited and cau-
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tious emphasis on processes, an attempt is made
below to offer some criteria to enter this largely un-
explored and fascinating domain. Part of the following
sections are mostly based on unpublished results of
outcrop studies | carried out over the years with the
help of my students in the Pyrenees, Spain, the Ter-
tiary Piedmont Basin and the Oligocene and Miocene
of Calabria, Italy, i.e., basin fills from highly tectonical-
ly mobile settings. Many additional observations were
made in other basins, especially in the Neuquen basin,
Argentina. It would be impossible to review in this book
the geology and the stratigraphy of all these basin fills.
As far as the Pyrenees are concerned, a useful and very
simple summary can be found in Mutti (2019).

The basic scale of observation is that of outcrops,
though integrated whenever possible within their local
and regional stratigraphic context. The main purpose
is that of describing an outcrop in terms of facies and
then interpreting these facies and their association in
terms of (inferred) processes and ultimately environ-
ment of deposition. This approach is well summarized
by Walker (1992) who considers facies analysis as a
subdivision of rocks in “bite-sized pieces” (facies) that
can be re-assembled into genetically related associa-
tions. The interpretation is intended to make sense of
the outcrop within the evolution of the system under
consideration and more generally to add a piece to
the puzzle of the basin fill history. The same approach
holds true for core analysis.

Inisolation, one outcrop can be very interesting from a
sedimentological standpoint, but it may also be highly
risky if we do not know what there is above, below and
laterally to what we are observing. From the preced-
ing pages, the reader has certainly become aware that
climbing ripples or graded beds, for example, are com-
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mon in many types of deposit ranging from alluvial to
deep-water turbidites. Therefore, their recognition in
an outcrop does not mean much in terms of environ-
ment. Attempting an environmental interpretation is
very difficult because, in most cases, environments are
poorly defined even in the Recent. Generally, we have a
good idea of what a specific environment looks like if
we are dealing with those environments, we can direct-
ly observe in the Recent, where we can integrate phys-
iography, processes and deposits. Recent tidal flats
or certain types of beaches are extremely well known
in this respect, as are some fluvial point bars or other
types of alluvial and nearshore environments. Within
these environments, we can go even further and rec-
ognize sub-environments, each being characterized
by its morphologic expression, processes and types of
deposit. For example, in a tidal flat we can recognize
sand flats, mixed flats and mud flats or, in a beach, a
shoreface, a foreshore, and a backshore (see Chapter ).

Unfortunately, when moving into progressively deeper
waters this kind of knowledge decreases considerably
for the simple reason that these environments are be-
yond our direct observation. Turbidite and contourite
systems are good examples of the above limitation.
Recent advances in marine geology techniques and in
3D seismic permit to define locally detailed geomor-
phologic seascapes (see “seismic geomorphology” of
Posamentier and Kolla, 2003) of these systems, but
sparse coring prevents significant integration of these
data with types of deposit and processes. To summa-
rize, with the exception of limited instances, interpret-
ing specific environments and sub-environments from
outcrop analysis is a hard task and this explains why
an approach based on the recognition of depositional
systems and their component elements, based on their
facies and facies associations (see preceding chap-
ters), appears at present as the most practical one. An
even more simplified approach can be that based on
the proximality concept, i.e., a measure of the distance
from an ideal starting point of deposition. The ap-
proach, originally introduced for turbidite sediments
(see Chapter ), is also applicable to many other types
of deposit and attempts to define the position of a fa-
cies or facies association relative to an overall process
implying overall waning flow conditions with distance
and time. Therefore, for example, an alluvial fan sys-
tem can be subdivided into proximal, intermediate, and
distal elements with reference to its facies and facies
associations without taking into account other specif-
ic characteristics of the environment such as, for in-
stance, size, longitudinal profile and channel network.

Even more difficult becomes a detailed environmental
analysis when dealing with flood-dominated systems, a
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kind of sedimentation with which we are not familiar and
underrepresented in the Recent. Fortunately for us, we
are living in a geological time where great floods are not
frequent and, when they occur, processes and environ-
ment are inherently hostile to direct observation.

Despite the above limitations, we will review in the fol-
lowing sections some basic types of flood-generated
systems and elements and their component facies and
facies associations that can be easily and objectively
recognized in the field. It will be noted that, with the
exception of some river deposits (see later), all these
sediments lack bed load structures produced by trac-
tive currents in the lower flow regime, i.e., by the normal
process through which sand and gravel are transported
in most modern fluvial settings. More specifically, these
sediments are conspicuous for the virtual lack of trough
cross-bedding as defined in previous sections, i.e., the
product of migrating 3D megaripples through tractional
processes in the lower flow regime. Conversely, most of
these sediments can be easily interpreted as the result
of waning sediment gravity flows through the deposi-
tion of overall graded units. The waning stage follows
an initial waxing stage rarely preserved (see above).
Some of these deposits are dealt with in detail, others,
volumetrically less important or less studied and under-
stood, are treated in a more cursory way.

Viil.2 - TERMINOLOGY PROBLEMS

From the preceding pages, the reader has certainly
become aware that a very complex and confusing ter-
minology exists as to the different types of flows that
may originate as a consequence of floods. Personally, |
believe that terminology is one of the major problems
hampering scientific communication. Regrettably, |
am also aware that | contributed myself to this prob-
lem in several papers dealing with both turbidites and
flood-dominated fluvio-deltaic systems. On the other
hand, flows and their processes are so inherently com-
plex, and their study has been carried out by so many
workers through so many different approaches that
some confusion is unavoidable.

It should also be clear that the deeper we go into
flood-generated flows and their deposits, the more
evident become the similarities with turbidity currents
and turbidites. Therefore, as reiterated in the preced-
ing pages, it is useful to keep in mind also this second
type of sedimentation and its terminology. The reader
is thus referred to Chapter Il where he can find further
and detailed information on the complexity of these
flows and their deposits. The basic and simple distinc-
tion between dense flows and dilute turbulent flows is
maintained also in the following sections.
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VIIL.3 - THE BASIC TYPES OF FLOOD-DOMINATED
ALLUVIAL AND FLUVIO-DELTAIC SYSTEMS

Flood-dominated alluvial and deltaic sediments that
are reviewed below include:

Alluvial fans and their terminal flood basins,

River deposits (only a preliminary and highly in-
complete account),

Delta-front and prodeltaic elements.

These sediments have in common a basic motif: in a
down-flow direction, as well as through the short time
of an individual flood, coarse-grained deposits, laid
down by freezing of dense sediment gravity flows or
by tractive processes taking place below bypassing
powerful flows, invariably grade into finer-grained and
current-laminated facies recording deposition from
suspended load. The process takes place via a vari-
ety of transitional facies types and by-pass surfaces
in both space and time, i.e., along the original deposi-
tional profile and within individual beds. Comparison
of facies tracts that can be reconstructed from these
sediments and those observed in turbidite systems
(see Chapter Il) leaves little doubt that the processes
are very similar.

VIIL.3.1 - Alluvial fans and their
terminal flood-basins

These depositional systems typically develop in oro-
genic belt basins after and/or during major phases of
structural deformation with ensuing uplift and sub-
aerial erosion of substantial portions of the orogenic
wedge, as well as in fault-bounded basins associat-
ed with extensional or strike-slip settings. The most
classic occurrence of this type of sedimentation is
probably that of the so-called “basal conglomerates”
unconformably resting upon highly structurally de-
formed portions of an orogenic wedge and recording
the beginning of a new sedimentary cycle. In many of
the studied examples, alluvial fan deposition is asso-
ciated with that of fan-deltas, in marine or lacustrine
settings. Marine fan-deltas typically develop during
relative sea-level rise above a basal succession of allu-
vial-fan deposits.

Alluvial fans are dealt with in an abundant literature
showing the great variability of these depositional
systems and the many controversial opinions about
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their definition and characteristics (e.g., Blair and
McPherson, 1994a, 1994b; Harvey et al., 2005; Ventra
and Clarke, 2018). Here, we limit ourselves to consid-
er alluvial fans in the sense of Blair and McPherson
(1994a), i.e., depositional features formed in high-gra-
dient piedmont settings where feeder channels of
upland drainage basins intersect the mountain front.
Even in modern settings and under normal conditions,
these alluvial fans are characteristically dominated by
episodic sedimentation (debris flows and sheet floods)
producing high-sloping, semiconical features with
plano-convex cross-sectional geometry (Figure 342).
Size and geometry of individual fans largely depends
on the size of the drainage basin, the topograph-
ic gradient, and the mobility of the flows. Blair and
McPherson (1994a) recognized two intergradational
end members, dominated by cohesive debris flows and
sheet flood respectively (Figure 343).

These modern alluvial fans may extend and die out
into terminal flood basins, contribute water and sed-
iment to axial river systems (trunk rivers), or enter an
adjacent standing body of fresh or seawater, forming
the subaqueous element of both lacustrine and marine
fan-deltas, i.e., a delta-front element (see later). Large,
low-gradient fluvial-dominated alluvial fans and “wet”
fans are omitted in the following pages.

The Eocene and Oligocene successions of the south-
central Pyrenees provide spectacular examples of
alluvial fan deposition. The exposures of the late Eo-
cene-Oligocene Pobla de Segur Conglomerates, near
Tremp, show a series of relatively small alluvial fans fed
from two different sources (Figure 344). The geometry
of individual fans is almost perfectly preserved as well
as their facies changes into adjacent flood basins and
ephemeral lakes. As shown in Figure 345, the setting
is so clear that a direct visual comparison can be made
with the classic alluvial fans of the Death Valley, Cal-
ifornia. Excellent exposures are also provided by the
Oligocene alluvial fans developed along the northern
margin of the lacustrine Ebro basin and its time-equiv-
alentintra-montane basins. Because of their very com-
plex and still poorly defined stratigraphy, all the above
sediments are simply referred to hereafter as Pobla de
Segur and Cajegar conglomerates with reference to in-
tramontane settings, and to Ebro basin with reference
to the northern margin of the large lacustrine foreland
basin developed along the southern portion of the
Pyrenean orogeny.
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Flood-dominated alluvial fans are restricted here-
in to depositional systems where flood-generated
sediment gravity flows and their downfan transfor-
mations dominate sedimentation from proximal to
distal regions, i.e., from fan apexes to terminal flood
basins. Fluvial deposits, recording periods of time
during which permanent or semi-permanent fluvi-
al channels were able to move sediment downfan
through tractive bedforms are virtually absent. Clear-
ly, flood-dominated systems of this type are a major
departure from some widely accepted models where
debris flows and sheet floods are gradually replaced
downfan by typical and permanent braided streams
(see the classic example of the Van Horn Sandstone,
Texas, described by McGowen and Groat, 1971; see
also comments by Blair and McPherson, 1994a).
Small and surficial braided-distributary channels are
only found as feeders of very small delta systems in
ephemeral lacustrine basins during periods of essen-
tially fan quiescence. Also, these channelized features
are basically flood dominated. Most of the proximal
elements of alluvial fan systems are recorded by sed-
iments probably laid down beyond the intersection

point, that is where flows exit deep feeder channels,
undergoing expansion and initial deposition.

VIIl.3.1.1 - The importance of terminal flood basins

The models of Blair and McPherson (1994a) depict
alluvial fan deposition essentially under “normal” con-
ditions. When ancient flood-dominated alluvial fans
are considered, these models appear inadequate to
describe the main depositional zone, which is located
farther downfan of the more proximal, high-sloping
semiconical feature (the fan itself) and is essentially
flat lying. This zone, herein termed terminal flood ba-
sin, forms a sandy depositional zone at variable distance
from the intersection point and is clearly the final dep-
ositional element of genuinely flood-dominated alluvial
fans. The distance of terminal flood basins from their
feeder fan channels is highly variable, being strictly a
function of the fan and its drainage basin size, volume,
sediment concentration and textural composition of
flood-related flows, and basin configuration. The sug-
gested depositional model is shown in Figure 346.

Fig. 342 - A classic alluvial fan from the Death Valley with its surficial braided distributary channels indicating a period of fan quiescence.
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Fig. 343 - Plan-view models of debris-flow (A) and sheetflood (B) dominated alluvial fans according to Blaire and McPherson (1994a).

A —Fan apex; FC — Feeder channel; IC - Incised channel; IP — Intersection point.
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Fig. 344 - The spectacular exposure of the late Eocene-Oligocene conglomerates of Pobla de Segur, near Tremp, in the south-central
Pyrenees (see cross-section in Figure 322, see also Chapter I; see Figure 4). Paleocurrents are roughly from the north i.e., flowing toward

the viewer. Note the lenticular geometry of Individual fans. Most of these fans are almost entirely made up of debris flow deposits. Note
the exposed rocks (carbonates) of the drainage basin of the “grey” fans. Tabular sheetflood deposits in the lower part of the photograph
belong to an older and much larger fan fed from a southern source.

Late Eocene-Oligocene Pobla de Segur con-
glomerates, south-central Pyrenees

Note that this fan
is fed from the
opposite side

Fig. 345 - Comparing modern and ancient alluvial fans.
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Element A: amalgamated channelized conglomerates

Element B : channelized to tabular pebbly sandstones

Element C: sandstone lobe

Element D : distal fine-grained sandstones and mudstones

Fig. 346 - Suggested depositional model. FC — Main feeder channel; MF — Mountain front; IP - intersection point (where the feeder chan-
nel merges with the surface of the fan); NF — Alluvial fan shape under conditions of normal flood regime; DC — Distributary channels.

Note how high-magnitude floods displace main loci of deposition far away from the feeder channelinto low-gradient terminal regions.

Most of these basins are ephemeral, flood-generated lakes (floods transport also water !). See text for more details.

Terminal flood basins are essentially similar, say almost
identical to the “lobe region” of turbidite system, re-
cording deposition of sand-laden flows in tabular or
broadly lenticular bodies herein referred to as “ter-
minal sandstone lobes” (see later). The size of these
lobes must be largely a function of the size of the feed-
er system. In outcrop, these features range from small
elements, with length in the order of tens of meters,
to medium-size elements with length up to a km-scale.

Terminal flood basins may develop in flood ponds,
ephemeral lakes, or semi-permanent lakes, thus form-
ing a broad spectrum of environments including lacus-
trine fan-deltas. Marine fan-deltas are dealt with in
detail in a later section.

VIIl.3.1.2 - Flood-dominated alluvial fans

Flood-dominated alluvial fans of orogenic belt basins
can be simply seen as depositional systems consisting
of four main intergradational elements that devel-
op downfan following flow-transformation processes
(Figure 346):

A proximal element, or element A, dominated by
matrix-supported and poorly sorted conglomer-
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ates, in thick to very thick beds commonly amal-
gamated or separated by thin and laterally discon-
tinuous sandstone and muddy partings. Individual
beds commonly display lenticular geometry, mul-
tiple grading and scoured bases. These beds gen-
erally stack to form roughly parallel-sided lithofa-
cies up to several meters thick separated by minor
amounts of discontinuous finer-grained facies (Fig-
ures 347 to 351 A). These deposits are the product
of dense gravelly flows with variable amounts of
mud and therefore of internal strength (see Chap-
ter ). Most commonly, a matrix composed of sand
and small pebbles indicates deposition from fric-
tional flows. The erosive character of most of these
flows is documented by the abundance of scours
and basal sole markings (Figure 351 B).

An intermediate element, or element B, con-
sisting of graded, pebbly to cobbly sandstones
and occurring as m-thick broadly lenticular and
channelized features or similarly thick roughly
tabular units (Figures 352 to 354). This element
typically consists of bipartite beds, most com-
monly amalgamated, where a basal division of
pebbly to cobbly conglomerate with a sandy ma-
trix is either sharply or transitionally overlain by
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crudely laminated or structureless sandstone.
In some cases, conglomerate divisions are di-
rectly superimposed and amalgamated without
intervening sandstone units. Conglomerate divi-
sions are in most cases lenticular as a result of
scouring or of an original plano-convex upward
geometry (see antidune configuration of Blair
and McPherson, 1994). The most likely origin of
these beds is that of sheet floods. These flows
are herein termed sheet flows and thought to be

related to the downcurrent transformation of de-
bris flows. A sheet flow is a bipartite flow where
a basal, dense and frictional flow moves downfan
impelled by inertia forces and/or by the shear-
ing imparted from an overlying more dilute flow.
Some conglomerate divisions comprise the entire
thickness of the bed, being bounded by an upper
bypass surface (Figure 355); in other cases, the
conglomerate division forms a few pebbles thick
unit below a sandstone division (Figure 356).

Fig. 347 - Alluvial fans — Element A: fine-grained intercalations define m-thick, roughly tabular units consisting of thick, amalgamated

beds of poorly-sorted conglomerate deposited by dense gravelly flows (paleoflow to right). Oligocene Ebro basin, south-central Pyrenees.
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Fig. 348 - Alluvial fans: Element A — Tabular conglomerate units separated by highly discontinuous, thin and finer-grained intercalations

(paleoflow to left). Oligocene Ebro basin, south-central Pyrenees.

Fig. 349 - Alluvial fans: Element A — Close-up of thick gravelly-flow deposits separated by sandstone intercalations (reddish). Note

scours at the base of conglomerate bodies as well as within them. Poorly-defined bedding surfaces in the lower conglomerate unit
suggest progradation to the right. Oligocene Ebro basin, south-central Pyrenees.
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Fig. 350 - Alluvial fans: Element A — Close-up of thick gravelly-flow deposits separated by sandstone intercalations (reddish). Note

scours at the base of conglomerate bodies as well as within them. Poorly-defined bedding surfaces in the lower conglomerate unit
suggest progradation to the right. Oligocene Ebro basin, south-central Pyrenees.

Fig. 351 - Alluvial fans: Element A — A. stacking of gravelly-flow deposits. B. Large scour, partly deformed by loading, at the base of a

structureless conglomerate. Eocene-Oligocene Pobla de Segur conglomerates, south-central Pyrenees.
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Fig. 352 - Alluvial fans: Element B — M-thick lithofacies made up of alternating conglomerate and sandstone separated by flood-plain

mudstones. Conglomerates occur as lenticular units bounded by basal scours and transitionally or sharply capped by sandstone divi-
sions. Oligocene Ebro basin, south-central Pyrenees.

Fig. 353 - Alluvial fans: Element B —M-thick fining-upward lithofacies sequences. The coarse-grained lower lithofacies consists of basal
conglomerates forming irregular lenses that are either amalgamated or separated by thin sandstone divisions. These sediments are

sharply or transitionally overlain by sandstone beds whose bedding geometry and internal structures are obliterated by pedogenesis.
This coarse grained lithofacies is overlain by flood-plain fines. Oligocene Ebro basin, south-central Pyrenees.
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Fig. 354 - Alluvial fans: Element B — Detail of the basal conglomerates showing amalgamation and lenticularity of structureless conglo-
merate units each capped by a sandstone division. Conglomerate beds, which can be normally or inversely graded and most commonly

structureless, are bounded by basal erosional surfaces that, in some cases, are clearly the product of small-scale cyclic steps. Oligocene
Ebro basin, south-central Pyrenees.

Fig. 355 - Graded, clast-supported conglomerate division comprising almost the entire thickness of a flood unit. The dashed line indi-

cates multiple grading produced by distinct gravel waves. Red arrow indicates the sharp contact (bypass surface) with an overlying thin
sandstone division. Oligocene Ebro basin, south central Pyrenees.
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Fig. 356 - Typical conglomerate/sandstone couplets deposited by bipartite sheet flows. Note the thick sandstone laminae produced by

supercritical flows above the structureless conglomerate divisions. Oligocene Ebro basin, south-central Pyrenees.

A terminal sandstone lobe, or element C, consisting of
roughly tabular, m-thick sandstone packets separated
by muddier facies (Figures 357 to 361). Each packet, or
lobe, is made up of graded sandstone beds displaying
an overall tabular geometry locally modified by scouring
and compensation features. The thickest beds usually
contain small pebbles infilling internal scours or being
aligned in traction carpets (cyclic steps; see Figure 360).
Most commonly, these beds are dominated by structure-
less divisions. The similarities with turbidites of F2 group
(see Chapter Il) are impressive. Above the structureless
division, sandstone beds may display crudely laminated
divisions and, in some cases, HCS (Figure 361). The signif-
icance of HCS is discussed in the following sections.

Adistalelement, or element D, made up of fine-grained
facies deposited by trailing turbulent suspensions in
the distal regions of terminal flood basins Element D is
made up of alternating thin-bedded and fine-grained
sandstones and mudstones in parallel-sided beds, i.e.,
the distal deposit of turbulent suspensions, associat-
ed with relatively thick mudstone units and paleosols.
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Figure 362 shows an example of these sediments in an
ephemeral lake.

VII1.3.1.3 — Some concluding remarks

Mutatis mutandis, flood-dominated alluvial fans are es-
sentially a subaerial analogue of a canyon-fed turbidite
system in that both types of sedimentation include a
main feeder channel that branches into shallower dis-
tributary channels that, in turn, feed more basinal sand-
stone lobes and their distal fringe. Also, the processes
are very similar, being mainly controlled by the transi-
tion from dense gravelly flows into final, dilute turbu-
lent suspensions via a series of facies types that are
virtually identical. It is here thought that, except for the
trailing turbulent suspensions, most of the sedimenta-
tion is dominated by supercritical dense flows. A good
example of supercritical flow deposition is shown in Fig-
ures 363-365, where tabular lobes entering an ephem-
eral lake depict small cyclic steps with scours filled with
structureless pebbly sandstone passing into thick wavy
or low-angle upcurrent-dipping cross laminae.
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Fig. 357 - Alluvial fans: Element C - Sandstone lobe stacking in a terminal flood basin (ephemeral lake). Note the tabularity of individual

lobes and the occurrence of well-defined thinning-upward sequences. Oligocene Ebro basin, south-central Pyrenees.

Fig. 358 - Alluvial fans: Element C - Terminal sandstone lobes. Note the fining- and thinning-upward sequences. Oligocene Ebro basin,

south-central Pyrenees.
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Fig. 359 - Alluvial fans: Element C - Sandstone lobes showing thick sandstone beds displaying multiple scours filled with small pebble

conglomerate. Oligocene Ebro basin, south-central Pyrenees.

Fig. 360 - Alluvial fans: Element C -Close-up of a sandstone lobe of Figure 359 showing the overall thinning-upward of individual

sandstone beds. Yellow lines indicate internal scours filled in with structureless pebbly sandstone (small cyclic steps). Paleoflow is
approximately to the left. Total thickness is about 4m. Oligocene Ebro basin, south-central Pyrenees.
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Fig. 361 - HCS above a division of coarse-grained graded sandstone with faint cross laminae and containing small pebbles at the base.

Oligocene Ebro basin, south-central Pyrenees.

Fig. 362 - Alluvial fans: Element D - Medium-bedded fine-grained sandstones with parallel and ripple laminae deposited by turbulent

suspensions. Paleocene-Eocene Ager Group, south-central Pyrenees.
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Fig. 363 - Tabular lobes of sandstone and conglomerates in an ephemeral flood lake. Eocene-Oligocene Cajegar basin, south-central

Pyrenees.

Fig. 364 - Small cyclic steps in a sandstone lobe. The dip of the associated low-angle cross laminae is upcurrent. Main flow is actually

from left to right. Eocene-Oligocene Cajegar basin, South-central Pyrenees.
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jpcurrent dipping |
LlOW=-angle Cross laminae

Fig. 365 - Detail of Figure 364 showing small cyclic steps. Scours generated by hydraulic jumps are filled with structureless pebbly

sandstones that grade downcurrent into thick, gently upcurrent dipping cross laminae and wavy laminae produced by re-accelerating
flows. Dashed blue lines indicate preserved laminae in a similar unit that underwent pedogenesis.

The model suggested here (Figure 346) is a consider-
able departure from current models mainly based on
modern examples, the main difference being primar-
ily the ability of alluvial fans to transfer sand from
drainage basins to distal low-gradient regions through
sediment gravity flows, that is in absence of normal
river processes. Transient and very surficial river-type
processes certainly occurred, but their record was re-
moved by subsequent floods.

Flood-dominated alluvial fans obviously differ in many
other aspects from deep-water fans or turbidite sys-
tems for the simple reason that subaerial conditions
imply a series of surface processes (e.g., overland
flows) that cannot exist in deep-water. Though im-
portant for local detailed studies, features related to
these processes are here omitted because of their lim-
ited general interest.

Some basic characteristics of these sediments that can
be easily recognized in the field include:

marked downfan decrease in channeling and scouring;

increase in tabularity of sandstone bodies in the
same direction;

progressive increase in fine-grained intercalations;
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overall fining of grain size in a downcurrent direc-
tion, coupled with an increased sediment sorting;

pervasive occurrence of m- to dam-thick lithofa-
cies sequences characterized by thinning- and fin-
ing-upward trends of the component beds.

The above sediments characteristically stack in
high-frequency m-thick fining- and thinning-upward
lithofacies sequences which commonly culminate into
flood-plain mudstones and paleosols. These fining-
and thinning-upward sequences are best explained
as recording forestepping and backstepping cycles of
gravel and sand deposition produced by flood-generat-
ed flows of progressively smaller-volume and efficiency,
i.e., by a decreasing degree of catastrophism (see later).

A very good example of this type of sequence is pro-
vided in Figure 366 showing a small terminal fan lobe
enclosed by flood-plain fines and paleosols. The ba-
sal lithofacies, sharply resting on a paleosol, consists
of clast-supported, relatively well-sorted and locally
cross-stratified pebble conglomerates forming a suc-
cession of amalgamated, roughly tabular or broadly
lenticular beds with some preserved sandstone caps.
Through a sharp contact, this facies is overlain by an
alternation of thin-bedded, fine-grained and current
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laminated sandstones and mudstones. The sequence
is overlain by flood-plain mudstones and paleosols.
The conglomerate lithofacies can be interpreted as the
product of relatively unconfined gravelly sheet flows
that underwent frictional freezing and were bypassed
by dilute turbulent flows. When the volume of indi-
vidual flood decreased, the system underwent back-
stepping, recorded by sand deposition. The example is
from the same locality and the same stratigraphic unit
of the sigmoidal bar of Figure 331. By integrating the
facies of both examples, which are only a few tens of
meters apart, the more general facies tract of Figure
367 can be reconstructed, allowing for a reasonable
interpretation of the local facies association. This is
a typical application of the approach based on facies
identification and their re-assembling (see above) and
is probably the most useful way to do facies analysis in
outcrop studies.

DW Q€
congliomerates and congiomerate/|
SANAstone Couplets)

VIIl.3.2 - River deposits

As noted in previous pages, the stratigraphic re-
cord of tectonically active basins suggests that flu-
vial sedimentation was characterized by small- and
medium-sized mountainous rivers as envisaged by
Milliman and Syvitski (1992) for active margin set-
tings. Major fluvial conduits, in most cases related
to structural lineaments, were certainly present but
their stratigraphic record has been removed by sub-
sequent uplift and subaerial erosion. The preserved
record mainly includes lenticular bodies of conglom-
erates, pebbly sandstones and sandstones enclosed
by flood-plain fines. In previous literature, most of
these bodies have long been interpreted as classic
point bars and braided-stream deposits, especially in
the south-central Pyrenees, and thus framed within
the classic models of fluvial sedimentation of Miall
(1985, 2006).

Fig. 366 - Vertical facies sequence of a small terminal fan lobe enclosed by flood-plain fines and paleosols. The unit records deposition

of an initial forestepping stage followed by a gradual reduction in the volume and momentum of flows. See text for an explanation.

Paleocene-Eocene Tremp-Ager Group, south-central Pyrenees.
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Flow direction
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Fig. 367 - Reconstructed facies tract. A—Poorly sorted, matrix-supported conglomerate; B — Relatively well-sorted cross-stratified con-
glomerate; C — Thin conglomerate division overlain by climbing ripples; D -Thin, medium-grained sandstone division overlain by lami-

nated sandstone; E - Medium- to fine-grained sandstone with HCS; F — Very fine-grained sandstone with horizontal and ripple laminae.
Note the downcurrent transition from gravelly dense flow to turbulent suspension deposits.

Below, an attempt is made to show that most of these
bodies are in fact dominated by flood processes — an
interpretation partly suggested by Mutti et al. (1996)
and re-emphasized herein. The depositional elements
dealt with below include:

Flood-dominated laterally accreting deposits, char-
acterized by accretion of sandstone beds perpendicu-
larly to the river course and forming point bars;

Flood-dominated vertically and downstream ac-
creting deposits, characterized by the vertical stack-
ing of graded flood units and complex conglomerate
and sandstone barforms with downcurrent dipping
cross strata.

VIIl.3.2.1 - Flood-dominated laterally-accreting
deposits

Meandering channel deposits are probably among the
most popular and well-understood fluvial features,
comprising sharp-based m-thick sandstone bodies,
termed point bars, and laterally extensive meandering
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channel belts in alluvial plains (see Collinson, 1996 for
an extensive review). As shown in the sketch of Figure
368, the model of this kind of sedimentation is rela-
tively simple and characterized by: (1) sharp-based,
fining- and thinning-upward m-thick facies sequenc-
es; (2) lateral accreting master bedding surfaces, each
representing an original depositional profile (time
surface) dipping toward the erosive concave bank;
and (3) a series of associated features including chute
channels, scroll bars, levees, crevasse splays, and ox-
bow lakes. Development of meandering stream chan-
nels and their deposits is typical of mixed-load rivers
(see above), where large amounts of fines are trans-
ported in suspension and sand is transported as bed
load through traction processes. Thus, in classical fa-
cies sequences the sandstone bar includes a coarse-
grained lag deposit recording erosion and deposition
in the thalweg, followed upward by trough cross-bed-
ded sandstone produced by migrating dunes, in turn
capped by ripple-laminated sandstone with increas-
ing suspended-load features (climbing ripples) that
grade upward into flood-plain fines. Parallel-laminat-
ed sandstone are also common. The sequence is easily
explained through flow deceleration along the oblique
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depositional surface that on the convex side of the bar
connects the flood plain to the thalweg.

Bars of this type also occur in fluvial systems of orogen-
ic belt basins, though mostly restricted to delta-plain
settings where tides affect rivers and force them to me-
ander. Such conditions are usually met during periods of
sea level rise (see later). A typical example of this kind
of setting is shown in Figure 369. The geometry of the
point bar fits perfectly the model of Figure 368, but the
basal facies is strongly influenced by tides with the de-
velopment of mud couplets (Figure 370).

Flood-dominated point bars are also m-thick bodies
which are very similar to normal point bars as to ex-
ternal geometry and internal lateral-accretion surfac-
es (Figure 371). However, they differ substantially in
terms of component beds. The lateral accreting beds
are one-event beds, each deposited by a sediment
gravity flow with very distinct vertical and up-slope
grading. Vertical grading results from the waning of
the flow through time; up-slope grading results from
flow deceleration while the flow is ascending the slope
of the convex bank. These beds tend to form amalga-

mated packages of sandstone and very poorly sort-
ed pebbly sandstone showing multiple grading in the
basal portion of the bar, whereas they become cur-
rent-laminated and separated by mudstone partings
in the upper one. In this upper portion lateral accre-
tion surfaces are thus very clearly expressed and sole
markings may be common at the base of many sand-
stone beds (Figure 372). Flood-dominated point bars
also differ as to the character of their basal surface. In
normal point bars, this surface, which is produced by
lateral thalweg migration, is typically sharp and flat
because the river does not undergo substantial vari-
ations in its discharge. In flood-dominated point bars
the surface is conversely highly irregular, with deep
and irregularly distributed scours produced by major
flood events (Figure 373).

These bars, which could be a very interesting analogue
for a better understanding of deep-water meandering
channels, occur as isolated bodies within flood-plain
mudstones or late-stage, minor flood events on top of
thicker and more laterally extensive sandstone units
deposited by larger-volume floods.

Vertical facies
sequence

Fig. 368 - DB — Depositional (convex) bank; CB — Concave (erosive) bank; NCO — Neck cutoff; OBL — oxbow lake (abandoned channel);

CS - Crevasse splay; B — Scroll bars; LAS — Lateral accretion surface; OBLF — Vertically-accreting fill of oxbow lake (through overbank
processes).
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Sequencel

Fig. 369 - The well-known point bar of Puente de Montanana, Eocene Castigaleu Group, south-central Pyrenees (Puigdefabregas and

Van Vliet, 1978; Bosellini et al., 1989): The deposit shows evidence of tidal action at its base. Main flow is toward the viewer. Note the FU
facies sequence expressed by the weathering profile.

Fig. 370 - Detail of Figure 369 showing tidal mud couplets at the base of the point bar.
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Fig. 371- Example of flood-dominated point bar. Note the irregularly scoured basal surface (compare with Figure 369) and the well-

developed lateral accretion surfaces. Eocene Castissent Group, south-central Pyrenees.

Fig. 372 - Detail of Figure 371 showing the irregular basal surface and current marks, mainly tool casts, at the base of a lateral accreting

flood unit. Paleoflow (red arrow) toward the viewer.
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Fig. 373 - Example of a flood-dominated point bar. Blue lines indicate lateral accretion surfaces. Note that the main basal surface of the
bar (white line) is truncated to the left by a deep scour onto which lateral accretion is resumed. The pale green line shows horizontally

bedded flood-plain deposits. Eocene Castigaleu Group, south-central Pyrenees.

VIll.3.2.2 - Flood-dominated vertically and
downstream accreting deposits

The lateral accreting flood-dominated deposits dis-
cussed above are certainly an important component
element of many fluvial systems of orogenic belt ba-
sins, but the flows responsible for them are relatively
small and essentially depositional. Therefore, they are
not the best candidate to develop powerful and vo-
luminous hyperpycnal flows when entering seawater.
Conversely, these conditions are met by essentially by-
passing flows that are responsible for limited deposi-
tion in the alluvial environment and can transfer to the
sea a substantial portion of their sediment load. These
flows, as discussed below, produce fluvial elements
that are overlooked and/or misinterpreted in the litera-
ture and primarily described as pertaining to the broad
family of "braided” stream deposits. On the contrary,
these deposits are crucial to understand facies and
flow types occurring and operating in the alluvial en-
vironment in those systems that produce substantial
hyperpycnal-flow deposition in seawater.
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The above sediments are extremely common in the
exposed alluvial successions of orogenic belt basins
displaying a great variety of lithologies, geometry and
internal architecture. They range from small, highly
lenticular bodies to large roughly tabular sheets char-
acterized by facies types indicating deposition from
bypassing flows of variable strength and duration.
When examined in detail, these sediments appear as
m-thick bodies, bounded by basal erosional surfaces
and enclosed by flood-plain fines and paleosols. Each
body consists of vertically accreted fining-upward
flood units with individual thicknesses up to sever-
al meters thick primarily made up of coarse-grained
facies left behind by passing, sediment-laden flows.
Viewed in terms of “architectural” elements (sensu
Miall, 1985, 2006) most of these sediments could be
simply described as “gravel bars and bedforms” and
“sandy foreset macroforms” (downstream accreting
sandstone bars).

For the sake of simplicity, these sediments can be
grouped in two intergradational elements: (1) gravelly
river element and (2) sandy river element.
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VIIl.3.2.2.1 - Gravelly river element

The coarse-grained lithofacies of these bodies consists
of basal conglomerate beds that can be either amal-
gamated or capped by thin and laterally discontinous
sandstone divisions that are conspicuous for the gen-
eral lack of classic fluvial bedload features typified by
festoon cross-bedding. This coarse-grained lithofacies
grades either sharply or transitionally, through an inter-
vening sandstone unit, into overlying flood-plain fines.

The basal conglomeratic unit is made up of mostly
clast-supported and poorly stratified or structureless
conglomerates resulting from the amalgamation of
several flood-units, or most commonly from the occur-
rence of conglomerate/sandstone couplets recording
individual flood events or pulses within the same event
(Figures 374-376).

In exposures parallel to current direction, most con-
glomerates appear to be crudely to fairly well cross
stratified, allowing for a better understanding of the
associated sandstone divisions (Figure 377). Thin
sandstone divisions occur as highly discontinuous

units on top of individual conglomeratic cross strata;
thicker sandstone units occur as parallel-laminated
divisions forming the unconformable topset of under-
lying cross strata along a surface characterized by a
major break in grain size (Figure 378). In the absence
of these topset sandstones, sets of cross strata are di-
rectly superimposed one upon the other (Figure 379).
Within individual sets, the dip of cross strata decreas-
es in a downcurrent direction (Figure 377). Basically,
bedding pattern geometry and facies characteristics
indicate that deposition took place according to the
microdelta scheme discussed in the preceding pag-
es, that is through a basal and coarse-grained down-
stream accreting carpet sheared by a faster-moving
and bypassing flow. The bypass surface is invariably
marked by a major grain-size break (Figure 380). The
process is further discussed below. In some instances,
graded pebbly sandstone beds, with deeply scoured
basal surfaces, occur as essentially horizontal inter-
calations within the above sediments. As shown in
Figure 381, basal scours are apparently the result of
cyclic steps.

Fig. 374 - Example of gravelly river element made up of structureless conglomerates resting upon an erosional surface and separated by

highly laterally discontinuous sandstone divisions. Jurassic, Neuquén basin.
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Fig. 375 - Fining-upward sequence (yellow line) resting on flood-plain fines and paleosols and truncated above by a new sequence. Note

the basal unit consisting of broad lenses of conglomerate separated by thin sandstone division. A thicker and more tabular sandstone
occurs at the top. Jurassic, Neuquén basin.

Fig. 376 - Irreqularly-shaped flood units, each composed of a conglomerate/sandstone couplet. Conglomerate divisions are essentially

structureless; sandstone divisions display low-angle cross laminae. Eocene Castigaleu Group, south-central Pyrenees.
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Fig. 377 - Flood unit (the base is indicated by red line) showing a basal conglomeratic division overlain by a sandstone division. The con-

glomerate division shows cross stratification enhanced by thin sandstone units. Note how dip of cross strata decreases upward. The
upper sandstone division is characterized by parallel and wavy laminae. Upper Jurassic Lajas Formation, Neuquén basin.

Fig. 378 - Detail of Figure 377 showing the unconformable boundary between the lower, cross-stratified conglomeratic division and the

horizontally stratified sandstone above. Note the break in grain size at the boundary and the sparse small pebbles along the parallel
laminae of the sandstone division. The latter is interpreted as the deposit of vertically accreting antidune bedforms.
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Fig. 379 - Two sets of downstream accreting very poorly sorted conglomerate/sandstone couplets. Note the lack of an intervening

parallel-laminated sandstone at the top of the lower set. Jurassic, Neuquén basin.

0 - Typical flood unit showing a sandstone division with low-angle and convex-upward cross laminae abruptly resting, thro

grain-size break, on a thin conglomeratic division. Eocene Castigaleu Group, south-central Pyrenees.
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Fig. 381 - Downstream accreting conglomerate units in a gravelly river element. Note graded pebbly sandstones with basal scours and

crude downstream accretion surfaces overlain by downstream accreting conglomerates. The upper part of the outcrop consists of cru-
dely stratified conglomerates and sandstones. Jurassic, Neuquén basin.

In both cross- and down-current direction, individual
flood units are bounded by basal erosional surfaces
and have an overall lens-shaped and a highly irregular
geometry; their size varies greatly depending upon the
magnitude of flood processes. Clearly, each of these
unit indicates a basal coarse-grained lag followed by
sediment by-pass and late flood-stage deposition.
Overall, these channel-fill sequences indicate a gradu-
al decrease of individual flood events until final cessa-
tion of fluvial activity.

This kind of fluvial deposits is generally interpreted as
a braided-stream facies and according to Miall (1985,
2006) should record the complex interaction of highly
mobile channels and bars in rivers of fluctuating re-
gime, with sedimentation dominated by the “familiar
flow regime bedforms” as described by many authors
(Miall, 1985, p.276-277). This classic interpretation
is here questioned on the basis of the sedimentary
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structures observed in these sediments. The three
basic features supporting flood processes and sedi-
ment gravity flows are: 1) the pervasive occurrence of
conglomerate/sandstone couplets indicating the ep-
isodic character of deposition; 2) the lack of festoon
cross-bedding or similar features ruling out the occur-
rence, or preservation, of tractive processes that would
predominate during inter-flood stages; and 3) the as-
sociation with genuine gravity flow deposits (see Fig-
ure 381) probably representing frozen parental flows.

This type of sedimentation suggests relatively small,
coarse-grained and high-gradient fluvial systems en-
tirely dominated by flood processes and characterized
by substantial bypassing. If sufficiently large and long-
lived, these systems appear to be an ideal candidate to
produce dense hyperpycnal flows that were able to carry
coarse-grained sediments to shelfal and deeper-water
regions seaward of coarse-grained deltas.
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VIIl.3.2.2.2 - Sandy river element

These deposits, primarily consisting of sandstones
and enclosed by flood-plain facies and paleosols,
can be observed in composite bodies with thick-
nesses up to some 20 m and of considerable later-
al extent. Very good examples of this kind of fluvial
sedimentation are certainly the Eocene Castissent
(Figure 382) and Corca units in the south-central
Pyrenees (Mutti et al., 1996; Mutti, 2019) - two spec-
tacular stratigraphic units to document flood events
of great magnitude. Both units record the infilling of
ephemeral fresh- or brackish-water basins produced
by flooding in structurally confined settings. Down-
stream accreting bars characterize the proximal seg-
ments of these basins.

The internal structure of these bodies is character-
ized by the aggradation of graded, meter-thick flood
units (Figures 383 and 384), with facies types indi-
cating both bed load and suspended load transport.
Individual flood units are commonly amalgamated
through erosional surfaces or, more rarely, separat-
ed by mudstone divisions recording the dilute tail of
each flood. Bed load deposition is recorded by large-
scale downstream accretion of conglomerate, pebbly
sandstone and sandstone facies. Suspended load
deposition is indicated by an abundance of parallel

and wavy lamination, and distal climbing ripple and
mudstone facies.

The component facies of an ideally complete sequence
include, from base to top, or in a proximal to distal profile:

Facies 1 — Cobbly and pebbly conglomerates with a
sandy matrix forming cross-stratified divisions, up
to a few meters thick, that typically rest on erosional
surfaces (Figures 385-388). These conglomerates vary
from very poorly sorted and crudely stratified units
to well bedded and relatively better sorted divisions.
Many cross strata consist of conglomerate/sandstone
couplets. Out-size clasts of intrabasinal fine-grained
deposits and paleosols may be common.

Facies 2 — Poorly sorted pebbly sandstones in
cross-stratified meter-thick divisions usually bound-
ed by shallow erosional surfaces (Figure 389). Pebbles
tend to occur at the base of each division but are also
common within laminae and along lamination surfaces.
In some instances, liquefied units of randomly mixed
pebbles and sand occur at the base of these units.

Facies 3 — Relatively well sorted, coarse to medium
sandstone forming sets of cross laminae bounded by
slightly erosional and gently downstream dipping su-
faces with occasional small pebbles (Figures 390-392).
Water escape features may occur.

Fig. 382 - General view of one of the main fluvial sandstone bodies of the Eocene Castissent Group in the south-central Pyrenees. The

body consists of stacked fluvial flood units.
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Fig. 383 - Two sandstone lithofacies separated by flood-plain fines and containing downstream accreting conglomerates and sandstone

units. Yellow lines indicate erosional boundaries separating fining-upward flood units. Eocene Castissent Group, south-central Pyrenees.

Fig. 384 - Stacked fining-upward flood units bounded by erosional contacts (blue lines). Most units consist of downstream accreting

sandstone bars, Eocene Castissent Group, south-central Pyrenees.
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Fig. 385 - Graded flood unit consisting of a basal cross-stratified conglomerate overlain by cross-stratified sandstones and pebbly

sandstones passing upward into a horizontally stratified sandstone. The contact (yellow line) is highly irregular due to out-size clasts
floating at the top of the conglomerate division (though see Figure 386). Eocene Corca Sandstone, south-central Pyrenees.
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Fig. 386 - Close-up of Figure 385 showing the boundary between cross-bedded conglomerates and the overlying pebbly sandstones.
Note the out-size clasts (dashed red line) along the boundary. Alternatively, the out-size clasts could have been trapped in cyclic steps

and be part of the overlying unit. In such case the cross laminae would dip upcurrent. Eocene Corca Sandstone, south-central Pyrenees
(this spectacular and overlooked flood dominated unit would certainly deserve detailed sedimentological analyses).
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Fig. 387 - Cross stratified conglomerates and pebbly sandstones at the base of a thick flood unit. Flood pulses are recorded by sudden

grain-size variations and local scours. Note the angle between the conglomerates and the overlying sandstone division. Eocene Corca
Sandstone, south-central Pyrenees.

Fig. 388 - Flood units consisting of downstream accreting sandstones and pebbly sandstones resting upon erosional surfaces (yellow

lines). Eocene Castissent Group, south-central Pyrenees.
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Fig. 389 - Cross-laminated pebbly sandstones. Note pebble concentration at the base of the unit and the upward transition of cross

laminae into nearly horizontal laminae. Eocene Castissent Group, south-central Pyrenees.

Fig. 390 - Downstream-accreting sandstone showing stacking of thick laminasets separated by even surfaces gently dipping in the same

direction. Eocene Castissent Group, south-central Pyrenees.
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Fig. 391 - Downstream-accreting sandstone showing thick sets of gently dipping cross laminae. The basal erosional surface coincides

with a major sequence boundary. Eocene Castissent Group, south-central Pyrenees.

Fig. 392 - Thick sets of cross laminae dipping to the left and bounded by sligthly erosional surfaces gently dipping in a downcurrent

direction. Eocene Corca Sandstone, south-central Pyrenees.
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Facies 4 — Well-sorted, coarse to medium sandstone
with sigmoidal (convex-upward) laminae (Figure 393).

Facies 5 — Coarse to medium sandstone character-
ized by horizontal, wavy and low-angle cross laminae
forming wedge-shaped sets separated by erosional
surfaces that can be even or both convex- and con-
cave-upward (Figures 394-396). Water escape features
are commonly observed. Divisions of parallel laminae
occurring in the upper portions of some flood units
typically display the mm- to cm-tick repetition of thin-
ning- and fining-upward sets thought to be produced
by antidune of decreasing amplitude (Figure 397)
(compare with similar features of turbidite F3 deposits,
Chapter ).

Facies 6 — Fine to very fine sandstone characterized by
climbing ripples (Figure 398). These ripples are typical-
ly capped by a mudstone division.

The above facies association indicates that deposition
took place as shown in the scheme of Figure 399. Ba-
sically, the scheme shows a proximal zone of coarse-
grained cross strata (microdelta) produced by a by-
passing flow, a zone with sigmoidal laminae marking

the first deceleration of the bypassing flow with the
beginning of vertical aggradation, and, farther down-
stream, the zone of deposition of the suspended load
of the waning stage of the bypassing flow. As indicated
by sedimentary structures, a large proportion of the
deposition of suspended load was from supercritical
turbulent flows under high rates of sediment fallout.
The model is essentially that of a broadly lenticular
sigmoidal bar with the development of a proximal mi-
crodelta (see above) resting upon an erosional surface.
Deposition from waning subcritical turbulent suspen-
sions, with the development of climbing ripples and
mudstone caps, characterizes the distal zones. Each
flood unit can thus be viewed as a fining-upward facies
sequence recording the peak and the falling stage of
an individual flood.

Microdelta cross stratified units display in rare instanc-
es an upper cap of true festoon cross-stratification
followed upward by preserved megaripple and ripple
bedforms (Figure 400). These sediments clearly record
a final “clear-water” stage of the flood during which
the flow partly reworked the underlying flood deposits
through migrating dunes and ripples (Mutti et al., 1996).

Fig. 393 - Close-up of the lower sandstone lithofacies of Figure 383. Yellow lines show boundaries of flood units; blue lines show internal

stratal surfaces. Note how the tangential (T) cross laminae of the lower flood unit become “healing” (HL), convex-upward laminae in a
downcurrent direction (right) being overlain by topset horizontal strata. Eocene Castissent Group, south-central Pyrenees.
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Fig. 394 - Wavy-laminated sandstone (above) draping lenticular cross-bedded coarse-grained units. The sequence suggests chute and

pool features overlain by antidune bedforms. Eocene Castissent Group, south-central Pyrenees.

pnvex upward

LONCave Upwadrd

Fig. 395 - Sandstone lamina-sets with complex geometry. Note wedge-shaped sets bounded by low-angle erosional surfaces and sets of

broadly both convex- and concave-upward laminae. These features are thought to be the product of chute-and-pool bedforms. Eocene
Corca Sandstone, south-central Pyrenees.
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Fig. 396 - Uppermost part of a flood unit showing late-stage ripples overlying a laminated sandstone division with internal erosional

surfaces and wedge-shaped laminasets (chute-and-pool features?). Eocene Corca Sandstone, south-central Pyrenees.

Fig. 397-Nearly horizontal laminae at the top of a flood unit. Laminae are grouped into thin fining-upward lamina-sets each produced

by the decreasing amplitude of an antidune. Compare with similar turbidite facies (Chapter Il). Eocene Corca Sandstone, south-central
Pyrenees.
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Fig. 398 - Typical climbing ripples produced by high-rate of sediment fallout from a turbulent subcritical suspension. Eocene Castissent

Group, south-central Pyrenees.
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Fig. 399 - The supercritical bypassing flow changes into subcritical flow in a downstream direction as well as with time, depositing fine-

grained sandstones with climbing ripples and mudstones.
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Fig. 400 - Lower-flow regime (subcritical flow) megaripples and ripples at the top of a flood unit. These features are thought to be the

product of bedload transport during the final “clear water” stage of the flood. Eocene Castissent Group, south-central Pyrenees.

Though at a very small scale, the depositional pat-
tern outlined above suggests a comparison with the
huge bedforms of the modern Brahmaputra braided
river (Coleman, 1969) where giant downstream accret-
ing sand bars move seaward during high-river stages
(monsoon season), being reworked and eventually
capped by suspended load deposits when the dis-
charge declines. At low-river stages, part of the sand
bars and their finer-grained caps can be observed,
showing the very complex architecture of these sed-
iments in both downcurrent and cross-current direc-
tion. This complexity cannot be resolved in outcrop
studies for the general lack of sufficiently large 3-D
exposures and therefore the architecture of similar an-
cient deposits can only be schematically reconstructed
along an ideal downcurrent direction.

The Brahmaputrariver, the way it appears, has certain-
ly a sandy braided pattern and the same pattern was
certainly that displayed by our sediments if viewed in
an inter-flood stage. Nonetheless, in both cases the
systems are fundamentally driven by bypassing tur-
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bulent flows that carry their suspended fine-grained
load in a basinward direction. The cross-bedded sand
dunes of the Brahmaputra and the cross-bedded con-
glomerates and sandstones of the Eocene Castissent
and Corca units of the south-central Pyrenees (herein
interpreted as microdelta features) have the same sig-
nificance of residual sediments left behind by bypass-
ing flows. A clear distinction should be made between
braided patterns depicted by channels and gravel and
sand bars produced by normal processes in river sys-
tems that are deficient in fines and braided patterns
conversely produced by flood-generated downstream
accreting microdeltas sheared by sustained bypassing
flows loaded with fines. The same problem arises from
the gravelly elements discussed above. Once again,
all these features must be intergradational and con-
trolled, among others, by the type of sediment supply,
climate, and flood discharge and duration.

The sandy elements discussed above appear to be an
excellent candidate to develop plunging plumes loaded
with fine sand, silt and clay if flows can reach seawater.
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VIIl.3.3 - Delta front and prodelta elements
VIil.3.3.1 - General

When entering seawaters or lakes, both alluvial fans
and rivers give way to sediment accumulations that
represent three basic depositional elements of the
general fluvial system as envisaged by Schumm (1981).
For reasons of convenience, the following discussion
is mainly based on marine settings. The proximal el-
ement forms at channel exits, i.e., near the shoreline
(channel-exit element); the intermediate element
forms seaward of the shoreline, in nearshore and shel-
fal regions (sandstone lobe element); and the distal
element forms farther seaward, in outer shelf and
slope regions (prodeltaic and delta-slope elements).

All the above elements are deposited by originally
subaerial flood-generated flows that, entering sea-
waters, keep moving seaward as hyperpycnal flows.
The channel-exit element forms from sudden decel-
eration suffered by the subaerial flow when entering
seawater and can be viewed as a residual deposit left
behind by overpassing flows or as a depositional fea-
ture formed during periods of reduced flood strength;
the sandstone lobe element is the deposit of the
coarse-grained load (gravel and sand) of the hyperpy-
cnal flows; and the prodeltaic element is the distal and
fine-grained depositional zone of these flows charac-
terized by dominantly muddy deposits.

The basic distinction between flood-dominated
fan-delta and flood-dominated river-delta systems
(Mutti et al., 1996) is based upon the upcurrent strati-
graphic relationships of lobe elements (Figure 401). In
fan-delta systems, lobes grade into alluvial fan depos-
its through a transitional zone of difficult identification
(or, better, a zone which is still poorly known at pres-
ent), probably because subaerial flows enter seawaters
being partly unconfined. In river delta systems, lobes
grade into sandstone bodies formed at river mouths
and showing complex depositional patterns (see later).
For reasons of convenience, the term “channel-exit el-
ement” is maintained for both settings.

The distinction between fan-delta and river delta dep-
ositional elementsis also supported by different facies
characteristics and inferred processes. Fan-delta sys-
tems are the typical deposits of coarse-grained dense
flows because of their higher gradients and proximity
of the drainage basins to the shore zone (see above).
River delta systems are instead the domain of turbu-
lent plunging plumes loaded with fine-grained sus-
pended load (< medium sand), indicating more mature
fluvial systems where the coarse-grained sediment has
been trapped in alluvial and deltaic plains. It should be
kept in mind that this distinction is quite clear if deal-
ing with the two end members. In the real world, most
flood-dominated fluvio-deltaic systems are grada-
tional between these two end-members.

FAN DELTA SYSTEMS

Shelfal, slope and
basinal mudstone

Conglomerates » Sandstones with HCS with TBS
I || |
Alluvial to shelfal conglomerates and Prodelta mudstone
pebbly sandstones \
Delta-front
River and sandstone lobes
associated
flood-basin Mouth
deposits bars Prodelta mudstone

B ([ ]

Conglomerates and

sandstones 2

Sandstones with HCS

RIVER DELTA SYSTEMS

Shelfal, slope and
basinal mudstone
with TBS

Fig. 401 - Elements of flood-dominated fan delta and river delta systems. Sandstone lobe and prodeltaic mudstone-dominated deposits

are common to both types of system (from Mutti et al., 1996).
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VI1I1.3.3.2 — Channel-exit deposits

The only type of channel-exit deposit we are familiar
with is represented by the classic features that we can
observe at modern river mouths. Inriver delta settings,
these features, termed river mouth bars, consist of
prograding sand bodies characterized by an offlapping
geometry produced by the shore-line break (see del-
ta-scale clinoforms of Patruno and Helland-Hansen,
2018). The characteristics of these features vary great-
ly as a function of the water depth of the receiving ba-
sin and particularly of the textural characteristics of
river outflows. Rivers dominated by suspended load
tend to form low angle clinoforms primarily composed
of fine-grained sediment (Wright, 1977), whilst small
coarse-grained rivers have the tendency to form Gil-
bert-type mouth bars, with high-angle clinoforms and
well defined topsets, foresets and bottomsets.

If we consider the shorezone of modern fan-deltas and
river deltas it is very easy to recognize what happens
at the shoreline. In most cases, a beach separates allu-
vial fans from their subaqueous extension (fan-delta
front), and various types of river mouths separate a riv-
er from its delta front in fluvial-, tide- and wave-dom-
inated settings (see above). This is what happens in

“normal” conditions. Conversely, when alluvial fans and
rivers are dominated by flood processes during periods
of time sufficiently long to leave their signature, the
shorezone undergoes a dramatic change in terms of
processes and configuration. The shoreline clearly re-
mains as the basic divide between the continental and
marine domains, but powerful flood-generated flows
are short-lived events that have enough momentum
to escape substantial modifications imparted by ma-
rine diffusion processes and keep moving seaward as
dense hyperpycnal flows or plunging plumes. For this
reason, flood-dominated fan-deltas and river deltas
build most part of their delta-front elements in shel-
fal regions, thus differing from normal deltas (Figure
402). The deceleration of river outflows produced by
their impact with a standing body of water must force
erosion, partial deposition or modifications of these
flows in the shore zone. Unfortunately, little attention
has been given to this problem in the available litera-
ture. In particular, settings dominated by dense grav-
elly outflows remain essentially undescribed. With the
general term of channel-exit deposits we tentatively
discuss hereafter some of the settings that may devel-
op inthe shorezone of both river deltas and fan-deltas.

Fig. 402 - Conventional models of fluvial- (A), wave- (B) and tide- (C) dominated deltas. (D) — Most flood-dominated deltaic deposits are
preserved away from the littoral zone and in relatively deeper waters. In this zone, these deposits have a much higher preservation poten-

tial than in the more marginal ones. The basic difference between normal and flood-dominated deltas resides in the location of the main
depositional zone of sandstone facies. In flood-dominated systems most of the sand is deposited by hyperpycnal flows in shelfal regions
well beyond the depth reached by normal marine diffusion processes (waves and tides), thus increasing its preservation potential.

CHAPTERIII




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

VIII.3.3.2.1 - Channel-exit deposits of river-deltas
systems

Two basic types of river-exit deposits can be rec-
ognized: 1) bypass mouth bars, and 2) deposition-
al mouth bars. Bypass mouth bars are typical of
flood-dominated systems and are time-equivalent
of shelfal sandstone lobes; depositional mouth bars
are basically the same, though developed at a smaller
scale, as those of modern deltaic systems dominated
by fluvial processes.

Bypass mouth bars form wherever sand-laden tur-
bulent flows with sediment concentration sufficient
(35-40 kg/cubic meter) to exceed that of seawater
at river mouths. In the model of Mulder and Syvitski
(1995) these flows contain only fine sediment (< me-
dium sand) that is entirely supported by turbulence.
Though suspended load is predominant, the small and
medium-sized rivers of tectonically active basins most
commonly carry to the sea also a smaller proportion
of coarse-sediment as dense, liquefied flows or as
tractional bedload features (see above). Entering sea-
water, these sand-laden flows suffer deceleration and
start depositing their excess sediment load which is
bypassed by a turbulent flow. A first and preliminary
attempt to describe this kind of setting was offered by

Mutti et al. (2000) who showed models of river mouth
bars originated by both sediment-laden stream flows
(Figure 402 A, 1) and composite dense flows (Figure
402 A, 2). At least to my knowledge, the best interpre-
tation of bypass and depositional processes at a river
mouth bar remains that of Tinterri (2007) in his study
of the Roda Sandstone, south-central Pyrenees, a river
delta partly affected by tidal reworking. The scheme
offered by the author is shown in Figure 403, depict-
ing a very clear separation in a bedload, a trailing sus-
pended load (plunging plume) and an upper hypop-
ycnal flow. The coarse-grained bed load is frozen as
structureless matrix-supported conglomerates in the
most proximal portions of the depositional profile or
as large- to medium-scale cross-stratified and pro-
gressively finer-grained units farther downstream. Be-
yond this point, mouth-bar deposition ends and fine-
grained sedimentation from suspended load (plunging
plume) prevails, giving way to sand lobe deposition.
Lobe deposition may take place from sudden collapse
of the plunging plume, resulting in crudely graded,
structureless sandstone beds, or from the develop-
ment of a fully turbulent plunging plume that moves
farther seaward depositing the laminated sandstone
of the typical sandstone lobes with HCS.
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Fig. 402 A - Schemes showing depositional and bypass river mouth bars produced by turbulent flows (1) and composite dense flows (2).
1A shows a typical depositional mouth bar; 1B shows sigmoidal cross strata left behind by a plunging plume. 2A and 2B show coarse-

grained bedload microdeltas produced by a bypassing flow. From Mutti et al. (2000).
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Zavala et al. (2011) provide general and largely theo-
retical facies schemes for bedload and suspended load
facies types in transfer and depositional zones of hy-
perpycnal flows that are essentially similar to those of
Figure 403.

Facies and inferred processes of Figure 403 highlight
the basic characteristics of bypass mouth bars, which
are typically bounded by a basal erosional surface. For
very powerful flows, this surface may be the only re-
cord of the bypass process and probably responsible
for the origin of many “incised valleys" cut by fluvial
processes in shallow marine environments seaward of
channel exits (Figure 404). Where river outflows carry
only suspended load and especially in settings without
a marked shoreline break (e.g., bays, lagoons, ephem-
eral lakes), typical bypass facies are those with fluvi-
al sigmoidal bedding described in previous sections.
Most commonly, the fill of these channelized features
results from the complex interplay between bypassing
and depositional flows and is therefore characterized
by similarly complex facies associations (Figure 404 A).

Depositional mouth bars form where flood-magnitude
is substantially decreased and both bed load and most

part of the suspended load are deposited at or near
river mouths. These bars have an excellent modern
counterpart, though at much larger scale, of the classic
river mouth bars of the Mississippi delta (Figure 405).
Careful descriptions of these deposits by Coleman and
Gagliano (1965) and Coleman and Wright (1975) (see
also Elliott, 1986) clearly suggest that suspended load
sedimentation during times of flood played a major
role in depositing thin-bedded sand and mud in dis-
tal mouth bars and offshore regions with abundant
climbing ripples and plant fragments. As suggested by
Elliott (1986), sand transported by the river as bedload
is deposited at the exit of distributary channels espe-
cially during floods, locally undergoing limited wave
reworking, whilst the suspended load keeps moving
seaward as buoyant river plumes (hypopycnal flows) or
relatively dilute hyperpycnal flows. In the case of the
Mississippi delta, fluvial floods can thus partly be fol-
lowed from the transfer zones to the final depositional
ones, suggesting that the process is responsible for
at least a good proportion of the sedimentation. The
fluvial-dominated deltas of Galloway (1975) should
be actually redefined as flood-dominated deltas since
“normal” floods are the only genuine fluvial process in-
volved in the delta upbuilding.
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Fig. 403 - Basic facies and processes of bypass mouth bars as suggested by Tinterri (2007) in his study of the Eocene Roda Sandstone

(Figols Group), south-central Pyrenees. The scheme refers to a flow with both bed load and suspended load and emphasizes the
bypassing of the suspended load.
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stratigraphic sections

“lower delta” unit
mouth-bars deposits and very ) o -
proximal arenaceous lobes platform facies limits of recognized units

) ) hih ¢ '
prosimal and distal arenaceous lobes externalplatform acis ighly concentrated levels of nummulites

erosive surfaces

Fig. 404 - Examples of delta-front “incised-valley fills" (some are indicated by arrows) eroded by channelized hyperpycnal flows exiting
distributary fluvial channels. These broadly channelized features have widths up to 1000-1500 m and depths up to 10-15 m. Their final

infillis largely represented by channel-exit and channel-lobe transition facies and facies associations. The basal erosional surfaces of these
features are largely time-equivalent to the deposition of sandstone lobes farther seaward and essentially record bypass features (original
data from Bongiorni, Cattellani, Cotti, Marchi, Sgavetti and Mutti, 1998-1999, unpublished; interpretation added). See Figure 440.

Fig. 404 A - Multiple erosional surfaces (blue lines) produced by bypassing flows in a river mouth bar. Yellow arrow indicates a sandstone

bed with sigmoidal cross bedding thought to be the product of a bypassing plunging plume. Note the fine-grained facies deposited
between main flood events. Eocene Castigaleu Group, south-central Pyrenees.
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Fig. 405 - The classic Southwest mouth bar of the Mississippi delta showing its fast seaward progradation in historical times (1764-1959).
Note the unusual thickness, produced by synsedimentary sinking in water-impregnated prodeltaic muds. From Gould (1970, originally from
Fisk, 1961). The modern Mississippi cannot produce hyperpycnal flows that could transfer sand to more distal shelfal regions.

Mouth-bar deposits are the most sensitive to marine
diffusion processes, being the shallowest element of
deltaic depositional systems. As a consequence, they
should be commonly reworked by tides and waves.
The problem is dealt with in some detail in the follow-
ing sections, though it may be anticipated that strong
wave action is almost negligible in most cases and tid-
al action may become important particularly during
transgressive periods when fluvial activity tends to get
back normal conditions.

The correct recognition of river-exit mouth bars is fun-
damental for the identification of the shoreline —a key
element to enter the sequence stratigraphic analysis
of flood-dominated fluvio-deltaic system at the scale
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of elementary depositonal sequences (see Chapter ).
Mutti et al. (1996, 2000) (Figure 406) provided an early
attempt to show the basic relationships between fluvi-
al, bypass and depositional mouth-bar and lobe sedi-
mentation along an ideal depositional profile.

Depositional mouth bars form under overall conditions
of baselevel stillstand and are typical offlapping fea-
tures produced by floods that deposit their bed load in
bar crests (roughly the base level) and their suspend-
ed load as relatively thin sandstone beds that thin and
shale out along the bar slope, or clinoforms (Figures
407). Typically, depositional mouth bars display thick-
ening- and coarsening-upward facies sequences (Fig-
ures 407-408).
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Fig. 406 - Tentative scheme to compare fluvial, river mouth, and distal delta front facies successions within the same elementary

depositional sequence and for decreasing strength of flood-generated flows. The top of the mouth bar is roughly the base level at that
time. From Mutti et al., 2000.

Fig. 407 - Typical depositional river mouth bar showing seaward dipping cross strata (clinoforms) emanating from a flat-lying bar crest

recording baselevel. Note that the flat-lying bar crest is tilted to left by structural deformation. Packets bounded by clinoform surfaces
show a marked shalying out in a seaward direction over very short distance. Eocene Atares delta, south-central Pyrenees.
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Fig. 408 - Depositional river-mouth bar showing seaward offlapping strata capped by an amalgamated bar crest in turn overlain by a
transgressive surface. Note the well-developed thickening-upward facies trend from base to top. Eocene Arguis basin, south-central Pyrenees.

In smalland coarse-grained systems, Gilbert-type mouth
bars can develop in similar settings. The example of Fig-
ure 409 shows a coarse-grained mouth bar of a small riv-
er entering a lagoonal environment with locally well-de-
veloped toeset, foreset, and topset elements. The bar
is part of a very complex depositional setting that well
illustrates the difference between models and the real
world (Figures 410) and highlights the importance of the
context when examining an outcrop. Basically, the mouth
bar progrades on top of an erosional surface cut by flu-
vial processes. The example of Figure 411) shows a Gil-
bert-type mouth bar of a bay-head delta sharply overlain
by transgressive estuarine sandstone facies following a
sea level rise. The basal contact of the estuarine sand-
stones is essentially a tidal ravinement surface.

As amply discussed in Chapter | with reference to ele-
mentary depositional sequences (EDSs) of some flu-
vio-deltaic deposits, depositional mouth bars typically
form as a final prograding stage of sandy lithofacies
recording relative lowstand of sea level and marking
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the end of “small-scale” prograding lowstand wedg-
es (see Stage Il of Figure 412) that rest above sand-
stone lobes (Stage |, or highly efficient stage). Their
top can be equated to a final regression surface or a
marine transgressive surface indicating the beginning
of baselevel rise. Needless to say, many mouth-bar de-
posits may form in settings where Stage | is absent be-
cause flood magnitude was not sufficient to produce
hyperpycnal flows.

VIl.3.3.2.2 - Channel-exit deposit of fan-delta
systems

Virtually no information is available in the literature
concerning facies changes between alluvial and marine
conglomerates in fan-delta settings. A notable excep-
tion is that of Nemec and Steel (1984) who, on the ba-
sis of outcrop studies, first attempted to identify some
criteria, especially useful to recognize facies produced
by wave action (see also Nemec and Postma, 1993).
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Fig.409 - Vertical sequence of a coarse-grained Gillbert-type river mouth bar showing a well developd

toeset, foreset and topset succession. The bar is overlain by a lagoonal transgressive surface. Eocene
Figols Goup, south-central Pyrenees
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[Lag Congliomerates)

Fig. 411 - Bay-head flood-dominated delta enclosed by lagoonal mudstones and overlain by estuarine sandstones. The delta is recorded by
a Gilbert-type river mouth bar with seaward dipping cross strata truncated at their top by a topset of lag conglomerates. Following relative

sea-level rise, the succession is overlain by transgressive estuarine sandstones where fluvial processes are mixed with strong tidal influen-
ce. Eocene Castissent Group, south-central Pyrenees.

STAGE Ill (Aggradational-progradational) - Coarse sediment flux
to the sea dramatically decreases and only mud can accumulate

TS: transgressive surface or, better, a fluvial retreat surface with no evidence
for tidal or wave ravinement and clearly related to base level rise

STAGE Il (Mainly progradational) - Poorly-efficient stage.
Smaller-volume, flood-generated sediment-laden river outflows
(as well as normal river outflows) are forced to deposit most of
their sediment load at channel-exits (mouth bar).

EDS

STAGEII

oxos” SL STAGE | (Mainly aggradational) - Highly-efficient stage.

—SB—§ ——] Large-volume, flood-generated sediment —laden river outflows give
way to hyperpycnal flows that can carry sand to shelfal regions

—— Sequence boundary | and deposit tabular sandstone lobes. These lobes are in fact
shallow-water turbidites.

Sequence stage

Fig. 412 - Stages of growth of a fluvio-deltaic EDS.
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As shown by outcrops of the Santa Liestra Group,
south-central Pyrenees, some thick beds of struc-
tureless conglomerate, deposited by gravelly dense
flows, become crudely cross-stratified in a downcur-
rent direction where they start to interfinger with
fine-grained and fossiliferous marine strata (Fig-
ure 413) or directly pinch out in these sediments
(Figure 414). This implies a similarly sudden loss of
coherence of the flow quite probably as a result of
deceleration and increased turbulence produced by
the impact with seawater. The interpretation is sup-
ported by similar channel-exit settings of lacustrine
fan-deltas of the Ebro basin. Here (Figure 415), tab-
ular, graded and virtually matrix-free conglomerate

beds can be traced upcurrent over a distance of few
meters into deeply scoured, structureless and very
poorly sorted conglomerate beds, in turn overlain
by downstream accreting conglomerate units, The
interpretation suggested is that gravelly, unsorted
and partly cohesive dense flows break when enter-
ing lake water and loose coherence passing into in-
ertia-dominated frictional sheet flows virtually de-
void of matrix and overlain by a supercritical sandy
suspension (see Figures 414 and 415 of alluvial fan
section). An example of a graded bed entirely com-
posed of clast-supported conglomerate and overlain
by a very thin sandstone division through a bypass
surface is shown in Figure 416.

Fig. 413 - Crudely cross-stratified conglomerates interbedded with fine-grained, bioturbated and fossiliferous marine strata (red arrow).

These cross-bedded conglomerates are thought to record a basic transformation of dense gravelly flows (see text). Eocene Santa Liestra

Group, south-central Pyrenees.
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Fig. 414-Downcurrent pinchout of crudely cross-stratified conglomerates and transition into bioturbated marine sandstones and

mudstones (red arrows). Note the overlying thick beds of structureless conglomerates. Eocene Santa Liestra Group, south-central Pyrenees.

Fig. 415 - Graded tabular beds of clast-supported conglomerates (TCGL) passing upcurrent (left) into scoured, thicker bedded and poorly

sorted conglomerates (SCGL). Lakeward dipping cross strata of poorly sorted conglomerates can be observed above and below. The
exposure is here interpreted as a channel-exit zone of an alluvial fan entering a lake. Oligocene Ebro basin, south-central Pyrenees.
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Fig. 416 - Internal structure of a tabular conglomeratic bed of Figure 415. The basal conglomerate division consists of two graded units
(dashed yellow line) and is almost matrix free. The yellow arrow indicates the bypass surface separating the conglomerate division from an
overlying thin sandstone division.

VIIl.3.3.2.2.1 - Transient wave-action reworking

Some thick beds of structureless conglomerate may
locally display one-pebble or one-cobble thick align-
ments on their upper surface, sharply draped by fine-
grained sediment (Figure 417). Similar, though rarer,
features are expressed by pockets and lenses of rela-
tively well-sorted and matrix-free pebble conglomer-
ates that occurinterbedded with structureless and typ-
ically poorly sorted gravelly flow deposit (Figure 418),
Surfaces and deposits of this type can record phases
of flow bypassing or some reworking by transient wave
action immediately following deposition of the under-
lying structureless bed. This second interpretation is
here preferred and thought to be related to local and
transient wave action produced by seawater set in mo-
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tion by thick dense flows entering a very shallow ma-
rine environment. The interpretation is substantiated
by the total lack of associated beach deposits within
the section, thus pointing out the occurrence of an un-
expected process in an otherwise low-energy environ-
ment episodically subject to floods. Some pebbles and
cobbles of these alignments display encrusted oysters
and traces of boring organisms, suggesting that for a
while these clasts remained in very shallow water. To
what extent these transient waves may be related to
the origin of HCS remains an open problem, certainly
worth future research. My personal opinion is that this
much overlooked strong transient wave activity is one
of the causes of HCS in flood dominated deposits, in
both seawaters and lakes.
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Fig. 417 - Example of transient wave-action reworking (yellow arrows) at the top of a thick bed of structureless conglomerate. Note that the

cobble and pebble alignment is directly overlain by fine-grained, bioturbated and fossiliferous marine facies. Eocene Santa Liestra Group,
south-central Pyrenees.

Fig. 418 - Pockets and convex-upward lenses of relatively well-sorted pebble conglomerate probably recording strong, transient wave

action produced by the catastrophic onset of a thick dense flow in very shallow water. Eocene Santa Liestra Group, south-central Pyrenees.
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VIIl.3.3.3 - The sandstone lobe element

Shelfal sandstone lobes are very common in the fill
of ancient tectonically active basins where they may
give way to impressive accumulations of graded, paral-
lel-sided beds of sandstones and pebbly sandstones in
nearshore and shelfal zones. This element is certainly
the most impressive evidence of flood-dominated pro-
cesses in the marine environment. From an economic
standpoint, the sandy accumulations that may occur
in this element constitute an overlooked target of oil
exploration.

Goldring and Bridge (1973) first perceived the strati-
graphic importance of these nearshore and shelfal
sediments in the ancient record, termed them “sub-
littoral sheet sandstones”, and proposed various ori-
gins including storms, tsunamis, floods, tides, rips and
turbidity currents. Though Martinsen (1990) had first
interpreted elongate delta-front sandstone bodies, or
lobes, from the Namurian of northern England as the
product of flood-generated hyperpycnal flows, these
sediments have long been mistaken for storm-domi-
nated nearshore and shelfal deposits because of the
common occurrence of HCS, a structure generally con-
sidered as diagnostic of combined-flow conditions as-
sociated with storm activity along high-energy coasts
(e.g., Duke, 1985).

As noted by Mutti et al. (1996, 2000) and later empha-
sized by Tinterri (2007, 2011), combined flow condi-
tions are not unique of storm-dominated settings and
are even common in deep-water turbidite sedimenta-
tion. Whatever its formative process, the abundance
of HCS in sandstone lobes of both flood-dominated
river-delta and fan-delta systems cannot be related
to storm processes along high-energy coasts for the
simple reason that such settings, and their resulting
high-energy beach deposits, do not occur in all the
examined basins. Conversely, sandstone lobes grade
landward into alluvial fans or river mouth bars without
intervening beaches. The paradigm that HCS can only
mean storm-dominated shelves has thus to be consid-
ered with caution and in a new perspective. Transient
wave reworking (see above) may partly explain this fea-
ture which is common in both shallow lakes and seas.

Shelfal sandstone lobes were first recognized, de-
scribed and interpreted as a deposit of flood-gener-
ated hyperpycnal flows by Mutti et al. (1996, 2000) and
related by these authors to delta-front deposition in
both flood-dominated fan-delta and river-delta sys-
tems. These lobes were described as m-thick, tabular
features made up of graded sandstone beds locally
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with locally abundant skeletal debris and mudstone
clasts and typically displaying HCS produced by com-
bined-flow conditions. Examples of these tabular units
from different basins are shown in Figures 419-420.

Sandstone lobes form wherever sufficiently wide and
low-gradient shelves, developed in front of distribu-
tary fluvial channels or alluvial fans, provide a deceler-
ation zone for hyperpycnal flows during flood times. In
settings with narrow or no shelves, these flows would
move directly to deeper water as turbidity currents.
As hyperpycnal flows are density currents suffering
the “bottom-seeking” effect, the loci of deposition
of these flows may be affected by local topography.
Thickness and lateral extent of individual lobes and
lobe packages are primarily controlled by the sediment
flux of the feeder fluvial channels, i.e., by the charac-
teristics of the local fluvial system and the type of sed-
iment supplied by its drainage basin.

Shelfal sandstone lobes occur may as thick accumu-
lations of amalgamated and relatively fine-grained
sandstone beds deposited by collapsed plunging
plumes (Figure 421), similarly thick conglomerate suc-
cessions deposited by dense flows in proximal fan-del-
ta settings (Figure 422) or, more commonly, as m-thick
sandstone packets with tabular geometry (Figure 420)
cyclically alternating with muddier and usually biotur-
bated facies.

Facies types range from disorganized conglomerates
deposited by dense gravelly flows to fine-grained and
thin-bedded sandstpne deposited by relatively di-
lute turbulent flows. Transitional facies include grad-
ed pebbly sandstones, ungraded or crudely graded
coarse-grained sandstone beds with mudstone clasts,
and medium- to fine sandstone beds with HCS.

Mutti (1992b) and Mutti et al. (1996, 2000, 2007) pro-
vided preliminary schemes to describe facies tracts
and inferred processes for both fan-delta (Figures 423
and 424) and river delta (Figure 425) sandstone lobes,
emphasizing the ability of hyperpycnal flows to in-
crease their density through bed erosion, resulting in
abundant mudstone clasts and skeletal debris, as well
as the common occurrence of HCS in these deposits.
Subsequent work (see Slatt and Zavala, eds., 2011,
with references therein, and Zavala and Pan, 2018) has
mainly emphasized the complexity of the processes
governing hyperpycnal flows and their deposits and
attempted to provide more detailed, though essential-
ly similar, facies models. Since most of the processes
still remain poorly understood, in the following we will
rather emphasize facies characteristics.
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Fig. 420 - Tabular sandstone lobes alternating with prodeltaic mudstones. Eocene Figols Group, south-central Pyrenees.

Fig. 421 - Thick accumulations of fine- to medium-grained sandstone lobes in amalgamated tabular beds thought to be the deposit of

collapsed plunging plumes. Pliocene-Pleistocene Sant’ Arcangelo basin, southern Italy.
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Fig. 422 - An impressive succession of conglomerates deposited by gravelly dense flows in the proximal marine environment of a fan delta

system. Individual flood units form thick packets of amalgamated conglomerates separated by thin finer-grained marine intercalations.
Eocene Santa Liestra Group, south-central Pyrenees.

TRACTIONAL PROCESSES IN COARSE SAND TRANSPORT DIRECTION
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CDF Cohesive debris flow
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Fig. 423 - A highly preliminary facies tract of a flood-dominated fan delta system as suggested by Mutti (1992 b) with transition from debris

flow to low-density turbidity current deposits in a down current direction. Note the emphasis on HCS.
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Fig. 424 - Tentative facies tract of flood-dominated fan delta as suggested by Mutti et al. (2000)
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Fig. 425 - Depositional model of flood-dominated river deltas as suggested by Mutti et al. (2007). Note that some bed load is involved,

either carried by river ouflows or washed out from former mouth bar deposits.
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The facies tract of fan-delta and river-delta sandstone
lobes are shown in Figure 426, following the simpler
scheme of dense and more dilute turbulent flows.
It will be noted that the two tracts become identical
where the flow is in both cases subcritical, and depo-
sition takes place through traction-plus-fallout from a
relatively dilute turbulent suspension. It is in this kind
of deposition that HCS develops, probably because
the oscillatory component of the flow has had no ef-
fect on the preceding inertia-dominated dense flow.
The fan-delta facies tract is mainly based on the spec-
tacular exposures of the Eocene Santa Liestra Group,
south-central Pyrenees (Figure 427), and the Oligo-
cene-Miocene Capo di Orlando Formation in southern
Italy. The river delta facies tract is derived from several
examples and particularly from the Eocene Sabinani-
go Sandstone (see later) and the Figols Group in the
south-central Pyrenees.

The lobe elements of fan-delta systems are easy
recognizable in the field due to the sudden appearance
of conglomerates and graded pebbly sandstones with-
in muddier nearshore and shelfal marine successions,
i.e., where normal marine processes, such as waves
and tides, cannot rework gravel-size particles. These
coarse-grained deposits are the typical product of
dense gravelly flows emanating from adjacent alluvial
fans (or similar coarse-grained systems).

In a seaward direction, the following main facies can be
recognized:

Proximal Conglomerates

Poorly sorted, cobble to pebble conglomerates support-
ed by limited amounts of sandy matrix with granules
and small pebbles, in thick to very thick beds which can
be either amalgamated or separated by thin and dis-
continuous finer-grained and locally fossiliferous and
bioturbated facies. This kind of facies appears as the
most proximal marine deposit of lobe elements and
can be expressed by stratigraphic thicknesses up to
hundreds of meters. Pebbles and cobbles are relatively
well-rounded, suggesting prolonged fluvial transport
before sedimentation. Beds are commonly structureless
(Figures 428 and 429) or, in places, may display crudely
developed cross laminae where the conglomeratic units
pinch-out in a seaward direction (Figure 430). Beds can
display crude normal grading, as well as inverse grading
or, in most cases, a basically ungraded structure. In the
Santa Liestra Group, some beds show evidence of wave
reworking at their top expressed by the development of
pebble or cobble alignments. In other cases, however, the
same alignments are clearly the product of reworking by
bypassing flows (see above). The suggested interpre-
tation of these conglomerates is that of dense gravelly
flows that suffered frictional freezing entering seawater
and were bypassed by trailing sandy dense flows.

FAN DELTA FACIES TRACT
8008 | ox3e
LL070| [5G
Dense flow O-;O: 0| [HeEs”
RIVER DELTA FACIES TRACT
o | [T reeeewe
Turbulent flow -;g(’;s%: g-é_\q\\__\ ™~ = f__:__f\'“ e
o O e = 9‘ = EIE
flowtype Channel Lobe
exit
Mudstone clasts Water escape _/T\._,
Skeletal debris D Bioturbation (general) |
Ball and pillow —x&25— Ophiomorpha l]

Fig. 426 - Basic facies tracts of fan delta and river delta systems.

CHAPTERIII




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

‘4861 ‘13NN PUR 3]101A3WNJ) WO UOIIIIS-SSOU)) *SIUIA

1e13ua2-y3nos ‘dnolo) es3sal ejueS 3U3I03] AY3 JO JUOI) B} SPURS PAJRUILIOP-POO)4 BY} Ul SIUOISPURS 03 S3Yesawo)buod Wwoly aduelsip Hoys Jano abueyd sapey Jejnieydads ay) - £2 'bi4

ao:o_aoE,_uanﬁn illrl mo-.o«mucum,.,..w,._ mo_EoEo_ocou....umsEqu_u:oo_Eu E
oLy | SOUOISPNW IBNBUS | —"—_ | 1gyeys o) aioysiBeN | .\ 1| eioysieeu of jeingy e o = <] seuoispnw jejany

wH st

T T sugiseq enueled

e
m -

leJiedse)d

E [dNOHD VH1S3N VINVS]
S

o
L
[
o
<C
I
()



TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 428 - Amalgamated flood units consisting of structureless beds of conglomerates with abundant sandy matrix

overlain by coarse-grained sandstone divisions. Proximal fan-delta lobe element. Oligocene-Miocene Stilo-Capo d’
Orlando Formation, southern Italy.
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Fig. 429 - Typical example of gravelly dense flow deposit consisting of an ungraded and structureless conglomerate. Eocene Santa Liestra

Group, south-central Pyrenees.

Fig. 430 - Downcurrent pinchout (yellow arrow) of crudely cross-stratified conglomerates and transition into bioturbated marine sandstones

and mudstones. Note the overlying thick beds of structureless conglomerates. Eocene Santa Liestra Group, south-central Pyrenees.
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Intermediate conglomerate/sandstone couplets (grad-
ed pebbly sandstones)

These sediments form immediately downcurrent of
the proximal conglomerates, representing the transi-
tion to the more distal sandstone facies of the lobe
element. They consist of beds, or flood units, where
a basal conglomeratic division is overlain by a sand-
stone division. These basal divisions can be thick,
structureless, ungraded or crudely graded (Figure
431), or thinner (in some cases one-pebble thick),
broadly convex-upward lenses (Figures 432-434). In
both cases these divisions grade into the overlying
sandstone through thick, poorly to well defined
laminae containing progressively smaller pebbles.
In some instances, relatively thin basal conglomeratic
divisions may form isolated lenses resembling pebble
clusters. The thick divisions record deposition from
dense gravelly flows that had sufficient momentum

to partly bypass the channel exit and the proximal
lobe zones; the thinner and lenticular divisions are
gravel carpets that moved farther seaward sheared
by an overlying flow. Settings of this kind have been
previously discussed in terms of processes (this chap-
ter llIA, Figure 314) and observed, with similar charac-
teristics, in alluvial fan depositional systems.

Distal sandstone/mudstone couplets (sandstones
with HCS)

This facies is the most common and consists of graded
sandstone/mudstone couplets forming tabular graded
beds and cyclically stacked m-thick bedsets separat-
ed by finer-grained facies (Figure 435, see also Figure
427). Each bedset can be defined as a typical sand-
stone lobe. A spectacular example of cyclically stacked
sandstone lobes is shown in Figure 436.

Fig. 431 - Thick to very thick conglomerate/sandstone couplets (yellow arrows) overlying thinner couplets with lenticular geometry of the

conglomerate divisions (red arrow). Oligocene-Miocene Stilo-Capo d’ Orlando Formation, southern Italy.
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Fig. 432 - Conglomerate/sandstone couplets in a fan-delta front. In thicker beds, conglomerates show basal scours (red arrow); in thinner beds,

conglomerates form thin and discontinuous divisions with a broadly convex-upward geometry (yellow arrow). Oligocene-Miocene Stilo-Capo
d'Orlando Formation, Calabria, Italy.

Fig. 433 - Conglomerate/sandstone couplet. Note pebble “cluster” in the conglomerate division (arrow) overlain by a coarse-grained sandstone

division with small and abundant mudstone clasts. Eocene Santa Liestra Group, south-central Pyrenees.
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Fig. 434 - Conglomerate/sandstone couplets. Graded pebbly sandstones without intervening mudstone partings. Note abrupt pinch-out of

conglomerate division of Bed 2 and inverse grading in the basal division of Bed 3. Oligocene-Miocene Stilo-Capo d'Orlando Fm, Calabria, Italy.

Fig. 435 - Typical exposure of a shelfal sandstone lobe consisting of sandstone/mudstone couplets of variable thickness. Oligocene-Miocene

Silo-Capo d' Orlando Formation, southern Italy.
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Fig. 436 - Cyclic stacking pattern of shelfal sandstone lobes. Note the overall tabularity. Eocene Santa Liestra Group, south-central Pyrenees.

The characteristics of the sandstone divisions of each
couplet vary in a downcurrent direction. In proxi-
mal sectors, at the transition with the conglomerate/
sandstone couplets, the sandstone division contains
a basal portion of structureless or crudely laminated
coarse-grained sandstone with mudstone clasts that is
truncated by high-amplitude HCS (Figure 437). Moving
downcurrent, this coarse-grained division is replaced
by finer-grained sandstone with HCS of progressive-
ly lower amplitude (Figure 438). In both cases, HCS
grades upward into a division of current ripples com-
monly with an oscillatory component, in turn capped
by a mudstone division. In most cases, the current rip-
ple division and the overlying mudstone are strongly
affected by bioturbation.

The HCS divisions are herein interpreted as the depos-
it of a traction-plus-fallout process taking place from
the suspended load of a turbulent flow with a progres-
sively decreasing oscillatory component.
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In river delta systems, sandstone lobes tend to be
fine-grained (most commonly fine sand) because they
are the product of plunging plumes of suspended load
exiting river mouths. If fed by relatively large drainage
basins with large amounts of suspended load, these
plumes can develop sustained flows that result in
impressive tabular sandstone bodies (Figure 439) ex-
tending across the shelf over several km and carrying
large volumes of fines in outer shelf and slope regions
(see later). Figure 440 shows an example of this kind
of sedimentation from the Eocene Sabinanigo Sand-
stone, south-central Pyrenees, where these bodies
(pale yellow), emanating from river mouths (orange)
and passing seaward into bioturbated prdeltaic mud-
stones, can be followed for at least 10 kilometres in a
section roughly perpendicular to paleocurrent direc-
tion. The local succession is part of a prograding low-
stand to early transgressive delta complex capped by
a maximum flooding surface.
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Fig. 437 - Graded structureless sandstone division, with mudstone clasts and skeletal debris, truncated by HCS. Eocene Santa Liestra Group,

south-central Pyrenees.

Fig. 438 - Sandstone/mudstone couplet. Sharp-based sandstone division with hummocky cross stratification. Eocene Santa Liestra Group,

south-central Pyrenees.
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Fig. 439 - Tabular geometry of river-delta shelfal sandstone lobes. Eocene Figols Group, near Tremp, south-central Pyrenees.

More generally, sandstone lobes typically develop
as m-thick sandstone bodies alternating with fin-
er-grained and commonly bioturbated facies of varia-
ble thickness. The sandstone bodies, each being an in-
dividual lobe, are made up of sandstone beds separat-
ed by mudstones and may display highly variable sand/
mudstone ratios depending on the type of system un-
der consideration and the position along the original
depositional profile. The beds consist of sharp-based,
parallel-sided, fine- to medium-grained sandstone/
mudstone couplets commonly with individual thickness
up to 1-1.5 m; where fully developed, the sandy portion
of these beds includes a basal division of parallel or
hummocky cross laminae (Figure 441) followed upward
by a division of current ripples, commonly displaying a
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strong oscillatory component (Figure 442); the ripple
division is transitionally capped by a mudstone divi-
sion. Most commonly, the upper portions of these beds
are highly bioturbated and in some cases bioturbation
may affect the entire lobe thickness (Figure 443).

The interpretation offered for these beds is the same
as that offered for the similar facies observed in
fan-delta systems (see above), i.e., a type of deposi-
tion taking place from fallout from a waning overlying
suspension. The relatively fine-grained texture (most-
ly fine and very fine sand), the lateral continuity of in-
dividual beds and bedsets, and the clear stratigraphic
relationhips to river mouth bar strongly suggest an
origin from sustained plunging plumes.
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Fig. 441 - Example of sandstone/mudstone couplets showing well-developed HCS. Beds are enclosed by bioturbated facies. Upper

Cretaceous Grés d' Alet, eastern French Pyrenees.

Fig. 442 - Sandstone/mudstone couplet showing a basal division of fine-grained sandstone with HCS, mudstone clasts and scattered

skeletal debris, followed upward by a sandy division with current ripples (CR) with an oscillatory component. Eocene Figols Group, south-
central Pyrenees.
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Fig. 443 - Thin sandstone lobe made up of a limited number of beds. Note pervasive bioturbation. Eocene Figols Group, south-central

Pyrenees.

Small-scale features common to both river delta and
fan-delta sandstone lobes, and herein thought to be
characteristic of shelfal lobe sedimentation, include
(see also Mutti and Tinterri, 2009):

Sharp-based graded sandstone beds with HCS.
Whatever the origin of HCS, this structure is very
common and is certainly unrelated to storm activ-
ity of high-energy shorelines. These beds are in-
variably associated witth dense or dilute sediment
gravity flows;

The occurrence, in most cases, of displaced skel-
etal material within coarse-grained structureless
divisions or as traction carpets or along lamination
surfaces. Some graded beds contain such an abun-
dance of skeletal grains, commonly macroforaminif-
era and molluscks that, it is tempting to call these
deposits hecatomb layers (Figure 444) i.e., layers
recording the death of billions or trillions of small
benthic organisms ripped up, incorporated and
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transported by highly erosive, truly catastrophic
hyperpycnal flows. Small mudstone clasts can also
be locally abundant (Figures 445 and 446). Both
skeletal material and mudstone clasts suggest that
hyperpycnal flows underwent substantial bulking
through bed erosion after entering seawater, thus
increasing their density. Mudstone clasts were rap-
idly disaggregated to increase the mobility of the
flow; skeletal material (commonly macroforaminif-
era in most of the studied examples) was first sus-
pended in the flow and because of subsequent flow
deceleration started to settle from the suspension
giving way to tractional bed forms at the base of
the beds. These bedforms include structureless
divisions associated with thick traction carpets
(probably supercritical features) (Figures 447 and
448) and laminated divisions, which are typically
found at the base of fine-grained sandstone beds
with HCS and thought to be the product of deposi-
tion from subcritical flows (Figure 449);
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Ball-and-pillow structures are very common in
sandstone strata with HCS (Figures 450 and 452).
This feature is interpreted as the result of found-
ering of unevenly distributed sediment load (hum-
mocks and swells) of aggrading sand beds on water
impregnated mudstones, indicating a synsedimen-
tary origin and high rates of mud deposition;

The pervasive occurrence of Ophiomorpha burrows
(Figure 453);

Plant fragments may be locally abundant;

The generally limited thickness of mudstone (clay
and silt) divisions, suggesting that most of the fin-
est portion of the sediment load was still bypassing
and moving toward the prodelta region.

Lrrigonid snets)

Fig. 444 - Example of a hecatomb layer in a tabular sandstone lobe. Note HCS above a basal division made of Trigonia shell. Jurassic

Bardas Blancas, Neuquén Basin.
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Fig. 445 - Mudstone clasts aligned along lamination surfaces at the base of a sandstone bed with HCS. Note the association of mudstone

clasts with a shallow scour. Eocene Santa Liestra Group, south-central Pyrenees.

Fig. 446 - Larger foraminifera and well-rounded mudstone clasts at the base of a fine-grained sandstone bed with HCS. Eocene Figols

Group, south-central Pyrenees.
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Fig. 447 - Skeletal debris comprises a basal coarser-grained structureless division with mudstone clasts overlain by

progressively thinner traction carpets in turn overlain by an apparently structureless sandstone division. Eocene
Santa Liestra Group, south-central Pyrenees.
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Fig. 448 - Typical traction carpets made up of macroforaminifera tests. Eocene Santa Liestra Group, south-central Pyrenees. See text

for an interpretation.

Fig. 449 - Example of fine-grained sandstone bed with HCS including a thin basal division of laminated skeletal debris (SkD). The top of

the bed is highly bioturbated. Eocene Figols Group, south-central Pyrenees.
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Fig. 450 - Ball-and-Pillow structures (yellow arrows) in a thin sandstone lobe sharply resting upon mudstones and overlain by a

prograding mouth bar (MB) deposit. Eocene Figols Group, south-central Pyrenees.

Fig. 451 - Ball-and-Pillow structure at the base of a thick sandstone bed with HCS. Note the underlying thick succession of mudstone

into which the structure could form. Eocene Santa Liestra Group, south-central Pyrenees.
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Differential load exerted on the underlying sedments
because of variable lobe thickness
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Fig. 452 - A. Detached balls and pillows. B. Scheme showing the process leading to the formation of ball-and-pillow features (from Mutti and

Tinterri, 2009).

VIIl.3.3.4 - The prodelta element

These sediments are the finest grained and most distal
expression of river delta or fan-delta systems recording
deposition of typically mudstone-dominate succes-
sions in shelfal and slope regions. The characteristics of
prodeltaic elements are highly variable mainly as a func-
tion of the amount of fines contained in river outflows,
rates of sedimentation, marine diffusion processes and
basin physiography. In orogenic belt basins, these sed-
iments accumulate as essentially tabular units where
sufficiently wide shelfal regiions are available. Most
commonly, however, and following rapid deltaic pro-
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gradation, they form thick sedimentary wedges of del-
ta-slope mudstones. These wedges, connecting shelfal
with basinal domains, have been briefly described in
Chapter Il as the slope element of turbidite systems.

The basic facies types of prodeltaic deposits are pri-
marily thin to very thin siltstone/ or fine sand/mud-
stone couplets related to river plumes that detach
from cannel exits and move seaward as buoyant di-
lute suspensions (see above). Most of these plumes
undergo diffusion convection processes leading to
the formation of hyperpycnal flows and deposition of
plumites with a great variety of bed types (see above).
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Fig. 453 - Ophiomorpha burrows (yellow arrows) are very abundant within the graded sandstone beds of lobe elements. Eocene Figols Group,

south-central Pyrenees.

For low rates of sedimentation prodeltaic sediments
are generally highly bioturbated and, in shelfal set-
tings, may be locally fossiliferous; conversely, if rates
of sedimentation are high, which means that buoyant
plumes are frequent, most of the details are preserved.
This is the case for most delta-slope successions ob-
served in orogenic belt basin fills, which thus need
some further comments.

Delta-slope deposits are spectacularly exposed in the
Eocene of the south-central Pyrenees, forming the link
of fluvio-deltaic and turbidite sedimentation (Mutti
et al., 1988, 2003) (Figure 454). Essentially these sed-
iments consist of mudstone-dominated successions
reaching thicknesses up to several hundred meters
and made up of four basic and alternating types of
facies, commonly forming m-thick packets (see also
Chapter I1):
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mm- to cm-thick siltstone/ or fine sand/mudstone
couplets herein interpreted as typical plumites
(Figure 455);

m-thick packets of thin to medium bedded fine-
grained sandstone (Figure 456) with ripple lami-
nation. Each sandstone is transitionally capped by
a thin mudstone division and the resulting sand/
mudstone couplet can be interpreted as the de-
posit of a relatively dilute hyperpycnal flow, i.e.,
a turbidity current. These currents can be either
flows derived from buoyant plumes (plumites) or
the distal and more dilute extension of denser
hyperpycnal flows that formed sandstone lobes
more landward. In both cases, this facies records
periods of time during which rivers were carrying
large amounts of fine-grained suspended load
through flooding;




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

chaotic units made up of nearly in-situ surficial
creeping of a limited number of beds and show-
ing the characteristics of rotational slumps (see
Chapter 1), and mass-flow deposits including sedi-
ments and skeletal material derived from a nearby
shelfedge (Figures 457 and 458).

Essentially similar facies associations can be observed
in the beautiful mudstone-dominated successions of
the Jurassic Los Molles Formation, in the Nequen basin
(Figure 459).

As mentioned in Chapter ll, in highly tectonically mobile
basins, as for instance that of the Eocene Castissent
Group in the south-central Pyrenees, delta-slope and
shelf-edge sediments can experience large-scale slope
failures leading to the formation of submarine erosion-
al unconformities. A spectacular example of this kind of
unconformities is shown in Figures 460 and 461.

Delta-slope deposits may bear many similarities with
both inner and outer levee facies associated with tur-
bidte channels cut into slopes. Care must therefore
be taken in interpretations of outcrop of limited ex-
tent and not clearly framed within their stratigraphic
context. Turbidite channel-levee sediments can be
recognized only if associated with channel deposits
that may be part of the same exposure or can be docu-
mented within the same stratigraphic interval. It is my
strong conviction that many delta-slope sediments
have been mistaken for turbidite channel-levee facies
simply on the basis of the occurrence of thin sand-
stone beds even in the absence of channels.

A final consideration concerns the spectacular cyclici-
ty displayed by delta-slope deposits (Figure 462) and
expressed by the variations in bed thickness and sand-
stone/mudstone ratio through time. Careful examina-
tion of well-exposed successions is probably a funda-
mental key to try to understand the variations of the
fluvial regime through time in terms of frequency and
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magnitude of buoyant plumes as mainly related to cli-
mate changes.

VIIl.3.4 - Reworking by tides and waves

Reworking of fluvio-marine deposits by marine pro-
cesses in shallow water is essentially restricted to tides
and wave action. Modifications imparted by these pro-
cesses can be so important in many modern deltas
that the final configuration of the system becomes
that described by Coleman and Wright (1975) and
Galloway (1975) for their tide- and wave-dominated
deltas (see above). The fluvial signature becomes very
weak and most of the sediment accumulates under
the control of tides or waves. Modifications imparted
by marine diffusion processes can thus vary from the
total obliteration of the original fluvial character to an
association of features that, in variable proportions
and at different scales, indicate the co-existence of
both fluvial and marine processes.

In exposed orogenic belt basin fills, wave action is
generally reduced by basin size and configuration.
As a consequence, reworking by wave is limited; con-
versely, reworking by tides is common in most basin
fills, particularly during transgressive periods. During
these periods, tides move landward being confined
and amplified within valleys previously incised by flu-
vial processes during lowstands of sea level. These
settings, commonly referred to as “incised valleys”,
thus record an initial phase of erosion and subse-
quent infill by fluvial processes followed by mixed
fluvio-tidal sedimentation accompanying sea level
rise. Many papers have described in detail this kind
of sedimentation with particular emphasis on the es-
tuary stage, i.e., when sedimentation takes place in
transgressive embayments dominated by tides and
minor fluvial input (see summary in Darlymple, 2010,
with references therein).
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Fig. 454 - Delta-slope element (Eocene Castissent Group, south-central Pyrenees).
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Fig. 455 - Thin to very thin siltstone/mudstone couplets interpreted as a typical deposit of buoyant river plumes (plumites, see text).

Eocene Castissent Group, south-central Pyrenees.

Fig. 456 - View of delta-slope sediments with indicated (yellow arrow) m-thick packets of thin-bedded sandstone; lighter color units
are mudstone-dominated plumites. Note a thick chaotic unit in the left. These sediments were deposited in a highly tectonically-

mobile setting during the early stages of growth of a thrust-related anticline (the core of the structure is visible in the center of the
photograph). Eocene Castissent Group, south-central Pyrenees.
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Fig. 457 - Typical exposure of delta-slope sediments consisting of m-thick packets of thin-bedded alternating sandstone and mudstone and

chaotic units. The entire succession shows evidence of creeping and slumping. Eocene Castissent Group, south-central Pyrenees.

Fig. 458 - Surficial deformation of thin-bedded sandstone/mudstone couplets produced by sediment creeping on a slope. Note how

deformation dies out over short distance. The beds draping the feature are typical thin-bedded sandstones with ripple laminae. Eocene
Castissent Group, south-central Pyrenees.
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Fig. 459 - A. Thin-bedded plumites; B. Chaotic unit sandwiched between thin-bedded plumites Jurassic Los Molles Formation, Neuquén basin.
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Fig. 460 - Spectacular example of submarine unconformity (yellow arrow) produced by tectonic instability. A. Bioturbated and fossilferous

shelfal sandstones and mudstones; B. Delta-slope mudstones. Eocene Castigaleu (A) and Castissent (B) groups, South-central Pyrenees.

Fig. 461 - View of the unconformity of Figure 460 in a cut roughly normal to the scar surface. Symbols are the same.
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Fig. 462 - A. Cyclic stacking pattern of plumites. Note the different aspect of the same stratigraphic unit in a fresh road cut (left) and in

a weathered exposure (right). Eocene Chicontepec Formation, Sierra Madre oriental, Mexico (From Mutti, 2019).
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In exposed orogenic belt basin fills, tidal reworking may
range from true tide-dominated deltas to minor mod-
ifications imparted by tidal action down to the scale
of individual beds. A very good example of tide-dom-
inated delta in exposed orogenic belt basin fills, and
with which | am most familiar, is certainly that of the
Eocene Figols Group in the Ager region, south-central
Pyrenees (Mutti et al., 1985; Mutti, 2019). The delta is
beautifully exposed in the core of a narrow syncline on
the footwall of the Montsec thrust (Figure 463) and can
be followed over a distance of at least 20 km parallel
to the axis of the syncline (for more details see Mutti,
2019). In its ancestral form, the syncline, known as the
Ager syncline, was already formed at the time of the
Figols deposition, comprising a narrow gulf, the Ager
Gulf, opening to west, i.e., toward the Atlantic. This
structural setting locally favoured dramatic amplifi-
cation of tides coming from the ocean. The lowermost
part of the Figols Group (FG1) was deposited when the
width of the gulf was probably on the order of only
10 km and tides were thus very strong giving way to
a macrotidal regime (tidal range in excess of 4 m). The
cartoon of Figure 464 shows the simplified three-di-
mensional stratigraphic setting and the main bound-
ing structural features of the basin (a more detailed
scheme parallel to the axis of the gulf and limited to

FG1 and FG2 is shown in Figure 465). This part of the
basin fill is essentially composed by m-thick tidal sand
ridges, or bars (thickening-upward facies sequences),
erosionally overlain by estuarine shoals and associat-
ed tidal flats. Fluvial channels flushed sand from the
south and south-east and flood tidal currents coming
from the west and loaded with skeletal material eroded
from offshore regions reworked river-born sands into
landward moving tidal ridges with a typical “hybrid”
composition (in the sense of De Rosa and Zuffa, 1979),
i.e., arenites made up of a mixture of terrigenous and
intrabasinal grains, mosty skeletal debris. By contrast,
ebb-dominated ridges are characterized by a more
terrigenous composition. The internal architecture of
one of these bars, as well as its sequence stratigraph-
ic significance are described and discussed in detail in
Chapter | (Figure 56). More generally, the deposition-
al model of the tidal bars is shown in Figure 466, em-
phasizing their progradational character as well as the
clear facies subdivision in bar crest, bar slope and bot-
tomset deposits. Higher in the Figols Group succession
(FG3, see Figure 2), strength of the tides gradually de-
creased due to relative sea level rise and related wid-
ening of the gulf. The stratigraphically highest Figols
strata have only limited tidal reworking and are essen-
tially dominated by fluvial processes.

B.co de la Taulora del Maslo
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Fig. 463 - The asymmetric Ager syncline in the footwall of the Montsec thrust showing the three main depositional sequences that can be
recognized in the local Figols succession. Insert (not to scale) shows the stratigraphic setting at the end of FG3 time as well as the basal

unconformity of the Figols succession. After Mutti et al. (1994).
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Fig. 464 - Cartoon showing a three-dimensional stratigraphic scheme of the Figols Group in the Ager syncline flattened at the top of FG3.
The basin was bounded to the north by an ancestral expression of the Montsec thrust and to the south by the growing Milla and San Mamet
anticlines (Mutti, unpublished).

Fig. 465 - Stratigraphic cross section showing the FG1 and FG2 strata in a cut parallel to the axis of the gulf of Ager. The FG1 consists of tidal
bars; the FG2 is made of estuarine sandstones and tidal flat deposits capped by a maximum flooding surface. After Mutti et al. (1994).
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Fig. 466-Depositional model of a tidal bar as inferred from the FG1 strata. After Mutti et al. (1985).

Figure 467 schematically shows another and very inter-
esting example of estuarine deposition from the upper
Cretaceous Aren Sandstone, in the south-central Pyre-
nees. Here, an estuarine sandstone body, approximately
120 m thick and probably related to local structural con-
finement, consists of an alternation of tidal sandstone
bars, formed by both flood and ebb tides, and sharply
based conglomerate/sandstone couplets deposited by
fluvial floods (Figure 468). The local stratigraphic suc-
cession indicates that the estuarine sandstone body
overlies subtidal sandstone bars (Figure 469), in turn
transitionally overlying alternating shelfal, fine-grained
lobes and offshore mudstones (Figure 470). The lo-
cal facies association can be interpreted according to
the scheme of Figure 471, suggesting that the coarse-
grained sediment load of fluvial floods was trapped and
reworked within the estuary and only a limited portion
of the sand load was carried farther seaward by tidal
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currents and accumulated in tidal ridges. Only hyper-
pycnal flows loaded with fine suspended sediment could
escape the estuary, probably as plunging plumes, and
deposit their load at water depth below that reached by
tides. These lobe sediments are made up of subtly grad-
ed divisions of coarse siltstone and very fine sandstone.
A more detailed and general model for estuarine set-
tings formed in front of flood-dominated river systems
is suggested in Figure 472.

Figure 473 illustrates a very clear example of small-
scale reworking of fluvial sand by tides in a lagoon-
al environment. Examples of such settings are very
common in transgressive settings. Figure 474 shows
tidal sandstone facies with well-developed sigmoidal
bedding reworking flood-dominated deltaic facies in
the Eocene Roda Sandstone (see Tinterri, 2007 for the
general depositional setting).
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Fig. 467 - Stratigraphic succession showing fine-grained tabular sandstone bodies (shelfal lobes) overlain by estuarine, coarse-grained

deposits. Tidal ridges (not visible in the photograph) occur immediately below the estuarine sandstones. A sketch of the succession is shown
on the left. Upper Cretaceous Aren Sandstone, near Isona, south-central Pyrenees.

Sanastones)
DI o= WIE
[Tiaal Dars| VO UC

Fig. 468 - Estuarine sandstones and conglomerates. Pebbles are deposited by ebb tides and fluvial discharge and partly reworked by flood

tides. Tidal bars transitionally overlain by virtually mud-free estuarine sandstones and conglomerates.
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Fig. 469 - Close-up of a tidal bar showing sandstones with sigmoidal cross bedding alternating with highly bioturbated finer-grained facies.

Mud drapes and clay chips are commaon.

Fig. 470 - Very fine-grained lobe made up of thin to medium bedded, subtly graded siltstone/mudstone couplets. Siltstone divisions are common-

ly bioturbated but may show some well-preserved current ripples and sinusoidal laminae. The lobe is encased in thick mudstone units.
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DISTAL DELTA FRONT
(flood-dominaled sdsl lacies)

PROXIMAL DELTA FRONT
(tide-dominaled sdsl facles)

Tidal action

Flood-related processes

Reworking ol river-led sands by lidal currents

Fig. 472 - Suggested model of an estuarine setting developed in front of a flood-dominated river system. Facies may greatly vary as a function

of flood magnitude and tidal range.

Dequence poundaryj

Fig. 473 - Outcrop-scale association of tidal and flood-dominated fluvial facies. An ebb tidal delta (seaward direction is to the right), enclosed

by lagoonal mudstones, is overlain by a flood- dominated point bar through an unconformity surface recording a small-scale baselevel fall.
Eocene Castissent Group, south-central Pyrenees.
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Fig. 474 - Tidal sandstone facies with well-developed sigmoidal stratification reworking the flood-dominated Roda Sandstone delta (see

Tinterri, 2007 for details). Eocene Figols Group, south-central Pyrenees.

Reworking of flood dominated fluvio-deltaic systems
by waves is less common but shares many controlling
factors with tidal reworking. Also, in the case of wave
reworking, coastal configuration is important to allow
for the development of relatively strong wave action;
secondly, substantial wave reworking is observable
only during periods of relative sea level rise and re-
cession or abandonment of fluvial systems. Examples
of wave reworking from the Oligocene Molare Group,
Tertiary Piedmont basin, are illustrated in Figures
475-478. In its lower stratigraphic portion, the Mo-
lare consists of flood-dominated alluvial fans resting
upon a regional unconformity surface. Higher in the
section a similarly regional sea level rise and an ensu-
ing transgression forced the transition of alluvial fans
into fan-deltas which were eventually capped by ma-
rine mudstones. The transition between flood-dom-
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inated fan-deltas and the overlying open marine
mudstones is recorded by wave-dominated deposits
marking the base of the transgression. Though wave
action is undoubtful and beach structures are clear-
ly recognizable, yet the general poor sorting of the
sediments in the foreshore facies suggests shore-
lines of relatively low energy. Conversely, ravinement
surfaces, along which the shoreline moves landward,
are well developed (Figures 476 and 477). Figures 478
and 479 show further examples of wave reworking
expressed by pebble alignments indicating transient
or more permanent wave action on top of flood dom-
inated facies. A very good example from the upper
Cretaceous Aren Sandstone of a delta reworked by
strong wave action into a barrier-island systemis dis-
cussed in the conclusions because of its relevance in
terms of sequence stratigraphic analysis.
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Fig. 475 - Conglomerates and sandstones deposited by wave action and reworking alluvial fan deposits (essentially a wave-dominated
fan-delta front). Note seaward (left) gently-dipping cross strata (foreshore) overlying a sandy shoreface without bioturbation. The blue

surface is a transgressive surface marking the transition to fossiliferous and highly bioturbated shoreface deposits. Oligocene Molare
Group, Tertiary Piedmont basin.

nys HU\

Fig. 476 - Alluvial fan sediments reworked by wave action during a transgression. The alluvial fan deposits are overlain by lagoonal
sediments with oysters and washover sandstones, in turn overlain, through a ravinement surface (lower RS), by low-energy foreshore

deposits. The upper ravinement surface marks the transition to a transgressive highly fossiliferous shoreface. Seaward direction is to
the left. Oligocene Molare Group, Tertiary Piedmont basin.
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Fig. 477 - Detail of Figure 476 showing the upper ravinement surface. Note the angle between the foreshore strata and the overlying

ravinement surface.

Fig. 478 - Pebble alignments produced by wave action and associated graded flood units in a fan delta system. Oligocene Molare Group,

Tertiary Piedmont basin.
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Fig. 479 - Beach sandstones (pebble alignments) overlying deltaic deposits following delta lobe abandonment or sea-level rise. Pliocene

Sant’Arcangelo basin, southern Italy.

CHAPTER 1IIB (CONCLUSIONS AND SOME
PERSONAL THOUGHTS)

| - THE IMPORTANCE OF FACIES AND FACIES ASSO-
CIATIONS

It is my profound conviction that careful analysis of fa-
cies and facies associations remains the basic starting
point to try to understand what the rocks mean. The
many photographic plates of this book attempt to show
facies with many examples from different depositional
systems dominated by turbidity currents, hyperpycnal
flows and rivers in flood. The purposes were to docu-
ment (1) what rocks look like in the real world, (2) how
carefully one has to look at bedding surfaces, grain size,
and internal structures, and also (3) trying to convince
young students that rocks may be beautiful, even to a
layman. Appreciating the beauty of rocks is fundamen-
talto develop a love for sedimentary geology and there-
fore free your potential talent and improve your skills.

Unfortunately, during the last decades technological
progress has tended to shift our interest towards rock
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characteristics that are basically inferred from seismic
data, laboratory experiments, various types of mod-
elling, and remote sensing. As a consequence, looking
carefully at rocks has become a somewhat obsolete
exercise. What | mean by “looking carefully” is simply
looking at rocks without preconceived ideas, forget-
ting about models and assuming that rocks have still
something to tell us in addition to (and, in some cases, |
would say even in spite of) what we already know about
them. My point is that what we know is less than 30% of
what we could extract from them (see later) and “look-
ing carefully” means exploring what is still unknown.
This may lead to find something different from exist-
ing models and, in most cases, not to have an explana-
tion for it. Nonetheless, we have found a new problem
that future research will try to solve. Turbidites and
flood-dominated deposits are an ideal field of research
if viewed in this perspective.

More than any thing else, the great number of papers
dealing with turbidity currents and their deposits high-
lights the popularity of the problem and its complexity.
Oil exploration into deep waters has been certainly one
of the main reasons for this research effort.
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After an initial period during which facies were essen-
tially described in simple terms of lithology, texture
and internal sedimentary structures, research moved
towards progressively more sophisticated approaches
aiming at understanding the processes governing tur-
bidite sedimentation and improving our ability to pre-
dict facies distribution patterns in deep-water systems.
The basic and descriptive facies model of Bouma (1962)
was retained as a reference, but many other facies have
been introduced with time to show the possible depar-
tures from it. Gradually, a processes-oriented approach
started to prevail along with the tendency to put em-
phasis on processes rather than on rock characteristics.
These problems are amply reviewed in Chapter Il.

Monitoring of modern turbidity currents in the oceans
and laboratory experiments have added useful infor-
mation about possible triggerings of these currents
(e.g., Parson et al,, 2001; Hizzett et al., 2017; Paull et
al., 2018) in addition to those discussed at length in a
fundamental paper by Piper and Normark (2001), and
the complex flow transformations taking place in the
channel-lobe transition zones (Sumner et al. 2013; Dor-
rell et al,, 2016), in addition to those identified by Mutti
and Normark (1987) and Wynn et al. (2002). In this book
emphasis has been put on the importance of rivers in
flood as the main trigger of turbidity currents in tec-
tonically active basins because these flood-generated
flows dominate deposition also in the marginal fluvial
and deltaic systems of the same basins. However, the
reader should be aware that in many other geodynam-
ic settings turbidite systems may originate from cur-
rents triggered by different processes, particularly by
retrogressive slope failures.

Though processes are crucial to understand the ori-
gin of a deposit, in the real world we need, however, to
work with rocks and therefore with facies and facies as-
sociations, and possibly map them within depositional
elements and systems in both outcrop and subsurface
studies. For these reasons we need a flexible and sim-
ple facies scheme to start with. The scheme that has
been offered in Chapter Il provides a reasonable com-
promise through which facies can be defined on the
basis of objective criteria (mainly texture and internal
depositional structures) and contain sufficient infor-
mation for a preliminary interpretation of their form-
ative processes. The basic facies groups introduced
are few and within each of them there is ample room to
accommodate a great variety of bed types observed in
the system under consideration. Basically, all types of
classifications tend to put order on a continuum which
is observed in the real world and, accordingly, the
scheme thus limits the number of facies to essential
types. An improved understanding of the processes
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involved can only be obtained through facies associ-
ations and the facies tracts that describe them. The
work is certainly time-consuming but is worth. Since
geological conclusions are always a provisional step,
in a following section | will offer a further, though mi-
nor, refinement of the scheme of. Chapter Il. The re-
finement is the result of additional thinking about the
relationships between hyperpycnal flows and turbidity
currents and additional field observations. Once again,
the refinement shows that interpreting rocks is an
endless process.

As amply discussed in previous chapters, facies, faci-
es associations, depositional elements and systems
describe the anatomic pieces of a mappable strati-
graphic unit, whilst processes provide the physiologic
explanation of the way the final depositional system
was built through time. Clearly, a single bed, without
its context, is of little help in this difficult assembling
of many pieces. Instead, one bed has to be compared
to its time-equivalent beds both upcurrent and down-
current and observations have to be extended to the
beds which are above and below. Essentially, we should
frame our observations within the context of the
Walther’s principle. Facies tracts and lateral and ver-
tical stratigraphic relationships are the fundamental
tools in this kind of analysis. Even within an individual
bed the same principle holds true for a correct under-
standing of the relationships between different depo-
sitional divisions - a concept that is often overlooked.

The same problem is encountered with flood-dominat-
ed alluvial and fluvio-deltaic systems where processes
are poorly understood and still matter of many contro-
versies (e.g., Shanmugam, 2019), primarily originated
by a poor knowledge of the component facies of these
deposits. As discussed in Chapter Ill, these facies and
their associations apparently will require a strong re-
search effort in future years to develop new models for
both fluvial and deltaic sedimentation. A re-apprecia-
tion of sedimentary structures produced by supercrit-
ical flows (e.g., Lang et al. 2017) will greatly enhance our
understanding of facies and processes. A first attempt
to enter this still largely unexplored world is presented
in this book, where the basic observation that genuine
festoon bedding (migration of 3D dunes) is absent from
most of the examined sediments has led to recognize
flood-dominated systems and suggested new possible
models significantly different from the classic ones.

Summing up, there are still thousands of exceptional
exposures around the world waiting for curious geol-
ogists who are not in a hurry and willing to learn from
them, provided they use their intellectual freedom.
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Il - SEQUENCE STRATIGRAPHY AND ITS
APPLICATION TO FOLD-AND-THRUST BELT BASINS

In previous pages we have amply discussed cyclicity at
a relatively small scale and shown its importance for
understanding facies changes through time in both
turbidite and fluvio-deltaic sediments. Base-level varia-
tions, migration of the equilibrium point, sediment flux,
type of processes and climate changes have been em-
phasized as the main local controlling factors. Basically,
we have been using sequence stratigraphic principles
for framing facies analysis within a broader context.

As the reader has certainly perceived, much more cau-
tion, and less enthusiasm, have been used to interpret
larger scale cyclicity. The conceptual model that has
been preferred is still that of the classic sequence stra-
tigraphy as proposed by Peter R. Vail and his school
(e.g., Posamentier and Vail, 1998). The reason is very
simple: though with its problems (the main one beingin
some cases the unambiguous recognition of sequence
boundaries!), the model offers a simple way of think-
ing and framing observations within a logical suite of
events essentially based on accommodation cycles
developed at various physical and temporal scales and
mainly produced by relative sea level (baselevel) vari-
ations. These accommodation cycles apparently work
from seismic scale down to that of m-thick elementary
depositional sequences recognized in outcrop (Fig-
ure 480), suggesting a fractal nature of the forestep-
ping-backstepping wedges recording each cycle (Mut-
ti, 2011). Most importantly, the model re-evaluates old
concepts like, for instance, transgressions, regressions,
unconformities, and depositional systems, with which
most geologists are familiar, and emphasizes low and
high stands of sea level). Relative sea level lowstands
favour turbidite deposition in deepwater. Figures 481
and 482 show simple expressions of these sequence
stratigraphic concepts that can be easily observed in
small scale modern settings.

The model has proven to be very useful for the seis-
mic interpretation of divergent margin settings, from
which it has been derived. More caution has to be taken
in the application of such model in the analysis of tec-
tonically active margins where tectonics plays a major
and still poorly understood role in the repetition of ac-
commodation cycles at local and regional scale.

Sequence stratigraphic concepts have been primari-
ly devised for their application at a seismic scale and
therefore for stratigraphic units of sufficient thickness
to allow for their seismic resolution. These thicknesses
are generally those produced by accommodation cycles
referred to as 3rd order cycles and resulting into the
classic depositional sequences (Chapter I). In some cas-
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es, and by integrating good seismic and well-log data,
higher-order cycles (fourth order) and sequences can be
identified, provided they have sufficient thickness. 3rd
order depositional sequences can be best understood
where seismic regional data can display them over a suf-
ficient extent to include alluvial, shelf, shelfbreak and
slope-basinal elements. Generally, these seismic data
are from 2D surveys and do not have enough resolution
to allow for the identification of small-scale sequences.
Conversely, 3D seismic data have better resolution but
fail to show the regional context.

In field studies you generally have great detail (res-
olution) at small and medium scale but also a lack of
seismic-scale control to better frame your local ob-
servations. Regional, large-scale reconstructions of a
basin fill strictly based on field data require much time
and usually remain questionable (see later). Honestly,
| cannot see the way we can reconcile these two differ-
ent points of view at present.

Since this book has been largely written on the basis of
my field experience gathered from studies in orogenic
belt basins and is mainly intended to share with young
people my approach to facies and stratigraphic anal-
yses, | would say that for practical purposes the hier-
archical classification of Figure 54 (Chapter 1), which is
strictly based on a physical scale, works quite well. It
encompasses unconformity-bounded units from their
elementary expression (elementary depositional se-
quences) up to increasingly more complex units such
as large-scale composite depositional sequences and
allogroups (see Figure 23, Chapter I). It accepts the way
rocks look like in the field and simply requires that faci-
es and unconformity surfaces be carefully recognized.
The hierarchical scheme does not have the ambition to
answer questions such as the origin of the cycles, nor
how much time is involved in each of them. The clas-
sification is strictly intended as a tool for local and re-
gional basin analysis.

Being derived from basin fills that formed in tecton-
ically very active settings, accommodation cycles are
certainly controlled by a variety of factors and their
feedbacks, clearly including, among others, tectonic
uplift and subsidence and depocenter mobility. You
should be aware of this, but, in the practice, it will be
impossible to single out the relative importance of
each of these factors for all the units that comprise a
basin fill. However, where sufficient detail is available,
the tectonic signature can be detected even at small
and medium scale, i.e., the scale of elementary depo-
sitional sequences (EDSs) and composite deposition-
al sequences (see below), and this signature is even
more obvious for the allogroup boundaries, which are
marked by angular unconformities.
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Fig. 480 - The fractal nature of depositional sequences (from Mutti, 2011).

Problems arise when assembling small-scale units
into larger scale sequence stratigraphic units. The
scheme of Figure 55 (Chapter I) simplifies these prob-
lems by introducing large-scale composite deposi-
tional sequences and allogroups, regardless of their
actual significance within the more conventional
concepts of sequence stratigraphy. This scheme may
be good for practical purposes, but certainly fails or
does not attempt to recognize regional or global cy-
cles of accommodation, say in the range of the 3rd or-
der, that should be expressed by suites of distinctive
systems tracts and their bounding surfaces. The lack
of seismic-scale architecture of basin fills is actually
a limiting factor for more significant sequence strati-
graphic interpretations in highly tectonically con-
trolled settings.

The basic issue behind these difficulties, which is well
beyond our more limited and practical scope, is dis-
cussed at length by Catuneanu (2006) and essential-
ly restricted to the tectonic and orbital controls on
global, regional and local eustatic fluctuations (Chap-
ter |, Figure 16). Stated in more pragmatic terms and
restricted to thrust-and-fold belt basins undergoing
syn-sedimentary structural deformation, the problem
resides in separating tectonically controlled accom-
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modation cycles of local significance (e.g., step-wise
thrust propagation, active faulting, local uplift and
subsidence) from global and regional accommodation
cycles produced by sea level fluctuations, which in their
turn are controlled by tectonism and orbital forcing. At
present, this separation is highly problematic and will
remain such in a near future.

A very promising approach is that of cyclostratig-
raphy and “astrocyclicity” (Strasser et al., 2006, with
references therein) that uses astronomical cycles of
known periodicity to date and interpret the sedimen-
tary record in the range of Milankowitch cycles (20 to
400 my and even up to millions of years). Once the re-
lationship between the sedimentary record and the or-
bital forcing is established, very accurate astronomical
time scales can be established, though still restricted
to the younger part of the stratigraphic record. The
assumption behind the approach is that orbital cycles
(precession, obliquity and eccentricity) induce changes
in insolation that result in climatic and oceanograph-
ic changes potentially recorded in the stratigraphic
record (e.g., cyclic stacking patterns, facies changes,
unconformity surfaces). Most of the small-scale cyclic-
ity that we have discussed in previous pages certainly
pertains to the Milankowitch range.
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Fig. 481 - Simple examples of highstand and lowstand conditions in an artificial Lake (Lake San Antoni) near Tremp, Catalan Pyrenees. Note

deep fluvial erosion (incised valleys) during low stand conditions.
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Three examples of the application of sequence strati-
graphic analysis of increasing detail are discussed
below to emphasize the complexity of these prob-
lems. The examples deal with shallow-marine deposits
where the approach is easier to follow.

Figure 483 shows a detailed stratigraphic cross-sec-
tion depicting, on an almost bed-by-bed basis, the
architecture of the Eocene Castigaleu Group in the Es-
era valley, south-central Pyrenees. The study area was
mapped in detail (Figure 484) and the cross section
extends over a distance of some 2.5 km. The unitis ap-
proximately 480m m thick and is predominantly made
up of delta-front sandstones and prodeltaic mud-
stones with subordinate intercalations of foramol-type
of carbonates in the middle portion of the succession.
The entire succession has been subdivided into 16 el-
ementary depositional sequences, some of which are
certainly composite. Overall, the succession can be in-
terpreted as the product of a transgressive-regressive
cycle (very likely a 3rd order cycle) with incised valley

fills (EDSs 1, 2 and 3) at the base grading upward into
progressively thinner sandstone bodies alternating
with mudstones and increasingly thicker carbonate fa-
cies recording a period of substantial relative sea level
rise (EDSs 4 through 6). A maximum transgressive pe-
riod is probably recorded by EDSs 7 and 9. Above EDS
9, the trend becomes regressive, recording a period of
late highstand or falling sea level. Though this trend
is very clear from inspecting the cross section, putting
precise boundaries between these stages of evolution
is, nonetheless, still somewhat subjective.

The component facies of this delta-front succession
form a very complex spectrum of sediments includ-
ing lenticular and relatively thick mouth-bar deposits,
channel-exit cross-bedded units formed seaward of
river mouths and characterized by a broadly lenticular
geometry, thin sandstone lobes, prodeltaic mudstones
and carbonates. Tidal action with reworking of riv-
er-born sediment occurs in most part of the succession,
particularly in its proximal and shallower-water portion.

Fig. 483 - Detailed stratigraphic cross section of delta-front deposits. From Marco Figoni and Emiliano Mutti (1993, unpublished data).
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Fig. 484 - Detailed map of the elementary depositional sequences comprising the Eocene Castigaleu group in a sector of the Esera Valley

(south-central Pyrenees) (from Marco Figoni, unpublished MS thesis, 1993).

As the reader can see from the cross-section, the more
you go into detailed observations, the more difficult
and subjective is becoming the interpretation. The
cross-section has been walked-out for many weeks by
Marco Figoni (an excellent former student of mines)
and me and it is basically highly reliable. Nonetheless,
the reader will realize how difficult are the correlations
in shallow-marine deposits undergoing facies changes
over short distance and how much time would be re-
quired to extend this kind of work to a regional scale.
It will also be noted that settings like this would be
difficult to reconstruct in the subsurface (field scale)
based on well logs and seismic. As summarized in the
conceptual diagram of Figure 485, the problem resides
in the lateral extent of the sandstone bodies and their
component beds and in the lithologic contrast that
allows for the recognition of their boundaries. These
boundaries become gradually unrecognisable both
laterally and in a basinward direction simply because
sandstones thin and eventually shale out.

Summing up, the cross section of Figure 483 is an ex-
ample of how far one could go by using the same ap-
proach at a regional scale and how much information
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one could collect on facies, facies associations and
sandstone body geometry. A project like this would
take years of field work and talented, highly motivated
people. We are all aware that these projects exist only
in the dreamland.

Figure 486 describes an exposure that | like very much
and where | took hundreds of students to show them
my way to quickly look at the rocks and try to get some
answer from them. The outcrop is located near Tremp,
in the beautiful Catalan Pyrenees, and exposes the up-
permost stratigraphic portion of the upper Cretaceous
Aren Sandstone in the southern limb of the Tremp syn-
cline. The Aren Sandstone is one of the most interest-
ing units of the south-central Pyrenees being charac-
terized by a very complex stratigraphic succession de-
posited during a regional phase of tectonic inversion
(see a brief account in Mutti, 2019). It is therefore an
example of syn-tectonic sedimentation. The portion
of the unit that is exposed at this locality records the
final phases of a regional regression that progressively
shifted the shoreline toward the north. The above in-
formation gives you the general context within which
we should frame our observations.




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Expression of EDS at different locations along the depositional profile
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Fig. 485 - Different expressions of EDS's as a result of their different location along the depositional profile (modified after Mutti, 1989).

The section shown in Figure 486 is approximately
50m thick and well exposed; it overlies flood-gener-
ated sandstone shelfal lobes and beachrock deposits
(not shown) and is abruptly overlain by a lacustrine
succession. The local succession can be schematical-
ly subdivided into 10 units, each of which is a facies
with well-defined characteristics; these facies can be
grouped into three small-scale depositional sequences
bounded by unconformity surfaces (red lines in Figure
486) recording periods of relative lowstand and sub-
aerial exposure. The surfaces became transgressive
surfaces when sea level started rising again. The lower
boundary of the lowermost sequence is not shown.

Basically, the component sandstone facies of the local
section indicate that deposition was the result of wave
and tidal action in very shallow environments, which are
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highly sensitive to small-scale sea level variations. The
facies association includes oyster-rich finer-grained
and bioturbated deposits and lacustrine limestones. As
shown in the scheme of Figure 487, the only recent en-
vironment where these facies can coexist is a barrier is-
land, a flat coastal landform where waves build strips of
sand (barrier island s.s.) parallel to the mainland coast
with intervening lagoons, marshes and coastal lakes.
Tidal inlets, cut into the barrier, provide a path to allow
circulation of seawater in the lagoons. Inlet closure forc-
es the lagoon to become a coastal lake. Tidal currents
typically form small tidal deltas adjacent to the inlet:
flood tidal deltas form in the lagoon and are easily pre-
served; ebb tidal deltas form in the shoreface zone and
are rarely preserved, being usually reworked by wave ac-
tion. Washover deposits, formed by storms, are general-
ly common immediately behind the barrier.
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Lacustrine and brackish deposits
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7 Facies 7 consists of largely covered fine-grained deposits

6 Facies 6 is made up of oyster-rich muddy sandstones

CoOlUc O 5 Facies 5 consists of nodular bioturbated muddy sandstone

T4 Facies 4 is a typical tidal deposit with sigmoidal cross bedding, repeated current reversal
A features, mudstone partings, clay chips, and mud couplets.

Facies 3, which gradually replaces the underlying facies 2, consists of well-sorted medium- to
3 coarse-grained sandstone virtually devoid of internal structures and characterized by vertical
fissures. Open fissures are filled in with greenish clay material.

Facies 2 consists of medium- to coarse-grained well-sorted sandstone displaying low to very

e
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1 Facies 1 is made up of well-sorted medium- to coarse-grained sandstone with tidal sigmoidal
bedding and current reversals (herringbone). Mudstone partings and mud couplets are absent.

Fig. 486 - Facies and main surfaces of the Aren Sandstone in the Llimiana section, near Tremp, south-central Pyrenees.

Based on the above model, the section of Figure 486 can
be easily interpreted as a typical facies association of a
barrier island system. The tidal facies of Unit 1 is inter-
preted as a remnant of a tidal inlet because of its close
association with the beach-face deposits of unit 2 (Fig-
ure 488). The lack of mudstone partings, typical of tidal
sediments, can be explained by the high energy of the
environment undergoing wave action at the same time.
Units 2 and 9 are interpreted as the foreshore and back-
shore deposit of a barrier island. The low-angle cross
laminae of the foreshore indicate that the open sea was
to the north (left in Figure 488). Unit 4 is interpreted
as a flood tidal delta (Figure 489), grading upward into
bioturbated (Unit 5) and eventually lagoonal deposits
with oysters (Unit 6). Unit 8 is a thin and fossiliferous
lacustrine carbonate bed. Units 3 and 10 are more dif-
ficult to interpret if not viewed within the framework
of relative sea level variations. Basically, these units do
not preserve their original sedimentary structures and
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are instead characterized by diffuse vertical fissures
some of which open upward being filled in by greenish
clay material. The interpretation suggested here is that
original beach or aeolian deposits of a barrier island un-
derwent early cementation and subsequent karstifica-
tion during subaerial exposure, that is during and after
a relative fall of sea level. Unit 3 is sharply overlain by
a tidal ravinemet surface with small pebbles and oyster
fragments (Figure 489). Unit 10, which also contains a
caliche at its top, is similarly sharply overlain by a trans-
gressive lacustrine sandstone (Figure 490). The sketch
of Figure 491 shows the ups and downs of selevel as in-
ferred from the local succession.

Admittedly, the above interpretation was made easier
by the fact that a few years before | have had to oppor-
tunity to take a look of the Sanaga delta, Cameroon -
just a modern copy of the Aren Sandstone examined in
this section.
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Fig. 487 - A. Example of barrier islands in a modern delta (Sanaga delta, Cameroon). Bl: barrier island; L: lagoon; TI: tidal inlet: CL: coastal

lake; B. Depositional model.

Fig. 488 - Tidal inlet sandstones, with sigmoidal bedding and current reversals (herring-bone cross stratification), abruptly overlain by

low-angle cross laminae of a foreshore environment (cross laminae gently dip to left, indicating seaward directi
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UUL R L A

Fig. 489 - Tidal sandstones, with sigmoidal bedding, mud couplets and mudstone partings, resting on an unconformity surface through
an irregular erosion referred to as “tidal ravinement surface. Small pebbles and oyster fragments occur along the surface. The tidal
sandstones are interpreted as a flood-tidal delta formed in a lagoon.

Lacustrine transgression

Fissured beach deposits

that underwent emersion

and subaerial exposure
LIJ- B e Je

Fig. 490 - Coastal lake deposits transgressive upon an unconformity surface.
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Fig.491 - Sketch showing the interpretation of the section in terms of environments and sequence-stratigraphy. Red lines show sequence

boundaries. Each surface is underlain by sediments that underwent subaerial exposure after deposition and overlain by transgressive
deposits following a rise of baselevel. Rises and falls of baselevel are schematically shown on the left.

The final example is shown in Figure 492 describing a
sandstone lithofacies of the upper Cretaceous Aren
Sandstone near Orcau, south-central Pyrenees. The local
Aren succession crops out in the southern limb of the San
Corneli anticline, a feature that was growing during sedi-
mentation (see Mutti, 2019, for more details). The sand-
stone lithofacies considered is well expressed in the land-
scape by a 10-15 meters thick, relief-forming feature that
can be easily traced in the field and aerial photographs.
The unit rests on an angular unconformity following a
phase of uplift of the anticline. Tracing of the unit and
careful facies analysis allow for the recognition of an un-
expectedly complex setting that can be observed over a
distance of less than 1000 m. After deposition, a bioclas-
tic bar (left in Figure 492 A) underwent uplift, subaerial
exposure and early cementation followed by erosion and
subsequent sedimentation of tide-dominated sandstone
facies (possibly a small estuarine element) in turn eroded
by flood-dominated facies (sandstone lobes) transition-
ally capped by mudstones. Large blocks of the lithified,
original bioclastic bar are found at the base of the sand-
stone lobes suggesting erosion from a nearby cliff along
which the bar was exposed, All the story is recorded in
a relief-forming feature that appears as an almost per-
fectly tabular body from distance and occurred in a rela-
tively very short period of time, probably that involved in
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the deposition of an elementary depositional sequence.
The interpretation of settings of this type, showing the
structural control on sedimentation at such temporal
scale, certainly requires exceptionally good exposures. A
further and substantial uplift of the San Corneli anticline
led to the subsequent gravitational collapse of the entire
succession, shown by the large erosional unconformity in
the right part of Figure 492 A.

If you look carefully at Figure 492 B, an additional prob-
lem arises. Forgetting the bioclastic bar discussed
above, which rests above the unconformity surface
indicated by the red arrow, the local succession of the
Aren Sandstone would seem a perfect example of a
seismic-scale depositionlal sequence with a lowstand
delta at its base (a in Figure 492 B), overlain by trans-
gressive and early high-stand, mudstone-dominated
deposits (b in Figure 492 B), in turn capped by late high-
stand or falling-stage sandstones and mudstones (2 in
Figure 492 B). Were this the case, the local Aren setting
would indicate structural deformation interrupting a cy-
cle of relative sea level variation during its high-stand
stage and the setting discussed above (Figure 492 A)
would simply be a late and short-lived pulse of the same
deformation. The syntectonic sedimentation of the
Aren Sandstone still remains an open problem.
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Fig. 492 - Example of tectonic control at the scale of an elementary depositional sequence. Upper Cretaceous Aren Sandstone, near Orcau,
south-central Pyrenees (see text for explanation) (from Mutti et al. 1994). A. Stratigraphic cross-section of a small sequence within the
Orcau Sequence (from Mutti et al. 1994). B. Aren Sandstone near Orcau. 1: Lower large-scale composite depositional sequence; 1.a: Tide-

dominated lowstand delta; 1.b: Transgressive mudstones; White arrow: Maximum flooding surface. Conceptually, this surface should be
somewhat higher in the succession, but has no physical expression there. 2: Upper large-scale composite depositional sequence made
up of transgressive delta-front sandstone lobes. Red arrow: sandstone lithofacies shown in A and resting on the sequence boundary.
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The examples discussed above clearly document how
a sequence stratigraphic approach is fundamental in
facies analysis and can be extremely useful in inter-
preting local settings at various scales. The approach
permits, in most cases, to identify and interpret ele-
mentary depositional sequences and small-scale com-
posite depositional sequences. In tectonically active
basins, assembling these units into larger-scale se-
quences may however become difficult and subjec-
tive because of the tectonic control on sedimentation.
Probably, the beautiful sequences depicted by seismic
from many divergent continental margins and showing
the ordered suite of lowstand, transgressive, high-
stand and falling-stage systems tracts have only a lim-
ited expression in tectonically active basins. Structural
deformation may interrupt or attenuate, anywhere and
anytime, this ordered pattern and superimpose on it
an additional accommodation cyclicity mainly pro-
duced by alternating periods of orogenic uplift, exhu-
mation of deep-seated tectonic units, and denudation.
Climate is the main factor controlling sediment flux to
the sea through forestepping-backstepping cycles de-
veloped at different physical and temporal scales (see
Mutti et al., 1996, for an extensive discussion).

Il - FLUVIAL FLOODS AND TURBIDITY CURRENTS

Turbidites and flood-dominated alluvial and flu-
vio-deltaic deposits share many characteristics in
terms of facies, processes, sand-body geometry and
stacking patterns. Many concepts developed for the in-
terpretation of turbidite sedimentation easily apply to
flood-dominated sediments. Both kinds of sedimenta-
tion take place through sediment gravity flows origi-
nated from the sudden formation of sediment-water
mixtures that accelerate on sub-aerial or sub-aqueous
slopes, increase their density through bed erosion and
move across lower gradient regions of the depositional
profile. The flows will gradually decelerate for friction
and partial deposition until they will eventually depos-
it their load in their main final depositional zones. The
general process is essentially the same in an alluvial
fan and in its terminal flood basin, in a flood-dominat-
ed river entering a sea or a lake and forming sandstone
lobes in its delta-front region, or in a large submarine
fan and its adjacent basin plain. This process is how-
ever complicated in most cases by a great number of
both intrinsic and extrinsic factors that make the final
depositional system and its component elements and
facies a virtually unique feature that should be ana-
lysed on a case-by-case basis. This is one of the good
reasons geologists are still useful.
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Having said this, it is tempting to speculate in which
way these different kinds of depositional systems can
be linked together to produce the final sedimentation
in deep-water. The process can take place through pro-
gressive sediment transfer in a seaward direction from
transient parking zones until high rates of sedimen-
tation on the shelf and the slope promote instability
processes and the formation of turbidity currents. This
model is widely accepted for large rivers of divergent
margins, as for instance the Mississippi. In such cases,
large amounts of sediment are trapped in extensive al-
luvial plains during flood times and in meandering flu-
vial channels, acting at the same time as transfer and
depositional zones.

The problem is quite different if orogenic belt basins
are considered. As mentioned in previous sections,
high-elevation drainage basins, high-gradient transfer
zones, proximity to the shoreline and lack of extensive
alluvial plains favor sediment flux to the sea mainly
through floods (Milliman and Syvitski, 1992) and relat-
ed hyperpycnal flows (Mulder and Syvitski, 1995). This
is the domain of the small and medium size “dirty” riv-
ers that are so different, as to size and regime, from
the large, mature rivers entering the oceans in diver-
gent continental margins. As documented in previ-
ous sections, ancient river systems of orogenic belt
basins are dominated by facies and facies associa-
tions indicating deposition by bypassing and power-
ful flows that are necessary to explain the origin of
hyperpycnal flows that entered seawater to deposit
delta-front sandstone lobes or kept moving farther
into deeper water to deposit turbidite sandstones.

At this point, there seems to be little doubt that flu-
vio-deltaic systems of orogenic belt basins are primar-
ily built up by rivers in flood and related hyperpycnal
flows and that the latter are not only able to transport
sediment in suspension but can also produce compos-
ite types of flow where inertia-driven carpets can move
pebbles and coarse sand. This is apparently the only
way to explain the abundance of conglomerates and
pebbly sandstones in deep-water basins.

The modern turbidite sedimentation in the fjords of
British Colombia and its relation to seasonal floods
add a fundamental key to a better understanding of
the problem (see Chapter Il). Here, deltas form during
periods of low fluvial discharge, but their sediments
are removed by strong seasonal floods and flushed
into adjacent deep water being accelerated along steep
depositional slopes. Chutes and gravel bars, formed by
passing sediment gravity flows, pave the sea floor at the
upcurrent end of turbidite channels and lobes devel-
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oped in fjord inlets. A combination of dense river under-
flows and related sediment failures evolving into turbid-
ity currents seems the best triggering mechanisms for
producing turbidite sand accumulations in this kind of
basins. A powerful dense underflow can certainly trig-
ger liquefaction and remobilization of coarse-grained
sediment accumulated at river mouth during periods
of low fluvial discharge. The example of the Bute Inlet
system described in great detail by Zeng et al. (1991) is
possibly the best modern analogue for understanding
some ancient sand-rich turbidites of orogenic belt ba-
sins. The transition from river underflows to turbidity
currents will remain difficult to observe and document,
since the turbidity current will form after substantial
bed erosion and acceleration leaving only limited record
(erosion, gravel bars) of its transit.

IV - A MINOR BUT IMPORTANT REFINEMENT OF
TURBIDITE FACIES SCHEMES

Turbidites and plumites are the basic components of
deep-water systems of orogenic belt basin fills. A bet-
ter understanding of these systems largely depends
on framing these two types of deposits within the
more general context of flood-related sedimentation.
To this purpose, plumites form an ideal link between
fluvial and turbidite deposition.

The scheme of Figure 493 shows the three basic types
of river outflow: (1) a dense gravelly or sandy flow that
enters seawater and essentially keeps moving seaward
as a bottom-riding, inertia-driven and strongly hyper-
pycnal flow; (2) asediment-laden, turbulent streamflow
that seaward of river mouths evolves into an inversely
buoyant plunging plume; and (3) a turbulent stream-
flow with low sediment-concentration that propagate
seaward as a hypopycnal plume. Depending upon ba-
sin configuration, the first two types of flow deposit
their sediment load in nearshore and shelfal regions as
sandstone lobes and their distal muddier equivalents,
or directly move to deepwater, increase their density
through bed erosion (ignition) and become hyperpyc-
nal turbidity currents or turbidity currents tout court.
The third type of flow, the surface plume, is common to
both shallow and deepwater settings.

Most individual floods behave in a similar way, that is
they are transitional types of flow between the two end
members represented by dense flows and turbulent,
sediment-laden stream flows. In other words, most
floods enter seawater as mixtures of bed load and sus-
pended load. Entering seawater, a flood of this kind will
basically split into three parts (Figure 494): (1) a dense
basal flow moving along the bed; (2) a finer-grained
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turbulent flow evolving into a plunging plume; and
(3) a dilute hypopycnal flow floating on seawater and
propagating as long as fed by the river.

Along with many other factors, the relative proportions
of the grain-size populations (gravel, coarse sand, fine
sand and coarse silt, and mud) within the flow strongly
control the final characteristics of the resulting turbid-
ite bed and more generally the facies characteristics
of an entire system. Additional sediment will be add-
ed by bed erosion, including remobilisation of previ-
ous channel-exit sediment deposited during periods
of low fluvial discharge. The resulting great variability
of flood-related turbidite systems, contrasts dramat-
ically with the simple and widespread blanketing of
plumites, which are only composed of suspended fine-
grained sediment undergoing fractioning through set-
tling. The great facies variability of turbidite systems,
with which we are all familiar, is therefore the result of
the similar variability of the proportions of the differ-
ent grain-size populations in the parental fluvial flows.

IV.1 - THE IMPORTANCE OF COHERENCE IN DENSE
FLOW EVOLUTION

An important controlling factor on facies types is
related to the amount of clay contained in the dense
flows since it inhibits the dissipation of excess pore
pressure, thus increasing the runout distance of the
flow. As suggested by Marr et al. (2001) in their paper
on debris flows “coherence”, relatively high proportions
of clay increase the ability of a dense flow (their “debris
flow") to resist being eroded by dynamic stresses dur-
ing its motion. Stated in simple words, this means that
adense flow with a poor clay content, breaks up during
its motion to become a turbulent flow, whilst, with a
high clay content, the flow keeps moving maintaining
(though reducing it with distance) its internal strength
and most of its excess pore pressure.

The assumption that flow strength and excess pore
pressure have an important role in the runout distance
of dense flows had already been made by Ravenne and
Beghin (1983) and Norem et al. (1990) on the basis of
flume experiments. Based on field data, Mutti et al.
(1999) substantiated the same assumption by intro-
ducing their bipartite subdivision of turbidity currents
into a basal, dense granular flow, driven by inertia forc-
es and under conditions of excess pore pressure, and
an overlying turbulent flow. Shanmugam (1996) went
even farther, suggesting that most structureless sand-
stone divisions of turbidite successions should actu-
ally be considered as the deposit of coherent “sandy
debris flows", not turbidity currents.
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Fig. 493 - The three basic types or river outflows. A. dense flow; B. plunging plume; C. dilute, buoyant plume. After Mutti (2019 a).

Fig. 494 - River outflow with mixed grain-size populations giving way to a turbidite bed and an associated plumite bed. For different

proportions of grain-size populations the resulting turbidite bed may greatly vary in terms of facies. After Mutti (2019 a).
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Coherence of dense flows and its variability may help to
better understand a basic point of the turbidite facies
scheme introduced in Chapter Il and, for the reader’s
convenience, reproduced here as Figure 495). As shown
in the scheme of Figure 496, the downcurrent evolu-
tion of strongly coherent and poorly coherent flows is
substantially different. Strongly coherent flows may
travel over considerable distance, though progressively
loosing their coarser grained fraction for settling, main-
taining sufficient strength and excess pore pressure to
resist being broken by turbulence; conversely, weakly
coherent flows break down soon and the sandy portion
is resuspended by turbulence. The amount of sand that
is suspended depends on the original textural composi-
tion of the flow and the strength of the turbulent flow.
Accordingly, deposition from these flows is different. In
the first case, deposition will take place through freez-
ing and result in an essentially structureless division
(Figure 497 A); in the second case, sedimentation will
occur through aggrading laminae produced by a trac-
tion-plus-fallout mechanism (Figure 497 B). Field evi-
dence indicates that both types of division are in places
overlain by subcritical megaripples (see Chapter ll), sug-
gesting that both divisions are supercritical features.
The two divisions have essentially the same grain size
but are substantially different as to their origin. As we
have learnt from many other examples, also these pro-

cesses must be intergradational, thus leaving ample
room from transitional facies types.

Based on the above considerations (see also Mut-
ti, 2019 a), | would be tempted to slightly modify the
turbidite facies scheme of Figure 495 by adding a new
facies type (F3a) that is essentially the finer grained
portion of Facies 2 in the old scheme. The refined faci-
es scheme is shown in Figure 498.

At this point the reader may think that | went a little
too far and became too specialized and | can under-
stand his point. In my own defense, let me say that |
spent so much time in my life trying to understand
turbidite facies that | cannot resist attempting new
possible ways. Anyhow, if the reader will be involved
in the future in some research dealing with detailed
facies analysis of turbidite systems, in outcrop or
cores, he will realize how many structureless and lam-
inated divisions of these sediments can be framed
within the new scheme. The basic concept to retain
is that dense flows tend to be eroded, during their
motion, by the associate turbulent flows that grad-
ually incorporate in their suspended load the grain-
size populations of the dense flow compatible with
turbulence intensity. The scheme and the example of
Figure 499 may be useful to clarify the problem.

Fr<1

DILUTE TURBULENT FLOWS

Facies produced by //fg,<\
major flow transformations +SCOURS
Fr>1 SANDY TURBULENT FLOWS

SANDY DENSE FLOWS

GRAVELLY DENSE FLOWS

Fig. 495 - Rationale behind the subdivision of turbidite sediments into facies Groups (F1 through F6).

CHAPTERIII




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

TURBULENCE

FLOW COHERENCE

Strongly coherent
dense flow

=
—
~—" w
;-"E._EEI/J_' g
—_— 3
2
o
=
—— =
W Lol o n
BIEE: || —
w
°ps0, z
00O &
50 z
0so00 2
0 a -« 0 g
e
Weakly coherent
dense flow

Fig. 496 - A strongly coherent flow (A) has a rate of coherence loss that is less than its velocity and can thus attain long runout distances.
Conversely, a weakly coherent dense flow (B) breaks up soon and its sand load is suspended in a supercritical turbulent flow. The amount

of sand that goes in suspension depends on the original textural composition of the flow and the strength of the turbulent flow. Field

evidence shows that the final products of both flows are capped by subcritical megaripples.

V - TURBIDITES AND CONTOURITES

Since the pioneering work of Hollister and Heezen
(1967) in the North Atlantic, contour currents, gen-
erated by thermohaline circulation, have long be con-
sidered as an important process in shaping continen-
tal margins and depositing thin beds of well-sorted
fine sands, termed contourites. As pointed out by
Stow and Lovell (1979), the discovery of this process
and its deposits could have been a potentially break-
through contribution to sedimentary geology. This
did not happen mainly because at that time sedimen-
tologists were fascinated by turbidite sedimentation
and, most importantly, contourites were and still are
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difficult to recognize in outcrop. Turbidites were born
from field observations in exposed orogenic belt
basin fills (Migliorini, 1943, Kuenen and Migliorini,
1950), i.e., in relatively small basins unaffected by
large-scale oceanic circulation (Mutti and Normark,
1987). Contourites are probably best developed in
divergent margin settings or in large basins of con-
vergent margins that are rarely exposed. Nonetheless
ancient contourites must exist somewhere, in some
exposed basin fill, and must have gone unnoticed or
misinterpreted until now (see below). As far as we are
concerned here, contourites and their problems are of
marginal interest and therefore only briefly discussed
hereafter.
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Structureless
division made
up of medium to
fine sandstone
and capped by
a thin division
of laminated
sandstone.
Eocene

Hecho Group,
south-central
Pyrenees

Well-laminated
basal division
made up of
medium to
fine sandstone
overlain by

a thick division
of climbing
ripples.
Miocene

Laga
Formation,
Apennines

Fig. 497 - Both examples consist of medium to fine sandstone; the sediment is much better sorted In B.
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Fig. 498 - Suggested new turbidite facies scheme emphasizing two different possible evolutions from a dense flow (F2). If sufficient
coherence is maintained, the flow will still move as a dense flow producing a bed of structureless finer-grained division (F3a); conversely,

if coherence is lost the flow will move as a supercritical turbulent flow that will produce a laminated bed. In the upper half of the scheme,
F5 has been moved updip of F4 since mudstone clast erosion and deposition take place during a dense flow stage.

Bottom currents and contourites have received in-
creasing interest from oceanographers, marine geolo-
gists and sedimentologists in recent years. It would be
beyond the scope of this book to review all the litera-
ture dealing with this problem. The interested reader
may find extensive reviews of the most pertinent liter-
ature in Rebesco et al. (2014) and Shanmugam (2017).
If we consider as contourites simply a deposit with its
specific facies characteristics and therefore recogniza-
blein core and outcrop studies, the above reviews leave
no doubt that much work remains to be done. Contour
currents and their deposits are still viewed as an ex-
tremely complex problem involving oceanographic
processes in surface, intermediate and deepwater
masses (Figure 500) and having their origin in dense
bottom currents, tides, eddies, deep-sea storms,
internal waves and tsunamis (Rebesco et al., 2017).
Though sandy contourites are increasingly reported
from modern basins, there is stilla general tendency to
accept early models describing contourites mainly as
fine-grained and bioturbated thin-bedded sandstones
(e.g., Stow, 2002) (Figure 501).
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Whatever their ultimate origin, deep-water sandy con-
tourites, with excellent reservoir quality, can be rec-
ognized on the basis of core analysis and seismic data
in the Brazilian offshore basins (Mutti and Carminat-
ti, 2012; Mutti et al., 2014) and have been preliminary
identified by Capella et al. (2017) in outcrop studies
from the late Miocene Rifian Corridor, Morocco.

Bottom currents may interact with turbidite deposi-
tion giving way to mixed depositional systems. The
interaction and the resulting types of system are sche-
matically depicted in Figure 502 showing how turbidite
sands can be eroded and displaced with time leading
to contourite systems. The interaction can take place
at the scale of an individual turbidity current that dur-
ing its downslope motion can lose its fine-grained sus-
pended load pirated by a bottom current flowing at a
nearly right angle (Shanmugam et al., 1993) (Figure
503). A similar model has been used by Fonnesu et al.
(2020) to explain the exceptional reservoir quality of
axial turbidites in the Eocene Coral field, Mozambico
(Figure 504). Seismic is clearly the only tool to ap-
proach these architectures.
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Dense flow sediment reworked and
laminated by turbulent flow (parallel
laminae probably formed from near-bed
suspension)

Structureless remnant
of dense flow deposit

Fig. 499 - Suggested model of dense flow (DF) erosion (resuspension) from the overlying turbulent flow (TF). The example is from the Eocene

Hecho Group, south-central Pyrenees.
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Fig. 500 - The complexity of water mass circulation, related bottom currents and associated laterally derived turbidity currents (after

Stow et al., 2011).
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Fig. 501 - The classic contourite facies model as suggested by Stow (2002) emphasizing the fine-grained nature of the deposit and its

limited thickness.
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Fig. 502 - Idealized evolution of a mixed depositional system resulting from the interaction of turbidity currents and bottom currents

(after Mutti, 1992).

Fig. 503 - The model suggested by Shanmugam (1993) explaining the relationships between downslope flowing turbidity currents and
along slope flowing bottom currents. Fines of the turbidity current are pirated by the bottom current. From Shanmugam, G., T. D. Spal-

ding, and D. H. Rofheart, 1993; AAPG Bulletin, v. 77, no. 7, p. 1241-1259. Reprinted by permission of the AAPG whose permission is
required for further use.
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Fig. 504 - Model explaining the axial mud-free turbidite sandstones of the Eocene Coral field, Mozambique, and the association of

contourite drifts and turbidites. After Fonnesu et al. (2020) (originally after Fonnesu 2013).

By integrating seismic data and extensive core analy-
sis in the offshore Brazilian basins, Mutti and Carmin-
atti (2012) and Mutti et al. (2014) have documented
that sandy contourite systems, formed as seismically
well-defined sand waves (Figure 505) away from their
feeder turbidite sand accumulations, are characterized
by very distinctive seismic signature and facies types.
These authors were able to recognize (1) remnants
of coarse-grained turbidite facies reworked in situ by
tidal-driven bottom currents and (2) fine-grained and
extremely well-sorted contourite facies that, from
progressively decreasing strength of the flow, were
framed in a preliminary facies scheme (Figures 506-
508). Though from sparse core observations, some
alternations of coarse-grained and virtually mud-free
turbidites and fine-grained contourites (including bi-
ogenic marls) suggest a small-scale cyclicity as shown
in Figure 509. The pattern seems to indicate that after
an initial phase of turbidite deposition, with the fines
washed out by bottom currents, contourite sedimen-
tation takes over and decreases with time in a step-
wise fashion until turbidite deposition is resumed. It
will be noted that this pattern strongly resembles that
of fluvio-deltaic sedimentation in incised valleys (see
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above), which is replaced by transgressive tidal-con-
trolled sedimentation during sea level rise. Proba-
bly also in deepwater settings sequence stratigraphy
might face interesting and unexpected applications.

From a simple and practical standpoint, though keep-
ing in mind the complexity of the problem, contourites
(herein intended as the deposit of bottom currents
regardless of their origin) can be recognized essen-
tially on the basis of negative criteria. Stated in other
words, if we know that we are dealing with a relatively
deep water succession and observe cores or outcrops
showing sedimentary structures inconsistent with
such water depth we should start to be alerted. By
the way, this was how we discovered bottom-current
deposits in the Campos basin back in the in the late
70's (Mutti et al., 1979). We found that most turbidite
sandstone beds had eroded tops and were overlain
by thin-bedded and highly bioturbated finer-grained
deposits resting upon the erosional surfaces. We thus
concluded that original turbidity current deposits had
ben eroded by relatively weak bottom currents, taking
away fines and thus improving their reservoir quality
(Figure 510).
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Fig. 505 - Sand wave field produced by bottom currents. After Mutti and Carminatti (2012).
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Fig. 506 - Preliminary Contourite Facies Tract Inferred from Core Observations (after Mutti and Carminatti, 2012).
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Fig. 507 - Contourite Facies Tract (after Mutti and Carminatti, 2012).

Fig. 508 - Contourite facies tract (after Mutti and Carminatti, 2012).
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Fig. 509 - Association of coarse-grained, mud-free and thick-bedded turbidites with fine-grained contourites (including biogenic marls).
The small-scale cyclic stacking pattern suggests that turbidites record high-energy episodic events in an environment dominated by

bottom currents and their cyclic sedimentation through time. Note the attempt to introduce the concept of elementary depositional
sequence also in these basically unknown depositional settings. See text for more details (Mutti, unpublished data).

© @ pmosss
C
I
r
E
DESTRIBUL ESTRATICRAFICA z
PORILO_DEPOSIEIONAC JAS AREIAS
o EOCENICAS DO WORARG CARAPERUS . DEPGSITOS  TuRBIDITICOS
e ] crossemos [
- B
DEPGSITOS .
o | 2
EXEMPLO TEORICO DE MODIFICACBES EM ORIGINAIS LOBOS DEPOSICIONAIS TURBIDITICOS
DO SEGUNDO TIPO DE LEQUELA), POR AGAO DAS CORRENTES DE CONTORNOIEL A REDUCAO DE ES-
PESSURA EM "8" £ CERCA DE 50% NOTAR O DESAPARECIMENTO DOS DEPGSITOS TURBIDITICOS FINOS.
(o]
Autorens el b AN ocad pabo ol tddd g
- Emilianc Muttie E— —
Mozart Cavaleante de Barroa®*
Slayic Fomnate o
Liscoln Musescs Cuardade **
* = Institeto de Geologla, Univers. de Turis-Ithita
- . DEFEX-DIVIS
Ser /7
CRW Esenl [©ennw

Fig. 510 - A first attempt to recognize turbidites reworked by bottom currents based on core analysis.
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Contourites are certainly one of the future targets of
hydrocarbon exploration in deep and ultra-deep waters
and, as such, they are and will be the subject of exten-
sive research especially by industry. Field analogues
are extremely rare and most of them are still matter
of controversies. Based on my experience, | would sug-
gest that part of the Permian Brushy Canyon Forma-
tion, Delaware basin, Texas, would be an interesting
example for detailed field analyses. The unit, generally
thought to be a typical turbidite system (see Beau-
bouef et al., 1999: Gardner et al., 2003, with referenc-
es therein), contains peculiar deposits that, based on
careful analysis, were interpreted as bottom-current
(saline density currents) deposits by Harms (1988).
| visited some of the outcrops and should admit that
the facies observed are the only example | have seen
until now that would fit what a bottom-current depos-
it should be. For sure, these facies are not turbidites,
though being associated with turbidites and thus be-
ing a deepwater deposit. These sediments certainly
need a critical re-examination. Examples of these sed-
iments are shown in Figure 511.

VI- OROGENIC BELT AND CONTINENTAL-MARGIN
BASINS

As noted by Mutti and Normark (1987), ancient oro-
genic belt turbidites used to understand modern and
buried turbidites of continental margins and vicever-
sa may be a dangerous exercise without a critical ap-
preciation of their differences. Classical turbidites of
orogenic belt basins formed in relatively narrow and
elongate troughs bounded by tectonically active mar-
gins and with very limited development of shelves.
As documented by all the classical flysch units of the
circum-Mediterranean orogenic belts, these troughs
were never reached by substantial oceanic water mass
circulation and particularly by bottom currents. It can
thus be safely said that these deposits record the pur-
est expression of turbidity currents. Fluvio-deltaic
systems of orogenic belt basins also differ from those
of more stable basins, with their well-developed allu-
vial and deltaic plains and wide shelfal zones, in that
high-gradient basin physiography favours deposition
dominated by small rivers in flood.

Fig. 511 - Exposures of the Permian Brushy Canyon Formation, west Texas: A possible example of an ancient bottom current deposit (after

Mutti, 1992).
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At this point, a somewhat substantial question may
arise: Are we sure that these two different worlds can
be significantly compared? My answer is that the com-
parison can be made but not without a critical appreci-
ation of the differences. Sediment gravity flows, wave
and tidal action, and everyday normal processes re-
main clearly the same, but their frequency and relative
importance vary so much that facies associations, dep-
ositional elements and systems, and basin fill architec-
tures may become difficult to compare. Orogenic belt
basins, and especially foreland basins, are dwarfed
by oceanic settings and do not share with them the
variety of coastal configurations, oceanic currents,
and huge, long-lived submarine features (e.g., some
large fans and contourite drifts). They are essentialy
relatively small, structurally controlled basins that
receive huge amounts of sediment carried to the sea
by many small and “dirty” rivers draining an adjacent
growing orogen. Nonetheless, these are the basin fills
from which most fundamental concepts of sedimenta-
ry geology have been developed since the 17th centu-
ry mainly by European geologists. Reconciling this old
school of thought with those emerged beginning in the
second half of the 20th century, fundamentally based
on the study of modern continental margins and new
and ever-improving technologies, is not simple. The
main problem is that these two ways of studying sed-
imentary successions deal very probably with two ba-
sically diifferent datasets: on the one hand, sedimen-
tary successions studied in the field, with emphasis on
direct rock observations; on the other hand, seismic
and marine geology data describing architectures and
seascapes in great detail but lacking direct observa-
tions of rocks. From most recent literature it appears
obvious that the second way of thinking is taking over,
though with some risks (see below).

Vil - ARTIFICIAL INTELLIGENCE
AND QUALITY OF GEOLOGICAL INPUT DATA

In a period of time where sequence stratigraphic mod-
els dominate and most geological interpretations are
essentially based upon seismic data or interpretations
of outcrop data following seismic models and related
terminology, this book has emphasized the problems
encountered by a geologist when facing the interpre-
tation of rocks, the way they are in outcrop or cores.
In most cases, particularly when working in exposed
orogenic belt basins, no seismic data are available and
regional stratigraphic correlations and reconstructions
are extremely difficult because of structural complexi-
ty and limited exposures. The fate of this kind of stud-
ies, despite some new technologies for outcrop anal-
ysis, seems sealed at this point. Extensive field work
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requires time (and passion) and sequence stratigraphic
approaches are certainly a useful, though dangerous,
shortcut. Most commonly, however, these shortcuts
forget that the in the Academia publish-or-be-lost is
another way of killing extensive field work, which pays
off only in the long term.

Geological modelling of sedimentary basins — another
way to reduce time, risks and costs in the oil industry
—is largely based on the assumption that what we al-
ready know about rocks and their origin is enough to go
further and produce fancy, ever-moving and three-di-
mensional representations of these basins and the rock
bodies they contain. | believe this is the future of sedi-
mentary geology and I'm sure that with time artificial in-
telligence will take over. This book should however cast
some doubt on a basic point: what do we really know
about rocks? Well, in my long experience — both in Aca-
demia and Industry — | came to the conclusion that what
we know about rocks is still quite limited, say around
30 percent of what we could extract from them.

| could also say that interpretations based on field
studies change and keep changing quite often de-
pending on the approach followed and the purposes
of the work. Most rocks are increasingly studied and
interpreted on the basis of their possible sequence
stratigraphic significance rather than on their physical
properties and sedimentological characteristics. This
holds true at different scales, ranging from packets
of beds to basin fill architectures. The example of the
Eocene of the South-central Pyrenean foreland basin,
with which |am most familiar, is very relevant from sev-
eral points of view. The basin fill is very well exposed
and has been studied in detail over the years by many
authors. Yet, interpretations are still very different in
terms of regional stratigraphic subdivisions, signifi-
cance of depositional systems, down to the interpreta-
tion of beds and their formative processes (see Mutti,
2019 for an extensive discussion). If we had to model
the fill of the basin or portions of it, we would be hard-
pressed to choose the input data for the computer and
thus avoid geologically unreliable result. Which data
would be most reliable? Yet, this exposed basin fill is
one of the best known in the world.

My conclusion is that all geological interpretations
should be considered as provisional, and geologists are
thus involved in an endless attempt to improve them.
A basic step in this process is a re-appreciation of field
data, collected without pre-conceived ideas or univer-
sal models in our mind. Computers are and will be a
tremendous tool for integrating huge amounts of data,
sharpening our way of thinking and allow for great in-
terpretations, provided we give them good data. What
kind of rocks we are dealing with is probably a crucial




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

information required. Particularly in oil industry, it
should be kept in mind that what we drill are rocks, not
concepts.

VIl - THE FUTURE OF SEDIMENTARY GEOLOGY

The future of sedimentary geology is difficult to
predict in the long term and even more difficult is to
predict what kind of field geology will survive. In a
near-future perspective, it is apparent that sedimen-
tary geology is splitting into branches that are becom-
ing increasingly separated from each other in terms
of objectives, approach, scale and terminology. Com-
munication is thus increasingly difficult among the
scientific community, though the final goal should be
the same. Oceanography, marine geology, high-reso-
lution seismic, cyclostratigrapjy, geochronology, lab-
oratory experiments, time-lapse monitoring of mod-
ern depositional systems, numerical modelling and
theoretical considerations are creating new worlds
where “old-fashion” geologists feel increasingly un-
comfortable. By “old fashion” we should intend a very
good geologist who is not specialized in a specific field
of research, not necessarily aware of all the available
literature, and is primarily concerned with what a ge-
ologist should routinely do: understanding the mean-
ing of the rocks he observes in an exposed or buried
basin, regardless of whether he is an academic or an
explorationist. In most cases, this is a senior geologist
who puts together all the available data collected by
specialized professionals and attempts to provide a
final and possibly easy-to-understand interpretation.
Being this kind of geologist is extremely difficult to-
day and such geologists are unfortunately becoming
increasingly rare since geology itself is becoming more
complex and specialized.

Based on my experience, | should say that in my career
| came through very few geologists of this kind and
they were primarily motivated by a strong passion for
understanding rocks in a simple way, without precon-
ceived ideas. Let me single out one example of such
men. The late Charles (Chuck) V. Campbell, a geologist
at Esso Production Research, has been an extraordi-
nary example of intellectual freedom, to whom we owe
the fundamental concept that seismic reflectors are
essentially timelines (Campbell, 1967), a concept that
revolutionized the way to interpret seismic lines. He
was a master in finding, describing and interpreting
bedding surfaces and taught me the way to look at the
rocks during unforgettable field trips in the US, Italy
and Spain. He was very humble and patient (at least
with me) and his contributions have received relative-
ly limited attention. | am convinced he was aware that
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very few people would be able to understand what he
was talking about, probably because he was express-
ing himself with few and simple words that did not im-
press the listener.

These problems are further complicated by most re-
cent literature that describes progress in Earth scienc-
esinarticles that restrict communication to specialized
élites. To this purpose, in a paper entitled “The Scien-
tific Paper Is obsolete”, James Somers (2018) wrote:

“The more sophisticated science becomes, the harder it
is to communicate results. Papers today are longer than
ever and full of jargon and symbols. They depend on
chains of computer programs that generate data, and
clean up data, and plot data, and run statistical models
on data. These programs tend to be both so sloppily writ-
ten and so central to the results that it's contributed to a
replication crisis, or put another way, a failure of the paper
to perform its most basic task: to report what you've ac-
tually discovered, clearly enough that someone else can
discover it for themselves” (James Somers, “The Scientif-
ic Paper is obsolete”, The Atlantic, April 2018).

| fully agree with Somers’ conclusions, and firmly be-
lieve that simplicity is the only way to communicate. In
the specific field of sedimentology and stratigraphy, it
is amazing to see how many recent papers are full of
diagrams, equations, and numerical data to support
conclusions that should, in theory, ultimately help
to understand rocks. Unfortunately, actual rocks are
never mentioned and rather appear as an unwelcome
guest. Most of these papers have very long lists of ref-
erences and it is hard to believe that all of them have
been carefully and critically read. Bibliometric indica-
tors probably play here a major role, since they largely
control the career of young scientists.

A necessarywarning should be added at this point. This
book has been written by a field geologist for young
people who still like looking at the rocks with their
bedding patterns, grain size, internal structures and
stratigraphic relationships and try to interpret themin
terms of inferred processes, environments and signif-
icance within the evolution of the basin fill under con-
sideration. As mentioned above, this kind of approach
suffers at present severe limitations, being gradually
replaced by new approaches aiming at looking at rocks
from a wide-ranging perspective (see above), implying
that what we know about rocks is probably enough or
not so important for their purposes. Some of the ar-
guments for and against these new approaches have
been discussed in the preceding pages and the only
reasonable conclusion that can be drawn is that a bet-
ter integration of field data into these approaches
would be highly desirable.
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During the last two decades, geochronology and ther-
mochronology have started to revolutionize our con-
ventional methods of dating rocks, events and rates of
geological processes by isotopic dating (numerical or
absolute dating). These methods have been success-
fully used in provenance studies and tectonic evolution
of source areas and are now being gradually applied to
basin analysis and to the “source-to-sink” problem.

Conceptually, the final goal of this new approach has
been amply discussed by Romans et al. (2016, with ref-
erences therein) in an excellent paper on the various
external and internal environmental forcings that on
different timescales affect landscapes, transfer zones
and sinks of sedimentary basins. These forcings, i.e.,
variations in precipitation, sea level, uplift and subsid-
ence, leave environmental signals recorded by changes
in sediment production, transport, or deposition that
propagate and interact across sediment-routing sys-
tems at different timescales, controlling the “source-
to-sink” process, ideally the fate of a clastic particle
from its source to the final sink (Figure 512). The time-
scales considered include: 1) historic (decades to cen-
turies), 2) intermediate (centuries to several millions of
years), and 3) deep time (—> 107 yr). The approach de-
scribed by Romans et al. (2016) to interpret landscape

dynamics from the stratigraphic record (Figure 513) is
certainly fascinating and implies a necessary multidis-
ciplinary study but is heralding a kind of studies that
is still in the dreamland and apparently overlooks how
far we are from correctly interpreting the stratigraphic
record, i.e., the rocks.

It is clear, however, that sedimentary geology is pro-
gressively moving toward interdisciplinary approach-
es that necessarily tend to use all the techniques and
data emerging from the many and different sub-dis-
ciplines of earth sciences. The improvement of our
knowledge is mainly depending upon the correct and
well-balanced integration of all this information pos-
sibly with the underlying common goal of obtaining
easy-to-understand geological interpretations. From
the scheme in the lower diagram of Figure 512, which
sets the conceptual framework of a multidisciplinary
approach, there appears to be ample room for field-
based stratigraphic and sedimentological information,
which is still the best tool to describe and understand
the potential stratigraphic record (in yellow) of the
many signals left by the original forcings through time.
Hopefully, this should secure the future of field-based
geologists for a while.

Fig. 512 - A. Propagation and modifications of the sediment supply (Qs) signal from the source to the final depositional zone (stratigra-

phic record); B. Erosion, transfer and depositional zones along an ideal sediment-routing system showing the main factors controlling

the process and its stratigraphic preservation (in yellow). From Romans et al. (2016).

CHAPTERIII




TURBIDITE SYSTEMS: AN OUTCROP-BASED ANALYSIS

Fig. 513 - The three basic timescales of investigation and chronometric tools to constrain process rates, and periods of time during which

some forcings are acting. It will be noted that studying sedimentary successions through this holistic approach would be impossible in
the practice though a challenge for future research. From Romans et al. (2016).
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