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Preface

The study of natural sediments and sedimentary rocks has
been called sedimentology. This encyclopedia is a thorough
revision of the original Encyclopedia of Sedimentology,
published by Dowden, Hutchinson and Ross in 1978: The
field has advanced so fast, however, that all the articles in the
present volume are new, and this is recognized by a new title.
The present encyclopedia interprets sedimentology, both
more narrowly and more broadly than is often the case (see
Sedimentary Geology—an entry in this encyclopedia—for
further discussion). More narrowly, because the encyclopedia
contains relatively little information about stratigraphy, the
science concerned with stratified rocks. Stratigraphy and
sedimentology overlap, particularly in the area of facies
analysis and sequence stratigraphy. In general, however,
stratigraphic topics have been reserved for full treatment in
a companion Encyclopedia of Stratigraphy, which is now in
preparation. More broadly, this encyclopedia includes topics
that some sedimentologists tend to exclude, for examples: the
mineralogy of clays and other minerals common in sediments;
geochemistry of sediments (sediments are included in the
Encyclopedia of Geochemistry); some features of sediments
interesting to the general public but somewhat neglected by
sedimentologists (e.g., clathrates, coal balls, geodes, resin and
amber, speleothems, toxicity of sediments); contributions of
engineering studies to sediment transport and soil mechanics;
studies on the geophysical and petrophysical properties of
sediments; and studies by physicists on granular matter.

Three other disciplines that are represented by separate
encyclopedias also have overlapping interests in sediments:
hydrology and hydrogeology (represented by Encyclopedia of
Hydrology and Water Resources); geomorphology (represented
by Encyclopedia of Geomorphology and Lanforms, and also by
Encyclopedia of Coastal Science); and environmental studies
(represented by Encyclopedia of Environmental Science).

A final word about the selection of topics: there is always a
subjective element in the choice of topics, but if the reader does
not see an entry for the particular topic that interests him, then
he or she should look in the index. The topic may be covered
(perhaps in more than one article) under a different name. The
editors have tried to make the coverage comprehensive, but we
are aware of some partial omissions: unfortunately, willing
contributors cannot always be found for all the topics that
might be suggested.

Encyclopedias are not generally places to look for extended
acknowledgments. This is a tradition dating back to the days
when contributors were anonymous, or only identified by their
initials (and imagine the space that would be taken up by
acknowledgments from every author: the Academy Awards
would pale by comparison!). On behalf of all the editors and
contributors, therefore, we extend thanks to those colleagues
who have assisted us by providing data, figures, critical
reviews, and sustaining personal and financial encouragement.
Thank you all—we hope you realize that your generosity is
not forgotten, even if your contribution remains anonymous.



Guide to the Reader

This encyclopedia is devoted to the science of sediments and
sedimentary rocks, a science generally called sedimentology. It
does not address those broader aspects of stratified rocks
concerned with the naming of rocks units, their correlation
from one place to another, and their dating in geological time.
Those aspects belong to stratigraphy, the subject of another
encyclopedia in this series.

Sediments and sedimentary rocks can be approached from
three main points-of-view:

1. Like other rocks, they have a mineral and chemical
composition, physical properties, and structures and
textures, all of which need description and interpretation
in order that we may understand their origin. These are the
geochemical, mineralogical, petrological and petrophysical
(geophysical) aspects of sediments and sedimentary
rocks.

2. Sediments are first laid down in sedimentary environments.
The (primary) aspects of sedimentary rocks that were
formed at the time of deposition (particularly, but not
exclusively, their structures), are generally called their sedi-
mentary facies. Facies analysis is concerned with using
primary aspects of sediments to determine the environment
in which they were deposited: and, in a complementary
way, with understanding how modern sedimentary envir-
onments control, or are determined by, the characteristics
of the sediments deposited in them. Sediments interact with
many other aspects of the environment, including their
biology.

3. Many sedimentologists try to understand the basic physical,
chemical and biological processes that form sediments,
transport and deposit them, and later convert them into
sedimentary rocks. Such studies may be carried out in the
laboratory, in the field (particularly by studying processes
active in modern environments), and by theoretical and
numerical analysis and simulation.

For those readers not already familiar with sedimentology,
Table I indicates the major introductory articles in each of
these three categories (there is, of course, some overlap in the
approaches used in most of the articles). Besides these there
are also introductory articles on Sedimentary Geology;
Sedimentology—Organizations, ~ Meetings,  Publications;
Sedimentology—History; and Sedimentologists (brief bio-
graphic sketches).

Table 1 Major articles, classified by methodology: starred
topics are general introductions

Geochemistry, Mineralogy, Petrology
*Bedding and Internal Structures
Biogenic Sedimentary Structures
Carbonate Mineralogy and Geochemistry
Cements and Cementation

*Classification of Sediments and Sedimentary Rocks
*Clay Mineralogy

Compaction (Consolidation) of Sediments
*Diagenesis

Diagenetic Structures

Dolomites and Dolomitization

Evaporites

*Fabric, Porosity, and Permeability
Geophysical Properties of Sediments
Grain Size and Shape

Ironstones and Iron Formations

Isotopic Methods in Sedimentology
Magnetic Properties of Sediments
*Mudrocks

Offshore Sands

*Paleocurrent Analysis

Phosphorites

Provenance

*Sands, Gravels and their Lithified Equivalents
Siliceous Sediments

Surface Forms

Surface Textures

Weathering, Soils, and Paleosols

Sedimentary Environments and Facies
*Climatic Control of Sedimentation

*Coastal Sedimentary Facies

Cyclic Sedimentation

Deltas and Estuaries

*Desert Sedimentary Environments

*Erosion and Sediment Yield

*Facies Models

Floods and Other Catastrophic Events
*Glacial Sediments: Processes, Environments and Facies
*Lacustrine Sedimentation

*Neritic Carbonate Depositional Environments
*Oceanic Sediments

*Rivers and Alluvial Fans

Slope Sediments

Submarine Fan and Channels
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Table 1 Continued

*Taphonomy: Sedimentological Implications of Fossil
Preservation

*Tectonic Controls of Sedimentation

Tidal Flats

Tidal Inlets and Deltas

Turbidites

Upwelling

Sedimentary Processes

Debris Flow

Eolian Transport and Deposition

Features Indicating Impact and Shock Metamorphism

Grain Settling

Grain Threshold

Gravity-Driven Mass Flows

Numerical Models and Simulation of Sediment
Transport and Deposition

Sediment Fluxes and Rates of Sedimentation

Sediment Transport by Tides

Sediment Transport by Unidirectional Water Flows

Sediment Transport by Waves

A good approach for readers unfamiliar with the subject
1s to begin with a general article, then follow the cross-
references listed at the end of the article to find related
topics. For example, one might begin to learn something
about Sands, Gravels and their Lithified Equivalents, go on to
Bedding and Internal Structures, then Paleocurrent Analysis,
then Cross-Stratification, or some other specific topic.

A reader with more knowledge, might begin searching for a
specific topic, for example, concretions. As it happens, there is
no article with that name, but reference to Diagenesis, or
Diagenetic Structures (or to the Index) would soon lead to
articles that describe concretions of various types. If the reader
needs more than he can find in the encyclopedia, most articles
give copious bibliographic references, to both general texts
and research articles.



ALGAL AND BACTERIAL CARBONATE
SEDIMENTS

Calcified algae and bacteria

Only a few algae and bacteria calcify (Figure Al), but their
abundance and wide distribution make them important in
limestones of many ages and environments (Figure A2). Mi-
crobial carbonates appeared in the Archaean and are sig-
nificant in Proterozoic carbonate platforms. Calcified
cyanobacteria became important in the Cambrian, and calci-
fied green and red algae in the Ordovician. Additional extinct
organisms have been regarded as calcified algae or bacteria, but
are still of uncertain affinity. These problems of affinity hamper
paleocological and phylogenetic interpretations.

Calcification

Environmental range and variations in cellular site and miner-
alogy of calcification reflect the organism’s control over calci-
fication. With decreasing control, calcification site moves from
intra- to extra-cellular, mineralogy shifts toward that of ambi-
ent abiotic carbonate precipitates, and environmental distribu-
tion becomes restricted to locations where inorganic
precipitation is favored (e.g., warmer water in marine environ-
ments). Strong control (e.g., coralline red algae) allows wide
environmental distribution of calcification and is linked to
intracellular sites of CaCO; nucleation. Weak control (e.g.,
halimedaceans and cyanobacteria) limits the environmental
distribution of calcification, and is linked to an extracellular
site of CaCO; nucleation and a polymorph in equilibrium with
the ambient environment. Consequently, calcified algae and
bacteria have potential to reflect past fluctuations in environ-
mental controls over carbonate precipitation. Cyanobacteria,
for example, calcify only when environmental conditions are
favorable (Arp etal., 2001). At present, this is only widespread
in freshwater, but took place extensively in marine environ-
ments in the Paleozoic and Mesozoic.

Figure A1 Principal groups of calcified benthic algae and
cyanobacteria. Calcified red algae include corallines that are marine,
calcitic, occur at all latitudes, and are important reef builders. In
contrast, calcified marine green dasycladaleans and halimedaceans
are aragonitic and mainly tropical. They mainly produce particulate
sediment, although Halimeda creates reefs with its disarticulated
segments. Charophyte green algae also produce bioclastic sediment,
but are essentially freshwater, calcitic, and prefer temperate climates.
Gymnocodiaceans and phylloids are certainly algae, but lack the
distinctive features necessary to either subdivide or classify them.
Solenoporaceans are a heterogeneous grouping.

Microbial carbonates

Microbes (bacteria, small algae, fungi) are widespread on
wetted substrates. Carbonate precipitation, locally augmented
by grain trapping, results in their accretion and preservation as
microbial carbonates. Extracellular polymeric substances
(EPS), produced by microbes for attachment and protection,
provide nucleation sites and facilitate grain trapping. Precipi-
tation is stimulated by photosynthetic uptake of CO, and/or
HCOj by algae and cyanobacteria, and by ammonification,
denitrification, sulfate reduction and other metabolic processes
in other bacteria.

G. V. Middleton et al. (eds.), Encyclopedia of Sediments and Sedimentary Rocks

© Kluwer Academic Publishers 2003
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Figure A2 Algal-bacterial carbonate sediment. Variations in particle/
component size and degree of movement. Sizes are for basic
components in reefs (mud-grade to millimetric fabrics and calcified
sheaths in microbial reefs, crustose thalli in coralline red algal reefs,
and leaflike algal skeletons in phylloid reefs), and mud-sand-gravel.
Internally, microbial domes may have stromatolitic, thrombolitic,
dendrolitic, or leiolitic mesofabrics—or combinations of these. In
nodules, size indicates overall rhodolith or oncoid size. Whereas
components in microbial, coralline and phylloid reefs are essentially in
place, segments of the green alga Halimeda in segment reefs are
parauthochtonous. Centimetric nodules, built by red algae (rhodoliths)
and calcified microbes (oncoids) are also commonly parautochtonous.
Halimeda segment reefs typically accumulate at depths of 20-50 m on
low angle shelves and atoll lagoon floors. In contrast, on slopes and in
shallower water, carbonate mud-sand-gravel produced by
disaggregation of Halimeda and Penicillus green algae is commonly
transported. In addition, numerous other freshwater and marine algae,
such as green charophytes and red articulated corallines, produce
particulate sediment. Whiting crystals form in surface waters and settle
out of suspension.

Biofilms are very thin layers, usually only a few hundreds of
microns in thickness, of heterotrophic bacterial cells <2 um in
size in an EPS matrix, on solid substrates. Calcified biofilm,
characterized by peloidal/clotted (grumous) nanofabric, inter-
nal microchannels and external architecture of elevated towers
and plumes, is widespread as micritic veneers on grain and reef
surfaces.

Microbial mats are turf-like structures dominated by inter-
twined, often filamentous, cyanobacteria and algae, on solid or
grainy surfaces. They are believed to form the accreting sur-
faces of most stromatolites and other relatively large benthic
microbial carbonates. Organic material produced by the
photosynthetic surface community is recycled by chemoorga-
notrophic bacteria deeper in the mat, producing well-defined
microbial stratification and steep chemical gradients, all in a
depth of a few millimeters. Fossil mats preserve only a fraction
of this complexity, but can nonetheless retain distinctive fea-
tures (lamination, primary fenestrae, clotted and peloidal fab-
rics from calcification of degraded organic material, discrete
microfossils such as calcified cyanobacteria) although these do
not necessarily all co-occur.

Dome and column morphologies characterize thick microbial
carbonates and display laminated (stromatolite), clotted
(thrombolite), dendritic (dendrolite) or aphanitic (leiolite)

macrofabrics. Nodules also form, usually with stromatolitic
coats (oncoids). Stromatolites probably appeared at 3540 Ma
and contributed significantly to Paleo-Mesoproterozoic
(2500—1000 Ma) carbonate platforms. Their Neoproterozoic
decline has been attributed to eukaryote competition and/or
reduced lithification. However, thrombolites and dendrolites
were major Cambrian and Late Devonian reef-builders. In
addition to domes and columns, less conspicuous but volume-
trically significant microbial masses and layers are widespread
in Phanerozoic algal-invertebrate reefs.

Modern marine examples at Shark Bay, Western Australia,
and Lee Stocking Island, Bahamas, are coarse-grained agglu-
tinated columns with crudely layered macrofabrics built by
cyanobacterial-algal mats on wave-swept hypersaline shore-
lines (Shark Bay) or in normal salinity tidal channels (Lee
Stocking). Thick fine-grained microbial crusts also form on
Neogene coral-coralline reefs, and mats and biofilms calcify
heavily in present-day calcareous streams and lakes. Temporal
variation in abundance of marine microbial carbonate has been
attributed to dependence on supersaturation state of seawater
facilitating synsedimentary calcification.

Cyanobacterial calcification, in which the protective mucopo-
lysaccharide sheath is impregnated with CaCOs;, creates
distinctive microfossils that contribute to dendrolites, some
thrombolites, and skeletal stromatolites. Patterns of cyanobac-
terial calcification and microbial dome formation through time
could reflect fluctuations in seawater chemistry (Riding 2000).

Reefs

Microbial. In the Paleo-Mesoproterozoic and Paleozoic,
stromatolite and other microbial reefs are major components
of carbonate platforms. Some of the largest examples, hun-
dreds of meters in extent and with tens of meters of relief,
formed in deepwater. Dendrolites and thrombolites built by
millimetric calcified microbes, most likely cyanobacteria, such
as Angusticellularia, Epiphyton, and Renalcis, are locally im-
portant as rigid microframes. In Cambrian reefs, (e.g., Siberia)
they are often much more abundant than archacocyath
sponges, and can rival stromatoporoids in Late Devonian reefs
(e.g., Canning Basin).

Phylloid algae. Carboniferous-Triassic phylloid algae are
united by leaflike form more than affinity. Erect blades with
internal medulla and cortex (e.g., Anchicodium, Eugonophyl-
lum, Ivanovia) resemble halimedacean green algae. Prostrate
crusts with internal cellular tissue and conceptacles (e.g., Ar-
chaeolithophyllum) resemble red algae, particularly peyssonne-
liaceans. Both forms build self-supporting skeletal frame reefs
with substantial shelter cavities and abundant localized fine
sediment that are common in the Late Carboniferous-Early
Permian of the southwestern USA, Arctic Canada, and Russia.

Coralline algae. Cell-wall calcification and encrusting
growth allow crustose coralline red algae (Cretaceous-Recent)
to build reefs in wave-swept environments. Present-day coral-
line laminar frames are characteristic of Pacific algal ridges and
Atlantic cup and boiler reefs. Corallines (e.g., Lithoporella,
Lithothamnion, Sporolithon) have calcitic, often magnesium-
rich, skeletons and range from tropical to cold and deep water.
In mid-latitudes, for example, the Mediterranean, they form
thick ledges (trottoir) close to sea-level, and reefs (coralligéne)
in deeper water. Branched forms create interlocking frame-
works in high latitudes. Crustose corallines also form rhodolith
nodules. Related articulated corallines disaggregate to sand.
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Solenoporaceae, classically regarded as ancestral to coral-
lines, are a heterogeneous group of algae and other organisms.
Nonetheless, some Ordovician-Silurian fossils attributed to
Solenopora closely resemble the extant coralline Sporolithon.

Peyssonneliaceae, (e.g., Peyssonnelia, Polystrata), also
known as Squamaricaeae, resemble crustose corallines in mor-
phology and also participate in rhodolith formation, but are
aragonitic and only calcify in warm water. They certainly range
Cretaceous-Recent, but also show similarities with some Car-
boniferous phylloid algae.

Halimeda segment reefs. The heavily calcified (aragonite)
tropical marine green alga Halimeda (Halimedaceae) is a major
Neogene sediment-producer to depths of 150 m. The large
branched thallus consists of articulated segments that are shed
during life and after death. Rapid growth, up to 35 segments in
13 days, produces copious coarse sediment. In the Florida
Keys, Halimeda is the single most important component of
carbonate sand and gravel, and rivals coral in abundance. At
depths of 20-50m Halimeda sediment accumulates as para-
uthochtonous matrix-supported Segment Reefs that extend for
kilometers in the northern Great Barrier Reef, Indonesia and
the Caribbean.

Cladophora. At calcareous lake margins, calcification of
Cladophora-like green algae can form tufts of small
(~100 um) branching tubes that amalgamate into cones and
ultimately build tufa bioherms several meters across, for
example, Miocene of the Ries Crater, Germany.

Particulate sediment

Mud-silt

Post-mortem disintegration of the halimedacean Penicillus pro-
duces large quantities of aragonite mud-silt in modern tropical
carbonate bays and back-reef lagoons. A similar role has
been suggested for the calcified cyanobacterium Girvanella on
Early Paleozoic carbonate platforms. Charophytes (Silurian-
Recent, e.g., Chara, Nitella), large bushy algae that produce
fine-grained calcite in freshwater calcareous oligotrophic lakes
and streams, are important in the Cretaceous-Oligocene. Dis-
integration of their weakly calcified stems contributes to accre-
tionary platforms around Holocene temperate ‘marl’ lakes.
Sand-grade highly calcified female oosporangia (gyrogonites),
0.2-2mm in size, remain intact.

Whitings. In calcareous lakes, photosynthetic uptake of CO,
and HCOj3 by seasonal blooms of picoplanktic cyanobacteria
(e.g., Synechococcus), diatoms and the other planktic algae,
stimulates water column precipitation of calcite crystals,
mainly less than ~20 um in size, that form milky suspensions
in surface waters. Similar marine aragonite ‘whitings’ (e.g.,
Great Bahama Bank) may reflect the same biological stimulus,
but inorganic precipitation has not been excluded. Whitings
potentially account for abundant lime mud production on
carbonate shelves. Stable isotope compositions may distinguish
organic (e.g., photosynthetic) from inorganic (e.g., temperature
induced) whiting precipitates in present-day sediments, but
the origins of ancient lime mud are more problematic.

Sand-gravel

Dasycladaleans and halimedaceans, warm water aragonitic
green algae that range Ordovician-Recent, readily disaggre-
gate or fragment to coarse sediment. Dasycladaleans were

important in tropical bays and lagoons during the Late
Jurassic-Early Cretaceous and Paleogene. Halimedaceans
extend into deeper water and were important in the Upper
Triassic and Cenozoic. Gymnocodiaceans, possibly related to
halimedaceans, have a similar role in the Permian. Articulated
(geniculate) coralline red algae consist of segments, ~0.5-
6mm in size, separated by uncalcified nodes (genicula) and
also dissociate after death.

Nodules

Rhodoliths are centrimetric-decimetric coralline red algal
nodules. They occur in bays and reefal environments, but are
most extensive on current-swept platforms, in both warm and
cold water, to depths of ~100m. In northwestern France,
rhodolith gravel is termed maérl. In the Neogene, rhodoliths
form matrix-rich beds up to ~15m thick. Locally, stabilized
rhodoliths amalgamate into rigid coralline frame reefs (‘Crus-
tose Pavements’).

Oncoids (oncolites, oncoliths) are millimetric-decimetric no-
dules with thick stromatolitic coats. They are common in
shallow marine environments during much of the fossil record,
and locally form marker beds in carbonate shelf sequences. In
the Cenozoic they are more common in freshwater. Oncoid
cortices are often complex associations of fine-grained and
clotted microfabrics together with calcimicrobes. Oncoids in
present day calcareous lakes and streams are usually domi-
nated by calcified cyanobacteria.

Robert Riding
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ALLOPHANE AND IMOGOLITE

Allophane and imogolite are clay-sized minerals commonly
associated with tephra deposits. They are also found in some
non-tephric soils and sediments, as well as in streambeds and
drains.
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Definitions

Ross and Kerr (1934) showed that allophane was an X-ray
amorphous material commonly associated with the clay-mineral
halloysite. They suggested that “the name allophane should be
restricted to mutual solid solutions of silica, alumina, water and
minor amounts of bases but should include all such materials,
even though the proportions of these constituents may vary.”
Although this definition is still generally acceptable, some
changes are required to (a) exclude imogolite, (b) allow for broad
X-ray diffraction lines that are shown by allophane, and (c) allow
for synthetic allophanes, that may not contain bases at low pH.

The definition given by Parfitt (1990a) is “Allophane is the
name of a group of clay-size minerals with short-range-order
which contain silica, alumina and water in chemical combina-
tion.” There are three main types of allophane: these are the
aluminum-rich allophanes; the silicon-rich allophanes; and the
stream-deposit allophanes.

Imogolite, a mineral made up of bundles of fine tubes, is
excluded from this definition because it has long-range-order in
one dimension (Farmer and Russell, 1990).

Structures

Imogolite is a tubular mineral; the walls of individual tubes are
0.7nm in thickness; the outer surface is a gibbsite-like curved
sheet, and the inner surface consists of O3SiOH, with the
oxygen replacing the inner hydroxyls of the gibbsite sheet.
Allophane is made up of hollow spherules with a diameter of
4-5 nm. Al-rich allophane has an Al/Si ratio of about 2 and an
imogolite-like structure. Si-rich allophane contains polymer-
ized silicate, and has an Al/Si ratio of about 1. Stream deposit
allophanes have Al/Si ratios of 0.9-1.8, with Al substituting for
some Si in the polymeric tetrahedra.

Properties

Allophane and imogolite have large specific surface areas (700—
1500 m?/g) and react strongly with anions, such as phosphate
and arsenate. Organic matter is also strongly bound to allo-
phane and imogolite, decomposing only slowly in allophanic
deposits. Such deposits usually have large porosity and water
contents; the pores being stabilized by the positive and negative
charges on the surfaces of these minerals.

Identification and estimation

In the field, allophane deposits may be identified by their char-
acteristic greasy feel. As little as 2% allophane can be detected
in this way. Allophane and imogolite can best be estimated by
dissolving in acid-oxalate, and measuring concentrations of Al
and Si (Parfitt, 1990a). Imogolite can be estimated by electron
microscopy and differential thermal analysis (Parfitt, 1990b).
However, if the sediment contains more than about 0.5% car-
bon, the contribution of Al from Al-humus complexes that
dissolve in oxalate must be accounted for and this can be
achieved by using pyrophosphate reagent (Parfitt, 1990a).

Processes of formation

The rate of formation of allophane is chiefly controlled by
macro- and micro-environmental factors, together with miner-
alogical and physicochemical composition of the parent depos-
its. The effect of time is subordinate to these factors (Lowe,

1986). The activity of silicic acid, the availability of Al species,
and the opportunity for co-precipitation are very important. The
Si and Al are controlled by leaching, organic matter and pH.
Generally, allophane forms at pH values between 5 and 7, and a
pH value of at least 4.8 is required for allophane to precipitate.

Allophane is commonly found in tephra layers under humid
climates, where volcanic glass dissolves to produce allophane.
On the face of open soil pits containing rhyolitic tephra, allo-
phane has been observed to precipitate within a time frame of
months (Parfitt, unpublished data). The mineral can also pre-
cipitate in drains. Allophane has been found in tuffs (Silber ez
al., 1994), lava (Jongmans et al., 1995), lacustrine sediments
(Warren and Rudolph, 1997), and Silurian sediments (Moro
etal., 2000). Further, allophane is involved in the formation of
indurated layers or pans in soils and sediments (Thompson
etal., 1996; Wilson etal., 1996; Jongmans et al., 2000).

Imogolite is usually found accompanying allophane, but the
classical pure imogolite in Japan occurs as gel films over the
surface of lapilli (Yoshinaga and Aomine, 1962).

Roger L. Parfitt
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ALLUVIAL FANS

Introduction

Alluvial fans are depositional features, formed of coarse gravel
sediments, created where high-bed-load streams enter zones
of reduced stream power, and deposit the coarser fraction of
their loads. The resultant landforms are usually fan-shaped in
plan and wedge-shaped in profile (Bull, 1977). They occur
commonly in two topographic situations: at mountain fronts
and at tributary junctions (Harvey, 1997). They are subaerial
features, however if they extend into water they are known as
fan-deltas.

Sediment transport and deposition processes on alluvial fans
range from debris flows, to sheetfloods and channelized
streamflows. Fans range in axial length up to 10s of km,
though many fans described in the literature range in size
between ca. 100m and a few km. As scale increases there is a
tendency for the dominant process to change, from small
debris-flow dominated tributary-junction fans (debris cones),
to mixed processes and sheetflood dominance at intermediate
scales, and dominance by channelized fluvial flows at the
largest scales.

Alluvial fans are important features within mountain fluvial
systems, acting as sediment stores. They preserve a sedimentary
record of environmental change, and act as major controls on
the downstream fluvial system, often breaking the coupling
between sediment source areas and distal fluvial environments
(Harvey, 1997).

The published work deals with both the sedimentology and
the geomorphology of alluvial fans, and to some extent the two
are interdependent, however there are differences of emphasis.
Much of the earlier work dealt with fans at faulted mountain
fronts in the American southwestern deserts, hence there is an
emphasis on fans as desert features and on tectonic controls.
This emphasis occurs especially in the sedimentological litera-
ture, in relation to ancient fan sediments, perhaps because the
preservation potential is high for fan sediments deposited at the
margins of subsiding basins. However, fans do occur in many
climatic environments, and in tectonically stable situations, in
which case climate is often seen as a major control. This is
perhaps the primary emphasis in the geomorphological litera-
ture, in relation to Quaternary and modern fans.

Historical context

Numerous studies in the American southwest provide the basis
for our knowledge. Important papers by Blissenbach (1954),
dealing with fan sedimens, by Denny (1965) dealing with the
Death Valley fans, and by Hooke (1967) linking fan processes,
sediments and morphology were followed by a series of papers
by Bull (for details see Bull, 1977), examined the relations
between tectonics, fan morphology and sediments. Research
on modern fans has continued in the American southwest and
has developed in other regions (see Rachocki and Church,
1990), in other dry regions (e.g., Wasson, 1979; Harvey, 1990;
Nemec and Postma, 1993; Gerson et al., 1993), in arctic and
alpine regions (e.g., Leggett eral., 1966; Ritter and Ten Brink,
1986), in humid temperate regions (e.g., Harvey and Renwick,
1987; Kochel, 1990) and in the humid tropics (e.g., Kesel and
Lowe 1987).

Fan sedimentary sequences have been incorporated into the
fluvial sediment sequence models of Miall (1977, 1978) and are
also described in standard sedimentology texts (e.g., Reineck
and Singh, 1973). Studies of alluvial fan sedimentary
sequences, described from terrestrial environments throughout
the geological timescale, are far too numerous to deal with in
detail here. A comprehensive bibliography is given by Nilsen
and Moore (1984).

Important studies have attempted to relate fan sedimen-
tary sequences with fan processes (Bull, 1972; Blair and
McPherson, 1994), especially in relation to individual flood
events (Wells and Harvey, 1987; Blair and McPherson, 1998)
and to infer catchment characteristics from past fan sediments
(Hirst and Nichols, 1986; Mather et al., 2000). For reviews
of the alluvial fan literature, with emphasis on sedimentology
see Nilsen (1982), Nilsen and Moore (1984) and Blair and
McPherson (1994), and with emphasis on geomorphology see
Bull (1977) and Harvey (1997).

Essential concepts: fan processes and sediments

There is a close two-way link between alluvial fan morphology
and sedimentology. Fans are products of deposition and there-
fore the morphology reflects the depositional style. For exam-
ple, fan gradients are higher for deposition by debris-flows
than by fluvial processes (Kostaschuk ezal., 1986), and higher
for sheetflood than for channelized fluvial deposition (Blair
and McPherson, 1994). Similarly, deposition is conditioned
by fan morphology, for example, by gradient and flow confine-
ment. Because of this close relationship, fan morphological
properties show relationships with the same catchment char-
acteristics that control water and sediment delivery to the fan.
Fan size generally shows a direct geometric relationship, and
fan gradient an inverse geometric relationship to catchment
area (Bull, 1977; Harvey, 1997).

In more detail, several fan styles can be identified, reflecting
the relationships between erosion and deposition in fan envir-
onments. A non-trenched aggrading fan is one on which sedi-
mentation takes place from the apex downfan. More common
are telescopic or prograding fans, where the feeder channel is
incised into the apex zone as a fanhead trench, but emerges
onto the fan surface at a midfan intersection point, beyond
which deposition occurs. Finally are various styles of dissecting
fans, with dissection focused at the apex, in midfan or distally.
The extreme would be a fan trenched throughout its length
(Harvey, 1997).

Several groups of sedimentary processes are important: the
primary debris-flow and fluvial processes delivering sediment
to the fan, the secondary fluvial, and in arid areas eolian,
processes reworking or eroding the sediment, and the tertiary
pedogenic processes modifying the fan surface.

The primary processes depend on the water:sediment mix
fed to the fan from the catchment during flood events (Wells
and Harvey, 1987), and to a certain extent on the particle-size
characteristics of the fine sediment. Debris-flow processes
operate as sediment-rich flows, especially with a silt or clay
matrix (Suwa and Okuda, 1983). Under greater dilution flows
become transitional or hyperconcentrated and at higher dilution
become fluvial flows. Debris flows are most common where
sediment concentrations are high, for example, from small, steep
catchments (Kostaschuk etal., 1986; Wells and Harvey, 1987).
Fluvial flows may operate within channels or as sheetflows.
Channelized flows would be more common in proximal fan
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environments especially where the feeder channel is in a fan-
head trench, but may also occur throughout, especially on
larger fans. On distal fan surfaces, channels may switch courses
by avulsion, but sheetfloods are more common on the distal
surfaces of desert fans (Blair and McPherson, 1994).

Fan sediments are coarse and texturally immature, having
been deposited during floods either as debris flows or as fluvial
deposits fed by steep mountain streams. Common sedimentary
facies include matrix-supported gravels (Gms: after Miall,
1978), deposited by debris flows, and clast-supported gravels
(Gm, Gt, Gp), deposited by both channelized fluvial flows and
sheetfloods. Sandy facies and fines are of less importance
except in distal environments. Debris flows will be represented
by massive boulder- to cobble-conglomerates, with true debris-
flow deposits exhibiting matrix-support and an internal fabric
of crude oblique-to-vertical clast alignment resulting from
compression and internal shear (Wells and Harvey, 1987; Blair
and McPherson, 1998). Transitional deposits are usually
massive, poorly sorted, clast-supported (fanglomerate) gravels,
with less matrix than true debris-flow deposits. They have little
or no internal structure or may exhibit weak bedding. Fluvial
deposits within alluvial fans range from thin sheet gravels,
often showing coarse and fine couplets, associated with max-
imum and waning flows (Blair and McPherson, 1994). They
may show relatively little basal scour, in contrast with gravels
deposited by channelized flows. These deposits will show char-
acteristics of stream deposits, scoured bases, bedding (planar
and locally cross-bedding), moderate sorting and often weak
imbrication, though they are likely to show less order than
perennial braided stream deposits, due to limited reworking
and reorganization by moderate flows.

Because fans are generally flood-event related, receiving
sediment only occasionally, and because sedimentation takes
place on only parts of the fan, most of the fan surface under-
goes weathering and soil formation for most of the time. This is
accentuated on surfaces incised by a fanhead trench. Soils and
paleosols are therefore important constituents of fans. They
are especially useful for correlation and dating purposes, and
have been used in this way on Quaternary fans in humid
regions (e.g., Harvey, 1996a), in tropical areas (Kesel and
Spicer, 1985), but above all in arid and semiarid regions (Wells
etal., 1987; McFadden etal., 1989; Bull, 1991). Several aspects
of desert soils on fan surfaces have been shown to change
progressively with age, including desert pavement surfaces
(Dan etal., 1982; McFadden etal., 1987; Al-Farraj and Harvey,
2000), soil B-horizon color, Fe-oxide and mineral magnetic
properties (White and Walden, 1997; Harvey et al., 1999a),
and pedogenic carbonate and calcrete (caliche) characteristics
(Lattman, 1973; Machette, 1985; Alonso Zarza et al., 1998).
There are implications for interpreting ancient as well as Qua-
ternary fan sequences (Wright and Alonso Zarza, 1990).

The spatial and vertical variations of fan sediments depend
on the relationships between fan morphology and processes.
On many intermediate-sized fans debris flows may not travel
much further than midfan. Sheetflood processes will occur only
on non-dissected fan surfaces or on distal surfaces beyond the
intersection point. Under both sheetflow and channelized
fluvial flows transporting power may diminish downfan. These
three trends lead to spatial patterns in sediment properties,
with a tendency for proximal-to-distal variation in the relative
importance of sediment types (Harvey, 1997) and an overall
tendency for a downfan decrease in sediment size. Laterally
there are also likely to be spatial variations in sediment types in

relation to the position of the axial channel and the probability
of sediment reworking.

Such trends are likely to be expressed in vertical sections
with differences between sequences from small or intermediate-
sized fans and those from larger fans, and differences between
proximal and distal environments (Harvey, 1997). In the prox-
imal zones of smaller fans, sequences are likely to show rapid
vertical variations between debris-flow and fluvial channel de-
posits (the Trollheim type of Miall, 1978), but in distal zones
debris flows will be rarer and thin sheetflood sediments more
common. On fluvially dominant fans (with sequences of the
Scott type of Miall, 1978) alternations between channel and
sheetflood sediment are common. In both cases paleosols could
be important horizons.

In fan distal zones sediments may exhibit simple stacked
stratigraphy, but proximal zones prone to fanhead trenching,
may exhibit inset stratigraphy, preserving deep incisions of
buried fanhead trenches (Harvey, 1987). Indeed the presence
of fanhead trenches produces two contrasting models of fan
sedimentary sequences. On non-trenched aggrading fans an
overall fining sequence would be expected, associated with
the progressive burial of the mountain-front topography,
whereas on fans undergoing fanhead trenching sediment
sequences would be expected to show overall coarsening as
formerly proximal deposits are reworked distally (Heyward,
1978; Steel etal., 1977).

Essential concepts: controls on fan development

Two main groups of controls influence the development of
alluvial fans, those relating to the setting of the fan and those
related to processes. Those related to the setting include the
gross topography of the site, governed by tectonics and long-
term geomorphic history (e.g., glaciation), and control the
accommodation space. Those related to processes include the
delivery of water and sediment from the mountain catchment,
its transport to and deposition on the fan, and the potential for
erosion of the fan surface. These processes are in turn con-
trolled by the size, relief and bedrock geology of the catchment,
by the climate, and by the fan morphology itself, including its
relationship to local base levels.

These factors can be grouped into four partially related sets,
any of which may be subject to change within the timescale of
the existence of an alluvial fan. These sets are: (1) source area
relief and geology, (ii) tectonic factors, (iii) climatic factors,
and (iv) base level. Fan processes may respond to changes
in these factors—the changes being recorded within the fan
morphology and sediment sequences.

Source-area relief and geology influence the sediment yield
of the catchment, but may change little over the short term.
However, changes may occur in response to headwater stream
capture (Mather et al., 2000) causing sudden changes in water
and sediment supply, or to long-term changes in sediment
availability related to progressive erosion of the source area.

Past tectonics may have a major influence on the fan setting.
Ongoing tectonics may cause uplift of the source area and an
increase in sediment production, or may cause a change in fan
gradients by tilting. At the regional scale uplift-induced dissec-
tion may cause a change in base level, triggering fan-toe ero-
sion (see below). However the most significant role of tectonics
for basin-margin fans is the ongoing creation of accommoda-
tion space brought about by continued basin subsidence. With-
in the literature on Quaternary fans, tectonics has been seen as
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an important control on fan sedimentation (Calvache er al.,
1997) and on geomorphology (Bull, 1961, 1978; Silva et al.,
1992), but in the sedimentological literature as a whole is often
seen as the primary control over fan sediment sequences in the
ancient record (e.g., Sharp, 1948; Steel, 1974; Heyward, 1978).

Climate influences sediment availability within the catch-
ment through weathering processes, and sediment delivery
from hillslopes to channels through slope failure and slope
erosion processes. Climate also influences both water and sedi-
ment supply to the fan through its influence on the flood
hydrology of the stream system. Processes on the fan and the
resultant morphology respond to climatically led sediment
supply and flood hydrology regimes. The relationships between
debris-flow and fluvial processes depend on the water-sediment
mix during flood events (Wells and Harvey, 1987), and the
erosional-depositional regime as a whole depends on the
threshold of critical stream power (Bull, 1979), itself governed
by the water-sediment regime. While it is recognized that allu-
vial fans may occur in any climatic environment, a climatic
change may modify these relationships, resulting in changes in
fan dynamics. Significant changes in erosion-sedimentation
regimes resulting from Quaternary climatic changes have been
identified in many dry regions including the American south-
west (Bull 1991; Wells et al., 1987; Dorn, 1994; Harvey et al.,
1999b), and the drier parts of the Mediterranean region
(Roberts, 1995; Harvey, 1996a). Similarly in mountain areas
glaciated during the Pleistocene, fan deposition has been iden-
tified as a paraglacial phenomenon, supplied with sediment
from previously glaciated catchments (Ryder, 1971; Brazier
etal., 1988).

Most fans accumulate under relatively stable base-level con-
ditions. However, a base-level change may cause a switch from
deposition to erosion in fan-toe zones, which may progressively
dissect the fan headwards. Base-level changes may be induced
tectonically or as secondary effects of climatic change. These
may be important on coastal fans following Quaternary
eustatic sea-level changes, or on fans at the margins of pluvial
lakes following changes in lake level. Similarly a base-level
change may affect tributary-junction fans following climati-
cally-induced incision of an axial drainage. However, the
effects of base-level change are not necessarily straightforward.
In the common case of a fall of base level, dissection will occur
only if the newly exposed gradients are sufficient to trigger
incision. On the other hand, a regional sea-level rise may cause
fan dissection if it is accompanied by coastal erosion and fan-
profile foreshortening (see Harvey etal., 1999a). The effects are
similar to erosional “toe-cutting” by a laterally migrating axial
drainage (Leeder and Mack, 2001).

Interactions between tectonic, climatic and base-level factors
form an ongoing discussion in the literature. The consensus is
that, at least for Quaternary fans, climate appears to have the
primary role (Bowman, 1978; Frostick and Reid, 1989; Ritter
etal., 1995).

Modern trends in alluvial fan research

In addition to considerations of interactions between the main
groups of causal factors, several other trends in modern allu-
vial fan research can be identified. There has been detailed
study of the relationships between the fundamental processes
that affect alluvial fans and the properties of the sediments
preserved. This is especially true of debris flows (see Costa,
1988; Blair and McPherson, 1998). Such an understanding

provides the basis for a clearer interpretation of ancient fan
sediments, related to knowledge of modern fan processes and
sedimentology.

In relating Quaternary fan sequences to the climatic
sequence, the interdisciplinary nature of such studies is becom-
ing increasingly apparent (Harvey etal., 1999b). Fundamental
here are advances in dating and related techniques, for example
the application of cosmogenic dating techniques (Harbor,
1999), and more sophisticated analyzes of soils (e.g., White
and Walden, 1997) on alluvial fan surfaces will provide a much
tighter framework for alluvial fan chronologies and environ-
mental reconstruction.

Furthermore, the interdependence of geomorphology and
sedimentology in alluvial fan research is becoming even more
apparent. This is true not only for understanding the dynamics
of alluvial fans themselves (e.g., Leeder and Mack, 2001), but
also in relating alluvial fans to their source areas, where knowl-
edge gained from the study of Quaternary and modern fans is
being applied to interpreting older fan sequences (e.g., Mather
etal., 2000).

Summary

Alluvial fans are important sedimentary environments that are
fundamental in a coupling/buffering role within mountain
(especially but not exclusively dry-region) geomorphic systems.
They preserve a sedimentary record, on modern fans of drai-
nage-basin response to Quaternary climatic change, and in the
longer term of the tectonic controls over sediment supply to
sedimentary basins. There is a close two-way interaction
between geomorphic and sedimentological processes on allu-
vial fans. Fan sedimentology and morphology respond to tec-
tonic, climatic and base-level controls, and as such express the
fundamental dynamics of geomorphic and sediment systems.

Adrian M. Harvey
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ANABRANCHING RIVERS

Introduction

An anabranching river is defined as a system of multiple chan-
nels characterized by vegetated or otherwise stable alluvial
islands that divide flows at discharges up to bankfull. These
islands may be excised by channel avulsion from extant flood-
plain (see Avulsion), developed from within-channel deposi-
tion or formed by prograding distributary-channel accretion
on splays or deltas. Common usage has confined the related
term anastomosing to a specific subset of relatively distinctive
low-energy anabranching systems associated with mostly
fine-grained or organic deposition (Smith and Smith, 1980;
Knighton and Nanson, 1993; Makaske, 2001). Neither of these

terms now applies to braided rivers (see Rivers and Alluvial
Fans) where the divided flow pattern is strongly stage-depen-
dent around bars that are unconsolidated, ephemeral, poorly
vegetated and overtopped at less than bankfull flow. In an
anabranching system, the islands are about the same elevation
as the adjacent floodplain, usually persist for decades or cen-
turies, have relatively resistant banks, and support well-estab-
lished vegetation. Anabranching always occurs concurrently
with other patterns such that individual channels braid, mean-
der or are straight. Such rivers occupy a wide range of environ-
ments, from low to high energy, and occur in arctic, alpine,
temperate, humid tropical and arid climatic settings. They
are more common than has been recognized previously; a
total of 90% by length of the alluvial reaches of the world’s
ten largest rivers anabranch, and it is a particularly wide-
spread river pattern for both large and small rivers in inland
Australia. Numerous rivers in Europe used to anabranch but
most of these have now been modified to more “convenient”
single-thread forms in densely populated and heavily utilized
valleys.

While research continues into the fundamental cause of
anabranching, it has been argued that an advantage of ana-
branching is that islands concentrate stream flow and maximize
bed-sediment transport per unit of stream power, particularly
where there is little or no opportunity to increase channel
gradient (Nanson and Huang, 1999).

Classification

On the basis of stream energy, sediment size and morphologi-
cal characteristics, Nanson and Knighton (1996) recognize six
types of anabranching river; Types 1-3 are lower energy and
Types 4-6 are higher energy systems. Type 1 are Cohesive
Sediment rivers (commonly termed anastomosing) with low
w/d ratio channels that exhibit little or no lateral migration.
They are divisible into three subtypes based on vegetative and
sedimentary environment (Figure A3a). Type 2 are Sand
Dominated Island Forming rivers and Type 3 are Mixed Load
Laterally Active meandering rivers. Type 4 are Sand Dominated
Ridge Forming rivers characterized by long, parallel channel-
dividing ridges (Figure A3b). Type 5 are Gravel Dominated
Laterally Active systems that interface between meandering
and braiding in mountainous regions (Figure A3c). These have
been described as wandering gravel-bed rivers (Church, 1983).
Type 6 are Gravel Dominated Stable systems that occur as non-
migrating channels in small, relatively steep basins.

Anastomosing rivers

Because of their fine-grained nature and tendency to accumu-
late substantial organic material, anastomosing rivers are a
potentially economically important group of anabranching
rivers. Modern examples were first described in detail in the
alpine and humid environment of the Rocky Mountains of
western Canada (e.g., Smith, 1973; Smith and Smith, 1980)
but have subsequently been described in a wide variety of
settings including arid environments (e.g., Gibling etal., 1998;
Makaske, 2001). In rapidly accreting humid settings, peats can
accumulate in floodplain lakes and swamps to form coal, and
sandy paleochannels may act as reservoirs for hydrocarbons.
However, not all anabranching rivers are rapidly vertically
accreting and in arid environments they do not accumulate
organics. Makaske (2001) found no standard sedimentary
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Figure A3 Examples from the range of anabranching river stratigraphy (a) Cohesive-sediment anabranching river; (b) Sand-dominated ridge-
forming anabranching river; (c) Gravel-dominated laterally active anabranching river (after Nanson and Knighton, 1996).

succession for anastomosing rivers, however, he described
them in three different settings and showed some common
characteristics. His schematic diagram of the Columbia River
is presented here as an example of the style of stratigraphy in a
rapidly vertically-accreting humid montane setting with organ-
ic-clastic accumulation (Figure A4 ). Such anastomosing rivers
(and delta distributary channels) tend to have fixed channels
that aggrade with only limited lateral expansion, thus generat-
ing ribbons or narrow sheets (width : thickness ratio <15 and
15-100, respectively) encased in floodplain fines. Most fixed-
channel bodies are less than 10 m thick, with width : thickness
ratios typically less than 30 and commonly less than 15. Many
examples in the rock record probably represent long-lived ana-
stomosing rivers that formed trunk drainage systems or trans-
verse alluvial cones. Many of these deposits lie in rapidly
subsiding settings, especially foreland and extensional basins
characterized by large sediment flux and low gradients. Deltaic
distributary channel bodies, many probably formed from rela-
tively straight channels, typically comprise fills of mixed sand
and mud, with marine- or brackish-water fossils, slumped
masses, and a common association with coal. The avulsion of
a major channel into wetlands may generate a splay complex
with suites of small, transient anastomosing channels, with the
eventual establishment of a stable, single-channel course. In
arid environments, alluvial and eolian deposits can be juxta-
posed, whereas in vertically accreting humid environments
channel fills are flanked by silty levee deposits, lacustrine clay
and coal.

There is a recent tendency to attribute all ribbon bodies in
the rock record to anastomosing river systems, however, some
could also be assigned to the more general fixed-channel model
(Friend, 1983) because it is difficult to show that the original
channels formed a synchronous anastomosing network
(Makaske, 2001). Indeed, in a review of fluvial facies models,
Hickin (1993) suggested that the anastomosing model is a
somewhat premature concept based on the study of relatively
few rivers, the full development of which should await detailed
investigation of a much wider range of types.

Conclusion

Anabranching rivers represent a diverse group from low
energy, organic or fine sediment-textured, to relatively high
energy gravel-transporting systems. They are commonly asso-
ciated with flood-dominated flow regimes, banks that are re-
sistant to erosion, and sometimes with mechanisms to block or
constrict channels and induce channel avulsion. They can de-
velop as erosional systems that scour channels into the flood-
plains or accretional systems that build islands within, or
floodplains around (as in subaqueous deltas), existing chan-
nels. Anabranching is commonly associated with laterally
stable channels but individual channels can meander, braid or
be straight. Anabranching rivers represent a widespread and
distinctive group that, because of particular sedimentary,
energy-gradient, and other hydraulic conditions, operate most
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Figure A4 Textural facies model of the upper Columbia River (British Columbia, Canada), a rapidly aggrading anastomosing system in a temperate
humid montane setting. Scale is approximately 2 km in width and alluvial thickness ~10 m (after Makaske, 2001).

effectively as a system of multiple channels separated by vege-
tated floodplain islands.

Gerald C. Nanson and Martin R. Gibling
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ANCIENT KARST

Introduction

Karst is characterized by spectacular surface topographies,
caves, and subterranean drainage systems that have developed
in soluble limestone, dolostone, or gypsum bedrocks (e.g.,
Jennings, 1971, 1985; Sweeting, 1973; Bogli, 1980; Trudgill,
1985). Karst is geologically complex because it represents the
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balance between the diametrically opposed processes of disso-
lution and precipitation which are mediated by groundwater
that flows over and through the bedrock. Thus, from a geolo-
gical perspective karst is a subaerial diagenetic terrain. Esteban
and Klappa (1983) defined karst as ... a diagenetic facies, an
overprint in subaerially exposed carbonate bodies, produced
and controlled by dissolution and migration of calcium carbo-
nate in meteoric waters, occurring in a wide variety of climatic
and tectonic settings, and generating a recognizable land-
scape.” Similarly, Choquette and James (1988) defined karst
to “...include all of the diagenetic features—macroscopic and
microscopic, surface and subterranean—that are produced
during the chemical dissolution and associated modification
of a carbonate sequence.”

Ancient karst (or paleokarst) includes relict paleokarst (pre-
sent landscapes formed in the past) and buried paleokarst
(karst landscape buried under younger sediments) as defined
by Jennings (1971), Sweeting (1973), and Choquette and James
(1988). Ancient karst is characterized by an unconformity that
represents the original erosional landform and the underlying
“karsted” rocks, which are characterized by diagenetic fabrics
formed by dissolution and precipitation. Recognition of
ancient karst is important because the karst surface represents
a break in deposition that commonly constitutes a sequence
boundary, and the diagenetically modified rocks beneath the
karst surface may be superb reservoir rocks for hydrocarbons
or hosts for various economically important ores.

Features of ancient karst

An ancient karst surface may be characterized by (1) strati-
graphic—geomorphic features, (2) macroscopic surface and
subsurface karst features, and (3) microscopic features
(Choquette and James, 1988).

Stratigraphic—geomorphic features

The recognition and reconstruction of the topography of large-
scale, ancient karst landforms, such as towers and dolines,
relies on the availability of good surface exposures, high-
resolution seismic profiles, or numerous closely spaced wells.
The profiles of such landforms will only become evident if they
are mapped relative to a datum that represents a time surface
and was flat at the time of formation (cf. Choquette and James,
1988). The lack of fluviatile sediments on the erosional surface
indicates that it formed through karst rather than by fluvial
erosion. An ancient karst surface may be difficult to recognize
in small outcrops or core because the limited scale precludes
recognition of the large-scale landforms. Indeed, on a small
scale, an ancient karst surface may be identical to any other
bedding plane in the succession. The Cayman Unconformity,
for example, is a karsted surface that formed during the
Messinian and now separates the Cayman Formation (Mio-
cene) from the Pedro Castle Formation (Pliocene) on Grand
Cayman (Jones and Hunter, 1994). In Pedro Castle Quarry it is
apparent as a relatively flat surface that, at first glance, appears
to be a bedding plane (Figure AS). Mapping across the island,
however, shows that this unconformity has a rugged relief of at
least 40 m (Jones and Hunter, 1994).

Potentially, a karst surface may separate sedimentary suc-
cessions that formed in different depositional regimes. This,
however, assumes that the depositional regime established fol-
lowing development of karst surface was significantly different

Figure A5 General view of the Cayman Unconformity (U/C) that
separates the Cayman Formation (CF) from the Pedro Castle Formation
(PCF) in Pedro Castle Quarry, central-south coast of Grand Cayman.
Although horizontal in this quarry, this karst surface has a relief of
~40m when traced across the island (Jones and Hunter, 1994). Note
paleocaves located beneath the unconformity.

from those that existed prior to subaerial exposure and karst
development. This is not universally true. On Grand Cayman,
for example, the facies in the Pedro Castle Formation are
similar to those found in the underlying Cayman Formation
despite the fact that the two formations are separated by a
high-relief, karsted unconformity.

In the simplest sense, strata located beneath a karst surface
should be characterized by fabrics that are indicative of
meteoric diagenesis whereas the rocks above the unconformity
should be devoid of such fabrics. In many situations, however,
this is not the case because the entire carbonate succession
evolved through a succession of depositional-karst cycles with
each phase of deposition being followed by a phase of karst
development. Accordingly, virtually all parts of a succession
will exhibit the results of meteoric diagenesis and many parts of
the succession may be subjected to more than one cycle of such
diagenetic alteration.

Macroscopic surface and subsurface karst features

Macroscopic surface karst features include various types of
karren, phytokarst, kamenitzas, soils, caliche (see caliche—this
volume), nonsedimentary channels, lichen structures, brown-
or red-dish fracture fillings, and mantling nonsedimentary
breccias (Choquette and James, 1988, table 2). Macroscopic
subsurface features include caves and other smaller cavities,
in situ brecciated and fractured strata, collapse structures,
dissolution-enlarged features, rubble-and-fissure fabrics, cave
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sediments, and irregular-shaped breccia bodies which may or
may not be conformable with the host strata (Choquette and
James, 1988, table 2).

Not all features will be found in every ancient karst terrain.
Some may be absent simply because they were never devel-
oped. Other features may have been formed but then destroyed
by erosion during the next transgression (e.g., Jones and Smith,
1988). Soils, including terrra rossa, are typically unconsoli-
dated and therefore prone to removal as sea-level rises and
drowns the karst terrain. Similarly, phytokarst is commonly
formed of delicate structures that are prone to destruction as
they are submerged by rising sea-level. In many cases it may be
difficult to recognize surface karst features because they are
buried beneath younger sediments. If surface features are pre-
sent, such as those recognized on the unconformity at the top
of the Lower Ordovician Romaine Formation in Quebec
(Desrochers and James, 1988), they offer important evidence
of karst development.

Microscopic karst features

Microscopic karst features, usually recognizable only in thin
sections, include products of dissolution (e.g., formation of
fabric-selective pores; etched carbonate cements), bioerosion
(e.g., sparmicritization, micritized grains), precipitation (e.g.,
meniscus, pendent, and needle-fiber vadose cements), and/or
sediment transportation (e.g., vadose silt, eluviated soil) (cf.
Choquette and James, 1988, table 2). Typically, these fabrics
have an irregular to random distribution on a scale of milli-
meters. Thus, dissolution fabrics may characterize one pore in
a limestone whereas a neighboring pore may be partly filled or
filled with precipitated cements and/or vadose silt. Similarly,
individual pores may contain interlaminated sediments and
precipitates that are a record of temporal changes in the
operative processes.

Karst surface or hardground

As transgressive seas flood a karst surface, various opportu-
nistic encrusting and/or boring organisms will establish them-
selves on the hard rock that forms the new seafloor. Such
colonization typically takes place during the transgressive lag
period when sediment production is minimal. The Cayman
Unconformity on Grand Cayman, for example, is character-
ized by numerous sponge, worm, and bivalve borings which
were formed when those animals colonized the seafloor as the
Messinian karst landscape was flooded. Similarly, numerous
borings characterize the unconformity at the top of the
Romaine Formation (Desrochers and James, 1988). These sur-
faces, however, will have many features that are also found on
submarine hardgrounds (see hardgrounds—this volume). A
bored karst surface, however, will cap a succession of rocks
that display a variety of subsurface karst features. By compar-
ison, a hardground will be found in a succession of marine
sediments that display no evidence of diagenesis in a karst
setting.

Open and filled cavities

Open and filled cavities, which range in size from micropores to
large caves, are common features in many ancient karst ter-
rains. Such cavities may have formed through the selective dis-
solution of metastable mineral components in heterogeneous

carbonates whereas others are independent of fabric. Preferen-
tial leaching of aragonitic fossils, for example, produces fossil-
moldic cavities with morphologies that reflect the shape of the
original fossils. Fabric-independent cavities, which cross-cut
textures in the host rocks, tend to be much larger than the
fabric-dependent cavities. The aggressiveness of the waters and
the length of time over which they interacted with the bedrock
controlled development of these cavities. In many cases, they
are solution-widened features that were formed by aggressive
waters widening preexisting features, such as joints, fractures,
and bedding planes.

Cavities in ancient karst terrains may be open or contain
speleothems and/or sediments. Although speleothems (e.g.,
stalactites, stalagmites, flowstone) are common in modern
caves, there are relatively few examples of speleothems known
from ancient karst terrains. Exceptions to this include the
speleothems found in paleocaves in the Cayman Formation
(U. Miocene) and Pedro Castle Formation (L. Pliocene) on
Cayman Brac (Jones, 1992, figures 12-14). On a small scale,
pores may be partly or completely filled with aragonite, calcite,
and dolomite cements. Microstalactitic and/or menicus
cements may characterize the vadose cements whereas coarse,
cavity-filling spar calcite may form in the phreatic zone.

Many cavities in ancient karst terrains contain sediments
that range from mudstones to breccias (see cave sediments—
this volume). Their composition is ultimately related to their
point of origin because they may have been derived from
sources external to the bedrock (exogenic) or from the bedrock
itself (endogenic). Cave sediments are commonly characterized
by complex arrays of sedimentary structures, including graded
bedding, cross-bedding, and/or desiccation cracks. Cavities in
the dolostones of the Bluff Group of the Cayman Islands, for
example, are commonly filled or partly filled with a wide range
of sediments that reflect complex depositional histories (Jones,
1992).

Complex intercalations of speleothems and cave sediments
characterize cavities in some ancient karst terrains. Interpreta-
tion of these precipitates and deposits may offer important
information regarding the conditions that existed following
development of the original cavities. Speleothems, for example,
typically formed during periods of high rainfall that engen-
dered high groundwater flow and hence, speleothem precipita-
tion. Unconformities in the speleothems typically mark periods
of relatively dry climates when speleothem corrosion rather
than speleothem precipitation was operative. Similarly, sedi-
ments found in a cavity are protected from erosion that may
have removed their surface counterparts (cf. Smart ezal., 1988;
Jones and Smith 1988). Accordingly, analysis and interpreta-
tion of the cave sediments may provide information on the
geological evolution of an area that cannot be obtained in
any other way. In many cases, the sediments found in a cavity
can be divided into discrete, unconformity-bounded packages
that reflect different phases of deposition. In other settings,
unconformity-bounded packages of sediment alternate with
speleothems (e.g., Jones, 1992).

Karst breccia

Brecciated masses that formed as a result of bedrock collapse
or by angular lithoclasts being transported and deposited in
open cavities (e.g., sinkholes) are found in many ancient karst
terrains. These concordant and discordant karst breccia bodies
form a substantial part of the succession in some karst terrains.
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Figure A6 Schematic diagram showing features that may be associated with an ancient krast terrain.

Such breccias are economically important because they may
host economically important deposits such as “Mississippi
Valley type” lead-zinc-sulfide deposits (e.g., Sangster, 1988).
Karst breccia is virtually impossible to classify because it is
so highly variable in terms of its composition, fabric, and
external form. Choquette and James (1988, figure 5) suggested
that karst breccias can only be classified by virtue of their
location and inferred genesis. Mantling breccia, which lies on
a karst surface, is formed of collapsed, surface or near-surface
country rock that is intermixed with soil and/or sediment
(Figure A6). Breccia pipes, which are typically formed by the
collapse of strata beneath sinkholes, are usually formed of
clasts derived from the bedrock, extraneous clasts that may
have been washed in the sinkhole, soil, and sediment. The
external shape of the resultant breccia body distinguishes it
from mantle breccia (Figure A6). Cave collapse breccia, which
generally has a tabular shape, is formed of poorly sorted clasts
derived from the bedrock that once formed the cave roof and
from external sources (Figure A6). These clasts are commonly
held in matrix formed of soil and/or cave sediments that may
be exogenic or endogenic in origin. Stratal-dissolution collapse
breccia, which has a tabular morphology, commonly appears

to be part of the bedded succession (Figure A6). They usually
form when brittle bedrock collapsed following removal of
highly soluble rocks, such as salt and evaporates, by subterra-
nean dissolution.

Summary comments

1. An ancient karst surface is an unconformity that formed
during a period of subaerial exposure. As such it denotes an
important stage in the evolution of ancient carbonate succes-
sions and commonly constitutes a sequence boundary.

2. Ancient karst is a diagenetically complex terrain that
encompasses features formed by dissolution (e.g., caves),
precipitation (e.g., speleothems), and deposition (e.g., cave
sediments).

3. “Karsted rocks” are commonly characterized by complex
diagenetic fabrics that are highly variable at all scales of
observation.

4. Ancient karst terrains can be recognized by their strati-
graphic—geomorphic features, their macroscopic surface
and subsurface features, and their microscopic features.
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Many of these features are subtle and can only be recog-
nized through careful examination of the rocks.

Brian Jones
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ANGLE OF REPOSE

When sand cascades down the face of a dune, it comes to rest
at a slope that has nearly the same angle as a cone-shaped pile
of sand formed by a colony of ants. A pile of wheat develops a
nearly identical cone having essentially the same slope. This
slope angle must therefore be an intrinsic property of loose
grains, a property that is generally termed the angle of repose,
the acute angle that the slope makes with the horizontal. On
average this angle is approximately 33°, but varies by a few

degrees depending on the sizes and shapes of the grains, as well
as on other factors such as the moisture content.

Investigations of the angle of repose have produced the slope
in the laboratory by: (a) carefully pouring loose particles into a
pile, (b) removing one side of a container to release the particles,
or (¢) rotating a trough containing grains until movement forms
a slope (Van Burkalow, 1945; Allen, 1969; Carrigy, 1970). The
rotating trough in particular reveals the existence of two distinct
critical angles rather than one. The slope can be slowly
increased by rotation until it reaches the critical angle for ava-
lanching , ®@,, at which point the grains begin to flow, reducing
the overall slope to the true angle of repose, ®,, the slope after
avalanching has ceased. In a similar fashion, when piled to form
a cone, the grains accumulate to the angle @, , the mass then
slumps to form a new surface at the repose angle ®,. The
difference between these two angles is typically only 2° to 5°.
However, in some cases the difference can be large, especially
when moisture introduces surface tension that holds the grains
together, acting to increase the angle needed for avalanching,
while having little effect on the post-avalanche repose angle.

The studies agree that of the many factors that determine the
angle of repose, particle shape has the greatest effect. For exam-
ple, experiments by Carrigy (1970) comparing spherical glass
beads and crushed angular quartz having nearly the same grain
sizes revealed that @, is about 10° greater for the angular quartz
grains than for the smooth spheres, and when there is a mixture of
the two, @, is directly dependent on the proportions of rounded
versus angular grains; the commonly observed repose angle of
33° in natural sands occurred when the mixture was about 80%
crushed quartz. These results are what one might expect in that
the angular grains provide more interlocking surfaces, thereby
resisting slippage until a larger avalanche angle is reached, and
then coming to rest at a higher angle of repose. Experiments such
as these illustrate the fact that the angle of repose represents a
measure of the internal friction of the granular material, the
degree of friction or interlocking between grains.

The experiments of Carrigy (1970) and others also indicate
that slightly different values are obtained for the avalanche
angle when the grains are immersed in water rather than in
air, while the repose angles are about the same. It had been
suggested that the angle of repose should be less in water than
in air, and therefore one could use measurements of maximum
dips angles of cross-bedding strata to establish whether a sand-
stone had been deposited subaerially or under water. However,
cross-bedding should mainly reflect the angle of repose, and the
uniformity of @, in water and air does not support such an
interpretation. In addition, Carrigy made measurements on
thirty different sands from various natural environments, and
found that ®, was the same (within measurement error), but
that the @, avalanche angles were without exception greater in
air than in water. This was due largely to the effects of surface
moisture which tends to bind the grains together in air, a
binding effect that is lost when immersed in water. Carrigy
demonstrated for one sand sample that the avalanche angle
increased from 35.6° when oven dried to 43.4° when 0.95%
moisture by weight is present, although the angles of repose
following avalanching were nearly the same. When moisture
contents are greater than 1%, the sample ceased to behave as a
loose granular material, even being able to maintain a vertical
escarpment. Static-electricity charges on grain surfaces can
have a similar effect in binding the grains.

Paul D. Komar
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ANHYDRITE AND GYPSUM

Anhydrite (CaSO,) and gypsum (CaSO4-2H,0) are the two
most abundant minerals of ancient marine evaporite deposits
and are also common in non-marine evaporite deposits. Sedi-
mentary gypsum forms by direct precipitation out of evaporat-
ing seawater under arid climatic conditions in hydrologically
restricted marine and marginal marine environments (e.g., tidal
flats, coastal lagoons, “inland seas”, etc.). In non-marine, arid
closed basin systems, gypsum precipitates from evaporating
meteoric waters with chemical compositions dependent on the
bedrock types and their proportions in the drainage areas. In
contrast, at temperatures and pressures typical of sedimentary
environments, anhydrite does not precipitate directly from
evaporating waters but, as discussed in the next section, forms
by dehydration of precursor gypsum precipitates. Sedimentary
anhydrite is, in essence, a diagenetic mineral.

Stability fields of anhydrite and gypsum

In modern arid sedimentary environments gypsum readily pre-
cipitates directly from evaporating waters that carry calcium
and sulfate ions, a phenomenon that is easily reproduced in the
laboratory. In contrast, at typical Earth surface and shallow
burial temperatures anhydrite can only be formed experimen-
tally by dehydration of gypsum, a mechanism of formation of
anhydrite that appears to operate in modern evaporite envir-
onments (¢.g., Hardie and Shinn, 1986, p. 49). At higher tem-
peratures, anhydrite nucleates directly from hydrothermal
solutions such as the hot brines venting on the modern
seafloor beneath mid-ocean ridges. Primary anhydrite precipi-
tates are typical components of ancient hydrothermal Pb-Zn
deposits.

Since anhydrite will not precipitate directly from aqueous
solutions at sedimentary temperatures, the stability fields of
gypsum and anhydrite cannot be accurately determined by
classic solubility measurements (Hardie, 1967, pp. 185-188).
However, the gypsum-anhydrite transition has been deter-
mined via gypsum-anhydrite conversion experiments (Hardie,
1967). For the reversible reaction CaSO,42H,0) =
CaSOys) +2H,0(, at any given temperature and pressure, the
following thermodynamic relationship must be true:

2
Kp1 = acaso, * @1,0/0caso, - 21,0

where K is the equilbrium constant at a given P and T, and ais
the activity of each component in the reaction. Since the stan-
dard states for gypsum and anhydrite are the pure solids, which
by definition have activities equal to unity, then the above
relationship simplifies to:

2
Kpr = a4,0

It follows that the gypsum-anhydrite transition at any given P
and T is a function only of the activity of H,O in the solution
phase. Reversible experiments in which gypsum was converted
to anhydrite and anhydrite converted to gypsum in solutions
with fixed activities of H,O allowed the construction of a
T-ap,o diagram that predicts the gypsum-anhydrite transition
temperature in any aqueous solution of known activity of H,O
(Figure A7).

This experimental study underscores the role of kinetics in
the behavior of gypsum and anhydrite. At surface temperatures
and pressures, gypsum will nucleate directly from supersaturated
aqueoussolutions butanhydrite willnot. In the anhydrite stability
field (Figure A7), gypsum will be the initial (but metastable)
precipitate. With time this metastable gypsum will convert to
anhydrite (Hardie, 1967, pp.183-184).

Depositional features of sedimentary
gypsum and anhydrite

In modern and ancient sedimentary deposits, both gypsum and
anhydrite are found in the form of (1) beds, (2) as isolated
crystals or clusters of crystals embedded in carbonate or silici-
clastic sediments, and (3) as nodules or clusters of nodules
embedded in carbonate or siliciclastic sediments.

Bedded gypsum

There are three main environments in which bedded gypsum
can accumulate: ephemeral, shallow perennial, and deep per-
ennial. In these settings bedded gypsum may be found as
(1) chemically precipitated layers, as settle-out of gypsum
crystals nucleated at the brine surface and/or as vertically-
oriented crystals grown on the bottom by syntaxial over-
growth, and as (2) detrital layers made of sand and gravel size
crystals and crystal fragments eroded from primary gypsum
sources and redeposited in other parts of the depositional basin.

The distinction between ephemeral and shallow perennial
marine environments in which bedded gypsum can accumulate
is a narrow, but critical, one. In marginal marine systems, it is
the distinction between a supratidal and a shallow subtidal
setting. In both settings, bedded gypsum is deposited under
subaqueous conditions, conditions that produce identical
bottom syntaxial growth fabrics. However, in arid supratidal
settings gypsum layers are deposited subaqueously in shallow,
ephemeral seawater “lakes” (gypsum pans, see Sabkha, Salt
Flat, Salina) formed by storm-driven flooding of the tidal
flat. As such a “lake” shrinks with progressive evaporative
concentration, the newly formed bed of crystalline gypsum is
exposed to the air. This leads to evaporative pumping of brine
from the shallow brine table, up through the vadose zone to the
now dry pan surface. The subaqueously deposited gypsum bed
becomes overprinted by penecontemporancous vadose diage-
netic processes, such as vadose cementation, that leads to the
formation of enterolithic folds, tepees and diapiric structures
(see under Sabkha, Salt Flat, Salina). However, there is an
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Figure A7 The stability of gypsum and anhydrite determined experimentally as a function of temperature and activity of H,O at atmospheric

pressure (from Hardie, 1967, Figure A8).

additional set of penecontemporaneous diagenetic modifica-
tions that are produced during the next flooding stage when
gypsum-undersaturated seawater partly dissolves and erodes
the exposed gypsum crystals. But during the subsequent
evaporative concentration stage syntaxial overgrowth can
“repair”’ the partly dissolved crystals (e.g., Demicco and
Hardie, 1994, Figure 154C) and gypsum cements can fill or
partly fill the intercrystalline cavities.

The absence (or rarity) of dissolution and syntaxial repair
features in beds of vertically oriented gypsum crystals points
unerringly to a shallow perennial subaqueous depositional
environment, such as a coastal, back-barrier lagoon, as exem-
plified by the bedded gypsum of the Upper Miocene Solfifera
Series of Sicily (Hardie and Eugster, 1971, Figures 4-7;
Demicco and Hardie, 1994, Figure 154B). This Solfifera Series
also carries bedded gypsum in the form of mm-scale lamination
composed of couplets of calcite and finely crystalline gypsum
laminae (so-called ‘“‘balatino”, Hardie and Eugster, 1971,
Figures 8, 10), planar and cross-laminated gypsum-calcite
sandstones, and gypsum crystal conglomerates (Hardie and
Eugster, 1971, Figures 12, 13, 14, 16).

Figure A8 shows a hypothetical comparison of the position
and characteristics of bedded gypsum in (1) a marginal marine
sabkha setting in which the cap of layered gypsum was deposited
in an ephemeral supratidal pan, and (2) shallow restricted sub-
tidal lagoon which developed into a closed ephemeral salt pan.

Bedded gypsum can form and accumulate in deep water
evaporite environments. The clearest modern example is pro-
vided by the modern Dead Sea (Warren, 1989, pp. 140-145).
Before 1979 the Dead Sea (maximum depth 400 m) was strati-
fied and only tiny needles of aragonite and polygonal plates of
gypsum were precipitated from the Upper Water Mass (UWM,
40 m thick), which was undersaturated with respect to halite
(Neev and Emery, 1967). These mud-sized aragonite and gyp-
sum crystals slowly sank to the bottom of the Dead Sea where
they collected as well-defined laminae. The laminae are not
annual deposits; as of 1967 only 15-20 laminae had been
deposited in the previous 70 years. The gypsiferous laminae

were particularly well preserved where the Dead Sea floor was
shallower than about 40 m. In 1979 the salinity of the UWM
had increased to the point of overturn, and mixing with the
underlying Lower Water Mass ensued. Since then halite,
nucleated at the water—air interface, has been added to the
saline mineral accumulation on the floor of the Dead Sea
(Garber etal., 1987).

A well-documented example of an ancient deep water gyp-
sum deposit is the Miocene of the Periadriatic trough. For this
gypsum deposit Parea and Ricchi Lucchi (1972) made a con-
vincing case for transportation (“resedimentation’) of shallow
water gypsum sediment into a deep water basin by turbidity
currents and mass flow slope processes (for other examples, see
Warren, 1989, pp. 150-163).

Bedded anhydrite

As discussed above, the evidence from experimental work as
well from observations of modern active evaporite settings
points overwelmingly to the inability of anhydrite to nucleate
as a primary mineral at normal Earth surface temperatures and
pressures. Therefore, we must conclude that beds of anhydrite,
both modern and ancient, are formed by diagenetic alteration
(dehydration) of primary gypsum. The conversion of gypsum to
anhydrite can be penecontemporaneous or it can take place at
any stage during burial. The depositional environment
recorded by bedded anhydrite, then, must be that of its bedded
gypsum precursor. The criteria used to interpret the deposi-
tional setting of bedded gypsum, whether ephemeral, shallow
perennial or deep perennial, should be applied to the bedded
anhydrite.

Nodular and “chicken wire” gypsum and
anhydrite: origin and significance
Individual ovoid to irregular shaped nodules (mm to cm scale)

made of a fine felted mass of anhydrite laths (~100 microns
long) embedded in carbonate or siliciclastic host sedimentary
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rocks have been described from many Phanerozoic evaporite-
bearing deposits. Other nodular fabrics observed in anhydrite
have been called “chicken wire lattice structure” (Imlay, 1940),
“flaser”” anhydrite (Jung, 1958) and “mosaic’” anhydrite (Riley
and Burne, 1961) (see also Bebout and Maiklem, 1973). Of
these latter fabrics, the most commonly encountered is
“chicken wire” anhydrite, which is a mosaic of irregular no-
dules separated by very thin, dark, wavy remnants of the
sediment in which the nodules grew. The wavy boundaries in
many cases have a distinct stylolitic character suggestive of
modification by pressure solution. Both “chicken wire” anhy-
drite (Butler, 1970) and “chicken wire” gypsum (Ali and West,
1983) have been found in modern sabkha environments.

As discussed in the preceeding sections, at typical Earth
surface temperatures and pressures anhydrite nodules form
by the conversion of a precursor gypsum crystal or cluster of
crystals. Based on the discovery of nodular anhydrite in the
modern tidal flat sediments of the Persian Gulf sabkhas (e.g.,
Butler, 1970), it is common practice to assign a sabkha envir-
onment to any ancient sedimentary rock that carries any type
of nodular anhydrite or gypsum. Some workers have suggested
that nodules with morphologies similar to those of modern
anhydrite but composed of chert, mega-quartz, calcite, dolo-
mite or celestite found embedded in ancient carbonate rocks
are pseudomorphs after sabkha anhydrite. However, the pre-
sence of gypsum or anhydrite with nodular or chicken wire fabrics is
not, on its own, sufficient evidence to assign a sabkha origin to the
host sedimentary rocks. This follows because anhydrite nodules
can form under a variety of conditions, the most unusual being
the nodules of anhydrite found in cores of seafloor sediments
under 2km of water in the Atlantis IT Deep of the Red Sea, a
site of upwelling hydrothermal brines (Degens and Ross, 1969,
pp. 366-367). Clearly, modern nodular anhydrite is not unique
to sabkha settings. Instead, the common factor is the process of
replacement of gypsum by anhydrite, that is, single crystals of
gypsum are altered to a mass of tiny anhydrite laths plus liquid
water, a rather cohesionless mixture easily deformed by the

weight of the enclosing sediment. The observed tendency is for
the anhydrite mass to change toward a spherical or ovoid
shape. Dehydration of clusters of gypsum crystals or layers of
crystalline (or detrital) gypsum would yield “chicken wire”
anhydrite. The timing of the formation of the nodular anhy-
drite would depend on the P, T and activity of H,O of the pore
fluids. Anhydritization could have taken place at the surface
contemporaneously with sedimentation or much later during
burial. Nodular and “chicken wire” gypsum is likely to have
had a more complex history, one in which primary gypsum
crystals were first replaced by a felted aggregate of anhydrite
laths which in turn were later rehydrated to a mass of small
gypsum crystals. In this regard, Murray (1964) has pointed
out that gypsum formed at the surface will inevitably dehy-
drate to anhydrite on burial (depth of conversion dependent on
the prevailing T, P and groundwater salinity). In turn, on uplift
and contact with dilute groundwaters, anhydrite will rehydrate
to gypsum.

In conclusion, gypsum and anhydrite nodular fabrics are at
best ambiguous criteria for determining depositional environ-
ment. Nodules composed of other minerals such as calcite,
chert or other non-sulfate mineral presumed to be pseudomor-
phous replacements of anhydrite or gypsum must carry even
less weight. Instead, reliance can only be placed on the vertical
succession of subfacies and their internal primary sedimentary
structures and fabrics, fossils assemblages, etc., in diagnosing
the depositional settings of ancient gypsum/anhydrite deposits
(e.g., Figure AS8)

Lawrence A. Hardie
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ANKERITE (IN SEDIMENTYS)

Ankerite is a frequent but usually minor burial diagenetic
phase in sandstones. It can also be present in early diagenetic
mudrock-hosted concretions, and rarely as a replacive or void
filling burial precipitate in limestones. Ankerite precipitation
may result from local (bed-scale) to regional mass transfer,
particularly during interaction of compositionally and ther-
mally distinct subsurface fluids.

Mineralogy and chemistry

Ankerite has a general formula Ca (Mg, Fe**, Mn) (COs), and
is part of a solid solution series resulting from substitution of
Fe?* (+subordinate Mn?") for Mg?* in the dolomite lattice.
It is usually defined as having a Mg>™ : Fe®* ratio of <4 : 1,
and diagenetic ankerite typically contains 10-25 percent
FeCOs;. Ankerite in sedimentary rocks commonly contains up
to 10 mol percent excess CaCOs, particularly where it has

replaced calcite. Ankerite is more stable than both calcite and
dolomite in many iron-rich fluids, even if they have relatively
high Ca®*/Mg*" ratios.

Chemical analysis is usually required to distinguish ankerite
from ferroan dolomite, although ankerite may be discrimi-
nated from pure dolomite by X-ray diffractometry. It is iden-
tical to dolomite in thin section, and gives a turquoise color
with alizarin red-S and potassium ferricyanide mixed stain (see
“Stains”). Ankerite is black in cathodoluminescence, but may
display complex compositional zonation when imaged with
backscatter scanning electron microscopy. It sometimes has
curved crystal faces comparable the high-temperature “baro-
que” form of dolomite (e.g., Spotl etal., 1996).

Ankerite in sedimentary rocks is commonly investigated
using stable isotope geochemistry. However, O isotope fractio-
nation between water and ankerite at diagenetic temperatures
is poorly constrained. Many studies extrapolate experimental
high temperature fractionation factors, or assume an ‘“‘aver-
age” +3 percent difference between cogenetic calcite and
dolomite/ankerite (e.g., Dutton and Land, 1988). Theoretical
considerations based on crystal structure, chemical com-
position and cation-oxygen bond strengths suggest that the
ankerite-calcite fractionation may actually be less than 3 per-
cent in low-temperature situations (Zheng, 1999). Valid inter-
pretations of ankerite geochemistry critically require
evaluation of its replacive or pore-filling nature, which can be
difficult in sandstones.

Occurrence of ankerite in sedimentary rocks

Sandstones

Disseminated ankerite and ferroan dolomite are very common
diagenetic precipitates in both marine and continental sand-
stones, albeit rarely amounting to >10 percent of the mineral
assemblage. Ankerite commonly overgrows earlier dolomite
and/or replaces bioclastic or authigenic calcite. Quartz grains
enveloped by ankerite cements are corroded, and partial to
complete replacement of feldspars is also common. Many
examples are described from the Mesozoic North Sea (e.g.,
Kantorowicz, 1985), Gulf Coast and Eastern Texas (e.g., Land
and Fisher, 1987) and Alberta Basin. Ankerite is also recorded
from Permo-Triassic continental sandstones in a variety of
locations, and from a number of Paleozoic sandstones, notably
in the southern USA. Pervasive cementation by ankerite is
rare, although m-dm sized concretions have been described
from deeply buried (>5km) Jurassic sandstones of the Central
North Sea (Hendry ezal., 2000).

Ankerite in sandstones tends to be paragenetically late,
strongly depleted in '®0 and variably depleted in '*C. This
suggests formation at elevated temperatures (deep burial) with
a proportion of the carbon derived by thermal decarboxylation
of organic matter and the remainder remobilized from bio-
clasts and early cements or from adjacent limestones. Radio-
genic ¥’Sr/%°Sr values commonly indicate ankerite formation
after a substantial amount of silicate diagenesis. Mudrocks are
commonly believed to be principal sources of Mg?* and Fe*™,
and ankerite formation has been causally related to mobiliza-
tion of these cations following illitization of smectite and
thermal reduction of ferric oxides (e.g., Boles, 1978). This
interpretation has been questioned because Cenozoic strata in
the Gulf Coast contain very little ankerite despite large
volumes of illitized mudrock, and because much of the Fe="
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Figure A9 High contrast backscatter electron photomicrograph of
compositionally zoned ankerite—ferroan dolomite in Upper Jurassic
sandstones, Central Graben, North Sea. Quartz grains and porosity
appear black, K-feldspars are bright.

and Mg*" produced in mudrocks can be consumed by in situ
mlneral authigenesis. An alternative source of Fe’* and
Mg may be volcaniclastic materials within sandstones (Mor-
ad et al., 1996) However mudrocks appear to be the
only V1able Fe?* and Mg?" source for ankerite formation in
many sandstones.

A variety of models have been proposed for fluid and mass
transfer related to ankerite formation in sandstones. Variable
ankerite compositions and/or concentration in close proximity
to intercalated mudrocks suggest local solute transfer in stag-
nant pore fluids (e.g., Macaulay et al., 1993). Other ankerites
yield isotopic and fluid inclusion data that require long dis-
tance and/or cross-formational fluid flow. Ankerite associated
with sulfate-sulfide mineralization in sandstones has been
linked to mixing of hypersaline fluids derived from juxtaposed
evaporites and metaliferous hot fluids transmitted up faults
from source rocks deeper in the basin (Burley ezal., 1989).

Limestones

Ankerite and ferroan dolomite do not constitute major repla-
cive phases in limestones except where stratlgraphlcally asso-
ciated with mudrocks that released Fe?* (+Mg>") during
burial dlagene51s (e.g., Hendry, 2002; Taylor and Sibley,
1986). Minor '*O- depleted ankerite may form late stage vug
and fracture cements in some limestone hydrocarbon reservoirs
(e.g., Woromck and Land, 1985). Such cements have variably
negative '>C values depending on mass balance of carbon
derived from organic matter oxidation in source rocks versus
local remobilization of CaCOj;. Ankerite may form localized
replacive and void filling precipitates in some limestones influ-
enced by volcanic or tectonically driven hydrothermal fluid
circulation (e.g., Searl, 1992), as well as being present as gangue
cements associated with epigenetic Fe-Pb-Zn ore deposits.

Mudrocks and coals

Ankerite has been recorded from a variety of marine
mudrocks, both as disseminated crystals, grain replacements

and as concretionary cement. Stable isotopic data suggest that
it formed at shallow to intermediate burial depths (10’s—100’s
m) with carbon sourced by bacterial fermentatlon or thermal
decarboxylation of organic matter and Fe** from reduction of
detrltal ferric oxides (e.g., Irwin, 1980). A limited supply of
Mg from residual seawater might explain why such ankerite
is usually calcian. Ankerite does not typically form in the
shallower sulfate reductlon zone because pyrite is a more
effective sink for Fe?*

Ankerite is less common than siderite and calcite in non-
marine mudrocks because of a paucity of Mg?*. Nevertheless,
it can be a significant diagenetic precipitate in siltstones and
mudrocks of coal measures as well as replacing authigenic
siderite in coal seams. High concentrations of ferric oxides
and hydroxides were eroded from lateritic soils and deposited
in anaerobic coastal plain lagoons and swamps. Pore fluid
mixing during marine inundation and/or between intercalated
bracklsh and marine facies durmg shallow burial introduced
Mg and Fe?* into the non-marine strata allowing ankerite to
form (Matsumoto and Iijima, 1981).

Summary

Ankerite exists in sedimentary rocks as a late diagenetic cement
or replacement of pre-existing carbonate. It can be formed na
number of ways, pr0V1ded an adequate supply of Fe** and
Mg®" relative to Ca®*. The iron is mostly derived from ferric
oxides deposited in mudrocks, but sources of Mg>" are more
varied and can be difficult to constrain in individual cases.
Ankerite can be formed as a response to basin-scale fluid flow
or by localized mass transfer between juxtaposed porous sedi-
ments and mudrocks. Ankerite cements may also precipitate
during early diagenesis given sufficient Mg”* in pore fluids and
provided that pyrite formation did not exhaust the local supply
of labile iron.

James P. Hendry
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ARMOR

The term ‘armor’ (or ‘armour’ in English usage outside the US)
refers to clastic deposits in which the surface layer is coarser
than the substrate. The phenomenon is widespread in gravel-
bed rivers, also occurs in stony deserts (where it is usually
referred to as ‘desert pavement’), and has occasionally been
reported from pebbly beaches. The existence of armor is gen-
erally obvious if surface clasts are removed from a small area,
and the degree of armoring can be quantified by comparing
surface and subsurface grain-size distributions.

The commonest explanation for armoring is that it develops
when a poorly-sorted noncohesive sediment is eroded by water
or wind. The smaller clasts are more easily removed so the
larger ones become concentrated on the surface as it is
lowered. Thus many desert pavements are regarded as defla-
tion lag deposits, and fluvial armor was originally recognized
in degrading rivers below dams. However, as discussed
below, fluvial armor can form without degradation and
several alternative explanations have been proposed for desert
pavement.

No matter how an armor develops, the word itself hints at a
key consequence of the phenomenon: a greatly reduced rate of
entrainment from the bed surface, compared to an unarmored

arrangement of the same bulk mixture of grain sizes. Armoring
is therefore associated with a low rate of sediment transport,
and provides a link between local sedimentology and larger-
scale sediment flux.

Fluvial armor

The wide range of grain sizes present in gravel-bed rivers allows
the possibility of size sorting and segregation through selective
transport and deposition. From this perspective the develop-
ment of a coarse surface layer is a kind of vertical sorting, and
is almost as prevalent as the downstream- or downbar-fining
trends that reflect spatial sorting (see Powell, 1998, for a useful
review of armoring in this wider context). Fine material (sand
and/or granules) is usually visible only in the sheltered lee of
large clasts, but fills a substantial proportion of the subsurface
voids in the gravel framework. The maximum surface and
subsurface grain sizes may be similar, but the respective
median diameters typically differ by one to two phi units.

Gravel armor can form in more than one way. The tradi-
tional explanation is preferential winnowing of finer sediment
from the surface during degradation, for example, below dams
which cut off the gravel flux from upstream so that the river
erodes its bed to regain a capacity load. This degradation is
self-limiting (Gessler, 1970) because, as the surface coarsens,
the transport capacity of the flow declines (to zero immediately
below the dam) and the coarser grains (if not the whole bed)
become immobile. This sequence of events has been investi-
gated in flume experiments with no sediment feed and has been
modeled mathematically (see Sutherland, 1987, for a good
review of both approaches). It can occur in sand-bed rivers
that contain a little gravel, which becomes concentrated on the
surface as a stable lag deposit.

In the 1980s fluvial scientists recognized that coarse surface
layers also exist in many unregulated rivers with an ongoing
sediment supply and peak flows which can transport all sizes of
bed material. These surfaces were termed “‘pavements’ at first
but “mobile armor” has come to be preferred, as distinct from
the “static” armor just described. This terminology is not yet
standard, though, and some workers restrict “‘armor” to what
is here termed static armor. Mobile armor allows a gravel-bed
river reach to be in equilibrium (neither degrading nor aggrad-
ing, neither coarsening nor fining) despite the size-selective
nature of bed-load transport. Without armor the annual bed-
load flux would be finer-grained than the bed surface, since
shear stresses in gravel-bed rivers are very rarely high enough
for all sizes to be equally mobile. Armoring makes the intrinsi-
cally less mobile coarse fractions preferentially available for
transport, whereas the more mobile fine fractions are mainly
hidden in the subsurface (Parker and Klingeman, 1982). The
armor forms by vertical winnowing during active bed-load
transport. Entrainment of coarse clasts during floods creates
gaps which are filled mainly by finer grains, in much the same
way that the smallest bits of breakfast cereal end up at the
bottom of the packet. Extreme floods may wash out the armor,
but it re-forms during intermediate flows in most environ-
ments. However, in ephemeral streams there are no such flows
and armoring is generally absent (Laronne etal., 1994).

The two types of fluvial armor were initially treated sepa-
rately but, following Dietrich ef al. (1989) and Parker and
Sutherland (1990), they have come to be seen as members of
a continuum. In this view some degree of armoring is the
response to any reduction in sediment supply rate below the



22 ATTERBERG LIMITS

capacity transport rate for an unarmored bed. Transport
capacity depends on excess shear stress over a threshold for
movement which, in turn, depends on the median diameter of
the surface. Armoring raises the threshold and reduces the
transport rate. In this view static armor is simply the limiting
case as the bed-load flux vanishes, and different degrees of
armouring represent channel self-adjustment to equalize bed-
load capacity with supply (Dietrich et al., 1989). Parker and
Sutherland (1990) developed the concept by inverting transport
equations for size mixtures and successfully retrodicted armor
composition from measured bed-load flux and substrate size
distribution.

Armoring can involve changes in grain packing as well as
grain size distribution, and these may be at least as important
in increasing resistance to entrainment and thus regulating
sediment flux (Church etal., 1998). The development of static
armor is accompanied by progressively stronger imbrication
and interlocking of the coarser clasts, as illustrated in Suther-
land (1987), and this further increases the threshold stress.
Additional structures form in streams with a mobile armor:
pebble clusters, irregular reticulate stone cells, and transverse
boulder steps in steep headwater streams. Surface structures
associated with armoring are therefore important in under-
standing fluvial processes and the role of the bed surface in
responding to, and regulating, sediment flux.

Desert pavement

Stony deserts are sufficiently extensive to have acquired local
names (e.g., reg in Africa, gibber in Australia). One widely-held
view about their origin is essentially the same as for static
armor in a river: winnowing of finer material by wind, leaving
a coarse lag. Sediment flux tends to zero over a fully-developed
deflation lag surface, though in the early stages it may increase
slightly because of enhanced elastic rebound of saltating grains
(e.g., Nickling and Neuman, 1995). Pavement formation by
deflation is inhibited by vegetation which reduces near-ground
windspeed, and by surface crusting, so it is probably most
likely in hyperarid conditions.

In semi-arid environments pavements can form through
dislodgment of finer material by rainsplash followed by re-
moval in sheetwash (e.g., Cooke, 1970), or stones can be forced
upward through a clayey soil horizon by wetting and drying
cycles (Jessup, 1960). More radically, McFadden ez al. (1987)
proposed that desert pavement can form during depositional
episodes through a combination of eolian dust deposition and
pedogenic processes beneath an evolving armor initiated by
rock weathering.

Beach armor

Cobble beaches and spits are common on coasts with high
wave energy, and coastal sedimentologists regard armoring as
a fairly widespread phenomenon. Most interpretations empha-
size clast sorting into shore-parallel bands under the action of
wave swash and backwash. Shape as well as size sorting is
involved (Bluck, 1967; Isla, 1993), with the most spherical
clasts overpassing to higher up the beach. In certain instances
gravel berms high on a beach may become armored by eolian
deflation, with the sand winnowed out to accumulate in coastal
dunes (Bascom, 1951).

Rob Ferguson
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ATTERBERG LIMITS

Atterberg Limits are the water contents which define transi-
tions between the solid, plastic, and liquid states of a given soil
material. The tests are restricted to cohesive soils with appreci-
able silt or clay fraction, and cannot be conducted readily on
either sands or silts with a high sand fraction. Detailed miner-
alogical studies of cohesive soils have shown that Atterberg
Limits are strongly related to both clay content and clay miner-
al species, and hence ultimately to the climatic and geologic
conditions prevailing in the environment of deposition and
during the post-depositional weathering cycle.

The modern test procedures for Atterberg Limits were for-
malized by engineers in the first half of the 20th century, and
are described in most modern soil mechanics texts (Craig,
1997). Although the tests yield simple index numbers of soil
behavior at various water contents, an important focus of
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Table A1 Atterberg Limits of selected soils and associated engineering properties

Material type Liquid Plastic Plasticity Liquidity Activity 04
limit, wy limit, wp index, Ip index, I index, 14
Mexico City clay 400 100 300 0.9 3 —
Pierre Shale, USA 200 40 160 -0.2 2.5 8°
London Clay 80 30 50 0 0.9 10°
Leda Clay, Canada 55 25 30 1.4 0.5 27°
Glaciolacustrine silt 25 20 5 0 0.5 30°
Loess, Nebraska 35 15 20 — 1.3 —
Montmorillonite 650 70 580 — 9 5°
clay
Tllite clay 110 50 60 — 0.5 10°
Kaolinite clay 50 40 10 — 0.4 15°

Tabled values are averages, based in part on Lambe and Whitman (1969), Selby (1993), Kenney (1984), Higgins and

Modeer (1996), and Lefebvre (1996).
@) = residual angle of shearing resistance.

modern soils engineering research has been to establish
correlations between Atterberg Limits and more complex soil
properties, such as shear strength.

Atterberg Limits tests require the preparation of an air-dried
sample through a 425um screen, followed by mixing with
distilled water to form a soil paste. In each test, the water
content, w, is calculated as the mass percentage of water per
mass of oven dry soil. The Liquid Limit, wy, defines the
boundary between the plastic solid and liquid states, and is
traditionally measured in the Casagrande device. A 5.4cm
radius brass cup is partially filled with wetted soil paste to a
depth of about 1 cm. A grooving tool is then used to scribe the
center of the soil pat. An eccentric cam attached to a crank
handle is used to raise and drop the cup twice per second
through a 1 cm vertical distance onto a hard rubber base plate.
The number of blows required to close the base of the groove
over a distance of one-half inch (12mm) is noted, and this
failing soil is sampled, weighed and oven dried. The test is
repeated at least three times at different water contents to
obtain a semi-logarithmic plot of number of blows (log axis)
versus water content. The water content interpolated at
25 blows is then the Liquid Limit.

The procedure described above requires some technical
experience to obtain consistent results, and an operationally
simpler drop-cone test is now used in many soils laboratories.
The drop cone, with a mass 80g and cone angle of 30°, is
lowered until its tip just contacts the sample surface. The cone
is then released for 5s and the depth of penetration is noted.
The penetration depths at various water contents are noted,
with the Liquid Limit defined as the water content interpolated
at a cone penetration of 20 mm.

The Plastic Limit, wp, is the water content below which the
soil becomes brittle, and cracks when remolded. Traditionally,
the Plastic Limit is determined by rolling of a soil worm on a
ground glass plate, using the heel of the hand, to a thickness of
0.125 inches (3 mm). At the Plastic Limit, the soil worm can no
longer be thinned by rolling, and cracking and breakage
occurs. The sample is then weighed and oven dried. Three more
tests are conducted to ensure consistent results. By the
drop-cone method, wp is the water content at which the cone
penetrates the sample approximately 3 mm.

The Shrinkage Limit, wg, is determined by filling a brass,
semi-circular conduit, 12.5mm in radius and 140 mm in length,

with remolded soil paste, then allowing it to air dry. Linear
shrinkage of the sample is monitored, with wg defined as the
water content at which no further volume decrease occurs.

Various indices of soil behavior can be derived from basic
Atterberg Limits data. The Plasticity Index, Ip=(wp—wp),
represents the range of water contents between the solid and
liquid states. An engineering convention is to construct a plas-
ticity chart by plotting /» as ordinate versus Liquid Limit, wy.
The plasticity chart provides a valuable summary of the geo-
technical properties of a large number of soil samples, and
allows a rapid separation of low plasticity silty materials of
relatively high frictional strength from highly plastic clays, the
latter usually associated with high swelling potential and lower
shear strength.

The Liquidity Index, I; =(w—wp)/(wL—wp), Where w is the
natural field water content. /; is a measure of field moisture
content normalized by plasticity, since Ip is denominator. I,
values above 1.0 indicate a field water content above the Liquid
Limit, a condition common in soft unconsolidated clays
(Lefebvre, 1996). These soils tend to liquefy when disturbed.
Conversely, negative I; values indicate moisture values below
the Plastic Limit, which is common in stiff clays and shales in
drier climates. Such soils exhibit much higher shear strength. 7
is therefore a useful hydrotechnical index of the relative stabi-
lity of various earth materials.

The Activity Index, I, = Ip/% clay, and measures soil plasti-
city normalized by clay content. Activity values are strongly
correlated with clay mineral type. Values above 2 indicate
expanding montmorillonite clays; values closer to 0.5 are typi-
cal of kaolinite clay soils. High I, values generally indicate
soils of low strength, high plasticity and high swell-shrink
potential, thus indicating potential slope stability and founda-
tion engineering problems.

Table Al summarizes typical values of Atterberg Limits and
associated indices for a range of soil materials. The very large
ranges in values emphasize the importance of both clay mineral
species and clay content as controls. Of particular note is the
contrast between very high plasticity, montmorillonite clay
soils (e.g., Mexico City volcanogenic lacustrine clay and Pierre
Shale marine clay-shale), in comparison with very low plasti-
city silts and silty-clay soils (e.g., glaciolacustrine silts and
glaciomarine Leda Clay). In the latter two deposits, much of
the clay-sized fraction typically is not true phyllosilicate but
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Figure A10 Relation between plasticity index and residual angle of
shearing resistance. Data points are derived from Voight (1973), Kanji
(1974) and the author’s files.

instead quartz-feldspar rock flour derived from glacial abra-
sion. Average values of residual friction angle are also given for
each soil type. Residual strength refers to the lowest value
obtainable from large-displacement, drained shear tests.
Strong inverse relations exist between ®f and Ip (Figure A10)
and I, as previously noted by Voight (1973), Kanji (1974), and
Wroth and Wood (1979).

Michael J. Bovis
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ATTRITION (ABRASION), FLUVIAL

Fluvial attrition is generally understood to refer to any process
of mechanical grain wear leading to grain size reduction in the
course of sediment transport through rivers. Fluvial abrasion is
generally accepted as an equivalent term, though it might also
be interpreted to mean modification of the stream bed or
banks. Mikos (1993) has presented a modern treatise on the
subject of fluvial attrition of clastic grains.

“Abrasion” in the present context specifically implies
surface wear caused by the relative motion of two surfaces in
frictional contact, especially when one surface is harder than
the other (“grinding”, when one of the grains is at rest, is
sometimes distinguished). Additional processes that have been
invoked as contributing to fluvial “abrasion” include impact or
percussive effects (e.g., chipping, splitting and sandblasting),
and crushing, when the impact of a larger rock causes a small
grain to disintegrate. Weathering and solution have also been
invoked, but this appears to confuse preparatory processes
with mechanical destructive mechanisms. In rivers, abrasion
appears mainly to affect pebble and larger sizes.

The characteristic downstream reduction in size, hence
weight, of fluvial gravels was formulated by Sternberg (1875)
into a “law” of weight loss—‘the wear of a grain is proportional
toits submerged weight (7) and the distance (L) it has travelled™.
Mathematically, d W/dL = —ol¥, in which o is the weight loss
rate coefficient. The statement integrates to the familiar result

W = Wye L

in which W is the initial grain weight before travel. Since
W oc D3, grain diameter, the rule can be interpreted as a size
reduction rule, in which op = ay/3. Sternberg’s result has been
abundantly confirmed empirically and, since river engineers
supposed for a long time that abrasion was the chief source
of the effect, it became known as the law of fluvial abrasion.

However, experimental measurements of abrasion nearly
always return rate coefficients much smaller than ones inferred
from field data (Adams, 1978 provides a list of experimentally
derived abrasion coefficients for a wide range of lithologies). It
has consequently been recognized that size-selective transport
(e.g., Plumley, 1948; Bradley et al., 1972) and weathering of
grains during storage in bars and floodplains (Bradley, 1970)
represent additional mechanisms for gravel size reduction along
rivers.

Adams (1979) investigated the wear of weathered grains
recruited into river headwaters. He found that the size reduc-
tion coefficient () itself changes with distance downstream, at
a declining rate, so that the rate of change of grain size with
distance follows a power law, rather than the exponential rule
of Sternberg. He also showed convincingly that the result was
due to wear and interpreted it to reflect the rapid destruction of
weathered material. Farther downstream, the Sternberg rule
applies to the remaining, competent material. However, Jones
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and Humphrey (1997) demonstrated rapid changes in the wear-
ing coefficient of material liberated from long-term storage in
fluvial deposits, where substantial weathering again occurs. At
the other extreme, Rice and Church (1998) demonstrated dra-
matic changes in grain size over reach-scale distances far too
short for appreciable particle wear to occur, indicating the
efficacy of size-selective transport. Both processes occur simul-
taneously, particularly in the presence of multiple lithologies,
when less resistant lithologies may be consumed by abrasion
whilst the size of the more resistant ones varies mainly by
selective transport. Recent work has sought to examine the
relative significance of and interaction between abrasion and
selective transport of grains (e.g., Parker, 1991a,b).

There remain significant complexities in the problem of
determining wear and its relation to grain size variation down-
stream. Mikos (1993) criticized tumbling mill experiments, in
which many experimental abrasion coefficients have been de-
termined, and showed (also in Mikos, 1995) that, when grain
size is established on a weight basis (e.g., by customary sieve
analysis), the relation between size loss and weight loss of
measured aggregations of grains depends upon whether or
not abrasion products are preserved in the analysis and also
upon the measurement principle used in the analysis.

Michael Church
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ATTRITION (ABRASION), MARINE

Marine attrition is the mechanical wearing down of rock
particles and minerals by wave action both longshore and
shore-normal, leading to increasing textural and compositional
maturity. The term textural maturity describes the prevalence
of finer and better rounded grains, compositional maturity
comprises the extinction of less resistant rock particles or
minerals. Well-rounded fine-grained quartz sand theoretically
represents the final stage of maturity.

The role of sphericity as a measure of marine attrition is
debated, as is the effect of sorting or selective transportation.
Because of their differing settling velocities, particles of differ-
ent size or weight, of different sphericity and different round-
ness behave differently during marine transportation both
longshore and shore-normal, leading possibly to similar
results as attrition. The same is true for longshore fining of
the particles.

Marine attrition of sand

Literature dealing with marine attrition of sand is extremely
scarce. Experiments demonstrate that rounding and thus attri-
tion of quartz sand is extremely low or practically negligible
(Thiel, 1940; Kuenen, 1960; Schubert, 1964). The relative
smoothness of foreshore grains due to marine attrition is dis-
cussed by Lee and Osborne (1995), the creation of a more
mature heavy mineral suite of beach placers in southeastern
Australia by Roy (1999). Most modifications of quartz sand or
heavy mineral suites along beaches are assumed to be the result
of sorting or selective transportation (Bascom, 1951; McBride
etal., 1996; Trenhaile eral., 1996).

Marine attrition of pebbles

Weight loss and the modification of

petrographic composition

Matthews (1983) put up to 76 tonnes of limestone pebbles into
the surf of Palliser Bay, New Zealand, at three sites. A weight
loss of 41 percent per year due to rounding of the pebbles was
found at the most exposed site and 15 percent or 7 percent at
the two other sites. Bartholoma et al. (1998) investigated the
8km Bianco Beach in Calabria, southern Italy, a tide-less,
wave dominated high energy beach, sampling the beach-
parallel profile and the beach-normal profiles (back-, fore-
and offshore). This beach is fed by a fluvial delta at its southern
end. Thirty nine samples comprise a total of 2.6 x 10> kg with
grain sizes between 16 mm and 63 mm. The beach sediment
contains, among others, two reference groups of rocks, a
granitic group (more or less isotropic granites, pegmatites
and vein quartz) and a gneiss group (more or less anisotropic
strongly foliated gneisses, schists and phyllites). The granites
are obviously more resistant to abrasion than the gneisses.
In all fractions and beach zones the proportion of gneiss clasts
decreases in the direction of net transport from 56 percent to
31 percent, corresponding to a mean reduction of 3 percent per
kilometer (Figure A11(1), the zero value corresponds to the
fluvial input), indicating strong marine attrition.
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Figure A11 (1) Reduction of less resistant gneiss clasts longshore, measurements and trend; (2) Sphericity frequency distributions of the gravel
populations at beach start and beach end. MPS: Maximum projection sphericity, Sneed and Folk, 1958; (3) Sphericity (MPS) values normal to the
beach, granite and gneiss clasts, measurements and trends, mean values of the backshore, foreshore, and offshore zone; (4) Roundness frequency
distributions of the gravel populations at beach start and beach end. R: Krumbein Roundness, Krumbein 1941; (5) Roundness (R) values normal to
the beach, gneiss and granite clasts, measurements and trends, mean values of the backshore, foreshore, and offshore zone; (6) Longshore
rounding (R) of gneiss and granite clasts, measurements and trends. (From Bartholoma et al., 1998, printed with permission of SEPM (Society for

Sedimentary Research).

Sphericity

Dobkins and Folk (1970) grouped authors into “sorters” who
believe that disc-shaped gravels remain high on the beach
where geologists can easily find them, whereas rods and
equants selectively roll back to the foot of the beach and are
lost from sight, and “abraders”, who believe that surf
mechanics develops discs by attrition, presumably by sliding
the gravel back and forth. Dobkins and Folk (1970) defined
themselves as abraders: the production of discs on the beaches
is predominantly a result of attrition caused by pebbles sliding
over sand or small pebbles in the surf zone. In contrast,
Kuenen (1964) states that pebbles were flattened very little by

sliding. The flatness of beach pebbles as compared to fluvial
ones must be a matter of selection. Also Bluck (1967) demon-
strated that particle shapes are not so much made as used on
these beaches, and that discs are not produced by a special
feature of marine attrition. The most oblate discs are found in
areas least worked on by the sea. Even according to
Bartholomé er al. (1998) sphericity fails as an appropriate
indicator of marine attrition. The sphericity frequency distri-
bution of more than 20,000 clasts is almost identical comparing
beach start and beach end (Figure A1l (2)). There is a slight
increase of sphericity of both granites and gneisses in the fore-
shore zone (Figure Al1 (3)), but roundness is equal when the
three beach environments are compared (Figure All (5)),
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indicating that this increase in sphericity is caused by sorting
rather than attrition.

Roundness

Roundness values of older articles are hard to compare,
because only printed roundness images of the Krumbein tables
(1941) were used. Bartholoma ef al. (1998) determined the
roundness values of the entire data set via Fourier analysis
(Diepenbroek et al., 1992) and found a remarkable difference
between beach start and beach end (Figure A1l (4)). Because
the roundness-profile crossing the beach does not show any
trend (Figure A1l (5)), the foreshore zone is ruled out as a
locus of forced marine abrasion. The authors show, that the
uniform roundness along the cross-shore profiles and the
increasing alongshore roundness in the direction of net trans-
port (Figure A1l (6)) can only be interpreted as the result of
sporadic high energy events, which cause the entire set of
pebbles to migrate offshore. The cross-shore profile of the
beach then is uniform and very flat, being composed entirely
of coarse sand. All pebble grain-sizes and all rock types are
abraded and rounded simultaneously. This means that during
rounding due to attrition the proportions of the axes of both
anisotropic gneiss clasts and isotropic granite clasts remain
preserved, and no change of sphericity takes place.

Longshore fining

The loss of weight due to rounding and the extinction of less
resistant rock types certainly go hand in hand with a longshore
fining of the clasts. It is not possible, however, to discriminate
this effect from longshore sorting and selective transportation.

Summary

Increasing roundness and decreasing percentages of less resis-
tant rock types or minerals are the main indicators of marine
attrition. The meaning of sphericity is uncertain, but the
majority of the authors tend to negate sphericity as an useful
tool in examining marine attrition. Longshore fining can be the
product of both marine attrition and selective transportation
or sorting, and as a result it fails as an indicator of marine
attrition alone.

Hillert Ibbeken
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AUTHIGENESIS

Overview

Authigenesis refers to processes by which minerals form, in
place, within sediments and sedimentary rocks. Such minerals
are referred to as authigenic minerals. In contrast, detrital
minerals are erosion products deposited in the depositional
environment. Diagenesis refers to the physical and chemical
changes that occur in sediments after they are deposited (or
precipitated). All authigenic minerals form within this context.
The formation of authigenic minerals is a result of the presence
of unstable mineral grains, biological modification of the
sediment, grain deformation and fracturing, flux of various
fluids through the sediment, and changing burial conditions.
The intrinsic value of most sediments is their ability to hold
fluid such as water and hydrocarbons. From an economic
viewpoint, authigenesis is important because it influences the
porosity (void volume in the rock) and permeability of the rock
(ability of the rock to transmit fluid).

Authigenic minerals can reveal clues to the conditions the
sediment has been subjected to after deposition. For example,
petrographic thin sections reveal sequences of authigenic
minerals, which allows a reconstruction of the relative timing
or paragenesis of events. Early formed authigenic minerals are
characterized by euhedral terminating crystal faces indicating
growth into open pore space. Later pore-filling cements or
grain replacements are characteristically anhedral crystals.
Trace elements, isotopic, and fluid inclusion data can reveal
the source of authigenic mineral components, temperatures of
crystallization, and the type of water with which the sediment
has interacted (e.g., Schultz et al., 1989; Stallard and Boles,
1989; Thyne and Boles, 1989). In some cases, quantitative
crystallization ages can be obtained from authigenic minerals
using isotopic dating methods (e.g., Lee etal., 1985).
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Cause of authigenesis

Authigenic minerals form because sedimentary particles are
not in thermodynamic equilibrium with the fluid composition,
pressure, and temperature conditions at the time of deposition.
Biological activity is common near the sediment-water inter-
face. The organisms have the ability to control oxidation-
reduction reactions and the generation of methane or carbon
dioxide. Initially, the sediment is deposited with high porosity
and permeability, which implies that large fluid volumes can
easily move through the sediment. While the sediment resides
near the surface, salinity and water composition may change
drastically by changes in sea level, changes in hydrologic drai-
nage, and evaporation. As a result, early authigenesis may be
controlled by biological activity and changing fluid composi-
tion in an open system. Over time the sediment loses pore space
and permeability is reduced (due to compaction and cementa-
tion); thus fluid composition becomes a less important control
on the formation of authigenic minerals.

As the sediment becomes buried, pressure and temperature
increases, causing further mineralogic (and physical changes)
to the sediment. Typically, temperature increases 25-35°C per
kilometer of burial. This causes mineral-solution reaction
rates to increase by a factor of 10 for every kilometer of
burial (Krauskopf and Bird, 1995). As a result of increased
reaction rates, authigenic mineral replacement of pre-existing
minerals becomes more common at higher temperature. From
a thermodynamic viewpoint, reactions sensitive to temperature
involve net changes in entropy (or degree of disorder). Thus,
dehydration reactions occur at elevated temperatures due to
the higher entropy associated with water released from
hydrated minerals.

Pressure typically increases between 11.3 MPa/km (hydro-
static gradient) and 22.6 MPa/km (lithostatic gradient) during
burial. Pressure has a less marked effect on the formation of
authigenic minerals. From a thermodynamic perspective,
mineral changes (reactions) which are pressure dependent in-
volve an overall net volume reduction.

Eventually, conditions of pressure and temperature at deep
burial become so extreme that we refer to the processes as
metamorphic and the rocks as metamorphic rocks. This transi-
tion is not recognized by nature and many authigenic minerals
span the boundary between diagenesis and metamorphism. In
general though, most petrologist would agree that 200-250°C
would be the upper temperature limit of what would be called
authigenic minerals.

Examples of authigenesis

Authigenic minerals forming at shallow depths

Shallow sediment can be subjected to marked chemical changes
and/or high flux of pore water. As a result, large volumes of
early cements can form such as carbonate concretions of cal-
cite, siderite, dolomite, or pyrite (e.g., Curtis ezal., 1986; Hayes
and Boles, 1993). High fluid flux can result in leaching of
detrital aluminosilicate grains from the rock, leaving a residue
of authigenic kaolinite (e.g., Hayes and Boles, 1992). One of
the earliest consequences of seawater being present within the
sediment is biogenic reduction of the sulfate to sulfide and
precipitation of authigenic pyrite. Further evidence of biologi-
cal activity in shallow buried sediment is the production of
ammonium, which can substitute for potassium in authigenic

feldspar (Ramseyer etal., 1992). In many cases, grains in clastic
sediments show early coatings of authigenic iron oxides or clay
minerals, including hematite, smectite, illite or chlorite (e.g.,
Heald and Larese, 1974).

Volcanic glass is an unstable component in volcaniclastic
sediments and it is rarely preserved. During shallow burial,
the main reaction products are authigenic clay minerals
(smectite) and zeolites (Mumpton, 1981). Zeolite producing
reactions are widely dispersed in deep sea pelagic sediments
including formation of phillipsite, usually found in young sedi-
ments and clinoptilolite, found in older sediment. Saline
alkaline lakes have abundant altered ash beds including the
zeolites phillipsite, clinoptilolite, mordenite and analcime. Dia-
genetic K-feldspar is found in the most concentrated pore
waters of these lacustrine environments.

Authigenic minerals forming during burial

Calcite, dolomite, and ankerite cements can form in clastic
sediments at burial depths as deep as 4-5km (e.g., Boles and
Franks, 1979). The source of calcium for these cements may
include clay minerals and feldspars, and carbon derived from
organic matter (e.g., Boles, 1998).

Clays and silts undergo mineral transformations, which are
largely a response to temperature increase during burial. One
of the most studied reactions is the dehydration of detrital
smectite to illite (Hower eral., 1976). Most smectite has some
interlayering of illite and observations show that the pro-
portion of illite layers increases with increasing burial or
temperature. This transition occurs at about 100°C in many
sedimentary basins. The source of the potassium is typically
detrital K-feldspar or in some cases potassium micas. The
smectite-illite transformation releases Si, Mg, and Fe, which
forms cements of quartz, carbonates, and clays (Boles and
Franks, 1979). Other clay mineral changes that occur are the
transition of kaolinite to chlorite or illite (Boles and Franks,
1979; Bjorlykke and Agaard, 1992).

Authigenic quartz cements commonly form euhedral over-
growths on detrital quartz grains. Most recent work has shown
that quartz cements are controlled largely by the kinetics of
quartz precipitation. Thus, at temperatures of 90-100°C
quartz cement becomes significant in many sedimentary basins
(Walderhaug, 1996).

Biogenic siliceous sediment is deposited as opal or amor-
phous silica. Opal is an unstable component of sediments and it
becomes progressively altered from cristobalite to chert com-
posed of quartz (Murata and Larson, 1975; Pisciotto, 1980).
The opal-cristobalite transition occurs at about 35-55°C and
the cristobalite-quartz transition occurs from about 55°C to
110°C.

Albitization of plagioclase is widely recognized in deeply
buried sediments (e.g., Coombs, 1954; Land and Milliken,
1981). To a lesser extent K-feldspar becomes albitized during
burial. The albitization of plagoclase usually starts at about
100°C in sedimentary sequences and most calcium plagioclase
has been altered to albite by about 150°C (Boles, 1982).
Albitization consumes sodium and releases calcium to the pore
water. Thus, if the rock has very low permeability the reaction
is inhibited due to the inability of material to be transported
(Boles and Ramseyer, 1988). Authigenic products of feldspar
dissolution and albitization are clay minerals (kaolinite or
chlorite) and calcite or laumontite (Boles and Coombs, 1975).
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Early formed zeolites are eventually replaced in a series of
dehydration reactions by laumontite, albite, K-feldspar, and
chlorite (Boles and Coombs, 1977) or other minerals such as
prehnite or pumpellyite with increasing age and burial depth.
Laumontite requires a minimum temperature of about 70°C
but is stable beyond 200°C and is considered by many as a
transition to conventional metamorphism.

Summary

In summary, authigenic mineral reactions are initially con-
trolled by fluid dominated open systems and later by rock-
dominated relatively closed system. Although we have a good
descriptive understanding of the type of authigenic mineral
reactions that occur, there remains much to be done to quanti-
fy these processes. Present and future research trends are inter-
disciplinary studies to understand the mineral/fluid interface,
the role of organisms in mineralization, the rates of authigen-
esis, the role of faulting as pathways and barriers to fluid flow,
and interpreting early authigenic minerals in terms of sea level
and climate/atmospheric changes.

James R. Boles
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AUTOSUSPENSION

Definition

An autosuspension current may be defined as a particle-driven
gravity flow that can persist indefinitely, without any external
supply of energy. The ultimate criterion for autosuspension
must, therefore, be lack of net deposition. This criterion is
reinforced if the current is also capable of erosion.

Theoretical development

Daly (1936) and Kuenen (1938) both realized the possibility of
the process now called ‘“autosuspension”, although the first
analysis of this phenomenon was made by Knapp (1938). He
realized that the gravitational energy expended by a particle-
driven gravity flow must be at least equal to that needed to
maintain the suspended load, and derived a simple criterion for
this situation: US/vg >1, where U is the velocity, S is the bed
slope (small), and v, is the settling velocity of the sediment
particles.

The same concept was discovered independently, and con-
siderably extended, by Bagnold (1962). He was apparently the
first to use the term ‘“‘auto-suspension”. Bagnold recognized
that although US/vy >1 was a necessary condition for this
phenomenon, it was not sufficient, and he placed additional
restrictions on the occurrence of autosuspension.

More extensive analyzes were carried out independently
by Pantin (1979) and Parker (1982), both of whom described
time-developing currents that could either erode or deposit,
depending on the initial velocity and sediment content (both
depth-averaged). The bed slope and other parameters were
assumed constant. Eventually, a given current would either
collapse and deposit all of its load, or enter a state in which
erosion would occur (i.e., autosuspension), accompanied by a
progressive increase in both velocity and sediment content.
Both of the foregoing models used coupled differential equa-
tions to express changes in volume, sediment content, and
momentum (Pantin) or mean-flow energy (Parker), but neither
explicitly accounted for the turbulent energy balance. Parker
(1982) named the erosive currents “ignitive”’, by analogy with
the ignition and continued burning of combustible material,
and predicted “catastrophic equilibrium”, a state in which
increasing sediment concentration eventually imposes a limit
to further sediment entrainment, and thus to further accelera-
tion of an ignitive current. These two models showed that
autosuspension is promoted by large flow thickness, high bot-
tom gradient, and a low sediment-settling velocity, as well as
high initial current velocity and sediment concentration.

Further investigation (Fukushima ez al., 1985; Parker et al.,
1986) showed that the above “three-equation” models made
physically-impossible demands on the available energy, and
that an equation for turbulent energy balance would have to
be included. This resulted in a “four-equation” model, which
kept the energy requirement within appropriate limits, and
predicted autosuspension under physically reasonable condi-
tions. The process of ignitive autosuspension may be regarded
as a positive-feedback loop, and is shown diagrammatically in
Figure A12.

Other models that predicted autosuspension soon followed.
Stacey and Bowen (1988) and Eidsvik and Brers (1989)

Acceleration ————p Increased drag

@,

Increased \

sediment entrainment <4<1)— Increased TKE

Figure A12 The positive-feedback loop in ignitive autosuspension.
TKE =turbulent kinetic energy. (1) = portion of TKE expended on the
entrainment of new sediment; (2) = portion of TKE expended on
viscous dissipation, maintaining the existing sediment load, and
thickening of the flow by water entrainment (see Parker et al., 1986,
Eqg. 8). Continuation of the loop may lead to “catastrophic
equilibrium” (see text). Failure of the loop will result in deceleration,
decrease in drag and TKE, and deposition of sediment.

considered the problems of stratified flows; Pantin (1986)
studied the generation of autosuspension by a periodic forcing
process, and later (1991) developed an autosuspension model
for underflows with a light interstitial fluid. These models, like
all of those described earlier, were two-dimensional Cartesian,
and did not allow for lateral changes.

Emms (1999) advanced the autosuspension concept further,
by developing models that included the Coriolis parameter. In
addition, his ‘“four-equation” and “five-equation” models
allowed for lateral spread, and could thus be applied to the
open slope.

Autosuspension in natural systems

There is widespread indirect evidence that autosuspension
occurs in natural systems, including storms in submarine can-
yons (Inman etal., 1976, interpreted by Fukushima etal., 1985
and by Pantin, 1986); flooded rivers in fiords (Prior ezal., 1987,
interpreted by Pantin, 1991); and earthquake-induced failure
on the continental slope (Hughes Clarke ezal.,1990). Prior etal.
(1986) have described channeling due to erosion by high-
density flows entering bodies of lower density fluid (hyperpyc-
nal flows), a phenomenon entirely consistent with autosuspen-
sion. There is also good evidence of autosuspension in powder-
snow avalanches (Fukushima and Parker, 1990), while the
severe erosion reported from some pyroclastic flows (Sparks
etal., 1997) may well involve autosuspension.

Autosuspension can also help to explain some of the main
features of the turbidite beds that occur widely in stratigraphic
sequences. These beds evidently represent major, time-
discontinuous events associated with high sediment transport
rates and strong currents; they can be interpreted as the
product of turbidity currents, initially in autosuspension, gen-
erated periodically under exceptionally severe conditions (e.g.,
storms, floods, or submarine landslides). These currents would
deposit their load when, inevitably, they reached the base of the
slope or a closed basin, and encountered bottom gradients too
low to sustain the autosuspension process (Komar, 1977;
Pantin, 1979).

Experimental work

Until very recently, there have been no successful attempts
to produce unequivocal evidence of autosuspension in the
laboratory. Neither Southard and Mackintosh (1981) nor
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Parker ef al. (1987) succeeded in producing autosuspension.
However, Pantin (2001), using specially designed equipment,
was able to obtain clear evidence of autosuspension in a series
of experimental flows. The method consisted of running a
suspension of 20 pum silica through a sloping 5 cm Perspex tube
with special inserts, over a test bed of the same material
(stained blue), and measuring the increase in flow velocity,
together with the proportion of test bed entrained.

Deliberate attempts to generate turbidity currents in
submarine canyons (Buffington, 1961; Dill, 1964) have met
with little success; fortunately for the operators, perhaps, they
did not meet the conditions necessary for triggering an auto-
suspension current.

Henry M. Pantin

Bibliography

Bagnold, R.A., 1962. Auto-suspension of transported sediment;
turbidity currents. Proceedings of the Royal Society of London, A
265: 315-319.

Buffington, E.C., 1961. Experimental turbidity currents on the sea
floor. Bulletin of the American Association of Petroleum Geologists,
45: 1392-1400.

Daly, R.A., 1936. Origin of submarine “canyons”. American Journal
of Science, 31: 401-420.

Dill, R.F., 1964. Sedimentation and erosion in Scripps Submarine
Canyon head. In Miller, R.L. (ed.), Papersin Marine Geology: She-
pard Commemorative Volume. New York: Macmillan, pp. 23-41.

Eidsvik, K.J., and Brers, B., 1989. Self-accelerated turbidity current
prediction based upon (k-¢) turbulence. Continental Shelf Research,
9: 617-627.

Emms, P.W., 1999. On the ignition of geostrophically rotating
turbidity currents. Sedimentology, 46: 1049—1063.

Fukushima, Y., and Parker, G., 1990. Numerical simulation of
powder-snow avalanches. Journal of Glaciology, 36: 229-237.

Fukushima, Y., Parker, G., and Pantin, H.M., 1985. Prediction of
ignitive turbidity currents in Scripps Submarine Canyon. Marine
Geology, 67: 55-81.

Hughes Clarke, J.E., Shor, A.N., Piper, D.J.W., and Mayer, L.A.,
1990. Large-scale current-induced erosion and deposition in the
path of the 1929 Grand Banks turbidity current. Sedimentology,
37: 613-629.

Inman, D.L., Nordstrom, C.E., and Flick, R.E., 1976. Currents in
submarine canyons: an air-sea-land interaction. Annual Review of
Fluid Mechanics, 8: 275-310.

Knapp, R.T., 1938. Energy-balance in stream-flows carrying sus-
pended load. Transactions of the American Geophysical Union, 19:
501-505.

Komar, P.D., 1977. Computer simulation of turbidity current flow and
the study of deep-sea channels and fan sedimentation. In Goldberg,
E.D., McCave, I.N., O’Brien, J.J., and Steele, J.H. (eds.), The Sea,
Volume 6. New York: John Wiley and Sons, pp. 603-621.

Kuenen, Ph.H., 1938. Density currents in connection with the problem
of submarine canyons. Geological Magazine, 75: 241-249.

Pantin, H.M., 1979. Interaction between velocity and effective density
in turbidity flow: phase-plane analysis, with criteria for auto-
suspension. Marine Geology, 31: 59-99.

Pantin, H.M., 1986. Triggering of autosuspension by a periodic forcing
function. In River Sedimentation, Volume III. Proceedings of the
Third International Symposium on River Sedimentation, pp. 1765—
1770.

Pantin, H.M., 1991. A model for ignitive autosuspension in brackish
underflows. In Sand Transport in Rivers, Estuaries, and the Sea.
Proceedings of the EUROMECH 262 Colloquium, pp. 283-290.

Pantin, H.M., 2001. Experimental evidence for autosuspension. In
Particulate Gravity Currents. International Association of Sedimen-
tologists, Special Publication 31, pp.189-205.

Parker, G., 1982. Conditions for the ignition of catastrophically
erosive turbidity currents. Marine Geology, 46: 307-327.

Parker, G., Fukushima, Y., and Pantin, H.M., 1986. Self-accelerating
turbidity currents. Journal of Fluid Mechanics, 171: 145-181.

Parker, G., Garcia, M., Fukushima, Y., and Yu, W., 1987.
Experiments on turbidity currents over an erodible bed. Journal
of Hydraulic Research, 25: 123—147.

Prior, D.B., Yang, Z.-S., Bornhold, B.D., Keller, G.H., Lin, Z.H.,
Wiseman, W.J. Jr.,, Wright, L.D., and Lin, T.C., 1986. The
subaqueous delta of the modern Huanghe (Yellow River). Geo-
Marine Letters, 6: 67-75.

Prior, D.B., Bornhold, B.D., Wiseman, W.J. Jr., and Lowe, D.R.,
1987. Turbidity current activity in a British Columbia fjord.
Science, 237: 1330-1333.

Southard, J.B., and Mackintosh, M.E., 1981. Experimental test of auto-
suspension. Earth Surface Processes and Landforms, 6: 103—111.
Sparks, R.S.J., Gardeweg, M.C., Calder, E.S., and Matthews, S.J.,
1997. Erosion by pyroclastic flows on Lascar Volcano, Chile. Bul-

letin of Volcanology, 58: 557-565.

Stacey, M.W., and Bowen, A.J., 1988. The vertical structure of
turbidity currents and a necessary condition for self-maintenance.
Journal of Geophysical Research, 93 (C4): 3543-3553.

Cross-references

Gravity-Driven Mass Flows

Numerical Models and Simulation of Sediment
Transport and Deposition

Oceanic Sediments

Slope Sediments

Submarine Fans and Channels

Turbidites

AVALANCHE AND ROCK FALL

Avalanche and rock fall are slope movement processes by
which masses are detached from jointed rock outcrops and
accelerate by self weight to lower elevations by a combination
of sliding, rolling, and flow. Since the sedimentological record
imprinted by snow avalanches is very localized and transient,
this article is restricted to rock-slope instability processes.

Rock avalanche

General attributes

Rock avalanche is a large-scale mass movement process invol-
ving the disintegration of a rock slide failure to form a rapidly
flowing, granular mass. Many of the largest rock avalanches
are known to have been triggered by either volcano collapse or
seismic shock. Rock avalanches attain their largest size and
destructive potential in high mountain areas and have been
recorded on virtually every rock type. The avalanche attributes
of high volume (10°~10'°m?), high velocity (2050 ms™'), long
running distance (3-20 km), and extensive deposits (hundreds
of km?® for the largest events) distinguish them as the most
hazardous and destructive geomorphic events on Earth. Some
deposits are extensive enough to warrant the status of strati-
graphic formations. Very large events, estimated to lie in the
range 10'°-10"*m?>, have also been identified on Mars and the
Moon.

Slope failures derived from unconsolidated colluvial, glacial,
and volcanic materials, termed debris avalanches, and are
mechanically similar to rock avalanches. Debris avalanches
derived from the failure of colluvial and glacial materials are
generally small by comparison (typically 10°~10° m?); however,
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debris avalanches derived from stratovolcanic collapse are
among the largest slope failures on Earth. The world record
is presently held by the 300-360ka event from Mt. Shasta,
California, having an estimated volume of 2.6 x 10'°m® and
a deposit surface area of 450 km?.

Sedimentology and morphology of
rock avalanche deposits

Rock avalanche deposits are diamictons comprising mainly
angular, poorly sorted rock debris of local provenance, ranging
in size from very large boulders, tens of meters in diameter, to
fine silt and clay-sized fractions. The wide spectrum of sizes is
produced in part by fracture and kinetic comminution of rock
material as it moves downslope from the avalanche detachment
zone, and partly by entrainment of water-saturated fine mate-
rials from the valley floor overridden by the avalanche. The
vertical grading of rock avalanche deposits is highly variable,
though some show slight inverse grading, caused by upward
migration of large boulders by dispersive pressure (Middleton
and Wilcock, 1994). Inverse grading may also develop from
kinetic sieving, in which a preferential downward movement of
finer material occurs through voids between larger clasts.
Rock avalanches discharging into lowland areas produce
extensive, spatulate, hummocky sheets of rubbly diamicton,
tens of meters thick and kilometers in extent. Longitudinal
grooves and ridges commonly occur sub-parallel to the flow
direction, with pressure ridges developed transverse to the flow
near its terminus (Shreve, 1968). Avalanches exhibit a range of
morphologies depending on their mobility. Relatively dry
avalanches, moving orthogonal to the valley axis, have lower
mobility through expending much energy by collision with the
adverse valley wall. Major landslide dams impounding lakes
are common in these cases (Costa and Schuster, 1988). Ava-
lanches discharging along a valley axis are more likely to en-

train water and saturated valley floor materials. This in turn
causes high basal water pressure and a reduction of internal
friction, leading to a high velocity, streaming type of motion.
Avalanche running distances exceeding 5km are common.
Rock avalanches confined by valley walls often exhibit
evidence of run-up and superelevation against obstacles and
valley side slopes, allowing estimates to be made of avalanche
flow velocity (Hungr, 1995).

Rock avalanche mechanics

A long-standing problem in rock avalanche mechanics is their
high mobility on relatively low slope angles. Figure A13 shows
a plot of avalanche volume, V, against angle of reach, defined
by the quotient of fall height, H, and avalanche travel distance,
L. H/L defines the running slope, f, of the avalanche, which
approximates the average friction angle mobilized by the
moving debris (Middleton and Wilcock, 1994, p.107). The
inverse relation between V and f is the well documented ‘size
effect” (Hsti, 1975). A range of mechanisms has been proposed
to account for this relation. Basal water pressure is a possibi-
lity, given that many avalanches traverse low-lying areas where
saturated, fine grained materials are readily entrained. Very
long-running volcanogenic debris avalanches or lahars (Reid
et al., 2001) result from the incorporation of melting snow
and ice. Fluid-escape craters and fine debris cones on the
surfaces of some rock and debris avalanches demonstrate that
high fluid pressures prevailed during the motion. In the fully
geostatic case, where total overburden pressure equals fluid
pressure, effective stress would be close to zero, and frictional
resistance in the Mohr-Coulomb sense would be lost. The
avalanche size effect due to water pressure could then be
accounted for by the longer fluid drainage paths required
in larger, thicker avalanches, which would favor a longer
retention of excess fluid pressures.
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The ‘air-layer lubrication’ theory (Shreve, 1968) requires
that avalanches be air launched at some point along their path,
followed by the avalanche running on a cushion of compressed
air. This is a less appealing mechanism given the high compres-
sibility of air. Acoustic fluidization (Melosh, 1987) requires
propagation through the moving mass of acoustical energy
with wavelengths longer than the average particle diameter.
Wave propagation creates grain zones in compression, which
move with little internal deformation, and zones of rarefaction
where slip is possible. The result is a lesser dissipation of energy
than would occur if all grain zones experienced shear strain.
Finally, the ‘self-lubrication’ mechanism (Campbell, 1989) is
based on the development of a relatively low-density, rapidly
sheared zone at the base of an avalanche, upon which the bulk
of the mass is efficiently transported with significantly less
internal deformation. The size effect is then explained by the
greater length of time required to dissipate the greater kinetic
energy of very large avalanches.

Rock fall

General attributes

Rock fall is a generally small-scale mass movement process
involving the detachment of individual rock particles, or rela-
tively small groups of particles, from cliffs and other bedrock
outcrops. The total volume of material detached by a rockfall
event is generally 10-10*m?, which is several orders of magni-
tude smaller than volumes delivered by rock avalanches.
Detachment of individual rockfall blocks from a rock face
typically occurs along pre-existing planes of weakness such as
joints, bedding, and foliation, with most failures occurring
by either sliding or toppling. Downslope movement typically
occurs by a combination of sliding, free-fall, saltation, and
rolling. Rock fall is especially active during episodes of multi-
ple freeze-thaw cycles in autumn and spring periods, or when-
ever high water pressure exists along joints. Rocks with closely
spaced joints are most prone to production of rockfall debris,
yielding a high frequency of blocks in the range 0.01-10m?.
However, in sparsely jointed massive rocks, rock fall is a less
frequent though sometime catastrophic process. Huge mono-
liths totaling several thousands of cubic meters may topple or
fall (Schumm and Chorley, 1964).

Rock fall deposits

The prolonged operation of rock fall at a site leads to cone-
shaped accumulations of angular rubble known as talus. Most
talus slopes produced by rock fall develop characteristic angles
of rest in the range 34°-36°, the so-called angle of repose of the
rubble material (Carson, 1977). Somewhat steeper angles can
develop when talus is built slowly by small-scale rock fall.
Angles significantly flatter than 35° indicate that other pro-
cesses, notably snow avalanche, rock avalanche, or debris flow,
have reworked talus material (Luckman, 1988), implying that
some talus deposits are composite features. It is common to
find finer material interbedded with coarse-grained rockfall
deposits, so the surface rubble layer is often not indicative of
the texture of the entire deposit.

Rock fall mechanics

The loss of potential energy by a falling particle must be
balanced by the sum of its kinetic energy gain and energy losses
caused by friction with, and deformation of, the talus surface
underlying the moving particle. The total travel distance of a
particle across a talus slope is a function of its initial angle of
impact, its initial velocity, and its size relative to that of mate-
rial comprising the talus slope. Particle impact angle on the
talus slope is a critical factor, since more than 80 percent of
kinetic energy can be dissipated by cratering work at the first
impact. A transition from bouncing to rolling eventually
occurs, since progressively less of the particle’s remaining
momentum is directed normal to the slope during successive
impacts. Once rolling has commenced, larger particles tend to
run further by virtue of their lower rolling-friction angles. Over
time, the talus slope develops a basal concave section with
larger blocks deposited in the “shadow” zone, well beyond
the base of the main talus deposit (Evans and Hungr, 1993).
A distinct fall-sorted texture thus evolves comprising a pro-
gressive downslope increase in mean particle size.

Because of the sporadic nature of the rock fall process, and the
difficulty of measuring its effects in remote areas, some of the
most detailed process studies have been conducted along high-
ways and railways where rock fall poses a hazard (Hungr
et al., 1999). Computer simulations, corroborated by field
studies, are now routinely used in determining rockfall risk
assessments wherever public safety is a concern (Evans and
Hungr, 1993).

Michael J. Bovis
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AVULSION

Avulsion is the process in which river (or other) flows are
diverted out of an established channel into a new course at a
lower elevation on the adjacent surface. Although the term
usually refers to major discharge diversions that result in new
channels, it is sometime used in reference to short-term flow
switching within braided channels. Avulsions may be full, in
which all flow is transferred out of the parent channel, or par-
tial, in which only a portion of the flow is transferred. Full
avulsions result in abandonment of the parent channel down-
stream of the diversion site, whereas partial avulsions lead to
new channels that coexist with the parent channel. Partial
avulsion is a principal mechanism that forms anastomosing
channels (if the channels rejoin) and distributary channels (if
the channels do not rejoin), the latter a common feature of
alluvial fans and deltas. Avulsions may be abrupt or gradual.
For example, in 1855 the Yellow River (China) breached one of
its levees during a large flood, and within a single day, all flow
had diverted through the breach into the floodplain (Qian,
1990). In contrast, full avulsions in the Meuse-Rhine delta
often require several centuries to complete, and durations
of up to 1250 years have been measured (Stouthamer and
Berendsen, 2001).

Avulsions are features of aggrading river systems and should
not be expected in actively incising stream valleys. They are not
restricted to any particular channel form or size and will recur
in any river system for as long as aggradation continues. Fre-
quency of avulsion recurrence varies widely among the few
modern rivers for which such data exists, ranging from as low
as 28 years for the Kosi River (India) up to 1400 years for the
Mississippi (see Table 4.2 in Stouthamer and Berendsen, 2001).
Data from the geologic record suggest that much larger inter-
vals between avulsions have existed (e.g., Kraus and Aslan,
1993). By forcing large-scale repositioning of stream channels,
avulsion is a dominant mechanism for constructing river flood-
plains, deltas, and alluvial fans and for generating laterally
extensive sedimentary deposits in the stratigraphic record.

Causes of avulsion

Two basic conditions are required for avulsion: (1) a long-
term ‘“‘setup” in which the channel gradually increases its

susceptibility to avulsion, and (2) a short-term “trigger” event
which initiates the flow diversion. The setup requirement is
attained by the tendency for a channel belt to rise above the
level of the adjacent floodplain under conditions of net aggra-
dation. Such superelevation of the channel belt develops because
overbank deposition rates tend to be greatest near the channel
(forming levees) and to decrease exponentially away from the
channel across the floodplain. Such elevated channel belts are
known as alluvial ridges. With continued aggradation and
elevation differentiation, this topology becomes increasingly
unstable and is eventually relieved by avulsion when a suffi-
ciently large trigger event occurs. Such events are typically
floods, but also include such processes as abrupt neotectonic
movements, ice jams, log jams, vegetative blockages, debris
dams, or bank failures (see Jones and Schumm, 1999, for review).

Implicit with the setup requirement is the presumption that
some critical value of channel-to-floodplain slope must be
exceeded before avulsion can take place. Mackey and Bridge
(1995), for example, consider the probability of avulsion occur-
ring at a particular site as a product of the ratio of cross-valley to
down-channel slope and the return period of flood discharge in
excess of some threshold value. Note that the slope ratio can be
increased by either increasing cross-valley slope or decreasing
down-channel slope. The former is readily attained by increas-
ing the elevation of the channel belt relative to the floodplain,
whereas down-channel slope may be reduced by increasing
sinuosity or, in the case of prograding deltas, by channel length-
ening. Cross-valley or down-channel slope can also be altered by
tectonic tilting. As an alternative to channel-to-floodplain slope,
Mohrig etal. (2000) argue that elevation difference between the
channel water surface and the lowest areas of the floodplain
exerts the primary control on avulsion setup. In either case,
continuing elevation of the alluvial ridge relative to the rest of
the floodplain eventually makes avulsion inevitable.

When general setup conditions are sufficient to permit avul-
sion, the site at which the avulsion takes place is likely to be
opportunistic and determined by such local factors as channel
geometry, bank stability, or topography. For example, avul-
sion sites commonly occur at the outer banks of meander bends
where flow velocities are high, confining levees are narrow, and
flood flows impinge the banks at high angles. Floods continu-
ally test weaknesses in the channel banks, and local areas of
relative instability, for example, intersected sand bodies of
former channels, are potential locations for avulsion
(Chrzastowski et al., 1994; Smith ez al., 1998). Avulsion sites
commonly begin as crevasses that enlarge until flow is perma-
nently diverted from the parent channel. Many crevasse chan-
nels, however, become plugged with sediment and do not result
in permanent flow transfer. Modeling results (Slingerland and
Smith, 1998) suggest that whether a crevasse-channel plugs,
runs to full avulsion, or reaches a steady state of partial avul-
sion depends on the ratio of crevasse to main-channel bed slope,
ratio of crevasse to main channel depth, and bed grain size. For
fine to medium sand sizes, crevasse-channel slopes greater than
about 5 to 8 times main-channel slope are predicted to develop
into full avulsions regardless of initial crevasse size. Lower
crevasse-channel slopes will more likely become plugged or
sustain partially diverted flows for long periods.

Styles of avulsion

It is generally presumed that the initial pathways of newly
diverted flow will follow the direction of greatest slope or
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maximum flow efficiency away from the parent channel.
The extent of avulsive flooding and nature of channel pat-
terns that subsequently develop are then governed in large
part by the character of the floodplain surface, for example,
its gradient, relief, vegetative cover, presence of existing
channels (active or abandoned), elevation of water table,
and floodplain width. Abandoned alluvial ridges and narrow
valley walls, for example, limit the lateral extent of avulsive
flow normal to the parent channel and redirect it downvalley.
Dense vegetation covers, low floodplain gradients, and high
water tables (associated with shallow floodplain lakes and
marshy wetlands) promote slow runoff, leading to ponding
and deposition of fine sediment. Rapid runoff is enhanced
by high gradients, low water tables, and sparse vegetative
covers.

Three broadly different styles of floodplain response to
avulsion have been recognized: (1) appropriation or reoccu-
pation of preexisting channels, (2) creation of new channels
by incision, and (3) deposition of multichaneled prograda-
tional sediment wedges. (1) Appropriation of active flood-
plain channels or reoccupation of abandoned channels is a
common avulsion style that results from the tendency for the
diverted flow to seek pathways of maximum transport effi-
ciency. If the annexed channel is large enough to accommo-
date the diverted flow, little floodplain modification takes
place. Commonly, however, the annexed channel is too small
for the newly captured flow; deepening and/or widening of
the channel usually follows, sometimes accompanied by
extensive crevassing and deposition of crevasse splays
(Pérez-Arlucea and Smith, 1999). (2) Incision of new chan-
nels is most likely to occur in well-drained floodplains where
avulsive floodwaters run off quickly and little sediment
deposition takes place (Mohrig ef al., 2000). Such incisional
channels may form by downstream extension from the initial
avulsion site or upstream migration of a knickpoint from the
site where the diverted flows reenter the parent channel or
tributary (Schumm et al., 1996). (3) Deposition and down-
floodplain progradation of multichaneled sediment wedges is
a dominant avulsion style in poorly drained marshy flood-
plains (Smith ezal., 1989; Tye and Coleman, 1989). Scales of
progradation range from small crevasse splays to regional-
scale complexes of coalesced splays and lacustrine deltas.
The active margins of the progradational wedge are supplied
by many small, often interconnected, channels which later
are succeeded by a single large channel as the avulsion
evolves to completion. In cases of regional-scale full avul-
sions, this final channel becomes the new parent channel for
the next avulsion.

Avulsion deposits

Because avulsions are expectable consequences of aggradation
and the principal mechanisms by which laterally extensive
alluvial deposits are formed, we should expect abundant evi-
dence of avulsion in alluvial stratigraphic successions. As yet,
however, only a few studies of ancient river sediments have
drawn specific attention to avulsion processes or deposits.
Evidence for avulsion is often straightforward but indirect.
For example, the mere presence of a well-developed paleosol
within an alluvial succession suggests that avulsion resituated
the contemporaneous river channel to a location too distant to
flood the paleosol site with fine sediment.

Direct evidence of avulsions can be found in the character of
their deposits. Avulsion involving channel reoccupation can
be inferred by well-defined, multistoried, often stepped, sand
bodies within a single channel-fill succession, or different
stratigraphic levels of levee deposits associated with the same
channel-fill. Avulsion dominated by incisions of new channels
may be manifested by abundant ribbon (low width/thickness
ratio) sand bodies encased in fine floodplain sediments and
defined by sharp erosional contacts (Mohrig er al., 2000).
Deposits of progradational avulsions tend to be the most het-
erogeneous. They include ribbon sands formed by anastomos-
ing distributary networks, sheet sands formed by crevasse
splays and channel-mouth bars, and a variety of fine-grained
sediments deposited in interchannel lows and in ponded or
otherwise slow-moving water bodies formed by the avulsion
(Smith ef al., 1989). Because the avulsive sediment wedge
is predominantly progradational in character, upward-
coarsening successions, with thicknesses scaled to water depth,
are typical (Pérez-Arlucea and Smith, 1999). Sedimentary suc-
cessions formed by progradational avulsions are likely to be
capped by paleosols or fine-grained flood deposits of succeed-
ing channel belts. Ancient examples are described by Kraus
(1996) and Kraus and Wells (1999).

Norman D. Smith
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BACTERIA IN SEDIMENTS

Epibenthic bacteria forming biofilms and
microbial mats

Bacteria live in an extremely wide range of habitats, and their
occurrence is only restricted by the requirement for water and
the physicochemical stability limits of biomolecules (Knoll and
Bauld, 1989). In sediments, epibenthic bacteria attach firmly to
the surfaces of mineral particles by their adhesive and mucous,
‘extracellular polymeric substances (EPS)’ often more abun-
dant than the cell material itself (Decho, 1990 for overview and
introduction; Decho, 2000). The mucilaginous substances aid
the microbes to sequester nutrients, to protect themselves
against osmotic pressure caused by changing salinities, and to
maintain an optimal chemical microenvironment for activities
of extracellular enzymes (Decho, 1990). These coatings,
composed of single cells and their mucilages enveloping
mineral particles are known as biofilms (Marshall, 1984;
Charaklis and Wilderer, 1989; compare also Stolz, 2000).
Further biomass enrichment leads to the formation of discrete,
tissue-like organic layers, microbial mats, that cover extensive
areas of the seafloor (definition of term see Krumbein, 1983;
Cohen and Rosenberg, 1989; Stal and Caumette, 1994; Stolz,
2000; brief historic outline included in Stal, 2000). Microbial
mats are biologically stratified communities. Different bacter-
ial populations organize in horizontal layers in dependence
to intrasedimentary, chemical gradients (Stolz, 2000, and
references therein). Their highly active metabolic cycles are
in steady interaction with chemical parameters of their
surroundings, and thus the microbes powerfully influence
their environment (Stal, 2000). This bacterially mediated ele-
ment transfer causes diverse intrasedimentary mineral deposits
and structures of high preservation potential (Krumbein,
1986). In consolidated rocks, occurrences of the minerals
permit conclusions on the biology of ancient microbiota, and
on the environmental conditions of the past.

Epibenthic bacterial populations as ‘bioreactors’

Epibenthic microorganisms and their slimy secretions con-
tribute to a high porosity of the surface sediments, and their
intensive metabolic and catalysatory activities raise the
amount of chemical reactions substantially. The transfer
capacity of a multi-layered microbial mat is even greater,
because the different metabolic cycles interlock with each
other. Therefore a microbial mat was compared with an
intrasedimentary ‘bioreactor’ (Hanselmann, 1989; compare
also model of ‘bioid’ by Krumbein, 1986). Within the stratified
community of a microbial mat (Figure B1), each population
depends on the metabolic products of the other below or above
(Cohen and Rosenberg, 1989; Hanselmann, 1989; Stal and
Caumette, 1994; Ehrlich, 1996; Nealson, 1997; Stal, 2000;
Stolz, 2000; Nisbet and Sleep, 2001). In the photic zone,
primary producers, mainly cyanobacteria (and diatoms), build
up biomass by oxygenic or anoxygenic photosynthesis. Below
the cyanobacteria, a layer of purple sulfur bacteria may
establish (depending on the relative depth gradients of light
and oxygen). Their purely anaerobic photosynthesis makes use
of lower light intensities than cyanobacteria. Sulfur bacteria
require sulfide, which is provided by sulfate-reducing bacteria
colonizing deeper parts of the sediments. Here, a great variety
of heterotrophic bacteria decompose the primary organic
material. With the aid of their highly effective enzymes, they
degrade polysaccharides, lipids, or proteins, of the primary
biomass, and release monomers. These are further decom-
posed by sulfate reducing and methanogenic bacteria to
carbon dioxide, hydrogen sulfide, methane, and inorganic
nutrients.

Chemical processes as a consequence of decomposition and
mineralization of organic material lead to precipitation of
sulfides, carbonates, silicates, and many other minerals
(Krumbein, 1986). This will be outlined in the following.

Decomposition of organic material causing
precipitation of minerals

In microscopic scale, the cell walls of bacteria are composed of
macromolecules that give an overall electro-negative charge to

G. V. Middleton et al. (eds.), Encyclopedia of Sediments and Sedimentary Rocks
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Figure B1 Bacterial decomposition of organic material leads to precipitation of sulfides, carbonates, silicates, and other minerals. (A) Within
microbial mats, primary organic material is decomposed in several steps until inorganic nutrients are formed. (B) In microscale, ions dissolved in
the surroundings react with reactive chemical groups along the outer cell wall. This might induce mineral precipitation. Photo shows initial

precipitates (? pyrite) along cyanobacterial filament.

the outer cell walls (Beveridge, 1989; Beveridge and Doyle,
1989; Schulze-Lam ez al., 1996). The reactive chemical groups
of the cell wall project into the surrounding environment, but
protons released through the cell membrane in course of ATP-
generation of the living cell occupy the negatively charged
sites. Additionally, the heterogeneously charged microsites of
the cell wall adsorb water molecules (that have bipolar
chemical structure), and as a consequence a film of water
permanently envelopes and buffers the cells (Schulze-Lam
et al., 1996). It is assumed that after bacterial cells die, the
increasingly electro-negative charge of the cell surfaces react
with electro-positive metal ions dissolved in the seawater. In
laboratory experiments, the first metal ions serve as nucleus for
further metal enrichment, and counter-ions are attracted
(Beveridge, 1989; Beveridge and Doyle, 1989; Schulze-Lam
et al., 1996; Douglas and Beveridge, 1998; Ferris, 2000).
Because of the water molecules enveloping bacterial cells,
initial precipitates are hydrated and amorphous (Beveridge,
1989; early steps of aragonite formation on cell envelopes are
documented by Krumbein, 1979a; see also Schulze-Lam et al.,
1996). Over time, dehydratation of the precipitates leads to a,
crystalline mineral phase, and during this diagenetic alteration

for example, aragonite changes to calcite (Beveridge, 1989).
Depending on microenvironmental geochemistry induced by
decomposing heterotroph bacteria, counter ions like sulfate,
carbonate, or sulfide ions determine formation of specific
minerals, (Figure Bl). For example, pyrite is formed in
presence of Fe?* and HS™ or S?>~ ions, and often can be
found intimately related to carbonate layers in subrecent,
decaying microbial mats (Gerdes ez al., 2000).

Microbial ecosystems are ancient and nearly as old as the
earliest geological record, so knowledge of bacterially induced
chemical processes provides important clues on the biological
and environmental evolution of Earth and other planets.

Nora Noffke
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BALL-AND-PILLOW (PILLOW) STRUCTURE

Definition and description

Ball-and-pillow structure is a soft-sediment deformation
structure comprising rounded masses of clastic sediment

(pseudonodules, q.v.) set in similar or finer grained matrix,
that are vertically stacked within one horizon (Figure B2(A),
(B)). Much of the discussion in the entry for pseudonodules,
relating to their description and their origin through loading
processes related to variations in gravitational potential
energy, is relevant to ball-and-pillow structure. Distinctive
features of ball-and-pillow structure include: the pseudo-
nodules are commonly contorted into spiral or zig zag
shapes; there may be very little matrix between the pseudono-
dules; and some ball-and-pillow horizons are consistently
underlain by convolute stratification and overlain by dish
structure.

Historical development

Ball-and-pillow structure is usually traced back to Smith
(1916), in a paper entitled ‘Ball or pillow-form structures
in sandstones’. The term ‘ball-and-pillow structure’ was
introduced by Potter and Pettijohn (1963), who mistakenly
cited Smith’s (1916) title as ‘Ball- or pillow-form structure’,
although Smith (1916) clearly did not intend ‘ball’ and ‘pillow’
to be part of a single name, referring instead to ‘pillow-form

Figure B2 Definition and interpretation of ball-and-pillow structure.
For simplicity, stratification is not shown in the lower, less dense layer.
(A) Definition diagram for ball-and-pillow structure, where a, b and ¢
are distinct sedimentation units. (B) Ball-and-pillow structure from an
Upper Carboniferous delta front sequence at Amroth, west Wales, UK.
Arrows point to individual pseudonodules. The section illustrated is
3 m thick. (C) Formation by repeated detachment from the base of a
layer undergoing load deformation. (D) Formation by the simultaneous
loading of several couplets of denser and less dense sediment. (E)
Formation by a process of sedimentary stoping in which mobile
sediment rises through an essentially passive layer.
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or ball structures’. The structures described by Smith (1916)
and Potter and Pettijohn (1963) are very similar to those
that have subsequently been described as both ball-and-pillow
structure and pseudonodules (or pseudo-nodules). The history
and use of these terms are inextricably entwined, and are
discussed fully in the entry for pseudonodules.

Interpretation

Examples of deformation pathways that lead to ball-and-
pillow structure are shown in Figure B2. Some ball-and-pillow
horizons represent isolated fold noses formed by downslope
slumping, but most result from loading processes related to
variations in gravitational potential energy and driven by
variations in bulk density. Factors that favor the development
of pseudonodules, in contrast to load casts that affect the base
of a laterally continuous bed, include a driving force of large
magnitude, a combination of driving forces, a very weak lower
layer, or a long duration of deformation. Loading processes
that can result in ball-and-pillow structure include: lateral drift
of pseudonodules as they sink (e.g., Kuenen, 1958: Plate I);
repeated detachment of masses from the base of a ‘source
layer’ (Figure B2(C)); simultaneous liquidization and loading
of several couplets of denser and less dense sediment (Figure
B2(D)); and a process of ‘sedimentary stoping’, in which
liquidized sediment (usually fluidized sand) rises through an
essentially passive upper layer (Figure B2(E)). Criteria need to
be developed to characterize the products of each of these
pathways. For example, in ball-and-pillow horizons formed by
sedimentary stoping, the pseudonodules are unlikely to have
flat upper surfaces, they are likely to be relatively undeformed
internally, and the upper surface of the ball-and-pillow horizon
may be highly irregular.

Summary

Ball-and-pillow structure represents an extreme form of load
structure. It can form as the end product of several soft-
sediment deformation pathways. Further studies are needed
to develop criteria that differentiate these various pathways.

Geraint Owen
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Introduction

Ridges of unconsolidated sediment, which characterize the
upper shoreface of littoral zones dominated by waves, and are
generally larger than bedforms are termed wave-formed bars
(e.g., see Figure B3). They were recognized as early as 1845 on
the marine coasts of Europe, by 1851 in the Great Lakes of
North America and subsequently on marine and lacustrine
coasts worldwide (see Zenkovich, 1967). Confusion surrounds
the term bar because: (a) it is used for similar forms in other
environments (sece Bar, Fluvial); (b) bars occur within the
littoral zone with a wide range of size, shape, location and
orientation relative to the shoreline, and within a wide range of
littoral environments; (c) no single classification system has
proved satisfactory (e.g., Greenwood and Davidson-Arnott,
1975; Wright and Short, 1984; Lippmann and Holman, 1990);
(d) explanation of the origin(s) and dynamics of wave-formed
bars is far from complete. Detailed reviews of the origin, form
and dynamics of bars are given in van Rijn (1998) and
Greenwood (2002, in press).

Origin

The boundary conditions for bar formation depend upon the
bed material (mineralogy, size, etc.), the bathymetric setting,
and the geographic location, which controls the wave climate,
tidal regime, etc. In general, barred profiles are associated with
large values of wave steepness and wave height-to-grain size
ratios; however, the degree of wave energy reflection or
dissipation is an important control and thus shoreface slope is
critical. A number of hypotheses have been proposed for bar
formation: (i) break point hypotheses relate bars to a seaward
transport of sediment entrained by roller or helical vortices
under plunging or spilling breakers, or a convergence of
sediment at the breakpoint through onshore transport
associated with wave asymmetry and skewness, and offshore
transport through set up induced undertow; (ii) infragravity
wave hypotheses propose that low frequency waves generated
within the surf zone or offshore and reflected, produce a
convergent pattern of drift velocities, which interact with large
incident short waves to induce a range of forms from simple
2-dimensional to 3-dimensional crescentic forms; (iii) self-
organization hypotheses suggest that processes associated with
the complex, non-linear feedback between the hydrodynamics
and the sand bed give rise to a range of topographic forms.
Alongshore and offshore sediment transport was proposed for
bar formation: (a) under meandering or cellular nearshore
circulations produced by the instability of longshore flows;
(b) a coupling between morphodynamic instability and mean
flows; and (c) a non-linear action between shoaling waves and
the bed.

Morphology and morphodynamics

Modern wave-formed bars are near symmetrical, to strongly
asymmetrical undulations in the upper shoreface profile
(Figure B3). They occur both intertidally and subtidally, as
well as in nontidal areas, and may range in number from 1 to
>30, covering a belt up to 1.5km wide. In plan view, they form
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continuous or compartmentalized, linear, sinuous, or crescen-
tic ridges, and range in orientation from shore-parallel to
shore-normal, often producing periodic or rhythmic forms,
both alongshore and cross-shore. Bars increase in size and
spacing in the offshore direction, range from a few decimeters
to more than 4.75 m in height (Greenwood and Mittler, 1979),
and may stretch alongshore for tens of kilometers. Shepard
(1950), Hands (1976) and others present detailed morphometry
based on topographic surveys. Recently, analysis of video
imagery has given new insights on bar morphodynamics
during storm events and over long (decadal) time periods (e.g.,
Lippmann and Holman, 1990; Reussink ezal., 2000). Van Rijn
(1998) summarizes much of the vast literature on bar
dynamics.

Texture

The vast majority of wave-formed bars consist of sand-size
materials, although they have been recorded in sands mixed
with small gravels; the associated troughs often contain gravels
plus silt and clay-sized sediments. A distinct size fractionation
is associated with the bar form, which is superimposed on the
expected coarsening of sediments shoreward across the shore-
face. Crest sediments are better sorted than those of the
associated trough, but may be finer or coarser depending upon
whether the latter are erosional lags or suspension deposits
from quiescent periods (Mothersill, 1969; Greenwood and
Davidson-Arnott, 1972; Keranen, 1985). In general sediments
are negatively (coarse) skewed, although this is not universal
(see Fraser ef al., 1991). Sizes vary significantly with wave
energy levels (Mulrennan, 1992; Stauble and Cialone, 1996).

Bedforms and internal stratification

Bed shear over nearshore bars is controlled by the complex,
non-linear interactions within combined wave-current bound-
ary layers. Sediment transport (Osborne and Greenwood,
1992), bedform development (Greenwood and Sherman, 1986)
and internal stratification (Greenwood and Mittler, 1985)
depend on the relative importance of a spectrum of oscillatory
flows and any superimposed quasi-steady flow (Table B1). A
number of studies document the bedforms that occur over bar
topographies (Hunter e al., 1979; Dabrio and Polo, 1981;
Shipp, 1984; Short, 1984; Ollerhead and Greenwood, 1992)
and Clifton (1976) and Clifton and Dingler (1984) provide
conceptual models for analyzing modern and ancient littoral
systems. The internal structures of bars have been described
by several authors (Howard and Reineck, 1972; Reineck and
Singh, 1973; Davidson-Arnott and Greenwood, 1974, 1976;
Hunter etal., 1979; Greenwood and Mittler 1979, 1985; Shipp,
1984), and summarized in Allen (1982). Stratification depends
on position (see Figure B3): (a) offshoreslope: couplets of small-
scale trough (occasionally chevron) cross-lamination and low-
angle parallel lamination; (b) bar crest: sub-horizontal, parallel
lamination is most common, with medium-to-large scale
trough cross-lamination dipping onshore (most common)
and offshore; (c) landward slope: similar structures to those
on the seaward slope except the parallel lamination dips
onshore; (d) trough: parallel bedding and small-to-medium-
scale trough cross-lamination; dips are highly variable reflect-
ing both waves and bidirectional longshore currents; (¢) rip
channel: offshore-dipping, small-to-medium-scale units of
tabular and trough cross-bedding occur in association with
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Table B1 Flow regimes, bedform sequences and structural assemblages in littoral bars

Symmetrical oscillatory flow
Bedform
Structure

Asymmetrical oscillatory flow
Bedform

Symmetric (vortex) ripples = Flat bed
Small, trough/chevron X-lamination = Parallel lamination

Asymmetric ripples = Lunate megaripples == Flat bed

Asymmetric ripples = Post-vortex ripples == Flat bed
Asymmetric ripples = Cross Ripples ===-=- Flat Bed

Structure

Unimodal, trough X-lamination =============-==> Parallel lamination

Unimodal, trough X-lamination = Medium, trough X-lamination = Parallel lamination
Unimodal, trough X-lamination = Bimodal, trough X-lamination = Parallel lamination

Combined wave-current flow (oscillatory dominant)
Bedform

Ripples = Lunate megaripples === Flat bed

Ripples = Hummocky megaripples = Flat bed

Structure

Small, X-lamination = Trough X-lamination =>=-= Parallel lamination

Small, X-lamination = Hummocky X-lamination = Parallel lamination

Unidirectional flow
Bedform
Structure

Ripples = Dunes (Megaripples) = Flat bed
Small, trough X-lamination = Medium, trough X-lamination = Parallel lamination

quasi-steady rip currents. Rapid bar migration in shallow
water produces medium-to-large-scale sets of onshore dipping
tabular cross-lamination by avalanching on the bar front
(Davidson-Arnott and Greenwood, 1974; Fraser etal., 1991).
Bioturbation is controlled by the degree of sediment reworking
by the hydraulic regime and therefore is greatest on the lower
offshore slope.

Facies models

The vertical and lateral sequences of stratification which occur
with bar migration/accretion are described by Howard and
Reineck (1972), Shipp (1984) and Greenwood and Mittler
(1985) and models have been proposed by several authors
(Davidson-Arnott and Greenwood, 1976; Hunter efal., 1979;
Shipp, 1984). Preservation potential depends upon the rate and
direction of bar migration, the rate of sediment supply and
water level change (Hunter etal., 1979). For subaqueous bars,
the most likely facies to be preserved are those of the trough,
lower seaward slope and inner shelf. In bars that weld to the
beach face, seaward progradation may preserve the large-scale
tabular sets associated with the migrating slip face (van den
Berg, 1977). However, the likelihood of preservation is
generally small and conclusive evidence of wave-formed bars
is lacking (see Ly, 1982, for one possible example).

Brian Greenwood
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BARRIER ISLANDS

Introduction

Barrier islands are wave-built accumulations of sediment that
accrete vertically due to wave action and wind processes and
are separated from adjacent barriers or headlands by tidal
inlets. Most are linear features that tend to parallel the coast,
generally occurring in groups or chains. Barriers are separated
from the mainland by a region termed the backbarrier
consisting of tidal flats, shallow bays, lagoons and/or marsh
systems. Barrier islands may be less than 100 m wide or more
than several kilometers in width. Likewise, they range in length

from several hundred meters to certain barriers along open
coasts that extend for more than 100km. Generally, barrier
islands are wide where the supply of sediment has been
abundant and relatively narrow where erosion rates are high or
where the sediment was scarce during their formation. Their
length is partly a function of sediment supply but is also
strongly influenced by wave versus tidal energy of the region.

Coastal barriers consist of many different types of sediment
depending on their geological setting. Sand, which is the most
common constituent, comes from a variety of sources
including rivers, deltaic and glacial deposits, eroding cliffs,
and biogenic material. The major components of land-derived
sand are the minerals quartz and feldspar. In northern
latitudes where glaciers have shaped the landscape, gravel is
a common constituent of barriers, whereas, in southern
latitudes carbonate material, including shells and coral debris,
may comprise a major portion of the barrier sands. Along the
southeast coast of Iceland, as well as parts of Alaska and
Hawaii, the barriers are composed of black volcanic sands
derived from upland volcanic rocks.

Global distribution

Barriers comprise approximately 15 percent of the worlds
coastline. They are found along every continent except
Antarctica, in every type of geological setting, and in every
kind of climate. Tectonically, they are most common along
Amero-trailing edge coasts where low gradient continental
margins provide ideal settings for barrier formation (Inman
and Nordstrom, 1971). They are also best developed in
microtidal to mesotidal regimes and in mid- to low-latitudes
(Hayes, 1979). Climatic conditions control the vegetation on
the barriers and in backbarrier regions, the type of sediment on
beaches, and in some regions such as the Arctic, the formation
and modification of barriers themselves. The disappearance
of barriers toward the very low energy northwest (“Big Bend”)
coast of Florida in the Gulf of Mexico attests to the
requirement of wave energy in the formation of barriers.

Low-relief coastal plains and continental shelves provide a
platform upon which barriers can form and migrate landward
during periods of ecustatic sea-level rise. The longest barrier
chains in the world coincide with Amero-trailing edges and
include the east coast of the United States (3,100 km) and the
Gulf of Mexico coast (1,600 km). There are also sizable barrier
chains along the east coast of South America (960 km), east
coast of Indian coast (680km), North Sea coast of Europe
(560 km), eastern Siberia (300km), and the North Slope of
Alaska (900 km).

Barrier island sub-environments

Many sub-environments make up a barrier and their arrange-
ment differs from location to location reflecting the type of
barrier and the physical setting of the region. Generally, most
barriers can be divided in three zones: the beach, the barrier
interior, and the landward margin (Figure B4). Some barrier
systems, such as those along the Mississippi coast, have active
beaches on their landward sides due to expansive adjacent
bays. The continual sediment reworking by wind, waves, and
tides, establishes the beach as the most dynamic part of the
barrier. Beaches exhibit a wide range of morphologies
depending upon a number of factors including the sediment
grain size and abundance, and the influence of storms.
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Figure B4 (A) Barrier island sub-environments, (B) Oblique aerial
photograph of highly retrogradational barrier island, showing
extensive washovers, Masonboro Island, North Carolina.

Sediment is removed from the beach during storms and
returned during more tranquil wave conditions. During the
storm and post-storm period, the form of the beach evolves in
a predictable fashion. Along sandy barriers, the beach is
backed by a frontal dune ridge (foredune) which may extend
almost uninterruptedly along the length of the barrier provided
the supply of sediment is adequate and storms have not incised
the dune ridge. The frontal dune ridge is the first line of defense
in protecting the interior of the barrier from the effects of
storms. Landward of this region are the secondary dunes
which have a variety of forms depending on the historical

development of the barrier and subsequent modification by
wind processes. The low areas between individual beach ridges,
called swales, commonly extend below the water table and are
the sites of fresh and brackish water ponds or salt marshes.

Along the backside of many barriers the dunes diminish in
stature and the low relief of the barrier gradually changes to an
intertidal sand or mud flat or a salt marsh. In other instances,
the landward margin of the barrier abuts an open water area of
a lagoon, bay, tidal creek, or coastal lake. Along coasts where
the barrier is migrating onshore, the landward margin may be
dominated by aprons of sand that have overwashed the barrier
during periods of storms (Leatherman, 1979; Figure B4). In
time, these sandy deposits may be colonized by salt grasses
producing arcuate-shaped marshes. In still other regions, the
backside of a barrier may be fronted by a sandy beach
bordering a lagoon or bay. In this setting, wind-blown sand
from the beach may form a rear-dune ridge outlining the
landward margin of the barrier. The ends of the barrier island
abutting tidal inlets are usually the most dynamic regions due
to the effects of inlet migration and associated sediment
transport patterns.

Origin of barrier islands

The widespread distribution of barrier islands along the worlds
coastlines and their occurrence in many different environ-
mental settings has led numerous scientists to speculate on
their origin for more than 150 years (Schwartz, 1973). The
different explanations of barrier island formation can be
grouped into three major theories: (1) Offshore bar theory (de
Beaumont-Johnson), (2) Spitaccretiontheory (Gilbert-Fisher),
and (3) Submergence theory {McGee-Hoyt) (Figure B5).

Elic de Beaumont believed that waves moving into shallow
water churned up sand which was deposited in the form of a
submarine bar when the waves broke and lost much of their
energy. As the bars accreted vertically, they gradually built
above sea level forming barrier islands (Figure BS). de
Beaumonts idea that barriers were formed from offshore sand
sources was countered by G.K. Gilbert, who argued that the
barrier sediments came from alongshore sources. Gilbert
proposed that sediment moving in the breaker zone through
agitation by waves would construct spits extending from
headlands parallel to the coast. The subsequent breaching of
spits by storm waves would form barrier islands (Figure BS).
Before the end of the nineteenth century, a third barrier island
theory was published by W.D. McGee in 1890. He believed
that during submergence, coastal ridges were separated from
the mainland forming lagoons behind the ridges. In 1919,
D.W. Johnson re-investigated the various theories and studied
the shore-normal profile of barrier coasts. He reasoned that if
barriers had formed from spits, then the offshore profile
should intersect the mainland at the edge of the lagoon.

Hoyt (1967) correctly argued that if barrier islands had
developed from offshore bars or through the breaching of
spits, then open-ocean conditions would have existed along the
mainland prior to barrier formation. Before becoming
sheltered, breaking waves and onshore winds would have
formed beaches and dune systems at these locations. Hoyt was
able to show that for most barrier systems an open-ocean coast
never existed along the present mainland coast. In situations
where rising sea level and marsh development has led to an
encroachment of lagoonal deposits onto the mainland,
sediment cores from these regions have showed no evidence
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and Boyd, 1985).

of beach and nearshore sediments or the shells of organisms
that are commonly inhabit the nearshore region. Armed with
sedimentologic data, Hoyt (1967) had made a compelling case
for barrier islands forming by submergence of coastal dunes or
beach ridges due to rising sea level (Figure B5). However, in
1968, John Fisher produced a critical review of the submer-
gence theory pointing out that long, straight, and continuous
dune ridges would not occur along a coast being inundated by
rising sea level. In light of these observations, Fisher became a
strong proponent of Gilberts spit accretion theory.

Recent barrier island research

Since the late-1960s there have been many studies of barrier
islands aimed at determining the sedimentary layers making up
the barrier and deciphering the manner in which these layers
were deposited. This research has been aided by the radio-
metric dating of organic material contained within the barriers
sediments, such as shells, peat, and wood, thereby providing a

chronology of barrier construction (Davis, 1994). In addition
to traditional stratigraphic techniques, ground-penetrating
radar (GPR) is also employed to study barriers (Jol et al.,
1996; van Heteren et al., 1998). Sediment cores are taken in
conjunction with the GPR surveys to determine the composi-
tion of the sediment layers and the environment in which they
were deposited. Additional information concerning former
barriers and their associated tidal inlets and lagoons has been
gathered from the inner continental shelf using high- resolu-
tion shallow seismic surveys, a technology similar in principle
to GPR. These advancements have provided new insights
about the formation of coastal barrier systems.

Scientists are beginning to accept the idea that barriers can
form by a number of different mechanisms. In considering the
formation of barrier islands, it is important to recognize that
almost all the worlds barriers are less than 6,500 years old and
most are younger than 4,000 years old. Most barriers formed
in a regime of rising sea level but during a time when the rate
of rise began to slow. Sedimentological data from the inner
continental shelves off the East Coast of the United States, in
the North Sea, and in southeast Australia suggest that barriers
once existed offshore and have migrated to their present
positions.

Morphosedimentary barrier types

The overall form of barriers, their stability, and future
erosional or depositional trends are related to the supply of
sediment, the rate of sea-level rise, storm cycles, and the
topography of the mainland. When a barrier builds in a
seaward direction it is said to prograde and is called a pro-
grading barrier. Prograding barriers form in a regime of
abundant sand supply during a period of stable or slow rise in
sea level. The sand to build these barriers may come from
along the shore or from offshore sources. These conditions
were met along much of the East Coast of the United States
and many other regions of the world about 4,000 to 5,000
years ago when the rate of sea-level rise decreased and
sediment was contributed to the shore from eroding headlands
(examples: Provinceland Spit in northern Cape Cod, Massa-
chusetts (FitzGerald etal., 1994); Lawrencetown barrier along
the Northeast Shore of Nova Scotia), from the inner continen-
tal shelf (examples: barrier system along Bogue Banks, North
Carolina; Algarve barrier chain, in southern Portugal;
Tuncurry barrier in southeast Australia (Roy ef al., 1994);
East Friesian Islands along the German North Sea coast), and
directly from rivers (examples: most barrier systems in northern
New England; barrier chain situated north of the Columbia
River along southern coast of Washington).

A retrograding barrier forms when the supply of sand is
inadequate to keep pace with relative sea-level rise and/or with
sediment losses (Moslow and Colquhoun, 1981). Stated in
terms of a sediment budget, a barrier becomes retrogradational
when the amount of sand contributed to the barrier is less than
the volume transported away from the barrier. The sand may
be lost offshore during storms, moved along shore in the
littoral system, or transported across the barrier by overwash.
Overwash is a cannibalistic process whereby storm waves
transport sand from the beach through the dunes, depositing it
along the landward margin of the barrier (Figure B4). In this
way the barrier is preserved by retreating landward. Because
these barriers have been migrating over various types of
backbarrier settings, including lagoons and marshes, the
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Figure B6 Barricr island stratigraphics as a function of different evolutionary styles imadified from FitzGerald and van Heteren, 1999).

sedimentary  components  comprising  these  environments
(lagoonal muds, marsh peats, upland tree stumps) are
commonly exposed along the front side of the barrier. usually
in the intertidal zone,

If @ barrier has built vertically through time in a regime of
rising sca level and occupics approximately the same footprint

as it did when it first formed or stabilized. it is termed an
aggrading barrier. These barriers are rare because it requires
that the rate of sediment supply to the barrier cxactly
compensates for rising sca level. Too little sand and the
barrier migrates onshore (retrograding) whereas too large a
supply and the barrier builds scaward. Without subsurface
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information they are difficult to recognize, because morpho-
logically they may appear similar to non-beach ridge,
prograding barrier or even a retrograding barrier that has
stopped moving onshore.

Barrier island stratigraphy

Barriers exhibit a variety of architectures consisting of many
different types of sedimentary sequences depending upon their
evolutionary development. The stratigraphy of a barrier is
defined by a set of grain size, mineralogical, and other
characteristics of the layers comprising the barrier deposit.
Factors such as sediment supply, rate of sea-level rise, wave
and tidal energy, climate, and topography of the land dictate
how a barrier develops and its resulting stratigraphy. Another
important factor affecting barrier thickness is accommodation
space which defines how much room is available for the
accumulation of barrier sands.

Barrier sequences often contain tidal inlet deposits, espe-
cially along barrier coasts where tidal inlets open and close
and/or where tidal inlet migration is an active process
(Reinson, 1984, 1992). A tidal inlet migrates by eroding the
downdrift side of its channel while at the same time sand is
added to the updrift side of its channel. In this way, the updrift
barrier elongates, the downdrift barrier retreats, and the
migrating inlet leaves behind channel fill deposits underlying
the updrift barrier. Independent studies along New Jersey and
the Delmarva Peninsula, North Carolina, and South Carolina
indicate that 20 percent to 40 percent of these barrier coasts are
underlain by tidal inlet fill deposits (Moslow and Heron, 1978).

Each morphosedimentary barrier type has a diagnostic
stratigraphy that reflects the manner in which it developed
(Figure B6). Prograding barriers typically exhibit regressive
stratigraphy. Because this type of barrier builds in a seaward
direction, the barrier sequence is commonly thick (10-20m)
and overlies offshore deposits, usually composed of fine-
grained sands and silts (Bernard er al., 1970). The barrier
sequence consists of nearshore sands, overlain by beach
deposits, and topped by dune sands. The contacts between
the units are gradational and for the most part the sedimentary
sequence coarsens upward except for the uppermost fine-
grained dune sands. The retrograding barrier type migrates in
a landward direction over the marsh and lagoon by overwash
processes, resulting in a fransgressive stratigraphic sequence
(Kraft and John, 1979). The Holocene sequence typically
bottoms in lagoonal muds, however, if the barrier has
retreated far enough landward, mainland deposits may be
preserved forming the base of the sequence. In these instances,
we may find tree stumps, soils, and other deposits. The
mainland units are overlain by backbarrier sediments includ-
ing a variety of units such as lagoonal silts and clays and marsh
peats which had formed in intertidal areas. In the vicinity of
tidal inlets, backbarrier deposits consist of channel and flood-
tidal delta sands. Overlying the backbarrier deposits is the thin
barrier sequence (<3 m to 4 m) consisting of washovers, beach
deposits, and dune sediments if they are present. Aggrading
barriers build upward in a regime of rising sea level and in an
ideal case, the deposits from the same environmental setting
are stacked vertically. In most cases, however, the barrier has
shifted slightly landward and seaward through time due to
changes in sediment supply and rates of sea-level rise.
Therefore, most aggrading barriers exhibit some interstacking
of various units. For example, in the rear of the barrier the

sequence may consist of washover and dune units inter-layered
with marsh and lagoonal deposits. Aggrading barriers tend to
be thick (10m to 20 m) and for reasons stated previously, are
uncommon.

Duncan M. FitzGerald and Ilya V. Buynevich
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BAUXITE

Introduction

Bauxite is found in many parts of the world, but more
particularly in tropical areas. Bauxite is of supergene origin
commonly produced by weathering and leaching of silica from
aluminum bearing rocks. Bauxite may occur in situ as a direct
result of weathering or it may be transported and deposited in
sedimentary formation. Gibbsite [AlI(OH);3], boehmite and
diaspore [AIO(OH)] are the three principal hydrates of
aluminum and form the main constituents of bauxite and
laterites with gibbsite often being the predominant mineral.
Gibbsite or hydrargillite, bayerite and nordstrandite are all
polytypes of aluminum trihydroxide. Diaspore is a dimorph of
boehmite. Australian soils often contain gibbsite, particularly
in the soils of hot humid climates where the topography is
suitable for its accumulation as occurs in Northern Queens-
land. Gibbsite often occurs in association with kaolinite as
exemplified by the Weipa deposits of North Queensland
(Wilke and Schwertmann, 1977). Gibbsite is the end product
of granitic weathering and is formed from the diagenetic
sequence: plagioclase = amorphous or allophanic minerals =
kaolinite = gibbsite. Such a sequence shows why the impurity
in gibbsites is often kaolinite. Australian bauxites are
predominantly composed of mixtures of gibbsite and boehmite
with no diaspore. Impurities include hematite, kaolinite,
quartz, and other derived minerals. The Weipa bauxite
composition varies from 70 percent to 95 percent gibbsite
and from 25 percent to 5 percent boehmite.

Thermal transformations

Bauxites are a complex admixture of minerals with a number of
alumina phases present in any mix. Figure B7 summarizes the

thermal transformations of the components of bauxite. These
transformations are dependent upon the particle size, the rate
of heating and the vapor pressure above the bauxite. In
principle if gibbsite is heated it alters structure to form Chi-
alumina, then kappa-alumina and at temperatures above
1100 °C alpha-alumina. Boehmite on the other hand transforms
to gamma-, delta-, theta- and then alpha-alumina. Bayerite,
which is not commonly found in bauxites either, transforms to
boehmite or to eta-alumina. Diaspore transforms directly to
alpha-alumina. Such complex phase relations affect the way in
which bauxite is processed for aluminum production.

Thermal analysis

The thermal transformations of the bauxitic minerals may be
studied by a number of techniques including thermal analysis.
The use of thermal techniques to study the dehydration and
dehydroxylation of bauxite has been widely documented
(Lodding, 1969). It is clear that many variables must be taken
into account when using techniques such as DTA, DSC, TGA,
CRTA and quasi-isothermal TGA and isobaric TGA (Frost
etal., 1999a,b,c; Ruan et al., 2001a,b). Such variables include
heating rate, external pressure, water vapor pressure, sample
particle size and even thickness of sample size in the DTA
crucible (Paulik eral., 1983; Naumann et al., 1983). Figure B8
illustrates the thermal analysis patterns of gibbsite bauxites. It
has been shown that boehmite and gamma-alumina were
formed under the dehydration of gibbsite. The initial step in
the thermal decomposition of gibbsite is the diffusion of
protons and the reaction with hydroxyl ions to form water
(Frost et al., 1999a). This process removes the binding forces
between the layers of the gibbsite structure and causes changes
in the chemical composition and density within the layers.
Published DTA patterns of a coarse-grained gibbsite show an
endotherm centerd on 230°C followed by a second at 280°C
(Frost etal., 1999a,b,c). This latter endotherm is attributed to
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Figure B7 Relationship between the oxo(hydroxy) phases of aluminium.
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Figure B10 Near-IR spectra of the first hydroxyl stretching fundamental of the bauxitic minerals.

the formation of boehmite by hydrothermal conditions due to
the retardation diffusion of water out of the larger grains. This
exothermic reaction does not occur in the DTA patterns of
finely grained gibbsite. A shallow endotherm may be observed
between 500°C and 550°C and is attributed to the formation
of boechmite. There is general agreement that boehmite and a
disordered transition alumina are formed upon the thermal
treatment of coarse gibbsite up to 400°C. When fine-grained
gibbsite is heated rapidly, an X-ray amorphous product
labeled rho-alumina is obtained.

Spectroscopic characterization of bauxites

One valuable suite of techniques that are suited for the
characterization of bauxites are based upon vibrational
spectroscopic techniques. These techniques include those of
infrared including near-IR (NIR), far-IR, DRIFT spectro-
scopic techniques. Raman spectroscopy is also useful in the
characterization of the bauxitic phases.

Raman spectroscopy

Raman spectroscopy has the advantage that it is a scattering
technique, does not require sample preparation and is not
sensitive to the presence of water. The Raman spectrum of
gibbsite shows four strong, sharp bands at 3617, 3522, 3433
and 3364 cm ™. The spectrum of bayerite shows seven bands at
3664, 3652, 3552, 3542, 3450, 3438, and 3420cm™' in the
hydroxyl-stretching region. Five broad bands at 3445, 3363,
3226, 3119, and 2936 cm™! and four broad and weak bands at
3371, 3220, 3085, and 2989cm™~' are present in the Raman
spectrum of the hydroxyl-stretching region of diaspore and
boehmite, respectively. The hydroxyl-stretching bands are
related to the surface structure of the minerals. The Raman
spectra of bayerite, gibbsite, and diaspore are complex while
the Raman spectrum of boehmite only shows four bands in the
low wavenumber region. These bands are assigned to
deformation and translational modes of the alumina phases.
A comparison of the Raman spectrum of bauxite with those of
boehmite and gibbsite shows the possibility of using Raman
spectroscopy for online processing of bauxites.

Near infrared spectroscopy

Another most useful technique for studying bauxites and their
phase components is the reflectance technique of NIR
spectroscopy. NIR is known as the spectroscopy of protons
as so as a consequence all phases containing water or hydroxyl
units can be measured by NIR. This means that NIR is also
most useful in the online processing of bauxites. Figure B9
displays the first overtone of the fundamental vibrations of the
hydroxyl stretching vibrations.

NIR spectroscopy distinguishes between alumina oxo and
hydroxy phases. Two NIR spectral regions are identified for
this function: (a) the high frequency region between 6400 cm ™"
and 7400 cm™ !, attributed to the first overtone of the hydroxyl
stretching mode, and (b) the 4000—4800 cm™! region attributed
to the combination of the stretching and deformation modes
of the AIOH units. NIR spectroscopy allows the study and
differentiation of the hydroxy and oxo(hydroxy) alumina
phases, since each phase has its own characteristic spectrum.
The spectrum of bayerite resembles that of gibbsite whereas
the spectrum of boehmite is similar to that of diaspore.
Bayerite has four characteristic NIR bands at 7218, 7128,
6996, and 6895 cm ™. Gibbsite shows five major bands at 7151,
7052, 6958, 6898, and 6845c¢cm~'. Boehmite displays three
NIR bands at 7152, 7065, and 6960 cm™". Diaspore shows a
prominent band at around 7176cm™'. The use of NIR
reflectance spectroscopy to study alumina surfaces has wide
application, particularly with thin films and surfaces. The
technique is rapid and accurate. NIR, because of its sensitivity
can be used in reflectance mode for the on-line processing of
bauxitic minerals.

Infrared emission spectroscopy

Details of the experimental part of infrared emission spectro-
scopy have been detailed in a number of publications (Frost
et al., 1999a,b,c). The emission spectra were collected at
intervals of 50°C over the range 200—750°C. The time between
scans (while the temperature was raised to the next hold point)
was approximately 100 seconds. It was considered that this
was sufficient time for the heating block and the powdered
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Figure B11 Infrared emission spectra of Weipa bauxite.

sample to reach temperature equilibrium. The spectra were
acquired by coaddition of 64 scans for the whole temperature
range (approximate scanning time 45 seconds), with a nominal
resolution of 4cm™!. Good quality spectra can be obtained
providing the sample thickness is not too large. If too large a
sample is used then the spectra become difficult to interpret
because of the presence of combination and overtone bands.
Figure B11 displays a series of infrared emission spectra for a
Weipa bauxite. The spectra clearly show the temperature at
which the bauxite dehydrates and dehydroxylates. Phase
changes may be observed through the loss of intensity in the
OH deformation band at around 1020 cm ™.

Summary

Modern techniques of analysis including NIR, infrared
emission and Raman spectroscopy enable on-line and in situ
studies of bauxites and its components to be studied. When
these spectroscopic techniques are combined with modern
thermal analysis, new and essential information to the under-
standing of bauxites is obtained. Such information is critical
to aluminum processing. Normally the bauxite is dissolved
in hot caustic at 100°C. In such processing the gibbsite
component of the bauxite dissolves but not the boehmite and
other components. To dissolve the boehmite, higher tempera-
tures and pressures are required. It is useful to modify the
bauxite surfaces to enhance this dissolution.

Ray L. Frost
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BEACHROCK

Beachrock is a sedimentary rock that results from rapid
lithification of sand and/or gravel by calcium carbonate
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cements in the intertidal zone. It occurs predominantly on
tropical coasts, but is also found as far north and south as 60°
latitude. In contrast to the implications of the name, beachrock
outcrops are not restricted to beaches but some are found on
tidal flats, in tidal channels, and on reef ridges. To date the
origin of beachrock is not fully understood having been
variously attributed to physicochemical precipitation, bio-
logically induced cementation, or a combination of both.

Occurrence, composition, texture, and cements

Beachrock exposures are typically patchy with bedded layers
that dip gently (<10°) toward the sea. Hopley (1986) suggested
that the largely intertidal occurrence of beachrock makes its
fossil occurrence a potential indicator of sea level. Problems
with this approach include possible failure to recognize other
deposits that might get cemented close to sea level such as dune
calcarenite, eolianite, or cay sandstone (carbonate sand
cemented by calcium carbonate from fresh water above high
tide level on reef islands), especially when diagenetic environ-
ments frequently changed, and the fact that radiometric dating
of beachrock can only produce an average age of the
constituent particles and cements.

The composition of beachrock constituent particles is more
or less similar to that of the adjacent consolidated sediment.
Grain-size ranges from sand to gravel: sediments are moderate
to very well sorted, with sorting usually better than that of the
adjacent subtidal sediments.

Beachrock cements are dominated by aragonite and high-
magnesium calcite. The aragonite cement includes isopachous
fringes of needles that are up to 100 um long, and often overlie
a dark layer at their base that consists of aragonite platelets
rich in iron and sulfur (Strasser eral., 1989). Small aragonite
(<10 pm long) needles may form “micritic”” cement (e.g., Webb
et al., 1999). High-magnesium calcite cements often include
microcrystalline (“micritic”’) cement with crystals less than
Sum in diameter. Less common are cement fringes of high-
magnesium calcite blades or scalenohedral crystals (up to
70 um long). Peloidal cements with approximately 40 pum
diameter peloids, and equant crystal crusts of high-magnesium
calcite also occasionally occur. Cements indicative of the
vadose diagenetic environment are encountered rarely and
these result from cementation in the wave spray zone or during
low tide exposure. In this case, typical meniscus or gravita-
tional (“dripstone”) cement fabrics are common. Detailed
descriptions of beachrock cements are provided in Bricker
(1971: 1-43), Moore (1973), Meyers (1987), Strasser et al.
(1989), and Gischler and Lomando (1997) among others.
Scoffin and Stoddart (1983) provided a comprehensive review
on beachrock and intertidal cementation up to that time.

Origin

Early 19th century reports on beachrock confirm its rapid
formation in the intertidal zone (e.g., Moresby, 1835). For
example, natives to Indo-Pacific islands were known to harvest
beachrock for building stone where new occurrences formed
on the same beach within less than a year. High resolution
radiometric dating of cements in coral reef slopes have shown
that marine aragonite cements, comparable to those observed

in beachrock, reach growth rates of 80-100um per year
(Grammer etal., 1993).

The mechanisms used to explain beachrock cementation
include both physicochemical and biologically induced pre-
cipitation of calcium carbonate. Physicochemical models
explain precipitation of carbonate cement by evaporation of
seawater during low tide (e.g., Ginsburg, 1953; Hanor, 1978),
and by degassing of CO, during falling tides (Meyers, 1987) or
during higher tides (Pigott and Trumbly, 1985). Apart from
CO, pore water saturation states, water agitation is probably
another important factor in beachrock formation. A large
scale study on Belize beachrock showed that the vast majority
of beachrock exposures occured on windward beaches of reef
islands, suggesting that beachrock cementation only occurred
where beaches experienced intensive and persistent flushing by
seawater (Gischler and Lomando, 1997). Variations in pore
water pressure during pumping of seawater through the beach
may also lead to calcium carbonate precipitation. Beachrock
formation in Grand Cayman island was interpreted by Moore
(1973) to be largely a product of cementation under mixed
meteoric-marine conditions. In contrast, Hanor (1978) used
thermodynamic calculations to show that precipitation of
beachrock cement cannot be induced by mixing of marine
and meteoric water. Rather, these calculations favor CO,
degassing as a means of supersaturating pore-water
with calcium carbonate to the point of inducing cement
precipitation.

There is also evidence suggesting the importance of
biological processes in beachrock formation. Algal coatings
may form on the beach, and stabilize grains so that they can be
preferentially cemented (Davies and Kinsey, 1973). With-
drawal of CO, by photosynthesis may furthermore induce
calcium carbonate precipitation. Krumbein (1979) noted the
occurrence of high concentrations of organic matter during
initial stages of beachrock formation in the Gulf of Aqaba and
suggested that anaerobic and later aerobic decay processes
were responsible for cement precipitation. Decay processes
may include ammonification leading to higher pH, or sulfate
reduction that elevates alkalinity, or hydrolysis of urea
forming ammonium carbonate and eventually calcium carbo-
nate. Further suggestions of a biological influence on
beachrock formation are provided by Webb ef al. (1999).
These workers found microbial filaments in both beachrock
cement and microbialites within beachrock cavities on Heron
Island, Great Barrier Reef. They stressed the importance of
acid organic macromolecules with Ca®' binding carboxyl
groups in biofilms in forming nucleation zones for cements.
The common dark zones at the base of isopachous fringes of
acicular aragonite beachrock cement may reflect the occur-
rence of organic mucus (Davies and Kinsey, 1973). According
to the SEM study of Chafetz (1986), nuclei of marine peloids,
which may also form beachrock cement, are composed of
bacterial clumps.

Open questions remain with regard to the formation of
beachrock. If physicochemical (inorganic) processes are
sufficient to induce calcium carbonate cementation, why are
beachrock outcrops so patchy in distribution, even on the
windward beaches of reef islands? The same patchy distribu-
tion argues against organic processes as a pre-requisite for
precipitation of CaCO; cement, unless and until it can be
shown that specific organic processes are peculiar to beachrock
formation and therefore are not ubiquitous in occurrence as
1s the presence of microbes. It would seem that aspects of
both inorganic and organic processes have to be taken
into account to explain the origin of beachrock. To date,
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however, exclusively inorganic or exclusively organic models
do not suffice to explain the distribution of intertidal marine
cementation.

There are only very few reports on fossil, pre-Holocene
occurrences of beachrock, which probably is to a large extent a
consequence of its poor preservation potential. As soon as
beachrock is exposed it becomes subject of intensive intertidal
erosion, so only in cases of rapid burial would beachrock
outcrops be preserved.

Eberhard Gischler
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BEDDING AND INTERNAL STRUCTURES

Bedding

Bedding is the arrangement of sedimentary rocks in beds or
layers of varying thickness and character. A bed (or stratum) is
a relatively conformable succession of genetically related
laminae or lamina-sets (Campbell, 1967) bounded by surfaces
(called bedding surfaces) of erosion, nondeposition, or their
correlative conformities.

The bed is the smallest formal lithostratigraphic unit of
formal stratigraphy, and as such is defined solely on the basis
of its lithology, including color, grain size, and thickness. A
bed may range in thickness from a few millimeters to over
10m. A key bed (or key horizon) is a well-defined, easily
identifiable stratum or body of strata that can be easily
distinguished from the overlying and underlying strata
by sufficiently distinctive characteristics, such as lithology,
thickness, texture or fossil content and their lateral gradients.
These allow physical tracing and stratigraphic correlation of
the key bed over long distances, up to several tens of km.

In sedimentology, the bed has a different, genetic connota-
tion: in other words, it represents a distinctive depositional
event, related to some processes or mechanisms of deposition.
In this meaning, a bed may show a change of lithology from
bottom to top, for example, from sand(stone) to mud(stone);
this is the case for most turbidites, storm layers (tempestites),
crevasse deposits, etc.

There exists a hierarchy of bedding in terms of scale,
geometry and spatial relationships of physical surfaces. This
hierarchy defines units of different rank, ranging from the
individual lamina to the basin-fill complex, and temporally
spans over a wide range of timescales (from 10~ years to 10’
years). Not always is the hierarchical arrangement recogniz-
able, especially where the main bedding surfaces (master bed-
ding) are obscured by superposition of lower-rank surfaces. In
this case, individual beds cannot be clearly identified and
counted, and only the bedding style, or pattern, is described
(e.g., cross-bedding, sand/mud interbedding, clinoforms, etc.),
with a rough specification of scale (small, medium, large).

The lamina is the smallest sedimentation unit and is
characterized more by being a part of a bed than by its
thickness, although most laminae are in the submillimeter to
centimeter range. A single set of conformable laminae
(laminaset) may form a bed (solitary set and form-set of
J.R.L. Allen) or be a part of it: it can be associated either with
other laminasets in a wholly laminatedbed or with structureless
(massive, graded) portions in a partly laminated bed (see
below, Bouma sequence). There exist also entirely structureless
beds, which can be either emplaced by mass flows or have their
original structures destroyed by bioturbation or liquefaction
after deposition.

Bed packets or bundles distinct from those above and below
in a stratigraphic succession are called bedsets by Campbell
(1967); within a bedset, there can be a dominant facies (i.e., all
beds are similar in terms of lithology, thickness, texture,
structures) or a systematic vertical change corresponding to
a facies sequence (coarsening- or fining-up, thickening- or
thinning-up, etc.). Bedsets are delimited by set boundaries and
form sedimentary bodies of simple or composite character.
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Repetitive bedsets can be grouped in cosets separated by coset
boundaries (base of the lowest set and top of the youngest).

The spatial arrangement of individual component bodies in
a complex body is called stacking pattern or architecture (Miall,
1985). The term architecture is also applied to the internal
organization of an individual body showing a hierarchy of
volumes and surfaces: in this case, an architectural element is
defined at each level of organization or rank. All such elements
have a facies connotation, but the term facies is too often used
quite loosely because there is a lack of agreed-upon rules; for
the sake of clarity and communication, it is advisable to
specify at which rank the facies is defined, this being left to the
choice of the operator. After that, all smaller scale elements
will be sub-facies, all larger scale elements will be facies asso-
ciations. An example of facies can be a trough cross-bedded
sand(stone), representing bar crest deposits in a deltaic
depositional system. An example of facies association is a
mouth bar, for example, including bar back, bar crest, bar
front and distal bar facies.

When a facies association shows some kind of vertical order,
it is usually called a facies sequence. Lateral facies changes
are much less documented due to lack of sufficiently long
exposures; lateral transitions are rather inferred than observed,
with some notable exceptions (see Fuacies Tracts by Mutti,
1992).

Beds, bedsets, architectural elements, facies, facies associa-
tions, and stacking patterns are all three-dimensional units, but
for most practical purposes they can be recognized (or at least
inferred) and described in two (cross-sections), and even in one
(vertical profiles, well logs). The hierarchical classification of
depositional units and architectural scale concepts are thus
useful for basin analysis and the petroleum industry, since
reservoir geometry and internal heterogeneity may involve
different ranks and physical scales.

Internal structures

These are sedimentary structures located within beds or layers
and observable on surfaces cut at high angles to bedding
planes, that is, in normal stratigraphic sections. In clastic
deposits, most internal structures are physical, or purely
mechanical in origin, with the exception of trace fossils and
bioturbation (bio-mechanical). In carbonates, evaporites, cherts
and other sedimentary rocks of chemical and biochemical origin,
a color-compositional differentiation (e.g., color banding) or
peculiar structures (e.g., stromatolites, birds eyes, structures
related to crystal growth or dissolution) can be observed, but a
detailed description of them is not given here (see Diagenetic
Structures). Attention will be focused here on mechanical struc-
tures. They are subdivided into two main groups: those pro-
duced by transportation and deposition, and those resulting
from deformation soon after deposition (soft-sediment deforma-
tion as contrasted with tectonic or structural deformation).

Structures related to transportation processes

Most of these structures consist in geometrical arrangements
of laminae or kinds of lamination, and occur in sands and
sandstones; they are alsocalled fractive structures, traction
referring to bed-load movement of sedimentary particles.
Lamination can also be found in silty sediments, in which case
resulting from differential settling from suspensions. Lami-
nated or structureless mud(stone) can be associated in

alternating patterns with sand(stone); draping indicates a thin
muddy cover, laterally continuous or discontinuous, on sand
beds or an irregular topography. When traction is simulta-
neous with settling of silt and sand (which is put in suspension
by highly turbulent flows, such as turbidity currents), traction-
plus-fallout lamination forms (Jopling and Walker, 1968).
Local erosion is involved in the formation of tractive
structures, producing truncation surfaces and discordances of
various geometry and scale; some of them can be used for the
hierarchical differentiation of bedding. Tractive structures may
form when a current is in equilibrium (no net erosion or
deposition) with its lower boundary (sedimentary interface), or
in conditions of net deposition due to loss of carrying capacity.
In the former case, the result is a diastem or a single, thin bed
(solitary set, form-set with bedforms preserved on top: Allen)
of tractive laminae due to either a fresh sand supply or in situ
reworking of preexisting sand. Net deposition implies a higher
preservation potential of laminated intervals, even if the flow is
oscillating and some erosion is produced; continuos feeding of
sand to the bottom not only buries previously deposited
laminae, but can build up decimeters or even meters of
laminated sediment (see the “Contessa’ bed and other similar
“megaturbidites” in the Apennines of Italy).

Unidirectional flows

Tractive currents produce bedforms of various scales: small
(ripples), medium (subaqueous dunes), large (eolian dunes,
subaqueous bars and sandwaves). A set thickness of 4-5cm
separates ripple from dune scale but no agreement exists for a
boundary between medium and large structures. Bedforms can
be extremely shallow or the bottom even and flat when the
Froude number is in excess of or near unity. One can thus
distinguish subcritical (lower flow regime) from supercritical
tractive structures, and the distinction is applicable even at a
small scale (e.g., core examination), because subcritical forms
have a separation zone at their lee side, where gravity
avalanching takes place developing foreset laminae inclined at
the angle of repose of the sand (up to 30°-35°). Strata
therefore exhibit, in sections cut at a small angle with the flow
direction, high angle lamination with respect to their bedding
planes. No flow separation, and hence low angle lamination
(<10°) characterizes supercritical bedforms. Low angle lami-
nae are not reliable indicators of current direction, whereas
foreset laminae are.

In case of a flat bottom, horizontal or plane-parallel lami-
nation occurs. A bed can part along weaker laminae showing
parting lineation (or primary current lineation), that is, slightly
terraced, shallow ridges formed by strips of sand grains aligned
parallel to the flow. They are present also on low amplitude
bedforms of upper flow regime, such as antidunes and
humpback dunes.

At outcrop scale, the terms cross-bedding, cross-stratifica-
tion and cross-lamination are used when laminasets are bound
by nonparallel, intersecting surfaces; cross-bedding is the net
result of local deposition and erosion related to the migration
of bedforms (those of small and medium size are more
commonly represented in subaqueous deposits).

Cross-bedding should be qualified by specifications, for
example: (a) laminaset thickness as a scale indicator;
(b) presence or absence of foreset (high-angle) laminae, which
means lower or upper flow regime; (c) relation with master
bedding or other evidence of an original flat bottom;
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(d) morphology of set boundaries (erosional vs non-erosional;
tabular vs concave or trough). Such characters can help, for
instance, to distinguish subaqueous from eolian deposits (the
latters show thick to very thick beds and lack ripple scale
lamination) or bedforms grown on flat bottoms from those
topping larger forms, such as ripples on dunes or dunes on
sandwaves (typical of bars and sandwaves is the hierarchical
organization in cross-bedded sets).

Backset laminae (dipping opposite to the flow) can form on
the stoss side of so-called regressive antidunes (Allen, 1982),
but are not usually preserved; the few examples reported in the
literature for ancient deposits, especially turbidites, have been
reinterpreted as regular foreset laminae left by inverted or
reflected flows. Only in pyroclastic strata, in particular those
deposited by turbulent surge flows, are backset laminae
commonly found (Allen, 1982, figures 10-15), probably owing
to the peculiar conditions (temperature/moisture, density
contrast between solid particles and fluid). In general, tractive
lamination is beautifully preserved in these deposits, and
foreset laminae inclined at 20° or less can be observed in dune-
like or dunoid (Ricci Lucchi, 1995a) bedforms. Counter-flow
ripples are sometimes seen at the toe of large subaqueous
structures, for example, tidal sandwaves; they are the product
of recirculation in separation bubbles.

Sets and cosets of cross-laminae can show a climbing
attitude of the corresponding bedforms (more commonly
ripples, but also subaqueous dunes), with a variable angle of
climb indicated by the stoss sides. This is a clear evidence of
traction combined with fallout, and the cross-bedding style has
been called ripple-drift cross-lamination (Jopling and Walker,
1968); three varieties (types A, B, and C) have been
distinguished on the basis of relative amounts of erosion and
deposition on the two sides of the bedforms. Climbing cross-
bedding normally derives from decaying currents and shows
bedform profiles preserved by a mud cover.

Low angle laminae occur in sets usually separated by low
angle erosional surfaces, both planar and curved; resulting
laminasets are wedge-shaped to sigmoidal. It is not easy,
especially in limited outcrops, to decide whether they are
related to a current, an oscillatory motion or a combination of
the two (see below). Low angle lamination has been described
in “proximal’ sandy turbidites (Mutti and Ricci-Lucchi, 1972,
facies B) and fluvial deposits (couplets of planar laminated
sand and gravel are a common feature of sheetflood deposits
within alluvial plain/alluvial fan depositional systems).

Oscillatory and combined flows

Two kinds of “short term” (non-geological) periodicity are
recorded in sediments, that of wind waves and that of tidal
waves.

Wind-generated waves may form within any body of water
and exert traction below a critical depth referred to as the wave
base. Wave orbits increase their ellipticity toward the bottom,
where they culminate as straight lines representing to-and-fro
motion. This motion results in grain movement by rolling and
saltation on an initially plane sand bottom. Wave-formed
ripples vary greatly in size, with / (height) commonly ranging
between 0.003m and 0.25m, and A (wavelength) between
0.009 m and 2m. Their ripple index varies between 4 and 13.

Wave ripples are characterized by a symmetrical profile
near wave base and tend to become more asymmetrical
approaching the shoreline (steeper side facing landward). In

2D-sections, they display diagnostic internal features, such as
inconsistency between ripple morphology and internal struc-
ture, structural dissimilarity between adjacent sets, presence of
chevron and bundled upbuildings of foreset laminae, and
irregular and undulating lower set boundaries (wave-truncated
ripples of Campbell, 1967; de Raaf etal., 1977). In plan view,
wave ripples display straight to slightly sinuous crests, with
characteristic bifurcations, that are uncommon in current
ripples. Wave ripples are typically found within lower shore-
face sands, but have also high preservation potential in
shallow-water environments affected by oscillatory waves,
such as lagoons and large lakes.

In intertidal environments, partial erosion of wave ripples at
low tide conditions results in characteristic truncation of their
tops. Actually, in very shallow water depths (foreshore
deposits, swash/backwash zone) upper flow regime conditions
prevail and planar surfaces, both erosional and depositional,
are the dominant feature. Foreshore sands are thus character-
ized by the stacking of gently seaward-dipping sets of parallel
laminated sand, formed during fair-weather conditions,
separated by erosional surfaces related to storm events
(wedge-shaped, low-angle cross-stratification).

While wave ripples are generated by fair-weather waves,
storm waves tend to produce a structure of similar or greater
size, called hummocky cross-stratification (HCS) by Harms et
al., (1975). More precisely, HCS is interpreted as the result
of combined, waning unidirectional and oscillatory flows, but
anyway a diagnostic feature of storm-dominated processes.
Recently, however, sedimentary structures very similar to HCS
have also been observed to characterize flood-dominated fan
delta and river delta systems (Mutti et al., 1996).

HCS consists of convex-up, large amplitude (I1-5m) and
low-relief (10-50cm), irregular domal features (hummocks),
separated by broad troughs (swales). Gently undulating
(5-15°) lamination is the most common internal feature,
displaying a general concordance with the basal erosion
surfaces and systematic lateral variations of laminae thickness
(pinching and swelling of individual laminae). Where concave-
up sets are well preserved, swaley cross-stratification (SCS)
is developed (Leckie and Walker, 1982). HCS is generally
restricted to coarse silt to fine sand, and is particularly
abundant within lower shoreface deposits, in association with
symmetrical wave ripples. SCS may be abundant in shallower
(upper shoreface) and coarser grained deposits. Storm events
in the offshore-transition area, above storm wave base,
characteristically develop idealized sequences (Dott and
Bourgeois, 1982) that rest on scoured surfaces, passing upward
into HCS, and capped by flat lamination and symmetrical
ripples at top of the sandy layers. The sequences are capped by
bioturbated mudstone intervals.

In flood-generated delta-front sandstone lobes, large-scale
HCS is developed within 3-15m thick sandstone packets,
separated by highly fossiliferous and bioturbated muddier
deposits.

Tidal structures and bedding

Tidal currents regularly change direction from the flood tide
current, which flows landward between the low and high tide,
and the ebb tide current, which flows in the opposite direction
as the water level returns to low tide. Bipolar cross-bedding,
forming the characteristic herringbone cross-stratification,
is the typical, expression of alternating tidal currents in
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high-energy, subtidal settings. Herringbone cross-stratifica-
tion, however, is not very common in the rock record, because
of the fact that one half of the current generally is much
stronger than the other, and ebb and flood currents may follow
different paths. Bedforms migrating in one direction, under the
influence of the dominant current, can be only slightly
modified by the subordinate current. Diurnal changes in
bedform migration controlled by asymmetrical tidal currents
may thus result in discrete sets of unidirectional cross-strata
(sand foresets form on the lee side of large bedforms),
separated by gently sloping erosion surfaces, which are termed
reactivation surfaces. This pattern of alternating undirectional
cross beds and reactivation surfaces is characteristic of large,
linear bedforms (sand waves), with wavelengths of tens to
hundreds of meters and heights exceeding 10m, which are
commonly observed in open-shelf environments.

Regular changes in magnitude and direction of tidal
currents over the tidal cycle allow transport and deposition
of sand at some stages and fallout of mud from suspension
during periods of slack waters. Tidal structures resulting from
this rhythmic alternation of traction and fallout processes are
termed tidal rhythmites (Tessier, 1993) and generally char-
acterize intertidal flats. Tidal rhythmites include sand layers,
showing small-scale current ripples, alternating with mud
drapes, reflecting deposition during stillstand phases.

Distinctive sedimentary structures of intertidal flat environ-
ments include flaser bedding, wavy bedding and lenticular
bedding (Reineck and Wunderlich, 1968). Flaser bedding (see
Flaser) is characterized by isolated thin drapes of mud
amongst a cross-laminated sandy unit. In contrast, lenticular
bedding is made up of isolated sand ripples within a mud-
dominated deposit. Wavy bedding is intermediate between the
two, consisting of approximately equal proportion of sand
and mud.

In higher-energy, subtidal settings, a characteristic feature of
tidal sedimentation at the scale of diurnal, ebb-flood tidal
cycles is double mud drapes, formed during the two slack
water stages of the tidal cycle. Double mud drapes, commonly
a few mm thick, typically separate unidirectional, bipolar cross
beds showing current reversals. These diagnostic tidal struc-
tures, forming a characteristic sigmoidal stratification, are
referred to as tidal bundles (Visser, 1980), and are commonly
developed in subtidal (estuarine) channels. In intertidal
settings, the ridal bundles include just one mud drape. Cyclic
variations in strength of tidal currents at the scale of neap-
spring cycles result in cyclic variations in thickness of tidal
bundles, forming characteristic tidal bundle sequences (Yang
and Nio, 1985).

Internal structures in episodic (catastrophic) deposits

Episodic events include tsunami waves, seismic shocks, violent
hurricanes, catastrophic flash floods, and sediment gravity-
flows. Resulting beds are lenticular to tabular and internally
disorganized (random arrangement of particles) to organized.
Organization means size grading (graded bedding), grading in
the lower part plus lamination in the upper portion of
sandstone, or thoroughly laminated sandstone. Beds are
commonly capped by mud, but can be separated by erosion
surfaces (“amalgamated”). The different parts of organized
beds are called intervals or divisions.

Gravity flows are moving dispersions (mixtures of solid
particles and water) classified on the basis of the different

proportions of the two phases and the grain-support mechan-
isms. Following Middleton, Lowe, Postma and Mutti (see
Mutti, 1992, for references), different flow types can be
identified. In cohesive debris flows, the fluid has pseudoplastic
characteristics and grain transport is a result of matrix
strength, which is in many instances adequate to support large
boulders. Coarser grains move to regions of lower shear, and
are rafted on the top or edge of flow, resulting in inverse
grading. In grain flows, shear stress is transmitted through the
flow by a dispersive pressure resulting from intergranular
collisions. Frictional freezing, which occurs when the applied
shear can no longer overcome the flow strength, is the
dominant depositional mechanism from both cohesive debris
flows and grain flows.

Debris flow deposits are characteristically very poorly
sorted and lack almost any internal structure (the preponder-
ance of plug flow hampers the development of shear fabric or
sorting). When large clasts are present, they are randomly
distributed (the bed has a chaotic aspect) or concentrated near
the top, locally protruding. A rough development of inverse
grading can thus be observed throughout the bed or at the
base, combined with lack of significant basal scours.

Debris flows show marked downslope transformations, as
they decelerate and mix with ambient waters; such transforma-
tions are reflected in internal fabric and structures. A high-
density, inertia-driven mixture of sediment and water that
moves downslope under conditions of high pore-fluid pressure
is termed hyperconcentrated flow. The typical structureless
debris flow deposits may thus be replaced in a downcurrent
direction by deposits from hyperconcentrated flows; these are
characterized by deep basal scours, large rip-up mudstone
clasts, a coarser grained matrix, and tendency of larger clasts
to concentrate in the lower part of the bed. Deposits from
hyperconcentrated flows may also include evidence for
tractional bedforms.

Traction carpets, resulting from a combination of fluid
turbulence, hindered settling, and dispersive pressure produced
by grain collision, may develop in the basal portion of high-
density flows, and are a relatively common feature of grain
flows. Traction carpets, which are commonly followed by
en-masse deposition, display characteristic, inversely graded
stratification bands and show upward transition to ungraded,
crudely graded or well-graded beds.

At modest levels of sediment concentration, the flow is
cohesionless and may be internally turbulent. In fluidized and
liquefied flows, escaping pore fluid provides a full or partial
supporting mechanism, respectively. In low-density turbidity
currents, particles are supported by the flow turbulence, and
sediment deposition occurs through grain settling and traction-
plus-fallout processes. The typical pattern of grain size
change within a bed which is formed from a decelerating flow
is referred to as normal grading. Larger particles achieve a
higher terminal velocity and settle out of suspension faster
than smaller grains. Two types of grading have been
distinguished in turbidites (Middleton, 1967): distribution
and coarse-tail. The first type is shown by all size classes, the
second one by coarser particles only. Grading may pass
upward into, and/or be superimposed by, tractive lamination,
as observed since the thirties of last century by geologists in the
Apennines looking for way-up criteria in zone of vertical and
overturned beds. Later Bouma (1962) formalized a vertical
sequence of internal structures, the now familiar “Bouma
sequence’.
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The Bouma sequence includes, from base to top: normally
graded, structureless medium to fine sand, with frequent
dewatering pipes and dish-and-pillar structures (division a);
planar laminated to undulating fine sand, with parting
lineations and inversely graded stratification (division b);
small-scale cross-laminated very fine sand, with abundant
climbing ripples (division ¢); current-laminated coarse silts and
interlaminated silts and mud (division d). The succession is
capped by a homogeneous and massive mudstone (division e),
actually a pelitic bed or parting. The transition from
thoroughly current-laminated sand to structureless mud is
more or less gradual and marks the passage from traction-
plus-fallout processes to pure grain settling from suspension.
In more proximal turbidites, richer in sand, Lowe (1982)
defined different varieties of structure sequences, but they seem
to have a less universal application.

Sharp-based layers with distinctive internal fining-upward
tendencies, being the expression of decelerating, waning
turbulent flows, are not exclusive of submarine gravity flows,
but may be commonly encountered in different depositional
environments, such as lakes, river deltas (hyperpycnal plumes
related to river floods) and shallow-marine realms (storm-
generated currents).

Intraformational mud clasts, referred to usually as clay chips
and a variety of other terms, and deriving from intrabasinal
sources, are a common feature of debris flow, hyperconcen-
trated flow and structureless to graded portions of turbidity
flow deposits. They are typically embedded in sand and occur:
a) concentrated at or near the base of the bed; b) scattered
throughout; ¢) aligned (and relatively sorted) in the uppermost
structureless or graded sandstone, often at the transition with
tractive laminae. These situations reflect different distances of
travel within the flow and a marked tendence to buoyancy.
This should be considered a fabric more than a structure; the
same applies to clast imbrication (see Imbrication), showing in
both massive and selective (e.g., beach) deposits. Flattened
clasts are inclined to the horizontal, so that the plane formed
by the long and intermediate axis of the clasts dips up-current,
according to the most stable position. Imbrication represents a
very useful paleocurrent indicator and is a characteristic
feature of gravel-bed rivers and gravel beaches (where dip is
seaward). It indicates a transport of pebbles in temporary, or
intermittent, suspension.

Internal scours may be found in gravity flow and other
episodic deposits, owing to flow pulsations or bottom
irregularities during deposition; care should be taken, how-
ever, not to mistake such local features with parts of larger
erosion or amalgamation surfaces separating distinct beds
(events).

Internal structures and facies sequences

The “Bouma sequence” just described represents an example
of a genetic package, or association, of structures, that is, a
systematic vertical succession of structures consistent with a
specific mechanism evolving in time (decaying suspension
flow). In this case, the time is short (hours, days) being the
duration of a single depositional event of episodic nature.
Similar genetic packages can be found in multilayer sedimen-
tary bodies, built up by several events, and in normal or
selective deposits. The best known case is that of the fining-
upward sequence displayed by fluvial and tidal point bars
formed by lateral accretion (Allen, 1982, his figures 2-23).

Notice that Allen uses the term structure not only for the
cross-bedding, parallel lamination, etc., inside the body, but
also for its overall geometry (“lateral accretion structure”).
Alternatively the same object can be described as a facies
sequence, a facies association or an architectural element.

The following description summarizes that of Allen (1982):
in tidal flats, mud-sand interbedded points bars form the inner
bank of small meandering gullies. They are rarely thicker than
1.5m and consist of curved, sigmoidal layers, from parallel-
laminated to current rippled, both ebb and flood directions
often being preserved. The base of the bar is an irregular
erosional surface, generally overlain by gravel of bivalve and
other shells mixed with pebbles of muddy sediment derived
from cut banks.

River point bars, in intermediate to large sand-bedded
rivers, where the secondary [transversal] flow is fully devel-
oped, have also a basal, diachronous erosion surface, with
flutings, pot-holes and other scours. Sediments in the lateral
accretion deposit fine upward in general but interfinger in
detail, and Internal sedimentary structures appear upward in
order of declining flow power, an arrangement which reflects
the distribution of bedforms over the bar surface, in turn
revealing the inward decline of current strength. Curved
bedding surfaces, generally sigmoidal in radial profile, define
the lateral accretion structure [ = master bedding].

Structures related to deformational processes

Primary sedimentary structures are subjected to disturbances
by fluid movement, compaction and gravitational instability if
the sediment remains soft and deformable. Soft sediment defor-
mation 1s the general term for changes to the fabric and
layering of a bed of unconsolidated sediment. It affects most
commonly multilayer deposits, especially sand-mud alterna-
tions, and can be diffused in the whole packet or concentrated
along bedding planes or within individual beds. No systematic
classification exists, apart from a broad subdivision into
structures characterized by vertical movement and structures
showing a lateral component of motion (gravitational or
current shearing). For nomenclature, see Table B2.

Concerning the first group, trapping of water induced by
rapidly deposited sediment may lead to disruption of previous
structures within a bed (more commonly sand) or a bedset.
This may occur due to shocks by earthquakes or oscillations in
water pressure, which may temporarily liquefy the sediment.
Beside liquefaction, deformation can result from sediment
contraction (e.g., desiccation) or dilatation, unequal loading,
upward injection of fluid or paste-like material, downward
injection in fractures, compaction, downslope movements,
current or ice drag or combined effects.

Sedimentary structures formed by liquefaction, injection,
etc. are often associated with deposits from high-density
turbidity currents and subaqueous slumps; those that can be
related to earthquakes may be called seismites, but this
attribution is often conjectural.

Sand volcanoes are formed by the violent expulsion from
the subsurface of sand and water mixtures. Dewatering (fluid-
escape) structures result from forceful expulsion of water from
a consolidating fluidized bed, due to loading or a shock. The
water moves upward, disrupting overlying layers and forming
dish-and-pillar structures. Dishes are subhorizontal, gently
concave-upward clay or organic-rich laminae, deformed at
their margins by upward flow. Pillars are near-vertical
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Table B2 Soft-sediment deformation structures reported in modern and ancient sediments. For references, see Ricci Lucchi (1995b)

Modern

Ancient

Liquefaction structures

Sand boil

Sand volcano, sand-vented volcano (Obermeier et al., 1986)

Sand blow (Sieh, 1978; Doig, 1990)

Sand slough (Fuller, 1914; Rascoe, 1975)

Sand slough (Fuller, 1914; Rascoe, 1975)

Patterned ground (Washburn, 1950)

Mima mounds (Fuller,1914; Arkley and Brown, 1954; Berg,1990)*
Patterned ground (Washburn, 1950)

Ball-and-pillow structure (Smith,1961; Pettijohn and Potter, 1964)
Load structures
Flame structure (Cooper, 1943)
Injection structures, diapiric structures
Flow rolls (Pepper etal., 1954)
Pseudonodule (Macar, 1948)
Convolute lamination (Kuenen, 1953)
Cycloid (Hempton and Dewey, 1983)
Dish structure (Wentworth, 1967; Lowe and Lo Piccolo, 1974)
Pillar structure, or dish-and-pillar structure (Lowe and
Lo Piccolo, 1974)
Water escape structures
Sand volcano
Sandstone dike
Sandstone pipe
Clastic (sedimentary) sill
Clastic (sedimentary) dike
Slump ball (Kuenen, 1948)
Slump structures
Boudinage
Pull-apart (Natland and Kuenen, 1950)
Ice-shear (ice-push) structures
Glaciotectonic structures
Drag fold
Hydroplastic deformation
Wrinkle marks (Héantzschel and Reineck, 1968; Allen, 1985)

* Fuller (1912) regarded this structure as aseismic, Berg (1990) reinterpreted it as seismic

dewatering pipes, interrupting the dishes and made up of
structureless sand. Dishes are found in both massive and
crudely laminated sandstones and are related to horizontal
movements of water or liquidized sand. In the dark laminae,
preexisting (semipermeable membranes?) or newly formed,
fine particles are concentrated by elutriation.

Convolute laminations are deformational structures devel-
oped in rapidly deposited fine-grained sands and silts, and
commonly associated to water-escape structures and climbing
ripple cross-lamination in turbidites and river flood deposits.
They are either symmetrical about a vertical plane or leaning
and asymmetrical, and usually exhibit narrow vertical
upturned laminae, often truncated at the top, separated by
broader synclinal downfolds, with wavelengths of a few
centimeters or decimeters. Some convolutions are associated
with water-escape dishes, pillars, etc.

Many explanations have been offered for the origin of this
structure; the asymmetrical varieties involve shearing, prob-
ably caused by an overflowing dense current. Downslope
movement (slumping) seems to be excluded by the
common occurrence in basinal sediments, especially turbidites,
and the dying out of the folds both upward and downward
into flat surfaces, without any evidence of décollement.
Liquefaction or hydroplasticity of some or all laminae
involved (which contain variable amounts of organic material
or clay) and density instability are the most invoked
mechanisms. Timing of formation can be during bed deposi-
tion (syndepositional type of Allen, 1982), just before or
immediately after deposition ceases (metadepositional), or
definitely after (postdepositional).

Load casts are the commonest type of deformation of sand-
mud interfaces and “represent the instability of discontinuous

layered systems” (Allen, 1982) due to inverted density
gradients (Dzulynski, 1966). The structure consists of lobes
of sagging sand alternating laterally with sharp-crested diapers
(“flames™), projecting from a mud that was quite fluid when it
was loaded. Load casts can be found at various scales ranging
from millimeters to decameters (in outcrops).

Similar to load casts, but more deformed and complex in
shape and internal structure are pseudonodules or ball-and-
pillow structures. In this case, sand is pierced or completely
disrupted and detached from the “mother bed”” and embedded
in the underlying mud (something analogous to stoping in
magmas). Internal laminae follow the curvature of the outer
surfaces, indicating that they are formed by viscous shearing
within the ball or pillow during its descent. The most plausible
explanation is again the physical state of the materials
(Rayleigh-Taylor instability of sand-mud interbeds) combined
with an external perturbation, that is, seismic shocks. Down-
slope movements are not necessarily implied, even though the
pillows may end up in slumped masses.

Deformations in slump sheets is best observed where sliding
materials are heterolithic and/or in different state of compac-
tion and cohesion. A variety of geometries is thus displayed,
from disharmonic folds, cascade folds, box folds, concentric
folds, isolated hinges, shear planes, slabs and blocks, breccia-
tion and even, in most conspicuous slump sheets (tens of
meters thick), cleavage in mudstones (Ricci Lucchi, 1995b).
Sand volcanoes, other fluid-escape structures and burrows may
occur at the top. Axial surfaces vary from steeply inclined to
flat-lying, and axes tend to be parallel to depositional strike,
but with a wide dispersion of orientation.

Structures related to advancing ice or sand bodies are shown by
layered muds in the form of folding, crumpling and contortion,
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at places extremely “‘baroque” (complicated). Antiform folds
can be arranged en echelon, more or less parallel to the edge of
the encroaching body, and may be associated with shear
planes. These structures are the combined effect of differential
loading and drag.

Sedimentary dykes can be produced at various scales by
both forceful injection of fluid or hydroplastic sediment from
below and infilling of open cracks from above. Ptygmatic folds
can develop in dykes owing to subsequent compaction or to
increasing resistance encountered by the injection.

Smaller injected dykes are indistinguishable from the pillars
associated to dishes in sandstones; larger structures are called
pseudodiapirs, mudlumps, etc., and originate in multilayered
successions rich in mud. Infilled dykes range from desiccation
cracks to large fissures and fractures formed in lithified
sediments, especially limestone, subjected to extensional
stresses (‘“‘neptunian dikes™).

Deformed cross-bedding has various aspects. [t can affect
either the topmost part of foreset laminae, overturning or
disharmonically folding them, or the mid-lower portions,
where small folds, discordant slabs, small normal (gravity)
faults or patches of vaguely laminated or structureless
sediment appear (Allen, 1982). Fluid drag on subaqueous or
subaerial, water-saturated sediment is generally held respon-
sible for the first case, whereas in the other, some form of
gravity induced downslope slip is more plausible. The lee side
of eolian dunes, for example, is prone to sliding when wet.
Detachment and sliding of slightly cohesive sand laminasets
can occur without internal deformation.

Franco Ricci-Lucchi and Alessandro Amorosi
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Sediment Transport by Tides
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Sediment Transport by Waves
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Surface Forms

Tides and Tidal Rhythmites
Turbidites

BEDSET AND LAMINASET

According to McKee and Weir (1953), a bed is a sedimentary
stratum greater than 10mm thick, whereas a lamina is less
than 10mm thick. The divide at 10 mm is arbitrary, and not
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Figure B12 Comparison of terminology for describing stratification (from Bridge, 1993).

Figure B13 Proposed terminology for the case of superimposed scales of strata, using river channel deposits as an example (modified from

Bridge, 1993).
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based on objective statistical analysis of stratal thickness, nor
on any genetic implication. Beds and laminae are recognized
on the basis of changes in sediment texture and/or composition
within or between them. Beds and laminae generally occur in
sets (bedsets, laminasets) that are distinctive in terms of the
orientation, texture and composition of beds or laminae
within the set (Figure B12). If the beds or laminae within a
set are inclined at more than a few degrees relative to the set
boundaries, the beds or laminae are given the prefix cross or
inclined (e.g., set of cross laminae, or cross-lamina set). Bedsets
or laminasets also occur in sets. For example, a set of similar
cross-lamina sets or cross-bed sets is referred to as a simple
set or coset (Figure B12), according to McKee and Weir
(1953). A set or different types of bedsets or laminasets is
called a composite set (Figure B12).

This terminology for defining beds, laminae, bedsets, and
laminasets is widely used but is not without its problems
and detractors. Modifications to the terminology shown in
Figure B12 suggest that there was a desire to use the term bed
for a larger scale of stratum than that defined by McKee and
Weir (1953). The term bed may therefore refer to a set of strata
rather than a single stratum with no internal subdivision.
Another problem with McKee and Weirs terminology is that
both laminae and beds may occur in the same set of strata.
This problem arises because of the arbitrary division of strata
into beds and laminae. A single strataset containing beds and
laminae could logically be called a composite set, but this term
has already been used for a set of different sets rather than a
set of different strata. Perhaps the greatest difficulty with all of
the different methods for defining strata and sets of strata is
that there is no consistent use of terms for referring to the
many different superimposed scales of strata and sets of
strata in sedimentary basins. The terms used for the smaller
stratasets (bedset, laminaset) have not been applied to the
larger-scale stratasets. Instead, poorly defined, inexplicit terms
such a storey, architecturalelement and parasequence have been
used.

Bridge (1993) argued that, in order to describe hierarchies of
different-scale strata, it is desirable to use a reasonably small
number of explicit terms consistently irrespective of scale, and
to use qualifying terms to describe relative scale of strata.
Figure B13 shows an example of this approach applied to river
deposits, and includes interpretation as well as descriptive
terminology. An alternative method of describing hierarchies
of strata of different scale is by numerically ordering their
bounding surfaces (e.g., Brookfield, 1977; Allen, 1983; Miall,
1996). As discussed by Bridge (1993), this approach is difficult
to use in practice.

John S. Bridge
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