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SEDIMENTOLOGY

A. Basic Principles

1. General concepts

a. Definitions

Sediment is solid material, both mineral and organic, that settled from suspension in a fluid, was transported from its site of origin by gravity, air, water or ice, or precipitated from solution in water. Sedimentary rocks are sediments that have been consolidated by the processes of diagenesis (chemical and physical changes during and shortly after accumulation) and lithification (induration). Sedimentology is the study of sedimentary deposits and the processes by which they formed. Two main subdivisions are used: Sedimentography (sedimentary petrography) is the description and classification of sedimentary deposits. It is divided into macro-sedimentography, which is concerned with aspects such as the geometry, colour and sedimentary structures that can be observed in outcrops, and micro-sedimentography, the study of small-scale features such as composition and texture in hand samples or thin sections. Sedimentogenesis is concerned with the origin of sedimentary deposits, which includes studies of their source areas, transport patterns and processes, mechanisms and environments of deposition, palaeoclimate, as well as diagenesis.

b. The importance of sedimentary deposits

i) Occurrence and distribution. Sedimentary rocks constitute 75% of all outcrops on earth. Their mean thickness is 1.5 km on the continents, 5 km on the continental slope and 3 km on the ocean floor, with a maximum of about 15 km at any specific locality. The most common sedimentary rocks are shale (60%), sandstone (20%) and limestone (20%).

ii) Ore deposits. The weathering of older rocks can supply ore minerals to depositional basins, which are concentrated sufficiently under favourable conditions of transport, sorting and deposition to form economically viable orebodies. Syngenetic orebodies develop simultaneously with the rock itself, which can be due to chemical processes (e.g. limestone, gypsum, phosphate, banded ironstone and salt) or mechanical processes (e.g. placer gold). Diagenetic orebodies form after deposition of the sediments, due to changes imposed by higher temperature and pressure (e.g. coal). The ore minerals of epigenetic orebodies are derived from elsewhere after deposition of the sediments, in which they are concentrated by circulating groundwater or hydrothermal fluids.

iii) Engineering studies. The transport of sand and silt in rivers and along the coast is of great importance for civil engineers, who are concerned with the control of floodwater and the silting up of dams and harbours.  

2. The Origin of Sedimentary Deposits

a. Clastic deposits

i) Epiclastic deposits form as a result of the weathering and erosion of igneous, metamorphic and older sedimentary rocks. The particles are transported as loose grains by gravity, water, wind and ice. 

ii) Bioclastic deposits consist of the skeletal remains of organisms, which may collect in situ  (referred to as autochthonous deposits) or may have been transported before burial (allochthonous deposits).

iii) Pyroclastic deposits are derived from volcanic eruptions. Tuff and breccia are strictly speaking igneous rocks, but when their weathered products are transported to depositional basins, volcaniclastic sediments are produced.

b. Chemical deposits

Chemical sediments are produced by the precipitation of dissolved salts and other elements in surface waters such as the ocean, lakes and pans. Deposition can be direct, e.g. due to chemical reactions and evaporation, or indirectly through organisms such as bacteria. The latter deposits are known as biogenic sediments.

c. Residual deposits

These deposits consist of material left in situ as a result of rock weathering and usually form a comparatively thin surface layer. Soils are characterised by specific profiles, which reflect the underlying rock type and climate of the area. 

d. Diagenetic deposits

Diagenetic deposits develop when normal sedimentary rocks undergo textural and chemical changes due to metasomatism or abnormal temperature and pressure conditions, e.g. limestone (CaCO3) is replaced by dolomite [CaMg(CO3)2]. With an increase in temperature or pressure a sedimentary rock can eventually grade into a metamorphic rock.

3. Sediment Transport

Most sedimentary deposits involve the transport of material, which can take place by different agents.

a. Gravity 

i) Rock falls are generated by the free-fall of particles, which builds piles of scree or talus cones at the base of cliffs. These typically have a rest angle of 30-35º, depending on the shape and sorting of the clasts.

ii) Rock slides take place when a body of solid rock slips along discontinuities such as joints, beds or fault planes, without breaking up in the process. 

iii) Slumps form by the downward sliding of material along a curved, usually concave-upward shearing plane, with some backward rotation of the land surface at the top of the failure. The main slump often breaks up into a series of secondary slumps to form a staircase, and the original bedding is usually disturbed or even destroyed.
iv) Debris slides occur when dry masses of unconsolidated material break loose and slide over the underlying bedrock surface.

v) Debris flows are unsorted mixtures of earth, rock and water or ice that move rapidly down steep slopes. They include earthflows, which involve only fine-grained material, and mudflow, which are heterogeneous mixtures of rock debris saturated with muddy water. Here, the gravity force is exerted largely on the particles, with the fluid acting as a lubricant.

vi) Turbidity flows always take place under water and the particles are kept in motion by the turbulent force of the fluid itself, which is driven by gravity.  

b. Water

This is by far the most common agent of transport, involving rivers and ocean currents. Material may be carried by four mechanisms.

i) Solution involves the transportation of soluble compounds such as salts, which may comprise as much as half the total material carried by rivers. The concentration of dissolved load varies from about 50 to 1000 ppm. 

ii) Traction. Larger particles are rolled along the bottom without losing contact with the substrate.  

iii) Saltation. Particles move in a series of jumps, periodically leaving the bed surface and being carried for a short distance before returning to the bed again. They are lifted into the current because flow over the top of the grains accelerates, which is accompanied by a drop in pressure according to Bernoulli´s equation:

Total energy = 0.5(U2 (kinetic energy) + (gh (potential energy) + P (pressure energy)

where ( is the fluid density, U is the fluid velocity, g is the gravity constant, h is the height difference and P is the fluid pressure. 

iv) Suspension. The smallest particles are kept within the flow by turbulence.

The mode of transport in water depends on the relationship between the grain size and the current velocity, as can be illustrated with the Hjulström diagram.

c. Air 

Wind blowing over the land picks up large quantities of dust and sand and carries it over large distances. However, the capacity of air to transport sediment is limited by its low density.

d. Ice

Ice is a high-viscosity fluid that is capable of transporting large amounts of clastic debris, especially in times of extensive glaciation.  

B. Composition of Sedimentary Deposits

1. Clastic Components

The nature of clastic or allogenic grains depends on the type of source rock, the climate and relief of the provenance area, the duration and intensity of weathering, and the distance and type of transport to the depositional basin. The stability of minerals during weathering and transport is directly related to Bowen´s reaction series. For example, minerals such as quartz and feldspar which crystallized under relatively low TP conditions are more stable than pyroxene and olivine, and thus much more common in sedimentary deposits.

a. Quartz

The mineral is colourless to light grey in thin sections and uniaxial positive with a low relief. It occurs as monocrystalline or polycrystalline grains, with either uniform or undulose extinction. Quartz is very stable, so that it is the most common mineral in sedimentary deposits. The proportion of quartz is about 50-65% in the average sandstone, 20-30% in shale, 10% in pelagic (deep-sea) sediments, and 5% in carbonate rocks. The sedimentary deposits in the earth’s crust contain on average about 20% quartz. Detrital quartz grains generally show inclusions, which give an indication of the type of source rock. Quartz derived from granite shows irregular or needle-shaped inclusions, whereas gneiss and schist generally display regularly distributed inclusions. The average sandstone contains 25% quartz derived from acid igneous rocks, 45% from metamorphic rocks and 30% from older sedimentary rocks.

b. Feldspars

Feldspar is also colourless to light grey with a low relief, but it is biaxial and commonly shows twinning as opposed to quartz. It is less stable than quartz, however, so that it often displays a cloudy texture with a brownish colour due to alteration. K-feldspar is more stable than Ca-feldspar. The average sandstone contains about 8-12% feldspar and the average shale 18-30%. It is usually derived from coarse plutonic rocks such as granite and pegmatite, as well as volcanic rocks. Detrital feldspar usually indicates tectonic activity in the source area, as it can only be preserved when the weathering is slow and the rate of erosion is rapid (e.g. against steep slopes).

i) Orthoclase is identified by Carlsbad twinning, two cleavage directions normal to each other and by the fact that it is biaxial negative. When untwinned, it can be distinguished from quartz by using staining techniques.

ii) Microcline invariably shows Tartan (crosshatched) twinning. It is also biaxial negative with two cleavage directions normal to each other.

iii) Plagioclase shows albite (multiple) or Carlsbad (simple) twinning and is biaxial positive or negative. 

c. Micas

Micas rarely form more than a few percent of sediments, with muscovite more common than biotite due to its higher resistance to weathering.

i) Muscovite is colourless to greenish pink, forming flakes and stringers with second-order interference colours and mottled extinction. Its source is commonly granitic or schistose rocks.

ii) Biotite is greenish brown with light to dark green interference colours and mottled extinction colours. It is derived from low- to medium-grade metamorphic rocks.

d. Clay minerals

These are hydrated aluminium silicates of which the Al can be replaced partially by Fe and Mg. They are colourless to green and brown with pinkish, greenish and greyish interference colours. The main groups can only be distinguished by X-ray diffraction.

i) Kaolinite is the purest clay mineral, displaying a 2-layer structure of Si tetrahedra and alumina octahedra. It forms from feldspars by weathering and hydrothermal alteration and is white and soft.

ii) Illite is the most common clay mineral. It has a 3-layer structure with interlayer ions of  K, OH, Fe and Mg and forms by the diagenesis of kaolinite in a marine environment.

iii) Montmorillonite is also a 3-layer clay with H2O and Ca interlayer ions. It is one of the smectite minerals, which forms by the in situ alteration of volcanic ash. Such clays are called bentonites, which characteristically form powdery, cauliflower-type surfaces in outcrops.

iv) Chlorite is a 3-layer clay with Mg and OH interlayer ions. It occurs as detrital flakes, usually derived from low-grade metamorphic rocks, as an alteration product (especially of volcanic rock fragments) or as an authigenic mineral filling pore spaces. It is colourless to light green with bluish-grey to yellowish brown interference colours.

v) Glauconite is green to greenish brown with light to dark green interference colours. It occurs as pellets and is especially abundant in Cambrian, Late Cretaceous and early Neogene deposits, where it forms typical greensands. 

d. Rock fragments

Sandstones contain on average 10-15% rock fragments, which consist of fine-grained source rocks such as chert, quartzite, slate, phyllite, riolite, trachite and limestone.

i) Chert is composed of authigenic silica in the form of microcrystalline quartz. It may be primary, in the form of siliceous organisms such as radiolaria, diatoms or sponge spicules, or secondary, usually replacing limestone. 

ii) Slate and shale consist of clay minerals and very fine detrital grains of quartz and feldspar.

iii) Volcanic fragments are easily identified by the occurrence of plagioclase laths (microphenocrysts) set in an altered groundmass of feldspar, pyroxene and opaque minerals.

f. Heavy minerals

These are minerals with a specific gravity of more than 2.85, that usually constitute less than 1% of sediments.  They can be used to determine the type of source rock.

- Reworked sedimentary rocks: rounded tourmaline, zircon and leucoxene. 

- Low-grade metamorphic rocks: biotite, muscovite, chlorite, euhedral and light brown tourmaline.

- High-grade metamorphic rocks: garnet, hornblende, kyanite, epidote and magnetite.

- Acid igneous rocks: apatite, monazite, sphene, euhedral zircon, euhedral pink tourmaline.

- Basic igneous rocks: anatase, hypersthene, augite, ilmenite, chromite, olivine, and rutile.

- Pegmatite: fluorite, blue tourmaline, muscovite, topaz, and albite.

g. Non-skeletal limestone grains

i) Peloids are grains of structureless, cryptocrystalline carbonate that form in a variety of ways. Most are lime mud faecal pellets excreted by invertebrates.
ii) Ooids (ooliths) are spherical or ellipsoidal grains, less than 2 mm in diameter, with a calcareous, dolomitic or ferruginous cortex and a nucleus that is variable in composition. The cortex is smoothly and evenly laminated and obvious biogenic structures are lacking. A radial or tangential microfabric may be exhibited, which apparently depends on the energy environment. Cortoids are ooliths with only one layer of micrite.

iii) Pisoids (pisoliths) are ooids larger than 2 mm in diameter with a nucleus and less regular lamination. Like ooids, pisoids are formed by chemical, inorganic precipitation in shallow marine environments, lagoons, rivers, caves and even in calcareous soils. 

iv) Spherulites are spherical grains with thick radial coats lacking a nucleus.

v) Oncoids are coated grains with a calcareous cortex of irregular, partially overlapping laminae and common biogenic structures. They are generally formed by organic precipitation involving algae, foraminifers, bryozoans and cyanobacteria (blue-green algae). The term micro-oncoid is used for oncoids less than 2 mm in diameter. 

vi) Lumps are aggregates of peloids with a botryoidal shape. They are sometimes termed grapestone.

vii) Lime-clasts are reworked fragments of partly consolidated carbonate sediments. Lime-intraclasts and -extraclasts are derived from within and without the depositional area, respectively. 

2. Bioclastic Components

a. Macrofossils

i) Molluscs and bivalves. Most molluscs originally consisted of aragonite and are preserved as casts filled with larger crystals, so that they commonly do not exhibit wall structures. The original aragonite, however, shows crossed lamellar microstructures. By contrast, many bivalves such as brachiopods and pelecypods originally had calcitic shells, so that wall structures are well preserved. These may include normal prismatic, foliated or fibrous microstructures. 

ii) Corals are identified by their overall morphology, e.g. the presence of septa, tabulae and columella.  Calcitic corals commonly show a spherulitic fascicle microstructure.

iii) Echinoderms such as echinoids and crinoids have a fivefold symmetry and break down into plates of single calcite crystals with uniform extinction. They usually have a speckled or dusty appearance as a result of the infilling of the fine pores that permeate the plates. Echinoid spines form circular or elliptical, single crystals in cross-section and show a variety of radial structures.

iv) Bryozoans resemble corals, but are more complex. They generally had calcite hard parts and a foliated microstructure is present. Frond-like fenestrate structures are also common.

b. Microfossils

i) Ostracods are arthropods with thin, finely prismatic or granular valves, which exhibit homogeneous prismatic microstructures. A characteristic feature of many ostracods is the overlap of valves. 

ii) Foraminifera are mostly calcitic and show a variety of shapes and wall structures. Granular, micritic walls with many small, calcite-filled chambers are characteristic.

iii) Algae typically show thin, organic filaments, tubes or honeycomb structures. Stromatolites display a laminated structure of highly irregular, filamentous mats.

3. Pyroclastic Components (Tephra)

a. Blocks

Blocks are more than 64 mm in diameter, and are ejected as solid fragments to form volcanic breccias.

b. Bombs

These are also more than 64 mm in diameter, but are ejected in partially melted form so that they are shaped in the air. Accumulations of bombs are called agglomerates.

c. Lapilli

Lapilli are smaller (2-64 mm) rounded fragments of lava, forming lapilli tuffs.

d. Volcanic ash

The particles are less than 2 mm in diameter and are carried over large distances by wind, forming deposits of tuff. Vitric ash is full of volcanic glass, with gas bubbles forming a pumiceous texture at times.

e. Volcanic glass

Volcanic glass occurs in all types of volcanic material and typically forms shards with a conchoidal fracture. It is isotropic. Hydration of fragmental basaltic glass forms palagonite, a yellowish brown to orange mineral.

4. Chemical Components

Authigenic minerals often give an indication of chemical conditions such as pH, Eh and salinity, as well as the temperature during lithification. Clay minerals are especially sensitive to environmental changes and can easily change their composition.

a. Carbonates

i) Calcite (CaCO3) is colourless in thin section with light brown, green and pink interference colours. It is uniaxial negative with a very high birefringence. The mineral can occur as rhombohedral crystals, but most commonly forms an anhedral mosaic. It also occurs in oolites, microcrystalline aggregates, concretions and organisms such as shellfish.

ii) Aragonite [CaCO3] is the main constituent of living shells and some corals. However, it is unstable and changes spontaneously into calcite. The mineral is biaxial negative with pearl-grey interference colours, showing extinction parallel to the crystals.

iii) Dolomite [CaMg(CO3)2] is very similar to and commonly intimately associated with calcite in thin section, except that it often forms small rombohedral crystals where it has replaced the latter. Staining with Alizarin Red S is used to distinguish between these minerals, as calcite becomes pink to blue, depending on the presence of iron impurities, whereas dolomite remains colourless or becomes very pale blue.

iv) Ankerite [Ca(Mg.Fe)(CO3)2] is rare, but sometimes occurs in wackes. It is colourless to light brown in thin section (with dark brown crystal edges), showing greyish brown interference colours. It is uniaxial negative.

v) Siderite [FeCO3] is also rare, although it occurs in Fe-rich concretions, oolites and occasionally as a cement in sandstone. It is colourless to yellowish brown with brown-yellow interference colours. The mineral is uniaxial negative. 

vi) Magnesite [MgCO3] is uniaxial negative, forming long, narrow crystals that show a marked difference in relief when rotated under polarized light.

b. Silica

i) Quartz forms a mosaic of interlocking grains with sutured contacts, which is usually due to pressure solution during compaction of quartzose sediment.

ii) Chalcedony is dominant in chert, where it consists of microscopic fibres. It is characterized by a spherulitic texture.

iii) Opal is amorphous and appears in chert nodules and beds, as well as diatomite.

c. Silicates

i) Glauconite is also common as cement, commonly replacing coprolites or filling micro- and macro-shells in the ocean at depths of less than 200m. Yellow and green pleochroism is typical.

ii) Chamosite is olive green in thin section and isotropic under crossed polars. It occurs in aggregates and oolites.

iii) Stilpnomelane is light yellow to dark brown in thin section with golden yellow and reddish brown, pleochroic interference colours. It forms flat flakes and is a typical mineral of banded ironstones. 

iv) Greenalite also occurs in banded ironstones or as granules in chert. It resembles glauconite.

d. Phosphates

i) Collophane is the only common phosphate in sediments. It is amorphous or colloidal and can be oolitic, colloform, grainy or massive, occurring in phosphatic limestone, nodules, bone beds or phosphorites. In thin section, it is greyish brown and isotropic under crossed polars. Dahlite has a spherulitic texture and is commonly associated with collophane, from which it apparently forms by crystallization.

ii) Apatite is often associated with beds of iron ore and can sometimes replace wood.

i. Sulphides

i) Pyrite [FeS2] occurs in sedimentary deposits such as black shale and coal, forming nodules, microcrystalline grains (framboids) as well as cubic, often twinned crystals.

ii) Marcasite [FeS2] commonly forms nodules in reducing environments. It is orthorhombic.

f. Sulphates

i) Gypsum [CaSO4.2H2O] can form thick deposits due to a high rate of evaporation in dry areas. It is colourless with a low relief in thin section, commonly showing swallowtail twins. It is biaxial positive.

ii) Anhydrite [CaSO4] is also colourless in thin sections, but in contrast to gypsum shows green, blue, purple or pink interference colours. It occurs as fibres and aggregates.

iii) Polyhalite occurs in compact fibrous or laminar masses in marine evaporite sequences. It has a very low relief, simple twinning and yellow to greyish brown interference colours.

iv) Barite [BaSO4] can form authigenic cement in sandstones, or may occur as nodules. It is biaxial positive.

g. Chlorides

i) Halite [NaCl] can form thick sequences, but because it is highly soluble, it does not occur on the surface in wet areas. The mineral has a very low relief and is isotropic under crossed polars.

ii) Sylvite [KCl] has a moderately negative relief and may be reddish brown in thin section due to the presence of iron. It is also isotropic.

iii) Carnallite is a highly soluble evaporite mineral with bright interference colours (red, pink, yellow and green), commonly showing multiple twinning.

5. Hydrocarbon Components

Kerogen is greyish black, amorphous material with 70-80% carbon and 10-15% sulphur, which burns freely in air. Asphalt or bitumen is similar to kerogen, but in contrast with the latter dissolves in normal petroleum solvents. It fills pore spaces and cracks in sedimentary rocks. Crude oil is a liquid at normal temperature and pressure conditions, containing 82-87% carbon and 12-15% hydrogen. It fills pore spaces in many types of rocks. Natural gas forms a vapour at the surface and is therefore lighter than oil.

C. Classification of Sedimentary Deposits

1. Introduction

a. End members

Sedimentary rocks are generally mixtures of allogenic and authigenic components. Typical allogenic components include pebbles, sand, silt and clay, whereas carbonates and silica are common authigenic components. Most sedimentary deposits can be described in terms of 4 end members: sand, clay, carbonate and authigenic silica. As limestone and chert are by far the most common authigenic carbonate and siliceous rocks, they are generally used for the last two end members. There are no sharp boundaries between the end members as all types grade into each other. All classification schemes are therefore arbitrary.

For other types of authigenic minerals the same principles of classification apply: e.g. for phosphorites, evaporites and ironstones the silica end member is simply replaced by phosphate, sulphate or iron. Each of the end members can in turn be classified in terms of grain size, composition, texture, etc. 

b. Matrix and cement

Three components, namely particles, matrix and cement, are identified in sedimentary rocks. Particles and matrix are distinguished arbitrarily on the basis of their relative size. A conglomerate, for example, can have a coarse sand matrix, whereas sandstone may have a clay or silt matrix. Only poorly sorted rocks can have a matrix, which contains and is surrounded by larger framework particles and is usually darker than the latter. The matrix of most limestones consists of dense, fine-grained calcite crystals less than 0.0625 mm in diameter, which is referred to as micrite. Cement crystallises along grain or skeleton boundaries and gradually fills the pore spaces, but it can also replace both the grains and the matrix. Sparite is the term used for calcite cement.   

2. Siliciclastic Deposits

a. Gravel and conglomerate (rudite)

In conglomerates more than 50% (by volume) of the detrital fraction consists of pebbles larger than 2 mm in diameter. Sandy conglomerates contain 30-50% pebbles, pebbly sandstone 5-30%, and sandstone less than 5%. Classification can be based on various features.

i) Framework. In paraconglomerates (open framework conglomerates), the pebbles generally do not touch each other, in contrast with orthoconglomerate (closed framework conglomerate). Paraconglomerate with angular fragments is called diamictite, which can form either in glaciers (when it is called tillite) or in mudflows along steep subaerial or subaqueous slopes. Orthoconglomerates can form in rivers or along beaches.  

ii) Composition. Oligomictic conglomerates contain pebbles of mainly 1 type,  which generally indicates tectonic stability and advanced weathering in the source area, so that only the most stable (e.g. quartz) pebbles are preserved. Polymictic conglomerates contain a mixture of pebble types, including unstable rocks such as limestone. This usually indicates tectonic activity, minor weathering and rapid erosion in the source area.  

iii) Origin. The pebbles of extraformational conglomerates are derived from outside the depositional basin, whereas those of intraformational conglomerates are of local derivation. Clay pebble conglomerate, for example, forms in fluvial deposits by undercutting of clay riverbanks.

iv) Genesis. Epiclastic conglomerate consists of transported pebbles, pyroclastic conglomerate contains bombs (agglomerate) or blocks (volcanic breccia), and cataclastic conglomerate contains fragments that originated as fault or fold breccia. 

v) Special types. Pseudoconglomerate can form when dolerite or diabase undergoes spheroidal weathering, or when sandstone contains abundant concretions. Talus is angular debris along a mountain slope, and fanglomerate develops in alluvial fans.

b. Sand and sandstone (psammite)

Sandstones are detrital rocks with abundant grains of sand (0.0625-2 mm in diameter). Classification can be according to their physical composition (percentage of matrix) or mineralogical composition. Both depend on the measure of physical or chemical alteration: the so-called maturity of the sediment. Physical maturity is expressed in terms of the ratio of grains vs. matrix, whereas chemical maturity refers to the ratio of stable minerals (quartz) to unstable minerals (feldspar). 

i) Physical composition. The two main classes of sandstone are based on their physical composition. Arenites contain less than 15% clay or matrix, whereas wackes have more than 15% matrix.

ii) Mineralogical composition in most cases refers to the percentage of quartz, feldspar and rock fragments. Quartz arenites contain more than 95% quartz and are generally well sorted with well-rounded grains and a high permeability. They usually form in shallow marine environments, where waves and ocean currents winnow and sort the grains. These rocks form good aquifers for water, oil or gas, except where they have been cemented by silica. Such rocks are called orthoquartzites. Sublitharenites and litharenites contain 5-25% and more than 25% rock fragments, respectively, which may include volcanic material. Subarkoses and arkoses consist of 5-25% and more than 25% feldspar. They are the products of incomplete weathering of acid igneous and metamorphic rocks such as gneiss, which have been subjected to rapid erosion. These rocks are commonly poorly sorted with angular to subrounded grains of mainly microcline and albite, which weather to kaolinite and sericite. Most arkoses form in fluvial environments close to granitic basement rocks. Lithic arkoses and feldspathic litharenites contain more than 15% rock fragments and 15% feldspar, respectively.

The wackes are classified in a similar way, as quartz wacke when they contain more than 95% quartz, as sublithic wacke and feldspathic wacke when they contain between 5 and 25% rock fragments or feldspar, respectively, and as arkosic and lithic wacke when they contain more than 25% feldspar or lithic fragments. These rocks are generally immature with angular, poorly sorted grains. The term greywacke is commonly used for these rock types, but it is poorly defined and should rather not be used. Wackes commonly form in the deep-marine environment, often as turbidites.

Other clastic end members such as volcanic material, as well as cement such as carbonate, phosphate, glauconite, etc., can also be used to classify sandstone. Descriptive terms such as volcanic, calcareous, glauconitic and ferruginous sandstone are used in this case. 

c. Mud and mudrocks (argillites, lutites)

Mudrocks consist of more than 75% clay or silt, i.e. particles less than 0.0625 mm in diameter. Classification is based on four concepts.

i) Grain size. Silt and siltstone have grain sizes of 0.0039-0.0625 mm, whereas clay, mud, mudstone and shale have grain sizes less than 0.0039 mm. 

ii) Colour. This is used as a descriptive term, e.g. black shale, which is rich in organic components.

iii) Composition. Various end members can be defined, the most common being clay, lime and organic material. Orthoclaystone, marl, calcilutite, sapropelite and organic shale are some of the terms used to classify gradations between these end members.

iv) Stratification is used to distinguish between shale (stratified) and mudstone (massive). 

v) Other types. Special types of mudrocks include loess, which is unconsolidated, light brown silt of glacial origin transported over long distances by wind. It forms blanket-type deposits up to 30m thick, which do not show stratification. Varves form conspicuous light and dark layers a few mm to about 1 cm in thickness, which are the result of seasonal freezing and defrosting of glacial lake surfaces. The dark winter layer consists of organic material, and the light summer layer of siliciclastic material brought in by outwash streams.

3. Bioclastic deposits

Bioclastic deposits consist largely of skeletal fragments, which can be macro- or microfossils.

a. Bioclastic limestone

Bioclastic fragments can be autochthonous or allochthonous. In the latter case, the fragments will be disarticulated, fractured and abraded. Like siliciclastic deposits, limestones can also be classified in various ways. A classification scheme based on the size of the fragments, for example, distinguishes between calcirudite (fragments larger than 2 mm), calcarenite (0.0625-2 mm) and calcilutite (less than 0.0625 mm). The terms coquina and micro-coquina are also used to define coarse and fine fragments, respectively. Encrinite refers to crinoid coquinas.

The most commonly used classification scheme for limestones is that of Dunham (1962), who defined 6 types of limestone: The first three types have a muddy or silty carbonate matrix. Mudstone contains less than 10% allochems (grains or skeletons). Wackestone has more than 10% allochems, but these display an open framework (i.e. the allochems do not support each other), whereas packstone is allochem-supported. Grainstone is also allochem-supported but lacks mud. It may have cement. In boundstone, the original allochems were biologically bound during deposition. Crystalline limestone shows a mosaic of crystals without allochems. The terms bioclastic packstone, bioclastic boundstone etc., are used when the allochems are dominantly bioclastic fragments.

The classification scheme of Folk (1959) is also widely used: Sparry allochemical limestones have more than 10% allochems bound by a cement of sparry calcite and, depending on the types and proportion of allochems, can be divided into intrasparite (more than 25% intraclasts), oosparite (more than 25% ooids), biosparite (bioclasts), biopelsparite and pelsparite (peloids).  The last three are divided on the volumetric ratio of bioclasts:peloids of 3:1, 3:1-3:2 and 1:3, respectively. Micritic allochemical limestones are subdivided in the same way into intramicrite, oomicrite, biomicrite, biopelmicrite and pelmicrite.  

b. Bioclastic ironstone

Sedimentary rocks with more than 15% iron are known as ironstones. Bioclastic ironstones consist of skeletal fragments, usually together with ooids, in an iron oxide matrix. Siderite and chamosite are the main constituents of these minette ironstones, which typically show crossbedding. 

c. Other bioclastic deposits

i) Diatomite and radiolarite consist of the skeletons of diatoms and radiolaria.

ii) Spiculite contains a large proportion of sponge spicules, which are commonly made of silica.

4. Chemical Deposits

a. Calcareous deposits

i) Limestone can precipitate directly from seawater. Oolithic limestone commonly forms in shallow, turbulent water where small nuclei formed by shell fragments or sand grains are buried temporarily in the sand so that a layer of calcite grows around them. Wave turbulence exposes the grains from time to time, so that several layers are built up. Oolites can also form in other, low-energy environments such as lakes. Aphanitic limestone is very fine-grained and can be precipitated directly or through the intervention of organisms. Drewite, for example, is fine-grained lime mud formed by bacteria producing ammonia, which reacts with carbonate to form ammonium carbonate. This in turn combines with CaSO4 in the seawater to form CaCO3.

ii) Dolomite forms by the metasomatic replacement of limestone in supratidal zones, where seawater is enriched in Mg in shallow pools by evaporation. The texture typically consists of small rombohedra. Authigenic dolomite grains can also be deposited on the sea floor. 

iii) Tufa and travertine form by the evaporation of spring and river water (especially hot springs). Tufa is often impure, porous and occurs in thin layers, whereas travertine is dense with a banded structure. It also forms in caves. 

iv) Caliche (calcrete) forms in the B-horizon of soil profiles in arid regions, or by the evaporation and capillary action of groundwater.

b. Siliceous deposits

Chert is a compact rock consisting of opal, chalcedony or cryptocrystalline quartz. Novaculite is white chert and porcellanite is porous, impure chert.

c. Ferriferous deposits

Banded ironstone comprises bedded alternations of iron minerals, chert and limestone deposited in shallow seas and coastal lagoons. They are usually hematite-rich. Oolitic ironstone consists of ooids of siderite and chamosite (which readily oxidises to limonite), commonly with calcite cement. Ooids in Phanerozoic ironstones are often squashed during compaction and are known as spastoliths.  

d. Phosphatic deposits

Phosphorite is sedimentary rock rich in phosphate. It commonly contains ooids and pellets and also biogenic material such as fish teeth, scales or bone fragments. Collophane is authigenic phosphate in the form of cryptocrystalline carbonate hydroxyl fluorapatite. It usually forms in a shallow marine environment, in the same manner as limestone, due to the warming of upwelling coastal waters along continental shelves.

e. Evaporitic deposits

Gypsum, anhydrite, halite and sylvite commonly form in shallow pans with an internal drainage and in coastal environments of hot, dry regions, due to the precipitation of minerals during evaporation. Gypsum usually occurs near the earth’s surface, whereas anhydrite is formed at the surface and also replaces gypsum at depth. Gypsum in turn may replace anhydrite on uplift of evaporite sequences and when removal of the overburden brings them near the surface. Polyhalite, magnesite and carnallite are also found in many evaporite sequences.

5. Diagenetic Deposits

Coal forms by diagenesis during the burial of plant residue, which can only be preserved in a reducing (commonly marshy) environment. The coal-forming steps include peat, lignite, sub-bituminous and bituminous coal, semi-antrasite, antrasite, meta-antrasite and graphite, in order of increasing rank, which are defined by their light reflectivity. 

D. Sedimentary Textures

Texture refers to the geometric properties of the mineral components in a rock. It includes the size, shape and arrangement of these components.

1.  Siliciclastic Textures

a. Grain size

Grain size constitutes the basis for the classification of clastic rocks into conglomerate, sandstone, siltstone and mudstone. It gives an indication of the competence of the transport medium and is also an index of the distance from the source area. 

i) Determination of grain size. For unconsolidated sediments, various methods can be employed. In direct measurement, the fact that natural grains are non-spherical and irregular, must be taken into account. Three diameters must therefore be measured: dl, (longest), di (intermediate) and ds (shortest). Griffiths (1967) proposed the following solution to the problem of choosing the axes: first, determine the maximum projection surface. The longest axis perpendicular to this surface is ds. The short side of the tangential rectangle of the projection is di and the long side dl.

Other methods are based on the premise that the particles are spheres or that the measures can be expressed as the diameter of equivalent spheres. The nominal diameter (dn) is normally used for conglomerates only. The volume of the pebble is determined by water replacement and the diameter of the sphere with the same volume is calculated.

Ah = (r12h =1.3333 (r23
Therefore r2 = 3((3r12h/4)

where A is the surface area of the measuring gauge, r1 is the radius of the gauge, and r2 is the radius of the equivalent sphere.  

[image: image1.wmf]Sieve analysis is normally used only for sand. It measures the combination of shape and size, di. A sample of about 100 g is dried and shaken through a set of sieves for 15-20 minutes. Each fraction is weighed separately. The intervals (sieve sizes) can be selected according to the degree of accuracy that is required, but normally ½ ( intervals are sufficient. Sieve openings are commonly indicated in microns (( = 0.001 mm).

Settling velocity methods can make use of Stoke´s law of settling, which is valid only for clay and silt, or other empirical equations  (e.g. Le Roux, 1992). Stoke´s law is given by:

( = [((s-(f)g/(18()]d2
where ( is the settling velocity (cm/sec), (s  is the density of the grain, (f is the density of the water, g is the gravity constant (980cm/sec2), and ( is the viscosity of the water in poise (0.01 at 20ºC).

It is assumed that the grains are spherical and do not interfere with each other during settling, which is not really the case. For some equations, it must also be assumed that the grains have the density of quartz (2.65 g/cm3). The results therefore do not give the true diameter, but the equivalent diameter. In the pipette method, which is used only for silt and mud, a 20g uniform concentration of mud is suspended in a 1000ml measuring cylinder and a 20ml sample is sucked from a 20cm depth at specified intervals. The weight of sediment in each sample is determined and the grain size distribution is computed using Stoke´s law.  The settling tube method is used for sand only. A 2-5g sample is released at the top of the tube, which is filled with water at a carefully controlled temperature. At the bottom, the settling particles are weighed at regular intervals of 1.5 sec. The cumulative weight is automatically registered and the grain size distribution is calculated by computer using the appropriate equations.

For consolidated sediments it is not possible to obtain very accurate results. If the sample is poorly consolidated, it can be crushed and subjected to sieve analysis, but there is a problem with broken grains or cement sticking to other grains. The best technique is direct measurement in thin sections. The most rapid method is as follows: Measure the diameter of the microscope field of view for any particular lens, count the number of grains along the two crosshairs and divide this number into twice the diameter of the field of view. Do this several times. The mean grain size is given by:

[((2d/n)]/N

where n is the number of grains, d is the diameter of the field of view, and N is the total number of fields of view counted. 

A more accurate method is to measure the longest axes of at least 200–300 grains over at least 75% of the thin section. The results cannot be compared directly with a sieve analysis, however, as the section does not cut the longest axes of the grains. Moreover, grains are irregular and commonly anisotropic or orientated, so that the orientation of the thin section will make a notable difference. Empirical correction factors or special graphs can however be used, as proposed by Friedman (1958).

ii) Classification of grain size. For grain size classification, the semi-logarithmic (-scale (( = -log2d, where d is the diameter in mm) is commonly employed. It is derived from the Udden-Wentworth scale (Krumbein, 1934).

	Udden-Wentworth
	Mm
	(

	Boulders
	>256
	-8

	Cobbles
	>64
	-6

	Pebbles
	>4
	-2

	Granules
	>2
	-1

	Very coarse sand
	>1
	0

	Coarse sand
	>0.5
	1

	Medium sand
	>0.25
	2

	Fine sand
	>0.125
	3

	Very fine sand
	0.0625
	4

	Silt
	0.0039
	8

	Clay
	<0.0039
	


iii) Graphic representation of grain size. The grain size distribution can be depicted graphically by three types of diagrams. Histograms represent the frequency distribution of grain sizes in different class intervals by means of surface area. The horizontal axis represents the class intervals in (-units and the vertical scale the volume percentage by weight of each class interval. The primary mode is the class interval with the highest frequency of occurrence, the median is the value of the class interval where 50% of the material is coarser and 50% is finer, and the mean can be expressed as: (midpoint of class interval x frequency)/(number of class intervals). A visual inspection of histograms reveals the range of grain sizes, whether the distribution is unimodal, bimodal or polymodal, as well as the qualitative expression of sorting, skewness and kurtosis.

Frequency curves depict the grain size distribution with a smooth line. These curves cannot be plotted directly from the analytical data, but are derived from the cumulative curves by differentiation. They are used to determine the sorting, skewness and kurtosis in a qualitative manner.

Cumulative curves show the frequency percentage smaller than a certain value, e.g.:

	(-interval
	Frequency
	Cumulative frequency

	     1.0
	       2
	       2

	     1.5
	       7
	       9

	     2.0
	     20
	     29


The results are commonly plotted on a probability scale, which has been designed so that the values plot as a straight line when they represent a normal or gauss distribution. In most cases, however, the curves show at least 3 prominent segments with different slopes, which can be related to different transport processes.

Cumulative curves have a number of advantages. They can be derived from grouped and ungrouped data, as the shape is not dependent on the chosen class intervals. Percentile values can be read directly from the curves, which are used to quantitatively determine the mean, median, sorting, skewness and kurtosis. When plotted on probability paper, it also permits easy comparison of the sample with a gauss distribution. Disadvantages include the fact that the mode cannot be visually identified, and that the qualitative aspects of the grain size distribution are not so apparent as in histograms or frequency curves. 

iv) Quantitative properties of grain size distributions are determined from cumulative curves. The percentile value is the (-value that corresponds to certain cumulative % values. Quartile values are the (-values that correspond to the 25%, 50% and 75% cumulative values (Q1, Q2 and Q3). The median value (Md() is the 50% percentile value or Q2. The mean (Me() is given by: ((16+(50+(84)/3 (Folk & Ward, 1957). The sorting ((() refers to the degree of uniformity of the grain sizes in a sediment. It is given by: [((84-(16)/4]+[((95-(5)/6.6] (F&W). The following scale is used for the F&W formula:

	Very good
	    <0.35

	Good
	0.35 to 0.50

	Fair
	0.50 to 0.71

	Medium
	0.71 to 1.00

	Poor
	1.00 to 2.00

	Very poor
	2.00 to 4.00

	Extremely poor
	     >4.00


Fine sand commonly has the best sorting, and (( increases with coarser and finer material. The skewness (Sk() is given by [(16+(84-2(50)]/[2((84-(16)]+[(5+(95-2(50)]/[2((95-(5)]

On the F&W scale:

	Very negative
	-1.0 to -0.3

	Negative
	-0.3 to -0.1

	Symmetrical
	-0.1 to +0.1

	Positive
	+0.1 to +0.3

	Very positive
	+0.3 to +1.0


Kurtosis (K() compares the sorting at the extremes of the cumulative curve relative to the sorting in its central part. It is given by: (95(-5()/[2.44((75-(25)]. On the F&W scale:

	Very platykurtic
	     <0.67

	Platykurtic
	0.67 to 0.90

	Mesokurtic
	0.90 to 1.11

	Leptokurtic
	1.11 to 1.50

	Very leptokurtic
	1.50 to 3.00

	Extremely leptokurtic
	     >3.00


A value of 1 indicates a constant sorting throughout the grain size spectrum. Values of more than 1 indicate a better sorting in the middle of the graph than at its extremes, and values less than 1 indicate the opposite.

v) Palaeoenvironmental significance of grain size distributions. Sorting, skewness and kurtosis can be of assistance in determining depositional environments, as the values plotted against each other may delineate different fields for certain environments. Passega (1964), for example, proposed CM plots, where C is the value of the 1st percentile and M is the median value.

In ideal conditions, cumulative curves can also indicate depositional environments. Beach sand commonly shows a negative skewness and good overall sorting. The curve displays a well-developed traction load, good sorting of the saltation load, and a very small suspension load, as the finer grains are winnowed by wave action. Dune sand shows a positive skewness and very good sorting of the saltation load, as wind can only transport a limited range of grain sizes. The traction and suspension loads are poorly developed. Turbidite sand, on the other hand, shows a poorly sorted saltation load and a well-developed suspension load. The traction load may also be poorly developed. Bay sand commonly shows a negative skewness and poor sorting. Fluvial sand is extremely variable, with the skewness decreasing from positive to negative downcurrent. Sorting can vary from very poor to fair.

b. Surface texture

Striations on pebbles can indicate glacial action. For smaller grains an electron microscope must be used to study the surface texture.  A platy texture, pitted surfaces and smooth or irregularly rounded surfaces may indicate glacial or wind transport, a beach environment, and solution and redeposition in dune sands, respectively. 

c. Grain shape

i) Roundness refers to the angularity of particle outline and is independent of the sphericity of the grain. Although formulae exist to determine the roundness, a visual comparison with standard roundness diagrams is commonly employed. The scale of Folk (1955) is popular:

	Very angular
	1

	Angular
	2

	Subangular
	3

	Subrounded
	4

	Rounded
	5

	Well rounded
	6


ii) Sphericity measures the degree to which a grain approaches a perfect sphere.  A number of sphericity indices have been proposed, including those of Wadell (1932), Corey (1949), Janke (1966) and Hofmann (1994). The Hofmann shape entropy shows the best relationship with the hydrodynamic behaviour of particles (Le Roux, 1997) and is determined as follows:

Hr = -[(pl ln pl)+(pi ln pi)+(ps ln ps)]/1.0986

where pl, pi and ps are the proportions of the major, intermediate and minor axes of the grain, respectively. The proportion of di (the intermediate diameter), for example, is given by:

pi = di/(dl+di+ds)

A diagram commonly used to classify the shape of pebbles is that of Zingg (1935), which is based on the relationship di/dl and ds/di. 

d. Grain fabric

The grain fabric refers to the orientation or lack of orientation of the elements constituting a sedimentary rock. All non-spherical particles have an orientation. When there is no common orientation, the fabric is isotropic, whereas an anisotropic fabric refers to a majority of grains having the same orientation. This can be the result of the orientation of the long axes of pebbles, grains, fossils, or the C-axes of crystals. Primary fabric develops during sedimentation and commonly indicates the direction of flow (e.g. imbrication). Deformational fabric develops when external stress causes the elements within the rock to reorientate perpendicular to the maximum compression, which may be due to compaction or tectonic deformation. A petrofabric diagram shows the fabric as poles on a Schmidt or Lambert stereonet.

e. Packing

Packing refers to the arrangement of elements within a rock. Spherical grains can, for example, exhibit a cubic or rhombohedral packing, which will have a large effect on the porosity of the rock.

f. Porosity

Porosity refers to the percentage of pore spaces in the rock. The total porosity includes all pore spaces, whether they are connected or not, whereas effective porosity includes only those pores that are directly connected with each other. Primary porosity develops during deposition and is determined by the sorting, grain shape and fabric. The grain size has an indirect influence, as smaller grains are usually better sorted. The porosity of coarse sand is about 40%, medium sand 45%, fine sand 47% and sandy silt 52%, on average. Cubic packing in medium sand has a porosity of about 48%, whereas rhombohedral packing for the same sand will have a porosity of about 26%. Secondary porosity develops due to subsequent changes in the primary porosity, e.g. by infiltration, solution, cementation and the development of joints.

g. Permeability

Permeability is controlled by the same factors as porosity, except that the grain size here plays a direct role. Fine-grained rocks are less permeable due to the fact that fluid friction increases with a decrease in the pore diameter. Permeability is normally larger parallel to the bedding, in the direction of flow, due to the orientation of the grains.

Darcy (1856) developed a method to determine the permeability of unconsolidated sediments, by measuring the flow velocity of water through a column of sand under constant pressure.

Kcm2 = (Q(L)/(A(h(wg)

where Q is the flow discharge in cm3/sec, A is the surface area of the sand column in cm2, L is the length of the sand column in cm, h is the pressure difference in cm, ( is the viscosity of the fluid in g/cm.sec, K is the permeability in cm2, (w is the density of the fluid in g/cm3, and g is the gravity constant in cm/sec2.

For a variable head, the following equation is used:

Kcm2 = (d2(L/D2(wgt) ln (h1/h2)

where d is the inside diameter of the sampling tube, D is the inside diameter of the variable head tube, t is the time it takes for the head to fall between h1 and h2, and h1 and h2 are the heads at the beginning and end of the measurement.

To convert Kcm2 to darcys (cm3/sec), it is divided by 9.869x10-9 cm-1.sec.

2. Chemical Textures

The texture of chemical deposits is the result of crystallisation from a solution or gel, cementation of grains, or the recrystallisation of cryptocrystalline and amorphous material. 

a. Crystalline texture

This term refers to interlocking crystals, which can be macrocrystalline (coarse, >0.75mm), mesocrystalline (medium, 0.2-0.75mm), microcrystalline (fine) or cryptocrystalline (very fine). Crystals may be euhedral, subhedral or anhedral.  

b. Cement texture

A number of terms are used to describe the texture of cement. 

i) Needle (fine acicular) cement refers to thin cements of single or en echelon crystals, which commonly form in dunes and eolianites.

ii) Microstalactitic (pendant) cement forms beneath grains within the vadose zone.

iii) Meniscus cement develops at or near grain-to-grain contacts in the vadose zone.

iv) Drusy cement forms a mosaic of more or less equidimensional crystals, but their size increases from the pore margins towards their centres. It precipitates in the meteoric phreatic zone.

v) Acicular (radial fibrous) cement forms uneven zones of thin, straight crystals perpendicular to the nucleus grains and is typical of the marine phreatic zone (e.g. marine sand waves).

vi) Circumgranular isopachous acicular cement constitutes acicular zones of equal thickness around grains. They characterise marine phreatic environments, e.g. beaches.

vii) Micritic (microcrystalline) cement coats grains and may form bridges between grains. It is also typical of the marine phreatic environment, occurring e.g. in the troughs of sand waves.

viii) Columnar cement consists of broad crystals and forms in mixed meteoric/marine phreatic environments such as beaches.

ix) Circumgranular equant cement consists of equidimensional crystals surrounding grains. It is typical of the meteoric phreatic regime and may occur in the backbeach environment.

x) Equant cement forms equidimensional cement crystals, which develop in meteoric phreatic or burial phreatic environments.

xi) Overgrowth (syntaxial rim) cement consists of large crystals in optical continuity with the grains (often echinoderm plates or foram fragments) upon which it grows. It forms during burial diagenesis of continental slope or slope fan deposits.

xii) Sparry cement consists of medium crystals (about 300 (m), also typifying burial environments.

xiii) Poikilotopic cement is formed by coarse crystals enclosing grains. It is common in the phreatic, burial regime.

xiv) Saddle (baroque) cement is formed by coarse crystals with undulose extinction and characterises deep burial environments.

b. Colloform texture

When gels dewater and lithify, amorphous minerals usually form. These are unstable, however, so that they commonly recrystallise.

c. Porosity

i) Fabric selective porosity is defined by pores within fabric elements of the rock, such as grains or crystals. This includes intergranular, intragranular, intercrystalline, mouldic, fenestral, shelter and framework porosity.

ii) Non-fabric selective porosity crosscuts the actual fabric of the rock. It includes fracture, channel, vuggy, cavern and stylotitic porosity.

iii) Other porosity types may or may not display fabric control. Breccia, borings, burrows and shrinkage cracks are included with this type.

3. Diagenetic Textures

a. Sandstone

i) Pressure solution. Sandstones that are not cemented during early diagenesis commonly show pressure solution due to compaction. It may start with floating grains, but progressively develops into pointed contacts, long contacts, concavo-convex contacts and sutured contacts with increasing compaction. 

ii) Corrosion solution. Grain solution due to corrosion during diagenesis produces embayment contacts.

iii) Metasomatism (replacement) of one mineral by another (e.g. quartz by calcite) can also occur during diagenesis. In this case the original grain boundaries may be distinguished by preserved rims of iron oxides.

b. Carbonates

i) Neomorphism refers to transformations between a mineral and the same mineral or another of the same general composition (e.g. aragonite to calcite). There is usually an increase in grain size, with irregular crystal boundaries and a patchy grain size distribution.

ii) Dolomitization of limestone results in replacement fabrics, the dolomite usually occurring as euhedral, rhomb-shaped crystals with inclusions of calcite. With complete replacement, the crystals grow together and the euhedral shape is lost. Replaced ooids may form a  “ghost” texture of coarse, interlocking dolomite.  

iii) Dedolomitization is when dolomite is replaced by calcite, usually by the action of oxidising meteoric waters. This produces rhomb-shaped calcite crystals or rhomb-shaped areas of replacement calcite (dedolomite). Inclusions of iron oxides are common as dedolomitization usually occurs in oxidising environments.

E. Sedimentary Structures

1. Introduction

Sedimentary structures refer to the morphological characteristics of sedimentary deposits on a scale larger than the grains, but small enough to distinguish in outcrops. 

a. Classification of fluid flow

i) Laminar vs. turbulent flow. Laminar flow is characterised by thin laminae gliding along linear paths, with no exchange of mass energy. In turbulent flow, mass energy is dispersed throughout the fluid by turbulent eddies. These types of flow depend on the Reynolds number Re, which is given by (DU/( (where (, (, D and U are the density, dynamic viscosity, depth and velocity of the fluid). The transition from laminar to turbulent flow occurs at a Re number of about 500-2000.

ii) Subcritical vs. supercritical flow. Subcritical and supercritical flow depend on the Froude number, which is given by U/(gD (where g is the gravity constant). The flow is supercritical when Fr is more than 1.

iii) Constant vs. uniform flow. In constant flow, the magnitude and direction of velocity vectors are constant at any specific station over a period of time, whereas the vectors are constant along the length of a streamline at any specific point in time during uniform flow.

b. Bedforms as related to flow. 

Bedforms develop in sediment under flowing water or air as soon as the grains begin to move. If the flow is constant and uniform, the bedforms attain equilibrium with the flow and are thus characteristic of the flow conditions. Experimentally, it has been shown that a progressive series of bedforms develop in sand when the flow velocity is gradually increased: Lower flow regime (Fr < 1): small ripples      megaripples with superimposed small ripples     megaripples. Transitional flow regime: washed-out megaripples. Upper flow regime (Fr > 1): parallel lamination (upper plane laminae)
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c. Bedform sequences in nature. 

In nature, this sequence of sedimentary structures is often reversed due to a gradual decrease in flow velocity. Waning flood cycles in braided rivers, point bar cycles in meandering rivers and Bouma cycles in turbidites are good examples. 

2. Mechanical (Primary) Structures

Mechanical structures develop during deposition or erosion and depend on the physical characteristics (e.g. (, (, U, and D) of the transporting medium.
a. Depositional structures

i) Bedforms refer to the external morphology of sedimentary structures, as observed on the surface of beds. 

Ripples can be described with reference to their amplitude H and wavelength (. The ripple index is given by (/H. The flow pattern over the ripples is characterised by a heavy-fluid layer on the stoss side and zones of no diffusion, mixing, and backflow on the lee side. The heavy-fluid layer is a few mm thick and has a high concentration of sediment, which moves by traction, saltation and in suspension. The zone of no diffusion has a similar velocity to the upstream flow, whereas the zone of mixing is characterised by macroturbulence. In the zone of backflow, there is a reversal in the flow direction, reaching velocities of 20-25% of that of the main current. The point of re-attachment is where flow conditions return to normal on the stoss side of the next ripple.

Ripples are classified according to their size, the shape of their crests and their genesis.

Size: Small ripples ((:  < 60cm; H: < 6cm; (/H: 5-15) are independent of the water depth, but only develop in sediment with a median grain size of < 0.65 mm. Megaripples  ((:  60cm - 100m; H: 6cm - 1.5m; (/H: >15) do not develop in sand finer than 0.1 mm. Sand waves typically have flat profiles and straight, parallel crests, with an index of 50-150, whereas dunes have lower indices (up to 50) and show straight, undulating or lunate crests. Giant ripples ((: up to 1000m; H: 1.5-15m; (/H: 30-100) are restricted to water deeper than 4 m, i.e. very large rivers or the ocean floor. The sediment must be coarser than 0.3 mm.

Shape: The shape of current ripples depends largely on the current velocity, flow depth and median grain size of the sediments. With an increase in flow velocity, small ripple crests change from continuous, straight to catenary and undulatory and finally linguoid or rhomboid, whereas megaripple crests range from straight-crested to undulatory and lunate. Giant ripples have straight or undulating (sometimes bifurcating) crests, with superimposed megaripples. Longitudinal ripples generally occur in mud and probably form by erosion.

Genesis: Antidunes are up to 6 m long and 45 cm high, and form under supercritical conditions where a standing wave develops on the stream surface. The sediment surface is in phase with the latter, with erosion occurring on the lee side and deposition on the stoss side. As a result, the antidune moves upcurrent, although it can remain stationary or migrate downcurrent in some cases. Impact ripples have straight to undulating, bifurcating crests and are produced by wind. Their wavelength increases with the wind strength, reaching a maximum of about 25 cm with amplitudes of up to 1 cm. The wavelength is more or less equal to the saltation distance. Grains on the crest are coarser than in the troughs (in contrast with ripples formed in water) due to deflation of the lighter grains on the exposed crests. Wind ridges develop in areas undergoing deflation, where a lag of grains between 1 and 3 mm remains. They are catenary to cuspate in shape and have wavelengths of up to 20m, reaching 60cm in height. Coarse grains are concentrated in the crests. Interference ripples are formed by two sets of straight-crested wave ripples orientated at a high angle to each other. They commonly form in shallow water due to intersecting patterns of wave motion as induced by the coastal topography. Ladderback ripples form where the crests of current or wave ripples are exposed due to falling water levels, e.g. on tidal flats or on river banks after floods. Small rivulets running between the ripple crests form smaller ripples at right angles to the first set. Adhesion ripples (antiripplets) form parallel, irregular crests with steeper stoss than lee sides. Wavelengths vary from 1mm to 40cm, with amplitudes less than a few cm. They develop where dry sand is blown by the wind over a moist surface. Sand sticking to tiny ridges on the surface builds up the ripple crests, which grow against the wind. Wave ripples or oscillation ripples are less than 1 cm to 2 m in wavelength, with amplitudes up to 25 cm. They normally have symmetrical, sharp, often bifurcating crests and more rounded troughs. Secondary crests may be present in the latter. These ripples develop in shallow water (< 50m) due to the to-and-fro motion of passing waves, which cause erosion of the troughs and deposition on the crests, up to a critical point. Asymmetrical wave ripples develop in shallower water where the oscillatory motion of the water becomes translatory due to bottom friction. Combined wave and current ripples form in shallow water where both waves and currents are present. Longitudinal types have straight crests running parallel to the current and normal to the direction of wave propagation. Erosion takes place in the troughs. Transverse types form where the wave propagation is parallel to the current flow, so that the ripple crests are transverse to both. The asymmetrical crests are more rounded than those of normal current ripples.

Surface marks are formed by various agents and affect only the surface of beds, in contrast with bedforms, which are also associated with internal lamination. Streaming lineation develops on upper plane laminae and consists of narrow elevations and depressions parallel to the current. They are rounded in cross-section. A streaky effect can also be produced by concentrations of heavy and light minerals. Parting lineation develops under similar circumstances, but is composed of step-like terraces a few grain diameters high, which are accentuated by weathering. There is a strong orientation of grain long axes parallel to the current. Swash marks form where waves washing up on the shore leave a lobate, 1-2 mm high ridge of sand grains, shells, wood fragments and seaweed at their furthest landward extent. The lobes are convex landward. Raindrop marks are partly overlapping, circular to oval depressions of unequal size, showing downward convex floors and raised rims. Hail marks are deeper and larger. Foam impressions are small hemispherical pits lacking the characteristic convex downward floors of raindrop marks. Foam bubbles blown across a soft sediment surface may leave shallow tracks. Crystal imprints form when ice, salt, gypsum, etc. grow on the surface. The crystals subsequently melt or dissolve, leaving moulds, which are later filled with sediment pseudomorphs. Adhesion warts are irregular, wart-like structures made by wind blowing from rapidly changing directions over a moist sand surface. 

ii) Stratification refers to the primary foliation of sedimentary deposits. Strata are of two types: 

Beds are more than 1 cm thick and can be massive (structureless), internally laminated or graded. Different beds are separated by bedding planes. The basal contact of a bed is referred to as the sole. Terms used to describe bedding types include parallel and non-parallel, continuous and discontinuous, as well as planar, curved or wavy. Graded bedding forms in waning currents or as a result of dispersive pressure in certain types of mass flow deposits. Normal gradation fines upward, in contrast with coarsening-upward inverse gradation.

Laminae are commonly less than 1 mm thick and show no internal stratification. They differ from adjacent laminae in mineralogy, texture, colour or grain size.

Horizontal (parallel, planar) lamination can be divided into two types. Lower plane laminae are continuous and form from suspension in very calm water, whereas upper plane laminae develop in supercritical flow conditions and are normally discontinuous when traced laterally for more than a meter. They commonly display streaming or parting step lineation.

Cross-lamination can be compound, heterolitic or simple. Compound cross-lamination is genetically unrelated to the external bedform. Primary compound cross-lamination includes, for example, large dunes showing internal megaripple cross-lamination. Secondary compound cross-lamination refers to reworked or reactivated structures, e.g. eb-tidal bedforms superimposed on flood-tidal laminae. Erosion can also change the external shape of bedforms, which are consequently unrelated to the remnant internal laminae. 

Heterolitic cross-lamination refers to sandy cross-laminae with mud drapes, which form during slack periods between tides on tidal flats.

Simple cross-lamination is by far the most common. Although numerous types have been described, they generally fall into the following main categories: Tabular cross-lamination develops during the migration of straight-crested dunes or sand waves. They have lee-side slopes of 10-40°. Trough cross-lamination is produced by lunate water dunes or wind dunes. Rib-and-furrow cross-lamination forms troughs on a much smaller scale, which are associated with the migration of linguoid small ripples. Epsilon cross-lamination has low-angle, convex-upward laminae and typically forms in point bars, parabolic dunes, etc. Herringbone cross-lamination is typical of tidally influenced environments, where current directions can differ by 180° over short periods. They form in straight-crested dunes or sand waves. Hummocky and swaley cross-lamination are typical of stormy conditions when unusually large waves disturb sediments below the fair-weather wave base. Humps and depressions 10-50cm high develop behind the breaker zone. Climbing ripple cross-lamination records the lateral and vertical migration of ripples while there is a high rate of deposition from suspension, as is typical during waning floods. Both the stoss and lee sides of the ripples are preserved. Backset cross-lamination is related to antidunes and typically shows alternating sandy and pebbly laminae, with the coarser units wedging out upward. The laminae dip upstream at a low angle. Wave cross-lamination contains laminae of the catenary type overlying irregular or arcuate erosion surfaces. The laminae form bundles showing a chevron structure and lee-side laminae commonly reach the stoss sides of adjacent ripples. Interfingering of stoss and lee side laminae may be prominent on the ripple crests.

Lenticular lamination includes two types: Flaser ripple-lamination shows mud lenses preserved in the troughs of sandy ripples. Erosion on the ripple crests partially removes the mud, which is deposited as a drape covering the ripple surfaces during slack water conditions. These structures are typical of tidal flats. Isolated ripple-lamination forms in areas where not enough sand is present to cover a muddy substrate during ripple migration, leaving the mud exposed in the troughs. Sand lenses are therefore embedded within muddy layers.

iii) Clasts.  Imbrication forms where pebbles are orientated with their long axes parallel or normal to the current, dipping upstream. Edgewise structures are characterized by flat pebbles oriented nearly vertical, which form polygonal domains of subparallel chips. They indicate wave action. Dropstones are deposited from melting ice rafts in water-laid sediments. The clasts are often vertically orientated, bending or piercing the laminae of the surrounding sediments. Armoured mud balls are produced when sticky chunks of mud roll over a pebbly surface.

b. Erosional structures

i) Elements. Erosional scours on bed surfaces are known as epiglyphs, whereas sole structures are also referred to as hypoglyphs. Together these are known as hieroglyphs.
ii) Current scours.  Chutes and channels are elongated scours a few cm to 100’s of meters wide, which are formed by unidirectional currents. They are commonly filled with material differing from the surrounding sediments. Flute marks usually form in turbidity currents due to erosion by vortices. They are discontinuous, elongated hollows normally preserved as casts or hypoglyphs. The narrow, deepest ends point upcurrent. Several shapes have been described, including linguiform, triangular, conical, elongate symmetrical, and bulbous. Giant flute marks are usually of the linguoid type and can be up to 50cm wide and 1 m long. Flute rill marks are more continuous, narrow, slightly meandering scour structures parallel to the current. 

Torose marks resemble flutes, but the high ends of the structures are at the downcurrent end. They are narrow (ca. 1 cm) and long (10-15 cm), tending to pinch and swell with a bulbous or spiral elevation at the downcurrent end. Triangular marks resemble triangular flute marks, but taper downcurrent. Transverse and diagonal scours are shallow, parallel and asymmetrical scours running normal or diagonal to the current direction. They form in slower turbidity flow than normal flute marks. Harrow marks are thin, straight, closely spaced furrows separated by ridges a few mm high and more than 1 m in length. The furrows are rounded in cross section, with occasional fleur-de-lys branching. These structures form by helical, tubular flow in a more distal environment. Giant harrow marks can be up to 10cm deep and tens of meters in length. Pillow marks have an indistinct orientation, resembling load structures, and result from interference in the current flow. Rill marks are dendritic, bifurcating, erosional structures made by very shallow streamlets draining wet sediment. Several shapes are distinguished, viz. tooth-shaped, comb-shaped, fringy, conical, branching, meandering, bifurcating, and linguoid. Rhomboid rill marks are shallow grooves formed during wave swash or backwash, and occasionally in very shallow, supercritical current flows. They result from deflections in the stream caused by large grains or more resistant spots on the sand surface. Water level marks develop along the edges of still water bodies, where tiny waves lap the shore. Falling water level marks result when the water surface is lowered sporadically during periods of increased evaporation. Fluted steps form where rill marks erode falling water level marks into highly sinuous forms. Dendritic marks are rill marks accentuated by splashing water. Toroids are sandy moulds of circular scour pits made in firm sediments such as mud, by vertical eddies forming along opposing currents in shallow water. Larger toroids may show ripple marks arranged in a radial spiral pattern. 

iii) Obstacle scours form as a result of local barriers, which deflect the flow pattern. Crescent marks are semicircular grooves excavated in sand by current turbulence around pebbles or other obstacles. They have associated downcurrent linear grooves and sand shadows. Comet marks are large, elongated erosion scours on the lee side of obstacles such as outcrops on the sea floor. They may be more than 100m in length.

c. Tool structures

These structures are formed by inorganic objects (or dead organisms) marking a soft substrate.

i) Continuous marks. Groove marks are long, straight scratches or gutters, made for example by branches dragged along the bottom of a current. Skate marks are produced by strong wind blowing large stones over a flat, smooth, muddy surface. Glacial grooves are long scratches and furrows produced by erratics at the base of glaciers moving over soft sediment. Floating ice sometimes form giant glacial grooves, which can be meters deep and kilometres in length. Chevron marks develop where a cohesive muddy layer is raked by a moving object into V-shaped structures closing in the downcurrent direction. Reversed chevron marks, with V-forms closing upcurrent, are also known.

ii) Discontinuous marks. Prod marks are asymmetrical depressions with a shallow, pointed upcurrent end and a deeper, broad downcurrent part. The object hits the sediment surface at a high angle. Bounce marks are symmetrical, tapering and flattening off in both the up- and downcurrent directions. They are made by tools hitting the surface at a low angle. Brush marks are elongated, shallow depressions with a small rounded ridge of mud at the downcurrent end. Objects hit the surface at a very low angle. Skip marks are produced by objects bouncing at regular intervals. Roll marks are continuous tracks formed by rolling tools.

3. Biogenic Structures

Biogenic structures are formed by organisms during or shortly after sedimentation.

a. Exogenic structures

Exogenic structures are restricted to the sediment surface. In some cases, e.g. where organisms burrow along bedding surfaces, they may be difficult to distinguish from endogenic structures.

i) Growth structures. Stromatolites are laminated algal growth structures or mats. They exhibit domal, columnar or colloform shapes depending on the water depth and current conditions. Individual domes or columns can be several meters high and tens of meters in diameter. Thrombolites are also algal growth structures, but without lamination and characterized by a macroscopic clotted fabric. They can be up to 10m thick. The clotted fabric is formed by micritic nodules surrounded by skeletal mudstone, wackestone or packstone. 

ii) Crawling traces (repichnia) are formed by organisms moving about aimlessly on the sediment surface.

iii) Feeding traces (fodichnia) are made while the animal searches for food and more structured or “planned”. Fish blowholes form where certain species of fish blow shellfish out of the sand.

iv) Grazing traces (pascichnia) are made as the animal exploits the nutrient content of its substrate; for example, when they are restricted to ripple troughs due to a higher concentration of organic material here than on the ripple crests. 

v) Dragging traces. Fish swimming just above a muddy bottom sometimes leave sinuous trails where their side- and tailfins mark the sediment.

vi) Resting traces (cubichnia). Where organisms rest on a soft sediment surface, body imprints may be left behind.

vii) Escape traces (fugichnia) are made as the animal, suddenly buried beneath new sediment, burrows upward to the surface.

viii) Footprints. Birds, vertebrates, etc. leave a trail of footprints, which can give an indication of, for example, walking gait and weight.

ix) Coprolites. Excretion pellets of fish, shellfish, etc. can accumulate on the sea floor and are eventually incorporated into the sediment.

b. Endogenic structures

Endogenic structures are formed by burrowing organisms.

i) Dwelling burrows (domichnia) are usually simple structures, which in the case of vertebrates commonly have a more spacious “living quarters” served by tunnels.

ii) Feeding burrows (fodinichnia) are more elaborate, often churning up the sediment to form mottled bedding.

iii) Rhizoliths. Plant root structures commonly branch out from a central taproot, each root pinching out, in contrast with most burrows formed by organisms. 

c. Classification of trace fossils

i) Scoyenia are vertebrate tracks and burrows, as well as crawling traces and dwelling burrows of terrestrial or fresh water invertebrates. They are thus common in red beds and alluvial plain deposits. Planolites are horizontal surface trails 0.5 - 23 mm in diameter.

ii) Glossifungites are vertical, cylindrical, branching or U-shaped dwelling burrows with spreiten. They are typical of low energy conditions in the littoral environment, including salt marshes and tidal flats.

iii) Skolithos are also vertical, inclined or U-shaped dwelling burrows with spreiten, which develop during aggradation or erosion of surface sediments. They are typical of high-energy conditions in the littoral and shallow sublittoral environment, and are thus associated with well-sorted sediments on shorefaces, barrier islands or tidal deltas. This group includes Skolithos, Arenicolites, Diplocraterion, Corophioides and Ophio-morpha. 

iv) Cruziana are crawling traces at or just below the sediment surface, as well as  U-shaped, inclined to vertical and horizontal dwelling burrows with spreiten. They are found below the fair-weather wave base, where energy conditions are low. Cruziana, Dimorphicnus, Phycodes, Rusophycus, Diplichmites, Rhizocorallium, Teichichnus and Thalassinoides are typical forms.

v) Zoophycos form relatively simple to complex feeding traces with spreiten arranged in strips or spirals. They are characteristic of the bathial zone and calm water conditions lacking turbidity currents. Zoophycos and Spirophyton, as well as certain forms of Dictyodora are included in this group.

vi) Nereites are complex surface feeding trails with flat spreiten and sinuous excretions. They form in bathial to abyssal depths where turbidity currents periodically disturb the deposition of pelagic mud. Examples include Lorenzinia, Paleodictyon, Taphrhelminthopsis, Helminthoida, Spirorhaphe and Cosmorhaphe.

4. Rheotropic Structures

Rheotropic structures result from the deformation of cohesive sediment, mostly by forces other than the depositing medium.

a. Load structures

Load structures form primarily as a result of the vertical sinking of dense sediment into less dense material. The process can be enhanced by unequal loading (e.g. the filling of scour marks) or shock waves. 

i) Load casts are sole structures preserved as bulges or irregular protuberances at the base of the overlying beds.

ii) Ball-and-pillow structures are sand beds broken up into pillow- or kidney-shaped, ellipsoidal masses up to several meters in diameter. They can be produced by earthquakes breaking up the sand, followed by sinking into the muddy substrate.  

iii) Piled ripples develop where migrating ripples sink at a soft (usually more fluid-rich) spot in the underlying mud. 

iv) Flame structures show curved, pointed tongues of mud projecting upward into an overlying sand layer.

b. Slump structures

Slump structures result from the lateral movement and displacement of sediment beds under the action of gravity. They show decollement, i.e. decoupling between the distorted beds and undisturbed beds above and below.

i) Convolute bedding exhibits regular folds with near-vertical axial planes. The fold amplitudes commonly increase upwards, where they are truncated, or sometimes decrease and die out. These structures are attributed to slow deformation during sedimentation.

ii) Recumbent bedding consists of regular intraformational folds with subhorizontal axial planes.

iii) Contorted bedding shows highly complex, irregularly crumpled and twisted strata.

iv) Thrusted bedding is characterised by intraformational, inclined folds with miniature thrust faults.

c. Fluid flow structures

i) Pit-and-mound structures are formed by escaping gas bubbles forming small surface mounds with a tiny central pit.

ii) Spring pit structures are similar to, but larger than pit-and-mound structures. They are produced by ascending water on sandy beaches.

iii) Mud and sand volcanoes are cones with a central crater ranging in diameter from a few cm to several meters. They form by slurry sand or silt escaping through quicksand, quickmud or slumped material.

iv) Pingos are large (about 40m high) domes formed where unfrozen groundwater trapped beneath a frozen lake freezes and expands, pushing up the overlying lake sediments in the process.

v) Birds-eye structures are small bubble cavities within sediment, commonly produced when carbon dioxide is released by rotting vegetation on supratidal flats.

vi) Pillars are columns of structureless sand in otherwise laminated sediments. They represent the feeder pipes of sand volcanoes or related fluid escape structures, and can be up to 30cm in diameter and 250cm in length.

vii) Clastic dykes and sills are composed of sand, gravel, silt or bituminous sediment, which intruded over- or underlying strata along cracks. Overpressure due to loading, gas accumulation or shock waves can cause such injections.

viii) Dish structures show mm-thick, saucer-shaped clay lenses up to 50cm in length, with their edges bent upwards. The degree of curvature of the individual dishes commonly increases upward in any particular bed. They are produced by escaping fluids carrying clay particles, which are subsequently deposited in non-permeable laminae.  

ix) Dispersion structures are the opposite of dish structures, i.e. saucer-shaped clay lenses with downward-bent edges. They form where water seeps downward.

d. Shear structures

Shear structures are produced by drag, e.g. where a very dense turbidity current moves over soft sediment.

i) Recumbent cross-lamination is caused by shear stress due to a heavily laden current moving across the bed surface.

ii) Swiss roll structures are rolled-up cyanobacterial mats torn and transported by storm currents.

iii) Wrinkle marks are miniature, irregular ridges up to 1 mm high and a few mm in length, which can be roughly parallel or show a honeycomb-like structure. They are produced when a strong wind blows over very shallow water (< 1 cm) covering cohesive mud.

e. Shrinkage and filling structures

i) Mud cracks develop subaerially due to the desiccation and shrinkage of mud. The cracks can be up to 120cm deep and are typically V-shaped in cross section.

ii) Synaeresis cracks develop subaqueously due to shrinkage as a result of dewatering of the sediments (e.g. where the water becomes highly saline due to evaporation). The sides of these cracks are parallel, not V-shaped, and the mud flakes are not curled upward as in mud cracks.

iii) Molar tooth structures are common in Precambrian limestones, forming where filled sineresis or desiccation cracks are compacted and folded ptygmatically.

iv) Neptunian dikes can be up to 20m wide, 80m deep and several km in length. They are filled with limestone sediment (e.g. crinoidal grainstone or peloidal mudstone) and fibrous calcite cement, which may form a "zebra structure". These dikes develop as fractures (caused by local tectonic movements) in platform and shelf-margin facies and are filled in from above.

v) Stone polygons are wedge-shaped fissure fillings (gravel, etc.) up to 3m deep, which taper downwards. These hexagonal structures may be up to 12m across. Although they normally develop in polar regions due to frost action (when they are known as frost and ice cracks) similar structures are known to occur in tropical and subtropical areas.

vi) Tepee structures commonly form in supratidal flats, due to shrinkage, crack-filling and moisture-swelling. They are tent-like structures resembling mud cracks, but can be several meters across and more than 1 m high. The beds may eventually break up completely, forming a sedimentary breccia.

vii) Polygon structures are many-sided columns resembling cooling columns in basalt. They form where wet sediments are rapidly dewatered and shrink due to the heat of a nearby intrusion or lava flow.

5. Chemical Structures 

Chemical structures form during or after diagenesis due to the solution or precipitation of minerals.

a. Concretions
Concretions are spherical, oval or disk-shaped growths of carbonate, silica, iron, etc., in sedimentary rocks. They commonly develop around a nucleus of foreign material (often fossil fragments) and are aligned parallel to the direction of groundwater flow during diagenesis.

b. Cone-in-cone structures

These form in limestone, coal, banded ironstone or gypsum, as well as within calcareous concretions. They are produced by pressure on fibrous layers such as calcite or asbestos surrounding a growing concretion, which causes solution along conical shear surfaces.

c. Liesegang structures

Liesegang structures are concentric bands of iron-rich and bleached rock, often related to fractures. They form due to alternating leaching and oversaturation in migrating fluids.

d. Stylolites
These are produced by differential solution of material along partings or fractures in sandstone, limestone or dolomite.

e. Geopetals

Geopetals form when a cavity, e.g. inside a shell, is partly infiltrated by clastic material. The rest of the cavity is subsequently filled with cement such as sparry calcite. The clastic/cement interface indicates the horizontal orientation of the bed at the time of diagenesis.

F. Sedimentary Environments

1. Alluvial fans

a. General concepts

Between mountain belts and their adjacent lowlands is the so-called piedmont belt. Here, rivers flowing from the highlands rapidly lose their gradient, so that the current velocity drops and the sediment load is dumped. The piedmont is thus characterised by laterally overlapping alluvial fans known as bajada. Alluvial fan deposits are typically fan-shaped in plan and wedge-shaped in cross section, with a large variation in lithology and sedimentary structures and a rapid downcurrent decrease in grain size.  Fanglomerates are characterised by coarse, angular to rounded pebbles, poor sorting, massive to subhorizontal bedding, a general absence of fossils or plant material, and a reddish colour due to oxidation.

Prograding fans are commonly associated with active faults and form upward-coarsening megacycles up to 100m or more in thickness, with subcycles of 10-25 m. Retrograding fans, which may develop due to the erosion of an inactive fault scarp, result in fining-upward megacycles.

Where alluvial fans occur along a steep coast, winnowing of unstable pebbles by waves produce quartz pebble conglomerates that may reach up to a thousand metres or more in thickness.
b. Classification

i) Wet alluvial fans can cover thousands of square kilometres and also have lower gradients (less than 1º) than dry fans. 

ii) Dry alluvial fans normally develop along fault scarps and in grabens, where renewed tectonism leads to repeated sedimentation. They may cover a few tens of square kilometres and can show overall gradients of more than 3º. 

c. Sub-environments and processes

i) Fan apex. This part is steep (up to 30º) and the sediments are characterised by talus and coarse conglomerates transported by mass processes. These paraconglomerates typically show a lack of stratification and imbrication, with a concentration of coarser clasts in the upper and outer parts of the lobes. They interfinger with horizontally bedded, imbricated orthoconglomerates deposited by rapid currents.

ii) Midfan. This is characterised by a general lack of surface water due to infiltration, so that channels are rarer and shallower. Stratification is better developed (showing a decrease in the thickness of individual beds), sorting improves, and clasts are smaller and better rounded. Sandstones become more abundant and typically show massive bedding, upper plane beds, planar cross-lamination and scattered pebbles. Silt lenses may be common. 

iii) Distal fan. It forms a broad outwash plain and displays a larger number of channels due to the reappearance of surface water. Trough and planar cross-laminated sandstones interfinger with thin lenses of paraconglomerate and massive to laminated mudrocks. Evaporitic soil profiles (e.g. nodular limestone) may be common in the most distal parts.

2. Rivers

a. General concepts

Fluvial deposits comprise about 30% of all sedimentary deposits on earth. They can form successions of several kilometres in thickness, especially in distal environments such as alluvial and coastal plains.  

The channel pattern of rivers can be single or multiple and is described according to the sinuosity index, which is the thalweg length divided by the valley length. 

b. Classification

i) Single-channel straight streams have a sinuosity index of less than 1.5. They are rare in nature and are usually developed over short distances only.

ii) Single-channel meandering streams have a sinuosity index of more than 1.5. They develop on low gradients in perennial rivers with a high suspension load and cohesive banks, which are commonly formed by clay plugs deposited in oxbow lakes. Vertical accretion of the levees causes the riverbed to build up above the surrounding flood plains. When a levee is breached and avulsion occurs, the river may thus follow a completely different course, with the result that the channel deposits typically form shoestring sands with a width: thickness ratio of less than 25:1. The basal contact is deeply eroded, asymmetric and concave-upward. Due to the high sinuosity of the active channel, palaeocurrent directions will show a variation of more than 180º and are commonly bimodal or polymodal when plotted on a rose diagram. Sedimentary structures are dominated by lower flow regime types such as trough and planar cross-lamination, with common epsilon cross-lamination and lateral accretion surfaces. Mesocycles are well developed. Contacts are sharp at the base and gradational with the flood plain mudstone at the top. Oxbow lakes filled with organic-rich clays, levees and crevasse splays are common, while exhumed meander belts may be discerned in ancient fluvial deposits.

iii) Multichannel braided streams have a sinuosity index of less than 1.5. They normally develop along higher gradients in ephemeral rivers with a high bottom load (sand and gravel) with easily eroded banks. Braided rivers are therefore wide, shallow streams divided by islands and sandbars, which are frequently altered or destroyed because the active channels change their courses regularly. 

The width: thickness ratio of braided river deposits is high (25:1 to 100:1) due to the rapid lateral migration of the channels. They therefore form tabular sands with low basal relief. Palaeocurrent directions have a smaller range (less than 180º) and rose diagrams show a unimodal (sometimes bimodal) pattern. Sedimentary structures include a larger percentage of upper flow regime types (upper plane beds, antidunes). Mesocycles are only well developed in certain types of braided rivers. Contacts are sharp at the base and top, and levees, crevasse splays and exhumed meanders are absent. Oxbow lakes are also absent, but abandoned anabranches do occur. They are straighter in plan and are represented in the rock record by mudrock lenses with erosional basal and upper contacts.

Miall (1978) distinguished between 6 types of braided rivers. The Trollheim, Scott and Bijou Creek types are proximal rivers, whereas the Donjek, South Saskatchewan and Platte types are characteristic of distal environments. However, most rivers are combinations of these types. 

iv) Multichannel anastomosing streams may have a sinuosity of more than 1.5, i.e. the individual channels can show meandering, braided patterns. They develop on low gradients and are similar to meandering rivers in that the channels are relatively deep and narrow, being separated from each other by stable flood plains. The channels are commonly symmetrical-convex in cross section, with gravel and sand showing trough cross-lamination, ripple lamination and slump structures at the base. The channels are eventually filled with silt and mud showing abundant wavy, ripple and lower plane lamination.  In modern environments anastomosing rivers are characterised by lush vegetation forming marshes between the channels, so that the latter do not migrate much. Rapid, vertical deposition is therefore typical, leading to the construction of thick (up to 80m) sand shoestrings in the floodplain muds. Levees and crevasse splays may also be present. 

c. Sub-environments and processes

i) Meandering rivers are characterised by point-bar deposits. In a river meander, the highest current velocity is reached on the outside of the bend, so that the coarsest sediment and sedimentary structures representing the highest flow regime are found here. Due to erosion of the outside (concave) bank and deposition on the inner (convex) bank or point bar, the channel migrates in the direction of the former. The result is a fining-upward sequence of clay pebble conglomerate followed by sandstone with upper plane lamination, trough and tabular cross-lamination, ripple-laminated siltstone and finally floodplain mudstone. Scroll bars and swales are commonly developed on the point bar top. During floods, the river may carve a new channel along a swale, eventually abandoning the original channel. Natural levees are wedge-shaped with steep, high banks next to the channel and gradual slopes towards the flood plains. Their best development is on the outer banks of meanders. Deposition occurs when the river floods its banks, which is accompanied by a sudden decrease in stream velocity so that the coarsest sediment is deposited next to the channel. Levees are characterised by fine sand, silt and clay with climbing ripples, wavy lamination and root structures. Crevasse splays form where flood waters cut through the levees and empty onto the flood plain. As the crevasse channels tap deeper levels of the main current, they contain coarser sediments than the levees. Crevasse splays form thin, extensive silty layers with complex ripple lamination and signs of subaerial exposure such as raindrop marks and vertebrate burrows. Oxbow lakes develop late in the development of meanders. A new channel may be carved through the narrow neck separating two meanders, or the meanders may eventually meet by lateral migration. After neck cut-off the abandoned channel is gradually filled during flooding of the new channel by mud and organic material, typically containing nodules of carbonate and pyrite. Flood basins or marshes are the lowest parts of alluvial floodplains. They are commonly poorly drained and are filled by fine suspension during floods. Repeated subaerial exposure forms mud cracks, whereas organic bioturbation and plant roots disturb the primary structures. The high organic productivity, low sedimentation rate and shallow water table in some flood marshes produce ideal conditions for the formation of peat. 
ii) Braided rivers. Deposition takes place mainly in sandbars, which form where sediments accumulate downstream of an obstacle or nucleus. The coarser material normally accumulates on the upstream side where current action is more concentrated. Several types of sandbars are distinguished: Longitudinal bars (L-bars) are long and narrow and migrate downcurrent. They are commonly pebbly. At times they develop an asymmetric shape in plan and are dissected by smaller bars during low water conditions. Transverse bars (T-bars) commonly form in finer and better-sorted sediments and are more characteristic of distal environments. They migrate perpendicular to the current direction towards the riverbanks. Where they are very close to the latter, they are known as bank huggers. T-bars can also develop from L-bars. Linguoid bars are common in sandy rivers. These bars have relatively flat tops, upon which small ripples, dunes, etc. can develop, so that they are characterised by planar crosslamination on several scales. Oblique bars migrate obliquely across the current. Sidebars can develop from bank huggers that are welded onto the riverbanks, or in a similar way as point bars.

3. Lakes

a. General concepts

Lacustrine deposits are not common, but form part of continental deposits, e.g. oxbow lakes in fluvial deposits, glacial lakes in glacial deposits and playa lakes in eolian deposits. In comparison with oceans, lakes are of short duration, as they are filled rapidly with sediments. There are also no tides, waves are generally small, and currents are driven by wind with no permanent density currents as in the ocean. Other differences with the ocean include large seasonal changes in temperature, oxygen depletion in deep water due to poor circulation and a high input of organics, generally low salinity (although saline lakes do occur), and the deposition of carbonates rather than sulphates and chlorides.

b. Classification

i) Glacial lakes are fed by glacial meltwater.

ii) Perennial mountain lakes occur in wet, mountainous regions (e.g. Switzerland and Norway). They receive a high clastic input due to the surrounding highlands.

iii) Perennial lowland lakes develop in wet, low-lying areas (e.g. the Great Lakes of North America). They are characterised by a low clastic input and therefore chemical sedimentation such as limestone.

iv) Perennial saline lakes are common in tropical and subtropical regions with a relatively low rainfall. They include soda lakes (trona: Na2CO3.HNaCO3.2H2O), sulphate lakes (mirabilite: Na2SO4.10H2O), chloride lakes (halite: NaCl) and nitrate lakes (Chile salpeter: NaNO3).

v) Ephemeral lakes form in dry regions where seasonal effects and evaporation play an important role in the sedimentation pattern. They include playa lakes, salt pans and oxbow lakes.

c. Sub-environments and processes

i) Stratification. As the upper water layer is heated by the sun, an exponential temperature curve is expected in lakes, but this is seldom the case due to various factors. Evaporation at the surface cools the uppermost layer and produces convection currents, radiation takes place at night, and wind causes turbulence on the surface that disperses the heat to deeper levels. The temperature curve therefore shows an upper layer of warm water (the epilimnion), which is separated by a thermocline (rapid change in temperature) from the hypolimnion of cold water. Seasonal changes in this thermal stratification may in some cases cause water inversion, which can be monomictic (once a year) or dimictic (twice a year).    

Chemical stratification can prevent the inversion of the deepest parts of lakes in cold regions. Groundwater seeping into the lake at the bottom may have a higher salinity and thus increased density compared to the water at higher levels. If the chemical stratification is stronger than the thermal stratification, inversion can only occur in the upper lake water, the so-called mixolimnion. The latter can thus develop its own thermal stratification and is holomictic, i.e. free circulating.

ii) Circulation in lakes is primarily caused by the influx of river water, which produces density differences and therefore currents. Where the river water has the same density as the lake water, three-dimensional mixing takes place and the sediment is distributed evenly. Stratified inflow takes place where the densities of the river and lake water differ. Overflow occurs where the river water is less dense, which is caused by a low sediment load. The sediment is distributed by wind-driven currents. Interflow is when the river water is more dense than the upper lake water but less dense than the lower layer, which can only happen in deep, density stratified lakes. Underflow, where the river water is denser, can be due to cold temperatures or a high sediment load. The sediment is distributed by density currents in this case. Wind and the air pressure gradient are also responsible for lake circulation.

iii) Sedimentation. 

Clastic deposition in lakes takes place from suspension during all types of inflow and from traction during underflow. Only in the last case will bedforms be prominent on the lake bottom. In shallow water close to the shore, large areas are commonly covered with straight-crested small ripples, which are oriented parallel to the coastline. Sand volcanoes and other fluid escape structures are encountered on the beaches. Low energy conditions are indicated by horizontally laminated shales, which often form varves due to changing sediment influx during summer and winter. Glacial varves consist of light (clastic) and dark (sapropel) laminae, which form during summer, when the ice melts, and during winter, respectively. Other types of varves are thinner (fractions of a mm) and consist of intercalated fine-grained carbonate and sapropel. Both types of varves can also develop due to variations in sediment influx over shorter periods than seasons (e.g. storms).

Clastic deposits in lakes are usually characterised by well-defined belts, with a decrease in grain size towards the centre of the lake. Oil shale commonly develops here due to the high percentage of organic matter derived from algae, plankton and floating fragments of land plants. The filling of lakes cause coarsening-upward cycles, e.g. laminated shale, turbidite sand, beach sand and fluvio-deltaic sand.

Chemical deposition in lakes is dominated by limestone with a low Mg content, although saline lakes can also contain dolomite. The carbonates are commonly bio-induced; i.e. they precipitate due to CO2 released during photosynthesis of algae and water plants. As the latter are more abundant close to the shore, the carbonate content of lake deposits commonly increases towards the shore, except opposite river mouths where clastic “dilution” takes place. CaCO3 also precipitates inorganically when cold, CO2-rich bottom water is brought to the surface during the spring inversion, where it is heated to react with Ca-ions.

Biogenic deposition takes place because of the growth and death of algae, shellfish, corals, stromatolites and plants.

Evaporites such as gypsum, halite and anhydrite form in saline lakes or shallow pans in dry climates.

4. Glaciers

a. General concepts

Glaciers are permanent bodies of ice that form in polar regions or on high mountains where the average air temperature is below 0ºC. Where the precipitation of snow outstrips ablation, i.e. removal of ice by melting, evaporation or wind deflation, the glacier will advance under the influence of gravity.

b. Classification

i) Mountain glaciers occupy the upper slopes of valleys and may be hundreds of metres thick and stretch for tens of kilometres down the mountainside. They may be subdivided further into cirque glaciers, valley glaciers and piedmont glaciers. 

ii) Continental glaciers form in polar regions and may be thousands of metres thick, covering thousands of square kilometres. Ice caps of this type cover Greenland and Antarctica.

iii) Cold, dry-based glaciers have a very low temperature and therefore have no melt-water flowing in sub- or in-glacial streams. These glaciers move slowly, so that thick lenses of rock debris known as lodgement till develop at the base. 

iv) Warm, wet-based glaciers have temperatures close to the melting point of ice, so that they contain abundant melt-water streams and surface lakes. Movement is fast due to the lubrication of melt-water at the base and debris lenses are therefore thin.

c. Sub-environments and processes

i) General processes

Glaciers are not limited by viscosity in their ability to transport large boulders, so that enormous amounts of sediment can be transported. Glacial deposits consist mainly of mechanically eroded rock debris with little chemical alteration. Chemically unstable minerals such as hornblende and plagioclase can therefore be common in glacial sediments. Glacial debris is known as moraine or till, which is characterised by very poor sorting (clay to gigantic blocks). Consolidated and lithified tills are termed tillites. Many of the transported clasts, which are known as erratics, show facets and striae, which help to distinguish glacial debris from talus debris or other mass-flow deposits. Different types of moraine are distinguished: Terminal moraine forms at the glacier snout when the accumulation of ice at its source (e.g. a cirque) is in equilibrium with the rate of ablation, so that the glacier neither advances nor retreats. An arcuate ridge of debris can therefore be built up across the valley. In most cases, the glacier retreats sporadically, so that a series of recessional moraines may form. Detritus which accumulates at the sides of mountain glaciers by abrasion of the valley walls and rock falls is known as lateral moraine, and where two glaciers converge the lateral moraines combine to form medial moraine. A relatively even layer of ground moraine develops where glacial retreat is rapid.       

ii) Ice contact deposits are formed directly from melting ice, and commonly produce characteristic landforms. Drumlins are smooth, oval-shaped hills between 15 and 70m in height and up to several km in length. They often occur in en echelon groups known as drumlin fields.  Flutes are straight sediment ridges up to 1m high, 1m wide and several km long. They generally develop on the lee side of large boulders embedded in the till. Circular disintegration ridges develop where sediments accumulate in a depression on stagnant ice, thermically insulating the underlying zone. As the surrounding ice melts away, a circular flat-topped hill with an ice core is left behind. Melting of the ice core causes the center to collapse, producing a doughnut-shaped structure or ring of sediments. Eskers are sinuous ridges of sand and gravel that can be more than 100m high and hundreds of kilometres in length. They commonly occur in swarms close to the glacier edge, parallel to the direction of ice flow, and are deposited in open channels or in tunnels (moulins) within the ice. Antidunes, upper plane beds, megaripples and small ripples are common in these deposits. Kames and kame terraces are smaller, steep-sided mounds or ridges consisting of stratified gravel and sand. They form in lakes on top of the ice, or by melting of valley glaciers stranding lateral and median moraine or crevasse fills.

iii) Proglacial deposits form in front of the glacier where melt-water breaks through the terminal moraine to form a broad outwash plain or sandur with braided streams. The sediments are better sorted than those of ice-contact deposits, but worse than normal fluvial deposits. There is a sharp decline in grain size downstream, but adjacent deposits typically show a large variation in size and sorting, with numerous clay lenses deposited in pools and cut-off channels. Longitudinal bars and transverse ribs (antidunes formed on a coarse, gravelly substrate) are common. Ice blocks remaining after the retreat of the glacier, are surrounded by the outwash plain sediments and subsequently form hollows up to 50m deep and 10km wide, known as kettles. In the case of mountain glaciers not reaching the piedmont, valley trains develop in place of outwash plains.

iv) Glacial lakes can develop in front of terminal ridges when the glacier retreats. They have beaches characterised by coarse gravel and sand, but fine rock powder is transported to the deeper parts where it is deposited together with organic material to form varves and clay. Where a glacier flows into the ocean, the flocculation of clay inhibits the formation of varves. Debris released from melting, floating ice form dropstones, which typically bend or break through the stratification of deposits at the lake or ocean bottom. Small deltas can also develop where glacial outwash streams empty into lakes or the ocean. 

5. Dunes

a. General concepts

Eolian sands accumulate in deserts and semi-deserts, as well as along coastlines and on coastal plains. These sands may cover hundreds of thousands of square kilometres in areas such as the Sahara and the Arabian Peninsula, where they are known as ergs. Topographically low-lying areas with centripetal draining also commonly develop sand seas, for example the Kalahari Desert of Botswana. 

Eolian deposits show many similarities to large-scale subaqueous bedforms, so that the two environments cannot always be distinguished with certainty. In general, however, eolian deposits are characterised by large-scale crossbedding, which occur in sets of 10-20m and co-sets of several hundreds of metres thick. In plan sections, large-scale troughs several 100m wide can be observed. There is commonly a large variation in paleocurrent directions. The scale of cross-bedding sets normally decreases upward. Texturally, fine to medium grain sizes, good sorting and rounding, positive skewness, and a clearer break between the traction, saltation and suspension loads than is the case of subaqueous deposits, are typical. The mineralogy varies from feldspathic to volcaniclastic and orthoquartzitic, but a scarcity of micas is notable. Gypsum sands are derived from adjacent playa lakes. A reddish brown colour, which results from the oxidation of iron in ferromagnesian minerals such as hornblende, is typical of desert sands. The intensity of the colour generally increases with the age of the deposits.

Dunes commonly occur as groups, and their shape and size depend on wind conditions, the type and supply of sand, and the abundance of vegetation. The maximum rest angle of the lee sides is 34º, which is usually exceeded at the top of the dune so that small sand avalanches occur regularly. The cross-beds on the slip side are steep (25-34º), commonly tabular, and 2-5 cm thick. Sets vary from a few decimetres to more than 30m in thickness. Convolute and slump structures with small faults are abundant. On the stoss sides, planar, low-angle (3-10º) cross-laminae are on average 1-4 mm thick.

b. Classification

i) Barchans are crescent-shaped, reaching a width of 300m and a height of 30m. They usually develop on hard surfaces with little vegetation and a small sand supply. If the wind is dominantly from one direction symmetrical barchans form, but when it varies slightly one of the horns may be larger. Barchans move slowly (less than 15 m/year). Cross-beds are mainly large-scale tabular and wedge-shaped with a directional variation of less than 180º. The dip angle decreases from the dune centre towards the horns.

ii) Barchanoid dunes are transverse sand ridges composed of coalescing barchans.

iii) Transverse dunes have straight crests perpendicular to the wind direction, and adjacent dunes commonly climb over each other. They develop thick, irregular blanket deposits where vegetation is scarce and sand is abundant, usually along the coast and in sandy deserts. Cross-beds dip in the same direction at 20-30º, and these slip-side beds can be more than 50m in length. The directional variation is usually less than 90º. On the toesets, finer grains settle from suspension to form tangential laminae at a notably lower angle than the foresets. These laminae are thin, regular and vague, commonly being associated with backflow climbing ripples. Low, secondary ripple crests parallel to the dip of the foresets and toesets may also be present on the slip side.  

iv) Seifs are longitudinal dunes parallel to the wind direction. They are normally 3-4 m high, but can be up to 200m high and 300km in length. Seifs develop where the sand supply is somewhat restricted and the wind velocity is higher than in the case of barchans. A spiral-shaped air current develops in the interdune areas (dune streets), which may be up to 2 km wide. Cross-beds are tabular and wedge-shaped, occasionally convex-up, and the directional dip variation is up to 200º.

v) Parabolic dunes are lunate in the opposite direction to barchans. The horns are anchored by vegetation or other obstacles, so that the central part is blown out. These dunes develop along coastlines with dominantly landward winds and abundant sand. Epsilon (convex-up) foreset cross-beds dipping at low angles (less than 10º) are typical, and the directional variation is up to 270º. Organic layers and soft-sediment deformation are also common.

vi) Star dunes are composite forms with a wavelength of 300-5500m and a height of 20-450m. They form where transverse dunes merge in an area with more than one prevailing wind direction. A third arm can also be formed when wind blowing at right angles over the dune crest is deflected parallel to it. The dune grows vertically due to the backflow of wind on the lee side, which builds a platform upon which the crest may expand. Cross-beds in star dunes are typically complex, planar and wedge-shaped with a directional dip variation of 360º. Individual sets may be up to 35m high.

vii) Stationary dunes are very high due to the fact that they are built up by varying wind directions. They show wedge-shaped cross-beds with complex internal structures, which are related to the external shape. There is a large directional variation in the dip of cross-bedding, which depends on the dominant wind directions.

viii) Dikaka dunes have been stabilised by vegetation with well-developed root systems.

c. Sub-environments and processes 

i) Sand sheets develop on large, flat surfaces subject to high wind velocities. They are characterised by horizontal lamination with inverse grading. Thin layers of sand and fine gravel are intercalated, the former indicating deposition and the latter deflation.

ii) Interdune areas are surfaces surrounded or bordered by dunes or sand sheets. They typically show signs of subaerial exposure such as raindrop marks, mud cracks, vertebrate tracks and root structures. Deflation surfaces or serirs can be completely free of sediment, exposing the bedrock, or may contain pebbles, gravel and coarse sand. The latter displays horizontal lamination with wind ripples or adhesion ripples where deflation reached the water table. Depositional surfaces are characterised by intercalated gravel and sand layers, wind ripples, erosional surfaces, graded and inverse-graded horizontal beds and bioturbation. 

iii) Inland sabkhas or playa lakes may develop in the interdune areas of hot, dry regions. They are shallow lakes with a high salinity, which are dry for most part of the year. Due to evaporation a thick crust of gypsum, anhydrite and halite develops. Typical sedimentary structures include wavy lamination, tepee structures, mud cracks, gypsum rosettes, adhesion ripples, and sediment dikes.  

6. Estuaries

a. General concepts

Estuaries are partly enclosed river mouths connected to the ocean. They are directly under the influence of tides.  On the open sea, high and low tides show a difference of only 30cm, but along the coast they are influenced by the shape of the continental platform and coastline. The highest tides are observed in funnel-shaped bays and estuaries (e.g. 16m in the Bay of Fundy). Tidal differences of less than 2m are known as microtides, 2-4m as mesotides, and more than 4m as macrotides. The flow velocity in the tidal inlets is normally between 0.5 and 2m/sec, with a maximum of about 5m/sec. Estuaries with wide inlets and narrow distal parts are usually eb-directed, whereas those with narrow inlets are flood-directed. Supra- and intertidal zones are flood-directed, and subtidal zones are alternately eb- and flood-directed.

Sediment is supplied by the river as well as the ocean. The suspension load is commonly smaller than that of deltas and flocculates readily, so that a cloud of sediment forms where the river and sea water mix. As salt water is denser than fresh water, it forms a wedge underneath the latter.

b. Classification

i) Tide-dominated estuaries form under meso- to macrotidal regimes and are characterised by sand bars orientated perpendicular to the shoreline. Tidal mudflats and creeks are well developed.

ii) Wave-dominated estuaries develop under microtidal regimes and typically show a sand barrier at the mouth similar to that of a barrier island complex. The lagoon is separated from the sea by a narrow inlet, and is an area of low-energy sedimentation. A bayhead delta forms at the river mouth.

iii) Salt wedge estuaries develop in the mouths of rivers flowing strongly and directly into seawater. There is a tilted, sharply defined boundary between the salt and fresh water.

iv) Well-mixed estuaries form in shallow bays with large intertidal volumes, strong tidal mixing and weaker river flows. The salinity varies horizontally, with little or no vertical change in the salt content and no strong density stratification.

v) Partially mixed estuaries have both strong tidal flows and relatively high rates of freshwater discharge, so that the salt content varies both vertically and horizontally, with moderate density stratification.

vi) Fjord-type estuaries develop in long, deep glacially carved channels and often have a shallow entrance sill. Tidal currents are weak, except at the entrance, so that the water at depth has a uniform salt content. The surface layer is very dilute and density stratification is very well developed.

c. Sub-environments and processes

i) Inlet channels in wave-dominated estuaries may have flood- and eb-dominated zones, and because of high energy conditions there are relatively few active organisms. Shell fragments however do form intercalated lenses. Typical sedimentary structures include lunate and straight-crested megaripples, sand waves and reactivation surfaces.

ii) Flood-tidal deltas typically display surfaces covered by flood-directed megaripples, of which the trough depths decrease and the crests straighten out away from the inlet channel.

iii) Eb-tidal deltas form in the wave zone, so that they are rapidly reworked by waves and ocean currents. They show lunate megaripples and low angle or upper plane lamination.

iv) Washover fans develop during storms when waves break through the barrier bar in wave-dominated estuaries. Supercritical flow conditions give rise to planar lamination, antidunes and chute-and-pool structures. 

v) Subtidal zone. This includes the channels and lower parts of tidal deltas. Sedimentary structures are complex, consisting of current ripples superimposed on undulating to straight sand waves, and herringbone cross-lamination. Few biogenic structures are present.
vi) Intertidal zone. The proximal part of the intertidal zone shows sand waves, megaripples, small ripples, ladderback ripples, water-level marks, and little bioturbation. The intermediate part shows similar structures, but bioturbation (e.g. Solen, Arenicola) is more common, whereas in the distal part, most sedimentary structures are destroyed by organisms such as Callianassa and Upogebia.

vii) Supratidal zone. Mud is dominant, with abundant salt marsh vegetation forming a dense mat (e.g. Zostera). There are many burrowing organisms. Sedimentary structures include wavy lamination (caused by drying algal mats), ripple-, flaser and lenticular laminae, mud cracks, root structures and birdseyes. Peat deposits form by burial of plant material.

viii) Tidal channels are typically a few metres deep and behave similar to river channels in that they migrate laterally or avulse, forming sandy bars or point bars with gravelly and bioclastic debris at the base. Sand and point bars differ from those in rivers, however, in that they contain shell fragments and mud drapes (which settle out during slack periods) on the cross-beds. In point bars, this produces inclined heterolithic stratification dipping into the axis of the channel.

7. Beaches

a. General concepts

Beach sands are generally 10-20m thick, 10-100m wide and up to hundreds of kilometres in length. Their basal contacts are normally irregular and lateral interruptions occur in the form of deltas, estuaries and bays. Most of the sediment is supplied by rivers. Water circulation in the vicinity of beaches is driven by waves, longshore currents, coastal currents and rip currents. Bottom flow helps to restore the equilibrium of water transported onto the beach by breaking storm waves. 

b. Classification

i) Reflecting beaches are steep and linear with berms and beach cusps, which reflect much of the wave energy seaward. 

ii) Dispersive beaches have a wide surf zone and complex bottom topography with different types of sand bars, runnels and rip channels. During long periods of low wave energy, longshore bars migrate up to the foreshore, the slope increases and the beach assumes a reflecting character. 

c. Sub-environments and processes

i) Shoreface. This can be divided into the lower shoreface, which lies between the storm and fair weather wave bases, and the upper shoreface reaching up to the mean low water mark. The lower shoreface is characterised by alternating shale, silt and fine-grained sandstone with lower plane beds and trough cross-lamination, commonly disturbed by bioturbation. Hummocky cross-lamination and storm wave ripples may be common. The upper shoreface has medium to coarse-grained sand dominated by tabular and trough cross-lamination formed in longshore bars and runnels, respectively. Current directions are more variable on the upper shoreface due to the influence of waves, longshore and rip currents.  

ii) Foreshore. This zone lies between the mean low water and high water marks. It is characterised by medium to coarse, well sorted and rounded sand with wedge-shaped, low angle planar cross-lamination dipping seaward, and occasional landward-dipping planar cross-lamination formed on the lee side of longshore bars. Bedforms common on modern beaches include water level marks, wave marks, foam impressions, rill marks of various types, adhesion ripples and flat-crested ripples. Where the beach has a high slope, supercritical flow conditions cause the development of upper plane beds, antidunes and rhomboid ripples.

iii) Berms consist of continuous, straight-crested ridges of coarse sediments above the mean high water mark. They can be a few metres high, hundreds of metres wide and several kilometres long. Berms form during storms when sand, gravel and organic debris such as shells and corals are heaped up above the normal high water mark. A basal erosional surface is overlain by upper plane beds and higher up cross-bedded sands dipping at about 7º seaward and 28º landward.  

iv) Cheniers are sandy, straight ridges above the high water mark, with fine-grained marshy sediments on their seaward side. They are 150-200m wide, up to 3 m high and up to 50km long. Cheniers form where rivers supply either sand or silt during different seasons. With a limited supply of sediment, reworking by waves forms a sandy ridge, whereas a larger supply causes the development of a marsh in front of the latter.

v) Coastal dunes develop where there is abundant sand and the wind blows predominantly landward.

vi) Backshore. During storms, waves may break over berms or dunes and form washover fans in the backshore environment. Coarse fragments of corals, shells and pebbles are transported from deeper water and deposited over several square kilometres. Upper flow regime structures such as upper plane beds and antidunes are typical. Due to rapid deposition, air is also trapped in the sediment, so that a spongy structure develops.

8. Deltas

a. General concepts

Deltas are subaerial and subaqueous sediment bodies deposited where rivers enter the ocean or lakes. They vary in size from a few to tens of thousands of square kilometres. Most deltas consist of a subaerial and subaqueous delta platform, a delta front, delta margin and pro-delta. The current velocity decreases radially from the river mouth together with the grain size. With progradation, a coarsening-upward megacycle thus develops, which is one of the most important characteristics of delta deposits. The shape of deltas is determined by the coastal morphology, the direction and intensity of waves, the tidal range, and the relationship between sediment supply and transport by ocean currents. 

b. Classification

i) River-dominated deltas have bird-foot or lobate shapes (e.g. the Mississippi delta), depending on the amount of sediment supplied by the river. Where the latter has a very high suspension load, the river water is denser than the ocean water, so that underflow with relatively little mixing and lateral transport of sediment takes place. The distributary channels continue underwater, forming separate, radial sandbars known as bar finger sands. 

ii) Wave-dominated deltas. The traction load of rivers deposited at distributary mouths is reworked by waves and deposited along the delta front by longshore currents. A smooth, arcuate delta front, consisting of well-developed beach ridges, thus develops (e.g. the Nile delta). These, together with barrier bars, form the primary depositional framework of this type of delta. The secondary framework is formed by distributary channels perpendicular to the coastline.

iii) Tide-dominated deltas develop along macro-tidal coastlines, especially funnel-shaped bays (e.g. the Ganges-Brahmaputra delta). They typically show a broad tidal channel platform of mud, silt and muddy sand with a framework of tidal sand ridges and distributary channel sands perpendicular to the coastline. In the intertidal zone, fluvial sediments are redistributed over broad, marshy tidal flats. 

c. Sub-environments and processes

i) Delta platform. Distributary channels are generally narrow and deep with meandering to anastomosing patterns. They are filled with poorly sorted sand, silt and mud deposited in point or longitudinal bars, with common trough and ripple cross-lamination, as well as soft-sediment deformation. Levees consist of intercalated clay, silt and fine sand, typically showing climbing ripples, bioturbation, plant roots and Fe and CaCO3 nodules. On the underwater platform, the levees are usually exposed only during low tide. Marshes develop on the subaerial platform, especially in tide-dominated deltas. Well-drained marshes have little organic material and pyrite, but CaCO3 and Fe concretions are common. Poorly drained marshes are characterised by a high percentage of organic matter and intensive bioturbation. Pyrite is abundant as nodules or cubes and commonly replaces plant roots. Interdistributary bays are relatively quiet environments connected to the open sea by tidal channels. Deposition is mainly from suspension due to the absence of wave action, so that fine silt and mud are typical. They are eventually filled by crevasse splays from the adjacent distributary channels. These splays commonly thicken away from the crevasse but show a simultaneous decrease in grain size and sand content. Distributary mouth bars are arcuate, sandy ridges developing on the subaqueous platform due to a decrease in current velocity with increasing water depth at the distributary mouths. Although the rate of sedimentation is high, the sand is rapidly reworked by waves and currents. Trough cross-lamination and various types of current and wave ripples are common, as well as fluid escape structures due to the progradation of the sand over finer sediments. Distal bars develop seaward of distributary mouth bars at the edge of the delta platform. They are composed of laminated silt and clay showing ripple marks, small erosional channels, and bioturbation. In wave-dominated deltas, the subaerial platform is dominated by beach ridges, which combine to form a sand body tens of metres thick and covering several tens of square kilometres. Low-angle, seaward dipping cross-lamination is typical. In tide-dominated deltas, a wide tidal channel platform is characterised by tidal sand ridges and distributary channels perpendicular to the coastline. The tidal sand ridges have a maximum relief of about 10m, with interbedded silt, mud and sand in the intervening troughs. Horizontal lamination and low- to high-angle planar cross-lamination are characteristic. The ridges coalesce landward to form an irregular, coarsening-upward sand blanket.

ii) Delta front. The delta foresets consist mainly of silty clay, as well as coarser sand and silt opposite the distributary channels on the platform. Deep slope gullies on the delta front may represent a continuation of the distributary channels. Bar finger sands are orientated perpendicular to the coastline and typically display a double-convex cross-section. These sand bodies may have a thickness of up to 100m and can be tens of kilometres in length, prograding across the delta front and pro-delta and eventually reaching the continental shelf. They typically coarsen upward from a gradational basal contact. Cross-lamination is variable at the base, but constantly seaward at the top, where the sand also becomes better sorted and more permeable. Bar finger sands typically show wave and current ripples, gas escape structures and soft-sediment deformation. Trace fossils are rare due to high-energy conditions. Sheet sands develop with increasing wave influence in lobe-shape deltas and can cover hundreds of square kilometres. They commonly link the bar finger sands and become finer away from the latter. Ripple lamination, low-angle cross-lamination, plant material and trace fossils are common.
iii) Delta margin. Delta toeset deposits occasionally form an arcuate sand ridge along the foot of the delta. These contain channels up to a few metres deep. Bioturbation is common.
iv) Pro-delta. Bottomset deposits are present seaward of the delta front. They consist of thinly laminated silt and clay deposited from suspension. 

9. Coarse-grained Deltas

a. General concepts

Coarse-grained deltas are found in settings where there is a very steep topography adjacent to a body of water. They consist of gravelly material deposited where a braided river or alluvial fan enters a lake or the sea. The morphology of these deltas is controlled by the offshore slope and water depth, but many display a distinct fan-shaped geometry so that the term fan delta is also used. One of the most important characteristics of these types of deltas is the fact that they are mineralogically and texturally immature due to the proximity of the source areas. Fluid escape structures such as pillars and dishes, slump scars and steep-sided erosional troughs filled with mass-flow conglomerates, are common. 

b. Classification

i) Shelf-type coarse-grained deltas form in relatively shallow water with a gentle seaward slope, where waves rework the sediment brought to the delta front. As the wave energy decreases with depth, there is also a progressive decrease in clast size offshore into deeper water.

ii) Slope-type coarse-grained deltas have steeper gradients, so that offshore sediment transport is by debris flow and turbidity currents carrying detritus to the deeper part of the basin. 

iii) Gilbert-type deltas develop where there is a sharp bathymetric break at the coast (e.g. created by a steep fault). They show a distinctive tripartite division of topset, foreset and bottomset deposits.

c. Sub-environments and processes

i) Delta topset. In all three types of coarse-grained deltas, this part is constructed by pebbly fluvial or alluvial fan deposits, which may be partly modified by wave action along the fringes.  

ii) Delta front and mouth bar. This sub-environment is also composed of pebbly and sandy deposits. Mouth-bars are dominated by thin, normally graded paraconglomerates filling shallow troughs, which are overlain by laminated, bioturbated sandstones. Debris flow is an important process at slope-type and Gilbert deltas. In the latter case, the foresets commonly consist of normally graded orthoconglomerates, which are deposited at an angle up to 30º from the horizontal. They are decimetres to metres thick and can be tens to hundreds of metres high. 

iii) Pro-delta. This part consists of sandy and muddy material in all three types of deltas. The bottomsets of Gilbert and slope-type deltas are also deposited by turbidity currents. Slumping is common. 

10. Barrier Island Complexes

a. General concepts

Barrier islands are linear sand bodies parallel to the coast, which are exposed during high tides and partly separate the open sea from quiet lagoons and tidal flats on the landward side. Tidal inlet channels between barrier islands allow the passage of tides. Together, these environments form a barrier island complex. The morphology and facies of such complexes are a function of the tidal range as well as the slope and stability of the coastline. Barrier islands probably form by the drowning of coastal dune-fields. 

b. Classification

i) Transgressive barrier island complexes result in the deposition of thin (1-10m) sand blankets overlying lacustrine sediments and in turn being overlain by platform mud. Flood tidal deltas and washover fans form important components of these complexes, while wind dunes may occur locally. 

ii) Regressive (stable) barrier island complexes show wide beaches and tidal flats with parallel dune ridges. Washover fans are rare and pinch out subaerially. The succession coarsens upward from platform clay to shoreface deposits.

c. Sub-environments and processes

i) Barrier islands are composed mainly of beaches and dunes, with sedimentary structures representing these environments.

ii) Tidal inlet channels consist of the main eb channel and a shallower platform edge with flood channels and channel edge bars. They are characterised by seaward-directed sand waves with large-scale, planar cross-beds deposited on an erosional surface with shells and gravel. Reactivation surfaces form during the flood tide so that the transport is partly bi-directional. Medium- or small-scale flood-directed structures occur on the margins of the channel, whereas intermediate depths are characterised by bipolar structures. The succession typically fines upward with a simultaneous decrease in the scale of sedimentary structures. Due to longshore migration of the tidal inlet channels, previously deposited sediments are commonly reworked completely, so that mainly the inlet facies is preserved. 

iii) Tidal deltas contain large volumes of sand due to lateral migration of the inlet channels. Flood-tidal deltas may consist of a flood ramp with flood channels, a tidal flat surrounded by an eb shield, washover lobes and eb tongues. Along mesotidal coastlines flood tidal deltas contain similar structures to the inlet channels, with bimodal or seaward directed planar cross-beds at the base, followed by landward-dipping planar cross-laminae decreasing in thickness upward. Along microtidal coastlines, flat-topped sand bars form on the flood tidal deltas during storms. Eb-tidal deltas are generally more complex due to waves, tidal and longshore currents. They consist of a single terminal lobe. Cross-laminae are mostly eb-directed and are dominated by a single, large set formed by progradation of the terminal lobe. Upwards the orientation of cross-laminae becomes more variable and upper plane beds become more abundant. 

iv) Lagoons are filled in by small, prograding deltas from the landward side and washover fans from the seaward side, so that the succession coarsens upward. Vertical deposition of silt and mud takes place from suspension. Along the edges, tidal flats and marshes develop. The deposits therefore consist of alternating sandstone, shale, siltstone and thin coal. They display oyster beds, bioturbation, graded bedding, glauconite and dolomite. In hypersaline lagoons, evaporites and algal mud develop.

v) Washover fans are wedge-shaped in plan with shell debris, wood fragments and heavy mineral concentrations. The most typical structure is subhorizontal lamination with inverse grading. Wind action and bioturbation rework the sediments in-between storms.

vi) Tidal flats are covered by vegetation above the mid- and high tide level in wet regions. In dry regions, algal mats are common, forming undulating bedding. They can also dry up, crack and break up completely to form algal clasts. Herringbone cross-lamination and reactivation surfaces are typical, but gas bubbles released by rotting vegetation often disturb the bedding. Other typical structures include ladderback ripples, birds-eyes, pinstripe lamination, mud cracks and tepees. 

11. Clastic Shelves

a. General concepts

Most modern clastic platforms developed during the sea-level lowstand period of the Pleistocene ice age, when the continental shelves were subaerially exposed. The sediments are therefore probably out of equilibrium with present-day depositional conditions. Sand is transported and deposited mostly by storm and tidal processes, although permanent ocean currents can also play an important role.

b. Classification

i) Storm-dominated clastic shelves. Sediments are extensively reworked by wave processes in the shallower part of the shelves, so that the sands are texturally mature. In the deeper parts below the fair weather wave base, tempestites with erosive bases, hummocky and swaley cross-lamination are separated from each other by layers of mud, in which bioturbation can be intense.

ii) Tide-dominated clastic shelves. Tidal currents can influence large areas of shelves and epicontinental seas, up to depths of 100m or more. The effect of waves and storms are largely removed by tidal currents, but may be preserved in the shallower parts of the shelf. Sand waves, ribbons and tidal sand ridges are present. 

c. Sub-environments and processes

i) Ribbon sands are thin (1m), elongated strips developed on a gravel substrate under the influence of strong tidal currents (more than 100cm/sec). They are up to 200m wide and can stretch for more than 10km parallel to the flow direction, usually showing a very regular width and spacing. Transverse bedforms may be superimposed on them.  

ii) Sand waves commonly develop in deeper water below the wave base where tidal currents still have an effect on the ocean floor. They are orientated perpendicular to the tidal currents and may be symmetric or asymmetric, depending on the relative dominance of the eb or flow tides. The lee sides are 1-10m high and dip at very low angles, with ripples and dunes superimposed both here and on the stoss sides. Unimodal, large-scale planar cross-beds occur together with smaller, similar co-sets showing reactivation surfaces and mud drapes.

iii) Tidal sand ridges are commonly encountered in areas of abundant sediment supply. They are up to 65 km long, 5 km wide and 40m high, and can be symmetrical or asymmetrical with an orientation somewhat oblique with respect to the current. Migrating lunate dunes transport sand obliquely across the ridge, but eb- and flood tides may cause the sand to follow an elliptical route, with little active sedimentation. The internal stratification consists mostly of low-angle cross-stratified sand, with gravel lenses developing in the troughs. Trough cross-lamination represents the migration of lunate dunes across the ridges.

12. Carbonate Shelves

a. General concepts

Carbonate shelves or platforms commonly develop in warm, shallow seas where the influx of clastic material from the continent is minimal. They may cover many thousands of square kilometres. Skeletal grain associations on carbonate platforms depend on the temperature and salinity. In low latitudes where the water temperature exceeds 15ºC and the salinity is normal, corals, calcareous green algae and other organisms are common, forming a chlorozoan assemblage. In restricted seas with high salinity only green algae flourish, so that a chloralgal association develops. Temperate carbonates formed in cooler water are dominated by the remains of benthic foraminifera and molluscs, called a foramol association. Ooids are mostly associated with chlorozoan and chloragal associations.

b. Classification

i) Epeiric platforms develop in shallow epicontinental seas and cover large areas. The water depth varies between a few tens of metres up to hundreds of metres, with tidal and storm processes dominant. Shoals of oölitic and bioclastic debris are built by currents, subsequently stabilised as small islands surrounded by tidal flats.
ii) Carbonate ramps are 10-100km wide with a gentle (generally less than 1º) seaward slope, influenced by tidal currents, wave and storm processes. They consist of an outer ramp and an inner ramp. 

iii) Rimmed shelves have a barrier reef or carbonate bank along their seaward margin, separating a lagoon on the landward side from the forereef and steep slope on the seaward side.  

iv) Isolated platforms are regions of shallow water sedimentation completely surrounded by deeper water. Typical settings range from atolls above extinct volcanoes to horst blocks in extensional basins.

v) Drowned platforms develop where the sea level has risen too rapidly for carbonate sedimentation to continue, so that deeper marine deposition takes over.

vi) Barred basins are relatively deep areas of epicontinental seas (partly) separated by a barrier from the ocean. If the rate of evaporation is high, a deep-water evaporite succession develops at the bottom. This consists of normal marine deposits overlain by an organic-rich layer representing the stagnation of the basin, followed by laminated calcium sulphates (often anhydrite) and halite. Due to a salinity gradient from the open sea, these may grade to normal carbonates (e.g. algal limestone) towards the latter.

c. Sub-environments and processes

i) Inner ramp. The coastal facies are characterised by the deposition of coarser material in channels and carbonate muds on tidal flats. Beach barriers or ridges built by cross-bedded grainstone shoals may develop, with a shallow lagoon on the landward side, in which wackestone and lime mudstone are deposited. On the seaward side, the shoreface facies of packstone and wackestone forms in shallow, wave-agitated water.  

ii) Outer ramp. This part lies below the fair weather wave base and is subjected to storm deposition and reworking, with wackestone and storm beds of grainstone prominent. Pelagic carbonate mudstone is deposited below the storm wave base. 

iii) Shelf lagoon. Closed lagoons with limited water circulation are typically areas of lime mud deposition. They may be permanently or intermittently hypersaline, with fauna tending to be restricted. The coastline may be evaporitic with the development of sabkhas. Open lagoons are characterised by higher-energy facies including packstone and grainstone shoals. Reef breccia may occur along the barrier reef. 

iv) Reefs are formed at shelf margins as a consequence of the upwelling of nutrient-rich waters from the deeper water of the continental slope. They are high-energy environments exposed to waves and storms. Corals thrive under these conditions, forming the reef core of boundstone. Break-up of the reef core by wave action leads to the formation of a talus slope or forereef consisting of reef debris, which form bioclastic rudstone and grainstone. Behind the reef, the sheltered backreef is also a site of debris accumulation due to waves washing over the crest during storms. 

13. Continental Slope and Deep Sea

a. General concepts

The continental margin consists of the continental shelf, the continental slope, and the continental rise, which have mean gradients of 0.1º, 4º and 0.5º respectively. The continental shelf break lies about 300km from the shore at an average depth of 130m, whereas the continental rise descends from about 3000m to 4500m at a distance of 500 to 900km from the shore. Where a deep-sea trench, which can be 8000m or more in depth, is present adjacent to the continental margin, the continental rise may be absent. The ocean basin floor locally forms flat abyssal plains at a depth of 4000 to 6000m. Abyssal hills are less than 1000m high and are very abundant in all the oceans, whereas seamounts are steep-sided volcanoes sometimes reaching the sea-surface. Corals building a fringing reef around such volcanic islands may eventually be preserved as a circular barrier reef when the volcano subsides, forming an atoll. Guyots are flat-topped seamounts that submerged after having been eroded by waves. They lie between 1000 and 1700m below the sea-surface. The mid-ocean ridge and rise systems develop at the spreading boundaries of the lithospheric plates, stretching for 65000km around the world and having widths and heights of 1000km and 1000-2000m respectively. Ridges have steep slopes compared to the gentler rise slopes. A central rift valley, 15-50km wide and 500-1500m deep, extends along portions of the ridge and rise system.  

The most outstanding features found on the continental slope are submarine canyons, which can extend across the continental shelf. They are V-shaped in cross-section with steep rocky sides and tributaries. Many are associated with existing river systems on land and were probably carved into the shelf during periods of low sea level, when the rivers extended across the shelf. Presently, they form pathways for turbidity currents. Glacial troughs, delta front valleys and slope gullies also occur on the continental slope, whereas grabens and deep-sea channels (the latter meandering over distances of thousands of kilometres) are present on the ocean basin floor.  

b. Classification

i) Slope aprons develop by processes of mass flow on the continental slope. The deposits are therefore complex, showing chaotic stratification, growth faults and slump scars. The matrix content is commonly high as little reworking occurs. Pelagic mud drapes are laterally continuous and parallel to the underlying depositional surface. Grain-flow deposits, also known as fluxoturbidites, are normally restricted to submarine valleys on steep gradients of the continental slope. They consist of clean, massively bedded sand with sharp basal and upper contacts, commonly displaying slump blocks and scattered clasts. Thinly bedded turbidites are also present in local downwarps and channels on the continental slope, consisting of intercalated mud, silt and fine sand.

ii) Submarine prisms are formed by contour (geostrophic) currents flowing at velocities of 15-20cm/sec along the sea floor parallel to the continental margins. Their deposits, called contourites, consist of silt and reddish brown clay with rare, thin well-sorted sands with parallel, wavy and cross-lamination. The origin of the sediments is mainly turbidites deposited elsewhere.

iii) Submarine fans are usually located opposite the mouths of major rivers. They are built by turbidity currents, which develop where sediment accumulates on the shelf edge and in the upper reaches of submarine canyons. Oversteepening, earthquakes or storms can trigger the mass flow of sediment in a dense “cloud” down the canyons or continental slope. These density currents were detected for the first time after large earthquakes, when underwater telephone cables were broken one after the other as the flow progressed across the sea floor. Velocities determined from the time interval between cable breaks can reach more than 100km/hour.

iv) Pelagic and hemipelagic deposits settle continuously from suspension onto the ocean floor. Hemi-pelagic sediments include fine-grained terrigenous and volcanic material, whereas pelagic deposits consist of planktonic or nektonic microscopic animals or plants that sink when the organisms die. They include globigerina, radiolaria, diatoms, pteropods and foraminifera. Coprolites also accumulate in deep-sea mud. The CaCO3 hard parts of organisms start to dissolve at depths of around 3000m, disappearing completely around 4000m, which is known as the calcite compensation depth (CCD). The silica compensation depth is at about 6000m, where opaline silica of radiolaria and diatoms is dissolved because of the pressure.
c. Sub-environments and processes

i) Proximal (upper) fan. Here, turbidity currents issuing from the mouth of the feeder canyon retain their confined flow characteristics, so that upper fan channels develop. These are typically metres to tens of metres deep and hundreds of metres to several kilometres wide. Gravel and very coarse sands are deposited within the channels, forming thick, structureless or crudely graded beds in fining-upward successions up to 100m thick. Along the sides of the channels, fine sediment is deposited in thin, graded units showing incomplete Bouma cycles and sharp bases with sole structures.

ii) Medial (mid-) fan. This part of the submarine fan is characterised by shifting, irregular lobes with smooth, convex-up surfaces. Individual lobes may be kilometres or tens of kilometres across and tens of metres thick. Massive, pebbly sand with lenticular bedding are deposited in braided channels, where they are overlain by finer, graded sediments. Mid-fan lobes often show the most complete Bouma cycles (Ta-e and Tb-e). Fan lobe progradation produces coarsening-upward cycles normally capped by a fining-upward channelised unit. The lobe is eventually abandoned in favour of another lobe building up elsewhere. 

iii) Distal (lower) fan. Fine-grained pelagic sediments are interbedded with fine-grained turbidites to build a smooth, gradually sloping surface. The turbidite units are characterised by their continuity over large distances, sharp basal contacts with flute casts and other sole structures, graded bedding, and Bouma divisions Tcde and Tde. Trace fossils are usually present. Texturally, these units show poor to medium sorting and roundness, abundant unstable minerals and rock fragments, and a large percentage of matrix. Hemipelagic sediments become proportionally more significant than turbidites on the distal fan.

14. Volcanic Environments

a. General concepts

Lavas and volcaniclastic deposits can occur in any continental or marine environment.

b. Classification

i) Air fall deposits form during a volcanic eruption when a cloud of pyroclastic debris is blown into the air. Volcanic blocks and bombs travel only up to a few kilometres from the vent, but finer lapilli and ash may be sent kilometres into the atmosphere to be distributed over thousands of kilometres by wind. A distinctive feature of air fall deposits is that they mantle the topography, forming an even layer over all but the steepest ground surface. Small air falls, referred to as Hawaiian or Strombolian falls, are basaltic in composition and form cones of scoria (glassy, vesicular fragments) with volumes of less than 1km3. The fabric is crudely bedded, clast-supported and variably sorted. Plinian falls result from very large eruptions progressing from falls to flows during the event. The deposits are clast-supported, angular, pumice or scoria clasts with subordinate crystals and lithic fragments. The fabric may be massive or stratified.

ii) Pyroclastic flow deposits are the products of high-concentration mixes that move as laminar flows of fragments in gas. The Pelée type results from very strong lateral blasts due to high gas pressure in the volcano, so that velocities of 500km/hr in turbulent density currents are reached. The deposits are characterised by a coarse, massive or reverse-graded basal unit overlain by a normally graded, stratified middle unit, and a top unit of thin, fine-grained accretionary lapilli. Merati type flows are driven by gravity, so that the velocities are slower. A single bed of reverse-graded, very poorly sorted lapilli tuff lacking stratification is typical. The St Vincent type develops under moderate gas pressure, which drives a highly concentrated mass descending radially from the crater at low velocities. The resulting deposit is massive, neither graded nor stratified.

iii) Pyroclastic surge deposits result from low-concentration mixes that are turbulent suspensions. Base surges are the horizontal components of ejecta plumes, which behave like turbidity currents with superheated steam as the medium. Hot mixtures of gas and tephra form a nuée ardente. When the fragments are fused together by the heat, welded tuffs or ignimbrites of pumiceous material may be produced.  

v) Epiclastic volcaniclastic deposits are formed by the reworking of volcanic and volcaniclastic material. For example, rainfall can trigger dense flows of volcaniclastic material and water to form lahars, which have the characteristics of terrigenous clastic debris flows but are distinctive because of the wholly volcanic composition of the sediment.  
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