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THE SEDIMENTARY CYCLE 
 
Sediments are what settle at the bottom of a liquid.  
 
Sedimentology is the study of the sediments. 
 
The sedimentary cycle consists of the phases of weathering, erosion, 
transportation, deposition, lithifaction, uplift, and weathering again. 
Weathering is the name given to the processes that break down rock at 
the earth's surface to form discrete particles. Erosion is the name given to 
the processes that remove newly formed sediment from bedrock.  
Weathering is generally divided into biological, chemical, and physical 
processes. Chemical weathering selectively oxidizes and dissolves the 
constituent minerals of a rock. Physical processes of weathering are those 
that bring about its actual mechanical disaggregation. Biological 
weathering is caused by the chemical and physical effects of organic 
processes on rock. 
Erosion, the removal of new sediment, can be caused by four agents: 
gravity, glacial action, running water, and wind. The force of gravity 
causes the gradual creep of sediment particles and slabs of rock down 
hillsides. 
Glacial erosion occurs where glaciers and ice sheets scour and abrade the 
face of the earth as they flow slowly downhill under the influence of 
gravity. Moving water is a powerful agent of erosion in a wide spectrum 
of geomorphological situations ranging from desert flash flood to 
riverbank scouring and sea cliff undercutting. The erosive action of wind, 
on its own, is probably infinitesimal. Wind, however, blowing over a dry 
desert, quickly picks up clouds of sand and sandblasts everything in its 
path for a height of a meter or so. Eolian sandblasting undercuts rock 
faces, carving them into weird shapes, and expedites the erosion of cliffs 
by gravity collapse and rainstorm. 
 
WEATHERING  
 
Weathering, as already defined, includes the processes that break down 
rock at the earth's surface to produce discrete sediment particles. 
Weathering may be classified into chemical, physical, and biological 
processes. Chemical processes lead essentially to the destruction of rock 
by solution. Physical processes cause mechanical fracture of the rock. 
Biological weathering is due to organic processes. These include both 
biochemical solution, brought about largely by the action of bacteria, and 
acids derived from rotting organic matter, as well as physical fracturing 
of rock such as may be caused by tree roots. 
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Biological Weathering and Soil Formation: 
 
Soil is the product of biological weathering. It is that part of the 
weathering profile which is the domain of biological processes. The study 
of soils, termed pedology, is of interest to geologists insofar as it affects 
rock weathering and sediment formation. Pedology is, however, of 
particular importance to agriculture, forestry, and to correct land 
utilization in general. Pedologists divide the vertical profile of a soil into 
three zones, figure (1). 
The upper part is termed the "A zone," or eluvial horizon. In this part of 
the profile organic content is richest and chemical and biochemical 

weathering generally most active. Solutes are carried away by 
groundwater.  
The fine clay fraction percolates downward through the coarser fabric 
supporting grains. Below the A zone is the "B zone," or illuvial horizon. 
At this level downward percolating solutes are precipitated and entrap 
clay particles filtering down from the A zone. Below the illuvial horizon 
is the "C zone." This is essentially the zone where physical weathering 
dominates over chemical and biological processes. It passes gradually 
downward into unweathered bedrock. The thickness of a soil profile is 
extremely variable and all three zones are not always present. Thus soil 
thickness depends on the rate of erosion, climatic regime, and bedrock 
composition. 
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As already seen, in areas of high relief, erosion can occur so fast that 
weathering and soil formation cannot develop. By contrast, in humid 
tropical climates granite can be weathered for nearly 100 m. 
 
Physical Weathering 
 
Four main types of physical weathering are generally recognized:  
1-freeze-thaw, 2-insolation, 3-hydration and dehydration, 4- stress 
release. 
 Freeze-thaw weathering occurs where water percolates along fissures 
and between the grains and crystals of rock. When water freezes, the 
force of ice crystallization is sufficient to fracture the rock. The two 
halves of a fracture do not actually separate until the ice thaws and ceases 
to bind the rock together. Freeze-thaw weathering is most active, 
therefore, in polar climates and is most effective during the spring thaw. 
Insolation weathering occurs by contrast in areas with large diurnal 
temperature ranges. This is typical of hot arid climates. In the Sahara, for 
example, the diurnal temperature range in winter may be 25~ Rocks 
expand and contract in response to temperature. The diverse minerals of 
rocks change size at different rates according to their variable physical 
properties. This differential expansion and contraction sets up stresses 
within rock. When this process occurs very quickly the stresses are 
sufficient to cause the rock to fracture. This is why insolation weathering 
is most effective in arid desert climates. 
 
In climatic zones that experience alternate wet and dry seasons, a third 
process of physical weathering occurs. Clays and lightly indurated shales 
alternatively expand with water and develop shrinkage cracks as they 
dehydrate. This breaks down the physical strength of the formation; the 
shrinkage cracks increase permeability, thus aiding chemical weathering 
from rainwater, while waterlogged clays may lead to landslides. 
 
The fourth main physical process of weathering is caused by stress 
release. Rocks have elastic properties and are compressed at depth by the 
overburden above them. As rock is gradually weathered and eroded the 
overburden pressure decreases. Rock thus expands and sometimes 
fractures in so doing. Such fracturing is frequently aided by lateral 
downslope creep. Once stress-release fractures are opened they are 
susceptible to enlargement by solution from rainwater and other 
processes. 
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Chemical Weathering: 
 
The processes of chemical weathering rely almost entirely on the agency 
of water. Few common rock-forming minerals react with pure water, 
evaporites excepted. Groundwater, however, is commonly acidic. This is 
due to the presence of dissolved carbon dioxide from the atmosphere 
forming dilute carbonic acid. The pH is also lowered by the presence of 
humic acids produced by biological processes in soil. The main chemical 
reactions involved in weathering are oxidation and hydrolysis. Carbonic 
acid dissolved in groundwater releases hydrogen ions thus: 
H20 + CO 2 = H2CO 3 = HCO3

- + H +. 
The released hydrogen may then liberate alkali and alkali-earth elements 
from complex minerals, such as potassium feldspar: 
2KA1Si308 + 2H + + 9H20 = A12Si2O5 (OH)4 + 2K + + 4H2SIO4. 
This reaction leads to the formation of kaolinite and silica. The 
weathering reactions are extremely complex and still little understood. 
The order in which minerals break down by weathering is essentially the 
reverse of Bowen's reaction series for the crystallization of igneous 
minerals from cooling magma, figure (2). 
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Chemical weathering separates rock into three main constituents: the 
solutes, the newly formed minerals, and the residuum. The solute 
includes the elements such as the alkali metals, principally sodium and 
potassium, and the rare earths, magnesium, calcium, and strontium. These 
tend to be flushed out of the weathering profile and ultimately find their 
way into the sea to be precipitated as calcium carbonate, dolomites, and 
evaporite minerals. The residuum is that part of the rock which, when 
weathered, is not easily dissolved by groundwater. 
 
Particles, Pores and permeability: 
 
A sediment is, by definition, a collection of particles, loose or indurated. 
Any sedimentological study commences with a description of the 
physical properties of the deposit in question. 
 
Physical properties of particles: 
 
1- Surface Texture of Particles: 
 
The surface texture of sediment particles has often been studied, and 
attempts have been made to relate texture to depositional process. 
Pebbles in arid eolian environments sometimes show a shiny surface, 
termed "desert varnish." This is conventionally attributed to capillary 
fluid movement within the pebbles and evaporation of the silica residue 
on the pebble surface. 
Electron microscopic studies show that there are several types of surface 
texture on sand grains produced by glacial, eolian, and aqueous 
processes. The surfaces of water-deposited sand grains are characterized 
by V-shaped percussion pits and grooves. Glacial sands show conchoidal 
fractures and irregular angled microtopography. Eolian sands show a 
flaky surface pattern. 
 
2- Particle Shape, Sphericity, and Roundness: 
 
Numerous attempts have been made to define the shape of sediment 
particles and study the controlling factors of grain shape. Pebble shapes 
have conventionally been described according to a scheme devised by 
Zingg (1935). Measurements of the ratios between length, breadth, and 
thickness are used to define four classes: spherical (equant), oblate (disk 
or tabular), blade, and prolate (roller). These four types are shown in 
Figure (3). 
The shape of pebbles is controlled both by their parent rock type and by 
their subsequent history. Pebbles from slate and schistose rocks tend to 
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commence life in tabular or bladed shapes, whereas isotropic rocks, such 
as quartzite, are more likely to generate equant, subspherical pebbles. 
Traced away from their source, pebbles diminish in size and tend to 
assume equant or bladed shapes. 

 
 
3- Particle Size: 
 
Size is perhaps the most striking property of a sediment particle. This fact 
is recognized by the broad classification of sediments into gravels, sands, 
and muds. It is easy to understand the concept of particle size. 
 
A- Grade Scales: 
Sedimentary particles come in all sizes. For communication it is 
convenient to be able to describe sediments as gravels, sands (of several 
grades), silt, and clay. Various grade scales have been proposed that 
arbitrarily divide sediments into a spectrum of size classes. The 
Wentworth grade scale is the one most commonly used by geologists 
(Wentworth, 1922). This is shown in Table (1), together with the grade 
names and their lithifled equivalents. A common variation of the 
Wentworth system is the phi (Ø) scale proposed by Krumbein (1934).  
This retains the Wentworth grade names, but converts the grade 
boundaries into phi values by a logarithmic transform: 

Ø = -log2d. 
Where d is the diameter. The relationship between the Wentworth and phi 
grade scales is shown in figure (4). 
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B- Methods of Particle Analysis:  
 
The size of sediment particles can be measured from both unconsolidated 
and indurated sediment. The most common way is by visual estimation 
backed up, if necessary, by reference to a set of sieved samples of known 
sizes.  
Well-cemented sediments are measured from thin-section microscope 
study by the quick method which involves no more than measuring the 
diameter of the field of view of the microscope at a known magnification, 
counting the number of grains transected by the cross-wires, and dividing 
by twice the diameter. This process is repeated until statistical whims are 
satisfied. 
Then calculate the average grain size of the thin section with this formula: 

Average grain size = N
nd )\2(

 
Where n is the number of grains cut by the cross-wires, d is the diameter 
of the field of view, and N is the total number of fields of view counted.  
P.47 
 

1  
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Figure (4) the relationship between the Wentworth and phi grade scales 
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Many methods are available for measuring the particle size of 
unconsolidated sediment. The choice of method depends largely on the 
particle size. Boulders, cobbles, and gravel are best measured manually 
with a tape measure or ruler. Sands are most generally measured by 
sieving. The basic principles of this technique are as follows. A sand 
sample of known weight is passed through a set of sieves of known mesh 
sizes. The sieves are arranged in downward decreasing mesh diameters. 
The sieves are mechanically vibrated for a fixed period of time. The 
weight of sediment retained on each sieve is measured and converted into 
a percentage of the total sediment. This method is quick and sufficiently 
accurate for most purposes. Essentially it measures the maximum girth of 
a sediment grain. Long thin grains are recorded in the same class as 
subspherical grains of similar girth. This fact is not too important in the 
size analysis of terrigenous sediments because these generally have a 
subovoid shape. Skeletal carbonate sands, however, show a diverse range 
of particle shapes. This factor is overcome by another method of bulk 
sediment analysis termed elutriation, or the settling velocity method. This 
is based on Stokes' law, which quantifies the settling velocity of a sphere 
thus: 
 
 
 
 
where w is the settling velocity, (P1 - P) is the density difference between 
the particle and the fluid, g is the acceleration due to gravity, µ is the 
viscosity, and d is the particle diameter. 
particular problem encountered here is the particle diameter. The settling 
velocity is not only a function of a particle's diameter, but also of its 
shape. Stokes' law applies when the settling particles are perfect spheres. 
 
C- Interpretation of Particle Size Analyses 
 
There are many cases where it is quite inadequate to describe a sediment 
as "a medium-grained well-sorted sand." Within the sand and gravel 
industry rigid trade descriptions of marketable sediments are required. 
This includes hard core, road aggregates, building sands, sewage filter-
bed sands, blasting sand, and so on. Sand and gravel for these and many 
other uses require specific grain size distributions. 
These must be described accurately using statistical coefficients such as 
those described in the preceding section. Within the field of geology, 
accurate granulometric analyses are required for petrophysical studies 
that relate sand texture to porosity and permeability. The selection of 
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gravel pack completions for water wells also requires a detailed 
knowledge of the granulometry of the aquifer. 
 
 
POROSITY AND PERMEABILITY 
 
While it is true that geologists study rocks, much applied geology is 
concerned with the study of holes within rocks. The study of these holes 
or "pores" is termed petrophysics. This is of vital importance in the 
search for oil, gas, and groundwater, and in locating regional permeability 
barriers that control the entrapment and precipitation of many minerals. It 
is also necessary for subsurface liquid and radioactive waste  disposal and 
gas storage schemes. 
A sedimentary rock is composed of grains, matrix, cement, and pores 
(Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The grains are the detrital particles that generally form the framework of 
a sediment. Matrix is the finer detritus that occurs within the framework. 
Matrix was deposited at the same time as the framework grains or 
infiltrated shortly after. There is no arbitrary size distinction between 
grains and matrix. Conglomerates generally have a matrix of sand, and 
sandstones may have a matrix of silt and clay. Cement is postdepositional 
mineral growth, which occurs within the voids of a sediment. Pores are 
the hollow spaces not occupied by grains, matrix, or cement. Pores may 
contain gases, such as nitrogen and carbon dioxide, or hydrocarbons 
such as methane. Pores may be filled by liquids ranging from potable 
water to brine and oil. Under suitable conditions of temperature and 
pressure, pores may be filled by combinations of liquid and gas. The 

5  
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study of pore liquids and gases lies in the scope of hydrology and 
petroleum engineering. Petrophysics, the study of the physical properties 
of pores, lies on the boundary between these disciplines and sedimentary 
geology. 
The geologist should understand the morphology and genesis of pores 
and, ideally, be able to predict their distribution within the earth's crust. 
The porosity of a rock is the ratio of its total pore space to its total 
volume, that is, for a given sample: porosity - total volume - bulk volume. 
Porosity is conventionally expressed as a percentage. Hence: 
 
 
 
 
 
 
The porosity of rocks ranges from effectively zero in unfractured cherts 
to, theoretically, 100% if the "sample" is taken in a cave. Typically 
porosities in sediments range between 5 and 25 %, and porosities of 25-
35 % are regarded as excellent if found in an aquifer or oil reservoir. 
An important distinction must be made between the total porosity of a 
rock and its effective porosity. Effective porosity is the amount of 
mutually interconnected pore space present in a rock. It is, of course, the 
effective porosity that is generally economically important, and it is 
effective porosity that is determined by many, but not all, methods of 
porosity measurement. The presence of effective porosity gives a rock the 
property of permeability. Permeability is the ability of a fluid to flow 
through a porous solid. Permeability is controlled by many variables. 
These include the effective porosity of the rock, the geometry of the 
pores, including their tortuosity, and the size of the throats between pores, 
the capillary force between the rock and the invading fluid, its viscosity, 
and pressure gradient. 
Permeability is conventionally determined from Darcy's law using the 
equation: 
 
 
 
 
Where Q is the rate of flow in cubic centimeters per second, Δ is the 
pressure gradient, A is the cross-sectional area, µ is the fluid viscosity in 
centipoises, L is the length, and K is the permeability. Figure (6)  
illustrates the system for measuring the permeability of a rock sample. 
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Permeability is usually expressed in darcy units, a term proposed and 
defined by Wycoff et al. in 1934. One darcy, is the permeability which 
allows a fluid of one centipoise viscosity to flow at one centimeter per 
second, given a pressure gradient of one atmosphere per centimeter. The 
permeability of most rocks is considerably less than one darcy. To avoid 
fractions or decimals, the millidarcy, which is one-thousandth of a darcy, 
is generally used. 
 
Methods of Measurement of Porosity and Permeability: 
 
Several different methods can be used to measure the porosity and 
permeability of rocks. Many of these require the direct analysis of a 
sample of the rock in question, either from surface samples or from cores 
recovered from a borehole. The results from surface outcrop samples are 
generally deemed unreliable, because they will commonly have been 
leached to some extent, leading to porosity and permeability values that 
are higher than their subsurface equivalents. 
Seismic data and borehole logs can also be used to measure the porosity 
and permeability of rocks in the subsurface. 
 
1-Direct methods of porosity measurement: 
 
Measurement of porosity by direct methods of porosity measurement 
requires hand specimens collected from surface outcrops or they may be 
borehole cores or small plugs cut from cores. For all the various methods 
of directly determining porosity it is necessary to determine both the total 
volume of the rock sample and either the volume of its porosity or of its 
bulk volume. Most methods rely on the measurement of the porosity by 

6  
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vacuum extraction of the fluids contained within the pores. Such 
methods, therefore, measure not total porosity but effective porosity. 
 
2-Indirect methods of porosity measurement: 
 
number of methods are now available for measuring the porosity of rocks 
in place when penetrated by a borehole. These are based on 
measurements of various geophysical properties of the rock by a sonde, a 
complex piece of electronic equipment that is lowered on a cable down 
the well bore. Different sondes are designed to measure various 
properties of the rock. Sondes that can measure the porosity of a rock 
include the sonic, neutron, and density logs. 
 
3- Direct method of permeability measurement: 
 
Permeability may be directly measured at outcrop or from a hand 
specimen or core in the laboratory. Permeability at outcrop may be 
measured using a probe- or minipermeameter. This is a portable handheld 
piece of kit. The technique involves placing a nozzle against the rock face 
and puffing a fluid, commonly nitrogen, into the rock and measuring the 
flow rate. 
Permeability measurement in a laboratory involves pumping gas through 
a carefully dried and prepared rock sample. This may be either a whole 
core or a plug cut from a core or hand specimen. 
 
4- Indirect methods of permeability measurement: 
 
Permeability can be calculated by recording the amount of fluid which a 
known length of borehole can produce over a given period of time. This 
is applicable in hydrology where, unless the well is artesian, pump tests 
are carried out. These record the amount of water which can be extracted 
in a given period, and the length of time required for the water table to 
return to normal if it was depressed during the test. Both the productivity 
under testing and the recharge time are measures of the permeability of 
the aquifer. 
Oil and gas reservoirs typically occur under pressure. The permeability of 
the reservoir can be measured from drill-stem tests and from lengthier 
production tests. These record the amount of fluid produced in a given 
period, the pressure drop during this time, and the buildup in pressure 
over a second time interval when the reservoir is not producing. By 
turning Darcy's law inside out to apply to the shape of the borehole, it is 
possible to measure the mean permeability of the reservoir formation over 
the interval that was tested. 
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Capillarity: 
 
Fluid movement through sediments is also contingent on capillarity. 
Consider a trough of liquid within which are arranged vertical tubes of 
varying diameters (Fig. 7). The level of liquid within wide tubes is the 
same as that without. In narrow tubes, however, liquid is drawn up above 
the common level. The height is proportional to the tube diameter. 
This gravity-defying effect, contrary to hydrostatic principles, is due to 
surface tension at the boundary between the liquid and the atmosphere. 
This effect is known as capillarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Primary or Depositional Porosity 
 
Primary or depositional porosity is that which, by definition, forms when 
a sediment is first laid down. Two main types of primary porosity are 
recognized: intergranular, or interparticle, and intragranular, or 
intraparticle. 
 
1- Intergranular or interparticle porosity 
 
Intergranular or interparticle porosity occurs in the spaces between the 
detrital grains that form the framework of a sediment (Fig. 8A). This is a 
very important porosity type 
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2- Intragranular or intraparticle porosity 
 
In carbonate sands, particularly those of skeletal origin, primary porosity 
may be present within the detrital grains. For example, the cavities of 
mollusks, ammonites, corals, bryozoa, and microfossils can all be classed 
as intragranular or intraparticle primary porosity (Fig. 8B). 
 
 
 
 
 
 
 
 
 
 
 
 
Secondary or Postdepositional Porosity 
 
Secondary porosity is that which, by definition, formed after a sediment 
was deposited. Secondary porosity is more diverse in morphology and 
more complex in genesis than primary porosity. It is more commonly 
found in carbonate rocks than in siliciclastic sands. This is because of the 
greater mobility of carbonate minerals in the subsurface, compared to 
quartz. The following main types of secondary porosity are recognizable. 
 
1- Intercrystalline porosity 
 
Intercrystalline porosity occurs between the individual crystals of a 
crystalline rock (Fig. 9A). It is, therefore, the typical porosity type of the 
igneous and highgrade metamorphic rocks, and of some evaporites. 
 
2- Fenestral porosity 
 
The term "fenestral porosity" is referred to a primary or 
penecontemporaneous gap in rock framework, larger than grain-
supported interstices. This porosity type is typical of carbonates. (Fig. 
9b). 
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3- Stromatactis 
 
Stromatactis is a phenomenon related to fenestral pore systems. This 
name has been given to irregular patches of crystalline calcite that are 
common on the flanks of Paleozoic mud mounds around the world. 
A stromatactis structure is normally some 10 cm in length and 1-3 cm 
high. The base is flat, the upper surface domed and irregular. The 
structures commonly dip radially from the center of the mud mound (Fig. 
10). 

9  
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4- Moldic porosity 
 
Molds are pores formed by the solution of primary depositional grains 
generally subsequent to some cementation. Molds are fabric selective. 
That is to say, solution is confined to individual particles and does not 
cross-cut cement, matrix, and framework. (Fig. 9C). 
 
5- Vuggy porosity 
 
Vugs are a second type of pore formed by solution and, like molds, they 
are typically found in carbonates. Vugs differ from molds though because 
they cross-cut the primary depositional fabric of the rock (Fig. 9D). Vugs 
thus tend to be larger than molds. 
 
6- Fracture porosity 
 
Fractures occur 
in many kinds of rocks other than sediments. Fracturing, in the sense of a 
breaking of depositional lamination, can occur penecontemporaneously 
with sedimentation. This often takes the form of microfaulting caused by 
slumping, sliding, and compaction. (Fig. 9E). 
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Transportation and Sedimentation 
 
Sedimentation is, literally, the settling out of solid matter in a liquid. To 
the geologist, however, sedimentary processes are generally understood 
as those which both transport and deposit sediment. They include the 
work of water, wind, ice, and gravity. The physics of granular solids in 
fluids is described here. This is followed by accounts of sediment 
transport and deposition by these four processes. 
Matter occurs in three phases: solid, liquid, and gaseous. The physicist 
considers gases and liquids together as fluids, on the grounds that, unlike 
solids, they both lack shear strength. The behavior of granular solids in 
liquids and gases is comparable. The similarity of the bed forms and 
structures of windblown and water-laid deposits are the root problem of 
differentiating them in sedimentary rocks. The starting point of an 
analysis of sediment transport and deposition is Stokes' law. This was 
introduced when discussing the use of settling velocity as a way of 
measuring grain size. Recall that Stokes' law states: 
 
 
 
 
 
 
 
where w is the settling velocity, (P1 - P) is the density difference between 
the particle and the fluid, g is the acceleration due to gravity, µ is the 
viscosity, and d is the particle diameter. 
Stokes' law states that the settling velocity of a particle is related to its 
diameter, and to the difference between the particle density and the 
density of the ambient fluid. Considered at its simplest a small particle 
will settle faster than a larger one of equal density. Conversely, of two 
particles of equal diameter but different densities, the denser one will 
settle first. 
Stokes' law is only valid, however, for a single sphere. In the real world, 
settling velocity also varies according to grain shape and to grain 
concentration, since sedimentation rate will be affected by adjacent 
particles colliding. Few sediment grains are perfect spheres. Quartz and 
feldspar particles are normally ovoid, micas are plate-like, and skeletal 
fragments highly irregular. The idea of sedimentation-equivalent particles 
has thus been developed to take into account grain shape. Hydraulically 
equivalent particles settle at the same velocity in water. Aerodynamically 
equivalent particles settle at the same velocity in air. 
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Most sands also contain varying amounts of heavy minerals, arbitrarily 
defined as those with a density greater than 3.0 g/cm 3. These include 
many economically important minerals such as gold, with a density of 19 
g/cm 3. When segregated these valuable heavy minerals are the placer 
ores. Thus much work has been done to try to understand the processes 
that segregate sand particles of different densities (see MacDonald, 1983, 
for a detailed account). 
Figure 11 shows how small heavy mineral particles have the same 
settling velocities as larger quartz grains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From considering the purely static situation of sediment settling in 
motionless fluid it is appropriate to consider how particles will behave 
when the fluid is moving. The physics of this situation is expressed by the 
Reynolds equation, from which is derived from a dimensionless 
coefficient, the Reynolds number, thus: 
 
 
 
 
where R is the Reynolds number, U is the velocity of the particle, d is the 
diameter of the particle, p is the density of the particle, and µ is the  
viscosity of the fluid. For a given situation the Reynolds number can be 
used to differentiate two different types of fluid behavior at the solid 
boundary, be it a sphere or a confining surface such as a tube or channel 
wall. For the low Reynolds numbers the fluid flow is laminar, flow lines 
running parallel to the boundary surface; for the high Reynolds numbers 
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the flow is turbulent, generating eddies and vortices (Fig. 12). For flow in 
tubes the critical Reynolds number separating laminar and turbulent flow 
is about 2000. For a particle in a fluid the critical number is about  (1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A second important coefficient of fluid dynamics is the Froude number. 
This is essentially the ratio between the force required to stop a moving 
particle and the force of gravity; that is, the ratio of the force of inertia 
and the acceleration due to gravity. Hence: 
 
 
 
 
where U is the velocity of the particle, L is the force of inertia (i.e., the 
length traveled by the particle before it comes to rest), and g is the 
acceleration due to gravity. 
For flow in open channels the Froude number is expressed thus: 
 
 
 
 
where D is the depth of the channel and U is the average current velocity. 
Consider now the mechanics of particle movement. Essentially a grain 
can move through a fluid (liquid or gaseous) in three different ways: by 
rolling, by bouncing, or in suspension (Fig. 13). In a given situation, the 
heaviest particles are never lifted from the ground. They remain in 
contact with their colleagues, but are rolled along by the current. 
At the same velocity, lighter particles move downcurrent with steep 
upward trajectories and gentler downward glide paths. This process is 
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known as saltation. At the same velocity the lightest particles are borne 
along by the current in suspension. They are carried within the fluid in 
erratic but essentially downflow paths never touching the bottom or 
ground. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In a situation such as a river channel, therefore, gravel will be rolling 
along the bottom, sand will sedately saltate, and silt and clay will be 
carried in suspension. Sand and gravel are generally referred to as the 
traction carpet or the channel bed load. The silt and clay, loosely termed 
"fines," are referred to as the suspended load. Considerable importance is 
attached to the critical flow velocity needed to start a particle into motion. 
 
AQUEOUS PROCESSES 
 
1- Sedimentation from Traction Currents 
 
Consider now one of the most important processes for transporting and 
depositing sediment. Traction currents are those which, as already 
defined, move sediment along by rolling and saltation as bed load in a 
traction carpet. Continuous reworking winnows out the silt and clay 
particles which are carried further downcurrent in suspension. Finer, 
lighter sand grains are transported faster than larger, heavier ones. The 
sediments of a unidirectional traction current thus tend to show a 
downstream decrease in grain size, termed "size grading." Traction 
currents may be unidirectional, as in river channels. In estuaries, and in 
the open sea, however, sediment may be subjected to the to-and-fro 
action of tidal traction currents or to even more complex systems. 
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A- Unidirectional Traction Currents 
 
The basic approach to understanding traction-current sedimentation has 
been through experimental studies of unidirectional flow in confined 
channels. These can be made in artificial channels, termed flumes, which 
are now standard equipment in many geological laboratories. The 
experiment commences with the flume at rest. Sand on the flume floor 
is fiat, current velocity is zero. Water is allowed to move down the flume 
at a gradually increasing velocity. The sand grains begin to roll and 
saltate as the critical threshold velocity is crossed. The sand is sculpted 
into a rippled bed form. Steep slopes face downcurrent, gentle back 
slopes face upcurrent. Sand grains are eroded from the back slopes, 
transported over the ripple crests to be deposited on the downstream slope 
or slip face. Thus the ripples slowly move downstream depositing cross-
laminated sand. With increasing current velocity the bed form changes 
from ripples to dunes. These are similar to ripples in their shape, mode of 
migration, and internal structure. They differ in scale, however, being 
measurable in decimeters rather than in centimeters. After flash floods 
ephemeral rivers may drain to expose megaripples (dunes) with ripples 
on their back slopes. Through these phases of ripple and dune formation, 
the   Froude  number,  introduced in the    previous   section, is  less   than 
(1). With increasing velocity the Froude number approaches 1. This value 
separates two flow regimes. The lower flow regime, with a Froude 
number of less than 1, generates cross-laminated and cross-bedded sand 
from ripples and dunes. As the velocity increases to a Froude number of  
(1) the dunes are smoothed out and the bed form assumes a planar 
surface. This stage is termed shooting flow. Sand is still being 
transported. Now, however, sand may be deposited in horizontal beds 
with the grains aligned parallel to the current. Rarely, flat bedded sands 
contain much larger clasts. This feature proves that the current velocity 
was far greater than that required to transport the sand particles. It also 
exceeded the threshold velocity for cobble transportation. 
As the current velocity increases further, the Froude number exceeds 
unity. The plane bed form changes into rounded mounds, termed 
"antidunes." In contrast to dunes, these tend to be symmetric in cross-
section. They may be stable or they may migrate upcurrent to deposit 
upcurrent dipping cross-beds. With decreasing current velocity, the 
sequence of bed forms is reversed. Antidunes wash out to a plane bed, 
then dunes form, then ripples, and so back to plane bed and quiescence at 
zero current velocity (Fig. 14). 
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B- Bidirectional Tractional Currents 
 
Unidirectional currents characterize deposition in fluvial channels. In 
marine environments, however, traction currents are commonly 
bidirectional. The periodicity of the current is very variable, ranging from 
tidal cycles of many hours duration, down to the split second passing of a 
wave.  
 
2- Sedimentation from High-Density Turbidity Currents 
 
Where two fluid bodies of different density are mixed, the less dense 
fluid will tend to move above the denser one. Conversely, the denser fluid 
will tend to flow downward. Aqueous density flows may be caused by 
differences of temperature, salinity, and suspended sediment. Glacial melt 
streams and certain polar currents tend to flow under gravity beneath 
warmer, less dense water bodies. Water discharged by rivers in temperate 
latitudes often flows out for considerable distances from the shore above 
the denser, more saline seawater. Turbid bodies of water with large loads 
of suspended sediment frequently move as density flows beneath clear 
water. This particular variety of density current, termed a turbidity 
current, is of great interest to geologists (Fig. 15). Turbidity currents are 
widely believed to be a major process for the transportation and 
deposition of a significant percentage of the world's sedimentary cover. 
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The process was originally invoked as an erosional agent capable of 
scouring the submarine canyons on delta and continental slope margins. 
Later it was claimed as the generator of what used to be termed flysch. 
This facies, typical of geosynclinal troughs- now termed zones of 
subduction -- is characterized by thick sequences of interbedded sand and 
shale. The sands have abrupt bases and transitional tops, and they tend to 
fine upward. Sands of this type are often genetically termed "turbidites". 
 
3- Sedimentation from Low-Density Turbidity Currents 
 
Fine-grained clay and silt are seldom if ever deposited from traction 
currents because they tend to be transported in suspension rather than as 
bed load. A certain amount of sand and silt is deposited at the distal end 
and waning phases of turbidity flows. The bulk of subaqueous silt and 
clay is transported by a third mechanism, suspension. Suspension- 
deposited mudrocks can occur interbedded or interlaminated with 
turbidites or with traction deposits. Three types of suspension can be 
defined, though the divisions between them are arbitrary. 
First, the fine sediments of distal turbidites are essentially suspension 
deposits. These are thinly interlaminated, laterally extensive laminae of 
silt and clay. Examples of this sediment type occur in deep marine basins, 
but are more characteristic of lacustrine environments. Such "varved" 
deposits, as they are called. 
A second type of suspension deposit originates from what are termed 
nepheloid layers. These are bodies of turbid water whose density 
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differential with the ambient fluid is not sufficiently large enough for 
them to sink to the bottom as a conventional turbidity flow, yet they are 
sufficiently dense to form a cohesive turbid layer suspended within the 
ambient fluid. 
The third main type of suspension deposit occurs where turbid flows 
enter bodies of water with no significant density difference. This 
situation, termed "hypopycnal flow" allows a complete mixing of the two 
water masses. Fine material then settles out of suspension from the 
admixture of water bodies. The term hemipelagite is applied to massive 
deep marine muds whose absence of evidence of current action suggest 
that they have settled out of suspension. 
 
EOLIAN PROCESSES 
 
eolian and aqueous transportation and sedimentation shared many 
features. This is because both processes are essentially concerned with 
the transportation of a granular solid in a fluid medium. Gases and liquids 
both lack shear strength and share many other physical properties. Eolian 
processes involve both traction carpets and suspensions (dust clouds). 
 
1- Eolian Sedimentation from Traction Carpets 
 
Silt and clay are winnowed from the traction carpet and carried off in dust 
clouds. Studies of the threshold velocity needed to commence air 
movement show that, as with aqueous transport, the threshold velocity 
increases with increasing grain size. Quartz particles of about 0.10 mm 
(very fine sand) are the first to move in a rising wind. Silt and clay need 
velocities as strong as those for fine sand to initiate movement. A 
relationship between bed form and wind velocity has not been worked out 
in the same way that the flow regime concept unifies these variables for 
aqueous flow. Ripples, dunes, and plane beds are all common eolian sand 
bed forms. It is a matter of observation that ripples are blown out on both 
dunes and plane beds during sandstorms, to be rebuilt as the wind wanes. 
The factors that control the areal distribution of sand plains and sand dune 
field or sand seas are little understood. Attempts have been made, 
however, to define a model that integrates wind velocity and direction 
with net sand flow paths. Particular attention has been paid to the 
geometry and genesis of sand dunes. Four main morphological types can 
be defined (Fig. 16). 
The most beautiful and dramatic sand dune is the barchan or lunate dune. 
This is arcuate in plan, convex to the prevailing wind direction, with the 
two horns pointing downwind. Barchans have a steep slip face in their 
concave downwind side (Fig. 16A). 
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Barchans are lonely dunes; typically they occur in isolation or as 
outriders around the edges of sand seas. They generally overlie playa mud 
or granule deflation surfaces. This suggests that lunate dunes form where 
sand is in short supply. They are bed forms of transportation, not of net 
deposition. It is unlikely that they are often preserved in the geological 
record. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The second type to consider is the stellate, pyramidal, or Matterhorn dune 
(Fig. 16B). These consist of a series of sinuous, sharp, rising sand ridges, 
which merge together in a high peak from which wind often blows a 
plume of sand, making the dune look as if it were smoking, a dramatic 
sight in the middle of a desert.  
The third type of dune is the longitudinal or self dune (Figs. 16C). These 
are long, thin, sand dunes with sharp median ridges. Individual dunes 
may be traced for up to 200 km, with occasional convergence of adjacent 
seifs in a downwind direction. Individual dunes are up to 100 m high, and 
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adjacent dunes are spread up to 1 or 2 km apart, with flat interdune areas 
of sand or gravel. 
The fourth type of eolian dune is the transverse variety. These are 
straight, or slightly sinuous, crested dunes that strike perpendicular to the 
mean wind direction (Figs. 16D) Their steep slip faces are directed 
downwind. Transverse dunes seldom occur on deflation surfaces. They 
are typically gregarious, climbing up the back side of the next dune 
downwind. This strongly suggests that transverse dunes are the eolian bed 
form that actually deposits sand. 
 
2- Eolian Sedimentation from Suspension 
 
Most eolian sediment is deposited by wind blowing over desiccated 
alluvium. The gravel remains behind. The sand saltates into dunes. The 
silt and clay are blown away in suspension. This much is known, and 
there is no question of the competence of wind to transport large amounts 
of silt and clay in suspension. It has been calculated that between 25 and 
37 million tons of dust are transported from the Sahara throughout the 
longitude of Barbados each year. This quantity of dust is sufficient to 
maintain the present rate of pelagic sedimentation in the entire North 
Atlantic. Dust is transported in the winds of deserts, but little is actually 
deposited out of suspension in the way that mud settles on the sea floor. 
Most silt and clay is finally deposited in playas, following rains and flash 
floods. Desiccation and cohesion tend to prevent this material from being 
recycled. The dust suspensions of periglacial deserts are different from 
those of tropic deserts. Clay is largely absent. They are high in silica 
particles of medium silt grade produced by glacial action. This material is 
termed loess. Extensive deposits of Pleistocene loess occur in a belt right 
across the Northern Hemisphere to the south of the maximum extent of 
the ice sheets. Loess occurs in laterally extensive layers, often of great 
thickness. It is slightly calcareous, massive, and weathers into 
characteristic polygonal shrinkage cracks. 
 
GLACIAL PROCESSES 
 
Several types of sedimentary deposit are associated with glaciation. These 
include loess (just described), varved clays, and the sands and gravels of 
fluvioglacial outwash plains. These deposits, though associated with 
glaciation, are actually eolian, aqueous suspension and traction current 
deposits, respectively.  
This is a poorly sorted sediment from boulders down to clay grade. Much 
of the clay material is composed of diverse minerals, but largely silica, 
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formed by glacial pulverization. Clay minerals are a minor constituent. 
The boulders show a wide size range, are often angular. 
Statistical analysis of the orientation of the larger particles shows that 
their long axes parallel the direction of ice movement. 
Consider now the mechanics of glacial transport and decomposition. Ice, 
formed from compacted snow, moves both in response to gravity in 
valley glaciers and in response to horizontal pressures in continental ice 
sheets. Ice movement is very slow compared with aqueous or eolian 
currents. On the other hand, it is highly erosive, breaking off boulders 
from the rocks over which it moves. The detritus that is caught up in the 
base of a glacier is transported in the direction of ice flow. 
 
GRAVITATIONAL PROCESSES 
 
The force of gravity is an integral part of all sedimentary processes- 
aqueous, eolian, or glacial. Gravity can, on its own, however, transport 
sediment, but for this to acquire a horizontal component it requires some 
additional mechanism. There is a continuous spectrum of depositional 
processes graded from pure gravity deposition to the turbidity flows, as 
already described. This spectrum may be arbitrarily classified into three 
main groups: rock fall, slides and slumps, mass flows. 
Rock falls, or avalanches, are examples of essentially vertical 
gravitational sedimentation with virtually no horizontal transport 
component. The resultant sediment is composed of poorly sorted angular 
boulders with a high primary porosity. Subsequent weathering may round 
the boulders in place, with wind or water transporting finer sediment to 
infill the voids. 
The second type of gravitational process to consider is the slide or 
slump. These occur on gentler slopes than rock falls, down to even less 
than a degree. Slides and slumps can be both subaerial or subaqueous. 
The sedimentary processes of sliding involve the lateral transportation of 
sediment along subhorizontal shear planes. Water is generally needed as a 
lubricant to reduce friction and to permit movement along the slide 
surfaces. 
Sliding and slumping become progressively more effective transporting 
agents with increasing water content. Many sediments that are slump 
susceptible are deposited on a slope with loose packing. Once movement 
is initiated, the sediment packing is disturbed and the packing tends to 
tighten. Porosity decreases, therefore, and the pore pressure increases. 
This has the effect of decreasing intergranular friction, allowing the 
sediment to flow more freely. Thus with increasing water content and, 
hence, decreasing shear strength, slumping grades into the third 
mechanism of the spectrum: mass flow or grain flow. This process 
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embraces a wide range of phenomena known by such names as sand 
flows, grain flows, fluidized flows, mud flows, debris flows, and their 
resultant deposits, fluxoturbidites, diamictites, and pebbly mudstones.  
 
 
 The sedimentary structures 
 
Sedimentary structures are arbitrarily divided into primary and secondary 
classes. Primary structures are those generated in a sediment during or 
shortly after deposition. They result mainly from the physical processes 
described previously. Examples of primary structures include ripples, 
cross-bedding, and slumps. Secondary sedimentary structures are those 
that formed sometime after sedimentation. They result from essentially 
chemical processes, such as those which lead to the diagenetic formation 
of concretions. Primary sedimentary structures are divisible into 
inorganic structures, including those already mentioned and organic 
structures, such as burrows, trails, and borings. Table 1 shows the 
relationships between the various structures just defined. 
 
 
 
 
 
 
 
 
 
 
A sedimentary structure is deemed to a primary depositional feature of a 
sediment that is large enough to be seen by the naked eye.  
Sedimentary structures can be studied at outcrop and in cliffs, quarries, 
and stream sections. They can also be studied in cores taken from wells. 
Sedimentary structures in cores are the easiest to describe because of the 
small size of the sample to be observed. 
 
1- BIOGENIC SEDIMENTARY STRUCTURES 
 
A great variety of structures in sedimentary rocks can be attributed to the 
work of organisms. These structures are referred to as biogenic, in 
contrast to the inorganic sedimentary structures. Biogenic structures 
include plant rootlets, vertebrate footprints (tracks), trails (due to 
invertebrates), soft sediment burrows, and hard rock borings. These 
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phenomena are collectively known as trace fossils and their study is 
referred to as ichnology. An individual morphological type of race fossil 
is termed an iehnogenus. One of the basic principles of trace fossil 
analysis is that similar ichnogenera can be produced by a wide variety of 
organisms. The shape of a trace fossil reflects environment rather than 
creator. This means that trace fossils can be very important indicators of 
the origin of the sediment in which they are found because of their close 
environmental control. Furthermore, trace fossils always occur in place 
and cannot be reworked like most other fossils. Sedimentologists 
therefore need to know something about trace fossils. 
Some basic principles of occurrence and nomenclature will be described 
before analyzing the relationship between trace fossils and environments. 
The various types of ichnogenera cannot be grouped phyllogenetically 
because, as already pointed out, different organisms produce similar 
traces. Ichnofossils have been grouped according to the activity which 
made them (Seilacher, 1964) and according to their topology 
(Martinsson, 1965). The topological scheme essentially describes the 
relationship of the trace to the adjacent beds (Fig. 17). 
 
 
 
 
 
 
 
 
 
 
 

 
 

Table (2) equates the two systems side by side. Martinsson's descriptive 
scheme is easy to apply, whereas Seilacher's necessitates some 
interpretation. 
 
 
 
 
 
 
 
 
 

 Fig. 17 

Table 2 
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The most useful aspect of trace fossils is the broad correlation between 
depositional environment and characteristic trace fossil assemblages, 
termed iehnofaeies. Figure (18) is a blend of these various schemes. The 
most landward ichnofacies to be defined consist largely of vertebrate 
tracks. These include the footprints of birds and terrestrial animals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Moving toward the sea a well-defined ichnofacies occurs in the tidal 
zone. This is often named the "Scolithos assemblage" because it is 
dominated by deep vertical burrows of the ichnogenus. In this 
environment the sediment substrate is commonly subjected to scouring 
current action, which often erodes and reworks sediment. Because of this 
the various invertebrates of the tidal zone (worms, bivalves, crabs, etc.) 
tend to live in crawling, dwelling, and feeding burrows. These burrows 
exit at the sediment: water interface, but go down deep to provide shelter 
for the little beasts during erosive phases. 
In subtidal and shallow marine environments, Cruziana and Zoophycos 
ichnofacies have been defined, respectively. In these deeper zones, where 
marine current action is less destructive, invertebrates crawl over the sea 
bed to feed in shallow grooves. They also make burrows, but these tend 
to be shallower and oriented obliquely or subhorizontally. The Cruziana 
ichnofacies is characterized by the bilobate trail of that name. This is 
generally referred to the action of trilobites. Cruziana has, however, been 

Fig. 18 
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found in post-Paleozoic strata and has been recorded from fluvial 
formations. Zoophycos is a trace fossil with a characteristic helical spiral 
form in plan view. It is generally present at sand-shale interfaces. The 
detailed morphology of Zoophycos and the identity of its creator are a 
matter for debate. Nevertheless, there is general agreement that it occurs 
in subtidal, shallow marine deposits. 
Moving into deep quiet water, a further characteristic ichnofacies is 
named after Nereites. In this environment invertebrates live on, rather 
than in, the sediment substrate. Burrows are largely absent and surface 
trails predominate. Characteristic meandriform traces include Nereites, 
Helminthoida, and Cosmorhaphe. Polygonal reticulate trails such as 
Paleodictyon are also characteristic of this ichnofacies. The Nereites 
ichnofacies is commonly found in interbedded turbidite sand-shale 
sequences of "flysch" facies. 
 
2- PRIMARY INORGANIC SEDIMENTARY STRUCTURES 
 
Three main groups can be defined by their morphology and time of 
formation (Table 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The first group of structures is predepositional with respect to the beds 
that immediately overlie them. These structures occur on surfaces 
between beds. Geopedants may prefer to term them interbed structures, 
though they were formed before the deposition of the overlying bed. This 

Table 3 
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group of structures largely consists of erosional features such as scour-
and-fill, flutes, and grooves. These are sometimes collectively called sole 
marks or bottom structures. 
The second group of structures is syndepositional in time of origin. These 
are depositional bed forms like cross-lamination, cross-bedding, and flat-
bedding. To avoid a genetic connotation, this group may be collectively 
termed intrabed structures, to distinguish them from predepositional 
interbed phenomena. 
The third group of structures is postdepositional in time of origin. These 
are deformational structures that disturb and disrupt pre- and 
syndepositional inter- and intrabed structures. This third group of 
structures includes slumps and slides. 
To these three moderately well-defined groups of sedimentary structures 
must be added a fourth. This last category, named "miscellaneous," is for 
those diverse structures that cannot be fitted logically into the scheme just 
defined. The morphology and genesis of the various types of sedimentary 
structure in each of these four groupings are described next. 
 
A- Predepositional (Interbed) Structures: 
 
Predepositional sedimentary structures occur on surfaces between beds. 
They were formed before the deposition of the overlying bed. The 
majority of this group of structures are erosional in origin. Before 
describing these structures, note two points. The first is one of 
terminology. When the interface between two beds is split open, the 
convex structures that depend from the upper bed are termed "casts." The 
concave hollows in the underlying bed into which these fit are termed 
"molds" (Fig. 19). The second point to note is that the ease and frequency 
with which these bottom structures are seen is related to the degree of 
lithification. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 19 
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1- Channels:  
The largest predepositional interbed structures are channels. These may 
be kilometers wide and hundreds of meters deep (Fig. 20). They occur in 
diverse environments ranging from subaerial alluvial plains to submarine 
continental margins. Channeling is initiated by localized linear erosion by 
fluid flow aided by corrosive bed load. Once a channel is established, 
however, a horizontal component of erosion develops due to undercutting 
of the channel bank followed by collapse of the overhanging sector. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Channels are of great economic importance for several reasons. They can 
be petroleum reservoirs and aquifers, they can contain placer and 
replacement mineral ore bodies, and they can cut out coal seams. 
Instances are cited throughout this text. Smaller and less dramatic are the 
interbed structures termed scour-and-fill. These are smallscale channels 
whose dimensions are measured in decimeters rather than meters. They 
too occur in diverse environments. 
 
2- Flute Marks: 
Flutes are heel-shaped hollows, scoured into mud bottoms. Each hollow 
is generally infilled by sand, contiguous with the overlying bed (Fig. 21 , 
22). The rounded part of the flute is at the upcurrent end. The flared end 
points are downcurrent. Flutes are about 1-5 cm wide and 5-20 cm long. 
They are typically gregarious. Fluting has long been attributed to the 
localized scouring action of a current moving over an unconsolidated 
mud bottom. As the current velocity declines, flute erosion ceases and the 
hollows are buried beneath a bed of sand. 

Fig. 20 
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3- Groove Marks: 
The second important type of erosional interbed structure is groove 
marks. These, like flutes, tend to be cut into mud and overlain by sand. 
They are long, thin, straight erosional marks. They are seldom more than 
a few millimeters deep or wide, but they may continue uninterrupted for a 
meter of more. 
 
4- Tool Marks: 
Tool marks are erosional bottom structures that can be attributed to 
moving clasts. These are erosional features cut in soft mud bottoms like 
flutes and grooves. They are, however, extremely irregular in shape, both 
in plan and cross-section, though they are roughly oriented parallel with 
the paleocurrent. Flutes, grooves, and tool marks are three of the 
commonest sole markings found as interbed sedimentary structures. All 
are erosional and all are best seen in, but not exclusive to, turbidite facies.  

Fig. 21 

Fig. 22 
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B- Syndepositional (Intrabed) Structures 
 
Syndepositional structures are those actually formed during 
sedimentation. They are therefore, essentially constructional structures 
that are present within sedimentary beds. At this point it is necessary to 
define and discuss just what is meant by a bed or bedding. Bedding, 
stratification, or layering is probably the most fundamental and diagnostic 
feature of sedimentary rocks. Bedding is due to vertical differences in 
lithology, grain size, or, more rarely, grain shape, packing, or orientation. 
Sedimentation unit was defined by Otto (1935) as "that thickness of 
sediment which appears to have been deposited under essentially constant 
physical conditions." Examples of sedimentation units are a single cross-
bedded stratum and a mud flow diamictite. A useful rule of thumb 
definition is that beds are distinguished from one another by lithological 
changes. Shale beds thus typically occur as thick uninterrupted 
sequences. Sandstones and carbonates, though they may occur in thick 
sections, are generally divisible into beds by shale laminae. Here are two 
more arbitrary but useful definitions: 
 
1. Bedding is layering within beds on a scale of about 1 or 2 cm. 
2. Lamination is layering within beds on a scale of 1 or 2 mm. 
 
Using these dogmatic definitions, the synsedimentary intrabed structures 
are of five categories: massive, flat-bedded, cross-bedded, laminated, 
and cross-laminated. The morphology and origin of these are now 
described. 
 
1- Massive Bedding: 
An apparent absence of any form of sedimentary structure is found in 
various types of sedimentation unit. It is due to a variety of causes. First, 
a bed may be massive due to diagenesis. This is particularly characteristic 
of certain limestones and dolomites that have been extensively 
recrystallized. Secondly, primary sedimentary structures may be 
completely destroyed in a bed by intensive organic burrowing. 
Genuine depositional massive bedding is often seen in fine-grained, low-
energy environment deposits, such as some claystones, marls, chalks, and 
calcilutites. Reef rock (biolithite) also commonly lacks bedding. In 
sandstones massive bedding is rare. It is most frequently seen in very 
well-sorted sands, where sedimentary structures cannot be delineated by 
textural variations. It has been demonstrated, however, that some sands 
which appear structureless to the naked eye are in fact bedded or cross-
bedded when X-rayed. Genuine structureless sand beds may be restricted 
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to the deposits of mud flows, grain flows, and the lower (A unit) part of 
turbidites, though these may be size graded. 
 
2- Flat-Bedding: 
One of the simplest intrabed structures is flat- or horizontal bedding. 
This, as its name implies, is bedding that parallels the major bedding 
surface. It is generally deposited horizontally. Flat-bedding grades, 
however, via subhorizontal bedding, into cross-bedding. The critical 
angles of dip that separate these categories are undefined. Flat-bedding 
occurs in diverse sedimentary environments ranging from fluvial 
channels to beaches and delta fronts. It occurs in sand-grade sediment, 
both terrigenous and carbonate. Flat-bedding is attributed to 
sedimentation from a planar bed form. This occurs under shooting flow or 
a transitional flow regime with a Froude number of approximately (1). 
Sand deposited under these conditions is arranged with the long axes of 
the grains parallel to the flow direction. Moderately well-indurated 
sandstones easily split along flat-bedding surfaces to reveal a preferred 
lineation or graining of the exposed layer (Fig. 23). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 This feature is termed parting lineation, or primary current lineation. 
This sedimentary structure provides a paleocurrent indicator, indicating  
the sense, but not the direction of current flow (Fig. 24). It is important to 
remember that, like many of the bed sole markings previously described, 
parting lineation will not be seen in friable unconsolidated sands, nor in 
low-grade metamorphic sediments. 
 

Fig. 23 
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3- Cross-Bedding: 
Cross-bedding is one of the most common and most important of all 
sedimentary structures. It is ubiquitous in traction current deposits in 
diverse environments. Crossbedding, as its name implies, consists of 
inclined dipping bedding, bounded by subhorizontal surfaces. Each of 
these units is termed a set. Vertically contiguous sets are termed cosets 
(Fig. 25). The inclined bedding is referred to as a foreset. Foresets may 
grade down with decreasing dip angle into a bottomset or toeset. At its 
top a foreset may grade with decreasing dip angle into a topset. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
The genesis of cross-bedding has been studied empirically from ancient 
and modern deposits and experimentally in laboratories. It appears that 
much cross-bedding is formed from the migration of sand dunes or 
megaripples. Flume experiments showed how these bed forms migrate 
downcurrent depositing foresets of sand in their downcurrent hollows. If 
sedimentation is sufficiently great, then the erosional scour surface in 
front of a dune will be higher than that of its predecessor and a cross-
bedded set of sand will be preserved (Fig. 26). 
 
 

Fig. 24 

Fig. 25 
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4- Ripples and Cross-Lamination: 
Ripples are a wave-like bed form that occurs in fine sands subjected to 
gentle traction currents (Fig. 27). Migrating ripples deposit cross-
laminated sediment. Individual cross-laminated sets seldom exceed 2-3 
cm in thickness, in contrast to cross-bedding, which is normally >50 cm 
thick. It is hard to define arbitrarily the set height that separates cross-
lamination from cross-bedding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The following account describes the association of ripple bed form and 
internal crosslamination and then discusses their origin. (Fig. 28) 
illustrates the nomenclature of ripples. This particular case shows 
asymmetric ripples formed by atraction current. In cross-section a ripple 
consists of a gentle upcurrent stoss side and a steep downcurrentfacing 
lee side. The highest points of the ripples are the crests. The lowest points 
are the troughs. The height of the ripple is the vertical distance from   

Fig. 26 

Fig. 27 
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trough to crest. The wavelength of a train of ripples (their collective term) 
is the horizontal distance between two crests or troughs. 
 
 
 
 
 
 
 
 
 
 
C- Postdepositional Sedimentary Structures 
 
The third main group of sedimentary structures is a result of deformation. 
These may be termed postdepositional because, obviously, they can only 
form after a sediment has been laid down. A great variety of 
deformational structures exist, many of which are ill defined and 
strangely named. They can be arranged, however, into three main groups 
arbitrarily defined according to whether the sense of movement was 
dominantly vertical or dominantly lateral, and according to whether the 
sediment deformed plastically in an unconsolidated state, or whether it 
was sufficiently consolidated to shear along slide planes (Table 4). These 
three groups of deformation structures are described next. 
 
 
 
 
 
 
 
 
 
 
1- Vertical Plastic Deformational Structures: 
 
Deformational structures that involve vertical plastic movement of 
sediment are of two main types. One group occurs within sand beds and 
may be loosely referred to as quicksand structures. Structures of the 
second group develop at the interfaces of sand overlying mud. The 
simplest type of quicksand structure is seen in vertical section as a series 
of plastic folds. Typically broad flat synclines separate sharp peaked 
anticlines. The anticlines are sometimes overturned downcurrent (as 

Fig. 27 Fig. 28 

Table 4 
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shown by cross-bedding in the overlying sand). In plan view the folds are 
often elongated perpendicular to current direction. This type of quicksand 
structure involves the deformation of whole beds of sand up to a meter or 
more thick (Fig. 29). It is loosely referred to as convolute bedding. This 
structure is found in many types of sandstone, but is particularly 
characteristic of fluvial sands. 
 
 
 
 
 
 
 
 

 
 

 
 
On a smaller scale, laminated fine sands and silts also show 
penecontemporaneous vertical deformation structures termed convolute 
lamination. This is similar in geometry to convolute bedding, but occurs 
in finer grained sediment on a much smaller scale; generally in beds only 
a decimeter or so high. Convolute lamination is especially characteristic 
of turbidites. 
Convolute bedding, recumbent foresets, and convolute lamination are the 
three main types of intrabed vertical deformational structures. Dish 
structure is a particular variant of intrasand deformation. This is seen 
where laminae or bedding planes are intermittently disrupted and 
upturned like the rim of a dish. Dish structure is a type of dewatering 
phenomenon that is particularly characteristic of fluidized sand beds. 
A variety of structures develop where sands overlie muds. The mud:sand 
interface is often deformed in various ways. Most typically irregular-
rounded balls of sand depend from the parent sand bed into the mud 
beneath. These structures are variously termed loadeasts, ball and pillow 
structures, etc. They are a variety of the broad group of structures termed 
sole markings or bottom structures. It is important, however, to 
distinguish deformational bottom structures, like loadcasts, from 
erosional markings such as grooves and flutes. Sometimes erosional 
bottom structures become deformed. In extreme cases the sand lobes may 
become completely detached from their parent bed above. Similarly, thin 
sand beds may split along their length to form isolated cakes of sand in 
mud (Fig. 30). 
 

Fig. 29 
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These discrete bodies of sand in mud are termed pseudonodules to 
distinguish them from normal diagenetic nodules. 
Loadcasts and pseudonodules occur at sand:mud interfaces in various 
environments, both modern and ancient. They are a common feature of 
turbidite deposits. 
 
2- Slumps and Slides: 
 
Slump structures, like the structures previously described, involve the 
penecontemporaneous plastic deformation of sand and mud. Slump folds, 
however, commonly show clear evidence of extensive lateral movement 
in a consistent direction (Fig. 31). 

 
Fig. 31 Slump bedding 

Fig. 30 
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Slump folds are commonly associated with penecontemporaneous 
faulting and with major lowangle zones of decollement termed "slide 
planes." Large masses of sediments are laterally displaced along slide 
surfaces. In rare, but fascinating cases, the top of a slump bed may be 
covered by volcanoes of sand complete with axial vents and bedded 
cones (Fig. 32). These are formed from sand carried up during dewatering 
of the slump after it came to rest. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
D- Miscellaneous Structures 
 
Among the vast number of sedimentary structures that have been 
observed, many do not fit conveniently into the simple tripartite scheme 
outlined earlier. These miscellaneous structures include rain prints, salt 
pseudomorphs, and various vertical dike-like structures of diverse 
morphology and origin. These include desiccation cracks, synaeresis 
cracks, sedimentary boudinage, and sand dikes.  
 
1- Rain Prints: 
 
Rain prints occur within siltstones and claystones, and where such beds 
are overlain by very fine sandstones. In plan view, rain prints are circular 
or ovate if due to windblown rain. They are typically gregarious and 
closely spaced. Raised ridges are present around each print. Individual 
craters range from 2 to 10 mm in diameter. Rain prints are good 
indicators of subaerial exposure but are not exclusive to arid climates, 
though they may have a higher preservation potential in such conditions. 
 
 
 

Fig. 30 
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2- Salt Pseudomorphs: 
 
Salt pseudomorphs occur in similar lithological situations to rain prints. 
They are typically found where claystones or siltstones are overlain by 
siltstones or very fine sandstones. Salt pseudomorphs are molds formed 
in soft mud by cubic halite crystals. The salt crystals grow in mud 
deposited on the substrate of hypersaline lakes and lagoons. An influx of 
turbid nonsaline water dissolves the salt crystals and buries the mold 
beneath a new layer of sediment (Fig. 31). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3- Desiccation Cracks: 
 
A variety of vertical planar structures have been recognized in sediments, 
these include shrinkage cracks, sedimentary dikes, and Neptunean dikes. 
Shrinkage cracks are often recorded in muddy sediments. They are of   
two types. Desiccation cracks form subaerially; synaeresis cracks form 
subaqueously. Desiccation cracks, also known as sun cracks, are 
downward tapering cracks in mud, which are infilled by sand. In plan 
view they are polygonal. Individual cracks are a centimeter or so wide. 
Polygons are generally about 0.5 m across (Fig. 32). The cracks may 
extend down for an equivalent distance (Fig. 33). Picard (1966) described 
discontinuous linear desiccation cracks that do not join into polygons, but 
are oriented parallel to the local paleoslope. 
 
 
 
 
 

Fig. 31 
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Fig. 32 

Fig. 33 
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4- Synaeresis Cracks: 
 
Synaeresis cracks are formed in mud by the spontaneous dewatering of 
clay beneath a body of water. They are distinguishable from desiccation 
cracks because they are infilled by mud similar or only slightly coarser in 
grade than that in which they grow. Furthermore, synaeresis cracks are 
generally much smaller than desiccation cracks; typically only 1-2 mm 
across. 
 
5- Sand Dikes: 
 
Sand dikes are vertical sheets of sand that have been intruded into muds 
from sand beds beneath. Though they are sometimes polygonally 
arranged, they can be distinguished from desiccation cracks by their 
tendency to die out upward and by the fact that they are rooted to the 
parent sand bed below. Sand dikes are intruded as liquefied quicksand 
Into water-saturated mud. (Fig. 33).  
 
 


