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Sediments and Sedimentary Rocks

I- Introduction and origin of sedimentary rocks:

Although sedimentary rocks constitute 5% or less of the earth's crust, they cover 75% of the surface of continents. As such, they provide us with important industrial material, and are host to some of the most important economic deposits such as oil and gas. Studying sedimentary rocks is also essential to understanding surface processes and ancient environments.

Sedimentary rocks form by deposition of sediments and their lithification (i.e. transformation to rock) at surface or near surface conditions. As such, there are four processes which are commonly involved in the formation of sedimentary rocks: (1) weathering, (2) erosion or transportation of the weathered material, (3) deposition usually in a basin of some sort, and (4) lithification, which involves the transformation of loose unconsolidated sediments into a rock. We have already discussed in detail the process of weathering in the last chapter, and will discuss the transportation of the weathered material in forthcoming chapters dealing with the action of wind, running water and ice. Deposition will be discussed in detail in a later section, but we must first understand the types of sediments deposited and learn how to describe them.

II- Types of sediments

1- Detrital sediments: Also known as clastic sediments. These form by the fragmentation of the parent rock by weathering, followed by erosion or transportation of these fragments over variable distances to their place of deposition. Detrital sediments are classified according to their size into 7 groups (Table 1). Because large-sized fragments are more difficult to transport, they tend to occur closer to their source area than smaller-sized ones produced from the same rock. Clastic sediments are also described according to their shapes, and range of different sizes in an area (known as sorting, see below). 

Two criteria are used to describe the shape of a sedimentary particle: roundness and sphericity. Roundness describes the angularity of a particle, whereas sphericity describes the degree to which the shape of this particle approaches that of a sphere. Therefore, an elongated particle may be very well rounded, but will have low sphericity (Fig. 1). A rounded fragment was probably transported over a longer distance compared to one that is angular. 

Sorting is a measure of the degree of separation of sediments into different size groups. Clastic sediments commonly have a variety of different sized material mixed together. A sediment with a narrow range of sizes is described as "well-sorted", one with a very wide range of sizes is considered "poorly sorted" (Fig. 2). Sorting is a function of the transporting agent as well as the depositional environment.

2- Chemical sediments: These form by precipitation from solution. The soluble material may eventually precipitate out of solution as a result of physical and/or chemical changes that take place to such solutions. Examples include the deposition of CaCO3 from solution according to the reaction:

Ca+2 + HCO3- = CaCO3 + 2 H+.

Therefore, if the temperature decreases or the pH of the solution suddenly increases (i.e. the solution becomes more alkaline), then calcite will precipitate. Similarly, a solution carrying Na+ and Cl- ions will precipitate halite if the concentration of these ions exceeds a certain limit making the solution oversaturated with respect to these ions (e.g. by evaporation).

3- Biological/organic sediments: These are sediments in which organisms were involved in their formation or deposition in one way or another. Most of these sediments really form by a chemical process in which a living organism precipitates one or more minerals from solution to build its own shell or skeleton. When the organism dies, its soft tissue decays, leaving behind the skeleton to deposit in the middle of other chemical or detrital sediments. Alternatively, coarse biological debris may be transported and deposited elsewhere giving rise to a clastic sediment. The most common minerals precipitated "biologically" (or more appropriately biochemically) are calcite, and some forms of cryptocrystalline SiO2. Another type of biological or organic sediments is that formed by the accumulation of plant material under certain physicochemical conditions which ultimately result in its transformation into coal. Although coal only contains a small amount of mineral impurities and strictly speaking does not therefore qualify for the definition of a rock, it is considered a sedimentary rock as it has all the structural features common to this group.

III- Deposition

Deposition takes place when the transporting agent loses energy and is no longer capable of carrying its load. For the deposited sediments to form a sedimentary rock, they (most likely) need to be deposited in a sedimentary basin. The most important depositional environments are:

1- Marine environment: which may be further subdivided according to depth into four zones (Fig. 3; Table 2):

(i) Littoral : which is the intertidal zone, covered by water during high tide, but exposed to air during low tides. This zone is characterized by high wave energy where only coarse grained debris is deposited as finer material is constantly washed away by waves.

(ii) Shallow marine (Neritic zone): which extends from the edge of the littoral zone to a depth of 200 m, and represents the continental shelf. Temperatures within this zone are therefore usually > 10°C, and water depths allow for sunlight to reach the seafloor, and thus for organisms that depend on such sunlight to flourish, building reefs and skeletons and contributing to the sediment deposited upon their death. Sediments deposited in this zone are of variable types and sizes, but are generally predominated by lime and mud, with the size fraction decreasing with increasing depth.

(iii) Slope (Bathyal zone): which extends from a depth of 200 m to one of ~ 2000 m, representing the continental slope. Temperatures in this zone range from 4 to 10°C, and sediments deposited are predominated by black, green and blue muds. 

(iv) Deep marine (Abyssal zone): which represents the deepest parts of the oceans where temperatures fall below 4°C on the sea floor. Turbidity (density) currents are common in such environments, resulting in sedimentary deposits with special characteristics. This zone is also characterized by very fine-grained calcareous and siliceous biochemical deposits known as oozes, and by red mud.

2- Transitional environments: These are environments that occur along coasts and are influenced by both the marine as well as the continental environments (Fig. 4). They include:

(i) beach environment: characterized by well sorted pebbles and coarse sands

(ii) lagoonal environment: Lagoons are elongate bodies of seawater located between the shore and barrier islands or reefs, and are characterized by deposits of mud.

(iii) deltaic environment: located at the mouths of rivers where they meet the sea, these environments are characterized by the deposition of mud silt and sand.

3- Continental environments: These are environments that occur on the continents (Fig. 4b). They include:

(i) Eolian environments: characterized by the accumulation of wind-blown deposits (mainly sands), these environments are most common in deserts (see the chapter on winds and deserts).

(ii) Fluvial environments: are those environments associated with river valleys and flood plains. Their deposits vary from gravel to silt and mud, depending on the river stage and location of deposition (see the chapter on running waters).

(iii) Glacial environments: are those environments associated with glaciers. They are characterized by poorly sorted deposits that range in size from boulders to sands and silts (see the chapter on glaciers).

Depositional environments have a strong influence on the textures of the various sediments deposited (Fig. 5), and the structures of the sedimentary rocks that result from the lithification of these sediments. The location and environment of a depositional basin also plays a major role in the type and sequence of sedimentary rocks that later form within it. Therefore studying a sequence of sedimentary rocks can help predict their environment of deposition, and has led to the development of the concept of sedimentary facies defined as an accumulation of deposits that exhibits specific structural, textural and mineralogical features that reflect a specific depositional environment, and which grades laterally into other sedimentary accumulations formed at the same time but with a different set of features.

IV- Lithification and diagenesis

During and after deposition, the sediments undergo a series of changes that finally lead to their consolidation into sedimentary rocks (Fig. 6). These processes are referred to as lithification or induration. A sediment or a sedimentary rock may also undergo a series of post-depositional changes some of which will lead to lithification, whereas others develop certain structures and features. These post-depositional changes are collectively termed "diagenetic" as long as they occur at temperatures and pressures below those of metamorphism (generally taken as 150 - 200°C, 1.5 - 2 kbar). The following processes lead to lithification:

Compaction: Following deposition, loose unconsolidated sediments have plenty of pore spaces in between the various particles, and thus occupy a significant volume. As a second group of sediment is deposited on top of the first layer, it puts pressure on those below. This pressure results in the compaction of the buried sediments or the reduction of their porosity. It also causes elongated fragments to become aligned with their longest dimensions perpendicular to the direction of stress. Compaction alone is usually insufficient to change sediment to sedimentary rock, but is more effective in fine grained sediments than in coarse grained ones. 

Authigenesis: Is the precipitation of new minerals in the pore spaces of a sediment at near surface conditions. Minerals that form by authigenesis are termed authigenic (meaning formed in place).

Cementation: If sufficient material is precipitated in the pore spaces of a sediment so that it holds the fragments or grains together, then a cement is formed (Fig. 7). Cementation is therefore a diagenetic process.

Dissolution: Is another diagenetic process in which certain minerals are dissolved after deposition, resulting in the production of voids or a new set of pores known as secondary pores.

Replacement: Is another diagenetic process in which dissolution of one mineral is accompanied by the nearly simultaneous deposition of another in the resulting cavity. Figure 6 summarizes some of the common diagenetic processes.

V- Textures of sedimentary rocks

For any sedimentary rock, textural analysis involves a description of the following features (or textural elements), many of which have already been defined in our discussion of sediments. These elements include: 
(1) Grain size and Sorting: 

A description of the grain size and grain size variation (sorting) within a sedimentary rock is essential. For clastic rocks, Table 1 can be used for this description. The grain size of chemical sedimentary rocks can be described following the scheme:

< 0.1 mm
very fine-grained

0.1 - 1 mm
fine-grained

1 - 5 mm
medium-grained

5 - 10 mm
coarse-grained

> 10 mm
very coarse-grained.

A sedimentary rock is also described as well-sorted, moderately well-sorted, or poorly sorted according to its grain size variation. Figure 2 shows a few examples of these textures.

(2) Roundness and sphericity

(3) Fabric and packing: 

The term fabric is another term used for texture. It therefore includes the description of grain size, sorting and grain shapes. However, in sedimentary rocks (in contrast to loose sediments), fabric also includes the description of the orientation of particles in the rock, and their arrangement or packing. Sedimentary particles may be randomly oriented, or may show a preferred orientation. The latter may result from compaction of a group of sediments containing elongate particles, which will then tend to lie with their longest dimensions perpendicular to the compaction direction. 

Packing describes the spatial density of the clasts in a rock. If the clasts are loosely packed, the resulting rock is described as "cement supported" or "matrix supported" depending on whether the spaces between these clasts are partially or completely filled with mud or cement. On the other hand, a rock is described as "clast supported" or "grain supported" if its clasts are closely packed so that they are in contact with one another.

(4) Porosity and Permeability:

Porosity is a measure of the volume % of the pore spaces in a sedimentary rock. For example, a loosely packed shale (a clastic rock consisting of clay sized particles; see below) may have a porosity of up to 50%. Permeability describes the amount of connected pore spaces in a rock, and is therefore a measure of the capacity of a sedimentary rock to pass fluids through it. Both features are essential for the evaluation of the suitability of a sedimentary rock to carry oil, gas and water.

From this brief description of the textural elements of sedimentary rocks, it can be seen that sedimentary textures can be broadly grouped into two categories, which will in turn play a key role in the classification of sedimentary rocks: 

(1) Clastic textures: A full description of clastic textures would include all four elements discussed above, and is essential for fully characterizing the rock.

(2) Crystalline textures: Applies mostly to rocks characterized by chemical or biochemical sedimentation. In addition to a description of the grain size, porosity and permeability, crystalline textures are often described as granular (macrocrystalline), microcrystalline, cryptocrystalline or amorphous. It is also necessary to establish the order of crystallization of the different authigenic minerals, and to identify any textures that may result from diagenetic processes as dissolution or replacement.

VI- Common sedimentary minerals

Given the diversity of the processes involved in the formation of sedimentary rocks, any mineral can occur in such rocks, whether this mineral formed at surface or near surface conditions or deep in the earth's crust or mantle. However, minerals that most commonly occur in sedimentary rocks are those that are stable at surface or near surface environments, and may hence form authigenically, or those that are most resistant to weathering, and which are therefore common constituents of clastic sediments. Common sedimentary minerals belonging to each group are listed below:

A) Authigenic minerals: Authigenic minerals are generally stable in the diagenetic (or part of the diagenetic) environment, but they tend to be destroyed by weathering, and may not be common in clastic sediments. These include:

Calcite and a few other carbonates, Gypsum, Halite (this mineral forms by evaporation rather than authigenesis), Apatite (hydrous Ca-phosphate), Albite (Na-plagioclase), Chlorite (hydrous Fe or Mg-silicate), Orthoclase (K-feldspar), Jasper (microcrystalline form of SiO2 with some impurities), Chert (cryptocrystalline form of SiO2), and Chalcedony (microcrystalline variety of SiO2 that is commonly banded).

B) Minerals that resist destruction during all stages of the sedimentary cycle include:

Quartz, Clay minerals, muscovite, Fe-oxides.

VII- Classification of Sedimentary rocks:

As previously mentioned, rocks are identified and classified primarily on the basis of their minerals and textures. From the above sections, it is clear that sediments, sedimentary textures and sedimentary minerals all fall into two large groups: Clastic and Chemical. Sedimentary rocks may therefore be divided into four groups (Table 3):


(1) Clastic rocks


(2) Chemical rocks


(3) Biogenic rocks


(4) Pyroclastic rocks.

These groups are identified primarily on the basis of their textures, and type of sediments. Each of these groups includes a number of rock types identified on the basis of their constituent minerals. Apart from the fourth group which has been discussed in the chapter dealing with igneous rocks and processes, examples of rocks belonging to each group include:

(1) Clastic sedimentary rocks: Clastic sedimentary rocks are classified exclusively on the basis of their textures into:


(a) Breccias: Are rocks which consist of pebble- or cobble-sized fragments that are predominantly angular, and of variable mineral composition. The angularity of the rock fragments indicates that they have not been transported over long distances.


(b) Conglomerates: Are rocks which consist of pebble- or cobble-sized fragments that are all rounded. The mineralogical composition of these fragments could be variable, and does not play a role in the broad use of the term conglomerate.


(c) Sandstones: Are rocks which consist of sand - sized particles predominated by quartz, feldspars and lithic fragments. Because feldspars weather more easily than quartz (feldspars weather to clay minerals), sandstones rich in feldspars usually occur close to their source region and are described as "immature sandstones" (i.e. ones in which the clasts have not been transported over long distances). On the other hand, sandstones consisting of almost pure quartz are described as mature (having been transported over distances long enough for other minerals to be destroyed). Note that the lithic fragments could be of any composition.


(d) Siltstones: Clastic sedimentary rocks consisting of silt-sized particles. The most common minerals in siltstones are quartz, clays and chlorite.


(e) Mudstones and shales: Clastic sedimentary rocks consisting of clay-sized particles are termed mudstones. Shales are mudstones that are laminated and fissile (see structures below). The most common minerals in mudstones and shales are clays, quartz, chlorite and calcite. Note that shale is the most common sedimentary rock on earth.

(2) Chemical sedimentary rocks: Chemical sedimentary rocks are classified on the basis of their mineralogical composition and texture (Table 3) into:


(a) Limestones: which are predominated by the mineral calcite.


(b) Evaporites: are rocks that form by the evaporation of sea water, and include Rock gypsum, anhydrite and rock salt.

(3) Biogenic sedimentary rocks: Are those that form through organic activity. Biogenic sedimentary rocks are classified on the basis of both textures and mineralogy. They include:


(a) Limestones and chalks: predominated by calcite. Chalk is fine-grained limestone formed in marine environments with the help of micro-organisms. Note that not all limestones are biogenic; some are chemical.


(b) Cherts: predominated by various forms of SiO2, resulting from the deposition of siliceous skeletal remains of marine micro-organisms. Cherts can also be chemical, or partly chemical. 


(c) Carbonaceous sediments: mainly coal, formed by the burial of predominantly plant material and its decay into organic components known as macerals. Coals are arranged according to the total amount of carbon (relative to H and O); the higher the C, the higher the rank of the coal. Higher ranks are achieved by greater depth and/or time of burial (and hence higher T and P).

VIII- Structures of sedimentary rocks

Structures in sedimentary rocks belong to one of two main groups: primary structures which formed during the deposition of the sediments, and diagenetic structures which are post-depositional.

Primary structures:

(1) Parallel bedding: Almost all sediments are deposited horizontally, one layer on top of the other. This layering is termed bedding, and the contacts between the different layers are usually parallel, hence the term parallel bedding. The minimum thickness of a bed depends on the diameter of the particles within it, and could be as small as a few mm. However, a bed is generally considered more than one centimeter thick. The top and bottom surfaces of a bed are known as bedding planes. Bedding planes may contain several other primary structures that are characteristic of the depositional environment, or the direction of sediment transport. Beds may extend laterally over distances as long as several kilometers, where they may pinch out or end abruptly against other rock types.

(2) Lamination: A bed may contain several other layers that are much thinner (less than 0.3 cm), and which show slight differences in colour or grain size. These thin layers are called laminae and are parallel to the bedding plane. Laminations are more common in fine-grained sedimentary rocks as shales and mudstones.

(3) Mud cracks: are primary sedimentary structures that result from the desiccation of sediments (clays or silts). Mud cracks will not be preserved unless they are filled with other sediments (usually sands) during the deposition of subsequent layers. 

(4) Ripple marks: Are small wave-like structures of sand that develop on the surface a layer of loose sand either in a desert, along a beach or on the bottom of the stream. The shapes of these ripples are a function of the current (or wind) direction and its intensity. Figure 8 shows that ripples will be asymmetrical if the current or wind moves in only one direction.

(5) Graded bedding: When the particles in a sedimentary bed vary from coarse at the bottom to fine at the top, the bedding is described as graded bedding. Graded bedding results from rapid deposition of sediments from dense masses of water containing a mixture of sedimentary particles of different sizes which flow downslope, i.e. masses that have a turbidity or density current. Fig. 9 shows the stages of formation of graded beds.

(7) Cross bedding: In some cases, sediments are deposited at an angle to the horizontal. These sediments therefore produce layers that are not parallel to the bedding planes of the underlying or overlying units. Cross beds form when wind or water currents flow across a sloping surface while sediment is being deposited. Therefore, rather than being deposited horizontally, the sediment is deposited at an angle equal to that of the slope. As this process continues, more layers are also deposited at an angle. If the direction of flow of water (or wind) changes, the angle and/or orientation of the slope may change, and a new sequence of layers is deposited at a different angle (or even in the opposite direction; Fig. 10). Cross bedding is common in sandstones deposited in deserts by the action of winds. 

X- Sedimentation and Tectonics

Because different sedimentary environments are characterized by different sedimentary rock types and facies, and because sedimentary environments are influenced by their tectonic setting, studying sedimentary rocks and facies will lead to a better understanding of the tectonic history of an area. The following is a very brief summary of the characteristics of sediments and sedimentary rocks in the most common tectonic environments:

1- Mid-oceanic ridges: 

Mid oceanic ridges are characterized by the eruption of basaltic magmas, with the deposition of little or no sediments at the ridge site or in its immediate vicinity. However, farther from the ridge, deep oceanic sediments form on the oceanic platform. This environment is therefore predominated by cherts and other deep marine sedimentary rocks.

2- Convergent plate boundaries: 


(a) Accretionary prisms: Characterized by a mixture of poorly sorted sediments that cannot be mapped as coherent or continuous beds or layers, and which is known as a melange. Cherts and some deep oceanic sediments may also be included in this melange. Fig. 10 shows a model for the formation of an accretionary prism by the process of offscraping of sediments from the subducted plate.


(b) Trenches: mainly mudstones, siltstones and minor sandstones derived from the continent or adjacent arc are deposited in these deep environments.


(c) Arcs: Most of the sedimentary rocks in or near an arc will be influenced by the volcanism there, and will therefore be pyroclastic.


(d) Collision zones: Collision zones produce mountain chains which represent topographic highs that shed debris deposited in nearby basins. Sedimentary rocks formed in such settings include immature sandstones and conglomerates that may become coarser upwards as the mountain range and basin (known as foreland basin) migrate towards the continent.

3- Continental rifts: 

Continental rifting results in the formation of a rift valley which may develop into a shallow basin or lake. Sedimentary rocks formed in such environments are usually immature clastics which include sandstones, feldspar - rich sandstones, conglomerates and shales, as well as chemical sediments which include evaporites and carbonates.

4- Passive continental margins (rifted margins after the full development of an ocean basin): 

These are characterized by shallow marine carbonates (mostly biochemical) that form on the continental shelf, as well as mature sandstones.

XI- Importance of studying sedimentary rocks:

In addition to the fact that sedimentary rocks are the most common rocks on the surface of the earth, and are therefore a source of industrial material, the porosity and permeability of sedimentary rocks allow them to carry oil and gas which are of great economic value. Understanding the processes and environments of formation of sedimentary rocks is therefore necessary for the exploitation of such resources. The above discussion shows that in addition to their economic significance, studying sedimentary rocks leads to a better understanding of:

1- Paleogeography: the distribution of hills, channels, rivers, ....etc. in an area at the time of sediment deposition.

2- Paleoclimates: the climatic conditions prevailing in an area at the time of sediment deposition. Some sedimentary rocks and/or their enclosed fossils can only develop under certain climatic conditions (e.g. evaporites).

3- Paleocurrent directions: Sole marks and some other sedimentary structures can be used to identify the direction of the current prevailing at the time of deposition.

4- The source region of the sedimentary rocks based on the mineralogical composition of its detrital components.

5- The tectonic setting of an area: Studying the different sedimentary facies in an area leads to a better understanding of its tectonic history.

