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Rocks

Monomineralic and polymineralic rocks

Identification of rocks:

Rocks can be identified and classified based on two criteria: 


(a) Mineralogical composition, i.e. the types of minerals in each rock, and the relative abundance of these minerals. Only the most abundant or essential minerals in a rock are used in its classification, and not the rare or accessory minerals.


(b) Texture or fabric: which describes the shapes and sizes of, and relationships between the different minerals, grains or crystals in the rock.

A third criterion which is sometimes useful in identifying rock types in the field is primary structures, which are large - scale features that occur within the rock, or between that rock and surrounding ones. Primary structures develop at the time of formation of the rock, and reflect the conditions and environment under which it formed. 

Examples of the use of these three criteria for classifying rocks: 

1- Limestone and marble are two different rocks, yet both are made predominantly of the mineral calcite. Limestone is a sedimentary rock, whereas marble is metamorphic. These two rock types can be distinguished by their textures. Limestones may have rounded grains or particles with pores in between, whereas marbles consist of interlocking crystals of calcite that may have a preferred orientation.

2- Gabbro and basalt are two igneous rocks having the same chemical composition, and the same minerals (plagioclase feldspar + pyroxene), but are of different origins. Gabbros form at depths and cool slowly, whereas basalts are volcanic rocks that crystallize rapidly at the surface of the earth. The two rocks can be differentiated by their textures: basalts are fine-grained, whereas gabbros are coarse-grained (Fig. 1).

3- Basalts may form in different environments. Some may form on the ocean floor, whereas others result from eruptions on land. Although both types will have similar mineralogical compositions and possibly textures, they will have different structures: basalts forming on the ocean floor occur as bulbous masses that resemble "pillows" as a result of their interaction with cold sea water, whereas on-land basalts may have "ropy" or "blocky" structures.

Differences between Igneous, Sedimenatry and metamorphic rocks:

Mineral types

Layering

Intrusive structures

Porosity

Fossils

Preferred orientation of minerals in planes

Igneous Rocks & Processes

A- Magmas

1- What is a magma?

A melt (usually of silicates) + crystals + gases that forms and occurs beneath the surface of the earth. When a magma reaches the surface and begins to flow, it loses its gases and becomes a lava.

2- What is the chemical composition of a magma?

Magmas do not always have the same chemical composition. This is evidenced by the variety of igneous rocks that occur at the surface of the earth or which formed at depth, and the different types of volcanic eruptions. By carefully studying the chemistry of the different types of igneous rocks, and their associations with each other, petrologists were able to classify magmas into four main chemical groups:

1- Acidic: rich in SiO2, Na2O and K2O. Rocks produced from such magmas may have up to 77% by weight SiO2. "Granite" (see below) is an example of an acidic rock, and many acidic magmas are broadly known as "granitic".

2- Intermediate: rich in SiO2, Na2O, K2O as well as CaO and Al2O3. Rocks produced from such magmas have SiO2 values in the range 55 to 65% by weight.

3- Basic: rich in CaO, MgO and FeO. Rocks of this type have SiO2 values of 45 - 55% by weight. Basalt (see below) is an example of a basic rock, and many basic magmas are broadly known as "basaltic".

4- Ultrabasic: Are magmas poor in SiO2, but with large amounts of FeO and MgO. Ultrabasic rocks may have SiO2 values as low as 38% by weight. Table 1 lists the chemical compositions of some igneous rocks belonging to these four types.

Table 1: Average chemical compositions of selected igneous rock types

	Oxide
	Acidic (Granite)
	Intermediate (Andesite)
	Basic 

(Basalt)
	Ultrabasic (Peridotite)

	SiO2
	71.3
	57.94
	49.2
	42.26

	TiO2
	0.31
	0.87
	1.84
	0.63

	Al2O3
	14.32
	17.02
	15.74
	4.23

	Fe2O3
	1.21
	3.27
	3.79
	3.61

	FeO
	1.64
	4.04
	7.13
	6.58

	MnO
	0.05
	0.14
	0.2
	0.41

	MgO
	0.71
	3.33
	6.73
	31.24

	CaO
	1.84
	6.79
	9.47
	5.05

	Na2O
	3.68
	3.48
	2.91
	0.49

	K2O
	4.07
	1.62
	1.1
	0.34

	H2O
	0.77
	1.17
	0.95
	3.91

	CO2
	0.05
	0.05
	0.11
	0.30

	P2O5
	0.12
	0.21
	0.35
	0.10


3- How does a magma form?

Most magmas are generated by partial melting in the asthenosphere, but the same process can occur in other layers of the upper mantle or even in the uppermost mantle and the lower crust (i.e deep parts of the lithosphere!). In order for us to understand this process, and the depths at which it occurs, we have to consider three things:

(i) change of T with depth (needed to melt the rocks)  geothermal gradient
(ii) how different rocks melt at different temperatures

(iii) how the melting of rocks depends on pressures and water content  melting curves
The temperature in the earth generally increases regularly with increasing depth, and the variation of temperature with depth at a specific time in the earth's history is known as the "geothermal gradient". If a rock is buried deep below the surface, it will first be metamorphosed, then at some higher temperatue, some of its constituent minerals will begin to melt. Because different minerals have different melting points, and because a rock is an aggregate of different minerals, melting will take place over a range of temperatures. Accordingly, this process is known as "partial melting", since only part of the rock melts at any given temperature. Figures 2a & b show the relationship between two different geothermal gradients (one beneath the continents; normal or average geothermal gradient, and the other beneath the oceans; a high geothermal gradient), and the melting curves of an acidic rock (a granite, in the presence of H2O) and that of an ultrabasic rock (a dry peridotite). 

Two things are clear from this figure: 

(i) Acidic rocks, which are light in colour, melt at lower temperature compared to basic and ultrabasic rocks, and 

(ii) an acidic melt can be generated at depths as low as 35 km, whereas a basic magma is generated in the mantle at depths of 300 km!

4- How does the magma move?

Because the magma is predominantly in the liquid state, it usually has a density lower than that of the overlying rocks. Therefore, most magmas will have a tendency to rise to shallower levels of the crust or even to the surface. The movement of magmas from deeper to shallower levels takes place either along fissures, cracks, or bedding planes, or by a process known as "stoping", where the magma interacts with some of the overlying rocks, first by engulfing them then perhaps melting them, a process known as assimilation. Assimilation will therefore lead to a change in the chemical composition of the melt, and will create new conduits for the continued movement of the magma upwards. In addition to density, viscosity (cf. Chernicoff, p. 74) plays an important role in magma movement.

5- Where does the magma occur or accumulate?

The volume or space occupied by a magma at depth is known as the magma chamber. 

6- How does an igneous rock form from a magma?

When a magma rises to shallower levels, and begins to lose heat, minerals begin to crystallize. Because melting is the reverse of crystallization, understanding how a rock melts will help us understand how the same rock can form from a magma. In general, for the same composition of magma/rock, minerals that melt last will be the first to crystallize. If these early formed minerals are "left" inside the magma chamber and allowed to react with the cooling liquid, the final rock to form after all the magma has crystallized will be a basic rock similar in composition to the original "parent" magma from which it crystallized. On the other hand, if the early formed crystals are somehow prevented from reacting with the remaining magma, this magma will gradually change its composition, becoming more and more acidic with progressive crystallization. The process by which a magma forms two or more "bodies" of different chemical compositions, and as a result of which the magma itself changes its own chemical composition, is known as magmatic differentiation (we have already talked about the differentiation of the earth into a core, mantle, crust, hydrosphere and atmosphere in the first chapter; note how magmatic differentiation plays a role in this process by comparing the compositions of the crust and mantle!). The two most common processes involved in magmatic differentiation are: 


(i) Fractional crystallization: where the crystals that form from a magma are separated from this melt by settling down to the bottom of the magma chamber (if they are denser than the magma), by floating on top of the magma (if they are lighter), or by filter pressing (subjecting the magma chamber to stress which "squeezes out" the molten magma leaving behind the crystals).


(ii) Assimilation: where the magma engulfs and melts some of the surrounding country rocks, thus changing its own chemical composition (by being "contaminated" by the country rocks).

(cf the section on mineralogy of igneous rocks below!)

7- Where do magmas crystallize? How do the forms or structures of their resulting rocks vary with depth of crystallization?

If the magma is allowed to cool slowly at considerable depths, the minerals have time to form large crystals, and the resulting rock becomes texturally coarse-grained. These rocks which form at considerable depths are known as plutonic, whereas the surrounding rocks that were intruded by the magma are known as "country rocks". On the other hand, if a magma reaches the surface, it will lose some of its volatile constituents to the atmosphere, and is then known as "lava". Because of the large difference between the temperature of lavas and that of the atmosphere, the lavas will cool rapidly, which will not allow the minerals to form large crystals. The resulting rocks will therefore be fine-grained, and are known as extrusive or volcanic. Quite often, magmas crystallize at intermediate depths giving rise to intrusive rocks with medium-grained minerals, possibly with some special textures. Such rocks are termed hypabyssal. (cf. section on structures below).

B- Igneous rocks & features

I- Mineralogy of igneous rocks

The mineralogy of an igneous rock is controlled primarily (there are other factors!) by (i) the composition of the magma from which it formed; (ii) the temperature of its crystallization, and (iii) the extent of differentiation of this magma (if any!) i.e. whether early formed crystals were separated from the melt or allowed to react with it.

Bowen's Reaction Series:

In 1922, N. L. Bowen described the reactions that take place when a common basaltic melt (i.e. similar to that forming at mid-oceanic ridges!) is cooled slowly (i.e when the early formed minerals are allowed to react with this melt to form new minerals). These reactions occur in a certain sequence, and have since become known as the Bowen reaction series. Bowen described two main series that occur at the same time when a basaltic magma is crystallizing: (i) a discontinuous reaction series, where an early crystallized mineral of a certain structure reacts with the melt to form another mineral of a different structure, and (ii) a continuous reaction series, where one mineral (plagioclase feldspar) crystallizes at an early stage, but gradually changes its composition through isomorphous substitution as the magma cools. Figure 3 shows the two main reaction series of Bowen.

Bowen's reaction series show that:

(i) The earliest formed (i.e. higher temperature) minerals (olivines and pyroxenes) are rich in Fe and Mg, but poor in Si, Na and K. Because of their composition, they are known as mafic minerals. They are denser than the magma, and have a tendency to sink to the bottom of the magma chamber (i.e fractionate). Rocks formed by the accumulation of these minerals are known as cumulates, and are usually ultrabasic (ultramafic) in composition.

(ii) Minerals that form late in the series are rich in K2O, Al2O3 and SiO2, and are usually hydrous. These minerals are usually light in colour, and have a lower density compared to the mafic minerals. Because these minerals are mostly feldspars, micas, and quartz, they are known as felsic minerals, and rocks that are predominantly made of these minerals are described as felsic or acidic.

(iii) With decreasing temperature, the crystallizing minerals become progressively more polymerized, and the silicate structures become more complex. This is clear from the crystallization of orthosilicates (isolated tetrahedra) at the early stages, as opposed to phyllosilicates and tectosilicates (sheets and frameworks) at the latest stages.

(v) Hydrous minerals crystallize late in the sequence, and H2O and volatiles tend to concentrate in the final stages of crystallization, where they may give rise to hydrothermal solutions if they are allowed to separate from the crystallizing magma.

The Bowen reaction series is therefore helpful in understanding the evolution of a magma. Therefore, if we cool a basaltic magma, and allow the early formed crystals to separate from the melt (i.e. fractionate), we will end with several different rock types (which include cumulates) as the magma becomes progressively acidic. Accordingly, fractional crystallization of a basaltic magma may produce a small amount of granite. On the other hand, if the early formed minerals are not allowed to separate from the melt, olivines will react with the melt to form pyroxenes, and because the original composition of the melt was basaltic, the final products of magmatic crystallization will be pyroxenes (from the discontinuous series), and a plagioclase that is rich in Ca (from the continuous reaction series).

II- Igneous Textures

Texture is the description of the size, shape, and relationship between the various minerals, grains or crystals in a rock. Based on grain size, igneous rocks are broadly described as:

(i) Aphanitic: These are very fine-grained rocks in which the crystals cannot be identified with the naked eye. Many volcanic rocks that cooled rapidly are characterized by aphanitic textures.

(ii) Vitreous or glassy texture (Fig. 21): which develops in volcanic rocks (usually of acidic composition) that cooled so rapidly, and were so viscous that they could not form crystals.

(iii) Vesicular: Another textural  term used to describe volcanic rocks in which the volatiles escaped from the magma as bubbles, leaving behind a rock with many "cavities" or vesicles, marking the location of where the gas bubbles escaped.

(iv) Amygdaloidal: If the vesicles in a volcanic rock are filled with secondary minerals (as calcite, quartz or chlorite) at surface or near surface conditions, the texture is described as amygdaloidal.

(v) Phaneritic: These are rocks in which individual crystals can be seen or identified in hand specimens with the unaided eye. Such rocks may also be described as granular, since they consist of interlocking crystals. Phaneritic textures develop in plutonic rocks that cooled slowly, allowing the crystals to grow to considerable sizes. 

(vi) Pegmatitic texture: A rock is described as pegmatitic if it consists of very coarse - grained crystals; often several centimeters long, and in a few cases reaching a few meters in length! Rocks with pegmatitic textures are called pegmatites, and form during the latest stages of magmatic crystallization where hydrothermal fluids concentrate and the remainder of the magma cools slowly.

(vii) Porphyritic texture (Fig. 4): A rock is described as porphyritic if it has two distinct grain sizes; coarse- or medium-grained crystals, known as phenocrysts, in the middle of fine or very fine-grained crystals that make up the matrix or groundmass. This texture develops in rocks that had two stages of cooling, whether volcanic, hypabyssal, or plutonic. For example, if a magma cooled at depth slowly it will begin to crystallize coarse-grained minerals. If this magma is then suddenly forced to shallower depths, it will cool rapidly, and the remaining melt will crystallize finer-grained minerals.

(viii) Pyroclastic textures: These textures result from the violent eruption of a volcano. They are characterized by broken crystals mixed with glass shards (broken pieces of volcanic glass) ± broken fragments of nearby rocks that are larger in size (see the section on pyroclastic materials and products of a volcanic eruption). Pyroclastic rocks are not really “igneous”, as will be pointed out later.

III- Classification of igneous rocks

Igneous rocks are classified based on their mineralogical compositions and the percentages of each essential mineral, as well as on their textures. Therefore, for each mineral assemblage, there are at least two rock names, one for the rocks with a fine-grained texture, and which formed by volcanic activity, and another for the coarse-grained variety that formed under plutonic conditions. It was generally found that igneous rocks can be grouped into four main "families" representative of the four main "chemistries" listed above. Table 2 summarizes the most important features of igneous rock families. Keep in mind that within each family, there are many different rock types, with different names. In general, if you are uncertain of the rock name, it is better to call it "granitic" if it belongs to the granite family, or "basaltic", if it is a fine-grained, dark coloured extrusive rock. Figures 5 and 6 show a more detailed classification with the actual percentages of minerals.

Table 2: Simplified classification of igneous rocks

	Type
	Chemistry
	Colour
	Minerals
	Plutonic
	Volcanic

	Ultramafic
	Ultrabasic
	Melanocratic

(dark)
	Olivine + orthopyroxene
	Peridotite Family
	-

	Mafic
	Basic
	
	Clinopyroxene + Ca -Plagioclase
	Gabbro family
	Basalts

	Intermediate
	Intermediate
	
	Amphibole + Clinopyroxene + Plagioclase
	Diorite  family
	Andesites 

	Felsic
	Acidic
	Leucocratic

(light)
	Na & K - feldspars + Quartz + Muscovite + Biotite
	Granite family
	Rhyolites


IV- Igneous structures

Intrusive Structures:

A- Plutonic Structures:

1- Batholiths: are large discordant bodies (surface exposure > 100 km2) with dome-shaped roofs. Although the bottoms of batholiths are never exposed, gravity measurements suggest that they reach thicknesses of up to 15 km. Batholiths always occur in mountain chains, and are composed of rocks belonging to the granite family (see below). 

2- Roof pendants: Country rocks "hanging" into the top surface of the batholith giving it an irregular appearance (Figs. 7a and b) are known as roof pendants. They form as the magma moves by stoping, partially enclosing such country rocks.

3- Xenoliths: are rock bodies occurring within the batholith and having a different chemical composition. They often represent inclusions of the country rocks engulfed by the magma (Fig. 7). 

4- Stocks: Small plutons usually associated with a larger batholith (Figs. 7 and 8).

B- Hypabyssal Structures:

1- Sills: concordant bodies, parallel to the contacts of the intruded rock. They form when a magma intrudes the country rocks along bedding planes (planes of weakness).

2- Dykes: discordant bodies that crosscut the country rock. They form when the magma intrudes along joints or faults. 

3- Laccolith: A concordant intrusion that is convex upward; i.e. causes the updoming of the intruded country rock.

4- Lopolith: A saucer-shaped concordant intrusion in which both the roof and the base are concave upward (Fig. 9).

5- Volcanic pipe: Is a discordant intrusive that reaches the surface where igneous rocks are exposed. Example: the diatremes of kimberlite (a rock type) that carry diamonds. 

Volcanic Structures:

In order to understand volcanic structures, we must first examine the types of extrusive material. When a magma reaches the surface, it will either erupt quietly giving rise to lava flows, or violently giving rise to both lava flows as well as solid particles (known as ejecta or tephra) which were thrown up in the air by the escaping volcanic gases. These solid particles may represent (i) solidified lavas resulting from the latest eruption, in which case they are termed essential ejecta or tephra, (ii) fragments of lavas produced by earlier eruptions, known as accessory ejecta, or (iii) fragments of crustal rocks torn off from the sides of the volcano, and known as accidental ejecta. 

Types of ejecta (according to size):


(a) Volcanic blocks: large angular blocks broken off from the sides of the volcano (accessory ejecta). Could reach several meters in size.


(b) Bombs: When the lava is thrown up in the air, it solidifies rapidly into irregularly shaped but elongated objects that range in size from a few centimeters to tens of centimeters. The shapes of bombs are often described as "streamlined" or "spindle", and are commonly cracked.


(c) Lapilli (cinder): walnut to sand sized ejecta.


(d) Ash: very fine-grained (silt-sized) particles that are blown off into the air. 


(e) Dust: Volcanic dust has the ability to travel long distances before being deposited. Rocks that form from the deposition of volcanic lapilli, ash and dust have many features in common with sedimentary rocks, but the particles forming them are clearly of volcanic origin. Volcanic eruptions that release large quantities of ash and dust are devastating.


(f) Pumice lumps: A magma saturated with gases may erupt violently into a froth - like lava. Consolidation of this lava gives rise to ejecta that are full of vesicles (marking where the gases escaped from the lava as bubbles). Pumice is the name given to light-coloured ejecta that have densities that are so low that they float on water. Their light colour results from their original magma being acidic (see below). "Pumiceous" lumps that are basic in composition are known as "Scoria".

The crystallization of lavas forms volcanic rocks that are classified on the basis of their mineralogies and textures. On the other hand, consolidation of ejecta gives rise to pyroclastic rocks, which have many features and textures similar to those of sedimentary rocks, as they were indeed formed in a sedimentary fashion, even though their particles are products of volcanic eruptions! 

Examples:

Pyroclast

Pyroclastic rock
Bombs and lapilli  
Volcanic agglomerate

Ash 

 
Ash flow or ash fall tuffs.

Pumice + ash  
Welded tuffs (also known as ignimbrites)

In addition to the type and amount of ejecta, volcanic structures will also be controlled by the type of volcanic eruption; i.e. whether the eruption is violent or quiet. The violence of a volcanic eruption, as well as the relative proportions of ejecta to lava are a function of: 

(i) the composition of the magma: acidic magmas erupt more violently
(ii) its viscosity: the greater the viscosity, the more violent the eruption 

(iii) the amounts of gases dissolved in the magma: the larger the percentage of volatiles, the more violent the eruption.

(iv) the amount of gas separated from a magma but still trapped in the chamber, and hence the pressure that this gas builds up prior to eruption. 

Types of volcanic eruptions:

Based on the violence of a volcanic eruption, and the nature and amount of ejecta produced from such an eruption, volcanoes can be divided into 7 groups shown on Fig. 10:

1- Fissure or Icelandic eruptions: These are the least violent, consisting of lava flows of low viscosities that come out along fissures and cracks.

2- Hawaiian type: These are volcanoes predominated by lava flows with a minimum amount of tephra, and are characterized by the formation of cones (see below).

3- Strombolian type: Eruptions that are predominated by lava flows that are more viscous than the Hawaiian type lavas, but which also include some ejecta (mostly bombs and scoria). These eruptions tend to be spasmodic, and result from the buildup of a considerable amount of gas prior to each eruption.

4- Vulcanian type: These eruptions are more violent compared to the Strombolian type, as a result of the larger amounts of gas allowed to build up before each eruption. Characterized by a larger percentage of ejecta.

5- Vesuvian type: More violent eruption compared to the Vulcanian type, but with the same amount of ejecta.

6- Plinian type: The most violent among volcanic eruptions, characterized by the release of large amounts of gas, but a relatively small quantity of ash.

7- Péléan type: Eruptions characteristic of lavas with the highest viscosity. However, the ash does not escape vertically into the air, but moves down the slopes of the volcanic cone as a glowing avalanche known as "nuée ardente". Such avalanches, which consist of a "froth" - like mixture of gas and ash, produce the "welded tuffs" or "ignimbrites" upon settling and lithification.

Types of volcanic structures:

1- Volcanic cones: Are cone-shaped build ups of lava and/or ejecta that give volcanoes their well-known appearance. These are of several types:

(a) Cinder cones: made mostly of pyroclastic material generated from acidic magmas (see below), in which the gases separate from the magma in the magma chamber, and are allowed to build up some pressure prior to eruption (Fig. 11).

(b) Composite cones or stratovolcanoes: formed by alternating eruptions of ash and lava, resulting in alternating layers of tuffs and volcanic rocks. Magmas with intermediate compositions form such cones (Fig. 12).

(c) Shield volcanoes: are large-scale cones with very gentle dips that form from the eruption of lavas of low viscosities that are capable of flowing for long distances. The amount of ejecta is therefore minimal, and the lavas are basic in composition (Fig. 13).

2- Craters: A crater is a circular depression on a volcanic cone that usually connects the volcanic pipe to the atmosphere.  

3- Calderas: Are large, basin-shaped depressions that result from the "modification" of volcanic craters by collapse, subsidence, erosion and renewed magmatic activity. Most calderas form by the collapse of the top parts of a volcanic cone after the violent ejection of large volumes of magma from the magma chamber produces a "void", and the amount of magma remaining in the chamber becomes insufficient to support those top parts of the cone. Following the collapse stage, a caldera may be modified by erosion, or by a renewed magmatic activity attempting to build a new cone. Many calderas are filled with water during the rainy season forming "temporary" or ephemeral lakes that dry out in the dry season. Figure 14 shows the mode of formation and different stages of evolution of calderas.

4- Volcanic necks: Are the exposed parts of volcanic pipes that stick out on the surface of the earth. They result from the differential erosion of the cone material, leaving behind the pipe which is more resistant to weathering and erosion.

5- Blocky lava: Also known as "aa", result from the eruption of basic magma in the form of large irregular blocks.

6- Ropy structure: produced from ropy lavas or “pahoehoe” which cool more slowly and remain mobile for longer times on account of their lower viscosities. The resulting structure is characterized by wrinkled surfaces.

7- Pillow structures: When lava of the ropy type flows on the sea floor, it consolidates into heaps that are tubular or pillow like in shape.

8- Columnar structures: Are large column-shaped structures in a basaltic flow that result from the development of joints in these basalts as they cool. These columns, which develop in lower parts of sheets of lava that cooled under stagnant conditions, are six sided, and result from cooling and contraction (Fig. 15). 

Other features associated with volcanic/igneous activity:

Fumaroles, solfataras, hot springs and geysers: Fumaroles and solfataras are vents that emit only gas fumes or steam. These vents may have been the sites of earlier eruptions, but as volcanism subsided, they only emit gas. Unlike fumaroles, solfataras are characterized by the emission of gases rich in S compounds (e.g. H2S or SO2). Hot springs result from the circulation of meteoric water to depths where it is heated by magma before it rises back to the surface along fissures or cracks. Geysers are hot water fountains that spout (or "erupt") intermittently with force, and owe their origins to the same factors that produce hot springs. Geysers and hot springs are characterized by deposits of calcite (known as travertine), or silica (known as siliceous sinter), which precipitate from the hydrothermal fluids when they cool, whereas solfataras are surrounded by deposits of sulfur. 

V- Volcanic Hazards

(a) Volcanoes according to their activity:

1- Active: about 600

2- Dormant:

3- Extinct
(b) Hazards:

1- Lavas

2- Pyroclastics: Ash and dust most devastating

3- Nueés ardentes

4- Lahars: Are mudflows of volcanic debris that form when a nuée ardente meets a body of water. Ash is then transformed into mud, which moves down slopes, and has the ability to cause "landslides".

5- Volcanic gases

6- Effect on global T

VI- Igneous Activity and Plate Tectonics

Divergent Plate boundaries: The mantle, which is not necessarily homogeneous, is predominated by peridotites. Partial melting of peridotite within the upper mantle and especially the asthenosphere produces "common" basaltic magma (see the Bowen reaction series), which is less dense than the solid rocks in the mantle. The basaltic magma therefore moves upwards towards the surface, where it flows at the sites of mid-oceanic ridges, generating new oceanic crust and beginning the process of sea floor spreading.

Intraplate volcanism is usually basaltic, and results from the rise of a mantle plume from the deep parts of the mantle to shallower levels in the mantle (or even crust!). Examples of such activity include the Hawaiian island chain built in the middle of the Pacific ocean. The amount of partial melting involved in the production of these magmas is usually small, so, although the magmas are still basaltic (they result from partial melting of peridotites), they have a different composition compared to the more common basalts forming at mid oceanic ridges. If a mantle plume rises below a continental plate, the basaltic magma may become contaminated with continental material, and the erupting basaltic magma may become even more alkalic (richer in Na2O and K2O relative to Al2O3 and SiO2). Such magmas are well known in places as the East African Rift. Figure 16 shows the relationship between igneous activity and plate tectonics.

At convergent plate boundaries, oceanic crust that is being subducted is subjected to a new set of pressure and temperature conditions. As a result, basalts and sediments of the ocean floor, which contain some H2O (from interacting with sea water), are metamorphosed. Metamorphism of these rocks causes them to lose their H2O, which is then released from the subducted slab into the overlying plate. This H2O interacts with the mantle rocks of the overlying plate, causing a lowering of their melting point, which in turn initiates the process of partial melting. Magmas produced from such a process rise towards the surface, where they may interact with rocks of the thick continental crust. In the process, these melts assimilate many of these crustal rocks (and are hence contaminated by acidic rocks), and at the same time undergo fractional crystallization. Both processes cause these melts to become more acidic. Accumulation of these melts below the surface in the upper crust produces the large batholiths which are always intermediate or acidic (granitic) in composition. Eruption of these magmas produces stratovolcanoes made of intermediate volcanic and pyroclastic rocks, that form such mountain chains as the Andes of western South America. They also build such volcanic islands known as island arcs (e.g. the Aleutians and the Japanese islands).

