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Chapter 1 - Introduction 

Igneous petrology is the study of igneous rock, those that are formed from magma. Igneous petrology is 

as a branch of geology closely related to volcanology, tectonophysics and petrology in general. The 

modern study of igneous rocks is done using several techniques some of the developed in the areas of 

chemistry and physics or from other earth sciences. Petrography, crystallography, and isotopic studies are 

common methods used in igneous petrology. 

 

Rock Cycle 

Rocks within the upper layers of the earth’s surface are involved in the Rock Cycle. Igneous, 

sedimentary, and metamorphic rocks are constantly rotating within the cycle. The material that a rock is 

made up of is not destroyed but eroded and weathered over long periods of time and recycled forming 

new rock types. There are many different types of rock on the earth but they can all be categorised into 

one of the three main rock groups: igneous, sedimentary, and metamorphic.  

 

Convection drives the cycle for the formation of rocks. This is the same as water heated on the stove. The 

hottest part of the pot is the bottom centre, as the water molecules in the centre are heated they rise. 

Cooler water from the side of the pot moves into the bottom center until it is heated and moves up. The 

cycle continues until the water is boiled. Within the Earth’s mantle molten lava (magma) undergoes this 

same convective process.  

 

The groups are defined by the origin of the rocks. The way the rock was formed defines which group the 

rock is classified within. The characteristics between rocks vary greatly from colour, texture, hardness, 

crystal formation however they will all be from the same origin. 

 

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. 

 

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, Sedimentary and metamorphic rocks: Could be based on Mineral 

types, Layering, Intrusive structures, Porosity, Fossils, Preferred orientation of minerals in planes. 

 

Igneous Rocks 

The word Igneous comes from the Latin, ignis, meaning fire. In ancient time’s volcanoes, the sources of 

many igneous rocks were thought to be mountains that were on fire, so the rocks were known as fire 

rocks. The term is now used to describe any rock that is composed of molten rock whether it cools 

quickly on the earth’s surface or slowly within the mantle. 

 

An important characteristic of igneous rock is that they are made up of crystals. The basic components of 

igneous rocks are minerals, which have distinct chemical compositions. Each mineral forms a 

characteristic type of crystal (e.g. Granite). Crystal sizes are determined by the rate at which the molten 

rock cooled (slow cooling produces larger crystals). 

 

Sedimentary Rocks 

These rocks are created from sediments, broken particles that have been eroded off of older rocks. The 

sediments accumulate creating layers, just like waves continually pushing sediments up onto the beach 

over and over. This is the only rock process that we can actually observe. Sediments settle out of muddy 

water and gather in layers along stream beads.  

 

To recognise sedimentary rocks look for bits of fossils, pebbles, or shells. The rock will look like lots of 

small rounded pieces of rock all stuck together and there will be no (or very few) crystals within it. 

 

Metamorphic Rocks 

Metamorphic rocks could be of either igneous or sedimentary origins but have been altered due to heat 

and/or pressure. The word comes from the Greek, meta, meaning change, and mophe, meaning form. The 

rock does not dissolve it just becomes altered by the heat and pressures. Some metamorphic rock looks as 

though it has folds within it. These rocks are created below the earth’s surface. They become visible as 

rock above the metamorphic rock is eroded away. It is possible for intense heat near the earth’s surface to 

also heat and metamorphoses sedimentary and igneous rocks. 

  



Chapter 2 - Igneous Rocks & Processes - Magmas 

 

The Pressure Gradient  
 

The pressure exerted in a ductile or fluid medium results from the weight of the overlying column of the 

material. For example, the pressure that a submarine experiences at depth is equal to the weight of the 

water above it, which is approximated by the equation:  

 

P=pgh  

 

where P is pressure, p is the density (in this case, that of water), g is the acceleration caused by gravity at 

the depth considered, and h is the height of the column of water above the submarine (the depth). Because 

water is capable of flow, the pressure is equalized, so that it is the same in all directions. The horizontal 

pressure is thus equal to the vertical pressure (the axis along which the imaginary column of water would 

exert itself). This equalized pressure is called hydrostatic pressure. Near the surface, rocks behave in a 

more brittle fashion, so they can support unequal pressures. If the horizontal pressures exceed the vertical 

ones, rocks may respond by faulting or folding. At depth, however, the rocks also become ductile, and are 

capable of flow. Just as in water, the pressure then becomes equal in all directions, and are termed 

lithostatic pressures. 

 

The Temperature Gradient  

 

Determining the geothermal gradient, the temperature variation with depth, is much more difficult than 

doing so for pressure, as there is no simple physical model analo-gous to Equation (1-1). There are 

models, however, based on methods of heat transfer, that must be con-strained to conform to measured 

heat flow at the surface (or in "deep" drill holes and mines). There are two pri-mary sources of heat in the 

Earth.  

 

1. Cooling. Heat developed early in the history of the Earth from the processes of accretion and 

gravitational differentiation described in Section 1.4 has been gradually escaping since that time. This set 

up an initial temperature gradient once the planet solidified and began to cool. Some con tinued 

gravitational partitioning of iron in the inner core may contribute some heat as well.  

 

2. Heat generated by the decay of radioactive iso topes. For reasons that will be discussed in Chap ters 8 

and 9, most of the more radioactive elements are concentrated in the continental crust. Radioactive decay 

produces 30 to 50% of the heat that reaches the surface.  

 

Once generated, heat is transferred from hotter to colder regions by any of four processes, depending on 

the nature of the material involved in the transfer:  

 

1. If a material is sufficiently transparent or translu cent, heat can be transferred by radiation. Radia tion 

is the movement of particles/waves, such as light or the infrared part of the spectrum, through another 

medium. This is the principal way a lamp loses heat, or how the Earth loses heat from its surface into 

space. It is also the way we receive heat energy from the sun. Heat transfer by radia tion is not possible 

within the solid Earth except possibly at great depth, where silicate minerals may become hot enough to 

lose some of their opacity to infrared radiation.  

 



2. If the material is opaque and rigid, heat must be transferred through conduction. This involves the 

transfer of kinetic energy (mostly vibrational) from hotter atoms to cooler ones. Heat conduc tion is fairly 

efficient for metals, in which electrons are free to migrate. This is why you can burn yourself if you 

handle an iron bar that has one end in a fire. Conduction is poor for silicate minerals.  

 

3. If the material is more ductile, and can be moved, heat may be transferred much more efficiently by 

convection. In the broadest sense, convection is the movement of material due to density differences 

caused by thermal or compositional variations. For the present purposes, we shall consider the type of 

convection that involves the expansion of a material as it heats, followed by the rise of that material due 

to its gain in buoyancy. This convection explains why it is hotter directly above a candle flame than 

beside it. The air is heated, it expands, and rises because it is now lighter than the air around it. The same 

thing can happen to ductile rocks or liquids. Convection may involve flow in a single direction, in which 

case the moved hot material will accumulate at the top of the duc-tile portion of the system (or a cooled 

density cur-rent will accumulate at the bottom). Convection may also occur in a cyclic motion, typically 

in a closed cell above a localized heat source. In such a convection cell the heated material rises and 

moves laterally as it cools and is pushed aside by later convective matter. As the upper portions of the 

system heat up, the material pushed to the margin is cooler and sinks toward the heat source where it 

becomes heated and the cycle continues.  

 

4. Advection is similar to convection, but involves the transfer of heat with rocks that are otherwise in 

motion. For example, if a hot region at depth is uplifted by tectonism, induced flow, or erosion and 

isostatic rebound, heat rises physically (al-though passively) with the rocks.  

 

Convection may work well in the liquid core and in the somewhat fluid asthenospheric mantle, and may 

be responsible for the high heat flows measured at mid-ocean ridges. It is also a primary method of heat 

transfer in hydrothermal systems above magma bodies or within the upper oceanic crust, where water is 

free to circulate above hot rock material. Beyond these areas, however, conduction and advection are the 

only available methods of heat transfer. 

 

Heat flow is relatively high in newly generated oceanic crust and in orogenic areas, where magma is 

rising by convection and/or advection to shallower depths. How-ever, this high heat flow settles down to 

a "steady-state" conductive pattern after about 180 Ma in the oceanic lithosphere (away from the ridge), 

and after about 800 Ma in the continents. The mathematical models are more complex than we care to 

deal with but are based on conductive models fit to the measured near-surface values of heat flow. 

Because of the concentration of radioactive elements in the continental crust, we can expect the 

continental geotherm to be greater than the oceanic geotherm, but the two should converge at greater 

depths in the mantle (below the zones of radioactive element concentration). Estimates of the steady-state 

heat flow from the mantle range from 25 to 38 mW/m
2
 beneath the oceans to 21 to 34 mW/m

2
 beneath the 

continents. Heat flow is commonly measured in heat flow units (HFU), for which 1 HFU = 41.84 mW/m
2
. 

 

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. 

 

MAGMA GENERATION IN THE EARTH  
Petrogenesis is a good general term in igneous petrology for the generation of magma and the various 

methods of diversification of such mag-mas to produce igneous rocks. Most magmas originate by melting 

in the Earth's mantle, but some show evidence of at least a partial crustal component. Plate tectonics plays 

a major role in the generation of several magma types, but other types seem to result from processes at 

greater depths in the mantle than are influenced directly by plate tectonics. The following figure is a very 

generalized summary of the principal types of magmas and their geologic setting.  



 

 
 

The most voluminous igneous activity occurs at divergent plate boundaries. Of these, mid-ocean ridges 

(location 1) are the most common. Beneath the ridge, the shallow mantle undergoes partial melting and 

the resulting basaltic magma rises and crystallizes to produce the oceanic crust. If a divergent boundary is 

initiated beneath a continent (location 2), a similar process takes place. The resulting magmatism, 

particularly at the early stages of continental rifting, is commonly alkaline, and typically shows evidence 

of contamination by the thick continental crust. If the rift continues to develop, oceanic crust will 

eventually be created in the gap that forms be-tween the separating continental fragments. The result will 

be a new ocean basin and igneous activity similar to location 1.  

 

The oceanic plate created at mid-ocean ridges moves laterally and eventually is subducted beneath a 

continental or another oceanic plate. Melting also takes place at these subduction zones. The number of 

possible sources of magma in subduction zones is far more numerous than at ridges, and may include 

various components of mantle, subducted crust, or subducted sediments. The types of magmas produced 

are correspondingly more variable than for divergent boundaries, but andesites are the most common. If 

oceanic crust is subducted beneath oceanic crust (location 3), a volcanic island arc forms. If oceanic crust 

is sub-ducted beneath a continental edge (location 4), a continental arc forms along the "active" 

continental margin. A continental arc is generally more silica rich than is an oceanic arc. Plutons are also 

more com-mon in continental arcs, either because the melts rise to the surface less efficiently through the 

lighter continental crust, or because uplift and erosion is greater in the continents and exposes deeper 

material. 

 

A different, and slower, type of plate divergence typically takes place behind the volcanic arc associated 

with subduction (location 5). Most geologists believe some sort of "back-arc" extension is a natural 

consequence of subduction, probably created by frictional drag associated with the subducting plate. Such 

drag pulls down part of the overlying mantle, requiring replenishment from behind and below. Back-arc 

magmatism is similar to mid-ocean ridge volcanism. Indeed, a ridge also forms here, and oceanic crust is 

created and spreads laterally from it. Back-arc spreading, however, is slower, volcanism is more irregular 

and less voluminous, and the crust created is commonly thinner than in the oceans. At times, rifting 

occurs behind a continental arc, and the volcanic portion separates from the continent as a marginal sea 

forms by back-arc spreading. Such a process is believed to have separated Japan from the Asian 

mainland. At other times, such a process seems to initiate, and then it mysteriously ceases. The result may 

just be a graben structure, or plateau-type basalts may form prior to cessation of activity.  

 

Although magmatism is certainly concentrated at plate boundaries, some igneous activity also occurs 

within toe plates, both oceanic (location 6) and continental (location 7). Ocean islands such as Hawaii, the 

Galapagos, the Azores, etc., all form by volcanism within the oceanic plates. The products are usually 

basaltic but are commonly more alkaline than ridge basalts. The reason for this type of igneous activity is 

much less obvious than it is for plate margins, because our plate tectonic paradigm is of little use in these 

mid-plate regimes. The source of the melts is also less clear, but appears to be deep, certainly well into the 

asthenosphere. Several of these occurrences exhibit a pattern of igneous activity that gets progressively 



younger in one direction. The direction correlates well with plate motion in a manner that suggests the 

plate is moving over a stationary "hot spot" or mantle "plume," with the most recent activity occurring 

directly over the plume. Intraplate activity within continental plates is much more variable than that 

within the oceans. It is compositionally variable, but usually alkaline, and occasionally extremely so. This 

reflects the more complex and heterogeneous continental crust, and sub-continental mantle as well. Some 

of the most unusual igneous rocks, such as kimberlites and carbonitites, occur within continental 

provinces. The term igneous-tectonic association refers to these broad types of igneous occurrence, such 

as mid-ocean ridge, island arc, or intra-continental alkalic systems.  

 

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" 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 



 

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 temperature, 

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.  

 

(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! 

 

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 plays an important role in magma movement. 

 

Where does the magma occur or accumulate? 

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

 

Magma: Largely molten, heterogeneous material usually of silicate composition, most 

commonly containing suspended crystals and dissolved or trapped gases. 

Other types of magmas: carbonate, sulfide, iron oxide (these are formed by miscibility) 

 

Magma 

 Parent material of igneous rocks 

 Forms from partial melting of rocks inside the Earth 

 Magma that reaches the surface is called lava 

 

The nature of magma 

Consists of three components: 

 A liquid portion, called melt, that is composed of mobile 

ions 

 Solids, if any, are silicate minerals that have already 



crystallized from the melt 

 Volatiles, which are gases dissolved in the melt, including 

water vapor (H2O), carbon dioxide (CO2), and sulfur 

dioxide (SO2) 

 

Melt has no suspended crystals 

 

Components of the magma and their relative amounts determine the minerals that 

‘can’ crystallize from the melt. 

 

Chemical Composition 
 

SiO2  35-78 wt. % 

Al2O3  12-18 wt. % 

  FeO (Fe2O3) 10-30 % in low SiO2 magmas 

  MgO, CaO <5 % in high-SiO2 magmas 

  Na2O  2.5-5.0 wt. % 

  K2O  0.1-7.0 wt. % 

 

Gas Composition  Principally H2O, CO2, SO2 

    Others: CO, CH4, NH3, H2, HCl, HF, H2S, S  

 

Temperatures of Magmas 

 

  tholeiitic basalt (Kilauea, Hawaii)  1150-1225°C 

 

  basaltic andesite (Paruentia, Mexico)  1020-1110°C 

 

  andesite pumice (New Britain, SW Pacific)  940-900°C 

 

  pyroxene rhyolite (Taupo, New Zealand)  

  pumice flows     890-780°C 

 

  rhyolite (Mono Crater, California)  790-820°C 

  pumice flows     730-780°C 

 

[Intra-crustal magmas containing substantial water can be few hundred degrees lower] 

 

Crystallization of magma 

 Cooling of magma results in the systematic arrangement of ions into orderly 

patterns 

 The silicate minerals resulting from  crystallization form in a predictable order 

 The rate at which the magma cools determines the size of the crystals that form 

 

Igneous rocks form as molten rock (Magma) cools and solidifies 

 

 

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 (there is a differentiation of the earth into a core, mantle, crust, 

hydrosphere and atmosphere; 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). 

 

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.  

 

 

 


