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I- Introduction

Definitions:

Petrology: Is the study of rocks. Igneous petrology is that branch of petrology dealing with the study of rocks that were originally molten (i.e. which formed from magmas or lavas). Volcanology is a subdiscipline of igneous petrology which deals with studying all aspects of volcanoes and their products. Metamorphic Petrology is the study of all rocks that formed by recrystallization in the solid state, beyond the field of diagenesis. In general, all branches of petrology (whether igneous, sedimentary or metamorphic) consist of two main components:

(a) Petrography: which is the descriptive component of petrology, and consists of describing rocks mainly under the microscope.

(b) Petrogenesis: which is that part of petrology which aims at understanding the origin of rocks.

The study of igneous rocks, which is essential for understanding the tectonic history of an area, therefore consists of several stages: (i) field work where the relations between the different rock types are documented (usually with the help of mapping), and representative samples are collected, (ii) petrographic description of important samples, where mineral assemblages and key textures are identified, and the sequence of crystallization of minerals is established, (iii) identification of the chemical composition of different minerals, particularly those participating in certain reactions, (iv) identification of the bulk rock chemical composition of samples, (v) identifying the chemical relations between the different samples in the study area, and the (possible) parental magmas to establish the origins of these different rocks (relies heavily on experimental petrology and theoretical calculations and modeling), (vi) determining the ages of crystallization of the various minerals by suitable radiometric methods, and (vii) making tectonic interpretations for the study area.

Abundance of igneous rocks in the crust and mantle:

Although igneous + metamorphic rocks constitute only 25% of the total rock outcrops on the continents, they actually constitute 95% of the entire crust. This should not come as a surprise, since the oceanic crust consists almost entirely of igneous rocks (with only a small sedimentary cover). On the other hand, the mantle can be considered to consist predominantly of metamorphic rocks (garnet or spinel peridotites + eclogites). Nevertheless, mantle rocks undergo partial melting to produce magmas of varying compositions depending on the depth at which this phenomenon occurs. Not all melts make their way to the surface, or even to the crust. Some melts end up crystallizing in the mantle, so that some peridotites are considered igneous! This emphasizes the importance of the mantle in producing igneous rocks, and the dual nature of peridotites (either a solid residue that did not melt, or a rock that crystallized from a melt!).

Importance of igneous petrology:

1)
Understanding the origin of the Earth

2)
Understanding the origin and evolution of the mantle and crust

3)
Understanding major phenomena such as volcanism, hydrothermal activity, ... etc. which influence our every day life and environment

4)
Understanding magmatic processes and their relationship to formation and concentration of ore minerals which in turn will help us prospect for them.

Composition of the crust, mantle and core: 

Sources of information: As you are well aware, the earth as a whole has a layered structure, and can be broadly divided into a crust, a mantle, an outer core and an inner core (Fig. 1). This layered structure has been inferred mainly from interpreting seismic refraction data, which has also led to some inferences regarding the composition of these layers (cf. your intro geology text and notes). Additional information on the composition of these layers comes from: sampling the upper crust (i.e. outcrop or deep sea drilling program information), gravity and seismic surveying (for the deeper parts of the crust), volcanoes, mantle xenoliths, meteorites, and experimental work.

Layered structure of the oceanic crust: The oceanic crust consists of 3 layers (layers 1 - 3; Fig. 2). Layer 1 consists of a thin veneer ( 0.5 km) of sediments, underlain by pillow lavas (layer 2a) and sheeted dykes (layer 2b). Layer 3 consists of Gabbroic rocks (gabbro cumulates). A large deal of this information was obtained from studying "ophiolites", which are fragments of the oceanic lithosphere emplaced onto continental margins.

Layered structure of the continental crust: The continental crust is also heterogeneous, but can be broadly subdivided into an upper crust consisting of sedimentary and metamorphic rocks as well as felsic to intermediate igneous rocks, with an overall density of 2.7 g/cm3, and a lower crust consisting of mafic igneous and metamorphic rocks with an overall density of 2.9 g/ cm3 (Fig. 3). Table 1 lists several estimates of the composition of the oceanic and continental crust.

Layered structure of the mantle: The mantle consists of 5 different layers (Fig. 4):

(a) The uppermost or lithospheric mantle, which extends to a an average depth of ~ 70 km, constitutes the base of the lithospheric plates. This part of the mantle is heterogeneous, and constantly exchanges material with underlying deeper mantle layers, and the overlying crust. It consists predominantly of ultramafic rocks containing the minerals: olivine, orthopyroxene, clinopyroxene, and one of the minerals: plagioclase, spinel or garnet. Minor amounts of amphibole and Mg-rich biotite (phlogopite) may also be present in these rocks.

(b) The Low velocity zone (~ asthenosphere): Beneath the lithospheric mantle is the "low velocity zone", which extends from a depth of 70 - 100 km to depths of ~ 200 - 250 km. This layer (roughly corresponding to the asthenosphere) is characterized by the presence of some liquid (~ 1-10% on average) derived by partial melting. The presence of this melt reduces the velocity of seismic waves, especially the secondary waves (Fig. 4a). 

(c) The Upper mantle (ss): extends from depths of ~ 250 to ~ 400 km, and is characterized by an increase in seismic wave velocity.

(d) The "Transition zone": The upper boundary of this zone (~ 400 km) is marked by another abrupt increase in seismic wave velocity, attributed to increased pressure which causes the breakdown of the olivine structure to a spinel type structure. The base of the transition zone which occurs at a depth of 670 km, is marked by the transformation of the spinel structure to the denser perovskite type structure, in which Si becomes octahedrally coordinated. 

(e) The lower mantle, which extends from the base of the transition zone to the outer core, is believed to be homogeneous and to consist of a mixture of Fe-Mg silicates and oxides. 

It should be noted that the layers (a) - (d) are collectively referred to in many texts as the "upper mantle" (sl), and are considered the most likely sources of magmas (as will be shown later). Note also that based on its rheological properties, the mantle has been subdivided into a lithospheric component, asthenosphere (which according to some texts extends to the 670 km discontinuity!), and mesosphere (the lower mantle, cf. text, page 5). These different schemes are indeed quite confusing! The upper mantle layers (sl) are also those layers experiencing convection, and will therefore be examined in more detail. Most workers believe that these layers consist predominantly of peridotite + smaller amounts of eclogite, based mainly on the composition of mantle xenoliths. However, because these xenoliths probably represent a residuum left behind after partial melting in the upper mantle, Ringwood (1966, 1979) suggested that the upper mantle layers consists of 1 part basalt and 3 parts peridotite, which he termed pyrolite. Table 2 lists some estimated compositions of the mantle. Keep in mind that these are only estimates, and that layers (a) - (d) are likely to be heterogeneous as will be discussed later. 

The Core: The core consists of an outer molten layer and an inner solid one. Both are considerably denser than all other layers (~ 11 g/ cm3) in order to account for a density of 5.5 g/ cm3 for the entire earth. This led scientists to suggest that the core consists of Fe + Ni ± 10% (by weight) or so of another lighter element (most probably S). The common occurrence of sulfides in C1 chondrites (a type of meteorites) supports this hypothesis.

Formation of the core, mantle and crust:

As one of the planets of the solar system, the Earth formed by the accretion of planetesimals that heated up to a temperature as high as 6000°C. This high temperature caused the material forming the Earth to melt during its early stages of evolution. Dense elements such as Fe and Ni began to sink to form the core which was then surrounded by a mantle of less dense material rich in Fe, Mg and Si. Fe and Mg silicates first crystallized in the mantle leaving the melt more enriched in light elements and/or elements with large sizes. The lower density of this silicate melt caused it to migrate to shallower levels, where it eventually crystallized to form the crust (which has a higher concentration of lighter elements). Heat from radioactive decay remelted some material from the mantle (and/or lower crust) which rose to the surface in the form of volcanic eruptions that formed the oceanic crust. Accordingly, during its early stages of evolution, and possibly up until the end of the Precambrian era, the earth was characterized by a higher heat budget and had higher geothermal gradients. As we shall see in later lectures, this idea is supported by the near restricted occurrence of certain rock types to Precambrian terrains. The process of evolution of the Earth into different layers is known as differentiation and is related to "magmatic differentiation" which will be discussed in detail later on in the semester. 

