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PART II: METAMORPHIC PETROLOGY

INTRODUCTION

What is metamorphism?

"Metamorphism is the mineralogical and/or textural adjustments that take place in a rock in response to a new set of physicochemical conditions different from the ones under which the rock originally formed"

Requirements: 

These changes should 

(i) occur in the solid state;  

(ii) be isochemical, i.e. involve no chemical changes in the bulk rock composition (with the exception of loss or gain of volatiles such as H2O and CO2); 

(iii) take place at conditions above those of diagenesis but below those of melting
.

Range or realm of Metamorphism:

The scope and range of metamorphism is not easy to define. By definition, metamorphism should exclude all sedimentary and igneous processes. Yet the boundary between diagenesis and metamorphism is poorly defined, and is definitely a function of the composition of the rock undergoing such changes. This means that a metamorphic texture or mineral may form for the first time in a basaltic rock at a temperature of for example 180°C, but a shale subjected to the same temperature may not show any textural or mineralogical changes that can be clearly identified as metamorphic. Similarly, the boundary between metamorphism and igneous activity is also unclear. Most mantle rocks could be considered metamorphic, but at the same time, partial melting within the mantle results in many igneous textures and minerals. Although a basaltic rock will not melt at temperatures of 700°C, a shale saturated with H2O will undergo "partial melting" at these temperatures to produce a granitic liquid that moves like a magma, leaving behind mafic minerals which can undergo further changes in the solid state. Nevertheless, the temperature "boundaries" between metamorphism and diagenesis on one hand and metamorphism and igneous activity on the other can be set at 150-200°C and 700-800°C, respectively. 

Factors controlling metamorphism:

(See your Intro notes and Winter p. 412 - 417, and summarize these readings in following the headings given below).

1- Temperature

2- Pressure

3- Time

4- Original chemical composition of the rock

5- Composition of the fluid attending metamorphism.

Why study metamorphic rocks?

Studying metamorphic petrology is essential for understanding the processes involved in the formation and evolution of the continental crust. Because almost all mountain chains (orogenic belts) contain metamorphic rocks, understanding the conditions under which these rocks form will lead to a better understanding of the processes involved in mountain building, as well as understanding the relations between deformation, metamorphism and igneous activity. 

Definitions:

Protolith: The protolith of a metamorphic rock is defined as the original rock prior to metamorphism. Therefore, the protolith of a quartz mica schist may have been a sandstone, a siltstone or a quartz-rich shale, whereas the protolith of a marble must have been some sort of a limestone or dolomite. An amphibolite rich in Fe and Mg may have originally been a basalt. The protolith of a metamorphic rock can be "guessed" (or in some cases positively identified) based on the mineralogy and/or the texture of this metamorphic rock. Knowing the relative abundance of these metamorphic minerals (known as the mode), and their chemical composition, one can estimate the relative abundance of the major elements or oxides in the rock (e.g. CaO, Na2O, .... etc.), and therefore guess its protolith. For example, if a rock contains abundant muscovite, it must be rich in K2O and Al2O3, and the protolith was most likely a shale. In some cases, some metamorphic rocks have textures that were inherited from the original igneous or sedimentary rock, which may enable one to confidently identify the protolith.

Even if one cannot identify the protolith, identification of the minerals in a metamorphic rock will give some idea about the chemical composition of the rock, and therefore the "type" or "compositional group" to which this rock belongs. The most common compositional groups include: 


(i) mafic (ii) pelitic (iii) quatzofeldspathic (iv) calcareous (v) marly (vi) ultramafic. Other less common "types" include: manganiferous, ferruginous, siliceous, ....etc.  Table 1 lists the average chemical composition of some of the most common rock types.

Table 1: Average Composition of selected rock types (Clarke, 1924).

	
	Pelitic
	Mafic (basites)
	Calcareous
	Quartzo-

feldspathic
	Ultramafic

	SiO2
	58.5
	48.4
	5.2
	78.4
	43.5

	Al2O3
	15.5
	16.8
	0.8
	4.8
	4.0

	FeO*
	6.6
	10.6
	0.5
	1.5
	12.5

	MgO
	2.5
	8.1
	7.9
	1.2
	34.0

	CaO
	3.1
	11.1
	42.6
	5.5
	3.5

	Na2O
	1.3
	2.3
	0.1
	0.5
	0.6

	K2O
	3.3
	0.6
	0.3
	1.3
	0.3

	H2O
	5.1
	0.6
	0.3
	0.8
	0.7

	CO2
	2.7
	
	41.6
	5.0
	0.7


Other definitions:

For the following definitions, refer to your textbook or lecture notes. (It would be a good exercise for you to understand and study these definitions and try to summarize what you have learned in the space provided without the help of your textbooks!)

Isochemical

Allochemical

Metasomatism

Metamorphic grade

Prograde metamorphism

Retrograde metamorphism (retrogression)

Index mineral

Isograd

Mineral assemblage

Paragenesis

Foliation

Lineation

Nomenclature of metamorphic rocks:

The nomenclature of metamorphic rocks is much easier than that of igneous or sedimentary rocks. Although you still need to know the texture and mineralogy of rock, you really do not need to learn any "new" names! In general, there are four different ways of giving a metamorphic rock a name:


1- [minerals; listed in reverse order of abundance] followed by the [general texture]. e.g.: "sillimanite - garnet - biotite - quartz schist" (where quartz > biotite > garnet > sillimanite)


2- [minerals][ortho/para]-[general texture] e.g. Biotite - feldspar - quartz paragneiss. (where the prefix "para" indicates that the protolith of the rock is sedimentary, whereas "ortho" indicates that the protolith is an igneous rock).


3- meta-[protolith], e.g. metasandstone, metabasalt, metacarbonate, or metapelite.


4- special names: e.g. marble, quartzite, granulite.... etc, which depend on the composition or the texture of the rock, as defined above (see Mason, 1978).

Selected (special) rock names that are based on textures or rock composition:

Slate

Phyllite

Schist

Gneiss

Hornfels

Granulite

Cataclasite

Mylonite

Marble

Serpentinite

Systematics of studying metamorphic rocks:

(i) Field mapping and sample collection

(ii) Identification of index minerals and directions of increasing metamorphic grade

(iii) Relations to major structures

(iv) Petrography: mineral assemblages, paragenetic diagrams

(v) Textures, mineral reactions

(vi) Paragenetic sequence diagrams; recheck (ii) and (iii)

(vii) Mineral analysis

(viii) Estimate P and T (importance of experiments)

(ix) Determine age of metamorphism

(x) P-T-time path

(xi) Tectonic interpretation

�In fact, some of these "requirements" or "rules" are "violated" to some extent by some metamorphic rocks. It has recently been suggested that regional metamorphism is accompanied by significant changes in bulk composition that occur at differnt scales (e.g. Ague, 1989). Partial melting is indeed a product of metamorphism. The bounadry between diagenesis and metamorphism is poorly defined and will vary with variations in bulk rock chemistry.


�In the literature, listing minerals in reverse order of abundance is not strictly followed, with some authors preferring to list the minerals in order of abundance!





