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Metamorphism and Metamorphic Rocks
       The word metamorphism comes from Greek, meaning to change form. Rocks can change form in many ways. On the cold side, loose sediments gradually transform to sedimentary rocks. Burial results in higher temperatures and pressures. These new conditions, along with other processes, cause pore spaces to be filled in, allow replacement of feldspars by clay, and drive reactions that modify clay mineralogy. These transformations, while metamorphic in a sense, result in materials that still look like sediments, and so are generally worked on by people who specialize in sedimentary rock geology. These transformative processes are usually referred to as sediment diagenesis, rather than metamorphism.

On the hot side, high temperatures can result in melting, where the rocks transition, generally only in part, to silicate liquid (magma). A partially melted rock has a solid metamorphic part and an igneous liquid part that occurs initially along grain boundaries.
Metamorphism are process leading to changes in mineralogy and/or texture and often in chemical composition in a rock due to physical and/or chemical conditions in solid state. 
1-Textural:

· Recrystallization: rearrangement of crystal structure of existing minerals. Commonly many small crystals merge to form larger crystals, such as fine-grained calcite in limestone recrystallizes to the coarse-grained calcite in marble. 
· Formation of new minerals: there are a number of metamorphic minerals which form during metamorphism and are found exclusively (or almost exclusively) in metamorphic rocks: Garnet and Staurolite. 
2-Mineralogical: clay in shale becoming mica in slate, phyllite and schist.
Limits of metamorphism:
1- Lower limit of the metamorphism:
        Lower limit of the metamorphism is the minimum temperature of metamorphism. Lower limit of metamorphism is overlap with diagenesis processes of sedimentary rocks. In geology, however, we restrict diagenetic processes to those which occur at temperatures below 200oC and pressures below about 300 MPa, this is equivalent to about 3 kilobars of pressure (1kb = 100 MPa).
Metamorphism therefore occurs at temperatures and pressures higher than 200oC and 300 MPa.  
2-The upper limit of the metamorphism: 
       The upper limit is maximum heating before melting. Rocks have different melting temperature according to its mineralogical composition. Basalt melted at 1000-1100 oC with increasing pressure it will melted at 900 oC, while granite melted at 950 oC, with increasing pressure it will melted at 650 -700 oC, So the upper limit of metamorphism is 700- 900 oC. 
The pressure limits of metamorphism are also fairly broad. At low pressures, an abnormally high geothermal gradient may be required to heat rocks sufficiently to initiate metamorphism. Substantially metamorphosed rocks can be generated near the contact of shallow intrusions very near the Earth's surface. At the high-pressure end, solid rocks extend through the mantle, and occur again in the solid inner core. Mantle xenoliths from kimberlites record pressures up to 4 GPa (>120 km) or more, and are generally regarded as metamorphic. The practical limits of pressure for the study of metamorphics thus rarely exceeds 3 GPa.
Grade of metamorphism 

        As the temperature and/or pressure increases on a body of rock we say the rock undergoes prograde metamorphism or that the grade of metamorphism increases.   Metamorphic grade is a general term for describing the relative temperature and pressure conditions under which metamorphic rocks form. 
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1-Low-grade metamorphism: takes place at temperatures between about 200 to 320oC, and relatively low pressure.  Low grade metamorphic rocks are generally characterized by an abundance of hydrous minerals.  With increasing grade of metamorphism, the hydrous minerals begin to react with other minerals and/or break down to less hydrous minerals. Examples of hydrous minerals that occur in low grade metamorphic rocks: Clay minerals, Serpentine, Chlorite.
2-Intermediate grade metamorphism: takes place at temperatures between about 320 to 510oC, and pressure greater than 6 kbar.

3-High-grade metamorphism: takes place at temperatures greater than 510oC and relatively high pressure.  As grade of metamorphism increases, hydrous minerals become less hydrous, by losing H2O, and non-hydrous minerals become more common. 

Examples of less hydrous minerals and non-hydrous minerals that characterize high grade metamorphic rocks:
· Muscovite: hydrous mineral that eventually disappears at the highest grade of metamorphism. 

· Biotite - a hydrous mineral that is stable to high grades of metamorphism.

· Pyroxene - a non hydrous mineral. 

· Garnet - a non hydrous mineral. 

Pressure and temperature (P and T) are discussed together because they commonly change together. With depth in the Earth’s interior, pressure increases as a result of the weight of overlying rock (a product of rock density, gravitational acceleration, and depth). If we ignore highly porous rocks, common rocks range in density from about 2500 kg/m3 for shales, and 2900 kg/m3 for typical crust, to 3400 kg/m3 for typical upper mantle rock. These densities correspond to depths of 4000, 3500, and 3000 m, respectively, to produce 1000 bars (1 kbar) of lithostatic pressure. As a rule of thumb, pressure therefore increases by 1000 bars for each 3.5 km of depth in the crust ( multiply bars by 100,000 to get Pascals, or divide by ten to get megaPascals).

· Index minerals:  are diagnostic minerals indicating a restricted range of pressure-temperature conditions of metamorphism.
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Factors that control metamorphism: 

        Metamorphism occurs because some minerals are stable only under certain conditions of pressure and temperature.  When pressure and temperature change, chemical reactions occur to cause the minerals in the rock to change to an assemblage that is stable at the new pressure and temperature conditions. 

A. Temperature

Temperature causes increasing of kinetic energy of minerals and increased entropy, so the minerals will react because of its disequilibrium.

Source of temperature
1. Temperature increases with depth in the earth along the geothermal gradient.  Thus higher temperature can occur by burial of rock. The geothermal gradient, or geotherm, expressed as the change in temperature divided by the depth interval over which it occurs, has been found to vary from hundreds of degrees per kilometer beneath oceanic spreading ridges to about 20–30 C/km in active orogenic belts along side convergent plate junctures to as low as 7 C/km in the nearby deep-sea trench.
2. Temperature can also increase due to igneous intrusion.

      3.   Temperature can also increase due to decay of isotopes. 

B. Pressure:

Pressure increases with depth of burial. There are two types of pressure: 

1- Confining pressure (hydrostatic): is equal in all directions and comes from the weight of the overlying rock and cause changes in size of the minerals.
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2- Direct pressure: is not equal in all directions and is associated with mountain building processes and causes deformation of minerals (change in shape of the minerals).   
Rounded grains can become flattened in the direction of maximum stress.

Minerals that crystallize or grow in the differential stress field can have a preferred orientation.  This is especially true of the sheet silicate minerals (the micas: biotite and muscovite, chlorite, talc, and serpentine).  
These sheet silicates will grow with their sheets orientated perpendicular to the direction of maximum stress.  Preferred orientation of sheet silicates causes rocks to be easily broken along approximately parallel sheets.  Such structure is called a foliation.
C. Fluid Phase: 

      Any existing open space between mineral grains in a rock can potentially contain a fluid.  This fluid is mostly H2O, but contains dissolved mineral matter. The Fluid plays two great rules in metamorphism: 

1- Activation the reaction between minerals.

2- Addition of new materials to the rock or taken some materials from the rock.

D. Time: 

       The chemical reactions involved in metamorphism, with recrystallization, and growth of new minerals are extremely slow processes.  Laboratory experiments suggest that the long time needed for metamorphism to produce the large size of the mineral grains.   Experiments suggest that the time involved is millions of years.
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