GEOCHEMISTRY OF METAMORPHIC SYSTEMS
INTRODUCTION
The reactions which take place during metamorphism of rocks depend on the following factors:
(1) Pressure and temperature conditions
(2) Chemical and mineralogical composition of the rocks
(3) The composition of the fluid phase
Metamorphic rocks are classified into five compositional groups:
(a) Pelitic metamorphic rocks
(b) Quartzo –feldspathic metamorphic rocks
(c) Metamorphic rocks derived from calcareous sediments
(d) Mafic metamorphic rocks (metabasites)
(e) Ultramafic metamorphic rocks
The chemical composition of some major compositional groups are summarised in table 1
Table 1 Chemical composition of the major classes of metamorphic rocks
	OXIDE
	PHYLLITES
	MICA SCHISTS
	TWO-MICA GNEISSES
	QUARTZO FELDSPATHIC GNEISSES
	AMPHIBOLITES

	SIO2
	60.0
	64.3
	67.7
	70.7
	50.3

	TiO2
	1.1
	1.0
	-
	0.5
	1.6

	Al2O3
	20.7
	17.5
	16.6
	14.5
	15.7

	Fe2O3
	3.0
	2.1
	1.9
	1.6
	3.6

	FeO
	4.8
	4.6
	3.4
	2.0
	7.8

	MnO
	0.1
	0.1
	-
	0.1
	0.2

	MgO
	2.9
	2.7
	1.8
	1.2
	7.0

	CaO
	1.2
	1.9
	2.0
	2.2
	9.5

	Na2O
	2.0
	1.9
	3.1
	3.2
	2.9

	K2O
	4.0
	3.7
	3.5
	3.8
	1.1

	P2O5
	0.2
	0.2
	-
	0.2
	0.3

	
	100.0
	100.0
	100.0
	100.0
	100.0



The pelitic metamorphic rocks are characterised by relatively high contents of Al2O3 and K2O which give rise to formation of abundant micas. Muscovite is common in low temperature metapelites while biotite forms at higher temperatures. These rocks may contain minerals such as andalusite,  Kyanite, sillimanite and cordierite, garnet and staurolite. Pelitic rocks are susceptible to changes in temperature and pressure during metamorphism.
Quartzo feldspathic metamorphic rocks are derived from quartzose sedimentary rocks or felsic igneous rocks. They are characterised by a high content of SiO2 and low contents of FeO and MgO. These rocks are not susceptible to changes in temperature and pressure.
[bookmark: _GoBack]Calcareous sediments and their metamorphic derivatives are highly susceptible to changes in temperature and pressure. The reactions which occur in these rocks depend on the contents of Cao, MgO, SiO2, Al2O3 and composition of the fluid phase.
Mafic metamorphic rocks are rich in MgO, FeO, CaO and Al2O3. The minerals that occur in low temperature rocks include chlorite, actinolite and epidote. Hornblende forms at higher temperatures. Pyroxenes and plagioclase are formed at very high temperatures. Metabasites are very susceptible to changes in temperature and pressure. 
Ultramafic metamorphic rocks are derived from peridotite, pyroxenite and dunites. These rocks include serpentinites.
CLASSIFICATION OF FACIES SERIES OF METAMORPHISM
On the basis of geothermal gradients facies series of metamorphism are classified into low pressure regional metamorphism, medium pressure regional metamorphism and high pressure regional metamorphism.  The geothermal gradients are greater than 25oC km-1, 20oC km-1 and 10oC km-1 respectively. The P-T conditions for the three facies series of regional metamorphism are given in figure 1. The P-T conditions of metamorphic facies are given in figure 2.
Oxygen isotope geothermometry can be used to determine the temperature of formation of metamorphic mineral assemblages where exchange of isotopes of oxygen between coexisting minerals has taken place under equilibrium conditions. The geothermometers that can be used include the ones which have been developed for the following mineral pairs: quartz – muscovite, quartz – calcite and quartz – magnetite. Estimation of temperatures can be made precisely up to 500 oC. 
A considerable number of temperature determinations have been made by this method on the regional metamorphic rocks of the medium pressure type in northern Appalachians. The temperatures which have been estimated in different zones are given below:
		Biotite zone			350 - 400oC
		Almandine zone		410 – 490oC
		Staurolite – kyanite zone	490 – 600oC
		Sillimanite zone			600- 750oC

  
METAMORPHIC  REACTIONS
These are chemical reactions that occur during metamorphism of rock units. There are four major types of metamorphic reactions:
(1) Solid-Solid reactions
(2) Dehydration reactions
(3) Decarbonation reactions
(4) Oxidation-Reduction reactions
Solid-Solid Reactions
These reactions involve only solid reactants and products. Phase transformations between the three polymorphs of Al2SiO5 are good examples of this type of reactions. The phase transformations which accompany changes in P-T conditions of the system Al2SiO5 have been studied by different scholars who have determined the position of equilibrium curves for the reactions involving kyanite, silimanite and andalusite. The triple point for the system Al2SiO5 has been estimated as shown below:
 	Author				Temperature (oC)		Pressure (Kbar)
	Newton, 1966				520				4.0
	Weill, 1966				410				2.4
	Althaus, 1967				595				6.5
	Pugin and Khitarov, 1968		540				7.6
	Richardson et al. 1969			622				5.5
	Holdaway, 1971				501				3.76
Some of the reactions in the system Al2SiO5 are shown below.
	Al2SiO5 = Al2SiO5
	Kyanite          Silimanite

		Al2SiO5 = Al2SiO5
		Kyanite		Andalusite
		Al2SiO5 = Al2SiO5
		Andalusite	Sillimanite
Another example of solid – solid reaction is the reaction of jadeite and quartz and the breakdown of jadeite. These reactions are shown below.
	NaAlSi2O6 + SiO2  = NaAlSi3O8 
	Jadeite	        Quartz	Albite
	2NaAlSi2O6  =	NaAlSi3O8  +  NaAlSiO4
	Jadeite		Albite	          Nepheline
The equilibrium curves for these reaction are given in figure 1. In all soli-solid reactions the higher temperature side has a higher entropy than the low temperature side while the high pressure side has a smaller volume than the low-pressure side. The slope of equilibrium curves for solid-solid reactions can be calculated using the Clausius – Clapeyron equation.
		dP/dT= 10.0∆H/(T∆V) = 10.0∆S/∆V

		P, T are in bars and kelvins
		∆H, ∆V, and ∆S are in Joules, cm3 and JK-1mol-1 respectively. When ∆H is expressed in 
		Calories and ∆S in K-1mol-1 a coefficient of 41.8 should be used  instead of 10.0.
The position of the equilibrium curves for solid-solid reactions in the P-T space can be estimated by using the mathematical expression shown below:
	∆G= ∆Ho298 - T∆So298 + (P – 1)∆V/10.0
∆G is a state property whose value depends on pressure (bars) and temperature (kelvins). The values of ∆H and ∆S can be calculated from data given in tables of thermodynamic constants.
Since we know that at equilibrium ∆G = 0 the above equation can be solved for temperature and pressure in order to determine the position of equilibrium curves in P-T space.
Dehydration Reactions
These reactions are very common in metamorphic belts. They involve release of water of crystallisation. Good examples of these reactions are given below:
		Al2Si4O10(OH)2 = Al2SiO5 + 3SiO2 + H2O 
  		Pyrophyllite	kyanite	  quartz	  water

		KAl3Si3O10(OH)2 + SiO2 = Al2SiO5 + KAlSi3O8 + H2O
		Muscovite	quartz	sillimanite orthoclase
		KAl3Si3O10(OH)2  = Al2O3 + KAlSi3O8 + H2O
		Muscovite	  corundum orthoclase
The side having liberated water represents higher temperatures in these reactions since water has a very high entropy. The equilibrium curves for these reactions are given in figure 2. The equilibrium curve for any dehydration reaction can be calculated by the following approximate relation.
	∆Go = -19.14Tlog PH2O -Ps∆Vs/10.0
Decarbonation reactions
These reactions involve the liberation of carbon dioxide. Examples are given below:

	CaCO3 + SiO2 = CaSiO3 + CO2
	Calcite  quartz  wollastonite
The equilibrium curve for this reaction is given in figure 3. The equilibrium curves for these reactions can be estimated using the following equation:
∆Go = -19.14Tlog PCO2 -Ps∆Vs/10.0
Redox reactions
These reactions involve a change in the oxidation state of iron or carbon. The indicators of redox conditions (partial pressure of oxygen) in the earth crust are iron oxides. These reactions are given below:
	6Fe2O3 = 4Fe3O4 + O2
	Haematite magnetite
	2Fe3O4   =  6FeO + O2
	Magnetite  wustite
	2FeO  =  2Fe  +  O2 
	Wustite
	0.5Fe3O4  =  1.5Fe  +  O2
	Magnetite
The pressure of oxygen for these reactions can be calculated using the following equation.
∆Go = -19.14Tlog PO2 - Ps∆Vs/10.0
Consider the transformation of graphite to CO2
	C + O2 = CO2
If we neglect the effect of Ps we have
	∆Go = -19.14Tlog (PCO2/PO2)
Therefore PO2 is a function of temperature and pressure of carbon dioxide
The values of PO2 in the presence of graphite are within the field of stability of magnetite.
The equilibrium curves for redox reactions are given in figure 4.
Fayalite’s stability depends on the pressure of oxygen. It is stable in a range of PO2 = 10-16 to  10-26 bar at 700 oC. when  PO2 is higher or lower than this range it decomposes to produce magnetite or native iron as follows:
	2Fe3O4 + 3SiO2 = 3Fe2SiO4 + O2
	Magnetite	fayalite
	 Fe2SiO4  =  2Fe  +  SiO2 + O2 
	Fayalite	     iron	quartz
The FeO/MgO ratio of a silicate solid solution associated with magnetite is an indicator of the partial pressure of oxygen. The higher the partial pressure the poorer the solution becomes in FeO. The mobilities of O2  and H2 are very low compared to the mobilities of CO2 and H2O.	
The Fe3+/Fe2+ ratio of metamorphic rocks tends to decrease with increase in temperature of metamorphism. This is due to the reaction of Fe2O3 – bearing minerals with with organic matter or graphite to form CO2. The CO2 would migrate from the system leading to a general decrease of the Fe3+/Fe2+ ratio  of the rocks. 
PROGRESSIVE REGIONAL METAMORPHISM OF ROCKS
Mobility of chemical components
Some chemical components may move during metamorphism. Such components include H2O, CO2, Na2O, K2O, CaO, Al2O3 and SiO2. Components may migrate long distances in the presence of a fluid. A decrease in Fe2O3/FeO ratio takes place due to reduction of ferric ion by organic matter or graphite. The most pronounced changes during metamorphism of pelitic rocks are a decrease in H2O and CO2 contents and in the Fe2O3/FeO ratio (see the table below). 
	Clays and  Shales 		Schists and gneisses
SiO2		59.93				63.51
TiO2		0.85				0.79
Al2O3		16.62				17.35
Fe2O3		3.03				2.00
FeO		3.18				4.71
MgO		2.63				2.31
CaO		2.18				1.24
Na2O		1.73				1.96
K2O		3.54				3.35
H2O		4.34				2.42
CO2		2.31				0.22


Metamorphic Reactions During Progressive Regional Metamorphism of Limestones
The type of reactions which occur in limestone depend on the mineralogical composition, fluid composition and prevailing pressure and temperature conditions. Most carbonate rocks are composed of  3 components CaCO3, MgCO3 and SiO2.
Pure Limestone
Metamorphism produces crystalline limestone (marble). The marble gets coarse-grained with increase in temperature. 
Dolomitic limestone
The minerals in this include dolomite and calcite. The reaction below would occur with rise in temperature in addition to the recrystallisation of calcite.
		CaMg(CO3)2 = CaCO3 + MgO +  CO2
		Dolomite	Calcite	periclase
 Siliceous Limestone
Metamorphism of quartz bearing limestone produces wollastonite through the following reaction.
 		CaCO3 +	 SiO2  CaSiO3 + CO2
		Calcite	Quartz	Wollastonite
Wollastonite is very common in amphibolite and pyroxene hornfels facies areas.

Siliceous Dolomitic  limestone
Metamorphism of these rocks produces a variety of silicate minerals. The study of these systems under different conditions of fluid composition (CO2-H2O) suggests that the reactions depend on the  CO2/H2O  ratio and the prevailing temperature.
Limestones composed of calcite, dolomite and quartz belong to the five component system CaO-MgO-SiO2-CO2-H2O. When CO2 and H2O are not considered we can plot a triangular diagram based on the molar proportions of CaO, MgO and SiO2.  The reactions that occur are illustrated in figure 5 and the equations for these reactions are given below.
Under CO2/H2O ratios of less than 9.6 talc forms first as the temperature increases. The equation for this reaction is given below.
	3 dolomite + 4 quartz + H2O   talc + 3 calcite + 3CO2
Further increase in temperature results in the formation of tremolite as shown below.
	5talc + 6 calcite +  4 quartz 	3tremolite  + 6CO2 + 2H2O
A further increase in temperature would lead to the formation of diopside under P-T conditions that favour mineral assemblages that belong to the low amphibolite facies. This reaction is given below.
	Tremolite + 3calcite + 2quartz  5 diopside + 3CO2 + H2O
A further rise in temperature may produce forsterite as shown below:
Talc + 5 dolomite  4 forsterite +5 calcite + 5 CO2 + H2O
 In systems characterised by a higher CO2/H2O ratio of greater than 9.7 the first reaction that occurs with increase in temperature produces tremolite as shown in the equation given below.
5 dolomite + 8quartz  + H2O  	tremolite + 3calcite + 7CO2
The increase in temperature results in the formation of forsterite as shown in the equation below.
	Tremolite  + 11 dolomite  8 forsterite + 13 calcite + 9 CO2 = H2O 
A further rise in temperature would produce forsterite and diopside for both high and low CO2/H2O ratio as shown below.
	3 tremolite + 5 calcite  11 diopside + 2 forsetrite + 5 CO2  + 3 H2O
For CO2 pure systems that do not contain any water the following reactions would take place with increase in temperature.
           Dolomite + 2 quartz 	diopside  + 2CO2 at a lower temperature 
And 	diopside  + 3 dolomite   2 forsterite + 4 calcite + 2CO2  at a higher temperature
At a very high temperature wollastonite may form in systems containing calcite and quartz.
 The reactions in Al-rich limestones may produce Al –rich minerals (garnets) during metamorphism.
Metamorphic Reactions During Progressive Regional Metamorphism of Pelitic rocks
Low temperature metamorphic reactions
These reactions are characterised by disappearance of clay minerals. The major minerals in pelitic rocks may include quartz, feldspar, white mica, calcite, kaolinite, chlorite and heamatite. 
Al2Si2O5(OH)4 + 2SiO2  Al2Si4O10(OH)2 + H2O 
Kaolinite	quartz	pyrophyllite

If the rock is richer in Al2O3 paragonite may form in the following manner:
NaAlSi3O8 +  Al2Si2O5(OH)4  	NaAl3Si3O10(OH)2 + 2SiO2 + H2O
   Albite		kaolinite	paragonite	     quartz

Paragonite is very common in mica schists of the Alps.
Paragonite may breakdown at a higher temperature to produce pyrophyllite as shown below:

NaAl3Si3O10(OH)2 + 4SiO2 	NaAlSi3O8 + Al2Si4O10(OH)2
Paragonite	     quartz	Albite		pyrophyllite
Chloritoid may form at a higher temperature in the following manner.

5 haematite  + Chlorite  = 5 magnetite  + 2chloritoid + 2quartz + 4H2O
5 pyrophyllite + chlorite = 7chloritoid + 17 quartz + 4H2O
5paragonite + chlorite + 3quartz = 7chloritoid + 5 albite + 4H2O

A further rise in temperature may lead to formation of biotite
Albite + calcite + quartz + muscovite + chlorite = plagioclase + biotite + CO2 + H2O

Higher temperature metamorphism
 At a higher temperature within the P-T conditions of amphibolite facies garnet would form  through the following reactions:

2(Mg,Fe,Mn)4.5Al3Si2.5O10(OH)8 + 4SiO2 = 3 (Mg,Fe,Mn)3Al2Si3O10(OH)2 + 8H2O
	Chlorite			quartz		garnet
KAl3Si3O10(OH)2 + K(Mg,Fe)3AlSi3O10(OH)2 + 3SiO2 = (Mg,Fe)3Al2Si3O12 + 2KAlSi3O8 + 2H2O 
Muscovite		biotite		     quartz	almandine	K-feldspar

At a higher temperature staurolite would be produced in the following reactions:
31 chloritoid + 5 muscovite + quartz = 8 staurolite = 5 biotite + 27H2O
31 chlorite + 5 muscovite = 26 staurolite + 55 biotite + 20 quartz + 173H2O

In the P-T conditions corresponding to the field of stability for amphibolite facies rocks kyanite may be produced in the following reactions:
Al2Si4O10(OH)2 = Al2SiO3 + 3SiO2 + H2O 
Pyrophyllite         kyanite    quartz
Staurolite  + 11 quartz = 23 Al2SiO5  + 4 almandine + 3H2O
6staurolite  + 4 muscovite + 7 quartz = 31 Al2SiO5 + 4 biotite + 2 H2O

At a higher temperature muscovite may break down as follows:
 	Muscovite + quartz = orthoclase + sillimanite + H2O
Melting of pelites takes place between 620 and 700 oC

Break down of biotite at very high temperature within the P-T conditions for granulite facies rocks takes place as follows:

K(Mg,Fe)3AlSi3O10(OH)2 + 3SiO2 = 3(Mg,Fe)SiO3 + KAlSi3O8 + H2O
	Biotite		quartz	  orthopyroxene	  orthoclase	

