This study material has been prepared from many
sources including books, research published paper
and internet articles etc. The teacher does not claim
any right over the content of study materials to its
originality. The purpose of providing these materials
to the students of M.Sc. Geology 1s only for learning
as a part of course curriculum.
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Ore Deposits Formed by Metamorphism

Metamorphic processes profoundly alter pre-
existing mineral deposits and form new ones.

The chief factors involved are heat, pressure, time,
and various solutions.

The materials acted upon are either earlier formed
mineral deposits or rocks.

Valuable nonmetallic mineral deposits are formed
from rocks chiefly by the crystallization and the
combination of rock making minerals



-Role of Temperature and Pressure

Metamorphic processes occur to make adjustments
between the chemical potential of any system and
the changes in temperature and pressure.

A particular chemical reaction that cannot occur in
one environment may readily do so under different
temperature and pressure conditions.

An increase in pressure will cause a reaction to move
in a direction in which the total volume of the system
decreases, for example increasing pressure results in
the following changes with a reduction in the total
molar volume
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"Role of Temperature and Pressure
Olivine + anorthite a garnet
augite + anorthite a garnet + quartz
ilmenite + anorthite a sphene + hornblende
nephelene + albite a glaucophane or jadeite

anorthite + gehlenite + wollastonite a grossularite

andalusite a sillimanite a kyanite



/
~Role of Temperature and Pressure

An increase in temperature normally results in
endothermic reactions. A possible example is the
conversion of pyroxene to hornblende during the
metamorphism of diabase to amphibolite.

Metamorphic reactions result from the tendency of
mineral systems to adjust to their physicochemical
environment of high temperatures and pressures
in contrast to the low temperatures of weathering
processes, both of which processes generally occur
in the presence of water.
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“Metamorphism of Earlier Deposits

When rocks are metamorphosed, enclosed mineral deposits may
also be metamorphosed.

Unlike rocks that undergo both textual and mineralogical changes,
Ores undergo less mineral re-combinations.

Textual changes, however, are pronounced. Schistose or gneissic
textures are induced, particularly with sectile minerals, and flow
structure is not uncommon.

Galena, for example, becomes gneissic. It may also be rendered so
fine grained that individual cleavage surfaces cannot be discerned
with a hand lens.

It "flows" around hard minerals, such as pﬁrite. Other minerals,
such as chalcopyrite, bornite, covellite, or stibnite, behave similarly.

The result is that ores may exhibit streaked, banded, smeared
appearances with indistinct boundaries between minerals of
different color.

The original textures and structures may be so obscured that it is
difficult to determine to which class the originally deposits
belonged. Such deposits are then classified as "metamorphosed”.



Formation of Mineral Deposits by Metamorphism

Several kinds of nonmetallic mineral deposits are formed as a
result of regional metamorphism.

The source materials are rock constitutions that have
undergone recrystallization or re-combination, or both.

Rarely, water or carbon dioxide has been added, but other new
constitutions are not introduced as they are in contact
metasomatism deposits.

The enclosing rocks are wholly or in part metamorphosed; it is
the rock metamorphism that has given rise to the deposits.

The chief deposits thus formed are asbestos, graphite, talc,
soapstone, andalusite-kyanite-sillimanite, dumortieritea,
garnet, and possibly some emery.
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Asbestos forms by the metamorphism (hydration) of
ultrabasic igneous rocks - peridotites and dunites.

Graphite forms by regional metamorphism of organic
matter, crystallization from igneous rocks, contact
metamorphism and hydrothermal solutions.

Talc, soapstone and pyrophyllite form by a mild
hydrothermal metamorphism of magnesian minerals
e.g. tremolite, actinolite, olivine, epidote and
mica. Talc also occurs in regionally metamorphosed
limestones, altered ultrabasic igneous rocks, and
contact metamorphic zones.
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Andalusite-kyanite-sillimanite — these minerals are

high grade refractories. Kyanite is formed by the
dynamothermal metamorphism of aluminous silicate
minerals. Andalusite is formed by the pneumatolytic
action on aluminous silicates. Sillimanite results from
high temperature metamorphism of aluminous
crystalline rocks.

Garnet forms during the regional and contact
metamorphism and is consequently found in schists
and gneisses. It is also found as a constituent of
igneous rocks.

Emery is a mixture of corundum and magnetite with
hematite or spinel and is a product of contact
metamorphism.
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Formation of Mineral Deposits by Metamorphism

Bedded manganese deposits in parts of Madhya
Pradesh and Maharashtra, primarily of sedimentary
origin, have been subsequently effected by
metamorphism. Braunite, a manganese silicate, is the
important ore mineral besides several other oxide
minerals.



Metamorphic ore deposits is a class
‘that owes its economic interest to
‘largely isochemical metamorphic X,
equilibration and recrystallization off%s
pre-existing material which had no useja 5

of alumina-rich claystones to
kyanite/sillimanite deposits, or graphite
flakes formed from dispersed bitumen).

Contact metamorphism of ore in the
heated zone around magmatic bodies is
usually static (i.e., in the absence of
dynamic deformation). Exposure to high
temperatures (with a maximum of b
750°C) affects fabric, mineralogy and
mineral chemistry (e.g. by driving off
water and other volatiles). Fabric
changes are confined to a general|
increase in grain size with rising |
temperature. Monomineralic ores
recrystallize into triple grain boundary
junctions at angles of 120°.




Increase of grain size by metamorphism [SESSEs s |

is important in practice, because SEESCSRESEEE |
_processing of coarse ore is less energy Sl '

intensive. st

Sulphur release (e.g. from pyrite) may Cmntomdy shdne idensaloution atihe fapie Junction

induce formation of metamorphic

pyrrhotite or even magnetite. Iron oxide prototlith non-foliated metamarphic rock
ore at contacts may recrystallize to a
different oxidation state (e.g. haematite
to magnetite) controlled by the oxygen
activity imposed by magma or by
heated country rocks.

Oxidation/reduction and
sulphidation/desulphidation reactions
during metamorphism: 5 X 5x
limestone (sed. rock) marble
: ! shell fragments (calcite)  intergrown calcite crystals
6Fe, 03 (haematite) « cement (calcite) (no void spaces)
void spaces

4Fe;04 (magnetite)+Osgpig,
FeSs (pyrite)+H; —
FeS (p}rrrhntite}—l—H;z.S.; Fhuid)
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_Skarn and contact-metasomatic ore deposits are intimately related to thermal
aureoles of magmatic intrusions. They may be said to be products of contact
metamorphism, but the causal agent is the interaction with magmatic fluids and
not simple change by heating. Therefore, it was discussed in the magmatic
domain.

Soil | Gold anomaly

In Pb M(CuLAup |/ -
Skam !

Skafn ;
Limestorje ' >

Porphyry stock
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Orogenic (regional) metamorphism of Direction of slaty cleavage
ore deposits is common. Temperatures
~—may reach 1100°C and pressures 30 T
kbar. Under these conditions, volatiles Pressure =Egffliassaii i, Pressure
(water, etc.) are partly to wholly (at very T NI
high metamorphic grades) removed
from the system. Metamorphic rocks
exhibit grain coarsening, preferred
orientation of minerals and a
penetrative fabric (e.g. schistosity, Undeformed,
foliation). 1 L

Under regional metamorphic
conditions, oxides,

react readily with
carbonate and silicate minerals. This
caused, for example, formation of the
diagenetic-metamorphic skarn rocks iIn
Sweden. Elevated Mn-contents of
metamorphic silicates (garnet,
pyroxene, stilpnomelane, etc.) conserve
the geochemical halos of Sedex ore
deposits and are useful prospecting
tools.




Example of dehydration reactions at th

transition from greenschist to
amphibolite:

Ores could also be formed from
metamorphic fluids. The metamorphic
' fluids can be considered as solutions
“that are in equilibrium with host rocks,

and although they are dilute, their sheer
mass allows significant transfer of
dissolved matter.

Metamorphic fluids originate primarily
by chemical release (devolatilization).
Increasing metamorphism, from sub-
greenschist facies to anatexis,
produces a steady flow of metamorphic
dehydration fluids and a decrease of
volatiles in the respective metamorphic
rocks.

Shales contain 4 wt.% water in contrast
to mica schist with 2%. By exothermic
reactions, basalt assimilates water
during the formation of greenschists to
a maximum of 13%. Siliceous
carbonates lose CO2 due to generation
of metamorphic calcsilicate minerals.

+ 18 Zoisite
{-h.'.':l_l.‘!'LL-; Si_;ﬂl_-[ OH)

4 Chlorite
[FeMg I5.""‘Li_l£]_-; O [(OH) g

4+ 21 Quartz=
510y,

= 5 Tschermakite-amphibole
Cay{Fe Mg), (Al]; AlySigOyy (OH),

+26 Anorthite+20H, O
CaAl;5i204

(1.25)

Water in metamorphic rocks occurs
mainly in OH-groups of hydrous
minerals and in fluid inclusions. Grain
boundaries also host tiny inclusions.
Some fluids fill open fissures and the
pore space.

Fluids liberated from rocks undergoing
prograde metamorphism acquire
economically interesting trace metals
(e.g. gold) or other elements (arsenic),
either together with the volatiles H20, F
and Cl from the lattice of transforming
minerals.
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HYDROTHERMAL ORE DEPOSIT TYPES

Kuroko, Cyprus

Groundwater/sea water
Eroken Hill,

-

''''''''
.....
1111111111111111111

.....
rrrrr
.......
1111111111111
gigangagFelele
-----------

-------

Approximare

) ndstone-hosted/surficial
uranium

Dog ) .-“|Colorado plateau, Yeelirrie

4 "I ammmm———— *- ———————— 1---*- w —-‘—h‘.‘
¥ ]

:‘ I::':“f::" ::::: [ _ﬂ: -.“-:- ‘J‘r- - Eﬁﬁ'an % ; m" ] ﬁ“ : &
e . A Kupfe ar v | F Carajas
+ E o I.- ) ] W L} i i b
B ) o ‘ mp

..;J: .-:: ASAAH F ‘ u{f ;

-::%bﬂ;m) ;-l-‘:-------fj
m_q@ﬁ;ﬁx_ﬁimw .i

Witwatersrand, Sierra

Diagram illustrating the relationship between different fluid types and various

hydrothermal ore deposit types



