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Chloritization in Paleoproterozoic granite ore
system at Malanjkhand, Central India:
mineralogical studies and mineral fluid

equilibria modelling
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In the Malanjkhand Granitoid (MG), chlorite occurs
in micro-domain along with mineral assemblage bio-
tite, hornblende, quartz, K-feldspar and plagioclase.
Chloritization of biotite is the most dominant proc-
esses during the hydrothermal alteration in MG ore
system followed by alteration of hornblende. Chlorite
composition revealed two major types of substitution
mechanism, i.e. couples Tschermak (TK) and di-tri-
octahedral (DT) which correspond to the coupled ex-
change of Mg and Fe for Al between end-members
clinoclore—daphanite and amesite. TK substitution is
more prominent than DT substitution between end-
members of chlorite solid solution during hydrother-
mal alteration in MG. Temperature estimates for
chloritization using chlorite geothermometry range
from 110°C to 400°C and are consistent with the tem-
perature of hydrothermal mineralization (200-375°C)
at Malanjkhand. The chloritization process incorpo-
rates K" and Ca’" ions in the hydrothermal fluids.
Therefore, it is inferred that the chloritization in
granitic plutons is due to alteration of biotite and
hornblende which increases the oxygen fugacity and
activities of K and Ca’" ions in the hydrothermal
fluid.

Keywords: Activity ratios, alteration, chloritization,
granite, hydrothermal fluids.

CHLORITIZATION is defined as the process of formation of
chlorite mainly due to hydrothermal alteration or meta-
somatic processes. It is a common product of hydrother-
mal alteration of primary ferromagnesian minerals like
biotite, amphiboles, etc. in granitoids'. Biotite readily al-
ters to chlorite at low—moderate temperatures, and the
product is often present as a complex sandwich of chlo-
rite layers coherently disposed between relic layers of
biotite. The structural formula of chlorites consists of
2:1:1 layers, i.e. negatively charged 2 : 1 layers of ideal
composition [R2+,R3+]3(SiHAlx)Olo(OH)z and positively
charged interlayers [R**,R*]3(OH)s that alternate along
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the crystallographic z-direction®. Chlorites are hydrous
silicate minerals, primarily incorporating Mg, Al and Fe
in octahedral site and Al and Si in tetrahedral site; form a
continuous solid solution series between Mg and Fe
species’. The sheet structure of primary mica is relatively
unchanged and immobile with addition of water during
the hydrothermal alteration process. In fact, this process
is more complex than understood earlier, and the beha-
viour of K*, Na*, Ca**, Mg*", Fe*" and other ions needs to
be addressed in greater detail.

Petrological and geochemical studies of Paleoprotero-
zoic Malanjkhand hydrothermal system have revealed
that there are systematic mineralogical and textural
changes in the host granitoid rocks*®. Hydrothermal
alteration process is sluggish in nature and rapidly changes
with the change in physical and chemical properties of
the mineralizing ore fluids, but does not reach equilib-
rium conditions with the surrounding physico-chemical
environment. In such cases, various intermediate mineral
reactions have caused alteration of host rocks. They cause
changes in the mineralogical and chemical composition
of a rock and the resultant product is useful to constrain
the physico-chemical conditions of hydrothermal altera-
tion. Chemistry of secondary minerals can be used to
identify, classify and characterize some important hydro-
thermal alteration processes in the mineralized Malanj-
khand Granitoid (MG). In the present work, an attempt
has been made to study the chloritization phenomenon
and its role in hydrothermal/deuteric alteration process.
For this purpose, rock samples were collected from the
Malanjkhand mine pit and surrounding host granitoid
rock. The main objective is to describe the chloritization
phenomenon in granite ore system considering geological
thermodynamic parameters.

Geological settings

The ENE-WSW trending Central Indian Tectonic Zone
(CITZ) divides the peninsular India into two parallel
structural domains (Figure 1a): Son—Narmada (SONA)
lineament represents the northern boundary, whereas
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Figure 1. a, Map of India showing location of the Malanjkhand Granitoid (MG) with respect to Central Indian Tectonic

Zone (CITZ). b, Geological map of Malanjkhand granitoid showing location of mineralized quartz reef. CIS represents the

southern boundary of the CITZ.

Sausar Mobile Belt (SMB) defines the southern bound-
ary®’. The southern boundary of CITZ comprises of
granulite belt with high strain ductile shear zone known
as Central Indian Suture (CIS) trending ENE-WSW
extending from southeast of Nagpur to south of Korba is
~500 km in length®'°. MG located adjacent to and south-
southeast of CIS is exposed over an area of ~ 1400 km®
and hosts one of the largest copper deposits of India
(Figure 1b). It is a coarse-grained granite—granodiorite,
calc-alkaline with I-type affinity and is categorized as
peraluminous®. It is dominated by pink granitoid in the
mineralization zone because of conspicuous enrichment
in K-feldspar which imparts pink colouration. The re-
maining part of the granitoid body shows grey colour”.
The granitoids have yielded emplacement age ~2.48 Ga
based on U/Pb SHRIMP RG dating of zircons'', which is
considered as a large single episode of granitic activity
(Phase-1 as MGC-I). Two subordinate bodies of leuco-
granite/microgranite with sporadic occurrences at Birsa
and Devgaon village within the host MG'? (D. Pandit,
unpublished) are considered as the second episode of
granitic activity (Phase-II as MGC-II). The leucogranite
yielded an imprecise younger age ~2.1 Ga based on
whole-rock Rb-Sr isochron'’. Thus, the MG dominantly
comprises of granitoid of two episodes of Paleoprotero-
zoic granitic activity responsible for the formation of
copper (+molybdenum and gold) mineralization. Miner-
alized zone occurs in the form of an arcuate mineralized
quartz reef of about 1.8 km strike length with N-S trend.
Earlier workers report that the mineralized hydrothermal
fluid evolved internally causing deuteric alterations with
remobilization of various elements from the host rock and
converged to a fracture zone that gave rise to the mineral-
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ized quartz reef>'% In general, it represents a Paleopro-
terozoic granite ore system formed due to extensive
hydrothermal alteration processes driven by internally
evolved mineralizing ore fluids.

Petrography

The MG is dominantly biotite—hornblende-bearing
quartzo—feldspathic rock. Major primary silicate minerals
are quartz, plagioclase, K-feldspar, biotite, hornblende
and epidote, whereas chlorite is present as the dominant
secondary silicate mineral mostly in association with bio-
tite and occasionally with hornblende. Petrographic photo-
micrographs from MG indicate that chlorite occurs in six
micro-domains with altered mineral assemblages associ-
ated with partially chloritized biotite (Figure 2 a), par-
tially chloritized biotite associated with K-feldspar
present as inclusions (Figure 25), chlorite—biotite—
quartz—plagioclase (Figure 2 c), massive grains of chlorite
with biotite—plagioclase—quartz (Figure 2d), partially
chloritized hornblende and biotite (Figure 2 e) and fibrous
aggregates of chlorite (Figure 2f). Panigrahi er al.’ also
reported various textures of chlorite such as massive
grains, mostly resulting from complete or partial chloriti-
zation of biotite, medium-size grains associated with
magnetite, magnetite + pyrite or pyrite + chalcopyrite
aggregates and extremely fine-grained aggregates associ-
ated with magnetite as well as interwoven chalcopyrite.
Various textures formed because of chloritization at dif-
ferent stages of alteration in the Malanjkhand hydrothermal
system. It indicates that there is a systematic mineralogi-
cal and textural changes in biotite and hornblende to
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Figure 2. Chlorite mineral assemblage in MG under cross-polarized light. a, Partial chloritization of biotite; b, Partial
chloritization of biotite with K-feldspar present as inclusions; ¢, Chlorite—biotite—quartz—plagioclase; d, Massive grains of
chlorite with biotite—plagioclase—quartz; e, Partial chloritization of hornblende and biotite; f, Fibrous aggregates of chlo-
rite. Mineral abbreviations: Bio, Biotite; Chl, Chlorite; Hb, Hornblende; Kf, Potash feldspar (sanidine); Plag, Plagioclase:

Qtz, Quartz.

chlorite in the host granitoid due to the deuteric alteration
by hydrothermal fluids. An attempt is made here to un-
derstand the physico-chemical conditions of hydrother-
mal alterations of silicate minerals in order to gain an
insight into the late-stage hydrothermal fluid activities®.
The chemistry of biotite, chlorite and epidote associated
with the sulphide ore minerals indicates that these miner-
als play an important role in the aqueous solution at the
time of mineralization. However, chlorite is the most
dominant secondary phase in the host granitoid, whose
role during the hydrothermal alteration is important and
needs to be studied in detail.

In this study, thermodynamic modelling considering
mineral fluid equilibria approach, is used to estimate the
activities of various components of hydrothermal fluids
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which are possibly in kinetic equilibrium with the chlorite
phase during deuteric alteration. Some of the important
components of hzydrotherma; fluids areZ: asi0,,, dNa" A+ »
aglay., ac,qlag., aMgz+/aH+, Qg /@y, apglag., and
foz- These components are compatible with chemical
analyses of co-existing chlorite mineral assemblages as
observed in the petrographic thin sections. These compo-
nents are calculated and quantified for the Malanjkhand
hydrothermal system to understand the chloritization
phenomenon in the granitoid rocks.

Analytical methods

Polished petrographic thin sections were prepared
for routine optical microscopy and EPMA analysis.
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Chloritization of biotite and hornblende assemblages is
mainly selected for electron microprobe analysis. Chlo-
rite phases are identified in polished thin sections of
granitoid samples and analysed with five WDS spec-
trometers attached with CAMECA SX100 Electron
Microprobe at EPMA Laboratory, Geological Survey of
India, Kolkata. Experimental conditions of 20 keV accel-
erating voltage, 15 nA beam current, | pm beam size and
20 sec counting time were applied for major element
analysis. All natural silicate standards have been used for
routine calibrations. Chlorite chemical compositions
obtained by EPMA (Table 1) were processed using the
program for chlorite solid solution model developed by
Vidal et al.". Estimated mineralogical formula, crystal
structural parameters and temperature of chlorite forma-
tion are presented in Tables 1 and 2.

Chlorite composition

In the MG, chlorite comprises of SiO, content 23.73—
32.26 wt%, Al,O3 14.90-20.78 wt%, FeOy 19.30-
31.49 wt%, MgO 10.31-1.49 wt% and other constituents
such as TiO,, MnO, CaO and Na,O are in trace quantity
(<1 wt%). However, in some cases observed K,O is very
high because chlorite and biotite occur together in most
of the cases (Figure 2 a—d). Photomicrographs also indi-
cate that most of the chlorites are the product of
hydrothermal alteration of primary biotite. Chemical
composition of chlorites from MG is plotted in FeO—
MgO-Al,0; triangular diagram (Figure 3 @) in the system
FMASH using the classification scheme of Fleming and
Fawcett'”. The chlorites fall in daphnite—pseudothuringite
field of Chernosky et al.'®. Crystallochemical classifica-
tion of chlorite on the unified projection system” inferred
that these are mostly di-trioctahedral (DT) phyllosilicates
(Figure 3 b). Natural chlorite shows three kinds of substi-
tution mechanisms. Fe—Mg ; (FM) substitution extends
over the whole range between Mg and Fe end-members,
Tschermak (TK) substitution is restricted to chlorite
compositions between clinochlore—daphnite and DT sub-
stitution corresponds to the coupled exchange of Mg and
Fe for Al (ref. 14). Chlorites from MG show affinity for
DT substitution which is more prominent than TK substi-
tution (Figure 3 ¢). Chlorite solid solution model of Vidal
et al.'* is used to estimate the temperature of formation
and a range from 110°C to 400°C was obtained with vari-
able mole fraction of end-member components (Figure
3d). However, high temperature (>400°C) is also ob-
tained in some chlorite compositions from MG possibly
due to uncertainty proposed by Vidal et al.'* in the ther-
modynamic modelling of chlorite solid solution. A chlo-
rite classification scheme was also proposed by Hey'’,
which is used to discriminate oxidized and unoxidized
types. Chlorites from MG, mostly belong to pyrochlorite—
rapidolite field in the Si versus Fe’" + Fe’" diagram

574

(Figure 3 e). Oxidized chlorite with Si content between
5.6 and 6.2 atoms per formula unit (apfu) is mostly pyro-
chlorite’>. However, unoxidized chlorites are common in
MG with Si content less than 5.6 apfu. These chlorites are
not restricted to hydrothermal mineralization zone which
is related to low oxidation conditions in MG’. Further,
rise in oxygen fugacity favour chloritization in MG. The
chlorite composition in Si versus Fe/(Fe + Mg +Mn)
diagram indicates three different states of Fe/(Fe + Mg +
Mn) ratios with variable content of Si which may be due
to the fact that Fe—Mg substitution is not affected by the
Si content in chlorite (Figure 3 ).

Chlorite solid solution

The four-component chlorite solid solution model pro-
posed by Vidal er al.'* has been adopted in the present
study for the estimation of temperature, mole fractions
and activities of its four end-member components. Activi-
ties of end-member components are calculated from chlo-
rite compositions and are presented in Table 3. Phase
relation for chlorite solid solution model is consistent
with the activities of their end-member components.
There is variation in activities of end-members up to —5
logarithm units, in accordance with the change in the
temperature of the hydrothermal fluids (Figure 4 a—d).
Compositions of co-existing calcic-, sodic- and potassic-
feldspars in the temperature range 150-600°C were con-
sidered and the activity composition relations used for
these components were according to assumed Raoult’s
law. At temperature <320°C, activity of feldspar end-
members and quartz is assumed as unity'®. Compositional
analyses of tremolite solid solutions reveal that
log(ac,, Mg si 0, om),) ranges from —3.155 to —1.208, con-
sidered from an earlier study (D. Pandit, unpublished).
Raoult’s law approximations are used in activity compo-
sition relations of the Ca,MgsSizO,,(OH), component
because of uncertainties in measurements of mineral
compositions and crystallographic site distribution of
cations in tremolite solid solution'’. According to theo-
retical consideration of Bird and Norton'® for thermo-
dynamic modelling of mineral fluid equilibria in the
temperature range 150-600°C, fluid phases maintains
kinetic equilibrium with a-quartz in the Malanjkhand
hydrothermal system during chloritization.

Mineral fluid equilibria

Hydrothermal processes in any rock will alter its minera-
logical and sometimes chemical composition. The physico-
chemical conditions of its environment are changed in
such a way that the rock is no longer in kinetic equili-
brium with its environment. Changes in temperature or
pressure cause alteration of the rock, with the formation
of new minerals that are in equilibrium with the new
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Mineral composition of chlorites of MG: a, FeO-MgO—ALOj; triangular diagram for end-members of chlorite''®; b, R**—R*" binary

diagram for di-tri octahedral classes of chlorites®; ¢, Si0,~(MgO + FeO)-ALO; ternary diagram of chlorite end-members and substitution consid-
ered in chlorite solid solution model'*; d, Calculated mole fraction of clinochlore + daphnite (square), sudoite (triangle), and amesite (diamond) in

2,17,

chlorites at fixed Xy, =0.5 equilibrated with quartz and H,O (ref. 14); e, Chlorite classification™ '; f, Variation diagram of Si versus

Fe/(Fe + Mg + Mn) for chlorite.

physico-chemical conditions. Generally, entry of an
external hydrothermal fluid brings changes in the chemis-
try of the environment which interrupted the kinetic equi-
librium with the rock. It may cause large changes both in
the chemistry and the mineralogy of the host rock, espe-
cially if the physico-chemical environment changes are
combined with an increase in temperature. The ultimate
result of the alteration process will be that the rock has
adapted to the new situation and is in equilibrium with
the new physico-chemical environment. Application of
mineral fluid equilibria modelling to hydrothermal altera-
tion faces two main problems, i.e. the geometry of fluid—
rock interaction and quality of thermodynamic database
used, even for the limiting assumption of local equilibra-
tion between fluids and minerals®’. However, theoretical
geochemistry allows quantitative interpretation of the
chemical characteristics of hydrothermal solution and
compositional relations among aqueous solutions, gases
and minerals at high pressures and temperatures from the
equations and high level of internal consistency of multi-
component thermodynamic database given by several
workers?' 2. The present approach is based on the rela-
tive importance of chloritization processes likely to affect
the composition of hydrothermal alteration assemblages
is necessarily based on the assumption that equilibrium is
attained among at least some of the fluid and mineral

CURRENT SCIENCE, VOL. 106, NO. 4, 25 FEBRUARY 2014

components. According to Bird and Norton'®, equilibrium
condition among mineral components and an aqueous so-
lution can be written as

O:an,rv/l+znl,l‘¢l’ (1)
1 /

where the subscripts i and / respectively denote the min-
eral components () and the species in the coexisting
fluid (¢). In eq. (1), n is the stoichiometric coefficient of
the reaction, which is assumed as positive for products
and negative for reactants. The logarithm of the law of
mass action equation for reaction (1) allows the thermo-
dynamic activities of aqueous species to be written as

i a i
Z nl,r IOg % = log KP,T,r - Z nl,r 10g al/// > (2)
! Ap+ !

Kp 7, (2) is the equilibrium constant for the rth statement
of reaction (1) at the subscripted pressure (P) and tempe-
rature (7). It is estimated that for any balanced geoche-
mical reaction involving j phase component, the
equilibrium condition is

0= v,AG}"" —RTInKp ., 3)
J
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Temperature dependence of activities of end-member components according to the chlorite solid
Comparison of activities of four end-member components of chlorites in MG: a, Clinochlore

(Clin) with daphnite (Daph); b, Fe-amesite (FeAm) with Mg-amesite; ¢, Mg-amesite with clinochlore; d,

Fe-amesite with daphnite.

where AG is the apparent Gibbs free energy of forma-
tion obtamed from SUPRT92 database™; a the activity of
the subscripted reaction component and z is the change of
the /th aqueous species. Gradient in the activity of the /th
aqueous species in geothermal systems is represented by

a a
ilog b= ilog %
dz a: or a;,.

H*

dar

]P,¢

dz

Q)

where ¢ denotes activity constant of all aqueous species
other than the /th and Z is either a unit distance along a
fluid path or depth down a drill hole. Writing the total
differential represented by eq. (4) in terms of eq. (2)
gives

i d a
> om, —log %
1 dz ayg-

_ AFI}gTI dT AVF(’)Ti dP

T 2303RT: dZ 2303RT dZ
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0 dr 0
—Zn» loga¢/ —+ —loga¢[ , (5)
; oT Py 42 \OT ) 4z

where AH‘?,,TJ and AV,(,),T,, are the standard modal
enthalpy and volume respectively for the rth statement
of reaction (1) and y refers to activity constants of all
mineral components, excluding the ith.

Chloritization in the Malanjkhand Granitoid

Hydrothermal mineralization in the Paleoproterozoic MG
provides an excellent site to study the chloritization phe-
nomenon in the granite ore system. Photomicrographs
suggest that chlorite and its associated mineral assem-
blages occurred in micro-domain. Other mineral
phases in this micro-domain are K-feldspar, plagioclase
and quartz in addition to the primary biotite and
hornblende. These assemblages of albite, K-feldspar/
sanidine, plagioclase/anorthite and aqueous solution
are represented by the following kinetic equilibrium rea-
ctions

Chlyg + 3Si0ypq) + 8H +2K"
=2Kf+ 8H,0 + 5Mg*", (6)
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Table 3. Calculated activities of end-member components of chlorite solid solution'* from mineral
composition data given in Table 1

Slide no. Point # log(aciin) log(@paph) log(asua) log(amgam) log(aream)
01/2 12 2 2.2 -3.2 2.3 -2.6 -2.6
01/2_12 8 2.3 -3.3 -1.7 -33 -3.3
01/2_12 9 2.1 -3.5 -14 -3.8 -4.3
01/2 12 11 - - - - -
01/2_12 12 - - - - -
01/2_12 13 - - - - -
01/2 12 14 -2.9 -4.0 2.2 -4.0 4.2
01/2_12 15 -2.0 -3.0 -1.5 -2.9 -2.9
01/2_12 16 - - - - -
05/2 12 17 -1.3 4.3 -1.0 -2.6 4.4
05/2_12 22 -1.3 4.4 -1.3 2.2 —4.1
05/2_12 24 —1.1 -3.7 -1.7 -1.9 -33
05/2 12 25 -1.2 4.5 -1.2 2.2 4.2
05/2_12 26 -1.3 4.5 -1.4 2.1 —4.0
05/2_12 27 -1.3 4.3 -1.1 -2.5 4.3
05/2 12 28 -1.3 4.5 -1.2 2.2 4.1
05/2_12 29 -1.3 4.4 -1.9 -1.8 -3.5
05/2_12 30 -1.2 —4.1 -1.8 -1.7 -33
05/2 12 32 -1.2 -4.0 -1.5 -1.8 -3.5
05/2_12 34 - - - - -
05/2_12 35 -1.3 4.3 -1.1 -2.6 4.3
05/2 12 38 -1.3 4.2 -1.0 -2.8 4.8
05/2_12 40 - - - - -
78 62 2.3 -3.3 -1.7 -33 -33
03/18 12 92 -1.8 4.3 -14 -2.7 -4.0
284 118 -1.9 —4.1 -1.6 -3.2 -4.5
56 108 2.4 -3.3 -1.7 -34 -33
56 123 - - - - -
56 124 -2.0 -3.8 -1.5 -3.1 -3.7
714 149 -1.8 4.2 -1.3 -2.9 4.3
714 150 -1.7 4.3 -14 -2.7 4.2
714 151 -1.7 4.2 -1.4 -2.8 4.2
714 152 -1.4 -2.9 -1.2 -3.0 -4.0
714 153 -1.6 4.2 -14 -2.8 4.3
09/496 9 -1.5 4.2 -1.2 -2.7 -4.5
09/496 10 - - - - -
319 81 -1.5 -3.1 -1.5 2.2 -2.9
319 82 -1.4 -3.2 -1.5 2.1 -2.9
319 83 -14 -2.9 -1.7 2.2 -2.8
019/472 103 -2.0 -3.0 -1.5 -2.8 -2.9
019/472 105 2.2 -3.8 -1.7 -3.2 -3.7
024/15/12 115 -1.6 -3.4 -1.2 -2.9 -39
106 84 -1.6 4.2 -1.2 -3.0 4.4
106 85 -1.4 -3.0 -1.0 -2.8 -3.7
106 86 -1.6 4.2 -1.2 -2.9 4.3
106 87 -1.6 4.3 -1.3 -2.6 4.1
Min -2.9 4.5 -2.3 —4.0 —4.8
Max -1.1 -2.9 -1.0 -1.7 -2.6

Cthg + 3Si02(aq) + 8H+ + 2Na+

=2Ab + 8H,0 + 5Mg*’,

Chlpe + 3Si02(aq) + 8H+ + 2Na+

=2Ab + 8H,0 + 5Fe*",

Tr + An + 6H" = Chlyy, + 7Si0yq), + 3Ca™,

Tr+ An + 3H20 = Cthg + 3Ca8103 + 4Si02(aq),
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(7

®)
(€)
(10)

Chly, + 10H" = Kln + SiOaq) + 7H,0 + 5Mg*,  (11)

The equilibrium reaction constant for all the above reac-
tions is derived from the SUPRT92 thermodynamic data-
base of Johanson et al.*’ in the temperature range 50—
600°C at P =1 kbar. Third-degree polynomial regression
is applied to obtain the best approximation and these are
expressed as follows

log Kg=—3 x 107 %+ 0.0006 7% — 0.3825T + 122.99,

(12)
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Table 4. Calculated activities of aqueous species in hydrothermal fluid calculated from chlorite compositions

. Ayg o
Slide no. Point # T(°C) log(ap) log(aso. ) log[ fea’ j log[ Mg J log{ Ire

J log[aNal J log (aLJ
aH. llH v

2aq) (aH‘ )2 (aH+ )2 (a'—r )2

01/2_12 2 535 ~1.820 —2.226 5.554 3.122 ~1.109 4.808 —9.813
01/2_12 8 260 ~1.618 -2.952 7.378 5.168 1.540 6.108 -10.917
01/2_12 9 215 ~1.439 -3.229 7.974 6.149 2.299 6.639 ~11.485
01/2_12 11 168 ~1.672 —4.537 9.670 8.361 4.992 9.229 ~10.414
01/2_12 12 177 ~1.636 ~4.489 9.543 8.126 4.800 9.138 ~10.181
01/2 12 13 257 ~1.453 -2.828 7.274 5.086 1.292 5.859 ~11.229
01/2_12 14 273 -1.716 -2.961 7.305 5.002 1.433 6.134 ~10.630
01/2 12 15 165 -1335 —4.645 9.805 8.532 5.130 9.442 -10311
01/2 12 16 251 -0.960 -3.233 7.720 5.578 1.305 6.667 -10.553
05/2_12 17 331 ~0.894 -2.922 6.942 4.330 ~0.001 6.087 -9.775
05/2_ 12 22 290 ~1.238 -2.867 7.109 4.698 0.807 5.955 -10.503
05/2 12 24 450 -1.205 ~2.615 6.165 3.425 ~1.190 5.540 —9.412
05/2_12 25 323 -0.903 -2.942 7.004 4.424 0.086 6.124 -9.839
05/2 12 26 380 -0.889 -2.754 6.553 3.807 -0.521 5.779 -9.593
05/2_12 27 269 ~0.946 -3.162 7.531 5.256 0.919 6.534 ~10.308
05/2 12 28 324 -0.910 —2.941 6.997 4413 0.129 6.121 -9.830
05/2_12 29 566 ~1.041 —2.443 5.706 3.464 ~1.564 5.258 -9.223
05/2_12 30 559 ~1.150 —2.464 5.741 3.453 ~1.506 5.297 9218
05/2_12 32 367 ~1.102 —2.787 6.641 3.920 -0.377 5.839 -9.643
05/2_ 12 34 260 -0.957 -3.210 7.636 5.426 1.164 6.624 ~10.401
05/2 12 35 258 -0.960 ~2.960 7.400 5.204 1.579 6.124 ~10.944
05/2 12 38 250 -1.626 -3.136 7.629 5.496 1312 6.472 ~10.770
05/2 12 40 301 -0.930 -2.987 7.166 4.693 0.464 6.202 -10.077
78 62 307 -0.988 -2.886 7.032 4.528 0.379 6.003 ~10.185
03/18 12 92 283 -0.949 -3.039 7.322 4.954 0.779 6.295 ~10.284
56 108 281 -1.072 -2.952 7.248 4.892 0.854 6.121 ~10.494
56 123 230 ~1.691 -3.078 7711 5.746 2.093 6.344 ~11.378
56 124 212 ~1.282 -3.259 8.027 6.232 2252 6.697 ~11.512
714 149 271 -1.139 -3.038 7.395 5.105 0.994 6.287 ~10.516
714 150 290 ~1.004 ~2.980 7222 4812 0.660 6.182 -10.275
714 151 288 ~1.014 -2.982 7.236 4.837 0.704 6.184 ~10.308
714 152 261 ~1.600 -3.162 7.582 5.364 1.670 6.529 -10.475
714 153 284 -0.993 -3.010 7.287 4913 0.780 6.238 -10.323
09/496 9 284 ~1.014 -3.053 7.330 4.956 0.786 6.324 ~10.237
09/496 10 395 -1.537 -2.685 6.424 3.660 -0.193 5.649 -9.610
319 81 377 -1.507 -2.750 6.561 3.820 -0.051 5.769 -9.627
319 82 416 ~1.658 —2.654 6.316 3.545 ~0.294 5.598 -9.527
319 83 276 -1.705 -2.951 7277 4.954 1.382 6.115 -10.592
019/472 103 242 ~1.298 -3.066 7.614 5.545 1.649 6.327 ~11.099
019/472 105 277 -1.326 -3.055 7.375 5.045 1.221 6.325 ~10.364
024/15/12 115 239 ~1.028 3217 7.786 5.743 1.570 6.628 ~10.870
106 84 265 ~1.530 -3.160 7.555 5.307 1.584 6.528 ~10.394
106 85 239 ~1.004 -3.234 7.803 5.760 1.563 6.662 ~10.836
106 86 300 -0.977 —2.961 7.146 4.678 0.476 6.149 ~10.146
106 87 314 ~1.032 2812 6.921 4382 0.262 5.860 ~10.227

Max 566 -0.889 2226 9.805 8.532 5.130 9.442 9218

Min 165 ~1.820 —4.645 5.554 3.122 ~1.564 4.808 ~11.512

logK7=—~1x10"T>+0.00037°—0.22517+ 64.781,  Inall the above reactions, ay o =1 is used to calculate ra-

(13)  tios of aqueous species such as asi0,,, s Ang' lay., ag-lay.,
o3 5 ey /aIz{+ s Ay /al%r and ap. /alfI+ in the hydrothermal
log Ky =—6x 10" 7" +0.00027" - 0.1783T+ 48.175,  fuid from their corresponding reactions, i.e. eqs (6) through

(14)  (11) for chlorite micro-domain. These are expressed as
logKo=1x10° T3 =2 x 10°72~ 0.0001T + 1.0364, ~follows 1

(15) log(asio, )= 1 {log K}y —log(acy, ) +log(ar,);,  (18)
logKio=3x 10 T3—6 x 10°T> + 0.437T — 20.221,

Ay 1

(16) log > |T 3 {log Ky —log(acy;, )
log Kyj =—1 x 107 7%+ 0.00037% — 0.224T + 64.905. H

(17) ~Tlog(asio,, ) +loglar,)}, (19)
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Aypoor
M
log[ 2g
ay.

. Ay pooe
log[aﬁ] = l{SIOg[ 1\/12g
ay. ) 2 ag-

J —{logK, —log(aslo )+ log(acyy)}, (20)

J —log(acyy)

~3log(asi, )~ log Ké} , 1)
N Ay o2v
log[a&] = %{510{;[ 1\42g J —log(acyin)
ay ag.
—3log(asio, ) —logK; } ; (22)

aFe“ 1
log - |= —{logK8 +2log(apy)
ag. 5

7N

+310g(asl~0q( ))+210g —4 17, (23)
2 a.
H

The chlorite composition is used in the calculation of all
the above parameters based on detailed mineralogical
features observed in the micro-domain. Thermodynamic
components used to represent the natural solid solutions
in equilibrium calculations together with equations and
data relating measured mineral compositions to activities
of these components are given in Tables 3 and 4.

Activities of dissolved cations in hydrothermal
fluids

Chemical mass transfer and thermodynamic modelling of
mineral fluid equilibria is a quantitative simulation of
rock alteration in natural hydrothermal systems based on
thermodynamic database of minerals and aqueous flu-
ids?®. The generalized eq. (3) is used in the derivation of
equations for activity relations of aqueous species with
fluids in the Malanjkhand hydrothermal system. At con-
stant pressure, temperature dependent kinetic equilibrium
constant derived with respect to balanced chemical reac-
tions 6 to 11. For chlorite micro-domain, eqs (6)—(11) are
used in the calculation of ratios of aqueous species
as.omq)z Na (B> Ay e /012 Aypg /a2 and

Apor /5. respectlvely However observed phase relat1ons
and the above calculations indicate that K-feldspar in the
chlorite micro-domain is characterized by the thermody-
namic properties of microcline. Using thermodynamic
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data for sanidine as opposed to microcline in the other
domain has only minor effects on the calculated activity
ratios (D. Pandit, unpublished). In the chlorite micro-
domain for assemblages of plagioclase and K-feldspar,
the calculated ag;o, s according to eq. (10). The calcu-
lated activity of silica during the chloritization in the esti-
mated temperature range is given in Table 4. This
corresponds to the mineral assemblage quartz, sanidine,
albite, anorthite and fluid. Results imply that aqueous solu-
tions in the Malanjkhand fossil geothermal system were
supersaturated with a-quartz in the temperature range 110—
400°C which is in equilibrium with chlorite (Figure 5 a).

Paleoproterozoic Malanjkhand hydrothermal
system

Mass transfers in hydrothermal alteration systems are
responsible for isochemical recrystallization of host rock
and provide useful constrains on the activities of Na', K,
Mg®, Ca®" and Fe*"-ions in the hydrothermal fluid™*.
Calculations presented above indicate systematic gradi-
ents in the activity ratios of alkali, alkaline-earth and
iron-ions with respect to hydrogen-ions in the Malanjkhand
hydrothermal system. In the biotite micro-domain calcu-
lated temperature varies from 236°C to 384°C in the
Malanjkhand hydrothermal system at which biotites
re-equilibrated with the internally evolved hydrothermal
fluid®. According to Panigrahi and Mookherjee*’, compo-
sition of internally evolved hydrothermal fluid in the
Malanjkhand hydrothermal system maintains equilibrium
with quartz in the 140-380°C temperature range. How-
ever, calculated values of ago, ~shown in Figure 5a for
chlorite mineral assemblages “indicate supersaturation
with respect to quartz. In chlorite micro-domain tempera-
ture varies in the 110—400°C range that corresponds
to change in activity ratios of aCaz}/a]z{+ and aMgz‘/air at
about 5-10 log units and 3-8 log units respectively
(Figure 5b and ¢). The activity of Fe’" ion
decreases with increasing temperature (Figure 5 d). Tak-
ing into account, the alternate calculations employed in
generating data and reported in the figure, it is obvious
that no discontinuities in the ratios ZN ag. , aglay. and

/aH+ are associated with the transition from chlonte
to b10t1te mineral domains. However, the logarithms of
ay, /ay- and ag./ay. for the chlorite micro-domain vary
between 3 and 4 units within the range of temperature
variation (Figure 5e and f).

Discussion

Hydrothermal alteration is likely to be a more common
phenomenon in the continental crust®® and is responsible
for the generation of many of the important ore depo-
sits™"*®, Hydrothermal fluids in plutonic settings are
thought to circulate upward and outward from an igneous
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Figure 5. Calculated activities of aqueous species in hydrothermal fluid: (a) asio, . > (b) acaz+/aﬁ+, (©) ap> /azp, (d) aF£:+/aﬁ+, (€) an,-/ay:
and (f) ag-/ay. in equilibrium with chlorite plotted with respect to estimated temperature using the procedure of Vidal et al.'™.

intrusion at depth along a large-scale convective path.
Porous and permeable host rocks allow this to happen
more readily. Hydrothermal fluids also circulate along
fractures and faults. Hydrothermal alteration of granitic
plutons typically results in alteration of biotite and horn-
blende to chlorite. In MG, the activity ratios aCazf/af{*,
aMgB/aff, aFeZ*/“fr and ay,./a,. decrease with increase
in alteration temperature (Figure 5 b—e), whereas ratios
ay-/a,. increase (Figure 5f). This indicates that K" ions
play a dominant role during chloritization, which is most
probably released during the alteration of biotite under
water-saturated conditions. Alteration of hornblende in-
creased activities of Ca®" ions in the hydrothermal fluid.
In general, this process can be summarized as follows

5Bio + 3An + 3SiOy,q) + 4H,0 + 6H"

=3Chl + 5Kf+ 3Ca*" (24)
10Bio + Kln + 7H,0 + 10H"
= 6Chl + 14Si05¢q) + 10K, (25)
Hb + An + 6H' = Chl + 7SiOyq) + 3Ca™’, (26)
Hb + 2Kf+ 6H" = Chl + 11SiOyq) +2Ca*" + 2K,
(27)

Equations (24) and (25) indicate the formation of chlorite
and K-feldspar because of alteration of biotite. Similarly,
eqs (26) and (27) represent chloritization of hornblende in
granite-related hydrothermal system. In MG, temperature
estimated from mineral fluid equilibria calculations®,
fluid inclusions microthermometry®> and sulphur-isotope
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composition®’ remarkably overlap in the range of 200—
375°C. The temperature of chloritization ranges from
110°C to 400°C as calculated in this study, which is also
consistent with the estimates from sulphides. Quantitative
modelling of hydrothermal alteration processes such as
chloritization can be used to develop and test geological
models for ore formation and also can be applied for
mineral exploration and resource assessment considering
the zone of hydrothermal alteration which influenced the
mineralization processes.
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