
Ore Geology Reviews 139 (2021) 104544

Available online 30 October 2021
0169-1368/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Biotite chemistry and mineral association as an indicator of redox 
conditions in the iron oxide Cu-Au (IOCG) system: Constraints from the 
Khetri Copper Belt, western India 

Abu Saeed Baidya a,b,*, Dipak Chandra Pal a, Dewashish Upadhyay b 

a Department of Geological Sciences, Jadavpur University, Kolkata 700032, India 
b Department of Geology and Geophysics, Indian Institute of Technology, Kharagpur 721302, India   

A R T I C L E  I N F O   

Keywords: 
Hydrothermal fluids 
Mineralization 
Alteration 
Redox condition 
Oxygen fugacity 
Fe3+ in biotite 
Reduced fluids 

A B S T R A C T   

Key constraints related to the nature of alteration and mineralization in geologically complex and economically 
important iron oxide copper–gold (IOCG) systems remain highly speculative, especially, the physicochemical 
characteristics of the hydrothermal fluids. This study was conducted on samples from the Khetri Copper Belt 
(KCB) in western India that hosts several IOCG-type deposits. The study aims to constrain qualitative oxygen 
fugacity conditions during alteration-mineralization events using biotite and uraninite chemistry. The inferred 
redox conditions are backed up by the presence or absence of redox-sensitive minerals including magnetite, 
ilmenite, and graphite. Biotite is present in association with REE ± Th ± U and Cu-Co-U-REE mineralization, 
which has a genetic connection with IOCG-style K-Fe-Mg alteration. The first type of mineralization is mostly 
sulfide-free and is characterized by the presence of REE-silicate, REE-phosphate, U-Th-silicate, and U-oxides with 
minor ilmenite, magnetite, and pyrite. The other type is characterized by the presence of Cu-Co-Fe sulfides, U- 
oxides, REE-silicates and -phosphates with significant volume of graphite. The Fe3+ in biotite was calculated 
from electron probe data by two different methods, and U and Th concentrations in uraninite were measured by 
an electron probe microanalyzer (EPMA). Stability of redox-sensitive phases (magnetite, ilmenite, and graphite), 
Fe3+-Fe2+-Mg content of biotite, and U/Th ratio of uraninite collectively suggest redox conditions essentially 
below the haematite-magnetite buffer often reaching the fayalite-quartz-magnetite buffer. We conclude that the 
studied alteration-mineralization assemblages represent the deeper and reduced facies of the Khetri IOCG system. 
We suggest that biotite and uraninite chemistry can be used as an indicator of redox conditions for alteration/ 
mineralization assemblages in IOCG systems where redox-sensitive minerals particularly magnetite is absent.   

1. Introduction 

Among fossilized hydrothermal systems, the iron oxide copper–gold 
(IOCG) type constitutes one of the most complex one due to its extensive 
size, complex metal association (Cu, Fe, Au, REE, P, F, U, Ag, Mo, Bi, Ba, 
and Co), a wide range of alterations including Na, Na-Ca, K, Fe, K-Fe, Ca- 
Fe, Fe-Mg, H+, and CO3

2–, and lack of any clear affinity for any partic-
ular tectonic setting (e.g., Barton, 2014; Corriveau et al., 2016). Since 
the discovery of the Olympic Dam deposit in Australia, IOCG deposits 
have become one of the largest producers of uranium, gold, a significant 
producer of Fe, and have the potential to host deposits of REEs and other 
critical metals (Barton, 2014; Zhu, 2016; and references therein). In such 
complex systems, key constraints relating to the nature of the alteration 

and mineralization have remained highly speculative, especially, the 
physicochemical characteristics of the hydrothermal ore-forming fluids. 
Among the physicochemical parameters, oxygen fugacity (i.e., fO2) is 
particularly important because it controls the stability of minerals in the 
alteration assemblages that are used for classifying the IOCG clan. For 
example, there are two variants of IOCG systems, namely, magnetite- 
dominated and haematite-dominated, which represent moderate to 
high temperature, reduced (i.e., low fO2), and deeper facies and low 
temperature, oxidized (i.e., high fO2), and shallower facies, respectively 
(Barton, 2014; Corriveau et al., 2016). More importantly, the fO2 con-
dition controls the solubility of redox-sensitive metals (e.g., Fe, Mo, and 
As) in fluids to a large extent and is often directly responsible for 
mineralization. For example, uranium is transported more efficiently in 
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solutions having higher fO2 (generally above hematite-magnetite buffer) 
and precipitates when the oxidized fluid interacts/mixes with reduced 
rock or fluid (Montreuil et al., 2015; Richard et al., 2012). It is, there-
fore, important to constrain the redox conditions for alteration/miner-
alization assemblages in the IOCG systems for a better understanding of 
the ore-forming processes. 

The presence or absence of magnetite and/or haematite seems to be 
the most important qualitative indicator of redox conditions in IOCG 
systems (Barton, 2014; Corriveau et al., 2016) and other redox in-
dicators are yet to be tested. In magmatic and some hydrothermal sys-
tems, biotite has been used as an indicator of fO2 of magma or fluid (Jin 
et al., 2018; Tang et al., 2019). In these cases, Fe3+ in biotite has been 
calculated from the major oxide data obtained from electron probe 
microanalysis, and its composition plotted in the Fe2+-Fe3+-Mg diagram 
of Wones and Eugster (1965) to infer semi-quantitative redox condi-
tions. On the other hand, qualitative measurement of oxygen fugacity in 
hydrothermal systems has been done from uraninite chemistry, specif-
ically its U/Th ratio (e.g., Montreuil et al., 2015). In reduced conditions, 
uranium and thorium occur in + 4 valence state (i.e., U4+ and Th4+) and 
have similar geochemical behavior, which may lead to co-transportation 
in fluids (Cuney, 2009; Frimmel et al., 2014). However, in oxidized 
solutions, uranium is dissolved preferentially as U6+ in contrast to Th 
that does not have a higher oxidation state. This leads to the decoupling 
of U and Th in oxidized fluids and precipitation of Th-poor uraninites 
(Cuney, 2009; Frimmel et al., 2014). It has been shown that uraninites 
with U/Th ratio < 100 usually precipitate from reduced fluids whereas 
those with U/Th ratio > 1000 are related to relatively oxidized fluids 
(Frimmel et al., 2014). Despite the usefulness of biotite and uraninite 
chemistry in determining semi-quantitative redox conditions in 
magmatic and some hydrothermal systems, they have rarely been used 
to infer the redox conditions of IOCG systems where they are frequently 
found. The present study aims to do so using samples from the Khetri 
Copper Belt, western India, which is known for its IOCG-style Cu ± Au ±
Ag ± Co ± Fe ± REE ± U mineralization (Baidya et al., 2017; Kaur et al., 
2014; Knight et al., 2002). 

2. Geological context, materials, and methods 

Rock samples were collected from the Madan-Kudan, Kolihan, and 
Chandmari deposits in the Khetri Copper Belt (KCB) (for locations of 
these deposits and geologic maps readers are referred to Baidya and Pal 
(2020)). The KCB is situated in the north-western part of the Aravalli 
Delhi Fold Belt in western India. This fold belt comprises the Banded 
Gneissic Complex as basement, overlying Proterozoic metasedimentary 
and metavolcanic sequences belonging to Aravalli and Delhi Super-
groups, and younger igneous rocks dated at 0.85–0.75 Ga (Kaur et al., 
2016; Roy and Jhakar, 2002). In the KCB, the basement comprises ca. 
1.85 Ga calc-alkaline granitoids and ca. 1.72–1.70 Ga A-type granites 
(Kaur et al., 2011 and references therein), the overlying metasedi-
mentary rocks belong to the Delhi Supergroup. Younger (0.85–0.75 Ga) 
intrusive rocks are mainly granitoids (Knight et al., 2002; Sarkar and 
Dasgupta, 1980). The KCB has witnessed multiple stages of IOCG-style 
alteration involving Na (albitization), Fe-Mg, Ca-Na, Na-Ca-K, Fe-Mg 
(chloritization), K-Fe-Mg, Na-Fe (albite-haematite), and carbonate 
alteration (Baidya et al., 2021, 2017; Baidya and Pal, 2020; Kaur et al., 
2012; Knight et al., 2002). Sulfide mineralization is associated with Na- 
Ca-K, K-Fe-Mg, and carbonate alteration whereas U-REE mineralization 
is associated with Fe-Mg, Ca-Na, Na-Ca-K, Fe-Mg (chloritization), and K- 
Fe-Mg alteration (Baidya et al., 2021; Baidya and Pal, 2020). The IOCG- 
related alteration/mineralization took place during ca. 1.31 Ga and ca. 
0.85–0.83 Ga (Baidya and Pal, 2020; Kaur et al., 2013; Li et al., 2019). 
For further details on geology, readers are referred to the articles cited 
above. 

Samples were collected from the metasedimentary rocks hosting K- 
Fe-Mg alteration assemblages related to the younger IOCG event (i.e., 
ca. 0.85–0.83 Ga) (Baidya and Pal, 2020; Li et al., 2019; Baidya et al., 

Under Rev). After careful field studies followed by petrographic char-
acterization (optical and scanning electron microscopy), in-situ chemical 
analysis on biotite and uraninite were done using an electron probe 
micro-analyzer (EPMA). Details of the analytical conditions during 
EPMA analyses of biotite and uraninite are available in Baidya et al. 
(2017) and Baidya and Pal (2020), respectively. 

Calculation of biotite formulae, particularly, calculation of Fe3+ and 
Fe2+ from EPMA data has long been recognized as a challenging task. It 
is quite well-known that when the biotite formula is calculated based on 
11 anions, there is always an octahedral vacancy, whereas if that is done 
considering octahedral + tetrahedral cations = 7, the total positive 
charge is always greater than 22 (Dymek, 1983). It is also noted that Ti is 
correlated with octahedral vacancy and extra positive charge, which 
may indicate one of the following two substitutions (1) Ti-oxy substi-
tution [VI(Fe, Mg, Mn)2+ + 2WOH- = VITi4+ + 2WO2- + H2 (g)] and (2) Ti- 
vacancy substitution [2VI(Mg; Fe)2+ = VITi4+ + VI□] (Dymek, 1983; 
Henry et al., 2005). Dymek (1983) preferred the Ti-vacancy over the Ti- 
oxy substitution and based on that provided an iteration method of Fe3+

calculation in biotite. On the other hand, if the Ti-oxy substitution is the 
dominant one, the Fe3+ calculation method of Dymek (1983) is not 
valid. In such cases, the method of Guidotti and Dyar (1991) has been 
used by some authors (e.g., Henry and Daigle, 2018). Guidotti and Dyar 
(1991) measured Fe3+ concentration in biotite using Mössbauer Spec-
troscopy and noted that biotite that co-crystallized with graphite ±
ilmenite and with magnetite have 12 ± 3 % Fe3+ of total Fe and 22 ± 4 % 
Fe3+ of total Fe, respectively. These fixed ratios were used by some 
studies to calculate Fe3+ and Fe2+ proportions in biotite from major 
oxide data (Henry and Daigle, 2018). It is, however, difficult to say for 
sure which substitution is dominant in biotite, particularly in those from 
rocks of low to medium metamorphic grade and those from hydro-
thermal systems. In a recent study, a machine learning-based method 
has been proposed to calculate Fe3+ in biotite, which may be used in 
hydrothermal biotites (Li et al., 2020). However, this method may not be 
suitable for Cl-rich biotites like those in the present study as the method 
seems to return un-realistic Fe3+ values for such biotites (Baidya and 
Das, 2021). Therefore, this machine learning-based method has not been 
used in this study. In this contribution, we have calculated Fe2+ and Fe3+

in biotite following methods of Dymek (1983) and Guidotti and Dyar 
(1991), and used the common results for discussion. The obtained Fe2+, 
Fe3+, and Mg values of the studied biotite grains by these methods were 
plotted in the ternary Fe2+-Mg2+-Mg diagram of Wones and Eugster 
(1965), which has been used for semi-quantitative estimation of redox 
conditions (e.g., Jin et al., 2018; Tang et al., 2019). On the other hand, 
uraninite data were plotted in the ΣREE vs. U/Th binary plot of Frimmel 
et al. (2014), which contains the “high temperature metamorphic/ 
magmatic/hydrothermal” and “low temperature oxidized hydrother-
mal” fields and is useful for differentiating uraninites related to high- 
temperature, reduced fluids from those related to low-temperature, 
oxidized fluids (Frimmel et al., 2014). 

3. Results 

The targeted hydrothermal biotites are noted in the IOCG-type K-Fe- 
Mg alteration assemblages in the KCB (Baidya and Pal, 2020; Li et al., 
2019; Baidya et al., Under Rev). Among the meta-sedimentary units of 
the study area, quartzite/albite quartzite dominantly contain these bi-
otites (Fig. 1A-D. This host rock is massive, locally preserves sedimen-
tary structures including cross-beddings and laminations, and contains 
disseminated magnetite, ilmenite, garnet, and zircon as common 
accessory minerals (e.g., Fig. 1C). The rock has undergone various de-
grees of albitization forming albitite at many places. Furthermore, it 
contains hydrothermal anthophyllite-cummingtonite, grunerite, mag-
nesiohornblende, pargasite-sadanagaite-hastingsite-tschermakite, 
which occurs as randomly oriented disseminated grains and in 
pockets/clusters and/or veins (e.g., Fig. 1A, C). For simplicity, biotite 
related to IOCG alteration is grouped into the following two categories: 
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Fig. 1. Hand specimen (A-D), photomicrograph (G-M), and back-scattered electron images (E, F, N, O) show textures and mineral associations of biotite. Biotite is 
hosted by quartzite/albite quartzite and occurs within veins or as a replacing phase (A-D). Biotite related to REE ± Th ± U mineralization is associated with K- 
feldspar, monazite, uraninite, uranothorite, ilmenite, magnetite, and minor pyrite (E-J). These minerals are present as inclusions in biotite or share their straight 
boundaries with multiple biotite grains. Biotite related to Cu-Co-U-REE mineralization is associated with chalcopyrite and pyrrhotite, uraninite, and graphite (K-O). 
Sulfides dominantly maintain straight boundary contact with biotite in most places (K, L) and replaces biotite along grain boundary and cleavage at some locales (M). 
Uraninite, biotite, and graphite shares straight boundary with each other (N, O). 
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biotite associated with REE ± Th ± U and those associated with Cu-Co- 
U-REE mineralizations. There is no or very minor sulfide mineralization 
with the first group whereas the second group is dominated by sulfide 
minerals. The first type of biotite is observed in veins or replaces garnet 
or amphibole and is associated with K-feldspar ± tourmaline ± allanite 
± monazite ± xenotime ± uraninite ± uranothorite ± ilmenite ±
magnetite ± pyrite (Fig. 1A-C, E-J). Biotite shares straight boundaries 
with K-feldspar at some locales and appears to be present in the fractures 
of K-feldspar elsewhere (e.g., Fig. 1E). Ilmenite, pyrite, and magnetite, 
on the other hand, share straight boundaries with multiple biotite grains 
(Fig. 1H-J). The second type of biotite (related to Cu-Co-U-REE miner-
alization) is found in veins and is associated with tourmaline, chalco-
pyrite, pyrrhotite, Co-rich sulfides, uraninite, allanite, xenotime, and 
graphite (Fig. 1D, K-O). At most locales, the sulfide minerals maintain 
straight and equilibrium contact with biotites, and at a few locales, they 
seem to be present along their grain boundaries and cleavage planes 
(Fig. 1K-M). Uraninite and graphite in this association either share 
straight boundaries with biotite or are present as inclusions within it 
(Fig. 1N, O). In none of the assemblages, sulfates (e.g., BaSO4 or CaSO4), 
carbonates, rutile, or haematite were seen. Also, there is no textural 
evidence of oxidation/replacement of reduced phases (e.g. pyrite, 
magnetite, almandine) by oxidized ones (e.g., haematite, andradite) 
(compare with Montreuil et al., 2015). 

A total of 164 grains of biotite were analyzed using EPMA (repre-
sentative data is provided in the Supplementary Table), among which 
147 grains returned Fe3+ values when the calculation was done using 
the method of Dymek (1983) (i.e. normalization based on the following 
equation: total cations - (K + Na + Ca + Ba) + Ti = 7.0). For the other 
method (Guidotti and Dyar, 1991), the biotite formula was first calcu-
lated based on 24 anions (Henry and Daigle, 2018). Later, considering 
that biotite associated with Cu-Co-U-REE mineralization equilibrated 
with graphite, Fe3+ was calculated using the equation Fe3+ =

0.12*Fetotal (Guidotti and Dyar, 1991; Henry and Daigle, 2018). We 
have not noticed any graphite in association with biotite related to the 
REE ± Th ± U mineralization. Instead, these biotites are associated with 
magnetite, and therefore their Fe3+ was estimated using the equation 
Fe3+ = 0.22*Fetotal (Guidotti and Dyar, 1991; Henry and Daigle, 2018). 
When the Fe3+ is calculated using the method of Dymek (1983), biotites 
related to REE ± Th ± U mineralization plot below the haematite- 
magnetite buffer (HM buffer) with significant numbers of grain plot-
ting below the fayalite-magnetite-quartz buffer (FMQ buffer) in the 
ternary diagram of Wones and Eugster (1965) (Fig. 2A). On the other 
hand, biotites related to Cu-Co-U-REE mineralization mostly plot below 
the Ni-NiO buffer (NNO buffer) with a significant number of grains 
below the FMQ buffer (Fig. 2A). When the formula and Fe3+ are 

calculated using the method of Guidotti and Dyar (1991), biotite related 
to REE ± Th ± U mineralization plot below the HM buffer but above the 
NNO buffer whereas those related to the Cu-Co-U-REE mineralization 
plot between the NNO and the FMQ buffer (Fig. 2B). 

Uraninites related to the Cu-Co-U-REE mineralization have ThO2 
contents between 3.60 wt% and 8.07 wt% (average of 5.16 wt%; n = 18) 
while those associated with the REE ± Th ± U mineralization have ThO2 
between 2.14 wt% and 2.77 wt% (average of 2.45 wt%; n = 3). UO2 
content of these two varieties of uraninite varies between 76.4 and 83.9 
wt% and between 77.0 and 79.0 %, respectively. The U/Th ratios of 
these two groups of uraninite vary between 10 and 22 (average16) and 
between 28 and 37 (average 32), respectively. They plot in the “high 
temperature hydrothermal” field in ΣREE vs. U/Th bivariate plot of 
Frimmel et al. (2014) (Fig. 2C). 

4. Discussion and conclusion 

The textural evidence listed earlier suggests that biotite related to 
REE ± Th ± U mineralization mostly co-precipitated with ilmenite, 
uraninite, uranothorite, magnetite, and pyrite, whereas K-feldspar 
either precipitated with biotite or slightly predated them (Fig. 1E-J). 
Similarly, biotite associated with Cu-Co-U-REE mineralization precipi-
tated with uraninite, graphite, and sulfides (Fig. 1K, L, N, O). The 
presence of sulfides instead of sulfate minerals, magnetite instead of 
haematite, and ilmenite instead of rutile in the alteration assemblages is 
suggestive of the relatively reduced nature of the mineralizing fluids 
(Corriveau et al., 2016; Montreuil et al., 2015; Zhao et al., 1999). Ura-
ninite grains are angular and essentially restricted within the vein and 
have not been observed in the host rock. It is, therefore, interpreted that 
uraninite was neither a part of the detrital inventory of the host sedi-
mentary rock nor formed during the sedimentation-diagenesis stage. It is 
essentially hydrothermal and cogenetic with the respective hydrother-
mal assemblages described above. It is not clear if U and Th were 
sourced from the host rock or were externally sourced. The abundance of 
uraninite in veins is higher compared to zircon, monazite, and allanite 
which may act as a potential source of U and Th in the host rock. This 
may mean that a large volume of the host rock is involved as a source 
and alternatively, a part of U and Th were sourced externally. Biotite in 
spatially-associated biotite-graphite schist contains high concentrations 
of Cu (up to 400 ppm), U (6 ppm), Th (up to 0.4 ppm), and REEs (up to 
10 ppm). This rock unit might have acted as an external source for Cu, U, 
Th, REE, and carbon for the Cu-Co-U-REE mineralization related to the 
second biotite group (Baidya et al., Under Rev). In such a case, U and Th 
were transported to a significant distance (10 s of meters) before 
reaching the site of deposition. Even if U and Th were locally sourced, 

Fig. 2. Plot of biotite data in the Fe3+-Fe2+-Mg diagram of Wones and Eugster (1965) and uraninite data in the ΣREE vs. U/Th diagram of Frimmel et al. (2014). 
Fe3+, Fe2+, and Mg calculated using the method of Dymek (1983) and Guidotti and Dyar (1991) are plotted in A and B, respectively. See that irrespective of the 
method, biotites related to REE ± Th ± U and Cu-Co-U-REE mineralization fall mostly below the HM buffer and the NNO buffer, respectively. Both the uraninite types 
fall in the high temperature hydrothermal field in the ΣREE vs. U/Th diagram (C). 
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they had to be transported a few mm to a few meters to reach the 
depositing site. In this context, given that uraninite have high Th content 
(up to 8 wt%) and low U/Th ratio (<22) and that uranothorite is present 
in the alteration assemblages, we suggest that uranium and thorium had 
a coherent behavior during hydrothermal transportation i.e., both were 
transported as reduced species (U4+ and Th4+) (Montreuil et al., 2015). 
If oxidized fluids were involved, the fractionation of U from Th would 
have made the precipitating uraninites poorer in Th (Frimmel et al., 
2014). Recent experimental studies suggest that the transportation of U 
may take place in acidic, reduced fluids as U4+ if they contain Cl 
(Timofeev et al., 2018). In the present case, the transportation of U was 
possible in reduced fluids most likely because they were highly enriched 
in Cl as evident from the high Cl contents of these biotites (up to 3.61 wt 
%) (Baidya et al., Under Rev). 

Irrespective of the Fe3+ calculation method, biotite related to REE ±
Th ± U mineralization falls below the HM buffer in the ternary diagram 
of Wones and Eugster (1965), which in addition to the occasional 
presence of magnetite with this biotite suggests redox conditions 
essentially below the HM buffer. Furthermore, as this assemblage con-
tains ilmenite but not rutile, the redox condition could be below the 
rutile-ilmenite (i.e., RI buffer) buffer (Zhao et al., 1999). Although we 
are not in a position to choose one method of Fe3+ calculation over the 
other in this study, as the method of Dymek (1983) points to redox 
conditions below the FMQ buffer for quite a considerable number of 
grains related to REE ± Th ±U mineralization, we cannot ignore that the 
redox conditions were below the FMQ buffer at least for some grains of 
this group. Irrespective of the methods, Fe3+ concentrations of biotite 
related to Cu-Co-U-REE point to redox conditions below the nickel- 
nickel oxide (NNO) buffer (Fig. 2A, B). Additional constraints on 
redox conditions can be provided from graphite stability in this associ-
ation. There are three different mechanisms by which graphite can 
precipitate from hydrothermal fluids: (1) from a CO2-rich fluid by 
reduction [CO2 = C(s) + O2 (g)], (2) by the mixing of CO2-rich oxidized 
and CH4-rich reduced fluids [CO2 + CH4 = C(s) + 2H2O], and (3) from a 
CH4-rich or CH4-CO2-bearing fluid by cooling [CH4 = C(s) + H2 (g); CO2 
+ CH4 = C(s) + 2H2O] (Huizenga, 2011; Luque et al., 2014; and refer-
ences cited there). There is no textural evidence of oxidation of existing 
reduced phases such as haematitization of magnetite, pyrite, or other Fe- 
rich phases and replacement of ilmenite by rutile or of almandine by 
andradite neither in the veins nor in the host rock (cf., Montreuil et al., 
2015). Moreover, the low U/Th ratio of uraninites suggests the 
involvement of reduced fluids in which U and Th show similar 
geochemical behavior and can co-transport (Frimmel et al., 2014). Also, 
carbonate minerals are not present in these alteration assemblages. This 
allows us to discard the possibility of graphite precipitation by reduction 
of oxidized CO2-rich fluids and most likely by the mixing of a reduced 
and an oxidized fluid. We also have noted that these biotites crystallized 
in a wide range of temperatures (370–470 ◦C), as evident from Ti-in- 
biotite thermometry (Baidya et al., Under Rev). This may suggest a 
prolonged and gradual cooling of the fluid related to this alteration and 
associated mineralization. Hence, we prefer the third mechanism of 
graphite formation by cooling of CH4-rich or CH4-CO2-bearing fluids. 
For graphite to precipitate from a CH4-rich fluid, the redox conditions 
should be at or below the FMQ buffer (Huizenga, 2011). The precipi-
tation of graphite from CH4-CO2-bearing fluids depends on the propor-
tion of these two C-species in the fluid but is possible at redox conditions 
equivalent to or below the QFM buffer (Huizenga, 2011). Although the 
above mechanism is favored, we cannot entirely discard the possibility 
of mixing between CO2-rich oxidized and CH4-rich reduced fluids. In the 
case of such fluid mixing, to generate a resultant oxygen fugacity 
(~FMQ buffer) required for graphite precipitation, the reduced fluid 
must have redox conditions below the FMQ buffer. We, therefore, think 
that the redox conditions for biotite related to Cu-Co-U-REE minerali-
zation were mostly below the FMQ buffer. To summarize, biotites 
related to REE ± Th ± U and Cu-Co-U-REE mineralization require fluid 
with redox conditions below the RI buffer reaching up to the FMQ buffer 

and dominantly below the FMQ buffer, respectively. We also note that 
none of the biotite grains crystallized at redox conditions above the HM 
buffer. 

The above discussion has two important implications. First, it is 
possible to constrain the physicochemical ambiance of alteration and 
mineralization in the KCB and to classify the KCB deposits in the context 
of the accepted classification model of the IOCG systems (Barton, 2014; 
Corriveau et al., 2016). In general, systems containing IOCG and affili-
ated deposits are classified into two broad categories: magnetite- 
dominated and haematite-dominated systems. It is usually considered 
that the magnetite- and haematite-dominated assemblages in IOCG 
systems represent moderate to high-T, reduced, and deeper facies and a 
low-T, oxidized, and shallower facies, respectively (Barton, 2014; Cor-
riveau et al., 2016; Montreuil et al., 2015). The biotites from the 
mineralized zones of the KCB studied in this contribution are of Neo-
proterozoic age (0.85–0.82 Ga) as evident from the U-Pb isotope dating 
of monazite and chemical dating of uraninite (Li et al., 2019; Baidya 
et al., Under Rev). Alteration assemblages containing albite-haematite of 
similar age have been reported from the KCB by earlier workers (Knight 
et al., 2002). Additionally, the presence of andradite-specularite- 
epidote-rich alteration assemblages is noted, where magnetite (most 
likely pre-existing) has been replaced by specularite (Banerjee, 2016). 
As none of the present biotite-rich assemblages contain haematite and as 
corresponding biotites yield high crystallization temperature, we think 
that these biotite-bearing assemblages represent high-T, deeper, 
reduced facies whereas the haematite-andradite-bearing assemblages 
constitute the low-T, shallower, oxidized facies of the Khetri IOCG sys-
tem. Second, biotite and uraninite chemistry can be used as an indicator 
of redox conditions in IOCG systems. Redox conditions in IOCG systems 
have been inferred dominantly by the presence (or absence) of magne-
tite or haematite in the alteration assemblages. However, in many IOCG 
systems, magnetite or haematite is absent in alteration assemblages, e. 
g., in the KCB, Fe-Mg and one K-Fe-Mg alteration assemblages do not 
contain these Fe-oxides (Baidya et al., 2017; Baidya and Pal, 2020; this 
study). It is suggested that in IOCG systems, where the abundance of 
magnetite is sparse or it is absent, phases like graphite and chemical 
composition of biotite and uraninite can be useful as qualitative/semi- 
quantitative indicators of redox conditions. 
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