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This work focuses on the natural graphitic carbonaceous material (GCM) distributed in metasedimentary
and crystalline rocks in and around Larji–Rampur tectonic window, Himachal Himalaya. The GCM,
associated with the ore mineralization, is mostly Caky, however, it is also granular and amorphous. The
micro Raman spectroscopy of representative samples conBrms that the studied GCM is mostly disordered
graphite and rarely poorly ordered graphite, but well crystalline ordered graphite is also present. The
carbon isotope compositions reCecting the source of carbon in GCM at various locations attribute that the
carbon was mostly sedimentary organic carbon which has been metamorphosed to disordered graphite,
however, the d13C of the inorganic carbon contents in metabasalts from Bhallan signify the involvement
of Cuid possibly derived from the mantle. Limited d13Cinorganic data in a range from 0 to 11%, points to
the heavier carbon probably derived from the diagenetic carbonates or dissolved organic matter. Overall,
the carbon isotope compositions of GCM from the Larji–Rampur window reCect diversity in carbon
source and mixing of carbon reservoirs, which can adequately be explained by the Proterozoic marine
carbon cycling. A close linkage in the depositional processes of GCM with ore mineralization in the area is
also invoked.
Keywords. Carbonaceous material; stable carbon isotope; Raman spectroscopy; Larji–Rampur window;
Himachal Himalaya.

1. Introduction
Natural carbonaceous material occurs widespread
commonly in the metamorphosed sedimentary
sequences, at times in carbonate rocks and magmatic bodies. This is often found as graphitized
carbonaceous material (GCM). The metamorphic
transformation of the organic carbonaceous
material may result in the semi-ordered/ordered
graphite (Kribek et al. 1994; Jehlicka et al. 2003;
Sharma and Rawat 2011). The GCM can also be
precipitated as solid carbon from the dense

carbonic Cuids containing CO2, CO, and/or CH4
(Dubessy 1984; Mathez et al. 1989; Luque et al.
1998; Luque and Rodas 1999; Van Zuilen et al.
2002, etc.). Generally, metamorphosed GCM
occurs in the form of Caky crystals of graphite/
semi-ordered graphite, while the Cuid deposited
graphite shows variable crystalline habits such as
Caky, colloform, cones, spherulitic, etc. (Jaszczak
et al. 2003, 2007; Doroshkevich et al. 2007; Barrenechea et al. 2009). In the metasedimentary
rocks, GCM generally occurs as a result of the
contact/regional metamorphism of poorly ordered
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low-temperature bio-precursor, i.e., organic matter, and with the increasing metamorphic grade
evolves into fully ordered high crystalline graphite (Pasteris and Wopenka 1991; Wopenka and
Pasteris 1993; Large et al. 1994; Wada et al.
1994; Beyssac et al. 2002, 2003; Papineau et al.
2010; Buseck and Beyssac 2014). The maturity of
the GCM can be investigated by the micro
Raman spectroscopy (Beyssac et al. 2002; Baiju
et al. 2005; Rahl et al. 2005; LahBd et al. 2010;
Sharma and Rawat 2011; Sharma et al. 2016).
The Cuid-deposited GCM is commonly found
in Bne veins within the fractures and shears,
and unusually as disseminations (Baiju et al.
2005, 2009; Satish-Kumar 2005). The Cuid
deposited and the metamorphosed GCM may also
occur within the single host rock (Luque et al.
2012) and can be investigated using the
stable carbon isotope compositions. The association of GCM with the mineral deposits is of vital
significance to understand the origin and evolution of mineralization. It has been used as a
prospecting indicator for mineral deposits particularly for gold (Hu et al. 2015; Kribek et al. 2015;
Mirasol-Robert et al. 2017).
Stable carbon isotope geochemistry has been
used widely for different purposes, such as to
identify the source of carbon (e.g., Weis et al. 1981;
Sugisaki and Mimura 1994; Luque et al. 2012, etc.),
isotope exchange processes relative to the carbon
mobility in the lithosphere (Walter et al. 2011), for
diamond research (Thomassot et al. 2007), for the
study of early (Archean) life (Schidlowski 2001;
Ueno et al. 2002; Van Zuilen et al. 2003; Papineau
et al. 2010; Lepland et al. 2011), for detecting a
change in Cuid regimes (Wada 1988) and for
unraveling the origin of carbon in graphite
(Sharma and Rawat 2011).
The organic matter (including living and dead)
shows the light isotopic signatures mainly because
of decarboxylation processes (Weis et al. 1981;
Schidlowski 1987, 2001; Hedges et al. 1988; Harvey
et al. 1995; Sanyal et al. 2009; Sharma and Rawat
2011; Dodd et al. 2019). In contrast, the Cuid
deposited graphite shows a wider range of carbon
isotopic ratios (Luque et al. 1998), depending upon
the origin of Cuid and mechanism of carbon precipitation. CO2 and CH4 are the most common
carbon species that control the isotopic signature of
Cuid deposited graphite. The shear zones are
eventually the common conduits for Cuid inBltration and migration, and thereby for the Cuid
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deposited carbon/graphite (Ziegenbein et al. 1989;
Bartels and Pasteris 1993; Large et al. 1994). The
graphitic carbon also provides information about
the Cuid evolution history (Beyssac and Rumble
2014).
The present work focuses on the GCM present at
a number of locations in the Larji–Rampur window
and adjoining areas, wherein it is found widely in
the metasedimentary/crystalline rocks and shear
zones. These metasedimenatry/crystalline rocks
and shear zones also host the sulphide mineralization at some locations, which are reported and
mapped earlier by many workers (Calvert 1873;
Kathiara 1962; Bhargava et al. 1972; Sharma 1977;
Narain Dass et al. 1979; Singh et al. 2021, etc.).
This GCM is investigated using micro Raman
spectroscopy and stable carbon isotope compositions to understand its nature, maturity attained in
terms of graphitization, and source of carbon at
various locations in and around Larji–Rampur
window. This study also evaluates the linkage of
GCM with sulphide mineralization, if any, in the
present study area.

2. Geology of the area
The Lesser Himalaya has the characteristic presence of tectonic windows developed as a result of
the regional scale thrusting of the crystallines
from their roots in Higher Himalaya over the
metasedimentary sequence of the Lesser Himalaya
forming nappes and klippes and subsequent erosion (Valdiya 1980; Thakur 1992; Vannay et al.
2004). The focus of the present work is one of
these tectonic windows, the Larji–Rampur window, which is formed mainly by the orthogneiss
and metasedimentary sequence encircled by
Proterozoic Lesser Himalayan Crystallines (LHC),
extending from Kulu to Rampur areas in Beas
and Satluj valleys (Bgure 1). The LHC is comprised of Chail Formation/Kulu Formation, which
is thrusted over the Lesser Himalaya metasedimentary sequence (LHMS) along the Chail
Thrust/Kulu Thrust. Whereas, the Jutogh Group
is thrusted over the Chail rocks (Bhargava et al.
1972; Sharma 1977; Misra and Tewari 1988; Jain
et al. 2000; Vannay and Grasemann 2001; Steck
2003; Vannay et al. 2004; Thiede et al. 2005;
Caddick et al. 2007; Webb et al. 2011; Webb 2013;
St€
ubner et al. 2018). A simpliBed geological
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Figure 1. (a) Geological map of the study area: Larji–Rampur window and adjoining area, Himachal Himalaya, India, showing
sample locations (pink circles) (modiBed after Sharma 1977; Thakur 1977; Jain and Anand 1988; Srikantia and Bhargava 1998;
€bner et al. 2018). (b) Inset shows geological map of Himalaya with tectonic sub-divisions, Larji–
Steck 2003; Webb et al. 2011; St u
Rampur window is highlighted in the box (after Searle et al. 2003).

succession of the area referred by Sharma (1977)
is given below:
Larji Formation/Shali
Formation (Mesoproterozoic)
Banjar Formation/Rampur
Formation (Palaeoproterozoic)

Kulu Formation/Chail
Formation (Neoproterozoic)
Jutogh Group

Larji Member
Hurla Member
Naraul Member
Bandal granite
Bhallan Member
Green bed Member
Manikaran quartzite
Khamrada Member
Gahr Member
Khokhan Member
Central gneisses and
schists

The crystalline rocks comprised mainly of mylonitic mica-schist, quartzite, granitic gneiss, and
orthogneiss (Wangtu–Bandal granitic gneiss)
derived from a lower Proterozoic granitic protolith
(Zircon U–Pb age: 1840 ± 16 Ma) (Miller et al. 2000).
The LHMS include orthoquartzite–carbonate
sequence termed as Larji Formation/Shali Formation, and the overlying quartzite–metabasic rocks of
Banjar Formation/Rampur Formation (Jhingran

et al. 1952; Sharma 1977; Thoni 1977; Srikantia and
Bhargava 1998; Vannay and Grasemann 2001; Pandey et al. 2003; Webb 2013; St€
ubner et al. 2018). The
orthoquartzite–carbonate suite of Larji Formation
consists of dolomite, limestone, quartzite, slate, and
conglomerates, while the Banjar Formation is comprised of slate, phyllite with basic schists, quartzite,
massive traps, and banded massive quartzite. The
Kulu Formation/Chail Formation consists of slatephyllite, quartz-schist, carbonaceous schists, phyllites, platy limestone, augen gneisses and garnetiferous schists. The Banjar Formation/Rampur
Formation has substantial quartzite with interCows
of metabasalt known as Manikaran/Rampur quartzite and Rampur volcanics (Sharma 1977; Bhat and
Fort 1992; Miller et al. 2000; Sharma and Rashid
2001). Rampur volcanics are dominantly composed of
lava Cows with quartzite and phyllite interbeds.
Manikaran/Rampur quartzite and Rampur volcanics occur as a large anticlinal structure with the
core occupied by a granitoid body of batholithic
dimensions known as Bandal granite (Sharma 1977).
The Rampur metabasalts have been assigned an age
of 1800 ± 13 (Miller et al. 2000). The Rb/Sr wholerock age for Bandal granite is suggested as 1840 ± 70
Ma (Frank et al. 1977), whereas Sharma and Rashid
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(2001) have given an age of 1907 ± 70 Ma for this
S-type, peraluminous orthogneiss.

3. Occurrence of carbonaceous material
The GCM is widely present at various locations in
the Larji–Rampur window, occurring mainly in
phyllites, slates, and schists, and infrequently in
quartzites, metabasalts and gneisses. The Beld
observations show that the various forms of GCM
such as Cakes, disseminated specks, encrustations,
thin laminations along foliation planes, and thin
veinlets are common in the study area (Bgure 2).
Thick bands of carbonaceous schists and phyllites are
also seen, particularly enriched with GCM along the
shear zones or at the thrust contacts (Bgure 2e, f and
h). The thin laminations of GCM are co-folded with
the host schists/phyllites (Bgure 2c, e, f and h).
Bands of GCM also occur at the marginal contact of
granitic pluton with the host quartzite. Further, the
thick bands of GCM are seen in the carbonate
sequence intercalated with carbonaceous shale near
Chawali Mata temple in the Larji–Banjar section,
wherein the carbonaceous bands are parallel to the
bedding of shale (Bgure 2a). Substantial GCM bearing bands with graphitic Cakes oriented along the
foliations are observed on the Rahla–Mandi section
(Sandoa). These are carbonaceous phyllites and
graphitic mica schists occurring in association with
interbedded quartzites (Bgure 2h). The carbonaceous
slates are also present in other locations of the region,
e.g., noteworthy development of such carbonaceous
slates are found near Bhallan (Bgure 2f). Furthermore, the GCM is also observed along the shear
zones in the study area, which is significant to
understand and compare with Caky GCM in the
schists or with disseminated specks of GCM such as
in quartzite. The carbonaceous schists in the shear
zone near Uchich sulphide mineralization in Parvati
valley (Bgure 2e), the graphitic phyllites and graphitic mica schists at Sandoa (Bgure 2h), the carbonaceous phyllites traversed by calcite veins about
4.5 km from Rahla on Bajaura–Mandi section
(Bgure 2g) and carbonaceous slates and phyllites at
Spangini (Bgure 2c) and Bhallan (Bgure 2f) are
some of the typical GCM occurrences in the study
area. The encrustations and surface replacements
of GCM are not uncommon and are seen not only
in the mineralized quartzite of the Naraul area
(Bgure 2i), but also in the quartz veins at some
locations such as near Bhallan. The quartzites are
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also seen consisting of Bne veinlets of GCM, generally \1 mm in thickness (Bgure 2b), within the
mineralized quartzite of the Jari area (Bgure 2d).
The details of locations of the studied GCM
samples, mode of occurrence, and their host rocks
are tabulated in table 1.

4. Association of carbonaceous material
with the mineralization
Noteworthy occurrences of polymetallic sulphides
including chalcopyrite, pyrite, bornite, arsenopyrite,
sphalerite, and galena have been reported at many
locations from Parvati, Sainj, and Garsah valleys in
and around Larji–Rampur window, in Himachal
Lesser Himalaya (Calvert 1873; Kathiara 1962;
Bhargava et al. 1972; Sharma 1977; Narain
Dass et al. 1979; Singh et al. 2021, etc.). This
mineralization was interpreted to be epigenetic and
hydrothermal in nature (Sharma 1966). However,
detailed studies are needed for understanding their
genesis, and it is also unclear whether the
hydrothermal Cuid is an exsolved magmatic Cuid or
late-stage metamorphogenic Cuid migrated through
shear zones. At many sample locations such as
Bhallan, Spangini, Jari, Naraul, and Uchich, GCM is
closely associated with sulphide mineralization
(Bgures 2d, i and 3c–h). The mineralization at these
locations occurs in various forms such as disseminated specks, streaks, stringers, small lenses, pods,
and veins within the host rocks (Singh et al. 2021).
The sulphide mineralization at these locations occurs
either co-existing with GCM in the host rocks
(Bgure 3c–h) or present in the immediate vicinity of
the GCM bearing shear zones. In the Uchich area,
carbonaceous schists and phyllites are present adjacent to the mineralized quartzite in a shear zone
(Bgure 2e). In the Spangini mineralized zone, Bnely
disseminated specks of GCM and sulphides namely
chalcopyrite, pyrite, and bornite coexist within calcareous quartzite (Bgure 3g), and the foliation planes
of carbonaceous phyllites bear small stringers of
copper and iron sulphides (Bgures 2c and 3h). Naraul
is known for the copper sulphide mineralization
(Sharma 1977; Bhargava et al. 1991; Srikantia and
Bhargava 1998), and in the mineralized zone disseminated sulphide minerals are seen coexisting with
the specks and encrustations of GCM (Bgure 2i). The
host rocks of GCM at Spangini and Naraul consist of
encrustations of malachite, indicating the presence of
sulphides in the rocks as shown in Bgure 2(i). Likewise, the phyllites at Sandoa, graphite bands at the
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Figure 2. Field photographs of some GCM occurrences in the study area. (a) Carbonate sequence with carbonaceous shale, near
Chawali Mata temple, Larji–Banjar section. (b) Fine veinlets of GCM in mineralized quartzite in the Jari area. (c) Carbonaceous
phyllite is associated with calcareous quartzite in the mineralized zone in Spangini. (d) Disseminations of GCM in mineralized
Manikaran quartzite in Jari. (e) Zone of carbonaceous mica schists, in the vicinity of Uchich mineralization, Parvati valley.
(f) Carbonaceous slates, Bhallan, Garsah valley. (g) Carbonaceous phyllite and interbedded quartzite, 4.5 km from Rahla on
Bajaura–Mandi bypass road section. (h) Graphitic band in phyllites, Sandoa area near Kandi. (i) Disseminated GCM associated
with sulphide mineralization in host quartzite, Naraul, Garsah valley.

contact of orthogneiss and quartzites, and the
quartzites near Rahla show sulphur and iron leaching
together with oxidized grains of ore minerals as
shown in Bgure 2(h). In the Bhallan area, the
encrustations and lumps of GCM are observed
coexisting with sulphide specks in thick quartz vein,
and in addition, the bands of deformed carbonaceous
slate and phyllite are also noticed interbedded with
metabasalts and quartzites. These metabasalts and
quartzite also have characteristic specks of copper
and iron sulphides (Bgure 3c) coexisting with the
disseminated specks of GCM, both aligned along the
foliation planes (Bgure 3d). Furthermore, uranium
mineralization is known to occur within Manikaran

quartzite in Parvati valley, near and around the Jari
area (Bhalla and Gupta 1979; Narayan Das et al.
1979; Sen et al. 1995). It is observed that the veinlets
of GCM (Bgure 2b) coexist with the sporadic specks
of copper sulphides in the uranium mineralized
quartzite near Jari (Singh et al. 2021) (Bgure 2d).

5. Methodology
The laboratory studies on GCM are carried out
at the Raman spectroscopy and stable Isotope
Laboratories of Wadia Institute of Himalayan
Geology, Dehradun. Micro Raman spectroscopy
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Table 1. Details of studied carbonaceous samples with their mode of occurrence and host rocks.
Sl.
no.

Sample
no.
15
20
22
23

Location

1
2
3
4

RSH
RSH
RSH
RSH

Uchich, Manikaran
Bhallan
Bhallan
Bhallan

5

RSH 24

Bhallan

6

RSH 26

Bhallan

7

RSH 43

8

RSH 44

9

RSH 46

Sandoa near Kandi,
Bajaura–Mandi bypass
road section
4.5 km from Rahla on
Bajaura–Mandi bypass
road section
Rahla, Bajaura–Mandi
bypass road section

10
11

RSH 50
RSH 53

12

RSH 54

13

RSH 64

14

RSH 69

15

RSH 71

16

RSH 73

17
18

RSH 87
RSH 89

19

RSH 90

Mode of occurrence

Host of graphitic carbonaceous material

Graphitic schists
Carbonaceous slates
Carbonaceous slates
Carbonaceous
encrustations
Carbonaceous
disseminations
Carbonaceous slate
and phyllites
Graphitic bands

Interlayered quartzite and quartz sericite schist
Hurla quartzite
Hurla quartzite
GCM and sulphide bearing quartz veins hosted by
metabasalts and interlayered greenish quartzite
Metabasalts: dark greenish phyllites and chlorite schists
interbedded with massive quartzite
Hurla quartzite

Carbonaceous
phyllite

Chail Formation, quartzite alternating with carbonaceous
phyllite traversed by calcite and quartz veins

Chail Formation – graphitic phyllite-schist traversed by
quartz veins and with encrustations of sulphur

Carbonaceous quartz–biotite–chlorite schists consisting of
Surface
specks of sulphides with iron and sulphur leaching
replacements,
disseminations
Spangini
Disseminations
Calcareous quartzite with alternate bands of phyllitic schist
Spangini
Carbonaceous slates Carbonaceous phyllite and calcareous quartzite consisting
of specks of sulphides and malachite
Spangini
Carbonaceous
Carbonaceous phyllite and calcareous quartzite consisting
phyllite
of specks of sulphides and malachite
Urcha, Khaniargi
Replacements/
Manikaran quartzite
disseminations
Near Chawali mata temple, Carbonaceous shale Bands of carbonaceous shale within thick carbonate
Larji–Banjar section
partings
sequence comprising mostly of dark greyish blue, grey,
pinkish and buA coloured limestone with dolomites and
interbedded grey, olive green shale and quartzite.
Manikaran quartzite consisting of specks of sulphides and
Dharmoar, Jari
Multiple crossmalachite
cutting thin
veinlets
Quartzite with specks of sulphides and altered ore
Naraul
Surface
replacements and
Bne laminations
Shilagarh
Graphite band
Contact zone of Bandal orthogneiss and quartzite
Thella
Disseminations and Hurla quartzite
thin veinlets
Manikaran quartzite
Chinjjra
Multiple crosscutting thin
veinlets

was conducted using a 514.4 nm exciting line of
Spectra-Physics Ar+ laser, laser beam \2 lm at
100 objective in Horiba JY LabRam HR Laser
Micro Raman Spectrometer. This instrument is
Btted with 514.4 and 785 nm lasers, Peltier cooled
synapse CCD detector, and confocal optics. It was
calibrated using silicon standard, and the spectral
resolution was found 1 cm 1 or even better. The
instrument is controlled with Labspec software

version 5, which has been upgraded to version 6.
Total inorganic carbon (TIC) and total carbon (TC)
of selected GCM samples were measured using
Shimadzu TOC-VCPH with the solid sample module
SSM-5000 A at the TOC Laboratory, Wadia Institute of Himalayan Geology. The Shimadzu TOCVCPH burns the samples in a pure oxygen environment in a combustion tube with a platinum catalyst
and is detected by non-dispersion infrared (NDIR).

Figure 3. Plane-polarized and reCected light photomicrographs. (a) Deformed typical graphitic schist showing Cakes and laths of disordered graphite together with the
recrystallized quartz (RSH 15). (b) Granular and Bne GCM oriented along the foliations of mica in carbonaceous slates of Bhallan (RSH 20). (c) GCM coexisting with
chalcopyrite and pyrite within the metabasalts of Bhallan (RSH 24). (d) GCM and Cu–Fe sulphide aligned along the foliation planes in metabasalts of Bhallan (RSH 24).
(e) GCM grains and dust together with sulphide minerals aligned along the foliation plane in quartz mica schist (RSH 44). (f) Sulphides and Bne GCM within the foliation planes
in the carbonaceous quartz–biotite–chlorite schists in Rahla on Bajaura–Mandi section (RSH 46). (g) GCM and chalcopyrites disseminated within the calcareous quartzite of
Spangini (RSH 50). (h) Sulphide-rich band parallel to the laminations of GCM, and (inset h1) multiple laminations of GCM with variable spacing in the carbonaceous phyllite of
Spangini in Sainj valley (RSH 54). (I) GCM disseminated within the carbonaceous shale in the Larji–Banjar section (RSH 69). Abbreviations in these photomicrographs are: Py
(Pyrite), Ccp (Chalcopyrite), Gr (Graphitic carbonaceous material GCM), Plg (Plagioclase), Mus (Muscovite), Bt (Biotite), Cl (Chlorite), Qtz (Quartz), and Ars
(Arsenopyrite).

J. Earth Syst. Sci. (2021)130:239
Page 7 of 21 239

239

Page 8 of 21

After weighing, two portions (both about 100 mg),
each sample was put into two individual small
TeCon boat containers for TC and TIC determination. For calculating TC, WO3 was used as a catalyst at a heating temperature of 980°C; in this
reaction, organic carbon was oxidized and inorganic
carbon was decomposed. In another boat container,
dilute phosphoric acid (10%, 0.5 mL) was used
for the TIC reaction at 200°C; inorganic carbon was
converted to CO2 which was detected, and thus
TIC content was determined. TOC was obtained by
subtracting TIC from TC. The glucose (C6H12O6.
H2O, TC content = 36.33%) and sodium carbonate
(Na2CO3, IC content = 11.32%) were used as standards for TC and TIC calibration in the Shimadzu
TOC-VCPH analyzer. The standard calibration
curve shows the high stability of the machine (R2 [
0.999). The relative standard deviation (RSD) of
repeated measurement of standards was \1%. The
analyses of stable carbon isotope were carried out
adopting two different procedures based on the
graphite bearing source rock composition. Many
samples have been repeated to check the consistency and reliability of the data. All isotopic data
are reported in permil (%) with respect to Vienna
Pee Dee Formation Belemnite (V-PDB) for d13C
values, and to the Vienna Standard Mean Ocean
Water (V-SMOW) for d18O. The carbon isotope
ratios are expressed as d13C = [–(13C/12C)sample/
(13C/12C)standard˝ – 1]91000 (Luque et al. 2012).
To obtain bulk carbon isotope composition, the
IRMS coupled with a combustion elemental analyzer (EA) via an interface (ConFlo) was used in the
continuous-Cow mode. All the samples were analyzed without any treatment with HCl/any other
acid. The results thus obtained have the possibility
of the mixing of the inorganic carbon with the
metamorphosed organic carbon. The EA/IRMS is
largely used for organic samples and has limited
application to the samples of inorganic carbon.
Therefore, the GCM was separated from 19 different
powdered samples of phyllites, carbonaceous
schists, and quartzite by the dissolution of carbonates and sulphides using HCl, whereas silicates were
removed using HF treatment (Durand and Nicaise
1980). For measuring the d13C isotope composition
and TOC value of organic carbon, the powdered
samples were treated with conc. HCl following the
procedure of ASTM International 2004. These
samples were combusted in tin capsules in the Elemental Analyzer (Flash EA, Thermo), and the CO2
produced thereby was measured for 13C/12C ratio in
Isotope Ratio Mass Spectrometer (IRMS, Delta V
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Plus, Thermo Electron, Germany). The analytical
precision of obtained d13C value is ±0.2%. For the
calibration of the instrument, primary standard
ACA and in-house standards IAEA-CH3 and
WIHG-CH3 were used at the interval of Bve samples
to verify the precision and quality of the measurements. The second procedure involved a GasBench
sample preparation instrument coupled with an
IRMS in continuous Cow mode, which was used for
the selected samples, those showing a significant
shift in the d13C values of their treated and
untreated (bulk) samples. This is a commonly used
technique for accurate and precise d13C composition
of carbonates. To remove all the atmospheric gases
from the vials, crushed, pulverized, and dried GCM
sample powder (100–200 lg) was Brst heated at
72°C in 12 mL vials in the GasBench tray and was
Cushed with ultra-pure He gas (C99.9995%). Subsequently, the dry sample powder was subjected to
acidizing process with the injection of c. 50–70 lL
phosphoric acid (C99%) and was kept at 72°C for
40–50 min to equilibrate and produce carbon dioxide. The CO2 thus formed was analyzed by IRMS.
The d13C and d18O were obtained using the Santrock, Studley, and Hayes (SSH) correction (Santrock et al. 1985), and a precision better than ±0.1%
for d13C and d18O was obtained. For calibration,
primary standard NBS-18 and in-house standards
IAEA-CO-8 and CM were used.

6. Results
6.1 Mineralogical composition
and characteristics
The mineralogical composition of the studied GCM
assemblage depends on its host rocks, which vary
at different locations in the area. Its major host
rocks are quartzite, carbonates, calcareous quartzite, metabasalt, shale, slate, schist, or phyllite,
and the main gangue/associated minerals are
quartz, calcite, dolomite, mica, plagioclase, and
chlorite (Bgure 3). GCM is also associated with
sulphide minerals such as pyrite, chalcopyrite,
bornite, arsenopyrite, galena, etc., in the mineralized localities (Bgure 3c–h). The assemblage in
such mineralized zones consists of ore minerals
with quartz as the main gangue mineral and the
GCM as minor. The Cakes of GCM are seen aligned
along the S2 foliation planes together with mica,
wherein they are also noticed wrapping the quartz
pods. The laths of GCM also occur co-folded with
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the associated silicate minerals of the host schistose
rocks. Such laths are often highly deformed and
have developed S-C fabric due to shearing. Fine
granules and specks of GCM are commonly disseminated in the quartzites (Bgure 3g), and their
alignment along the schistosity is not uncommon in
the sheared quartzites as well as in quartz mica
schist, e.g., in Rahla (Bgure 3e). The recrystallization of associated quartz is obvious and exhibited by the presence of annealing texture
(Bgure 3a). The Cakes of GCM found along the
major shear zones such as the Kulu Thrust, are
well aligned along the foliation planes in the
deformed quartz mica schist (Bgure 3a), and partly
developed or undeveloped Cakes in the carbonaceous phyllite are also common (Bgure 3e, h).

6.2 Micro Raman spectroscopy of GCM
To characterize the GCM present in and around
Larji–Rampur window, a total of 130 Raman spectra were recorded on nine representative samples
from diverse host rocks. Some of the representative
Raman spectra are shown in Bgure 4. The Raman
spectra were obtained by exciting the laser on
unpolished and polished sections of different samples from different locations. The obtained Raman
spectra show prominent Raman bands pointing that
the majority of GCM samples are ‘disordered graphite’, whereas three samples conBrm the presence
of ‘ordered graphite’. A couple of very rare spectra
suggesting the presence of amorphous carbonaceous
material are also obtained. In the obtained Raman
spectra of disordered graphite, the position of the
primary G band varies between 1575 and 1608 cm 1
characterizing the graphitic structure (Bgure 4a–h).
Whereas, the main D1 band for the defects in the
aromatic structure of the carbon (Aoya et al. 2010)
is between 1310 and 1360 cm 1 (Bgure 4a–d, f, h and i),
with the occasional presence of shoulder peak at
D2 (*1620), D3 (*1500) and D4 (*1200)
(Bgure 4a, b, c, d, f and i) (Sadezky et al. 2005). The
poorly ordered GCM shows a single broad and a
distinct band at D1 together with D2, D3, or D4
band (Bgure 4i), but with the crystallization
towards ordered graphite, the D2 band splits into
two peaks at *1580 and *1620 cm 1 (Bgure 4f).
Thereby, the intensity of D1 diminishes gradually as
the G band is set to prominent, and the intensities of
G and D1 bands become interrelated and characterize the crystallinity of GCM (Wopenka and
Pasteris 1993; Aoya et al. 2010). The prominent
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single G band at 1600 cm 1 (Bgure 4e and g) signifying the Brst-order spectrum of an ordered single
graphite crystal (Tunistra and Koeing 1970;
Nemanich and Solin 1979; Pasteris and Wopenka
1991; Wopenka and Pasteris 1993; Beyssac et al.
2002, 2003, 2004; Reich and Thomson 2004; Baiju
et al. 2005) is obtained for GCM hosted in the
metabasalt of Bhallan area (RSH 24) and that in
calcareous quartzite of Spangini area (RSH 50). The
prominent and characteristic G (order) and D1
(disorder) bands of the GCM are obtained in the
Brst-order spectral region (1100–1800 cm 1)
(Bgure 4) (Aoya et al. 2010), whereas in some of
the spectra conBrming disordered graphite Raman
bands are also obtained in the second-order spectral
region (2200–3400 cm 1) at *2450, *2721, *2955
and *3240 cm 1 (Bgure 4c, f and h). This secondorder spectrum is significant in assessing the crystallinity of GCM, which can be investigated by the
asymmetry of S1 band at *2700 cm 1 and the
intensity of S2 band at *2900 cm 1 (Bgure 4f). On
the basis of Raman bands with peaks at *1350 and
*1585 cm 1, the GCM is identiBed as sp2-structured graphitic carbon (Das et al. 2017). Furthermore, together with the G and D bands of disordered
graphite, the Raman spectra also show Raman
bands of associated quartz (466, 206 and 128 cm 1)
(Bgure 4a), calcite (1080.96 cm 1) (Bgure 4 inset c1),
and dolomite (1097 cm 1) (Bgure 4i).

6.3 Stable carbon isotope and TOC concentration
of carbonaceous material
A total of 10 representative samples have been
analyzed using a TOC analyzer. These samples
particularly include those in which mixing of
organic and inorganic carbon is evident by the
substantial difference between the carbon isotopic
ratios of their treated and bulk samples. This
helped in conBrming the presence of inorganic
carbon (IC) and verifying the values of TOC and
total carbon (TC). Five samples show noteworthy
IC values between 0.06 and 4.009 wt%, while in
other samples TC is approximately equal to the
TOC and the IC is absent in them. The lowest
value of TC is 0.02 wt% that is obtained for one
sample of Bhallan. Total organic carbon (TOC)
and total carbon (TC) were also determined for all
the 19 samples using EA/IRMS, whereby the
obtained values of TOC range from 0.01 to 3.085
wt%. The carbonaceous phyllites from Bajaura–
Mandi road section consist of the highest TC (7.095

Page 10 of 21

Figure 4. Micro Raman spectra of GCM in the study area. (a) GCM from Uchich (RSH 15) presenting characteristic ‘G’ band and ‘D’ band of the disordered graphite together
with Raman band of associated quartz. (b) GCM from Sandoa (RSH 43) showing Raman bands of disordered graphite. (c) Disordered graphite with the presence of Raman bands
in Brst and second-order regions of the spectra, inset (c1) shows the amorphous carbon/poorly ordered graphite with Raman bands at 1595.4 (G), 1329.72 (D1), 1503.6 (D3),
1200.12 (D4) and calcite at (1080.96) in Spangini (RSH 54). (d) Raman bands of disordered graphite in Bhallan (RSH 20). (e) Raman spectrum of ordered graphite in
metabasalts of Bhallan (RSH 24). (f) Ordered graphite with Raman bands at G, D1, D2 (1616.94), S2 (2933.82), S3 (2435.86), S4 (3232.36), and asymmetrical S1 band (RSH 46).
(g) Ordered graphite in calcareous quartzite (RSH 50). (h) Disordered graphite with Raman bands at D1, G, S1 (2699), S2 (2936.18), S3 (3226.46) from calcareous slates of
Spangini. (i) Raman spectrum showing poorly ordered graphite with dolomite in the carbonate sequence on Larji–Banjar section (RSH 69).
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Table 2. Carbon isotope ratio (d13C) of the treated and bulk samples, and the d18O and d13C of the inorganic carbon. The TOC,
TC and IC wt% are also presented.

Sample name
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH
RSH

15
20
22
23
24
26
43
44
46
50
53
54
64
69
71
73
87
89
90

13

Treated
C/12C(VPDB) %
–26.93
–28.67
–25.71
–24.53
–29.89
–27.45
–31.03
–22.49
–26.03
–26.04
–33.42
–27.82
–25.55
–27.51
–24.01
–26.18
–28.67
–26.68
–24.40

Non-treated
(BULK)
13
C/12C(VPDB) %
–25.31
–17.37
–24.74
–22.76
–10.41
–28.35
–32.68
–17.08
–25.72
–8.58
–26.52
–16.03
–25.06
–01.50
–25.46
–25.93
–31.10
–24.65
–24.59

TOC
wt%
2.021
0.02
0.08
0.02
0.36
0.24
2.061
3.085
0.02
0.02
0.382
0.0889
0.2051
0.0243
0.22
0.06
1.033
0.05
0.01

wt%) as well as the highest TOC (3.085 wt%). The
determined values of TOC (using EA-IRMS), TC,
and IC (using TOC analyzer) in the studied samples are presented in table 2.
Nineteen representative samples of GCM have
been analyzed for stable carbon isotope compositions. The d13C values of non-treated bulk carbonbearing samples are in the range of –32.68% to
–1.5%. The highest value of –1.5% is obtained in
the RSH 69 sample of the thick sequence of carbonaceous carbonate rocks, whereas the lowest
value is obtained for the graphitic schists representing Chail Formation. Most of the bulk samples
have d13C values broadly in a range of –17% to
–28%. Another fresh portion of all the 19 samples
was treated with acid dissolution to remove the
gangue minerals, thereafter the d13C values of the
treated samples are obtained, which vary from
–22.49% to –33.42%. The highest value (cf.
–22.49%) is obtained in the carbonaceous phyllite
alternating with quartzite from the Chail Formation. The lowest value of –33.42% is obtained in
the carbonaceous phyllites alternating with calcareous quartzite of the Larji Formation. It is in
the vicinity of a mineralized locality Spangini, on
Larji–Sainj road section. A significant shift is
observed in the d13C values in six of these samples
(among their treated and untreated portions),

TC
wt%

IC
wt%

d18O
(SMOW)
%

2.021
0.02
–
–
1.528
–
2.061
7.095
–
0.08
0.382
0.1714
–
1.602
–
–
1.033
–
–

–
–
–
–
1.168
–
–
4.009
–
0.06
–
0.0852
–
1.578
–
–
–
–
–

–
–
–
–
13.72
–
–
27.34
–
15.95
–
15.57
–
15.93
–
–
–
–
–

13

C/12C(VPDB) %
using gas bench
(Inorganic carbon)
–
–
–
–
–8.77
–
–11.83
–
–5.81
–
–4.95
–
0.61
–
–
–
–
–

indicating the heavier d13C values while Bve of
them also show the substantial presence of IC
(table 2). These six samples were analyzed again
for d13C and d18O using a gas-source continuousCow isotope-ratio mass spectrometer. The data
thus obtained represent the isotopic composition of
the non-organic portion of the carbon in GCM only
in Bve samples (except RSH 20). The d13C of nonorganic portions are in the range of +0.61% to
–11.83% ± 0.1%. The lowest value is obtained in
the carbonaceous phyllites of the Chail Formation,
while the highest is for the carbonate sequence of
the Larji Formation. The oxygen isotope compositions are also analyzed in these samples, whereby
obtained values of d18O are found between 13.72%
and 27.34% ± 0.1%. All the d13C and d18O data of
the studied samples are given in table 2.

7. Discussion
The carbonaceous material extensively occurring
in the metasedimentary rocks is usually derived
from the organic debris (Jehlicka et al. 2003; Aoya
et al. 2010). The micro-organisms hosted by the
Precambrian/Proterozoic sedimentary basins can
form this organic carbon through burial and diagenesis (Tazaki et al. 1992; Schidlowski et al. 1995),
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thereafter progressive metamorphism may convert
it to disordered/ordered graphite. Such progressive
regional metamorphism has been found prominent
during the evolutionary stages of Himalayan orogeny due to which graphitization and resulting
graphitic rocks are common in the Himalayan
metasedimentary sequences.
It is conBrmed from the present Raman spectroscopy data that the studied GCM at different
locations in and around the Larji–Rampur window
is mostly disordered to ordered graphitized carbonaceous material, which is developed in different
forms such as Cakes, laths or Bne grains, etc. The
GCM is scattered and/or aligned in different host
rocks such as phyllites, schists, shales, slates,
quartzites, and metabasalt. The stronger G band in
the Raman spectra of GCM indicates an increase in
the degree of structural order and degree of
graphitization (Beyssac et al. 2002; Rahl et al.
2005), whereas the low intensity or complete
absence of G band and high intensity of D1 band
suggest that the carbonaceous material is poorly
ordered to disordered graphite. The prominent
single G band of disseminated GCM in metabasalt
of Bhallan area and within the calcareous quartzite
of Spangini area indicate that these are highly
matured and ordered graphite (Bgure 4e and g).
The variation in the intensities of D1 band and G
band (Bgure 4) also signiBes that the rocks at different locations have undergone a variable degree
of metamorphism under variable temperature
conditions. This low intensity of the D1 band may
also be occurring because of the higher degree of
structural ordering possibly due to the eAect of
shearing in the study area. At some locations,
which present evidence of the mixing of inorganic
carbon with organic carbon (e.g., sample RSH 24,
RSH 54, and 69) the variation in Raman spectra is
observed which signify the presence of disordered/
ordered graphite with amorphous/poorly ordered
graphite as shown in Bgure 4(c). It is known that
the shift in the G and D1 bands and the inverse
relationship in their intensities are characteristic
of the degree of the crystallinity of graphite
(Wopenka and Pasteris 1993; Aoya et al. 2010).
Therefore, the evolution of the G band in Raman
spectra suggests the structural evolution in graphite with the increase in temperature. A variation
in the crystallinity of graphite in different areas
including mineralized areas in and around the
Larji–Rampur window is observed. Based on the
obtained Raman spectra in GCM from various
locations, it is observed that the locations enriched
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in GCM with the presence of carbonaceous schist,
phyllite and shale exhibit the presence of disordered graphite, whereas the locations which are not
enriched in GCM with a host such as calcareous
quartzite, metabasalt, quartzite show the notable
presence of ordered graphite.
The carbon isotope data of natural carbonaceous
material is significant in delineating the source of
carbon since the major carbon reservoirs can be
characterized by distinct d13C values. In the
organic carbon, d13C varies from about –20% to
–40% with an average of –25% (Weis et al. 1981;
Schidlowski 1987, 2001; Hedges et al. 1988; Harvey
et al. 1995; Sanyal et al. 2009; Sharma and Rawat
2011; Dodd et al. 2019), and in contrast, the d13C
values of the carbonate sources are as high as 0%
(Schidlowski et al. 1983), while for the marine
carbonates it varies from –2% to +2% (Luque
et al. 2012). Although large isotopic deviations
have been reported for apparent mantle-derived
carbon (Mattey 1987; Sugisaki and Mimura 1994;
Walter et al. 2011), but a speciBc range from –1 to
–9% is the most considered range (Deines 1989;
Kehelpannala 1999; Choudhary et al. 2020) with
the isotopic value of d13C as –7% for the diamonds
and mid-oceanic ridge basalts (MORB) (HahnWeinheimer and Hirner 1981; Weis et al. 1981). A
wider range of d13C up to 0% can be displayed by
the metamorphogenic graphite of organic origin
(Dunn and Valley 1992), depending upon the
degree of metamorphism, i.e., the peak metamorphic temperature and the nature of carbon-bearing
phases with which it was equilibrated (Luque et al.
2012). The d13C values of graphite can also vary
widely depending upon the mixing of carbon from
different sources (Rumble and Hoering 1986;
Luque et al. 1998; Crespo et al. 2006). In addition,
methane oxidation events, the proportion of
authigenic carbonate precipitation, oxidation of a
large DOC reservoir and major carbon isotope
excursions have been interpreted for the extreme
variations in isotopic ratios of organic, and carbonate carbon (Gross 1964; Melim et al. 2001;
Rothman et al. 2003; Walter et al. 2007; Halverson
et al. 2010; Schrag et al. 2013; Caetano-Filho et al.
2021). The major carbon isotope excursions have
also been interpreted in terms of global (Halverson
et al. 2005; Sansjofre et al. 2011) or regional perturbation of carbon cycle of the Neoproterozoic era
(Ader et al. 2009; Cui et al. 2018; Uhlein et al.
2019).
In the present study, the d13C values of the
treated GCM from 19 different samples range from
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Figure 5. Schematic diagram showing processes of carbon isotope fractionation from the different sources, and the resulting
carbon isotope in graphite derived from Cuid mixing (modiBed after Crespo et al. 2004 and Luque et al. 2012).

–22.49% to –33.42% with the average mean of
–27% (table 2). The isotopic ratios of these treated
GCMs are well within the range of Proterozoic
marine organic carbon (Libes 1992). The Raman
spectral data from the representative organic carbon-bearing GCM samples indicate the degree of
maturation up to disordered graphite which significantly attributes the unaltered C isotope during
metamorphism (Bgure 4a–c and h). A comparison
is possible in the spectra of different locations such
as a disparity that can be evaluated between the
Uchich (RSH 15) and Rahla area (RSH 46). Spectra with low-intensity of D1 band and a prominent
G band at 1579.18 cm 1 along with the presence of
asymmetrical S1 band as well as the presence of a
low-intensity D2 band is obtained for Rahla
(Bgure 4f). In the GCM of Uchich, the intensity of
the D1 band is comparatively high, the D2 band is
also present and a shift in the G band is noticed
(Bgure 4a). It is attributed that the GCM of Rahla
is more crystalline than the Uchich area. In Rahla,
GCM is found in the form of Bne grains coexisting
with the sulphide minerals, whereas the GCM in
Uchich is developed in the vicinity of the shear
zone.
A wide variation and isotopic shifts in the d13C
values of bulk samples/non-treated samples point
that the carbon derived from different sources were

involved, which may be carbonate source (Schidlowski et al. 1983), mantle-derived carbon (Deines
1989; Kyser 1990; Keller and Hoefs 1995; Kehelpannala 1999), recycled inorganic carbon (Choudhary et al. 2020) or an earlier organic carbon
together with mixing with later CO2 Cuid inCux. A
diagrammatic illustration of the evolution of isotopically light and heavy carbon from the different
sources and the resulting carbon isotope ratios in
graphite developed from the Cuid mixing is given in
Bgure 5. Furthermore, the range of carbon isotopic
variations in selected Cuid deposited and metamorphogenic graphite occurrences are shown in
Bgure 6, wherein present data is also shown which
can be well compared with the data of globally
occurring other graphitic material. Although much
of the present data suggest that the studied GCM
is mostly metamorphosed sedimentary organic
matter, integration of carbonaceous sediments with
magmatic or metamorphic Cuid is not completely
ruled out as also suggested elsewhere (Eichman
and Schidlowski 1975; Radhika and Santosh 1996).
The differences/shifts in the d13Corganic values of
the treated and d13Cbulk values of bulk portions of
the studied samples are presented in table 2. A
significant isotopic shift is observed among the
non-treated/bulk and the treated samples particularly at four different locations of the study area,
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Figure 6. Distribution of various d13C values of GCM from the study area: organic carbon (red circles), bulk sample (yellow
squares), and inorganic carbon (blue circles). Samples with d13C values less than –20% indicate GCM are dominantly organic in
origin, intermediate d13C values between –11.3% and –19.9% are the result of its precipitation from mixing of Cuids derived from
both organic and carbonate and/or mantle sources, source of carbon for higher d13C values is carbonates and/or mantle carbon.
Range of carbon isotopic variations in selected Cuid deposited and metamorphosed graphite occurrences are also shown (modiBed
after Luque et al. 2012). (For the data of various other areas shown in the Bgure, the readers are referred to Sharma and Rawat
2011; Sanyal et al. 2009 and Luque et al. 2012).

viz., Bhallan, 4.5 km from Rahla on Bajaura–
Mandi section, near Chawali mata temple on
Larji–Banjar section and Spangini. Such differences suggest the variable admixing of inorganic
carbon in the samples at these locations which is
also evident by the positive IC values (table 2)
and/or an eventual mixing of different carbon
reservoirs (Rumble and Hoering 1986). The total
d13C data presented in Bgure 6 showing graphite
occurrences of the present study with various earlier studies, advocate that the wide range of carbon
from diverse sources were involved in the studied
GCM. The carbon isotopic d13Cinorganic values and
oxygen isotopic d18O ratios for samples RSH 50, 54
and 44 ranging from –4.95% to –11.83% and
15.57% to 27.34%, respectively infer that the
inCux of CO2 originated from the oxidation of
dissolved organic carbon (DOC) along with
cementation, mineralogical stabilization and/or
re-equilibration of carbonate with organic carbon
during metamorphism (Gross 1964; Irwin et al.
1977; Melim et al. 2001; Walter et al. 2007) lead to
the strong negative d13Cinorganic values of the

precipitating carbonates. Although the Raman
spectra of GCM in RSH 50 show a single G band
(1600 cm 1) of ordered graphite (Bgure 4g) which
can be attributed to the high-temperature origin of
disseminated GCM coexisting with copper and iron
sulphides in host calcareous quartzite. While,
GCM in RSH 54 shows a variation in the spectral
proBle indicating the mixing of carbon (Bgure 4c),
where the high intensity of D1 and low intensity of
G band with the weak D2 band and a prominent S2
band reCect the disordered nature of the graphite
(Bgure 4c) and the spectra reCecting the amorphous GCM is also obtained (Bgure 4 inset c1).
Similarly, samples RSH 53 and 44 conBrm that the
samples are disordered graphite (Bgure 4h and b).
Furthermore, d13Cinorganic in sample RSH 69 is
0.61% and d18O is 15.93% which is compatible
with the dissolved inorganic carbon (DIC) derived
from the diagenetic carbonates/marine carbonates
deposited within the pore-spaces (Gross 1964;
Melim et al. 2001; Walter et al. 2007). The Raman
spectra of GCM in this sample exhibit dolomite
band at *1097 cm 1 together with wide D1 and a
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prominent D4 band corroborating poorly ordered
graphite. The isotopic value of the Bhallan area is
interesting to focus on, with d13Cinorganic value as
–8.77% (table 2), which may be explained by the
inCux of CO2 that originated from the oxidation of
dissolved organic carbon and/or re-equilibration of
carbonate with organic carbon during metamorphism (Gross 1964; Melim et al. 2001; Walter et al.
2007), or by the carbonate precipitated GCM
through devolatilization reactions during the
metamorphism of initial interlayered basalt Cows.
Metamorphic Cuids enriched in CO2–H2O, required
for such processes, are common in metamorphic
sequences of the Himalaya (e.g., Sauiniac and
Touret 1983; Sanguri et al. 2017), and these Cuids
are also widely reported as ore-forming Cuid in
mineralized assemblages in Himalaya and elsewhere (Sharma 2012; Krishnamurthi et al. 2020).
However, a possibility of mantle-derived carbon in
the Bhallan area cannot be completely ruled out
because of the isotopic ratio d13Cinorganic (Deines
1989; Kyser 1990; Keller and Hoefs 1995; Kehelpannala 1999; Sanyal et al. 2009; Choudhary et al.
2020), which propose the source of carbon to be
mantle since the host rock of GCM is metabasalt.
These interlayered metabasalts are an integrated
part of the Rampur Formation, and have been
studied in detail earlier (Sharma 1977; Bhat and
Fort 1992; Miller et al. 2000). The corresponding
oxygen isotopes (d18O) (e.g., on Bhallan *+13.72
VSMOW) are significantly heavy compared to the
mantle value (*+8 VSMOW). Very low temperature alteration (water–rock interaction) of carbonates (mantle Cuid derived) with meteoric Cuid
may explain such a trend. The Raman spectra of
GCM with the presence of a single G band at 1600
cm 1 in these metabasalts (Bgure 4e) also reveal
high ordered single crystal of graphite, which is
found coexisting with the copper and lead sulphides in the anhedral form (Bgure 3c and d). In
sample RSH 20, a significant shift is observed in
the isotope ratio of carbon in treated and bulk
samples (table 2), which may be linked to the
inCuence of blank used during the analysis.
Therefore, a complete absence of IC and inorganic
carbon isotope ratio, and disordered to poorly
ordered spectra (Bgure 4d) conBrms the single
source of carbon, i.e., subsequently metamorphosed sedimentary organic carbon.
A variation is observed in the carbon isotopic
d13Corganic ratios (such as in samples RSH 50, RSH
53, and RSH 54 lying within a range, \100 m distance in the Beld) at Spangini, which can be
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explained by (i) the isotopic exchange process
during metamorphism (Hoefs and Frey 1976;
Wada et al. 1994), (ii) precipitation from a Cuid
with constant d13C at varying temperature and
composition/precipitation under Rayleigh conditions (Luque et al. 2012), or (iii) because of the
carbon precipitation from mixing of two isotopically different Cuids (CO2 rich and CH4 rich),
which due to carbon speciation resulted in isotopic
heterogeneity (Farquhar et al. 1999; Binu-Lal et al.
2003).
Overall, the d13C(organic+bulk) data from the
Larji–Rampur window, which is largely within the
range of Proterozoic marine organic carbon
(–24.5% to –33%) signiBes a near homogeneous
composition of the organic precursor and later
metamorphism (Luque et al. 2012). The disparity
in the carbon isotope data of their bulk samples
indicates that the variable admixture of inorganic
carbon exists in some of these samples. This is also
apparent in Bgure 6, wherein bulk samples fall in a
wide range that even includes the range of inorganic carbon ([ –11.3%), which can be explained
by the mixing of organic and inorganic Cuids
(–11.3% and –19.9%) (Luque et al. 2012). Such
data favours the involvement of carbon from
diverse sources, and that mixing between the light
organic carbon and heavy Cuid precipitated carbon
is inevitable in some GCM samples from the
Larji–Rampur window (Santosh et al. 1990; Santosh and Wada 1993; Baiju et al. 2009). The source
of carbon for heavier d13C values is largely diagenetic carbonates deposited within the pore-spaces
of sediments, with the inCux of CO2 derived from
the oxidation of dissolved organic carbon and/or
re-equilibration of carbonate with organic carbon
during metamorphism. It is proposed that the
exception of possible mantle-derived carbon (Veizer and Hoefs 1976; Shackleton and Pisias 1985) is
present in Bhallan (RSH 24). The most plausible
source for the precipitation of heavy carbon isotope
in GCM of Bhallan was probably linked with the
interbedded Cows of metabasalts, which got mixed
with the organic matter.
The isotopic ratios of carbon in carbonate minerals have been used for interpreting the origin of
ore deposits (Ohmoto 1972). It has been recognized
that the carbonaceous material promotes the
ore mineralization in various ways such as the
pre-mineralized GCM, which can act as a reducing
agent to cause the precipitation of sulphides (Cox
et al. 1995). The graphite in the rocks also stimulates physically weak shear zones, which are
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favourable sites for the hydrothermal Cuid Cow and
ore localization in shear zone rocks (Craw et al.
2015). Graphite can also co-precipitate with sulphides due to hydrothermal activities (Upton and
Craw 2008). The close association of GCM with the
sulphide ores observed at a number of locations
such as in Naraul, Spangini, Bhallan, Sandoa, and
Jari in the Larji–Rampur tectonic window advocate their co-precipitation. The occurrence of GCM
with sulphides adjacent to the shear zones and
along the foliation plane is attributed to the
physical remobilization of pre-existing syngenetic
disseminated GCM+sulphides in the metasedimentary rocks with the inCux of carbon-bearing
Cuids. The sulphide mineralization present in the
area has been interpreted by earlier workers to be
hydrothermal (Sharma 1966, 1977), but it is
observed that opaque minerals are aligned to foliation and show metamorphism at places therefore
multistage processes can be responsible for ore
deposition and later remobilization. It is therefore
interpreted that, the involvement of multiple pulses of Cuids with different compositions and mixing
of the different carbon reservoirs is possible. The
carbon isotope composition of these samples may
be the result of composite processes. Such processes
inferred for the origin of GCM such as at Spangini,
with involvement of Cuids possibly derived from
diagenetic carbonates or CO2 metamorphic Cuid
might be responsible for the deposition of sulphide
mineralization, mainly of chalcopyrite–pyrite,
together with GCM in this area. The CO2 Cuxes
have been found to participate in the processes of
ore deposition and mobilization at other locations
of the present study area and are not uncommon in
Himalayan shears.

8. Conclusions
Heterogeneity from disordered to ordered graphite
is reCected by the overall Raman spectroscopy of
GCM from Larji–Rampur window. It is deduced
that the Raman spectra of GCM in sulphide
bearing samples with the Raman spectra of the
shear zone associated GCM such as in carbonaceous schists, phyllites, or shales witness a disparity in their crystallinity. The GCM from the
immediate vicinity of the shear zone is largely
disordered graphite, while the sulphide bearing
samples (except sample RSH 44 and RSH 54 of
the sulphide bearing carbonaceous phyllites), are
comparatively more ordered and crystalline, and
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suggest their source to be high temperature or
mantle-derived carbon. The peak of calcite and
dolomite in the spectra of GCM conBrm the source
of inorganic carbon from the carbonates in such
samples from the Spangini and Larji–Banjar section. The carbon isotope data suggests that the
GCM largely has sedimentary organic carbon but
the diverse sources of carbon are also apparent.
The obtained d13C compositions from various
locations are heterogeneous and uniformity in the
results is not discernible. Furthermore, the
Proterozoic marine carbon cycling can alone adequately explain the C-isotope composition of both
the organic carbon and inorganic carbon, as the
studied samples represent metasedimentary and
metabasalt rocks deposited during Paleoproterozoic to Neopropterzoic time, which are now juxtaposed together due to Himalayan tectonics. In
addition to the carbon from sedimentary carbonates and organic matter, mantle-derived carbon is
also attributed as the key component of the global/
regional carbon cycle and its evolution through
time. The carbonaceous material also appears to
have favoured the precipitation and remobilization
of sulphide ores in the study area.
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