Vein graphite deposits: geological settings, origin, and economic
significance
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Abstract Graphite deposits result from the metamorphism of sedimentary rocks rich in carbonaceous matter or from pre-
cipitation from carbon-bearing fluids (or melts). The latter process forms vein deposits which are structurally controlled and
usually occur in granulites or igneous rocks. The origin of carbon, the mechanisms of transport, and the factors control-ling
graphite deposition are discussed in relation to their geological settings. Carbon in granulite-hosted graphite veins derives from
sublithospheric sources or from decarbonation reactions of carbonate-bearing lithologies, and it is transported mainly in CO,-rich
fluids from which it can precipitate. Graphite precipitation can occur by cooling, water removal by retrograde hydration
reactions, or reduction when the CO,-rich fluid passes through relatively low-fO, rocks. In igneous settings, carbon is derived from
assimilation of crustal mate-rials rich in organic matter, which causes immiscibility and the formation of carbon-rich fluids or
melts. Carbon in these igneous-hosted deposits is transported as CO, and/or CHy

and eventually precipitates as graphite by cooling and/or by hydration reactions affecting the host rock. Independently of the
geological setting, vein graphite is characterized by its high purity and crystallinity, which are required for applica-tions in
advanced technologies. In addition, recent discovery of highly crystalline graphite precipitation from carbon-bearing fluids at
moderate temperatures in vein deposits might provide an alternative method for the manufacture of synthetic graphite suitable for
these new applications.
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Introduction

Graphite, pure carbon, has a simple composition and a quite Graphite deposits result from the conversion of carbona-
simple layered structure. However, interesting physical prop- ceous matter through contact or regional metamorphism or by
erties make graphite a very important industrial mineral with deposition from carbon-bearing fluids (or, less commonly,
many applications including a group of new and developing melts). The former process forms syngenetic deposits that
technologies such as lithium-ion batteries, nuclear, wind and yield either amorphous and flake graphite, depending on the
solar power, fuel cells, semi-conductors, or even graphene metamorphic grade of the host rock (Mitchell 1993). Flake
(Crossley 2000; Balan et al. 2010). Thus, natural graphite graphite usually occurs in high-grade gneisses, quartzites, or
has been recently considered by the United States and the granulite facies rocks. The second process forms epigenetic,

European Union a supply-critical mineral. For example, in
2010, the British Geological Survey ranked graphite right
behind the rare earths and substantially ahead of lithium in
terms of supply criticality.



vein deposits in which lump graphite occur (Mitchell 1993).
Amorphous, flake, and lump graphite are commercial terms to
designate cryptocrystalline (<70 um), crystalline, and coarse-
ly crystalline graphite, respectively.

Syngenetic graphite deposits are usually stratabound with
tabular, lenticular, or irregular ore bodies. In these occur-
rences, graphite results from the progressive transformations
that carbonaceous matter undergoes through prograde meta-
morphic conditions. This process is usually referred to as
graphitization (Kwiecinska and Petersen 2004). The changes
induced by metamorphism on the carbonaceous matter in-
clude both structural and chemical modifications which begin
during the earlier stages of diagenesis. The product grade of
graphite from these deposits varies widely with the amount of
mineral impurities, ranging from 75 % to 97 % carbon.

Epigenetic graphite deposits provide the chemically purest
graphite, with carbon contents around 99 % in the graphite
concentrates. They are usually hosted by high-grade metamor-
phic rocks (mainly granulites) and by acid to ultrabasic igneous
rocks, including both plutonic and volcanic (Luque et al. 1998).

The aim of this paper is to present a comprehensive review
of the occurrences of vein graphite deposits, integrating their
features with the geological settings and the factors controlling
the mineralizing processes. The mineralogical characteristics
of graphite in these deposits will be related to their potential
industrial applications.

Geological settings

Vein graphite deposits are structurally controlled as they result
from deposition from carbon-bearing fluids (or melts) that are
channelled through fracture systems. Therefore, these deposits
record the transport of carbon through the crust and mantle.
Carbon-bearing fluids and melts have been recognized in a
wide diversity of geological settings. However, vein graphite
deposits are restricted to granulite facies terranes and to igne-
ous rocks. The characteristics of graphite occurrences in both
settings show significant differences in terms of the style of
the ore bodies, mineralogy, origin of the carbon, and mecha-
nisms of graphite deposition. Thus, in the following sections,
we will examine the characteristics of graphite deposits for
each geological setting. The world distribution of vein graph-
ite deposits and occurrences is shown in Fig. 1.

Granulite-hosted deposits

Most of the granulite-hosted vein graphite deposits occur in
rocks of Precambrian age. The largest deposits are found in Sri
Lanka and India. Several authors have proposed a linkage
between these deposits (along with syngenetic deposits in
the same areas of India and in Madagascar) as they occur in
adjacent crustal fragments within East Gondwana that were

affected by a Late Pan-African granulite-facies metamorphic
event (e.g., Radhika and Santosh 1995; Dissanayake and
Chandrajith 1999). The important syngenetic graphite de-
posits from the Jiamusi massif (China) would be also included
in this realm (Wilde et al. 1999). The vein deposit at Dillon
(Montana, USA), hosted in Precambrian upper-amphibolite to
granulite facies quartzofeldspathic ortho- and paragneisses,
also shares many features with the previously mentioned
granulite-hosted deposits (Duke et al. 1990). This deposit
was mined in the past but it is currently uneconomic.

Most of the graphite veins from Sri Lanka are scattered
throughout the medium- to high-P/high-T granulite facies ter-
ranes of the Highland Complex, where the largest deposits are
located (Fig. 2). Some authors consider the western Highland
Complex to be part of the Wanni Complex, and thus locate
graphite vein deposits within the Wanni Complex (e.g., Binu-
Lal et al. 2003). The Highland Complex consists of aluminous
migmatitic gneisses, intercalated with mafic granulites, calc-
silicate gneisses, and orthopyroxene-bearing granitic rocks
(charnockites). Peak metamorphic conditions were attained
at ~550-610 Ma (Krdner and Williams 1993) and are estimated
to be about 1,100 °C and up to 12 kbar in the central area of the
Complex (Sajeev and Osanai 2004). Early research on graphite
veins suggested that they were related to anticlinal structures
that were developed coevally with the peak of the granulite-
facies metamorphism (Silva 1974; Katz 1987). However, more
recent studies have revealed that graphite veins are located
close to the axial traces of both antiformal and synformal
structures along extensional fractures which postdated the
granulite-facies metamorphic event (Kehelpannala 1999;
Kehelpannala and Francis 2001). Host rocks to the deposits
vary depending on the mineralized area (Dinalankara and
Dissanayake 1988), but pelitic and charnockitic gneisses are
the dominant host-rock lithologies which, in turn, contain
variable amounts of disseminated graphite flakes. The ore
bodies are irregular to tabular, usually branched and locally
forming groups of several parallel members (Katz 1987;
Kehelpannala 1999). En-echelon arrays of graphite veins are
common, suggesting extensional fractures (Kehelpannala
1999). The graphite veins are mostly steeply dipping (Fig. 3),
and in places, they are spatially associated with pegmatite
bodies and quartz veins. Thickness of the graphite veins is
quite variable, ranging from a few millimeters to 1 m. Their
length ranges from a few meters to over 75 m. Hydrothermal
alteration has been recognized around the graphite veins
(Fig. 4a), characterized by the occurrence of hydrous and/or
chlorine-rich minerals (biotite, chlorite, hornblende, and
scapolite) and by an increase in the K-feldspar content (Silva
1987; Kehelpannala 1999; Kehelpannala and Francis 2001).

Graphite is the only mineral in most of the veins, but locally
pyrite, chalcopyrite, calcite, quartz, apatite, and biotite may be
associated with it. Two main textural types of graphite can be
recognized within the veins (Katz 1987; Touzain et al. 2010).
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Fig. 1 World distribution of vein graphite deposits and occurrences.
Symbols in red correspond to the vein deposits described in this paper.
1 Sri Lanka (see Fig. 2 for details), 2 Kerala (India), 3 Orissa (India), 4
Dillon (USA), 5 Borrowdale (UK), 6 Serrania de Ronda (Spain), 7 Beni
Bousera (Morocco), 8 Oshirabetsu (Japan; Tsuchiya et al. 1991), 9
Botogol massif (Siberia, Russia; Chukhrov et al. 1984), /0 Merelani

The first textural type corresponds to relatively coarse flakes
or needles, which are oriented perpendicular to the vein walls
(Fig. 4b). The second type is fine grained rosettes or spheru-
litic graphite aggregates (Fig. 4c). Both types may occur
within a single vein (Silva 1987; Touzain et al. 2010). This
may also result in a zoning pattern across the vein indicating
successive opening of the fractures.

In India, most of the syngenetic and epigenetic graphite
deposits extend from Orissa to Kerala (Fig. 1; Krishna Rao
and Malleswara Rao 1965; Sinha 1982; Soman et al. 1986;
Radhika et al. 1995). They occur associated with Precambrian
high-grade, granulite facies rocks with mineral assemblages
corresponding to high temperature (650-850 °C), high pres-
sure conditions (8—10 kbar; Acharya and Dash 1984), and a
low H,O activity. Peak metamorphic temperatures might have
been even higher, considering the increasing reports of UHT
metamorphism in eastern India (e.g., Tadokoro et al. 2007).
Studies on vein graphite deposits in India are scarce and were
carried out some time ago (e.g., Krishna Rao and Malleswara
Rao 1965; Acharya and Dash 1984; Soman et al. 1986).
However, more recent studies have dealt with graphite occur-
rences in these granulite rocks providing further evidence on the
origin of the deposits (e.g., Santosh and Wada 1993a, b;
Radhika and Santosh 1996; Satish-Kumar 2005; Baiju et al.
2009; Satish-Kumar et al. 2011). Vein graphite deposits in India,
like those in Sri Lanka, are not restricted to any specific lithol-
ogy but they are hosted by a wide diversity of metamorphosed

(Tanzania; Jaszczak and Trinchillo 2013, and references therein), 7/
Bushveld Complex (South Africa), /2 Kimberley (South Africa), /3
New Hampshire (USA), /4 Albany graphite prospect (Canada; P. Wood,
pers. com.; www.zenyatta.ca), /5 Duluth Complex (USA). For additional
data on occurrences 11-13 and 15, see Luque et al. (1998) and references
therein

sedimentary and igneous rocks (Acharya and Dash 1984;
Acharya and Rao 1998). Therefore, there is not lithological
control on vein graphite mineralization, although Acharya and
Rao (1998) reported affinity of graphite veins to khondalite—
calc-silicate granulite assemblages in some deposits in the
Eastern Ghat Complex in Orissa. However, it is interesting to
mention the common association of graphite veins with pegma-
tites (Acharya and Dash 1984; Soman et al. 1986). Graphite ore
bodies occur as veins or lenses along the contacts of pegmatites.
Association with pegmatites and textural occurrence (also re-
ported by Satish-Kumar et al. 2011) show that graphite precip-
itation was synchronous with melt crystallization, that is, oc-
curred during cooling and post-dated the metamorphic peak.
The graphite veins show branching patterns within their host
rocks (Acharya and Dash 1984). Thickness of up to 70 cm for
some veins in south Kerala has been reported (Soman et al.
1986). The carbon content of the mineralized bodies may reach
up to 95 %. Quartz, pyrite and pyrrhotite are the most common
gangue minerals in the veins. Both flaky and acicular graphite
(often as radial aggregates) occur within the veins. Acicular
graphite is usually oriented perpendicular to the vein walls.

At Dillon (Montana, USA; Fig. 1) country rocks to the
graphite vein deposit are Archean (2.75 Ga) upper amphibo-
lite to granulite facies metamorphic rocks comprising garnet-
iferous granite gneiss, schists, marbles, and quartzites, as
well as small pegmatite bodies. Similar to the deposits in Sri
Lanka and India, host rocks to the graphite veins contain
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Fig. 2 Geological map of Sri Lanka showing the location of graphite deposits within granulite-facies rocks. Modified from Binu-Lal et al. (2003) and

Sajeev and Osanai (2004)

disseminated flaky graphite. Peak metamorphic conditions are
estimated to be in the range 750-800 °C and 5.4-7.7 kbar
(Duke et al. 1990). Also in this deposit there is no lithological
control on vein graphite occurrence, but the richest graphite
ore in the deposit occurs as fracture fillings in gneisses and
pegmatites located around the northwesterly plunging nose of
an isoclinal synform (Cameron and Weis 1960). These field
relationships indicate that graphite precipitated after signifi-
cant cooling with respect to peak temperature, once the rocks
had a brittle behaviour. Interestingly, graphite does not occur
in marble. Graphite occurs as thin films, veinlets and veins up
to 0.6 m thick and 15 m long. Locally, intersecting veins

produce stockwork-like structures. Contacts between graphite
veins and host rocks are sharp with no alteration of the rocks
around the veins (Ford 1954; Duke et al. 1990). Graphite is the
only important mineral in the veins, although some quartz is
locally associated with it. Platy graphite up to 2.5 cm in length
occurs in the veins, but comb textures are also found in some
places (Cameron and Weis 1960).

Igneous-hosted deposits

Vein graphite occurrences have been described in a wide
variety of igneous rocks (Luque et al. 1998). Among these



Fig. 3 Graphite veins in granulite rock. Note branching of the veins and
the host-rock fragments between veins. The dashed line marks the
contact with the host rock. Kahatagaha mine, Sri Lanka

occurrences there are some well-documented deposits with past
economic interest, in particular that at Borrowdale (Cumbria,
UK) where graphite was discovered, and several mines in the
Serrania de Ronda (southern Spain) and Beni Bousera
(Morocco; Fig. 1). Other examples of the old mines of vein
graphite in igneous rocks include those of the Botogol massif
(Russia) hosted by nepheline syenites. There are no reports of
graphite veins in igneous rocks currently being mined.

The Borrowdale graphite deposit occupies about a 400-m
length of a conjugate set of normal faults and it is hosted by
andesite lavas and sills belonging to the upper Ordovician
Borrowdale Volcanic Group, and by a probably contempora-
neous hypabyssal dioritic intrusion. The volcanic rocks are
underlain by anchizonal to epizonal metapelites of the upper
Cambrian to middle Ordovician Skiddaw Group. Graphite in
the Borrowdale deposit occurs as: (a) subspherical to ellipsoi-
dal nodular masses (typically 1-2 ¢m in diameter, though
nodules up to 1 m in diameter have been reported; Fig. 5) in
pipe-like bodies along fault intersections (up to 1x3 m in
cross-section and from a few metres to over 100 m in length),
(b) fault veins in the volcanic rocks, usually associated with
chlorite, and (c) as disseminate replacement (disseminations)
within the volcanic host rocks (Ortega et al. 2010). The main
mineralized body has an important structural control, with
graphite occurring within subvertical pipes developed at the
intersection of normal conjugate fractures which are also
mineralized. The yellow-brown matrix within the mineralized
pipe-like bodies comprises intensely altered wall-rock and
brecciated quartz. Also, both the andesite and dioritic host

Fig.4 a Sample of a small graphite vein within garnet-bearing charnockitic
gneiss from Bogala mine, Sri Lanka. Note the greenish alteration halo
around the vein in which disseminated small graphite flakes occur. Scale
in centimeters. b Sample of coarsely crystalline flaky graphite on quartz.
Note the graphite crystals perpendicular to the quartz selvage of the vein.
Bogala mine, Sri Lanka. Scale in centimeters. ¢ Detail of a rosette-like
aggregate of graphite crystals. Bogala mine, Sri Lanka. Scale in centimeters

rocks veins have been intensely hydrothermally altered to a
propylitic assemblage containing quartz, chlorite, epidote,
sericite, and albite, along with some disseminated small ag-
gregates of graphite and late calcite veinlets (Ortega et al.
2010; Luque et al. 2012a).

The ultramafic massifs of the Serrania de Ronda (southern
Spain) and Beni Bousera (Morocco) are located in the Betic-
Rifean orogenic belt, which is the westernmost part of the
Mediterranean Alpine belt. The massifs comprise lherzolites



Fig. 5 Sample from the breccia-pipe ore body of the Borrowdale deposit
showing the typical nodular texture of graphite. Note the alteration haloes
(marked by arrows) around graphite nodules. Scale in centimeters

and harzburgites with minor dunites, different types of pyrox-
enite layers, and leucocratic dikes. Graphite ore bodies occur
as veins, stockworks and irregular masses with very variable
size (from some centimeters to few meters in thickness).
Lateral extension is up to some tens of meters. These ores
are associated with late fault zones within spinel and garnet-
spinel peridotites (Crespo et al. 2006a). The primary mineral
assemblage of the veins mainly consists of graphite, Fe-Ni—Cu
sulfides (pyrrhotite, pentlandite, chalcopyrite, and cubanite),
and chromite (Fig. 6; Luque et al. 1992; Crespo et al. 2006a).
Graphite content varies from 10 to 60 vol %. In sulfide-poor
deposits weathering has transformed the original sulfides into
earthy masses of Fe oxi-hydroxides containing irregular to
rounded graphite concentrations.

Mineralogy and geochemistry

Graphite veins (except for those in the Serrania de Ronda) are
almost monomineralic. Quartz is often found in granulite-
hosted veins and is also associated with graphite in the
Borrowdale deposit. The study of fluid inclusions in quartz
within graphite veins has provided important data about the
genesis of the deposits as it will be discussed later.

Reflected light optical microscopy reveals that the most
common morphology of graphite in vein deposits is flaky.
This is the only morphology described for graphite in
granulite-hosted deposits. However, graphite veins and nod-
ules from the Borrowdale deposit exhibit the greatest variety
of crystalline graphite morphologies recognized to date from a
single deposit (Barrenechea et al. 2009). Graphite in the
nodules and patches from the pipes mainly occur as (a) flakes
(the most abundant morphology in the deposit, >90 vol %), (b)
cryptocrystalline aggregates (mostly as colloform masses
usually surrounded by flaky graphite), and (c) spherulites
(540 pum in diameter, within laminar graphite). Composite

Fig. 6 a Reflected light photomicrograph (plane-polarized light) of
rounded aggregates of graphite flakes from Tafart West deposit, Beni
Bousera, Morocco. b Reflected light photomicrograph (plane-polarized
light) showing the primary mineral assemblage of the peridotite-hosted
graphite veins (Mina del Rio deposit, Beni Bousera, Morocco). Gph
graphite, Po pyrrhotite, Pnt pentlandite, Cpy chalcopyrite, Chr chromite

nodules formed by cryptocrystalline graphite surrounded by
flaky graphite have been found. Both spherulitic and flaky
graphite has also been found in late chlorite—graphite veins at
Borrowdale. Crespo et al. (2006a) described cubic-shaped
graphite morphologies from the ultramafic-hosted graphite
veins in the Serrania de Ronda. This habit corresponds to
graphite pseudomorphs after diamond. In addition, graphite
in these deposits within ultramafic rocks also occurs as round-
ed aggregates of flaky crystals (Fig. 6a).

Structural data on graphite from vein occurrences demon-
strate that graphite is highly crystalline, that is, it is character-
ized by large crystallite sizes both along the stacking direction
(c axis) and the basal plane (Luque et al. 1998). This was
related to the high temperature required for graphite veins to
form (Luque and Rodas 1999; Pasteris 1999). However, re-
cent studies on the vein deposit at Borrowdale have shown
that graphite is highly crystalline even if it was formed at
moderate temperatures (400-500 °C; Luque et al. 2009).

X-ray diffraction data of vein graphite from Sri Lanka
yields interlayer spacings between successive carbon layers
(doo2) very close to that in the ideal hexagonal graphite struc-
ture. Katz (1987) reported minor differences in the interlayer
spacing of texturally different graphites from the veins of the
Bogala mine, being spherulitic graphite (c=6.70 A) slightly
higher crystalline than flake-acicular graphite (c=6.72 A).
Matsuura et al. (2007) and Touzain et al. (2010) also found



minor differences in the interlayer spacing of graphite
depending on the crystal morphology. From these values,
the crystallite sizes along the stacking direction of the carbon
layers within the structure are in the range from 780 to 450 A
(Crespo et al. 2003, 2006b; Matsuura et al. 2007; Touzain
etal. 2010). Similar values are reported for vein graphite from
South Kerala (Soman et al. 1986).

The intensity and area ratios between the order (G-peak
at~1,580 cm ') and disorder peaks (D1-peak at=1,350 cm '
and D2-peak at 1,620 cm ") in the first-order Raman spectrum
can be used to estimate the crystallite size along the a—b plane
of the graphite structure (e.g., Wopenka and Pasteris 1993).
Raman spectra of graphite concentrates (after crushing and
sieving) from Bogala mine show a high degree of order in the
arrangement of carbon atoms within the basal plane, with
crystallite size along this plane exceeding 1,000 A. The spec-
tra are, therefore, compatible with the fully ordered graphite
structure (Crespo et al. 2003, 2006b; Touzain et al. 2010).

The temperature of combustion of vein graphite from Sri
Lanka and India is also typical of highly crystalline graphite,
with strong exothermic peaks in the differential analysis (DTA)
curves at 7>800 °C (Fig. 7; Soman et al. 1986; Crespo et al.
2003, 2006b; Matsuura et al. 2007; Touzain et al. 2010).

Similar structural (Fig. 8) and thermal data have been
reported for igneous-hosted graphite veins both in the
Serrania de Ronda, Beni Bousera, and Borrowdale deposits
(Luque et al. 1992; Crespo et al. 2006a; Luque et al. 2009;
Barrenechea et al. 2009; Ortega et al. 2010). The different
graphite morphologies found in the Borrowdale deposit are
structurally highly crystalline (Barrenechea et al. 2009). At
this point, it is important to note that the crystallinity of vein
graphite is irrespective of its specific temperature of forma-
tion. This implies that the Raman geothermometer of graphite
fails to estimate the crystallization temperature. Thus, the
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Fig. 8 First- and second-order Raman spectra of graphite from El Aguila
deposit, Serrania de Ronda. Note the low intensity of the D-peak
at~1,350 cm ™" and the low intensity and area ratios of the D- to G-peak in
the first-order spectrum. These features, as well as the shoulder
at~2,686 cm ' on the S-peak in the second-order spectrum (in red), are
indicative of a high crystallinity along the basal plane in the graphite structure.
The spectrum was obtained using the 514.5 nm wavelength of an Ar" laser

application of the graphite Raman geothermometer, which is
considered by many authors adequate to address temperatures
of formation in graphite formed through metamorphism of
carbonaceous matter (e.g., Beyssac et al. 2002), is not suitable
for vein graphite. As temperature is a key parameter for the
genetic interpretation, it is important to be able to constrain the
temperature of graphite deposition in veins by other methods,
such as fluid inclusion microthermometry (Ortega et al. 2010).

Stable carbon isotope geochemistry of graphite from vein
deposits shows interesting features. Graphite from granulite-
hosted deposits has relatively '*C-enriched signatures com-
pared with graphite in igneous-hosted deposits which shows
§'3C values significantly lower.
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A large number of papers have dealt with the isotopic
characterization of graphite from vein deposits in Sri Lanka
(e.g., Dobner et al. 1978; Weis et al. 1981; Binu-Lal et al.
2003; Touzain et al. 2010). The reported 5'°C values range
from —6%o0 to —10%o. Touzain et al. (2010) have observed
isotopic variation across the veins, with slightly heavier 5'°C
values in graphite from the contact with the host rocks
(8"3C=-9.4%o) and isotopically lighter values at the center of
the veins (5'°C=—-10.3%o). It is important to note that vein
graphite is considerably heavier than dispersed graphite within
the granulite host-rocks (8'°C=—12%o to —17.9%o; Hahn-
Weinheimer and Hirner 1981; Hoernes et al. 1994).

Graphite from vein deposits in India also shows isotopical-
ly heavy signatures (5'°C higher than —12%o) compared to
disseminated graphite within their host rocks (6'°C up to —34
%o; Soman et al. 1986; Acharya and Rao 1998). In addition,
Duke et al. (1990) also reported high 5'*C values in vein
graphite (5'°C=-5.8%o to —8.2%o) and lighter signatures
(5'°C=-30%o0) in flake graphite from the enclosing schists
in the Dillon deposit.

Detailed isotopic studies at the microscale in graphite from
vein occurrences in granulite terranes demonstrate isotopic
variations within single graphite crystals (Binu-Lal et al.
2003; Luque et al. 2012b, and references therein).

Carbon isotope geochemistry of graphite from vein deposits
hosted by igneous rocks shows a completely different system-
atics. At Borrowdale, light isotopic signatures have been re-
ported for all graphite morphologies, ranging from —33.7 %o
to —30.3 %o within the nodules of the main pipe-like ore body,
the lower values corresponding to cryptocrystalline graphite
and the higher ones to flaky graphite (Barrenechea et al. 2009;
Ortega et al. 2010). Late chlorite-graphite veins have 5'°C
values ranging from —34.5%o to —30.1%o., where spherulitic
graphite heavier than flaky graphite. Bulk carbon isotope
analyses and isotopic studies at the microscale of graphite from
the Serrania de Ronda and Beni Bousera deposits yielded '*C-
depleted values (average 6'°C~—16%o; Luque et al. 1992;
Crespo et al. 2006a). Locally, in nodule-like graphite aggre-
gates large isotopic zoning has been found (5'°C ranges
from —3.3%o to —15.2%0), being the core of the nodule
isotopically heavier than the rim. The heaviest values inside
the aggregates correspond to cubic forms which have been
interpreted as graphitized diamonds (Crespo et al. 2006a).

Processes of vein graphite formation

Many theories have been proposed to explain the genesis of
vein graphite deposits in granulite rocks. Current theories sup-
port the formation of the veins by graphite precipitation from
carbon-rich fluids along fracture systems. Such a mechanism
also operated in the formation of graphite veins at Borrowdale,
although the composition of fluids was quite different. The

graphite-sulfide veins at Serrania de Ronda and Beni Bousera
appear to be a singular type of occurrence where graphite was
deposited from a carbon-rich melt.

The genetic hypothesis for vein graphite must address at
least three points: (a) the origin of carbon, (b) the mechanisms
of mobilization, and (c) the mechanisms of deposition. Many
contrasting theories have evolved from the earlier works on
vein graphite. Below, the different theories suggested for the
origin of graphite veins in granulites will be examined and
then the actual processes involved in their formation will be
discussed on the basis of the geological, mineralogical and
geochemical evidence. Because the origin of vein graphite
deposits in igneous rocks involves processes not achieved in
granulite rocks it will be discussed in an independent section.

Granulite-hosted deposits
Origin of carbon

Considerable debate has been focused on the origin of carbon
in graphite vein deposits in granulites. Until the routine appli-
cation of stable carbon isotope ratios to decipher the origin of
carbon in graphite, arguments favouring the biogenic or abio-
genic derivation of carbon were based on field data or on
experimental chemistry and thermodynamic calculations in
carbon systems (Erdosh 1970, 1972; Salotti et al. 1971,
1972). Even after the isotopic data were available, the origin
of carbon in such deposits has been a matter of some debate
(e.g., Dissanayake 1994).

Because the main sources of carbon (organic matter, carbon-
ates, and mantle) are characterized by different isotopic ranges,
the ratios of stable carbon isotopes are useful for interpreting the
ultimate origin of carbon in graphite. Thus, the average 5'°C
value for organic matter is about —25 %o; marine carbonates of
Cambrian to Tertiary age, on the other hand, have higher 5'C
(—2%o to 0%o); and, finally, the isotopic compositions of dia-
monds and mid-oceanic ridge basalts (MORB) indicate that
mantle-derived carbon is significantly heavier (5'°C~—7%o)
than biogenic carbon. However, in syngenetic graphite occur-
rences this straightforward relation of the carbon isotopic sig-
nature in terms of the carbon source is usually modified by the
fractionation effects depending upon the temperature and the
presence of other mineral phases (carbonates). The recognition
of the origin of carbon in fluid-deposited graphite is even more
complicated because of the possibility of mixing different car-
bon reservoirs before or while graphite precipitated from the
fluid and by the fractionation of carbon between the species in
the fluid and graphite during the evolution of the fluid (see
Luque et al. 2012b for a comprehensive discussion).

Taking in mind these factors, biogenically derived graphite
having experienced high temperature metamorphism and iso-
topic exchange with a carbonate phase would acquire an
isotopic signature significantly much heavier than that of its



original source. On the other hand, graphite of biogenic origin
which has been overgrown by graphite precipitated from a
CO,-rich fluid released from decarbonation reactions or from
mantle-derived CO, would also have a bulk isotopic ratio
heavier than the typically low &'>C value of biogenic graphite.
Mechanical mixtures of graphite derived from different car-
bon sources would also result in intermediate bulk isotopic
signatures (e.g., Farquhar and Chacko 1991; Baiju et al.
2009). Thus, even considering the data of stable carbon iso-
tope ratios of graphite, the recognition of the biogenic or
abiogenic origin can be difficult to prove in some instances
as pointed out by Dissanayake (1981, 1986) for the vein
deposits of Sri Lanka. This conclusion introduces a degree of
uncertainty in some genetic models based solely on C isotopic
data, which appears to be particularly important for felsic
systems, as there is not quantitative information on the frac-
tionation of C isotopes between melt, graphite and C—-O-H
fluids (Satish-Kumar et al. 2011).

It should be noted that in most of the granulite-hosted veins
(deposits and minor occurrences) carbon isotope ratios of
disseminated graphite in the host rocks and those of graphite
veins are clearly different and this can be hardly explained by
fractionation and/or mechanical mixing, thus indicating dif-
ferent sources. Usually, as previously mentioned, disseminat-
ed graphite within the granulite host rock has low isotopic
ratios that suggests a biogenic origin (e.g., Soman et al. 1986;
Duke et al. 1990; Hoernes et al. 1994; Radhika and Santosh
1996; Acharya and Rao 1998). The large isotopic difference
between disseminated and vein graphite can be interpreted as
an evidence that there is not a common origin for both types of
graphite. If carbon in vein graphite is not biogenic, two
alternative sources must be considered to explain its heavy
isotopic signature (Fig. 9): (a) CO, of mantle origin and (b)
CO, derived from decarbonation reactions of carbonate-
bearing lithologies. The discrimination between these sources
based solely on the carbon isotope ratios is difficult. However,
many studies on granulites favour the derivation of carbon
from sublithospheric magmas (e.g., Vry et al. 1988; Farquhar
and Chacko 1991; Santosh and Wada 1993a; Wada and
Santosh 1995; Radhika and Santosh 1996; Kehelpannala
1999; Santosh and Omori 2008a, 2008b; Touret and
Huizenga 2012). This, however, does not preclude the local
role of CO, released from decarbonation reactions in the
genesis of some vein graphite occurrences in granulite ter-
ranes where marbles and calc-silicate rocks occur (e.g.,
Hapuarachchi 1977; Duke et al. 1990; Santosh and Wada
1993b; Santosh et al. 2003; Crespo et al. 2004).

Mechanisms of carbon mobilization
Carbon involved in the formation of vein graphite can be

transported in two different states. The first corresponds to the
mobilization in the solid state; the second is dissolution in
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Fig. 9 Diagram summarizing the mechanisms involved in vein-graphite
mineralization in granulite-facies rocks (left side, in pink) and in igneous
rocks (right side, in green)

aqueous fluids, or more rarely in melts, of various carbon species
(mainly CO, and/or CHy4, under most geological conditions).

Mobilization in the solid state was suggested by Erdosh
(1970) to explain the origin of vein deposits in Sri Lanka. He
argued that under granulite-facies temperature and pressure
conditions the migration and accumulation of graphite dis-
persed in the host metasediments towards low pressure zones
(fractures) would be a feasible mechanism. Such a mechanism
was also invoked by Acharya and Dash (1984) and Acharya
and Rao (1998) for the formation of granulite-hosted vein
graphite deposits in India. The mobilization of graphite in
the solid state, however, has been refuted by other authors
(e.g., Salotti et al. 1972) on the basis of textural features and
purity of the graphite veins. These authors suggested that the
presence of admixed country rock fragments could be hardly
avoided in the process of physical mobilization. Other argu-
ments against graphite mobilization include the difference
between structural and isotopic data of graphite in the source
granulite rocks and graphite in the veins. The only proven
example, to our knowledge, of solid state graphite mobiliza-
tion resulting in graphite veins, is a graphite occurrence in the
Spanish Central System described by Crespo et al. (2005).
Here, the vein graphite shows no isotopic difference with the
graphite in the host-rock. Further, the crystallinity of vein
graphite shows a decrease compared to the host-rock graphite,
which is to be expected if graphite moves along grain bound-
aries. The granulite-hosted vein deposits in Sri Lanka, India,
and Montana are lacking these characteristics, which excludes
solid state remobilization as a potential process. The graphite
veins in these granulites must be, therefore, the result of
graphite precipitation from a fluid phase.



The transport of carbon as gaseous molecular species
dissolved in a fluid was already suggested in the earliest
papers on the vein graphite deposits of Sri Lanka (e.g.,
Bastin 1912). Tectonically weakened zones (faults, shear
zones) favour fluid infiltration as they provide migration
channels for C-O-H fluids. Thus, the formation of graphite
veins along the fracture system is related to the movement of
fluids along these pathways. In addition, the increase of fluid
pressure can promote the development of hydraulic fracturing,
which also would contribute to the formation of graphite veins
(Fig. 9; Luque et al. 1998).

The involvement of CO, fluids in granulite facies meta-
morphism is well documented, as recently summarized in the
papers by Touret and Huizenga (2011, 2012) and Huizenga
and Touret (2012). One important observation is the presence
of CO, fluid inclusions in minerals of granulitic assemblages
(e.g., Touret 1971; Jackson et al. 1988; Vry et al. 1988; Satish-
Kumar and Santosh 1998). The presence of such CO,-rich
fluids in the rock system has been related to internally-derived
fluids (Hansen et al. 1987; Cesare et al. 2005) or externally-
derived fluids (Newton et al. 1980; Farquhar and Chacko
1991; Wada and Santosh 1995). Sources of CO, may include
magmatic, mantle-derived fluids, metamorphic decarbonation
reactions, and devolatilization reactions of organic matter
(e.g., Santosh and Omori 2008a). However, current interpre-
tations favour the derivation of CO, from a mantle source as
supported by the carbon isotopic signature of CO, in fluid
inclusions (Jackson et al. 1988; Vry et al. 1988) and the 5'°C
values of epigenetic graphite, as previously discussed. Thus,
externally derived CO,-rich fluids in granulite terranes pro-
vide a vector to transport deep-seated carbon to the crust, and
graphite veins represent the evidence of that process.

Mechanisms of graphite deposition

The precipitation of graphite in granulites can be the result of
(a) cooling of a C—O—H fluid (Fig. 9; Cesare 1995; Pasteris
1999; Huizenga 2011), (b) the consumption of H,O ina C-O-H
fluid so that it becomes carbon saturated, and (c) the infil-
tration of externally derived CO, into relatively reduced
rocks (Glassley 1982; Lamb and Valley 1984).

Graphite precipitation from a cooling fluid phase is caused
by the reduction of the carbon solubility in a C—O-H fluid
with decreasing temperature (e.g., Cesare 1995; Pasteris 1999;
Huizenga 2011). Such a process can either occur under con-
ditions of redox equilibrium (Selverstone 2005; Huizenga
2011) or redox disequilibrium (e.g., Cesare 1995; Luque
et al. 1998; Huizenga 2011) between the fluid and the host-
rock (i.e., the fluid fO, is internally buffered). For fluid-rock
redox equilibrium, the fluid fO, is constrained by redox reac-
tions within the rock. In such a scenario the temperature range
at which cooling can result in graphite precipitation depends
on fO,. If fO, is buffered by FMQ, graphite precipitation is

possible during cooling at 7>400 °C (Fig. 10a) whereas if fO,
is one log;o unit lower (FMQ-1), graphite can only precipitate
during cooling at 7>600 °C (Fig. 10b). Also, the relative H,O
content of the fluid phase will increase because the graphite
precipitation reaction during cooling is CO,+2H, —C+2H,0
(Huizenga 2011).

Graphite precipitation during cooling under conditions
of fluid-rock disequilibrium has been suggested by Cesare
(1995), Luque et al. (1998) and Pasteris (1999), among
others. Here, graphite precipitates according to the reaction
CO,+CH4—2C+2H,0. Consequently, the fluid atomic H/
O ratio remains constant while the H,O content in the fluid
phase and the fluid fO, increase (Fig. 10c; Huizenga 2011).
The greatest decline in the fluid C-content with decreasing
temperature will be for a fluid in which the H/O atomic ratio
is 2 (e.g., Pasteris 1999; Huizenga 2011; Fig. 10c). It is
important to note that the H,O content in the fluid phase
will increase, irrespective of whether it occurs under condi-
tions of fluid-rock redox equilibrium or not, during graphite
precipitation.

The consumption of H,O from an H,O-rich C-O-H fluid
by hydration reactions causes the fluid to become saturated
with respect to carbon (Fig. 10d). These hydration reactions
likely occur at relatively low temperatures as the H,O-activity
ina C—O-H fluid is <1 (e.g., Newton 1995). Under isothermal
conditions, it is likely that the extent of the hydration reactions
is limited due to the systematic decrease of the H,O mole
fraction in the C—O—H fluid phase as hydration reactions
progress. In that case, significant graphite precipitation can
only occur if there is a continuous (external) supply of C-O-H
fluids. Alternatively, if hydration occurs during cooling the
H,O content of the fluid phase will not decrease as much
because the H,O content will increase as a result of cooling-
related graphite precipitation as explained above. In other
words, H,O removal by hydration reactions and cooling-
related graphite precipitation will likely occur at the same time
because of this positive feedback. The composition of fluid
inclusions in quartz associated with graphite in the vein de-
posits from Sri Lanka seems to support this contention
(Fig. 11).

Isobaric-isothermal infiltration of CO, into relatively re-
duced rocks will cause graphite to precipitate according to the
reaction CO,—C+0, (Glassley 1982; Lamb and Valley
1984) (Fig. 10a). This process is driven by the fO, difference
between the fluid phase and the host-rock. Consequently, the
amount of graphite that can precipitate depends on the oxygen
buffering capacity of the host-rock, i.e., the ability of the rock
to absorb the oxygen released by CO,-reduction while
maintaining fO, disequilibrium between the fluid phase and
the host-rock. However, it is expected that a high fluid-rock
ratio will quickly exhaust the oxygen buffering capacity of the
host-rock, in which case the host-rock fO, will increase and
redox equilibrium with the fluid phase is reached. A high
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fluid-rock ratio would thus limit the amount of graphite that
can precipitate (Huizenga and Touret 2012).

To summarize, the most efficient mechanism of graphite
precipitation from a fluid phase is cooling combined with
hydration reactions. The positive feedback between these
processes will lead to significant amounts of graphite to be
precipitated. This also implies that the graphite should post-
date granulite metamorphism, which is in agreement with
field observations of crosscutting graphite veins.

Graphite precipitation as a result of CO,-rich fluid infiltra-
tion into a relatively reduced rock at peak P-T conditions is also
a possibility, but not supported by field evidence. Also, graphite
precipitation in this manner can only occur if redox disequilib-
rium between the fluid phase and host-rock can be maintained.
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Igneous-hosted deposits
Origin of carbon

On the basis of the stable carbon isotope ratios of graphite
from vein deposits and occurrences hosted by igneous rocks
two main groups can be discriminated. The first group of
occurrences would include those in which graphite is derived
from primary mantle carbon. The second group would corre-
spond to the occurrences in which carbon in the magma results
from the assimilation of carbonaceous and/or carbonate ma-
terial at crustal levels. An intermediate situation in which the
primary carbon content of the magma is increased by subse-
quent assimilation is also possible. The examples of vein



Fig. 11 a Trail of fluid inclusions within quartz (Qtz) associated with a
graphite vein (GV) from Bogala mine (Sri Lanka). Note the coexistence
of CO,—H,O0 inclusions along with graphite-bearing inclusions (Gph). b
Detail of the box-marked area in a, showing a fluid inclusion containing
CO,(V)-CO,(L)-H,O(L) at room temperature

deposits selected for this review cover the whole spectrum of
possible carbon sources in igneous rocks (Fig. 9).

In the Borrowdale deposit, the low §'*C values of graphite
support a biogenic origin of carbon. The volcanic host rocks
of the Borrowdale Volcanic Group show field, mineralogical,
and geochemical evidence of assimilation of metapelitic ma-
terial from the underlying Skiddaw Group (Ortega et al.
2010). The process of assimilation of carbonaceous materials
increases the carbon content of the magma and appears to
play a key role in the formation of many graphite deposits
hosted by igneous rocks as recently reported by Luque et al.
(2012a) for graphite mineralization in volcanic settings and by
Chukhrov et al. (1984) for vein graphite in nepheline syenites
from the Botogol massif.

Considering the bulk isotopic values of graphite in the vein
deposits of the Serrania de Ronda and Beni Bousera, the
derivation of graphite solely from typical mantle carbon can
be disregarded (Crespo et al. 2006a). Carbon in the parental
magma was in the form of CO, and if graphite was formed
from carbon with the typical mantle signature (5'°C=—7%o)
and at temperatures estimated to be close to 800 °C, then the
lightest graphite that could be formed would have a 5'°C value
of approximately —12%o (Crespo et al. 2006a). However, sig-
nificantly lower 5'>C values have been reported (Luque et al.
1992; Crespo et al. 2006a) and, therefore, a source of light

carbon should be involved in the formation of these graphite
deposits. In addition, the isotopically heavy cubic-shaped cores
of some graphite aggregates would also require an isotopically
heavier source than mantle carbon. Thus, it is proposed that
biogenic, isotopically light crustal carbon was recycled during
subduction of the lithosphere into the mantle. This assertion is
supported by the presence of graphitized diamonds (with 5'°C
ranging from —16.4 %o to —27.6%o; Pearson et al. 1991) within
some garnet pyroxenites both in the Beni Bousera and Ronda
peridotites. These graphite-bearing garnet pyroxenites have
been interpreted as the result of the high pressure metamor-
phism of the subducted oceanic crust and kerogen-rich sedi-
ments into the mantle (Crespo et al. 2006a; El Atrassi et al.
2011). On the other hand, the high 5'°C values found in the
cores of former diamonds in some graphite aggregates have
been considered as resulting from the incorporation of
subducting sea floor carbonate into the mantle, possibly in the
form of hydrothermal calcite veins in the oceanic crust (Crespo
et al. 2006a). The isotopically zoned nodule-like graphite ag-
gregates, with heavy cores and progressively lighter to the outer
parts, would have been therefore formed through the reaction
of the light (biogenic) carbon in the melts with relicts of
3C-enriched graphitized diamonds (originally derived from
hydrothermal calcite). Thus, the carbon isotopic study of
graphite in the vein deposits of Beni Bousera and Serrania
de Ronda probably indicate an early process of carbon assim-
ilation in the mantle, but preserving the original biogenic and
carbonate isotopic signatures.

Mechanisms of carbon mobilization

The graphite vein deposit in the andesite and diorite rocks of
Borrowdale and the deposits in the ultramafic rocks of the
Serrania de Ronda and Beni Bousera represent the two ex-
treme situations of carbon mobilization in igneous rocks.
Petrographic and mineralogical evidence at Borrowdale sup-
port carbon transport as carbonic species dissolved in an
aqueous fluid, whereas textural features and mineral assem-
blages in the deposits hosted by ultramafic rocks point to
carbon dissolution in a melt.

At Borrowdale carbon was transported as CO, and CH, in
aqueous fluids as shown by fluid inclusion studies of quartz
fragments associated with the graphite in the deposit (Ortega
et al. 2010). The crystallization of the primary anhydrous
mineral assemblage (clinopyroxene, orthopyroxene, and pla-
gioclase) of the diorite host-rock caused the residual magma to
become enriched in volatiles leading to an overpressured
regime. Thus, the expansion of the volatiles triggered the
upwards movement of andesitic and dioritic rocks and/or melt,
quartz fragments, and a supercritical carbon-rich fluid that
resulted in the formation of the breccia pipe bodies. Graphite
precipitated during flow along these structures, as evidenced
by the textural relationships between graphite and quartz



fragments in the pipes. The quartz fragments contain abundant
two-phase gas-rich inclusions, composed of a mixture of H,O,
CO,, and CHy. These are secondary inclusions which repre-
sent the earliest fluids circulating during brecciation of the
quartz and the transport of the fragments upwards within the
breccia pipes. Four types of fluid inclusions have been distin-
guished on the basis of microthermometric and Raman data.
The compositional trend for the different types of fluid inclu-
sions is consistent with an overall fluid evolution character-
ized by: (a) depletion in carbonic species (mainly CO,)
becasuse of precipitation of graphite and (b) progressive de-
crease in the XCO,/(XCO,+CHy) ratio (Ortega et al. 2010).
The composition of the early mineralizing fluid in the second-
ary inclusions is compatible with a calculated carbon-
saturated fluid at the mineralizing PT conditions of 2—3 kbar
and 500 °C, assuming that fO, is buffered at the FMQ
equilibrium.

At Serrania de Ronda and Beni Bousera it is assumed that
asthenospheric-derived melts originated the partial melting of
peridotites and carbon-bearing (originally diamond-bearing)
pyroxenites, thus incorporating carbon into the magmas, and
eventually these magmas rose up to form the ultramafic rocks
outcropping in the Betic-Rifean orogenic belt. The incompat-
ible behaviour of carbon in the mantle-derived magmas would
have caused its concentration in residual sulphide-rich melts
(Crespo et al. 2006a). These residual melts concentrated there-
fore the volatile components (mainly CO, and H,0), as well
as S, As, and chalcophile elements, that were transported
along fractures.

Mechanisms of graphite deposition

The mechanisms involved in graphite precipitation from carbon-
bearing fluids are well documented in the literature (see Luque
et al. 1998, and Huizenga 2011, for comprehensive reviews).
Compared with fluids in granulite rocks, in most of the igneous-
hosted occurrences graphite deposition occurred from fluids
containing both CO, and CHy as carbon species. This situation
is especially well illustrated in the Borrowdale deposit.

As previously mentioned, there are small isotopic varia-
tions in the Borrowdale graphite both within individual nod-
ules and between nodules collected at different places of the
pipe. This means that only minor changes in temperature, bulk
chemical composition of the fluid, and oxygen fugacity took
place during the mineralizing process, since these are the main
factors controlling graphite deposition from fluids (Huizenga
2011). Pervasive propylitic alteration of the host rocks was
coeval with graphite mineralization at Borrowdale. Removal
of water from the fluid would lead to a relative enrichment of
carbon in the residual fluid, thus promoting saturation and,
finally, graphite precipitation (Fig. 10d). In addition, small
fluctuations in the XH,O of the fluids as the hydration reac-
tions proceeded could be responsible for the observed isotopic

variation within the graphite nodules in the breccia pipe
(Barrenechea et al. 2009). Microscale SIMS analysis of the
different graphite morphologies reveals that within the main
mineralized breccia pipe-like body, cryptocrystalline graphite
is lighter than flaky graphite. Textural evidence supports that
cryptocrystalline graphite crystallized earlier than flaky graph-
ite from a supersaturated fluid. Thus, the §'°C data of the
different graphite morphologies are consistent with the com-
position and evolution of the mineralizing fluids inferred from
fluid inclusion data, which indicate a progressive loss of CO,.
According to fluid inclusion data, the dominant graphite pre-
cipitating reaction at this main stage of graphite formation in
the deposit was CO,—C+0, (Ortega et al. 2010). Late
chlorite-graphite veins represent a different stage of the min-
eralizing process. In these veins, the morphologies corre-
sponding to higher carbon supersaturation (i.e., spherulites)
are isotopically heavier than those formed under lower carbon
supersaturation conditions (i.e., flakes). This agrees with the
progressively lower carbon supersaturation in the fluid phase.
The CHy-enriched fluids at this stage of the mineralizing event
produced the successive precipitation of isotopically lighter
graphite morphologies following the reaction CH4+0,—C+
2H,0 (Barrenechea et al. 2009).

The magmatic graphite-sulfide vein deposits at Serrania de
Ronda and Beni Bousera imply graphite crystallization from a
melt. According to Crespo et al. (2006a), the formation of the
different magmatic ores in these ultramafic rocks can be
considered as an example of extreme fractional crystallization
in an immiscible sulfide melt. This melt probably collected the
most incompatible elements including carbon (Fig. 9).
However, the mechanisms responsible for graphite crystalli-
zation from these carbon- and sulfide-rich melts still remain
unclear. It is well known that intrinsic melt properties (tem-
perature, pressure, fO,, SiO, content, and FeO content) affect
sulfur solubility in silicate melts (e.g., Mavrogenes and
O’Neill 1999). However, carbon solubility is more poorly
known, but CO, solubility increases with increasing pressure,
oxygen fugacity and magma alkalinity (Lowenstern 2001). In
sulfide-rich magmas, low solubility of carbon in pyrrhotite
and pentlandite melts has been reported (Palyanov et al.
2006). Recently, Tomkins et al. (2012) have related sulfide
solubility to the assimilation of graphite-bearing rocks by
mafic magmas in an island arc setting. Graphite would act as
an oxygen buffer, reducing fO, in the magma. Because sulfate
has a higher solubility than sulphide in a melt phase, these
reducing conditions would have caused separation of an im-
miscible sulfide-rich melt by conversion of dissolved sulfate
into sulfide. The mineral paragenesis (pyrrhotite+chalcopy-
rite+pentlandite+ graphite) described by these authors is sim-
ilar to that found in the deposits from Serrania de Ronda and
Beni Bousera (Fig. 6b). In addition to reduction-induced
sulfide saturation in the melt, it is also known that sulfides
catalyze the crystallization of graphite (Luque et al. 1998, and



references therein). Thus, the crystallization of both sulfides
and graphite from the carbon- and sulfide-rich residual melts
could be mutually favoured.

Economic significance

The physical and chemical properties of both natural and
synthetic graphite are used in a large number of industrial
applications. Both synthetic and natural graphite is used in
these applications. Interestingly, graphite has properties of
both metals and nonmetals. The metallic properties include
electrical and thermal conductivity. The nonmetallic proper-
ties include high-thermal resistance, chemical inertness, and
lubricity. Thus, a single property or some combination of them
is used in the different applications, the size of the graphite
crystal being an additional feature for the end use. The size of
graphite flakes is commercially very important since flake
graphite can be four times worth the price of amorphous
graphite, and lump graphite from vein deposits has even a
higher value (Olson 2011). It is important to note that while
small flake graphite can be manufactured from large flake, the
reverse cannot be produced.

The majority of the usage of graphite today is in refractory
applications, which consumes about 35 % of the graphite
supply. Other major uses of graphite include lubricants, steel-
making, expanded graphite, brake linings and foundry fac-
ings. There is also a variety of other industrial uses which
account for the remainder graphite consumption, including
zinc-carbon, zinc-chloride, and alkaline batteries, electric mo-
tor brushes and pencil leads (Olson 2011).

In addition to these traditional uses of graphite, many new
applications in advanced technologies are being developed.
Relevant new applications are those for Li-ion batteries now
used widely in the consumer electronics industry in devices
like mobile telephones, laptop and tablet computers, media
players, and for fuel cells. These advanced technology prod-
ucts require high-purity natural flake graphite (Olson 2011),
although synthetic graphite may also offer an alternative
promise in the future (Moores 2010). A substantial increase
in the production of hybrid and electric vehicles is expected,
which in turn will likely increase the demand for high-purity
graphite to be used in fuel cells and rechargeable batteries
(Scrosati and Garche 2010). In particular, Li-ion batteries and
fuel cells are expected to consume as much graphite as all
other applications combined (United States Geological
Survey 2012). Current graphite demand for Li-ion batteries
is about 30,000 tons per year and is expected to grow about
20-30 % annually.

Surprisingly, lump graphite mined from vein deposits is
mainly used for lubricant and refractory applications (Olson
2011). No applications to new developing technologies are
reported. However, lump graphite has the highest carbon

contents of all commercial types of graphite and it is charac-
terized by a high degree of crystallinity that equals or is even
higher than that of flake graphite mined from syngenetic
deposits hosted by high-grade metamorphic rocks.
Therefore, it is proposed here that vein graphite can be an
alternative to flake graphite for these new and high value-
added applications. Recent experiments have proved the suit-
ability of vein graphite in some new application fields, like
that of Li-ion batteries (Balasooriya et al. 2007). That study
concluded that the electrochemical properties of vein graphite
from Sri Lanka can further be enhanced by simple ball-milling
or chemical treatments. Kumarasinghe et al. (2013) report the
fabrication of carbon nanomaterials such as flexible multilayer
graphene oxide membrane and carbon nanotubes from vein
graphite. Advances in thermal technology and acid-leaching
techniques that enable the production of higher purity graphite
are likely to lead to development of new applications for
graphite in high-technology fields (United States Geological
Survey 2012).

In addition to the use of vein graphite in new technologies,
geological and mineralogical data from this type of deposits also
provide interesting potential applications to the field of graphite
synthesis. Currently, synthetic graphite is obtained from petro-
leum coke through a very expensive high-temperature heating
process. Geological and mineralogical evidence from vein de-
posits point to the possibility of graphite synthesis from carbon-
bearing fluids. Luque et al. (2009) demonstrated that under
appropriate pressure-temperature-composition, highly crystal-
line graphite can precipitate at moderate temperature
(~500 °C) from fluids containing CO, and CHy.

Conclusions

Vein graphite deposits are associated with both granulite-
facies metamorphic and igneous rocks. The deposits in each
geological setting are not restricted to any specific lithology.
The deposits are structurally controlled, cross-cutting their
host rocks and, in most cases, hydraulic fracturing is involved
in their formation. Graphite veins in granulite rocks are usu-
ally monomineralic, whereas in igneous rocks graphite can be
associated with a variety of hydrous minerals or magmatic
sulfides depending if they were formed from aqueous fluids or
from carbon-rich melts. The mineral association also depends
on the mechanisms operating during graphite deposition.
Independently of the geological setting, graphite from vein
deposits displays large crystal size (lump graphite in commer-
cial terms) and it is highly crystalline. In addition, vein graph-
ite has higher carbon content than graphite in any syngenetic
deposit within metamorphic rocks.

The source of carbon differs from granulite-hosted to igneous-
hosted deposits. Carbon in granulites has a sublithospheric
source or, in some localities, formed by decarbonation reactions



of carbonate-bearing lithologies. Graphite in igneous rocks
mainly derives from the assimilation of rocks containing
organic matter by the magmas. Because of the low solubility
of carbon in silicate magmas, immiscibility results in the
formation of carbon-rich magmas or fluids. Carbon is
transported as CO, and/or CH, in supercritical aqueous fluids,
depending on fO,, both in granulites and in igneous rocks
along fracture systems. The most efficient mechanism respon-
sible for graphite deposition in granulite-facies rocks is
cooling combined with water consumption by reaction with
wallrocks. In igneous-hosted deposits, cooling of the melt or
fluid and water consumption from the fluids are the main
causes of graphite deposition. Water consumption from C—
O-H fluids in igneous rocks is usually related to hydration
reactions of the host-rocks leading to the formation of hydrous
minerals with graphite in the veins.

On the basis of its high purity and crystallinity, graphite
from vein deposits could be used in new technological appli-
cations, especially in Li-ion batteries and fuel cells. The
mechanisms of precipitation of graphite from C—O—H fluids
at moderate temperature may provide an alternative method
for industrial manufacturing of high purity, highly crystalline
synthetic graphite.
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