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Sri Lanka is endowed with high purity vein graphite deposits with extensive mineralization in the tectonically
weakened zones of the basement high–grade rocks. Distinctly different crystal shapes of graphite are found even
within a single vein and it is controversial in interpreting prevailed fluid activities and crystallization process to
form such a variation. Therefore, this study was carried out to interpret the origin of vein graphite using geo-
chemistry, crystal–morphology, and structure of the crystals. Sampling was conducted on four different depths
at the Kahatagaha–Kolongaha mine, Sri Lanka. Characterizations of graphite were carried out by micro–Raman
spectroscopy, X–ray diffraction spectroscopy, scanning electron microscopy, and inductive couple plasma mass
spectroscopy. The results indicate that the genesis of the vein graphite is related to a single phase of fluid
activity and the fluid was mostly pure with possible trace impurities. Further, it was revealed that the thickness
of the veins, interaction with host rocks and mobility of the impurity elements have influenced the formation of
different morphologies of graphite in a single vein.
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INTRODUCTION

Graphite is an attractive industrial mineral that has a lay-
ered structure with sets of loosely stacked graphene lay-
ers. Naturally occurring graphite is typically classified
into three forms, (i) microcrystalline graphite, (ii) flake
graphite, and (iii) vein graphite (Wyckoff, 1963; Mitch-
ell, 1993). Microcrystalline graphite deposits consist of
small particles of graphite with impurities and they are
associated with sub–greenschist facies to greenschist fa-
cies rocks formed by contact or regional metamorphism
of coal seams (Taylor, 2006). Flaky type of graphite is
typically found as disseminated platy particles in a vari-
ety of rocks such as marble, paragneiss, and quartzite

which have been subjected to upper amphibolite to gran-
ulite facies metamorphism (Mitchell, 1993; Simandl et
al., 1995). The economically most significant epigenetic
vein graphite deposits are found in the metasedimentary
belts, same as crystalline flake graphite deposits, which
are metamorphosed to upper amphibolite and granulite
facies. These vein graphite deposits consist of highly
crystalline and chemically purest graphite (Simandl et
al., 2015). Comparably these types of deposits are re-
stricted to few occurrences such as those found in Sri
Lanka, India, United States of America, and United
Kingdom (Wijayananda, 1987; Luque et al., 2014).

Vein type graphite deposits in Sri Lanka have re-
ceived more attention due to their high purity and high
crystallinity as well as extensive mineralization (Erdosh,
1970; Hapuarachchi, 1977). They are the only vein
graphite deposits which are currently being mined in
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the world (Simandl et al., 2015). Most of Sri Lankan vein
graphite deposits (see Fig. 1) occur in the Wanni Com-
plex (WC) which is a Precambrian high–grade metamor-
phic terrain (Cooray, 1994; Binu–Lal et al., 2003).

Previous studies have shown that the vein deposits
are usually restricted to antiformal or synformal struc-
tures and they are found close to axial traces of both anti-
forms and synforms (Silva, 1974; Kehelpannala, 1999).
Such graphite veins crosscut the structures in the host
basement rock randomly (Kehelpannala and Francis,
2001). The thickness of the veins varies from a few
mm to several cm (Kehelpannala, 1995).

Graphite mineralization is associated with accessory
minerals such as pyrite (Py), chalcopyrite (Ccp), sphaler-
ite (Sp), marcasite (Mrc), calcite (Cal), dolomite (Dol),
quartz (Qz), and siderite (Sd) which may be products of
hydrothermal processes (Wijayananda and Jayawardana,
1983; Kehelpannala and Francis, 2001). Apart from them,
minerals of the host rocks such as plagioclase (Pl), K–feld-
spar (Kfs), garnet (Grt), hornblende (Hbl), and biotite (Bt)
are also found within graphite veins.

Six morphologically different varieties of vein
graphite, namely, fibrous, flake, spherulitic, semispheru-
litic, finely crystalline, and recrystallized fine–grained
graphite were identified in a previous study on Sri Lankan
vein graphite (Kehelpannala, 1993). However, the number
of varieties have been re–grouped into four in latest stud-

ies, and they are named as needle–platy graphite (NPG),
shiny–slippery–fibrous graphite (SSF), coarse striated–fla-
ky graphite (CSF), and coarse flakes of radial graphite
(CFR), based on their microstructural and physical char-
acteristics (Balasooriya et al., 2002; Touzain et al., 2010).
It is interesting to note that these different morphological
types are found even within a single vein (Touzain et al.,
2010; Hewathilake et al., 2015).

Revealing the genesis of the vein graphite is critical
as it accounts for its high purity and mode of crystalliza-
tion. Therefore, several studies were carried out to under-
stand the possible sources of vein graphite (Hapuarachchi,
1977; Dissanayake, 1981, 1986; Katz, 1987; Silva, 1987).
The summary of the findings of previous studies is given
in Table 1.

Kehelpannala (1995) claimed that vein graphite de-
posits may have formed around 475–550 Ma ago and the
source of carbon may be either magmatic fluid or a vola-
tile phase emanating from the mantle. Touzain et al.
(2010) suggested that a hydrothermal redox reaction be-
tween CO2 and CH4 escaping from a magmatic fluid may
have caused the formation of Sri Lankan vein graphite. A
recent study on the morphological variation of graphite
carried out at Kahatagaha–Kolongaha mine suggested
that the formation of vein graphite has resulted from ei-
ther multi stage hydrothermal infiltration or due to differ-
ent stages of crystallization (Hewathilake et al., 2015).

Figure 1. (a) Map showing major
geological subdivisions of Sri Lan-
ka (Cooray, 1994) with the loca-
tions of presently mining graphite
deposits. (b) The geological struc-
ture of the Kahatagaha–Kolongaha
graphite mine (after Silva, 1974).
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Despite many studies conducted on the source of vein
graphite, accurate understanding of the dynamics of the
carbon–rich fluid phase behavior in graphite deposition
has not yet been clearly understood due to lack of infor-
mation on the crystallinity, chemistry, and chronology of
graphite deposits. Therefore, the present study is focused
to interpret the fluid chemistry and condition of formation
of vein graphite deposits in Sri Lanka.

Geological setting of the study area and other hydro-
thermal deposits

Kahatagaha–Kolongaha deposit, which is one of the ma-
jor graphite mines in Sri Lanka, was selected for this
study. The major rock types in the mine area are quartz-
ite, quartzo–feldspathic gneiss, garnet–cordierite–bio-
tite gneiss, sillimanite–bearing gneiss, and calc–silicate
gneiss, all of which have experienced granulite facies
metamorphism. The veins occur along the East–West di-
rection, cutting high–grade gneissic host rocks. In addi-
tion to Kahatagaha–Kolongaha graphite deposit, other
major deposits such as Bogala and Ragedara are also lo-
cated in the WC and also have similar types of graphite
mineralization (Fig. 1).

On the other hand, economically important hydro-
thermal mineralizations in Sri Lanka are mica and vein
quartz (Piumalee et al., 2013; Madugalla et al., 2015).
These deposits are mostly restricted into the Highland
Complex (HC). Similar to vein graphite deposits, most
of the occurrences of vein quartz are characterized by
irregular, short vein segments with clearly defined sharp
contact to the wall rock. Geological and geophysical in-
vestigations revealed that the formation of Sri Lankan

vein quartz is a single stage crystallization of a hydro-
thermal solution under fast cooling conditions (Piumalee
et al., 2013). Although graphite and Qz deposits have
been formed by the direct precipitation from fluids, mica
mineralization has resulted from the hydrothermal alter-
ation of host rock (Fernando et al., 2011).

METHODS

Sampling

Samples were collected from different veins at four dif-
ferent depths. The selected veins were located at 172,
345, 585, and 610 m levels in the mine. A1–A4, B1–
B3, C1–C4, and D1–D4 denote the sample numbers given
for different morphological layers present in the four
veins selected for detailed study. Before sampling, each
vein was observed for the occurrence of different mor-
phological varieties, size of the veins, their orientations,
and gangue minerals (Fig. 2). Selected samples were
crushed by a vibratory disk mill to particle size less than
53 µm, which used for further chemical analysis and oth-
er characterizations.

Characterization

Trace element analysis by using aqua–regia partial extrac-
tion was carried out for all the samples by Inductively
Coupled Plasma Mass Spectroscopy (ICP–MS) (Perkin
Elmer Sciex ELAN 9000). Scanning Electron Micro-
scope (SEM) images were taken by EEVO/LS 15 ZEISS
to observe the morphological and the structural features
at the microscopic level.

Table 1. The summary of the previous studies explanation about the origin of Sri Lankan vein graphite
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X–Ray Diffraction (XRD) analysis was carried out
using a Rigaku–Ultima IV X–ray diffractometer. Crystal
size along c–axis shows ‘Lc002’, [Lc002 (Å) = (1 × 1.5418)/
(FWHM002 × cosθ002)], where FWHM002 stands for Full
Width at Half Maximum of the (002) line (FWHM in
rad.), λ = 1.5418 Å, and θ002 = Angle with reference to
(002) line. R/H (%) [Peak Area(101)R/Peak Area(101)H ×
100%] and the degree of graphitization [D.G.% = (3.44–
d002)/(3.44–3.354) × 100%, where d002 is in Å] (Iwashita
et al, 2004; Touzain et al., 2010) were calculated from
XRD data.

Micro–Raman spectroscopic analysis was performed
with Jasco NRS 3100 housed at Niigata University. Mean
value and standard deviation for the disordered peak D1
and ordered peak G were calculated based on 10 analyses
for each sample. G (~ 1580 cm−1), D1 (~ 1350 cm−1), D2
(~ 1600 cm−1), and D3 (~ 1450 cm−1) bands in the first
order region (1000–1800 cm−1) were separated by peak
profile fitting software. R1 ratio (IntensityD1 band/Inten-
sityG band), R2 ratio (AreaD1 band/AreaG+D1+D2 band), and
the crystal size of the lateral extent of carbon sheets
‘La’, [La = C(λ)/R1 ratio nm] (Tuinstra and Koenig,

1970) were calculated according to the acquired band pa-
rameters. Furthermore, temperature conditions were cal-
culated by T °C = −445(R2) + 641 (Beyssac et al., 2002).

RESULTS AND DISCUSSION

Morphological features

Different morphologies of graphite as described by Bala-
sooriya et al. (2002) and Touzain et al. (2010) could be
observed in the field. It was noted that morphological var-
iation of graphite does not depend on the depth of the
formation, however such variation is present even within
a single vein. Furthermore, narrow veins are strongly zon-
ed with different types, however thicker veins are mostly
restricted into two morphological varieties such as SSF
and NPG. Veins with an average thickness of 20 cm gen-
erally contain four different morphologies (Fig. 3A). The
layer attached to the wall rock is composed of fibrous type
of graphite which are perpendicular to the vein direction.
Pre–existing minerals such as Qz and Cal of the wall rocks
may have acted as the nucleation aids for graphite and

Figure 2. Four selected vein exposing
areas for the sampling located at
different depths. (a), (b), (c), and
(d) are at 172, 345, 585, and 610
m levels, respectively. A1–A4, B1–
B3, C1–C4, and D1–D4 indicate the
identified different morphologies of
graphite present with in each vein
(Hewathilake et al., 2015).
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they have grown vertically since the number of nuclei was
high and there was limited space for the lateral growth.
However, the nucleation was less in the middle. There-
fore, coarse–grained SSF and NPG morphologies could
have formed symmetrically close to the middle of the
vein.

Thicker veins (100–120 cm) contain only two differ-
ent morphologies such as NPG and SSF in general (Fig.
3B). Notably, they are lacking the fine fibrous layers of
graphite, but SSF morphological layer with 25–35 cm
thickness can be observed in both sides of the vein. Mid-
dle of the vein is composed of 30–40 cm thick NPG layer
(Balasooriya et al., 2002; Touzain et al., 2010). Since
vein has formed in a large space, wall rock may not have
influenced much during the crystallization process of car-
bon–rich source fluid.

The morphological zonation strongly depends on
the vein thickness and the influence of the wall rock.
However, XRD analysis in our previous study (Hewathi-
lake et al., 2015) showed that all four morphologies have
identical crystalline structure. Matsuura et al. (2007)
compared XRD and thermo gravimetry–differential ther-
mal analysis data and showed that all four morphologies
are identical in crystalline structure, but they have differ-
ent peak temperatures. Thus, these morphological varia-
tions are due to the minor structural changes of graphite

during the progressive depositional process (Matsuura et
al., 2007). Radiating fibrous formation of graphite is
commonly found closer to the wall rock (Fig. 3C). It in-
dicates that wall rock may have influenced on formation
of different morphology of graphite. Alterations of wall
rock due to fluid activity are found in many locations in
the mine (Fig. 3D). This indicates that the higher temper-
ature fluid has altered the surface of wall rocks, as de-
scribed by Kehelpannala (1999).

In contrast to the visual observations (Balasooriya et
al., 2002; Touzain et al., 2010), SEM study shows that the
CFR grains are not fibrous, but they are platy grains ar-
ranged to form pyramidal shapes (Fig. 4A). SEM studies
show that two different morphological layers such as SSF
and NPG morphologies are not interlocked along their
grain boundaries and they show sharp contacts with each
other (Fig. 4B). It is suggested that graphite crystals in a
single morphological layer did not affect the development
of crystals in the neighboring layer. Similar features can
be observed in Figure 4A, between CFR and SSF.

On the other hand, thick fibers of graphite with sharp
edges are common in SSF morphology type (Figs. 4B and
4C). NPG type of graphite occurred mostly parallel to the
vein direction. In contrast, the SSF morphology is perpen-
dicular to the vein (Fig. 4B). Graphite layers in NPG mor-
phology are very closely packed and they form layers with

Figure 3. (a) and (b) formation of different morphological layers of graphite within a single vein. (c) and (d) wall rock interaction for the
formation of graphite layers.
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fibrous nature of such morphology, which is also found,
especially close to the wall rock (Fig. 4D). More fibrous
nature can be observed in the SEM images than that of
visual observation, for the graphite layer, readily attached
to the wall rock (Fig. 4E) which indicates the rapid cool-
ing conditions.

Chemical composition

Table 2 summarized the chemical analysis of different
graphite morphologies. Concentrations of Na, Mg, Ca,
and Fe are relatively high compared to those of Cr,
Mn, Co, Ni, Cu, Zn, Sr, and Ba.

Since vein graphite commonly contains Py, Ccp, and
Sd (Kehelpannala, 1999; Touzain et al., 2010), the inclu-
sions of such minerals may have contributed for higher
levels Fe. Sodium (Na) concentrations do not show any
significant variation among the samples. Higher contents
of Ca and Mg notably closer to the wall rock region in-
dicates that element exchanges between source fluid and
wall rock has occurred. The presence of minerals like
chlorite (Chl), Bt, and Hbl along the boundary of the veins
confirm that hydrothermal alteration has occurred (Kehel-
pannala and Francis, 2001).

Copper is the prominent trace element, which has

been contributed by Ccp in graphite (Hewathilake et
al., 2015). Concentrations of Ba and Co do not vary
much within the veins or at different depths. It was noted
that the variation of concentrations of other elements is
negligible. Variation of Fe and Cu in studied samples
should be the result of unequal distribution of their sul-
fide minerals (Hewathilake et al., 2015). Chemical results
indicate that the veins are mostly homogenous except
near the vicinity of the wall rock zone. It is implying
the single stage of carbon–rich fluid infiltration into the
fractured rock. Furthermore, the source fluid was low in
impurity elements.

Crystallinity of different morphologies

Table 3 summarizes the XRD results of each layer of
graphite veins located at different depths. Interlayer space
(d002) of different morphologies of graphite in the veins,
varies 3.354–3.384 Å. The crystal size along c–axis (LC)
and degree of graphitization (D.G%) exhibit an increas-
ing trend towards shallow depth, however such variation
does not depend on the morphology. Further, these pa-
rameters confirm the highly ordered crystalline structure
of the vein graphite.

Homogeneity of crystallographic parameters irre-

Figure 4. SEM images of the different morphologies in the contact zone and directions of the formation. (a) CFR/SSF, (b) SSF/NPG margin,
(c) nature of SSF, (d) NPG, and (e) fibrous of type vein graphite.

Sri Lankan vein graphite mineralization respect to fluid activities 101



spective of different morphological layers at the different
depths tend to prove that the formation of the Sri Lankan
vein graphite formed under a single–phase of carbon–rich
fluid activity under different temperature and pressure
conditions.

Table 4 summarizes the Raman spectroscopic analy-
sis data of four different sampling locations. Almost all
studied samples show high crystalline nature according to
Raman bands of ordered peak G (~ 1580 cm−1) and dis-

ordered peak D1 (1350 cm−1).
The length of carbon sheets (La) varies within a con-

siderable range of 37–83 nm. Furthermore, it shows a no-
ticeable variation among the different morphological lay-
ers within the same vein. Based on the recent catego-
rization of different morphologies of vein graphite, La
of the SSF morphology varies 96–141 nm (Touzain et
al., 2010). Nevertheless, in this study the SSF morphology
have La between 51–78 nm and NPG morphologies have
49–83 nm.

Typically, a D1 band of graphite is attributed to the
structural defect in stacking (Pimenta et al., 2007) and
doublet peaks of 2D1 clearly display a 3D graphite struc-
ture (Galvez et al., 2013). Figure 5 shows the two Raman
spectrums of the same graphite sample. Though, the
spectrum responsible for the edge plane possesses higher
intensity D1 band compared to the spectrum of the mid-
dle basal plane of the same sample, the asymmetric ap-
pearance of the 2D1–peak in both spectrums is confirmed
the highly ordered nature of the graphite. Both Raman
spectrums prove the highly crystalline nature of the Sri
Lankan vein graphite as previously reported by Luque et
al. (2014).

R1 [intensity (D1 band)/intensity (G band)] and
FWHM of G band are the two parameters which can ex-
plain the degree of graphitization. These values changes
if the degree of graphitization is low, For example, in the
case of low grade metamorphic rocks of Hidaka meta-
morphic belt the R1 ratio changes from 0.1 to 1.5, and
the FWHM of G band from 18 to 35 cm−1 (Nakamura et

Table 2. Major and trace element composition of analyzed samples

b.d., below detection limits.

Table 3. X–Ray Diffraction results for each layer of the veins
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al., 2015). The relationship between R1 and FWHM of
G band (Fig. 6) for the four structural varieties collected
from different localities of the studied mine, are com-
pared with the disseminated metamorphic graphite from
Hidaka metamorphic belt, Hokkaido, Japan (Nakamura et
al., 2015). It clearly shows that the R1 and FWHM of G
band values for Sri Lankan vein graphite are clustered in
a narrow range (R1: 0.05–0.15 and FWHM of G band:
14–18 cm−1), whereas the metamorphic graphite has a
broad range (R1: from 0.05–over 2.0 and FWHM of G

band: 16–45 cm−1) (Fig. 6A). Therefore, Sri Lankan vein
graphite has a higher degree of graphitization than the
metamorphic graphite formed at similar P–T conditions.
Since R1 ratio greatly depends on the intensity of the D1
band, the recorded low values for the R1 ratio explain
that the relative amounts of edge planes in the carbon
sheets are less, and there was no major deformation ac-
companying the formation of Sri Lankan vein graphite
(Lespade et al., 1982).

The relationship between R1 and R2 ratio of four

Table 4. Micro–Raman Spectroscopic results for the different morphological layers

Figure 5. Micro Raman spectroscop-
ic analysis of the edge plan and
middle basal plan of the same vein
graphite samples.
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main structural varieties of Sri Lankan vein graphite and
graphite samples from Hidaka metamorphic belt, Hokkai-
do, Japan were compared (Fig. 6B). R2 is the most sen-
sitive parameter for the crystalline defects (Beyssac et al.,
2002). The R2 ratio for the analyzed Sri Lankan vein
graphite was limited to the maximum of 0.22, whereas
metamorphic graphite exceeded 0.6. Furthermore, R2 ra-
tio decreases with increasing depth and form a linear re-
lationship with R1. Accordingly, the formation tempera-
ture has a narrow range from 540 to 585 °C for the
collected samples at each depth. R1 and R2 ratio behav-
ior together with the temperature variation indicates that
the vein graphite formation in a single thermal event.

CONCLUSION

Mineralogical and chemical data of the present study re-
vealed that graphite veins are homogeneous in terms of
their chemistry. However, along the wall rock boundaries,
the chemical composition of graphite is variable as a result
of fluid–rock interactions. The results of this study suggest
that the Sri Lankan vein graphite is highly crystalline with
minimum crystalline defects. From boundaries towards
the center of veins, different morphological varieties of
graphite crystals have symmetrically formed. It may be

due to the influence of wall rock and the variable extent
of fracture spaces of the basement rocks. Higher degree
of graphitization, narrow range of crystallization temper-
ature of graphite, and their comparable chemical compo-
sition suggest that the graphite veins have been formed by
a single phase of hydrothermal activity.
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