











Drilling in 1984, combined with a structural study, suggests
additional resources at depth (Simandl, 1992). The graphite-
rich porphyroblastic marble is calcitic and contains 2-10 mm
clinopyroxene crystals. Other minerals, in concentrations less
than 3%, are quartz, pyrite, garnet, titanite, magnetite, chlorite,
and trace chalcopyrite, clinozoisite, and prehnite. Graphite
flakes are dispersed throughout the ore, but concentrated
around clinopyroxene crystals. Locally, graphite is observed
as inclusions inside clinopyroxenes. Blue quartzite separates
porphyroblatic graphite-rich marble from pale grey or white
quartzite and indicates proximity to high-grade graphite
mineralization. Obvious textural, mineralogical, or geochemical
differences to explain the colour difference between the blue
and white quartzites are absent. Although no primary fluid
inclusions were identified in either quartzites, temperatures of
homogenization and melting suggest the presence of CH,, N,
SO,, or H,S, in addition to CO,. Limited Raman spectroscopy
detected CO, with lesser concentrations of CH, and N, in fluid
inclusions in blue quartzite (Simandl, 1992).

Most crystalline flake graphite deposits are mined in open
pits. Typically, the ore is crushed, milled, processed using
flotation and, depending on its physical properties and intended
use, may be further processed. Crystalline flake graphite
concentrate consists of flakes typically larger than 200 mesh
(equivalent to 74 microns); fines produced during milling may
be sold as graphite powder or dust.

Significant graphite concentrations in magnetite deposits are
present in the Grenville Province (Raymond, 1978; Champigny,
1980; Gauthier and Brown, 1986; Simandl et al., 1995).
Although none of these deposits are currently in production,
some were mined for iron (e.g., Forsyth mine, Quebec).
Several minor feldspar-rich intrusions (including pegmatites)
cutting metasedimentary rocks contain up to 5%wt. graphite
flakes, but are generally too restricted in size to be of economic
interest (Simandl et al., 1995).

3. Origin of natural graphite deposits of economic interest

Natural graphite deposits of economic interest are most likely
formed by: 1) the maturation and metamorphism of organic
material; and 2) precipitation from C-O-H fluid (metamorphic
or metasomatic) triggered by changes in temperature and
pressure conditions, fluid buffering, or by mixing of C-O-H
fluids of different compositions and probably different origins
(for review, see Simandl, 1992).

3.1. Maturation and metamorphism of organic material
The transformation of immature organic material to graphite
begins with carbonization and is followed by graphitization
(Fig. 7). This is the generally accepted hypothesis to explain
the origin of microcrystalline and low-grade crystalline flake
graphite deposits. During the carbonization stage, organic
substances are converted into carbon or carbon-containing
residues, and oil and natural gas are released. Carbonization
takes place during diagenesis, whereas graphitization takes
place at higher temperatures and pressures of deeper burial and
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Fig. 7. Kerogen maturation in terms of H/C and O/C atomic ratios.

Modified from Buseck and Beyssac (2014); based on data of Grew
(1974), and Vandenbroucke and Largeau (2007).
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metamorphism. During both carbonization and graphitization,
the atomic ratios of H/C and O/C systematically decrease (Fig.
7). Kerogens 1, II, and III are derived largely from lacustrine
algae (H/C > 1.25), marine microorganisms (1.1<H/C<1.5), and
terrestrial plants (coal deposits; H/C<1), respectively. During
the carbonization process, kerogens go from immature to oil
and gas forming stages. The carbon-enriched residue stays in
place, while liberated hydrocarbons are expelled. Further burial
accompanied or followed by regional or contact metamorphism
may result in graphitization of residual material (development
of a well-ordered graphite crystal structure). Various stages
and aspects of the kerogene-graphite transition are addressed
by Grew (1974), Diessel and Offler (1976), Jones and Edison
(1979), Oberlin et al. (1980), North (1985), Wopenka and
Pasteris (1993), and Buseck and Beysasak (2014).

3.2. Precipitation of graphite from C-O-H fluids

In contrast to the origin of microcrystalline and low-grade
crystalline flake graphite deposits, the origin of graphite veins is
still widely debated and the genesis of enrichment zones within
crystalline flake graphite deposits (e.g., Hartwell prospect and
Asbury Graphite deposit) remains largely overlooked. Ternary
C-O-H diagrams (Figs. 8-10) offer a simple approach to explain
the origin of high-grade graphite deposits that show open
space features and textures such as breccia zones and veins, or
enrichment zones in crystalline flake graphite deposits.

Graphite saturation curves on C-O-H ternary diagrams are
temperature and pressure dependent (e.g., Holloway, 1984;
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Fig. 8. Ternary C-O-H diagram showing increasing size of graphite
stability field with decreasing temperatures from 1000° to 400°C for
constant pressure of 2 kb, assuming ideal mixing according to Lewis
and Randall Rule. Modified from Ferry and Baumgartner (1987).

C

Ideal mixing
500°C

%0, YsH,
Fig. 9. Ternary C-O-H diagram showing increasing size of graphite
stability field with increasing pressure from 0.5 to 3.0 kb for constant
temperature of 500°C, assuming ideal mixing (Lewis and Randall
Rule). Modified from Ferry and Baumgartner (1987).

Ferry and Baumgartner, 1987; Pasteris, 1999; Luque and
Rodas, 1999; Huizenga, 2011; Huizenga and Touret, 2012).
At constant pressure, the graphite stability field increases with
decreasing temperature. For example, assuming a constant
pressure of 2 kb, graphite can’t precipitate from cooling of a
C-O-H fluid of the composition Z at 1000°C or 700°C, but will
start to precipitate before the fluid cools below 400°C (Fig. 8).

At constant temperature, the stability field of graphite increases
with increasing pressure (Ferry and Baumgartner, 1987). For
example, at 500°C graphite will not precipitate from a fluid of
composition Y at pressures of 0.5 and 1.0 kb, but will precipitate
at pressures of 3 kb or greater (Fig. 9).

Figure 10 shows part of the C-O-H ternary diagram at
600°C and pressure of 3.5 kb. A fluid of composition A plots
within the graphite stability field. As graphite precipitates,
the composition of the fluid evolves along the corresponding
tie-line, as shown by the green arrow, towards the graphite
saturation curve. Figure 10 also shows fluids of compositions
B and F, both of which lie outside the graphite stability field.
It would be impossible to precipitate graphite from either of
these fluids alone. However, if we mix these two fluids, the
composition of the resulting mixture will lie somewhere along
the mixing line B-F. If a small quantity of fluid F is added to
fluid B, then the composition of the resulting fluid will shift
slightly to the right (e.g., point C). As more fluid F is added
to the system, the composition of the resulting fluid will keep
shifting to the right until point D is reached and the first crystal
of graphite precipitates. As more fluid of composition F enters
the system, the composition of the fluid follows the graphite
saturation curve, passing through point E, and graphite keeps
precipitating.

4. Discussion and summary

Microcrystalline graphite deposits form by maturation of
organic material in sedimentary rocks (coal seams) followed
by regional or contact metamorphism attaining sub-greenschist
to greenschist facies. It is used mainly in greases and
forging lubricants and has no known use in high-technology
applications.

Economically minable graphite veins are typically hosted by
sedimentary successions that have been subjected to granulite
facies metamorphism and intruded by minor igneous bodies.
Mining of graphite veins similar to those that are mined in Sri
Lanka involves underground methods and is labor intensive.
Graphite morphology, open-space filling textures, and
thermodynamic models indicate that these veins originate by
precipitation from C-H-O fluids.

Most exploration projects target crystalline flake deposits.
Low concentrations of crystalline flake graphite in marbles and
paragneisses probably result from maturation of organic material
in precursor sediments, followed by graphitization at pressure
and temperature conditions approaching or reaching granulite
facies. Graphite-rich zones in disseminated crystalline flake
deposits (e.g., Asbury Graphite mine in Quebec, AA deposit
in British Columbia) are typically at or near marble-paragneiss
contacts and in the crests of folds. These zones are characterized
by porphyroblastic textures in marbles, skarn mineralogy at or
near the contacts, and decreasing concentrations of scapolite
in the paragneiss with increasing distance from the contacts.
In these settings, graphite enrichment is likely the result of: a)
mixing of fluids produced by decarbonation reactions in marbles
and dehydration reactions in paragneiss, or fluids derived

Symposium on critical and strategic materials. British Columbia Geological Survey Paper 2015-3



Tie lines
\ " to graphite

4

F
\Graphite
saturation
\ curve |

\
35,0 30

Atomic % Oxygen

Fig. 10. Ternary C-O-H diagram at 600°C and 3.5 kb showing precipitation of graphite from the fluid of composition A (within the graphite
stability field) and from mixing of fluids of composition B and F, both lying outside of the graphite stability field. Refer to detailed explanation

in text. Modified from Rumble et al. (1982).

from pegmatites and other minor intrusions; or b) cooling of
C-H-O fluids. Sub-granulite facies minerals (e.g., prehnite and
clinozoisite) observed in some veins and high-grade portions of
disseminated flake graphite deposits suggest post-metamorphic
peak (retrograde) temperatures of formation.

Forecasted increase in use of natural graphite in high-
technology applications turns graphite into a ‘hot’ commaodity;
however, fundamental technical and economic parameters of
individual deposits have to be taken into consideration when
prioritizing exploration and development targets. Enriched
zones of crystalline flake graphite deposits are of particular
interest to industrialized countries because they are mined by
open pit methods (not labour intensive) and provide critical
material for high-technology applications.
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