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Executive Summary Vein graphite deposits Origin of Graphite Deposits Graphite Occurrences in British Columbia

Main host rocks: Marble, paragneiss, iron formation, quartzite, pegmatite, syenite, and in rare \

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. cases mafic (Fig. 10) and serpentinized ultramafic rocks. A typical example is Walker mine, P Graphite deposits of economic interest are formed by: 1) the maturation and metamorphism of
Itis used mainly in greases and forging lubricants and has no known use in high-technology applications. Quebec (Figs. 11, 12). _ 0 ST €T, organic material, and 2) precipitation from C-O-H fluid (metamorphic or metasomatic) triggered by

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 Metamorphic grade: Upper amphibolite and granulite facies; in skarn-type assemblages (Fig. - VAR changes in temperature and pressure conditions, fluid buffering, or by mixing of C-O-H fluids of .
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 13) adjacent to igneous intrusions, in igneous intrusions, and in zones with a retrograde SRy TV el different compositions. Yukon Territory
originate by precipitation from C-H-O fluids. overprint. LA \ Ty

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 Deposit geometry: Veins and other graphite-filled open spaces form pods and lenses, irregular roriawest Ry e Maturation and metamorphism of organic material
sediments, followed by graphitization at pressure and temperature conditions approaching or reaching granulite grade. Graphite-rich zones in disseminated crystalline flake deposits (e.g., Asbury Graphite bodies, stockworks, breccias, and saddle reefs. Thickness of veins varies from a few mm to e S B, Leroincend
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 over one m, most are < 0.3m thick. £ 77

: _ _ ol _ > dl . _ ; _ _ _ _ S ' 4 AN The transformation of immature organic No. Name MINFILE
mineralogy at or near the contacts, and decreasing concentrations of scapolite in the paragneiss with increasing distance from the contacts. Sub-granulite facies minerals (e.g., prehnite and clinozoisite) Ore characteristics: Typically >90% graphitic-carbon. Rosettes, coarse flakes, fibers or needles w 0. Na
J

material to graphite begins with carbonization 1 Fortune 082FSW395 . Legend
and is followed by graphitization (Fig. 20). This 2 Ymir 082FSW327 \ B Amphibolite facies

Kerogen hypothesis explains the origin of 3 Hope 092HNW064
4 Blu Starr 082FNW259

observed in some veins and high-grade portions of disseminated flake graphite deposits suggest post-metamorphic peak (retrograde) temperatures of formation. In these settings, graphite enrichnment is likely oblique or perpendicular to wall rock. In some cases, schistosity subparallel to the vein walls. 0S| X Quebee = VT
the result of: a) mixing of fluids produced by decarbonation reactions in marbles and dehydration reactions in paragneiss, or fluids derived from pegmatites and other minor intrusions; or b) cooling of C-H-O Mining/processing: Mainly by underground mining; ore is hand sorted and milled. Currently {sher Clot mine ”&J p Edvan

fluids. mined only in Sri Lanka routinely to depths in excess of 600 m. No’va's'a”d
Scotia

| microcrystalline and low-grade crystalline flake Al
: : v : : : e . : o : : c e : ) _ ) : _ ) _ __ ¢ Uoper Amphibolite -
Forecasted increase in use of natural graphite in high-technology applications turns graphite into a 'hot' commodity; however, fundamental technical and economic parameters of individual deposits have Main use: Graphite-rich lumps and chips, typically 0.5-0.8 cm in diameter, were traditionally used L New ¥ S graphite deposits. During carbonization, gliiiséfeek gggmwggg , [ ] Grr)gnulite fpacies

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 in refractories. Pre-2009 disruptions in the supply forced the refractory industry to switch from =2 A Martwe prospect ! kerogens go from immature to oil and gas 7 Matthews Creek 082FNE161
mined by open pit methods (not labour intensive) and provide critical material for high-technology applications. British Columbia has excellent geological potential to host economic deposits. vein to crystalline flake graphite, once this transition was made vein deposits lost their ¢~/ Asbury Graphite mine : forming stages. The carbon-enriched residue 8 Kokanee 082ENE177

Walker mine

economic prominence. A stays in place, while hydrocarbons are 13 gfpirigr (At”]ar) 822%&;28 I Showings, Prospects,
: ] - - ack Crysta
expelled. Further burial accompanied or 11 Millie Mack (L.1831) 0B2KSVVOE | Producers

Fig. 12. Cross section showing graphite 3 izati . :
3 meters g _ 99 Fl)\/l " : Lo Carbonization followed by reglonal or contact metamorphlsm 12 Black Fly (Jumbo) 082LSEO078 :
el VE!N'S at the Walker Mine, Quebec. Modified L Kerogen results in a well-ordered graphite crystal 13 Fisher (Jumbo) 082LSE076 0

I ntrOd U Ctl on from Cirkel (1907). L Il structure. 14 Mosquito (Jumbo) 082LSE077
o 15 Lumby 082LSE006 r s

ite i _ _ ' ' ith- i ot - - it — _ - o T 16 Magnet And Maybe 082KSW098 0 Kilometres
Graphite is an opaque, gray-black, and soft (1-2 on Mohs hardness scale) mineral with a Refractory and high-technology applications make natural and synthetic graphite a critical - . PR i v T E Fa, 20, [Reregen el uEien it femms of e L L ol 08 AR

metallic luster. It is characterized by a greasy feel, low density (2.09-2.23 g/cm3), high resistance material in industrialized countries. High-technology uses of graphite represent a portion of the NY , g TN SR e AN W 7 || Immature zone and O/C atomic ratios. Kerogens I, I, and Il 18Mabel Lake 085LNED2E
to thermal shock, and high electrical conductivity (Anthony et al., 2003). Inertness, compressibility, market with fastest forecasted growth. B v 4 SRR R e . AR, s [ ] Main oil formation stage are derived largely e Iacustrine’alg,]ae (H/C 19 Sicamous 082LNE029
elasticity, and lubricity are other important physical properties (Wissler, 2006). The 2014 world Examples of high-technology applications are: lithium-ion batteries for electric motor vehicles; /i W ¥ R e e R i I viain gas formation stage > 1.25). marine micro-organisms 20 Three G's 082LNE018
natural graphite production was estimated at 1.17 million tonnes (Fig. 1; Olson, 2015), with most of large-scale electric energy storage devices; and graphite derivatives such as graphene, spherical e Y SRR S e o . L P o (1 .1<H/C<1 5), and terrestrial plants (coal g; ;‘.’CKV'JI | 08% 272
it originating in China, India, Brazil, Canada, Turkey, and North Korea. Globally, most natural graphite, expanded graphite, and graphite foil. Spherical graphite is a product originally B D T ol G R R N SO F ol AR & deposits: H/C<,1), respectively. Modified from 23 B;::gzunet 832,\] 8103 N — Alberta
graphite is used in electrodes, refractories, lubricants, foundries, batteries, graphite shapes, developed for use in lithium-ion batteries. It can be either synthetic or derived from crystalline Rk B S Tae ¥ | WS e £ B v _ _ _ Buseck and Beyssac (2014); based on data of 24 AA 1-22 092M 017 % 5
recarburising, steelmaking, and friction products such as brake linings (Fig. 2; Shaw, 2013). flake graphite concentrate by processing that involves milling, physical rounding, purification, and Cing AN L gl . o LGS PRk B T R _ Grew (1974), and Vandenbroucke and 25 Bentinck Arm 093D 027
surface treatment. It takes approximately 100 kg of crystalline flake graphite concentrate (95% C) e B e S Senck (TN Atomic O/C Largeau (2007). 26|Elcho Harbour 093D 028

| to produce 30 kg of spherical graphite assaying 99.9% C (Shaw, 2013). This is enough to ; o SRR o 7 T U I O s | e SRS . L % CZB;?; rSSIant 8828 8;?
North Korea“ggey U2 Gther produce a battery for one electric vehicle. Batteries will account for ~5% of the global market by L £ N et R Nl s L IRt 28 Zon 253D 921

30 \ / ¥ 2016 (Shaw, 2013). Expanded graphite (Figs. 6-8) is produced by insertion of nhon-graphite T T O Tk Y8 SN e Precipitation of graphite from C-0O-H fluids 30 Black Lead 103A 010

Others _ ) ) _ :
Canada \ 24% atoms between graphite sheets followed by expansion triggered by rapid temperature increase. 31 Green Giant 093D 018
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B Pegmatite [[J Gneiss ’ e TBAE Sy v SCTGR > AL © 1 g e (e.g., Hartwell prospect and Asbury Graphite deposit) can be explained using ternary C-O-H diagrams 34 Willow River 093H 074
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rourires | W v O 4 3 R | Gy RS e e e - - Rémi d’Amherst, Quebec. in porphyroblastic marble, Orwell  contact, Asbury mine, Quebec.

. . . _ | Crystalline flake graphite deposits
Fig. 1. Global graphite production, in Fig. 2. Main uses of graphite for 2012. Based on Fig. 6. Chemically-treated Fig. 7. Expanded graphite. Fig. 8. Expanded graphite
thousands of tonnes, totalling 1.17 data from Shaw (2013). (intercalated with acid) Same sample as figure 6 after being compressed by
million tonnes, for 2014. Based on crystalline flake graphite after exfoliation (15 seconds hand, between two sheets of
data from Olson (2015). concentrate from Asbury at max. power in microwave paper. The same principle is
mine, Quebec. oven), notice the large used to produce graphite foil.
Increase in volume, .

vermicular texture, and loss Fig. 16. Crystalline flake graphite in
of metallic lustre. weathered paragneiss, Hartwell prospect,
Quebec.

Main host rocks: Marble (Fig. 14), quartzite (Fig. 15), paragneiss (Figs. 16, 17), iron formation, pegmatite,
syenite and, in extremely rare cases, serpentinized ultramafic rocks.
Metamorphic grade: Upper amphibolite to granulite facies. 1000°C
Deposit geometry: Thick sequences of paragneisses and marbles. The highest grades are along or near
paragneiss-marble contacts and in the crests of folds.
Ore characteristics: Grades from <2-15% graphite; flakes vary in size from <1-5 mm.
Paragneisses are evenly mineralized and typically grade <3% graphitic-carbon. Enriched zones occur
along or near paragneiss-marble contacts (e.g., Hartwell prospect, Quebec; Figs. 11, 16, 18), in the
crests of folds (e.g., AA deposit, British Columbia; Fig. 11; Marchildon et al., 1993), and contain
retrograde minerals such as epidote and chlorite. References:
. - P o | Marbles (granoblastic) generally contain <0.5-3% graphite. Silicates account for <5% per volume. : ALY A : : A A : .
GeOIOQy Of G raph |te DepOS ItS "‘"’*”” L e N Enriched zones (porphyroblastic marble) contain from <0.5-25% graphite and contain 2-10 mm iFn'g.}e?sjirT ersniggyO(];J o th;agr[argrlf[,h?_w ;gg ith F 9. 22'- Ternary ? o th;agrtarglih?yv ;Qg ith
;;;._ =T "‘ | 7 linobvroxene crvstals around which araphite flakes are concentrated. Corrosion or overarowth on the _ 9 grapnite stabllity Tield Wi o !ncreas!ng Size of grapnite stability field wi Anthony, W., Bideaux, R.A., Bladh, K.W., and Nichols, M.C. (eds.), 1990. Handbook of mineralogy, volume I elements, sulfides, sulfosalts. Mineral Data Publishing, Tucson, Arizona, 588p.
it e et = © p'y : Y : : TH: Jrap : : : : : J decreasmg temperatures from 1000° to 400°C Increasing pressure from 0.5 to 3.0 kb for Buseck, P., and Beyssac, O., 2014. From organic matter to graphite: graphitization. Elements, 10, 421-426
Graphite deposits of economic interest are grouped into three categories determined by their graphite fl_akes_lndlce_ltga dlsequmbrlum. Quartz, pyrite, garnet, titanite, magnetite, ghlonte, and trace | for constant pressure of 2 kb. Modified from constant temperature of 500°C. Modified from - F -1’907 Gr: hite’ its-’ - e-mes Occirrences i r? apnd U-S 23 Féanada D-e artment,ofl\’/lines Mir;es e Ot No. 209, 263
products. Deposit profiles 9 Simand| and Keenan (1 998 a7b’C) provide an introduction to the main =} =, L& SElEefpilNe, SlmoZelslie, Sn0 Prelilie, AIsseui! a5 =2 G INE FESke A Example 1S e SIS GIERITE Ferry and Baumgartner (1 987)- Graphite can't Ferry and Baumgartner (1 987)- Graphite will not Ferry,’J.I.\’/I., and. Baufngar’tnerf)L.,p1987.’Thermodynar,nic mojels of molécularﬂuids apt the elevated pre,ssures and tem,perature,s of.crus’;al mzt.amorphism. In: Carmichael, |.S.E., and Eugster,

deposit types for exploration geologists and prospectors. ~_mine, Quebec (Figs. 11, 15, 19). _ _ _ _ _ precipitate from cooling of a C-O-H fluid of the precipitate from a fluid of composition Y at . . . N . . . . . N ]
Mlnlnglprocessmg: Mostly by open plt. Typlcally, the ore is crushed, mllled, processed using flotatlon; Composition 7 at 1000° or 700°C, but will start oressures of 0.5 and 1.0 kb, but will precipitate H.P., (Eds.), Thermodynamic Modeling of Geological Materials: Minerals, Fluids and Melts. Mineralogical Society of America Reviews in Mineralogy, Volume 17, pp. 323-365.

: : : ' T R Y R | depending on impurities and intended use the ore may be further processed. to precipitate before the fluid cools below at pressures of 3 kb or greater.
Microcrystalline graphite deposits y | TR R Main use: Crystalline flake graphite concentrate consists of flakes typically larger than 200 mesh (~74 408°C. P P °
RS microns). It is used in refractories, powder metallurgy, graphite foil, expanded graphite, spherical graphite,
| | | | | | | | Main host rocks: Chlorite and muscovite schists (Fig. 9), phyllites, quartzites, metagraywackes, . . L . fuel cell bi-polar plates, coatings, thermal materials, friction moderators, lubricants, pencils, gaskets, and
Fig. 3._ Microcrystalline Fl_g. 4. Vein graphite, Clot Fig. 5._ Crystalline fl_ake limestones, sandstones and conglomerates which may be cut by diabasic or granitic intrusions F!g. 17. Crys_talllne flake graphite in gneiss, other advanced polymer systems, including rubber compounds.
graphite. mine, Quebec. graphite, Asbury mine, with associated and andalusite-bearing hornfels. Fisher showing, BC.
Quebec. Metamorphic grade: Sub-greenschist to greenschist contact, or regional.
Deposit geometry: Stratiform or lens-shaped; beds may be up to a few metres thick, deformed
Table 1. Prices of selected “Vein (lump andchip® ________________ USS$/tonne and/or repeated by folding and faulting; pinching and swelling of beds is common.
elEIICY el NG YRUSAICINCIN 50 19, C. +1 mesh (>25.4mm), FOB Sri Lanka 2800 Ore characteristics: 30-95% graphite, in many cases >80%, mainly consists of small graphite
The purity of concentrate and, for [Ny C. +60 mesh, FOB Sri Lanka 1550 particles intergrown with impurities.

some applications, size of “Amorohous Graohite® Mining/processing: Mainly by surface mining; ore is hand sorted and milled.

: morphous Graphite . ) ) : . : C g
crystalline flake are two key ~80-85% C, -200 mesh, China, FCL, CIF European port 430480 Main use: Forging lubricants and for applications where high ash content and low crystallinity is

]E)arame’lcoers. (?bgﬁ:evgtlcinsf: BSI  Orc, 70-75% C, ex-works Austria 500-550
—_— : gt L - N 1 1 1
ree on board; , Cost o = g o WP | . |:| Biotite gneiss

Insurance and freight included; lake Graphite
' ’ 85-87% C, +100 mesh -80mesh, FCL, CIF European port ~ 700-800
FCL, Full Container Load; ex- ° pean p

ks. direct f the fact 90% C, +100 mesh -80 mesh, FCL, CIF European port 850-950 P e i b Gl G e o e = TR - Graphlte-rlch scapollte gneiss
worl Sa |redc I' elinl nls tac ory, 94-97%C, -100 mesh, FCL, CIF European port 900-950 e e DS Coepira kel I S Mgt G e 2 | |calcsilicate rocks
excluding aelivery Costs, 90% C, +80 mesh, CIF, European port 950-1050 W a9 TR M e SR e

distribution costs, commission. 94-97% C, +100 mesh -80 mesh, FCL, CIF European port  1050-1150 | | | |
Sources of data are: ~ Sawlan 94-97% C. +80 mesh, FCL, CIF European port 1200-1300 Fig. 18. Geological cross section of the Hartwell graphite

(2015), * Industrial Minerals Spherical graphite® 7000-10000 €Y & O S L T L ROIERN T S S prospect, Quebec (graphite grades of 3-15%). The contact

2015), and ° Moores (2015). et imee e R e S S e TR R T N between the graphite-rich unit and the biotite-gneiss is Mine | | 2 o :

97089, CIE Acia  9En.14f0 | ot v RS LGS P e AL s AREERRESE radational and graphite content decreases with increasing ;
97-98%, CIF Asia 950-1450 fhie ol T — ‘ SR gistance from thg calcsilicate rocks. No vertical Aiter Simand| et al. fluid will keep shifting to the right until point D is reached and the first crystal of graphite precipitates.

98-99% CIF Asia 1000-1500 1995 2015 : iy " : :

0 ( ’ )- As more fluid of composition F enters the system, the composition of the fluid follows the graphite

0 : Fig. 10. Vein graphite cutting exaggeration. After Simandl et al. (1995, 2015).
95% | 7000-2 . . : : o1 S
R EEEE———————, sericite schist, Kaiserberg, Austria. clinopyroxenite, Clot Mine, Quebec. saturation curve, passing through point E, and graphite keeps precipitating.

Fig. 24. Distribution of known graphite occurrences in British Columbia. Detailed descriptions of individual graphite occurrences can be
obtained from MINFILE at: http://minfile.gov.bc.ca/searchresults.aspx?23=867/&27=Any&t=1 . The area most favourable for crystalline flake
graphite exploration are coloured in red (amphibolite facies with kyanite and garnet present) or blue (amphibolite-granulite facies).
Metamorphic map modified from Monger and Hutchinson (1970).

Natural graphite products currently on the market are grouped into three main categories: 1)
microcrystalline (commercially referred to as 'amorphous graphite’; Fig. 3); 2) vein graphite
('lump' and 'chip’ graphite; Fig. 4); and 3) crystalline flake graphite (Fig. 5). Prices of selected
products are shown in Table 1.
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Fig. 19. Geological map
of Asbury Graphite mine,
Quebec. At this site, the graphite stability field. As
Pegmatite near-surface reserves graphite precipitates, the

_ were estimated to be composition of the fluid evolves
Porphyroblastic Y RN Rt | along the corresponding tie-line, as
marble 10.75% graphite shown by the green arrow, towards

(Séguin, 1974) and the the graphite saturation curve.

mine was in production Fluids of compositions B and F lie

Quartzite from 1980 to 1988 on outside the graphite stability field. It *.Graphite
seasonal basis. Drilling would be impossible to precipitate saturation
in 1984, combined with a graphite from either of these fluids curve

Fold axis structural study, suggests alone. However, if we mix these two 40 35 HO 30
additional resources at fluids, the composition of the

Mine level 1 depth (Simandl, 1992). resulting mixture will lie somewhere Atomic % Oxygen

Locally, graphite is along the mixing line B-F.

observed as inclusions If a small quantity of fluid F is added to fluid B, then the composition of the resulting fluid will shift
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