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NATURAL FLUID-DEPOSITED GRAPHITE:
MINERALOGICAL CHARACTERISTICS AND MECHANISMS
OF FORMATION

F.J. LUQUE,* J. D. PASTERIS,** B. WOPENKA,** M. RODAS*
and J. F. BARRENECHEA*

ABSTRACT. This paper focuses on the similarities and differences between meta-
morphic graphite (formed iz sitx from organic matter) and fluid-deposited graph-
ite. We discuss the formation of fluid-deposited graphlte in terms of the source of
carbon, the characteristics of the C-bearing Huide {the C-O-H system), the mecha-
nisms of carbon mobilization, and the mechanisms of carbon precipitatdon. New
and existing analytical data are compiled on the tﬁ’hf'-““l and chemical character-
istics of fluid-deposited graphite obtained by the Eolla techn;’g:es: optical
microscopy, differential thermal analysis, thermogravimetry, X ray diffracdon, Ra-
man spectroscopy, and stable isotope mass spectrometry. Our discussions focus
on major, thatis, volumetrically significant, worldwide concentrations of graphite.

INTRODUCTION

Graphite commonly occurs in metasedimentary rocks as a result of the conversion
of organic matter through regional or contact metamorphism. From diagenesis to the
uppermost metamorphic grades, the organic material passes through a series of interme-
diate forms, terminating in fully ordered graphite. The stage in the evolution of organic
matter into graphite, that is, its degree of graphitization, is governed mainly by
temperature, duration of metamorphism, and lithology of the host rock, with lesser
control by pressure. At the lowest P-T range, shear stress and variations in the starting
material also appear to play significant roles in the degree of graphitization (Diessel,
Brothers, and Black, 1978; Wintsch and others, 1981; Bonijoly, Oberlin, and Oberlin,
1982; Ross and Bustin, 1990). It also is recognized that some types of organic matter are
inherently very difficult to graphitize (Oberlin, Boulmier, and Villey, 1980; Beny-Bassez
and Rouzaud, 1985; Large, Christy, and Fallick, 1994).

Graphitization of organic matter is moderately well understood and can be de-
scribed in terms of mineralogical, physical, and chemical changes. Diverse analytical
techniques have been applied to monitoring such physico-chemical changes: optical
microscopy (Diessel and Offler, 1975), X-ray diffraction (Landis, 1971; Grew, 1974,
Kwiecinska, 1980; Itaya, 1981; Wang, 1989; Oh and others, 1991), differential thermal
analysis (Kwiecinska, 1980; Wada and others, 1994), transmission electron microscopy
(Buseck and Huang, 1985; Oh and .others, 1991), Raman spectroscopy (Tuinstra and
Koenig, 1970; Beny-Bassez and Rouzaud, 1985; Pasteris and Wopenka, 1991; Wopenka
and Pasteris, 1993), and stable carbon isotopic analysis (Hoefs and Frey, 1976; Weis,
Friedman, and Gleason, 1981; Dunn and Valley, 1992).

However, the heating and compression of organic matter in situ is only one of the
ways in which graphite is produced in nature. The other way is the precipitation of solid
carbon (that is, “graphite”) from natural carbon-bearing fluids such as those containing
CO,, CO, and/or CH,. Although graphite of metamorphic origin has been studied in
great detail, there is not a comprehensive review of such fluid-deposited graphite. The
present paper summarizes the natural occurrences and the mineralogical, crystalchemi-
cal, and isotopic characteristics of graphite precipitated from carbon-saturated fluids in
geological environments. The discussion focuses on volumetrically large graphite depos-
its, although some inferences are drawn from small-scale graphite precipitates. The goals
are (1) to present a wide array of analytical data, some presented for the first time, on

* Departamento de Cristalografia y Mineralogia, Facultad de Geologia, Universidad Complutense de
Madrid, 28040 Madrid, Spain

** Department of Earth and Planetary Sciences, Washington University, Campus Box 1169, St. Louis,
Missouri 63130

471



472 EJ. Luque and others—Natural fluid-deposited graphite:

fluid-deposited graphite from worldwide localities, (2) to consider, on the basis of
analytical parameters, whether graphite that formed by fluid deposition is different from
graphite of metamorphic origin, and (3) to investigate if fluid-deposited graphite is
characterized by any physical and chemical property that would be a useful indicator of
the specific conditions of the graphite’s origin.

Geologically, there are several reasons why one would want to learn more about
fluid-deposited graphite. An obvious impetus is to derive appropriate temperature-
crystallinity correlations so that the depositional temperature can be inferred from
graphite deposits. The structural state of graphite is also important because it both affects
and is controlled by: the kinetics of graphite precipitation, the degree of supersaturation
of a C-O-H fluid before graphite precipitates, and the physical form of the graphite as it
ultimately precipitates. The physical properties of graphite films in fractures will affect
their physical connectivity and other parameters that control electrical conductivity.
Such factors are essential to the understanding of electrical conductivity measurements
made on deep crustal materials (Duba and Shankland, 1982; Frost and others, 1989;
Mathez and others, 1995; Yardley and Valley, 1997). The fluid-deposition and -resorp-
tion of graphite also control the mobility of carbon in the crust and mantle, as well as the
“stability” (longevity) of carbon films (Mathez, 1987; Tingle, Mathez, and Hochella,
1991; Sugisaki and Mimura, 1994). Larger-scale deposition of graphite, particularly in
granulite terranes, drew attention to the possibility of regional infiltration by large
volumes of COj and to the oxygen fugacities necessary to stabilize graphite under those
metamorphic conditions (Newton, Smith, and Windley, 1980; Glassley, 1982; Lamb and
Valley, 1984; Katz, 1987; Dissanayake, 1994). In contrast, the fluid-deposition of huge
deposits of graphite has nat yet been the focus of major petrologic analysis but rather has
been considered more of an economic geology issue. In addition to being ore deposits,
however, these graphite accumulations are also the physical and chemical records of the
passage of huge volumes of carbon-bearing fluids through the crust for large amounts of
time.

CRYSTALLOGRAPHIC ASPECTS OF GRAPHITE

An important physical aspect of graphite crystals is their size on both the micro-
scopic and macroscopic levels. In an ideal graphite crystal, the 6-fold ring of carbon
atoms is repeated perfectly and extends infinitely within the basal plane; these planes in
turn are spaced equidistantly in stacks that extend infinitely in a direction perpendicular
to the planes themselves. Two types of repetitions of carbon layers are possible within
the graphite structure, resulting in either the hexagonal (stacking sequence ABABAB.. . .)
or the rhombohedral (stacking sequence ABCABC . . .) polytypes. The hexagonal phase
is strongly dominant over the rhombohedral phase in all known natural cases. In natural
crystals, there are defects and dislocations that limit the length scale of crystalline
perfection in different directions. The length scales of ordering (crystal perfection) are
measured along the a-axis (measured parameter is L,) and the c-axis (L.). Well-
crystallized graphite is crystallographically defined by an interplanar d value of exactly
3.35 A and is on the order of at least several hundreds to a thousand Angstréms each for
L, and L. Solid carbon phases with dyg >3.35 A and smaller crystallite sizes are
referred to as “disordered graphite.” The size of the ordered graphite domains is referred
to as the crystallite size. A different, although usually related, physical parameter is the
grain size, which refers to the macroscopically measurable size of the graphite flakes or
granules.

For graphite formed by the metamorphism of organic matter, both crystallite size
and grain size are strongly affected by the conditions of formation or recrystallization of
the carbonaceous phase. The relation between the genesis and the crystallographic
properties of such graphite is clear: heteroatoms such as oxygen, hydrogen, and nitrogen



Mineralogical characteristics and mechanisms of formation 473

are released incrementally during metamorphism (especially due to heating), and the
residual carbon atoms are stacked progressively into three-dimensional planar arrays
of 6-fold rings. As this process progresses, the distance between the planes (dgog)
decreases to the ideal value of about 3.35 A, and the crystallite size also increases until L,
and L, are on the order of thousands of Angstréms or more. The graphite exhibits an
increasingly higher degree of ordering (see, for example, Diessel and Offler, 1975;
Kwiecinska, 1980; Wada and others, 1994). This maturation mechanism allows for the
degree of crystallinity of metamorphic graphite to be a reasonably reliable indicator of its
conditions of formation, especially of the thermal history of the enclosing rock, provided
that the organic precursor is graphitizable (see for example, discussions in Grew, 1974;
Buseck and Huang, 1985; Wopenka and Pasteris, 1993; Large, Christy, and Fallick,
1994). It must be noted that once graphite has attained a certain degree of ordering/
crystallinity, it does not retrograde during subsequent metamorphism. Graphite is one of
the few single-mineral geothermometers (see for example, discussions in Luque, Barrene-
chea, and Rodas, 1993).

GEOLOGIC OCCURRENCES OF FLUID-DEPOSITED GRAPHITE

Occurrences of fluid-deposited graphite can be categorized on the basis of param-
eters such as the volume of the deposit (from minable concentrations down to thin films),
host-rock lithology, structural relation between the graphite and its host (concordant,
discordant), graphite:host volumetric ratio (for example, massive or disseminated graph-
ite), morphology of the graphite (for example, isolated blades, spherulites, massive
fine-grained), degree of crystallinity of the graphite (crystallite size), and composition (wt
percent C, 813C, higher hydrocarbon content).

The main types of fluid-deposited graphite can be grouped into: (A) veins, (B)
replacementdeposits, and (C) disseminations in plutonic rocks (mainly mafic to ultrama-
fic). The term “disseminations” is used here to designate graphite that is dispersed (not
channel controlled, as in veins), that is, physically isolated crystals or aggregates
randomly distributed throughout the rock. Our use of the term disseminations encom-
passes a wide range of total carbon contents (up to those typically termed massive). Less
abundant types of fluid-deposited graphite are (D) stringers and patches in mantle
xenoliths, (E) coatings and films in vesicles and microcracks of submarine basaltic rocks,
and (F) deposits in fluid inclusions.

Some well known geologic occurrences of fluid-deposited graphite are summarized
in table 1. Vein-type graphite (type A) is the most important occurrence. Until recently,
this type was thought to be restricted to high-grade metamorphic rocks of Precambrian
age (Goossens, 1982), but vein-type graphite deposits actually have a wide range in age
(see table 1). The vein deposits display a number of common features in that they range
in thickness from a few millimeters to several meters and cross cut the rock fabric in
simple veins or stockworks. In their macroscopic morphology, the graphite crystals
usually occur as parallel or radiating aggregates that are perpendicular to the vein walls.
Typically, graphite is also present as disseminated flakes in the metasedimentary host
rocks (Erdosh, 1970, 1972; Acharya and Dash, 1984; Katz, 1987; Dissanayake, 1994).
The well known vein-graphite mineralizations of Sri Lanka and India are estimated to
have formed at temperatures of about 750°C (Katz, 1987) and 650° to 850°C (Acharya
and Dash, 1984), respectively.

Younger vein-type mineralizations of historic economic interest occur in mafic-
ultramafic rocks, including those associated with the Miocene lherzolitic rocks of the
Serrania de Ronda (Betic Cordillera, southern Spain) and Beni-Bousera (Morocco) and
with Jurassic alkaline basalts near Huelma in the external parts of the Betic Cordillera
(southern Spain) (Gervilla, 1989; Luque, Rodas, and Galan, 1992; Barrenechea and
others, 1997). Other vein-graphite occurrences also have been described in acid-



TABLE 1
Occurrences of fluid-deposited graphite
] Locality Host Rock Age Typeof | Mineral Graph. Graph. Zarbar Est DTA diooz) Raman Rhom. §13C Inferred Origin  Reference
Occurr. | Associa- Morphol. [ Cont  Cont. Form. | Max. D/IO Graph. for Carbon
tion™ (%) (%) T(¢C) | (°C) (A) | ratio (%) (%)

1 Sr Lanka Granulite-and | Precam- | vein +Qztpy | flakes wto >99 750 P 335- | 004 321 -7.1to | COzinfiltration  Dobner and others, 1978;
amph-facies | brian and ad 100 860 336 -9.0 ofdeep crustal  Katz, 1987; Dissanayake,
metaseds. stock- spherul. carbon 1981; 1994; Wopenka and

work Pasteris, 1993.

K Keralaand | granulite- Precam- | vein Q+KF+  flakes, wto -- 650- 900 337 -- -- -86to COq infitration ~ Acharya and Dash, 1984;
Orissa facies brian Pig+Gt+ masses | 100 850 -134 ofdeep crustal  Soman, Lobzova and
(India) Silt + Cd - carbon Sivadas, 1986;

ad Santosh and Wada, 1993.
' caicsilicates

3 Dillon, gneisses Precam- | vein Ab+Q flakes, upto -- 600 -- -- <0.1 -- -5.8to CO2-CH4 Ford, 1954; Cameron and
Montana brian ad needles, 100 -86 infiltration; Weis, 1960; Weis and
(USA) stock- rosettes devolatiliza- others, 1981; Duke,

work tionof marble  Galbreath, and Trusty,
1990; this work.
1 Duluth serpentinized | Precam- | vein ? tCuFe | flakes .- -- IS IH - -- -- - - assimilation of  Hollister, 1980.
Complex, ultramafics brian and sulfides organic seds.
Minnesota within dissem.
(USA) troctolites
15 New granite-quartz | Silurian- | vein ? Q+Tm+ flakes upto -- 600 - -- -- -- -9to fiuid mixing Duke and Rumble, 1986;
Hampshire | diorite; Devoni- Ms +Chl ad 100 -28 during metam.  Rumble and Hoering,
(USA) sill-grade an + Sill + spherul. + hydrothenn.  1986; Rumble, Duke, and
metaseds. Fe-Tiox processes Hoering, 1986.

6 Huelma, alkali basalts | Jurassic | vein Ol +Plg+ flakes wpto >90 700- 780- 3.351- | 0-0.07 025 20.7to assimilation of Barrenechea and others,
Betic and Fe-Tiox 100 750 80 3.356 -23.0 organic seds. 1997.
Cordillera dissem. | * Cpx
(Spain)

7 | British tholeiitic Creta- vein Q+Ank+ anguar 9% 50-90 | 300 - Amor- | -- - 26.0to  mobilized Mastalerz, Bustin, and
Columbia ceous Py frag- phous -27.0 organiccasbon  Sinclair, 1995.
(Canada) black shales ments from seds.

8 Semaniade | lherzolites Miocene | vein Chrom +  flakes wpto >85 770- 800 3348 | 0:008 0 -165to  assim. of Gervilla and Leblanc,
Ronda ad Fe-Ni-Cu and D &80 -173 organic seds. 1990; Luque, Rodas, and
(Spain) stock- sulfides nodules + mixing with | Galan, 1992; this work.

work igneous melt

9 Beni- Iherzolites Miocene | vein Chrom +  flakes wpto up to 700- - 332 | -- 0 -18.0 assimilation Huvelin and Permingeat,
Bousera and Fe-Ni-Cu 100 100 75 and mixing 1980; Gervilla and
(Morocco) stock- sulfides Lebianc, 1990.

work
10 | Borrowdale | andesites Ordovi- | re- Cpx + flakes, 4085 | @9 400- 790 3361 | 0.07- 319 272 assimilation of | Strens, 1965; Kwiecinska,
(England) cian place- Opx + Plg | nodules, 600 025 organic seds. 1980; Weis, Friedman,
ment tKF+ stringers and Gleason, 1981;
Clz + Fe- this work.
Su+0x
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TABLE 1

(continued)
r Locality Host Rock Age Typeof | Mineral Graph. Graph. Carbon | Est. DTA d Raman Rhom. Inferred Origin  Reference
Occurr. | Associa- Moiphol. | Cont.  Cont. Form. | Max. (002) D/IO Graph. 61 3C for Carbon
tion (%) (%) T(°C) | (°C) (A) | ratio (%) (%)

11 | Fish Lake troctolites and | Precam- | re- Plg+Chl  sphetul. | trace -- L1 - -- ) -- - assimilation of  Pasteris, Harris, and
Intrusion, gabbros brian place- + Amph 700+ organic seds. Sassani, 1995.

Duluth ment+ | +Q
Complex, dissem
MN (USA) |

12 | Water Hen | troctolites, Precam- re- Amph + blades upto -- >600 80 3.351 0 0 -30.6 assimilationof  Mainwaring and Naldrett,
Intrusion, gabbros,and | brian place- Cu-Fe and >80 organic seds. 1977, this work.

Duluth dunites ment+ | sulfides fine-gr.
Complex, vein massive
MN (USA) ‘ ‘

13 | Bushveld pyroxenitic Precam- | re- Amph + flakes wto -- 500~ -- 3.3 -- - 21t assimilation Ballhaus and Stumpfl,
Complex pegmatites brian place- Bi+ Chi + | ad >80 600 -19 (and mixing?)  1985; Taylor, 1986.
South ment + | sulfides globules
Atfrica) dissem

14 | KTB Hole metagabbros | Carbon-  dissem | Chi+Plg flakes - -- O 1] -- 0.03- -- -20to assimilation of  Bartels and Pasteris,
(Germmany) | and iferous +KF+Q ad 028 -27 organic seds. 1993; Bartels and others,

amphibolites *Ms blades and mixing in prep; this work

15 | Eggéré ultramafic Precam. dissem | O/+Opx flakes trace - 400- -- -- -- -- -14410 | igneous Pineau, Javoy, and
(Algeria) xenolithsin in Plio. 1007 800 246 (mantle- Komprobst, 1987.

alkali basalts | Quater. derived)
lavas
,

16 | Kimberley | kimberlites Creta- dissem | Of + Phl flakes 6-9 - -- -- -- - -- -- igneous Pasteris, 1981, 1988.
South ceous and (mantte-

Africa) spherul. derived)

17 | Semaniade | acid dikes in Miocene dissem | Cd+Q+ flakes 10-15 >85 765- (¢ 3.348- | -- 0 213 Inherited ' Luque and others, 1987;
Ronda Iherzolites Bi+ Gt + &5 730 3.351 organic carbon  Luque, Bamenechea, and
(Spain) Plg + Rodas, 1993.

Fe-Tiox

18 | Seraniade | gamet clino- Miocene dissem | Gt+Cpx octah.+ wpto -- >900 80 3.351 0 0 - igneous Pearson and others, 1989; !
Ronda pyroxenite +Pig+Sp  cubic -3 (mantle- Davies and others, 1993;
(Spain) and +sulfides  forms derived) this work. :
Beni-

Bousera
(Morocco)

Localities are grouped by occurrence type (column 5). These particular mineralizations were chosen due to the abundance of physical data
available on them and their representation of occurrence type. Locality names reflect general geographic area. More than one t+}.- of graphite deposite
Iinay olc)aér hin thatarea,leading to multiple entries in the table. Metamorphic graphite occurs in some of the same localities as the llual 1li-[z0s -nerl graphite

escribed here.

*) The mineral associations indicate the phases r.:x1..njre3y . graphite in the veins (in italics) or the primary mineral assemblage of the host rock
when graphite is disseminated or occurs as replacements. Alsnietwioa: Ab = Albite, Amph = Anziliindy. Ank = Ankerite, Bi = Biotite, Cd =
Cordierite, Chl = Chlorite, Chrom = Chromite, Ciz = Clinozoisite, 4 ux = Clinopyroxene, KF = E leidspn. Gt = Gamet, Ms = Muscovite, Ol =
Olivine, & i~ = Orthopyroxene, Ox = oxides, Phl = Phlogopite, Pig = I'l.un. luiw- feldspar, Py = Pyrite, 1§ = Quartz, Sill = Sillimanite, Sp = Spinel,
Su = - _llns+ Tm = Toumaline.

--......no data available.
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intermediate igneous rocks associated with Paleozoic granite-quartz diorite rocks from
south-central New Hampshire (Duke and Rumble, 1986). Graphite occurs in recognized
hydrothermal veins of various ages, including those that cross cut both plutons and their
surrounding metasediments in New Hampshire (Rumble, Duke, and Hoering, 1986;
Rumble and Hoering, 1986), and with hydrothermal gold-quartz vein deposits in an
allochthonous terrane in northern British Columbia, Canada (Mastalerz, Bustin, and
Sinclair, 1995). Finally, graphite crystals have been reported in some modern hydrother-
mal systems, for instance, in association with sulfoantimonides in hydrothermal vents on
the seafloor (Jedwab and Boulegue, 1984).

Deposition of graphite from fluids also results from fluid-rock interactions that lead
to massive replacement (type B), typically of silicate material, or to disseminations (type
C) that may co-precipitate with other minerals. The purported massive replacement
mineralization at Borrowdale, England (Strens, 1965; Weis, Friedman, and Gleason,
1981) occurs as irregular to nodular graphite concentrations (up to 0.6 m, but typically
2-20 mm diam) within hydrothermally altered andesitic rocks of Ordovician age.
Textural evidence shows that graphite replaces orthoclase, albite, and clinozoisite of the
host rock and probably formed at temperatures of 400° to 600°C (Strens, 1965). The
fluid-deposited graphite accurrences described as “disseminated” (type C) are different
from macroscopic vein-like or other massive deposits. However, some of them share
important features with the “replacement deposits” except for their variable to low
concentration of graphite. These mineralizations range in age and are characterized by
isolated flakes, fine stringers, spherulites, and intergrowths with hydrous silicate miner-
als. Disseminated graphite is associated with igneous rocks ranging in composition from
granitic to ultramafic, although its localization and physical form commonly appear
lithologically controlled.

Occurrences of type C can be gradational into more massive graphite concentra-
tions (Ballhaus and Stumpfl, 1985; Reutel, Skrotzki, and Vollbrecht, 1989) and can re-
flect their carbon source. For instance, octahedral crystals of graphite, which occur disse-
minated in some pyroxenitic rocks of the Beni Bousera ultramafic complex in Morocco,
are pseudomorphic after diamond and reflect the mantle history of these rocks (Pearson
and others, 1989; Davies and others, 1993). Fluid-deposited graphite also occurs as
disseminations in anatectic acid dikes cutting across the lherzolitic rocks (themselves
containing graphite veins) of the tectonically related Serrania de Ronda ultramafic
complex of Spain (Luque and others, 1987; Luque, Barrenechea, and Rodas, 1993).

Massive to dispersed occurrences of graphite have been reported in pyroxene
pegmatites in the Bushveld Complex (interpreted as post-cumulus alteration products;
Ballhaus and Stumpfl, 1985) and Stillwater Complex (interpreted as primary precipitates
from a fluid phase; Volborth and Housley, 1984; Mathez and others, 1989). The most
massive “disseminated” graphite deposits in the Bushveld Complex, of the “pothole”
type, are gradational into replacement deposits (type B).

Graphite disseminations have developed during hydrous alteration of igneous
rocks. For instance, in troctolites of the Duluth Complex of Minnesota, graphite
spherulites up to a few millimeters in diameter are intergrown with fine-grained mats of
amphibole and chlorite, which have replaced mafic silicate phases (Hollister, 1980;
Pasteris, 1989; Pasteris, Harris, and Sassani, 1995). In the mafic to ultramafic Water Hen
intrusion within the western edge of the Duluth Complex, coarse-bladed graphite,
amphiboles, and Cu-Fe-sulfide phases are intergrown in hydrously altered rocks. These
textures suggest a combination of primary fluid deposition and replacement processes
for this graphite (Mairiwaring and Naldrett, 1977; Pasteris, unpublished data). Finely
dispersed graphite and graphite aggregates also have been found in serpentinized
kimberlites (Pasteris, 1981) and in hydrously altered igneous and metamorphic rocks
from the German continental deep drill (KTB) hole in southeastern Germany (Bartels
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and Pasteris, 1993). More massive occurrences of fluid-deposited graphite are found
along deep crustal fractures in the KTB hole at several kilometers depth (Reutel,
Skrotzki, and Vollbrecht, 1989), which is another example of the gradation of dissemi-
nated graphite into more massive graphite.

More rarely documented occurrences of fluid-deposited graphite include stringers
and patches (up to several millimeters) in mantle xenoliths (type D) (Pineau, Javoy, and
Kormprobst, 1987; Pearson, Boyd, Nixon, 1990; Tingle, Mathez, and Hochella, 1991;
Pearson and others, 1994; Schulze and others, 1997), vesicle coatings and microcrack
films in submarine basalts and mantle xenoliths (type E) (Mathez and Delaney, 1981;
Des Marais and Moore, 1984; Mattey and others, 1984; Mathez, 1987), grain-boundary
coatings in crustal rocks (Frost and others, 1989; Jodicke, 1992; Mathez and others, 1995;
Stevens, 1997), and graphite precipitates in fluid inclusions (type F) (Pasteris and
Wanamaker, 1988; Guilhaumou and others, 1990; Cesare, 1995; Klemd, Broécker, and
Schramm, 1995; Morgan and others, 1993; Pasteris and Chou, 1998).

PHYSICAL AND CHEMICAL CHARACTERISTICS OF FLUID-DEPOSITED GRAPHITE

Determination of optical properties: Reflected-light microscopy

Reflected-light optical microscopy gives information about the textural and micro-
structural characteristics of graphite crystals and aggregates. The majority of fluid-
deposited graphite consists of medium- to coarse-grained flakes or needles and thus
resembles high-grade metamorphic graphite. In most vein-type deposits, the graphite
crystals are oriented perpendicular to the vein walls and may show features of sequential
deposition (Katz, 1987; Duke, Galbreath, and Trusty, 1990). Coarse graphite crystals
also occur in replacement deposits and in some of the disseminated-type deposits.
Strained crystals, resulting in wavy extinction, are common due to the high ductility of
graphite (fig. 1A). Another noteworthy textural type of fluid-deposited graphite consists
of fine-grained rosettes or spherulitic aggregates (fig. 1B) displaying radial arrays. These
have been reported both in vein-type mineralizations and in disseminated occurrences
(see table 1). Nodules composed of coarse crystals surrounded by thin flakes (fig. 1C)
have been reported in the vein deposits of the Serrania de Ronda (Luque, Rodas, and
Galan, 1992). More than one of these morphologies may occur within a single occur-
rence (for example, within a single vein; fig. 1D).

Graphite precipitated from fluids is commonly highly anisotropic and hashigh R,
(maximum reflectance) values, indicative of a high degree of crystallinity. R, values
close to 15 percent have been reported for the Sri Lanka and Ticonderoga vein deposits
(Diessel and Offler, 1975; Kwiecinska, 1980) and for the vein mineralization associated
with volcanic rocks of southern Spain (Luque, Barrenechea, and Rodas, 1994). Indeed,
the reflectance values of most fluid-deposited graphite are numerically similar to those
obtained from graphite in high-grade metamorphic rocks. An interesting contrast to this
generalization is reported by Mastalerz, Bustin, and Sinclair (1995), who studied
hydrothermal gold-quartz veins in which the concentrated carbonaceous material is
isotropic or weakly anisotropic, indicative of a low state of crystallinity.

Determination of Thermal Properties:
Differential Thermal Analysis (DTA) and Thermogravimetry (T G)

The temperature position of the DTA maximum for graphite correlates with the
temperature at which the graphite formed (Diessel and Offler, 1975; Kwiecinska, 1980;
Wada and others, 1994). Figure 2 shows the DTA-TG curves of fluid-deposited graphite
from the Water Hen body on the western edge of the Duluth Complex, Minnesota. As
for most fluid-precipitated graphite listed in table 1, the Duluth curve hasits maximum in
the range 800° to 860°C. According to Kwiecinska (1980), such temperatures are in the
same range as the ones determined from DTA maxima for the most crystalline of






Fig. 1(C) Nodular aggregates formed ls thick laminar crystals surrounded by thin flakes from entry #8;
largest dimension of photo is 350 (D) uta. graphite crystals parallel to the vein walls and nodule-like
aggregates from entry #8; largest photo is 2.5 mm.
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ti.. 2. Differential thermal analysis and thermogravimetric curves for graphite from the Water Hen body
In: ul. Complex, entry #12 in thble 1), showing the exothermic effect andg weight loss due to the combustion
of carbon. Initial weight: 9.26 mg.

metamorphic graphite, that is, along the boundary between the amphibolite and
granulite facies. Carbon contents calculated from weight loss on the TG curves generally
exceed 90 percent for fluid-deposited graphite (table 1) and agree well with C contents
determined by elemental analyses (Luque, ms).

Structural Characterization: X-ray Diffraction (XRD), Raman Spectroscopy,
and High-Resolution Transmission Electron Microscopy (HRTEM)

X-ray diffraction—X-ray diffraction patterns of graphite precipitated from fluids
typically display the characteristics of very well crystalline graphite (see example in fig.
3). The d-spacings for the three main types of fluid-deposited graphite (veins, replace-
ments, and disseminations) are all within the expected range for “fully ordered” graphite
(as defined by Landis, 1971), regardless of the type of the deposit (table 1). Indeed, one of
the noteworthy contrasts between fluid-deposited and metamorphic graphite is the
limited number of fluid-deposited occurrences in which XRD patterns display the
characteristics of poorly crystalline graphitic material. Again, one of the exceptions is
reported by Mastalerz, Bustin, and Sinclair (1995) who documented XRD patterns
corresponding to amorphous to very poorly graphitized carbon in hydrothermal quartz
veins.

XRD analysis distinguishes between the two polytypes of graphite (hexagonal and
rhombohedral), based on diagnostic reflections in their diffraction patterns. The exis-
tence of the rhombohedral phase is inferred from XRD patterns by peaks at 2.08 and
1.97 A, corresponding to the (101) and (012) reflections of rhombohedral graphite (fig.
3B). The relative amount of the rhombohedral phase can be evaluated through the
intensity ratio between those peaks and the (002) and (004) reflections (Kwiecinska,
1980). In metamorphic graphite, the content of the rhombohedral phase decreases as
temperature (that is, metamorphic grade) increases (Kwiecinska, 1980). An important
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feature revealed in XRD analyses of graphite from many fluid-deposited mineralizations
is the presence of a relatively high proportion of the rhombohedral phase (which makes
them different from high-grade metamorphic graphite), ranging from 20 to 30 percent in
the mineralizations of Sri Lanka, Borrowdale, and Huelma in the Betic Cordillera



482 LJ. Luque and others—Natural fluid-deposited graphite:

(Kwiecinska, 1980; Barrenechea and others, 1997). This finding appears incompatible
with the high temperatures of formation estimated for these and most fluid-deposited
graphite mineralizations.

Raman spectroscopy.—The Raman spectrum of carbonaceous material is sensitive to
changes in the degree of ordering as manifested in the in-plane crystallite size L,. The
first-order Raman spectrum of well crystalline graphite exhibits a very strong in-plane
stretching mode at 1582 Acm ™! (“ordered” or “O-peak”). For carbonaceous materials
with limited long-range order (“disordered graphite”), the first-order Raman spectrum
(fig. 4) shows an additional band at ~1360 Acm™! (“disordered” or “D-peak”). Tuinstra
and Koenig (1970) and Beny-Bassez and Rouzaud (1985) showed that the intensity ratio
of the D to O peaks is inversely correlated with L, over a range of ~40 to ~2250 A
(corresponding to our D/O ratios between 1.02 and 0.02), which includes the degree of
ordering in natural metamorphosed carbonaceous materials ranging from kerogens and
coal to granulite-facies metamorphic graphite. Wopenka and Pasteris (1993) showed that
the degree of crystallinity derived from the D/O intensity ratios can be interpreted in
terms of metamorphic grade, at least for samples with identical host-rock lithologies.

Figure 4 shows the first- and second-order Raman spectra of six fluid-deposited
graphite samples demonstrating a wide range in crystallinity. The top three samples
show crystallinities comparable to those of organic matter metamorphosed to granulite-
facies conditions, exhibiting crystallite sizes (L,) in excess of 2000 A. In contrast, the
laboratory-produced precipitate shows a crystallinity comparable to that in carbon-
aceous metapelites from the chlorite zone, exhibiting crystallite sizes on the order of only
20 A (see Wopenka and Pasteris, 1993).

Transmission electron microscopy—HRTEM studies on carbonaceous materials have
focused on graphite of metamorphic origin indicating progressive increase in crystallin-
ity with metamorphic grade (Bonijoly, Oberlin, and Oberlin, 1982; Buseck and Huang,
1985; Beny-Bassez and Rouzaud, 1985; Oh and others, 1991). HRTEM images com-
monly show that there is structural inhomogeneity both within and among grains from a
single graphite sample, even up to medium grades of metamorphism.

There are few structural characterizations of fluid-deposited graphite by means of
HRTEM. Available data on the mineralizations from the Serrania de Ronda, both
vein-type and disseminated (Luque, 1990; Luque, Rodas, and Galan, 1992), as well as
unpublished work by the latter authors on the volcanic-hosted graphite veins from
Huelma (Betic Cordillera), suggest that these occurrences are homogeneous at the
grain-to-grain scale of the analytical technique. Lattice-fringe images show that these
graphiteoccurrenceshave aperfectly ordered arrangement of the carbon layers, and that
the measured stack heights (L.) agree with the dimensions estimated from XRD
reflections. Discrete spots recorded in the electron diffraction patterns (Luque, 1990) also
indicate well ordered graphite. The characteristics of both lattice-fringe images and
electron diffraction patterns of the fluid-deposited graphite from Serrania de Ronda and
Huelma correlate well with those of high-grade metamorphic graphite that demonstrates
a high degree of ordering (Buseck and Huang, 1985).

Fluid-deposited graphite associated with cataclastic zones in the KTB hole has been
investigated by HRTEM by Reutel and others (1989) and Skrotzki and Reutel (1990).
Based on those studies, the crystalline perfection of this graphite can be interpreted as
“disordered” and characterized by a high density of lattice defects. Due to the cataclastic
environment, it is not clear whether this graphite was fluid-deposited as a poorly ordered
phase or whether it was deposited as well ordered graphite that later was disrupted
mechanically.
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Geochemical Characterization: Determination of the Elemental Composition (C, O, H, N)
and Isotopic Signature ("> C/"*C ratio)

Elemental and isotopic composition.—Table 1 lists carbon contents of fluid-deposited
graphite that vary widely but range up to >99 wt percent. The isotopic variations in
graphite from metamorphosed rocks have been studied by numerous workers. Compre-
hensive reviews can be found in Hoefs and Frey (1976), Hahn-Weinheimer and Hirner
(1981), Weis, Friedman, and Gleason (1981), Dissanayake (1981), Ameth and others
(1985), and Wada and others (1994), among others. Due to the confounding effects of
isotopic fractionation and isotopic exchange during graphite formation, carbon isotopic
analysis is better suited to identifying the geochemical heritage of the carbon (that is, the
carbon source) than to elucidating the mechanism of graphite deposition (that is,
distinction between metamorphic and fluid-deposited graphite). For instance, based on
their isotopic analyses, Weis, Friedman, and Gleason (1981) emphasized that a large
proportion of fluid-deposited carbon was derived from organic compounds in metasedi-
ments. The 8!* C values for graphite precipitated from fluids span a wide range (table 1).
Isotopic zoning and small isotopic shifts at the millimeter-scale are common features of
many fluid-deposited graphite occurrences (Duke and Rumble, 1986; Rumble and
Hoering, 1986, Rumble, Duke, and Hoering, 1986).

MECHANISMS OF FORMATION OF FLUID-DEPOSITED GRAPHITE

The mechanisms discussed below are those expected in the equilibrium precipita-
tion of graphite. We do not have an independent means of evaluating the kinetic
pathways that led to the formation of the natural fluid-deposited graphite described in
this paper. Some insight into the depositional kinetics is provided by laboratory studies
(see later section). We believe that the long times of elevated temperatures experienced
by most of the graphite o¢currences discussed here have produced equilibrium degrees
of crystallinity in most cases. Nevertheless, metastable persistence of a structural type
(rhombohedral over hexagonal) apparently occurs in some of the cases discussed.

The source of carbon—Three potential sources of carbon in C-O-H fluids can be
envisaged: (1) that from C-bearing compounds released during maturation of organic
matter, (2) that from C-bearing compounds released during devolatilization of carbonate-
rich materials, and (3) igneous (mainly mantle-derived) carbon. Any attempt to establish
the source of carbon for fluid-precipitated graphite should address the influence of the
host-rock lithologies. Since fluid-deposited graphite is found in a wide variety of
geological settings (see table 1), it is difficult to elucidate the origin of carbon and the
mechanisms of mobilization and precipitation based solely on field criteria. Rather, one
must consider all the available mineralogical and geological evidence together with
geochemical data of fluid-deposited graphite in order to infer the probable source of
carbon. Carbon isotopic analysis can help reveal the contributions of the three possible
carbon sources (organic matter, carbonates, and igneous carbon of mantle origin) based
on the known ranges in isotopic composition for these three reservoirs and the known
isotopic effects caused by fractionation between coexisting carbon-bearing species.

The mobility of a carbon-bearing fluid permits it to have “seen” many reservoirs
and to have equilibrated with carbon-bearing phases that do not occur near the
immediate site of deposition. Fluctuations in the carbon isotope ratio can occur within a
single fluid-precipitated graphite deposit, reflecting different episodes of graphite forma-
tion, that is, different compositions of the fluids, or different P, T, and fO, during
precipitation. It is even possible that later, fluid-deposited graphite may occur as
overgrowths on metamorphic graphite (S. Dunn, personal communication, 1998). Such
processes result in millimeter-scale isotopic zoning or in differences in the 3C/'?C ratio
among successive, texturally distinct graphite generations (Duke and Rumble, 1986;
Rumble and Hoering, 1986; Rumble, Duke, and Hoering, 1986).
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There are several, often geologically inter-related, controls on the isotopic composi-
tion of graphite precipitated from fluids. The isotopic signature depends not only on the
source(s) of the fluid(s) but also on the fractionation between the existing carbon-bearing
species, the latter of which is controlled by the oxidation state of the fluid (speciated into,
for example, CH,;, CO,, CO) and temperature. The isotopic signature of the graphite
also reflects the specific mechanism that caused precipitation. The latter factor compli-
cates the interpretation of isotopic data of fluid-deposited graphite, particularly when
graphite precipitation was induced by the mixing of fluids (Valley and O’Neil, 1981;
Kreulen and van Beek, 1983; Wada and Suzuki, 1983; Dunn and Valley, 1992; Kitchen
and Valley, 1995).

The carbon source can be the same for some fluid-deposited graphite as for adjacent
metamorphosed organic matter. The fluid that gives rise to a vein-type mineralization
could have derived its carbon from the thermal maturation of local organic matter.
Fluid-deposited graphite in which carbon probably has been derived totally from
organic precursors (3!%C values ranging from —30.6 to —19 permil in table 1) include
those of Huelma and British Columbia (vein type), Borrowdale (replacement type), and
Serrania de Ronda (table 1, entry #17), as well as the Water Hen intrusion in the Duluth
Complex and portions of the Bushveld Complex (all dissemination types).

It is important to note that the organically derived carbon discussed here is inferred
to have moved in a fluid phase that was derived from the devolatilization of heated
organic matter. This model for the incorporation of biogenic carbon differs from those
that involve the wholesale assimilation of organic sediments by an igneous melt (that is,
“restitic” graphite; Kanaris-Sotiriou, 1997) or the physical mobilization in the solid state
of pre-existing disseminated graphite (Erdosh, 1970). Mixing of fluids of “carbonate”
and “organic” provenances also is possible, which can give rise to fluid-deposited
graphite with intermediate isotopic signatures. Such mixed fluids appear to account for
the formation of the vein mineralizations of south central New Hampshire (Rumble and
Hoering, 1986) and perhaps for some of the disseminated graphite in the KTB drillcore
(K. Bartels, J. Pasteris, J. Valley, unpublished data). The mixing and recycling of
C-bearing fluids derived from organic and/or carbonate precursors also could occur in
the deep crust or in the upper mantle, yielding — under appropriate conditions — a
COy-rich fluid (Glassley, 1982). These COy-rich fluids could arguably have played a
major role in the genesis of granulite-facies rocks (see discussions in Lamb and Valley,
1984, 1985) and in the formation of vein-type graphite mineralizations in Sri Lanka
(Katz, 1987; Dissanayake, 1994) and-India (Santosh and Wada, 1993).

Pearson, Boyd, and Nixon (1990) and Pearson and others (1994) studied fluid-
deposited graphite of mantle origin in ultramafic xenoliths. This graphite has a 8'*C of
—12.3 to —3.8 permil, which is close to that usually found in MORB rocks and
diamonds. Processes that produce large isotopic fractionation of carbon, however, might
lead to lighter values, as postulated by Pineau, Javoy, and Kornprobst (1987) for
disseminated graphite in ultramafic xenoliths (3!3C = —24.6 to —14.4 permil). Schulze
and others (1997) recently reported 3!C values as light as — 14.31 permil for graphite in
mantle-derived eclogite xenoliths, which led them to consider that this graphite may be
derived from subducted oceanic lithosphere. The fact that the fluid-deposited graphite
from Sri Lanka is among the isotopically heaviest (3'°C of —7 to —9 permil) of all the
examples listed in table 1 supports the hypothesis of a mantle-derived carbon source.

Mixing of organic and mantle reservoirs is also possible: The isotopic signatures of
graphite from the vein-type mineralizations associated with lherzolitic rocks from
Beni-Bousera and the tectonically related Serrania de Ronda (3'3C of —18.0 to —16.5
permil) are thought to be due to assimilation of organic carbon and subsequent mixing
with mantle-derived C-bearing fluids (Luque, Rodas, and Galan, 1992). Similarly, the
participation of CO,-rich mantle fluids cannot be completely ruled out in the formation



486

of vein deposits in granulitic rocks (Dobner, Hahn-Weinheimer, and Hirner, 1981;
Dissanayake, 1994). The fact that the mantle has a 3'3C signature between that of the
organic and carbonate reservoirs leads to much of the ambiguity.

The above series of factors is largely responsible for the range of 3C values
observed in fluid-deposited graphite (see examples in table 1), and it certainly compli-
cates the interpretation of such data. However, a very important observation is that,
regardless of the composition of the fluid and the mechanism of precipitation, isotopic
exchange apparently does not occur readily once graphite is fully crystallized, due to the
very sluggish diffusion kinetics of carbon in graphite whether of metamorphic or
fluid-deposited origin (Chacko and others, 1991; Dunn and Valley, 1992; Scheele and
Hoefs, 1992; Kitchen and Valley, 1995). This preservation of the isotopic signature, in
principle, aids in the unraveling of the carbon source of metamorphic and fluid-
deposited graphite. However, the isotopic interpretation of fluid-deposited graphite
remains difficult due to the possibility of the mixing of different carbon reservoirs.

The C-0-H system—Most igneous and metamorphic fluids are dominated by H,O.
Their compositions are represented well by the C-O-H system, which also provides a
good model for the deposition of graphite from a fluid. This system can be represented
graphically in a C-O-H ternary diagram (Holloway, 1984) that permits representation of
the stability field of graphite (+ fluid) as a function of T, P, bulk composition, and fO, (fig.
5). As constrained by the phase rule, not all these parameters can be independent at
once. For instance, at any specified T and P, there are only certain compositions of the
fluid that can be in equilibrium with graphite, that is, those compositions along the
“graphite saturation curve.” It follows that at a specific T and P (1) each composition on
the saturation curve represents a specific fO,, and (2) for any given bulk composition
within the field graphite + fluid, the system consists of graphite and a homogeneous
C-O-H fluid.

These basic systematics allow one to consider not only the most fundamental
chemical equilibria in the system, but also what chemical reactions and changes in
intensive parameters are expected geologically to induce the precipitation of graphite.
For instance, in figure 5 it should be noted that graphite can be in equilibrium with fluids
of widely varying oxygen fugacities at a given T and P. Contrary to common perception,
extremely reducing conditions are not required in order to stabilize and precipitate
graphite. Furthermore, fluids in equilibrium with graphite can vary from anhydrous to
those that are dominantly aqueous.

When elemental carbon is present as a solid phase at a fixed P-T condition, the
C-O-H system becomes univariant, and the graphite-fluid equilibrium can be expressed
in terms of the following four independent equations (French, 1966; Ohmoto and
Kerrick, 1977; Frost, 1979; Holloway, 1984; Lamb and Valley, 1985):

C+ Oz = CO2', C+ 1/202 = CO, HQ + 1/102 = HQO, C+ 2H2 = CH4

At high temperature and relatively high oxygen fugacity, the fluid coexisting with
graphite mainly consists of HyO and CO,, and the equilibrium C + O, = CO, is the
dominant control on the stability of graphite (Frost, 1979). At lower oxygen fugacity,
CH, becomes the most important species, with H,O and H, as the other major
components (Holloway, 1984; Jakobsson and Oskarsson, 1990; Cesare, 1995); at these
conditions the controlling equilibrium is C + 2H,O = CH, + O,.

The size of the graphite stability field is a function of several geologically important
parameters (fig. 5A and B). The graphite field is enlarged (and thus the carbon content of
the coexisting fluid is reduced) as pressure is increased and/or as temperature is
decreased (Ohmoto and Kerrick, 1977; Ferry and Baumgartner, 1987). In addition, the
position of the graphite saturation curve is also a function of the degree of crystallinity of
the solid carbon phase (fig. 5C). Compared to the saturation curve for well crystalline
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graphite, the curve for graphite that is not perfectly well crystalline (detailed discussions
in later sections) shifts toward the carbon apex, thereby diminishing the “graphite”
stability field (Ziegenbein and Johannes, 1990).

The mechanisms of mobilization.—Carbon is transported as mobile species such as CH,
and CO; (released, for example, during thermal maturation of organic matter) domi-
nantly in aqueous fluids, as demonstrated in the experimental work of Ziegenbein and
Johannes (1980). Movement as carbonate and bicarbonate ions in aqueous solutions also
provides a means of transporting carbon. Thus, certain molecular reactions must occur
both to transport and ultimately to precipitate graphite. Among the geologically most
important reactions that change the carbon content and speciation of a fluid and that
may lead to the precipitation of graphite are fluid-rock interactions (mineral dissolution
and precipitation), fluid mixing (changing the bulk carbon content of the fluid), and
redox reactions (changing the carbon species that are stable). Reactions of the type
CO, + CH, = 2C + 2H,0 demonstrate how carbon is transferred from a homogeneous
C-O-H fluid (mobile carbon) into a graphite-bearing (precipitated carbon) aqueous fluid,
in other words, how carbon is transported via a gas phase and subsequently deposited as
graphite elsewhere (Walther and Althaus, 1993). In a sense, the mobility of carbon-
bearing fluids provides a means of “transporting graphite.”

Combined geological- and textural evidence can be used to obtain information
about the flow of carbon-bearing fluids and whether the precipitation of graphite
occurred in a single stage or as a consequence of successive generations of fluid reactions.
These criteria can be used to distinguish between channelized fluids and more pervasive
fluid flow as documented by Duke and Rumble (1986) for the New Hampshire graphite
occurrences and by Bartels and Pasteris (1994) for graphite within the rocks drilled by
the KTB continental deep' drill hole in Germany. Reactions along the fluid path can
change the composition of the fluid and its speciation (Lamb and Valley, 1985; Ferry and
Baumgartner, 1987), which complicate the isotopic interpretation of the final graphite
precipitates, and can lead to isotopic zoning.

Tectonically weakened zones are favorable for fluid infiltration, since they offer
migration channels for C-O-H fluids. This effect would explain why graphite concentra-
tions are common in shear zones (Ziegenbein and others, 1989; Bartels and Pasteris,
1993; Large, Christy, and Fallick, 1994). In addition, the fluid pressure can promote
hydraulic fracturing, favoring the formation of epigenetic graphite veins (Katz, 1987;
Luque, Rodas, and Galan, 1992; Dissanayake, 1994).

Mechanisms of Precipitation

The chemical systematics of the C-O-H system indicate that the precipitation of
solid carbon from fluids can be achieved by several means involving either isochemical
P-T changes or isobaric-isothermal changes in chemistry. The thermodynamic require-
ment for graphite precipitation is that P-T conditions change so the graphite saturation
surface moves over the fluid bulk composition (fig. 5).

Isobaric cooling or isothermal pressure increase.—Precipitation of graphite in the C-O-H
system can be induced isochemically by a decrease in temperature and/or anincrease in
pressure, because the graphite stability field increases in size (and the carbon content of
the coexisting fluid decreases) following either of those changes (Ohmoto and Kerrick,
1977; Frost, 1979; Ziegenbein and others, 1989; fig. 5A and B). Cooling of a C-bearing
fluid is probably the most effective mechanism to cause graphite precipitation (Dubessy,
1984; Mathez and others, 1989). For instance, heated C-O-H fluids deep in the crust (or
even in the upper mantle) could rise up and away from their heat source, cool, and then

recipitate carbon. This process appears to be an efficient means to transport and
Ee-)deposit carbon over'a wide range of temperature: It has been invoked to explain the
presence of graphite in epithermal systems (T = 100°-300°C) (Reed and Spycher, 1985)
and in ultramafic mantle xenoliths from depths on the order of 60 to 90 km and at
temperatures of 600° to 1000°C (Pearson and others, 1994).
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The above discussion applies to C-O-H fluids in general. In metamorphic terranes,
such fluids coexist with only solid phases. A C-O-H fluid also can exsolve from a magma
as it cools and fractionates, but before it reaches the solidus. Cooling of this fluid can
induce massive precipitation of graphite, which in turn causes major changes in the
composition of the remaining fluid (Mathez and others, 1989).

Hydration reactions—There are several mechanisms for graphite precipitation that
involve changing the composition of the fluid in order to bring the system into the field of
graphite stability at some P and T. For instance, under isobaric-isothermal conditions,
hydration reactions can deplete a fluid in H,O, thereby enriching it in carbon causing
graphite precipitation (Rumble, Duke, and Hoering, 1986; Stevens, 1997). This relation
may explain the common occurrence of hydrated minerals (such as chlorite and
smectite) directly intergrown with graphite or present in the host rocks (Borrowdale,
Huelma, Fish Lake, and Water Hen intrusions in the Duluth Complex, KTB metaba-
sites). In contrast, an isobaric-isothermal decrease in the CO, content of a fluid could
dissolve graphite, because it would deplete the fluid of carbon. This is probably one
reason that calcite and other carbonate minerals so rarely occur with fluid-deposited
graphite.

Changes in the ambient oxygen fugacity conditions—As mentioned above, extremely
reducing conditions are not needed to cause the precipitation of graphite from a C-O-H
fluid. In fact, carbon can precipitate due to either an oxidation or a reduction process
(Frost, 1979). For instance, recent hypotheses on vein-type graphite in granulite-facies
terranes (Sri Lanka, India) suggest that graphite precipitated when COy-rich fluids
infiltrated low-fO, rocks (graphitic gneisses) and underwent reduction (Santosh and
Wada, 1993; Dissanayake, 1994). Another example of this mechanism of precipitation is
shale-hosted graphite that appears to have formed as COyrich fluids infiltrated from
adjacent carbonates and were reduced during their passage through the shales (Baker,
1988; Connolly and Cesare, 1993). In contrast, introduction of a low-fO,, methane-rich
fluid into a fracture system will induce a gradient in fO, between the walls of the fractures
and the fluid. If the fluid composition changes in response to diffusion, graphite can
precipitate due to oxidation, as proposed by Frost (1979) to explain the origin of graphite
vein deposits.

Mixing of different C-bearing fluids.—Changes in fluid composition also can be achieved
by in situ diffusional introduction of one gas species into another or by more dynamic
fluid mixing between two chemically distinct reservoirs. The reduction of CO, by
addition of Hj in hydrothermal fluids is considered by Mastalerz, Bustin, and Sinclair
(1995) as a likely precipitation mechanism for poorly ordered graphite in the Erickson
hydrothermal system. This mechanism was monitored experimentally at 725°C by
Pasteris and Chou (1998), who induced H, to diffuse into natural pure CO; inclusions in
quartz, causing the precipitation of disordered graphite. Hydrogen diffusion into inclu-
sions has been inferred to occur in nature under specific metamorphic conditions (Hall
and Bodnar, 1990; Hall, Bodnar, and Craig, 1991). The effects of fluid mixing on the
precipitation of graphite can be visualized on the C-O-H diagram (fig. 5D). The mixing
of two aqueous fluids (which are not saturated with respect to graphite), one COy-rich (A)
and another CH,-rich (B), can result in an intermediate composition (C) within the field
graphite + fluid (Rumble and Hoering, 1986; fig. 5D). In this situation, precipitation of
graphite will take place by the reaction CO, + CH, = 2C + 2H,0.

Precipitation reactions catalyzed by reducing agents—In a relatively small number of
cases, graphite precipitation may be induced by the presence of catalyzing minerals. It is
well known that certain compounds (especially sulfides and oxides) act as catalysts
during the process of metamorphic graphitization (Grew, 1974; Bonijoly, Oberlin, and
Oberlin, 1982). The influence of such catalysts in the formation of graphite from fluids
has been documented both experimentally (Morgan, Chou, and Pasteris, 1992) and in
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some natural occurrences. Among the sulfides, pyrrhotite appears to play a role in the
graphite vein deposits of New Hampshire (Duke and Rumble, 1986). The presence of
graphite rims around pyrite and hematite cores led Strens (1965) to postulate that
graphite precipitation was catalyzed by these minerals at the Borrowdale replacement
deposit. Stibnite and other Fe-Ni-Cu sulfoantimonides also appear to influence the
precipitation of graphite in hydrothermal vents (Jedwab and Boulegue, 1984). Sulfide-
oxide spherules have been proposed to catalyze graphite formation in vesicles of
submarine basalts (Mathez and Delaney, 1981). It is possible that once the catalytic
reaction has been initiated, graphite deposition continues by homogeneous nucleation
(Mathez and Delaney, 1981). Textural evidence for homogeneous nucleation in fluid-
deposited graphite was found by Duke and Rumble (1986) who reported the nucleation
of radially oriented spherulites on graphite flakes.

DISCUSSION

Degree of crystallinity—There is more involved in the deposition of graphite from a
geological fluid than is addressed in the simplified models and mechanisms discussed
above. In most of the latter discussions, it was assumed that the precipitate is well-
ordered, fully crystalline, pure-carbon graphite. Even though this is true for most
fluid-deposited graphite tliat has been recognized and studied so far, such assumptions
are not universally true. The thermochemical properties of “disordered” graphite are
different from those of well-crystalline graphite (Ziegenbein and Johannes, 1980).
Ziegenbein and Johannes (1990) have pointed out that there is a displacement in the
graphite saturation curve in the case of poorly ordered graphite (see fig. 5C), which also
results in a change in the composition of the fluid coexisting with graphite.

The structural data obtained by means of XRD, Raman spectroscopy, and HRTEM
indicate that natural graphite precipitated from fluids is fairly homogeneous (unlike
metamorphic graphite), that is, there are no large fluctuations in the “crystallinity” of a
given sample. In addition, the majority of natural fluid-deposited graphite samples are
characterized by very high crystallinity. Since poorly crystalline (disordered) graphite
can be brought to saturation in laboratory experiments involving a C-O-H fluid
(Ziegenbein and Johannes, 1980; Pasteris and Wanamaker, 1988; J. Krautheim, ms;
Wopenka and Pasteris, 1993; Morgan and others, 1993; Pasteris and Chou, 1998; see fig.
4), the very limited number of known natural occurrences of “disordered” fluid-
deposited graphite is surprising (Pasteris and Luque, 1997), but it has been reported, for
instance in shear zones in the KTB borehole (see fig. 4; Reutel and others, 1989; Bartels
and Pasteris, 1994) and in veins in the Erickson hydrothermal system (Mastalerz, Bustin,
and Sinclair, 1995).

Kinetics of precipitation—Since fluid deposition of graphite clearly involves both
nucleation and grain growth, one also must consider how kinetics might affect the
precipitation conditions and the physical properties of fluid-deposited graphite. Ziegen-
bein and Johannes (1980) showed that graphite-fluid equilibration can be very sluggish
below about 700°C. Graphite does not always precipitate within its stability field, and the
solid carbon phase that first precipitates may not be the stable form.

The compositional stability field for disordered graphite is smaller than that for
ordered graphite (fig. 5C), which suggests that ordered graphite might be stabilized more
readily than disordered graphite. However, structurally disordered graphite is the phase
that first precipitates in many experiments (Ziegenbein and Johannes, 1990; G. Krautheim,
ms; Pasteris and Chou, 1998). It is possible that disordered graphite is easier to nucleate
at low temperatures than is ordered graphite, but that at some threshold temperature the
larger size of the stability field for ordered graphite becomes the controlling factor. The
fact that the rhombohedral polytype of graphite occurs in abundances up to 32 wt
percent in the Borrowdale (England) and up to 25 wt percent in the Huelma (Spain)
volcanic-hosted deposits (Kwiecinska, 1980; Barrenechea and others, 1997; respectively)
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suggests that there also may be important kinetic controls on the polytype that initially
nucleates. As discussed by Barrenechea and others (1997), the metastable rhombohedral
graphite phase may be preserved in the above two deposits due to the high cooling rate
associated with volcanic environments.

Question of geothermometry.—The fact that fluid-deposited graphite, just like metamor-
phic graphite, can exist in disordered forms suggests the possibility of investigating the
physical properties of fluid-deposited graphite as an aid to deciphering the mechanism of
its precipitation. Such an approach requires high-quality analytical data on many
fluid-deposited graphite occurrences, including some whose conditions of formation are
well understood. As already noted, most natural fluid-deposited graphite occurrences are
homogeneous in crystallinity. This suggests that certain physical parameters could be
used for evaluating the temperature at which the graphite precipitated, that is, in analogy
with geothermometric estimates for metamorphic graphite (Landis, 1971; Grew, 1974;
Shengelia, Akhvlediani, and Ketskhoveli, 1979; Beny-Bassez and Rouzaud, 1985;
Wopenka and Pasteris, 1993; Wada and others, 1994). However, the reliability of
metamorphic graphite geothermometry is still debated, since the effects of pressure,
shearing, organic precursor, and host lithology affect the process of graphitization.

Similarly, it remains difficult to evaluate the effects on the physical properties of
graphite of individual fluid-depositional parameters, such as pressure, temperature, and
oxygen/hydrogen fugacity. Firstly, reliance on natural samples does not permit selection
of those variables independently. Secondly, we have only estimates of the values of those
intensive parameters. Fluid-deposited graphite of the Erickson hydrothermal system
(Mastalerz, Bustin, and Sinclair, 1995) is considered to have formed at about 300°C
(based on vitrinite reflectance and fluid-inclusion data), a temperature in keeping with
the very disordered structure of this graphite. Thermal studies carried out on the KTB
graphite in the current work, however, gave significantly higher temperatures for the
graphite’s differential-thermal-analysis maximum (665°C) than those obtained from
geothermometric calculations on coexisting minerals (T = 300°~400°C; Skrotzki and
Reutel, 1990; Bartels and Pasteris, 1993; Walther and Althaus, 1993). One reason for the
disparity in recorded temperatures between graphite and coexisting silicates may be that
graphite’s crystallinity does not retrograde during cooling, whereas silicates may con-
tinue their elemental diffusion as temperature drops. Moreover, consistent variation of
graphite crystallinity with temperature does not assure that the precipitation was an
equilibrium process. The effect of kinetics on the crystallinity of fluid-deposited graphite
must be considered. With the exception of the KTB and Erickson occurrences, docu-
mented fluid-deposited graphite mineralizations appear to be restricted to recognized
high-temperature environments (see table 1) or at least show high degrees of crystallinity.
However, the database on confirmed fluid-deposited graphite is still small, and few
experimental studies on fluid-deposition of graphite provide the necessary structural
analyses. We therefore encourage researchers to do more structural analyses on natural
fluid-deposited graphite and additional experiments in which the graphite precipitates
are characterized in detail.

The lack of documentation on natural fluid-deposited graphite compels us to use
results from laboratory experiments on deposition of graphite from a fluid under
controlled conditions of pressure, temperature, and fO, (or fHy). J. Krautheim’s (ms) and
G. Krautheim’s (ms) work demonstrated that the crystallinity of graphite was enhanced
by increases in pressure, temperature, and/or fO, (decrease in fH,). The same fugacity
control is inferred from the analyses and observations of Grew (1974), Wintsch and
others (1981), Wopenka and Pasteris (1993), and Wada and others (1994), who recog-
nized that organic mattermetamorphosed at a certain temperature in carbonate rocks was
more highly crystalline than that in pelitic rocks at the same temperature. Pasteris and
Chou (1998) also showed that for fluids that undergo compositional change in order to
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bring them to graphite saturation, the graphite crystallinity is controlled by the fH, that
pertained when saturation initially was attained.

The specific temperature control on graphite crystallinity remains problematic.
Experiments on the fluid-deposition of graphite (Pasteris and Wanamaker, 1988;
J. Krautheim, ms; G. Krautheim, ms) indicate that crystallinity increases with increasing
run duration (up to several days or weeks, depending on temperature; then crystallinity
remains constant). However, even synthetic precipitates formed at 900°C, 15 kb are not
as well crystalline as most natural fluid-deposited graphite. Unfortunately, however,
these results cannot be extrapolated to geologic time scales.

Similarities between metamorphic and fluid-deposited graphite—A question of interest is
whether two natural graphite samples formed at the same temperature would have the
same properties, if one were deposited from a fluid and the other were metamorphosed
organic matter. Due to the lack of confirmed temperatures for the formation of
fluid-deposited graphite, this question cannot be answered. However, one can investi-
gate the co-variation in different structural parameters of graphite to compare the
development of crystallinity in metamorphic versus fluid-deposited graphite. For com-
parative purposes, DTA temperatures can be used in the absence of formation tempera-
tures. There are some striking contrasts in the relations between structural parameters
and DTA maxima for these two types of graphite. Kwiecinska’s (1980) plot (fig. 6) of the
measured dgy versus DTA maxima for about 30 samples of (dominantly) metamorphic
and (minor) fluid-deposited graphite shows a strong linear correlation. The superposition
of our data for eight fluid-deposited graphite samples listed in table 1 (entries 1, 2, 6, 8,
10, 12, 17, and 18) onto Kwiecinska’s (1980) diagram shows that for a given DTA
temperature, the degree of crystallinity of six of our fluid-deposited graphite samples is
significantly higher than that for the average (metamorphic) graphite. In other words, for
a given degree of crystallinity (value of djoz), most of our fluid-deposited graphite
samples show lower DTA temperatures than do metamorphic graphite samples (fig. 6).

This finding contrasts' with those of Pasteris and Wanamaker (1988), J. Krautheim
(ms), and Pasteris and Chou (1998), whose experiments showed that considerably higher
temperatures would be needed to produce fully crystalline graphite by experimental
fluid-deposition than by natural metamorphism of organic matter. The present compari-
son unfortunately suffers from the dissimilarity between the conditions of pressure and
length of time in the experiments and those in natural settings. An additional complexity
is revealed by the experiments of J. Krautheim (ms) and Pasteris and Chou (1998), which
demonstrate that the degree of crystallinity of fluid-deposited graphite is strongly affected
by the fH; of the fluid from which it precipitates.

From a simply experimental viewpoint, it thus would appear that one should not
expect close correlation between the degree of crystallinity of fluid-deposited graphite
and its temperature of formation. However, in nature, unlike in the experimental
laboratory, not all combinations of gas fugacities are equally probable. Certain tempera-
ture-gas fugacity pathways are favored geologically due to fluid-mineral equilibria
(including mineral-buffering and fluid immiscibility). Such interrelationships suggest that
useful correlations can'be found between the degree of crystallinity of fluid-deposited
graphite and its formation temperatures if appropriate indicators of gas fugacity can be
identified. Previous work by Luque, Barrenechea, and Rodas (1993) supports such
crystallinity-temperature relations in natural samples. Additional similarities and differ-
ences between metamorphic and fluid-deposited graphite occurrences are listed in table 2.

In summary, there are several important geologic, geochemical, and petrologic
consequences of the fluid deposition of graphite. The attainment of graphite saturation in
a fluid decreases the degrees of freedom of the system by one and may cause fO,-
buffering (that is, control on composition) in the fluid. Moreover, in a fluid-dominated
igneous or metamorphic environment, graphite saturation can control the T-fO, evolu-
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TABLE 2
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Differences between metamorphic and fluid-deposited graphite

Characteristic

Metamorphic graphite

Fluid-deposited graphite

Crystallite size versus grain size

Macroscopic grain size increases as
crystallite (unit of crystallographic continuity)
size increases

Macroscopically fine-grained (described as
“amorphous lumps” commercially) graphite

can show maximum degree of crystallinity.

Example: Water Hen Intrusion, figure 4.

Homogeneity of crystallites revealed
by HRTEM

Range in crystaliinity

Even in high-grade metamorphic rocks, some
graphite grains are poorly ordered. See
examples in Leger and others (1996) and
Buseck and Huang (1985).

Carbonaceous matter ranges from poorly
ordered kerogens to graphite with maximum

Fluid-deposited graphite is homogeneous
at grain-to-grain scale. Example: Betic
Cordiilera (this work).

With only a few recorded exceptions (a

hydrothermal system; in fluid inclusions),

crystallinity. See examples in Grew (1974) and
Wopenka and Pasteris (1993).

naturalfluid-deposited graphite
concentrations are of very high
crystallinity. Examples throughout this
paper.

Temperature versus crystallinity Linear correlation between DTA temperature
maximum and XRD d(002). Example:

Kwiecinska, 1980 (our figure 6).

Several fluid-deposited graphites lie to the
high-crystallinity side of this linear
correlation. See figure 6.

tion of the entire system as it cools (see discussions in Ballhaus and Stumpfl, 1985, and in
Mathez and others, 1989). Such buffering will affect oxidation-dependent equilibria in
the coexisting fluid, melt, and/or rock, such as those controlling the aqueous complexes
responsible for mobilizing metals, and the Fe**/Fe’* ratios that control the mineralogy
of the iron-bearing phases that form. The thermodynamics of the C-O-H system also
allow for abrupt changeovers — under normal geologic variations in conditions in the
crust and mantle — from conditions of carbon-mobilization to those of carbon-
deposition. In other words, in dynamic geologic systems, the P-T-fO, controls on
graphite saturation allow for the fluid-scavenging of carbon from large volumes of rock
with the subsequent deposition of this carbon in much more concentrated deposits
elsewhere. In this way, carbon becomes localized in certain regions of the crust and
mantle over time (see Haggerty, 1986, concerning mantle carbon). When carbonic fluids
move through fracture systems in the crust and mantle, graphite precipitation can seal
these fractures to further fluid movement. In these ways, fluid deposition of graphite is a
major factor in the terrestrial carbon mass balance.

In conclusion, there is still much to be learned about the different types of
fluid-deposited graphite, the mechanisms of deposition, and the effects of the formational
mechanism on the properties of graphite precipitates. As demonstrated by the examples
in this paper, the chemical and physical characteristics of such fluid-deposited graphite
help to specify its mechanism of deposition and, to some degree, distinguish fluid-
deposited from metamorphic graphite. For example, carbon isotope ratios help con-
strain the source of the carbon, whereas the measured degree of crystallinity helps to
constrain the range of temperatures and gas fugacities over which deposition occurred.
Compared to metamorphic graphite, fluid-deposited graphite appears to be dominated
by a high degree of crystallinity and marked homogeneity of crystallinity. Fluid-
deposited graphite shows greater isotopic zoning, however. In addition, the temperature-
crystallinity relations of fluid-deposited graphite are more complex than those of
metamorphic graphite.
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