Graphite morphologies from the Borrowdale deposit
(NW England, UK): Raman and SIMS data
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Abstract Graphite in the Berrewdale (Cumbria, UK)
depesit eccurs as large masses within mineralized pipe-like
bedies, in late graphite—chlerite veins, and disseminated
threugh the velcanic hest recks. This eccurrence shews the
greatest variety of crystalline graphite merphelegies rec-
egnized te date frem a single depesit. These merphelegies
described herein include flakes, cryptecrystalline and
spherulitic aggregates, and dish-like ferms. Cellefoerm
textures, displayed by many ef the cryptecrystalline
aggregates, are reperted here fer the first time frem any
graphite depesit werldwide. Textural relatienships indicate
that spherulitic aggregates and celleferm graphite fermed
earlier than flaky crystals. This sequence of crystallizatien
is in agreement with the precipitatien ef graphite frem
fluids with pregressively decreasing supersaturatien. The
structuaral characterizatien carried eut by means of Raman
spectrescepy shews that, with the exceptien eof celleferm
graphite areund silicate grains and pyrite within the hest
recks, all graphite merphelegies display very high crys-
tallinity. The micrescale SIMS study reveals light stable
carben isetepe raties fer graphite (5'°C = —34.5 te
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—30.2%0), which are cempatible with the assimilation of
carben-bearing metapelites in the Berrewdale Velcanic
Greup magmas. Within the main mineralized breccia pipe-
like bedies, the isetepic signatures (with cryptecrystalline
graphite being lighter than flaky graphite) are censistent
with the cempesitien and evelutien ef the mineralizing
fluids inferred frem fluid inclusien data which indicate a
pregressive less of C@,. Late graphite-chlerite veins
centain isetepically heavier spherulitic graphite than flaky
graphite. This agrees with CHy-enriched fluids at this stage
of the mineralizing event, resulting in the successive pre-
cipitatien ef isetepically heavier graphite merphelegies.
The isetepic variatiens ef the different graphite merphe-
legies can be attributed therefere, te changes in the
speciatien of carben in the fluids ceupled with cencemitant
changes in the XH,® during precipitatien ef graphite and
asseciated hydreus minerals (mainly epidete and chlerite).
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Introduction

The graphite crystal structure censists ef a centinueus
bidimensienal array ef sixfeld rings ef carben atems
stacked aleng the c-axis. Thus, as fer mest ether minerals
with layered structures (e.g. phyllesilicates), the cem-
menest habits ef graphite are platy, flaky er scaly crystals
(Kwiecinska 1980; Kavanagh and Schlegl 1988; Jaszczak
1995; Luque et al. 1998). Hewever, in spite of its layered
structure several ether merphelegies have been reperted
beth in natural eccurrences (recks and meteerites) and in
synthetic cempeunds (fer instance, cast irens). Ameng
these unusual graphite merphelegies, the mest commen is



spherulites which may eccur in many reck types (Gellatly
1966; Rumble et al. 1982; Duke and Rumble 1986; Katz
1987, Kvasnitsa et al. 1999; Dereshkevich et al. 2007), as a
result of precipitatien frem fluids er melts. In additien,
spherulitic graphite has alse been feund in seme chendrites
(e.g. Mestefaeui et al. 2000, 2005; El Geresy et al. 2005)
and it is a cemmen merphelegy develeped in cast irens
(Ceeper et al. 2003; ‘stberg 2006; and references therein).

Fibreus (tubular) graphite has been feund in artificially
preduced carbens (Jaszczak 1995) as well as in seme
meteerites (Mestefasui et al. 2005) and igneeus recks
(Jaszczak et al. 2007). Finally, ether graphite merphelegies
including pelyhedral (Gegetsi et al. 2000), celumnar,
pseudedipyramidal, pseudedipyramidal-prismatic (Kvasn-
itsa et al. 1999), and cene-shaped (Jaszczak et al. 2003,
2007) have been described.

The geal ef the present paper is te describe the unique
diversity of graphite merphelegies eccurring in a single
paragenesis frem the renewned epigenetic graphite depesit
at Berrewdale in the English Lake District (Cumbria, UK;
Fig. 1). The geelegical setting of this graphite depesit is
alse unusual, because it is ene of enly twe knewn examples
of graphite mineralizatien hested by velcanic recks

(Barrenechea et al. 1997; Luque et al. 1998). Merphelegy
of minerals is geverned by crystalline structure and the
physice-chemical cenditiens prevailing during nucleatien
and grewth. Similarly, seme geechemical features are alse
dependent upen the cenditiens ef crystal grewth. Thus,
cembining swuctural and isetepic characterizatien ef the
varieus graphite merphelegies ceuld help unravel the
evelutien ef the mineralizing precess in the particular
envirenment of the velcanic-hested depesit at Berrewdale,
and mere generally previde key infermatien en graphite
depesitien frem fluids.

Geological setting

The Berrewdale graphite depesit censists ef mineralized
faults hested by andesite lavas and sills belenging te the
upper @rdevician (Katian) Berrewdale Velcanic Greup,
and by a prebably centemperanceus hypabyssal dieritic
intrusien (Millward 2004) (Fig. 1). Previeus geelegical
studies of the depesit by Ward (1876) and Strens (1965)
stated that narrew veins and stringers filling the faults
cemprise massive graphite and chlerite aleng with quartz.
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Fig. 1 Simplified geological map of the English Lake Bistrict (UK) locating the Borrowdale graphite deposit at Seathwaite. The bleached and
metasomatically altered zone with the Skiddaw Group at Crummock Water (CW) is also shown



The richest depesits are develeped at the intersectiens ef
the faults, where there are steeply inclined pipe-like bedies
up te 1 X 3 m in cress-sectien and frem a few metres te
ever 100 m in length (Ward 1876). The pipe-like bedies
centain nedular masses and patches of graphite, typically
1-2 cm acress, but ranging frem a few millimetres te 1 m
or mere; the yellew—brewn matrix cemprises intensely
altered wall-reck and brecciated quartz.

The velcanic recks are underlain by the Skiddaw Greup,
a successien of marine turbiditic mudstenes and sand-
stenes, pessibly late Cambrian te mid @rdevician in age,
and at least 5,000 m thick (Ceeper et al. 1995, 2004).
Several lines of evidence suggest that Skiddaw Greup
recks have centributed te the geechemical develepment of
later aspects of Lake District geelegy. In particular, the
presence of garnet phenecrysts in peralumineus recks in
the Berrewdale Velcanic Greup and asseciated inwrusiens
(Fitten 1972) has been atwibuted te the assimilatien ef
pelitic material, mest likely frem the Skiddaw Greup
(McCennell et al. 2002). Sulfur isetepe data frem sulphides
within these velcanic recks alse suppert this cententien
(Lewry et al. 1991). Preliminary data en the bulk carben
isetepic cempesitien ef carbenaceeus matter disseminated
within the Skiddaw metapelites are clese te —28.5%o
(Barrenechea et al. 2008).

Analytical methods
Petregraphic study

Samples frem the graphite ere bedy and its hest velcanic
recks were studied en pelished thin sectiens with a Zeiss
Axiephet micrescepe using beth transmitted and reflected
light. The recegnitien ef graphite merphelegies was cem-
plemented with the study ef selected samples by scanning
electren micrescepy (SEM) en geld-ceated fragments
using a Jeel JSM6400 micrescepe eperated at 40 kV.

Raman spectrescepy

Raman spectra were cellected with a Renishaw INVIA
spectremeter at the Ecele Nermale Superieure (Paris,
France) en the pelished thin sectiens used fer the petre-
graphic study. This methed allews fer measurements in sita
and fer the preservatien ef the textural relatienships
between graphite and the rest of the minerals in the
assemblage. All the measurements were dene fecusing the
laser beam beneath the surface eof transparent minerals
(usually quartz, chlerite, and epidete) asseciated with
graphite te aveid the mechanical disruptien ef the graphite
structure at the surface of the thin sectien due te pelishing
(Pasteris 1989; Beyssac et al. 2003). The 514.5 nm

wavelength of a 20 mW Specwa Physics Argen laser
fecused threugh a Leica DMLM micrescepe with a 100 x
ebjective (N.A. = 0.90) was used fer the analyses. A 1,800
g/mm and a RENCAM CCD detecter were used te disperse
and analyze the signal.

Under these cenditiens the spatial reselutien is ~1 pm
and the spectral reselutien is clese te 1 cm ™. Laser pewer
en the sample surface was reduced te 2 mW te aveid
radiatien damage en graphite. Raman analysis ef graphite
might alse be affected by pelarizatien effects between the
incident laser elecwemagnetic field and the swucture ef
graphite. This effect might virtually enhance the defect
bands especially fer measurement en the graphite edge
planes. These effects are rather weak with a 514.5 nm
wavelength (Tan et al. 2084), and te further attenuate them
we used a ¥4 wavelength plate befere the micrescepe which
yields a circular pelarizatien ef the laser.

Abeut 20 spectra of each type of graphite merphelegy
were recerded te gain an insight inte the swuctural heter-
egeneity within the sample. Acquisitien time was 10 s and
five accumulatiens ensured a geed signal te neise ratie. Ne
significant changes were ebserved in the secend erder
Raman regien of graphite, and thus the study fecused en
the first erder Raman spectra (1,100-2,000 cmm™'). The
Raman parameters (peak pesitien, band area, and band
intensity) were determined with the cemputer pregram
PeakFit 3.0 using a Veigt functien.

Stable carben isetepe analyses

Secendary ien mass specwemetwy (SIMS) analyses were
perfermed en the Cameca ims 1270 ien micreprebe in the
N.ER.C. Scientific Services’ Edinburgh Ien Micreprebe
Facility at the University of Edinburgh. Geld-ceated pel-
ished thin sectiens were analyzed using negative secendary
iens sputtered with a pesitively charged Cs™ beam. The
spet size was 20 pum. The results were checked using the
graphite standard USGS24 (3!°C = —16.05%0; Ceplen
et al. 2006). Five measurements were made en the standard
at the start and end ef each 20 analyses—thus enabling
calibratien ef the sample measurements against ten stan-
dard measurements. Under these cenditiens, the precisien
of the peint analysis is clese te 0.2%o.. The 8°C values are
referred te the PDB standard.

Graphite morphologies

Graphite in the Berrewdale depesit eccurs as subspherical te
ellipseidal aggregates (nedules hereafter) and as irregular
patches er small veins within altered velcanic recks ef the
Berrewdale Velcanic Greup andin an asseciated hypabyssal
dieritic inwrusien. Nedules and patches may reach up te



18-15 cm in diameter or majer length. Their typical size is
1-2 cm, theugh nedulesupte 1 mhave been recerded (Ward
1876; Fig. 2a). Graphite alse eccurs aleng fault planes in the
velcanic recks, usually asseciated with chlerite.

Graphite merphelegies recegnized within the nedules
and patches are widely diverse and include beth individual
ferms and aggregates (i.e. greups ef individual ferms;
Table 1). Platy, flaky er scaly graphite crystals (up te
300 ;um leng and SO pm wide) are by far the mest abun-
dant (~90%), shewing ne preferred erientatien relative te
the margins ef the nedules. Lecally, cempesite nedules
censisting of beth flaky and cryptecrystalline graphite have
been recegnized (Fig. 2b), with flaky graphite usually
surreunding cryptecrystalline graphite; the latter may ferm
bands (i.e. celleferm textures) areund quartz fragments. In
seme nedules, thin ceatings ef flaky graphite en quartz
fragments (termed hereafter as encapsulated fragments)
have been recegnized within cryptecrystalline graphite
(Fig. 2c). In additien, cryptecrystalline graphite may ferm
reunded patches within flaky graphite (Fig. 2d) and it alse
eccurs with celleferm textures, ferming bands and glebules

Fig. 2 Morphologies of
graphite crystals and aggregates
from the Borrowdale deposit. a
Section of a hand sample
showing the rounded to
elliptical secton of the graphite
nodules within the altered
andesite host rock. Scale is in
centimeters. Photos (b—f) are
reflected light
photomicrographs (one
polarizer). b Wetail of the
contact (dashed line) between
flaky graphite (FG) and
cryptocrystalline graphite (CG)
in a composite nodule. ¢ Large
arrew peints to an encapsulated
quartz fragment (dark grey)
with small graphite spherulites
inside (light grey) embedded in
cryptocrystalline (colloform)
graphite; note the small graphite
ring at the upper left comer of
the photo (small arrew). d
Rounded patch of
cryptocrystalline graphite (CG)
within flaky graphite (FG). e
Colloform graphite (light grey)
within the volcanic host rock;
note refleciivity zoning parallel
to the margins of the graphite
aggregate. f Colloform graphite
(light grey) around pyrite
(white)

104 jen

dispersed within the hest reck (Fig. 2¢). Celleferm
graphite in the hest reck can be ebserved areund beth
silicate and pyrite grains (Fig. 2f).

Aleng with flaky and cryptecrystalline graphite twe
ether merphelegical types have been recegnized: spheru-
lites and ring-like ferms. Spherulites censist of radiating
arrays ef fibreus graphite crystals. In seme cases, minute
silicate grains can be ebserved ferming the cere eof the
spherulites. In the Berrewdale depesit, spherulites eccur in
feur different settings: (1) as individual ferms, 1-5 pm in
diameter, or aggregates disseminated within the velcanic
reck (Fig. 3a), (2) as individual ferms, 5-40 pum in dia-
meter, within flaky graphite (Fig. 3b), (3) as individual
ferms, 1-3 pm in diameter, enclesed in encapsulated
quartz fragments (Fig. 2c), and (4) as aggregates, 5—10 pum
in diameter, asseciated with chlerite aleng fault zenes
(Fig. 3c). Ring-like textures are usually hested by crypte-
crystalline  graphite (Fig. 2c) er included within
encapsulated fragments. Rings are 1-2 pm wide and cen-
sist of tiny graphite crystallites arranged parallel te beth
silicate and sulphide (mainly pyrite) ceres.



Table 1 Morphologies and characteristics of graphite from the Borrowdale deposit

Morphology @ccurrence

Host

Remarks

Aggregates

Flaky, scaly Nodules, irregular patches,

coalings, disseminations
Spherulitic Patches
Cryptocrystalline Patches, colloform

Individual forms

Spherulites Pisseminations
Spherulites Pisseminations
Spherulites Pisseminakions
Rings Pisseminakions
Flakes Graphite—chlorite intergrowths
Vermicular Graphite—chlorite intergrowths
Disks Pisseminakions

Altered andesite and diorite
Chlorite

Altered andesite, flaky graphite
(composite nodules)

Flaky graphite
Altered andesite
Encapsulated quartz fragments

Cryptocrystalline graphite, altered
andesite

Chlorite
Chlorite

Altered andesite

Randomly distributed within nodules and patches
(Fig. 2b)

Individual size of spherulites ranging from 5 to
10 pm in diameter (Fig. 3c)

Masses, bands and “globules” with apparent
reflectance zoning (Figs. 2c—f, 5)

5-40 um in diameter (Fig. 3b)
1-5 um in diameter (Fig. 3a)
1-3 pm in diameter (Fig. 2¢)

Nucleated on silicate or sulphide grains (Fig. 2c)

Thin curved and tapering crystals (Fig. 3d)
Randomly distributed within chlorite (Fig. 3e)
2040 um in diameter (Fig. 3f)

Fig. 3 Morphologies of
graphite crystals and aggregates
from the Borrowdale deposit. a
Scanning electon microscope
image of graphite spherulites
disseminated within the
volcanic host rock. Photos (b—e)
are reflected light
photomicrographs (one
polarizer). b The arrew peints
to a graphite spherulite within
flaky graphite. ¢ Aggregate of
graphite spherulites within
chlorite. d Curved and tapering

graphite flakes intergrown with
chlorite. e Vermicular graphite
intergrown with chlorite. f
Scanning electon microscope
image of dish-like graphite




Finally, “graphic-like” intergrewth textures, censisting
of thin curved and tapering graphite flakes within chlerite
(Fig. 3d), have been ebserved in samples frem fault zenes
within the velcanic reck. In places, graphite in graphite-
chlerite intergrewths shews a vermicular (i.e. werm-like)
merphelegy (Fig. 3e).

In additien te these merphelegies, the SEM study
revealed the presence eof cencave disks (dish-shaped
aggregates) of graphite (up te 40 um in diameter) shewing
reugh surfaces (Fig. 3f).

Raman data

The Raman spectra of graphite are sensitive te the changes
in the degree of crystal perfectien (“crystallinity”) aleng
the basal plane ef the graphite swucture (Wepenka and
Pasteris 1993) that can be cerrelated te the in-plane crys-
tallite size (L,). Thus, the first erder Raman speca eof
highly crystalline graphite displays a sharp peak at
~1,580 cm ' (erdered or G band). Twe additienal bands
at ~1,350 and 1,620 cm ™ (D1 and D2 bands) are recer-
ded in the first erder Raman spectra of peerly crystalline
graphite, the D2 band eccurring as a sheulder en the G
band. The intensity and area raties fer the diserder te erder
bands decrease with increasing crystallinity (Wepenka and
Pasteris 1993; Beyssac et al. 2003). The mest preminent
feature in the secend erder Raman spectra of well-erdercd
graphite is a peak clese te 2,700 cm™" (S1 band) which
splits inte twe bands. Recent detailed reviews eof the
physics behind the Raman spectrum ef graphite are pre-
vided by Reich and Themsen (2004) and Pimenta et al.
(2007).

All graphite merphelegies frem the Berrewdale depesit
cerrespend te structurally well erdered graphite accerding
te the Raman data. The intensity and area raties fer the D
and G bands in the first-erder spectra are censistent with
highly crystalline graphite. In additien, ne significant
changes were ebserved in the secend erder Raman regien,
all the spectra shewing well-defined sheulders at
~2,685 cm ™' en the S 1-peak, which is indicative ef the
attainment eof tri-periedic erder in the structure (Lespade
et al. 1982).

Flaky graphite

Raman spectra of flaky graphite frem Berrewdale display a
sharp G band and weak er absent D1 and D2 diserder bands
(Fig. 4a). The intensity and area raties fer the diserder te
erder bands (R1 = DI1/G peak intensity ratie, and R2 =
DI1/(G + D1 + D2) peak area ratie; Beyssac et al. 2002)
average 0.04 fer R1, and 0.06 fer R2 (Table 2). These
features of the Raman spectra indicate a high degree of

crystalline perfectien aleng the basal plane ef the graphite
structure. The average crystallite size L, is in excess of
2,000 A accerding te the estimatien of Wepenka and Pas-
teris (1993) which is based en the area ratie of the D1 te G
bands.

Cryptecrystalline graphite

Significant differences were ebserved in the first-erder
Raman spectra of cryptecrystalline graphite eccurring in
cempesite nedules in the pipe-like bedies cempared with
that feund as celleferm bands areund silicate er sulphide
grains within the velcanic hest recks (Table 2).

1. Cryptecrystalline graphite in cempesite nedules dis-
plays the Raman features ef highly erdered graphite,
that is, small er absent D1 peak and sharp G band
(Fig. 4b). The average values fer R1 and R2 arc 0.09
and 0.05, respectively. Such values agree with in-plane
crystallite sizes larger than 2,000 A.

2. Coelleferm graphite areund silicate grains in the
velcanic hest reck shews Raman spectra cerrespend-
ing te graphite ef lewer crystallinity (Fig. 4c). In
particular, the parameters ef the first-erder spectra R1
and R2 have higher average values (0.23 and 0.25,
respectively) than these calculated fer the ether
merphelegies. Such values agree with L, crystallite
sizes of 200 te 300 A.

3. Finally, the Raman spectra of celleferm graphite
areund pyrite grains in the hest reck (Fig. 4d) shew
the highest R1 and R2 average values (0.26 and 0.28,
respectively) and hence the lewest degree of crystal-
linity (L, = 150-300 A).

Spherulitic graphite

The recerded Raman spectra of spherulitic graphite frem
the Berrewdale depesit alse cerrespend te highly crystal-
line graphite (Fig. 4e). Ne differences have been feund fer
spherulites disseminated in the hest recks er within
encapsulated quartz fragments. The parameters of the first-
erder specra R1 and R2 have average values of 0.87 and
0.06, respectively. Such values agree with average crys-
tallite sizes larger than 2,000 A. Graphite spherulites
within flaky graphite were net analyzed because they can
enly be recegnized at the surface of the pelished thin
sectiens.

Graphite in chlerite
Graphite (beth flaky and vermicular) in “graphic”-like

intergrewths and graphite spherulites within chlerite shews
Raman spectra cerrespending te well-erdered graphite
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(Fig. 4f). Hewever, R1 and R2 values are slightly higher
than these fer flaky and cryptecrystalline graphite within
the nedules, and alse cempared te spherulitic graphite
disseminated in the hest reck er enclesed in encapsulated
quartz fragments. The parameters of the first-erder speca
R1 and R2 have average values of 0.11 and 0.16, respec-
tively. Such values cerrespend te L, crystallite sizes in the
range between 1,000 and 1,500 A.

Stable carbon isotope data

The stable carben isetepe raties fer the different mer-
phelegies analyzed are given in Table 3. Ne data were

Rarsae $hifl (g0 )

ebtained for seme of the merphelegies because they were
smaller than the spet size of the ien micreprebe. It is werth
neting that the analyses of each merphelegical type fall
within very narrew ranges. The mest abundant merphelegy
within nedules and disseminatiens (flakes) has ene ef
the heaviest isetepic signatures (average o' Cppp =
—30.26%0) fer the graphite in the depesit. Such values are
clese te these feund in graphite spherulites within chlerite
(average 5Cppr = —30.15%0). By centrast, cryptecrys-
talline graphite in cempesite nedules has significantly
lighter isetepic signatures (average 6'°Cppg = —33.70%0)
with ne apparent zening acress the banded texture (Fig. 5).
The lightest carben isetepe raties cerrespend te vermicular
graphite within chlerite (average 6°Cppg = — 34.49%o).



Table 2 Raman data for the

different graphite morphologies ((;50511)101‘1 (DCIlnp(I))smon (C;:“l;{M tel =
Flaky
Mean value 1,581 1,350 20 0.04 0.06
S» 12 25 2.9 0.0% 0.0%
Number of analyses 25
Cryptocrystalline
Mean value 1,581 1,355 21 0.09 0.05
N J 13 23 15 0.02 0.08
Number of analyses 17
Spherulitic
Mean value 1,582 1,356 20 0.07 0.06
N J 0.9 32 15 0.07 0.0%
Number of analyses 15
Colloform (silicate)
Mean value 1,582 1,355 27 023 0.25
S» 1.7 2.8 25 0.0% 0.0%
Number of analyses 28
Colloform (pyrite)
Mean value 1,583 1,356 26 0.26 0.28
N J 1.0 24 22 0.08 0.07
Number of analyses 12
Vermicular intergrowth (chlorite)
Mean value 1,580 1,351 21 0.11 0.16
S» 18 3.0 15 0.06 0.07

G FWHM Full width at half Number of analyses 18

maximum of the G band

Discussion
®rigin ef graphite merphelegics

The variatien in the merphelegy ef minerals is related te
facters influencing the grewth ferms. The theeretical
merphelegy ef a mineral, inferred frem its structure, can be
used as a reference te evaluate the influence of the different
facters that affect its merphelegy in a certain setting. In the
case of graphite, the structure is defined by layers of carben
atems arranged parallel te the (0001) plane in a hexagenal
crystalline lattice, ABAB stacking ef arematic planes
(a rhembecdral pelytype, ABCABC stacking, exists, as
well but is very miner). Within these layers, streng ceva-
lent bends exist. Hewever, weak van der Waals ferces keep
the carben layers tegether. The characteristics of this
structure determine that (0001) surface exclusively cuts
weak bends. Therefere, this is a lew attachment energy
surface. By centrast, surfaces in the c-axis zene cut stweng
bends and censequently have much higher attachment
energies. It is well knewn that a direct relatienship exists
between the attachment energy ef a surface and its grewth
rate, since the higher the attachment energy the faster the
grewth units attach ente it. Thus, any surface in the c-axis

zene will grew much faster than the (0001) surface.
Therefere, the expected habit fer graphite crystals will be
deminated by (0001) faces, whereas faces in the c-axis
zene will have a very limited develepment, with the
crystals shewing a platy merphelegy.

Facters that can affect crystal grewth must be censidered
in the interpretatien ef these graphite crystals shewing
merphelegies that differ significantly frem the theeretically
expected ene. The variatien ef graphite merphelegy can be
attributed te (1) changes in the carbenaceeus precurser, (2)
the effect of elements ether than carben present in the
envirenment, and (3) changes in the carben centent ef the
fluid. Thus, Mestefasui et al. (2005) ascribed the varieus
merphelegics feund in chendrites te different carbenaceeus
precursers. Such an assumptien ceuld be applied essentially
te graphite in metamerphic recks fermed by graphitizatien
of carbenaceeus precursers in situ. Hewever, graphite in
metamerphic recks eccurs exclusively as flakes. @n the
ether hand, it has been reperted that in synthetic systems
(ie. cast irens) seme elements (especially magnesium)
premete the develepment of spherulitic graphite (Deuble
and Hellawell 1995; @stberg 2006). This influence can be
disregarded in natural (geelegical) systems because the
usual cencentratiens ef such elements in mest recks weuld



Table 3 Results of the ion

probe. - (SIMS) of 1\}/}62;1;1;;1{1? intergrowths  6'3C (%0)  Cryptocrystalline 83C (%o) Flakes S13C (%o)
graphite morphologies. The
97C values are relative to the @1 45 ~3487  PO@lasc —3372  PO@17.asc —29.26
PPB standard
F2®2.asc —-33.76 PO®2.asc —32.56 PO®@18.asc —31.89
F2®3.asc —33.99 PO®3.asc —34.45 PO@®@19.asc —28.97
F2®4.asc —35.29 PO®5.asc —34.08 PO®20.asc —28.65
F2®5.asc —-34.20 PO®6.asc —34.45 PO@®@21.asc —28.72
F2®6.asc —35.20 PO®7.asc —33.87 PO®22 asc —28.71
F2®7.asc —-35.15 PO@8.asc —-33.60
F2@®38.asc —33.92 PO®9.asc -31.60 G2C®@1.asc -30.85
F2®9 .asc —34.05 PO@10.asc —32.10 G2C®2.asc -31.31
PO@11.asc —34.29 G2C®3.asc —30.56
Average —34.4% PO®12.asc -35.12 G2C@4.asc —31.01
Standard deviation 0.62 PO@13.asc —-34.01 G2C@5.asc -30.75
PO®14.asc —-32.87 G2C®@7.asc -30.23
Spherulites in chlorite PO®@15.asc —34.01 G2C@®@8.asc —30.22
F2@11.asc —29 87 PO@16.asc —34.73 G2C @9 asc —2897
F2@®12 asc —30.02 G2C@10.asc —31.55
F2®13.asc —30.98 Average —33.70 G2C@12.asc —31.61
F2®14.asc —29.76 Standard deviation 1.00
F2®15.asc -31.11 Average —30.26
F2®16.asc —29.18 Standard deviation 1.10
Average -30.15
Standard deviation 0.75

Fig. S Reflected light microphotograph (one polarizer) of a compos-
ite nodule showing the 5"C values of cryptocrystalline (colloform)
graphite. The points analyzed by SIMS are indicated by small circles

lead spherulitic graphite te be the mest commen merphel-
ogy, and this dees net actually eccur. Thus, fer fluid-
depesited graphite eccurrences, changes in the carben
centent of the fluid (supersaturatien) appear te be the mest
likely facter centrelling the different graphite merphele-
gies. In particular, unusually high supersaturatien is
required fer graphite te be precipitated frem mederate

temperature fluids (Pasteris 1999), such as these respensible
for the Berrewdale mineralizatioen (Luque et al. 2009). High
carben cencentratiens alse seem te play a key rele in the
develepment eof graphite spherulites in carbenatite recks.
Spherulitic graphite in carbenatites, hewever, dees net
precipitate frem a C—@-H fluid, but it crystallizes directly
frem the carben-rich magma (Dereshkevich et al. 2007).
Accerding te classical nucleatien theery (Walten 1969),
the number of critical nuclei that ferm in a system per unit
time is an expenential functien ef the square ef supersat-
uratien. This explains why a large number of crystals reach
a small size when nucleatien eccurs under high supersatu-
ratien cenditiens, while few large crystals are the result of
nucleatien under lew supersaturatien (Sunagawa 1987,
2005). Mercever, the fermatien of aggregates is alse char-
acteristic of crystallizatien frem highly supersaturated fluids.
The decrease in supersaturatien during grewth results in an
evelutien frem cryptecrystalline and spherulitic aggregates
te pelyhedral crystals. If heteregeneeus nucleatien is cen-
sidered and it eccurs freely ever any surface, varieus textures
of pelycrystalline aggregates will appear threugh geemetri-
cal selectien. Spherulites will be fermed en minute, nearly
spherical grains during the early stages of nucleatien,
whereas cryptecrystalline aggregates displaying banding
parallel te the substrate surface will nucleate and grew ever
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Fig. 6 Schematic diagram depicting the relationship between super-
saturation and growth rate (based on Sunagawa 1987). The type of
surface of aggregates and crystals and the nucleadon mechanism
prevailing in each field (in brackets) are shown. The images
correspond to the three main graphite morphologies found in the
Borrowdale deposit: / cryptocrystalline, 2 spherulitic, and 3 flaky

uneven substrate surfaces (celleferm aggregates). Lewer
supersaturatien faveurs the fermatien ef pelyhedral mer-
phelegies mainly by spiral grewth (Fig. 6).

At high supersaturatien cenditiens the selid—fluid inter-
face becemes reugh and crystal grewth eccurs by an
adhesive eor centinueus mechanism. Under these cenditiens,
grewth is centrelled by velume diffusien (Sunagawa 1987)
and the resulting merphelegies are much mere elengated
than these expected at lewer supersaturatien. If such elen-
gate crystals grew radially areund a minute nucleus, a
spherulitic aggregate ef acicular crystals will appear. In
natural spherical graphite it has been shewn that these
spheres censist of an internal radial arrangement and a thin
surface shell with cencentric texture (see Jaszczak 1995).
Such textures have been interpreted as the result of a cene-
helix grewth mechanism frem a cemmen centwe (Deuble
and Hellawell 1974), which is the likely explanatien ef the
erigin ef graphite spherulites in the Berrewdale depesit. In
ether cases, for example in marbles frem Pargas (Finland),
the surfaces of these spheres shew eutlines of individual
graphite crystals with their basal planes lying parallel te the
surface. These spheres are very similar te these feund dis-
seminated in the velcanic recks ef the Berrewdale depesit
(cempare Fig. 3a of this paper and 6-11 in Jaszczak 1995).
This arrangement ef the basal planes of graphite parallel te
the substrate surface ceuld alse be respensible fer the
develepment of the ring-like textures ebserved (Fig. 2c).

Dish-like merphelegies detected by SEM (Fig. 3f) are
reperted for the first time in this paper and they can be
interpreted en the basis ef structural censideratiens. As
explained abeve, the (0001) surface is a lew attachment

energy surface while surfaces in the c-axis zene have
higher attachment energies. Censequently, the grewth units
appreaching faces in the c-axis zene attach ente them much
mere rapidly than ente (0001) face. These faces that grew
faster tend te disappear aleng the grewth precess. Mere-
ever, when differences between the grewth rates of faces in
the same zene are at a minimum, curved surfaces er edges
will develep. In additien, there is alse a relatienship
between the surface energy of a face and its grewth
mechanism. Faces with high attachment energy values tend
te be reugh and grew by an adhesive er centinueus
mechanism. Fer dish-like graphite merphelegies in the
Berrewdale depesit, (0001) faces may have grewn by twe-
dimensienal nucleatien, as they appear relatively flat and
well develeped, whereas these faces in the c-axis zene
must have grewn by a centinueus mechanism, appearing as
curved ledges (Fig. 3f).

Celleform aggregates of graphite were develeped ever
irregular substrate surfaces starting frem minute crystals ef
randem erientatien. After ene layer is cempleted by
intermittent grewth, repetitien eof the precess will develep
the celleferm texture. The interruptien and resumptien ef
grewth inevitably eccur in a system where there is an
imbalance between the diffusien rate and the grewth rate
and a critical value such as the energy barrier is invelved
(Sunagawa 2005). During the early stage of grewth, the
particle size is small and there is a high density ef nuclei
resulting in cryptecrystalline aggregates displaying banded
textures (celleferm) parallel te the substrate surface
(Figs. 2c, 5).

Finally, the mest cemmen merphelegy ef graphite
crystals (i.e. flaky) frem the Berrewdale depesit weuld be
develeped under lewer supersaturatien cenditiens by spiral
grewth (Fig. 6). Each layer of the graphite structare can be
censidered as a twe-dimensienal sheet te which atems can
be added mere easily in the in-plane directiens than aleng
the stacking directien, that is, the c-axis (nermal te the
layers). Se, as expected frem its structure, flakes will be the
deminant merphelegy fer graphite crystals in any natural
system (beth in metamerphic and fluid-depesited eccur-
rences; Luque et al. 1998), and any ether merphelegy
weuld result frem particular cenditiens during nucleatien
and grewth. Textural relatienships in the cempesite ned-
ules frem the Berrewdale depesit suppert the cenclusien
that flaky graphite crystallized later than these merphele-
gies that fermed under high supersaturatien cenditiens
(cryptecrystalline er spherulitic graphite; Figs. 2b, d, 3b).

Structural features of graphite merphelegies
Accerding te Raman data, graphite frem the Berrewdale

depesit is mainly well erdered. This is an unexpected
feature censidering that it was fermed at relatively lew



temperatare (~ S00°C; Luque et al. 2009). Under the same
analytical cenditiens, metamerphic graphite fermed at
equivalent temperatures (i.e. greenschist te epidete—
amphibelite facies) distinctively shews a lewer degree of
erder (R1 ratie ranging frem 0.30 te 0.50, and average R2
clese te 0.45; Beyssac et al. 2002) than that estimated in
this study ef the Berrewdale depesit. Cempared with
metamerphic graphite, the R1 and R2 raties of the Raman
spectra fer the Berrewdale graphite (except fer celleferm
graphite surreunding silicate er sulphide grains in the
velcanic hest reck) are in the range fer graphite eccurring
at high-grade metamerphic cenditiens, frem upper
amphibelite te granulite facies recks (Pasteris and
Wepenka 1991; Wepenka and Pasteris 1993; Beyssac et al.
2002). Thus, the Berrewdale depesit represents the first
example eof fully erdered graphite in a large graphite
eccurrence precipitated frem fluids at mederate tempera-
ture. The reasens fer such an anemaleus crystallinity are
discussed in detail in a previeus paper (Luque et al. 2009)
and can be summarized as: (1) the different mechanism ef
fermatien fer fluid-depesited graphite cempared with
metamerphic graphite, the latter being the pregressive
transfermatien in situ ef a carbenaceeus precurser, (2) the
stability field fer fully erdered graphite + fluid in the
C-@-H system is larger than that fer peerly erdered
graphite even at relatively lew temperatures, (3) the heter-
egeneceus nucleatien mechanism eperating during graphite
depesitien that reduced the energy barrier fer graphite
precipitatien frem the fluid, and (4) the fluids respensible
feor the Berrewdale mineralizatien had the very high initial
cencentratien ef carben required feor the precipitatien ef
graphite frem such mederate temperature fluids.
Censidering the everall high crystallinity ef graphite in
the depesit, an explanatien ef the lewer crystallinity dis-
played by the cryptecrystalline graphite in the celleferm
textures areund pyrite and silicate grains within the vel-
canic hest reck is required. Celleferm graphite areund
pyrite shews the lewest crystallinity, with average in-plane
crystallite sizes ranging frem 150 te 300 A. The catalytic
effect of certain cempeunds en the precipitatien ef
graphite, particularly sulphides (pyrrhetite, stibnite), is well
knewn (Jedwab and Beulegue 1984; Duke and Rumble
1986). Silicates alse have been prepesed as catalytic agents
during the graphitizatien ef carbenaceeus matter threugh
metamerphism (Grew 1974). Se, it is likely that the
increased rate ef graphite precipitatien caused by these
catalysts induced seme kind ef diserder in the graphite
structure. Hewever, it is werth neting that celleferm
graphite areund quartz in cempesite nedules within the
mineralized bedies and celleferm graphite areund silicates
in the velcanic hest recks have centrasting crystallinities.
Celleferm graphite areund quartz has L, values in excess
of 2,000 A, whilst celleferm graphite areund silicates in

the velcanic hest recks has L, = 200-300 A. Thus, it
seems likely that ferremagnesian minerals within the hest
reck caused a similar effect te that ef pyrite, whereas
quartz dees net appear te influence any structural diserder
in the precipitated graphite.

As with cryptecrystalline graphite, graphite spherulites
alse develeped under high supersaturatien cenditiens.
Raman parameters measured en spherulitic graphite within
nedules frem the mineralized bedies indicate a high degree
of erdering, similar te that feund in graphite frem high-
grade metamerphic recks, with L, larger than ef 2,000 A.
In additien, graphite spherulites in the chlerite—graphite
veins alse have large L, crystallite sizes (>1,000 A). Pre-
vieus Raman data en graphite spherulites beth in synthetic
systems (cast irens) and natural eccurrences (chendrite
meteerites and carbenatites) peint te peerly crystalline
materials. Ceeper et al. (2003) reperted Raman spectra
frem spherulitic graphite in cast irens shewing intense D1
and D2 peaks that reveal lew crystallinity. Mestefaeui et al.
(2000) feund spherulitic graphite in primitive chendrites
with L, between 30 and 40 A. Similarly, Dereshkevich
et al. (2007) reperted graphite spherulites in carbenatites
with R1 in the range 0.35-0.84. The large difference in
crystallinity between graphite spherulites in cast irens and
carbenatites, and these feund in Berrewdale can be inter-
preted as a censequence resulting frem an unlikely
analytical precedure. In beth the cast irens and carbena-
tites, the Raman measurements were dene en pelished
surfaces and the pelishing precess appears te be the cause
of such a lew crystallinity. The Raman spectra en graphite
spherulites in chendrites were ebtained ever unpelished
surfaces, se a different argument sheuld be inveked te
explain its lew crystallinity. Graphite in chendrites results
frem heating eof carbenaceeus precursers at high tempera-
tures (>1,000°C) for a very shert peried of time, with ne
pressure centributien (Mestefasui et al. 2000). Such cen-
ditiens are similar te these of experimental graphitizatien
(Beny-Bassez and Reuzaud 1985) in which the preducts
displayed Raman specwa cerrespending te peerly crystal-
line graphite. Thus, the very different crystallinity ef
graphite spherulites in chendrites cempared with these
frem Berrewdale sheuld be attributed te their centrasting
mechanisms of fermatien.

Significance of the carben isetepe raties

In a first appreach, stable carben isetepe raties in graphite
previde infermatien abeut the erigin ef the carben. Fer
fluid-depesited graphite, the pessible seurces of carben are
(1) develatilizatien ef carbenaceeus metapelites, (2)
decarbenatien ef carbenate recks, and (3) mantle-derived
carben (Luque et al. 1998). Each seurce has carben isetepe
raties falling within characteristic ranges. The tetal range



of 61°C values for erganic matter (beth living and dead) is
frem abeut —40 te +6%o, with an average S13C value of
—25%o; that is, erganic materials are isetepically light
(Weis et al. 1981). Marine carbenates eof Cambrian te
Tertiary age, en the ether hand, have heavier 8'°C values
which lie within £+ 2 units ef 8%o. The isetepic cempesi-
tiens of diamends and mid-eceanic ridge basalts (M@RB)
indicate that carben frem the mantle is significantly heavier
(6°C = —7%o) than biegenically derived carben (Crespe
et al. 2006).

The interpretatien of the carben isetepic signature in
terms of the carben seurce is cemplicated by fractienatien
effects related te the thermal histery ef the reck er te
carben-exchange between graphite and ether carben-bear-
ing species, such as an isetepically heavier carbenate
(which in tarn is alse gevemrned by temperature). In the
fractienatien that eccurs between twe phases, the mere
exidized species of the pair becemes relatively enriched in
the heavier isetepe, ie. 13C. In the maturatien ef erganic
matter, fractienatien eccurs between erganic residues and
their evelved gas species. Fer a fluid ce-existing with the
FQM buffer, the fluid becemes richer in the exidized
species (C®,) with increasing temperature (Frest 1979).
Thus, at lew temperature and under lew @, cenditiens, ce-
existing CH4 becemes depleted in '°C, giving the gas an
isetepically lighter signature and the residual carbenaceeus
matter a heavier enc (Bettinga 1969). At relatively high
{@, the carben-bearing species resulting frem develati-
lizatien ef carbenaceeus matter weuld be an isetepically
light C@®,, but heavier than the residual carbenaceeus
matter. The decarbenatien reactiens ef carbenate minerals
result in a '’C-enriched C®, phase. Incerperatien ef such
C@®, inte aqueeus fluids weuld lead te the precipitatien ef
isetepically heavy graphite. Finally, the pessibility ef
mixing between different carben reserveirs befere or while
graphite precipitated frem the fluid sheuld be alse cen-
sidered when interpreting the carben isetepic signature ef
fluid-depesited graphite (see Luque et al. 1998).

The light isetepic signatures ef the different merphele-
gies of graphite frem the Berrewdale depesit suggest that
the carben was derived frem a biegenic seurce. This is in
geed agreement with the geelegical and geechemical evi-
dence of assimilatien of Skiddaw Greup metapelites by the
velcanic hest recks, and with the presence of zenes within
the metapelites that have been depleted in carben and ether
elements during hydrethermal alteratien (e.g. the Crum-
meck Water zene, Fig. 1; Ceeper ct al. 1988). As previeusly
mentiened, the bulk carben isetepic analyses ef Skiddaw
metapelites yielded values clese te 61°C = —28.5%o. Cen-
sidering the selidus temperature of andesite magmas, the
assimilatien ef the Skiddaw metapelites sheuld eccur at
temperatures clese te 1,100°C. At such temperature the
released carben species is C®,, and the fractienatien facter

C-C@, is abeut 5.5%o0 (Scheele and Heefs 1992). Thus, the
53C value fer the C®, at the assimilatien temperature was
clese te —23%o. At the temperature estimated feor graphite
precipitatien (480-500°C; Luque et al. 2009), the fractien-
atien facters fer C@®,—C weuld be clese te 10.5%0 (Bettinga
1969). This means that the graphite precipitated frem this
C@®,-rich fluid sheuld have an isetepic signature clese te
—33.5%o.

Fluid inclusien data in the Berrewdale depesit (@rtega
et al. 2008; Luque et al. 2009) have shewn that fluids
invelved in the mineralizing precess had average cempe-
sitiens eof 0.65 mel fractien H,® and XC@,/
(XC®, + XCH,) = 0.69 in the main stage ef graphite
precipitatien. Later, the fluids evelved tewards 0.93 mel
tractien H,® and XC@®,/(XC®, + XCH,) = 0, with CH,4
being the enly carbenic species in the fluid in the final
stages of fluid circulatien. The graphite-mineralizing fluid
weuld be a vapeur-like supercritical phase at the beginning
of the graphite precipitatien, evelving te a liquid-rich fluid
as the depesitien preceeded. The censpicueus relatienship
between epidete and graphite in the breccia pipe-like
bedies strengly suggests that the graphite precipitatien
started fellewing the reactien C@®, — C + @,. Since the
average XC@, in the early fluid is 0.24 and epidete is net
stable for XC@®, > 0.2 (Lieu 1993), epidete crystallizatien
was likely triggered by the censumptien ef C@®, in the
reactien of graphite precipitatien. The earlier merphelegies
(celleferm) crystallizing in the pipe-like bedies display
lighter signatures (6'°C = —33.7%o0) than flaky graphite
(513C = —30.2%o) that fermed semewhat later. The values
feor cryptecrystalline graphite ferming celleferm textures in
the cempesite nedules has therefere isetepic signatures
similar te that ef graphite crystallizing frem C@®, in the
fluid with an initial §'°C areund —23%o. Flaky graphite is
en average 3.5%o heavier than celleferm graphite within
the main mineralized bedies, and this can be ascribed te
C@®, censumptien in the fluid. It has been decumented that
changes in the C@,/CH, ratie in the fluid may result in
relatively large isetepic shifts. Such variatiens in the C@,/
CH, ratie can be alse influenced by changes in the XH,@®,
fer example, by hydratien reactiens eccurring simulta-
neeusly with graphite depesitien (Duke and Rumble 1986).

Fluid inclusien data reveal a pregressive enrichment in
water as graphite mineralizatien preceeded, peinting te the
invelvement ef water-generating reactiens during graphite
depesitien: (1) CH, + @, -» C + 2H,® er (2) CH, +
C®, - 2C + 2H,® (er beth). The reactien between CH,
and C@®, te ferm graphite is kinetically very sluggish, se
reactien (1) seems te be mere likely te acceunt fer graphite
depesitien in a later stage of the mineralizing event. The
simultaneeus censumptien of CH, and water enrichment in
the fluid dreve its cempesitien aleng the graphite saturatien
curve tewards the C@,-rich side, resulting in an isetepic
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shift tewards lighter 8°C values in the precipitated
graphite (Fig. 7). In this way, the isetepic signature ef
vermicular graphite (67°C = —34.5%0) in graphite—chlerite
assemblages frem fault-fills weuld be lighter than that ef
the earlier fermed spherulitic graphite (6'°C = —30.2%o).
This suggests, theugh dees net preve, that graphite—chlerite
veins represent a slightly later mineralizing phase invelv-
ing depesitien frem fluids in which the deminant carbenic
species became CH,. The variatiens in the 6°C values
between the different graphite merphelegies (beth in the
pipes and in the graphite—chlerite veins) can be explained
therefere threugh a Rayleigh distillatien mechanism frem
an initial C@,-CH,—H,® single fluid premeting graphite
precipitatien ever a narrew (nearly isethermal) temperature
interval. This interpretatien is censistent with the evelutien
of the cempesitien ef the fluid ebtained frem fluid inclu-
sien data and agrees with the merphelegy ef the
mineralized bedies (pipe-like breccias) which indicates a
rapid, catastrephic mineralizing event.

Conclusions

Graphite in the Berrewdale (Cumbria, UK) depesit eccurs
as large masses within mineralized pipe-like bedies, as
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late graphite—chlerite veins, and disseminated threugh its
andesite and dieritic hest recks. Graphite frem Berrew-
dale shews the greatest wvariety eof crystalline
merphelegics recegnized up te new frem a single depesit.
In additien te flaky crystals, graphite alse eccurs as
cryptecrystalline aggregates displaying celleferm textures
(reperted feor the first time in any graphite depesit
werldwide), as spherulitic aggregates, and with dish-like
merphelegics. Celleferm graphite eccurs areund silicate
(beth ferremagnesian minerals of the velcanic hest reck
and quartz within the breccia pipe mineralized bedy) and
sulphide (mainly pyrite in the hest reck) substrates.
Textural relatienships indicate that spherulitic aggregates
and celleferm textures are earlier than flaky crystals. This
sequence of crystallizatien is related te the precipitatien
of graphite frem fluids with pregressively decreasing
supersaturatien.

With the exceptien of celleferm graphite areund silicate
and pyrite grains within the hest recks, all graphite mer-
phelegies display very high crystallinity, as revealed by
their in-plane crystallite sizes. Such high crystallinity is
unusual fer mederate temperature fluid-depesited graphite
and this has been discussed in detail in a previeus paper
(Luque et al. 2009). The lewer crystallinity of celleferm
graphite within the hest reck is attributed te the swructural



diserder induced by the catalytic effect of ferremagnesian
and sulphide minerals during crystallizatien.

The light stable carben isetepe raties ef graphite
(6°C = =345 te —30.2%0) are cempatible with the
assimilatien ef carben-bearing metapelites in the Berrew-
dale Velcanic Greup magmas. In the main mineralized
breccia pipe-like bedies, the micrescale isetepic signatures
(with cryptecrystalline graphite being lighter than flaky
graphite) are censistent with the cempesitien and evelutien
of the mineralizing fluids which indicate a pregressive less
of C@®, (frem precipitatien ef graphite threugh the reactien
C®, - C + @,). Late graphite—chlerite veins centain
isetepically heavier spherulitic graphite than flaky graphite.
This agrees with the fact that the fluids, as evidenced frem
fluid inclusien data, were richer in CH, at this stage of the
mineralizing event, resulting in the successive precipitatien
of isetepically heavier graphite merphelegies. The demi-
nant graphite-preducing reactien at this stage was
CH, + @, —» C + 2H,®. Thus, the isetepic variatiens ef
the different graphite merphelegies can be atwibuted te
changes in the speciatien ef carben in the fluids ceupled
with cencemitant changes in the XH,® during precipitatien
of graphite and asseciated hydreus minerals (mainly epi-
dete and chlerite).
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