Key factors controlling massive graphite deposition in volcanic settings: an example
of a self-organized critical system
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Abstract: Massive graphite depesitien resulting in velumetrically large eccurrences in velcanic enviren-
ments is usually hindered by the lew carben centents of magmas and by the degassing precesses eccurring
during and after magma emplacement. In spite of this, twe graphite depesits are knewn werldwide asseciated
with velcanic settings, at Berrewdale, UK, and Huelma, Spain. As inferred frem the Berrewdale depesit,
graphite mineralizatien resulted frem the cemplex interactien of several facters, se it can be censidered as
an example of self-erganized critical systems. These facters, in turn, ceuld be used as petential guides for
expleratien. The key facters influencing graphite mineralizatien in velcanic settings are as fellews: (1) an
unusually high carben centent ef the magmas, as a result of the assimilatien ef carbenacceus metasedimen-
tary recks; (2) the absence of significant degassing, related te the presence of sub-velcanic recks er hypabys-
sal intrusiens, acting as barriers te flew; (3) the exselutien of a carben-bearing aqueeus fluid phase; (4) the
lecal structural heteregeneity (represented at Berrewdale by the deep-seated Burtness Comb Fault); (§) the
structural centrel en the depesits, implying an everpressured, fluid-rich regime faveuring a fecused fluid
flew; (6) the temperature changes asseciated with fluid flew and hydratien reactiens, resulting in carben
supersaturatien in the fluid, and leading te disequilibrium in the system. This disequilibrium is regarded as the
driving ferce for massive graphite precipitatien threugh irreversible mass-transfer reactiens. Therefere, the
fermatien of velcanic-hested graphite depesits can be explained in terms of a self-erganized critical system.

Graphite mineralization in volcanic environments is related to pre-
cipitation from carbon-bearing aqueous fluids (Luque ef al. 1998).
Compared with other graphite occurrences formed through pre-
cipitation from fluids, volcanic-hosted graphite deposits are very
uncommon. By contrast, after H @, C®, is the second most com-
mon component of volcanic gases and fluids derived from mag-
mas; other carbon species, such as C® and CH,, are far less
abundant (Symonds et al. 1994). In particular, C®, is a dominant
volatile species in magmatic fluids and gases in subduction zones
(Wallace 2005) and may originate in the mantle. In high-tempera-
ture volcanic gases there can be contributions from subducted
marine limestone with slab carbonate and/or sedimentary carbon,
which in some cases may constitute the major fraction of the gases
(Sano & Marty 1995; Sano & Williams 1996). The contribution of
such subducted materials to the carbon budget of the mantle has
been recognized by some workers (e.g. Zhu & @gasawara 2002)
and is also recorded by the carbon isotopic signature (3'*C) of dia-
monds (e.g. Deines et al. 2009; Stachel ez al. 2009). Even as mag-
mas rise through the crust, there are mechanisms that can add large
amounts of C®,, such as the assimilation or melting of limestone or
carbonaceous sediment (Lentz 1999; Ripley et al. 2002; Pedersen
& Larsen 2006). Lowenstern (2001) pointed out that C@®, behaves
as a highly volatile species, both within magmas and in superjacent
hydrothermal systems. In addition, except for carbonatite magmas,
there are no major mineral phases that incorporate carbon within
their structure and C@®, solubility is generally low in the melt. In
hydrothermal systems, C@®, is not highly soluble under most condi-
tions and precipitates as carbonate minerals at low temperatures.
Usually, C®, therefore exsolves from magmas and hydrothermal
fluids, escaping to the surface. Although significant amounts of

graphite (up to 8.8 wt%) have been reported in some volcanic rocks
from Greenland (Pedersen & Larsen 2006), most magmas readily
release their carbon along with the volcanic gases and this should
account for the lack of graphite deposits in volcanic rocks.

In spite of the above arguments, there are two examples of large
graphite deposits in volcanic settings, at Borrowdale (Cumbria,
UK) and Huelma (southern Spain) (Strens 1965; Barrenechea et al.
1997, 2009; Luque et al. 1998, 20094, b; @rtega et al. 2009, 2010).
The aim of this paper is to discuss the key factors, as inferred from
recent detailed studies on the Borrowdale deposit, that made pos-
sible the concentration of a huge amount of graphite in an a prieri
unfavourable geological setting. Such a discussion follows from
consideration of the Borrowdale graphite deposit as an example
of a self-organized critical (S®C) system. This concept was first
proposed by Prigogine (1961) and Prigogine & Nicolis (1977).
Complex systems consist of a group of uniw each existing far from
equilibrium, interacting among themselves, and from this interac-
tion new properties arise. That is, Complexity Science studies the
way non-equilibrium energy-flow systems spontaneously organize
themselves, resulting in complex patterns that are not predictable
from the components of the system. Bak et a/. (1987) and Bak
(1996) developed further the idea of self-organized criticality
applied to various natural systems. Based on these studies, Hronsky
(2009) suggested that the formation of ore deposits can be also
explained in terms of S@C systems.

As an S@C system, the formation of the Borrowdale volcanic-
hosted graphite deposit comprises many interacting components
and the dynamics of the system is dependent on their conjunction
and complex interaction. The application of Complexity Science
concepts to this deposit has very important implications not



included within the current dominant paradigm used to explain
mineral systems (i.e. source-transport-trap; e.g. Misra 2000), in
which the Borrowdale deposit would be categorized as an ‘atypical
deposit’. By contrast, the S®C concepts allow understanding of
this mineral system from a fluid-centred perspective as a self-
organized fluid-flux system.

Geological setting and petrography of the
Borrowdale deposit

The graphite deposit is hosted by andesite rocks belonging to the
upper @rdovician (Katian) Borrowdale Volcanic Group, and by a
probably contemporaneous hypabyssal dioritic intrusion (Fig. 1).
This intrusion is in the immediate hanging wall of the Burtness
Comb Fault, which is inferred to lie above a repeatedly reactivated,
deep-seated basement structure. The Burtness Comb Fault was
therefore one of the fundamental faults that controlled the accu-
mulation and preservation of the Borrowdale Volcanic Group
(Millward 2002). Within the Borrowdale Volcanic Group, volcan-
ism was mainly subaerial and corresponded to medium- to high-K
calc-alkaline rocks related to subduction along a continental
margin (Fitton es al. 1982; Beddoe-Stephens es al. 1995). The
Borrowdale Volcanic Group is underlain by anchizonal to epizonal
metapelites and sandstones of the upper Cambrian to middle
@rdovician Skiddaw Group. There is petrological and geochemical
evidence for assimilation of Skiddaw Group lithologies by the
Borrowdale Volcanic Group magmas (Fitton 1972; McConnell
et al. 2002; @rtega et al. 2010).

The graphite deposit occupies a ¢. 400m length of a conjugate
set of normal faults. The richest mineralized bodies are developed
at the intersections of the faults as steeply inclined pipe-like bodies
up to Imx3m in cross-section and from a few metres to over
100m in length (Fig. 2a). The mineralized breccia pipe bodies sug-
gest a rapid upward transport of overpressured (supra-lithostatic)
fluids, similar to diatreme-like bodies. Graphite in the pipe-like
bodies mainly occurs within the andesite and diorite wall rocks as
subspherical to ellipsoidal aggregates (nodules up to 10—15cm in
diameter or major length), along with radiating aggregates of elon-
gate epidote crystals [with average composition Ca,(Mn,, Mg, ,,
Fe*ty . Tiy ;AL 1) (Aly,51,4,)@,(®H)], chlorite, polycrystalline
quartz, and minor pyrite and chalcopyrite. The wall rocks show an
intense hydrothermal alteration to an assemblage containing quartz,
chlorite, and albite, along with some disseminated small aggregates
of graphite and late calcite veinlets. These features are indicative of
an intense propylitic alteration, and provide evidence that the main
stage of graphite precipitation occurred during this hydrothermal
event (Luque ef a/. 20094; @rtega et al. 2009, 2010). In addition to
the pipe-like bodies, graphite also occurs associated with chlorite
along fault planes (Fig. 2b) and as disseminations replacing the
andesite and diorite (Fig. 2c). Graphite-chlorite veins represent a
late event of graphite mineralization with respect to that of the
pipe-like bodies (@rtega et al. 2010).

The Borrowdale deposit shows the greatest variety of crystalline
graphite morphologies recognized to date from a single deposit,
including flakes (which are the dominant morphology), cryptocrys-
talline graphite, which may display colloform texture around quartz
or wall-rock fragments, spherulites both within quartz and within
flaky graphite, discs, and rings. The textural sequence of these
graphite morphologies indicates that they crystallized from a car-
bon-bearing aqueous fluid (comprising H,®, C®,, and CH, as
dominant fluid species) with progressively decreasing carbon
supersaturation (Barrenechea et al. 2009). X-ray diffraction (XRD)
and Raman data reveal that the graphite is highly crystalline as evi-
denced by the sharp and symmetrical peaks in the XRD patterns

(Luque ef al. 20094) as well as by the very low intensity and area
ratios of the disorder peak (c. 1350cm™) to the order peak
(c. 1580 cm™) in the first-order Raman spectra (Barrenechea ef al.
2009). In the same way, the curves of differential thermal analysis
of graphite from the Borrowdale deposit are also in agreement with
its high crystallinity, showing strong exothermic peaks at tempera-
tures inexcess 0740 *C (@rtega et al. 2010). Stable carbon isotope
signatures of single graphite morphologies and bulk concentrates
from the Borrowdale deposit are highly negative (§°C from —34.5
to —24.3%o). In particular, within the pipe-like bodies, the homoge-
neous carbon isotopic signature both at the microscale and at the
scale of each single graphite nodule suggests deposition between
500 and 400°C at about 2kbar (@rtega et al. 2010). The highly
negative 3'*C values suggest that the carbon was derived from a
biogenic source. As mentioned above, there is geological and geo-
chemical evidence of assimilation of metapelite and sandstone
from the Skiddaw Group by the volcanic host rocks. Therefore,
these metasedimentary rocks must be regarded as the most proba-
ble source of carbon in the deposit (Barrenechea et al. 2009 ; @rtega
et al. 2010).

The fluid inclusion study carried out on quartz fragmenw associ-
ated with the graphite nodules in the mineralized pipes has allowed
the characteristics of the mineralizing fluids to be established. The
studied fluid inclusions are both primary and secondary, and record
the fluids that were circulating during the hydrothermal event
responsible for the coeval propylitic alteration and graphite miner-
alization (@rtega ez al. 2010). The fluid inclusions can be grouped
into low-density vapour-rich inclusions (V), and more dense lig-
uid-rich inclusions (L). Petrographic, microthermometric and
Raman data have allowed the definition of four types of inclusions
(V, VS, Ll and L2; Table 1) revealing an overall fluid evolution
characterized by: (1) progressive decrease in the .YC@,/(\C®, +
-YCH,) mole ratio (#£YC@®, hereafter); (2) progressive increase in the
.YH,®. Considering the composition of the earliest V fluid and the
pressure inferred from geological data and isochores of V-type
inclusions (2kbar; @rtega et l. 2010), graphite precipitation started
from C® -rich fluids during cooling from c. 500°C to c. 400°C.
The lack of isotopic zoning in graphite and the constant epidote
composition indicate that f®, of the fluid-rock system remained
constant near the Fayalite-Magnetite--Quartz (FM@) buffer during
the mineralization process (Luque ef al. 2009a; @rtega et al. 2010).
The dominant net graphite precipitation reaction in the initial stage
of mineralization was C®, +CH, — 2C +2H,®, and was driven by
hydration of the wall rock as shown by the presence of small graph-
ite spherulites intergrown with chlorite in the andesite wall rock
(Barrenechea ef af. 2009). If this reaction had operated through-
out the mineralizing process, V-type inclusions with higher #Y
C@, than actually found should have been generated (@rtega et al.
2010). In addition, the composition of the graphite-bearing VS
inclusions, which contains only CH,, with no C@,, supports the
involvement of a C®,-consuming reaction during the main stage of
graphite deposition. The textural relationship between epidote and
flaky graphite within the pipes strongly suggests that the main
graphite precipitation event was dominated by the net reaction
Ce®, — C + @,, which took place after hydration of the wall-rock
ceased. This reaction is supported by the lack of stability of epidote
for .YC@®,>0.2 (Ferry & Burt 1982; Liou 1993) and type V fluid
containing an average bulk .YC@®, of 0.24. Thus, epidote crystalliza-
tion was probably triggered by the consumption of C@, in the reac-
tion of graphite precipitation. Considering the upper stability limit
of the propylitic assemblage, the main event of graphite precipita-
tion should have occurred at temperatures close to 400 °C (@rtega
et al. 2010). The reduction of C@®, proceeded until the fluid was so
much depleted in C®, (and thus relatively enriched in CH,) that the



Ordoviclan

Silurian -
[
-

=]
L]
[
i

— — ——

Windermere Upper Palaeozoic
Supergroup and younger rocks

Scafell Caldera Lower Devonian
succession (BVG) felsic Intrusions
Bommowdale Volcanic Zone of metasomatic
Group (BVG) alteration

Eycolt Vaolcanic Ordovician felsic
Group (EVG) intrusions

Skiddaw Ordovician mafic
Group intrusions

2 and 6 km depth contours on margin of balholith

Burtness Comb Fault. tick matk on downthrow side
valcanotectonic fault

Fault, age uncertain

inclined slrata, dip in degrees

Sile of graphite deposit

Fig. 1. Lecatien and simplified geelegical map shewing the centext of the Berrewdale graphite depesit. Geelogical date frem the British Geelegical
Survey 150000 scale geelogical series sheet 29, Feswick, 1999, with velcanetectenic faalw frem Branney & ekelaar (1994) CW, Crammeck Water
(metasematic) aureele



_'""..I.‘:.J'--? '-""- ""E}-"" -,

Fig. 2. (a) View down the ‘Grand Pipe’ excavated along the largest
mineralized pipe-like body in the Borrowdale graphite deposit. The
breccia of wall rock and quartz fragments should be noted. Photograph
by J. Wilkinson. (b) Chlorite-graphite vein along fault plane in andesite.
(¢) Disseminated graphite patches and flakes in hydrothermally altered
andesite.

net reaction CH, + O, — C + 2H,0 became the dominant one
(Ortega et al. 2010). This reaction prevailed during graphite depo-
sition in the late chlorite-graphite veins as supported by the 8!3C
values (Barrenechea ef al. 2009). Further details on the characteris-
tics of the fluid inclusions and on the mechanisms of graphite pre-
cipitation at the Borrowdale deposit have been given by Luque es
al. (20094) and Ortega et al. (2009, 2010).

The Borrowdale deposit s an SOC systein

According to Hronsky (2009) most ore-forming systems can be
considered as examples of complex, SOC systems. To understand
these systems, the combination and interaction of the components
and their feedbacks within the system must be considered, rather
than each of the components by themselves. In addition, SOC sys-
tems require a separation of time scales between energy input and
output. This seems to be critical to the capacity of the system to
self-organize. Otherwise, the behaviour of the system is completely
dominated by the external applied force and no interesting behav-
iour emerges. The keys to ore formation are the dynamic processes
that concentrate their mass flux.

As mentioned above, volcanic environments are an unlikely
location for graphite deposits, because carbon species are released
as magmas rise. Thus, several conditions must occur together to
provide a suitable scenario for massive graphite deposition in such
environments. The graphite deposit at Borrowdale shows all these
conditions and is a good example to understand the dynamic vari-
ables involved in the development of an ore deposit from the
perspective ofan SOC system.

The key factors that controlled the formation of the Borrowdale
graphite deposit were as follows: (1) the unusually high carbon
content of the magma; (2) the presence of the diorite intrusion;
(3) the exsolution of a carbon-bearing aqueous tluid phase; (4) the
local structural heterogeneity represented by the Burtness Comb
Fault; (5) the focused fluid-flow regime; (6) the temperature
changes associated with fluid flow and hydration reactions that
resulted in carbon supersaturation in the fluid. The combination of
these factors concwrred for the formation of this singular deposit
as shown in Figure 3,

Carbon content of magmas is usually low. About 1.5% CO, is
soluble in silicate melts at 1400°C and 2@0kbar (Mattey 1991),
although higher CO, solubilities have been reported in mantle
magmas (Eggler er al. 1976; Wyllie & Huang 1976). It also has
been shown that CO, solubility increases with increasing pressure,
oxygen fugacity and magma alkalinity (Pawley e al. 1992;
Jendrzejewski et al. 1997; Lowenstern 2001). However, magmas
generally degas strongly when their ascent slows down or stops at
constrictions in conduits and, eventually, in magma chambers
(Sarda & Guillot 2005). Giggenbach (1996) pointed out that the
volatile contents of andesitic magmas related to subduction zones
(such as the Borrowdale Volcanic Group) are likely to be high
enough to allow a separate, volatile-rich phase to be present during
all stages of magma generation and migration. However, most of the
andesite rocks lack graphite even as an accessory phase. Evidence
suggests therefore that such carbon contents and conditions of
degassing do not favour the formation of significant amounts of
graphite in volcanic rocks. Furthermore, if degassing does not oper-
ate, carbon behaves as an incompatible element and it therefore
concentrates in the residual fluids during magma crystallization.

A critical factor, therefore, in originating both the volumetrically
large volcanic-hosted graphite occwrences at Borrowdale and
Huelma, southern Spain (Barrenechea et a/l. 1997; Luque et al.
2009)) is the assimilation of carbonaceous pelitic material during



Table 1. Characteristics of the four types of fluid inclusions recegnized in quartz asseciated with graphite in the Berrewdale depesit.

Type V Type VS Type L1 Type L2
VCO,—CH,+LH,0 VCH,+LH,0+SC LH,0+VCO,- CH, LH,0+VCH,
#XC0,=0.6-0.8 #XCO,=0 #XC0,=0.03-0.6 #XCO,=0
XH,0=0.65 XH,0=0.93
TH=295-340°C (V or C) TH=290-380°C (L) TH=120-205°C (L)

V, vapeur; L, liquid; C, critical; SC, selid carben (graphite); X, mele fractien; #XC®,=XC@®,/(XC®,+ XCH,); TH, temperature of hemegenizatien.
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deposition in volcanic environments are labelled KF1-KF6.



the evolution of the magmas (Fig. 3). Similarly, magmatic con-
tamination by pelitic material has been invoked to explain the sig-
nificant graphite content of andesites in western Greenland
(Pedersen & Larsen 2006) and dacites in the Erlend Complex of the
Faeroe—Shetland Basin (Kanaris-Sotiriou 1997). At Borrowdale,
geochemical, mineralogical, and isotope data implicate metasedi-
mentary rocks of the underlying Skiddaw Group in the Borrowdale
Volcanic Group magmas (Fitton 1972; Fitton ef al. 1982; Beddoe-
Stephens et al. 1995; McConnell ef al. 2002). The stable carbon
isotope ratios of graphite in the Borrowdale deposit, with light $*C
values ranging from —34.5 to —24.3%., clearly point to the biogenic
origin of the carbon (Weis et al. 1981; Barrenechea et a/. 2009;
®rtega ef al. 2009, 2010) and support this contention. The carbon
content of the mudstones and siltstones of the Skiddaw Group
ranges from 0.4 to 1 wt% (Bebout et a/. 1999; @rtega et al. 2010).

In this way, the magmas incorporated substantial amounts of
carbon through the assimilation of these rocks. It is difficult to esti-
mate how much carbon the magmas assimilated, as the exploitation
of the graphite deposit goes back to the 16th century. Tyler (1995)
provided some figures for the tonnage of graphite production at
the Seathwaite mine throughout its history (from 1597 to 1876).
Considering all grades he quoted, a total amount close to
1023 tonnes of graphite results. Many of the grades (e.g. inferior,
rock rubbish) probably do not correspond to pure graphite, so we
must accept that by using the raw figures we are overestimating the
recorded C percentage mined. If we assume an average density of
2.77 gem—> (Lee 1986) and an average carbon content of 0.5 wt%
for the Skiddaw metapelites, then the volume of assimilated
metapelites would be close to 75000m?*. Such estimation involves
the assumption that all the assimilated carbon from the Skiddaw
Group lithologies was later transferred as graphite to the deposit.
Despite the uncertainty in these figures, they appear small in the
context of models for the magmatic evolution of the Borrowdale
Volcanic Group by assimilation—fractional crystallization pro-
cesses, as envisaged by Beddoe-Stephens ef al. (1995) and
McConnell e al. (2002). Thus, McConnell ez a/. (2002) sug-
gested fractional crystallization/assimilation ratios of 0.4-1.5.
Unpublished 5@'* values from some of the more contaminated
Borrowdale Volcanic Group lavas require incorporation of up to
about 40% bulk Skiddaw Group whereas some of the least con-
taminated rocks require 7-13% (M. F. Thirlwall, pers. comm.).
These data would mean that a large proportion of the assimilated
carbon was probably outgassed during the subaerial volcanism of
the rocks of the Borrowdale Volcanic Group. In any case, the
assimilation of carbon from the metasediments of the Skiddaw
Group by the magmas of the Borrowdale Volcanic Group consti-
tuted the first key factor for the massive graphite mineralization at
Borrowdale to be formed.

The assimilation of such a huge amount of carbon poses an inter-
esting question about the genesis of large graphite occurrences in
igneous rocks, considering the low solubility of carbon in silicate
melts (only up to 12 wt% of C@, can be dissolved in melts at pres-
sure >4.5GPa and at temperature between 950 and 1000°C;
Hermann & Green 2002). In addition to experimental data, it has
been shown that even in ultrahigh-pressure metamorphic rocks car-
bon can be hardly dissolved in silicate melts, but the reaction of
silicate melt with carbonates could liberate some carbon (Korsakov
et al. 2004, 2010; Korsakov & Hermann 2006). Although there is
no evidence of carbonate assimilation at Borrowdale and, taking
mto account that assimilation of carbonaceous metasediment
occurred at much shallower levels as inferred from the conditions
of crystallization of gamet in the andesitic rocks (P <5-7kbar;
Fitton et al. 1982; Beddoe-Stephens & Mason 1991), it is unlikely
that carbon was present only as a dissolved species in the melt.

Therefore, a fluid phase could have coexisted with the melt, but
was never dissolved in it (ie. the fluid phase was immiscible).
Evidence at Borrowdale points to graphite precipitation from a
carbon-bearing aqueous fluid containing C®, and CH,, rather than
from pure C®,. The solubility of such a fluid in the melt is unknown
and additional studies would be needed to address this in detail.
However, whether carbon coexisted as an immiscible phase with
the melt, or was dissolved (or both) does not diminish the impor-
tance of metasediment assimilation as a key factor involved inmas-
sive graphite precipitation in volcanic environments discussed in
this paper.

In the context of the S@®C model, an essential element of ore-
forming systems is a localized threshold barrier to flow (Hronsky
2009). At Borrowdale this barrier is represented by the dioritic
intrusion. The key role of the hypabyssal dioritic intrusion in the
emplacement of the Borrowdale graphite deposit was first recog-
nized by Strens (1965). As mentioned above, the Borrowdale
Volcanic Group represents subaerial, subduction-related andesitic
volcanism and associated high-level intrusions. In the volcanic
environment, the carbonic species derived from the assimilation
would be released during magma ascent, and transferred to the sur-
face, probably through the fault network (Giammanco et al. 1998).
By contrast with the high-level volcanic setting, the crystallization
of a batch of magma under subvolcanic-hypabyssal conditions at
Seathwaite (i.e. the dioritic intrusion) provided a completely ditfer-
ent scenario (Fig. 3). Such a scenario can also be recognized at
Huelma, where graphite mineralization is restricted to a sill within
a submarine volcanic sequence (Barrenechea ef a/. 1997; Luque
et al. 20095). In the case of the Borrowdale deposit, the volatiles
exsolved from the magma remained concealed, resulting in a
carbon-rich aqueous fluid phase.

It should be emphasized that although a significant number of
hypabyssal mafic bodies of similar composition mapped through-
out the Skiddaw Group crop out to the north of Borrowdale (Fortey
et al. 1994), none of these is known to have associated graphite
deposis, nor have the few intrusions of this type that occur
within the Borrowdale Volcanic Group outcrop. The reason for the
Borrowdale graphite deposit to occur in its location is most proba-
bly related to the fact that the associated diorite intrusion is in the
immediate hanging wall of the Burtness Comb Fault (Fig. 1). This
east- to ENE-striking fault is inferred to lie above a repeatedly reac-
tivated, deep-seated basement structure, and hence it was one of the
fundamental faults that controlled the accumulation and preserva-
tion of the Borrowdale Volcanic Group (Millward 2002). The fault
may in part also mark the northern margin of the Scafell Caldera, a
major piecemeal, hydrovolcanic system within the Borrowdale
Volcanic Group (Branney & Kokelaar 1994). This active fault sys-
tem would have provided the necessary channelways for the ascent
of both magma and fluids (@rtega et al. 2010). Therefore, there is a
close relationship between the location of the graphite deposit ane
zones of structural heterogeneity in its host rock that focused fluid
flow (Fig. 3). The Burtness Comb Fault probably acted as a prefer-
ential weakened zone for failure caused by fluid pressure increase.
Such spatial association of ore deposi® with zones of localized
complexity in long-lived, large-scale structures and the relationship
between fluid conduits and low-bulk strain fracture networks are
also addressed in the S@C model (Hronsky 2009).

S@C systems are typically characterized by situations where the
driving energy flux is added slowly relative to the episodes of
energy release from the system. Thus, a final usetul prediction of
the S@C ore-system concept is that ore formation is likely to be
associated with specific favourable periods in the evolution of
a terrane and that the formation of a deposit can represent either
multiple fluid discharge even# that are focused through the same
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Fig. 4. Pressure—temperature diagram shewing the ise-carben lines
fer a carben-saturated C@®H fluid system (Huizenga 2011) in which
the exygen fugacity is centrelled by FMQ (a), FMQ 0.3 (b), and
FMQ +0.3 (¢) (in leg,, units). The calculatiens were carried eut
fellewing the precedure described by @rtega ez al. (2010).

reck velume, er a single majer event (Hrensky 2009). The evidence
frem the graphite depesit at Berrewdale is that a single episede of
large velume fluid flew eccurred and this represents anether majer
facter centrelling its fermatien. The impertance ef tectenic centrel
en the mineralizatien is demenstrated by the cencentratien ef
graphite within near-vertical pipe-like bedies develeped at the
intersectien of cenjugate nermal fractures that are alse mineralized.
These types ef structure, especially the breccia pipes, imply an

everpressured, fluid-rich regime that faveured the transpert ef
andesitic and dieritic recks and/er melts upward, and fracturing ef
wall-reck, and eventually resulted in the precipitatien ef huge
ameunts ef graphite frem the fluids invelved (Fig. 3). The struc-
tural features indicate therefere that the main mineralizatien event
in Berrewdale was catastrephic; that is, it eccurred in a geelegi-
cally very shert peried of time (@rtega ez a/. 201 0). @nce again, this
episede of sudden energy change frem the system is in geed agree-
ment with the predictiens ef ‘avalanche events” in the S@C medel.

The fracturing and brecciatien ef the wall-reck by the supra-
lithestatic pressured fluid results in a sudden (near) adiabatic
expansien ef the fluid phase and, censequently, in a drep ef the
fluid temperature ewing te a drep in the internal energy ef the fluid
system. This temperature drep (A7) can be calculated frem the ise-
cheric heat capacity eof the fluid (Cy,) and the melar velume change
of the fluid phase that eccurs during the fluid pressure drep as a
result of the expansien (AV): AT=C_AV. The isecheric heat capac-
ity C,, can be calculated frem its thermedynamic relatien with the
isebaric heat capacity (Cp): Cp—C,,=oTV/x, where & and k denete
the expansien cecfficient and the isethermal cempressibility,
respectively. Fer the calculatien ef the temperature drep, it is
assumed that the fluid pressure decreases frem lithestatic te hydre-
static, which can be calculated using the relatien Py g i~
(P fid Preci)Plithostaric (Sibsen 1996); that is, in this case the fluid pres-
sure will drep frem 2 te 1kbar using a value of 0.5 for pyii/Preci
Using thermedynamic data ef Shi & Saxena (1992), this tempera-
ture decrease is estimated te be c. 100 °C. This instantanceus ceel-
ing effect will be ceunteracted by exethermic hydratien reactiens
(i.e. the fermatien ef chlerite; e.g. Haack & Zimmermann 1996).
An additienal effect of chlerite fermatien is the asseciated everall
reductien in velume, resulting in increased permeability ef the reck
(Haack & Zimmermann 1996).

The increase in reck permeability, cembined with the fluid pres-
sure drep, will increase the fluid flew te the sites of lew fluid pres-
sure. The fast fluid decempressien (threttling) asseciated with the
flew frem a high-pressure te a lew-pressure site may eccur therme-
dynamically under near adiabatic—isenthalpic cenditiens (Weed &
Spera 1984). Alternatively, this may alse eccur at a slewer pace
under near adiabatic—-isentrepic cenditiens (Weed & Spera 1984).

In the first scenarie abeve, the fluid can either heat er ceel,
depending en the Jeule-Thempsen cecfficient of the fluid system.
The Jeule—Thempsen ceefficient (u,. = @7/@P at censtant enthalpy)
can be calculated frem the relatien w=V(Te—1)/C, (Weed &
Spera 1984). [t must be neted that a vertical fluid flew will decrease
the temperature change caused by the Jeule—Thempsen effect
ewing te the effect of gravitatien (e.g. Ramberg 1971). The calcu-
latiens demenstrate that a flew ef pure H,® frem 2 te 1kbar will
result in a fluid temperature drep ef c. 10 °C, whereas a pure C@®,
fluid will heat up by c. S8 °C. These temperature changes beceme
less as || decreases as the fluid heats or ceels (i.c. they are maxi-
mum estimates). The H,@®-rich nature of the Berrewdale fluid sys-
tem implies that the ceeling effect of the fluid was prebably net
mere than c. 10°C.

In the secend scenarie (slew fluid flew), the fluid will always
ceel during decempressien. This ceeling cffect, (#7/8P), can be
calculated using the relatien (#7/6P);=«TV/C,. Fer beth C®, and
H,®, adiabatic-isentrepic fluid flew will result in ceeling ef the
fluid by ¢.70 °C.

The thermedynamic effects that teek place (i.e. wall reck
fracturing, chlerite fermatien, and fluid flew frem high- te lew-
pressure sites) explain the fluid ceeling frem c. 500 °C te c. 400 °C.
At this peint it is impertant te nete that graphite depesitien frem
carben-bearing aqueeus fluids is sensitive te P, T, f@,, and fluid
cempesitien. The fluid pressure and temperature decrease have



opposite etfects on the precipitation potential of graphite, as the
stability field of graphite + fluid is enlarged with decreasing tem-
perature whereas it will be reduced with increasing pressure (Luque
et al. 1998; Luque & Rodas 1999; Pasteris 1999).

Figure 4 shows the iso-carbon lines (in mol%) for an H,®--C@®,—
CH,-dominated fluid system in which the fluid /@, is buffered by
FMQ (Fig. 4a), FM@ — 0.3 (Fig. 4b), and FM@ + 0.3 (Fig. 4¢) in
P-T space. The arrows in Figure 4 indicate a P-T change from
2kbar and 500 °C (the conditions calculated for the beginning of
graphite precipitation; Luque ez al. 2009¢) to 1 kbar and400 °C (the
temperature estimated for the main stage of graphite deposition,;
@rtega ef af. 2010). It is important to note that the carbon content
variation for the given P—7 change depends on the oxygen fugacity.
For a fluid-rock system butfered by FM@, the carbon content
of the fluid hardly changes (Fig. 4a). In other words, any carbon
precipitation that takes place in these circumstances cannot be
explained by a P-T change, and only water removal (i.e. changes
in the fluid composition) owing to hydration reactions can cause
carbon supersaturation of the fluid phase. The same is true for a
reduced redox state (relative to FM@) (Fig. 4b). Here, the P-T
change may actually result in graphite consumption and, again, car-
bon supersaturation can occur only if H,® is removed from the
fluid. However, for an oxidized (relative to FM@) fluid-rock sys-
tem the P—T change will result in carbon supersaturation, and H,®
removal is thus not required (Fig. 4c). In the case of the Borrowdale
deposit, massive graphite precipitation was most probably related
to the initially high carbon content of the fluids, and also to the
hydration reactions euring the coeval propylitic alteration that
accompanied graphite deposition. Such H,®-consuming reactions
would have driven the fluid composition into the stability field of
graphite and maintained it there. Carbon supersaturation was a cru-
cial factor to bring the system into disequilibrium, which was the
driving force for massive graphite precipitation through irreversi-
ble mass-transfer reactions (Fig. 3; @rtega et /. 2010). Both the
disequilibrium and the irreversible processes define a complex sys-
tem (Prigogine & Nicolis 1977). The carbon supersaturation is evi-
denced by textural features at different scales; that is, graphite
spherulites at the microscale (Barrenechea ez a. 2009) and graphite
nodules at the mesoscale (Fig. 3). Nodular textures and spherulitic
morphologies resulting from disequilibrium have been reported
from other mineral systems (e.g. Archaean volcanic rocks; Fowler
et al. 2002). This scale invariance of disequilibrium textures (frac-
tal behaviour) is also a common feature of complex systems.
Similarly, the formation of chlorite and smectite after olivine in the
sub-volcanic host rocks of the Huelma deposit has been reported
(Barrenechea et al. 1997; Luque et al. 20095), thus pointing to the
important role played by hydration reactions in the massive pre-
cipitation of graphite in such environments.

Conclusions

Volcanic-hosted graphite deposits are unusual, because vol-
canic environments are unfavourable for volumetrically large
graphite occurrences owing to the low carbon contents of mag-
mas and common degassing processes during and after magma
emplacement.

Several geological factors must concur for these deposits to be
formed, so it can be considered as an example of a self-organized
critical system. The key factors influencing graphite mineralization
in volcanic settings, as inferred from the detailed study of the
Borrowdale deposit, are as follows: (1) the unusually high carbon
content of the magma, resulting from the assimilation of carbona-
ceous metasedimentary rocks (Skiddaw Group metapelites in the
Borrowdale deposit); (2) the absence of significant degassing,

related to the presence of sub-volcanic or hypabyssal intrusions,
acting as barriers to flow; (3) the exsolution of a carbon-rich aque-
ous fluid phase; (4) the presence of structural heterogeneities
(Burtness Comb Fault) as suitable weakened zones for rupturing
the barrier to fluid flow; (5) the structural control of the deposits,
implying an overpressured, fluid-rich regime that favoured focused
fluid discharge; (6) temperature changes associated with fluid flow
and hydration reactions that led to carbon supersaturation of the
fluid phase, which brought the system into disequilibrium. The
combination of all these factors eventually resulted in the precipita-
tion of huge amounts of graphite from the fluid phase through irre-
versible mass-transfer reactions. Therefore, the system behaved as
a self-organized critical system.

It must be emphasized that graphite from the two known vol-
canic-hosted deposits is as highly crystalline as the highest quality
graphite currently mined in vein-type deposits associated with
granulite terranes (e.g. in Sri Lanka or India; Luque et al. 1998).
Therefore, volcanic-hosted deposits constitute potential sources
of graphite for new technological applications that demand high-
quality graphite. Their exploration should take into account the
above-mentioned key factors.
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