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Graphite in Ordovician ultramafic intrusions through Neoproterozoic country rocks in West Aberdeenshire, NE
Scotland attests to the mobility of carbon into subduction-related magmas. Pelites in the country rock contain
up to 5% organic carbon, and are consequently also sulphide-rich. This occurrence is one of many examples of
graphite in ultramafic intrusions. The sedimentary origin of the graphite carbon is indicated by carbon isotope
compositions (mean — 19.7%.) in the same range as in the country rocks (mean — 21.6%.). The graphite is spa-
tially and temporally associated with nickel-bearing sulphides, whose precipitation was strongly influenced by
incorporation of the carbonaceous, sulphidic country rocks into the intrusions. Raman spectra for graphite in
the intrusions show it is fully ordered, deposited from fluid in the magma. Preferential intrusion into pelitic coun-
try rocks facilitated the ready assimilation of carbon. In this case reworking of carbon from the crust into intru-
sions occurred 200 million years after sedimentation, a much longer timescale than most cycling of carbon in

subduction zones.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Subduction is a critical process in the long-term carbon cycle
(Brovarone et al.,, 2016; Dasgupta and Hirschmann, 2010; Galvez et al,,
2013; Hayes and Waldbauer, 2006; Keleman and Manning, 2015;
Martin and Hermann, 2018; Schwarzenbach et al., 2018). Previous stud-
ies have focussed on the removal of carbon by subduction, and it's
outgassing through arc volcanoes, but there is increasing realization
that more carbon is recycled at the Earth's surface than hitherto under-
stood (Keleman and Manning, 2015). A neglected aspect of subduction
in the carbon cycle is the role of partial melting of the crust. Very exten-
sive mafic-ultramafic rocks occur in the deep crust of orogenic belts, de-
rived from subduction-related magma, where they interact with the
crust. This allows reworking of deep crustal carbon into magma that is
conveyed to the shallow crust.

There is an opportunity to investigate the origin and behaviour of
carbon in subduction-related magmas in the Caledonian orogenic belt
of northern Britain. The largest graphite deposit in Britain is in
subduction-related Ordovician andesites in Borrowdale, England
(Ortega et al.,, 2010). The next most graphitic deposit is in NE Scotland,
where graphite-bearing Ordovician intrusions in West Aberdeenshire
cut through Neoproterozoic Dalradian Supergroup country rocks.
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Investigation of the Aberdeenshire graphite was directed at
determining:

1. Is the carbon of juvenile origin, or remobilized from assimilated sed-
imentary rock?

2. Characterisation of the graphite, i.e. is it partially or fully ordered
carbon?

3. What genetic (spatial or geochemical) relationships can be deter-
mined between carbon and mineralization?

1.1. Geological setting

The Grampian Highlands terrane of NE Scotland consists of three
main units: Proterozoic basement, Ordovician to Devonian intrusions,
and Devonian sedimentary rocks. The basement is formed by
metasediments of the Dalradian Supergroup, deposited c. 800 to
595 Ma (Halliday et al., 1989; Thomas et al., 2007). The Younger Basic
intrusions of West Aberdeenshire were emplaced during the Grampian
event of the Caledonian Orogeny (~470 Ma), accompanied by the con-
clusion of amphibolite facies metamorphism of the Dalradian Super-
group country rocks (Oliver et al., 2008). Intrusion was related to
subduction in central Scotland, which instigated partial melting of the
upper mantle (Oliver, 2001; Thompson et al., 1984), and the incorpora-
tion of partially melted crustal rocks of the Dalradian Supergroup within
the intrusions. Emplacement occurred at a depth of about 16 km (Droop
et al., 2003). These rocks were subject to the earliest studies of partial
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melting and assimilation, based especially on field and microscopic ev-
idence of the incorporation of pelites (Droop et al., 2003; Gribble and
O'Hara, 1967; Read, 1923a, 1935). Isotopic studies have confirmed the
contribution of partial melting to the composition of the intrusions
(Fletcher et al., 1989; Pankhurst, 1969).

The Younger Basic rocks are predominantly mafic and ultramafic
cumulates (Gunn et al., 2015; McKervey et al., 2007; Munro, 1984;
Wadsworth, 1988), including peridotite, picrite, troctolite, pyroxe-
nite, gabbro and norite, serpentinized to varying degrees. The cu-
mulates occur in the Argyll and Appin Groups (700-600 Ma) of
the Dalradian Supergroup (at outcrop and depth respectively),
which includes numerous beds of both graphitic pelites and lime-
stones. Rocks rich in cordierite and wollastonite-actinolite-
tremolite formed from these progenitors during high grade meta-
morphism, and occur especially in xenolithic partial melted
metasediment in the cumulates. The cumulates include low-grade
Ni-Cu-PGE mineralization (Fletcher and Rice, 1989; Fletcher et al.,
1989; Gunn and Shaw, 1992;, McKervey et al., 2007) and several oc-
currences of graphitic carbon, in pyroxenites that cut gabbros and

norites. Mineralization occurs particularly in the Huntly district of
West Aberdeenshire (Fig. 1), and is best exposed and studied in gra-
phitic pyroxenite through olivine gabbro at Bin Hill Quarry (Na-
tional Grid Reference NJ 498430).

1.2. Organic matter and graphite

The Proterozoic Dalradian Supergroup country rocks contain gra-
phitic schists (Fig. 1), representing the deposition of organic-rich sedi-
ments in deep sea and outer shelf marine environments. The graphite-
bearing cumulate rocks occur predominantly in such schists rather
than limestones. The graphitic schists occur in beds up to 104+ m
thick, cumulatively 100 s m thick, in the Argyll and Appin Groups of
the Dalradian Supergroup, and can be traced for over 400 km strike
length across Scotland and Ireland (Anderton, 1976; Harris and
Pitcher, 1975; Stephenson et al., 2013). The schists were formerly shales
with hydrocarbon source rock potential as in younger sequences (Bata
and Parnell, 2014). Contents of organic carbon commonly exceed 1%,
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Fig. 1. Map of north-east Scotland, showing occurrences of graphite in Newer Intrusions, and localities of country rock used for Raman spectroscopy. Map after Stephenson et al.
(2013) and Droop et al. (2003). Graphite: A, Auchincrieve; B, Bodiebae; C, Cairnie; D, Dunbennan; H, Bin Hill; K, Knock; S, Strathdon; R, Rothiemay. Country rock: G, Glenbuchat;

M, Mortlach; P. Portsoy.
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and contributed enough oil to fill turbiditic sandstones comparable in
size to commercial oil reservoirs. The Proterozoic age of the rocks im-
plies that the organic matter is all of microbial origin.

There is widespread evidence for the neoformation (Fig. 2) of graph-
ite, including:

(i) Graphite incorporated within metamorphic minerals that grew
in pelite (cordierite, andalusite) and also rarely in limestone (ac-
tinolite) country rocks.

(ii) Xenolithic metasediment incorporated in cumulate rocks, rich in
graphite and sulphide minerals.

(iii) Graphite within pyroxenite pegmatite dykes cross-cutting the
cumulates.

(iv) Veins of graphite cross-cutting the cumulates, large enough to
have been mined in historical times.

The evidence of former graphite mining near Huntly and Portsoy
was summarised by Strahan et al. (1917) and Read (1923b), who also
reported graphite veins at Bodibae, Rothiemay Station and Knock
(Fig. 1). A vein of width 4 ft. (1.3 m) was recorded in Strathdon (Statis-
tical Account, 1843).

2. Methodology
Graphite samples from the intrusions in NE Scotland, and graphitic

sediments from the Dalradian Supergroup country rock succession,
were characterized by electron microscopy (Fig. 3), carbon isotope

Fig. 2. Occurrences of graphite in hand specimen. A, Pegmatite, Cairnie, containing masses
of graphite (grey) among quartz and feldspar crystals; B, Graphitic pyroxenite, Bin Hill
Quarry, showing preservation of feldspar crystal shapes despite high content of admixed
graphite (see Fig. 3B). Bytownite plagioclase (BY) includes graphite (GR) and pyrrhotite
(PO), all in groundmass of pyrrhotite-graphite (PO-GR).

composition (Fig. 4) and Raman spectroscopy (Fig. 5). Sampling locali-
ties are shown in Fig. 1, and grid references recorded in Table 1.

Scanning electron microscopy (SEM) was conducted in the Aber-
deen Centre for Electron Microscopy, Analysis and Characterisation
(ACEMAC) facility at the University of Aberdeen using a Carl Zeiss
GeminiSEM 300 VP Field Emission instrument equipped with Deben
Centaurus CL detector, an Oxford Instruments NanoAnalysis Xmax80
Energy Dispersive Spectroscopy (EDS) detector, and AZtec software
suite. The operating voltage was 15 kV for EDS analysis, 8 kV for
backscattered analysis.

Stable carbon isotope analysis was conducted on graphitic samples
digested in 10% HCI overnight to remove trace carbonate. Samples
were analysed by standard closed-tube combustion method by reaction
in vacuo with 2 g of wire form CuO at 800 °C overnight. Data are re-
ported in per mil (%.) using the 6 notation versus Vienna Pee Dee Bel-
emnite (V-PDB). Repeat analysis of SUERC's laboratory standard gave
5'3C reproducibility around +0.2%. (1 s). Data are recorded in Table 1
and Fig. 4.

Organic carbon and sulphur contents in country rocks were mea-
sured using a LECO CS225 elemental analyser, after decarbonatization
with hydrochloric acid, to a precision of +0.05%. Data for pelites at
Portsoy (Fig. 1) are shown in Fig. 6.

The structural order of the graphitic samples was characterized by
laser Raman spectroscopy, using a Renishaw inVia reflex Raman spec-
trometer, with a Ar + green laser (wavelength 514.5 nm). Initial analy-
ses were based on accumulations over 3 s scan time on 10% laser power.
The extended spectra in Fig. 5 were based on four spectra each, accumu-
lated over 10 s scan time with 10% laser power. Data were collected
from 3 samples of Dalradian country rock, and 5 samples of graphite
in cross-cutting veins.

3. Results

Graphite occurs in the cumulate rocks as discrete graphite veins, as a
mineral phase within pegmatites, and as a major phase within pyroxe-
nite intrusions (Fig. 2) where it constitutes up to 50% (Gunn and Shaw,
1992). In graphitic pyroxenite at Bin Hill, typical samples are composed
of plagioclase and pyroxene phenocrysts, distributed inhomogeneously
in a groundmass (20-200 pm) of graphite, pyrrhotite, albite, augite, or-
thoclase, chlorite and biotite (Fig. 3a). Euhedral plagioclase (bytownite)
phenocrysts occur up to 20 mm size and preserve the feldspar crystal
shape despite contents of up to 50% admixed graphite (Fig. 2). Minor al-
bite is also associated with the bytownite. Smaller pyroxene (ortho- and
clino-) phenocrysts (0.5-1 mm) are abundant. Graphite occurs
throughout all samples and within phenocrysts of bytownite (Fig. 3b)
and pyroxene, indicating coeval crystallisation of graphite with igneous
minerals. However, pyroxenes are more commonly independent of
graphite (Fig. 3a). Graphite commonly occurs as elongate laths
40-100 pm, and up to 500 pm, in length (Fig. 3c,d). Pyrrhotite is the pre-
dominant sulphide, with rare pyrite. Where present, pyrite appears to
be partially replaced by pyrrhotite. Pyrrhotite crystals, up to 500 pm
size, are commonly intermixed with coeval lath-shaped graphite, and
also form later cross-cutting veins (0.5-1 mm) independent of graphite
(Fig. 3a). Inclusions of minor chalcopyrite and pentlandite occur within
the pyrrhotite. Minor rutile and ilmenite are present in all samples
(Fig. 3¢). Chlorite alteration occurs throughout samples, commonly at
the edges of feldspars (Fig. 3a). In summary, graphite was an integral
component of the crystallizing magma, and in particular formed mix-
tures with the sulphide mineralization.

A typical mineralogy for the mineralized rock is: pyrrhotite 30%;
bytownite 20%; graphite 20%; pyroxene 7%; chlorite 5%; augite 5%; al-
bite 5%; rutile 2%; ilmenite 2%; pentlandite 2%; orthoclase 2%; pyrite,
chalcopyrite, pentlandite, quartz and biotite all <1%.

The isotopic compositions for carbon in the graphite hosted in the
intrusions (Table 1, Fig. 4) have the same range (—14.1 to —24.9%.)
as carbon in the graphitic country rocks (—16.4 to —26.5%o).
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Fig. 3. Photomicrographs of mineralized pyroxenite, Bin Hill Quarry. A, Groundmass of pyrrhotite and graphite (PO-GR), enclosing phenocrysts pf pyroxene (PX), cross-cut by vein of
pyrrhotite-pentlandite (PO-PE), locally altered to chlorite (CH); B, Large phenocryst of bytownite plagioclase (BY) in groundmass of pyrrhotite and graphite (PO-GR). Bytownite
contains inclusions of pyrrhotite (PO) and graphite (GR), and is locally altered to chlorite (CH); C, Detail of pyrrhotite-graphite (PO-GR) groundmass, containing graphite-free rutile
(R) and ilmenite (IL); D, Graphite (GR) laths in albite (AB). Albite locally altered to chlorite (CH). Pyrrhotite (PO) is relatively graphite-free.
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Fig. 4. Isotopic compositions for carbon in graphite hosted in Ordovician intrusions and in
the Dalradian Supergroup country rocks. Ranges for the two groups overlap and imply a
genetic relationship, i.e. intrusion-hosted graphite is derived from Dalradian Supergroup.

Raman spectra were successfully collected from 8 samples (Fig. 5).
The graphite samples measured from Dalradian country rocks at
Glenbuchat, Mortlach and Portsoy show a pronounced order (G) peak
and a weakly developed disorder (D) peak. The graphite samples from
cross-cutting veins at Bin Hill, Dunbennan, Auchencrieve, Rothiemay
and Strathdon similarly show a well-developed G peak, but only the
sample at Rothiemay shows a very limited D peak (Fig. 5).

Carbon and sulphur contents for pyritic pelite samples from the
Neoproterozoic country rocks at Portsoy range up to 4.8 and 6.8%

respectively, and on a cross-plot (Fig. 6) exhibit S/C ratios close to, and
in some cases more S-rich than, the marine reference line of Berner
and Raiswell (1984).

4. Discussion
4.1. Origin of carbon

The carbon contents of magmas are too low to allow graphite precip-
itation (Pawley et al., 1992), and as in other examples of volcanic-
hosted graphite (Mackenzie, 1988; Mcconnell et al., 2002; Pedersen
and Larsen, 2006) the source of carbon can be found in immediately
available (meta)sedimentary country rocks. The isotopic compositions
for carbon in the graphite within the intrusions have a similar range
as carbon in the graphitic country rocks. The mean values are —19.7%o
and — 21.6%. respectively, much lighter than the typical values for mag-
matic carbon in the range — 4 to —7%. (Deines, 2002; Horita and
Polyakov, 2015; Luque et al., 2012). This strongly suggests that the
intrusion-hosted graphite was derived from carbon in the pelitic host
rocks, and that the carbon was not a primary component of the
magma. The origin of the carbon was ultimately biological, and had
been recycled from older rocks rather than introduced from a juvenile
source. The evidence for an origin in kerogen of the Dalradian Super-
group is consistent with 100 years of research on the assimilation of
pelitic rocks into the Ordovician mafic and ultramafic intrusions. There
is no evidence for graphite in the Younger Basic intrusions where they
are distant from the graphitic country rocks, in the east of the region
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Fig. 5. Raman spectroscopy spectra for graphite veins and graphitic country rocks. All samples show well-defined graphite order peak (G) at ~1605 cm ™. Country rocks additionally show
minor graphite disorder (D) peak at ~1350 cm™ . Cross-plot of D/G ratio and G peak position emphasizes distinction in samples.

(Read, 1923a; Read, 1935). Thus, both isotopic and petrographic data
support a biological origin for the carbon.

The Raman spectra indicate that the vein graphite in the cumulate
rocks is mostly fully ordered. The spectra from graphite in the Dalradian
country rocks also indicate a high degree of ordering, but they indicate a
greater degree of disorder than in the vein graphite shown by the D
peak development, and are closer in composition to kerogen
(Wopenka and Pasteris, 1993). The contrast is evident in the cross-
plot of G peak position against D/G ratio (Fig. 5). The Raman data
alone could be explained by increased heating of graphite by the cumu-
late bodies, but the occurrence of graphite in veins/pegmatites implies
that it was deposited from fluids in the magma. The high ordering in
the vein graphite is comparable to well-ordered graphite measured by
Raman spectroscopy in other cumulate rocks, including examples in
India (Rajesh et al., 2009), Spain (Crespo et al., 2006), Italy (Montanini
et al.,, 2010) and North Africa (Pearson et al., 1994). Graphite crystals
are a range of sizes up to 500 um. The smaller graphite crystals are
mixed with sulphides (Fig. 3), while the largest crystals are not. There
are no cross-cutting relationships between different graphite crystal
sizes, which probably formed at progressive stages of cooling.

Evidence from the mineralization in the intrusions has yielded
mixed evidence for the origin of carbon, sulphur and trace elements in
the melt. The isotopic composition of sulphur in sulphides is compara-
ble to magmatic values (Fletcher et al., 1989). However, sulphides in

the Dalradian Supergroup country rock have been shown to contain
anomalously high contents of tellurium, selenium and gold, which
would contribute to the mineralization (Parnell et al., 2018a, 2018b).
Tellurium and selenium are both concentrated in the graphitic pyroxe-
nites (Armstrong et al., 2019). Average S/Se ratios of the graphitic py-
roxenites at Bin Hill Quarry are higher than the mantle maximum
ratio (McKervey et al., 2007; Queffurus and Barnes, 2015), indicating a
crustal component. The evidence from the graphitic component there-
fore favours an important role for the assimilated country rock.

Table 2 illustrates the diversity of occurrences, in time and space, of
graphite-bearing ore deposits in mafic-ultramafic rocks worldwide.
Most were emplaced at a depth of about 10 km or greater, including
the graphite in NE Scotland. In most cases, despite the depth a source
of abundant carbon was available in sedimentary/metasedimentary
rocks, into which the intrusions were emplaced. In these examples,
the intrusions clearly assimilated some of the host rock, which had
been incorporated into the melt before the carbon recrystallized as
graphite. The consistent sedimentary origin of the cumulate-hosted
graphite is evident from carbon isotope data (Fig. 7). Most documented
occurrences have isotopic compositions that are within the range for
sedimentary carbon of —20%. and lighter. This reflects biological pre-
ferred use of the lighter carbon-12 isotope, manifested in kerogen
formed from microbial organic matter and derivatives from it including
crude oil, and graphite in sedimentary rocks. The values are lighter than
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Table 1
Carbon isotope composition of graphitic samples, NE Scotland. Table 2
Age, emplacement depth and carbon isotope composition of graphite in mineralized cu-
Sample Location Grid Setting Labno. Composition mulates (see Fig. 7 for data sources).
group Reference
Deposit Age Emplacement 813C (%o)
Proterozoic ~ Glenbuchat ~ NJ 336177  Pelite WAB13 —224 -
host Stillwater, USA 2.7 Ga 10-15 km —26to —24
Allt Nathrach  NJ 1510 Amphibolite WAB10 —19.8 Voisey's Bay, Canada 133 Ga 9-11 km —25t0 —8
Portsoy NJ 585685 Pelite AW1  —265 Duluth, USA 1.1Ga 36 km —37to —19
Cairn of NO 185795 Pelite WAB38 —23.0 Achankovil, India 470 Ma >15 km —10to —7
Claise Aberdeenshire, UK 470 Ma 16 km —25to —18
Mortlach NJ 442482  Pelite WAB34 —26.1 Bruvann, Norway 437 Ma 10 km —21to—14
Mortlach NJ 442482  Pelite WAB35 —18.5 Duke Island, USA 226 Ma 3-9 km —281t0 —26
Metamorphic Coulins Burn  NJ 325187  Chiastolite ~WAB16 —22.9 N. Apennines, Italy 186 Ma 12-25 km —5to—4
CoulinsBurn  NJ 325187  Chiastolite ~ WAB17 —23.8 Ronda, Spain 20 Ma >30 km —21t0—15
Altanower ~ NO0882  Actinolite ~ WAB4 —16.4 Hidaka Belt, Japan 10 Ma 23 km —23t0 19
Forest Hoggar, Algeria ~1 Ma 20-30 km —25to —14
Altanower NO 0882 Actinolite WAB5 —16.5
Forest
Intrusions Dunbennan NJ 498405  Graphite WAB1 —19.0
vemn the typical range for mantle-derived carbon of —4 to —7%. (Luque et al.,
Dunbennan  NJ 498405  Graphite WAB2 —188 . . . .
vein 2012), and which are recorded in mantle nodules and diamond (Deines,
Dunbennan  NJ 498405  Graphite AW4A  —141 2002; Luque et al., 2012). The light compositions also confirm the origin
vein
Strathdon NJ 3315 Graphite WAB3 —222
vein [ Duluth |
Rothiemay NJ 530460  Graphite WAB6 —19.0 [ Bushveld ]
vein Duke IslandF]
Rothiemay ~ NJ 530460  Graphite WAB7  —19.2 [-stitwater S
vein [}
= >
Rothiemay ~ NJ530460  Graphite ~ AW3  —155 <
v N orap Hidoka Boit SN 2
Knock NJ 525515  Graphite AW2 —18.2 2
) [ Bruvamn |
vein .
Achankovil
Bodichae ~ NJ3924  Graphite ~ AW5  —19.1 crankod B ] ornen
. [ | 1 i E Apenmneﬁ
vein f t f t 1 t T t 1
Auchincrieve NJ 517478  Gossan WAB8 —18.2 -40 -35 -30 -25 -20 -15 -10 -5 0
Auchincrieve NJ 517478  Gossan WAB9 —194 6130(%0)
Bin Hill NJ 498430  Sulphide WAB11 —-21.8
Quarry ore . . . . IR . .
Bin Hill NJ 498430  Sulphide WAB12 —212 Fig. 7. Carbon isotopic compositions of graphite in Ni-Cu-PGE mineralized ultramafic
Quarry ore ’ intrusions. Data from Buchanan and Rouse (1984), Crespo et al. (2006), Fuex and Baker
- . (1973), Lerouge et al. (2001), Montanini et al. (2010), Rajesh et al. (2004), Ripley and
C NJ 4844 P tit WAB14 —249
Cg;;z;g N} 4844 ngzgt;tz WAB15 —244 Taib (1989), Ripley et al. (2002), Thakurta et al. (2008), Tomkins et al. (2012), Wei et al.
. (2019) and unpublished.
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of the carbon in kerogen-rich sediments rather than limestones, which
characteristically have a heavier, near-zero composition.

Elsewhere where carbon has been assimilated into intrusions from
the country rock, commonly there has been only a short time gap be-
tween sedimentation and assimilation, for example in young metamor-
phic rocks in Japan (Tomkins et al., 2012). In other cases, the carbon
experienced a history exceeding 100 million years and may have been
already metamorphosed to an ordered state before assimilation. The
host rock for graphite-bearing nickel deposits at Duluth, USA, is
Palaeoproterozoic but was intruded and assimilated about 800 million
years later (Ripley, 2014). Similarly, at Voisey's Bay, Canada, there was
a delay of about 500 million years between sedimentation and assimila-
tion into a mineralized cumulate intrusion (Ripley et al., 2002). The car-
bon in the Bin Hill intrusion had been deposited in the Dalradian
Supergroup about 200 million years earlier before it was incorporated
in the magma. Most cycling of carbon in subduction zones occurs within
10 Myr of subduction (Keleman and Manning, 2015), but clearly, the
carbon cycling within intrusions can occur over a much longer time-
scale. The delay would not influence the assimilation of carbon into
the melt. The longer timescale reflects the addition of carbon that was
already incorporated in the crust rather than subducted from the
ocean floor.

4.2. Role of carbon and sulphur in mineralization

The occurrence of graphite in cumulate rocks in NE Scotland is one of
many such occurrences globally, most commonly associated with
Ni-Cu-PGE mineralization as at Bin Hill Quarry (Table 2). Ultramafic
rocks become mineralized by the segregation of an immiscible sulphide
liquid, into which Ni, Cu and PGE fractionate and then precipitate during
cooling (Barnes et al., 2017; Begg et al., 2010; Naldrett, 1999; Robertson
et al.,, 2015). The interaction of these melts with crustal rocks helps to
segregate the sulphide liquid, which may incorporate much of its

sulphur content from assimilated crust. The consistent spatial relation-
ship between carbon (as graphite) and Ni-Cu-PGE deposits, in varied
time and space, indicates that it must also play a genetic role, most prob-
ably as a reductant. A reductant to induce low oxygen fugacity is an es-
sential requirement of the genesis of Ni-Cu-PGE deposits, regardless of
setting (Naldrett, 1999; Ripley, 2014), but especially in the relatively ox-
idizing magmas related to subduction. Although carbon has direct po-
tential as a reductant, carbonaceous sediments are very often also
sulphidic, as the anoxic sedimentary environments that preserve carbon
are also conducive to the precipitation of syndiagenetic sulphides, espe-
cially pyrite, by microbial sulphate reduction (Berner and Raiswell,
1984). Microbial sulphate reduction to precipitate pyrite in the
Dalradian Supergroup is evident from sulphur isotope studies (Hall
et al., 1994; Parnell and Boyce, 2017). In the study area, high sulphur/
carbon ratios in pelites at Portsoy (Fig. 6) confirm the availability of sed-
imentary sulphur to the cumulate melt. Assimilation of the sulphidic
sediment into melt liberates hydrogen sulphide that can also contribute
to reduction, and it may cause sulphide saturation so that sulphide min-
erals precipitate out. The petrographic evidence (Fig. 3) for an intricate
mixture of platy graphite crystals with sulphides in the pyroxenites in-
dicates precipitation from a melt rich in both carbon and sulphur.
Graphite precipitates readily from carbon-sulphur melts due to a low
solubility of carbon (Palyanov et al., 2006). The sulphides include pent-
landite, representing nickel mineralization. Sulphide precipitation is
fundamental to the mineralization process, by pulling metals including
nickel out of the melt (Peltonen, 1995; Pina et al., 2006; Samalens et al.,
2017). Semi-metals Te and Se enriched in the carbonaceous sediments
are also assimilated in the melt, in which tellurium can precipitate ele-
ments including PGEs as tellurides (Parnell and Armstrong, 2019). The
contents of semi-metals show very strong correlations with sulphur
and organic carbon (Fig. 8) in the graphitic pyroxenites. This indicates
the current residence of much of the semi-metals, particularly in sul-
phides whose distribution is controlled by the carbon. The low oxygen
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Fig. 8. Cross-plots of (A, B) Se against S and TOC, and (C, D) Te against S and TOC, for measurements of graphitic pyroxenites, showing very strong correlation.
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fugacity that accompanies carbon causes low solubilities of PGE, and
their resultant precipitation.

Ores in cumulate rocks formed in a range of geological environ-
ments, including subduction-related magmatism, intraplate magmat-
ism and flood basalt, representing a range of depths, but those with
evidence of graphite melt are typically from 10+ km. At such deep
levels, the influence of graphite on local oxygen fugacity was strong,
and loss by oxidation to carbon dioxide and degassing was very limited.
Most extensively mineralized cumulates are graphite-bearing, includ-
ing world-class ores at Stillwater, Bushveld and Duluth ores (Fuex and
Baker, 1973; Ripley et al., 2002; Ripley and Taib, 1989). The mafic-
ultramafic nature of the melts is critical to the spatial relationship.
These melts are relatively high temperature, causing a high degree of
melting of magma. This allows both much Ni, Cu and PGE to be released
to the melt, and also much assimilation of the country rocks to yield car-
bon to the melt. Large volumes of magma are required to yield enough
metal to reach ore grade, and for assimilation of enough sulphur to
reach sulphide saturation. Such melts also have low viscosity, enhancing
the separation of the ore-forming sulphide from the silicate liquids.

The interaction of carbon, sulphur and oxygen fugacity is complex.
Modelling of moderately oxidized arc basalts shows that low (< 1%)
graphite contents are enough to reduce oxygen fugacity and stimulate
sulphide saturation (Tomkins et al,, 2012). The sulphur content of a py-
ritic carbonaceous shale is likely to be greater than the magmatic sul-
phur content of an intrusion, so assimilation would increase sulphide
saturation (Peltonen, 1995). Carbon in the melt also lowers the melting
temperature of sulphides incorporated from country rock, and hence
enhances sulphide saturation in the melt (Dasgupta et al.,, 2009). Thus,
multiple drivers combine so that intrusion into sulphidic carbonaceous
shale would cause widespread sulphide supersaturation and coales-
cence of ore sulphides (Tomkins et al., 2012). The precipitation of
graphite may be induced in several ways, including isobaric cooling, re-
duction in oxygen fugacity, and reduction of an oxidized carbon-bearing
fluid by sulphides. Montanini et al. (2010) emphasize the potential role
of sulphides, which are readily available where shales are assimilated.

4.3. Carbon in large-scale intrusions

The distribution of kilometre-scale plutons belonging to the Younger
Basic intrusions of West Aberdeenshire is strongly controlled by the
pelitic Argyll and Appin groups of the Dalradian Supergroup (Fig. 1).
The relatively weak fine-grained country rocks preferentially permitted
emplacement of the intrusions, and also allowed relatively high yields of
melt (Petford et al,, 2000). They are also preferentially graphitic, as they
were deposited in low-energy environments where organic matter
could accumulate. Thus, the cumulate rocks were predisposed to

exposure to, and assimilation of, organic carbon. This relationship is
repeated in many other parts of the world, and is responsible for the nu-
merous records of assimilation of carbon into intrusions (Table 2), and
consequently contributed to the mineralization of the intrusions. The
maximum possible assimilation is probably a one-for-one incorporation
of country rock into melt, which in the case of the Dalradian Supergroup
pelites is about 1% organic carbon. The 20-50% organic carbon in pyrox-
enite intrusions indicates that fractions of the melt can concentrate the
carbon. However the close spatial relationship between graphitic cumu-
late rocks and graphitic country rocks shows that mobility of carbon,
and hence homogenization, in the melt was limited.

The assimilation of country rock can create huge volumes of graphite
within intrusions, for example a granite-hosted deposit estimated at bil-
lions of tonnes of graphite is recognised in China (Ai et al., 2018), and
graphite exploration is being undertaken in heavily graphitized granite
in Australia (Mackenzie, 1988). An estimated 250 million tonnes of gra-
phitic carbon occurs in Palaeocene intrusive volcanic rocks in west
Greenland (Pedersen and Larsen, 2006). In Britain, the Bin Hill graphite
is second in graphite abundance only to the graphite in Ordovician
andesites at Borrowdale, England (Ortega et al., 2010). The Borrowdale
andesite magma was subduction-related (Mcconnell et al., 2002) but
followed sedimentation of the assimilated organic-rich sediments by
about 20 million years rather than the 200 million years in Scotland.

The Ordovician of Britain and Ireland offers a window on the interac-
tion of volcanic rocks and organic carbon at several stages (Fig. 9). This
reflects the co-occurrence of plate margin volcanism and black shale
sedimentation at this time (Vaughan and Scarrow, 2003). Firstly,
sea floor basalts incorporated organic carbon through intrusion into
the black shales and colonization of the cooled basalts by microbial col-
onies (Parnell et al., 2015). Secondly, subduction-related arc volcanism
incorporated the black shale carbon on a large scale (Barrenechea
et al., 2009; Ortega et al., 2010). Then finally, as evident in Aberdeen-
shire, deep-seated subduction-related volcanism assimilated much
older carbonaceous crust. In a wider context, further deep-seated
subduction-related fluids, which did not assimilate organic carbon and
had higher oxygen fugacity, formed Silurian carbonatites in the North-
ern Highlands of Scotland (Young et al., 1994).

The assimilation of carbon into magma can lead to metal ore deposi-
tion from large-scale intrusions on a commercial scale. This is most
widely evident in the nickel ore bodies cited here, and is directly evident
for example at the carbon-contaminated margin of the Duluth Complex
(Ripley and Taib, 1989). However, several other metals become concen-
trated in this way, and ore deposition occurs when the host magma has
appropriate carbonaceous geochemistry. Sulphide precipitation occurs
similarly in granites which deposit tin/tungsten ores when carbon
gives them a reduced character (Frost and Frost, 2013), including

Syenites + Gabbros + graphite Andesites + graphite

Carbonatites 430 Ma 410 Ma 450 Ma Basalts + carbon 450 Ma
Sediments Black shales Black shales 470 Ma Black shales 450 Ma
1000-870 Ma 700-600Ma

o *)
A 4

*

Fig. 9. Schematic occurrence of carbon-bearing rocks associated with Ordovician-Silurian subduction at margins of lapetus Ocean, including sea floor basalt in black shales (Parnell et al,,
2015), arc-related andesites with graphite (Ortega et al,, 2010), deep-seated ultramafics with graphite (this study) and deep-seated carbonatites (Young et al., 1994). Ages for source

sediments and mineralization increasingly separated with progress of subduction.
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commercial deposits in Brazil (Sirqueira et al., 2018), Spain (Chicharro
et al.,, 2016) and China-Vietnam-Thailand-Malaysia (Linnen, 1998;
Pasava et al., 2003; Vladimirov et al., 2012). Carbon in granites can
also cause contamination without forming sulphide ores, including ura-
nium (McKechnie et al., 2013) and gold (Mackenzie, 1988). The range of
metals concentrated in this manner suggests that the assimilation of
carbon in intrusions could become a more prominent factor in future
exploration models.

5. Conclusions

Graphite in West Aberdeenshire, NE Scotland, exemplifies carbon
mobility in cumulates. Gabbros and pyroxenites host graphite-
sulphide mineralization emplaced ~470 Ma into late Neoproterozoic
graphitic metasediments at a depth of ~16 km. The metasediments
were partially melted and were a source of carbon. The availability of
carbon was enhanced by preferential intrusion into pelitic sediments
which are now graphitic schists. Carbon and associated sulphide con-
tributed to a low oxygen fugacity, which engendered precipitation of re-
duced organic carbon. Characterisation of the carbon in West
Aberdeenshire graphite shows:

(i) The carbon is fully ordered graphite.
(ii) The graphite carbon exhibits isotopic fractionation to a composi-
tion similar to that of the country rock kerogen.
(iii) The carbon forms an intimate mixture with nickeliferous and
other sulphides, suggesting that the carbon contributed to a re-
ducing environment for mineralization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We are grateful to J. Johnston, J. Bowie and A. Boyce for skilled tech-
nical support. This work was partly supported by NERC grant NE/
MO010953/1. Electron Microscopy was performed with the help of J. Still
in the ACEMAC Facility at the University of Aberdeen. Samples were do-
nated from the University of Aberdeen (Cairnie sample 6932, Coulins
Burn 5524, Allt Nathrach 6992, Dunbennan 11876). We are very grate-
ful for two reviews which helped to clarify the manuscript.

References

Account, Statistical, 1843. The Statistical Account of Aberdeenshire by Ministers of the Re-
spective Parishes. Edinburgh, Blackwood.

Aj, ], Lu, X.B,, Li, ZW., Wu, Y.L, 2018. A super-large graphite deposit discovered in granite
rocks at Huangyangshan. China Geology 1, 164-166.

Anderton, R, 1976. Tidal-shelf sedimentation: an example from the Scottish Dalradian.
Sedimentology 23, 429-458.

Armstrong, J., Parnell, J., Perez, M., Feldmann, J., 2019. Te-rich protolith for PGE
mineralisation in NE Scotland. Proceedings of the 15th SGA Biennial Meeting, 27-30
August 2019, pp. 1661-1664 Glasgow.

Barnes, SJ., Holwell, D.A., Le Vaillant, M., 2017. Magmatic sulphide ore deposits. Elements
13, 89-95.

Barrenechea, J.F,, Luque, FJ., Millward, D., Ortega, L., Beyssac, O., Rodas, M., 2009. Graphite
morphologies from the Borrowdale deposit (NW England, UK): Raman and SIMS
data. Contrib. Mineral. Petrol. 158, 37-51.

Bata, T., Parnell, ]., 2014. A Neoproterozoic petroleum system in the Dalradian Super-
group, Scottish Caledonides. ]. Geol. Soc. Lond. 171, 145-148.

Begg, G.C,, Hronsky, J].AM., Arndt, N.T., Griffin, W.L., O'Reilly, S.Y., Hayward, N., 2010. Lith-
ospheric, cratonic, and geodynamic setting of Ni-Cu-PGE sulphide deposits. Econ.
Geol. 105, 1057-1070.

Berner, R.A., Raiswell, R., 1984. C/S method for distinguishing freshwater from marine
sedimentary rocks. Geology 12, 365-368.

Brovarone, A.V., Martinez, 1., Elmaleh, A., Compagnoni, R., Chaduteau, C., Ferraris, C.,
Esteve, I, 2016. Massive production of abiogenic methane during subduction

evidenced in metamorphosed ophicarbonates from the Italian Alps. Nat. Commun.
8, 14134,

Buchanan, D.L, Rouse, J.E., 1984. Role of contamination in the precipitation of sulphides in
the Platreef of the Bushveld complex. In: Buchanan, D.L, Jones, MJJ. (Eds.), Sulfide De-
posits in Mafic and Ultramafic Rocks. Special Publication, Institution of Mining and
Metallurgy, pp. 141-146.

Chicharro, E., Boiron, M.-C., Lépez-Garcia, ].A., Barfod, D.N., Villaseca, C., 2016. Origin, ore
forming evolution and timing of the Logrosan Sn-(W) ore deposits (Central Iberian
Zone, Spain). Ore Geol. Rev. 72, 896-913.

Crespo, E., Luque, FJ., Rodas, M., Wada, H., Gervilla, F., 2006. Graphite-sulfide deposits in
Ronda and Beni Bousera peridotites (Spain and Morocco) and the origin of carbon in
mantle-derived rocks. Gondwana Res. 9, 279-290.

Dasgupta, R., Hirschmann, M.M., 2010. The deep carbon cycle and melting in Earth’s inte-
rior. Earth Planet. Sci. Lett. 298, 1-13.

Dasgupta, R., Buono, A, Whelan, G., Walker, D., 2009. High-pressure melting relations in
Fe-C-S systems: implications for formation, evolution, and structure of metallic
cores in planetary bodies. Geochim. Cosmochim. Acta 73, 6678-6691.

Deines, P., 2002. The carbon isotope geochemistry of mantle xenoliths. Earth Sci. Rev. 58,
247-278.

Droop, G.T.R,, Clemens, ].D., Dalrymple, D.J., 2003. Processes and conditions during contact
anatexis, melt escape and restite formation: the Huntly Gabbro complex, NE Scotland.
J. Petrol. 44, 995-1029.

Fletcher, T.A,, Rice, C.M., 1989. Geology, mineralisation (Ni-Cu) and precious-metal geo-
chemistry of Caledonian mafic and ultramafic intrusions near Huntly, Northeast Scot-
land. Transac. Inst. Mining Metall.(Section B: Appl. Earth Sci.) 98, B185-B200.

Fletcher, T.E., Boyce, AJ., Fallick, AE., 1989. A Sulphur isotope study of Ni-Cu mineraliza-
tion in the Huntly-Knock Caledonian mafic and ultramafic intrusions of Northeast
Scotland. J. Geol. Soc. Lond. 146, 675-684.

Frost, B.R,, Frost, C.D., 2013. Essentials of Igneous and Metamorphic Petrology. Cambridge
University Press, Cambridge.

Fuex, AN, Baker, D.R., 1973. Stable carbon isotopes in selected granitic, mafic, and ultra-
mafic igneous rocks. Geochim. Cosmochim. Acta 37, 2509-2521.

Galvez, M.E., Beyssac, O., Martinez, 1., Benzerara, K., Chaduteau, C., Malvoisin, B.,
Malavieille, J., 2013. Graphite formation by carbonate reduction during subduction.
Nat. Geosci. 6, 473-477.

Gribble, C.D., O'Hara, MJ., 1967. Interaction of basic magma with pelitic materials. Nature
214, 1198-1201.

Gunn, A.G., Shaw, M.H., 1992. Platinum-group elements in the Huntly intrusion, Aber-
deenshire, north-east Scotland. British Geological Survey Technical Report WF/92/4
(BGS Mineral Reconnaissance Programme Report 124).

Gunn, A.G., Mendum, ].R,, Thomas, C.W., 2015. Geology of the Huntly and Turriff Districts.
Sheet Description for the 1:50 000 Geological Sheets 86W (Huntly) and 86E (Turriff)
(Scotland). British Geological Survey Internal Report OR/15/026.

Hall, A, Boyce, AJ., Fallick, A.E., 1994. A Sulphur isotope study of iron sulphides in the
late Precambrian Dalradian Ardrishaig Phyllite Formation, Knapdale, Argyll. Scott.
J. Geol. 30, 63-71.

Halliday, A.N., Graham, C.M., Aftalion, M., Dymoke, P., 1989. The depositional age of the
Dalradian Supergroup: U-Pb and Sm-Nd isotopic studies of the Tayvallich Volcanics,
Scotland. J. Geol. Soc. Lond. 146, 3-6.

Harris, A.L., Pitcher, W.S., 1975. The Dalradian Supergroup. In: Harris, A.L. (Ed.), A correla-
tion of Precambrian Rocks in the British Isles. Special Report. 6. Geological Society,
London, pp. 52-75.

Hayes, ].M., Waldbauer, J.R., 2006. The carbon cycle and associated redox processes
through time. Philosophical Transactions of the Royal Society of London, B, Biological
Sciences 361, 931-950.

Horita, ], Polyakov, V.B., 2015. Carbon-bearing iron phases and the carbon isotope compo-
sition of the deep Earth. Proceedings of the National Academy of Sciences. 112,
pp. 31-36.

Keleman, P.B., Manning, C.E., 2015. Reevaluating carbon fluxes in subduction zones, what
goes down, mostly comes up. Proceedings of the National Academy of Sciences. 112,
pp. E3997-E4006.

Lerouge, C., Auge, T., Lamberg, P., Pineau, F., 2001. A stable isotope study of the Bruvann Ni
deposit, Norway. In: Piestrzynski, A. (Ed.), Mineral Deposits at the beginning of the
21st Century. Swets & Zeitlinger Publishers Lisse, pp. 599-602.

Linnen, R.L., 1998. Depth of emplacement, fluid provenance and metallogeny in granitic
terranes: a comparison of western Thailand with other tin belts. Mineral. Deposita
33, 461-476.

Luque, FJ., Crespo-Feo, E., Barrenechea, J.F., Ortega, L., 2012. Carbon isotopes of graphite:
Implications on fluid history. Geosci. Front. 3, 197-207.

Mackenzie, D., 1988. Graphite-bearing ignimbrites and granites at Croydon, Queensland,
and their relationship to gold mineralisation. BMR Res. Newslett. 8, 1-2.

Martin, L.AJ., Hermann, J., 2018. Experimental phase relations in altered oceanic crust:
Implications for carbon recycling at subduction zones. J. Petrol. 59, 299-320.

Mcconnell, B., Menuge, ]., Hertogen, J., 2002. Andesite petrogenesis in the Ordovician
Borrowdale Volcanic Group of the English Lake District by fractionation, assimilation
and mixing. J. Geol. Soc. Lond. 159, 417-424.

McKechnie, C.L., Annesley, LR., Ansdell, K.M., 2013. Geological setting, petrology, and geo-
chemistry of granitic pegmatites and leucogranites hosting U-Th-REE mineralization
at Fraser Lakes Zone B, Wollaston Domain, Northern Saskatchewan, Canada. Explor.
Min. Geol. 21, 1-26.

McKervey, J.A., Gunn, A.G., Styles, M.T., 2007. Platinum-group elements in Ordovician
magmatic Ni-Cu sulphide prospects in Northeast Scotland. Can. Mineral. 45, 335-353.

Montanini, A., Tribuzio, R., Bersani, D., 2010. Insights into the origin of mantle graphite
and sulphides in garnet pyroxenite from the External Liguride peridotites (Northern
Apennine, Italy). Geol. Soc. Lond. Spec. Publ. 337, 87-105.


http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0005
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0005
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0010
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0010
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0015
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0015
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0020
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0020
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0020
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0025
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0025
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0030
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0030
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0030
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0035
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0035
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0040
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0040
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0040
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0045
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0045
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0050
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0050
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0050
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0055
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0055
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0055
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0055
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0060
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0060
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0060
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0065
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0065
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0065
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0070
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0070
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0075
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0075
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0075
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0080
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0080
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0085
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0085
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0085
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0090
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0090
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0090
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0095
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0095
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0095
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0100
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0100
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0105
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0105
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0110
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0110
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0115
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0115
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0120
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0120
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0120
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0125
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0125
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0125
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0130
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0130
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0130
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0135
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0135
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0135
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0140
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0140
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0140
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0145
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0145
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0145
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0150
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0150
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0150
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0155
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0155
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0155
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0160
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0160
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0160
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0165
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0165
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0165
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0170
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0170
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0175
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0175
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0180
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0180
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0185
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0185
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0185
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0190
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0190
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0190
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0190
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0195
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0195
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0200
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0200
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0200

10 J. Parnell et al. / Lithos 374-375 (2020) 105711

Munro, M., 1984. Cumulate relations in the ‘Younger basic’ masses of the Huntly-Portsoy
area, Grampian Region. Scott. J. Geol. 20, 343-359.

Naldrett, AJ., 1999. World-class Ni-Cu-PGE deposits: key factors in their genesis. Mineral.
Deposita 34, 227-240.

Oliver, GJ.H., 2001. Reconstruction of the Grampian episode in Scotland: its place in the
Caledonian Orogeny. Tectonophysics 332, 23-49.

Oliver, GJ.H., Wilde, S.A., Wan, Y., 2008. Geochronology and geodynamics of Scottish
granitoids from the late Neoproterozoic break-up of Rodinia to Palaeozoic collision.
J. Geol. Soc. Lond. 165, 661-674.

Ortega, L., Millward, D., Luque, FJ., Barrenechea, J.F., Beyssac, O., Huizenga, ].M., Rodas, M.,
Clarke, S.M., 2010. The graphite deposit at Borrowdale (UK): a catastrophic mineral-
izing event associated with Ordovician magmatism. Geochim. Cosmochim. Acta 74,
2429-2449.

Palyanov, Yu.N., Borzdov, Yu.M., Khokhryakov, AF., Kupriyanov, LN., Sobolev, N.V., 2006.
Sulfide melts-graphite interaction at HPHT conditions: Implications for diamond gen-
esis. Earth Planet. Sci. Lett. 250, 269-280.

Pankhurst, RJ., 1969. Strontium isotope studies related to petrogenesis in the Caledonian
Basic Igneous Province of NE Scotland. J. Petrol. 10, 115-143.

Parnell, J., Armstrong, J., 2019. The importance of carbon in Ni-Cu-PGE deposits. Proceed-
ings of the 15th SGA Biennial meeting, 27-30 August 2019, pp. 1405-1408 Glasgow.

Parnell, J., Boyce, AJ., 2017. Microbial sulphate reduction during Neoproterozoic glacia-
tion, Port Askaig Formation, UK. J. Geol. Soc. Lond. 174, 850-854.

Parnell, ]., Boyce, AJ., Davidheiser-Kroll, B., Brolly, C., Bowden, S., Lindgren, P., 2015. En-
hanced microbial activity in carbon-rich pillow lavas, Ordovician, Great Britain and
Ireland. Geology 43, 827-830.

Parnell, ], Perez, M., Armstrong, J., Bullock, L., Feldmann, ., Boyce, AJJ., 2018a. A black shale
protolith for gold-tellurium mineralization in the Dalradian Supergroup
(Neoproterozoic) of Britain and Ireland. Appl. Earth Sci. 126, 161-175.

Parnell, ]., Perez, M., Armstrong, J., Bullock, L., Feldmann, ]., Boyce, AJ., 2018b. Geochemis-
try and metallogeny of Neoproterozoic pyrite in oxic and anoxic sediments.
Geochem. Perspectiv. Lett. 7, 12-16.

Pa3ava, ., Kfibek, B., Dobe3, P., Vavfin, I, Zak, K., Delian, F., Tao, Z., Boiron, M.-C., 2003. Tin-
polymetallic sulphide deposits in the eastern part of the Dachang tin field (South
China) and the role of black shales in their origin. Mineral. Deposita 38, 39-66.

Pawley, AR., Holloway, ].R., McMillan, P.F., 1992. The effect of oxygen fugacity on the sol-
ubility of carbon-oxygen fluids in basaltic melt. Earth Planet. Sci. Lett. 110, 213-225.

Pearson, D.G., Boyd, F.R,, Haggerty, S.E., Pasteris, ].D., Field, S.W., Nixon, P.H., Pokhilenko,
N.P., 1994. The characterisation and origin of graphite in cratonic lithospheric mantle:
a petrological carbon isotope and Raman spectroscopic study. Contrib. Mineral. Pet-
rol. 115, 449-466.

Pedersen, AK, Larsen, LM, 2006. The Ilugissoq graphite andesite volcano, Nuussuaq, cen-
tral West Greenland. Lithos 92, 1-19.

Peltonen, P., 1995. Magma-country rock interaction and the genesis of Ni-Cu deposits in
the Vammala Nickel Belt, SW Finland. Mineral. Petrol. 52, 1-24.

Petford, N., Cruden, AR, McCaffrey, KJ.W., Vigneresse, ].L., 2000. Granite magma forma-
tion, transport and emplacement in the Earth’s crust. Nature 408, 669-673.

Pina, R, Lunar, R, Ortega, L., Gervilla, F., Alapieti, T., Martinez, C. 2006. Petrology and geo-
chemistry of mafic-ultramafic fragments from the Aguablanca Ni-Cu ore breccia,
Southwest Spain. Econ. Geol., 101, 865-881.

Queffurus, M., Barnes, S.J., 2015. A review of sulfur to selenium ratios in magmatic nickel-
copper and platinum-group element deposits. Ore Geol. Rev. 69, 301-324.

Rajesh, VJ., Arima, M., Santosh, M., 2004. Dunite, glimmerite and spinellite in Achankovil
Shear Zone, South India: implications for highly potassic CO2-rich melt influx along
an intra-continental shear zone. Gondwana Res. 7, 961-974.

Rajesh, VJ., Arai, S., Satish-Kumar, M., 2009. Origin of graphite in glimmerite and spinellite
in Achankovil Shear Zone, southern India. ]. Mineral. Petrol. Sci. 104, 407-412.

Read, H.H., 1923a. The petrology of the Arnage district in Aberdeenshire: a study of assim-
ilation. Q. J. Geol. Soc. Lond. 79, 446-484.

Read, H.H., 1923b. The Geology of the Country around Banff, Huntly and Turriff. Memoirs
of the Geological Survey of Scotland. His Majesty’s Stationery Office, Edinburgh.

Read, H.H., 1935. The gabbros and associated xenolithic complexes of the Haddo House
district, Aberdeenshire. Q. J. Geol. Soc. Lond. 91, 591-635.

Ripley, E.M.,, 2014. Ni-Cu-PGE mineralization in the Partridge River, South Kawishiwi, and
Eagle intrusions: a review of contrasting styles of sulfide-rich occurrences in the
Midcontinent Rift System. Econ. Geol. 109, 309-324.

Ripley, E.M., Taib, N.I,, 1989. Carbon isotopic studies of metasedimentary and igneous
rocks at the Babbitt Cu-Ni deposit, Duluth complex, Minnesota, U.S.a. Chem. Geol.
73, 319-342.

Ripley, E.M.,, Li, C,, Shin, D., 2002. Paragneiss assimilation in the genesis of magmatic Ni-
Cu-Co sulfide mineralization at Voisey’s Bay, Labrador: 6 34S, 6 13C, and Se/S evi-
dence. Econ. Geol. 97, 1307-1318.

Robertson, J.C,, Ripley, E.M,, Barnes, SJ., Li, C., 2015. Sulfur liberation from country rocks
and incorporation in mafic magmas. Econ. Geol. 110, 1111-1123.

Samalens, N., Barnes, S.J., Sawyer, EW., 2017. The role of black shales as a source of sulfur
and semimetals in magmatic nickel-copper deposits: example from the Partridge
River Intrusion, Duluth complex, Minnesota, USA. Ore Geol. Rev. 81, 173-187.

Schwarzenbach, E.M., Caddick, M.]., Petroff, M., Gill, B.C., Cooperdock, E.H.G., Barnes, ].D.,
2018. Sulphur and carbon cycling in the subduction zone mélange. Sci. Rep. 8, 15517.

Sirqueira, A.R.F., Moura, M.A., Botelho, N.F,, Kyser, T.K., 2018. Nature and evolution of
Paleoproterozoic Sn and rare metal albitites from Central Brazil: Constraints based
on textural, geochemical, Ar-Ar, and oxygen isotopes. Minerals 8, 396. https://doi.
org/10.3390/min8090396.

Stephenson, D., Mendum, J.R,, Fettes, D.J., Leslie, A.G., 2013. The Dalradian rocks of Scot-
land: An introduction. Proceedings of the Geologists Association. 124, pp. 3-82.
Strahan, A., Flett, ].S., Dinham, C.H., 1917. Special reports on the Mineral Resources of
Great Britain. Volume V: Potash-feldspar, Phosphate of Lime, Alum Shales, Plumbago
or Graphite, Molybdenite, Chromite, Talc or Steatite (Soapstone, Soap-rock and Pot-
stone), Diatomite. Memoirs of the Geological Survey, his Majesty’s Stationery Office,

London.

Thakurta, J., Ripley, E.M., Li, C., 2008. Geochemical constraints on the origin of sulphide
mineralization in the Duke Island complex, southeastern Alaska. Geochem. Geophys.
Geosyst. 9, Q07003. https://doi.org/10.1029/2008GC001982.

Thomas, C.W., Graham, C.M,, Ellam, R.M.,, Fallick, A.E., 2007. 87Sr/86Sr chemostratigraphy
of Neoproterozoic Dalradian limestones of Scotland and Ireland: constraints on depo-
sitional ages and time scales. ]. Geol. Soc. Lond. 161, 229-242.

Thompson, R.N., Morrison, M.A., Hendry, G.L, Parry, S.J., 1984. As assessment of the rela-
tive roles of crust and mantle in magma genesis: an elemental approach. Philos.
Trans. R. Soc. Lond. A310, 549-590.

Tomkins, A.G., Rebryna, K.C., Weinberg, R.F., Schaefer, B.F., 2012. Magmatic sulfide forma-
tion by reduction of oxidized arc basalt. J. Petrol. 53, 1537-1567.

Vaughan, A.P.M., Scarrow, J.H., 2003. Ophiolite obduction pulses as a proxy indicator of
superplume events? Earth Planet. Sci. Lett. 213, 407-416.

Vladimirov, A.G., Anh, P.L,, Kruk, N.N., Smirnov, C.Z., Annikova, L.Yu., Pavlova, G.G., Kuibida,
M.L., Moroz, E.N., Sokolova, E.N., Astrelina, E.I, 2012. Petrology of the tin-bearing
granite-leucogranites of the Piaoak Massif, Northern Vietnam. Petrology 20, 545-566.

Wadsworth, WJ., 1988. Silicate mineralogy of the Middle Zone cumulates and associated
gabbroic rocks from the Insch intrusion, N.E. Scotland. Mineral. Mag. 52, 309-322.

Wei, B, Wang, C.Y., Lahaye, Y., Xie, L., Cao, Y., 2019. S and C isotope constraints for mantle-
derived sulfur source and organic carbon-induced sulphide saturation of magmatic
Ni-Cu sulphide deposits in the Central Asian Orogenic Belt, North China. Econ. Geol.
114, 787-806.

Wopenka, B., Pasteris, ].D., 1993. Structural characterization of kerogens to granulite-
facies graphite: applicability of Raman microprobe spectroscopy. Am. Mineral. 78,
533-557.

Young, B.N,, Parsons, 1., Threadgould, R., 1994. Carbonatite near the Loch Borralan intru-
sion, Assynt. J. Geol. Soc. Lond. 151, 945-954.


http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0205
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0205
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0210
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0210
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0215
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0215
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0220
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0220
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0220
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0225
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0225
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0225
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0230
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0230
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0235
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0235
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0240
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0240
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0245
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0245
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0250
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0250
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0250
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0255
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0255
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0255
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0260
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0260
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0260
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0265
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0265
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0265
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0270
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0270
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0275
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0275
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0275
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0280
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0280
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0285
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0285
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0290
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0290
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0295
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0295
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0300
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0300
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0300
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0305
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0305
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0310
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0310
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0315
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0315
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0320
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0320
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0325
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0325
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0325
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0330
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0330
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0330
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0335
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0335
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0335
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0340
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0340
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0345
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0345
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0345
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0350
https://doi.org/10.3390/min8090396
https://doi.org/10.3390/min8090396
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0360
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0360
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0365
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0365
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0365
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0365
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0365
https://doi.org/10.1029/2008GC001982
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0375
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0375
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0375
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0380
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0380
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0380
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0385
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0385
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0390
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0390
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0395
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0395
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0400
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0400
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0405
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0405
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0405
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0405
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0410
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0410
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0410
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0415
http://refhub.elsevier.com/S0024-4937(20)30348-0/rf0415

	Carbon in mineralized ultramafic intrusions, caledonides, northern Britain
	1. Introduction
	1.1. Geological setting
	1.2. Organic matter and graphite

	2. Methodology
	3. Results
	4. Discussion
	4.1. Origin of carbon
	4.2. Role of carbon and sulphur in mineralization
	4.3. Carbon in large-scale intrusions

	5. Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References




