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P-T conditions, fluid regime and carbon isotope composition of graphite and fluid inclusions from garnet-silli-
manite-bearing leucocratic tonalites, trondhjemites and granites associated with orthopyroxene-bearing granu-
litemetapelites in the SouthernMarginal Zone (SMZ) of the Limpopo Complex, South Africa, are presented in the
paper. Re-integrated compositions of perthitic alkali feldspars and antiperthitic plagioclase, as well as P-T and T-
XCO2 phase equilibria modeling using PERPLE_X software indicate that the granitoids began to crystallize at tem-
peratures of 900–940 °C and pressures of 7–9 kbar, and were equilibrated with a fluid phase with XCO2 N 0.5–0.6
as is recorded in dense fluid inclusions in quartz. A small fraction of a saline fluid accumulated during cooling
only. Average δ13CPDB values for graphite (−6.52 to −8.65‰) and fluid inclusions (−2.50 to −5.58‰) from
the granitoids differ substantially from the values, which have been obtained in previous studies for graphite
from the surrounding SMZ metapelites. Isotope data thus indicate that fluids associated with the granitoid
magmas of the SMZ originated from a source unrelated to the host metapelites. In terms of the “heavy” isotope
signatures of carbon, the granitoids might carry fluids, which have been produced during devolatilization of
mafic rocks (amphibolites) interlayered with hydrothermal carbonate veins in the adjacent granite-greenstone
successions of the Kaapvaal craton that have been buried underneath the SMZ granulites during their exhuma-
tion. The cratonic rock could serve as a source for the trondhjemite magmas intruding the SMZ granulites. In
this scenario, the studied granitoids crystallized from these magmas variously contaminated by metapelitic ma-
terial. Graphite precipitated via reduction of CO2-rich fluid as the result of dissolution of pyrrhotite-rich
metapelites in the magmas.
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1. Introduction

Carbon dioxide is a principal component of fluids acting during
upper-amphibolite and granulite-facies metamorphism in the middle
to lower crust.Widespread findings of dense CO2 inclusions in minerals
of high-grade rocks inspired in the 1980s (e.g. Newton et al., 1980) the
development of the “carbonicmodel” for granulite metamorphism. This
model considers the leading role of pervasive flushing of external
(mostly, uppermantle-related) CO2-richfluids in the formation of gran-
ulite assemblages (e.g. Santosh andOmori, 2008). However, many argu-
ments were put forward against the “carbonic model” (e.g. Lamb and
Valley, 1985; Stevens and Clemens, 1993), which were mainly based
na Research. Published by Elsevier B.
on the identification of localized action of CO2 recorded, in particular,
in carbon isotopic gradients in granulites (Lamb and Valley, 1985;
Vennemann and Smith, 1992; Stevens, 1997). These arguments were
in line with experimental data on the limited migration scale of CO2

through crystalline rocks (Watson and Brenan, 1987). They provided a
basis for alternative models to explain abundant CO2 recorded in gran-
ulites: post-peak entrapment of carbonic inclusion (e.g. Lamb et al.,
1987), oxidation of graphite-bearing sediments by H2O (Touret, 1971;
Whitney, 1992; Giorgetti et al., 1996; Stevens, 1997), Fe3+ reduction
in graphitic metapelites (Hollister, 1988; Cesare et al., 2005), sulfide-sil-
icate-graphite reactions (e.g. Tracy and Robinson, 1988), modifications
of CO2-bearingfluid inclusions (e.g. Hollister, 1990), derivation fromde-
carbonation of siliceous carbonate rocks (e.g. McLelland et al., 1988;
Todd and Evans, 1993), immiscibility in H2O-CO2-salt fluids (e.g.
Newton et al., 2014 and references therein).
V. All rights reserved.
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Most conflicting data on the role of CO2 in granulites can be partially
reconciled by assuming that CO2 can be transported by magmas both
produced during anatexis and injected from external sources. CO2 has
low solubility in silicic magmas at crustal pressures (b0.9 wt%; see Ni
and Keppler, 2013 for compilation of experimental data). This fact is
used by some authors (e.g. Stevens, 1997) as proof for insignificant par-
ticipation of magmatic CO2 during high-grade metamorphism. How-
ever, many researchers (e.g. Holloway, 1976; Frost and Frost, 1987;
Frost et al., 1989; Lowenstern, 2001) consider that CO2 could coexist
as a free fluid phase with silicic magmas buffering water activity and
assisting with the ascent of the magmas. Being transported by granitic
magmas, poorly soluble CO2 is able to interact with surrounding rocks
(e.g. Farquhar and Chacko, 1991; Satish-Kumar and Santosh, 1998).

One of the principal indicators of fluid-rock interaction during gran-
ulite formation is graphite (e.g. Santosh and Omori, 2008; Huizenga,
2011; Huizenga and Touret, 2012; Luque et al., 2012). As a syngenetic
mineral, graphite appears during graphitization of organic substances
or through reduction of carbonates dispersed in a pre-metamorphic
protolith (e.g. Wada et al., 1995). However, epigenetic graphite can
also be precipitated from CO2-bearing fluids generated during meta-
morphism, or can be released frommagmas interacting with rocks dur-
ing metamorphism being a function of pressure, temperature, rock-
buffered low oxygen fugacity, CO2 mole fraction in fluids, and the
fluid/rock ratio (e.g. Glassley, 1982; Lamb and Valley, 1985; Huizenga,
2011; Huizenga and Touret, 2012). Therefore, the presence of graphite
is used as evidence in support of the carbonic model (Farquhar and
Chacko, 1991; Santosh and Wada, 1993; Radhika and Santosh, 1996;
Satish-Kumar, 2005; Santosh and Omori, 2008; Satish-Kumar et al.,
2011; Huizenga and Touret, 2012), while its absence is an argument
against this model (Glassley, 1982; Lamb and Valley, 1985).

In this context, graphite behavior during crustal anataxis is of obvi-
ous interest. In many cases, primary graphite disappears during partial
melting owing to oxidation by aqueous fluids (e.g. Touret, 1971;
Whitney, 1992; Giorgetti et al., 1996; Stevens, 1997) or by Fe3+ released
after biotite decomposition (Hollister, 1988; Cesare et al., 2005) produc-
ing CO2. Nevertheless, graphite is recorded in granitoid leucosomes and
dykes associated with granulites (Jackson et al., 1988; Farquhar and
Chacko, 1991; Radhika and Santosh, 1996; Satish-Kumar and Santosh,
1998; Satish-Kumar et al., 2011; Rodas et al., 2000), and is preserved
in peraluminous silicic plutonic bodies and lavas originated from crustal
anataxis (Zeck, 1970; Duke and Rumble, 1986; Kanaris-Sotiriou, 1997).
The above studies showed that during anataxis, graphite could be either
inherited from the country rocks or precipitated via reduction of CO2-
bearingfluids released bymagmas. Inferences on the carbon and graph-
ite source during anatexis are predominantly based on isotopic charac-
teristics of both graphite and fluid inclusions in segregations produced
by this process (Jackson et al., 1988; Santosh et al., 1991; Farquhar
and Chacko, 1991; Radhika and Santosh, 1996; Rodas et al., 2000;
Satish-Kumar et al., 2011). The δ13СPDB values vary from b−20‰ for
the inherited graphite (e.g. Rodas et al., 2000) up to−9 to−6‰ for epi-
genetic graphite (e.g. Farquhar and Chacko, 1991), although these two
sources can be mixed too (e.g. Radhika and Santosh, 1996). Heavy
values correspond to so-called “mantle signature” (e.g. Valley, 1986;
Kyser, 1986; Javoy et al., 1986; Luque et al., 2012) suggesting a possible
participation of themantle source of carbon in fluids transported by gra-
nitic magmas. However, δ13CPDB values, which are close to the “mantle
signatures”, can be also attained as a result of the carbon isotope frac-
tionation during graphite precipitation from CO2-rich fluid on cooling
(e.g. Santosh and Wada, 1993; Satish-Kumar, 2005). Thus, compilation
of the carbon isotope data for graphite and fluid inclusions in coexisting
minerals provides credible information both on the fluid source and on
the thermal evolution of the fluid-rock system. These data can be com-
pared with results obtained from conventional mineral thermometry
(Santosh and Wada, 1993; Satish-Kumar, 2005).

The present paper reports data onmineralogy, bulk geochemistry, P-
T-fluid conditions and carbon isotope composition of graphite and fluid
inclusions in peraluminous garnet- and sillimanite-bearing granitoids
associated with granulite metapelites from the Southern Marginal
Zone (SMZ) of the Limpopo Complex, South Africa. We use the data to
argue towards the external source of CO2-rich fluids, which were
transported by high-temperature (N900°) silicic magmas, and an origin
for these magmas.

2. Geological setting, metamorphic evolution and granitoid
magmatismof the SouthernMarginal Zone of the Limpopo Complex

2.1. Tectonic structure and metamorphism

The high-grade metamorphic terrane of the Limpopo Complex is lo-
cated between the Zimbabwe and the Kaapvaal cratons (Fig. 1a). The
complex is subdivided into Northern Marginal Zone (NMZ), Central
Zone (CZ), and Southern Marginal Zone (SMZ), which are separated
by regional-scale shear zones. The CZ is a polymetamorphic terrane
(e.g. Perchuk et al., 2008; Smit et al., 2011; Kramers and Zeh, 2011;
Kramers et al., 2011; Kröner et al., 2018; Brandt et al., 2018) dominated
by supracrustal lithologies. In contrast, the NMZ and SMZ are
monometamorphic and considered to constitute the high-grade equiv-
alents of the granite–greenstone successions of the adjacent cratons
(Kreissig et al., 2000, 2001; Blenkinsop, 2011; van Reenen et al., 2011,
2014).

The SMZ is juxtaposed against the Northern Kaapvaal Craton along
the shallow NE-dipping and SW-verging Hout River Shear Zone
(HRSZ) in the south (Fig. 1a). This crustal-scale structure guided thrust-
ing of the SMZ granulites onto the adjacent granite-greenstone terrane
between ~2720 and 2690 Ma (Roering et al., 1992; Kreissig et al., 2001;
van Reenen et al., 2011; Kramers et al., 2014; Smit et al., 2014). High-
grade rocks of the SMZ occupy the hanging wall of the Hout River
Shear Zone, while low-grade granite-greenstone lithologies of the
Northern Kaapvaal Craton occupy the footwall (Fig. 1a). The SMZ com-
prises two major lithological units (e.g. van Reenen et al., 2011, 2014):
(i) foliated and banded migmatized tonalitic-trondhjemitic
Baviaanskloof Gneisses and (ii) Bandelierkop Formation - a sequence
of ultramafic, mafic, pelitic and minor BIF granulites. These lithologies
compose large crustal blocks displaying evidence of intense fold defor-
mation bounded by steeply SW-verging regional scale high-grade
shear zones (Annaskraal, Petronella, Matok) (Fig. 1a; Smit et al., 1992,
2014; Smit and van Reenen, 1997). Based on major, trace element,
and Nd, Pb isotope data, Kreissig et al. (2000, 2001) concluded that
the granulite facies rocks of the SMZ represent the high-grade equiva-
lents of supracrustal rocks of the juxtaposed granite-greenstone terrane
of the Pietersburg block of the Northern Kaapvaal Craton. This conclu-
sion is supported by findings of detrital zircons with SHRIMP ages up
to 3440 Ma in metapelites of the Bandelierkop formation (Rajesh et
al., 2014), which are within the age span of adjacent sedimentary suc-
cessions of the Kaapvaal Craton (e.g. Zeh et al., 2013). However, the
Bandelierkop metapelites also contain abundant detrital zircons with
ages b3000 Ma (Rajesh et al., 2014; Nicoli et al., 2015), which led
Nicoli et al. (2015) to suggest that metasediments of the Bandelierkop
Formation might not be related to the rocks of the Kaapvaal Craton,
but belonged to an individual block colliding with the Kaapvaal Craton.

Ages of peakmetamorphism of the rocks of the Bandelierkop Forma-
tion reported by various authors, i.e. 2717± 28Ma (G.A. Belyanin et al.,
2014), 2716±6, 2718±7 and 2714±22Ma (Rajesh et al., 2014), 2714
±6.4 and 2713±5.4Ma (Taylor et al., 2014), 2713±8Ma (Nicoli et al.,
2015), are close to the ages of the metamorphic peak for the
Baviaanskloof Gneiss (e.g. Retief et al., 1990) supporting the common
metamorphic history of both major units in the SMZ. Conventional
geothermobarometery and phase equilibria modeling applied by vari-
ous groups of authors indicated peak metamorphic condition in the
SMZ of 800–870 °C and 7.5–11 kbar (e.g., van Reenen, 1983; van
Reenen et al., 1987; Stevens and van Reenen, 1992; Perchuk et al.,
1996, 2000; Taylor et al., 2014; Nicoli et al., 2014, 2015). According to



Fig. 1. Location of the studied area. (a) Geological map of the South Marginal Zone (SMZ) and adjacent Northern Kaapvaal Craton (NKVC) showing the location of the studied outcrop
(white circle) at the Bandelierkop quarry (van Reenen, 1983; Stevens, 1991; Stevens and van Reenen, 1992; Taylor et al., 2014; Dubinina et al., 2015). White square (1) shows the
locality of ca. 2.68 Ga trondhjemites at farm Petronella (Safonov et al., 2014; G.A. elyanin et al., 2014). White square (2) shows an approximate position of the locality of metapelites
and leucocratic garnet-bearing pegmatoid trondhjemite described by Vennemann and Smith (1992). Abbreviations on the main figure: SZ – shear-zones, GB – greenstone belts, HRSZ
– Hout River Shear Zone, Abbreviations on the inset figure: KVC – Kaapvaal Craton, CZ – Central Zone of the Limpopo Belt, NMZ – Northern Marginal Zone of the Limpopo Belt, ZC –
Zimbabwe Craton. (b) Google Earth image showing the Bandelierkop quarry located immediately south of a large area characterized by masses of leucocratic granitoids (contoured by
dashed line). Also outlined is the position of the large crosscutting granitoid body of this study that is located at the eastern entrance to the quarry (see Fig. 2a).

131O.G. Safonov et al. / Gondwana Research 60 (2018) 129–152



132 O.G. Safonov et al. / Gondwana Research 60 (2018) 129–152
some authors (e.g., Stevens and van Reenen, 1992; Taylor et al., 2014;
Nicoli et al., 2014, 2015), the peak metamorphic conditions have been
attained via clockwise P–T evolution, reflecting burial of the rocks at
the base of the continental crust and their prograde heating during col-
lision. Based onAl-Opx+Sil+Qz, Opx+Crn, Spl+Qz (mineral abbre-
viations after Whitney and Evans, 2010) assemblages and
anthiperthites, Tsunogae et al. (2004), Belyanin et al. (2010, 2012) and
Rajesh et al. (2014) reported temperatures above 1000°C at 11–
12 kbar in the Mg-Al-granulites of the SMZ. However, G. Belyanin et
al. (2014) did not confirm these temperatures and pressures, but
showed that the Mg-rich aluminous granulites of the SMZ still provide
evidence for temperatures slightly above 900 °C, but at 6.5–7.0 kbar.

The post-peak metamorphic evolution of the SMZ between ~2720
and 2690 Ma reflects southwards thrusting of a hot allochtonous gran-
ulite nappe against and over the adjacent Kaapvaal Craton along the
major SW-verging HRSZ shear zone (De Beer and Stettler, 1992;
Roering et al., 1992; Smit et al., 1992, 2001, 2014; van Reenen et al.,
2011, 2014). Granulites that outcrop north of the Annaskraal Shear
Zone (DC zone in Fig. 1a) documents only evidence for decompres-
sion-cooling from ~870 °C at 8.3 kbar to ~600 °C at about 5 kbar
(Perchuk et al., 1996, 2000; Smit et al., 2001, 2014; van Reenen et al.,
2011, 2014). The age of the decompression-cooling stage, 2691 ±
7 Ma, has been obtained from monazites in metapelites showing com-
mon decompression-cooling reaction textures Grt + Qz = Opx + Crd
(Kreissig et al., 2001). Rocks situated to the south of the Annaskraal
shear zone (IC zone in Fig. 1a) document also evidence for near-isobaric
cooling at 6.0–6.5 kbar. This stage is thoroughly recorded by the prog-
ress of the reaction Crd = Grt + Sil + Qz in metapelites (van Reenen,
1983; Stevens and van Reenen, 1992; Perchuk et al., 1996, 2000; Smit
et al., 2001, 2014; Taylor et al., 2014; Nicoli et al., 2015; van Reenen et
al., 2011, 2014; Safonov et al., 2014).

Sub-isobaric cooling in the SMZwas followed by regional retrograde
hydration. This process established an “orthoamphibole isograd” (Fig.
1a; van Reenen, 1986; van Reenen et al., 2011, 2014; Smit et al., 2014;
Koizumi et al., 2014), which is defined by the extensive formation of
the assemblage Opx + Ath + Qz in metapelitic granulites south of the
isograd (Fig. 1a). Rehydration of the SMZ rocks was controlled by com-
plex CO2-rich and aqueous brine fluids (van Reenen, 1986; van Reenen
and Hollister, 1988; Baker et al., 1992; van den Berg and Huizenga,
2001; Huizenga et al., 2014; van Reenen et al., 2014). Most authors
(van Reenen, 1986; van Reenen and Hollister, 1988; Smit et al., 2014;
van Reenen et al., 2014; Koizumi et al., 2014; Kramers et al., 2014)
agree that the source of these fluids was low-grade greenschists of the
Kaapvaal craton buried underneath the granulites during thrusting of
the SMZ against and over the adjacent Kaapvaal Craton. An alternative
argument suggests that regional rehydration in the SMZ was caused
by aqueous fluids that were released from crystallizing granitic magmas
produced during prograde fluid-absentmelting ofmetapelitic granulite,
whereas CO2was produced in situ due to interaction of these fluidswith
graphitic material stored in metapelites (e.g. Stevens, 1997;
Vennemann and Smith, 1992).

2.2. Granitoid magmatism

The metamorphic evolution of the SMZ was accompanied by com-
plex anatexis (Du Toit et al., 1983; van Reenen et al., 2014; Taylor et
al., 2014; Nicoli et al., 2015), which produced structurally different gen-
erations of peraluminous leucosomes (stromatic and nebulitic) with
peritectic assemblages (Grt + Sil + Pl + Qtz, Opx + Grt + Pl + Qtz)
in metapelites. In addition, the rocks of SMZ are intruded by various
mainly undeformed post-tectonic granitoids. The largest is the syn-
late-kinematic diorite-granodiorite-monzogranite Matok pluton with
an age 2686 ± 7 Ma (Fig. 1a; Barton et al., 1992; Laurent et al., 2013,
2014; Laurent and Zeh, 2015), which was built both by the lithospheric
mantle magmas interacted with subduction-related sedimentary mate-
rial and magmas produced from the reworked crust (Laurent et al.,
2014). A crustal origin is assigned to the Palmietfontein granite
(2460–2450Ma), whichmanifests the end of tectono-metamorphic ac-
tivity related to the Neoarchean Limpopo event (Barton and Van
Reenen, 1992).

The rocks of the SMZ are also intruded by smaller bodies of
leucocratic granitoids, the origin of which is a matter of controversy.
Kreissig et al. (2001) firstly obtained a Pb-Pb zircon evaporation age of
2643 ± 1 Ma from the wide granitic vein exposed in the Bandelierkop
quarry (Fig. 1a) and interpreted this age to reflect the time of emplace-
ment (crystallization) of leucocratic granitoids. Nicoli et al. (2015) re-
corded Pb-U ages of 2680 ± 6 Ma for homogeneous zircons from a
crosscutting granitic pegmatite vein at the Brakspruit quarry (Fig. 1a)
and concluded that this age corresponds to the age of crystallization of
the granitic vein, but did not made any conclusion on the origin of this
vein. G.A. Belyanin et al. (2014) reported an age of 2667± 9Ma for zir-
con rims from a larger trondhjemite body at the Petronella locality (Fig.
1a) and also interpreted this as the age of trondhjemite emplacement.
All ages obtained from crosscutting bodies are clearly lower that the
peak metamorphic age (~2.72 Ga), in support of field evidence that
these granitoids intruded already deformed and granulite-facies meta-
morphosed rocks. Based on the coincidence of these ages with the em-
placement age of the Matok pluton, Safonov et al. (2014) and G.A.
Belyanin et al. (2014) suggested that the trondhjemite bodies and
veins could be satellites to the emplacement of the Matok pluton.
Safonov et al. (2014) also showed that the joint cooling of the
trondhjemite body and the contacting metapelites in the Petronella
shear zone (Fig. 1a) occurred at pressures of about 6.0–6.5 kbar,
which is consistent with the sub-sobaric cooling stage of the SMZ.

There is the bulk of evidence that, similar to theMatokmagmas (e.g.
Laurent et al., 2014; Laurent and Zeh, 2015), the leucocratic granitoids
have been produced from a source unrelated to the Bandelierkop For-
mation. Based on δ18O data obtained from a garnet-bearing pegmatitic
trondhjemite vein, Vennemann and Smith (1992) also concluded that
the trondhjemites were not in isotopic equilibrium with the adjacent
metapelites but were crystallized from melts being derived from several
compositionally different but finely interlayered metasediments. Based on
a correlation of δ18O with the composition of trondhjemites from the
Banderlierkop quarry, Dubinina et al. (2015) also concluded that “the
leucogranites represented partialmelts derived from an external source
and … were contaminated when they intruded the host metapelite”.

Leucogranitic magmas also served as sources of fluids during the
evolution of SMZ granulites. Stevens (1997) concluded that they carried
essentially aqueous fluids (dissolved in magmas after the fluid-absent
anatexis of mica-bearing metapelites), which participated in re-hydra-
tion of the SMZ metapelites at temperatures b650 °C and pressures
6.0–6.5 kbar. However, based on fluid inclusions in quartz and garnet
in the trondhjemites and thermodynamic calculations, Safonov et al.
(2014) showed that the magmas mainly carried CO2-rich fluids of low
water activity with lesser amounts of aqueous-salt bearing fluids. An-
other important indicator for the presence of carbonic fluids in the
magmas is graphite (Vennemann and Smith, 1992). Graphite-bearing
tonalites, trondhjemites and granites from the Bandelierkop quarry
(Fig. 1a) are the focus of this study.

3. Field relations between graphite-bearing granitoids and host
metapelites

The Bandelierkop quarry (23°18′36.80″ S; 29°49′19.34″ E) is located
3 km east of Bandelierkop village, south of the Annaskraal shear zone
and about 8 kmnorth of the anthophyllite-in isograd (Fig. 1). Thequarry
represents a seminal outcrop of migmatitic metapelites of the
Bandelierkop Formation, which is one of themajor supracrustal litholo-
gies of the SMZ (Du Toit et al., 1983; van Reenen, 1983, 1986; Stevens,
1991; Stevens and van Reenen, 1992; Perchuk et al., 1996, 2000; van
Reenen et al., 2011, 2014; Smit et al., 2014; Taylor et al., 2014;
Safonov et al., 2014; Nicoli et al., 2015). Petrography, geochronology,
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geochemistry and P-T data obtained from metapelitic granulites from
this particular locality have been thoroughly highlighted in papers by
van Reenen (1983), Stevens (1991), Stevens and van Reenen (1992),
Kreissig et al. (2001), Taylor et al. (2014) and Dubinina et al. (2015).
Three major varieties are distinguished among pelitic rocks exposed in
the Banderlierkop quarry (van Reenen, 1983; Stevens and van Reenen,
1992; Taylor et al., 2014): (1) Grt-Opx (+Bt + Pl + Qz) semipelites,
(2) Grt-Crd (+Bt + Pl + Qz) pelites, and (3) Crd-Opx (+Bt + Pl
+ Qz) pelites. Assemblages of these rocks, which are intermixed with
leucosomes, reflect clear differences in bulk MgO/(MgO + FeOT) ratio.
Stevens (1991) and Stevens and van Reenen (1992) recognized five
mineralogical types of peraluminous tonalite to granite leucosomes in
the Bandelierkop quarry. Based on this, Taylor et al. (2014) grouped
Fig. 2. Structural relations of the large crosscutting granitoid bodywith host metapelites at the e
entrance to the quarry (after van Reenen et al., 2014). Note the presence of partially assimila
metapelites (brown colored; M). (c) Internal mainly homogenous trexture of the granitoid c
the leuco granitoid and metapelitic granulite (M) is plainly demonstrated. A weak foliation
quartz and aligned crystals of sillimanite and graphite, as well as by elongated metapelitic en
this figure legend, the reader is referred to the web version of this article.)
these leucosomes into two generations, i.e. stromatic and nebulitic,
both containing peritectic phases (garnet, orthopyroxene, sillimanite).
Stromatic leucosomes form veins, which are concordant with foliation
of the host metapelites. They show internal fabric defined by elongated
sillimanite crystals or stretched crystals of plagioclase and quartz. In
contrast, less voluminous nebulitic leucosomes represent undeformed
patches, which are superimposed on foliation of host rocks. They are
interpreted to post-date the major deformation events in the locality
(Taylor et al., 2014). Despite different position, both types of
leucosomes showed the identical U-Pb zircon ages 2714 ± 6.4 and
2713 ± 5.4 Ma (Taylor et al., 2014).

In addition to these leucosomes, the Bandelierkop quarry also ex-
poses a body of garnet-sillimanite-bearing granitoid, which contain
astern entrance to the Bandelierkop quarry. (a) A general view of the granitoid body at the
ted metapelitic granulite. (b) Intrusive contact of the granitoid body (light colored) with
lose to the contact with metapelites. The sharp contact in the lower left corner between
developed within the granitoids (panel b) is defined by stretched crystals of feldspar,
claves (white dashed boxes in panel c). (For interpretation of the references to color in



Table 2
Bulk composition of leucocratic granitoids from the Bandelierkop quarry.

Sample SA-4-6A L14-7-1 L14-7-4 L14-7-5 L14-7-6 L14-7-7

SiO2 69.24 68.95 72.98 71.79 75.63 67.7
TiO2 0.07 0.03 0.03 0.47 0.00 0.13
Al2O3 17.78 16.11 15.45 14.78 15.73 18.63
Fe2O3 0.80 3.16 1.62 3.94 2.1 1.89
MnO 0.01 0.00 0.00 0.00 0.05 0.00
MgO 0.18 1.06 0.31 1.33 0.69 1.44
CaO 1.86 0.69 0.95 2.11 1.26 3.49
Na2O 5.47 3.22 3.67 4.19 2.65 4.15
K2O 3.1 5.36 3.85 1.01 1.50 1.19
P2O5 0.12 0.09 0.06 0.15 0.00 0.07

Note. Sample SA-4-6A is described in the paper by Dubinina et al. (2015).
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accessory graphite. The outcrop of about 6m-wide is located at the east-
ern entrance to the quarry (Figs. 1a, 2a, b) and shows massive medium
to coarse-grained leucocratic rocks (Fig. 2c). The Google Earth satellite
image (Fig. 1b) shows that the area directly north of Bandelierkop
quarry is characterized by the presence of large irregular cluster of
leucocratic granitoid bodies of which this particular outcrop is part of.

Contacts between the granitoids and host metapelites are sharp and
oblique to the metapelite foliation (Fig. 2b, c). The granitoids contain
small xenoliths of metapelites (Fig. 2a). Stretched crystals of feldspar,
quartz and aligned crystals of sillimanite and graphite define the folia-
tion developed within the granitoid body close to the contact with the
metapelitic granulite (Fig. 2b). Closer examination also reveals the pres-
ence of semi-dissolved metapelitic enclaves, mostly defined by garnet
and, probably also, cordierite grains mantled by mica-rich aggregates
(Fig. 2c). Locally, these enclaves are attenuated along the foliation in
the granitoids. The internal foliation of this granitoid body and the pres-
ence of attenuated metapelitic enclaves reflect evidence for a
superimposed shear deformation (Du Toit et al., 1983), suggesting em-
placement of the granitoid magmas during deformation.

4. Petrography, bulk rock characteristics and mineral assemblages
of granitoids

4.1. Modal and bulk chemical composition

Garnet, sillimanite and graphite-bearing granitoids (i.e. rocks with
N20 modal % of Qz; Le Maitre et al., 2002) of the Banderlierkop quarry
(Table 1) are leucocratic medium to coarse-grained rocks consisting
predominantly of plagioclase (50–70 vol%) and quartz (25–50 vol%).
This mineralogical feature is reflected in their bulk composition: at the
SiO2 content 68–76 wt%, they usually show the CaO content above
1 wt%, a predominance of CaO + Na2O over K2O and Na2O/K2O N 1
(Table 2; Fig. 3a, b). In samples, where K-feldspar content is above
40% (samples L14-7-1 and L14-7-3; Table 2), the K2O content is slightly
higher than CaO+ Na2O, while Na2O/K2O is below unity. All granitoids
are peraluminouswithASI N 1.1 (Fig. 3c).With respect tomajor element
composition, the studied samples (L14-7-1 to L14-7-7 in Table 2) are
very similar to granitoids from the Bandelierkop quarry described by
Taylor et al. (2014) and Dubinina et al. (2015), as well as leucocratic
granitoids associated with metapelites of the Bandelierkop formation
(Stevens, 1997). However, granitoids have higher MgO + FeO content.
It does not show correlationwith the ASI index (Fig. 3c), which is typical
for the S-type granitoids (e.g. Clemens et al., 2011). From the Ab-An-Or
normative composition (Le Maitre et al., 2002) the most of granitoid
rocks of the Bandelierkop quarry correspond to tonalites and
trondhjemites (Fig. 4). However, some rocks (e.g. L14-7-1, SA-4-6A)
are granites.

4.2. Mineralogy and petrographic features

K-feldspar is unequally distributed in the rocks (Table 1). In tonalites
and trondhjemites, it occurs only as thin exsolution lamellae or coarse
rectangular inclusions in plagioclase, as well as thin branchy rims at
Table 1
Mineral assemblages of the studied granitoids from the Bandelierkop quarry.

Sample Pl Qtz Kfs Grt Sil Bt Ru Ilm

L14-7-1 +, i +, i p, l, cl, r + + − +, i − +
L14-7-4 + + l, r +, e +, e e − +
L14-7-5 + +, i l, r + − − +, i − +
L14-7-6 + +, i p, l, r + + − − +
L14-7-7 + +, i l, r +, e e e i −
SA-4-6A + + p, l, cl, r + − − + + +

+ - mineral is present in the rock matrix;− - mineral is absent; K-feldspar: p – individual per
plagioclase, r – rims around plagioclase; i – inclusions in garnet; e – in miceous enclaves. Emp
and BSE examination.
the plagioclase-quartz contacts. K-feldspar lamellae are usually concen-
trated in the centers of plagioclase crystals and clearly represent exsolu-
tion features from a ternary high-temperature phase rather than
products of metasomatic replacement. In granites (L14-7-1, SA-4-6A;
Tables 1 and 2; Fig. 5a), in addition to lamellae in plagioclase, K-feldspar
forms coarse laminar textures with plagioclase (Fig. 5a). Coarsening of
anthiperthite lamellae forming microveins, and the change in their ori-
entation towards the periphery of the plagioclase crystals seems to re-
flect dissolution/precipitation during cooling in the presence of a fluid
phase (e.g. Putnis, 2002). Individual grains of perthitic K-feldspar are
also present in the rocks (Fig. 5a). Textures of the K-feldspar-rich varie-
ties closely resemble textural features of hypersolvus granitoids (e.g.
Tuttle and Bowen, 1958).

Garnet is a major Fe-Mg mineral, although its content is below 1–
2 vol% (Table 1). It occurs as separate or accreted irregular or rounded
garnet grains with sizes from 0.2–0.5 up to 4–5 mm (Fig. 5a, b, d) that
are dispersed in the quartz-feldspathic matrix. Garnet grain margins
are predominantly clear and only some grains are rimmed by thin K-
feldspar veins. Rare biotite fringes appear at the garnet contacts with
K-feldspar or anthiperthitic plagioclase. Taylor et al. (2014) also noted
that the dominant variety of subhedral to rounded garnet in the intru-
sive granitoid body is predominantly inclusion-free and shows no evi-
dence of retrogression. However, some garnets contain inclusions of
quartz, rutile, zircon, monazite, and apatite (Fig. 5b). Inclusions of pla-
gioclase, sillimanite and graphite are rare, although garnet is closely as-
sociatedwith these phases (Fig. 5a, b). Inclusions of spinelwere found in
garnets of the sample L14-7-1. K-feldspar has not been observed as in-
clusion in garnet in any of the studied samples.

Sillimanite in some samples (Table 1) forms large (up to 500 μm)
disoriented crystals in the quartzo-feldspathic matrix (Fig. 5a, c, d)
and is closely associated with garnet in sample L14-7-1 (Fig. 5a). In
other samples, sillimanite forms elongated lens-like aggregates (Fig.
5c, d). Individual flakes of biotite are extremely rare in the studied
granitoids.

Common accessory phases in the tonalites, trondhjemites and gran-
ites are zircon, apatite, monazite, rutile and pyrite (Table 1). Rutile is
main Ti-bearing accessory phase in the rocks and is found both in the
matrix and as inclusions in garnets. Ilmenite was observed only in one
sample (SA-4-6A), where it is partially surrounded by rutile at the
Gph Mnz Zrc Spl Crd Sulfides Secondary

+ i − Pyr Cal, Ap, Mu, Ab, Brt
e + e, i − Po e, Cpy e, Pyr e Mu, Bt
+ − − Bt

, i i − − Cal, Chl, Mu, Ap
i, e − e Pyr Mu, Bt, Cal, Chl

− − Pyr, Cpy Chl, Ab

thitic K-feldspar grains, l – lamellae in plagioclase, cl – coarse lamellae intergrowths with
ty cells mean that mineral is, probably, present, but was not identified during microprobe



Fig. 3.Major element compositional characteristics of the granitic samples from the Bandelierkopquarry described in this paper (Table 1). (a) SiO2 - CaO content (wt%) binary diagram; (b)
SiO2 –Na2O/K2O (wt%) binary diagram; (c) (MgO+ FeO) – ASI index binary diagram, ASI=mol. Al2O3/(K2O+Na2O+CaO). Field countered by the solid line shows the compositions of
melts produced in various experiments onmelting ofmetapelites (Le Breton and Thompson, 1988; Vielzeuf andHolloway, 1988; PatiñoDouce and Johnston, 1991; Pickering and Johnston,
1998; Patiño Douce and Harris, 1998; Koester et al., 2002). The grey field with dashed boundaries contours compositions of melts produced in various experiments on melting of
amphibolites (Beard and Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Wolf and Wyllie, 1994; Patiño Douce and Beard, 1995; Skjerlie and Patino Douce, 1995; Sisson et al., 2005;
Clemens et al., 2006). The field countered by the dotted line shows compositions of melts produced in various experiments on melting of tonalites (Skjerlie and Johnston, 1993; Patino
Douce, 1997; Gardien et al., 2000; Watkins et al., 2007). Long-dashed line at ASI = 1.0 in panel c defines the boundary between peraluminous and metaluminous granitoids.
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contact with the feldspathic matrix. Zircon, apatite and monazite are
found both in the quartzo-feldspathic matrix of granitoids and as inclu-
sions in garnet. In contrast to surrounding metapelites, no pyrrhotite is
observed in the rocks. Pyrite (accompanied locally by chalcopyrite) is a
common sulfide in the trondhjemites and granites (Fig. 5f), while small
inclusions of native gold associated with pyrite were found in plagio-
clases of the sample SA-4-6A.

The modal proportion of graphite in the granitoids does not exceed
1 vol%. It usually forms flakes of sizes from 100–200 μm to several mm
in the quartzo-feldspathic matrix of the rocks where it is closely



Fig. 4. Normative Ab-An-Or composition of granitoid samples from the Bandelierkop
quarry, Southern Marginal Zone, Limpopo Complex, described in this paper. Markers are
the same as in Fig. 1a–c. G – granite, GD – granodiorite, T – tonalite, TR – trondhjemite.
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associated with garnet, plagioclase, K-feldspar, sillimanite and rutile (Fig.
5b, c, d, f). It also forms rare tiny inclusions in garnet and intergrowths
with sillimanite (Fig. 5b, c). Graphite also occurs as flakes along feldspar
and quartz grain boundaries, but some flakes are totally included in both
homogeneous and antiperthitic varieties of plagioclase (Fig. 5c, d, f). In
some portions of the rock, graphite flakes mark boundaries of the biotite-
garnet and biotite-cordierite-garnet metapelite enclaves (see below; Fig.
5d). Locally, graphite is associated with pyrite (Fig. 5f).

Granitoids show evidence for extensive late alteration (Table 1) in
which chlorite and Ti-poor (or Ti-free) biotite are locally riming garnets
grains or developed in cracks in garnet. Locally, primary sillimanite is
partially replaced by muscovite (and diaspore) at the contacts with K-
feldspar or antiperthitic plagioclase in the granitic matrix. Chlorite and
muscovite are extensively developed in the micaceous enclaves,
where their aggregates replace biotite. Pyrite grains in the granitic ma-
trix are locally strongly oxidized to limonite and are accompanied by a
network of thin veinlets of Sr-bearing barite, which is also found as sep-
arate grains locally associated with armenite BaCa2Al6Si9O30·2(H2O)
and albite that formed at the expense of Ba-bearing K-feldspar. Tiny
grains of apatite and allanite are associated with the late minerals. Car-
bonates (mostly, calcite) fill cracks in garnet and plagioclase grains.

4.3. Micaceous enclaves in granitoids

Although primary biotite is rare in the studied samples, the
trondhjemite samples L14-7-4 and L14-7-7 (Tables 1 and 2), contain
spectacular biotite-bearing enclaves of various sizes (up to several
tens of mm) (Fig. 5d). The enclaves are aggregates of biotite with silli-
manite and quartz, which locally preserve relics of garnet, cordierite
and plagioclase (Fig. 5d, e). Garnet and cordierite are usually resorbed
by Ti-poor biotite or biotite-sillimanite-quartz aggregates (Fig. 5e). In
contrast to garnets in the quartz-feldspathicmatrix of the rocks, garnets
in the micaceous enclaves contain inclusions of plagioclase and biotite
along with inclusions of quartz. Late subhedral garnets with numerous
inclusions of sillimanite and quartz are developed along the contacts
of large garnet grains with relict cordierite (Fig. 5e), while veinlets of
acicular and fibrous sillimanite fill cracks in the relict cordierite and pla-
gioclase grains. These textural features are very similar to widespread
textures observed in metapelites of the SMZ (including metapelites of
the Banderlierkop quarry), which are interpreted as products of various
reactions (e.g. Crd= Grt + Sil + Qz) during near-isobaric cooling (van
Reenen, 1983; Perchuk et al., 1996, 2000; Stevens, 1997; Smit et al.,
2001; vanReenen et al., 2011; Safonov et al., 2014). The enclaves contain
pyrrhotite and pentlandite,which are characteristic formetapelites, but are
not observed in the granitoids. In contrast to surrounding metapelites, the
enclaves aremuch strongly retrogressed, as is reflected by extensive devel-
opment of chlorite, muscovite, carbonates etc.

5. Mineral chemical characteristics

5.1. Garnet

Representative analyses of garnets from the studied samples are pre-
sented in Table S1. Two compositional types of garnet are distinguished
in the studied granitoids: (1) garnets that are dispersed in the quartz-
feldsparthicmatrix of the rocks andunrelated to the garnet-biotite and gar-
net-cordierite-biotite enclaves (Fig. 5a, b, d), and (2) garnets in the enclaves
(Fig. 5d, e). In the sample L14-7-1, garnet coexisting with sillimanite (Fig.
5a) is slightly zoned with respect to XCa, which increases from 0.015 to
0.019 towards the garnet rims at constant XMg about 0.29 (Fig. 6; Table
S1). Garnets that do not coexist with sillimanite (samples L14-7-4, L14-7-
5, L14-7-6), show higher XCa (0.017–0.034), while their XMg values in
cores vary from 0.38 to 0.43 for different garnet grains (Fig. 6; Table S1).
No zoning with respect of XMg and XCa is observed within cores. However,
XMgdecreases at the garnet rimsby0.07–0.11 at constantXCa. Twovarieties
of garnet distinguished by Taylor et al. (2014) in the intrusive granitoid
body show XMg = 0.33–0.35 and XCa about 0.02 in the cores and XMg =
0.28–0.33 and XCa = 0.02 at the rims, which is within the compositional
range of garnets in our samples (Fig. 6).

Garnets restricted to the micaceous enclaves show variable XMg and
XCa values (Fig. 6; Table S1). They are more calcic than the garnets not
associated with the enclaves (XCa = 0.02–0.05), but show comparable
XMg values in their cores (Fig. 6). At rims, garnets in the enclaves are
strongly zoned with respect to XMg, which drops in some cases below
0.30 (Fig. 6; Table S1). Texturally, these Fe-enriched rims are in contact
with late biotite (locally, chloritized) or biotite+ sillimanite aggregates.

A comparison of the compositions of garnets from granitoids with
the composition of garnets from host metapelites (Fig. 6) clearly indi-
cates that garnets in the micaceous enclaves are relics phases from gar-
net-cordierite-biotite metapelites. Significantly, no garnets with
compositions comparable to garnets of the garnet-orthopyroxene
semipelites are observed in granitoids (Fig. 6). Strong variations in
XMg of garnets from the enclaves are related to extensive Fe-Mg ex-
change during late re-hydration. Following from their XMg and XCa

values, garnets in the quartzo-feldspathic matrix of granites are also
relics of garnets from metapelites. However, they clearly show lower
XCa that implies a probable re-equilibration with the plagioclase-rich
granitoids. Garnets coexisting with sillimanite in granite L14-7-1 (Fig.
5a) seem to represent a separate generation, probably, unrelated to
metapelites.

5.2. Biotite

Primary biotite is absent in the granitoids, but occur as relics in the
garnet-biotite and garnet-cordierite-biotite enclaves (Fig. 5d, e). Rare
inclusion in garnets and relatively large flakes (usually surrounded by
later aggregates of biotite + sillimanite + quartz) show XMg = 0.75–
0.78 and 4.0–4.4 wt% TiO2 (Table S2 in Supplementary material).
These values are similar to those obtained from biotites from garnet-
cordierite-biotite metapelites of the Bandelierkop quarry. Biotites asso-
ciated with sillimanite and quartz in the micaceous enclaves show XMg

= 0.69–0.79, whereas the TiO2 contents vary from 3.8 to below detec-
tion limit without any clear correlation with the Mg-number (Table S2
in Supplementary material). Higher TiO2 concentrations, probably, be-
long to relics of earlier biotite. A unique biotite was found associated
with the late garnet-sillimanite-quartz textures developing after cordi-
erite in micaceous enclaves in granitoid of the sample L14-7-7 (Fig.
5e). Being less magnesian (XMg = 0.69–0.72) with widely varying, but
generally lowTiO2 content (0–2.6wt% TiO2), this biotite is characterized
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by1.5–2.1wt% Cl (Table S2 in Supplementarymaterial). Suchbiotite has
not been identified in metapelites. The composition of biotite fringes
around some garnet grains in granitoids is similar to that of late biotite
in the micaceous enclaves. In general, compositions of late biotites in
granitoids and in micaceous enclaves are comparable to compositions
Fig. 5. . Textural and mineralogical characteristics of the studied granitoids from the
Bandelierkop quarry (Table 1). (a) Accreted garnet grains associated with large
sillimanite crystals in the granitic sample L14-7-1 (Table 1); note, K-feldspar forms
coarse grains along the plagioclase and plagioclase-quartz grain boundaries, as well as
separate coarsely exsolved grains. (b) Large garnet grains associated with graphite in the
sillimanite-free trondhjemite L14-7-6 (Table 1). (c) Sheaf-like lense of sillimanite in
quartz-plagiocalse matrix of the trondhjemite L14-7-4 (Table 1); note that graphite is
intergrown with sillimanite. (d) Biotite-garnet enclave in the trondhjemite L14-7-4;
graphite is developed along grain boundaries and also outlines the enclave. (e) Close
view of garnet from the metapelite enclave in the trondhjemite L14-7-7; garnet contain
inclusions of quartz, plagioclase and biotite; at contacts with cordierite it is rimmed by
new garnet-sillimanite intergrowths; matrix of the enclave is extensively replaced by
biotite-sillimanite-quartz aggregates. (f) Pyrite associated with graphite in hypersolvus
granite SA-4-6A.

Fig. 5 (continued).
of late biotite in metapelites, suggesting that they originated during a
single fluid-rock interaction event.

5.3. Cordierite

The XMg values (0.85–0.89) in cordierite frommicaceous enclaves in
the sample L14-7-7 (Table 1) are similar to those of cordierites from the
surrounding metapelites. Usually, XMg of cordierite either decreases by
2–4 mol.% or remains constant towards contacts with late garnet-silli-
manite-biotite-quartz developing after cordierite.

5.4. Spinel

Spinel inclusions in garnets from the trondhjemite L14-7-1 (Table 1)
show XMg = 0.41–0.44, are free of Cr2O3, but contain 4.9–5.9 wt% ZnO.
Small spinel inclusionswere identified in garnet from themicaceous en-
clave in the sample L14-7-4 (Table 1). It is more magnesian (XMg =
0.54), Cr-free and contains about 3 wt% ZnO.
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5.5. Plagioclase, K-feldspar and ternary feldspars

Plagioclase in trondhjemites and granites can be subdivided into two
compositional groups. The first group includes large plagioclase grains
containing rare thin K-feldspar lamellae or is devoid of them. Plagio-
clases without K-feldspar lamellae show XAn = 0.19–0.23 (rarely up
to 0.25) and XOr varying within 0.012–0.031. Re-integrated composi-
tions of exsolved plagioclases using a rastered electron beam show
XAn = 0.18–0.22, but their measured XOr values are 0.08–0.25 (mean
value is about 0.15) (Fig. 7; Table S3 in Supplementary material). The
second group consists of plagioclases intergrownwith coarse K-feldspar
representing re-crystallized laminar textures of two minerals. This pla-
gioclase is more sodic, XAn = 0.15–0.17, and shows XOr = 0.003–0.015.
Plagioclases from the biotite-garnet and biotite-cordierite-garnet
enclaves in granitoids are distinctly more calcic, XAn = 0.31–0.35, and
show XOr predominantly below 0.015. This composition is analogous
to the composition of plagioclases from garnet-cordierite-biotite and
orthopyroxene-cordierite-biotite metapelites of the Bandelierkop
quarry (XAn = 0.32–0.38, XOr = 0.002–0.015), but differs from plagio-
clases of the orthopyroxene-garnet semipelites (XAn = 0.50–0.53, XOr

= 0.006–0.015). This is one more indication that the biotite-garnet
and biotite-cordierite-garnet enclaves in granites are remnants of the
surrounding metapelites.

Re-integrated compositions of perthitic alkali feldspar from various
granitoid samples show two groups of feldspars (Fig. 7; Table S3 in Sup-
plementarymaterial): (1) XOr= 0.33–0.40, XAb= 0.51–0.57 and XAn=
0.07–0.11 (close to the anorthoclase field) and (2) XOr = 0.55–0.67, XAb

= 0.27–0.37 and XAn = 0.04–0.08. Feldspars of both groups coexist in
the sample L14-7-1.

5.6. Accessory minerals

The specific feature of monazite in granitoids is an elevated content
of ThO2. Usually, it is 3.5–4.9 wt%, but grains with up to 15 wt% ThO2

were identified in the micaceous enclaves being closely associated
with late biotite, chlorite and muscovite (Table 1). Rare primary apatite
inclusions in garnet contain about 1.2 wt% F with only traces of Cl. In
contrast, apatite associated with late assemblages shows up to 0.4 wt%
Cl at about 0.8 wt% F. Pyrite in the granitoids contains 0.1–0.2 wt% Co
and Ni. This Co and Ni concentrations are very similar to those observed
in the later pyrite in metapelites, which develops after pyrrhotite and
pentlandite. Pyrrhotite in granitoids is observed within the micaceous
enclaves suggesting its relict origin. The Fe/S atomic ratio in pyrrhotite
varies from 0.90 to 0.94, whereas concentrations of Ni and Co reach
0.8 and 0.5 wt%, respectively. This composition is close to the pyrrhotite
composition in metapelites.

6. Graphite characteristics and carbon isotope composition

Although Stevens (1991) has previously mentioned graphite in the
leucosomes of the Bandelierkop quarry, he provided no detailed charac-
terization of this mineral. It is well known that the degree of ordering of
carboniferous matter is directly dependent on the metamorphic grade
(e.g. Beyssac et al., 2002 and references therein), and that this feature
can be characterized using Raman spectroscopy and the X-ray diffrac-
tion pattern of graphite. Raman spectra of graphite from the granitoids
were obtained on double-polished sections used for the fluid inclusion
study. Taking into account that the thin-section fabrication during the
polishing stage can induce severe damages to the graphite structure,
measurements were performed by focusing the laser beam on graphite
flakes beneath the surface of a transparent quartz, as have been recom-
mended by Pasteris (1989) and Beyssac et al. (2002). Fig. 8a shows two
first-order Raman spectra obtained for graphite from the sample L14-7-
1, taken both for the surface of a graphite flake and for a flake from un-
derneath the surface of quartz. Both spectra show intense G-band at
1582 cm−1. However, the spectrum taken from the graphite surface
shows an intense and relatively wide band D1 at 1345 cm−1 and shoul-
derD2 at 1624 cm−1 that is assigned to defects in the graphitic structure
suggesting a high degree of disordering (e.g. Tuinstra andKoenig, 1970).
The D1 andD2 bands are absent in the spectrum taken from a flake from
underneath quartz that is indicative of high degree of atomic ordering
and crystallinity along the basal plane in the graphite structure. Follow-
ing to the conclusion by Beyssac et al. (2002) on the negative correlation
between the R2 = D1/(G + D1 + D2) (where D1, D2, G – band areas)
ratio with the metamorphic temperature, the ratio R2 = 0 that
characterises the second spectrum corresponds to highly ordered
graphite formed at temperatures above 650 °C. This conclusion is sup-
ported by the parameter c = 6.7084 ± 0.0002 Å and d002 = 3.35347
Å obtained from the X-ray pattern (Fig. 8b), that corresponds to ordered



Fig. 6.Compositional characteristics of garnets of granitoids in comparison to garnets from
host garnet-cordierite and garnet-orthopyroxenemetapelites of the Bandelierkop quarry.
Grey box shows a range of garnet composition measured by Taylor et al. (2014).
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graphite crystallized above 720 °C (Shengelia et al., 1979; Luque et al.,
1993).

The carbon isotope composition of graphite was measured for sam-
ples L14-7-1, L14-7-4 and L14-7-5 (Table 3). Variations of δ13CPDB for in-
dividual samples are 0.02–1.2‰. The δ13CPDB values for graphite from
the samples L14-7-4 and L14-7-1 are practically similar, whereas they
are about 2‰ “heavier” for graphite from the sample L14-7-5.
Fig. 7. Reintegrated compositions of exsolved plagioclases and alkali feldspars in
trondhjemites and granititoids plotted on isotherms in the system Ab-An-Or calculated
from the ternary feldspar model of Elkins and Grove (1990).
7. Fluid inclusions characteristics and carbon isotope composition

CO2 is the prevailing type of fluid inclusions in granitoids of the
Bandelierkop quarry andwas identified both in quartz and garnet. Sam-
ple SA-4-6A (Tables 1 and 2) contains three distinct textural groups of
CO2 inclusions (Fig. 9a–d). The first group involves primary inclusions,
which form isolated clusters in centers of quartz grains (Fig. 9а). Usu-
ally, these are small (5–15 μm) isometric inclusions with discernable
faces. Inclusions with size up to 25 μm are less common. Primary inclu-
sions in quartz show densities 1.087–1.071 g/cm3, homogenization
temperatures down to −32.6 °С (Fig. 9d) and melting temperatures
varying from −57.8 °С to −58.3 °С. Inclusion of the second group
mark healed fractures (Fig. 9b), which do not transect grain boundaries
(pseudosecondary inclusions). Size of the pseudosecondary inclusions
does not exceed 10–15 μm. They are less dense (1.06–0.91 g/cm3),
show melting temperatures from −57.3 °С to −58.7 °С and a wide
range of homogenization temperatures (Fig. 9d). Pseudosecondary car-
bonic inclusions in garnet of sample SA-4-6A are elongated, worm-like
or hook-like in shape, with stretched ends (Fig. 9c). Densities of the
pseudosecondary inclusions in garnet vary within 0.86–0.85 g/cm3.
Their homogenization temperatures are above 5 °C (Fig. 9d) and melt-
ing temperatures vary from −58.9 to−59.2 °С.

Carbonic inclusions in minerals of the sample SA-4-6A show dis-
tinctly lower melting temperatures with respect to pure CO2 (−56.6
°С) suggesting the presence of CH4 in the inclusions (e.g. van den
Kerkhof and Thiéry, 2001). Lower density pseudosecondary inclusions
in quartz and garnet usually show lower melting temperatures in com-
parison to the primary inclusion in quartz. Following to diagrams by van
den Kerkhof and Thiéry (2001), the CH4 content in the primary inclu-
sions varies within 5–7 mol.%, but increases up to 10 mol.% in the
pseudosecondary inclusions in quartz. The CH4 mol.% is up to 15 mol.%
in the pseudosecondary inclusions in garnet of the sample SA-4-6A.
Measurable primary carbonic inclusions were not identified in sam-
ples L14-7-4, L14-7-5 and L14-7-6, while common pseudosecondary
carbonic inclusions are usually localized along healed cracks in quartz.
In the sample L14-7-4, inclusions are light, no larger than 15 μm in
size, round, with sharp boundaries. Rare inclusions with sizes up to 20
μm and a negative crystal shape are present. The homogenization tem-
perature and density of carbonic inclusions vary from −40.4 to 29.1 °C
and from1.118 to 0.627 g/cm3. Themelting temperatures of these inclu-
sions, from −57.1 to −58.1 °C, indicate a presence of about 5 mol.% of
CH4 (van den Kerkhof and Thiéry, 2001). In the sample L14-7-5, small
(5–10 μm) isometric inclusions, in some cases, with discernable faces
show the temperatures of homogenization from −41.5 °С to +27.8 °С
and densities from 1.122 to 0.66 g/cm3. The melting temperature of
these inclusions ranging from −57.3 to −56.8 °C suggests 2–3 mol.%
of CH4. The melting temperature of the carbonic inclusions in sample
L14-7-6 from−57.1 to−56.7 °C corresponds to even lower CH4 content
(1–2mol.%). These inclusions are usually no N5–10 μm(rarely up to 15–
20 μm), are isometric or negative crystal in shape. The homogenization
temperatures and density ranged from −42.1 to 28 °С and 1.125 to
0.655 g/cm3, respectively.

Following to the melting temperatures, carbonic inclusions in all
studied samples contain CH4 (van den Kerkhof and Thiéry, 2001).
Raman spectra of pseudosecondary inclusions revealed that CH4

(main band at 2917 cm−1; Frezzotti et al., 2012) was themost common
species in the carbonic inclusions from the samples SA-4-6A, L14-7-4,
L14-7-5 and L14-7-6 (Fig. 10a). In addition to CH4 bands, Raman spectra
of inclusions from the samples L14-7-4, L14-7-5 and L14-7-6 also show
wide bands at ~1580 and ~1350 cm−1 (Fig. 10a), attributed to carbonif-
erous matter (graphite). Rare inclusions show presence of water (very
wide band between 3100 and 3600 cm−1 in Raman spectra). Methane
and carboniferousmatter are notably less abundant or absent in the pri-
mary high-density carbonic inclusions in the sample SA-4-6A (see
lower graph in Fig. 10a).

Aqueous-salt inclusions were not identified in the sample SA-4-6. In
samples L14-7-4, L14-7-5 and L14-7-6, the pseudosecondary carbonic
inclusions are associated with pseudosecondary aqueous-salt inclu-
sions. Aqueous-salt inclusions are strongly subordinate. They are light,
irregular in shape, with sizes b20 μm. Because of size, initial melting of
the inclusions is hard tomeasure precisely. For larger inclusions, it is ob-
served at temperatures from−58 to−53 °С, which are close to the eu-
tectic melting of ice + hydrohalite + antarcticite and suggest a
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presence of NaCl and CaCl2 in the solution (e.g. Steele-MacInnis et al.,
2011). Final melting temperature in order to determine salinity is
hard to obtain. Some aqueous-salt inclusions contain small bubble.
Raman spectra of such inclusions show a band of CH4 (Fig. 10b).

All studied samples contain relatively large (20–30 μm) aqueous in-
clusions of irregular, amoeba-like shape. They are localized in healed
fractures. The instantaneous melting temperature varies from −1 to
−0.1 °С suggesting almost pure water without salt. This fluid, likely,
represents a late meteoric fluid.

As for graphite, the carbon isotope composition of the gas phase of
fluid inclusions was measured for samples L14-7-1, L14-7-4 and L14-
7-5 (Table 3). Fluid extracted from the inclusions in the sample L14-7-
5 also shows “heavier” δ13CPDB values with respect to other samples.
In addition, we have measured δ13CPDB for fluid extracted from thin
leucocratic veins in the host metaplite (sample SA-4-5 in Table 3),
which gave a value−5.04‰.
Fig. 8.Graphite characteristics. (a) Raman spectra taken for graphite flakes (sample L14-7-
1) on the polished surface (upper spectrum) and graphite plunged into quartz (lower
spectrum); G, D1 and D2 – major first-order bands of graphite (e.g. Tuinstra and Koenig,
1970). (b) XRD pattern for graphite from the sample L14-7-1.
8. P-T conditions of the crystallization of granitoids

8.1. Conventional thermobarometry

Granitoids of the Bandelierkop quarry do not contain assemblages of
Mg-Fe minerals suitable for temperature calculations. The only ap-
proach to estimate temperatures of granite crystallization is to use re-
integrated compositions of antiperthite plagioclases and perthite alkali
feldspars from the rocks. Fig. 7 compares these compositions with iso-
therms in the ternary system albite-orthoclase-anorthite calculated
via equations by Elkins and Grove (1990) for a pressure of 8.5 kbar
(see below). Despite a wide variation of the feldspar composition with
respect to the albite component, the data points arewell accommodated
between the isotherms 800–1000 °Сwith a statistical peak (n= 20) at
about 920 °С.

A pressure marker for granitoids is the assemblage garnet + silli-
manite + plagioclase + quartz that is, for example, observed in the
sample L14-7-1 (Fig. 5a). Garnet from this sample is considered to be
a product of direct crystallization from the granitic melt. Fig. 11 shows
lines for the equilibrium

Grs in Grtð Þ þ 2Silþ Qz ¼ 3An in Plð Þ ð1Þ

calculated for several values of the grossular contents in garnets
coexisting with sillimanite, plagioclase and quartz from the sample
L14-7-1, using the winTWQ (version 2.32) software (Berman, 2007)
with end-member mineral thermodynamic properties according to
Berman (1988) and a solid solution model for garnet from Berman
and Aranovich (1996). For temperature intervals above 900 °C these
equilibrium lines together with the CO2 isochores (calculated using
EOS by Sterner and Pitzer, 1994) confine the pressures between 7.5
and 9.5 kbar (Fig. 10). Accounting for Fe3+ in garnet (0.05–0.2 a.p.f.u.
for garnets from different samples; see Table S1 in Supplementary ma-
terials) results in displacement of the reaction (1) by only about 0.5 kbar
to lower pressure.

Cooling of the granitoids is reflected in only slight variations of XCa in
garnet at almost constant XMg. In some garnets, which do not coexist
with sillimanite, the cooling stage is reflected in a decrease of XMg. The
cooling stage is best evident in the biotite-cordierite-garnet enclaves
within the granites. Some garnets in the enclaves are strongly zoned
with XMg decreasing towards rims. The cooling is expressed in the for-
mation of the garnet-sillimanite-quartz textures surrounding earlier
relict garnet and the extensive formation of biotite (+sillimanite
+ quartz) in the enclaves. The Mg-Fe exchange equilibrium between
garnet and cordierite in the vicinity of the garnet-sillimanite textures
gives temperature values of 560–580 °C, whereas the Mg-Fe exchange
equilibrium between garnet and biotite show a range of temperatures
600–630 °C.

8.2. Phase equilibria modeling of granitoid crystallization

Mineralogical data,fluid inclusions and re-integrated composition of
feldspars indicate that the crystallization of granitoids at the
Table 3
Average (of n individual measurements) δ13CPDB values for graphite and fluid extracted
from the fluid inclusions in quartz from granitoids and metapelite of the Bandelierkop
quarry.

Sample δ13CPDB
Gr δ13CPDB

fluid Δ

L14-7-5 −6.52 (n = 3) −2.50 (n = 3) 4.02
L14–7-4 −8.65 (n = 2) −4.22 (n = 2) 4.43
L14-7-1 −8.59 (n = 2) −5.58 (n = 2) 3.01
SA-4-5 – −5.04 (n = 3) –
V6Da −6.40 – –

a Graphite from the garnet trondhjemite vein described by Vennemann and Smith
(1992).



Fig. 9. Fluid inclusions in the granite SA-4-6A. (a) Isolated primary carbonic inclusions in
quartz. (b) Trails of pseudosecondary carbonic inclusions healing fracture in quartz. (c)
Pseudosecondary carbonic inclusions in garnet. (d) Histogram of the homogenization
temperatures of carbonic inclusions: 1 – primary inclusions in quartz, 2 –
pseudosecondary inclusions in quartz, 3 – pseudosecondary inclusions in garnet.
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Bandelierkop quarry occurred at pressures between 7.5–9.5 kbar and
temperatures N900 °C in the presence of CO2-bearing fluid. In order to
model the mineral assemblages forming during crystallization of the
granitoids and to demonstrate a dependence of these assemblages on
bulk composition of the granitoids, T-XCO2 pseudosections have been
constructed for a mean pressure 8 kbar for bulk compositions of the
samples L14-7-1, L14-7-5 and L14-7-7 (Table 2).
We applied phase equilibria modeling for specific bulk composition
based on Gibbs free energy minimization in the system MnO–Na2O–
CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (MnNCKFMASHTO)
using the PERPLE_X software (Connolly, 2005) in version 6.7.7 forWin-
dows. The updated standard properties database hp11ver.dat (i.e.
Holland and Powell, 2011) and solution model database
solution_model.dat (http://www.perplex.ethz.ch) were applied for
modeling. The following models from White et al. (2014) were applied
for mineral andmelt solutions (see descriptions at http://www.perplex.
ethz.ch/perplex/datafiles/solution_model.dat): “Gt(W)” for Fe3+-bear-
ing Ca-Mg-Fe-Mn garnet, “Bi(W)” for Ti and Fe3+-bearing biotite and
“Mica(W)” for white mica. The model “feldspar” based on the solution
model of Fuhrman and Lindsley (1988) was taken for ternary feldspar.
The model melt(W) from White et al. (2014) was used for the
NCKFMASH silicate melt. The T-XCO2 pseudosections were constructed
assuming saturation of the systemwith the H2O-CO2 fluid with variable
XCO2. The “free” O2 (which serves as a monitor of Fe2O3) content
0.001wt%was taken arbitrarily based on following prepositions. Garnet
containing relatively low Fe3+ concentrations (Table S1) is the only
principle Fe3+-bearing phase in the granitoids. Its low modal content
(b5%) impose low Fe3+ content in the rock bulk composition. Rutile
rather than ilmenite is stable the granitoids. Calculations of the T-
MO2 (where MO2 is a content of “free” O2 in the system)
pseudosection for the bulk composition of the sample L14-7-1 at
8 kbar and XCO2 = 0.7 (see Fig. S1 in Supplementary materials)
shows that ilmenite appears in the assemblage Grt + Pl + Kfs + Sil
+ Qz at MO2 just above 0.002 wt% without any critical influence on
the composition of garnet. Stability of pyrite instead of pyrrhotite
in the granitoids also imply low Fe2O3 (i.e. “free” O2) content in the
rocks.

Crystallization of the granitoids begins with garnet and rutile and is
followed by quartz and plagioclase (Fig. 12a–c). K-feldspar coexistswith
melts only at the solidi of the K2O-rich sample L14-7-1 (Table 2). In the
samples L14-7-5 and L14-7-7 (Fig. 12b, c), K-feldspar appears exclu-
sively in the sub-solidus region via exsolution from plagioclase solid so-
lution on cooling. All these features are consistentwith the petrographic
observations. Solidi temperatures for all samples are extremely depen-
dent on XCO2, increasing from 650 to 710 °C at XCO2 = 0 up to 1000 °C
at XCO2 = 0.8–0.9. The hypersolvus appearance of the rocks indicates
that ternary feldspars crystallized at the solidus and were exsolved at
under sub-solidus conditions. The pseudosections indicate that such se-
quence of mineral crystallization is possible at XCO2 N 0.6 for the sample
L14-7-5 (Fig. 12b) and at XCO2 N 0.7 for the samples L14-7-7 and L14-7-1
(Fig. 12a, c), respectively. At these XCO2 conditions, solidus temperatures
of the granitoids are above 800 °C, i.e. at temperatures close to the peak
metamorphic temperatures deduced for the metapelites of the
Bandelierkop Formation (e.g., van Reenen, 1983; Stevens and van
Reenen, 1992; Perchuk et al., 1996, 2000; Taylor et al., 2014; Nicoli et
al., 2014, 2015). The subsolidus assemblage is Grt + Pl + Qz + Sil
+ Rt. However, the sillimanite content predicted for the sample L14-
7-5 is below 0.3 vol%. A sillimanite content above 2 vol% is predicted
for the sample L14-7-1, which is consistent with the presence of this
phase both in the matrix and as inclusions in garnet in the sample
(Fig. 5a). Saturation of the sample L14-7-7 with sillimanite corresponds
to the presence of the sillimanite-bearing micaceous metapelite en-
claves in the sample (Fig. 5e). At the above XCO2, biotite appears only
in the subsolidus region on cooling, reflecting the absence (or extreme
rarity) of the biotite-forming back reactions in the studied granitoids.
Pseudosections (Fig. 12a–c) adequately reproduce compositions of gar-
nets in the studied samples indicating lower grossular content of garnet
in the granitoid L14-7-1 in comparison to garnets in the samples L14-7-
5 and L14-7-7 (Fig. 6). All pseudosections indicate formation of carbon-
ates at temperatures about 600 °C at XCO2 N 0.9. This result is consistent
with the presence of carbonate veinlets along cracks in plagioclase and
garnets and supports the conclusion on the action of the CO2-rich fluid
down to lowest temperatures.

http://www.perplex.ethz.ch
http://www.perplex.ethz.ch/perplex/datafiles/solution_model.dat
http://www.perplex.ethz.ch/perplex/datafiles/solution_model.dat


Fig. 10. Raman spectra of fluid inclusions in the granitoids. (a) Spectra of carbonic inclusions in quartz from the samples L14-7-4, L14-7-5 and SA-4-6 showing various contents of CH4 and
graphite substances; lower graph shows spectrum of an isolated primary inclusion in quartz from sample SA-4-6A. (b) Spectrum of aqueous inclusion in quartz from the sample L14-7-4
showing variable contents of CH4. Bands are assigned after Frezzotti et al. (2012).
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The pseudosection for the sample L14-7-7 (Fig. 12c) shows stability
of cordierite-bearing assemblages at XCO2 b 0.2. Cordierite disappears on
cooling giving place to the assemblage Grt + Bt + Sil + Qz. Muscovite
joins the assemblage on cooling in this portion of the diagram. Thus,
the pseudosection at XCO2 b 0.25 closely reproduces mineral assem-
blages of the micaceous enclaves, which are abundant in the sample
L14-7-7 (Fig. 5e). It describes the local decrease of the XCO2 in the fluid
as a result of dissolution of the H2O-rich metapelite relics in the granit-
oid magma that stabilized hydrous minerals over a wide temperature
range.

In order to further specify P-T conditions for the trondhjemites, we
have calculated the P-T pseudosection (Fig. 13a) and corresponding
isopleths for garnet and plagioclase (Fig. 13b) for the sample L14-7-5
at XCO2 = 0.7. The P-T pseudosection demonstrates that the sequence
of mineral crystallization does not significantly depends on pressure.
Within the pressure interval 4–10 kbar, cooling of the magma results
in primary crystallization of garnet and rutile followed by ternary feld-
spar and quartz. Sillimanite joins the assemblage close to the solidus,
which is rather independent on pressure. Exsolution of feldspar occurs
under sub-solidus conditions. Biotite and low-temperature muscovite
appear deep within the subsolidus region if the H2O-CO2 fluid is still
present in the system. The best convergence of isopleths of the pyrope
content in garnet 40–42 mol.% and the anorthite content of plagioclase
19–22mol.% (Tables S1 and S3) is observedwithin the pressure interval



Fig. 11. P-T diagram showing lines of the equilibrium (1) calculated for compositions of garnet and plagioclase coexisting with sillimanite and quartz (solid lines) and CO2 isochores
(dashed lines) for inclusions in the trondhjemite L14-7-1 calculated using EOS for CO2 after Sterner and Pitzer (1994). Blue field covers possible P-T conditions for the trondhjemite
crystallization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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7–9 kbar and temperatures 900–930 °C (Fig. 13b). This is consistent
with the ternary feldspar thermometry (Fig. 7) and fluid inclusion den-
sities (Fig. 11).

9. Discussion

9.1. Fluids in the granitoids

Carbonic fluid inclusions in quartz and garnet from tonalites,
trondhjemites and granites revealed that CO2 was a predominant com-
ponent of fluids that accompanied the granitoid magmas during their
intrusion into the Bandelierkop metapelites. Pseudosection modeling
of mineral assemblages of the granitoids further proves the hypersolvus
nature of the rocks, the absence of primary biotite and shows that back
reactions of garnet+K-feldsparwithmelt or fluid to biotite are possible
only at XCO2 above ~0.6 (Fig. 12a–c). The presence of graphite and late
carbonates as veinlets in the minerals implies that CO2 was active dur-
ing the entire cooling evolution of the granitoids.

The characteristic component of the carbonic fluid inclusions is
methane, which, according to Raman analyses (Fig. 10a, b). The pres-
ence ofmethane, aswell as carboniferousmatter in somefluid inclusion
(Fig. 10a, b), further indicates that the fluid, which accompanied granit-
oids during their emplacement intometapelites, was not originally pure
CO2, but contained H2O (e.g. Hollister, 1990) and coexisted with graph-
ite due to the equilibrium

2Cþ 2H2O ¼ CO2 þ CH4 ð2Þ

(e.g. Whitney, 1992; Giorgetti et al., 1996). This equilibrium allows cal-
culation of the composition of the C-O-H fluid within the temperature
interval 950–800 °C at 8 kbar at fixed XO = O/(O + H). We used XO

= 0.6 corresponding to XCO2 = 0.5, which is a minimum XCO2 in a
fluid coexisting with the assemblage Grt + Pl + Kfs + Sil + Qz esti-
mated from pseudosections (Fig. 12a–c). Using the fluid EOS by Zhang
and Duan (2009) (implemented in the Excel spreadsheet GFluid;
Zhang and Duan, 2010) we obtained that the fluid contained 46.6–
48.7 mol.% H2O, 49.0–49.9 mol.% CO2, 2.8–0.7 mol.% CO, 0.9–0.4 mol.%
CH4, and 0.7–0.2 mol.% H2.

Coexistence of the fluid with graphite is further testified by the rela-
tion δ13CPDBGr b δ13CPDBfluid for three samples (Table 3). The higher δ13CPDBfluid

corresponds to higher δ13CPDB
Gr value in sample L14-7-5, while the

lower δ13CPDB
fluid corresponds to lower δ13CPDBGr value in sample L14-7-1

(Table 3). These relations are consistent with the case of near-equilib-
rium fractionation between graphite and CO2 fluid (Bottinga, 1969;
Friedman and O'Neil, 1977; Scheele and Hoefs, 1992; Polyakov and
Kharlashina, 1995), while variations in δ13CPDB from lower to higher
values can be caused by Rayleigh-type fractionation during cooling
(e.g. Satish-Kumar, 2005). In this case, the closure temperatures of the
isotope exchange would determine the isotope fractionation between
graphite and CO2 from the inclusions (e.g. Santosh and Wada, 1993;
Satish-Kumar, 2005). In order to estimate these temperatures, we
have calculated fractionation values ΔСО2-graphite from average δ13CPDB
values for graphite and fluid inclusions from quartz (Table 3), which
are 4.0 (from 2.3 to 5.8) for the sample L14-7-5, 4.4 (from 4.0 to 4.8)
for the sample L14-7-4 and 3.0 (from 2.7 to 3.3) for the sample L14-7-
1. A curve for the fractionation between СО2 and graphite plotted on
the basis of the β-factors for СО2 and graphite from the paper by
Polyakov and Kharlashina (1995) gives the following temperature in-
tervals: 956–1115 °С for the sample L14-7-4, 1288–1465 °С for the sam-
ple L14-7-1 and 824–1638 °С for the sample L14-7-5 (Fig. 14). The
temperature range calculated for the sample L14-7-4 and lower esti-
mates for the sample L14-7-5 are close to the temperature values ob-
tained from the feldspar solvus (Fig. 7) supporting high temperatures
crystallization of the studied granitoids. Nevertheless, the calculated
values vary widely andmany of them are unrealistically high, reflecting
the fact that present values do not represent true equilibrium. There are
several reasons for overvalued temperatures determined from the iso-
tope fractionation. First of all, the presence of CH4 and carboniferous
matter in the inclusions does not preclude the late re-equilibration of,
at least, some inclusions and displacement of the δ13CPDB for CO2. The
applied approach of comparing the bulk (averaged) compositions of
the fluid and graphite for the determination of the fractionation factor



Fig. 12. T-XCO2 pseudosections computed for bulk compositions of the samples L14-7-1
(a), L14-7-5 (b) and L14-7-7 (c) at pressure 8 kbar. Blue lines mark the solidi of the
rocks, while dotted lines show the appearance of biotite and muscovite. Yellow lines are
XCa isopleths of garnet. Bulk compositions are shown in Table 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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balanced, to some extent, the influence of local effects, but significantly
promotes errors of the temperature estimation, which are reflected in
the obtained wide temperature intervals. Another factor, which surely
could influence the isotope fractionation, is contamination of the mag-
matic fluids by the metapelitic carbon, which includes both dispersed
carbon (e.g. Vennemann and Smith, 1992; Stevens, 1997) and CO2 in
cordierite.
In addition to the CO2-rich aqueous-carbonic fluid, granitoids also
carried the aqueous-salt fluid preserved as pseudosecondary inclusions
in quartz. The aqueous-salt fluid fraction seemed to have appeared at
the latest stages as a result of accumulation of water and salt compo-
nents during crystallization of themagma and escape of CO2. The action
of the aqueous-salt fluids is expressed in formation of late Cl-enriched
(0.4 wt% Cl) apatite and biotite. It cannot be excluded that formation
of K-feldspar microveins along the plagioclase-quartz contacts in the
granitoids (Fig. 5a–d) were locally related to the action of the late salt-
rich fluid (cf. Aranovich and Safonov, 2018; Aranovich, 2017). Coupled
with XMg = 0.69–0.72, the concentrations 1.5–2.1 wt% Cl in biotite cor-
respond to extremely high Cl content in the coexistingfluid (Munoz and
Swenson, 1981; Zhu and Sverjensky, 1992; Aranovich and Safonov,
2018; Aranovich, 2017). We used an approach by Aranovich (2017) to
calculate the salt (namely, KCl) concentration in the fluid via reaction

Almþ 3Qzþ 2KCl ¼ Cl−Annþ Kfs ð3Þ

(where Cl-Ann is KFe3AlSi3O10Cl2 end-member), using standard prop-
erties of the KCl melt as properties of this component in the fluid,
end-member mineral thermodynamic properties according to Berman
(1988) and a solid solution model for garnet from Berman and
Aranovich (1996). Using the model by Aranovich and Newton (1997),
the obtained value aKCl = 0.25 roughly corresponds to XKCl = 0.32
and XH2O = 0.68 in the CO2-free aqueous-salt fluid. Water activity in
the fluid is about 0.46. Cl-rich biotite is observed exclusively in the as-
semblage with late garnet(+sillimanite + quartz) forming in the
metapelitic enclaves in granites at temperatures below 750 °C, further
testifying to the late interaction of the aqueous-salt fluid with the
metapelite remnants.

9.2. Mechanism of graphite formation

As discussed above, the relation δ13CPDBGr b δ13CPDB
fluid for the studied

samples (Table 3) is consistent with the case of near-equilibrium frac-
tionation between graphite and CO2 fluid (Bottinga, 1969; Friedman
and O'Neil, 1977; Scheele and Hoefs, 1992; Polyakov and Kharlashina,
1995), suggesting that they are genetically linked and that formation
of graphite is directly related to the evolution of the CO2-rich fluid
phase of the granitic magma. We assume that graphite in granitoids
crystallized due to reduction of CO2 during interaction of themetapelite
material with the magma. In this scenario, the plausible factor, which
led to the graphite precipitation,was oxidation reactionswith participa-
tion of sulfides, and in particular pyrrhotite:

4Poþ CO2 ¼ 2Pyþ Grþ 2 FeO½ �; ð4Þ

where FeO is a component of silicates (for example, garnet). Reaction
(4) is the reverse reaction proposed by various authors (Ferry, 1981;
Mohr and Newton, 1983; Hall, 1986; Tracy and Robinson, 1988) to ex-
plain transformation of pyrite to pyrrhotite in regionally metamor-
phosed graphite-bearing pelitic rocks. Abundance of pyrrhotite in host
metapelites and its shift to pyrite in granitoids (Table 1; Fig. 5f) supports
the conclusions. The reaction (4) could operate in the granitoid melts
and supply additional FeO to the crystalline phases andmelts. However,
pyrite is not stable above ~860 °C at 8–8.5 kbar, being decomposed to
FeS + S2 (liquid) (e.g. Kullerud and Yoder, 1959; Barker and Parks,
1986). At temperatures of the granitoid magma (above 900 °C), sulfur
could be dissolved in the Fe-poor silicate melt via the followingmecha-
nism (e.g. Poulson and Ohmoto, 1990)

Poþ O2– meltð Þ ¼ FeO meltð Þ þ S2− meltð Þ; ð5Þ

again providing additional FeO to the melt. Pyrite formed later on
cooling.

Many authors (Ferry, 1981; Mohr and Newton, 1983; Hall, 1986;
Tracy and Robinson, 1988) provide evidence for regular changes in
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Mg-numbers of silicates coexisting with sulfides, so that Fe-richer sili-
cates coexist with pyrite in contrast to silicates coexisting with pyrrho-
tite. This regularity seems to be also applied to granitoids of the
Bandelierkop quarry. Fig. 6 clearly shows that garnets from the granit-
oids show a tendency to have lower XMg in comparison to relic garnets
from the biotite-garnet-cordierite enclaves and metapelites. Especially,
this feature is important for garnets dispersed in the quartz-feldspathic
matrix. In contrast to the garnet from the enclaves, garnets in the
quartz-feldspathic matrix isolated from the enclaves had no possibility
for active Mg-Fe exchange during cooling and, thus, preserved their ini-
tial XMg.

Appearance of graphite at the biotite-garnet and biotite-cordierite-
garnet metapelite enclaves in the granitoids (Fig. 5d) serves as struc-
tural evidence for formation of graphite during interaction of granitic
magma with metapelitic material. Compositional similarities of garnet
cores from the enclaves and some garnets in granitoids with garnet
compositions in garnet-cordierite-biotite metapelites (Fig. 6) suggest
that this type of rocks served as a reactant with the fluid-bearing
magma. In this case, reaction (4) can be extended to more complex re-
actions involving both metapelite and granitic phases, for example

Poþ 1=8Fe−Crdþ 1=8Qzþ 1=4CO2 ¼ 1=4Almþ 1=2Pyþ 1=4Gr ð6aÞ

Poþ 1=5Fe−Crdþ 1=4CO2 ¼ 3=10Almþ 1=2Pyþ 1=4Gr
þ 1=10Sil ð6bÞ

These reactions are displaced to the right with increasing CO2 activ-
ity. The predominant role of CO2 in the fluid, which accompanied
magmas during their intrusion into metapelites, has been discussed in
the previous section.

Fluids issued from the granitoids should be able to penetrate host
metapelites and provoke the same reactions. In fact, examination of var-
iousmetapelites contacting to granitoid bodies revealed the presence of
rare graphite. Graphite associated with plagioclase developed between
orthopyroxene and garnet grains (Fig. 15a) in semipelites indicates pre-
cipitation during or after the decompression event that is expressed by
the reaction Grt + Qz = Opx + Pl. In metapelites, graphite forms with
the products of the decompression reaction Grt + Qz = Opx + Crd, as
well as with biotite + sillimanite + quartz assemblages. Locally,
graphite is associated with Ca-Mg-Fe carbonates in these textures (Fig.
15a). At the same time, primary pyrrhotite is replaced by pyrite,
which also is accompanied by carbonates (Fig. 15b) reflecting the reac-
tion

4Poþ 3CO2 ¼ 2Pyþ Grþ 2Sd; ð7Þ

Association of graphite with biotite and carbonates suggests its con-
temporary formation with the late hydration event caused by aqueous-
carbonic fluids. Stevens (1997) paid attention to the association of
graphitewith late orthoamphibole+ sillimanite (kyanite) assemblages,
as well as with late garnet after cordierite and orthopyroxene in hy-
drated metapelites of the SMZ at or south of the orthoamphibole-in
isograd. He interpreted the formation of graphite as a result of re-depo-
sition of precursor carbon by aqueous fluids issued by granitic magmas.
However, similarity of reactions resulting in the graphite precipitation
in the granitoids and surrounding rocks suggests that they proceeded
in both cases under the influence of similar CO2-rich fluid. Unfortu-
nately, all attempts to separate small fraction of graphite to measure
carbon isotope composition were unsuccessful. Nevertheless, δ13CPDB

= −5.04‰ measured for the fluid extracted from thin leucocratic
veins in metapelite SA-4-5 (Table 3) suggests that metapelites
interacted with fluids, which are similar to those carried by the
granitoids.

9.3. Possible sources of carbon in the granitoids

Graphite is rather a common mineral in metapelites of the SMZ of
the Limpopo Complex (Vennemann and Smith, 1992; Stevens, 1997;
van den Berg and Huizenga, 2001; Huizenga et al., 2014). Following to
the textural association of graphite with the products of the late hydra-
tion reactions, Stevens (1997) assumed a re-deposition of primary pre-
metamorphic carbon in metapelites by essentially H2O-rich fluids as-
sumed to be issued by crystallizing granitic leucosomes without addi-
tion of external carbon during the retrograde hydration event, which
took place along the sub-isobaric cooling P-T path. This conclusion
was majorly based on the data by Vennemann and Smith (1992), who
found that δ13CPDB values of interstitial graphite in metapelites of both
the granulite sub-zone and in the amphibolite sub-zone (south of the
orthoamphibole-in isograd in the SMZ) varied from −12.5 to
−15.2‰, suggesting a contribution of a reduced organic carbon source
(e.g. Valley, 1986). In addition, Vennemann and Smith (1992) observed
significant carbon isotope heterogeneity within a single locality (Fig.
1a), which include both metapelites (samples P5D, P-A and P-B in
Vennemann and Smith, 1992) and leucocratic coarse-grained unde-
formed pegmatoid garnet-bearing trondhjemite (sample V6D in
Vennemann and Smith, 1992). The δ13CPDB values for graphite in
metapelites from this locality vary from −15.0‰ for sample P5D to
−9.1 and −9.6‰ for samples P-A and P-B, respectively, collected close
to the sample P5D. Following to these authors (Vennemann and
Smith, 1992; Stevens, 1997), such small-scale isotopic heterogeneity
for graphite argues against a pervasive infiltration of external CO2 in
the SMZ, as have been suggested previously by van Reenen and
Hollister (1988).

Vennemann and Smith (1992) also obtained isotopic compositions
for graphite from the garnet-bearing trondhjemite sampled close
(~5m) to the abovemetapelites. In contrast tometapelites, this graphite
was found to bemuch “heavier”, δ13CPDB=−6.4‰ (Table 3). Following
to the O-isotope data, Vennemann and Smith (1992) concluded that
trondhjemites were out of isotopic equilibriumwith the adjacent pelitic
rocks and suggested their “composite origin from melts being derived
from several compositionally different but finely interlayered
metasediments”. It is clear that mixing of the δ13CPDB values between
samples P5D and V6D would readily produce values for graphite from
metapelites P-A and P-B at 32–37% of “the metapelite graphite” with
δ13CPDB = −15‰ and, respectively, 68–63% of “the trondhjemite



Fig. 13. P-T pseudosection computed for bulk compositions of the sample L14-7-5 (a) and
selected isopleths of pyrope (green lines Prp 35–Prp 44) and grossular (magenta lines Grs
1–Grs 5) contents of garnet, and anorthite content (dark-blue lines An 19–An 21) of
plagioclase (b). The light-blue field marks the convergence of the mineral compositions
observed in the sample L14-7-5. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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graphite” with δ13CPDB = −6.4‰. Such mixing can be mediated by a
fluid, which would have heavier δ13CPDB values in equilibrium with
graphite (Bottinga, 1969; Friedman and O'Neil, 1977; Scheele and
Hoefs, 1992; Polyakov and Kharlashina, 1995). Similar isotopic mixing
of pre-existing isotopically light (δ13CPDB = −19.3‰) carbon with
heavier carbon (δ13CPDB = −8.1‰) precipitated from CO2-rich fluid is-
sued by granitic magmas has been proposed by Farquhar and Chacko
(1991) to explain regular variations of δ13CPDB in graphite along tra-
verses in host rocks around a charnockite dyke at Ponmudi, Southern
India.

The situation regarding granitoids of the Bandelierkop quarry seems
to be similar to that described by Vennemann and Smith (1992). From
correlation of δ18O with the composition of trondhjemite from the
Banderlierkop quarry, Dubinina et al. (2015) also concluded that granit-
oids were beyond the complete isotopic equilibration with the sur-
rounding rocks, suggesting their source unrelated to the host
metapelite. Graphite from the Bandelierkop granitoids is isotopically
similar (Table 2) to graphite from garnet-bearing pegmatite veins de-
scribed by Vennemann and Smith (1992). These data indicate that the
magmas forming the garnet granitoids in the SMZ carried carbon-bear-
ing fluids, the source of which is unrelated to pre-metamorphic carbon
in surrounding metapelites.

Carbon isotope compositions of graphite from the granitoids associ-
atedwith the Bandelierkopmetapelites (Table 3) lie in the range, which
is typical for deep-seated (mantle) carbon sources, i.e. −6 ± 2‰ PDB
(e.g. Javoy et al., 1986; Kyser, 1986). “Mantle” δ13C values for veined
graphite in high-grade rocks (e.g. Santosh and Wada, 1993; Santosh
and Omori, 2008) and graphite in granitoids accompanying granulites
(Farquhar and Chacko, 1991; Satish-Kumar et al., 2011) provided a rea-
son to consider themassive transport of deep-seated CO2 either through
tectonic pathways or via granitic magmas. A similar conclusion also
seems to be valid for the SMZ of the Limpopo Complex. van
Schalkwyk and van Reenen (1992) and van Reenen et al. (1994) re-
ported δ13C = −5.5 to −6.0‰ of CO2 extracted from magnesite from
the retrogressed ultrabasic granulites of the Bandelierkop formation
and proposed a deep-seated (possibly mantle) source for the CO2.

However, different authors (Van Reenen and Hollister, 1988; van
Reenen et al., 2014; Kramers et al., 2014) proposed that the fluids that
infiltrated hot overlying granuliteswere produced fromdevolatilization
of the greenstone lithologies of the Kaapvaal craton that underlies N60%
of the SMZ in the footwall of the shallow north-dipping HRSZ (De Beer
and Stettler, 1992; van Reenen et al., 2014). The abundance of CO2 fluid
in the granitoids would imply a carbonate-bearing source for the silicic
magmas (e.g. Holloway, 1976; Lowenstern, 2001). These could be car-
bonates associated with lithologies in the greenstone belts adjacent to
the SMZ (Fig. 1). Groves et al. (1988) recognized two carbon sources
in greenstone belts of Western Australia that predate regional meta-
morphism: sea-floor carbonate alteration characterized by δ13CPDB =
−2 to −3‰ and fault-controlled regional alteration characterized by
δ13CPDB = −4 to −6‰. Powell et al. (1991) generalized that “heavy”
(δ13C = −3 to −5‰) carbon source was specific characteristic for
metamorphism of Archean greenstone rocks.Many publications on var-
ious Archean greenstone belts (e.g. Burrows et al., 1986; Kerrich et al.,
1987; Kerrich, 1989, 1990; Sarangi et al., 2012) indicate that the source
with δ13CPDB = −0.5 to −9‰ was, apparently, linked to hydrothermal
carbonate veins (including ones associated with lode gold deposits)
presumably formed by the influx of CO2-rich fluids. The origin of these
fluids is generally uncertain, but a mantle contribution cannot be
ruled out (e.g. Kerrich et al., 1987). We are not aware published carbon
isotope data on carbonate-bearing rocks of the Gyani, Rhenosterkoppies
and Pietersburg greenstone belts immediately adjacent to the SMZ (Fig.
1a). However, such data are available for hydrothermal carbonates of
the Barberton greenstone belt (De Ronde et al., 1992; Schürmann et
al., 2000) that indicates δ13CPDB values in the range −2.2 to −4.9‰.
Heavy δ13CPDB (−1.2 to −5.8‰) values are also known for hydrother-
mal carbonates in the tonalite-trondhjemite-granodiorite Kaap Valley
batholith in the Barberton Mountain Land that overlap with the
δ13CPDB values for greenstone lithologies of this greenstone belt (Faure
and Harris, 1991). These data can surely be extended to include the
worldwide database (see references in the Table 1 in Sarangi et al.,
2012), which covers the whole range of the δ13CPDB values measured
for both graphite and fluid inclusions from the granitoids of the
Bandelierkop formation (Fig. 16).

10. Conclusion

Discordant contacts (Fig. 2a–c) and slight internal foliation of granit-
oid bodies imply that tonalites, trondhjemites and granites of the



Fig. 14. Isotope fractionation between graphite and carbonicfluids from fluid inclusions in the Bandelierkop granitoids. The equilibrium fractionation curve is shown according to Polyakov
and Kharlashina (1995). Grey field indicates a temperature interval estimated from re-integrated ternary feldspars (Fig. 7).
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Bandelierkop quarry were emplaced syn- to post-tectonically with re-
spect to the regional shear deformational events that occurred at
~2.72–2.69 Ga after peak metamorphism (Kreissig et al., 2001; Smit et
al., 2014; van Reenen et al., 2014). Temperature values above 900 °C ob-
tained for these rocks agree with temperatures obtained for a similar
trondhjemite body, which intruded and assimilated metapelites at the
Petronella locality, which is located about 20 km to the south-west
(Safonov et al., 2014; G.A. Belyanin et al., 2014; G. Belyanin et al.,
2014). Thus, tonalites, trondhjemites and granites of the Bandelierkop
quarry are, probably, hybrid rocks crystallized from tonalite-
trondhjemite magmas variously contaminated by the host metapelites
(Safonov et al., 2014). Garnet, sillimanite, rutile and spinel in these
rocks were formed during either the assimilation process or caught
from the host metapelites. Graphite in the granitoids was produced
from the fluid modification in the course of the magma intrusion into
granulites. Reduction of CO2 to graphite occurred both during interac-
tion of the fluids with country granulites and as a result of magma con-
tamination by reduced sulfide-bearing metapelite material.

Carbon isotope data on graphite and fluid inclusions (Table 3) pro-
vides conclusive evidence that high-temperature granitoid magmas
that crystallized as tonalites and trondhjemites carried CO2-dominated
fluids that originated from a source unrelated to the host metapelites
and semi-pelites of the Bandelierkop Formation. These data do not
only indicate an external source for the fluids, but also suggest that
source for the granitoids was not related to metapelitic granulites, as
well (Safonov et al., 2014; van Reenen et al., 2014; Dubinina et al.,
2015). The variability of δ13CPDB between −2.50 and −8.65‰ (Table
3) is alsomuchmore consistentwith a heterogeneous source for carbon,
rather than a homogeneous mantle source. The compilation of pub-
lished isotopic data (Fig. 16) suggests that carbonate-bearing
greenschists or amphibolites from the adjacent greenstone belts on
the Kaapvaal Craton are a more reasonable source. High contents of
Al2O3, CaO and Na2O combined with the low K2O content of the granit-
oids (Fig. 3a–c) also suggests a metabasaltic or amphibolitic source
(Beard and Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Wolf and
Wyllie, 1994; Patiño Douce and Beard, 1995; Skjerlie and Patino
Douce, 1995; Sisson et al., 2005; Moyen and Stevens, 2006; Clemens
et al., 2006). Experimental studies (see review in Moyen and Stevens,
2006) show that melting of amphibolites is able to produce tonalite-
trondhjemite-granodiorite melts within a wide pressure range of
temperatures between 900 and 1000 °C consistent with our thermody-
namic modeling (Fig. 12a, b). This implies a close relationship of these
magmas with commencement of interaction of the overriding SMZ
granulitewith underthrusted rocks of the greenstone belts of theNorth-
ern Kaapvaal Craton at 2720–2690 Ma (e.g. van Reenen and Hollister,
1988; van Reenen et al., 2011, 2014; Kramers et al., 2014). Whether
underthrusted amphibolite material from adjacent greenstone belts
on the craton might be a possible source, or whether mafic granulites
and amphibolites of the SMZ is amore viable source, is matter for future
geochemical and isotopic studies.
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Appendix A. Analytical procedures

A.1. Bulk-rock analysis

For bulk chemistry analysis, granitoid sampleswere crushed to afine
powder using a jaw crusher and tungsten carbide swingmill. Glass disks
were prepared for XRF analysis as amixture of 5.9 g of high-purity fused
anhydrous flux (Li2B4O7 + LiBO2 + LiBr), 0.7 g of the rock powder



Fig. 15. Reaction textures indicating interaction with the CO2-rich fluid in metapelites
surrounding the granitoid body. (a) Graphite and Fe-bearing dolomite associated with
the products of garnet decomposition. (b) Inclusion of pyrrhotite (+pentlandite +
chalcopyrite) in orthopyroxene partially replaced by pyrite and siderite.
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(preliminary dried at 105 °C) and 0.5 g of LiNO3. Whole-rockmajor ele-
ment compositions were determined using PANalytical Axios Fast 1
MagiX PRO X-Ray Fluorescent Spectrometer equipped with robotic
sample changer at Spectrum (The Central Analytical Facility of the Fac-
ulty of Science, University of Johannesburg). For standards of known
composition, typical deviation from the reference value is b1% for
major elements present at a concentration of N1 wt%. LOI was not mea-
sured. Measurements below 0.05 wt% were considered to be zero.
A.2. Microprobe analyses

Microprobe analyses of minerals were performed using CamScan
MV2300 (VEGA TS 5130MM) electron microscope equipped with EDS
INCA Energy 350 and Tescan VEGA-II XMU microscope equipped with
EDS INCA Energy 450 and WDS Oxford INCA Wave 700 at the Institute
of ExperimentalMineralogy, Chernogolovka, Russia. Analyseswere per-
formed at 20 kV accelerating voltage with a beam current up to 400 pA,
spot size 115–150 nm and a zone of “excitation”with 3–4 μmdiameter.
Counting times was 100 s for all elements. The ZAF matrix correction
was applied. The following standardswere used: SiO2 for Si andO, albite
for Na, microcline for K, wollastonite for Ca, pure titanium for Ti, corun-
dum for Al, pure manganese for Mn, pure iron for Fe, periclase for Mg,
BaF2 for Ba.

The Jeol Superprobe JXA-8230 at the Laboratory of Local Methods of
Analysis at the Department of Petrology of theMoscow State University
was used to specifically analyze both major and minor elements (Ti, Sc,
Y, P, Cr) in garnets. The analytical conditions for the Superprobe analy-
ses were 20 kV acceleration voltage and 60 nA beam current. The slit
size was 500 μm for all spectrometers. The garnet standards USNM
143968 (Mg-Kα1, Al-Kα1 and Si-Kα1 – TAP crystal; Fe-Kα1 – LiF crystal)
и USNM 87375 (Ca-Kα1 – PET-J crystal) were used for calibration of the
major elements (Jarosewich et al., 1980). Counting times for major ele-
ments were similar both for the standards and the sample: Mg, Ca and
Fe – 40 s.; Al and Si – 20 s. The dispersion of themeasured concentration
during the major element analyses using the above conditions did not
exceed 0.5%. The following crystalline standards were used for the
minor element analyses: MnTiO3 for Ti-Kα1 and Mn-Kα1; Cr2O3 for
Cr-Kα1; ScPO4 for P-Kα1 and Sc-Kα1; Y3Al5O12 for Y-Lα1. The Ti, Mn,
Cr measurements (crystal LiF) and P (crystal PET-J) were performed
using spectrometers with a 140 mm radius Rowland circle, whereas Sc
and Y (crystal PET-H) were measured using the 100 mm radius H-
type spectrometer. The position of maxima for the trace elements in
garnets was specified by means of slow scanning of the corresponding
spectral intervals. Counting time was set to attain the detection limit
of 0.005 wt%: 30 s. for Ti and Mn, 40 s. for Cr, 60 s for P and Y and 80 s
for Sc. ZAF correction was applied for analyses. Analytical conditions
for the elemental mapping at the Jeol Superprobe JXA-8230 were the
same as for individual spot analyses. Elemental maps were constructed
on the basis of 10 scans with a resolution of 256 × 192 pixels and dwell
time 10ms. All mineral analyses used in this study (see below) are pre-
sented in tables collected in the Supplementary materials.

A.3. X-ray diffraction

X-ray diffraction pattern of graphite was obtained using Bruker Ad-
vance D8 diffractometer (at the Institute of Experimental Mineralogy)
with CuKα radiation and Si as internal standard. At these analytical con-
ditions, the interplanar spacing (d002) was determined and c0 parame-
ter of graphite was calculated.

A.4. Fluid inclusion analysis

Fluid inclusions were investigated in double-polished sections (200
to 300 μm thick) using the LINKAM THMSG 600 heating-freezing stage
at the Institute of Experimental Mineralogy. The stage works within
the temperature range from −196 °С to 600 °С with automatic
heating/cooling at a rate of 0.1–90 °C/min. Accuracy of the thermomet-
ric measurements is about ±0.1 °C. Systematic calibration of the stage
was performed using natural (CO2, Camperio, Alps) and synthetic
(H2O) inclusions in quartz.

Qualitative identification of gaseous species in fluid inclusions in
quartz and garnet was performed by means of Raman spectroscopy
using the JY Horiba XPloRa Jobin spectrometer equipped with a polar-
ized Olympus BX41 microscope at Department of Petrology, Moscow
State University, Moscow, Russia. Spectra were obtained using a 532-
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nm laserwithin the range 100–4000 cm−1 during 30 s. To better resolve
band of volatile species, additional spectra were collected within the
range 1200–1300 cm−1 with longer exposition time. The spectra were
refined with LabSpec (version 5.78.24) software. Assignment of the
Raman bands was carried out using a compilation by Frezzotti et al.
(2012).

A.5. Carbon isotope analysis

Reutsky et al. (2012) provide details of the procedure and technique
for the carbon isotope analysis applied in the present study. In order to
measure carbon isotope composition of graphite, 1 mg fractions of the
mineralwere separated from fresh cleavages of three samples of garnet-
and sillimanite-bearing granitoids. The fractions were packed into plat-
inum foil, placed into a reactor tube made of a fused quartz together
with a purified CuO and oxidized. The reactor was evacuated to the
pressure of 10−4 Pa and then heated up to 900 °C for 20 min. Resulting
carbon dioxidewas purified and transferred to a detachable glass vial. In
order to extract СО2 from the fluid inclusions for the isotope analysis,
the rocks were crushed to the fraction 0.5–0.25 mm, and quartz was
separated without using any solvents or heavy liquids. Gases adsorbed
on the surface of the quartz grains were removed by means of heating
of the quartz charge in the vacuumed tube made of a fused quartz at
150 °С and pressure not N1.5 · 10−3 mbar. After that, the reactor was
sealed and heated up to temperature 800 °С. The α-β transition in
quartz provided a complete decrepitation of fluid inclusions. The ex-
tracted СО2 was purified using low-temperature rectification. The car-
bon isotope composition of CO2 produced from graphite oxidation and
extracted from fluid inclusions were performed using the Finnigan
MAT Delta instrument in a dual inlet mode at the Institute of Geology
and Mineralogy, Siberian Branch of RAS, Novosibirsk. Variations of
δ13C for individual samples was +0.02–+1.2‰. The USGS-24 standard
(graphite with δ13CPDB = −15.9‰) was used to control the isotope
analysis procedure. All the δ13CPDB values are given relative to the PDB
standard.
Fig. 16. Compilation of the carbon isotope data on graphite (red circles) and from fluid
inclusions (light-blue circles) from the Bandelierkop rocks (Table 3). The data are
compared with the following published data on carbon isotope composition: yellow
dots - δ13CPDB for graphite from metapelite of the Bandelierkop Formation (Vennemann
and Smith, 1992), orange dot - δ13CPDB for graphite from a garnet trondhjemite vein
(Vennemann and Smith, 1992), green squares - δ13CPDB for carbonates from meta-
ultrabasic granulites of the Bandelierkop Formation (van Schalkwyk and van Reenen,
1992; van Reenen et al., 1994), long green rectangle shows a range of δ13CPDB for
hydrothermal carbonates from greenstone belts (Burrows et al., 1986; Kerrich et al.,
1987; Kerrich, 1989, 1990; Sarangi et al., 2012), long light-blue rectangle shows a range
of δ13CPDB for fluid inclusions in quartz and carbonates of hydrothermal veins in
greenstone belts (e.g. Sarangi et al., 2012). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2018.04.009.
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