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ABSTRACT The island of Seram, part of the northern limb of the Banda Arc in eastern Indonesia, exposes an
extensive Mio-Pliocene granulite facies migmatite complex (the Kobipoto Complex) comprising volu-
minous leucosome-rich diatexites and scarcer Al–Fe-rich residual granulites. The migmatites are inti-
mately associated with ultramafic rocks of predominantly lherzolitic composition that were exhumed
by substantial lithospheric extension beneath low-angle detachment faults; heat supplied by the lher-
zolites was evidently a major driver for the granulite facies metamorphism and accompanying ana-
texis. Residual garnet–sillimanite granulites sampled from the Kobipoto Mountains, central Seram,
contain scarce garnet-hosted inclusions of hercynite spinel (~1.5 wt% ZnO) + quartz (� ilmenite) in
direct grain-boundary contact – an assemblage potentially indicative of metamorphism under ultra-
high-temperature (UHT) conditions. THERMOCALC ‘Average P–T’ reactions and melanosome-specific
THERMOCALC T�MH2O, T–MO, and P–T pseudosections in the Na2O–CaO–K2O–FeO–MgO–Al2O3–
SiO2–H2O–TiO2–Fe2O3 (NCKFMASHTO) chemical system, supported by Ti-in-garnet thermo-
barometry, are permissive of the rock having experienced a clockwise P–T path peaking at 925 °C
and 9 kbar – thus narrowly reaching UHT conditions – before undergoing near-isothermal decom-
pression to ~750 °C and ~4 kbar. Spinel + quartz assemblages are interpreted to have formed at or
just after the metamorphic peak from localized reactions between sillimanite, ilmenite and surround-
ing garnet. Further decompression of the rock resulted in the formation of complex reaction
microstructures comprising cordierite � plagioclase coronae around garnet, and symplectic inter-
growths of cordierite + spinel + ilmenite around sillimanite. Small grains of sapphirine + corundum
developed subsequently within spinel by localized quartz-absent reactions. The post-peak evolution of
the granulites may be related to previously published U–Pb zircon and 40Ar/39Ar ages of c. 16 Ma,
further substantiating the claim for the Kobipoto Complex granulites having recorded Earth’s young-
est-identified episode of UHT metamorphism, albeit at slightly lower temperature and higher pressure
than previously inferred. The Kobipoto Complex granulites demonstrate how UHT conditions may
be achieved in the ‘modern’ Earth by extreme lithospheric extension, which, in this instance, was dri-
ven by slab rollback of the Banda Arc.
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INTRODUCTION

Extensive partial melting and granulite facies meta-
morphism are interlinked processes that commonly
characterize tectonic settings with highly elevated
geothermal gradients (e.g. Fyfe, 1973; Thompson,
1982; Powell, 1983; Waters & Whales, 1984; Clemens,
1992; Brown & Korhonen, 2009). Melt-producing
reactions typically consume H2O and lead to the for-
mation of a hydrous melt at the expense of ‘drying
out’ the residual parts of the rock (White & Powell,
2002). The more H2O is removed from the residuum,
the more its resilience to melting increases, and the
hotter it can endure metamorphic reactions (Vielzeuf
et al., 1990; Brown & Korhonen, 2009). Through

extensive operation of this process, ultrahigh-temper-
ature (UHT) metamorphism (>900 °C; ≲13 kbar)
may result if sufficient heat is supplied (Vielzeuf
et al., 1990; Harley, 1998, 2008; Kelsey, 2008; Clark
et al., 2011), as currently identified at approaching 60
granulite terranes of Neoarchean to Cenozoic age
(Brown, 2006, 2007; Kelsey, 2008; Kelsey & Hand,
2015). It is therefore evident that extreme thermal
conditions have been attained in the crust intermit-
tently throughout much of Earth’s history. However,
it is far less clear under what tectonic scenario(s) the
required geothermal gradient of >750 °C GPa�1

(Brown, 2006), or ≳20 °C km�1 (Kelsey, 2008), has
been achieved (Kelsey & Hand, 2015), as the vast
majority of currently identified UHT granulites
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belong to ancient (c. 2800 to 500 Ma) systems for
which the tectonic mechanism(s) responsible for driv-
ing UHT metamorphism are difficult to decipher.
Numerical models of collisional and extensional
orogens have frequently struggled to replicate UHT
conditions, and so there is no clear consensus for the
tectonic settings or geodynamic drivers that can pro-
vide such highly elevated geotherms (cf. Jamieson
et al., 2002; Kemp et al., 2007; Clark et al., 2011;
Schenker et al., 2012; Sizova et al., 2014; Kelsey &
Hand, 2015).

Extended continental backarcs with greatly ele-
vated heat-flow (Hyndman et al., 2005), or orogens
comprising thickened hot backarc rocks that subse-
quently become inverted (Brown, 2006), remain
among the favoured tectonic settings for having gen-
erated such extreme crustal conditions, as demon-
strated in the modern plate tectonic era by the
~900 °C Hidaka Complex granulites, Japan (Kemp
et al., 2007). Similarly, ‘tectonic switching’ (Collins,
2002) of a hot continental backarc between extension
(due to slab rollback) and contraction (due to the
subduction zone encountering buoyant oceanic pla-
teaux) has been proposed for some UHT belts. In
other instances, crustal underplating by hot, mafic
magmas (e.g. Guo et al., 2012; Tong et al., 2014) has
been the favoured interpretation, sometimes by
invoking CO2-rich mantle plumes, argued to have
preserved the granulites by lowering their water activ-
ity (aH2O) and so increasing their resilience to melt-
ing at high temperature (Santosh & Omori, 2008;
Santosh & Kusky, 2010; Santosh et al., 2012). In
addition to these possible geodynamic drivers, oro-
genic ‘self-heating’ by radioactive decay (Jamieson
et al., 2002; Clark et al., 2011) and/or by viscous
strain heating (Kincaid & Silver, 1996; Burg &
Gerya, 2005; Nabelek et al., 2010) are suggested con-
tributors to crustal heating. Furthermore, ancient
UHT terranes might have benefited from higher man-
tle temperatures than compared to the modern Earth
(Johnson et al., 2014), which might have facilitated
hotter and more widespread styles of regional gran-
ulite facies metamorphism (Sizova et al., 2014).

Mineral assemblages generally considered to be
diagnostic of UHT metamorphism are sap-
phirine + quartz (e.g. Dallwitz, 1968; Hensen &
Green, 1973; Ellis et al., 1980; Grew, 1980a; Kelsey
et al., 2004), aluminous orthopyroxene + sillimanite
� quartz (e.g. Annersten & Seifert, 1981; Carrington
& Harley, 1995; Kelsey et al., 2003), and those con-
taining osumilite (e.g. Ellis et al., 1980; Das et al.,
2001; Kawasaki et al., 2011); however, under highly-
oxidizing conditions, even these assemblages may be
stabilized below 900 °C (Powell & Sandiford, 1988;
Taylor-Jones & Powell, 2010; Wheller & Powell,
2014). Other high-T mineral assemblages that have
been reported from several UHT rocks, but which
themselves cannot be considered diagnostic of UHT
metamorphism, include spinel + quartz, corun-

dum + quartz, and assemblages containing mesop-
erthite, and/or pigeonite (Harley, 2008; Kelsey, 2008).
In the instance of spinel + quartz, the incorporation
of Zn2+, Cr3+ and Fe3+ into spinel have each been
shown to broadly extend the down-temperature sta-
bility of the assemblage (Harley, 1986; Hensen &
Harley, 1990; Waters, 1991; Nichols et al., 1992; Das-
gupta et al., 1995; Guiraud et al., 1996; Das et al.,
2001; White et al., 2002; Taj�cmanov�a et al., 2009),
but quantifying this effect remains difficult.
Spinel + quartz may certainly be stable under UHT
conditions as evidenced in some granulites through
coexistence with sapphirine + quartz and/or orthopy-
roxene + sillimanite + quartz (e.g. Ellis et al., 1980;
Ouzegane & Boumaza, 1996; De Moraes & Fuck,
2000), but the assemblage in other instances has been
demonstrated to have formed below 900 °C
(e.g. Waters, 1991; Fitzsimons, 1996; White et al.,
2002; Dharmapriya et al., 2014).
Pownall et al. (2013, 2014) reported a new discov-

ery of granulites that contain coexisting
spinel + quartz from the Kobipoto Mountains of
Seram in eastern Indonesia (Figs 1 & 2), inferred
using phase equilibria modelling to have reached
peak metamorphic conditions of ~950 °C and
~8 kbar. Sensitive high-resolution ion microprobe
U–Pb dating of zircon rims interpreted by Pownall
et al. (2014) to have grown during granulite facies
metamorphism yielded 206Pb/238U ages of
15.77 � 0.24 Ma, leading the authors to conclude
that the Seram granulites recorded a Miocene UHT
event – the most recent occurrence of UHT metamor-
phism yet identified. Importantly, the Seram gran-
ulites are interpreted to be one of very few examples
to have formed in a modern tectonic setting for
which the mechanism that drove high-T metamor-
phism is preserved in the recent geological record.
Field relations on Seram (Pownall et al., 2013)
demonstrate that anatexis and granulite facies meta-
morphism were driven by extreme lithospheric exten-
sion, linked to slab rollback of the Banda Arc
(Spakman & Hall, 2010), that caused the exhumation
and emplacement of hot subcontinental lithospheric
mantle (SCLM) against the mid crust. This paper
aims to expand on the work of Pownall et al. (2014)
by offering a fuller interpretation of the
spinel + quartz-bearing assemblages and the post-
peak reaction microstructures of the Kobipoto Com-
plex granulites. It also provides a higher resolution
P–T history based on revised phase equilibria mod-
elling.

GEOLOGY AND TECTONICS OF SERAM

The collision of Australia with SE Asia and the west-
ern Pacific, which commenced at c. 25–23 Ma (Hall,
2011), continues to drive the tectonics of Eastern
Indonesia (Bock et al., 2003; Nugroho et al., 2009).
Several active subduction zones currently facilitate
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this convergence, but there is no consensus on the
exact mechanisms that led to the present-day tectonic
configuration (see previous discussions by Hall &
Wilson, 2000; Milsom, 2001; Hinschberger et al.,
2005; Harris, 2006; Spakman & Hall, 2010; Hall,
2011, 2012; Pownall et al., 2013; Zahirovic et al.,
2014). Conflicting models often differ in their inter-
pretation of the highly curved Banda Arc (Fig. 1),
and the mechanism(s) by which a 180°-concave chute
of oceanic lithosphere became subducted beneath the
Banda Sea. Although some authors’ models require
the subduction of two separate slabs to explain this
geometry (e.g. Cardwell & Isacks, 1978; McCaffrey,
1988; Hinschberger et al., 2005), others have argued
that the Banda Arc’s tight curvature resulted from
subduction rollback of a single slab (Hamilton, 1979;
Hall, 1996, 2002, 2011, 2012; Milsom, 2001; Spakman
& Hall, 2010; Pownall et al., 2013, 2014). Recent
field-based geological studies on the islands of Seram
and Ambon (Watkinson et al., 2012; Pownall et al.,
2013, 2014; Pownall & Hall, 2014) have shown evi-
dence indicating a dominantly extensional Neogene
tectonic setting, thereby substantiating earlier propos-
als by Hall & Wilson (2000) and Spakman & Hall
(2010) for Banda slab rollback having driven extreme
lithospheric extension across the northern part of the
arc.

Plate reconstructions by Hall (2002, 2011, 2012)
and Spakman & Hall (2010) depict this rollback epi-
sode having initiated from the easternmost extent of
the Java trench at c. 15 Ma. From this point, the
Banda subduction zone is reconstructed to have
rolled back eastwards into a pre-existing D-shaped
Jurassic oceanic embayment existing within the NW
Australian continental margin. Spakman & Hall
(2010) proposed that the hinge line of the Banda slab
would have swept obliquely beneath the islands that
now comprise the northern Banda Arc, causing their
extension. The resistance of the Australian continen-
tal margin to subduction likely forced the arc to
assume its extreme curvature.

The island of Seram (Fig. 2), the largest of the
northern Banda Arc islands, has been the subject of
relatively few field-based geological investigations as
it was first mapped by L. M. R. Rutten and W. Hotz
between 1917 and 1919 (documented by Valk, 1945;
Germeraad, 1946; van der Sluis, 1950). The densely
rainforested and mountainous interior remains still
largely unexplored despite subsequent mapping by
the Indonesian government’s Geological Research
and Development Centre (Tjokrosapoetro & Bud-
hitrisna, 1982; Gafoer et al., 1993; Tjokrosapoetro
et al., 1993a,b), and further field mapping by Audley-
Charles et al. (1979) and Pownall et al. (2013).
Seram and the neighbouring island of Ambon are

characterized by the association of ultramafic rocks
with granulite facies migmatites and granites (to-
gether comprising the ‘Kobipoto Complex’; Pownall
et al., 2013). The voluminous lherzolitic ultramafic
rocks were originally interpreted to comprise parts of
a large dismembered ophiolite (Linthout et al., 1989;
Linthout & Helmers, 1994; Monnier et al., 2003);
however, they have since been shown to represent the
exhumed SCLM, which was exhumed by low-angle
lithospheric detachment faults (Pownall et al., 2013).
The requirement for Seram having experienced sub-
stantial enough extension to have exhumed the
SCLM to the present-day exposure level is contradic-
tory to original models for Seram that described the
island as a purely collisional orogen that resulted
simply from arc-continent collision (Audley-Charles
et al., 1979; Bowin et al., 1980; Jongsma et al., 1989;
Monnier et al., 2003; Hill, 2005).
Leucosome-rich cordierite + garnet diatexites (mig-

matite terminology follows Sawyer, 2008) cropping
out across Seram and on Ambon are characterized by
abundant mm- to cm-scale spinel + sillimanite schlie-
ren. These unusual rocks, referred to colloquially in
the literature as ‘cordierite granites’ (e.g. Priem et al.,
1978), were at one time interpreted to be the product
of sub-ophiolite anatexis within a metamorphic sole
beneath the supposed ophiolite (Linthout et al., 1989;

Fig. 1. Tectonic map of eastern Indonesia
and the surrounding region showing the
location of Seram (yellow star) on the
northern limb of the Banda Arc.
Subduction zones and major faults are
from Hall (2012). Global Multi-Resolution
Topography (GMRT) data are from Ryan
et al. (2009), plotted with the GeoMapApp
(geomapapp.org). Present-day GPS motions
(mm yr�1) of the Australian (AUS) and
Pacific (PAC) plates relative to SE Asia are
from Nugroho et al. (2009).
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Linthout & Helmers, 1994); however, Pownall et al.
(2013) instead showed evidence for these rocks
belonging to an extensive migmatite complex that was
heated by the adjacent exhumed lherzolites. Cordier-
ite- and garnet-bearing K-rich dacites erupted on
Ambon, named ‘ambonites’ after the island (Verbeek,
1905), have geochemical characteristics indicative of a
massive crustal input including high 87Sr/86Sr ratios
and strong LILE and HFSE enrichment (Whitford &
Jezek, 1979; Vroon et al., 1993; Honthaas et al.,
1999) and appear to be sourced from melts derived, at
least in part, from the Kobipoto Complex migmatites

(van Bemmelen, 1949; Whitford & Jezek, 1979; Linth-
out & Helmers, 1994; Honthaas et al., 1999).
Residual Al–Fe-rich garnet + sillimanite + cordierite

+ spinel granulites, which contain spinel + quartz and
sapphirine-bearing assemblages, were identified from
the Kobipoto Complex recently by Pownall et al.
(2014) as having been subject to UHT conditions of
~950 °C and ~8 kbar based on whole-rock phase equi-
libria modelling. Zircon rims interpreted to have crys-
tallized during high-T metamorphism from the most
residual granulite sample yielded a mean 206Pb/238U
age of 15.77 � 0.24 Ma, and two diatexite boulders

M
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G
P

River

Fig. 2. Geological sketch map of Seram and Ambon (top) and the Kobipoto Mountains (enlargement, bottom left), compiled from
field data reported by Valk (1945), Germeraad (1946), van der Sluis (1950), Audley-Charles et al. (1979), Tjokrosapoetro et al.
(1993a,b), and Pownall et al. (2013). The key (bottom right) relates to both parts of the figure. Mtns., mountains; Pen., Peninsula;
G., Gunung (Indonesian: mountain/hill); Fm, Formation.
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from the same gorge gave mean 206Pb/238U ages of
16.24 � 0.23 Ma and 16.00 � 0.52 Ma (Pownall
et al., 2014). Furthermore, biotite from the latter of
these three samples yielded an identical-within-error
40Ar/39Ar age of 16.34 � 0.04 Ma (Pownall et al.,
2014), thereby demonstrating, potentially, an excep-
tionally rapid exhumation rate for the Kobipoto
Mountains. A c. 200 Ma event was also recorded by
these zircon (Pownall et al., 2014), although the nature
of this event is as yet unknown. Detrital U–Pb zircon
ages as old as c. 3.4 Ga confirm the protolith was in
part derived from the Australian craton.

Kobipoto Complex cordierite diatexites exposed in
western Seram have been dated at c. 5.5 Ma
(40Ar/39Ar biotite ages, Linthout et al., 1996) and
those on Ambon have been dated at c. 3.5 Ma
(K–Ar ages, Priem et al., 1978; Honthaas et al.,
1999). The ambonites appear to be slightly younger
than the diatexites, and were emplaced at c. 2.5–
1.0 Ma (Honthaas et al., 1999).

Kobipoto Mountains field relations

The Kobipoto Mountains (Fig. 2), located deep in
central Seram and crowned by Gunung Kobipoto
(1628 m), are separated from the 3 km-high Manu-
sela Mountains to their south by the ‘Central Valley’.
Peridotites present in the Kobipoto Mountains were
also originally attributed to the ‘Seram Ophiolite’,
which was interpreted to occupy the uppermost
allochthonous thrust sheets of the proposed fold-and-
thrust belt (Audley-Charles et al., 1979). However,
digital elevation model interpretation and new geo-
logical mapping (Pownall et al., 2013; Pownall &
Hall, 2014) has instead shown the Kobipoto Moun-
tains to represent a left-lateral transpressional pop-up
structure linked to the left-lateral Kawa Shear Zone,
with a series of en echelon faults linking between two
topographically-prominent strike-slip boundary faults
(Fig. 2). Kobipoto Complex rocks, alongside Tau-
nusa Complex and Tehoru Formation gneisses and
schists, appear to have been exhumed by the pop-up
structure to become juxtaposed against the originally
overlying, weakly deformed and unmetamorphosed
dark grey siltstones and mudstones of the Triassic
Kanikeh Formation. This structure was evidently rec-
ognized by Rutten & Hotz in 1918 as the geological
map produced by Germeraad (1946) from their field
notes depicts a series of NW–SE-trending lenses of
‘Old Crystalline Schists’ faulted between ‘nodular
shales’ of suggested Triassic age.

As outlined by Pownall et al. (2013, 2014),
members of the Kobipoto Complex exposed in the
Kobipoto Mountains include lherzolites and a gran-
ulite - facies migmatite complex comprising highly
residual Al–Fe granulites (Fig. 3b), stromatic meta-
texites (Fig. 3c) and melt-rich granitic diatexites
(Fig. 3d,e; those described colloquially as ‘cordierite
granites’). All rocks in the migmatite complex are

characterized by aluminous sillimanite + spinel
(� corundum) bearing assemblages which represent
the residual component; the cordierite diatexites are
peppered with schlieren of sillimanite + spinel as well
as schollen of metatexite. These features were previ-
ously described by Audley-Charles et al. (1979) who
also identified the rocks’ granulite facies metamor-
phism; however, the authors suggested also that the
complex is an allochthonous Australian terrane of
assumed Precambrian age. More recently, Pownall
et al. (2013) showed evidence for the cordierite dia-
texites in the Kobipoto Mountains being equivalent
to those present in western Seram and on Ambon,
which are similarly associated with peridotites, and it
has been proposed that the term ‘Kobipoto Complex’
should be applied also in those locations.
The Kobipoto Mountains are remote and can be

explored only on foot via forest trails and rivers. My
field party and I walked first from the Huaulu ‘bus
stop’ on the north coast road (129.329°E, 2.964°S) to
the small village of Roho (129.392°E, 3.020°S) from
which we set out on river traverses of the Wai Sai, the
Wai Sapolewa and the Wai Tuh. Owing to the scarce
and often intensely weathered outcrop, the samples
were necessarily collected as fresh boulders from the
river float; however, sufficient in situ rocks were
observed to provide context for those samples and
produce the geological sketch map shown in Fig. 2.
Sections of the Wai Tuh gorge are strewn with

huge (metre-scale) blocks of Kobipoto Complex mig-
matites and lherzolites that are presumed not to have
been transported far from their origin (Fig. 3a,d).
Metatexites containing melanosomes much wider
than 1 cm were not observed in situ, but (very) scarce
small boulders formed dominantly from melanosome
were found. These blocks are in places accompanied
by exposures of migmatite breccias containing
mylonitized clasts for which the original orientations
and structures unfortunately cannot be discerned.
These sections alternate with parts of the gorge
exposing Kanikeh Formation mudstones and that
contain only small boulders and cobbles of the Kobi-
poto Complex in the river.
The upstream section of the Wai Sapolewa exposes

several in situ migmatites (mostly diatexites, and com-
monly partially brecciated) and lherzolites. Some of
the diatexites are intensely mylonitized, but no highly
residual granulites were found. The Wai Sai, as far as
the author could tell, does not afford exposures of
the Kobipoto Complex. See Pownall et al. (2013) for
a more detailed account of the field relations and
extra field photographs.

PETROGRAPHY

KP11-588: Grt–Sil–Crd–Spl residual granulite

Sample KP11-588 (Fig. 3b), collected from the Wai
Tuh (at 129.4786°E, 3.0019°S) and studied previously
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by Pownall et al. (2014), is the most melanosome-rich
example found, comprising ~80% melanosome and
~20% quartz-rich leucosome. The melanosome com-
prises a highly residual mineral assemblage character-
ized by abundant garnet (~25 vol.%; crystals are
1–5 mm diameter) and prismatic sillimanite (~20 vol.%)
separated by cordierite coronae and cordierite- and

spinel-rich symplectites (Figs 4a–c & 5a–c). Ilmenite
is also abundant (5–10 vol.%) and exists as inclu-
sions within garnet (Figs 4h,i & 5h) and as coarse
grains bordering spinel that occur adjacent to the
symplectites (Figs 4a,d & 5e). Pyroxene and K-feld-
spar are absent from the rock. Spinel + quartz (� il-
menite) inclusions within garnet were interpreted by

(a) (b)

(c) (d)

(e)

Fig. 3. Field photographs, Kobipoto Mountains. (a) Large
boulders of peridotite and diatexite occurring together in the
Wai Tuh (129.477°E, 3.003°S) near the sampling site of
granulite KP11-588. (b) Sample KP11-588: abundant garnet
surrounded by Crd + Spl + Sil and minor Qtz-rich leucosome
(129.479°E, 3.002°S). (c) Sample KP11-605: stromatic
metatexite with Grt + Crd + Sil + Spl melanosomes
(129.479°E, 3.002°S). (d) Leucosome-rich cordierite diatexite
containing large stromatic metatexite schollen marked by the
white arrows (129.481°E, 2.999°S). (e) Grt + Crd + Sil + Spl
schliere within cordierite diatexite (129.477°E, 3.003°S).
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Pownall et al. (2014) as being present under UHT
conditions.

KP11-605: Grt–Sil–Crd–Spl stromatic metatexite

Stromatic metatexites were found as large boulders in
the Wai Tuh and Wai Sapolewa. Sample KP11-605
(Figs 3c & 6a; from 129.4786°E, 3.0018°S) comprises
bands of leucosome and melanosome in ~1:1 propor-
tion. The residuum is very similar in terms of miner-
alogy and reaction textures to that described for
KP11-588 only more heavily retrogressed and with
the cordierite being more pinitized. Garnet grains are
also far smaller and less abundant. The interpreted
leucosomes comprise mainly quartz + plagioclase.

KP11-581c: Grt–Sil–Crd–Spl schlieric diatexite

Sample KP11-581c (Fig. 6b; from 129.4256°E,
2.9902°S) contains far more abundant leucosomes
than KP11-588, but the residual part of the rock
retains evidence of garnet + cordierite + spinel domi-
nated assemblages similar to KP11-588, despite a
higher degree of low-T alteration. Large (~5 mm
diameter) garnet grains do not have cordierite reac-
tion rims, but are associated with large regions of
pale brown, heavily pinitized cordierite that host
coarse grains of green hercynite spinel and rarely
relict sillimanite (Fig. 6b). The garnet contains inclu-
sions of biotite, plagioclase, quartz and ilmenite. Spi-
nel grains tend to contain larger and more abundant
grains of corundum than in sample KP11-588, and
similarly contain small blebs of sapphirine, chlorite
and biotite (Fig. 6c). The leucosomes comprise ~30%
quartz, ~30% cordierite (that has altered heavily to
pale brown pinite), ~30% plagioclase and ~10%
biotite.

INTERPRETATION OF REACTION
MICROSTRUCTURES

Prograde assemblages

Minerals included within garnet preserve a partial
record of the rocks’ prograde histories. Rutile and
ilmenite, which form chains of small inclusions within

the garnet cores (Fig. 4i), demonstrate the rocks were
less oxidized during prograde metamorphism than
during formation of their post-peak cordierite-bearing
(and rutile-absent) assemblages. Scarce corundum and
hercynite spinel inclusions within garnet are perhaps
of prograde origin, but it is also plausible that they
could have formed at or just after the peak of meta-
morphism by localized reactions (discussed later).
Small inclusions of biotite within garnet (Fig. 4a,f)

attest also to the prior, possibly widespread, occur-
rence of biotite and perhaps other hydrous minerals
under prograde conditions. Apart from cordierite,
hydrous minerals are absent from the (high tempera-
ture) post-peak reaction microstructures, suggesting
that fluid-absent mica dehydration melting reactions
(e.g. Vielzeuf & Holloway, 1988; Carrington & Har-
ley, 1995) must have run to near completion on the
prograde path, removing water into the melt.
The morphology of the elongate prismatic silliman-

ite crystals (Fig. 4a) is indicative of them being pseu-
domorphs after kyanite (e.g. Brown & Raith, 1996;
Raith et al., 1997), as originally suggested for Kobi-
poto Complex granulites sampled by Audley-Charles
et al. (1979). Rare sillimanite inclusions in garnet
(Fig. 4g) also have this prismatic habit. Therefore,
kyanite was once very likely a major constituent of
this rock during prograde metamorphism through the
kyanite stability field. This inference is further sup-
ported by kyanite + staurolite assemblages in some
of the high-grade Taunusa Complex schists that also
occur in the Kobipoto Mountains and that may rep-
resent or be compositionally similar to the protolith
of the Kobipoto Complex granulites (Pownall et al.,
2013). Last, there is a possibility that staurolite may
have also been part of the prograde assemblage; it is
absent in the residual granulites but it is again pre-
sent in many of the high-grade Taunusa Complex
schists (Pownall et al., 2013).

Interpretation of peak metamorphic assemblage

Garnet and sillimanite must have been stable under
peak conditions in order to have reacted together to
form the cordierite-bearing microstructures (Figs 4a–
c, 5a–c & 6a) during the post-peak evolution of the
rock. Sillimanite is mostly in the prismatic form and

Fig. 4. Thin section photomicrographs of sample KP11-588. All are taken in plane-polarized light (PPL), expect parts b and c that
are taken under crossed polars (XPL). Mineral abbreviations after Kretz (1983); Pin, pinite. (a) Garnet and prismatic sillimanite
separated by cordierite coronae and symplectic intergrowths of cordierite + spinel + ilmenite (� corundum). (b) Ordered reaction
textures of garnet separated from sillimanite by cordierite (� elongate quartz blebs), then cordierite + spinel
(+ corundum + ilmenite) symplectites. (c) Vermicular quartz vugs and patches of plagioclase within cordierite (surrounding garnet),
bordered by spinel + cordierite and prismatic sillimanite containing narrow cordierite inclusions. (d) Coarse spinel–ilmenite
intergrowths among the finer spinel + cordierite symplectites, bordered by sillimanite and cordierite. (e) Spinel + quartz inclusion
within garnet; the spinel hosts corundum + sapphirine (see also Fig. 5i); a thin reaction rim of pinite (after cordierite) separates
spinel from quartz. (f) Spinel + quartz (+ biotite) inclusion in garnet; the spinel and quartz are in direct grain contact at the point
of the white arrow, and are separated by a thin plagioclase reaction rim further to the right. (g) Spinel + quartz + sillimanite
inclusions within garnet. (h) Spinel + quartz + ilmenite inclusion in garnet; the spinel contains small sillimanite needles. (i) Small
blebby rutile + ilmenite inclusions within garnet.
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(d) (e) (f)

(g) (h) (i)
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has embayed margins against adjacent spinel-rich
symplectites (Fig. 4a–c), and hosts inclusions of cor-
dierite and ilmenite, arranged in trains parallel to the
main cleavage down the long axis of the crystal
(Fig. 4c). The garnet also has embayed margins
against the adjacent cordierite (� plagioclase �
quartz) coronae, and their truncated compositional
zoning profiles (Fig. 7; discussed in next section)
demonstrate that the original (prograde) garnet rims
have since been consumed by post-peak reactions.

Some plagioclase exists as large grains (Fig. 5d) that
do not occur within the cordierite-dominated coronae
around garnet, and so plagioclase is also interpreted
to be part of the prograde assemblage. However, there
is insufficient evidence that quartz was ever a major
constituent of the melanosome of the rock under peak

conditions; the small quartz (� spinel � ilmenite)
inclusions preserved in garnet may instead be
accounted for by high-T reactions that occurred on
the early retrograde path, as outlined later.
Ilmenite, interpreted to be a prograde mineral,

would have also been present during the peak of meta-
morphism. It is less clear, however, whether the afore-
mentioned inclusions of corundum and spinel within
garnet also existed at this stage. The vast majority of
these minerals occur within the cordierite-rich reaction
microstructures and so were clearly produced by post-
peak reactions; but there remains a possibility that the
corundum and spinel preserved within garnet may
have existed under peak conditions, albeit in low abun-
dance. A separate issue is whether spinel + quartz was
a stable assemblage under peak conditions.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5. Back-scattered electron (BSE) images of sample KP11-588, obtained using the JEOL JXA-8100 Superprobe. Mineral
abbreviations after Kretz (1983); Pin – pinite. (a) Ordered reaction textures of cordierite (+ plagioclase) and cordierite + spinel
separating garnet and sillimanite. (b) A clear example of the nature of ordered reaction textures between sillimanite and garnet;
note the vermicular blebs of quartz and the inclusion of plagioclase within the cordierite. (c) Broad halo of cordierite + spinel
(+quartz) separating garnet from sillimanite. (d) Spinel surrounded by cordierite (+ sillimanite) surrounded by plagioclase adjacent
to quartz leucosome. (e) Coarsely intergrown spinel and ilmenite surrounded by symplectic spinel + cordierite. (f, g) Corundum,
sapphirine, and sillimanite within small spinel grain, surrounded by pinitized cordierite. (h) Spinel + quartz + ilmenite inclusion
within garnet. (i) Spinel + quartz (separated by a thin rim of pinitized cordierite); the spinel contains an inclusion of
corundum + sapphirine; see Fig. 4e for a PPL photomicrograph of the same feature.
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Petrographic evidence for the existence of a melt
phase under peak conditions is given by large pools
of optically continuous plagioclase that have grown
around fibrous sillimanite needles adjacent to the
leucosomes. Small quartz blebs within cordierite
(i.e. Fig. 4b,c) may similarly have crystallized from
the melt.

The peak metamorphic assemblage is therefore
interpreted to be garnet + sillimanite + ilmenite +
plagioclase + silicate melt. The possibility that corun-
dum and/or spinel could have also comprised part of
this assemblage is evaluated later using pseudo-
sections.

Cordierite-bearing post-peak assemblages

During the post-peak evolution of the granulite, two
prevalent reaction microstructures were generated
between garnet and sillimanite: (i) 50–200 lm thick
cordierite (� plagioclase � quartz) coronae encircling
garnet; and (ii) spinel-rich symplectites between these
cordierite coronae and the sillimanite (Figs 4b &
5a–c). Figures 4 and 5 show how these reaction
textures are systematically ordered. Garnet is always
separated from sillimanite by cordierite � spinel �
ilmenite � plagioclase � quartz (Figs 4a–c & 5a–c),
except for when sillimanite occurs as inclusions
within garnet, in which case it is found commonly in
association with spinel � quartz � ilmenite (Fig. 4g,
h). Spinel is always separated from both sillimanite
and garnet by cordierite. Corundum is always sepa-
rated from cordierite by the spinel (Fig. 5f,g). And
plagioclase is always separated from sillimanite by
cordierite (Fig. 5d).

The cordierite coronae commonly contain narrow
vermicular intergrowths of quartz oriented perpen-
dicular to the margin of the garnet (Figs 4b,c &
5b,c). In some instances, the cordierite is pinitized
and/or replaced by chlorite, especially along the
contact between cordierite and garnet (Fig. 5a,b).
Plagioclase is also present in some corona struc-
tures as small intergrowths with the cordierite
(Figs 4c & 5b), and in some places, larger plagio-
clase grains are present, completely surrounded by
cordierite.
The dark green hercynite spinel grains that form

symplectites with cordierite (Fig. 5a–g) are typically
sub-50 lm in diameter with cuneiform-type geome-
tries, and are arranged in bands up to 1 mm wide
around the outside of the cordierite (� quartz �
plagioclase) coronae. The spinel is located close to
the margins of the prismatic sillimanite but is always
separated from it by a thin rim of cordierite. The
symplectic spinel contains small inclusions of ilme-
nite, sillimanite, and chlorite, but most notably
corundum (Figs 5f,g & 6c), which is often more volu-
minous than the spinel that surrounds it. Signifi-
cantly, the corundum has a highly mottled and pitted
texture due to the inclusion of numerous small (sub-
10 lm) blebs of sapphirine, chlorite, ilmenite, biotite
and/or sillimanite (e.g. Fig. 5f,g), the significance of
which is discussed later.
The growth of cordierite and spinel (and some

plagioclase) at the expense of garnet and sillimanite
is best evaluated using a P–T pseudosection
approach, as presented later. Nevertheless, the gen-
eralized continuous FeO–MgO–Al2O3–SiO2 (FMAS)
relation

(a) (b) (c)

Fig. 6. Thin section photomicrographs of samples KP11-581c and KP11-605 (PPL). (a) KP11-581c: Melanosome of stromatic
metatexite comprising small garnet and symplectic spinel separated systematically by cordierite; note also the presence of biotite.
(b) KP11-605: Schleric diatexite showing schliere of spinel + biotite + pinitized cordierite (pale brown) next to large garnet. (c)
KP11-581c: High-magnification view of the spinel grains showing inclusions of corundum (+ sapphirine, confirmed by EMP
analysis, but not visible here).
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Grtþ Sil ! Crdþ Splð�QtzÞ (1)

(Hensen & Green, 1971; Loomis, 1976; Vielzeuf,
1983; Kelsey et al., 2004), as outlined by Pownall
et al. (2014), provides a reasonable approximation of
the dominant post-peak reaction process.

Spinel + quartz (%ilmenite) assemblages

Some garnet crystals contain inclusions of
spinel + quartz – an assemblage regarded as indica-
tive of UHT metamorphism if sufficient evidence
exists for the two minerals having comprised an equi-
librium assemblage under low- to moderately oxidiz-

ing conditions (Waters, 1991; White et al., 2002), and
if the ZnO and Cr2O3 contents of the spinel are low
(Dasgupta et al., 1995; Guiraud et al., 1996;
Taj�cmanov�a et al., 2009). Spinel + quartz occurs in
the Kobipoto Complex granulites as inclusions within
garnet, either in direct grain-boundary contact
(Figs 4f–h & 5h), or separated by a thin rim of pla-
gioclase, cordierite, or pinite (Figs 4e & 5i). Ilmenite,
sillimanite and biotite are also present in some
spinel + quartz inclusions (Fig. 4f–h).
Either (i) spinel + quartz-bearing assemblages were

included in garnet during its prograde growth, or
(ii) spinel + quartz developed within the garnet dur-
ing the granulite’s post-peak evolution. Under sce-
nario (ii), it is not necessary for spinel to have been
part of the peak assemblage; spinel + quartz may
have instead formed due to localized reactions
between garnet and the sillimanite, ilmenite and
biotite inclusions hosted within it. This second inter-
pretation is entirely consistent with having
formed the composite inclusions shown in Fig. 4f–h,
and (as demonstrated later) does not preclude the
spinel + quartz from having existed under UHT con-
ditions.

Spinel + ilmenite assemblages

Ilmenite, in addition to being present alongside
spinel + quartz within garnet (Figs 4h,i & 5h), exists
also as large (sometimes as mm-scale) grains grown
alongside coarse-grained hercynite in the matrix
(Figs 4d & 5e). Occasionally, biotite is associated
with these spinel + ilmenite intergrowths and, very
rarely, ilmenite grains are completely mantled by bio-
tite. If ilmenite comprised part of the peak assem-
blage (as previously interpreted), then spinel growth
would appear to have preferentially nucleated on,
and/or partially replaced, pre-existing ilmenite within
the matrix during the granulite’s post-peak develop-
ment.

Sapphirine + spinel + corundum + ilmenite assemblages

Extremely small (<10 lm) blebs of variably chlori-
tized sapphirine occupy embayments within corun-
dum grains that are contained within spinel. These
spinel–corundum–sapphirine assemblages occur both
in the symplectic coronae (Figs 5f,g & 6c) and as
composite inclusions within garnet (Figs 4e & 5i).
Importantly, sapphirine has never been observed in
direct grain-boundary contact with quartz, although
the two minerals do occur in the same inclusions
within garnet (Fig. 5i). Therefore, there is no evi-
dence to suggest that the rock was ever hot enough
to for sapphirine + quartz to be stable. The miniscule
size of individual sapphirine blebs would suggest that
they were produced by quartz-absent localized reac-
tions. Due to the highly domainal nature of these
rocks, the sapphirine-bearing assemblages unfortu-

(a)

(b)

Fig. 7. (a) BSE image of garnet and surrounding reaction
textures from sample KP11-588, arbitrarily false-coloured
according to backscatter intensity to emphasize the garnet
zoning profile. Note the presence of narrow garnet rims (dark
blue) around fairly homogenous cores (pale blue). The white
arrow shows the location of the line-scan shown in (b). (b)
Zoning profiles of pyrope (pyr), almandine (alm), spessartine
(sps) and grossular (grs) contents (mole fractions) measured
across the garnet by EMP line-scan, as located in (a). Line-
scan data were reduced using a spreadsheet courtesy of D.
Waters.
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nately cannot be evaluated using the pseudosection
approach detailed later.

Low-T retrograde features

Features associated with later stage, lower tempera-
ture retrogression include alteration of cordierite to
pinite and development of chlorite both in the corona
structures and along fractures within garnet. Leuco-
somes are a minor component of sample KP11-588
(<20 vol.%), although are more voluminous in sam-
ples KP11-581c and KP11-605, and comprise large
grains of quartz, with some plagioclase, between
which small chlorite needles have developed. Pyrite is
also present within the leucosomes.

MINERAL CHEMISTRY

Major element mineral chemistry (Table 1) for gar-
net, spinel and cordierite was determined by analysis
of polished thin section using an Oxford Instruments
ISIS energy-dispersive microanalytical system (EDS)
paired with a JEOL JSM-6400 scanning electron
microscope at the Centre for Advanced Microscopy
(CAM), the Australian National University, Can-
berra. Analyses were performed using an accelerating
voltage of 15 kV, a beam current of 1 nA, a working
distance of 39 mm, and a live counting time of 100 s.
Major element mineral compositions for sapphirine,
ilmenite, plagioclase and biotite and compositional
line-scans for garnet, were acquired using a JEOL
JXA-8100 Superprobe electron microprobe (EMP)
paired with an Oxford Instruments INCA EDS
system at Birkbeck College, University of London, in
which instance analyses were performed using an
accelerating voltage of 15 kV, a beam current of
10 nA, and a beam diameter of 1 lm. Calibration for
all analyses was against standards of natural silicates
and oxides, and a ZAF correction procedure was
applied. The Ti content of garnet was measured from
a polished thin section across a continuous line tra-
verse using a RESOlution M-50 193 mm ArF exci-
mer laser-ablation system linked to an Agilent 7500ce
inductively coupled plasma mass spectrometer
(LA-ICP-MS) at Royal Holloway University of
London (M€uller et al., 2009), calibrated using a
NIST SRM-612 glass standard. XFe3þ (Fe3+/Fetotal)
for individual mineral analyses was calculated, based
on charge balancing, using the program AX (Hol-
land, 2014). Mineral abbreviations used throughout
this paper follow Kretz (1983).

Garnet represents a solid solution between alman-
dine and pyrope (0.60–0.68 Xalm; 0.17–0.30 Xpyr) with
minor grossular and spessartine components (see
Table 1 and Fig. 7). Garnet from sample KP11-588
preserves moderate compositional zoning, although
this is not particularly apparent from differences in
colour or inclusion textures. Compositional profiles
measured across three garnet grains by means of

microprobe line-scans (Fig. 7b) show from core
to rim that almandine content increases (0.60 Xalm to
0.68 Xalm), pyrope content decreases (0.30 Xpyr to
0.17 Xpyr) and spessartine content slightly increases
(0.06 Xsps to 0.10 Xsps). Grossular content is fairly
constant (at 0.04 Xgrs) across the growth profiles. The
back-scattered electron image in Fig. 7a, ‘false
coloured’ to emphasize small differences in intensi-
ties, shows that the decrease in Mg and increase in
Mn and Fe (shown by the darker blue colours) is
most pronounced adjacent to the thickest cordierite
moats. This is consistent with the garnet zonation
having been acquired through retrograde resorption
to form the cordierite, during which time Fe and Mn
would have diffused from the cordierite to the garnet
rims (e.g. Grant & Weiblen, 1971; Tuccillo et al.,
1990). TiO2 content, measured to higher precision by
LA-ICP-MS, varies from 0.0557 wt% in the core to
0.0075 wt% towards the rim.
Spinel compositions are a solid solution between

hercynite and spinel sensu stricto (s.s.). The spinel
included within garnet, which is in direct grain con-
tact with quartz, has XMg values of ~0.31 and con-
tains ~1.5 wt% ZnO and negligible (~0.1 wt%)
Cr2O3 and V2O3; it is compositionally different to the
spinel forming the symplectites (see Fig. S1), which
by contrast has more hercynitic compositions
(XMg < 0.2) and contains very low (~0.15 wt%) ZnO,
but higher (0.23 wt%) V2O3. XFe3þ for all spinel has
been calculated at ~0.09 (0.07 cations per formula
unit) based on the charge balancing calculated by AX
(Holland, 2014).
Ilmenite compositions are broadly consistent across

all large grains that are intergrown with spinel. The
presence of MnO (2.2 wt% average) demonstrates it
contains a significant pyrophanite (MnTiO3) compo-
nent. A very low XFe3þ value of 0.04 (0.04 cations per
formula unit) has been calculated by AX (Holland,
2014) based on charge balance. The small ilmenite
inclusions within garnet contain around twice the
MnO than the coarser grains.
Sapphirine occurs as very small (<10 lm) and vari-

ably chloritized blebs within corundum. Analysed
compositions lie on a mixing line between composi-
tions for corundum and chlorite that intersects the
2MgO:2Al2O3:SiO2–7MgO:9Al2O3:3SiO2–3MgO:5Al2
O3:SiO2 (2:2:1–7:9:3–3:5:1) sapphirine solid solution
(Fig. 8), consistent with the retrograde reaction

SprþH2O ! Crnþ Chlð�SplÞ (2)

as described by Seifert (1974) and Ackermand et al.
(1975) to represent the lower limit of sapphirine sta-
bility. This would suggest that sapphirine was mostly
pseudomorphed by the symplectic corundum and
chlorite upon retrogression of the granulites
(e.g. Shiba et al., 1988) with only relict grains of
sapphirine now remaining. Sapphirine analysed from
sample KP11-581c typically shows a greater degree of
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chloritization than that analysed from KP11-588
(Fig. 8). Although there is a wide variation in mea-
sured sapphirine compositions due to the chloritiza-
tion and potentially due to mixed analyses between
sapphirine and corunudum, several analyses do plot
in the vicinity of the 2:2:1–3:5:1 ‘ideal’ solid solution.

Corundum occurs either as small inclusions within
garnet, or is isolated from cordierite by spinel within
the symplectites. Minor amounts of MgO, SiO2,
Cr2O3 and FeO (each <0.5 wt%) have partially sub-
stituted for Al2O3.

Rutile is almost pure TiO2 with very minor Fe.
Cordierite has an average XMg value of 0.58. No

systematic compositional variation is present between
different textural types. Some cordierite has been
pinitized during retrogression.

Plagioclase has a typical composition of An50.
Sillimanite incorporates typically 0.2–1.0 wt%

Fe2O3, as is common for high-grade rocks that also
contain ilmenite (Grew, 1980b).

Biotite in sample KP11-588 is relatively low in Fe
and plots close to phlogopitic compositions
(XMg = 0.59–0.65; Al = 2.9–3.3 c.p.f.u.). TiO2 content
is fairly high (3.33 wt% average), consistent with
occurrence under high-temperature conditions (Henry
et al., 2005).
Chlorite, commonly associated with pinitized cor-

dierite, has a fairly consistent composition with an
XMg of 0.42.
Accessory minerals not previously mentioned above

include zircon, monazite and apatite. Some zircon
and monazite crystals exist as inclusions within gar-
net, but the majority are present in the surrounding
symplectites. Apatite has not been observed within
garnet.

THERMOBAROMETRY

Phase equilibria modelling by means of THERMOCALC

‘Average P–T’ calculations (Powell & Holland, 1994)

Table 1. Representative electron microprobe analyses for sample KP11-588.

Mineral Garnet Spinel Sapphirine Ilmenite Cordierite Plagioclase Biotite

Texture Core Rim Spl + Qtz incl. in Grt Spl-Ilm int. Symplectite Symplectite Spl-Ilm int. Incl. in Grt Corona Corona Incl. in Grt

wt%

SiO2 38.32 37.08 – – – 11.95 0.16 0.20 48.73 55.99 36.41

TiO2 0.0557a 0.0075a 0.19 0.20 0.20 0.29 51.53 47.85 – 0.07 3.33

ZnO – – 1.52 0.16 0.15 – – – – – –
Al2O3 21.57 20.93 59.01 57.47 57.15 60.84 0.18 1.59 33.01 27.62 17.70

Cr2O3 – – 0.10 0.21 0.10 – 0.10 – – – –
V2O3 – – 0.08 0.32 0.23 – – – – – –
Fe2O3

b 2.07 2.00 3.01 3.22 3.42 0.00 2.17 0.00 2.17 0.43 2.62

FeO 27.07 29.58 27.59 32.08 32.47 16.20 43.70 42.46 7.82 0.00 13.38

MnO 2.53 4.44 0.29 0.67 0.65 0.31 2.21 4.50 0.48 0.05 0.34

MgO 7.62 4.22 7.50 4.83 4.52 5.82 0.32 0.95 7.57 0.14 14.17

CaO 1.24 1.45 – – – 0.13 – 0.10 0.05 9.59 –
Na2O 0.22 0.19 0.36 0.18 0.18 0.70 – 0.05 0.31 5.21 0.47

K2O – – – – – – – 0.05 – 0.83 7.20

Total 100.68 99.91 99.65 99.34 99.07 96.24 100.37 97.75 100.15 99.93 95.62

c.p.f.u.

Si 2.97 2.97 – – – 1.62 0.00 0.01 4.96 2.52 5.34

Ti 0.0033 0.0004 0.00 0.00 0.00 0.00 0.97 0.93 – 0.00 0.36

Zn – – 0.03 0.00 0.00 – – – –
Al 1.97 1.98 1.94 1.93 1.93 9.12 0.01 0.04 3.96 1.47 3.06

Cr – – 0.00 0.00 0.00 0.00 0.00 – – –
V – – 0.00 0.01 0.01 – – – –
Fe3+ 0.12 0.12 0.06 0.07 0.07 0.00 0.04 0.00 0.17 0.02 0.30

Fe2+ 1.76 1.98 0.65 0.76 0.78 2.07 0.92 0.92 0.67 0.00 1.64

Mn 0.17 0.30 0.01 0.02 0.02 0.04 0.05 0.10 0.04 0.00

Mg 0.88 0.50 0.31 0.21 0.19 0.86 0.01 0.04 1.15 0.01 3.10

Ca 0.10 0.12 – – – 0.00 – 0.03 0.01 0.46

Na 0.03 0.03 0.02 0.01 0.01 0.17 – 0.03 0.06 0.46 0.14

K – – – – – 0.02 – 0.02 – 0.05 1.36

Sum 8 8 3 3 3 14 2 2 11 5 14

Oxygens 12 12 4 4 4 20 3 3 18 8 22

XFe3þ 0.06 0.06 0.09 0.08 0.09 0.00 0.04 0.00 0.20 1.00 0.15

XMg 0.32 0.19 0.31 0.20 0.19 0.29 0.01 0.04 0.58 0.38 0.62

Xalm 0.60 0.68

Xpyr 0.30 0.17

Xsps 0.06 0.10

Xgrs 0.04 0.04

x(g) 0.67 0.80

XFe3þ = Fe3+/(Fe3+ + Fe2+); XMg = Mg/(Mg + Fe2+ + Fe3+); Xalm = Fe2+/(Fe2+ + Mn + Mg + Ca); Xpyr = Mg/(Fe2+ + Mn + Mg + Ca); Xsps = Mn/(Fe2+ + Mn + Mg + Ca);

Xgrs = Ca/(Fe2+ + Mn + Mg + Ca); x(g) = Fe2+/(Fe2+ + Mg).

incl., inclusion; int., intergrowth; Grt, garnet; Spl, spinel; Ilm, ilmenite; wt, weight; c.p.f.u., cations per formula unit. The dashes (–) indicate analyses that are below the detection limit.
aTi content of garnet was measured to higher precision using LA-ICP-MS.
bFe3+ was calculated based on charge balancing using the programme AX (http://www.esc.cam.ac.uk/research/research-groups/holland/ax).

© 2015 John Wiley & Sons Ltd

P–T EVOLUT ION OF KOBIPOTO COMPLEX GRANUL ITES 13

http://www.esc.cam.ac.uk/research/research-groups/holland/ax


and THERMOCALC pseudosections (Powell & Holland,
1988), supported by Ti-in-garnet thermobarometry
(Kawasaki & Motoyoshi, 2007), have been applied to
the Kobipoto Mountains granulite sample KP11-588.
This section builds on previous work by Pownall
et al. (2014) who calculated peak P–T conditions of
~8 kbar and ~950 °C.

Ti-in-garnet thermobarometry

The Kawasaki & Motoyoshi (2007) Ti-in-garnet
geothermometer and geobarometer, devised specifi-
cally for HT–UHT granulites that contain garnet
with ilmenite inclusions, were applied to sample
KP11-588. Ti contents were acquired to high preci-
sion and spatial resolution by LA-ICP-MS line tra-
verses across four separate garnet crystals (see
mineral chemistry section). The most evenly zoned
and inclusion-free Ti profile is shown in Fig. 9, below
which a P–T profile has been calculated following
Kawasaki & Motoyoshi (2007) and Kawasaki et al.
(2011), whose formulation describes an increase in
temperature and pressure with increasing Ti. As
shown consistently across all four profiles, the Ti
content in garnet cores (0.044–0.056 wt% TiO2; up
to 0.0033 Ti c.p.f.u. on a 12 oxygen basis) corre-
sponds to P–T conditions of 905–925 °C and 7.9–
8.5 kbar, which decreases to ~760 °C and ~3.5 kbar
towards the rims (� 0.008 wt% TiO2). These P–T
results may be considered minimum estimates, as Ti
diffusion through the garnet due to equilibration with
the matrix (Tracy et al., 1976) or due to the precipi-
tation of ilmenite and rutile (Ague & Eckert, 2012)
would both cause Ti depletion of the garnet. This

pair of thermobarometers would therefore describe a
P–T path from a minimum temperature of ~915 °C
(at ~8.2 kbar) to ~760 °C (at ~3.5 kbar). Encourag-
ingly, this result is closely corroborated by the phase
equilibria modelling detailed later.

THERMOCALC AvePT

In granulite KP11-588, the cordierite, spinel, plagio-
clase and ilmenite present in the reaction microstruc-
tures, that are interpreted to have formed during
near-isothermal decompression, are inferred to have
belonged to the same equilibration volume. These
phases, along with the garnet rims and sillimanite
that they separate, were modelled by THERMOCALC

running in ‘Average P–T’ (AvePT) mode in order to
calculate the P–T conditions of retrograde corona
formation. EMP analyses for these phases (see
Table 1) were input into AX (Holland, 2014) to cal-
culate the end-member mineral activities required for
the calculation.
The AvePT calculation was made in the Na2O–

CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3

(NCKFMASHTO) chemical system using THERMO-

CALC 3.33 (Powell & Holland, 1988; updated 2009)
running in mode 2, and the Holland & Powell (1998)
ds55s internally consistent thermodynamic data set
considering the activity–composition (a–x) models for

Fig. 8. Plot of Al v. Si (cations per formula unit, based on 10
oxygen) for sapphirine grains analysed from KP11-588 (blue
dots) and KP11-581c (grey dots). The ideal 2MgO:2Al2O3:
SiO2–7MgO:9Al2O3:3SiO2–3MgO:5Al2O3:SiO2 (2:2:1–7:9:3–
3:5:1) sapphirine solid solution is shown in red. All analyses
plot in the vicinity of a mixing line passing through
compositions for corundum, sapphirine, and chlorite,
providing evidence for reaction (2); the large number of
analyses that plot to higher Si and lower Al contents exhibit
alteration to chlorite.

Fig. 9. Ti-in-garnet thermobarometry. (a) TiO2 content of
garnet (wt%), measured in situ by continuous LA-ICP-MS
transect. (b) Results of the Kawasaki & Motoyoshi (2007) Ti-
in-garnet thermobarometer applied to each point of the
transect shown in (a). Note that P and T are related linearly
by the calibration. ‘X’ marks the location of an inclusion.
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garnet (White et al., 2007), cordierite (Holland &
Powell, 1998), ilmenite (White et al., 2000), plagio-
clase (Holland & Powell, 2003) and spinel–magnetite
(White et al., 2002). Sillimanite and H2O were also
included in the modelling and treated as pure end-
member phases. Quartz was omitted from this calcu-
lation because the tiny quartz blebs within cordierite
most likely crystallized from the melt. An aH2O
value of 0.25 was chosen based on typical values cal-
culated for the same rock by THERMOCALC when run-
ning in mode 1. AvePT results were found to
increase up-temperature and up-pressure with
increasing values of aCO2; therefore, aCO2 was input
as zero in order to minimize its effect in overestimat-
ing temperature.

AvePT found five independent quartz-absent reac-
tions, as shown in Fig. 10. Reaction (1) (Grt + Sil ?
Crd + Spl), identified here and also by Pownall et al.
(2014) as approximating the dominant retrograde
reactions to have affected the rock, is calculated to
have occurred at ~4 � 1 kbar (for ~800 °C) for both
pure hercynite and pure spinel-s.s. end-member prod-
ucts. Plagioclase-forming reactions are modelled to
have occurred at higher pressures, but are associated
with larger 1r errors (� ~2.3 kbar). Considering all
five equilibria (see Table S1), AvePT returned a result

of 754 � 116 °C and 4.0 � 1.0 kbar. If quartz is
considered in the calculations in addition to the other
phases, a higher AvePT result of 877 � 123 °C and
5.2 � 1.1 kbar is yielded. The AvePT pressure calcu-
lated for the quartz-absent reactions is ~3–4 kbar
lower than that inferred for peak metamorphic condi-
tions based on the isochemical phase diagrams pre-
sented next (and by Pownall et al., 2014); however,
the AvePT result is broadly similar to that indicated
for the garnet rims by the Kawasaki & Motoyoshi
(2007) Ti-in-garnet thermobarometer. As expected,
the AvePT result is consistent with having recorded a
retrograde metamorphic stage during the breakdown
of garnet that occurred during decompression of the
rock from peak conditions.

THERMOCALC pseudosections

Pownall et al. (2014) presented T-v.-H2O content
(T�MH2O), T-v.-O content (T–MO) and P–T pseudo-
sections in the NCKFMASHTO chemical system of
the residual Kobipoto Complex granulite, concluding
that the modelled phase equilibria permitted a clock-
wise P–T path reaching peak conditions of ~950–
990 °C and ~8 kbar. A whole-rock XFe3þ value of
0.33 and an H2O content of 0.42 wt% were also
inferred from this work. This modelling utilized a
whole-rock bulk composition, thereby including the
10–20 vol.% leucosome present in sample KP11-588,
and the resulting pseudosections showed quartz as
stable over the entire P–T space investigated. How-
ever, quartz is not a main constituent of the melano-
some; it occurs only within the fine-grained
spinel + quartz � ilmenite inclusions in garnet, and
as tiny vermicular blebs present in the cordierite
coronae. In addition, magnetite, absent from the real
rock, was shown to be a constituent of the modelled
rock at ≳7.5 kbar and/or ≲900 °C.
As an improvement on these previous pseudosec-

tions, and in order to better model only the residual
part of the rock, 20 vol.% leucosome (an upper esti-
mate) with composition set at 100% quartz (very
minor amounts of chlorite also present were not con-
sidered) was ‘calculated out’ of the whole-rock compo-
sition to leave an effective bulk composition
representing just the melanosome (Table 2). The
whole-rock bulk composition was determined for a
fused sample of KP11-588 at Royal Holloway Univer-
sity of London using a PANalytical Axios sequential
wavelength-dispersive XRF fitted with a 4 kW Rh-an-
ode X-ray tube. The whole-rock sample contained
0.563 wt% MnO and negligible P2O5 and SO3 that
was not considered in the phase equilibria modelling.
Phase equilibria modelling was performed in the

NCKFMASHTO chemical system using THERMOCALC

3.33 (Powell & Holland, 1988; updated October
2009) and the ds55s internally consistent thermody-
namic data set (Holland & Powell, 1998; updated
January 2004) considering the a–x models for garnet,
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Fig. 10. Reactions calculated by THERMOCALC AvePT for
sample KP11-588, as discussed in the text, offset by green
semitransparent 1r-level error bars. The solid red dot marks
the overall AvePT result (surrounded by 1r-level error ellipse)
calculated for quartz-absent reaction textures that formed
between garnet and sillimanite. The open red circle and dashed
error ellipse marks the AvePT result for when quartz is also
considered in equilibrium. Splss and Splherc relate to spinel-s.s.
and hercynite end-members respectively. Corr, correlation
between the uncertainties on pressure and temperature (Powell
& Holland, 1994).
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biotite and silicate melt (White et al., 2007), cordier-
ite (Holland & Powell, 1998), ilmenite–hematite
(White et al., 2000), K-feldspar–plagioclase (Holland
& Powell, 2003), spinel–magnetite (White et al., 2002)
and sapphirine (Taylor-Jones & Powell, 2010). Silli-
manite/kyanite, quartz, corundum and H2O were also
included in the modelling and treated as pure end-
member phases. Models for orthopyroxene (White
et al., 2002), amphibole (Diener et al., 2007), mus-
covite (Coggon & Holland, 2002) and rutile (pure
end-member phase) were included in the script, but
none were predicted to be stable over the specified
P–T ranges.

T–MO pseudosection

In order to investigate the effect of Fe3+ on phase
equilibria, a T–MO pseudosection (following Guiraud
et al., 2001) was calculated for the melanosome of
KP11-588 (Fig. 11). An MO of 1 is defined as equiva-
lent to an XFe3þ value of ⅔, in order that XFe3þ was
varied over the full range of the redox reaction
3Fe2þO ¼ Fe3þ2 O3 þ Fe (‘seen’ by THERMOCALC as
3FeO = 2FeO + O + Fe). The T–MO pseudosection
was constructed over the range 850–1000 °C and an
MO range of 0–1 (XFe3þ varied between 0 and ⅔; see
Table 2) at a fixed 7.0 kbar that was chosen based
on the previous P–T pseudosections by Pownall et al.
(2014), and for a fixed MH2O value of 0.75 that was
chosen based on the T�MH2O pseudosection shown
in Fig. 12. The construction of complementary
T–MO and T�MH2O pseudosections was, necessarily,
an iterative procedure.

Both the T–MO and T�MH2O pseudosections were
designed to investigate the conditions during the
post-peak evolution of the rock that produced the
cordierite- and spinel-bearing reaction microstruc-
tures. Therefore, the phase assemblage targeted by
these pseudosections (garnet + cordierite + silliman-
ite + spinel + plagioclase + ilmenite + silicate melt) is
intentionally not the same as the interpreted peak
metamorphic assemblage (garnet + sillimanite + il-
menite + plagioclase + silicate melt � spinel � corun-
dum). The targeted assemblage is modelled as being
stable, at 7.0 kbar, at an MO value between 0.02 and

0.55; however, at MO <0.21, cordierite is not pre-
dicted to be part of the assemblage (at 850 °C), and
at MO >0.33, magnetite and K-feldspar, which are
both absent from the real rock, are shown to com-
prise part of the modelled mineral assemblage (at
<890 °C). Therefore, an MO value of 0.30 (grey line
in Fig. 11; equivalent to an XFe3þ of 0.20) was chosen
as best approximating the O content of the melano-
some. This oxidation state is lower than that previ-
ously inferred from the whole-rock pseudosections
(where MO = 0.33 and XFe3þ = 0.50; Pownall et al.,
2014). The occurrence of rutile + ilmenite inclusions
in garnet, low Fe3+ contents calculated for spinel
(XFe3þ ~0.09), and the complete absence of magnetite,
support this lower modelled oxidation state.

T�MH2O pseudosection

As the melt-producing reactions that led to leuco-
some formation would have consumed hydrous
phases in the melanosome (e.g. White & Powell,
2002; White et al., 2007), it was not appropriate to
assume that H2O existed ‘in excess’. This required a
finite mol.% H2O to be specified in the effective
bulk composition considered by the phase equilibria
modelling. The H2O content of sample KP11-588
was not directly measurable using XRF, although
the loss-on-ignition (LOI) of the whole-rock sample
could have been used as a proxy for total lost vola-
tiles. Fusion of the sample yielded an LOI of 0.99
wt%, providing a maximum estimate of the H2O
content.
In order to investigate the effect of H2O on phase

equilibria, a T�MH2O pseudosection was calculated
for the melanosome of KP11-588 (Fig. 12) for which
an MH2O of 1 was arbitrarily defined as equivalent to
‘adding’ 1 wt% (~3.7 mol.%) H2O – similar to the
sample’s LOI – to the ‘dry’ melanosome composition.
The T�MH2O pseudosection was constructed over
the range 850–1000 °C and an MH2O range of 0–1
(0–1 wt% H2O added to the dry bulk composition;
see Table 2) at a fixed 7.0 kbar, chosen based on the
previous P–T pseudosections by Pownall et al.
(2014), and for a fixed MO value of 0.30 chosen
based on the T–MO pseudosection shown in Fig. 11.

Conditions SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 H2O O

T–MO

(Fig. 11)

MO = 0;

MH2O ¼ 0:75;

P = 7 kbar

43.185 24.233 1.758 8.073 16.233 0.858 0.815 1.912 2.932 0.000

MO = 1;

MH2O = 0.75;

P = 7 kbar

40.970 22.991 1.668 7.659 15.401 0.814 0.773 1.814 2.781 5.128

T�MH2O

(Fig. 12)

MH2O = 0;

MO = 0.30;

P = 7 kbar

43.758 24.555 1.781 8.180 16.449 0.869 0.826 1.938 0.000 1.645

MH2O = 1;

MO = 0.30;

P = 7 kbar

42.091 23.619 1.713 7.869 15.822 0.836 0.795 1.864 3.810 1.582

P–T
(Fig. 13)

MH2O = 0.75;

MO = 0.30

42.495 23.846 1.730 7.944 15.974 0.844 0.802 1.882 2.885 1.597

Table 2. Bulk compositions (mol.%) used in
the calculation of THERMOCALC pseudosections
shown in Figs 11–14.
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The targeted phase assemblage (garnet + cordierite
+ spinel + sillimanite + plagioclase + ilmenite + silicate
melt) is modelled as being stable, at 7.0 kbar, at MH2O

>0.33. However, at MH2O >0.74, K-feldspar, which is
absent in the rock, is not predicted to be part of the
assemblage at any temperature value. Therefore, an
MH2O value of 0.75 (grey line in Fig. 12; equivalent to
0.75 wt% or ~2.89 mol.% H2O), higher than that pre-
viously inferred for the whole-rock composition
(0.42 wt%; Pownall et al., 2014), was chosen as best
approximating the H2O content of the melanosome.
Note that the modelled upper temperature limit of
biotite stability (~880 °C) is relatively insensitive to
changes in MH2O.

P–T pseudosection

The P–T pseudosection shown in Fig. 13 was calcu-
lated for the melanosome composition to which extra
H2O (accounting for 2.89 mol.%) and extra O (ac-
counting for 1.60 mol.%) was added, as dictated by
the chosen MH2O and MO values. This effective bulk
composition is shown in Table 2.

The targeted mineral assemblage (garnet +
cordierite + sillimanite + spinel + plagioclase + ilme-
nite + silicate melt) occupies a large field between 880
and 1000 °C at 6.3 to 7.5 kbar. The modelling sug-
gests that the interpreted ‘peak’ assemblage (gar-
net + sillimanite + plagioclase + ilmenite + silicate melt
� spinel � corundum) includes also spinel and/or
corundum, which were discussed earlier in the paper as
being possible members of the peak assemblage due to
their inclusion within garnet. The garnet + silliman-
ite + spinel + plagioclase + ilmenite + silicate melt field
occurs above the cordierite-in line at >7.5 kbar (and
>890 °C). At higher pressure (>9.0 kbar at 910 °C),
corundum is modelled to be stable in preference to
spinel.
Below 880 °C, biotite and/or K-feldspar are mod-

elled as comprising part of the equilibrium assem-
blage, but neither of these phases feature in the
rock’s interpreted peak assemblage or in the inter-
preted high-T post-peak assemblages; 880 °C can
therefore be considered the lower temperature limit
for peak metamorphism indicated by this melano-
some-specific phase equilibria model. A 1r uncer-
tainty of �5 °C and �0.2 kbar is calculated by

0 0.2 0.4 0.6 0.8 1
850

900

950

1000

0.
30

Fig. 11. T–MO pseudosection for sample KP11-588, calculated
in NCKFMASHTO at 7.0 kbar and MH2O ¼ 0:75 (as inferred
from Fig. 12). The end-member bulk compositions used in the
calculation are shown in Table 2. An MO value of 1 is defined
as equivalent to an XFe3+ value of ⅔. An MO value of 0.30
(grey bar) corresponds to the targeted field (garnet +
cordierite + spinel + sillimanite + plagioclase + ilmenite
+ silicate melt), and was chosen for use in Figs 12 and 13. Key
to numbered fields (in addition to Sil + Pl + Ilm): 1 –
Grt + Crd + Spl + Qtz + Liq (– Sil); 2 – Crd + Spl + Qtz +
Liq (– Sil); 3 – Spr + Crd + Spl + Liq; 4 – Crd + Spl + Mag +
Qtz + Liq; 5 – Crd + Grt + Spl + Mag + Liq; 6 – Spr + Crd +
Spl + Mag + Ksp + Bt + Liq; 7 – Spr + Crd + Mag +
Ksp + Bt + Liq; 8 – Grt + Crd + Bt + Spl + Ksp + Liq;
9 – Grt + Crd + Bt + Spl + Ksp + Mag + Liq.
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Fig. 12. T�MH2O pseudosection for sample KP11-588,
calculated in NCKFMASHTO at 7.0 kbar and MO = 0.30 (as
inferred from Fig. 11). The end-member bulk compositions
used in the calculation are shown in Table 2. An MH2O value
of 1 is defined as equivalent to an H2O content of 1 wt%
(� 3.7 mol.%). An MH2O value of 0.75 (grey bar) corresponds
to the targeted field (garnet + cordierite + spinel + sillimanite +
plagioclase + ilmenite + silicate melt), and was chosen for use
in Figs 11 and 13. Key to numbered fields is as follows (all +
Sil + Pl + Ilm): 1 – Spr + Spl + Crd + Qtz + Liq; 2 – Crd +
Spl + Ksp + Qtz + Liq; 3 – Grt + Spl + Qtz + Liq; 4 – Grt
+ Spl + Liq; 5 – Grt + Crd + Spl + Bt + Ksp; 6 – Grt + Spl +
Bt + Ksp; 7 – Grt + Spl + Bt + Ksp + Mag + Liq; 8 – Grt +
Bt + Ksp + Mag + Liq; 9 – Grt + Bt + Ksp + Mag; 10 – Grt
+ Bt + Mag + Liq; 11 – Grt + Crd + Bt + Spl + Mag + Liq.
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THERMOCALC for the invariant point at which both
biotite and cordierite are 0 mol.% (although the
absolute uncertainty is likely much greater due to
other sources of error). The band of narrow fields
between 770 °C (at 5.0 kbar) and 1050 °C (at
8.2 kbar) mark the lower pressure limit of garnet sta-
bility and describe reactions whereby garnet breaks
down to cordierite + spinel-bearing assemblages,
echoing reaction (1).

Above 1000 °C, sapphirine + quartz is modelled to
be a product of these reactions in the place of cor-
dierite; however, as previously discussed, there is
insufficient evidence that sapphirine was ever pro-
duced in this manner, and it is therefore unlikely that
peak temperatures were ever this high. Under the
likelihood that sapphirine developed by localized
reactions within the small composite inclusions, the
rock is sufficiently domainal that pseudosections in
the style used here are unsuitable to thoroughly
investigate all phase equilibria that have occurred in
the rock, in which case it is difficult to quantify
under which P–T the sapphirine formed.

Garnet compositional isopleths

The garnet-bearing fields on the P–T pseudosection
in Fig. 13 have been contoured for modelled values
of x(g) [=Fe2+/(Fe2+ + Mg)]. Above the solidus, x(g)
increases with decreasing pressure, from 0.56 where
cordierite is modelled to have first become part of
the stable assemblage, to 0.76 where garnet exits sta-
bility at <6 kbar. The x(g) value of 0.67 measured for
the garnet core corresponds to a lower pressure than
expected, but nevertheless is just about permissive of
the garnet core equilibrating in the field of gar-
net + cordierite + spinel + sillimanite + plagio-
clase + ilmenite + silicate melt at ~900 °C and
~6.4 kbar, slightly above the K-feldspar-in line.
Increasing values of x(g) measured towards the gar-
net rims are consistent with decompression of the
rock during formation of the surrounding symplec-
tites.

Mode isopleths

To further investigate the formation of the reaction
textures, mode isopleths (showing modelled mol.%
mineral abundances) were calculated for garnet and
cordierite over the region of interest (Fig. 14). Garnet
shows a pronounced decline in modelled abundance
beneath the cordierite-in line at ~7.2 kbar (from 34–
20 mol.% to 18–10 mol.%) and then a sharp
decrease to zero mol.% beneath the quartz-in line to
lower pressure. Conversely, the modelled abundance
of cordierite increases steadily with decreasing pres-
sure from zero mol.% at ~7.2 kbar over the P–T
range where the garnet is shown to have reacted out,
as described by reaction (1). Modelled ilmenite abun-
dances are relatively insensitive to changes in P–T, at
6–7 mol.% throughout the investigated range.

DISCUSSION

P–T–t history

As discussed previously, the interpreted peak meta-
morphic assemblage (garnet + sillimanite + ilm-
enite + plagioclase + silicate melt) is modelled to be
stable only with the addition of spinel and/or corun-
dum (Fig. 13). This lends support to the possibility
that small inclusions of spinel and corundum within
garnet (Figs 4e–h & 5h) may have been stable under
peak (or early post-peak) conditions at low modal
abundance. The notably higher XMg values for spinel
associated with quartz within garnet, compared to
the symplectic spinel present in the coronae sur-
rounding garnet (Fig. S1), further implies that these
two generations of spinel unlikely formed at the same
time by the same process. It is therefore reasonable
to interpret the garnet + sillimanite + ilmenite +
spinel + plagioclase + silicate melt field as represent-
ing the ‘peak’ assemblage, with the possibility that

Fig. 13. P–T pseudosection for sample KP11-588, calculated in
NCKFMASHTO at MO = 0.30 (Fig. 11) and MH2O = 0.75
(Fig. 12). The effective bulk composition used in the
calculation is shown in Table 2. Dotted lines mark x(g)
isopleths [=Fe2+/(Fe2+ + Mg)] for selected fields. See Fig. 15
for an interpretation of the P–T path. Key to numbered fields
(all + Sil + Pl + Ilm): 1 – Grt + Crd + Crn + Bt + Liq; 2 –
Grt + Crd + Bt + Crn + Mag + Liq; 3 – Grt + Bt + Crn +
Mag + Liq; 4 – Grt + Bt + Spl + Mag + Liq; 5 – Grt + Bt +
Spl + Crn + Liq; 6 – Grt + Spl + Qtz + Liq; 7 – Spr + Spl +
Grt + Qtz + Liq; 8 – Spr + Spl + Grt + Crd + Qtz + Liq; 9 –
Spl + Grt + Crd + Qtz + Liq; 10 – Spr + Spl + Crd + Qtz +
Liq; 11 – Spl + Grt + Crd + Ksp + Qtz + Liq; 12 – Spl + Crd
+ Bt + Ksp + Liq; 13 – Grt + Crd + Spl + Bt + Ksp + Liq; 14
– Grt + Crd + Spl + Bt + Ksp; 15 – Grt + Crd + Spl + Mag +
Bt + Ksp; 16 – Grt + Crd + Spl + Mag + Bt + Ksp + Liq.
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the P–T path may have passed also through the
corundum-bearing fields at higher pressure.

From this peak field, the P–T path must have
passed into the cordierite-bearing fields to lower
pressure (specifically the garnet + cordierite + spinel +
sillimanite + plagioclase + ilmenite + silicate melt field)
in order to have caused the formation of cordierite-
bearing coronae and cordierite–spinel symplectite
(Figs 4b & 5b) replacing garnet and sillimanite (ap-
proximated by reaction 1). The vast majority of spinel
would have formed during this stage. It is unlikely that

the rock reached the temperature of the sapphirine-
bearing fields (>1000 °C), because, as previously dis-
cussed, the scare sapphirine blebs within the spinel-
corundum symplectites most likely formed by localized
quartz-absent reactions. The lower temperature limit is
delineated by the modelled occurrence of biotite below
~900 °C, as biotite is absent from the symplectites that
formed during the post-peak decompression stage.
This inferred near-isothermal decompression path

into and through the cordierite-bearing fields is clo-
sely tallied by the Ti-in-garnet thermobarometry
results of ~915 °C and ~8.2 kbar for the garnet cores,
moving to ~760 °C and ~3.5 kbar for the garnet rims
(Figs 9 & 15; method of Kawasaki & Motoyoshi,
2007). Furthermore, the P–T conditions calculated
for the garnet rim compositions is comfortably within
error of the THERMOCALC AvePT result of
754 � 116 °C and 4.0 � 1.0 kbar calculated for the
symplectites that are interpreted to be part of the
same equilibrium volume. The most likely P–T path
across this region is shown in Fig. 15, curving
through peak P–T conditions of ~925 °C and
~9 kbar, before descending to ~750 °C and ~4 kbar.
This peak P–T condition requires an average geother-
mal gradient of ~103 °C kbar�1 (~33 °C km�1).
The prograde path is less well constrained. As dis-

cussed previously, the rock must have evolved
through kyanite + biotite-bearing fields. Based on the
field relations that suggest granulite facies metamor-
phism and melting was driven by the juxtaposition of
hot lherzolites during extension (Pownall et al., 2013,
2014), the preference is to draw a near-isobaric heat-
ing path to describe the prograde history (Fig. 15).

Comparison with previous whole-rock thermobarometry by
Pownall et al. (2014)

In contrast to the whole-rock P–T pseudosection pre-
sented by Pownall et al. (2014), (i) quartz in this mela-
nosome-specific model is restricted to 5.8–7.1 kbar and
>860 °C, and so is not modelled as a major component
of the peak residual assemblage; (ii) spinel stability is
increased to significantly higher pressure (albeit at low
mol.% abundance), thereby supporting the interpreta-
tion outlined previously that some spinel must have
existed under peak metamorphic conditions (as now
preserved within garnet) prior to the formation of the
more voluminous corona-forming retrograde spinel
that formed by lower pressure garnet break-down reac-
tions; and (iii) magnetite is predicted to be absent
across the entire P–T range investigated.
Each of these newly modelled features are sup-

ported by the observed mineral assemblages and the
interpretation of their reaction textures, as described
previously. The calculation of minor magnetite across
the Pownall et al. (2014) whole-rock P–T pseudosec-
tion (for the most part <1 mol.%) is an inconsistency
that was likely due to an overestimation of XFe3þ

used in the modelling. The new melanosome-specific

(a)

(b)

Fig. 14. Mode isopleths (mol.% abundance) for (a) garnet and
(b) cordierite overlain on the P–T pseudosection presented in
Fig. 13 (refer to Fig. 13 for details).
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model presented here indicates a lower XFe3þ value,
and the resultant P–T pseudosection (Fig. 13)
includes only the observed oxides (ilmenite + spinel),
making it seemingly a more accurate representation
of the real rock. In addition, corundum and ilmenite
are modelled as being the stable oxides at pressures
above spinel + ilmenite stability (at >9 kbar for the
biotite-absent fields), which may account for the
occurrence of corundum inclusions within hercynite,
supposing the corundum was not entirely produced
by retrograde breakdown of sapphirine as described
by reaction (2).

The melanosome-specific pseudosections presented
here are arguably a better representation of the Kobi-
poto Complex granulite than the whole-rock pseudo-
sections previously presented by Pownall et al.
(2014); nonetheless, the indicated peak P–T condi-
tions of both models are broadly similar. Although
Pownall et al. (2014) concluded that their whole-rock
P–T pseudosection indicated peak P–T conditions of
950 °C at 8 kbar, this new modelling indicates a
slightly lower temperature, slightly higher pressure,
but arguably within-error result of 925 °C at 9 kbar.

Evaluation of spinel + quartz as evidence for UHT
metamorphism

There are two main possibilities for the formation of
the spinel + quartz inclusions within the garnet:
(i) they were included in garnet on the prograde path
just prior to peak metamorphism; or (ii) they devel-

oped within garnet by post-peak reactions. Although
the P–T pseudosection in Fig. 13 suggests that spinel
was stable under peak conditions, it should again be
reiterated that this method is not ideally suited to
modelling such small-volume inclusions. It therefore
remains a possibility that the spinel + quartz associa-
tion could have been produced locally by the reaction
of sillimanite (� ilmenite) inclusions with the sur-
rounding garnet (supported by the inclusions shown
in Fig. 4g,h). However, this possibility does not dis-
qualify the spinel + quartz association from being a
UHT assemblage; indeed, the initial stages of the
post-peak path, during which these cordierite-absent
assemblages likely developed, are modelled to have
progressed under UHT conditions (Fig. 15).
The spinel included within garnet may contain

~1.5 wt% ZnO (which may extend the down-temper-
ature stability of spinel + quartz), but this is not
unusually high for a granulite facies spinel; spinel
containing >10 (or even >20) wt% ZnO has been
reported for other spinel + quartz granulites inter-
preted to have recorded UHT conditions (e.g. San-
tosh et al., 2006; Kawasaki et al., 2011). As inferred
from the low calculated XFe3þ values for spinel
(Table 1) and from the T–MO pseudosection
(Fig. 11), the granulite was not especially oxidized.
Therefore, it would appear reasonable in this instance
that spinel + quartz was stable under UHT condi-
tions, irrespective of whether it comprised part of
the peak assemblage. The spinel forming the symplec-
tites surrounding garnet contains notably less ZnO

Fig. 15. Synthesis of P–T results calculated
for Kobipoto Complex granulite sample
KP11-588. Univariant lines from the P–T
pseudosection presented in Fig. 13 are
shown here in dark blue. The P–T path
calculated using the Kawasaki &
Motoyoshi (2007) Ti-in-garnet
thermobarometer (Fig. 9) is shown by the
green arrow. The THERMOCALC AvePT result
presented in Fig. 10 (for the quartz-absent
calculation) is shown in orange. The P–T
path calculated for the whole-rock
composition by Pownall et al. (2014) is also
shown (in purple) for comparison. The
proposed P–T–t path (red arrow), after
reaching peak P–T conditions of ~925 °C
and ~9 kbar, is interpreted to have rapidly
followed a near-isothermal decompression
(ITD) path passing into garnet-absent fields
at c. 16 Ma (206Pb/238U zircon age reported
by Pownall et al., 2014), as discussed in the
text, before reaching P–T conditions of
~750 °C and ~4 kbar under which the
retrograde reaction textures that formed
between garnet and sillimanite likely
equilibrated.
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(just 0.15 wt%), but exists in quartz-absent assem-
blages that most likely formed below 7 kbar and
900 °C.

Ascribing U–Pb and 40Ar/39Ar ages to the metamorphic
history of the Kobipoto Complex

There is no good reason why the mean 15.77 �
0.24 Ma 206Pb/238U age reported by Pownall et al.
(2014) for thin metamorphic-attributed zircon over-
growths would have exactly recorded the peak of
granulite facies metamorphism; it is far more likely
that the zircon in question would have crystallized
during a period of Zr availability on the cooling path
(Harley et al., 2007; Kelsey et al., 2008; Kelsey &
Powell, 2011; Kohn et al., 2015). As noted by Sajeev
et al. (2010) in a study of UHT zircon growth, the
formation of cordierite from garnet in the presence
of melt (i.e. reaction 1) would have likely resulted in
a net release of Zr and REEs (Degeling et al., 2001)
that facilitated zircon crystallization. As this process
would seem applicable also to the Kobipoto Complex
granulites, the 206Pb/238U zircon age probably dated
the near-isothermal decompression stage during
which suprasolidus garnet-consuming reactions
formed the ordered reaction textures (Fig. 15). The
presence of a melt phase is evidenced by the vermicu-
lar quartz blebs in the cordierite coronae (Fig. 4b,c).
The fact that the 16.34 � 0.04 Ma biotite 40Ar/39Ar
age reported by Pownall et al. (2014) for a nearby
Kobipoto Complex diatexite is within error of its
respective 206Pb/238U zircon age attests to the asser-
tion that cooling (and therefore, to an even greater
extent, decompression) during retrograde metamor-
phism might have been exceptionally rapid. There-
fore, although the c. 16 Ma zircon age most likely
post-dated peak UHT metamorphism, the rapid
decompression rate suggests that the time discrepancy
may have been very slight, and an Early–Middle
Miocene age for UHT metamorphism on Seram is
most probable.

Tectonic implications for Seram in the context of
Australia–SE Asia collision

As outlined previously, the Kobipoto Complex gran-
ulite facies migmatites and ultramafic rocks were
exhumed across western Seram by a series of low-
angle detachment faults at sufficiently high a temper-
ature to have caused the partial melting observed
within over-riding Taunusa Complex rocks compris-
ing the hangingwall. Prior to this stage, lithospheric
extension must have occurred to a great enough
extent to have forced the juxtaposition of the SCLM-
derived spinel lherzolites now exposed across Seram
and Ambon against crustal rocks located at 30–
35 km depth (equivalent to the calculated ~9 kbar).
The lherzolites cannot have cooled much below typi-
cal upper mantle temperatures of ~1300 °C to have

induced the observed widespread migmatization and
the accompanying UHT (~925 °C) metamorphism
demonstrated in this paper. A generalized tectonic
model for the generation of UHT conditions on
Seram is presented in Fig. 16.
Previous models proposing an ophiolitic origin for

the ultramafic rocks (Audley-Charles et al., 1979;
Linthout et al., 1989, 1996; Linthout & Helmers,
1994; Monnier et al., 2003) cannot account for such
extreme temperatures of metamorphism, nor can they
account for the production of such large volumes of
leucosome-rich diatexites and related granites from a
relatively thin metamorphic ‘sole’ (these authors’
interpretation for the thermally overprinted and
mylonitized Taunusa Complex). Furthermore, a dom-
inantly extensional history for Seram and Ambon is
incompatible with previous proposals for the Banda
Arc having evolved symmetrically (Audley-Charles
et al., 1979), as this would require the fold-and-
thrust-belt-style tectonic interpretations proposed for
arc-continent collision across Timor being applicable
also to Seram.
The discovery of extensional mantle exhumation

having induced UHT metamorphism on Seram at
16 Ma is consistent with previous proposals by Hall
& Wilson (2000) and Spakman & Hall (2010) for
eastward slab rollback of the Banda Arc having
partly absorbed the collision of Australia with SE
Asia since the Early Neogene. Spakman & Hall
(2010) and Hall (2011, 2012) proposed that Banda
slab rollback, modelled as having initiated at
c. 15 Ma adjacent to southern Sulawesi, caused the
Australian Sula Spur (of which Seram, Ambon and
Buru are a part) to have extend and fragmented as
the slab rolled back eastwards into the Banda
Embayment (Fig. 17). Slab rollback is certainly a
suitable mechanism to account for the extension
required across Seram, and the proposed initiation
time of this rollback episode coincides fairly well with
the 16 Ma age interpreted for UHT metamorphism.
If it can be assumed that Seram and Buru were
dragged eastwards by the rolling-back subduction
zone (Spakman & Hall, 2010; Hall, 2011), the two
islands may have originated further west than previ-
ously modelled, bordering the SE arm of Sulawesi
before 16 Ma.
It remains unclear if the slab tear identified

beneath Buru (Spakman & Hall, 2010) was directly
implicated in the extension and UHT metamorphism
on Seram; influx of fresh asthenospheric mantle may
(or may not) have been required to maintain high
upper mantle temperatures beneath the zone of
extension, and/or (/or not) supply CO2 to the extend-
ing crust (cf. Santosh & Omori, 2008).

Final comments

Few instances of UHT metamorphism have been
identified for the past 500 Ma; granulites from the
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Gruf Complex, Swiss/Italian Alps (c. 33 Ma, Liati &
Gebauer, 2003; or c. 272 Ma, Galli et al., 2011), the
Higo metamorphic belt, Japan (c. 250 Ma, Osanai
et al., 1998), the Kontum Massif, Vietnam (c.
254 Ma, Nam et al., 2001; Osanai et al., 2004), the
Chinese/Mongolian Altai Mountains (c. 277 Ma, Li
et al., 2014), the Qinling-Tongbai Orogen, eastern
China (c. 429 Ma, Xiang et al., 2014) and the Altyn
Tagh, Tibet (c. 495 Ma, Zhang et al., 2014) are
among the only examples. The Miocene (16 Ma)
UHT metamorphic event on Seram identified here
and by Pownall et al. (2014) therefore presents an
important opportunity to investigate how UHT con-
ditions have been achieved in a modern tectonic set-
ting, namely the rolling-back Banda Arc of eastern
Indonesia.

Looking to analogous tectonic settings, it should
be noted that the Banda Arc is in many ways similar
to the Betic–Rif Arc of the western Mediterranean in
that it has a similar curvature and radius, is also
interpreted to have evolved through slab rollback
(Lonergan & White, 1997), exposes ultramafic com-
plexes (Ronda and Beni-Bousera peridotites), and has
generated migmatite-hosting cordierite + garnet
dacites analogous to Ambon’s ambonites (Zeck,
1970; �Alvarez-Valero & Waters, 2010). Above the

Beni-Bousera peridotite, Morocco, garnet + silliman-
ite kinzigites have been shown to occupy a similar
structural position to that of the Kobipoto Complex
granulites with respect to the Seram ultramafic com-
plex (Afiri et al., 2011; Frets et al., 2014).
The fact that the rapidly exhumed mantle rocks

present across Seram were previously identified as
belonging to an obducted ophiolite questions whether
other ultramafic complexes currently interpreted as
ophiolitic may similarly represent hot exhumed
SCLM (cf. Hall, 1980). Might this rollback-driven
extension model be applicable also to older HT–
UHT metamorphic terranes that incorporate volumi-
nous ‘Alpine-type’ peridotites?

CONCLUSIONS

1 Granulite facies metamorphism and melting on
Seram was driven by the emplacement of hot lher-
zolites against the mid crust by low-angle detach-
ment faulting during an episode of major
lithospheric extension. Further exhumation of the
Kobipoto Mountains was driven by left-lateral
transpression.

2 Garnet–sillimanite granulites from the Kobipoto
Mountains of Seram recorded peak P–T conditions

(a)

(b)

(c)

(d)

Fig. 16. Schematic model for UHT
metamorphism and melting on Seram. (a)
UHT metamorphism at c. 16 Ma is
interpreted to have been driven by the
juxtaposition of hot lherzolites during
major rollback-driven crustal extension. (b)
Continued extension by a series of normal
faults, rotating later to lower angle
detachments, is attributed to further
exhumation of the Kobipoto Complex
migmatites and ultramafic rocks. (c) Present
day situation on Seram (adapted from
Pownall et al., 2013): this schematic block
model permits both hot SCLM and lower
crustal granulite facies migmatites to be
exhumed beneath the detachment faults as
the blocks rotate, and also accounts for
how Tehoru Formation rocks in the
hangingwall been overprinted by localized
heating and shearing by the Kaibobo
Complex granulites and lherzolites. (d)
Enlargement of (c), summarizing the field
relations observed in western Seram.
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of � 925 °C and � 9 kbar, followed by near-
isothermal decompression to retrograde conditions
of � 750 °C and � 4 kbar whereupon symplectic
reaction textures comprising cordierite + spinel �
ilmenite equilibrated with adjacent garnet and silli-
manite.

3 Spinel + quartz inclusions within garnet were
likely present under UHT conditions, although
they may not necessarily have been part of the
peak metamorphic assemblage. It is likely they
formed by localized reactions between silliman-
ite + ilmenite inclusions and the surrounding gar-
net during the granulites’ early post-peak
evolution.

4 U–Pb zircon ages of c. 16 Ma published previously
by Pownall et al. (2014) may be related to zircon
growth during rapid near-isothermal decompres-
sion from peak metamorphic conditions, as feasi-
bly enabled by garnet-consuming (Zr-liberating)
reactions.

It is therefore concluded that the Kobipoto Com-
plex granulites recorded a Miocene (c. 16 Ma) UHT
metamorphic event under a substantially elevated
(>100 °C kbar�1) geothermal gradient across what is
now the northern extent of the Banda Arc. The tim-
ing of UHT metamorphism and melting is coincident
with the initiation of eastward slab rollback into the
Banda Embayment of the northern Australian conti-
nental margin during the ongoing Australia–SE Asia
collision, as reconstructed by Hall (2011, 2012). This
episode of slab rollback is the favoured mechanism
to have driven the extensional core-complex-style
exhumation of the lower lithosphere and the ensuing
migmatization and HT–UHT metamorphism that is
evident across Seram and Ambon. These findings
demonstrate that HT–UHT metamorphism may be

achieved in a modern extensional tectonic regime
thereby offering a possible modern analogue for
ancient UHT rocks whose formation mechanisms
cannot be inferred directly from their current tectonic
settings.
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