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Abstract

Investigation of polymineralic melt inclusions preserved in garnet of eclogite-facies metapelites of the Usagaran belt, Tan-
zania, is of particular importance as these metapelites, intercalated in oceanic metabasites, document the rare case of partial
melting at high temperatures in a subducted oceanic crust. With an age of 2 Ga the rocks represent one of the oldest oceanic
crusts and confirm a subduction process already at Paleoproterozoic times. Partial melting probably was initiated by dehydra-
tion melting under the presence of a CO,-rich fluid phase. The melt is preserved in siliceous polymineralic inclusions, while
CO, locally reacted with the garnet host to form dolomite-quartz-kyanite inclusions. During this reaction, the REE spectrum
of garnet is adopted by the dolomite. Furthermore, graphite inclusions in garnet must have precipitated from the CO, fluid
by reduction. The highly ordered graphite structure indicates a formation temperature of at least 700 °C. Rehomogenization
experiments of the siliceous polymineralic inclusions yield a homogeneous melt of rhyolitic, peraluminous composition.
Thermodynamic modelling enables to deduce a P-T path in accordance with high P-T conditions (minimum 2.0 GPa,
900 °C) where a partial melt formed due to phengite breakdown leading to the preserved peak mineral assemblage garnet,
alkali feldspar, kyanite, quartz and rutile. A very fast uplift of the oceanic crustal rocks can be deduced from the occurrence
of very finely exsolved metastable ternary feldspar and from the preserved prograde zoning in garnet.

Keywords Melt inclusions - Paleoproterozoic subduction - Metapelites of oceanic crust - Thermodynamic modelling - HPT
metamorphism - Usagaran belt
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primary melt or a dense supercritical fluid (e.g. Stockert
et al. 2001; Ferrando et al. 2005; Korsakov and Hermann
2006; Lang and Gilotti 2007; Ferrero et al. 2015; Gao et al.
2017; Deng et al. 2018). Melting during subduction of the
continental crust may occur at peak conditions or during
the decompressional uplift path. Lang and Gilotti (2007)
conclude that melting occurred during a steep decom-
pression path, but with only a small volume percentage
of melt. For the Western Gneiss region Labrousse et al.
(2011) show that partial melting of the continental crust
occurred in the UHP as well as in the HP domains at their
respectively peak pressures. The existence of partial melts
at such high-grade conditions let Labrousse et al. (2011)
conclude that exhumation of the continental crust has been
initiated by partial melting. Even a small amount of partial
melt should induce a weakening of the rocks, accelerating
the uplift.

In contrast to continental subduction, subducted oceanic
rocks generally remain cooler even at UHP conditions, they
rarely show signs of partial melting and are rapidly exhumed
mainly through subduction channels (Gerya et al. 2002). Pol-
ymineralic inclusions described by Frezzotti et al. (2011) in
oceanic rocks subducted to UHP crystallized from a solute-
rich fluid instead of a melt. Only from few Paleoproterozoic
or Archean oceanic rocks, a high-temperature subduction
has been reported, however, without observing partial melt-
ing (Houketchang Bouyo et al. 2019; Ning et al. 2022).

As investigations on melt inclusions in oceanic crustal
rocks have not been reported to our knowledge, the discov-
ery of polymineralic, former melt inclusions in Proterozoic
eclogite-facies rocks is of special interest, because the melt
inclusions are a strong indication of high temperatures dur-
ing subduction. These rocks are some of the oldest subducted
oceanic crusts (2 Ga, Moller et al. 1995; Collins et al. 2004;
Tamblyn et al. 2021) and provide evidence for the operation
of plate tectonic processes during the Paleoproterozoic. The
polymineralic inclusions occur in garnet porphyroblasts in
metapelites interlayered between metabasites of mid-ocean
ridge affinity from Yalumba Hill, Usagaran belt, Tanzania.

In this paper, we apply various techniques to one sample
of restitic metapelite containing polymineralic inclusions in
garnet porphyroblasts. Remelting experiments on polymin-
eralic inclusions have been combined with thermodynamic
modelling using the melt composition to derive the P-T con-
ditions of melt entrapment and to constrain the subsequent
decompression path, considering both stable and metastable
mineral phases observed along this path. Raman spectros-
copy is used to determine the composition of fluid inclusions
and of secondary minerals inside fluid and polymineralic
inclusions, to determine the composition of the fluid pre-
sent during the subduction process. Trace element analyses
on carbonate-bearing inclusions are used to investigate the
origin of these inclusions.
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Geological background

The eclogite-facies metapelites of Yalumba Hill belong
to the Paleoproterozoic Usagaran belt in Tanzania bor-
dered by the Archean Tanzania craton (crust formation
at about 2.7 Ga, Moller et al. 1998) to the west and an
Archean continental crustal province (e.g. Moller et al.
1998; Maboko 2000) with a Pan-African (0.61-0.65 Ga)
amphibolite to granulite facies metamorphic overprint to
the east. The metapelites are intercalated with km-scale
eclogite-facies metabasites and marine marbles (Mein-
hold and Ott 1993; Moller et al. 1995; Collins et al. 2004;
Tamblyn et al. 2021; Brown et al. 2020). Geochemical
investigations indicate a MORB-type mantle source for
the mafic eclogite-facies rocks (Moller et al. 1995). This
implies that the whole lithology represents a subduction-
related ancient oceanic crust, where metapelitic and mafic
gneisses were coevally subducted to great depth at high
P-T conditions (Moller et al. 1995; Brown et al. 2020).
Boniface and Tsujimori (2019) assign a back-arc MORB
origin to greenschist-facies pillow basalts from the adja-
cent Konse Group, which they regard as coeval to the Usa-
garan eclogite mafic units. U-Pb geochronology on both
Usagaran metapelites (monazite) and metabasites (titanite)
gives an age of 2 Ga for the peak of metamorphism, con-
firmed by the 1991 +2 Ma U-Pb zircon age of a cross-
cutting pegmatite (Collins et al. 2004). This unit there-
fore represents one of the oldest known subduction-related
pieces of oceanic crust (Moller et al. 1995), together with
occurrences of Paleoproterozoic subduction-related eclog-
ites in Russia, Asia, North America and Africa (see recent
compilations by Boniface and Tsujimori (2021) and Tam-
blyn et al. (2021)).

Methods
Electron microprobe

Major elements were analysed using a JEOL Superprobe
JXA-8900R electron microprobe (EMP, University of
Kiel, Germany) at an accelerating voltage of 15 kV and a
beam current of 15 nA for silicate minerals, 15 kV and 15
nA for polymineralic inclusions in garnet and 15 kV and
10 nA for carbonates. For EMP analyses on silicates, a
focused beam (with beam size 1 um) was used except for
feldspars and carbonates where the beam diameter was
defocused to 5 um. The counting time of each element
during the mineral analysis was 15 s on the peak and 7 s on
the background. X-ray compositional maps were obtained,
using an accelerating voltage of 15 kV, a beam current of
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40 nA and a dwell time for garnet porphyroblasts of 80 ms
and for the polymineralic inclusions of 50-60 ms.

EMP analyses of glass generally bear the problem of Na
loss during the measurements. Therefore, we always used
a defocused beam diameter of 5 um and changed the beam
current and the counting rate. For Na analyses a beam cur-
rent of 3 nA as well as 1 nA was chosen and the counting
time on the peak was 50 s, and 25 s on the background, for
all other elements the counting time on the peak was 75 s,
and 35 s on the background, except for Mn where the count-
ing time on the peak was 75 s, and 25 s on the background.
Measurements with the same setup and configuration on an
obsidian reference material confirmed element concentra-
tions and totals.

Micro-Raman spectroscopic analyses

Micro-Raman spectroscopic analyses were done at the
Research and Industrial Relations Center (RIRC) of the Fac-
ulty of Science, Eotvos Lorand University, Budapest, using
a confocal HORIBA LabRAM HR800 high resolution spec-
trometer with a Nd:YAG laser (A=532 nm) excitation and
600 grooves/mm optical grating for mapping, 1800 grooves/
mm optical grating for spot measurements, and a 50 um con-
focal hole. An OLYMPUS 100 X objective (NA=0.9) was
used to focus the laser on the inclusions. Spot Raman maps
were recorded from carbonate-rich polymineralic inclusions.
Spot Raman spectra were collected with an acquisition time
of 30-60 s and 2—-8 accumulations for each spectrum. Spec-
tra were acquired in the spectral range between 100 and 4000
cm™!. The spectral resolution of measurements varied from
0.8 to 3.0 cm™! for spot measurements, and from 2.4 to 3.0
cm™! for maps.

To analyse additional components in aqueous fluid inclu-
sions (e.g. CaCl,, MgCl,), a Linkam THMS600 heating/
cooling stage was used to record Raman spectra at 22 °C,
—100 °C and — 190 °C. Raman data were processed using
the LabSpec5 software. The online database of the RRUFF
project (rruff.info; Lafuente et al. 2016) was used to iden-
tify the solid phases within the inclusions. The density (p)
of CO, inclusions was calculated according to the method
based on the distance (A) between the Fermi diad (two high-
est intensity Raman bands). The following 3rd order poly-
nomial equation, that relates the CO, density to the splitting
of the Fermi diad of CO, was used from Fall et al. (2011).

LA-ICP-MS analyses

The LA-ICP-MS analyses have been performed at RWTH
Aachen University (Institute of Applied Mineralogy and
Economic Geology) using a Coherent GeoLas HD 193 nm
laser ablation system coupled to an Agilent 7900 s quadru-
pole ICP-MS with a high-sensitivity s-lens configuration

using Pt skimmer and sampler cones. The machine was
tuned daily to ensure high sensitivities throughout the
entire mass range at low production rates of oxide and
doubly-charged interferences (ThO/Th < 0.3% and Ca>*/
Ca<0.2%), while maintaining stable ablation, transport,
and ionization conditions (U/Th=100=+2%). Ablations
were performed at energy densities of 6 J/cm? and 10 Hz
repetition rates. Spot sizes were adjusted to ensure com-
plete ablation of the inclusion contents while minimizing
contributions of the garnet matrix to the mixed signal.

The correction procedure for REE quantification in
the inclusions involves several aspects. First, the sig-
nal of the carbonaceous inclusion is normalized to 100
wt% oxide components (SiO, + TiO, + Al,05 + Fe,05+
FeO + MnO + MgO + CaO + Na,O + K,0 + P,05). The
FeO/(Fe,0; + FeO) ratio was assumed to be 1. In order to
account for volatile components within the inclusions, the
normalization results were scaled to the approximate vol-
ume percentage of non-volatile components of each inclu-
sion. These volume proportions had been determined sepa-
rately using image analysis of backscatter-electron images
of each targeted inclusion. Second, the mixed signals of
carbonaceous inclusion and host mineral were deconvo-
luted using two internal standards. The first internal stand-
ard is used to constrain the composition of the host mineral
matrix. These values were taken from EMP analysis of
garnet surrounding the inclusions. The second internal
standard value is required to derive the relative propor-
tions of carbonaceous inclusion and host mineral matrix in
the mixed signal. For this second internal standard, major
element compositional data of inclusion-hosted dolomite
(EMP analyses) was used. With all these parameters fixed,
the quantification was then carried out using the SILLS
data reduction software package (Guillong et al. 2008).
Standard reference material USGS GSE-1G was used as
external standard for quantification of all melt inclusion
compositions.

In order to verify the validity of the correction
approach, different combinations of internal standards
were tested. Three oxides (CaO, MgO or FeO) were tested
as both first and second internal standards, resulting in
nine different combinations. First, the reproduction of
EMP analyses major element compositional data of the
host mineral matrix (garnet) was tested for the different
oxides. It was found that the best results were attained
using CaO as first internal standard. Next, the reproduction
of major element data of inclusion-hosted dolomite was
tested using the different oxides as second internal stand-
ard. Again, CaO provided the best reproduction of major
element compositional data. Based on these findings, the
entire correction procedure for each carbonaceous inclu-
sion was performed by using CaO as first and second inter-
nal standard.
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Remelting experiments

For the rehomogenization of polymineralic inclusions,
cylindrical samples (4 mm diameter, 7 mm length) contain-
ing several garnet crystals (2—-3 mm in size) were drilled
from sample T70G (Moller et al. 1995; Herms 2002). The
rehomogenization experiments were performed with an
end-loaded piston cylinder at high pressure and tempera-
ture. Four experiments were conducted at a constant pres-
sure of 1.5 GPa and temperatures of 750, 850 and 900 °C
(at the Department of Geosciences, CAU Kiel, Germany).
The experiments were performed in a 1/2" setup, where the
drill cores were placed in a MgO cylinder, which in turn is
enclosed within a graphite heater, a Pyrex glass sleeve and a
pyrophyllite shell. The run duration of the experiments was
24 h at each temperature. Five additional experiments were
conducted at a constant pressure of 2.5 GPa and tempera-
tures of 950 °C (24 h), 1000 °C (6, 24, 48 h) and 1050 °C
(24 h). These runs were done in end-loaded piston cylinder
apparatus at the Institute of Mineralogy (University of Miin-
ster, Germany). Details of the experimental methods have
been reported elsewhere (Griitzner et al. 2017; Gervasoni
et al. 2017). For the runs 1/2 inch talc-pyrex assemblies were
used with inner parts of crushable alumina. At the end of
each experiment, samples were quenched by turning off the
power supply to below 200 °C within~5 s. The drill cores
were recovered, cut into thin slices and prepared for EMP
analyses.

Thermodynamic modelling

Equilibrium phase diagrams were calculated with the
Theriak—Domino software (De Capitani and Petrakakis
2010) with database tc55_Bt, which was recalculated by E.
Duesterhoft (personal communication, 2022) with the data-
base tc55 modified from Holland and Powell (1998). The
activity-composition relationships of melts are modelled
according to White et al. (2007). The solution models used
are: Ti-biotite (Taj¢manova et al. 2009), phengite (Coggon
and Holland 2002), garnet (White et al. 2007), plagioclase
(Newton et al. 1980), ternary feldspar (Baldwin et al. 2005;
Holland and Powell 2003), carbonate (Holland and Powell
2003).

Results

Petrography

The studied metapelite sample from Yalumba Hill (T70G,
Fig. 1a) contains garnet porphyroblasts (2-3 mm) and

smaller blasts of kyanite in a deformed matrix consisting
of quartz, alkali feldspar and biotite. Rutile, apatite, sulfide
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minerals, zircon, monazite, secondary dolomite and ilmenite
are accessories. Kyanite blasts are rounded, often embayed,
and deformed. Quartz occurs in bent ribbons with subgrain
texture (Fig. 1b) and is locally recrystallized. Aggregates of
fine-grained granoblastic orthoclase film perthite (Fig. 1b—d)
contain relics of large perthitic alkali feldspar grains. Red-
dish brown biotite occurring predominantly near garnet por-
phyroblasts has up to 4.4 wt% TiO, and X, =0.38-0.43.
Some inversely zoned plagioclase is only found in contact
with garnet. EMP analyses of garnet, feldspar and biotite are
given in Table S1. A modal analysis (4500 points counted)
shows that the metapelite sample contains 18% garnet, 14%
kyanite, 14% alkali feldspar, 21% biotite, 29% quartz, 2%
plagioclase and about 2% accessories. This modal composi-
tion rich in garnet, kyanite, biotite, alkali feldspar and quartz
points to a restitic metapelite.

Within one layer of the studied sample, aggregates of
very fine exsolved mesoperthite (lamellae width 1-2 um)
with braid perthite texture occur (Fig. le). Locally, the mes-
operthite recrystallized to an irregular intergrowth of alkali
feldspar and plagioclase. EMP analyses (defocused beam,
5 um, n=48) on the finely exsolved mesoperthite yielded
an integrated bulk composition of 27.9 + 1.2 mol% albite,
62.1 +2.3 mol% orthoclase, 10.0+ 1.1 mol% anorthite
(Table S1).

The metapelite from a nearby locality is cross-cut by a
leucocratic vein, which contains up to 2 cm-sized, deformed
grains of antiperthite (width of lamellae and rods about
0.1-0.2 mm), orthoclase perthite and quartz ribbons in a
fine-grained matrix of recrystallized feldspar and quartz.
Reintegration of a large antiperthite grain (EMP analyses,
n=457) yields a bulk composition of 60% albite, 24% anor-
thite, 16% orthoclase components. The vein is affected by
shearing oblique to the vein strike.

Characterization of garnet porphyroblasts and their
inclusions

The garnet porphyroblasts are subhedral, and many show
embayed, corroded margins, where the garnet breakdown
product biotite (Fig. 1c) is associated with kyanite laths
(length <50 um), plagioclase or mesoperthite (Fig. 1f). All
these minerals are also found in < 50 pm wide veins cross-
ing the porphyroblasts. Less corroded subhedral porphyro-
blasts show a typical chemical zonation with a grossular-
rich core and a pyrope-rich mantle (Fig. 2a, Table S1).
Towards the rim, where garnet is in contact with biotite,
the pyrope component decreases again. Inversely to gros-
sular, almandine contents increase from core to rim, espe-
cially at the outer rim in contact with biotite. Spessartine
contents are slightly elevated (1-3 mol%) in the core. A
similar but more pronounced zoning pattern is found in
garnet, partially enclosed in a kyanite porphyroblast: in



Contributions to Mineralogy and Petrology (2023) 178:84

Page50f20 84

Fig. 1 Photo of hand specimen a and microphotographs of thin sec-
tions b—e of the investigated metapelite sample T70G. a Garnet
(pink) rimmed by biotite (black) and coarse-grained bluish-grey
kyanite in the quartz-feldspar matrix; b Quartz ribbon with subgrain
texture and kyanite bent around garnet porphyroblasts in strongly
deformed quartz-feldspar matrix (crossed polars); ¢ Garnet porphy-
roblasts with fine-grained biotite at their grain boundaries in recrys-
tallized quartz-feldspar matrix; d Garnet porphyroblast dispersed
by small inclusions and partly enclosed by coarse-grained kyanite
in recrystallized quartz-feldspar matrix; e Enlarged part of the fine-
grained matrix showing biotite, alkali feldspar (mesoperthite) and

e

o T e T "M“"
\,\!ﬁm\‘“m uﬂ i"h

tiny kyanite (crossed polars); f BSE image of a garnet porphyroblast
corroded and replaced by mesoperthite (Mp), plagioclase, less biotite,
kyanite and quartz. The inset shows an enlarged mesoperthite grain
in contact with garnet. Mineral abbreviations according to Whitney
and Evans (2010): Ab albite, Afs alkali feldspar, Alm almandine, Als
aluminosilicate, An anorthite, Bt biotite, Cc calcite, Dol dolomite,
Grs grossular, Grt garnet, Ilm ilmenite, Kfs K-feldspar, Ky kyanite, L
liquid, Mgs magnesite, Mp mesoperthite, Omp omphacite, Or ortho-
clase, Ph phengite, Pl plagioclase, Prp pyrope, Qz quartz, Rt rutile,
Sil sillimanite, Sps spessartine
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Fig.2 Three compositional profiles (rim-core-rim) across garnet por-
phyroblasts displaying different types of zoning: a typical zoning pat-
tern of a garnet porphyroblast shown in a Mg mapping image (profile
A-B in Fig. 5a); b bell-shaped zoning profile with a spessartine-rich
core from garnet partly enclosed in quartz and in a kyanite porphyro-
blast; ¢ garnet showing only a retrograde zoning pattern with increas-
ing Xg, towards the rim

the garnet core spessartine and grossular contents increase
to 6 and 26 mol%, respectively (Fig. 2b). Other garnet
grains in contact with biotite miss a similar core but dis-
play increasing Xg, at the rim (Fig. 2c).

A great variety of inclusions are interspersed throughout
the garnet porphyroblasts (Fig. 3a). The identification and
characterization of the inclusions is based on EMP analyses
with backscatter electron images (BSE) and micro-Raman
spectroscopy. The predominant inclusions are quartz,
besides biotite, antiperthitic plagioclase, rutile, dolomite,
calcite, kyanite, graphite, apatite, zircon and monazite,
ranging in size from about 1 to 100 pm. Besides monomin-
eralic inclusions, also bimineralic, polymineralic and fluid
inclusions occur. Some of the inclusions show strikingly
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well-developed negative crystal shapes orientated parallel
to the garnet crystallographic structure (Fig. 3b).

Polymineralic inclusions

The studied polymineralic inclusions in the garnet porphy-
roblasts are up to 60 pm in diameter and located at some
distance from the late veins described above and their Mg-
depleted and Fe-enriched contact zones. Only some inclu-
sions display a thin halo about 5 pm wide, slightly depleted
in grossular component by about 2 mol% and/or enriched in
almandine component by about 2 mol%. Two main types of
polymineralic inclusions can be distinguished:

Type I—silicate-dominated inclusions consist of quartz,
plagioclase, biotite, kyanite, dolomite (<10 vol%), and
accessory zircon, monazite, apatite, rutile, titanite. Type
I inclusions have a mean size of 30 um and their shape
varies from euhedral to subhedral negative crystal shape
(Fig. 4a—d). Frequent offshoots (Fig. 4a, b), similar to struc-
tures of decrepitated fluid inclusions make them distinct
from the mono- and bimineralic inclusions. The silicate-
dominated inclusions occur in a broad pyrope-rich mantle
zone (Fig. 5a, b).

Type II—carbonate-rich inclusions consist of dolomite
(13-42 vol%), quartz (20-47 vol%), kyanite (12—48 vol%)
and rare allanite and Zn-bearing spinel (the volume fraction
has been determined from BSE images). Type II inclusions
are the most frequent type and have a mean size of 20 pm.
The shape of the Type II inclusions varies from negative
crystal shape to irregular shapes, however, offshoots have
not been observed (Fig. 6a—c). These inclusions are found
next to Type I inclusions (Fig. 5b) but some also occur in
the garnet core.

Silicate-dominated Type I inclusions show a unique
granoblastic texture of plagioclase and quartz with straight
grain boundaries and an equilibrium angle of about 120°
(Fig. 4a, b). The garnet-inclusion interfaces show reentrant
angles at junctions of interface boundaries of plagioclase,
quartz and biotite (Fig. 4a, b). The shape of biotite varies
from subhedral to anhedral. Generally, kyanite occurs as tiny
euhedral blades (Ky2 in Fig. 4c). Kyanite with subhedral and
largely embayed shape (Ky1 in Fig. 4c), similar to kyanite
in the matrix, is seldom and probably represents a trapped
mineral like euhedral and subhedral crystals of rutile, apatite
and zircon. In some of the Type I inclusions, plagioclase,
biotite and kyanite appear to be arranged in contact with the
garnet host, whereas quartz is located in the center of the
inclusion (Fig. 4d).

Plagioclase and biotite inside Type I inclusions have a
distinctly different composition compared to the rock matrix
(Table S3). Plagioclase shows high and variable anorthite
(An) contents (mostly 50-70, rarely 90 mol% An), in con-
trast to the lower An content in the rock matrix (30-40 mol%
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Fig.3 a Photomicrographs (transmitted light) of inclusions (mono-
mineralic, polymineralic and fluid inclusions) interspersed in a euhe-
dral garnet porphyroblast (120 um thick section). b Cluster of inclu-

Be " 0 \“\
a® ¢ a4
Tk N

L4
e o

sions showing well-developed negative crystal shapes with parallel
crystallographic orientation

Fig.4 BSE images of silicate-
rich polymineralic inclusions
(Type I) in garnet with typical
slightly varying mineral phases.
a, b Inclusions with offshoots
and in a with a granoblastic tex-
ture of plagioclase and quartz
with straight grain boundaries
and an equilibrium angle of
about 120°. The garnet-inclu-
sion interface shows reentrant
angles > 120° at junctions of

interface boundaries of plagio-

clase, quartz and biotite (white
arrows). ¢ Inclusion with two
kyanite generations, the older
one with subhedral, embayed
shapes, the younger one is
represented by tiny euhedral
kyanite blades. Dolomite con-
tent typically is below 10 vol%,
euhedral rutile is accessory. d
Inclusion with negative crystal
shape. Mineral abbreviations
according to Fig. 1

10 um

An). Biotite in Type I inclusions is much lower in X, (about
0.25) and lower in Ti (0.28 cations p.f.u.) compared to the
matrix biotite (Xg,=0.38-0.43, Ti=0.38-0.48 cations
p.f.u). Carbonate is predominantly dolomite, as in the rock
matrix.

In the carbonate-rich Type II inclusions, dolomite is
also the main carbonate mineral and only rarely magne-
site, calcite, siderite and ankerite have been found as addi-
tional phases. The shape of dolomite and quartz is anhe-
dral whereas kyanite often forms distinct euhedral blades
(Fig. 6), but may also show skeletal shapes (Figs. 6c, 11c).
The same mineral assemblage but with a different texture
inside Type II inclusions was identified by Micro-Raman

2D spectral mapping (Fig. 7). They show a negative crystal
shape and the enclosed minerals are tightly intergrown
(Fig. 7c, d). In one of these inclusions a CO, fluid (<5
vol%) with a density of 0.79 g/cm? was detected by Micro-
Raman spectrometry.

All crystals identified as aluminum silicate by EMP
analysis in both inclusion types have been confirmed as
kyanite by Raman analyses. Corroded crystals as well as
tiny euhedral blades within the polymineralic inclusions
are kyanite, irrespective where the inclusions are situated
inside the garnet porphyroblasts. Kyanite has also been
confirmed in the recrystallized rock matrix.
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Fig.5 EDS X-rays element
distribution maps for Mg of
zoned garnet porphyroblasts

a, b showing the location of
the silicate-rich polyminer-
alic inclusions (red circles)
and carbonate-rich inclusions
(yellow circles); b silicate and
carbonate-rich inclusions occur
together in the Mg-rich growth
zone. Grt garnet, Bt biotite

Fig. 6 BSE images of carbonate-rich polymineralic inclusions (Type II) in garnet. Inclusions with dolomite (> 10 vol%), quartz, kyanite show
negative crystal shape a, b but also irregular shapes occur c. Dol dolomite, Oz quartz, Ky kyanite

Carbon-dominated inclusions

Fluid inclusions occur side by side with polymineralic
inclusions. Most fluid inclusions appear in small groups,
have euhedral negative crystal shape and their size is < 10
um (Fig. 8a). Another type of fluid inclusions, irregular or
elongated in shape, appears in healed cracks or surround
silicate-rich inclusions in halos or marks radial cracks
(Fig. 8b). In some CO,—Nj inclusions, solid phases of car-
bonate (siderite or dolomite) and/or traces of pyrophyllite
at the inclusion rim have been found (Fig. 9). The composi-
tion as determined by Micro-Raman analyses, is similar for
both inclusion types and dominated by CO, with variable
proportions of N, (up to 7 mol%, Table S2). As accidentally
trapped minerals within CO, inclusions, zircon, quartz and
brookite were identified by Micro-Raman analyses. H,O was
not detected in the fluid phase.

CO, density (Table S2) was calculated according to
the method based on the distance (A) between the Fermi
diad (two highest intensity Raman bands, see Fall et al.
2011). However, for A-values greater than 105.5 (Table S2,
marked with asterisks) the densimeter of Fall et al. (2011)
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is not calibrated. Densities resulting from calibrated A-val-
ues < 105.5 only, vary in the range 1.04-0.64 g/cm® with-
out a clear correlation to one of the two inclusion types.
However, higher densities (e.g. 1.11-1.12 g/cm?) calculated
from not calibrated A values > 105.5 (Table S2) match with
previously determined fluid inclusion densities from the
same metapelite sample, determined by microthermom-
etry (Herms 2002). These densities of CO, fluid inclusions
analysed in garnet are calculated from the homogenization
temperatures using the data of Angus et al. (1976) and yield
similar high densities of about 1.11 g/cm?.

Graphite only occurs in garnet porphyroblasts, either as
single euhedral or rounded inclusions (Fig. 8c), but never
as lamellae, with a size between 3 and 10 um or as com-
posite inclusions of graphite + CO,, or graphite 4+ dolo-
mite + CO, + N, (Fig. 8d). The distribution of the graph-
ite inclusions is irregular, but in many places they cluster
around polymineralic carbonate-dominated inclusions. As
the Raman spectrum of carbonaceous material is sensitive
to its crystallinity, ordered and disordered structures can be
distinguished (e.g. Wopenka and Pasteris 1993). Most of
the analysed graphite inclusions show a perfectly ordered
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Fig.7 a, b Photomicrographs of carbonate-rich polymineralic inclu-
sions in garnet with negative crystal shape. ¢, d Their Raman 2D
spectral images show the intense intergrowth of the mineral phases
and the occurrence of CO, (p=0.79 g/cm?)

structure (Fig. S5a), graphite with slightly disordered struc-
ture is rare. In contrast, graphite enclosed in CO, inclu-
sions is disordered according to their Micro-Raman peaks
(Fig. S5b).

Rare earth element geochemistry of carbonate-rich
inclusions

The analyses of REE and Sr allow to distinguish the ori-
gin of the carbonate-rich inclusions as either carbonatitic
melts or as reaction product between garnet and CO, fluid.
In-situ LA-ICP-MS analyses were performed on dolomites
of carbonate-rich polymineralic inclusions with the highest
volume fraction of the dolomite phase. Due to the correction
method and for comparison with the dolomite spectra, the
garnet host in contact with the polymineralic inclusions has
also been analysed. The Sr content in dolomite is low, but
slightly higher than in the garnet host, where Sr is mostly
below the detection limit (Table S3). The REE content and
the chondrite-normalized REE spectra show a higher con-
centration of LREE in dolomite (Fig. 10a) compared to gar-
net (Fig. 10b), while the MREE and HREE contents are in a
similar range for dolomite and garnet. Very striking for dolo-
mite is the positive slope of the LREE towards the MREE,
a very similar trend compared to the garnet spectra. The

correction procedure of the analyses (see Chapter “Meth-
ods”) constrains that the REE concentrations are indeed
related to dolomite and are not mixed with the host garnet
composition.

Remelting experiments

High P-T remelting experiments are a means to obtain direct
information on the composition of the melt, trapped as pol-
ymineralic inclusions in the garnet porphyroblasts (Bartoli
et al. 2013). After experimental rehomogenization, the
inclusions are quenched to glass and can be subsequently
analysed by EMP. Successful remelting of the silicate-rich
polymineralic inclusions at high pressure and temperature
conditions (most of them with a size <20 um) also verifies
that these inclusions do not represent aggregates but origi-
nate from trapped melts that subsequently crystallized. As
water was not added to the sample capsules for the experi-
mental run, the melt formation in the inclusions is only a
result of melting of the inclusion minerals.

The P-T conditions of the experiments were based on the
peak metamorphic conditions (1.5-1.9 GPa, 750-800 °C)
reported by Moller et al. (1995), Brown et al. (2020), and
Tamblyn et al. (2021). These P-T conditions, mostly based
on classic geothermobarometry, are suspected to be too low
as discussed later (see “Discussion’). For the first set of
rehomogenization experiments in a piston cylinder appara-
tus, the minimum pressure of 1.5 GPa was selected while
temperatures of 750, 850 and 900 °C were used at equal run
times of 24 h. At the lowest temperature of 750 °C, more
than 80% of the silicate-rich inclusions show no signs of
melt formation. Few glass inclusions are interspersed with
needle-shaped aluminum silicate formed during quenching
of the melt. At 850 °C, inclusions could not be analysed,
as observable inclusions at the polished sample surface are
lacking. At 900 °C, silicate-rich inclusions show either par-
tial melting in the interspace between rounded crystals of
quartz, plagioclase, biotite or kyanite (Fig. 11a) or complete
melting, yielding a glass with newly formed aluminum sili-
cate needles (Fig. 11b). Quite common is the appearance of
a small bubble (5-10 vol%), which can be a shrinkage bub-
ble or the result of incomplete dissolution of the fluid into
the melt phase (Ferrero et al. 2018; Carvalho et al. 2019).
However, it was not possible to detect volatiles or solid
phases by Raman analyses in these bubbles. Some contacts
between inclusion and host garnet are sometimes saw-tooth
like (Fig. 11b), and a very thin but sharply bounded reaction
rim between garnet and melt developed. The composition
of this reaction rim, presumably formed by dissolution and
re-precipitation, exhibits lower grossular and higher pyrope
contents than the host garnet. The carbonate-rich inclusions
show no melting, but partially decompose with resulting
voids (Fig. 11c). However, reactions within the inclusions
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Fig.8 a CO,-N, fluid inclusions (a, b) with pyrophyllite (a:
N,=0.28 mol%, p>1.081" g/em®: b: N,=0.64 mol%, p>1.081" g/
cm?®), showing similar Raman spectra (Fig. 9) but without siderite;
c¢: dolomite with attached CO,-N, fluid inclusion (N,=3.4 mol%,
p=0.64 g/cm?). b Fluid inclusions radiating from a decrepitated
polymineralic silicate-rich inclusion. One analyzed inclusion with
CO,-N, (N,=0.76 mol%, p=0.84 g/cm?) contains siderite and

pyrophyllite (see spectrum Fig. 9). “The p-values with asterics are
higher than the maximum calibrated value 1.081 g/cm? for the 105.5
Fermi splitting with Fall et al. (2011). ¢ Euhedral graphite inclusions
in a cluster of carbonate-rich polymineralic inclusions. Graphite with
arrow shows a well-ordered Raman spectrum (Fig. S5a). d Compos-
ite cuboid inclusion of well-ordered graphite surrounded by dolomite
and CO,—N, fluid. Dol dolomite

Fig.9 Representative Raman CO2
spectra of the fluid inclusion 1386
(Fig. 8d) containing CO,-N,, i
siderite and pyrophyllite IS
g co
I o 2
= Siderite 1282
= 1086 )
s N2 Pyrophyllite
.%‘ 2328 3671
c
o ’\
- L«__.___. 'J'.-koo
1000 1200 1400 2300 2400 3600 3700

must also have taken place, because new minerals (pyrox-
enes and pyrope-rich garnet) formed in some cases.

The second set of rehomogenization experiments was
conducted at a much higher pressure of 2.5 GPa and at
higher temperatures of 950, 1000 and 1050 °C, to ensure
successful remelting. At 1000 °C, in a time series with 6,
24 and 48 h run duration no signs of incipient melting were
observed at 6 h, whereas at 48 h reaction of the garnet host
with the melt is evidenced by new mineral formation, e.g.
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orthopyroxene. All runs at 2.5 GPa and 24 h run time lack
bubbles inside the remelted glass inclusions (Fig. 11d). This
confirms that the inclusions at these conditions were com-
pletely rehomogenized (Ferrero et al. 2018; Carvalho et al.
2019). The bubble formation observed in experiments per-
formed at lower pressures is interpreted as incomplete dis-
solution of the fluid into the melt phase. At 950 °C, no com-
pletely remelted inclusions have been observed, while the
highest percentage of completely rehomogenized inclusions
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Fig.10 A Chondrite-normalized (Boynton 1984) REE pattern of
dolomite in the carbonate-rich inclusions and b of the host garnet sur-
rounding the carbonate-rich inclusions

(Fig. 11d, e) was obtained at 1000 and 1050 °C, and a run
time of 24 h. However, some homogenized glass inclusions
show a halo of pyrope-rich garnet (Fig. 11f) at these experi-
mental conditions. This indicates that some reaction of the
melt with the garnet host occurred. Based on EMP element
mapping, only inclusions that did not show melt inhomoge-
neities, halos or other reaction products (Fig. 11d, e), and
thus confirm no modification of the melt composition during
the experiments were selected to determine the bulk compo-
sition of the primary melt.

Bulk composition of the rehomogenized melt
inclusions

Sixteen microprobe analyses on glassy inclusions without
any obvious modification of the melt composition during
the experiments have been selected (Table S4). In order to
get information on the type of melt produced during anatexis
of the metapelitic rock at high temperatures and pressures,
the melt composition of the selected polymineralic inclu-
sions are plotted in different diagrams: In the TAS diagram
(total alkali versus silica) after Le Bas et al. (1986) the melt
composition (H,0- and CO,-free basis) plots in the rhyolite
field according to the IUGS classification for volcanic rocks
(Fig. S6a). The mean melt composition is about 9 wt% total

alkali and 72 wt% silica. In the Ab—An-Or diagram after
Barker (1979), the melt compositions fall in a relatively nar-
row range in the Or-rich part of the granite field at relatively
high An-contents (Fig. S6b, Table S4). The mean compo-
sition in terms of feldspar components in the melt in wt%
with standard deviation is: 29.3+5.3% Ab, 62.8 +4.8% Or,
7.9+2.3% An. The limited compositional range confirms
that the silicate-rich polymineralic inclusions are not min-
eral aggregates accidentally captured during garnet growth
but represent truly trapped melts. The mean melt composi-
tion in wt% (calculated without fluid components) is as fol-
lows: 71.65% Si0,, 0.35% TiO,, 16.03% Al,05, 1.70% FeO,
0.04% MnO, 0.31% Mg0O, 0.99% CaO, 2.22% Na,0, 6.69%
K,0O. The melt is especially rich in K,O with a high K,0/
(Na,O+ Na,0) ratio of 0.75. Figure S6¢ shows that there is
a linear relation between the alkalinity index (AI) and the
alumina saturation index (ASI) and that the melts plot in the
peraluminous field.

Thermodynamic modelling

For thermodynamic modelling of the equilibrium phase dia-
gram for the studied metapelite sample, the H,O and CO,
contents must be considered. Since the H,O content has
not been analysed, it was estimated by different methods:
(1) Assuming H,O saturated conditions, a H,O content of
0.94 wt% is estimated from the mean of 15 EMP analyses
of biotite (4.7 wt% H,O neglecting possible F and CI con-
tents) and from the modal content of biotite in the rock (20
vol%) obtained from point counting. (2) A H,O content of
less than 1.3 wt% is derived from several calculations of
the equilibrium phase assemblages assuming different H,O
contents in the rock: the observed subsolidus assemblage
Grt+Bt+Pl+ Afs + Ky + Qz is only stable at about 1 wt%
H,O. At higher contents, phengite should be present which
has not been found, not even in trace amounts. The pres-
ence of some CO, is indicated only by CO, fluid inclusions
observed in garnet, kyanite and quartz, and by traces of late
retrograde carbonate. Since the CO, content of the rock can-
not be estimated, it has been neglected in the calculation of
the phase diagrams (Figs. 12, 13).

The equilibrium phase diagrams show the subsolidus field
(green), a stability field for the recrystallized subsolidus
assemblage Grt+ Bt+ Pl + Afs + Ky + Qz (dark green), two
narrow yellow-shaded fields just above the solidus, with the
assemblage Grt+ Ph + Afs + Ky + Qz + Rt + Bt and the supr-
asolidus fields above the phengite-out line (light red). Above
1.0 GPa and 770 °C, melting starts by complete breakdown
of phengitic mica. Above 1.4 GPa and 800 °C, continuous
phengite breakdown takes place in a narrow temperature
field (yellow-shaded area in Fig. 12) that widens to about
20 °C with increasing pressure. During this breakdown reac-
tion, the melt volume increases to about 10 to 15%. After
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Fig. 11 Experimental products of rehomogenization experiments at
1.5 GPa, 900 °C, 24 h: a silicate-rich inclusion with interstitial partial
melt between rounded mineral phases; b silicate-rich inclusion with a
higher percentage of melt, with crystallization of secondary kyanite
and a bubble; ¢ carbonate-rich inclusion with no indication of melt-
ing, but with distinct porosity.—Experimental products of rehomog-

phengite breakdown, the melt volume further increases with
increasing temperature, especially where biotite decomposes
at pressures below 1.8 GPa. The primary mineral assemblage
observed in the restitic metapelite (Grt+Rt+ Afs + Ky + Qz)
obviously coexisted with melt at temperatures above 900 °C.

Discussion

Implications from polymineralic melt inclusions,
fluid and graphite inclusions

Evidence for a CO, fluid

CO, fluid inclusions are the most obvious indications for
the presence of a CO,-rich fluid phase. Those inclusions
appearing in small groups with an euhedral negative crystal
shape lying next to polymineralic inclusions (Fig. 8a) can
be regarded as primary formations. Fluid inclusions irregu-
lar or elongated in shape occurring in healed cracks or sur-
rounding silicate-rich inclusions in halos or marking radial
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enization experiments at 2.5 GPa, 24 h: d completely homogenized
silicate-rich inclusion remelted at 1050 °C. e The Mg distribution
map documents no reaction rim between glass inclusion and garnet
host at 1050 °C. f The Mg distribution map shows a reaction rim of
a newly precipitated pyrope-rich garnet around a homogenized glass
inclusion at 1050 °C. Mineral abbreviations see Fig. 1

cracks (Fig. 8b) can be interpreted as secondary formations.
Their formation can be correlated with the crystallization
of the melt inclusions (at about 0.9 GPa, 750 °C), thereby
liberating the CO,, which was dissolved in the melt before.
Some crystallizing melt inclusions decrepitated due to the
overpressure and, e.g. a CO, fluid inclusion halo or radial
cracks could form (Fig. 8b).

The densities of primary and secondary fluid inclu-
sions are relatively similar, and could be explained by
re-equilibration of the primary inclusions at similar P-T
conditions at which the secondary fluid inclusions formed.
The joint presence of polymineralic silicate-rich, for-
mer melt inclusions, carbonate-rich inclusions and CO,
fluid inclusions suggests, that partial melting must have
occurred in the presence of a CO, fluid phase (Carvalho
et al. 2023 and references therein). The melt inclusions
probably formed during phengite breakdown when melt
developed over a short temperature interval, while the CO,
fluid inclusions could have been enclosed in the garnet
already in the green stability fields (Fig. 12). However,
CO, fluid inclusions could also have become enclosed in
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Fig. 12 Equilibrium phase diagram calculated for the metapelite
T70G with an estimated content of 1 wt% H,O. The subsolidus stabil-
ity fields are shaded in light green, the suprasolidus fields are shaded
in pink. Isopleths for vol% garnet, biotite and melt are plotted. The
melt volume isopleths are most dense in the narrow fields (yellow
color) where phengite decomposes to form melt. At pressures below
1 GPa, the phengite-out boundary (Ph out) is very near to the kyanite-
sillimanite phase boundary. The dark green field marks the stability
field of the assemblage Grt+Pl+Bt+ Afs+Ky+Qz present in rock
matrix. Mineral abbreviations see Fig. 1

garnet at the beginning of the phengite breakdown reac-
tion, just before CO, was dissolved in the growing melt
volume. The additional occurrence of variable amounts
of N, in the CO, inclusions most probably has its source
from biogenic material in the metasediments. Nitrogen is
incorporated as NH,* mainly in mica and feldspar (Honma
and Itihara 1981; Harris et al. 2022) and will be released
during breakdown of these minerals. The variable N, con-
tent of the CO, fluid inclusions over pm scales is inter-
preted to be due to in situ N, liberation from mica and thus
excludes a pervasive homogeneous fluid flux. Although
no H,O has been found in the CO, fluid inclusions, the
presence of some water is indicated by traces of pyrophyl-
lite, as described as well, e.g. by Carvalho et al. (2019).

Si02 TiO2 AlzOs FeO MgO CaO Na20 KO H20
wt% 58.60 1.41 19.91 7.03 2.67 1.35 0.53 3.58 1.0
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Fig. 13 Equilibrium phase diagram calculated for the metapelite
T70G as in Fig. 12. Isopleths are plotted as indicated in the lower
right inset. The melt inclusions should be entrapped in the upper part
of the phengite decomposition field where the composition of the
feldspar components in the melt coincide with those calculated by
THERIAK. In the oval-shaped field M, the calculated composition of
the melt coincides with the reintegrated composition of mesoperthite
interpreted as metastable ternary feldspar formed from the last crys-
tallized melt after fast decompression. The course of the P-T path
(broken arrow) is discussed in the text. Mineral abbreviations see
Fig. 1

Pyrophyllite crystallized at the late retrograde stage at
about 400 °C.

The process of partial melting most likely was initi-
ated by liberation of H,O due to mica breakdown reactions
during heating, leading to dehydration melting (Vielzeuf
and Holloway 1988; Patifio Douce and Harris 1998) in
the presence of a CO, fluid phase. While a high amount
of the liberated H,O will be dissolved in the melt phase,
only a small amount of CO, can be dissolved. The solubil-
ity of CO, in silicate melts is lower than that of H,O but
increases with pressure (Tamic et al. 2001). According
to experiments by Duncan and Dasgupta (2014), 0.5-2.0
wt% CO, can be dissolved in rhyolitic melts at pressures
of 1.5-2.0 GPa. The presence of < 10 vol% dolomite in
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the siliceous polymineralic inclusions further suggests
that also CO, must have been dissolved in the former melt
inclusions.

Graphite inclusions and the source of CO,

As a source of CO,, in-situ formation by oxidation of bio-
genic graphite to CO, has been proposed by Cesare et al.
(2005), Barich et al. (2014), Tacchetto et al. (2018), Car-
valho et al. (2019) and Ferrero et al. (2021) for migma-
tites and granulites. During progressive metamorphism,
biogenic graphite develops a platy shape and is found in
the rock matrix, within garnet, in nanogranite inclusions
and in fluid inclusions as described by the latter authors.
However, the graphite from Yalumba Hill neither occurs
in the matrix of the metapelitic rocks, nor as a trapped
mineral within polymineralic inclusions in garnet porphy-
roblasts, which means that graphite was not enclosed in
garnet before the melt inclusions were trapped. Although
a complete oxidation of biogenic graphite to CO, at an
early stage cannot be excluded for Yalumba Hill, it is more
likely that CO, originated from nearby marbles or calcsili-
cate rocks by reaction of carbonate with quartz or silicates.
The liberated CO, has been trapped as well in the grow-
ing garnet, where graphite precipitated at the contact with
the almandine-rich garnet host by CO, reduction through
simultaneous oxidation of Fe?* to Fe®* of the garnet.
Such a process of carbon reduction by local iron oxida-
tion through reactions between the garnet host and a fluid
phase has been described by Frezzotti et al. (2011), who
detected halos of Fe**-enriched garnet around diamondif-
erous inclusions. Graphite precipitation from a fluid can
occur at variable conditions and mechanisms as discussed
in detail by Luque et al. (1998). However, in garnet por-
phyroblasts of Yalumba Hill single euhedral or rounded
graphite inclusions occur together with exceptional com-
posite cuboid inclusions of ordered graphite surrounded
by dolomite and CO,—N, fluid (Fig. 8d). Such composite
inclusions have not been observed for biogenic graphite
but have instead been described by Perraki et al. (2006)
from the Rhodope UHP metamorphic province and were
interpreted as precipitates from a CO, or C—O-H fluid.

An indication for a high-temperature formation of this
graphite can be obtained from the ordering of the graph-
ite structure, which is temperature dependent and can be
deduced from the Raman spectra (Fig. S5a). Comparing the
Raman spectra with the spectra published by Buseck and
Beyssac (2014), based on the empirical geothermometer
calibrated by Beyssac et al. (2002) up to 700 °C, a forma-
tion temperature of at least 700 °C can be deduced for the
perfectly ordered graphite inside the garnet porphyroblasts
in the Yalumba Hill eclogitic metapelite.
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Carbonate-rich polymineralic inclusions

Two formation scenarios are considered for the carbonate-
rich polymineralic inclusions: (1) crystallization of a car-
bonatitic melt or (2) reaction of the CO, fluid inclusion with
the garnet host.

(1) Carbonate-rich polymineralic inclusions in garnet
crystallized from a carbonatite-like melt have been described
by Ferrero et al. (2016) from migmatites of the Bohemian
Massif (Central Europe). Inclusions of anatectic carbonatites
of crustal origin occur together with nanogranitic inclusions.
Although highly variable, the REE are distinctly enriched
in the calcite-rich inclusions compared to the silicate-rich
inclusions and can reach values up to, e.g. 110 ug/g La (Fer-
rero et al. 2016).

We initially hypothesized that the carbonate-rich inclu-
sions in garnet from Yalumba Hill could be enclosed
carbonatitic melt. However, LREE concentrations (e.g.
La<0.7 pg/g) even lower than the MREE and HREE con-
tents (Fig. 10a, Table S3), indicate that this dolomite could
not have been crystallized from a carbonatitic melt, generally
containing La concentrations of about 100 to > 1000 ug/g
(Deans and Powell 1968; Bell and Simonetti 1996). Simi-
larly, the low Sr content (< 15.9 ug/g) compared to 1250 pg/g
Sr in the carbonatite inclusions investigated by Ferrero et al.
(2016) argues against a carbonatitic origin (general Sr con-
tent 1000 up to> 10,000 pg/g, Chakhmouradian et al. 2016).
Carbonate-rich inclusions of carbonatitic origin in general
show a significant enrichment of LREE and a negative slope
of the spectra towards MREE. In striking contrast, dolomite
in the carbonate-rich inclusions from Yalumba Hill shows a
positive slope towards MREE, which contradicts an origin
from carbonatitic melts.

(2) The mineral association Dol + Ky + Qz invariably
observed in the carbonate-rich inclusions could have formed
by reaction of CO, with the garnet host (Tacchetto et al.
2018; Carvalho et al. 2020), although other, relatively small
CO, fluid inclusions in garnet are well preserved and obvi-
ously did not react with the garnet, probably on kinetic rea-
sons. During that reaction, garnet is replaced by dolomite,
quartz and kyanite. While the latter two minerals cannot
incorporate REE, dolomite obviously inherited the typical
REE spectrum of garnet with its positive trend (Fig. 10a,
b). The fact that carbonates can inherit the HREE elements
during replacement of garnet by Mg calcite, has also been
reported by Korsakov and Hermann (2006). An equilibrium
phase diagram calculated with THERIAK-DOMINO for a
composition combining 1 mol CO, with 5 mol of host gar-
net shows the stability limit of garnet in contact with CO,
(Fig. 14). During cooling garnet breaks down in a narrow
stability field to the assemblage kyanite + quartz 4 carbonate
until CO, is completely consumed. A BSE image of a typical
carbonaceous inclusion displaying that assemblage without
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Fig. 14 Equilibrium phase diagram calculated by THERIAK-DOM-
INO for host garnet (Gt6: composition given in Table S1) near car-
bonaceous inclusions combined with CO, fluid (5§ mol Gt6+1 mol
CO,). The mineral assemblages formed by reaction of CO, fluid
with the garnet host after temperature decrease is displayed in a BSE
image. Mineral abbreviations see Fig. 1

any relict CO, is shown as inset in Fig. 14. According to
EMS analyses (Table S1) the carbonate is dolomite with
Xg.=0.2. Rarely, relics of CO, and traces of siderite have
been detected by Raman spectroscopy (Fig. 7).

The hypothesis of former carbonate or carbonatite-
like inclusions in garnet has also been tested by THE-
RIAK-DOMINO modelling. However, the combination
garnet 4+ carbonate always results in quartz-free or even
Si0,-undersaturated assemblages, which were not observed
in the sample. The quartz-bearing assemblage of the carbon-
ate-rich polymineralic inclusions is thus a further argument
for them originating from the reaction of garnet with a CO,
fluid and not with a carbonatitic melt.

Implications for melt formation and P-T path

The P-T conditions of the experimental rehomogenization
of the polymineralic inclusions (2.5 GPa, 1000-1050 °C)
provide an upper limit of the trapping conditions of the melt.
A lower pressure limit of about 2 GPa can be derived from
the discussion of the earlier works by Moller et al. (1995)
and Tamblyn et al. (2021). According to Moller et al. (1995),
eclogites and metapelites from Yalumba Hill underwent
pressures of 1.5-1.9 GPa and temperatures of 750-800 °C,
determined by classic geothermobarometry. However,
geothermometry based on Fe-Mg exchange might give

erroneous results, especially in high-grade metamorphic
rocks, because the Fe and Mg contents could be changed
after peak metamorphism by diffusion inside the mineral
grains and between different minerals. Therefore, the esti-
mated peak-metamorphic temperatures derived from Fe-Mg
exchange thermometry on garnet-biotite, garnet-hornblende
and garnet—clinopyroxene pairs in metapelites and meta-
basites from Yalumba Hill by Moller et al. (1995) could
have been significantly higher. Tamblyn et al. (2021) report
results from Zr-in-rutile thermometry for rutile inclusions
in garnet in retrogressed eclogites from about the same
locality. The rutile inclusions appear to reflect a prograde
history from about 600 to 800 °C. The peak-metamorphic
pressure of 1.8 GPa derived from GASP barometry was
interpreted by Moller et al. (1995) as a minimum pressure,
because the K-feldspar content in plagioclase has not been
considered. Similarly, the pressure derived from the reac-
tion albite =jadeite 4+ quartz (Holland 1980, 1990) should
be a minimum value, if the exsolved jadeite component in
clinopyroxene is not considered (P> 1.8 Gpa, Mdller et al.
1995). In addition, those two geobarometers would give
even higher pressures when calculated for higher tempera-
tures. A possible temperature of 900 °C would yield pres-
sures of at least 2 GPa. This is supported by a temperature
of 900 °C obtained by feldspar thermometry (Fuhrman and
Lindsley 1988) on cm-large antiperthite grains in a leuco-
some vein from a nearby locality (result of this study, see
“Petrography”). Furthermore, according to thermodynamic
modelling, the inferred peak assemblage garnet 4+ ompha-
cite +rutile + quartz in metabasites from the Usagaran belt
(Yalumba) is stable above 1.8 GPa (Figs. 10-12 in Tam-
blyn et al. 2021). In conclusion, the peak-metamorphic P-T
conditions of at least 2.0 GPa and 900 °C are considered as
realistic.

In order to derive more information on the P-T condi-
tions of entrapment of the melt inclusion, the composition
of the rehomogenized melt inclusions is compared with the
melt composition calculated by THERIAK for different pres-
sures and temperatures. Inside the narrow P-T fields (yel-
low in Figs. 12, 13), where the phengite dehydration melt-
ing reaction takes place, the calculated normative feldspar
components in the melt inclusions (CIPW norm, Table S4)
are closely consistent with those calculated by THERIAK
(2.1+£0.9 mol% An, 8.6+2.0 mol% Ab, 17.0+ 1.4 mol%
Or, with 20 standard deviation. In Fig. 13, the isopleths for
2% An and 16-18% Or plot inside that field and are about
parallel above 1.5 GPa. Therefore, the melt inclusions could
have been trapped anywhere between 1.5 and 2.5 GPa inside
the narrow dehydration melting field of phengite.

The melt inclusions probably would be entrapped when
relatively fast melting occurs, i.e. in the phengite dehydra-
tion field and only during garnet growth. This is only pos-
sible for a steep prograde P-T path within the dehydration
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melting field oblique to the reaction boundaries. In the P-T
range 1.5-2.0 GPa, the garnet volume increases from 17 to
22 vol%. In view of the steep P-T path, which may suggest
a fast subduction, disequilibrium growth of garnet might be
considered. Although it is generally accepted that the trans-
port of elements through the rock matrix towards the grow-
ing garnet porphyroblast is limiting its growth rate, element
transport at very high temperatures of metamorphism and in
the presence of melt can be significantly faster. On the other
hand, diffusion inside the garnet porphyroblasts, in spite of
high temperatures might be too slow to allow equilibration
with the rock matrix except at the garnet edge. In this case,
the garnet core is out of equilibrium. Therefore, for model-
ling the equilibrium phase relations, the garnet core should
be subtracted from the bulk rock composition. This leads to
a rather high percentage of newly grown garnet, depending
on the P-T conditions and on the percentage of garnet core
volume subtracted. If, for instance, 90 vol% of the garnet
porphyroblasts in the restitic metapelite from Yalumba Hill
with the composition calculated with THERIAK at 1.6 GPa
and 840 °C is subtracted from the bulk rock composition,
about 16-18 vol% of newly grown garnet should be formed.
More realistically, a continuous process considering diffu-
sion velocities inside and outside the garnet porphyroblasts
at the specific metamorphic conditions has to be taken into
account, but exploring this is outside the scope of this paper.
In any case, the growth of garnet up to high pressures and
temperatures, where melt inclusions could be entrapped,
should be possible.

A large amount of melt produced at temperatures higher
than 900 °C should have triggered the subsequent fast uplift.
A steep uplift and cooling path with exhuming and cooling
rates of 0.06-0.22 GPa/Ma and 20-25 °C/Ma, respectively,
based on the *°’Pb/***Pb monazite age interpreted as peak-
metamorphic growth age and a 2*’Pb/?%Pb titanite age inter-
preted as cooling age, has been reported by Moller et al.
(1995) and Collins et al. (2004). As shown in Fig. 13, such
a path will run nearly parallel to the isopleths for constant
mole volume of the melt, meaning that no overpressure will
develop inside the melt inclusions so that they will neither
decrepitate nor implode at this stage. Following this steep
path down to lower pressures, the stability field of Grt+ Bt
+Rt+ Afs+ Ky +Qz+L is attained and the biotite content
increases at the expense of garnet (shown by the isopleths
in Fig. 12), consistent with the observation of garnet corro-
sion features. The same reaction features were described by
Indares and Dunning (2001) in similar high P-T metapelites
from the Tshenukutish terrane, Grenville Province. At about
1.3 GPa, plagioclase observed at the rim of garnet porphyro-
blasts would have crystallized at the expense of the grossular
component of garnet and the albite component of the melt.
Both reactions did not achieve equilibrium conditions since
the volume contents of garnet, plagioclase and biotite do not
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correspond to volume contents calculated by THERIAK for
equilibrium conditions, although the reactions occur in the
presence of melt. The garnet breakdown reactions appear
to have been blocked by the simultaneous crystallization of
kyanite and quartz locally at the rim of garnet (Fig. 1b, d).
Moreover, ilmenite that should have formed at the expense
of rutile, has only been detected locally at the margin of
rutile, further supporting a fast uplift path.

A fast uplift path is consistent with the preservation of
prograde zoning in garnet (Fig. 2a, b). Although it is well
known that diffusion at higher temperature can elimi-
nate prograde zoning in garnet (e.g. Caddick et al. 2010;
Schwarzenbach et al. 2021; Devoir et al. 2021) the upper
temperature limit (about 800 °C) for a preservation of ele-
ment zoning is dependant on several factors like garnet size,
fluid activity, length of peak metamorphic conditions and
exhumation rate. There are, however, even high- and ultra-
high temperature rocks, e.g. the Saxonian Granulitgebirge
(O’Brien and Rotzler 2003), the Moldanubian Zone, Aus-
tria (Cooke et al. 2000) or the Gruf Complex (Galli et al.
2011), where a prograde garnet zoning has been preserved
despite metamorphic peak temperatures of > 900 °C. In this
study a short retention time at high temperature together
with rapid exhumation and cooling have to be assumed.
Galli et al. (2011) could document by intra-crystalline dif-
fusion modelling that the garnet zoning profile is preserved
when the UHT metamorphic event is brief enough (<20 Ma)
and post-UHT cooling is rapid. A fast uplift path is further-
more consistent with the observation of the finely exsolved
mesoperthite (Fig. le, f), which occurs interstitially in the
rock matrix beside perthite with much lower albite compo-
nent. The integrated composition of the mesoperthite with
28.4 mol% Ab, 10.3 mol% An, and 61.3 mol% Or (Table S1)
is in strong contrast to the equilibrium composition of the
alkali feldspar calculated with THERIAK. This calculated
composition is in the range 13-15 mol% Ab, 1-2 mol% An
and 83-85 mol% Or in the stability field of the assemblage
Grt+ P14 Bt+Ilm+ Afs+ Ky + Qz+ L. The mesoperthite is
interpreted as metastable ternary feldspar, later exsolved,
which crystallized in disequilibrium due to rapid decom-
pression and cooling with the composition of the feldspar
components in the melt. This hypothesis is corroborated by
the fact that in a restricted P-T field (M in Fig. 13), the
integrated composition of the mesoperthite coincides within
o standard deviation with the composition of the feldspar
components in the melt—30 mol% Ab, 9.5 mol% An and
60.5 mol% Or—calculated by THERIAK and normalized
to 100%. Metastable ternary feldspar with the composition
of the melt with respect to An, Ab, Or components has, to
our knowledge, never been reported before in metamor-
phic rocks. Considering a steep P-T path parallel to the
isolines for the mole volume of melt, the question arises
how to explain the offshoots of the polymineralic inclusions,



Contributions to Mineralogy and Petrology (2023) 178:84

Page170f20 84

which imply an internal overpressure. In fact, because of
the pressure dependence of CO, solubility in silicate melts
(Tamic et al. 2001), CO, will be exsolved at lower pres-
sures. This will produce an overpressure in the inclusions
that may result in the formation of offshoots and of second-
ary CO, fluid inclusions in the garnet host (Fig. 8b). These
fluid inclusions as well as the modified primary CO, fluid
inclusions have similar highest densities about 1.1 g/cm?,
compatible with pressures of around 0.9 GPa at temperatures
of about 800 °C (Herms 2002).

At about these conditions, the P-T path should become
shallower with both temperature and pressure decreasing.
Since neither sillimanite nor phengite has been detected in
the studied metapelite, the course of the P-T path is rather
clearly defined going at about 780 °C and 0.9 GPa into the
narrow subsolidus stability field of Grt+ Pl+ Bt+ Afs + Ky
+Qz(dark green in Fig. 13). During this stage, biotite and
alkali feldspar recrystallized in the rock matrix (Fig. 1b—d)
but no low-grade retrogression of the rock is observed,
probably because of water-deficiency. Furthermore, some
relatively large polymineralic inclusions appear to have
recrystallized and equilibrated with the garnet host, judged
from granoblastic textures between quartz and feldspar with
reentrant angles in garnet (Fig. 4a, b). In summary, the 2 Ga
old oceanic rocks from the Yalumba Hill, Usagaran belt,
probably experienced steep and fast subduction and subse-
quent uplift at high temperatures. Fast uplift stalled at about
1.0-0.8 GPa entering midcrustal levels (Brown et al. 2020).
A similar path, although at cooler conditions, is reported
for oceanic rocks from the Lago di Cignana, Western Alps
(Groppo et al. 2009).

Conclusions

Our investigation of polymineralic inclusions in garnet
porphyroblasts of a restitic metapelite from the Usagaran
belt provides evidence for partial melting of deeply sub-
ducted oceanic crustal rocks under high P-T conditions.
Due to the deficiency of H,O, there is little low-tempera-
ture overprint and the high-temperature assemblage gar-
net, kyanite, alkali feldspar, quartz and rutile is largely
preserved. Melt inclusions, later crystallized to polymin-
eralic inclusions, probably were trapped during phengite
dehydration melting at high pressure and temperature.
Remelting experiments on the polymineralic inclusions,
containing plagioclase, quartz, biotite and kyanite yield a
rhyolitic, peraluminous melt composition at 2.5 GPa and
1000-1050 °C. Beside silicate-rich polymineralic inclu-
sions, dolomite-quartz-kyanite inclusions were found,
which are interpreted as contemporaneously trapped
inclusions. Extremely low LREE contents of the dolomite
exclude a carbonatitic origin but favours an adoption of

MREE and HREE contents from host garnet. Thermody-
namic modelling supports a reaction of CO, with garnet
leading to the formation of dolomite, quartz and kyanite.
The CO, fluid most likely originated from decarbonation
processes of intercalated carbonate rocks. A CO, produc-
tion by oxidation of graphite is improbable because the
rock matrix and the trapped polycrystalline inclusions in
garnet are completely graphite-free. The CO, dominance
is in striking contrast to most eclogite-facies subducted
oceanic rocks, even those with metapelitic composition,
where H,O-rich fluid inclusions dominate (Table 1 in Frez-
zotti and Ferrando, 2015). At high pressures, the CO, fluid
could be completely dissolved in the partial melt together
with H,O liberated from phengite breakdown.

On the basis of the remelting experiments, thermody-
namic modelling and geothermobarometry from the litera-
ture (Moller et al. 1995; Brown et al. 2020; Tamblyn et al.
2021), minimum P-T conditions of 2.0 GPa and 900 °C for
the peak of metamorphism are derived. However, because
of the survival of Mn and Ca growth zoning of garnet, the
peak stage of metamorphism must have been very short. The
subsequent uplift should have been fast and probably along
a steep path suggested from results of radiometric dating
(Moller et al. 1995; Collins et al. 2004) and from the pres-
ence of metastable ternary alkali feldspar, crystallized with
the composition of the feldspar components in the melt at
about 1.1 GPa and 820 °C. Fast uplift through the mantle
stalled at about 0.9—1.0 GPa, probably when the subducted
material entered the lower crust. Below the solidus at 0.9
GPa and 770 °C, the metapelite crystallized with the assem-
blage garnet, biotite, plagioclase, alkali feldspar, kyanite and
quartz.

Our investigation on one of the oldest oceanic crustal
rocks supports the notion that plate tectonics and subduc-
tion processes were already active at 2 Ga. Exceptional for
subducted oceanic crustal rocks are the high temperatures,
which are in accordance with hotter conditions within the
upper mantle 2 billion years ago. The HT eclogite-facies
rocks from Yalumba Hill represent the rare case where
partial melting of oceanic crustal rocks took place.
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