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Abstract

The Paleoproterozoic Bakhuis Granulite Belt (BGB) in Surinam, South America, shows ultrahigh-temperature metamorphism
(UHTM) at temperatures of around 1000 °C which, unusually, produced peak-to-near-peak cordierite with sillimanite and,
in some cases, Al-rich orthopyroxene on a regional scale. Mg-rich cordierite (Mg/(Mg+ Fe)=0.88) in a sillimanite-bearing
metapelitic granulite has a maximum birefringence of second-order blue (ca. 0.020) indicative of a considerable amount of
CO, (> 2 wt%) within its structural channels. SIMS microanalysis confirms the presence of 2.57 +0.19 wt% CO,, the highest
CO, concentration found in natural cordierite. This high CO, content has enabled the stability of cordierite to extend into
UHT conditions at high pressures and very low to negligible H,O activity. Based on a modified calibration of the H,0-CO,
incorporation model of Harley et al. (J Metamorph Geol 20:71-86, 2002), this cordierite occupies a stability field that extends
from 8.8 £0.6 kbar at 750 °C to 11.3 +0.65 kbar at 1050 °C. Volatile-saturated cordierite with 2.57 wt% CO, and negligible
H,0 (0.04 wt%) indicates fluid-present carbonic conditions with a CO, activity near 1.0 at peak or near-peak pressures of
10.5-11.3 kbar under UHT temperatures of 950-1050 °C. The measured H,O content of the cordierite in the metapelite is
far too low to be consistent with partial melting at 1000-1050 °C, implying either that nearly all of any H,O originally in this
cordierite under UHT conditions was lost during post-peak cooling or that the cordierite was formed after migmatization.
The high level of CO, required to ensure fluid saturation of the c. 11 kbar UHT cordierite is proposed to have been derived
from an external, possibly mantle, source.
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Introduction

Communicated by Timothy L. Grove.

Ultrahigh-temperature metamorphism (UHTM), at tempera-
tures above 900 °C, has been described from more than 70
occurrences worldwide (Harley 2020). Characteristic UHTM
mineral associations include sapphirine + quartz and Al-rich
orthopyroxene + sillimanite (Harley 2020), which occur
mainly in metapelitic rocks. These associations replace
lower grade and/or lower pressure assemblages involving
cordierite. Where cordierite occurs in UHT metapelites, it
is generally interpreted to be the result of retrograde meta-
morphism as it typically occurs in coronas and symplectitic
intergrowths around UHT minerals (e.g., Harley 1998; Kel-
sey and Hand 2015).

The association cordierite + sillimanite + orthopyroxene
is common in migmatitic metapelites in the Bakhuis Granu-
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lite Belt (BGB) in Surinam, South America. Feldspar ther-
mometry on feldspar in leucosomes within such migmatitic
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gneisses shows that almost the entire BGB experienced par-
tial melting at ultrahigh-metamorphic temperatures ranging
between ~ 900 and 1050 °C (Nanne et al. 2020), implying
that the cordierite formed as a primary mineral during UHT
metamorphism. The BGB cordierite has an elevated bire-
fringence, indicative of a high CO, content (Armbruster
et al. 1982) that is critical for the occurrence of primary
UHTM cordierite (Nanne et al. 2020; Harley and Thompson
2004). Harley and Thompson (2004) described the behavior
of cordierite and its channel volatiles CO, and H,O during
experimental melting, with CO, markedly partitioning into
cordierite in the presence of a melt phase. The aim of this
study is to describe the high CO, primary cordierite of the
BGB, quantify the CO, contents in cordierite using different
methods, and describe the tectono-metamorphic conditions
that can explain its formation.

Geological setting of the Bakhuis Granulite
Belt (BGB)

The BGB is situated in the centre of the Guiana Shield (the
northern part of the Amazonian Craton) in the northeast-
ern part of South America (Fig. 1) (see Nanne et al. 2020,
and Beunk et al. 2021, for more details). The Guiana Shield

Fig. 1 Simplified geology of
the northern part of the Guiana ]
Shield (modified from Kroonen-
berg et al. 2016). B marks the
location of the Bakhuis Granu-
lite Belt
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consists mainly of Paleoproterozoic rocks, with two Archean
terrains. A tonalite—greenstone coastal belt some 1500 km in
length, and with an age of 2.26-2.08 Ga (Delor et al. 2003),
dominates the northeastern side of the Guiana Shield. The
BGB (Fig. 2), 30—40 km wide and > 100 km long, transects
the greenstone belt in its centre, dividing it into two parts.
The greenstone belt is considered to represent an island arc
system that developed during southward subduction of the
West African Craton beneath the Amazonian Craton (Delor
et al. 2003). Shortly prior to its collision with the Amazonian
Craton at 2.11-2.08 Ga (Delor et al. 2003), subduction of the
West African plate brought the c. 100 km long Bakhuis Belt
to considerable depths beneath the greenstone belt (Klaver
et al. 2015; De Roever et al. 2019; Beunk et al. 2021) where
it was subjected to ultrahigh-temperature metamorphism.
Delor et al. (2003) proposed asthenospheric upwelling along
the discontinuity in the centre of the greenstone belt—where
the BGB is located—as the heat source for the metamor-
phism. Klaver et al. (2015) modified this hypothesis to a
model of focused mantle upwelling along a major tear in the
subducted West African slab as the cause for UHT metamor-
phism prior to or during collision. Alternatively, Beunk et al.
(2021) proposed asthenospheric upwelling following slab
break-off as the heat source. Extensive mafic magmatism of
the same age as the UHT metamorphism has not been found
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Fig.2 Simplified geology of the Bakhuis Granulite Belt (modified
after Klaver et al. 2015). F Fallawatra River, UF Upper Fallawatra
area (yellow circle), L LJ2 and LK4 drill holes in K3 copper deposit
area, S location of 71Sur210, LA drill-hole LA156, g biotite granite
with rare orthopyroxene (instead of charnockite)

(Klaver et al. 2016). Decimetre-to-metre wide high-grade
metadolerite dykes occur in the NE, centre and SW of the
BGB. They were formed and subsequently deformed during
UHTM (de Roever et al. 2019, 2022). They have an MgO-
rich composition, with up to 15% MgO, and in part elevated
Ni and Cr. They form clear evidence for mafic magmatism
co-eval with UHTM, but they are too small to represent the
UHTM heat source.

The UHT metamorphism of the BGB was initially dated
at 2.072-2.055 Ga by Pb evaporation dating of single zircon
grains (De Roever et al. 2003). Additional SHRIMP dat-
ing of zircon and monazite showed that the UHT metamor-
phism lasted from around 2.09-2.03 Ga. The thermal peak
occurred at or shortly before 2.09 Ga, as indicated by zircon
crystallisation without associated monazite at 2.088 Ga, and
later crystallisation of both zircon and monazite (De Roever
etal. 2019, 2022). The 2.09 Ga age overlaps with the times-
pan of collision of the two Cratons (2.11-2.08 Ga).

Bakhuis Granulite Belt metamorphic features

The BGB consists mainly of mafic and intermediate granu-
lites (De Roever et al. 2003), which are characterised by
regular and ubiquitous compositional banding at centimetre-
to-metre scales, indicative of a predominantly supracrustal
protolith, as supported by intercalations of metapelitic gran-
ulite, Ca-silicate granulite and quartzite. Mafic granulites are
considered to be of volcanic origin, whereas intermediate
granulites chemically resemble greywackes and interme-
diate volcanics (Vos 2016). The metapelitic granulites are

migmatitic, with mm- to cm-wide leucosomes commonly
accompanied by thicker, cm- to dm-wide leucosome layers
and veins. All rock types preserve granulite—facies mineral
associations. The mafic granulites consist mainly of orthopy-
roxene, clinopyroxene, hornblende and plagioclase. Melano-
cratic intermediate granulites consist of the same association
together with quartz and antiperthitic plagioclase. Metape-
lites in most areas in the BGB consist of cordierite + silli-
manite + mesoperthite or antiperthite + quartz, locally with
coarse orthopyroxene. Garnet presents in some metapelites
as fine-grained euhedral crystals or larger poikiloblasts
formed at the expense of orthopyroxene and hence is not
reflective of peak P-T conditions. Magnetite and titanohe-
matite (with 10-15% TiO, besides Fe oxide) are common
accessories, indicative of a considerably high oxidation state
during UHTM (Nanne et al. 2020).

UHT metamorphism of the BGB is constrained by a lim-
ited number of mineral associations and mineral composi-
tional indicators. A relatively small (50 km?) metapelite area
in the northeast of the BGB (Fig. 2), the Upper Fallawatra
(UF) area, preserves the association Al-rich orthopyroxene
(8-10.5 wt% Al,0;) + sillimanite + quartz, and locally sap-
phirine + quartz (de Roever et al. 2003), both characteris-
tic of UHT metamorphism (Harley 1998). However, the
cordierite-bearing metapelites elsewhere in the BGB lack
these characteristic associations and might not have formed
at ultrahigh temperature. Therefore, ternary feldspar ther-
mometry of mesoperthite and antiperthite was carried out
on samples throughout the BGB. Feldspar thermometry
was chosen, because it has been used in many UHTM stud-
ies (Nanne et al. 2020) and because pseudosections cannot
be adequately calculated for CO,-bearing cordierite. The
study indicated peak temperatures of 900-1050 °C (Nanne
et al. 2020), with T > 1020 °C in the southwest, and in the
Upper Fallawatra area in the northeast (Fig. 3). Based on
the feldspar thermometry results, Nanne et al. (2020) con-
cluded that most of the Bakhuis Granulite Belt experienced
UHT metamorphism and hence that the cordierite + silli-
manite + mesoperthite/antiperthite + quartz association was
formed at UHT conditions. This is consistent with the high
Al,O; contents (up to 9 wt%) of rare orthopyroxene associ-
ated with cordierite.

Pressure conditions during UHTM in the BGB are dif-
ficult to determine, in particular due to the rarity of garnet
coexisting with high-Al orthopyroxene. This scarcity is the
result of the considerably high oxidation state of the metape-
lites during UHTM, as demonstrated in Appendix 1. Phase
diagrams (pseudosections) calculated in NCKFMASHTO
at Fe3*/FeT of > 0.57, values consistent with wet chemical
analyses and the stability of magnetite and titanohematite,
indicate that garnet is absent from these oxidised metape-
lites during UHTM at pressures less than 8.8—10.8 kbar, for
temperatures of 10001050 °C. In the cordierite-free Upper
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Fig.3 Schematic map of the Bakhuis Granulite Belt with feldspar
thermometry temperatures (in °C; modified from Nanne et al. 2020).
For samples from the same location the highest temperature is dis-
played. The yellow circle in the northeast marks the Upper Fallawatra
occurrence with its estimated feldspar temperature. The dashed and
dotted lines mark interpreted isotherms. The site of the studied sam-
ple 71Sur210 is located at the > 1000 °C isotherm

Fallawatra area, only one metapelite sample was found with
garnet and orthopyroxene potentially coexisting at or near-
peak P-T conditions, and in that example, garnet is present
apparently included in a large orthopyroxene grain that is
rimmed by coronal garnet. Using the temperature provided
by feldspar thermometry, a pressure of 9 kbar was calcu-
lated using the calibration of Harley and Green (1982) for
this occurrence (Nanne et al. 2020). In light of the phase
diagram calculations performed on the UF metapelites
(Appendix 1), this garnet is considered to represent post-
peak garnet formed on cooling as part of the coronal rim,
consistent with the lack of Ti-oxide exsolution in both the
inclusion and coronal garnet (see Appendix 2). In view of
the lack of demonstrably co-eval garnet, Nanne et al. (2020)
estimated pressure on the basis of Mg—Al covariation in
orthopyroxene coexisting with sillimanite 4+ quartz (thereby
containing the maximum level of Al,O5 possible at the P-T
of formation), following the semi-quantitative methodology
of Tateishi et al. (2004; based on Hensen and Harley (1990).
Pressures of 9.5-10 kbar at temperatures of 940-1020 °C
were estimated for the 10 wt% Al,O; orthopyroxene pre-
served in the UF metapelitic granulites (Nanne et al. 2020;
Fig. 4). Calculated phase diagrams for UF metapelites
(Appendix 1) indicate temperatures of > 1000 °C for the
presence of orthopyroxene with such Al,O; content, which
corresponds to 20-22 mol% Tschermaks component. The
calculated phase diagrams also are in agreement with the
high feldspar temperatures found for metapelites of the
UF area (1022-1025 °C; Fig. 3). Ternary feldspar with
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Fig.4 Diagram from Tateishi et al. (2004), with isobars and iso-
therms after Hensen and Harley (1990), showing orthopyroxene
composition in relation to pressure and temperature, for Opx core
compositions with high Al,O; (~10 wt%; triangles) from the Upper
Fallawatra area, corrected for Fe*'. Al,=Al(VI); X =Mg/
(Mg +Fe?*). After Nanne et al. (2020)

the composition Or;,Abg,An,g is calculated to be present
at 8.5-9.5 kbar and T > 1035 °C with Opx + Sill + Qz + Ti-
Hem + Mt in UF sample SB24a (Appendix 1) (mineral
abbreviations follow Whitney and Evans 2010).

Recently, garnet in some garnet- and garnet—silliman-
ite—granulites in the northeast of the BGB, near the UF
area, was found to contain oriented TiO, needles (see
Appendix 2), which most likely represent exsolution from
precursor UHT garnet (see Ague 2012; Gou et al. 2014;
Keller and Ague 2019). For a garnet-bearing metapelitic
granulite occurring NE of the UF area (Fig. 3), a feldspar
temperature of 1003 °C was determined on mesoperthite
(Nanne et al. 2020). Using the Ca-in-garnet barometer of
Wu (2019) and the temperature mentioned, pressures of
10.7-11.7 kbar were calculated for the garnet, with an
average value of 11.1 + 0.5 kbar.

In summary, whilst peak temperatures for UHT meta-
morphism of the BGB in excess of 1000 °C are reasonably
well established from feldspar thermometry and Al,O,
in orthopyroxene constraints, the pressures at peak-T
(1020-1050 °C) across the BGB are loosely constrained
to be of the order of 9—11 kbar on the basis of pressure
estimates for the UF area in the northeast of the BGB
and the nearby UHT garnet granulite noted above, and the
restriction of garnet to high pressures in the oxidised bulk
rock compositions (Appendix 1).

The UHT metamorphism of the BGB granulites is
overprinted by retrograde metamorphism and consider-
able deformation. Mylonitisation during the Nickerie Tec-
tonometamorphic Event at 1.2 Ga (see Beunk et al. 2021)
was accompanied by low-grade metamorphism.
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In the BGB, fluid inclusions (FI) are fairly common in
quartz (and feldspar) in leucosomes in metapelite and in
intermediate granulites. Most fluid inclusions have a marked
relief under the microscope, indicative of dominant CO,.
The FI of 11 granulite samples were used for a C'3/C!2
analysis (Donker 2021). One of the samples was used as a
reference sample in the C- and O-isotope study of Luciani
et al. (2022). They determined a 813C value of — 4.5+0.8 for
CO, in fluid inclusions in quartz in granulite from Blanche
Marie Falls, in the core of the BGB (Fig. 2). They found only
CO,, without any water (and without N,), by Raman spec-
troscopy. Another study also showed FI with CO, without
visible water, in quartz in the leucosome of an intermediate
granulite from the centre of the BGB (location LA in Fig. 2),
accompanied by some brine fluid inclusions (for details and
images, see Touret et al. 2016). Fluid inclusions in cordierite
were rarely found. Cordierite in a quartzite from the K3 area
in the southwest of the BGB showed fluid inclusions with
the marked relief indicative of dominant CO,.

Cordierite-bearing metapelites and quartzites

Metapelitic gneisses outside the Upper Fallawatra area
typically contain coarse cordierite and sillimanite,
locally accompanied by coarse aluminous orthopyrox-
ene (Fig. 5). The relatively coarse grain-size of the Crd,
Sil and Opx, mainly in the mm-range, but in cases up to
1-2 cm, indicates that they form part of the peak metamor-
phic assemblage. The metapelites show widespread and

Fig.5 a Blue birefringent
cordierite in leucosome quartz,
sample LK4-47 m, crossed
polarized light (XPL). b Blue
and red birefringent cordierite
grains in quartzite, RG1457,
XPL. ¢ Coarse intergrowth of
Crd with Opx, drill-core LJ2-
25.5 m. Plane polarized light
(PPL). d Same image, XPL

considerable recrystallization due to retrograde metamor-
phism and younger deformation phases, including locally
strong mylonitization. Most cordierite recrystallized par-
tially, e.g., along its rims, into fine-grained sillimanite,
orthopyroxene, biotite and kyanite or andalusite. More
advanced recrystallization produced fine-grained aggregates
of these minerals, with or without Crd relics.

In a few samples from the southwestern part of the BGB,
cordierite occurs in the form of symplectitic intergrowths
with sapphirine around or next to coarse sillimanite (De
Roever et al. 2003). These intergrowths might have formed
from a former peak metamorphic mineral, possibly orthopy-
roxene. A few orthopyroxene grains were found in two sam-
ples with intergrowths, but not near or adjacent to them.
The intergrowths might also have formed at the expense of
sillimanite (compare Harley 2020).

In the K3 area in the southwest of the BGB, two samples
of cordierite quartzite have been found (Fig. 5). Both sam-
ples contain approx. 20 vol% cordierite and rare garnet and
orthopyroxene. One sample contains ~ 1-2 vol% plagioclase,
and the other one around 10%.

Analytical methods

Electron probe microanalysis

The cordierite composition was obtained with wave-
length-dispersive spectrometry on the JEOL-JXA-8800 M

@ Springer



26 Page 6 of 20

Contributions to Mineralogy and Petrology (2023) 178:26

microprobe at Vrije Universiteit Amsterdam, using a 15 kV
accelerating voltage and a 25 nA beam current. Counting
times were typically 25 s on peaks and 12.5 s on background
for major elements. For minor elements, it was set to 36 s
on peaks and 18 s on background. Natural mineral standards
and a ZAF matrix correction routine were used (Armstrong
1988). A cation-based mineral formula was used, assuming
all iron to be ferrous.

SIMS analysis

The analytical procedures and conditions for SIMS analy-
sis of natural cordierite have been outlined in Harley et al.
(2002). Cordierite in a polished, gold-coated thin section
was analysed in situ with a Cameca IMS-4f ion probe
(School of Geosciences, University of Edinburgh) using
negative secondary ions (‘H, '2C and 2%Si) measured at an
energy offset of 60 V. The primary ion beam is O-, sourced
from a duoplasmatron and accelerated through 10 kV at
a beam current of 7 or 8 nA. The secondary ion beam is
4.5 kV. Each analysis involves a 3-min burn-in time fol-
lowed by 30 cycles of 5 s counts for each isotope, produc-
ing a roughly 30 pm diameter and 3 um deep sputtered pit.
The mean of the isotope ratios of the last 10 cycles is taken
as the final result, thereby avoiding surface contamination.
Typically, 6-12 spot analyses of cordierite are obtained
for a sample. Analyses were obtained as isotopic ratios of
'H/?8Si and '2C/*3Si and then converted to wt% H,O or CO,
by comparison with the calibration lines from standards
analysed in the same session. Two natural cordierite grains
with H,O and CO, contents measured by independent meth-
ods (H-manometry, coulometric titration, stepped-heating
mass spectrometry) were used as primary standards (AMNH
and 8/90). Standard AMNH is Mg rich (XMg=0.87, where
XMg denotes the molar Mg/(Mg + Fe) ratio), and has H,O
and CO, contents of 1.56 +0.08 wt%, and 0.70 +0.05 wt%,
respectively. Standard 8/90 (referred to as 81/90 in Harley
et al. 2002) has an intermediate Mg content (Xy, =0.66) and
H,0 and CO, contents of 0.80+0.06 wt%, and 1.30+0.06
wt% respectively. Two further natural cordierites with low
(0.47 wt%, 49528) and high (1.9 wt%, 15/90) CO, contents,
respectively, analysed along with the two primary standards
in several earlier and separate sessions, were used to con-
strain the curvature of the polynomial fit required to convert
C/Si to wt% CO,, described in detail in Appendix 3. The
high CO, sample 15/90 was provided to the Edinburgh IMF
by Prof. V. Schenk in 1990. It was analysed using stepped-
heating mass spectrometry at RHUL following the proce-
dures of Fitzsimons and Mattey (1995) to yield a bulk CO,
content of 1.88+0.09 wt%. Analysis of this sample in sev-
eral SIMS sessions along with AMNH and 8/90 produced
consistent calibration curves. SIMS analysis errors based on
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these calibration curves are typically + 12% relative for H,O
and + 8% relative for CO,.

Raman microspectroscopy

Raman spectra were acquired from cordierite in polished
thin sections with a Renishaw InVia Reflex Raman Micro-
scope at the Vrije Universiteit Amsterdam in backscatter
mode, using an 80 mW, 532 nm laser and an 1800-1/mm
grating. The instrument includes a Leica polarized light
microscope. An internal silicon standard (521 cm™!) was
used to verify the spectral calibration of the system. Lorent-
zian peak fit was applied to determine the peak centre and
peak height of the cordierite spectrum. Selected grains were
oriented properly to acquire a high CO, signal.

Birefringence

The precise determination of the cordierite birefringence
proved to be difficult. Most samples contain rather small
amounts of cordierite that are too small for separation.
Therefore, the birefringence was estimated in two ways.
The maximum interference colour in thin sections of stand-
ard thickness (~30 um) was used as a first approximation.
For a more precise result, a Berek compensator was used
to determine the retardation (see, e.g., Muir 1967) of the
cordierite grain with the maximum interference colour in the
thin section. Its orientation should provide a (nearly) cen-
tred flash figure. The retardation for quartz was determined
by establishing the maximum interference; the crystallo-
graphic orientation of quartz was checked by the presence of
a flash interference figure. Based on the quartz birefringence
(0.009), the cordierite birefringence could then be calcu-
lated. The calculation represents only an approximation as
both the cordierite and quartz grains may not be in optimal
orientation. In many samples, this method could not be used
because of marked quartz deformation (a common phenom-
enon in the BGB).

Results
Electron microprobe analysis

Cordierite is Mg-rich (XMg= 0.83-0.92). Alkalies (Na,O)
make up less than 0.05 wt% in most analyses, and CaO and
K,O are less than 0.01 wt% (Table 1). Low total sums of
94.1-97.3 wt% are consistent with the presence of appreci-
able H,0 and/or CO,. Cordierite in cordierite-sapphirine
intergrowths is slightly higher in Xy,.
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Table 1 Microprobe analyses of FN72A FN86 FN27 FNOS SA776 LI2:30 71Sur210 RG1054  RGI508

BGB cordierite
SiO, 48.68 4930 4849 4890 4945 48.51 47.96 48.40 48.38
ALO; 3241 3254 3239  32.68  33.80 32.63 31.82 33.10 32.71
FeO* 3.58 3.13 2.69 2.53 2.56 2.36 2.22 2.20 1.81
MnO 0.32 0.39 0.18 0.18 0.10 0.19 0.15 0.22 0.19
MgO 10.67 10.77 11.15 11.47 11.40 11.43 11.92 11.60 11.89
Na,0O  0.03 0.02 0.02 0.03 0.00 0.01 0.01 0.08 0.01
Total 95.70 96.16 9497 9579  97.30 95.15 94.08 95.60 94.99
Si 5.05 5.08 5.04 5.03 5.01 5.02 5.01 4.99 5.00
Al 3.96 3.95 3.97 3.96 4.04 3.98 3.93 4.02 3.99
Fe 0.31 0.27 0.23 0.22 0.22 0.20 0.19 0.19 0.16
Mn 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.02 0.02
Mg 1.65 1.66 1.73 1.76 1.72 1.77 1.85 1.77 1.83
Na 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00
Normalised to 11 cations

Xye 084 0.86 0.88 0.89 0.89 0.90 091 0.90 0.92

Cordierite in RG1508 and RG1054 occurs in part in Crd—Spr intergrowths. Most analysed cordierites have
a blue maximum birefringence, except FN27 and FNOS5 cordierite

FeO* denotes total iron as FeO

500001
CO, peak

40000

300001

Counts

20000+
0000 Cordierite lattice peaks

100001

ol S

1000

500 1500 2000

Raman shift (cm™)

Fig.6 Raman spectrum of blue birefringent cordierite from sample
71Sur210. Vertical scale in arbitrary units; horizontal scale shows the
Raman shift in cm™'. The grain selected was oriented optimally to
acquire the highest CO, signal. Note the height of the main CO, peak
compared to the Crd lattice peaks. After Nanne et al. (2020)

Raman microspectroscopy

Raman microscopy was used as a first step to establish
the identity of the volatiles, H,O and CO,, present in the
channels in the cordierite. The Raman spectrum of a blue
birefringent cordierite grain in sample 71Sur210 shows a
very strong CO, band at 1380 cm™! and less strong bands
of cordierite (Fig. 6). H,O bands, which would occur near
3600 cm™!, were absent in this sample and very weak in
another cordierite (sample SA776), which in addition
showed a very weak band for N,. Granulite—facies cordier-
ite from elsewhere may contain up to 4000 ppm N, (Bebout
et al. 2016).

Raman microscopy may be used to estimate the cordier-
ite CO, content from the linear correlation between CO,

wt% and the intensity ratios of the CO, mode at 1380 cm™!
and the cordierite lattice vibration modes at 973 cm™! and
1185 cm™! (Kaindl et al. 2006). This method would indicate
the presence of 2.5-3 wt% CO, in the 71Sur210 cordierite,
but considerable extrapolation was required from standards
that only contain up to 1.5 wt% CO.,.

Birefringence

A striking feature of many cordierite grains is their elevated
birefringence, with maximal interference colours ranging up
to first-order orange and red and second-order blue (Fig. 5)
in standard thin sections. Whilst cordierite birefringence
increases markedly with Fe content (e.g., Deer et al. 1997),
the BGB cordierite is Mg-rich (XMg 0.83-0.92), and for such
compositions, the birefringence depends strongly on CO,
content. This is illustrated in the cordierite volatile compo-
nent diagram of Armbruster et al. (1982; Fig. 7), in which
the birefringence (red lines) for the Xy, 0.85 Valjok cordier-
ite equilibrated with CO,, H,0, and H,0-CO, fluids is seen
to increase principally with increasing CO, in the cordierite.

The birefringence of BGB cordierite was first estimated
assuming a standard thin section thickness of 30 pm. On
this basis, the maximum interference colour, second-order
blue, would correspond to a birefringence of approximately
0.021 £0.001 (e.g., Nesse 2000). The cordierite birefrin-
gence was also analysed with a Berek compensator. For
metapelite samples 71Sur210 (in the southwest of the
BGB) and SA776 (in the northeast), a cordierite birefrin-
gence of 0.020 was determined. For cordierite in metape-
lite samples FNO4 (lower Fallawatra area) and LK4-47 m,
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0.012

7
7

Volatile- 0.1 0.3 0.5 0.7 0.9
free Crd moles H,O

H,0-Crd

Fig.7 Influence of channel filling by CO, and H,O on cordierite bire-
fringence, based on experiments with Valjok Crd (Xy, 0.85), modi-
fied from Armbruster et al. (1982). The corners of the triangle rep-
resent Gas-free Crd, pure CO,-Crd with one mole CO, (6.88 wt%),
and pure H,O-Crd with one mole H,O (2.93 wt%). Diagram data are
extrapolated above 0.43 mol CO, and 0.85 mol H,O. Blue marked
area: SIMS analysis of 71Sur210 cordierite

and in quartzite RG1459 (the latter two samples are from
the K3 area in the southwest), a birefringence of 0.021 was
determined.

SIMS analysis

Sample 71Sur210, a mylonitic pelitic granulite from the SW
of the BGB, with cordierite with a maximum interference
colour of second-order blue and a birefringence of 0.020 (for
additional details, see Appendix 4), was selected for analysis
on the Cameca Ims-4f SIMS instrument at the School of
GeoSciences, Edinburgh, following the approach of Thomp-
son et al. (2001) and Harley et al. (2002). Sixteen SIMS
analyses were carried out in situ on 12 grains, with 3 grains
having more than one analysis. Following analysis the SIMS
spots were examined under reflected and transmitted light
to detect whether any cracks or areas of near-rim alteration

Fig.8 Photomicrographs of selected analysed cordierite grains in
sample 71Sur210. Numbers on each are the measured CO, contents
in wt%, with associated uncertainties in brackets shown in some
cases. Labels C7, C8, Cl11, etc. refer to the analysis point identi-
fiers as listed in Table 2 and shown in Fig. 9. H,O wt% values for
each analysis in (a), (¢) and (d) are shown in the inset boxes. Micro-
graphs (a), (b) and (c) are under crossed polars. a and b show the
strong mylonitic fabric that wraps the cordierite blasts, the late biotite
beards and alterations on cordierite, and highlight the second-order
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C11,12,13,16: 0.04;
C14:0.21; C15:0.79

pink to blue birefringence of the CO,-rich cordierite. Plane polarized
light (PPL) images of the same grains are added in the insets to these
micrographs. ¢ Two SIMS analysis sites. The analysis spots are ca.
20-25 pum diameter, but the pre-analysis rastering leaves a sputtered
surface ¢ 50 um across. d PPL image of a large cordierite blast, analy-
ses C11, C12, C14 and C16, and two adjacent grains (C13 and C15).
Note the homogeneity of the large cordierite in terms of CO, content.
Analyses C14 and C15, both near biotite alteration rinds, have ele-
vated H,O compared with the other analyses. See text for discussion
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had been incorporated into the analysis, and to document the
interference colour of the analysis region (Fig. 8).

Twelve of the 16 analyses, including two from grain 2
(C2 and C3) and three from grain 9 (C11, C12 and C16)
form a population characterised by very low H,O contents
(0.037£0.01 wt%). This analytical population, all obtained
from clean analysis sites, ranges from 2.88 to 2.39 wt%
CO,, with an average of 2.57+0.19 wt% CO, (Fig. 9).
Combining this CO, content with the very low H,O (c. 0.04
wt%) yields average cordierite molar volatile parameters of
N(p20) =0.012 +0.003 and m(p,) =0.351+0.023. Based on
this, the measured cordierite channel volatile composition,
Xcop (Crd), is 0.996 +0.002.

Four analyses (one each from grains 1, 6, 11, and 12)
were located on sites containing one or more cracks or
potentially incorporating altered subareas. Whilst the CO,
contents obtained for these points (2.31-2.95 wt%) were
consistent with those from the cleaner or not evidently
contaminated sites (Fig. 8) as their elevated H,O contents
(0.12-0.79 wt% H,0O) may reflect contamination, they have
been excluded from calculation of the average CO, and H,O
contents for the population. One analysis, C15 from grain
12, is measured to contain 0.79 wt% H,0, far higher than
all other analyses. As noted above, the preferred interpreta-
tion of the elevated H,O is contamination arising from the
incorporation of thin biotite flakes or fine clays along cracks
present at the analysis site. However, if the elevated H,O is
real and within the cordierite itself, then this may imply that
all the other cordierite analysis sites have been affected by
H,O0 loss. This possibility is considered in the Discussion.

In summary, SIMS analysis indicates that the preserved
cordierite contains 2.57 +0.19 wt% CO, and 0.04 +0.01
wt% H,0. With its measured channel X, of 0.996, it is
the most pure CO,-cordierite ever recorded.

Discussion

The c. 2.6 wt% CO, found by SIMS analysis for BGB
cordierite is the highest level found in natural cordierite.
Prior to this work, the highest level was c. 2.2 wt% CO, in
cordierite from Valjok in the northernmost part of the Gran-
ulite Belt of Lapland in Norway (Armbruster et al. 1982).
The Valjok cordierite contained 0.3 wt% H,O, giving a X,
of 0.75 and suggesting a coexisting fluid of X, >0.95
(Armbruster et al. 1982). Based on the majority of SIMS
analyses, the BGB cordierite is almost H,O-free (0.037 wt%
H,0), has a channel X, of 0.996, and hence implies equili-
bration with a coexisting fluid of X, >0.996 (Harley et al.
2002): essentially pure CO,.

SIMS analysis of the BGB cordierite indicates that
birefringence is a reasonable indicator of CO, contents
in cordierite but must be applied with some caution if

quantitative results are required. The SIMS results when
plotted on the diagram of Armbruster et al. (1982; Fig. 7)
would indicate a birefringence of 0.018 +0.001, corre-
sponding to second-order magenta rather than the blue
maximum interference colours observed (e.g., grain 2).

Blue birefringent cordierite with>2 wt% CO,, as
found in the 71Sur210 sample, is not rare in the BGB, but
has been found in 22 out of 66 metapelite samples from
several localities throughout the belt (Fig. 10). However,
half of the Bakhuis cordierites show a considerably lower
maximum birefringence, yellow and orange, suggesting
a lower CO, level in the 1.5-2 wt% range, the reasons for
which are unknown as these cordierites have not as yet
been investigated.

P-T conditions for CO,-rich cordierite from the BGB

Iso-CO, lines for Xy, 0.88 cordierite with 2.57 +0.17
wt% CO, have been calculated based on the P-T-depend-
ent CO, incorporation model of Harley et al (2002). As
has been the case with previous work (Harley 2008), the
preliminary AV, AH, and AS, values reported in Harley
et al (2002) have been adjusted to better fit the Thomp-
son et al. (2001) experimental data along with their fur-
ther unpublished experimental data at 800-1000 °C and
3-7 kbar, and be in reasonable accord with experimental
results from other studies (Armbruster and Bloss 1980;
Johannes and Schreyer 1981; Kurepin 1985; LeBreton
and Schreyer 1993). The revised best-fit parameters used

34
33 71Sur210
32 0.12 Cordierites
31
3.0
29
28
27

26
25 }
24 |7 022
22

21 H,O bearing

Cordierite CO, wt%

low H,0 < 0.06 wt%

0
C15C14 C1 C7 C2 C3 C4 C5 C6 C8 C9 C10C11 C12C13 C16

Fig.9 SIMS CO, results for 71Sur210 cordierites. Labels on the hor-
izontal axis are the analysis numbers. Those analyses with H,0>0.1
wt% are distinguished by the filled red circle symbol, and those with
H,0<0.06 wt% by the blue filled circle symbols. Error bars are 2
sigma uncertainties associated with the polynomial SIMS calibra-
tion used to reduce the raw C/Si data. Decimal numbers attached to
the four H,0O-bearing analyses are the measured H,O contents. The
bright yellow line is the average CO, content calculated from the 12
low-H,O cordierite analyses (2.57 wt%) and the paler yellow area the
associated uncertainty (+0.19 wt%)
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are AV =2.112 Jmol™!, AH,=~- 16.56 kJmol™' and
AS,=—102.43 Jmol ' K~!,

The resultant isolines for the Bakhuis cordierite constrain
the yellow shaded field (Fig. 11) that occurs from 9.2 +0.6
kbar at 800 °C to 10.9 +0.65 kbar at 1000 °C and 11.7+0.7
kbar at 1100 °C. Volatile-saturated cordierite with 2.57 wt%
CO, and negligible H,O (i.e., aog, = 1) requires pressures of
10.5-11.3 kbar at 950-1050 °C via this model. The origi-
nal Harley et al.’s (2002) model calibration applied to the
same cordierite results in pressure estimates of 13.4 kbar
at 1000 °C and 11.7 kbar at 900 °C, that are untenable as
they exceed the experimentally constrained upper pressure
limit for Xy;, 0.88-0.92 cordierite as constrained by Ber-
trand et al. (1991). It should be noted that the estimated
pressures obtained through either calibration are well outside
the 3—7 kbar range covered by the experiments on which the
calibrations are based, and hence are less robust than pres-
sure estimates for lower CO, cordierites. Nevertheless, the
calculated pressures of 10.9 +0.7 kbar at 1000°C obtained
here are considered to be reasonable for the BGB.

The line in Fig. 11 labelled ‘Kurepin Eq34’ is the P-T
locus of cordierite with 2.57 wt% CO, according to the model
proposed by Kurepin (2010). Despite noting the presence of a
volume term in both the Harley et al (2002) and Armbruster
and Bloss (1980) experimental results for CO,-bearing
cordierite, and explaining it in terms of differential thermal
expansions of CO,-free and CO,-rich cordierite, Kurepin
(2010) did not go on to include such a term in his model. This
omission results in the much lower pressures, 7.4-8.2 kbar
at 900-1000 °C, estimated from his equation when applied
to the Bakhuis cordierites. These pressures are significantly
less than the independent pressure estimates of Nanne et al.
(2020) and hence unlikely to be realistic.

The line in Fig. 11 labelled ‘Bertrand et al (1991)’ is the
experimentally constrained estimate for pure CO, cordier-
ite stability in FMASHC in the presence of Grt+ Sil+Qz
or Opx + Sil+Qz, applicable to cordierites with Xy,
similar to the Bakhuis example. The line fitted by Ber-
trand et al (1991) to their pure-CO, experiments marking
the transition from the Grt+ Crd + Sil + Qz assemblage to

Table 2 SIMS results on

<. Cordierite volatile compositions Activities (Crd) Crd/Melt H,O

Cordierite 71Sur210
Analysis H,0 CO, n(H,0) m(CO,) Xcgyerd m+n ago acoy dgy Dy Melt H,O
Analyses with significant H,O
CI15 0.792 2330 0.264 0317 0.546 0.581 0.082 0.862 0.943 2.15 1.70
Cl4 0.218 2307 0.072 0.314 0.813 0.387 0.018 0.849 0.867 3.25 0.71
Cl1 0.173 2509 0.058 0.342 0.856 0.399 0.014 0.962 0.976 3.58 0.62
C7 0.119 2947 0.040 0.401 0.910 0.441 0.009 1.243 1.253 4.21 0.50
Average 0.109 2.561 0.036 0.349 0.920 0.385 0.010 0.998 1.008
Main group: analyses with negligible H,O
Cl12 0.059 2.385 0.020 0.325 0.943 0.345 0.005 0.892 0.896 5.80 0.34
CI13 0.047 2517 0.015 0.343 0.957 0.358 0.004 0.967 0.971 6.49 0.30
C10 0.042 2722 0.014 0.371 0.963 0.385 0.003 1.092 1.096 6.79 0.29
C4 0.040 2575 0.013  0.351 0.963 0.364 0.003 1.001 1.004 6.97 0.28
C8 0.039 2.880 0.013 0.392 0.968 0.405 0.003 1.196 1.199 7.07 0.27
C6 0.037 2483 0.012  0.338 0.965 0.351 0.003 0.947 0.950 7.21 0.27
C9 0.035 2.650 0.012 0.361 0.969 0.373 0.003 1.047 1.050 7.40 0.26
C2 0.034 2558 0.011  0.348 0.968 0.360 0.003 0.991 0.994 7.50 0.26
C3 0.031 2.867 0.010 0.391 0.974 0.401 0.002 1.188 1.190 7.90 0.24
Cl1 0.031 2.389 0.010 0.325 0.970 0.336 0.002 0.894 0.896 7.92 0.24
C5 0.029 2473 0.010 0.337 0.972 0.347 0.002 0.942 0.944 8.12 0.24
C16 0.019 2391 0.006 0.326 0.981 0.332 0.001 0.895 0.896 9.85 0.19
Average 0.037 2.574 0.012 0.351 0.966 0.363 0.003 1.004 1.007 7.42 0.27
stdev 0.010 0.174 0.003  0.024 0.009 0.024 0.001 0.107 0.107 1.01 0.04

Volatile contents in wt% H,O and CO, are converted to molar contents n(H,0) and m(CO,) assuming
cordierite is Xy, 0.88. Cordierite channel volatile composition is X,Crd, and total volatiles summed as
m+n in moles pfu. Activities of H,O and CO, are calculated at 11.3 kbar and 1050 °C based on the meth-
ods of Harley et al. (2002) with the model calibration modifications noted in the text. Total fluid activity is
denoted as a,,. Hypothetical melt H,O contents are estimated based on the D, expression of Harley and
Carrington (2001) and Harley et al. (2002). These hypothetical melt H,O contents are negligible for the
main group of cordierite analyses (0.27+0.04 wt%), and for all of the potentially contaminated analyses
apart for C15, and lie far below any wt% H,O that would allow a broadly granitic melt to be present at

these P-T conditions
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Fig. 10 Distribution of blue birefringent cordierite (blue diamonds)
in metapelites in the BGB. Empty diamond at Blanche Marie Falls:
metapelite with cordierite of lower maximum birefringence

the Opx + Crd + Sil + Qz one is essentially parallel to the
cordierite iso-CO, lines as modelled here based on Harley
et al. (2002), and would be consistent with their experimen-
tal cordierites containing c. 2.77 wt% CO, (m=0.378). The
presence of Opx + Sil+ Qz in the Bertrand et al. (1991)
experiments at 11 kbar and 850-900 °C indicates that
high-CO, magnesian cordierite stable at 1000 °C would be
replaced by Opx + Sil + Qz on near-isobaric cooling.

Supporting P-T estimates

As described in the section “Bakhuis Granulite Belt met-
amorphic features”, estimates of peak-T pressures for the
Bakhuis metamorphic belt are in the range 9—11 kbar and
mainly based on Mg—Al covariation in Opx (+ Sil) in the
Upper Fallawatra area in the northeast of the belt (Nanne
et al. 2020) and on the Ca-content of garnet in one sam-
ple of pelitic granulite occurring NE of the UF area, which
yielded a pressure of 10.7-11.7 kbar using the barometer of
Wu (2019). These estimates overlap with but also range to 2
kbar lower than those deduced from the high-CO, cordierites
based on the modified Harley et al.’s (2002) model. The
differences may reflect the combination of uncertainties in
the cordierite modelling (i.e., modified Harley et al. (2002)
vs. Kurepin (2010)) and those inherent in Ca-in-garnet
geobarometry and semi-quantitative orthopyroxene—silli-
manite—quartz thermobarometers. On the other hand, they
may be real and indicative of regional variations across the
extensive Bakhuis Granulite Belt. Several sites where highly
birefringent cordierite is present may have differed in their
peak-T pressures from those determined for the Upper Falla-
watra area in the northeast of the BGB.

12
ouised

71Sur210 Cordierite
2.57 + 0.19 wt% CO,

) s
2

-

Pressure (kbar)
©

800 850 900 950 1000 1050 1100
Temperature (°C)

Fig. 11 Cordierite iso-CO, lines based on the Harley et al (2002)
model, with re-fitted AV, AH, and AS parameters (blue lines and yel-
low field) and the model of Kurepin (2010) (orange line). The experi-
mentally determined position of Grt+Opx+ Sil+Crd+Qz for pure
CO, conditions determined by Bertrand et al. (1991) is shown as the
dark dashed line, which has a pressure uncertainty of + 0.5 kbar

As noted in a previous section and detailed in Appendix 1,
phase diagram calculations on 5 oxidised metapelitic granu-
lites from the northeast and southwest of the BGB indicate
stability of the garnet-absent Opx + Sil + Qz + Mt + Ti-Hem
assemblage in such rocks at pressures up to 8.8—10.6 kbar at
temperatures of 10001050 °C, in the absence of CO,. These
upper pressure limits apply for bulk rock Fe**/Fe” values of
c. 0.65, a conservative oxidation state which is consistent
with the dominance of titanohematite along with the pres-
ence of magnetite in these rocks. The Opx + Sil + 2-Feld-
spars/ternary feldspar + Qz + Ti-Hem + Mt + L assemblages
preserved in the UF rocks also yield calculated tempera-
tures of > 1000 °C based on the core Al,O5 contents of their
orthopyroxenes.

To explore the limits on the cordierite and
Opx + Sil + Qz assemblages of relevance to the present
sample, phase diagram calculations have been carried out
on model cordierite bulk compositions. The calculated
phase diagrams have been constructed in Theriak—Domino
(de Capitani and Petrakakis 2010) using Thermocalc data-
sets ds5.5 and ds6 (Holland and Powell 2011; White et al.
2014) (Fig. 12). These show that volatile-free cordier-
ite with Xy;, of 0.88 is only stable to c. 6.5-7.2 kbar at
900-1000 °C and the Crd + Sil + Opx + Qz assemblage
to only 7-7.5 kbar. Similar Xy, (=0.85) cordierite with
0.5 mol pfu of H,O is stable to 8.0-8.5 kbar and succeeded
by Crd + Opx + Sil + Qz to 9.1-9.8 kbar at 900-1000 °C.
The orthopyroxene coexisting with Xy, 0.88 cordierite
in this assemblage has the equivalent of 10 wt% Al,O; at
960-1020 °C (Fig. 12).

In Fig. 12b, the cordierite isopleth field for 2.57+0.19
wt% CO, as calculated using the modified Harley et al.’s
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(2002) cordierite model (grey field) is superimposed on a
model phase diagram in FMAS for H,O-free (i.e., dry) Xy,
0.88 cordierite calculated in Theriak—Domino (de Capitani
and Petrakakis 2010) using Thermocalc dataset 5.5 (Holland
and Powell 2011). The phase diagram is contoured for mole
proportion of MgTs in Al orthopyroxene in the assemblages
that lie beyond cordierite stability. Note that volatile-free
cordierite (blue field in Fig. 12a) is restricted to pressures
less than c. 7.3 kbar at 1050 °C, some 4 kbar lower than the
pressures deduced from the CO,-saturation isopleths. The
addition of CO,, which is wholly incorporated into cordierite
in the absence of melt, extends the stability of cordierite.
Following Schreinemakers principles, the Crd-only field
expands up pressure along the locus of the (Crd) line [i.e.,
the line between the Opx + Sil +Qz and Opx + Spr+ Qz
fields], so that the pseudoinvariant point involving Crd, Opx,
Sil, Spr and Qz would occur at c. 12 kbar and 1150°C, for the
water-free, high-CO, cordierite (blue field in Fig. 12b). The
likely impact of this is illustrated in Fig. 13, discussed below.

Migmatisation and the low H,0 content of BGB UHT
cordierite

The BGB metapelites are migmatitic. Their partial melting
occurred during the thermal peak of UHT metamorphism
in view of the high temperatures found for feldspar from the
leucosomes by feldspar thermometry (Fig. 3; Nanne et al.
2020), with peak temperatures of 1020-1050 °C for parts of
the belt. Harley and Thompson (2004) described the behav-
ior of cordierite and its channel volatiles CO, and H,O in
volatile-saturated experiments with coexisting granitic melt.

Pressure (kbar)

1050

800 850 900 950 1000 1100

Temperature (°C)

Fig. 12 a Stability of Xy, 0.88 cordierite, on its own composition, in
the FMAS system, calculated in Theriak—Domino (de Capitani and
Petrakakis 2010) using Thermocalc dataset 5.5 (Holland and Powell
2011). The P-T position of the 2.57 wt% CO, isopleth in Bakhuis
cordierite is from Fig. 11. b Stability of X,,, 0.88 cordierite, on its

@ Springer

Pressure (kbar)

CO, was found to partition very strongly into cordierite over
melt (Dc > 10), so that CO,-rich cordierite could occur at
high P-T conditions along with melt containing low H,O.
The minimum H,O that could be present in the melt would
depend on the ay, and the position of the relevant solidus
at that P-T condition. In the BGB case, the ay,, calculated
from the cordierite compositions at 1000-1050 °C is only
0.003. At 11.3 kbar and 1050 °C, this reduced ay,q would
be far too low to enable the proportion of melting evident in
much of the BGB. The melt H,0 content calculated from the
cordierites using the relations of Harley et al (2002) at these
P-T conditions would be only 0.28 +0.04 wt%.

To evaluate the amount of H,O required in the ana-
lysed high-CO, BGB cordierite to enable it to be compat-
ible with melting at the requisite P-T conditions, we have
calculated the wt% H,O in melts that would coexist with
Opx + Sil + Qz + Feldspar at 11 kbar, 1000-1100 °C and
specifically at 11.3 kbar/1050 °C. Calculations have been
performed on a model NKFMASH bulk composition with
X 0.88 and equivalent to Crd:Sil:Qz:Fsp in equal molar
proportions (i.e., 1:1:1:1) using Theriak—Domino (de Capi-
tani and Petrakakis 2010) and the Thermocalc dataset ds5.5
(Holland and Powell 2011). Calculations have also been
carried out using Theriak—Domino with datasets ds5.5 and
ds6 (White et al. 2014) on a similar composition with an
additional 0.2 mol of An component, so that the resultant
NCKFMASH bulk composition corresponds to the molar
proportions Crd:Sil:Qz:Fsp of 1:1:1:1.2.

Figure 13 shows the phase relations calculated for the
NKFMASH model bulk composition corresponding to
Crd + Sil + Fsp+ Qz in equal molar proportions (1:1:1:1),

Crd

6
800 850 900 950 1000
Temperature (°C)

1050 1100

own composition, in the FMASC system, modified from Fig. 12a to
be in accord with the P-T position of the 2.57 wt% CO, isopleth in
Bakhuis cordierite at 11.3 kbar and 1050 °C. In this semi-quantitative
model, Opx + Sil+Qz forms at the expense of cordierite on cooling,
producing Opx with X, of 0.2 at 1000 °C
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with 0.05 mol pfu of H,O added. Cordierite is not stable at
the high P conditions modelled, as CO, is not accounted for
in the datasets and modelling. Instead, the stable assemblage
at 9—12 kbar and 1000-1050 °C is Opx + Sil + Kfs + Qz+L.
The orthopyroxene in this assemblage at 1050 °C contains
10 wt% Al,O5 (X ,;=0.205). This coexists with c. 5 vol% of
melt containing c. 2 wt% H,0, so that the model rock would
be migmatitic and retain this amount of melt. The fields
shown in this figure are metastable with respect to cordierite
in the pure CO, system, for which the relevant assemblage at
11 kbar, 1050 °C would be Crd + Kfs, by comparison with
Fig. 12.

The results of the Theriak-Domino calculations on
melt generation for the model bulk compositions (Fig. 13)
are summarised in Table 3. The essential result is that for
temperatures of 1000-1050 °C (as suggested from ternary
feldspar thermometry and the calculated phase diagrams of
Appendix 1) and at pressures of ca. 11 kbar, melt would con-
tain 2-3 wt% H,O and reflect ay,, conditions of 0.12-0.22.
These estimates do not incorporate any corrections for CO,,
which can be present in the melts at high pressures, possibly
at contents of up to 3000 ppm (0.3 wt%) based on D(CO,) L/
Crd values estimated by Harley (2008) [D=0.1].

The Theriak—-Domino calculations are compared in
Table 3 with estimates produced using the Harley et al.’s
(2002) modified calibrations for CO, and H,O uptake in
cordierite, on the assumption that the cordierite with high
CO, is stabilised to 11.3 kbar at 1050 °C. Note that in the
absence of CO,, the low-H,O cordierite consistent with ay,q
of 0.12-0.22 would not be stable at these P-T conditions:
Opx + Sil+ Qz would occur instead, as in the calculated
phase diagrams produced for the CO,-absent systems.

Table 3 Cordierite H,O contents compatible with Theriak calculations

Model Bulk X: Si(10)Al(7)Fe(0.24)Mg(1.76)Na(0.2)K(0.8)H(0.10)0(33.05)

12.0 —— T T
r = & & & & 7
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Fig. 13 Calculated phase diagram for the NKFMASH bulk com-
position with Xy, 0.88 and equivalent to Crd:Sil:Qz:Fsp in equal
molar proportions (i.e., 1:1:1:1). Model calculations performed using
Theriak—-Domino (de Capitani and Petrakakis 2010) and the Ther-
mocalc dataset ds5.5 (Holland and Powell 2011). The bulk compo-
sition is almost dry, containing the molar equivalent of 0.083 wt%
H,O0, selected to be consistent with the low measured H,O content
of cordierites in 71Sur210. 3-5 wt% granitic melt is produced in
this model bulk composition at 11 kbar and 1000-1100 °C, contain-
ing 2.9-1.9 wt% H,O and indicative of calculated ay,q of 0.24-0.13.
For cordierite to coexist with such a melt at these P-T conditions, it
would need to contain some 1.2-0.9 wt% H,O in addition to its high
CO, (Table 3)

Table 3 also shows the H,O contents that would be
required to be present in peak CO,-rich cordierite in order
for the phase to be in equilibrium with the melts predicted

Model system, dataset, and Cordierite parameters Activities Melt/Crd  H,O Theriak
cordierite to match model
A0 H,O0 CO, nH,0) m(CO,) Xcgoerd m+n  acyg, a3y D, wt% melt  vol% melt
NKFMASH-tcds55
Theriak 0.147 2.00 5.1
Cordierite 1.180 2.320 0.393 0.316 0.446 0.709 0.856 0.147 2.10 2.48
CNKFMASH-tcds55
Theriak 0.110 1.70 8.0
Cordierite 0980 2390 0.326 0.326 0.499 0.652 0.895 0.110 2.10 2.06
CNKFMASH-tcds6
Theriak 0.13 2.14 55
Cordierite 1.090 2.350 0.363 0.320 0.469 0.683 0.873 0.130 2.09 2.28

Cordierite H,O contents compatible with Theriak calculations based on Thermocalc datasets tcds55 and tcds6 at 11.3 kbar and 1050 °C for
the NKFMASH bulk composition with X,;, 0.88 and equivalent to Crd:Sil:Qz:Fsp in equal molar proportions (i.e., 1:1:1:1), modelled in
Fig. 13, and a CNKFMASH bulk composition with 1:1:1 molar proportions of cordierite, sillimanite and quartz and a higher feldspar propor-
tion (1.2 mol) to allow plagioclase and K-feldspar (or mesoperthite) to be present (Ca 0.2, Na 0.5, and K 0.5 molar proportions). Note the H,O
contents required of cordierite for it to be compatible (i.e., equivalent ay,, at the given P-T) with the calculated melts in each case considered
are greater than 1 wt%, significantly greater than all SIMS cordierite H,O contents, including that of analysis C15 that was likely to have been

affected by alteration or contamination
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in Theriak, together with predicted melt wt% H,O based
on the Harley et al.’s (2002) methodology. At 11.3 kbar
and 1050°C, cordierite with c. 1.0-1.2 wt% H,O yields
appropriate a;,q values, with the predicted melts having c.
2.0-2.5 wt% H,O. These saturated cordierites would contain
2.32-2.39 wt% CO, and have channel X, of 0.45-0.5 at
the given P-T. These calculated CO, contents are in the
lower range of values recorded in the Bakhuis cordierites,
but do overlap with the CO, contents of three of the analyses
in which H,O is present at>0.05 wt% (2.3-2.5 wt% CO,).
However, only in one of those analyses (C15 as noted in a
previous section) is the H,O content > 0.22 wt%, and even at
c. 0.8 wt%, it is still well below that required for cordierite
equilibrium with any sensible melt formed under the pro-
posed P-T conditions. An ay, of 0.08 is calculated for this
cordierite composition, leading to a predicted ‘melt’ H,O of
1.7 wt%. This a;y, is well below that required (aj,o=0.12)
to stabilise a melt containing the minimum H,O content of
2-2.5 wt% that is required based on the thermodynamic
modelling.

Following from the calculations described above, there
are three potential scenarios that could explain or resolve the
paradox of having essentially H,O-free cordierites present
in migmatitic UHT granulite in the BGB. These are outlined
below.

1. The high-CO, cordierites coexisted with low ay,q,
strongly H,O-undersaturated melts at P> 11 kbar and T
of 1050 °C but suffered near-peak H,O loss from their
channels, so that only CO, was retained. This interpre-
tation would imply that, for most of the grains, some 1
wt% of H,0O was lost following the peak, during decom-
pression or decompression-cooling at UHT. Back-calcu-
lating H,O contents of 1.0-1.2 wt% into cordierite with
2.57 wt% CO, indicates that this amount of H,O could
be potentially be lost from cordierite on decompression
through 700 bars (0.7 kbar) from 12 kbar, at 1050 °C, or
on cooling through c. 80 °C, providing equilibrium was
no longer maintained with melt. The governing factors
on loss of H,O in this instance are maintenance of fluid
saturation coupled with melt loss. These two factors
inexorably drive the cordierite to higher X, through
preferential loss (leakage) of the significantly more eas-
ily diffusible H,O (e.g., Lepezin et al. 1995), whilst CO,
remains constant and at or near saturation for the UHT
P-T conditions preserved.

2. The high-CO, cordierites with negligible H,O, and thus
high-channel X, (0.97), grew and equilibrated after
melt extraction in an essentially H,O-free residual rock
composition. In this model, the cordierites never con-
tained significant H,O and were never in equilibrium
with the low-ay, melts, which migrated to form the
leucosomes observed in the migmatitic gneisses in the
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field. In this case, all the melting, and melt extraction
took place prior to cordierite crystallisation. Hence, the
migmatisation and melt redistribution, including melt
loss, would be pre-peak.

3. The high-CO, cordierites cooled along a P-T trajectory
parallel to the CO,-H,O saturation isopleths (2.57 wt%
CO,, 1.1 wt% H,0; i.e., from 12/1050 °C to 8.7/700 °C
on a dP/dT of 9.4 bar/°C) and then underwent decom-
pression and H,O loss from cordierite at T far lower than
those of UHT melting. Decompression through c. 0.7
kbar at 700 °C would be sufficient to remove the H,O
by ‘leakage’ in such a late-stage scenario, but may be
kinetically less efficient than leakage under decompres-
sion/cooling at UHT.

The potential for H,O loss from the CO,-rich, volatile-
saturated cordierites at or after UHT can be considered in
the light of experimental diffusion and degassing kinetics
studies conducted on cordierite (Lepezin and Melenevsky
1977; Lepezin et al. 1984, 1995; Jochum et al. 1983). Whilst
in vacuo experiments by Lepezin and Melenevsky (1977)
indicated that virtually all H,O could be lost from a cordier-
ite in a matter of days, the relevance of this to geological
situations is not apparent. Of more relevance are the experi-
ments of Lepezin et al. (1995), who determined the outgas-
sing kinetics of cordierite for both H,O and CO, based on
700-1000 °C experiments on two natural cordierites with
differing X, and initial CO,/H,0. The most significant
result in this case was that H,O was found to be lost from
cordierite at a rate 1000 times faster than CO,, at T <700 °C,
allowing the possibility that post-UHT preferential loss of
H,O (scenario 3 above) could be plausible. However, none
of the experimental degassing data are directly applicable
to cordierites initially formed at c. 11 kbar and 1050 °C and
then allowed to cool and decompress to lower temperatures
still at 7-8 kbar, and the blocking effects of cations (e.g.,
Na, K, Li: Jochum et al 1983) in the channel sites remain
poorly quantified.

In summary, there is currently no reliable experimental
basis on which to select from the three alternatives described
above—all three remain open possibilities. In view of this,
and to highlight the uniqueness of the Bakhuis cordier-
ite example, we now consider other natural examples of
CO,-rich cordierite in typical migmatitic granulites and
UHT rocks.

Other high-CO, cordierites and their implications
for the BGB UHT cordierite

The highest CO, cordierite hitherto recorded in nature is
that from a cordierite—calcite—pyrite ‘reaction rock’ from
Valjok in the Norwegian part of the Lapland granulite
belt, described in detail by Armbruster et al. (1982). The
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cordierite occurs in patches within otherwise cordierite-
free and non-foliated Grt+ Sil + Bt+ Opx + Plag + Qz reac-
tion rock seams or dykes that cut foliated gneisses. With
CO, contents of 2.2 wt% and H,O at 0.3 wt% the Lapland
cordierite has X, of 0.75 and is compatible with fluid satu-
ration and an acq, of 0.98 at 8.5 kbar and 850 °C (Table 4),
the peak P-T conditions previously inferred for the granulite
belt. Given the discordant nature of the host reaction rock, it
is possible that they and the high-CO, cordierite were gener-
ated subsequent to peak granulite metamorphism, at lower
P-T. If that were the case, the relevant saturation isopleth
for this cordierite combined with the stability of sillimanite
in the reaction rock indicates that it may have formed at P-T
as low as 6.9 kbar and 650 °C. This highly unusual cordierite
occurrence is not comparable to the Bakhuis case, which
in terms of mineral assemblage and textural context bears
more similarity to cordierites in migmatitic metapelitic and
metasemipelitic granulites, considered below.

Whilst CO,-bearing cordierite is relatively common
in cordierite-bearing migmatitic granulite metapelites
and metasemipelites formed under P-T conditions of 5-8
kbar and 750-900 °C, the vast majority contain less than
0.8 wt% CO, (Harley et al. 2002; Harley and Thompson
2004; Rigby and Droop 2008). A small number have higher
CO, contents, but these rarely exceed 1.6 wt% (Vry et al.
1990; Harley et al. 2002; Harley and Thompson 2004;
Table 4). Irrespective of their CO, contents, these cordier-
ites are generally present as porphyroblastic or matrix
phases in association with Bt+ Grt+ Qz + Feldspars (lower
T <800 °C), Opx + Grt+ Qz + Feldspars (> 800 °C) or
Grt+ Sil + Qz + Feldspars (+ Bt). The cordierites generally
contain between 0.3 and 1 wt% H,O, have channel X,
of < 0.6 and are usually fluid-undersaturated at the inferred
P-T conditions of peak metamorphism (Table 4). For exam-
ple, high-CO, cordierite 8/90 (1.3 wt% CO,, 0.8 wt% H,0)
from migmatitic metapelite of the Serre Massif in Calabria
(Schenk et al. 1993) has X, of 0.4 and implies total fluid
activity (0.73) much less than unity at the peak P-T. In
common with most other examples of migmatite cordierite,
melt H,O contents calculated from the H,O content of this
cordierite using the D, relations of Harley and Carrington
(2001) are c. 1.7-1.9 wt%. These calculated melt H,O con-
tents, somewhat lower than those appropriate to granulite
temperatures of c. 850 °C (2.5 wt%), have been interpreted
in terms of partial H,O leakage or loss from cordierite on
post-peak decompression with cooling (e.g., Harley and
Thompson 2004; Rigby and Droop 2008). However, even
when H,O is added back into the cordierite to bring it into
equilibrium with melt at 850 °C (Crd H,0 =1 wt%), the
cordierite is still volatile-undersaturated (total fluid activ-
ity =0.78), consistent with fluid-undersaturated, melt-pre-
sent, conditions.

Although most granulite—facies cordierites are volatile-
undersaturated at peak P-T, and may have suffered partial
post-peak H,O loss in a number of cases (Rigby and Droop
2008), a small group that contain c. 1.6 to 1.9 wt% CO,
appear to record volatile saturation at or near-peak P-T con-
ditions (Table 4). For example, cordierite in sample 15/81,
a pelite from the Serre Massif (Schenk et al 1993), con-
tains 1.90 wt% CO,, resulting in a calculated acq, of 0.95
at 7.8 kbar and 860 °C. High-CO, cordierite from Cauchon
Lake in the Pikwitonei granulite terrane (Vry et al. 1990)
likewise is saturated at the inferred peak P-T of 7.2 kbar
and 775 °C, and implies acq, of 0.97. Whilst both of these
cordierite examples contain H,O, the preserved concentra-
tions (0.33-0.55 wt% H,0) when coupled with Dy, relation-
ships again yield apparent melt H,O contents of 1.0-1.5
wt%—too low for granitic melt at 775-900 °C (3.0-2.0
wt%). The implication is that either melt was absent from
these particular granulites when cordierite crystallised or
that the cordierites formed at slightly higher P, in the pres-
ence of melt, and then lost some H,O on their post-peak
P-T evolution. As with the lower CO, examples discussed
above, it is notable that any loss of H,O from the cordierites
following peak crystallisation has only been partial: there
are no examples of cordierite from migmatitic granulites that
can be shown to have entirely lost all of the H,O that may be
expected to have been contained in them on crystallisation
from or with melt.

The final mode of occurrence of CO,-rich cordierite in
granulites that is relevant to this discussion is its presence
in post-peak reaction coronas in UHT metapelites and meta-
quartzites (Table 4). Such coronal cordierite may occur on
reactant sapphirine + quartz (Spr+ Qz), as at Mount Hardy
in the Napier Complex (Harley 2008), on Opx + Sil + Qz, as
in the Arequipa Complex of Peru (Martignole and Martelat
2003), and with sapphirine on Grt+ Sil, as in the Anapolis
Complex of Brazil (Baldwin et al. 2005; Harley 2008). The
highest-CO, example of such post-peak UHT cordierite is
that from Anapolis, which contains 1.45 wt% CO, as well
as considerable H,O (0.78 wt%). This coronal cordierite is
fluid-saturated at c. 7.9 kbar and 950-1000 °C (Table 4), and
is considered to have formed due to localised fluid access on
cooling following peak UHT metamorphism (e.g., Baldwin
et al. 2005). In this case the infiltrating fluid was not simply
CO, but CO,—H,0 fluid with acn, of 0.79. In the case of
Arequipa, the coronal cordierite preserves 1 wt% H,O along
with 1.05 wt% CO, and thus has a channel X, of 0.3 and
associated acq, of 0.47. This cordierite, which is strongly
volatile-undersaturated (ag,;q (total) =0.64), may have
formed through reaction of the Opx + Sil + Qz with residual
melt at 8 kbar/920-900 °C rather than by external fluid infil-
tration (Harley 2008). Coronal cordierite from Mount Hardy
in the Napier Complex (Table 4) has very similar CO, to the
Arequipa example but much lower H,O (0.22 wt%), and is
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strongly volatile-undersaturated (ag,;q=0.57). Adding H,O
back into this cordierite to allow it to coexist with a melt
containing 1.7 wt% H,O at 7.5 kbar and 950C (Harley and
Thompson 2004) gives a H,O content of only 0.45 wt%, and
agyig (0.61) that still indicates strongly fluid-undersaturated,
melt-present, conditions for post-peak UHT corona forma-
tion. In all, these UHT examples support the conclusions
drawn from the migmatitic granulites that the formation of
moderately high-CO, cordierite does not require fluid satura-
tion and that, in general, H,O leakage from such cordierite
ranges from negligible to moderate and is never total, in line
with the observations of Rigby and Droop (2008).

From the evidence provided above, it is clear that the
BGB CO,-rich cordierite is unique in its following:

(a) Preservation of the highest CO, contents yet recorded,
c. 2.57 wt%;

(b) Lack of H,0O, so that Xq, of the cordierite is near
unity, notably higher even than the Valjok Lapland
cordierite of Armbruster et al. (1982);

(¢) Occurrence as a peak- or near-peak porphyroblastic
phase formed under UHT conditions in equilibrium
with Sil + Mesoperthite + Opx + Qz, and

(d) Being fluid saturated for all feasible granulite P-T con-
ditions.

Furthermore, unless all H,O leaked out of its channels,
this cordierite cannot have been in equilibrium with melt at
c. 11 kbar and 1000-1100 °C or indeed at any other lower
pressure. By comparison with all other CO,-bearing cordier-
ites in metapelitic and migmatitic granulites and indeed with
cordierites developed in UHT coronas, all of which retain
H,0 contents of 0.2—1.0 wt%, such total and complete H,O
loss is highly unlikely.

If total H,O loss is highly unlikely for the CO,-rich BGB
cordierite, this would imply that the cordierite did not form
during the main phase of UHT melting and migmatization,
but after the migmatization. However, even then the forma-
tion of the CO,-rich cordierite would require a considerable
amount of CO,. Based on the ternary feldspar temperatures
determined by Nanne et al. (2020), melting occurred under
UHT conditions. The common presence of CO,-rich fluid
inclusions in the solidified melts would imply that there was
a considerable amount of CO, present during the peak UHT
stage with melting. This, combined with the common pres-
ence of cordierite in leucosomes and the absence of evidence
for an older leucosome assemblage being replaced by the
cordierite, would make it highly unlikely that the CO,-rich
cordierite was formed at a later stage of UHTM and not
during the peak stage with melting. Total H,O loss from the
CO,-rich cordierite is unlikely, but not impossible. If one has
to choose from two unlikely scenarios, cordierite formation
during the peak UHT stage with melting is preferred. SIMS
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analysis of other BGB cordierites might show the same total
loss of H,O if that loss was caused by the long UHTM and
the complex exhumation of the BGB. Raman microspec-
troscopy did not show H,O in the SIMS analysed cordier-
ite in sample 71Sur210. However, it showed some H,O for
another blue birefringent cordierite, suggesting a less than
total H,O loss.

Peak to near-peak P-T fluid saturation in the BGB

The presence of primary cordierite with a high CO, content
in migmatitic granulites does not of itself necessarily imply
the presence of a free carbonic fluid phase in addition to
melt at peak granulite/UHT P-T conditions (Harley 2008).
However, if fluid inclusions are observed in porphyroblastic
phases in such cordierite-bearing migmatites, it is almost
certain that a free fluid phase became present at some stage
of their high-T melt-bearing evolution (Harley and Thomp-
son 2004). Fluid inclusions (FI) are present in quartz and
feldspar in the leucosomes of Bakhuis metapelites and inter-
mediate granulites, assumed to have formed during crystal-
lisation of the partial melt produced at or near-peak UHT
conditions. The FI show the high relief characteristic of
CO,-rich compositions, and the presence of CO, has been
proven for 11 samples subjected to C'*/C'? analysis (Donker
2021). One of the samples was used as reference by Luciani
et al. (2022), they found only CO, in the FI by Raman micro-
spectroscopy. The evidence for peak- or near-peak CO, fluid
inclusions, along with the presence of volatile-saturated,
extremely high-CO, cordierite in migmatitic and quartzitic
UHT granulites in the BGB, strongly points to the presence
of a CO,-dominant fluid at or near the metamorphic peak in
this deep-seated and unusual UHT terrain.

Internal or external CO, source for the formation
of CO,-rich cordierite in the BGB

The formation of fluid-saturated CO,-rich cordierite on a
regional scale requires the presence of considerable volumes
of fluid. In the case of the BGB, if the two cordierite-bearing
quartzites (~20 vol% cordierite with c. 2.6 wt% CO,) are
representative of the more widespread cordierite-bearing
migmatites, then around 0.5 wt% CO, would be required to
achieve fluid saturation in any given metapelite rock volume.
A local source of CO, may be provided through decarbona-
tion of calcareous rocks, but in the BGB, the metapelites are
accompanied only locally by calcareous rocks (now Ca-sili-
cate granulites), and in small amounts. Ca-silicate granulites
form one of the dominant rock types only in the K3 area in
the southwest of the BGB (Fig. 2), whereas metapelites with
highly birefringent cordierite occur at the margins of this
area but also far removed from this area (Fig. 10).
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In the absence of a major local source, an external CO,
source is required, such as that potentially provided on a
regional scale by asthenospheric upwelling and/or mafic
underplating, as suggested by Delor et al. (2003), Klaver
et al. (2015), and Beunk et al. (2021) to explain the heat
source required for UHT metamorphism of the BGB. Whilst
large mafic—ultramafic intrusions are abundant in the SW
part of the BGB, they are ~70 Ma younger than the UHT
metamorphism (Klaver et al. 2016). Narrow high-grade
metadolerite dykes have been formed and subsequently
deformed during UHTM (De Roever et al. 2019; 2022).
They have a characteristic MgO-rich composition, with up
to 15% MgO. The deformed dykes form clear evidence for
mafic magmatism co-eval with UHTM, but the dykes are
too small to represent the UHTM heat source (De Roever
et al. op. cit.). However, the magmatism may have been more
extensive at greater depth.

Direct evidence for the source of the CO, is provided by
the 8'3C value of — 4.5+ 0.8 determined by Luciani et al.
(2022) for CO, in fluid inclusions in quartz in granulite from
Blanche Marie Falls, in the core of the BGB. They conclude
that this composition is in accordance with CO,-rich fluids
released by mantle-derived magmas.

An external CO, source for the formation of CO,-rich
cordierite + free carbonic fluid under UHT conditions (pos-
sibly from the mantle) would explain the rarity of UHT
occurrences with widespread primary CO,-rich cordierite.
Among the ~70 UHT occurrences worldwide (Harley 2020;
Kelsey and Hand 2015), the BGB is the only occurrence
with such cordierite. However, the matter of the source of
CO, in the BGB cordierite cannot be resolved without fur-
ther investigation of the high-CO, cordierites from several
migmatitic metapelites in the BGB and analysis of their
8!3C isotopic compositions, which is beyond the scope of
the present study.

Conclusions

1. SIMS analysis has revealed that blue birefringent
cordierite in a metapelitic granulite from the BGB con-
tains c. 2.6 wt% CO, and negligible H,O. The measured
CO, is the highest level found for any natural cordierite.

2. Modelling of the uptake of CO, by cordierite as a func-
tion of P, T, and ac(, based on a revised version of Har-
ley et al. (2002) leads to calculated pressures of 11.3
kbar at 1050 °C for the UHT formation and equilibra-
tion of the near-pure CO, cordierite at acq, of c. 1.0.
The P-T conditions overlap with those deduced from
Opx + Sil + Qz assemblages in the BGB (and a garnet
granulite) and are compatible with experimental con-
straints on the stability of cordierite in the presence of
CO, and mixed H,0-CO, fluids.

@ Springer

3. The extremely low H,O contents of the best-preserved
cordierite grains (0.037 wt%) in the analysed sample
yield a very low calculated ay, (0.003) that is incom-
patible with melting in the metapelite even under the
extreme P-T conditions proposed for this UHT terrain.

4. Whilst H,O leakage or preferential diffusional loss
from the studied cordierite is possible, it is considered
unlikely, given the commonly observed presence of
H,O in all other natural cordierites, that the negligible
H,0 contents reflect near-total H,O loss from this UHT
cordierite. An alternative might be that the near-pure
CO, cordierite in the metapelite was formed after mig-
matization and melting.

5. The presence of abundant metapelitic and metasemi-
pelitic migmatite in the BGB attests to significant melt-
ing under the ambient UHT conditions. More highly
birefringent cordierites present in those rocks, from
other sites in the BGB, should be subjected to volatiles
analysis.

6. The source for the CO, in the analysed metapelitic
cordierite, and more generally in the cordierites from
across the BGB, is not constrained but is likely to be
external, and perhaps mantle-derived, given the regional
scale of cordierite occurrence and the paucity of car-
bonate lithologies. This proposal requires assessment
through a detailed 8'*C isotopic study of the BGB
cordierites in parallel with additional volatile measure-
ments noted in conclusion 5.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-023-02003-1.
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