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Abstract :

The geological history of the Southern Marginal Zone of the Limpopo Belt, in South
Africa, is one of the less understood in South Africa and one of the most debated in the
recent years. This report is a preliminary work, which, from samples collected in the
field, try to better understand the history of the rocks from the Hydrated Zone, by the
use of a petrography study, chemical analysis and phase equilibria modelling. Textures
and relations of minerals were studied and three generations of garnet were distinguished.
The first two are interpreted as granulite facies relics and the third one, as retrograde
garnets in the amphibolite facies. PT conditions of ca. 650°C and 8.5 kbar were found
for the retrograde event, in agreement with recent published works. The impact of
graphite-saturated C-O-H fluids was also investigated on the equilibrium computed, and
it was shown that it doesn’t impact significantly the models for the PT conditions of

interest.
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I. INTRODUCTION

The global tectonic style during the Archean (4.0-2.5 Gyr)
is an enduring enigma. As the Earth was hotter at that
time, it is reasonable to suppose that tectonic styles were
different from those that shape contemporary crustal evo-
lution - but how much and in what way? During the
last decades, this discussion has been polarized between
two schools of thought. One proposes a style of plate
tectonics similar to the modern Earth, generally referred
to as “horizontal” tectonics, in which crustal evolution
is the result of convergent boundary processes such as
subduction or collision. The other interprets Archaean
geology in terms of a “stagnant” or “sluggish” regime
with no or poor lateral mobility of the lid, in which crustal
evolution is chiefly controlled by gravity-driven redistri-
bution within the crust (“sagduction”) (e.g. Goodwin and
Smith 1980) or “partial convective overturn” (e.g. Collins,
Van Kranendonk, and Teyssier 1998), hence referred to as
“vertical” tectonics.

However, recent developments in numerical mod-
elling, as well as comparison with tectonic processes on
the telluric planets, led to the realization that regarding
“horizontal” and “vertical” tectonics as diametrically op-
posed is not an appropriate framework to understand
Archean tectonic processes. On one hand, recent nu-
merical models, as well as comparison with planets (e.g.
Venus) emphasize the possibility of regional horizon-
tal mobility, with locally divergent (rift) and convergent
(“subduction-like”) domains that are not linked to a global
system of plate boundaries (e.g. Hansen and Willis 1996;
Harris and Bédard 2014). On the other hand, the develop-
ment of internally consistent models for global tectonics,
i.e. not restricted to crust, and/or without strongly pre-
scribed boundary conditions, shows that partial convec-
tive overturn (“sagduction”) is actually hard to achieve
for the melt-depleted lower crust, and lithospheric mantle
is actually too stiff to permit crust-to lithosphere-wide
Partial Convective Overturn (PCO ) (Capitanio et al. 2011).
This echoes recent structural studies of cratons, show-
ing that whereas there is undoubtedly a component of
gravity-driven instability in the strain patterns of the Ar-
chaean crust, it is superimposed on — and, quite often,
minor compared to— a component of transpressive to bulk
shortening deformation, accommodated by strain parti-
tioning between vertical, often conjugate strike-slip shear
zones (in the gneisses) and flattening with vertical ex-
trusion (in the greenstones) (e.g. Chardon, Gapais, and
Cagnard 2009; Zibra et al. 2014. How these processes
link across scales and are reconciled within the global

planetary regime remains outstanding (e.g. Korenaga
2018).

Global tectonics is, ultimately, the manifestation of the
thermal state of the Earth. There are, however, only a
few direct records of Earth’s thermal state. One of the
rare proxies available is the metamorphic record. Mineral
assemblages in equilibrium in a rock of given composition
vary with pressure (P) and temperature (T). By combining
the information from different metamorphic assemblages,
it is commonly possible to reconstruct a portion of the PT
conditions followed by the rock unit investigated. It is,
furthermore, possible to date metamorphic assemblages.
This is done by dating the crystallization age of a mineral
(e.g. apatite, zircon) and linking it precisely to a metamor-
phic reaction and an assemblage. This approach, known
as petrochronology, is now at the forefront of research
in petrology (Engi, Lanari, and Kohn 2017; Lanari et al.
2019).

The Limpopo region, in South Africa, offers a unique
opportunity to understand the timing and conditions of
Archaean metamorphism because it exposes rocks formed
at different structural levels from South to North.(i) an
amphibolite-facies domain of gneisses and greenstones,
part of the Kaapvaal Craton ; (ii) an upper amphibolite to
granulite facies zone ; (iii) a granulite facies domain. The
latter two are classically interpreted as forming the South-
ern Marginal Zone of a neo-Archaean (ca. 2.71-2.67 Ga),
modern-style Limpopo orogeny, that is supposed to have
thrust the high-grade Limpopo belt onto the Kaapvaal
craton (D. Van Reenen et al. 1992). The upper amphibo-
lite zone, in this model, is regarded as being formed of
granulites from the nappe, retrogressed by fluids from
the foreland, and is therefore usually called the Hydrated
Zone. However, recent works bring new data that may
not be compatible with this model. (i) Some high-grade
mineral assemblages from the « granulite zone » of the
Limpopo belt give ages as young as 2.0 Ga, i.e. 600 MYr
younger than the proposed orogeny N. Madlakana, G.
Stevens, and Bracciali 2020 ; (ii) melt features in the «
granulite zone » give a range of age from 2.92 to 2.71
Ga (Vezinet et al. 2018), highly suggestive of multiple (or
long-lived) metamorphic events in granulite facies condi-
tions ; (iii) the age (and nature) of rocks in the « nappe
» and in the « foreland » are exactly identical, clearly at
odds with an allochthonous model (e.g. Laurent et al.
2011).

This study concerns the upper amphibolite to gran-
ulite facies zone from the South Marginal Zone. It is
focused on the metapelites from the Bandelierkop Forma-
tion. This formation, and the metapelites, in particular,
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are rocks that concentrated most of the effort in research
in the SMZ, even though it represents a small volume of
the rocks (e.g. Nonkuselo Madlakana and Gary Stevens
2018; G. Stevens 1997; G. Nicoli et al. 2015). This is es-
sentially because metapelites allow gaining great insight
into the P-T conditions that the rocks undergone, as the
aluminous minerals they bear are well constrained, such
as garnet or cordierite (e.g. Bucher and Grapes 2011).

The goal was to carry out a preliminary work to try to
show or not if these rocks were retrogressed from gran-
ulite facies, or had never reached those conditions. For
that, one week of fieldwork was led to collect samples
and a petrological study was realised on them. Thermo-
dynamic modelling was conducted from XRF analysis to
define PT conditions with an emphasis on the impact of
fluid compositions on the equilibria. Due to the Covid-
19, the dating of rutile and apatite by U/Pb to date the
metamorphic events, that was supposed to be the core of
this internship, could not be achieved and the petrology
study has to be concentrated in 2 weeks of work before a
precipitated return in France. The abbreviations used for
this report are from Whitney and Evans 2010.

II. GEOLOGICAL SETTINGS AND FIELDWORK

The NE-SW trending Limpopo belt delimits the Zim-
babwe craton at the north from the Kaapvaal craton at the
south and is situated at the border between South Africa,
Botswana and Zimbabwe. This 300x200 km mobile belt is
composed of high-grade metamorphic rocks and is inter-
preted as the result of the collision between the Kaapval
craton and the Zimbabwe craton.

This belt can be delimited in three parts, from north to
south: the North Marginal Zone (NMZ), the Central Zone
(CZ) and the Southern Marginal Zone (SMZ) with each
zone being delimited by major shear zones (A, Figure 1).
These three parts have in common a metamorphic gran-
ulite facies but don’t share the same geodynamic history,
at least prior to ca. 2.0 Ga as the CZ has a polymetamor-
phic history, with 2 events at ca. 3.1 Ga and ca. 2.0 Ga
(Kroner et al. 1999) which are both not recorded in the
NMZ and the SMZ. Hence, the NMZ and the SMZ are
usually reattached to their respective adjacent craton with
lithologies similar to them, and the CZ as an independent
terrane (DU TOIT, VAN REENEN, and ROERING 1983).

The SMZ is in contact with the northern part of the
Kaapvaal Craton at the south via the north dipping Hout
River Shear Zone and via the CZ at the north with the
mostly vertical Palala Shear Zone (Roering et al. 1992).
The lithologies are commonly regrouped in three main

groups: (i) the grey granitoid gneiss complex, which
forms the basement and the majority of the SMZ with
mostly three ages of formation with 3457 + 10, 3188 £
6 and 2803 + 11 Ma (Vezinet et al. 2018) and named
the Baviaanskloof Gneiss Formation, (ii) the supracrustal
rocks, which are bodies composed by meta-sediments,
mostly metapelites and Banded Iron Formation (BIF), and
(ultra)metabasite and known as the Bandelierkop Forma-
tion (BF), (iii) the intrusive plutons, mostly the Matok
pluton (ca. 2.69 Ga) (e.g. Zeh, Gerdes, and Barton 2009
and the alkali shield complex (ca. 2.05 Ga), which over-
lap the two previous formations and postdate them (B,
Figure 1).

In addition, the SMZ is traditionally subdivided into
two metamorphic sub-zones, with granulite facies at the
north and amphibolite facies at the south. The limit is
commonly represented as an orthoamphibole isograd that
overlay at the west with the N'Tabala Shear Zone (B, Fig-
ure 1). The southern part has been originally interpreted
as a rehydrated zone, allowing retrogression from gran-
ulite facies to amphibolite facies (D. D. Van Reenen 1986).
Hence this area is commonly named the Hydrated Zone
(HZ).

Nevertheless, not recent works have been published
on the metapelites from the HZ, and the effort has been
focused on the metapelites from the granulite facies part
(e.g. N. Madlakana, G. Stevens, and Bracciali 2020; Gau-
tier Nicoli 2015). As a consequence, one week of fieldwork
was organized to better understand the area and collect
samples. 28 samples from the BF were taken, mainly
metapelites, which will be the focus of this report. Their
locality is reported in B, Figure 1 and a summary of their
description and naming system is present in Annexe 2.
The outcrops in this area are relatively scarce, as a conse-
quence of the subtropical climate and the vegetation, and
lots of samples come from loose blocks.

In terms of petrology at the macroscopic scale, the
metapelites are usually caracterized by a assemblage of
Grt, Oam, Qz, Pl and Bt. The Grt are most of the time
centimetric and euhedral (A, Figure 3) and the Oam in
form of black centimetric fibrous minerals (B, Figure 3).
The samples closer to the Oam-isograd show most of the
time presence of anatexis with leucosomes and restites (C,
Figure 3), whereas this is less predominant for samples
further south. Another difference between the two, is
the presence of a texture of Grt surrounding a symplectic
of Oamp+Ky+Pl+Crd close to the N'Tabala Shear Zone,
which is not describe in the Litterature (D, Figure 2).

From this work and the samples collected, a petro-
graphic study and thermodynamic modelling were led
and chemical analysis were made.
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Figure 2: A) Photography of a metapelite far from the isograd showing the euhedral millimetric to centimetric Grt, outcrop HD02.
B) Photography of a metapelite far from the isograd showing the Oam in form of centimetric fibrous black minerals,
outcrop HD02. C) Photography of the anatectic and deform metapelite close to the isograd, outcrop HD12. D) Texture of
coronitic Grt around a symplectic of Oamp+Ky+P1, outcrop HD14.

III. PETROGRAPHIC STUDY AND CHEMICAL

ANALYSIS

One thin and one thick sections were made from each of
the 28 samples. The samples were first investigated using
a conventional petrographic microscope. Then, a Zeis-
sEVO®Analytical Scanning Electron Microscope (SEM)
from the Stellenbosch University Central Analytical Fa-
cilities was used to have high-resolution images. The
analytical conditions were an acceleration voltage of 20
kV with a working distance of 8.5 mm, a specimen beam
current of -20 nA. The same instrument was used to anal-
yse major element compositions of the minerals present
using energy-dispersive X-ray spectroscopy (EDS) with
a 10 s counting time. Analyses were quantified using
natural mineral standards. The detection limits for the
Major elements range from £ 0.05 to 0.1 wt%.

Additionnally, the 22 samples of metapelites were
crushed to a fine powder using a jaw crusher and tungsten
swing mill, before the preparation of a fused disc for ma-
jor element analysis. Bulk-rock chemistry was obtained
by X-ray fluorescence (XRF) analysis using a PANalytical
Axios Wavelength Dispersive spectrometer at the Central
Analytical Facility at Stellenbosch University (results in
Table 3 in appendix).

Three samples, HD02b, HD10b and HD12b, have been
chosen to be the focus of the study. It is based on two
criteria: a different distance from the O-amphibole iso-
grad (orange triangles in Figure 1), and a similar bulk
composition to be able to compare them (Table 1). These
samples will be called HD02b HZ, HD12b Intermediate
and HD10b Isograd, to show their relative distance from
the isograd for the rest of this report.
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Figure 1: A) Simplified geological map of the Kaapvaal Craton and the northern terranes (modified from Eglington and Armstrong
2004; Poujol et al. 2003 and Vezinet et al. 2018). The red rectangle corresponds to B. Abbreviations: KC , Kaapvaal Craton
; LB, Limpopo Belt ; ZC , Zimbabwe Craton ; NMZ , Northern Marginal Zone ; CZ , Central Zone ; SMZ, Southern
Marginal Zone. B) Simplified geological map of the Limpopo Southern Marginal Zone, from Brandl 1986 and Vezinet
2016. The isograd is from D. D. Van Reenen 1986. The triangles correspond to the samples from the fieldwork.
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Table 1: Table of bulk rock compositions of HD02b HZ, HD10b Isograd and HD12b Intermediate, from XRF analysis and corrected compositions without Grtl
and Grt2, with calculated Mg#, A/CNK and corrected factor.

Metapelites contain usually 0.2-1 cm-sized euhedral
Grt poikiloblasts in a matrix of Bt, Qz, Oamp and Pl with
essentially accessory Py, Ap, Mnz, Znr, Ilm and Ru (A in
Figure 3). 0.2-1 cm-sized symplectic textures containing
Oamp-+Ky+Pl+Cor are also present (D in Figure 3). Grt
are Almandine-rich and contain mostly Qz inclusions,
with also Ilm, Oamp and sometimes Rt (B in Figure 3).
Additionally, Gr is also present in some of the samples,
in the matrix, and in Grt but not in the ones studied here
(e.g. E from sample HDO08a in Figure 3). Oamp has not
been well constrained and is supposed to be similar to
previous studies, with both anthophyllite and gedrite (e.g.
G. Stevens 1997).

In all samples, it is possible to distinguish at least three
generations of Grt (Grtl, Grt2 and Grt3), whether in terms
of texture or chemical composition.

Grtl composed the core of the grain, is euhedral, and
contains usually small inclusions (< 50 um). Grt2 has big-
ger but scarer inclusions and is also euhedral. Grt3 is
at the rim of the Grt and is slightly different, with sub-
euhedral small grains and small inclusions, mostly Qz
but sometimes Ky, in a needle shape (B and C in Figure 3
and C and D in Figure 4).
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In terms of chemical composition, the Rim-Rim cross-
section from Figure 5, shows that Grtl is chemically un-
zoned. Grtl is chemically zoned, with enrichment of XFe
and depletion of XMg at the rim and Grt3 is also chem-

These characteristics are observed for the three sam-
ples, whether in terms of texture or in terms of chemical
composition.

The chemical analysis of the Grt for all the samples
are reported in Figure 6. Each point of each generation for
the point analysis come from a different grain. It shows
a similar behaviour for HD02b HZ and HD10b Isograd,
with continuity between Grtl and Grt2 and a rupture with
Grt3, due to an increase of Grs. Grtl and Grt2 in HD12b
Intermediate are more split, with small variations of Grs

In terms of absolute composition, the bulk rock Mg#
shows that it is too different between the samples to com-
pare them.

Concerning the differences between samples, HD02b
HZ and HD10b Isograd both host the symplectic texture
of Oamp+Ky+PI replacing Cor (D in Figure 3). But for
HD10b Isograd, this texture is also around Grt, replac-
ing Grtl and Grt2 (D in Figure 4). This texture is not in
HD12b Intermediate, but 0.5-1 cm sized Oam are present
(A in Figure 4).

IV. PHASE EQUILIBRIA MODELLING:
CONSTRAINT ON THE P-T CONDITIONS AND
sTUDY OF C-O-H rFLUIDS

To constrain the P-T conditions of the stable metamorphic
phase assemblage present in the samples, phase equilibria
modelling was made. Another reason was to try to bet-
ter understand the influence of graphite-saturated-C-O-H
(GCOH) fluids, in terms of redox state and equilibrium
on the rocks studied. There is no graphite present in the
3 samples used, but graphite has been observed for an
important part of the other samples collected (E in Fig-
ure 3 for instance). This presence shows the existence of
C bearing fluids for a no- negligible part of the HZ and is
then an important topic to understand for future work.
In modern metamorphic petrology, internal consis-
tent databases of mineral properties (e.g. Holland and
Powell 1998) have allowed making isochemical phase dia-

ically zoned, with an increase of XCa and a decrease of
XFe, XMgo and XMn. Overall, the composition of Grt3 is
slightly more calcic than Grtl and Grt2.

between the points. Concerning Grt3, it is similar to the
two other samples and shows a gap with the 2 previous
generations.

The Core-rim analysis shows the same evolution, with
an increase of Alm for HD02b HZ between Grtl and Grt2,
an increase of Pyrope for the same Grt for HD10b Isograd
and a more complicated path for HD12b Intermediate.
Grt3 marks again a difference with the two previous gen-
erations, with an increase of Grs.

grams, also called pseudosections, by the use of forward
modelling. The advantage of such an approach is that
pseudosections are then applicable to a fixed bulk rock
composition, for instance, an individual rock sample.

In this case, the XRF analyses need beforehand to be
corrected. This is because all minerals are not in equilib-
rium with each other in the samples studied. In particular,
Grtl and Grt2 are not in equilibrium with the matrix and
Grt3. This is chiefly shown by different texture and differ-
ent chemical composition in Figure6 for instance, and by
the fact that Grt is a mineral well known to be preserved
in mineral assemblages. It is then important to take them
into account, and to try to remove them from the bulk
rock composition measured by XRF (Table 1). Bi shows
an homogeneous composition and it seems also to be
the case for Pl and Oam, from some few grains analysed.
Hence, Grt is the only mineral that need to be removed.

To do that, the surface of Grt2 and Grt3 was measured
from both the thin and thick sections for each sample. In
was then used to calculate a ratio for the total surface
occupied by Grt2 and Grt3 over the total surface of the
sample, and it was then weighed over the real surface
of the thin and thick section. It is then supposed to be
representative of the whole rock collected in the field.

To achieve that, a script to measure surfaces was used
on Illustrator (with Mordy Golding 2010 as shown in Fig-
ure 7. The Qz inclusions were removed from the grains,
as they can represent an important surface. It is possible
because SiO; is naturally in excess in metapelites, hence,
it will not impact the models if it is slightly overestimated.
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Figure 3: A) Scan of a thin section from the sample HD02b SMZ showing an overview of the main minerals and textures of
the rock. The blue rectangle corresponds to B and the red rectangle to D. B) Zoom of A from sample HD02b SMZ,
showing with black dotted lines the three generations of garnet (Grtl, Grt2 and Grt3) with their respective texture.
A euhedral Grtl with a poikilitic texture with mostly small quartz, a euhedral Grt2 with a similar poikilitic texture
but with bigger quartz. The texture of Grt3 is shown in C. The red rectangle corresponds to C and the blue dotted
arrow to the cross-section of the Figure 5. C) Back-scattered electron (BSE) image from SEM, showing the texture of
the sub-anhedral Grt3, with small inclusions of quartz, in the form of a needle texture from sample HD02b SMZ. D)
Back-scattered electron (BSE) image from SEM, showing the symplectic texture of Oamp, Ky and P1 with Bt in a replaced
Crd. E) Back-scattered electron (BSE) image from SEM, showing the presence of graphite inside a garnet in sample
HDO08a Intermediate. All the abbreviations are from Whitney and Evans 2010.
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Figure 4: A) Zoom of a scan of a thin section from the sample HD12b Intermediate, showing the Oam B) Scan of a thin section
from the sample HD10b Isograd showing an overview of the main minerals and textures of the rock. The blue rectangle
corresponds to B. C) Zoom of B from sample HD10b Isograd, showing the three generations of garnet (Grtl, Grt2 and
Grt3) with their respective texture, similar to B from 3. Grt3 and a symplectic texture of Ky, Oam and Pl is replacing
Grtl. The red rectangle corresponds to C. D) Back-scattered electron (BSE) image from SEM, showing the euhedral Grt3
over Grtl, in the symplectic texture.
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Figure 5: Rim-rim chemical cross-sections from EDS for the main poles of the garnet from sample HD02b SMZ in B in Figure 3,
showing the three generations of garnet. Grtl shows mostly no zonation, Grt2 is depleted in XMgO and enriched in
XFeo and Grt3 is enriched in XCaO and depleted in XFeO, XMgO and XMn.
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corresponds to three core-rim analysis on one grain made from each sample. The grey dotted arrows represent the path

from the core to the rim. The #Mg corresponds to the bulk rock composition.
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IHDOZb HZ

Figure 7: Scan of a thin section from HD02b SZM (same as A in 3), showing the surfaces measured for Grtl (in purple) and Grt2
(in blue). The dotted line surface corresponds to the total surface of the thin section used.

With the ratio measured for the three samples, the
corresponding composition from Grtl and Grt2 was then
removed from the previous bulk composition measured
from XRF analysis. The result is shown in Table 1.

For the modelling, the software used was Perplex (ver-
sion 6.8.9, April 2020, J. a. D. Connolly 1990). The chemical
systems are MnO-Nay;O-CaO-K;O-FeO-MgO-Al,O3-5i0,-
H,0-TiO; (MnNCKFMASHT) and MnO-Na,;O-CaO-K,O-
FeO-MgO-Al,03-5i0,-HyO0-TiO,-0,-2—CO  (MnNCKF-
MASHTOC). The thermodynamic datafile used is
hp62ver.dat. Solid solution models are: Mica(W), Bi(W),
Gt(W), Opx(W), Melt(W), Crd(W), Chl(W) (R. W. White
et al. 2014), feldspar (Fuhrman and Lindsley 1988),
oAmph(DP) (Diener and Powell 2012) and IIm(WPH)
(White et al. 2000).

The approach was, for each sample, to calculate two
pseudosections. One, with H,O as a fluid and a second
with GCOH fluids, to understand how it impacts the
assemblages et reactions. To do that, the first pseudo-

section was calculated in the MNNCKFMASHT system,
with the addition of an arbitrary value of 7wt% to the
bulk composition to put the water in excess. For the
second pseudosection, the MNNCKFMASHTOC system
was used, with H,O and CO, as saturated components,
X(O) = 1/3 and the use of the Internal Equation of State
modified Redich—Kwong equation from J. a. D. Connolly
and Cesare 1993.
X(O) is defined as:

No

X0) = ————
( ) No + Ny

With Np and Ny being respectively the number of
atoms of O and H. It is introduced first by Labotka 1991,
and is a variable that is correlated with the redox state
as f(Oy), but has the advantage to directly reflects the
mass balance and to be compositionally measurable in
a fluid (J. A. D. Connolly 1995). In terms of value, X(O)

11
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= 0 means pure CHy and X(O) = 1 means pure CO2 for
a GCOH fluid, because of the projection through C. The
value of 1/3 reflects the highest proportion of water in
the fluid. It is also the value that is the most likely if
there is no other constrain about the fluid composition, as
dehydration reactions tend to dilute C during prograde
path (e.g. Chu and Ague 2013). This is why this value
was chosen for the pseudosections. Before analysing the

The pseudosections show some similarities between
samples, in particular, HD02b HZ and HD10b Isograd.
HD12b Intermediate is slightly different, with the absence
of Al;Os. This is nevertheless coherent with the absence
of the symplectic texture containing Ky in HD12b. The
assemblage corresponding to the samples, is P1 Grt Bt
Oam Ky Qz Rt H20/fluid for HD02b and HD10b, and P1
Grt Bt Oam Qz Rt H20O/fluid for HD10b.

Concerning the effect of GCOH fluids, the more im-
portant change concerns the position of the solidus, as
it is shifted to higher P and T. This is coherent as this
reflect a decrease of the activity of HyO (a(H20)) in the
fluid. This is even more pronounced at lower P, as the
a(HyO) is lower at these conditions (Chu and Ague 2013).
In addition, GCOH fluids also impact the formation of Ti
oxides, as it is dependant on the redox state, because of
the iron. It allows the formation of assemblages where
Rt and Ilm are coexisting, like in HD02b SMZ type for
example.

To try to constrain better the P-T conditions of the as-
semblage present in the samples, composition isopleths of
the four poles of Grt were computed and are represented
in Figure 9. The bold lines represent the median composi-
tion of Grt3 from the analytical part for each sample. At
the exception of HD02b HZ type, the isopleths don’t seem
to overlap in the assemblage of interest. In particular, Al-
mandine seems particularly low. It is expected concerning
the pseudosections with GCOH fluids, as there is no Gr
in the samples, and therefore no proof of C in the system.
It is not the case concerning HD12b and HD10b with H,O
in excess, with the intersection of the isopleths that seem
to exist in the P1 Chl Grt Bt Oamp Qz Rt H20 £Ky even
though Chl has not been observed in the petrology study
in the fresh rock. Nevertheless, HD02b HZ shows PT
conditions of ca. 650 °C for ca. 8.5 kbar.

pseudosections, it is important to remember that the way
that fluids were defined, with an excess of H,O or satura-
tion of HyO and CO, with X(O) = /3, is inaccurate with
melting reactions, and that post-solidus reactions model
here doesn’t have any strong physical meaning. This is
due to the overestimation of the water content with the
coexistence of melt. The six pseudosections are presented
in Figure 8.

V. DIiscusSION AND CONCLUSION

The HZ metapelites seem to record different PT condi-
tions, with clearly three different generations of Grt. The
Grtl record no chemical zoning, in agreement with ret-
rogression from granulite facies, as stated in previous
studies (e.g. G. Stevens 1997). In addition, Grtl and Grt2
seem in continuity with each other, but it is not the case
with Grt3, both in terms of texture and chemical compo-
sition. The relations of the textures in HD10b (C and D
in Figure 4) have shown that Grtl and Grt2 have been
replaced by Cor. This is also well described in the Lit-
terature (e.g. Gary Stevens and van Reenen 1992; D. D.
Van Reenen 1986). In addition, Cor is replaced by a sym-
plectic texture of Oamp-+Ky+Pl, in equilibrium with Bt
and Grt3, as demonstrated with the Ky inclusions in it
and the relations between the two. This has important
implications in terms of PT conditions and suggests that
Grt3 are retrogressed Grt, with Grtl and Grt2 preserv-
ing peak metamorphism conditions. Furthermore, Grtl
shows no chemical zoning, which is consistent with a
granulite facies.

In addition, the thermodynamic modelling has shown
for HD02b HZ PT conditions of ca. 650 °C for ca. 8.5
kbar, and it seems to be a good sample to continue with
modelling. These PT conditions are consistent with pre-
vious works on the retrograde assemblage on the HZ
(e.g. D. D. Van Reenen 1986). Concerning HD10b Isograd
and HD12b Intermediate, the isopleths didn’t overlap
and it can be explained by different reasons: there are
lots of pyrite in the samples, which may represent a non-
negligible amount of Fe. The chemical system used here
doesn’t take into account sulphites and it may explain
the inaccuracy of the isopleths. It may also be that the
correction of the bulk composition was not accurate and
not representative of the samples studied.

The pseudosections with GCOH fluids have shown
that this composition has an important impact concern-
ing the solidus, with a shifting of an addition of around
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HDO2b (SMZ type) Si0, 65.39 Ti0, 0.73 Al,0, 16.37 FeO 5.87 Mg0 5.10 Ca0 1.91 Na,0 2.61 K,0 1.98 (wt%)
MnNCKFMASHTO with 7 wt% of H,0 MnNCKFMASHTOC with H,0+CO,+Gr saturated and X(0) = 1/3
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Figure 8: Calculated P-T pseudosections from the corrected bulk composition. The bulk composition and the conditions of the
system are at the top of each pseudosection. The inferred mineralogical assemblage is indicated by a diagonally shaded
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HDO02b (HZ type) Si0, 65.39 TiO, 0.73 ALO, 16.37 FeO 5.87 Mg0 5.10 Ca0 1.91 Na,0 2.61 K,0 1.98 (wt%)
MnNCKFMASHTO with 7 wt% of H,0 MnNCKFMASHTOC with H,0+CO, saturated and X(0) = 1/3
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Figure 9: Calculated isopleths (mol %) for garnet poles. The bold lines correspond to the composition of the median of Grt3 from
each sample, measured previously. These values are at the bottom of each pseudosection. The bulk composition and the

conditions of the system are at the top of each pseudosection. The orange star represents the possible PT conditions for
HDO02b HZ.
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75° C at low pressure before melting. Nevertheless, the
consequences at the PT conditions of interest are not so
important, as the pseudosections are quite similar, at the
exception of the Ti oxides. Nevertheless, it may be im-
portant to use samples containing graphite, to be able to
compare with something real.

With the elements collected, it is possible to formu-
late a hypothesis concerning the history of these rocks:
peak metamorphism in granulite facies, recorded in the
core Of the Grtl, with an absence of zonation, a decom-
pression event, with the replacement of Grtl and Grt2
by Cor and a cooling down event, with the current as-
semblage and Grt3 replacing Cor. This is in accordance
with recent work on the other sides of the isograde where
approximately the same PT conditions where found (N.
Madlakana, G. Stevens, and Bracciali 2020). It may reflect
that they recorded the same metamorphic event but with
different degrees of fluid availability. This would explain
the absence of Opx in this HZ, as stated in previous works
(e.g. D. Van Reenen et al. 1992).

To try to answer that question, the next step of
this work would be to try to date metamorphism by
geochronology as it was first planned for this internship.
The best approach would be to do in situ dating, to be
able to date the different generations of Grt, by Ap or

Rt, as they are quite present in the samples. The petrol-
ogy study can also be improved, as Oamp have not been
studied, which can help to better constrain the PT condi-
tions. Additionally, the spatial representativeness can be
greatly improved, as it was only focused on three samples.
Furthermore, it would be important to try to model the
PT conditions of Grtl and Grt2, to confirm or not the
hypothesis formulated. A way to do that would be to
progressively remove the composition of Grtl and Grt2
during a PT loop to try to reproduce the complete story
of the rocks.
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APPENDIX

Sample GPS point (lat. ; long.) Lithologies and additional description
HD-01la (-23.3509639 ; 30.27259011) Meta-BIF, in place
HD-01c (-23.3509639 ; 30.27259011) Ortho-amphibolite in place
HD-01d (-23.3509639 ; 30.27259011) Ortho-amphibolite in place
HD-02a (-23.35191174 ; 30.2754653) Metapelite in place
HD-02b (-23.35191174 ; 30.2754653) Metapelite, Bt rich in place
HD-02c (-23.35191174 ; 30.2754653) Metapelite, Oam rich in place
HD-03 (-23.35173097 ; 30.27492028) Meta-arkose, in place
HD-04 (-23.3052959 ; 30.14809131) Metabasite, loose block
HD-05 (-23.32053855 ; 30.11570998) Metapelite, loose block with big Oam oxidized
HD-06 (-23.351405 ; 30.07340156) Metapelite, loose block, Bt rich
HD-07a (-23.38753775 ; 29.85687126) Metapelite, loose block, presence of Crd
HD-07b (-23.38753775 ; 29.85687126) Metapelite, loose block, presence of Crd
HD-07c (-23.38753775 ; 29.85687126) Metapelite, loose block, euhedral Grt accumulation in gz-fsp matric
HD-08a (-23.38302801 ; 29.85865134) Metapelite, loose block, lot of Grt and Crd
HD-08b (-23.38302801 ; 29.85865134) Metapelite, loose block, lot of Grt and Crd
HD-09 (-23.36549907 ; 29.8702424) Metapelite, loose block, layered Bt-Grt-Crd rock with leucosomes
HD-10a (-23.29205562 ; 30.06225781) Metapelite, in place, coarse grained
HD-10b (-23.29205562 ; 30.06225781) Metapelite, in place, fine grained
HD-11a (-23.33406285 ; 30.07246681) Breccia, with gneiss and sandstone
HD-11b (-23.33406285 ; 30.07246681) Metapelite, in place, coarse grain with Crd
HD-12a (-23.33305648 ; 30.07296603) Metapelite, in place, migmatitic metapelite andabundant Grt
HD-12b (-23.33305648 ; 30.07296603) Metapelite, in place, migmatitic Oam rich
HD-13a (-23.29435084 ; 29.9545882) Metapelite, in place, Crd rimmed with Grt
HD-13b (-23.29435084 ; 29.9545882) Metapelite, in place, Crd rimmed with Grt
HD-13c¢ (-23.29435084 ; 29.9545882) Metapelite, in place, Crd rimmed with Grt
HD-14 (-23.29697504 ; 29.95468447) Metapelite, in place, Crd rimmed with Grt
HD-15 (-23.25115807 ; 29.71765098) Metapelite, in place, granulite facies with large Grt
HD-16 (-23.43222275 ; 29.76543139) Migmatite, in place, Grt-Crd leucosome

Table 2: Table of the samples localisation and description, collected during fieldwork. Samples with the same number are from the

same area.
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