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Paired metamorphic belts (PMB) are the tectono-metamorphic expression of the one-sided subduction of oceanic
lithosphere beneath continental margins and island arcs, which represents a key characteristic of terrestrial plate
tectonics. PMB that are spatially and timely paired are mainly known from Phanerozoic orogenic belts, although
the metamorphic rock record points to a duality of thermal regimes since the Palaeoproterozoic. Here we
describe the tectono-metamorphic evolution of the Usagaran Orogen at the SE-margin of the Tanzania Craton,
which includes PMB of Palaeoproterozoic age. The orogen’s lithological inventory reflects a Wilson cycle: (1) The
passive margin sequence (Konse Group) was deposited during the Lomagundi carbon isotope excursion
(2.22-2.06 Ga) and metamorphosed at 2.03 Ga during the Usagaran orogeny. (2) The precursors of most eclo-
gites were ocean-floor basalts, but those of the Ky- and Opx-eclogites of boninite chemistry were related to
subduction-initiation. Peak eclogite metamorphism at mantle depths (850-880 °C/18-19 kbar) was followed by
transient granulite-facies conditions during exhumation (750-800 °C/6-10 kbar). High-T-P shear zones in Opx-
eclogites and felsic mylonites formed at P < 15 > 10 kbar are related to exhumation. (3) High-P amphibolite-
facies metamorphism of metasediments enveloping the eclogite belt (770 °C/13.2 kbar at 2.0 Ga) is attributed to
an accretionary wedge setting. The concurrent evolutions and the preserved growth zonations in garnet of both
units point to a shared short-lived metamorphism. (4) Low-P Grt-Crd-Sil-granulites, which overlie the accre-
tionary wedge metasediments as a nappe, experienced a counter-clockwise P-T path at ca. 2.06 Ga (peak 820 °C/
7.2 kbar) in an arc setting that predates the orogeny for 50-60 Myr. We attribute their protomylonitic texture to
post-peak NW-thrusting towards the orogenic foreland during collision. Late-stage P-T paths of all units in the
nappe stack (isobaric cooling at 20 km depth) are interrelated. Other Palaeoproterozoic PMB in orogens around
the Congo Craton and in the Yangtze Craton, in addition to subduction-related eclogites in the Trans-North China
Orogen, indicate that subduction of oceanic lithosphere and its partial exhumation after slab breakoff at mantle
depths were already viable tectonic processes. Pre-Neoproterozoic eclogites representing exhumed oceanic crust
are dominantly known from a short time interval (2.1-1.8 Ga), during which warm (12-14 °C/km) and cold
(<11 °C/km) subduction zones existed, which both show the tectono-metamorphic characteristics akin to
modern asymmetric one-sided oceanic subduction.

1. Introduction 2008; van Hunen and van den Berg, 2008). Whether this style of sub-

duction tectonics was viable in a hotter early Earth is still debated, as

A key characteristic of terrestrial plate tectonics is the self-sustained
one-sided oceanic subduction at convergent plate margins. Major factors
that control this style of subduction process are a high plate strength and
the presence of a weakened subduction slab interface, the formation of
which is attributed to metamorphic dehydration of the subducting slab
and the migration of water to form this hydrated interface (Gerya et al.,
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exhumed, deeply subducted oceanic lithosphere (subduction-related
eclogites and blueschists) is scarce in the pre-Neoproterozoic rock re-
cord. This rarity has been attributed to compositional buoyancy of the
early oceanic lithosphere (e.g., Davies, 1992) or, alternatively, to
lithospheric weakness that did not provide a mechanism for exhuma-
tion, such as slab breakoff at mantle depths (van Hunen and van den
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Berg, 2008). One of the tectono-metamorphic expressions of a former
self-sustained one-sided oceanic subduction is provided by paired
metamorphic belts (PMB) in the sense of Miyashiro (1961, 1973), i.e. a
high-P/low-T belt spatially and timely associated with a low-P/high-T
belt. The formation of such paired belts is related to the partial exhu-
mation of a deeply subducted cold and dense oceanic lithosphere (high-
P/low-T belt) and, landward, to a coeval low-P/high-T metamorphic
belt in a magmatic arc environment (Miyashiro, 1961; Ernst, 2010).

Such PMB with the lithological (eclogites or blueschists), geochem-
ical (ocean-floor basalts) and metamorphic characteristics (subduction
to mantle depths) have been described predominantly from Phanerozoic
orogens, although the metamorphic rock record points to the existence
of a duality of thermal regimes (as a proxy for subduction processes on
Earth) at least since the Palaeoproterozoic era (Holder et al., 2019;
Brown et al., 2024). This observation relates to the highly debated
question, when the plate-tectonic mode with deep subduction of oceanic
lithosphere began.

In relation to the evolving thermal state of the mantle, the Earth is
thought to have experienced different tectonic modes. The primary
proposed modes include a mantle plume dominated stagnant lid (after
solidification of the last magma ocean), a stagnant-deformable (squishy)
lid (during part of the Archaean) and the active mobile lid of the modern
global-scale plate tectonics (e. g., Lenardic, 2018; Stern, 2018; Gerya
et al., 2021; Cawood et al., 2022; Brown et al., 2024). However, there is
no consensus about possible gradual transitions between these tectonic
modes or their possible simultaneous operations at different tectonic
settings. Suggestions for the start of the modern plate tectonic mode
span the time from the early Archaean to the Neoproterozoic. They
depend largely on the interpretation and selective emphasis on specific
observations and how we define plate tectonics (e. g., Stern, 2005, 2018;
Brown, 2006; Hopkins et al., 2010; Sizova et al., 2010; Brown and
Johnson, 2018; Bédard, 2018; Condie, 2018; Brown et al., 2024;
Windley et al., 2021; Kusky et al., 2021; Arndt, 2023; Cawood et al.,
2022; Condie and Stern, 2023). In the present study we put emphasis on
the metamorphic record of early deep subduction of oceanic lithosphere
to mantle depths and the related evolution of PMB in the sense of
Miyashiro (1961, 1973).

In this paper we describe Palaeoproterozoic PMB in the Usagaran
Orogen at the SE border of the Archaean Tanzania Craton, which are
connected to a plate-tectonic ‘Wilson cycle’. They reflect the asymmetric
one-sided subduction of the oceanic plate to mantle depths, which
represents the hallmark for the terrestrial plate tectonic regime (Gerya
et al., 2008). We present metamorphic P-T paths, geochemical data and
U-Th-total Pb monazite ages from the Yalumba Hill low T/P belt and the
paired Igula high T/P granulites. These data underpin their related
evolutions at an eastward-directed Palaeoproterozoic subduction zone
(present day coordinates) of oceanic lithosphere below an obscured
Archaean block that was reworked during the Kuunga orogenic event (at
ca. 550 Ma) in the Mozambique Belt of Tanzania (Fig. 1a). Our data
allow a relatively detailed reconstruction of a full-fledged Wilson cycle
between ca. 2.15 and 2.0 Ga related to the Usagaran orogeny and
document key pieces of evidence for at least the local operation of
modern plate-tectonic processes in the Palaeoproterozoic.

The Usagaran Wilson cycle is recorded in a passive margin succession
on the Tanzania Craton, high-P amphibolite-facies accretionary wedge
metasediments, an eclogite-facies oceanic crust subducted to mantle
depths, associated minor orthopyroxene-eclogites of low-Si boninite
chemistry (which have magmatic precursors related to subduction
initiation), high-T/high-P shear zones that formed during exhumation of
the subducted oceanic slab and finally a nappe of low-P/high-T granu-
lites emplaced on top of the high-P units during the Usagaran orogeny.

The Usagaran PMB may represent one of the so far oldest examples
(ca. 2.0 Ga) for the development of PMB in the sense of Miyashiro with
cold subduction of oceanic crust to mantle depths (<ca. 14 °C/km or
500 °C/GPa as redefined with the Phanerozoic metamorphic data set by
Holder et al., 2019). These paired belts testify that subduction of rigid
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oceanic lithosphere to mantle depths and its partial exhumation after
slab-detachment — characteristic features of modern subduction zones —
were already viable tectonic processes during Nuna/Columbia
formation.

2. Geological setting of Palaeoproterozoic belts of Tanzania

Palaeoproterozoic orogenic belts of Tanzania surround the Archaean
Tanzania Craton on its southwestern (Ubendian Belt) and southeastern
(Usagaran Belt) margins (Fig. 1a). The crust of the Tanzania Craton has
mainly grown during the Neoarchaean (ca. 2.72-2.61 Ga) but older
rocks revealing formation ages of >2.82 Ga and ca. 3.2 Ga have also
been reported (Thomas et al., 2013, 2016; Kabete et al., 2012). Both
Palaeoproterozoic belts contain eclogites that formed from ocean floor
basalts during subduction metamorphism dated at 2.0 Ga in the Usa-
garan Orogen (Moller et al., 1995; Collins et al. 2004; Tamblyn et al.,
2021) and at 1.88-1.86 Ga in the Ubendian Orogen (Boniface et al.,
2012). These eclogites are spatially associated with coeval belts con-
taining garnet-cordierite-sillimanite gneisses (Meinhold, 1970; Kazi-
moto et al., 2014, Loose and Schenk, 2018). Both belts experienced
several tectono-metamorphic events in the Palaeoproterozoic (between
2.1 and 1.82 Ga; Kazimoto et al., 2014; Moller et al., 1995; Reddy et al.,
2003; Tamblyn et al., 2021) pointing to similar evolutions, even if the
dated eclogite-facies events of the two belts differ in age by about 140
Ma. The recognized tectono-metamorphic events in the Usagaran and
Ubendian belts were associated with different generations of calc-
alkaline magmatism between ca. 2.1 and 1.8 Ga reflecting different
phases of Palaeoproterozoic crustal growth at the craton margins (Fig. 1;
Wendt et al., 1972; Gabert and Wendt, 1974; Moller et al., 1998, 2000;
Reddy et al., 2003; Thomas et al., 2013; Kazimoto et al. 2014; Tulibo-
nywa et al., 2015; Sommer and Kroner, 2019). However, both Palae-
oproterozoic belts also contain considerable amounts of reworked
Archaean crust from the craton margins (Fig. 1; Moller et al., 1998;
Johnson et al., 2003; Collins et al., 2004; Kazimoto et al. 2015). Kazi-
moto et al. (2015) and Loose and Schenk (2018) proposed on the basis of
the PMB concept that the Palaeoproterozoic subduction in the Ubendian
Belt was directed towards the northeast below the Tanzania Craton,
whereas the subduction in the Usagaran Belt was east-directed below an
Archaean crustal block to the east (Fig. 1, ‘Mozambique Belt Meta-
Craton’; reworked during the Neoproterozoic orogenies; Moller et al.,
1995; Loose and Schenk, 2018). Other studies (Brown D.A. et al., 2020b;
Tamblyn et al., 2021) not aware of the existence and the position of the
low-P belt in the Usagaran (Meinhold, 1970; Meinhold and Frisch, 1970)
and misinterpreting the Konse Group metasediments as a post-orogenic
instead of a passive margin succession of the Usagaran Wilson cycle, left
the direction of subduction open and discussed both possibilities.

The Ubendian Belt, bracketing the Archaean Tanzania and Bang-
weulu cratons, shares many similarities with its Palaeoproterozoic
Usagaran twin orogen on the SE side of the Tanzania craton. However, in
contrast to the Usagaran Orogen, it experienced several reworking
events during Mesoproterozoic and Neoproterozoic orogenic cycles
(Boniface et al., 2012; Boniface and Schenk, 2012; Boniface et al., 2014).
Its Palaeoproterozoic evolution seems to be more complicated than that
of the Usagaran Belt, as monazite and zircon ages show evidence for
several Palaeoproterozoic tectono-metamorphic events (e. g., Kazimoto
et al., 2015). Recent evolutionary models of the Ubendian Belt are
critically reviewed in the supplementary material (S1). Therein we
point out that some aspects of these models, in particular the two
Palaeoproterozoic ‘oceanic corridors’ (Boniface & Tsujimori, 2021), are
incompatible with the available petrological and age data.

3. Geology of the Usagaran Belt
In the Usagaran Belt, the best-preserved Palaeoproterozoic meta-

morphic rocks occur in a narrow wedge-shaped area along the border of
the Tanzania Craton (Figs. 1, 2a). A compilation map showing the



V. Schenk et al.

Arusha g

Dar es|Salaam

Oltiso
36°30°

34°30’East 35°00° 35°30° 36°00°
6°00’ P N N NN NN NN NE RN
s [ Tanzania Craton /= Wegtlem Gxt'anulites it %
mainly metapsammitic rocks
iUsagaranllgﬁit‘ )y [ Western Granuli pelitic units

b

9°30*

[l Mafics of Eclogite Zone [IlEastern Granulites (metasedimentary)

= Usagtaraél foliated [C]Eastern Granulites (metamagmatic)
-%r:;ua(;;ms ioid [l Metagabbroic rocks
weakly deformed ] Anorthosites
[ Ndembera Group [l Marbles
[ Konse Group [Karoo Sediments

Lower Isimani Group
with eclogite belt

Upper Isimani Group
with LP/HT belt
Tanzania

Craton
(3,15 - 2.50 Ga)

~1860/580

37°00°

Precambrian Research 429 (2025) 107891

500 km

.
*
(5]
A

Neoproterozoic ,Kuunga Orogen*
ca. 590-530 Ma / dated samples

Neoproterozoic ,East African Orogen*
ca. 650-600 Ma

with Kuunga reworking

Mesoproterozoic Orogens

with Kuunga reworking

with Mesoproterozoic + Kuunga reworking
with Mesoproterozoic reworking
Palaeoproterozoic Orogens

(Usagaran and Ubendian Belts)

with Kuunga reworking
Archaean Cratons

Palaeoproterozoic eclogites
Palaeoproterozoic formation ages
Archaean fromation ages

Neoproterozoic suture
in Ubendian Belt

X
\J

37°30° 38°00” 38°30”
N
MX % Wami River
WOENTAINS
Mv'omero
6°30°
7°00°
’ 7°30°
Mozamb. Belt
,Meta-Craton*
(2.98 - 2.51 .

1 | Metamorphic ages |
& & A Archaean form
o Palaeoprot. formation ages

Ga)

ation ages

Sommer & Kroner 2019; Sommer et al. 2005 | H 8°30°
Tenczer et al. 2013
Y
9°00°
OO oorororoooroerfoooooeoooee 9°30°

(caption on next page)



V. Schenk et al.

Precambrian Research 429 (2025) 107891

Fig. 1. Precambrian orogenic belts around the Tanzania Craton. The formation ages make clear that the suture of the Palaeoproterozoic Usagaran Belt (eclogite belt)
separates two Archaean blocks of similar age: the Tanzania Craton and the ,Mozambique Belt Meta-Craton’. (a) The Archaean and Palaeoproterozoic formation ages
are only given for the Tanzanian part of the Mozambique Belt (zircon: Sommer et al., 2005, Thomas et al., 2013; Tenczer et al., 2013, Sommer and Kroner, 2019).
Orogenic events overprinting older basement are marked by hatching: In central Tanzania, when the ,Eastern Granulites’ (ca. 650-600 Ma) where thrust towards
west, the Archaean and Palaeoproterozoic rocks of the lower plate were overprinted by an amphibolite-facies metamorphism during the Kuunga orogeny (ca. 540
Ma). The Palaeoproterozoic Usagaran belt mostly evaded this overprinting only in a wedge shaped area close to the craton. (b) Geological map of the Usagaran Belt
and adjoining areas, modified after the compilation map of Fritz et al. (2005). The Palaeoproterozoic paired metamorphic belts are at the SE border of the Tanzania
Craton. The Neoproterozoic Mozambique Belt contains Neoarchaean and Palaeoproterozoic basement (‘Mozambique Belt Meta-Craton’), implying that the Palae-
oproterozoic suture separates two Archaean terrains. The Neoproterozoic Mozambique Belt consists of two orogenic belts: ,Eastern Granulites‘ (ca. 0.64 Ga) and, near
the craton, the Tanzanian Kuunga Belt (ca. 0.55 Ga). The Kuunga collisional event led to an amphibolite-facies reworking of the so-called ,Western Granulites‘. The so
far undated Itiso ophiolite (just outside the map area) is thought to mark the northern termination of the Palaeoproterozoic Usagaran belt. The areal extent of the
Usagaran Belt in the compilation map of Fritz et al. (2005) is not correct. New age data show a much wider area with Palaeoproterozoic formation and metamorphic

ages (‘minimum extent of Usagaran’).
<
<

assumed extent of Usagaran rocks along the SE corner of the Tanzania
Craton (Fritz et al., 2005, 2013; Fig. 1b) is based on 56 Quarter Degree
Sheets (QDS) published by the Tanzanian Geological Survey (mapped by
German Geological Mission 1963-1969; Temperley et al. (1953) and
Whittingham (1959)). However, the assumed regional extent of the
wedge-shaped Usagaran Belt is biased by a systematic increase of mica
cooling ages towards the craton (from 430 to 1960 Ma), pointing to a
gradually decreasing influence of the Neoproterozoic orogenies (Wendt
et al., 1972; Gabert and Wendt, 1974; Coolen et al., 1982). The true
extent of the belt with dated Palaeoproterozoic magmatism and meta-
morphism is much wider towards north and east (cf. discussion in 3.1).
The Palaeoproterozoic Usagaran Belt is bordered in the NW by the
Archaean Craton and in the SE by two Neoproterozoic belts, which were
grouped together under the umbrella of the Mozambique Belt (Fig. 1;
Holmes, 1951; Hepworth, 1972) or East African Orogen (EAO; Stern,
1994), not discriminating between the two different Neoproterozoic
events and belts that have been recognized later. These are the ‘Eastern
Granulites’ (Fig. 1), which are characterized by a counter-clockwise P-T
evolution at ca. 650-600 Ma (Appel et al., 1998; Moller et al., 2000) and
the Kuunga collisional event at ca. 540 Ma, which is characterized by a
clockwise P-T evolution (Jons and Schenk, 2004). The thrusting of the
Eastern Granulites nappe may have caused the Kuunga age meta-
morphism in the underlying ‘Western Granulites’ (Jons and Schenk,
2004; Cutten et al., 2006; Fritz et al., 2013). The eastern boundary of the
Palaeoproterozoic Usagaran Belt within the Neoproterozoic
Mozambique Belt is obscured (and thus not known) due to this strong
Neoproterozoic reworking. However, the presence of this older crust
within the Mozambique Belt is reflected by the occurrence of Archaean
and Palaeoproterozoic formation ages (Fig. 1).

3.1. Estimating the regional extent of the Usagaran Orogen

Taking the distribution of published Palaeoproterozoic formation
ages as evidence for traces of a Palaeoproterozoic orogeny in the Neo-
proterozoic Mozambique Belt and adding new texturally controlled
metamorphic monazite ages (Fig. S2 and S3), we can considerably
expand the hitherto assumed regional extent of the Usagaran Orogen
(Fig. 1b) towards east and towards north (up to Itiso, Ikawla (T44-93);
SW of Mautia Hill (T37-93), NW Kiboriani Mountains). We propose that
the Itiso ophiolite, exposed just outside the map area of Fig. 1b (80 km
NNW of Mautia), marks the northernmost point of the wedge shaped
Usagaran Orogen. For this Itiso ophiolite a Neoproterozoic age has been
assumed so far (Shackleton, 1986; Berhe, 1990). However, monazite
ages (U-Th-total Pb dating) from staurolite-kyanite-garnet 2-mica schist
at the nearby Ikawla location clearly point to two metamorphic events
(at ca. 1860 and 560 Ma) that affected these rocks (T44-93; Fig. 1b;
Fig. S3k), making the Palaeoproterozoic age of the ophiolite likely.
Furthermore, at Kilosa (Fig. 1b, T46-93) and at Mbuyuni (T54-93),
which are locations far outside the assumed area of the Usagaran Orogen
(Fig. 1b), two metamorphic events are evident. Monazite grains
included in garnet porphyroblasts (T46-93; Kilosa) revealed Palae-
oproterozoic ages (1956 + 13 Ma), whereas ages of monazite matrix

grains reflect the Neoproterozoic reworking (583 + 10 Ma; Fig. S3a-j).
Thus, the main metamorphism, which resulted in the growth of garnet
porphyroblasts, is of Palaeoproterozoic age, whereas the later re-
working was of minor importance in the Kiboriani Mountains. Petro-
graphic evidence for two orogenic events have also been found at
Mbuyuni, further south at the Great Ruaha river (T54-93: Grt-Ky-Bt
gneiss; Fig. 1b). During the first event garnet porphyroblasts were
formed, which subsequently were partially replaced by Bt-Ky sym-
plectites (Fig. S2). These retrograde textures were overgrown by a sec-
ond garnet generation. The textures indicate two orogenic-metamorphic
events, which are separated by a phase of retrogression. This is in
accordance with the Palaeo- and Neoproterozoic monazite ages further
north.

The new Palaeoproterozoic monazite ages from Ikawla and Kilosa
are in agreement with zircon data obtained from metasediments mapped
by Temperley et al. (1953) along the eastern craton margin. These
metasediments are known as the Mpwapwa Group (Thomas et al., 2013)
and crop out in the Kiboriani Mountains as well as along and south of the
Dodoma-Dar es Salaam road (Fig. 1). The Mpwapwa Group displays a
lithological W-E zonation. Quartzites, metapelites with some interca-
lated marbles, which occur near the craton, may correspond to those of
the Konse group. The felsic gneisses with mafic intercalations, in the
eastern part, resemble those of the Lower Isimani Group, occurring
further south. These metasediments experienced their main meta-
morphism (amphibolite facies) during the Palaeoproterozoic (Zrc and
Ttn: 1993/1999 Ma; Thomas et al., 2013) and were only weakly affected
by the Neoproterozoic reworking (ca. 550 Ma; Thomas et al., 2013). In
contrast, at Mautia Hill, only ca. 20 km away from the craton border, the
Neoproterozoic reworking is clearly the dominant metamorphic event as
all monazite ages (LA-ICPS; Apen pers. com.), Sm-Nd garnet ages
(Moller in Jons and Schenk, 2004) and U-Pb zircon ages (Cutten et al.,
2006) are Neoproterozoic (ca. 550-540 Ma). The P-T path of the Mautia
whiteschists points to a strong Neoproterozoic crustal thickening (720
°C/10-11 kbar at ca. 550 Ma; Jons and Schenk, 2004). Palae-
oproterozoic monazite ages (ca. 2000 Ma) were only found in one
spessartine-kyanite sample collected ca. 5 km SW of Mautia Hill towards
the Kiboriani Mountains (T37-93).

The new metamorphic ages from Ikawla, Mbuyuni, the Mautia Hill
and the Kiboriani Mountains (Mpwapwa Group) demand a new view for
the regional extent of the Usagaran Orogen, which affected the southern
part of the so-called ,Western Granulites’. The Usagaran Orogen reaches
further north and further east (Fig. 1b) than indicated in the compilation
map of Fritz et al. (2005). The basement in the northern part of the
Tanzanian Kuunga Orogen, which is also part of the ,Western Granu-
lites’, seems to consist only of Archaean precursors. Correspondingly, we
assume a northern limit of the Palaeoproterozoic Usagaran Belt
(Fig. 1a). We conclude that the southern part of the so-called ,Western
Granulites’ was affected by an upper amphibolite-facies metamorphism
of Palaeoproterozoic age (2000-1960 Ma), which we detected by
texturally controlled monazite dating in metapelites. This demonstrates
that metamorphic traces of the Palaeoproterozoic Usagaran orogeny can
be found in the Neoproterozoic Mozambique Belt.
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Fig. 2. (a) Geological map with sample locations (map area marked in Fig. 1b) and two NW-SE geological cross-sections (white lines A and B) through the PMB of the
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common Fe-rich eclogites of MORB chemistry. (c) AFM (Thompson) projection of metapelites of the Lower Isimani Group (Grt-Ky-Bt, with preserved growth zoning
in Grt) and of the Upper Isimani Group (Grt-Crd-Sil), emphasizing their contrasting phase relations.
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3.2. Geology of paired metamorphic belts in the Usagaran Orogen

The Palaeoproterozoic Usagaran rocks in the wedge-shaped area at
the SE corner of the Tanzania Craton (Fig. 1b) experienced only mild
Neoproterozoic reworking (Wendt et al., 1972). This area was mapped
and lithologically subdivided by earlier authors (Fig. 2; Meinhold, 1968,
1970; Whittingham, 1959; Temperley et al., 1953; Fritz et al., 2005 and
references therein). Meinhold (1970) distinguished the high-grade Isi-
mani Group (,Usagaran highly metamorphic rocks’ of Whittingham,
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1959) and the lower-grade Konse Group metasediments, which discor-
dantly overlie migmatitic gneisses of the Archaean Tanzania Craton
(map and profiles in Figs. 2 and 3 modified after Meinhold, 1970). Ac-
cording to Meinhold (1970), the Konse Group is overlain by the Lower
Isimani Group, which consists of various types of metasediments
(including Grt-Ky metapelites) and intercalated metabasites (amphibo-
lites and eclogites), in addition to some tectonic slivers of felsic
Archaean basement (Moller et al., 1998; Collins et al., 2004). The Upper
Isimani Group consists mainly of granulites (Grt-Crd-Sil) and rests on top
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Fig. 3. (a) Stratigraphic columns of the Konse Group (passive margin sequence, ca. 2-3 km thick) as mapped by Meinhold (1970) at the Mhumbirisa Hill and along
the Great Ruaha River. Columns correspond to the two cross-sections A and B shown in Fig. 2 (blue stars: carbon isotope samples; black star: Mn-andalusite-
spessartine micaschist; its metamorphism is dated at 2028 = 15 Ma). (b) Plot of 5'®0cyp, vs. 8'3Cear, in %o VPDB for Konse Group marbles (modified after Schenk
et al., 2025). The high positive 8'3Cayp, values (up to +12.6 %o VPDB) point to deposition during the Lomagundi C-isotopic excursion at 2.22-2.06 Ga. (c) Landscape
view towards SW at Yalumba Hill, the prominent outcrop of eclogites. The Konse Group (passive margin sequence) overlies the Tanzania Craton. Inserted schematic

cross-section at craton margin as in Fig. 2; modified from Meinhold (1970).



V. Schenk et al.

of the Lower Isimani Group (Meinhold, 1970). The occurrence of these
granulites is restricted to the southern part of the belt (ca. 30 km in
length, near Igula; Fig. 2).

The Konse Group is a 2-3 km thick volcano-sedimentary succession,
metamorphosed to upper greenschist to lower amphibolite facies
(Meinhold, 1970; Meinhold and Frisch, 1970) with increasing grade
towards east, which follows the margin of the craton for more than 200
km. It is composed of quartzites, metaconglomerates, greenschists,
amphibolites, micaschists, graphite-muscovite schists, iron-rich quartz-
ites, some minor oxidized Mn>*-silicate bearing micaschists and Mn-rich
quartzites, which are associated with some dolomite and calcite marbles
(Fig. 3; Meinhold, 1970; Mruma, 1995). The succession is regarded as a
single sedimentary group. It pinches out north of Yalumba Hill (Fig. 2)
and varies in composition along strike, as quartzite units and meta-
volcanic intercalations vary in thickness. A strong late-stage greenschist-
facies overprint increases towards the craton, i.e. towards the deeper
stratigraphic members of the group (profiles in Fig. 2a). This over-
printing is attributed to the Neoproterozoic NW-thrusting of the Konse
Group metasediments towards the craton.

The stratigraphic age of the Konse Group has been controversially
discussed for a long time. Because Grantham (1927), Whittingham
(1959) and Mruma (1989, 1995) have assumed that the Konse sediments
unconformably overlie the folded Lower Isimani Group, most authors
regard the Konse Group as a succession deposited in an epicontinental
basin after the Usagaran orogeny. In contrast, Meinhold (1968, 1970)
and Meinhold and Ott (1993, unpubl. BGR report) regard the well-
preserved Konse succession as a temporal equivalent to the Lower Isi-
mani Group, which was deposited as continental margin sediments
along the craton border. The tectonically overlying Lower Isimani Group
is regarded by Meinhold (1970) as the deeper part of the same basin.
Recent monazite dating of the lower amphibolite-facies metamorphism
of a Mn-andalusite-spessartine micaschist, which represents a charac-
teristic rock type of the Konse Group (Fig. 3; at Mhumbirisa Hill),
revealed an age of 2028 + 15 Ma (SIMS; Schenk et al., 2025). This
metamorphic age is related to the Usagaran orogeny and excludes a post-
orogenic depositional age. Thus, the Konse Group has been re-
interpreted as a passive margin succession of the Usagaran Wilson
cycle. Carbon isotope studies of the Konse Group marbles revealed
distinctly high §'3Ccayp, values (of up to + 12.6 %o VPDB) like those of
marine carbonates deposited during the ‘Lomagundi event’ (Schenk
et al., 2025). This carbon isotope excursion is a worldwide chemo-
stratigraphic marker, which indicates carbonate depositional ages be-
tween 2.22 and 2.06 Ga (Schidlowski et al., 1976; Karhu and Holland,
1996; Bekker et al., 2006). Carbon isotope studies of the Mpwapwa
Group marbles, which represent the sedimentary cover of the ‘Western
Granulites’ in the Neoproterozoic Mozambique Belt, revealed similar
high 613ccarb values characteristic of the Lomagundi event (Schenk
et al., 2025). The Konse and Mwapwa groups are thus regarded as
members of the same Palaeoproterozoic sedimentary succession, which
stretches for about 300 km along the eastern border of the Tanzania
Craton. The new stratigraphic ages for the Konse and Mpwapwa groups
(Schenk et al., 2025) indicate that both groups are correlative with
passive margin successions at other Archaean cratons of southern Africa:
e.g., the Lomagundi Group (Magondi Belt, NW of Zimbabwe Craton;
Schidlowski et al., 1976; Master et al., 2010), the Buganda Group
(Ruwenzori Fold Belt, N of Tanzania Craton; Master et al., 2013) and the
Gumbu Group (Limpopo Belt, S of Zimbabwe Craton; Buick et al., 2003).

The Lower Isimani Group (or ‘Amphibolite-bearing Gneiss Group’ of
Meinhold, 1970) mainly consists of kyanite-garnet + K-feldspar bearing
metapelites and other metasedimentary rocks, which are associated with
some reworked felsic gneisses of Neoarchaean age (ca. 2.7 Ga; Moller
et al., 1998; Reddy et al., 2003; Collins et al., 2004). Carbonatic rocks,
quartzites and Mn-bearing schists, which are common in the Konse
Group, are missing or are rare. The Lower Isimani Group envelops the
eclogite belt, which stretches along the craton border (Fig. 2). The
general tectono-stratigraphic relationship between craton, Konse Group
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passive margin sediments and the Lower Isimani Group with its included
eclogite belt is nicely exposed near the northern end of the high-P belt at
Yalumba Hill (Fig. 3c).

The granulite nappe of the Upper Isimani Group (or ‘Amphibolite-
free Gneiss Group’ of Meinhold, 1970) consists mainly of garnet-
cordierite-sillimanite bearing metapelites apart from some rare mafic
2-pyroxene granulites in an area NNE of Iringa (near Igula; Fig. 1b,
Fig. 2). The outcrop situation of this group is very poor, mainly along dry
riverbeds in a flat area. The high-grade character is hardly recognizable
in the field due to a late-stage tectonic overprint after peak meta-
morphism (section 5.5). Meinhold (1970) recognized in the Upper Isi-
mani Group an ‘Abukuma-type’ of metamorphism, which contrasts to
the ‘Barrow-type’ metamorphism of the Grt-Ky gneisses of the Lower
Isimani Group. The contrasting metamorphic styles, which affected the
two Isimani groups have been confirmed in the present study by mineral
chemical data and are demonstrated by the contrasting phase relations
of metapelites in AFM-projections (Fig. 2c). The granulites must be
regarded as a nappe, because of their differing P-T path and age of
metamorphism, as discussed in the present study (Fig. 2; Sections 5.5, 6
and 7). Meinhold (1970) mapped a horizon of peculiar, fine-grained
platy, banded gneisses, which contain different porphyroclasts (feld-
spars, garnet, orthopyroxene; Plate 5, Figs. 1 and 2 in Meinhold, 1970).
These gneisses define the base of the Upper Isimani Group and are likely
mylonites, which supports our nappe interpretation of the Upper Isimani
Group granulites.

Whittingham (1959) described the eclogites at Yalumba Hill of
,apparently Archaean age’ embedded in the Ky-Grt metapelites of the
Lower Isimani Group. However, the eclogite-facies metamorphism was
dated by Moller et al. (1995) at 2000 + 2 Ma (U-Pb monazite age of the
Lower Isimani Group) and 1996 + 2 Ma (titanite cooling age for eclo-
gite). These precise TIMS ages were confirmed by a zircon SHRIMP age
of 1972 + 39 Ma for an eclogite and 1989 + 10 Ma for a metapelite
(Collins et al., 2004). Recently, Tamblyn et al. (2021) re-analyzed zircon
of two eclogite samples of Collins et al. (2004) adding further support for
the age of the high-P metamorphism at ca. 2.0 Ga (2023.4 + 9.3 Ma and
2010 + 7.2 Ma) using a laser ablation split stream system. The authors
also presented new Lu-Hf ages for eclogite garnet (1994 + 9 Ma, with a
range of ca. 1960-2140 Ma). Subsequent to the exhumation of the
subduction-related units, the two Isimani Groups and the Konse Group
were thrust together during the Usagaran orogeny in a sinistral trans-
pressive regime towards NW onto the craton (Whittingham, 1959;
Meinhold, 1970; Reddy et al., 2003), like the Mpwapwa group further
north (Temperley et al., 1953; Thomas et al., 2013). This NW directed
thrusting was associated with a post-eclogite-facies, amphibolite-facies
deformation (D2 of Reddy et al., 2003), which was dated with zircon
from a pegmatoid vein crosscutting the foliation (1991 + 2 Ma; Collins
et al.,, 2004). This age indicates fast cooling and exhumation of the
eclogites, in accordance with the 1996 + 2 Ma U-Pb titanite cooling age
of Moller et al. (1995; 20-25 °C/Ma cooling rate).

U-Pb rutile ages of eclogites (Moller et al., 1995; Tamblyn et al.,
2021), Ar-Ar ages of white mica (Reddy et al., 2004), as well as sys-
tematically decreasing Rb-Sr biotite ages from the craton border east-
wards (Wendt et al., 1972) revealed a weak Neoproterozoic overprint on
all rocks of the Usagaran (at ca. 540 Ma). This is likely related to the
local greenschist-facies overprint at the base of the Konse Group and to
the Neoproterozoic thrusting of the Konse and Isimani Groups north-
westwards onto the craton (Meinhold, 1970; Reddy et al., 2004).
Structural studies in the area north of Yalumba Hill, up to the ophiolite
of Itiso (Fig. 1b), revealed the same NW directed tectonic transport of the
Mpwapwa Group towards the Tanzania Craton (Temperley et al., 1953;
Thomas et al., 2013), as for the Isimani groups. As the new stratigraphic
classification of the Mpwapwa Group (Lomagundi event) is also the
same as for the Konse Group, the two areas (the northern Mpwapwa area
and the southern Yalumba-Konse area) seem to have experienced very
similar evolutions. The main differences are the missing eclogite belt
and the missing nappe of Grt-Crd-Sil granulites (Upper Isimani Group) in
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the northern area, in which, at Itiso, an ophiolite is outcropping
(Fig. 1b).

3.3. Previous P-T estimates for Usagaran eclogites and associated
metasediments

The knowledge of the thermal conditions during subduction and
exhumation of the exposed oceanic crust and of their tectono-
metamorphic relation to the associated metasediments are most valu-
able for the understanding of tectonic processes at Palaeoproterozoic
subduction zones. The first petrological attempts to gain such informa-
tion were based on conventional Grt-Cpx/-Opx thermobarometry
(Moller et al., 1995). They resulted in peak-metamorphic conditions for
the eclogites of about 18 kbar/750-800 °C, after which the rocks were
isothermally exhumed to transient granulite-facies conditions. A high-P
metamorphism (GASP equilibrium estimates) was also deduced for the
associated metapelites of the Lower Isimani Group. However, peak
pressures of the metasediments seemed to be less than those of the
eclogites. Uncertainties arose mainly from poor temperature constraints
(Grt-Bt thermometry) for the high-grade Grt-Ky-Bt schist. Because of the
coeval metamorphic evolutions of eclogites and metapelites, the authors
assumed a subduction metamorphism for both lithological units. All
subsequent studies followed this interpretation.

Recently, Brown D. A. et al., 2020 and Tamblyn et al. (2021)
attempted to improve the petrological constraints for the P-T evolution
of the eclogites and metapelites of the Lower Isimani Group by pseu-
dosection modeling and Zr-in-rutile thermometry on a small number of
samples of Collins et al. (2004). Generally, the results are in good
agreement with the P-T path of Moller et al. (1995) but show some
distinct features (S3). The most recent attempt to determine the P-T
conditions of the subduction metamorphism at Yalumba Hill stems from
Herms et al. (2023). The authors observed carbonate-bearing poly-
mineralic inclusions in garnet porphyroblasts of one ‘restitic metapelite’
sample (T70 in Fig. 2a), which they interpreted as melt inclusions of
peraluminous rhyolitic compositions. Reheating experiments at high
pressures (25 kbar) on these inclusions revealed complete homogeni-
zation only at T > 950 °C.

In summary, so far, all studies that aimed at characterizing the
metamorphic history of the eclogites and the associated metasediments
(Lower Isimani Group) have considered only a restricted number of
samples (1-4), collected from a very restricted area (mainly from
Yalumba Hill). In addition, the applied methods had some flaws. Some
P-T estimates were either based on data obtained without textural
control and/or were based on unproven assumptions. A critical evalu-
ation of the methods and results of these previous P-T estimates is pro-
vided in the supplementary material (§3). For a better understanding of
the tectonic processes, which operated at the Palaeoproterozoic sub-
duction zone of the Usagaran Orogen, it is necessary to investigate more
samples from different rock types with better preserved metamorphic
reaction histories, collected from a larger area of the belt. This approach
is presented in section 5.

4. Geochemistry of eclogites

The most prominent occurrence of Usagaran eclogites is at the
Yalumba Hill, where they form an impressive elevation above the
peneplain near the village of Rudi (Fig. 3c). At this hill, the rocks were
first recognized as eclogites (by Harpum in 1952 in an unpublished
report; cf. Whittingham, 1959) and were regarded as of ‘apparently
Archaean age’ (Geolog. Map of Tanganyika 1: 2 000 000; Geol. Survey,
1959; Whittingham, 1959). Two whole-rock eclogite analyses published
by Moller et al. (1995) revealed that the precursor melts were derived
from a depleted mantle source (MORB). Here we present further whole
rock geochemical data of eclogites from Yalumba Hill and its SW extent
along the craton border to prove the validity of the restricted published
data. Despite possible element mobility during high-grade
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metamorphism, we attempt to deduce tectonic settings for the magmatic
precursors of the recognized eclogite types.

Based on our new data set (Table S1), we can distinguish three
groups of eclogites of subalkaline chemistry plotting mainly in the basalt
field of the TAS diagram with two samples in the picrite basalt field
(Fig. S4). 1. MORB-typel eclogites reveal similarities to N-MOR basalts
with flat chondrite-normalised REE pattern (ca. 12-20x enriched relative
to chondrite) showing some depletion of LREE (mainly La, Ce; Fig. 4a)
and no Eu anomaly, excluding major crustal contamination. The pat-
terns of MORB-normalized trace element concentrations are also flat,
slightly below the normalization values (Hofmann, 1988) and show
weak negative Zr-Hf anomalies, but lack Nb-Ta anomalies (Fig. 4c). The
fluid mobile elements (Sr, K, Rb, Ba) are either enriched or depleted,
which we attribute to fluid-rock interaction during metamorphism. The
precursor melts of these N-MORB eclogites were derived from a depleted
mantle source reflected by their high Zr/Nb and Nb/Th ratios (Fig. 4g).
The Mg numbers (52-48; assuming Fe;O3 = 0.1 Fe;Ostot) point to some
degree of fractionation from primary mantle melts. 2. MORB-type2
eclogites represent a second (subordinate) group showing REE pat-
terns that are characterized by a slope due to enrichments of LREE
relative to HREE (Fig. 4b). The MORB-normalized trace element pat-
terns of this group (Fig. 4d) also show a slope increasing towards ele-
ments of increasing incompatibility and display negative Zr-Hf
anomalies. Some samples are also depleted in Ti. The fluid mobile ele-
ments of this group are also either enriched or depleted due to meta-
morphic fluid-rock interaction. These eclogites of MORB chemistry
derive from melts produced in an E-MORB environment as reflected by
their low Zr/Nb at high Nb/Th ratios (Fig. 4g). Most eclogite samples of
the two groups of MORB chemistry plot along the MORB-OIB array in
the Th/Yb vs. Nb/Yb plot (Pearce, 2008) between typical N-MORB and
E-MORB but some samples with higher Th/Yb suggest an influence of
subduction fluids (Fig. 4h) that is also indicated by samples with Zr-Hf
and Ti depletion.

The third group of eclogites, which contain prograde matrix-
orthopyroxene, has high Mg numbers (76) and high SiO» contents
(Table S1). Their minerals (Grt-Opx-Cpx) are also more Mg-rich than
those of the two groups of MORB chemistry (Fig. 2b). The latter group
contains orthopyroxene only in late-stage coronas around garnet but
never in the matrix. The MgO- and SiOo-rich rocks fall into the field of
basalts of the TAS diagram (Fig. S4), but can be classified (after
normalization according to the Ti8-Si8 nomenclature of Pearce and
Reagan, 2019) as low-Si boninites with high MgO contents (18.14;
19.46 wt %; Mg-numbers of 78 and 79) and Si8 values of 53-54 and low
Ti8 of 0.3-0.4 (Fig. S5). The REE display upward concave patterns
typical for boninites, high Zr and Hf relative to the middle REEs, pro-
nounced Nb-Ta troughs and negative Zr-Hf-Ti anomalies indicating a
subduction environment for the formation of their precursor melts
(Fig. 4e,f). This is in agreement with the very low Nb/Th at relatively
high Zr/Nb that points to a hydrated mantle source (Fig. 4g). This type of
low-Si boninites is interpreted as the product of shallow wet melting and
strongly indicative of subduction initiation (Pearce and Reagan, 2019).
A magmatic subduction environment is also indicated by one further
eclogite sample displaying a flat REE pattern, a pronounced Nb-Ta
trough and negative Zr-Hf-Ti anomalies (T69-26; Fig. 4e-h). Their
magmatic formation may be attributed to a forearc environment.

In summary, the different types of eclogites of the Yalumba Hill high-
P belt contain geochemical signatures characteristic of ocean-floor ba-
salts of which some derived from a depleted and others from an enriched
MORB mantle source. The latter group is more commonly formed during
the early stages of ocean basin formation. The eclogites of ocean-floor
basalt chemistry are associated with eclogites of low-Si boninite affin-
ity and forearc basalt chemistry, the magmatic precursors of which may
have formed during subduction initiation in the forearc region and
became subsequently involved in the subduction process.
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Fig. 4. (a-f) REE and trace element patterns of eclogites with affinity to ocean floor basalts can be subdivided in two groups (N-MORB (a, ¢) and E-MORB (b, d). The
N-MORBI patterns indicate the derivation of the melts from a depleted MORB source (DM in g); the MORB2 group derives from an enriched MORB mantle source
(EM in g). The Mg-rich Opx-eclogites are of low-Si boninite chemistry (e, f) and derive form a hydrated mantle (HM in g) with high Th/Yb ratios (h) and exhibit
negative Nb-Ta anomalies like Izu-Bonin boninites. The third eclogite pattern (T69-26) in (e) and (f) reflect an influence of subduction fluids. Fields of HM, EM and
DM in (g) after Condie (2015), discrimination diagram (h) after Pearce (2008).



V. Schenk et al.
5. Petrology of the paired metamorphic belts

Because of the diverse nature and character of the different tectono-
metamorphic units that constitute the Usagaran Orogen, the mineral
chemistry and petrology of the diverse litho-tectonic units will be
treated in separate sections: (1) The two eclogite-groups that formed
from ocean floor basalts (N-MORB and E-MORB) are petrographically
quite distinct from the boninitic Opx-eclogites as they are much more Fe-
and Ca-rich and contain no prograde orthopyroxene (Fig. 2b). (2) The
Mg-rich Opx-eclogites that display a chemical affinity to subduction-
initiation related low-Si boninites. These Opx-eclogites were only
found in a restricted area on the western side of Yalumba Hill (T68-93;
Fig. 2a,b). One Ky-eclogite sample (B29) has similar Mg-rich minerals.
(3) The exhumation-related high-T mylonites that developed locally
from these Opx-eclogites are associated with felsic mylonites. (4) The
Grt-Ky bearing metapelites of the Lower Isimani Group, which are
interpreted to have been formed from accretionary wedge sediments and
envelope the eclogites of the Yalumba Hill high-P belt. (5) High T/P Grt-
Sil-Crd granulites of the Upper Isimani Group, which form a nappe on
top of the Lower Isimani Group.

5.1. Petrology of eclogites formed from ocean floor basalts

The eclogites of MORB chemistry represent by far the most common
rock type in the Yalumba Hill high-P belt and mainly consist of poikilitic
garnet porphyroblasts (ca. 2-4 mm, rarely 2 cm in diameter) in a me-
dium grained matrix (1-2 mm) of omphacite, rutile and quartz. In
addition, many samples contain pargasitic hornblende, plagioclase,
ilmenite, titanite and clinozoisite. Where these phases occur as in-
clusions in garnet, they are attributed to the prograde stage. Where they
are part of the matrix the timing of their crystallization is in many cases
not unequivocal. Due to common strong reworking during retrogression,
the prograde phases are partially replaced by granulite- to amphibolite-
facies minerals (Fig. 5 and Fig. S6): In many samples, omphacite is
surrounded by rims of hornblende and garnet is commonly surrounded
by coronas of Cpx-Pl + Hbl + Opx + Ilm (Fig. 5b, c; 6a, c). Garnet is
riddled with numerous rutile needles with preferred crystallographic
orientations that are interpreted as exsolutions after peak-
metamorphism (Fig. 5f). Such exsolutions are known to occur mainly
in rocks, which experienced extreme metamorphic conditions (Ague and
Eckert, 2012). As the Ti content of garnet is pressure and temperature
sensitive (Zhang et al., 2003) it can often be related to UHT or UHP
metamorphic conditions. Element mapping (SEM) of such exsolved core
regions in garnet (T68-6) revealed tiny zircon crystals (<1um in diam-
eter) that are always associated with the exsolved rutile needles (inset in
Fig. 5f; Fig. S7). However, ilmenite, apatite, quartz or negative garnet
crystal ‘pores’, as described by Ague and Eckert (2012), have not been
found. Remaining TiO; contents in such exsolved garnet cores are in the
range of 0.1-0.2 wt% TiO5 (Table S4, T68-6). Omphacite porphyroclasts
of these eclogites are in most cases strongly altered by ‘exsolutions’ of
plagioclase, which form needles in different crystallographically
preferred orientations (Fig. 5b,d,e) or blebs. This resulted in zoned
omphacite grains (Fig. 5b) due to the loss of the jadeite component. The
prograde composition of omphacite is therefore likely not or only rarely
preserved. However, analyzed inclusions in a large garnet porphyro-
blast, which is heavily broken and partially replaced by hornblende
(Fig. S6a), revealed ca. 32-36 mol. % jadeite component (Fig. S6a, b).
The retrogression of the eclogites is not restricted to the described
modification of the peak minerals but affected the whole rock fabric and
mineral content. The polished hand specimen (Fig. 5a) shows such late-
stage veins and small-scale shear zones that developed nearly every-
where during amphibolite-facies overprinting of the eclogites. These
shear zones consist mainly of a fine-grained recrystallized plagioclase
and hornblende matrix surrounding garnet and exsolved omphacite
porphyroclasts (Fig. 5c,d,e). The porphyroclasts partly survived the late-
stage reworking attesting to the earlier high-P stage of the retrogressed
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eclogites.

To decipher the prograde subduction P-T evolution of the eclogites,
we selected a sample of N-MORB chemistry (T69-12; Fig. 6; Table S1 and
S2), in which garnet shows a preserved growth zoning (Fig. 6a,b), a
texturally recognizable inclusion-rich inner core (thus contrasting to the
inclusion-poor outer core; Fig. 6a, ¢) and only minor late-stage rehy-
dration, evidenced by local hornblende rims at omphacite grains. Some
rare hornblende grains of the matrix are texturally of ambiguous nature.
If these formed already during the prograde evolution, they represent
only minor relicts. The inclusion assemblage in garnet cores, with
common titanite in addition to Qz, Rt, Omp, Hbl, Czo (Fig. 6a,c), is
absent in the matrix and thus reflects the prograde growth history. In the
outer parts of the inclusion-rich core, rutile is mantled by a reaction-rim
of titanite and omphacite inclusions occur outside the inclusion rich core
(Fig. 6a, c). The chemical growth zoning of garnet is overprinted at the
rim by a retrograde near-rim zonation due to the formation of a late-
stage Di-Pl corona (Fig. 6a, b, c¢). The growth zonation in the core is
characterized by decreasing XFe (Fe/(Fe + Mg) from 0.82 to a minimum
of 0.66 and decreasing spessartine contents (from 5 to 1 mol.%) at
constant Grs contents (36 mol.%). Grossular content decreases only in
the outer core to 26 mol.% at the minimum XFe (0.66) and the maximum
preserved pyrope content of 24 mol.% near the rim. At the outermost
preserved growth zoning (at min. XFe) the pyrope content abruptly
decreases, whereas the almandine content and XFe increases, which is
attributed to exhumation-related corona formation that erased the peak
composition at the garnet rim.

The eclogite T69-12 (chemistry in Tables S1 and S2) was modeled in
the system NayO-CaO-FeO-MgO-Aly03-SiO2-H20-TiO,-Fex03-MnO.
Thermodynamic gridded free energy minimization computation was
performed with Perple X (Connolly, 2009; version 6.9.1; source update
June 2021), using the internally consistent thermodynamic database of
Holland and Powell (2011; update: “hp633ver.dat™). Further details on
the modeling are given in the Supplementary material. By combining the
prograde zoning pattern with the garnet inclusion textures, we con-
structed the prograde P-T path in the modeled phase diagram (Fig. 6d).
The prograde P-T path touches the stability field for titanite + rutile
(inclusions in garnet core) in addition to garnet and glaucophane at T <
400 °C. At 12-13 kbar a field is entered where titanite is growing at the
expense of rutile, which explains the titanite rims around rutile. The
path is also in accordance with omphacite inclusions in the outer core of
garnet (Fig. 6a). At T > 600 °C rutile is stabilized again and the isopleths
of XMg and XGrs are steeply crossed in accordance with the observed
strong zoning pattern in the outer core (Fig. 6b). Information about the
prograde path ends when the lowest preserved XFe of garnet is reached
and both grossular and pyrope are at about 24 mol.%, which is at about
17-18 kbar and 750-800 °C as indicated by intersecting isopleths
(Fig. 6d; Table S3). The original rim composition (now resorbed) likely
would have pointed to even higher conditions, where the rock was
possibly totally dehydrated. However, this sample is not suitable for
deducing peak conditions due to retrograde corona formation. Instead,
we deduce from the retrograde zoning near the garnet rim the exhu-
mation history, assuming a slight rehydration during retrogression in
accordance with textures of retrograde hornblende around omphacite.
Assuming equilibrium of the retrograde garnet rims with the rock ma-
trix, the intersecting isopleths for grossular (XGrs 0.24-0.20) and XMg
(0.31-0.28) (Fig. 6e; Table S3) of the rims indicate some cooling during
high temperature exhumation (800-700 °C). The late-stage corona
consists only of Di + Pl and contains no orthopyroxene. This restricts the
near-isothermal exhumation to 7-8 kbar, as orthopyroxene would have
formed below that (Fig. 6e). The pressures during the late-stage exhu-
mation agree with the formation of late-stage sillimanite in the envel-
oping metapelites of the Lower Isimani Group (Fig. 2).

5.2. Petrology of boninitic Opx-eclogites and Ky-eclogite

Boninitic Opx-eclogites were not recognized as such in the field and
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Fig. 5. Textures of eclogite with MORB chemistry (T68-6; a—f)) and Ky-eclogite (B29; g) (loc. in Fig. 2): (a) Hand specimen showing late-stage amphibolite-facies
shear zones and veins containing fine-grained recrystallized plagioclase and hornblende (cf. Fig. 5¢). (b) Garnet porphyroclast with inclusion of an omphacite grain,
which is zoned due to plagioclase ,exsolution’ during retrogression. (c) Garnet and exsolved omphacite porphyroclasts surrounded by amphibolite-facies shear zones,
which consist of recrystallized fine-grained P1+HbI. (d) Omphacite porphyroclast with plagioclase ,exsolution lamellae’, embedded in late-stage amphibolite-facies
shear zones. (e) Omphacite with crystallographically oriented ,exsolution lamellae’ of plagioclase in four directions. (f) Garnet porphyroclast with omphacite in-
clusions and exsolved rutile needles, which include tiny zircon grains (inset). (g) Ky-eclogite (B29). Ky is concentrated in thin layers. Ky is surrounded by Spr-Spl-Crn-
An symplectites. Garnet is always surrounded by coronas of Opx-Pl symplectites.
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Fig. 6. (a) BSE picture of garnet in T69-12 (eclogite of MORB-chemistry). (b) The preserved growth zoning points to a short-lived metamorphism (cf. zonation in
metapelite garnet of Lower Isimani Group; Fig. 11a, b). Garnet core contains numerous inclusions of prograde titanite. Ttn is absent in the matrix (not part of peak-
assemblage). Near-rim zonation is due to formation of a late-stage Cpx-PI corona. (c) Rutile inclusions in garnet core are mantled by titanite rims, which support the
modeled prograde P-T path (in d). (d) Pseudosection for eclogite T69-12 with preserved growth zonation of garnet. Peak composition at rim is not preserved due to
the formation of the late-stage corona. The early prograde path enters the eclogite stability field at about 12 kbar, when Ttn is overgrowing Rt (cf. c). The late-stage
prograde path crosses perpendicular the Grs- and XMg-isopleths (cf. strong zonation of outer core in b). (e) The retrograde path of eclogite T69-12 is modeled with
the near-rim compositions (cf. b). The path is in accordance with the formation of Cpx-Pl-Hbl-Ilm coronas around Grt and the lack of Opx in these coronas.

12



V. Schenk et al.

were found only at the western side of Yalumba Hill (Fig. 2a at T68). The
samples were collected mainly because several of them showed litho-
logical banding and a mylonitic fabric on the weathered surface but are
otherwise fine-grained black rocks, in which minerals are hardly
recognizable. As the boninitic rocks are poor in NasO (0.9-1.0 wt%,;
Table S1), omphacite with high jadeite contents could not form during

Precambrian Research 429 (2025) 107891

eclogite-facies metamorphism (10-16 mol.% jadeite; Table S4-Cpx).
They are thus not eclogites sensu stricto. Nevertheless, clinopyroxene in
these rocks shows exsolutions of plagioclase lamellae that are crystal-
lographically preferred oriented (Fig. 7e,f) and garnet shows exsolution
of rutile needles and is surrounded by late-stage coronas consisting of
Opx-Pl + Hbl (Fig. 7e,f). Garnet contains inclusions of orthopyroxene,

Opx-PI-Hbl co
Wi

L

ey

.
)
&

Fig. 7. Textures of Ky-eclogite B29 (a, c, d), Opx-eclogites T68-7 (e, f) and T69-3 (b), which underpin the high-T during exhumation of the eclogites. (a) Corona
minerals around Ky are Spr, Crn, Spl and An. (b) Magnesian garnet (Pyrop 52) is replaced by symplectites of sapphirine, aluminous orthopyroxene and plagioclase
+dolomite. Inset shows late-stage Grt re-growth at the expense of exhumation-related Opx-Pl symplectites (cf. Fig. S7). (c) Garnet with rounded kyanite inclusions
(B29) is surrounded by a concentrically layered corona of orthopyroxene (outward) and Opx-Pl+Hbl symplectite (inward). (d) Symplectitic corona (Opx-Pl-Hbl)
around Grt (B29), in which Al in Opx of the corona increases towards the relict garnet. (e) Garnet in Opx-eclogite T68-7 is surrounded by an Opx-PI corona and
contains exsolved rutile needles. Late-stage Hbl occurs only in interstices between pyroxenes. Qz forms irregular lenses. (f) Garnet porphyroblast with Opx, Omp and
Rt inclusions is surrounded by an Opx-PI corona. The matrix consists of in Opx-Cpx-Rt, Hbl occurs in interstices.
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clinopyroxene and rutile, whereas hornblende and quartz occurs only in unequivocal and do not allow to deduce if hornblende was stable at
the matrix (Fig. 7e,f). Some hornblende forms rims at clinopyroxene peak. Most orthopyroxene grains of the matrix and as inclusion in garnet
grains and occurs in late-stage coronas around garnet and is then are poor in alumina (about 1.6-1.9 wt% Al,03; Table S4-Opx) and Mg-
obviously a retrograde formation. However, the textures are not rich (XMg 0.80). Quartz was not found as inclusion in any other mineral
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Fig. 8. (a) Garnet zonation pattern in Mg-rich and Ca-poor Opx-eclogite (T68-7) and in (b) Ky-eclogite (B29): homogenous cores and near-rim zonation, due to
corona formation (Opx-P1+Hbl). Core composition was used to deduce peak-metamorphic conditions. (c) Pseudosection for Opx-eclogite T68-7, contoured for XMg
and XGrs of Grt, XMg and XAl of Opx. Peak composition of garnet (Tab. S4: XMg 0.59, XGrs 0.13) and orthopyroxene (XMg 0.80, XAl 0.07-0.08) point to 850-880 °C
at about 18-19 kbar. Symplectitic Opx-P1 coronas (XMg 0.73; XAl 0.10-0.09) coexisting with Grt rim were formed at P <8 kbar at ca. 750 °C (granulite facies). (d) P-T
diagram with conditions for different stages of the Ky-eclogite B29. Relevant mineral stability fields for reference: Jadeite and paragonite equilibria after Holland
(1979, 1980), sapphirine+H,0 stability after Ackermand et al. (1975), Ky-En-H,O stability taken from Simon & Chopin (2001). Al-poor Opx of the outer corona (cf. e
and Fig. 7d) define near-peak P-T (Harley and Green, 1982), whereas increasing Al contents in Opx of the inner symplectites (cf. e; Fig. 8e) point to high-T
exhumation. Opx-Pl symplectites and Grt rim formed at granulite-facies conditions (Grt-Opx-Pl-Qz assemblage; Eckert et al., 1991). (e) XMg and XAl (=Al/2) in
late-stage Opx coronas and Opx-Pl-Hbl symplectites around garnet in Ky-eclogite B29. The increase of XAl in Opx of symplectites is attributed to high T during
decompression (calculated after Harley & Green, 1982).
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and is not homogenously distributed in the matrix but rather forms
lenses or layers (Fig. 7e). The Opx-eclogite T68-2 with only few Qz-
lenses also contains, in addition to Opx-Pl + Hbl coronas around
garnet, sapphirine (XMg 90), which coexists with late-stage orthopyr-
oxene (XMg 0.85) that contains up to 5.6 wt% Al,O3 The Spr-Opx
assemblage replaces the core of extreme Mg-rich garnet containing 53
mol. % pyrope (XMg 0.61; Fig. 7b; Table S4-Opx, —Grt, —Spr), reflecting
the high temperature during its late-stage formation. This interpretation
is in agreement with the common Opx-Pl + Hbl coronas around garnet
in Opx-eclogites (Fig. 7c—f) and Spr-Spl-Crn-An coronas around kyanite
in the Ky-eclogite B29 (Fig. 5g, Fig. 7a), which are all attributed to a
granulite-facies stage during exhumation. However, subsequent to the
formation of granulite-facies Opx-Pl symplectites at the expense of
garnet, garnet grew again, which resulted in very thin seams of new
poikilitic garnet that includes the immediately adjoining symplectite
phases resulting in the ragged appearance of the garnet grain bounderies
(inset in Fig. 7b; Fig. S8). This re-grown garnet, which overgrows the
decompression-related symplectites, is not restricted to the boninitic
eclogites but also developed in the Ky-eclogite B29 (see below) and some
eclogite samples of ocean floor basalt chemistry. Similar reaction tex-
tures are known from granulites (Schenk, 1984; Schenk et al., 2002;
Karmakar and Schenk, 2015; Cartwright and Barnicoat, 1987) and are
attributed to the reversal of the reaction Grt + Cpx + Qz «<Opx + Pl
during near-isobaric cooling that followed a first uplift of the eclogites or
granulites to intermediate crustal levels.

Garnet of the modeled Opx-eclogite (T68-7) and the Ky-bearing
eclogite (B29) is pyrope rich (50 and 45 mol.%; Table S4 and S5;
Fig. 8a,b) but poor in grossular (13 and 16 mol.% in core) and displays
unzoned cores. As growth zoning is not preserved due to homogeniza-
tion at peak temperatures, the garnet contrasts with the growth-zoned
grossular-rich garnet (36 mol.% Grs; Fig. 6b) of the eclogites of MORB
chemistry. The ubiquitous late-stage Opx-Pl + Hbl coronas that replace
garnet rims produced a retrograde zoning in garnet, which resulted in
increasing XFe and grossular content. The very low spessartine content
slightly increases at the outermost rim. The erased growth zoning due to
homogenization of garnet does not enable to deduce the prograde sub-
duction history of the Opx-eclogites. Instead, the well homogenized
unzoned core compositions of garnet and pyroxenes in the assemblage
Opx-Cpx-Grt-Hbl-Rt-Qz are used for estimation of peak metamorphic
conditions that are complementary to information obtained from eclo-
gites with a chemical affinity to ocean-floor basalts.

Thermodynamic modeling of the non-mylonitic granoblastic Opx-
eclogite T68-7 (Table S1 and S2) was performed with Perple X in the
system NayO-CaO-FeO-MgO-Al,03-Si02-Ho0-TiO2-Fe203-MnO (Fig. 8c)
like the eclogite (T69-12) of MORB chemistry (modeling details in
Supplementary material). In contrast, we applied conventional ther-
mobarometry for the deduction of the metamorphic history of the Ky-
eclogite (B29; Fig. 8d), as this rock contains some scapolite in several
thin mm-scale layers, which we interpret as the product of meta-
somatism, i. e., the rock experienced a change in chemistry at some stage
of its evolution.

If we assume a similar prograde P-T evolution for the Opx-eclogite
T68-7 as for the eclogite T69-12 (MORB), the prograde stage passed
through the stability field of Grt-Opx-Cpx-Hbl-Rt (without quartz). In
the stability field of the Qz-bearing assemblage the isopleths of garnet
(XGrs 0.13; XMg 0.59) and orthopyroxene (XMg 0.80; XAl 0.07-0.08)
are intersecting, pointing to peak conditions near 850-880 °C at 18-19
kbar (Fig. 8c; Table S4-Grt-Opx). Information about the exhumation
history of the Opx-eclogite (T68-7) can be obtained from the composi-
tion of the granulite-facies corona minerals, which formed below ca. 8-9
kbar, where plagioclase is stabilized. Isopleths of late-stage minerals
(Grt rim: XMg 0.52, XGrs 0.14; orthopyroxene of symplectites (XAl
0.09-0.10) define the granulite-facies stage at ca. 6-7 kbar between 700
and 800 °C (Fig. 8c). However, the XMg of orthopyroxene in symplectite
(0.77) at the garnet rim is too high and the ‘fitting’ XMg of the corona
orthopyroxene (XMg 0.73; Table S4) is unlikely to be in equilibrium
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with the later formed garnet rim. A further isothermal decompression
below 5-6 kbar would have led to the formation of clinopyroxene in the
corona around garnet, which is not the case. The late-stage corona
assemblage in the Opx-eclogite thus indicates that the near-isothermal
exhumation did not proceed to pressures below about 5 kbar (Fig. 8c),
in agreement with results for the modeled eclogite of MORB chemistry
(Fig. 6e).

The metasomatized scapolite-bearing Ky-eclogite B29 preserves
porphyroblastic garnet that is unzoned in the core, Ca-poor (17 mol.%
Grs) and Mg rich (XMg ca. 0.53; 44 mol.% Py) pointing to its chemical
similarity to the boninitic Opx-eclogites (Fig. 8a,b; Fig. 2b; Table S5-
Grt). Garnet contains numerous inclusions of rounded kyanite grains in
certain mm-scale layers, indicating a kyanite-consuming garnet growth
(Fig. 7c). Orthopyroxene and omphacite do not occur as inclusions. It is
ambiguous whether matrix-orthopyroxene, which is restricted to mm-
scale Hbl-rich shear zones, is of prograde nature or formed during
retrogression in these shear zones from common late-stage orthopyr-
oxene coronas around garnet that have similar AlpO3 contents (ca.
2.0-2.2 wt%). Garnet of B29 is surrounded by well-developed Opx-PI +
Hbl coronas, in which the symplectitic orthopyroxene becomes more
aluminous towards the relict garnet porphyroblast (from ca. 1.3 to ca.
3.0 wt% AlyOs3; Fig. 7d and Fig. 8e; Table S5-Opx). This textural
observation in combination with mineral chemical data allow the
deduction of the near-peak and the retrograde P-T evolution of the rock
based on the changing Al-content of orthopyroxene grains that formed
during different exhumation stages: At peak temperatures of ca.
850-880 °C (cf. Opx-eclogite T68-7; Fig. 8d) the low Al-content in the
early formed Opx-corona (1.3 wt% Al,Os; Fig. 8e) point to near-peak
pressures of 18 kbar (Harley and Green, 1982), whereas the higher Al-
content of later formed orthopyroxene in symplectites near the relict
garnet (ca. 3.0 wt% Al»03) points to ca. 8 kbar at 800 °C. The pressure of
the corona formation stage has been estimated with the P1-Opx-Grt-Qz
barometer (Eckert et al., 1991) to about 8-10 kbar (Fig. 8d), in agree-
ment with thermodynamic modeling for the corona stage of the Opx-
eclogite T68-7 (Fig. 8c). Kyanite porphyroblasts are surrounded by
Spr-An-Spl-Crn bearing assemblages (Fig. 7a) that formed during high-T
exhumation within the stability fields of sapphirine +H,0, Opx-Ky-H20
and Omp-Ky-H0, which are shown for reference in Fig. 8d. The late-
stage sapphirine (XMg 0.20) is chemically similar (more aluminous
than the 7:9:3 (Mg:Al:Si) composition; Table S5-Spr) to that of other
reported sapphirine bearing coronas around kyanite in decompressed
Ky-eclogites from the Rodope zone of the Alps or the Sweconorwegian
orogen (Liati and Seidel, 1994; Moller, 1999). Subsequent to the ubiq-
uitous granulite-facies corona formation, the reaction history of the Ky-
eclogite was followed by a re-growth of garnet at the expense of the
symplectitic corona minerals (Opx + PI; inset of Fig. 7b; Fig. S8), which
led to the formation of poikilitic garnet seams and rugged grain
boundaries. This texture is attributed to near-isobaric cooling at depth,
which again stabilized the HP granulite-facies assemblage Grt-Cpx-Qz in
the sense of Green and Ringwood (1967).

5.3. Exhumation-related mylonites of boninitic (Opx-eclogites) and of
felsic compositions

Information about the high-T exhumation history of the subducted
slab that we obtained from pseudosection modeling can be com-
plemented by petrographic observations and mineral chemical data
from mylonites that formed during the exhumation process. The pro-
tomylonites described here form m-scale shear zones within the eclogite
outcrops and blocks at the western side of Yalumba Hill (T68; Fig. 2).
Our restricted collection of mylonites includes low-Si boninitic and felsic
compositions (Fig. 9). The boninitic mylonites are banded in the cm-
scale and consist of alternating Opx-dominated and Cpx-dominated
layers (Fig. 9a,c; Fig. S9a). Both type of layers contain the same min-
eral assemblage consisting mainly of Opx-Cpx-Grt in addition to some
minor PI-Rt-Hbl and traces of late-stage kyanite and spinel in coronas
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Fig. 9. Textures of mylonites of eclogitic (a-d; f) and felsic compositions (e,g,h) from Yalumba Hill, which reflect high-T deformation in shear zones during eclogite
exhumation. (a) Handspecimen of layered Opx-eclogite (T68-7) with Opx-dominated and Cpx-dominated layers (cf. Fig. S8). (b) and (d) Microphotograph and (c) BSE
image of layered mylonite. Porphyroclasts of Opx, Cpx and fragments of garnet in a fine-grained recrystallized matrix. The Cpx-dominated layer (d) displays former
omphacite porphyroclasts sieved with exsolved plagioclase patches. The recrystallized matrix contains Cpx and Pl as separated grains pointing to deformation after
exsolution, i.e. below the omphacite-diopside solvus. (e, g, h) Textures of felsic ultra-mylonites (T68-4; Grt-Cpx-Opx-Afs-P1-Qz-Rt). (e) Ribbon quartz alternating with
fine-grained feldspar layers. (f) Symplectitic corona (Opx-Pl-Ky-Spl-Hbl) between Grt porphyroclast and recrystallized Opx matrix of protomylonitic Opx-eclogite
(T69-2). The newly formed Ky needles constrain the pressure during the preceding high-T mylonitization (cf. Fig. S8c-e). (g) Recrystallized grains of Afs
showing exsolution after recrystallization. The finer-grained layer with separated grains of Kfs and Pl (lower part of picture) recrystallized after exsolution of
antiperthite. (h) Mesoperthite porphyroclast in a band of ribbon quartz recrystallized prior to exsolution (cooling), which indicates high temperatures during
deformation.
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around garnet porphyroclasts (Fig. 9f). The Opx-dominated layers
consist mainly of fine-grained recrystallized orthopyroxene matrix
grains (60-80 pym in diameter), which surround the orthopyroxene
porphyroclasts (1-2 mm) displaying wavy extinction (Fig. 9b). Some of
these orthopyroxene grains are mantled porphyroclasts. Garnet
commonly contains orthopyroxene inclusions and forms irregular to
ellipsoidal fragments, which are embedded in a recrystallized ortho-
pyroxene matrix (Fig. 9b,c; Fig. S9b). These garnet fragments seem to be
formed from larger porphyroclasts during the dynamic recrystallization
of the orthopyroxene matrix. Some of the garnet fragments are sur-
rounded, mainly in the pressure shadows, by tiny Opx-P1 & Hbl + Ky-Spl
coronas (Fig. 9f) indicating that decompression in the kyanite stability
field was still in progress during and after the mylonitization process.
The tiny kyanite needles and spinel have been determined by Raman
spectrometry (S9c, d, e). The orthopyroxene composition in the
recrystallized matrix is like that of the orthopyroxene porphyroclasts
(XMg 0.82; ca. 1.8-2.0 wt % Al;03), with a tendency to slightly higher
alumina contents in the recrystallized grains (ca. 2.0-2.2 wt % Al;03) at
the same high XMg (0.82) as the porphyroclasts. Garnet is very rich in
pyrope (XPrp 0.52 at XMg 0.60) and thus similar to garnet of the non-
mylonitic Opx-eclogites. The textures indicate dynamic recrystalliza-
tion of orthopyroxene at granulite-facies temperatures. In contrast,
garnet at the same event displays brittle deformation, pointing to high
strain rates during exhumation.

The Cpx-dominated mylonite layers (Fig. 9a,c,d) are coarser grained
than the Opx-dominated layers and contain preserved larger garnet
porphyroclasts, which are surrounded by Opx-PI + Hbl coronas (Fig. 9d;
Fig. S9a). Relict clinopyroxene porphyroclasts with up to 8 mol.% pre-
served jadeite component are quite common and contain numerous
‘exsolution’ blebs of plagioclase (ca. An30). Clinopyroxene and plagio-
clase form separate grains in the recrystallized mylonite matrix between
the porphyroclasts (Fig. 9¢,d). We interpret this texture as the result of
breakdown of the precursor omphacite (i.e., Omp => Di + Pl, the PI-
‘exsolution’ in Omp) that was already in progress during the syn-
decompression mylonitization. On the other hand, the mylonitization
did not destroy the well-preserved coronas around the garnet porphyr-
oclasts, implying ongoing decompression after mylonitization (Fig. 9d, f;
Fig. S9a, d).

The associated felsic mylonites are striped rocks of andesitic to
rhyolitic composition (TAS diagram in Fig. S4). They consist mainly of
Qz-Pl-Kfs dominated layers and intercalated thin bands enriched in
mafic minerals (mainly Grt, Opx, Cpx, some Hbl and Bt). Within the
felsic layers quartz forms large ribbons, which alternate with feldspar-
dominated layers (Fig. 9e). Within the latter coarser grained layers
and extremely fine-grained layers can be distinguished (Fig. 9g, lower
part). The coarser grained layers consist of recrystallized mesoperthitic
grains, which display exsolution lamellae. This points to high temper-
atures during recrystallization above the critical alkali solvus, as the
grains exsolved (cooled) only after the recrystallization. In contrast, the
finer-grained layers of this mylonite show separate grains of plagioclase
and K-feldspar, pointing to exsolution of the coexisting antiperthitic
plagioclase prior to recrystallization (Fig. 9g). Similar features are seen
in mylonites of intermediate composition, where relict alkali feldspar
porphyroclasts recrystallized prior to exsolution, indicating high tem-
peratures during deformation (Fig. 9h).

In summary, textures and mineral chemistry of exhumation-related
mylonites of mafic and felsic compositions associated with the eclo-
gites of Yalumba Hill attest to high temperature deformation processes
(granulite facies: ca. 800 °C at >10-12 kbar) during ongoing exhuma-
tion of the eclogites. Recrystallization of exsolved omphacite charac-
terizes the mylonitization as a post peak-pressure process below the
omphacite-diopside solvus. The formation of late-stage kyanite after
mylonitization (in coronas between garnet porphyroclast and recrys-
tallized Opx-matrix) represents a low-pressure bracket for the myloni-
tization. The high-T and high-P information obtained from the mylonites
agrees with the information obtained from petrological phase diagram

17

Precambrian Research 429 (2025) 107891

modeling.
5.4. Petrology of Grt-Ky-Bt gneisses of the Lower Isimani Group

The eclogite belt, which stretches from Yalumba Hill in the NE to
Igula in the SW (Fig. 1b, Fig. 2a), is surrounded by gneisses of the Lower
Isimani Group. Among these Grt-Ky bearing metapelites are the most
common rock type. At Yalumba Hill, metapelitic gneisses are associated
and intercalated with the eclogites (Meinhold and Ott, 1993). We have
investigated many samples of these metapelites between Yalumba Hill
and Igula (up to Loc. T100-93 in the SW; Fig. 2a). The petrographic
observations suggest a common evolution as the mineral assemblages
are very similar along the belt and include Grt-Bt-Ky-P1-Qz + Kfs + Ms-
Rt-Ilm-Zrc-Mnz-Ap. In addition, sillimanite is found as a common late-
stage mineral (Fig. 2a; Fig. 10d,f) and staurolite as a rare prograde
relict, mostly included in garnet or kyanite. Some samples without K-
feldspar contain late-stage hornblende.

Garnet is mostly porphyroblastic reaching 2 cm in diameter in some
rocks (Fig. 10a) and often includes all minerals that occur also in the
matrix: Kyanite, rutile, ilmenite, biotite, feldspars and quartz. In some
cases, the porphyroblasts are euhedral and confined by perfect crystal
faces. The inclusions are in some samples extremely rich in layers that
cross the porphyroblasts as straight bands indicating a lack of rotation
during the growth of the porphyroblasts (Fig. 10a,b). This contrasts with
the highly deformed and recrystallized matrix, in which kyanite, anti-
perthitic plagioclase, K-feldspar and biotite porphyroclasts show wavy
extinction. These porphyroclasts are embedded in a fine-grained matrix
of recrystallized Qz-Fsp-Bt grains, which form bands between the late-
stage rotated garnet porphyroblasts (Fig. 10c). The late-stage deforma-
tion has led to partial recrystallization of kyanite porphyroblasts, in
which the recrystallized smaller grains show sutured grain boundaries
(Fig. 10e). This texture serves as an evidence for late-stage deformation
in the kyanite stability field. Although the matrix is strongly deformed,
garnet porphyroblasts are locally surrounded by a preserved thin corona
of Ky-Pl-Qz-Bt, implying that retrogression started in the kyanite sta-
bility field (Fig. 10a). Several samples contain mm- to cm-sized kyanite
porphyroblasts, which are partially replaced or overgrown by silli-
manite (Fig. 10d,f). This texture gives important information for the
late-stage P-T evolution of the whole Lower Isimani Group (Fig. 2a).

We have selected two coarse-grained metapelites for phase diagram
modeling (T69-4; Fig. 1la,c,d and T100-1-93; Fig. 11b, e), which
contain cm-sized garnet porphyroblasts with preserved growth zona-
tions. The Grt-Ky schist T69-4, which was collected at the northern slope
of Yalumba Hill (Figs. 2 and 3c), is clearly not migmatitic, whereas the
Grt-Ky gneiss from Igula (T100-1-93) shows leucocratic schlieren in the
outcrop indicating conditions favorable for the formation of anatectic
melts. As the two samples come from distant localities, they give in-
formation about regional variations in metamorphic grade along the
belt. The fact that garnet growth zoning is preserved in both samples
(Fig. 11a,b) points to a relatively short duration of the tectono-
metamorphic event (cf. garnet zonation in eclogite, Fig. 6b). However,
only P-T determination can clarify if eclogites and associated meta-
sediments experienced the same subduction history or different
evolutions.

Garnet of T69-4 shows a weak bell-shaped spessartine zoning in the
core (Fig. 11a) and a slight Mn-increase near the rim in accordance with
the presence of a thin garnet-resorbing corona (Fig. 10a). XFe is very
high (0.9) in large parts of the core and sharply decreases in the outer
zones to a minimum at XFe of 0.68 (Table S6). Only in the outermost rim
XFe increases again (to 0.74) due to the retrograde corona formation.
The grossular content is constantly high (23 mol.%) nearly throughout
the grain, and drops only at the outermost rim, which is affected by
retrograde processes. The zoning pattern of garnet in two analyzed Grt-
Ky-Bt gneisses from Igula (T100-1-93/ T100-4-93) is in principle the
same (Fig. 11b) as described for garnet of T69-4 from Yalumba Hill.
However, it is less pronounced and with lower but also constant
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Fig. 10. Textures of high-P metapelites (Lower Isimani Group). (a) Metapelitic gneiss (T69-4, Yalumba Hill, Grt-Ky-Kfs-Bt assemblage) with 2 cm sized garnet
porphyroblasts. The inclusion-rich bands (S;) are straight throughout the whole grain. This reflects a lack of rotation during garnet growth. A thin corona of of Ky-Bt-
P1-Qz replaces the Grt rim. (c) Late-stage mylonitic deformation of the Bt-Qz-Fsp matrix points to rotation and deformation of the porphyroblasts during exhumation
(T69-4). (b) Densly and homogeneously distributed fine-grained inclusions of all matrix minerals (Bt-Rut-Ilm-Ky-Kfs-P1-Qz) within the inclusion-rich layer of (a). (c)
Inhomogenous deformation of the Bt-Qz-P1-Kfs matrix (T69-5) led to inhomogenous grain size distribution in shear zones, which surround the deformed Ky and Pl
porphyroclasts. (d) Kyanite porphyroblast (T166-18) is partially replaced by late-stage coarse-grained sillimanite. Garnet inclusion trails continue into the late-stage
sillimanite. (e) Kyanite porphyroclast partially recrystallized during exhumation (C182-1). (f) Kyanite porphyroclast (T100-4a-93) is surrounded by late-stage Sil and
partially replaced by Bt.
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Fig. 11. Garnet zonation (a, b) and pseudosections (d, e, f) for Grt-Ky metapelites of Lower Isimani Group. (a) Preserved growth zonations in high-grade gneisses
T69-4 (Yalumba Hill) and (b) T100-4-93 (Igula) point to a short-lived metamorphism. Near-rim zonation is due to the formation of a retrograde corona (cf. Fig. 10a).
(c) P-T pseudosections for the Grt-Ky-Kfs-Bt-Pl-Kfs-Ilm-Rut bearing gneiss T69-4 (Yalumba Hill; loc. in Fig. 2), calculated in the system MnO-Na,0-CaO-K,0-FeO-
MgO-Aly03-Si05-H20-TiO2 (MnNCKFMASTO) with 1.8 mol.% H»O. Melt is not present in this rock. The pseudosection is contoured for Xy and Xg;s of garnet.
Inferred P-T path is in agreement with Ky-Bt-Rut-Ilm inclusions in Grt and the retrograde replacement of Ky by Sil (cf. Fig. 10). The decreasing XFe at near-constant
XGrs constrains the late prograde path, which runs parallel to the Grs isopleths. (d) P-T pseudosection for T69-4 (as in c), but with 3.35 mol.% H,0 to account for
retrograde biotite formation (due to water influx). The path is in agreement with textural evidence of the late-stage crossing of the Ky-Sil phase boundary and the lack
of late-stage cordierite. Yellow field indicates the stability of the late-stage assemblage (Grt-Sil-Bt-Pl-Kfs-Qz-Ilm) and the yellow squares correspond to compositions
of the near-rim increasing XFe in (a). (e) P-T pseudosection for migmatitic Grt-Ky-Kfs metapelite T100-1-93 (near Igula, loc. in Fig. 3), contured for XMg and XGrs.
Bulk rock composition in Tab. S2, mineral chemical data in Tab. S6. Yellow field represents the observed peak-metamorphic assemblage. The red point marks peak-

metamorphic P-T range inferred from mineral compositional data taken at minimum XFe values near rim.
<
<

grossular contents in the cores, which only drop near the rims (from 17
to 11 mol.%). The XFe in the core of the two samples (0.70/0.78) is
much lower than in the metapelite of Yalumba Hill (0.9) and reaches
minima at 0.69/0.74, before it increases again to 0.79/0.84 at the rim.
Spessartine is less enriched in the core (compared to T69-4, Fig. 11a, b)
and increases slightly at the rim reflecting minor garnet resorption, like
in T96-4 from Yalumba Hill.

The two metapelites T69-4 and T100-1-93 were modeled with
Perple_X in the system NayO-CaO-K0-FeO-MgO-Al,03-Si02-Ho0-TiOo-
Fey03-MnO. Computed stability fields of mineral assemblages and iso-
pleths for XGrs and XMg in garnet are plotted in Fig. 11. The peak
assemblage of T69-4 (Grt-Ky-Bt-Pl-Kfs-Qz) is stable in a wide P-T field
from 500 °C up to 900 °C. The field is restricted towards higher pressures
by the stability field of a muscovite bearing assemblage, a phase that is
not observed as a prograde constituent of this sample. The calculated
peak conditions (red circle) require a maximum of 1.8 mol.% H3O for
equilibration at ca. 13.2 kbar and ca. 770 °C to stabilize biotite, but not
muscovite, at matching XMg (0.33) and XGrs (0.22) isopleths in garnet,
which is the composition of garnet at the minimum XFe that formed
close to peak temperatures (Fig. 11a; Table S6). The slope of the pro-
grade burial path is nicely constrained, as it follows the steep Grs iso-
pleths characterizing the nearly constant grossular contents (XGrs 0.23)
in the core with changing XMg. Early prograde P-T conditions for
almandine-rich garnet cores (white rectangle in lower left of Fig. 11c)
are based on intersections of XMg and XGrs isopleths for various bulk
H20 contents (green rectangles for 10, 7, and 3.35 mol.% H»0, respec-
tively), which reflect garnet growth during strong initial dehydration of
the metasediments during greenschist-facies metamorphism. The
retrograde path of T69-4 is constrained by intersecting XMg and XGrs
isopleths (XMg = 0.26; XGrs = 0.10 to 0.07) in the outermost rim of
garnet, which is interpreted to have equilibrated during late-stage
sillimanite formation, replacing or rimming peak kyanite (Fig. 10d, f).
The corresponding P-T path (bold black arrow in Fig. 11d) requires a
bulk-system Hy0 content of approximately 3.35 mol.%, i. e., some
retrograde water influx in agreement with the observed growth of late-
stage biotite (e.g. Fig. 10f). At lower bulk HyO concentrations, the garnet
isopleth intersections shift towards lower temperature conditions,
where sillimanite is not stable. At higher bulk H,O the garnet isopleths
intersect at temperatures that would require additional retrograde
heating (>800 °C) and/or plot within the stability of muscovite bearing
assemblages, which are not observed.

The other modeled Grt-Ky gneiss of the Lower Isimani Group from
Igula in the SW (T100-1-93 and T100-4-93: Fig. 2) has leucocratic
schlieren, interpreted as anatectic melts. The XMg (0.31) and XGrs
(0.11-0.12) isopleths of garnet at the minimum preserved XFe (0.69)
near the rim (Table S6) point to peak metamorphism of about 770 °C at
10.7 kbar (Fig. 11e), which indicates a shallower burial depth than that
for the sample from Yalumba Hill (13.2 kbar) 50 km further north. The
type of P-T path for both samples is very similar. It starts in the kyanite
stability field during garnet growth (inclusions) and follows the Grs
isopleths to near peak conditions. During exhumation, the kyanite =>
sillimanite reaction is crossed (Fig. 10f, Fig. 11e).
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5.5. Petrology of Grt-Crd-Sil granulites (nappe of high T/P belt)

Meinhold (1970) recognized the different metamorphic and litho-
logical characters of the Upper Isimani Group compared to the adjoining
Lower Isimani Group and created a new lithotectonic unit for these
granulites.

All samples of our collection point to a uniform metamorphic grade
and display similar textures. The peak-metamorphic mineral assem-
blages always include Grt-Sil-Bt-P1-Qz, whereas cordierite and K-feld-
spar are missing in some samples. Additional retrograde minerals are
kyanite, muscovite, chlorite and scapolite. Some garnet grains form cm-
scale poikilitic porphyroblasts that are surrounded by leucocratic melt
pockets, suggesting that they formed by Bt-dehydration melting. In
contrast, smaller garnet porphyroblasts in the matrix contain inclusions
of the surrounding matrix minerals, including sillimanite and biotite
(Fig. 12b). Thus, the prograde P-T path with garnet growth in the silli-
manite stability field contrasts to that of metapelites of the Lower Isi-
mani Group. The most striking feature of these migmatites is their
uniform protomylonitic texture, characterized by the ubiquitous pres-
ence of mantled porphyroclasts formed by plagioclase and cordierite
(Fig. 12a, e), in which the recrystallized mantles of plagioclase and
cordierite have similar grain sizes of about 60-80 pm (Fig. 12e). Anti-
perthitic plagioclase grains affected by this recrystallization show
plagioclase and exsolved K-feldspar blebs as separate grains, indicating
recrystallization after exsolution. Fig. 12 ¢ and d show the same detail of
a recrystallized band cutting through an antiperthitic porphyroclast
under crossed polarizers (c) and with polarized light (d), to highlight the
separate plagioclase and K-feldspar grains. The recrystallization tem-
perature is constrained by the exsolution temperature of the antiperthite
and by the minimum recrystallization temperatures for plagioclase (ca.
450-500 °C; Voll, 1976) pointing to a recrystallization temperature of
about 550 + 50 °C of the protomylonites. This is in accordance with the
estimated minimum recrystallization temperature of cordierite, as this
mineral is not stable below ca. 500-550 °C (Seifert and Schreyer, 1970).

All samples are affected by different degrees of re-hydration, evi-
denced by the replacements of garnet by biotite and kyanite along cracks
(Fig. 13c) or by total replacements in pseudomorphs after garnet
(Fig. 13d). As some pseudomorphs contain sillimanite alongside kyanite
(Fig. 13d), this rehydration must have started after the peak in the
sillimanite stability field and continued after the sillimanite-kyanite
phase boundary had been crossed during cooling. Other garnet
replacement textures also include chlorite (Fig. 13f) or scapolite next to
green biotite (Fig. 13e) implying a carbonaceous component in the late-
stage fluids. Similar replacement textures are also found at cordierite
grains. Cordierite may be partially replaced by Sil-Bt-Qz intergrowths
(Fig. 13a) and symplectites of Ky-Chl-Ms-Qz can form pseudomorphs
after cordierite (Fig. 13b). The hydrous breakdown of cordierite also
affected recrystallized cordierite grains, which are locally replaced by
Sil-Bt intergrowths (Fig. 12e). These textures indicate that recrystalli-
zation occurred prior to the rehydration event. This interpretation is
supported by hydrous replacement of recrystallized plagioclase that is
overgrown by clinozoisite and white mica (Fig. 13g). The re-hydration is
also observed in 2-pyroxene granulites, in which late-stage clinozoisite
and calcite replace clinopyroxene and plagioclase (Fig. 13h) providing
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Fig. 12. Textures of protomylonitic high T/P granulites of Igula. Upper Isimani Group, T69-5b-93 and T70-5-93; Grt-Crd-Sil-Bt. (a) Plagioclase porphyroclasts
surrounded by mantles of recrystallized grains and ribbon quartz; note cordierite porphyroclast with Mnz inclusion. (b) Grt porphyroblast with inclusions of Sil and
Bt is surrounded by recrystallized Pl and Qz grains. Inclusions in Grt reflect contrasting conditions during prograde garnet growths in Upper and Lower Isimani Group
metapelites (Sil vs. Ky). (c, d) Same detail shown under (c) crossed polarisors and (d) polarised light. The antiperthitic plagioclase porphyroclast is partially replaced
by recrystallizates, in which P1 and Kfs form separate grains, pointing to recrystallization after exsolution. (e) Cordierite porphyroclast sourrounded by recrystallized
matrix of Crd, Pl, Qz. Hydrous breakdown products of Crd (Sil-Bt-Qz) replace recrystallized cordierite grains.

evidence for late-stage invading fluids, which affected all rock types of
the Upper Isimani Group.

Summing up the petrographic information obtained from the Upper
Isimani Group metapelitic granulites, we conclude that this unit expe-
rienced a P-T path with prograde garnet growth in the stability field of
sillimanite and a retrograde metamorphism that started in the silli-
manite stability field but continued after entering the kyanite stability
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field. During cooling (after exsolution of antiperthite) the granulites
were affected by penetrative recrystallization resulting in the omni-
present protomylonitic textures. The recrystallization event was fol-
lowed by a re-hydration event, resulting in a partial or total replacement
of the high-grade minerals (Grt, Crd) and the post-peak recrystallizates
of cordierite and plagioclase. During the re-hydration the P-T path
crossed the sillimanite/kyanite phase boundary during near-isobaric
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Fig. 13. Textures of hydration-retrogression in the high T/P granulites (T70-4-93, T70-8-93, T69-4-93, T69-3-93), emphasizing rehydration of the granulites after
the recrystallization-deformation event. (a) Crd partially replaced by Sil-Bt-Qz and pinite. (b) Pseudomorph after Crd consisting of Ky-Ms-Bt-Chl-Qz. (c) Grt partially
replaced by Ky-Bt-Qz along cracks. (d) Part of a pseudomorph after Grt, consisting of Sil-Ky-Bt-Qz formed during crossing the Ky-Sil phase boundary. (e) Grt partially
replaced by scapolite and biotite due to late-stage fluid infiltration (T70-4-93). (f) Garnet replaced by Bt-Chl-Qz along a deformation pattern of cracks (T70-8-93). (g)
Fine-grained recrystallized plagioclase of protomylonitic metapelite (T69-4) partially replaced by Czo and Ms (i. e., rehydration after deformation). (h) Garnet-free
two-pyroxene granulite (T69-3-93) showing late-stage Czo and Carb formation due to fluid infiltration.
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cooling.

The minerals of the granulites are chemically fairly homogeneous
and are only affected by some retrograde changes near late-stage cracks
(Fig. 14a, b), which are filled by e.g. biotite in garnet or pinite in
cordierite. The chemical homogeneity of garnet porphyroblasts in the
granulites contrasts with the preserved growth zoning in garnet of the
Grt-Ky-Bt gneisses of the Lower Isimani Group (Fig. 11a, b) and in the
eclogites (Fig. 6b). Compared to these rocks, the Grt-Crd-Sil granulites
seem to have experienced a hotter and/or prolonged metamorphism,
which resulted in homogenization of the garnet grains by diffusion
during peak metamorphism. A P-T pseudosection was calculated in the
system Naz0-Ca0-K;0-FeO-MgO-Al;03-Si02-H0-TiOy (Perple_X) for a
representative sample of the low-P granulite belt (Grt-Crd-Sil-Bt gneiss

0.8
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T69-5-93; see Fig. 2a for location, composition given in Table S2).
Mineral chemical data obtained from other samples revealed little dif-
ferences (Table S7), which points to a similar metamorphic grade in the
whole Upper Isimani Group. The pseudosection (Fig. 14c) is contoured
for Xy of garnet and Xy, of cordierite. The narrow yellow field marks
the observed peak-metamorphic assemblage Grt-Crd-Sil-Bt-P1-Kfs-Qz-Rt.
The red point marks the peak-metamorphic conditions of ca. 820 °C at
7.2 kbar inferred from mineral compositional data of the unzoned
minerals (XMg 0.48 for Grt; 0.83-0.84 for Crd) and lies above the solidus
(bold stippled line) in agreement with field observations of leucocratic
melt schlieren. The inferred prograde P-T path is also in agreement with
the presence of sillimanite and the absence of cordierite inclusions in
garnet. The assumed retrograde P-T path suits the observed breakdown
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and Grt to Sil and Ky bearing assemblages (cf. Fig. 13 a-d).
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textures of cordierite and garnet to late-stage sillimanite and kyanite
bearing assemblages (cf. Fig. 13a-d). The deduced counter-clockwise P-
T path agrees with the well-developed mineral reaction textures. It
contrasts to the clockwise paths of the eclogites and the Grt-Ky gneisses
of the Lower Isimani Group.

6. Geochronology

Until recently only the eclogites and associated metasediments of the
Lower Isimani Group attracted researchers to determine the age of this
unusually old eclogite metamorphism at ca. 2000 Ma. For this purpose,
only samples from the eclogite locality Yalumba Hill had been selected
so far (Moller et al., 1995; Reddy et al., 2003; Collins et al., 2004;
Tamblyn et al., 2021). Recently, monazite dating of the amphibolite-
facies metamorphism in the Konse Group revealed its relation to the
Usagaran orogeny and elucidated the role of the Konse Group as a
passive margin succession of the Usagaran Wilson cycle (Schenk et al.,
2025).

We report new monazite ages for the Upper Isimani Group (Grt-Crd
granulite) and for the Lower Isimani Group (Grt-Ky gneiss). Two samples
of the latter group were dated to clarify whether the metamorphic age of
the Lower Isimani Group stays the same along the whole belt, even in the
far SW near Igula, where this group is overlain by the Upper Isimani
granulite nappe. U-Th-total Pb EPMA dating was performed on thin
sections to allow analyses of grains in different textural settings and
specific domains of zoned grains. The internal textures of monazite
grains of the Grt-Crd-Sil migmatite (T69-5-93; Fig. S10a-e; Fig. 2 for
location) are either rather patchy with brighter and darker patches in
BSE pictures (Fig. S10a, ¢) or are more homogeneous with concentric
growth zones of different brightness (Fig. S10b, e). The different grain-
internal textures cannot be assigned to different textural settings of the
grains (matrix vs. inclusion). The cumulative curve of all obtained ages
(n = 43) in the population have a common enveloping curve indicating a
weighted mean age of 2055 + 8.5 Ma (Fig. 15c). In contrast, the
monazite grains of the two Grt-Ky samples (Lower Isimani Group; T100-
1-93 and T100-5-93) do not show such patchy grains but are either
homogeneous or show some concentric growth zones of different
brightness, irrespective of their textural setting in the matrix or as in-
clusion in garnet (Fig. S10: f-o inclusion grain (g) in (r) and matrix grains
(g) in (q) are both homogeneous). The weighted mean ages for monazite
grains of both Grt-Ky samples (inclusions and matrix) are within error
identical 1997 + 5.1 and 1992 + 6.1 Ma (Fig. 15a,b) and very similar to
the monazite age (TIMS) obtained for a metapelite sample from
Yalumba Hill (2000 + 2 Ma; Moller et al., 1995). No Neoproterozoic
ages, such as for matrix grains in Grt-Ky gneisses of the Kiboriani Mts.
(T46-2-93, T44-93; Fig. 2b; Fig. S3), were found. This re-confirms that,
close to the craton, only a minor thermal Neoproterozoic imprint
affected the rocks of the Lower Isimani Group.

In conclusion, the different dating methods (TIMS versus U-Th-total
Pb by EPMA) yield very similar results for all monazite ages of the Lower
Isimani Group. The age of metamorphism is very close to 2000 Ma,
similar to the age of the associated eclogites and is identical along the
belt between Yalumba Hill in the NE and 60 km further SW at Igula,
where the Lower Isimani Group is overlain by a nappe of Grt-Crd-Sil
granulites. The SIMS monazite age received for the Konse meta-
morphism (2028 + 15 Ma; Fig. 15d; Schenk et al. 2025) was obtained
from actually U-free grains of a highly oxidized Mn®*-rich micaschist
and is thus a pure Th-Pb age. Its slightly older age may be attributed to
this special analytical case. However, the high T/P metamorphism of the
Grt-Crd granulites (Upper Isimani Group) is about 50-60 Ma older than
that of the underlying Lower Isimani Group. This age difference,
together with the contrasting P-T paths and phase relations of both units,
underpins the allochthonous character of the low-P/high-T granulites of
the Upper Isimani Group.
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7. Interrelated P-T paths in the nappe stack and a geodynamic
model

Petrographic observations, mineral chemical data, contrasting peak
metamorphic conditions and contrasting P-T paths of the distinguished
lithotectonic units of the Usagaran Belt reveal compelling evidence that
the Konse Group, Lower Isimani metasediments, eclogites and Upper
Isimani granulites form a stack of nappes, which came into contact
during the Palaeoproterozoic orogeny. In the following section we
describe their interrelated evolutions during tectonic processes of the
Usagaran orogeny.

The eclogites, which formed from the basaltic oceanic crust and from
subduction initiation-related boninites, experienced the deepest sub-
duction (18-19 kbar) of all studied units. They were heated to about
850-880 °C, before they started to rise from 60-70 km mantle depths to
crustal levels and became part of a nappe stack. The exhumation was
likely triggered by slab breakoff or crustal extension after collision, like
in Phanerozoic orogens. Phase diagram modeling of the eclogite T69-12
suggests that the subducting oceanic slab was cool (‘modern-style’; ca.
10 °C/km) during the early stages of the subduction and touched the
blueschist stability field (Fig. 6d). At the state of deepest subduction, the
apparent thermal gradient was in the range of 13-14 °C/km indicating a
warm subduction regime. The high temperatures, similar to those of the
peak, remained during a significant part of the exhumation, as indicated
by granulite-facies coronas around garnet porphyroblasts. Temperatures
near 800 °C are calculated for corona formation that developed during
exhumation at 8-10 kbar, i.e., at the likely MOHO depth. In addition,
high temperature mylonites of Opx-eclogites and felsic rocks, which are
associated with the eclogites, indicate that exhumation was accompa-
nied by mylonitization at high pressures in the kyanite stability field (Ky
in late-stage symplectites; Fig. 9f and Fig. S9b-e), but occurred after the
breakdown of omphacite (to Di + Pl; Fig. 9c,d). Decompression
continued after mylonitization as indicated by preserved late-stage Opx-
Pl coronas around garnet porphyroclasts, which formed after recrystal-
lization of the surrounding mylonitic orthopyroxene matrix (Fig. 9d,f;
Fig. S9). The associated felsic mylonites also indicate recrystallization at
high temperatures, as recrystallized alkali feldspar porphyroclasts
exsolved after recrystallization (Fig. 9e, g, h; Fig. 17e).

The Grt-Ky-Bt gneiss T69-4 of the Lower Isimani Group at Yalumba
Hill was metamorphosed at the same time as the eclogites (ca. 2000 Ma),
but did not experience the high pressures and temperatures of the
eclogites. The peak P-T conditions for the gneiss were 13.2 kbar at 770
°C, corresponding to higher apparent geothermal gradients (ca. 17 °C/
km) than those obtained for the eclogites. However, the gneisses show
the same type of clockwise P-T path, which evolved on its prograde part
through the kyanite stability field. Furthermore, gneisses and eclogites
both have grossular-rich garnet porphyroblasts with preserved growth
zonation. This indicates that both lithologies were affected by a similar,
relatively short-lived tectono-metamorphic event. This event was not of
sufficient duration to allow for homogenization of garnet, despite the
high metamorphic temperatures (ca. 850-880 and 770 °C). The retro-
grade path of the Lower Isimani Grt-Ky gneisses also resembles that of
the eclogites; our phase diagram modeling indicates that high temper-
atures persisted during exhumation (Fig. 11d, e). This is supported by
the widespread occurrence of late-stage coarse-grained sillimanite,
which replaces the peak-metamorphic kyanite porphyroblasts (Fig. 10d,
f). Nevertheless, the high-temperature exhumation of the eclogite and
the associated Grt-Ky gneiss ran out at pressures above ca. 6 kbar (lack of
late-stage cordierite in metapelites; lack of orthopyroxene in Cpx-Pl +
Hbl coronas around garnet in the modeled eclogite; Fig. 6e, Fig. 11d).
The interrelated P-T paths for the eclogites and the embedding meta-
pelites (Lower Isimani Group) appears to be valid for the whole belt,
because retrograde replacement of kyanite by late-stage sillimanite is
observed all along the belt from Yalumba Hill to Igula in the SW (Fig. 2).
However, by comparing the peak pressures, a deeper burial of the Lower
Isimani Group at Yalumba (13.2 kbar) compared to Igula (10.7 kbar;
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Isimani Group (ca. 2000 Ma). (d) SIMS monazite age of Mn-andalusite-spessartine micaschists (T110-93) of the Konse Group from Mhumbirisi Hill (cf. Fig. 2 and 3;
modified after Schenk et al., 2025). (e-g) P-T paths for the three known Palaeoproterozoic paired metamorphic belts around the Congo Craton, which include
subduction-related eclogites. (e) Interrelated P-T-deformation paths for three tectonic units of the Usagaran nappe stack. The mylonitic recrystallization of the low T/
P rocks (Opx-eclogites and felsic rocks of Lower Isimani Group) started during exhumation after the breakdown of omphacite, but prior to the mesoperthitic
exsolution, in the Ky stability field; critical line of Afs solvus after Parsons (1978). Post-peak deformation of the high T/P granulites (protomylonites of Upper Isimani
Group) occurred after antiperthitic exsolution and was subsequently affected by intense re-volatilization. The related nappe emplacement of the high T/P granulites
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Nyong eclogites (Cameroon) and the associated granulites (after Loose and Schenk, 2018). (h, i) Tectonic sketches illustrating the deduced east-directed subduction
of the Palaeoproterozoic Usagaran ocean below an Archaean block in the east (‘Mozambique Belt Meta-Craton’). The meta-craton included a Palaeoproterozoic
continental arc, which contained the high T/P granulites of the Upper Isimani Group.
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Fig. 11c, e) is proposed.

We argue that during the subduction process the oceanic plate
dragged accretionary wedge sediments to significant depths (ca. 45 km),
where they experienced a high-P amphibolite-facies metamorphism.
After slab breakoff and continental collision, the rising slab became
tectonically imbricated with the buried accretionary wedge sediments.
This scenario can explain the coeval short-lived similar clockwise P-T
paths of the two units (Fig. 15e). Our model of an accretionary wedge
metamorphism for the Lower Isimani Group does not exclude the pos-
sibility that some metasediments may have reached subduction depths
and temperatures similar to those of the eclogites, as proposed by Herms
et al. (2023).

The metamorphism of the Upper Isimani Group contrasts in many
respects to those of the eclogites and of the Lower Isimani Group
metasediments. The metamorphism is 50-60 Ma older and the P-T path
is counter-clockwise with prograde garnet growth in the sillimanite
stability field. The very high temperature of ca. 820 °C at a shallow
depth of ca. 25 km (7.2 kbar) points to an area of high heat flow. The
grade of metamorphism is very uniform over its known outcrop area and
the high-grade minerals garnet and cordierite did not preserve a pro-
grade growth zoning but instead were homogenized during a prolonged
stage of peak metamorphism (Fig. 14a,b). There was no rapid hot
exhumation. Instead, the Upper Isimani granulites cooled near-
isobarically, which points to a slowly vanishing heat source. During
this near-isobaric cooling, the granulites were affected (likely some tens
of million years after peak) by an intense and penetrative tectonic event,
which resulted in the characteristic protomylonitic textures of this group
(Fig. 12). At the time of deformation, the granulites remained at a deep
crustal level of about 20-25 km and the rocks were still in the stability
field of sillimanite and cordierite (recrystallization of plagioclase and
cordierite) but antiperthitic plagioclase was already exsolved. This
constrains the deformation temperature to about 550 + 50 °C. The
tectonic event was followed by an intense rehydration/carbonation
event, which affected all rocks including the rare 2-pyroxene granulites
of the Upper Isimani Group. The relative timing of recrystallization and
rehydration is constrained, as hydration also affected recrystallized
plagioclase (replaced by Ms-Czo) and cordierite grains (replaced by Sil-
Bt-Qz) (Figs. 12 and 13).

The petrological and age data clearly point to contrasting geo-
dynamic settings for the Upper Isimani Group compared to the Lower
Isimani Group and eclogites at the time of their metamorphism. Whereas
eclogites and Lower Isimani Group metasediments were metamorphosed
in a subduction zone environment, the setting of the high T/P granulite
nappe of the Upper Isimani Group fits a continental arc environment. As
the contrasting tectonic groups were metamorphosed at different times
and different settings during the same orogeny (ca. 2055 vs. 2000 Ma),
they must have been juxtaposed during the Usagaran collisional event
(at 2000 Ma). At the time of nappe stacking, the older high T/P gran-
ulites had already isobarically cooled at a depth of about 20 km in the
arc. They obtained their protomylonitic textures likely during nappe
emplacement. We regard a continental collision event as the most likely
scenario for the emplacement of the granulite nappe, which derives from
a cooling arc and now rests on top of the subduction-related complexes.
The depth of nappe formation (ca. 20 km) corresponds roughly to the
depth estimated for the end of the near-isothermal exhumation of the
subduction-related groups. This coincidence may indicate that at this
depth the different groups came in tectonic contact and experienced a
common interrelated near-isobaric cooling (Fig. 15€e). The loading of the
Upper Isimani Group nappe caused devolatilization in the underlying
units (Lower Isimani group). The rising fluids induced the late-stage re-
volatilization of the overlying granulite nappe. Petrographic
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observations of garnet re-growth after garnet resorption in Opx- and Ky-
eclogites (Fig. 7b inset; Fig. S8) is in line with this model of a common
isobaric cooling history of the nappe stack at elevated pressures.

The geological sketches (Fig. 15h, i) aim at illustrating the tectono-
metamorphic evolution. As the high T/P metasediments were already
incorporated in the arc region at the time of their metamorphism (ca.
2055 Ma), we assume that the subduction process below the arc was
already in operation ca. 50-60 Ma prior to the metamorphism of the
eclogites (at ca. 2000 Ma; Fig. 15h, i). Thus, our model includes a long-
lived subduction (ca. 55 Myr, from 2055 to 2000 Ma) below the
Mozambique Belt Metacraton in the east that led to the development of a
continental arc. This arc contained metasediments, which were meta-
morphosed to granulite grade at 2055 Ma (Fig. 15c, h). During the
Usagaran orogeny (at 2000 Ma), the metasediments formed a nappe,
which was detached from the colliding continental arc. The nappe rests
now on the subduction related complexes of this orogen and its orogenic
foreland (Konse Group; Fig. 15h, i).

The maximum duration of the Wilson cycle in the Usagaran Belt is so
far constrained by the depositional age of the passive margin sequence
(Konse Group), which, according to the beginning of the Lomagundi
carbon isotopic excursion at ca. 2.2 Ga, did not exceed 200 Myrs. More
likely, the duration was much shorter, if the highest carbon isotope
values of marbles from the Konse correspond to the peak of the LCIE at
ca. 2.15 Gyr ago (<150 Myr; Schenk et al., 2025). The minimum dura-
tion of the Wilson cycle is so far constrained to about 50-60 Myrs by the
age difference between the arc metamorphism (2055 Ma) and the Usa-
garan orogeny (2000 Ma). Comparable spatial variations in meta-
morphic ages that span a time of 50 Myrs and record long lasting
tectonic underplating are known from Cretaceous to Cenozoic subduc-
tion complexes in southern California (Chapman, 2017). In the absence
of crystallization ages of the magmatic precursors of the eclogites, we
have no further constraints for the duration of the Wilson cycle in the
Usagaran Orogen.

The Neoproterozoic orogenic reworking intensely affected the
Palaeoproterozoic arc region on the eastern side of the Usagaran Ocean,
which is now obscured in the Tanzanian Kuunga Orogen. However, the
available age data for the region east of the eclogite belt in the Usagaran
Orogen (Fig. 2b) suggest that orogenic activity continued for some tens
of million years after the orogenic event at ca. 2.0 Ga. The nature of
these orogenic processes in the overriding hinterland is not well un-
derstood due to lack of data.

8. Evidence for widespread ‘modern-style’ plate tectonics in the
Palaeoproterozoic

The Usagaran orogeny is related to the Palaeoproterozoic assembly
of the supercontinent Nuna/Columbia, which represents a tectonically
very active time (Figs. 16 and 17; Zhao et al. 2011; Li et al., 2023). Most
authors agree that at this time any possible pre-plate tectonic modes,
such as the stagnant lid and the stagnant-deformable (squishy) lid
modes, were no longer active and that the Earth was completely covered
by rigid lithospheric plates, which got subducted at convergent margins
(e. g., Windley et al., 2021; Kusky et al., 2021; Cawood et al., 2022;
Brown and Johnson, 2018; Brown et al., 2024). This is in agreement
with the presence of lithological components related to plate-tectonic
Wilson cycles that developed at the margins of many Archaean cratons
during the Palaeoproterozoic (e. g., Trans-Hudsonian Orogen, Hofmann,
1988; Wopmay Orogen, Hoffman, 1973). The Usagaran Orogen contains
a great number of these lithological components: (i) a passive margin
sequence (Konse Group) at a rifted continental margin (Tanzania
Craton), (ii) subducted oceanic crust metamorphosed to eclogite grade
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at mantle depths (60-70 km), (iii) boninites related to subduction-
initiation, which were subsequently subducted and metamorphosed to
eclogite grade, (iv) an accretionary wedge complex deposited in a
foreland basin and metamorphosed at high-P amphibolite-facies condi-
tions during the subduction of oceanic crust (Lower Isimani Group), and
(v) a nappe of high T/P granulites (the ‘paired belt’) metamorphosed in
an arc environment several tens of million years prior to tectonic
emplacement during the continent—continent collision.

Further PMB containing eclogites, which formed from ocean-floor
basalts, as well as timely and spatially associated low-P granulites are
known from two other orogenic belts framing the Congo Craton: the
Ubendian and the Eburnian-Transamazonian belts (Figs. 16 and 17a),
which are both regarded as evidence for modern-style plate tectonics
during the Palaeoproterozoic (Moller et al., 1995; Boniface et al., 2012;
Loose and Schenk, 2018). The metamorphism of the subducted oceanic
crust in these belts have some characteristics in common with that of the
Usagaran eclogites: the peak pressures of 16-19 kbar were reached at
relatively high temperatures (700-880 °C) indicating higher apparent
geothermal gradients of 12-14 °C/km compared to most Phanerozoic
analogs (Penniston-Dorland et al., 2015; Brown and Johnson, 2018).
However, the preserved prograde path of the Usagaran eclogites with ca.
10 °C/km is comparable to that of cold subduction zones (Figs. 15, 16,
17). After peak conditions, these eclogites experienced rapid high-T
isothermal exhumation from ca. 60-70 km depths resulting in a tran-
sient granulite-facies stage. In all three orogenic belts high T/P granulite
belts are timely and spatially associated with the subduction-related
eclogites (Fig. 15e, f, g; Loose and Schenk, 2018).

In addition to these ‘warm’ subduction zones, there is also evidence
for cold subduction in the Palaeoproterozoic (Fig. 17a). High-P chlor-
itoid-kyanite-garnet micaschists and a meter-scale lawsonite eclogite
lens in a granitic gneiss of the northern Kongling Complex (Yangtze
Craton, China) record cold subduction to mantle depths at ca. 2.0 Ga
(Han et al., 2020; Yin et al., submitted). The micaschists are spatially
associated with structurally overlying coeval granulites further east (Li
et al., 2022; Yin et al., submitted) and may represent a further example
of Palaeoproterozoic PMB in the sense of Miyashiro. However, the high-
P belt is essentially made of micaschists and the regional extent of these
belts is not yet documented. In addition, a recent publication describes a
mélange zone in this part of the Kongling Complex rather than paired
metamorphic belts (Deng et al., 2025). Cold subduction is also known
from the Trans-North China Orogen, where carbonatites exhumed ca.
1.85 Ga eclogite xenoliths (ca. 7 °C/km; Xu et al. 2018) and from the
Kasai block (Congo Craton), where an eclogite sample of MORB chem-
istry documents partially exhumed Palaeoproterozoic oceanic crust at
ca. 2.09 Ga (Fig. 17a; Francois et al., 2018). Finally, in the Lapland-Kola
Belt, pseudosection modeling of a Salma eclogite points to a cold pro-
grade subduction path (ca. 9 °C/km; cf. Usagaran eclogites) at ca. 1.9 Ga
(Li et al., 2023), although conflicting with a higher T-estimate using Zr-
in-rutile thermometry (>50 °C) on rutile inclusions in garnet (Li et al.,
2023). Moreover, all previous P-T estimates on these Belomorian eclo-
gites point to a ‘warmer’ subduction with intermediate T/P ratios (e. g.,
Mints et al., 2007, 2010; Imayama et al., 2017; Li et al., 2017; Liu et al.,
2017).

The above listed Palaeoproterozoic subduction-related eclogites
indicate that cold (< 11 °C/km) and warmer (12-14 °C/km) oceanic
subduction zones were operating at the same time during the formation
of the supercontinent Nuna/Columbia (Fig. 17a). The message from the
cold subduction zones is that cold subduction (often equated with
‘modern-style’ plate tectonics) was already possible in the warmer
Palaeoproterozoic Earth. The message from the ‘warm’ subduction
zones (often equated with ‘non-modern-style’ plate tectonics) is that
even warmer slabs were rigid and stable enough to build up a slab-pull
force and that they were partially exhumed after slab breakoff during
continental collision. In addition, the formation of eclogites in the
Usagaran Orogen is related to a plate-tectonic Wilson cycle and the
formation of a paired high-T metamorphic belt. This indicates that the
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‘modern-style’ plate tectonic processes are not necessarily restricted to
the ‘cold’” subduction zones (ca. < 11 °C/km), as commonly argued (e.
g., Stern, 2005; Brown, 2006; Brown and Johnson, 2018; Li et al., 2023;
Brown et al., 2024).

Modern-style plate tectonics during the formation of Nuna/Columbia
are also inferred from several other Palaeoproterozoic orogenic belts, for
which eclogite-facies and even UHP conditions in deep crustal roots
have been reported (Fig. 16a, b), e.g. from the Trans-North China (Gao
et al., 2001), the Lapland-Kola (Skublov et al., 2010; Tuisku et al., 1998;
Mints et al., 2010; Li et al., 2023), the Trans-Hudsonian (Weller and St-
Onge, 2017) and the Nagssugtoqidian (Nutman et al., 2008; Miiller
et al,, 2018) orogens. However, these eclogites do not represent
exhumed fragments of subducted oceanic crust, are not related to paired
high-T belts, and some lack an associated passive margin sequence.
These eclogites formed from mafic dykes in tectonically thickened or
subducted continental crust (Fig. 16b). For some of these eclogites an
Archaean age was originally assumed (Snow Bird zone, Snoeyenbos
et al., 1995; Belomorian, Volodichev et al., 2004; Mints et al., 2010), but
later revised to the timing of respective Palaeoproterozoic orogenies
(Baldwin et al., 2003; Skublov et al., 2010; Herwartz et al., 2012; Li
et al., 2023).

In addition, many other Palaeoproterozoic belts, which developed at
the margins of Archaean cratons lack deeply subducted eclogites, but
contain Wilson cycle related lithological components, such as passive
margin successions, foreland basin sediments and metabasalts of MORB
chemistry. Well known examples include the Trans-Hudsonian Orogen
at the Hearne and the Superior cratons (e. g., Hofmann, 1988; Corrigan
et al. 2007), the Wopmay Orogen (Slave province NW Canada; Hoffman,
1973; Hoffman and Bowring, 1984), the Minas Supergroup at the Sao
Francisco Craton (Alkmim and Teixeira, 2017), the Magondi Fold Belt
with the Lomagundi Group (northwestern Zimbabwe Craton; Master
et al.,, 2010) and the Ruwenzori Fold Belt with the Buganda Group
(northern Tanzania Craton; Barth and Meinhold, 1974; Master et al.
2013).

In summary, the Palaeoproterozoic orogenic belts that developed
around Archaean cratons during the Nuna/Columbia supercontinent
assembly were associated with widespread modern-style plate tectonic
processes, including subduction of oceanic crust to mantle depths and its
partial exhumation after slab breakoff.

9. Is the period of ‘modern-style’ plate tectonics at 2.1-1.8 Ga of
peculiar significance for the pre-Neoproterozoic Earth?

The formation of Palaeoproterozoic PMB and deeply subducted
oceanic eclogites that are related to plate-tectonic Wilson cycles only
occur during the relatively short time interval 2.1-1.8 Ga (Figs. 16, 17a).
This period is preceded by a period of ‘tectono-magmatic lull’ (Spencer
et al., 2018; Condie et al., 2022; Fig. 17a) and succeeded by the Meso-
proterozoic ‘boring billion’ (with relative ‘orogenic quiescence’: Tang
etal., 2021; Zhu et al., 2022). During the latter period the Grenville and
Kibaran orogens were formed, but eclogites representing subducted
oceanic crust have not been reported so far (Fig. 16b). Only some
Neoproterozoic orogens related to Gondwana formation contain eclo-
gites that formed from ocean floor basalts (Fig. 16b; Zambesi Belt, John
and Schenk, 2003; Ubendian Belt, Boniface and Schenk, 2012; Boniface
et al., 2012).

In contrast with the widespread ‘modern-style’ plate tectonics during
the Palaeoproterozoic period of 2.1-1.8 Ga, both early Palaeoproterozoic
and Archaean terrains lack subduction-related eclogites (Fig. 16b,
Fig. 17a). In the Archaean, the lack of subduction-related eclogites was,
and still is, one of the main arguments against ‘modern-style’ plate tec-
tonics (e. g., Stern, 2005; Brown, 2006; Huang et al., 2020; Ning et al.,
2022a, b; Brown et al., 2024). To the best of our knowledge, the only
report about eclogite-facies conditions in Archaean terrainsis that of Ning
etal. (2022a) for a ca. 2.5 Ga old lens of garnet-clinopyroxenite within a
mélange block of garnet metagabbro in the North China Craton
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Fig. 16. (a) Reconstruction of the supercontinent Nuna/Columbia by Zhao et al. (2011). This older version of the supercontinent reconstruction is preferred here
over the updated version by Li et al. (2023), as it shows the Palaeoproterozoic orogenic belts that host the eclogites discussed in our study. Marked are the five
orogens with Palaeoproterozoic subduction related eclogites, which formed from ocean-floor basalts and the five orogens with eclogites that formed from mafic dikes
in thickened or subducted continental crust. Some of the latter experienced UHP conditions. Following references deal with the first recognition of the Palae-
oproterozoic eclogites: Usagaran (Moller et al., 1995); Ubendian (Boniface et al., 2012); Eburnian-Transamazonian (Loose and Schenk, 2018); Kasai Block (Francois
et al., 2018); Kola-Lapland (Skublov et al., 2011; Tuisku & Huhma, 1998); Nagssugtoqidian (Nutman et al., 2008; Glassley, 2014); Trans-Hudson (Weller and St-
Onge, 2017); Snow Bird Tectonic Zone (Baldwin et al., 2003); Trans-North China Orogen (Zhao et al., 2001; Xu et al., 2018); Yangtze Craton (Yin et al., submit-
ted). The Neoarchaean eclogite-facies metamorphism in the North China Craton (Ning et al., 2022a) has been questioned by Zou et al. (2022). (b) Indicators for the
operation of plate tectonics (modified from Stern, 2020; Harlow et al., 2015; Liou et al., 2014, Tsujimori and Ernst, 2014). The diagram is complemented by
Precambrian eclogites, which are either subduction related (formed from ocean-floor basalts) or formed from mafic dikes in thickened/subducted continental crust.
Further Precambrian subduction-related eclogites occur in Neoproterozoic orogens (Boniface and Schenk, 2012; John and Schenk, 2003; John et al., 2003).
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Fig. 17. (a) Apparent metamorphic gradients for 456 localities plotted against their age. (b) P-T conditions of metamorphism >0.8 Ga and (c) <0.8 Ga; (a)(b)(c)
modified after Brown and Johnson (2018). (d) The gradual development of the duality of thermal regimes in metamorphic crustal rocks (as a proxy for subduction
processes on Earth) emerged only after ca. 2.2 Ga (modified after Holder et al., 2019; Brown et al., 2024). This is in accordance with the Palaeoproterozoic age of the
paired metamorphic belts and of the exhumed fragments of subducted oceanic slabs around the Congo Craton, described in the present study. The coloured time
intervals in (a) emphasize the probability that the Earth experienced multiple tectonic regimes (plate tectonic vs. stagnant-deformable (sluggish) lid) and tectonically
less active periods, such as the tectonic-magmatic lull and the ‘boring billion’. The Palaeoproterozoic ‘cold’ and ‘warm’ subduction zones discussed here fall into the
period 2.1-1.8 Ga. Brown and Johnson (2018) proposed a critical boundary for cold subduction at 11 °C/km or 375 °C/GPa (cf. a, b, c). It has been shifted here to
14 °C/km, in agreement with the calculation of Holder et al. (2019) and the P-T data of subduction-related eclogites of Palaeoproterozoic age around the Congo
Craton (cf. a and b). In three orogens around the Congo Craton subduction-related eclogites are associated in space and time with high T/P belts (connecting black
arrows in (a)). The Neoarchaean paired metamorphism of the Dengfeng Complex (North China Craton; Huang et al., 2020) and the eclogite-facies metamorphism in

the Shangying mélange Ning et al. (2022b) are discussed in section 9.

(Shangying ophiolitic mélange; Fig. 17a). However, pseudosection
modeling of this rock by Zou et al. (2022) instead pointed to UHT
granulite-facies conditions (with P < 12 kbar), which seems to be in
agreement with the mineral assemblage of the enclosing plagioclase-
bearing garnet-metagabbro. In return, Ning et al. (2022b) criticized the
pseudosection modeling by Zou et al. and justified their applied methods
and results. Only further analysis can resolve the controversy regarding
the metamorphic history of this unique and unusual rock of Archaean
oceanic crust.

Admittedly, paired metamorphism with diverse apparent
geothermal gradients has been known for a long time from early
Archaean granite-greenstone terrains. However, greenstone belts are not
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part of paired belts in the sense of Miyashiro, because neither their
apparent geothermal gradients nor the recorded pressures point to cold
subduction zones to mantle depths. Instead, other models have been
proposed for their formation, including delamination of the lower crust
and sagduction tectonics (e.g., Van Kranendonk et al., 2002; Smithies
et al., 2009; Johnson et al., 2014, 2017; Francois et al., 2014; Chowd-
hury et al., 2020; Dasgupta et al., 2023). These Early Archaean crustal
fragments represent a distinct granite-dome/greenstone-keel crust,
which has been interpreted as the result of a gravitationally unstable
stratification of felsic proto-crust overlain by denser mafic volcanic
rocks that became subject to reorganization by Rayleigh-Taylor flow
(Sharp, 1984; Van Kranendonk et al., 2002; Smithies et al., 2009; van
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Kranendonk et al., 2014; Johnson et al., 2014; Francois et al., 2014;
Wiemer et al., 2018). The greenstone-keels are interpreted as cold drips
during crustal overturn of the granite-dome. However, other authors
have related the paired metamorphism of the granite-greenstone asso-
ciation to oceanic subduction zones, albeit evidence for cold subduction
to mantle depths is lacking (e. g., Moyen et al., 2006; Pease et al., 2008;
Roman and Arndt, 2020; Huang et al., 2020; Kusky et al., 2021; Windley
et al., 2021).

Besides, the Neoarchaean paired metamorphism of the Dengfeng
Complex (North China Craton; Fig. 17a) has been also regarded as
subduction related (Huang et al., 2020). However, these belts are of
amphibolite- and granulite-facies metamorphic grade and record neither
subduction metamorphism at upper mantle depths nor apparent
geothermal gradients typical of Phanerozoic cold subduction zones
(Fig. 17a; <ca. 500 °C/GPa, as defined by Holder et al., 2019; Brown
et al., 2024). The Dengfeng Complex shows a paired metamorphism in
the modified sense of Brown and Johnson (2018). This type of paired
metamorphism can also be represented by an intermediate T/P belt
paired with a high T/P belt; such belts need not include (1) rocks of
oceanic crust, (2) indicators of subduction to mantle depths and (3)
evidence for metamorphism at cold apparent geothermal gradients
typical for modern subduction zones. A specific pair of metamorphic
belts in this sense is not unequivocally related to a deep subduction zone,
but can also be explained by alternative tectonic models, such as sag-
duction, peel-off-tectonics or simply tectonic juxtaposition of different
terrains, i.e. models that have been applied to several Archaean and
Proterozoic terrains (e. g., Van Kranendonk et al., 2002; Smithies et al.,
2009; van Kranendonk et al., 2014; Johnson et al., 2014; Francois et al.,
2014; Wiemer et al., 2018; Bhowmik et al., 2018; Chowdhury et al.,
2020; Dasgupta et al., 2023).

Brown (2006) and in a series of subsequent papers, e.g., Brown and
Johnson, 2018, 2019; Brown et al., 2020a,b; Brown et al., 2024) pro-
posed, like Stern (2005), that the first widespread occurrence of blues-
chists and UHP (coesite bearing) rocks in the Neoproterozoic (ca. 0.8 Ga)
marks the onset of modern cold and deep subduction. These authors
assumed that for the subduction of ‘cold’ oceanic lithosphere the
geothermal gradient should not exceed 11 °C/km (Brown and Johnson,
2018; Fig. 17a, b). Yet, this view is contradicted by several reports of
Palaeoproterozoic subduction related eclogites and of PMB at warm and
cold deep subduction zones (Fig. 17a; cf. Moller et al., 1995; Boniface
et al., 2012; Loose and Schenk, 2018; Francois et al., 2018; Xu et al.,
2018; Li et al., 2023; Weller and St-Onge, 2017; Yin et al., submitted;
present paper). On the other hand, the new observation of widespread
cool and warm subduction zones and modern-style plate tectonics
related to Wilson cycles in the Palaeoproterozoic (Fig. 17a), does not
contradict the significant observation of the widespread emergence of
blueschists and UHP rocks in the Neoproterozoic (e. g., Stern, 2005;
Brown, 2006), which can be explained with lower Upper mantle tem-
peratures related to the secular temperature evolution of the Earth (e.g.,
Labrosse and Jaupart, 2007; Herzberg et al., 2010; Ganne and Feng,
2019; Condie, 2018; Chen et al., 2022).

On the basis of 456 published P-T estimates of metamorphic rocks
(updated to 728 localities, Brown et al., 2024), Brown and Johnson
(2018) proposed the existence of a ‘duality of thermal regimes’ (inter-
mediate and high T/P regimes; cf. Katz, 1974) as early as the Neo-
archaean and concluded that some kind of plate tectonics (warm,
shallow?) existed since the Archaean. Interestingly, Holder et al. (2019)
and Brown et al. (2024) recalculated with their data set the gradual
beginning of the duality of thermal regimes and obtained an age of <2.2
Ga (Fig. 17d). This age coincides remarkably well with the age of the
Palaeoproterozoic paired metamorphic belts (in the sense of Miyashiro)
discussed here. In contrast, the Archaean metamorphic data set records
only intermediate and high T/P types of metamorphism and defines a
unimodal thermal regime without cold subduction (Brown et al., 2024).
In addition, Holder et al. (2019) recognized in the Phanerozoic meta-
morphic data set a frequency minimum for apparent geothermal
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gradients around 14 °C/km. This value is regarded as the borderline
between the thermal regime of subducted rocks and that of other
regional metamorphic rocks. In fact, an upper limit of 14 °C/km would
better fit for the warm Palaeoproterozoic subduction zones (Fig. 17a, b)
than the value of 11 °C/km originally assumed by Brown and Johnson
(2018).

The warmer Palaeoproterozoic oceanic subduction zones docu-
mented for orogenic belts surrounding the Congo Craton differ from
many Phanerozoic subduction zone rocks regarding their warmer
isothermal exhumation (granulite-facies overprint). This peculiarity
could be related to a slow subduction of a young and hot Palae-
oproterozoic oceanic lithosphere and a fast exhumation rate after slab
detachment.

In summary, all presently known Precambrian PMB (in the sense of
Miyashiro) as well as pre-Neoproterozoic subduction related eclogites
(exhumed oceanic crust subducted to mantle depth) only occur in the
relatively short time interval 2.1-1.8 Ga. The formation of some PMB
was related to plate-tectonic Wilson cycles, which developed immedi-
ately prior to and during the assembly of the supercontinent Nuna/
Columbia.
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