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This study investigated Neoproterozoic (Pan-African) eclogite- and high-pressure-granulite (E-HPG) facies rocks
from theMozambique belt of east-central Tanzania, collected close to the town of Ifakara and the adjacent Furua
area from different tectonic settings, the Palaeoproterozoic Usagaran and the Neoproterozoic Mozambique belt.
The studied rocks are E-HPG facies granite- and diorite-gneisses and ameta-gabbroic rock,which are retrogressed
to amphibolite- and greenschist-facies conditions. Four different clockwise P-T paths were constructed. The first P-T
path for a granodioritic gneiss displays peak metamorphic conditions at ~830 °C and ~13.0 kbar. The second P-T
path for a quartz dioritic gneiss shows peak metamorphic conditions of ~920 °C and ~14.9 kbar. The third P-T
path for a mafic granulite shows peak metamorphic conditions of ~820 °C and ~13.2 kbar. A fourth P-T path for a
monzodioritic gneiss also displays peak metamorphic conditions of up to ~810 °C and ~14.9 kbar. Evidence for all
four P-T paths is provided by mineral chemical and modal abundance calculations in combination with textural
observations in thin sections. Zircon ages indicate that the east-central part of the Mozambique belt in Tanzania
consists of granite-, granodiorite- and monzodiorite gneisses with Mesoarchaean (~2915 Ma), Neoarchaean
(~2637–2676 Ma) and Palaeoproterozoic (~1873–1926 Ma) protolith ages. Early Neoproterozoic (Tonian)
igneous zircons were found in themafic granulite with an age of ~989Ma. Late Neoproterozoic (Cyrogenian) ig-
neous zirconswere found in a dioritic andmonzodiorite gneiss with ages of ~748Ma and ~718Ma, respectively.
Metamorphic zircons extracted from Qtz-monzodiorite and granodiorite gneisses yielded ages of ~640 Ma and
are considered to approximate the peak of regional E-HPG metamorphism. We suggest that this high-grade
metamorphic event was caused by the collision of fragments of East and West Gondwana during the Pan-
African orogeny, associated with ocean closure and the formation of Andean-type continental arc domains,
which ended in the formation of a collisional belt.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Neoproterozoic Mozambique belt (MB) of East Africa and
Madagascar consists of high-grade granulite- and amphibolite-facies
rocks (Holmes, 1951; Jacobs et al., 1998; Sommer and Kröner, 2013;
Sommer et al., 2003, 2008). Together with the lower grade assem-
blages in the Arabian-Nubian Shield of northeast Africa and Arabia,
these rock units make up the East African Orogen (EAO) (Fig. 1;
Stern, 1994; Johnson et al., 2011). A southern continuation of the
EAO into East Antarctica through India has also been suggested
(Collins and Pisarevsky, 2005; Collins and Windley, 2002; Fritz et al.,
2013; Grantham et al., 2008; Jacobs et al., 1998; Pant et al., 2013).
Science and Environment, The
.

Emplacement ages of granulite protoliths in the MB of southern,
central to northern Tanzania range between ~2900 and ~730 Ma
(Fig. 2A–C; Table 1; Collins et al., 2012; De Waele et al., 2006;
Fitzsimons, 2016; Fritz et al., 2013; Grantham et al., 2008; Kröner
et al., 2003; Maboko, 2000; Maboko and Nakamura, 1996; Möller
et al., 2000; Muhongo et al., 2001; Sommer and Kröner, 2013;
Sommer et al., 2003, 2005a, 2005b; Spooner et al., 1970; Thomas
et al., 2013, 2016). Different ages for Proterozoic orogenic domains in
the MB suggest that it is poly-orogenic (Shackleton, 1986). Generally,
two geodynamic models exist to explain granulite-facies metamor-
phism during the Neoproterozoic in Tanzania: (i) Collision between
two large blocks of East and West Gondwana; and (ii) Amalgamation
of several microcontinents during the Neoproterozoic (Collins and
Pisarevsky, 2005; Fitzsimons, 2016; Sommer and Kröner, 2013;
Tucker et al., 2014). Accretion and collision of these microcontinents
during the late Neoproterozoic to early Cambrian gave rise to the MB.



Fig. 1. Geological sketch map show the different crustal age domains, the major litho-tectonic units and the most prominent P-T paths in the southern part of the East African Orogen
(modified after Appel et al., 1998; Fritz et al., 2013; Sommer and Kröner, 2013; Sommer et al., 2003). AB: Alto Benfica; ANS: Arabian–Nubian Shield; CDGN: CaboDelgado Nappe Complex;
EGNC: Eastern Granulite Nappe Complex; G: Geci Group; L: Laloma Complex; Me: Mecuburi Group; MM: M'Sawize and Muaqala Complex; MN: Meluco, Nairoto Complex; Mo: Molo
Group; MP: Montepuez Complex; P: Pare Mountains; U: Usambara Mountains; PM: Ponta Messuli Complex; Tx: Txitonga Group; WG: Western Granulite Complex; US: Usagaran Belt;
X: Xixano Complex.
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Fig. 2. (A) Geologicalmap of Tanzania showingmain geological terrains such as Cenozoic domains, Palaeozoic andMesozoic basins, Neoproterozoic domains, NeoproterozoicMozambique belt,
Mesoproterozoic belts, Palaeoproterozoic Ubendian and Usagaran belt and Archaean basement (modified after Pinna et al., 2004). Inset shows boundary between the Western and Eastern
granulites as well as locations of the Uluguru and Pare/Usambara Mountains. (B) Geological relief map of the study area around the town of Ifakara and the Furua area showing major rock
units and sample locations. Line A to B shows the location of the elevation cross section in Fig. 12C. (C) Geological overview map of the study area showing elevation of the sample locations
and ages of the investigated samples.
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Table 1
Mayor geological units of Tanzania and location of the studied area.

Undifferentiated Neogene to Quaternary 
continental sedimentary formations
Continental and lacustrine sedimentary 
formations
Quaternary alkaline volcanic rocks and 
sediments
Neogene and Quaternay volcanic 
formations
Paleogene and Neogene sediments: 
marine, lacustrine and fluvo marine 
sediments

Neoproterozoic marble from the
“Mozambique Belt”
Neoproterozoic quartzite from the
“Mozambique Belt”

Cenozoic domains             Legend Fig. 1A

Palaeozoic and Mesozoic basins
Cretaceous sediments: marine and 
continental formations (sandstone, 
conglomerate)
Jurassic sediments: marine, estuary 
and continental formation 

Karoo (Upper Carboniferous to Middle 
Jurassic) continental and marine 
sedimentary formations

Other Neoproterozoic domains
Neoproterozoic to Cambrian (?) detrital 
sediments: Manyovu Red Beds (western 
Tanzania), IkorongoGroup (northern 
Tanzania)
Mbozi syenite (ca. 755 Ma)
Neoproterozoic volcano-sedimentary 
formations (Ilagala Fm., Gagwe 
amygdaloidal lavas (ca. 795 Ma): 
Uha Group, Nyamori Supergroup)
Neoproterozoic sedimentary formations 
(Kigonero Flags Group, Nyamori Super-
group, formerly known as “Bukoban Sandstone”)
Meso (?) - to Neoproterozoic sedimentary 
formations (ca. 800 Ma; Masontwa 
and Busondo Groups, Nyamori Supergroup)

Neoproterozoic Mozambique Belt

Neoproterozoic metasediment (paragneiss, 
marble,quartzite, schist), orthogneiss, 
migmatite, amphibolite and granite from 
the “Mozambique Belt”

Mesoproterozoic belts
Late-stage Kibaran magmatic complexes 
with major granite, Karagwe Tin Field 
(ca. 985−950 Ma) 

Mesozoic and Neoproterozoic 
TTG granite and migmatite

Mesoproterozoic orthogneiss (ca. 1.19−
0.945 Ga) affected by Neoproterozoic 
high-grade metamorphism (Songea and 
Kimambi Groups (?), SE Tanzania) 
Mesoproterozoic - mafic bodies (including 
Nyabuyonza massif)

Mesoproterozoic syn- to post-orogenic granite
(Karagwe - Ankoleen, ca. 1.37−1.30 Ga)

Mesoproterozoic (Kibaran) mafic and ultramafic 
layered intrusive bodies (Kabanga-Musongati 
complex, ca.1.37 Ga: peridotite, dunite, 
lherzolite, gabbronorite, anorthositic norite)
Meosproterozoic detrital metasediments
(> 1.37 Ga) (newly defined Bukoban Group)

Messoproterozoic syn- to post-orogenic granite
(Karagwe - Ankoleen, ca. 1.37−1.30 Ga)

Mesoproterozoic Kibaran sediments (shale, 
sandstone, quartzite), Itasio Group (> 1.37 Ga)

Mesoproterozoic (?) meta-sediments, migmatite
and orthogneiss (Ukingan Group)

Palaeoproterozoic Ubendian- 
Usagaran Belt

Late orogenic (post 1.95) Palaeoproterozoic or
Mesoproterozoic (?) granite and granodiorites

Palaeoproterozoic (?) and mesoporoterozoic 
rocks affected by high-grade metamorphism
with presence of charnockitic, enderbitic 
granulite and gneiss. Neoproterozoic 
magmatism in shear zones 

Palaeoproterozoic Ubendian with felsic 
igneous suites

Palaeoproterozoic Ubendian with meta-igneous 
and meta sedimentary rocks (gneiss, granulite, 
migmatite, amphibolite, quartzite)

Palaeoproterozoic Usagaran, meta igneous and 
sedimentary rocks with relicts of Neoarchaean 
basement (2.6 granulite facies metamorphism), 
reworked during the Neoproterozoic high grade 
metamorphic event (640 Ma)

Palaeoproterozoic detrital sediments

Meta-anorthosite complex affected by 
regional granulite facies metamorphism 
(ca. 640 Ma). Protoliths are of Neoarchaean 
and Neoproterozoic ages. NE Uluguru Mts:
basic granulite and gneiss interlayered with 
metagabbro and meta anorthosite

Neoproterozoic high-grade mafic and felsic
granulite, gneiss and migmatite (ca. 640 Ma
for granulite facies metamorphism), inter-
layered with amphibolite, marble, quartzite, 
schist and mylonite (Neoproterozoic 
Mozambique Belt). Protoliths of the 
high-grade rocks are mostly of Meso to 
Neoproterozoic ages with scarce Archaean 
to Palaeoproterozoic xenocrysts

Composite metamorphic crustal domain
“Mozambique Belt”, with undifferentiated
meta-igneous and sedimentary rocks of 
variable ages and origins including Neo-
archaean, Palaeoproterozoic, mesoprotero-
zoic and Neoproterozoic protoliths reworked 
during the Neoproterozoic tectono metamorhic
event

Palaeoproterozoic meta-igneous-sedimentary 
rocks 

Palaeoproterozoic eclogite (Usagaran, ca. 2.0 
Ga, Isimani Group) in contact with meta-
sedimentary and meta-igneous gneisses whose 
protoliths are ofNeoarchaean and Palaeo-
proterozoic ages
Palaeoproterozoic Usagaran meta-sediments, 
orthogneiss, granulite, metagabbro, amphibolite, 
marble and eclogite lenses (Isimani Group)
Palaeoproterozoic (Ubendian-Usagaran) to
Mesoproterozoic (Kibaran) gneiss, metagabbro,
anorthosite, gabbro and ultramafic rocks.
Neoproterozoic syenite and granite emplaced
in shear zones

Neoarchaean to Palaeoproterozoic granitoid 
(TTG): late- to post-orogenic granite and 
granodiorite

Archaean basement

Neoarchaean granitoid
Neoarchaean clastic sedimentary formation 
including turbidite (Kavirondian Supergroup):
ca. 2.75−2.50 Ga

Neoarchaean TTG granitoid and sediments 
(Nyanzian and Kavirondian Supergroups)

Neoarchaean Greenstone Belt (Nyanzian 
Supergroup) - lowest mafic volcanics of meta-
basalt (2.9−2.75 Ga) with BIF and phyllite 
intercalations 

Neoarchaean - Undifferentiated granitoid, 
migmatite, mafic and ultramafic rock; 
sediments of the Kavirondian Supergroup
Mesoarchaean to Neoarchaean orthogneiss 
(TTG), migmatite, granite, mafic dyke, 
lamprophyre, cataclasite (Dodoman Group: 
ca. 2.90−2.50 Ga) 

Mesoarchaean orthogneiss (TTG), migmatite, 
granite (Isangan Group: ca. 3.0−2.85 Ga)

Town’s and village’s Railway

Road Gravel road

RiverLake

Undifferentiated Neogene to Quaternary 
continental sedimentary formations
Karoo (Upper Carboniferous to Middle Jurassic) 
continental and marine sedimentary formations

Neoproterozoic high-grade mafic and felsic
granulite, gneiss and migmatite (ca. 640 Ma for 
granulite facies metamorphism), interlayered 
with amphibolite, marble, quartzite, schist and 
mylonite (Neoproterozoic Mozambique Belt). 
Protoliths of the high-grade rocks are mostly of 
Meso to Neoproterozoic ages with scarce 
Archaean to Palaeoproterozoic xenocrysts

Palaeoproterozoic Usagaran, meta igneous and 
sedimentary rocks with relicts of Neoarchaean 
basement, reworked during the Neoproterozoic 
high grade metamorphic event (640 Ma)

Neoproterozoic marble from the
“Mozambique Belt”

Legend Figs. 1B and 1C
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Table 2
Sample location, rock-forming minerals, rock-type, dating method, age and interpretation of the emplacement age of the investigated rock samples.

Sample GPS location Mineralogy Rock Method Age Age interpretation

Tz01/132 S08°01′30.0″ E36°49′36.0″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/ Granodioritic gneiss SHRIMP 1875 Ma Emplacement age
Tz01/132 S08°01′30.0″ E36°49′36.0″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/ Granodioritic gneiss Evaporation 1873 Ma Emplacement age
Tz01/133 S08°01′30.0″ E36°49′36.0″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/ Granitic gneiss Evaporation 1926 Ma Emplacement age
Tz01/134 S08°39′54.4″ E36°25′25.4″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/ Dioritic gneiss Evaporation 717 Ma Emplacement age
Tz01/136 S08°57′0.59″ E36°18′17.5″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/Scap Metamafic gabbro SHRIMP 990 Ma Emplacement age
Tz01/136 S08°57′0.59″ E36°18′17.5″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/Scap Metamafic gabbro Evaporation 989 Ma Emplacement age
Tz01/137 S08°59′0.6″ E36°15′25.5″ Qtz/Pl/Kfs/Bt Granodioritic gneiss Evaporation 639 Ma Peak metamorphism
Tz01/138 S08°59′28.5″ E36°18′61″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/Scap Monzodioritic gneiss Evaporation 748 Ma Emplacement age
Tz01/138 S08°59′28.5″E36°18′61″ Grt/Cpx/Am/Pl/Bt/Qtz/Kfs/Scap Monzodioritic gneiss Evaporation 642 Ma Peak metamorphism
Tz01/141 S08°32′38.5″ E36°42′34.3″ Qtz/Pl/Kfs/Bt Monzodioritic gneiss SHRIMP 2639 Ma Emplacement age
Tz01/159 S08°32′38.5″ E36°42′34.3″ Qtz/Pl/Kfs/Bt Granitic gneiss SHRIMP 2676 Ma Emplacement age
Tz01/159 S08°32′38.5″ E36°42′34.3″ Qtz/Pl/Kfs/Bt Granitic gneiss SHRIMP 2915 Ma Xenocryst age
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These specific tectono-metamorphic events occurred at different times
and under different P-T conditions, which finally led to the formation of
the Gondwana supercontinent through amalgamation of several
microcontinents (Collins, 2006; Collins and Pisarevsky, 2005; Collins
and Windley, 2002; Fitzsimons, 2016; Sommer and Kröner, 2013).
In order to understand the metamorphic history of the investigated
area in south-central Tanzania (Fig. 2A–C; Table 1) a combination of
petrological (EPMA, XRF) and geochronological (SHRIMP, evaporation
technique) methods as well as modelling software (Perple_X, TWQ)
have been used.

2. Geology of the southern Mozambique belt

TheMB in Tanzania is primarilymade of granulite- and amphibolite-
facies rock units that formed during the Neoproterozoic Pan-African
event, and whose protoliths range in age from Neoproterozoic to
Archaean (Appel et al., 1998; Kröner, 2001; Muhongo et al., 2001;
Sommer and Kröner, 2013; Sommer et al., 2003, 2008). The western
part of the belt consists of medium- to high-grade metamorphic rocks
as well as lower grade Palaeoproterozoic granitoids and volcanic rocks
in the Ubendian-Usagaran terrain, located at the southeastern edge of
the Tanzania craton (Figs. 1, 2A; Table 1; Collins and Pisarevsky, 2005;
Reddy et al., 2003, Sommer et al., 2005b). The origin of the granulite-
(HP/HT) and amphibolite-facies rocks in the MB of East Africa and
Madagascar has been explained as a consequence of terrane amalgam-
ation and collision during the late Neoproterozoic. These terranes are
characterized by recumbent isoclinal folds, thrusts, nappe structures,
persistent down-dip stretching lineations and high-temperature ductile
strike-slip shear zones (Fritz et al., 2005, 2009, 2013; Hepworth, 1972;
Muhongo, 1994; Shackleton, 1986, 1993, 1996 and references therein).
Zircon U–Pb SHRIMP, Pb–Pb evaporation data and U–Pb monazite ages
have been used to date the regional granulite-facies metamorphism. All
published age data onmetamorphic zircon,metamorphic rimson igneous
zircon as well as monazite are well grouped at ~650–620 Ma (Kröner
et al., 2003; Möller et al., 2000; Muhongo et al., 2001; Sommer et al.,
2003, 2005a). Granulite-facies metamorphism in the MB of Madagascar,
southern Malawi and northern Mozambique yielded slightly younger
ages of ~615 Ma, and a second metamorphic event occurred at
~550 Ma. However, in Madagascar the ~615 Ma event is limited to the
Vohibory, Anoysen and adjacent Androyen domains of the island
(Fig. 1; de Wit et al., 2001; Jöns and Schenk, 2008; Collins et al., 2012;
Boger et al., 2015; Horton et al., 2016), whereas the ~550Ma event is rec-
ognized elsewhere (Bingen et al., 2009; Kröner, 2001; Kröner et al., 2000,
2001; Thomas et al., 2010). It is now well established that at least two
Fig. 3. (A) Granodioritic gneiss cut by younger leucogneiss of sample Tz01/132. (B) Strongly
(C) Back scatter electron image of sample Tz01/132 showing the mineral assemblage garnet
and ±apatite (Ap). (D) BSE image showing reaction texture between garnet (Grt) and
(E) Plagioclase showing antiperthite of K-feldspar and Bt(II) needles enclosed in plagioclase. (
and quartz melt reaction textures. (G) Garnet showing inclusions of plagioclase, ilmenite and
rim of K-feldspar which is rimmed by plagioclase and, finally, by clinopyroxene.
collisional events occurred within the MB, the first between ~650 and
~620 Ma, particularly in the eastern and western granulites, and the sec-
ond at ~550Ma, especially along and close to themargins of the Tanzania
Craton and farther east inMadagascar where it has reached regional UHT
conditions (Figs. 1, 2A, B; Cutten et al., 2006; Kröner, 2001;Muhongo and
Lenoir, 1994; Muhongo et al., 2001; Rossetti et al., 2008; Sommer and
Kröner, 2013; Sommer et al., 2003, 2005a; Tenczer et al., 2013; Thomas
et al., 2013). A third local metamorphic event occurred during
Palaeoproterozoic times at ~1925Ma (Sommer et al., 2005b) and reflects
an event predating formation of the MB.

2.1. Geological setting of the study area

2.1.1. Ifakara area
The area around the town of Ifakara is located close to the Great

Ruaha River (Fig. 2A–C). The common rocks are intermediate to mafic
granulites, orthogneisses of tonalitic to granodioritic composition
and biotite-bearing granitoid orthogneisses (Vogt et al., 2006). Rare
kyanite- and garnet-bearing metapelites are tectonically interlayered
with the granitoid rocks. Most rocks show variable retrogression to
amphibolite-facies conditions. Peak metamorphic P-T conditions of
~12–13 kbar and ~750–800 °C were reported for one-pyroxene granu-
lites in the Great Ruaha River at ~640 Ma with a clockwise P-T path,
followed by strong isothermal decompression, typical for E-HPG
metamorphism (Fig. 2A–C; Brown, 2014; Sommer et al., 2003, 2005b,
2008; Vogt et al., 2006). Amphibolite-facies retrogression occurred at
~5–8 kbar and temperatures of ~550–700 °C (Sommer et al., 2003,
2008). The granulites are interlayered with Palaeoproterozoic and
Archaean granitoid and dioritic orthogneisses (Sommer et al., 2003,
2005b; Vogt et al., 2006).

2.1.2. Furua area
The Furua granulite complex is located southwest of the town

Mahenge and was petrographically subdivided into the Ndirima gneisses
around Sophie Mission (this study) and the Furua Granulites (Coolen,
1980) in the southeast (Fig. 2A–C; Table 1). However, a major fault di-
vides the Furua granulite complex from the Ndirima orthogneisses
(Coolen, 1980). The Ndirima gneisses are high-grade polymetamorphic
rocks made up of banded granulites that contain hornblende, biotite,
clinopyroxene, garnet, and scapolite. In contrast, the rocks of the Furua
granulite complex are one- and two-pyroxene granulites. Peakmetamor-
phism in the Furua granulite complex occurred at temperatures of ~750–
850 °C and pressures of ~6–11 kbar, typical for granulite-ultra-high-
temperature (G-UHT) metamorphism (Brown, 2014; Coolen, 1980;
folded garnet-clinopyroxene-bearing mafic granulite collected close to Sophie Mission.
(Grt) – amphibole (Am) – plagioclase (Pl) – biotite (Bt) – quartz (Qtz) ± ilmenite (Ilm)
biotite (BtI) as well as antipertitic exsolution lamellae of K-feldspar in plagioclase.
F) Biotite occurring with poikilitic garnet is associated with very fine-grained plagioclase
quartz in the centre and is inclusion-free at the rims. (H) Garnet is surrounded by a small



TZ01/132 C TZ01/132 D
~1 mm ~1 mm

TZ01/132 E TZ01/132 F
~1 mm~20 m

Ap

TZ01/132 A TZ01/136 B

TZ01/134 H
~10 m

Grt

Pl

Kfs

CpxI

Grt

Grt

Grt Grt

Grt

Grt

Grt

Pl

Pl

Pl

Pl Pl

Pl
Pl

Pl

Pl Pl

Pl
Pl

Pl

Pl

Kfs

Kfs

Kfs

Kfs

Kfs

Kfs

Kfs Kfs

Kfs

Qtz

Qtz

Qtz

Qtz

Qtz

Ilm

Ilm

Ilm

Ilm

Ilm

Am

Am

Am

Ilm

Am

Am

Am Am

Am
AmAm

Am

Am

BtIII

BtI

Ap

Ap
Qtz

Ap

BtIII

BtIII

BtI

BtI

BtII

BtII

BtII

BtII

BtII

BtIII

BtII

TZ01/134 G

~50 m a

b

Ilm

Grt

Pl
Pl

Qtz

Qtz

Kfs

Kfs

Ilm

AmII

671H. Sommer et al. / Lithos 284–285 (2017) 666–690



TZ01/134 C

TZ01/134 A

TZ01/138 G
~100 m

~50 m

~20 m

Kfs BtI

e

f
c d

g

h

Kfs

Grt

Kfs

Pl

Qtz

TZ01/138 F

TZ01/136 D

TZ01/136 E

TZ01/138 H
~100 m

~100 m

~50 m

~200 m

a

b
Scp

Kfs

Kfs

Kfs

Grt

GrtI

Grt

Grt

Grt Grt

Grt

Grt

Grt

Grt

Grt

Grt

Grt

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

Pl

CpxII

CpxI
CpxI

CpxII

CpxI

Qtz

Qtz

Qtz

CpxIII

Qtz

Qtz

Qtz

Scp

Scp

Scp

Scp

AmII

Qtz

Am

Am

Am

Am

AmI

Kfs

Kfs

Kfs

Kfs

Kfs

Kfs

Kfs

Ilm

Ilm

Ilm

Ilm

Ox

Ilm

Ox

TZ01/134 B
~200 m

i

j
k

l

Qtz

Ilm

Grt

Grt

Grt

Grt
Pl

Pl

Kfs

Pl

Ilm

GrtI

GrtI

GrtI

GrtII

GrtII

GrtII

AmII

AmII

AmII

AmI

AmII

CpxII

CpxII

CpxII

CpxII

CpxII
CpxII

CpxII

CpxII

CpxII

CpxII

CpxII

CpxI CpxII

CpxI

CpxI CpxII

AmII

AmII

AmII

AmII

AmI

AmI

AmII

AmII

CpxII

CpxII

CpxII

CpxI

CpxII

CpxII

CpxII

Pl

Pl

CpxI

672 H. Sommer et al. / Lithos 284–285 (2017) 666–690



673H. Sommer et al. / Lithos 284–285 (2017) 666–690
Coolen et al., 1982). Most granulites are retrogressed to amphibolite-
facies assemblages. The age of peakmetamorphism in the Furua granulite
complex was dated at ~650 Ma using zircon fractions and TIMS analyses
(Coolen et al., 1982).

3. Petrography, mineral chemistry and geochemistry

The samples were collected on account of their different bulk rock
compositions to test whether there is a correlation between bulk rock
composition and age. Mineral chemical analyses as well as volumetric
mineral estimates were carried out on the garnet and clinopyroxene-
bearing samples, because of their mineralogical variety, which made it
possible to construct P-T trajectories. Representative mineral- and
whole-rock analyses and volumetric mineral estimates are listed in
Tables S1 to S6 of the Supplementary File. Mineral abbreviations are
after Bucher and Grapes (2011). A summary with sample numbers,
sample location, mineralogy, rock type, age, method, age interpretation
is given in Table 2.

3.1. Petrography and mineral chemistry

3.1.1. Sample Tz01/132
Sample Tz01/132 represents an isoclinally folded gneiss cut by a

younger granitic leucogneiss and was sampled in the Great Ruaha
River, Kidatu, east-central Tanzania (Figs. 2A–C, 3A; Table 2). This gneiss
contains mafic enclaves that are enriched in hornblende. The sample
become retrogressed to greenschist-/amphibolite-facies conditions and
show the mineral assemblage garnet (Grt) – clinopyroxene (Cpx) –
amphibole (Am) – plagioclase (Pl) – biotite (Bt) – quartz (Qtz) –
K-feldspar (Kfs)±magnetite (Mag)± ilmenite (Ilm)± rutile (Rt)± he-
matite (Hem)± calcite (Cal) ± chlorite (Chl) ± apatite (Ap) (Fig. 3C–F).
The sample contains a relatively large concentration of zircon. Sample
Tz01/132 contains poikilitic garnet andmicroscopically three generations
of biotite (Fig. 3C, D, F). (i) Biotite of the first generation (BtI) occurs as
flakes and needles next to garnet, mostly separated by a small rim of pla-
gioclase; (ii) biotite of the second generation (BtII) forms needles, that are
totally embedded in plagioclase, and (iii) biotite of the third generation
(BtIII) consists of platy biotites, that are sometimes in direct contact
with garnet (Fig. 3C–F). Biotite flakes/needles (BtI) are overgrown
bypoikilitic garnet, andwe interpret this texture as a dehydrationmelting
reaction that consumed amphibole and biotite to form garnet (Fig. 3C, D).
The occurence of biotite needles, flakes, and platy biotite may be
interpreted as a 3D effect. Clinopyroxene is strongly alterated, and there-
fore not used for further investigations. Inclusion-free garnet is associated
with fine-grained quartz and plagioclase aggregates, which occur in melt
segregations (Fig. 3F). Antiperthite is also common (Fig. 3E, F). Amphibole
is greenish and is texturally not in equilibrium with garnet, plagioclase
and biotite (Fig. 3C, D).

In sample Tz01/132 garnet (Grt), amphibole (Am), biotite (Bt), pla-
gioclase (Pl) and K-feldspar (Kfs) were analysed. We do not report
EPMA measurements for clinopyroxene, because, as mentioned above,
this mineral only occurs as small strongly altered remnants and, conse-
quently, the mineral chemical analyses are giving low totals in wt%.
Garnet is very homogenous in composition (XMg = 0.27–0.24; XAlm =
0.57–0.55, XPrp = 0.21–0.18; XGrs = 0.19–0.17; XSps = 0.08–0.06).
The TiO2 concentration is low and up to 0.18wt% (Table S1A). The anor-
thite component in plagioclase varies between ~0.25 (core) and
Fig. 4. (A) Amphibole (AmII) overgrowing both generations of clinopyoxene. (B) BSE microph
K-feldspar, quartz and accessory ilmenite in sample Tz01/134. (C) BSE image showing symplec
minerals garnet, clinopyroxene (CpxI and CpxII), amphibole, plagioclase, K-feldspar, biotite, qu
textural equilibrium in sample Tz01/136. (F) BSE image showing the rock forming minerals ga
garnet (GrtI), clinopyroxene (CpxII and CpxIII), plagioclase, quarts, biotite (BtI) and amphibo
clinopyroxene (CpxI), amphibole (AmI), quartz, oxide. AmII overgrowing CpxII.
~0.31 at the outermost rims next to garnet (Table S3A). Biotite varies
in XMg between ~0.71 and ~0.62, its TiO2 varies between 5.04 and
4.13 wt%, respectively (Table S4). Biotite of the first generation (BtI)
shows XMg ratios between ~0.71 and ~0.68, whereas biotite of the sec-
ond (BtII) and third (BtIII) generations shows lower XMg, down to values
of ~0.62 (Table S4). The analysed amphibole is homogeneous with XMg

between 0.57 and 0.55 and is a pargasite (Leake et al., 1997; Table S5A).
K-feldspar has XKfs ranging between 0.93 and 0.97 and was classified as
orthoclase (Table S3A).
3.1.2. Sample Tz01/134
Sample Tz01/134was collected close to SophieMission at the bridge

in the village of Itete crossing the Ngiripa River and is a fresh, homoge-
neous, foliated Hbl bearing Qtz-diorite gneiss with many mafic dykes
and is associated with a garnet-bearing granulite below the bridge
(Fig. 2A–C; Table 2). The rock-forming minerals are garnet (Grt),
clinopyroxene (Cpx), plagioclase (Pl), amphibole (Am), biotite (Bt),
K-feldspar (Kfs) and quartz (Qtz). Accessory minerals are magnetite
(Mag), hematite (Hem), ilmenite (Ilm) and rutile (Rt). Garnet is
euhedral and contains inclusions of plagioclase, ilmenite and quartz in
the centre and is usually inclusion-free at the rims (Figs. 3G, H; 4A–C). It
is often surrounded by a small rim of K-feldspar, which is rimmed by pla-
gioclase and finally by clinopyroxene (CpxI) (Fig. 3H). Clinopyroxene is
xenomorphic, and two generations could be identified. The first genera-
tion (CpxI), shows a well-developed cleavage and is rimmed by a nearly
cleavage- free second generation (CpxII) (Fig. 4A, B). Plagioclase occurs
as an interstitial phase and contains inclusions of K-feldspar and quartz
(Figs. 3G; 4A, B). Amphiboles can also be subdivided into two generations.
Amphibole of the first generation (AmI) forms symplectites with quartz
and plagioclase (Fig. 4C). Amphibole of the second generation (AmII) is
xenomorphic and often constitutes an overgrowth on both generations
of clinopyroxene (Fig. 4A, B). Locally, AmII formed as a reaction product
between clinopyroxene and plagioclase (Fig. 3H).

The analysed rock-forming minerals in sample Tz01/134 are garnet
(Grt), clinopyroxene (Cpx), plagioclase (Pl), K-feldspar (Kfs), and am-
phibole (Am) and show a wide range in mineral zonation. Therefore,
six profiles were measured through garnet, clinopyroxene and plagio-
clase grains (Figs. 3G, 4B, C, 5B–G). All threemeasured profiles in garnet
show zonation from core to rim (Fig. 5B–D). The random “noise” of
some data points in the profiles, especially in Fig. 5B and C, is rather
than a simple core to rim progression. We interpret these variations as
retrograde exchange reactions next to inclusions within the analysed
garnets. XMg varies between ~0.33 (core) and ~0.20 (rim), XAlm

between ~0.54 (core) and ~0.64 (rim), XPrp is in the range of ~0.27
(core) to ~0.16 (rim), XGrs only showsminormineral chemical variation
and ranges between ~0.16 (core) and ~0.19 (rim). XSps is very low and
shows values of up to 0.03 (Table S1A–E). The garnet profiles show FM
(Fe-Mg) exchange (Fig. 5B–D) with cores generally Mg-rich and rims
more enriched in Fe, indicating a decrease in temperature during retro-
gression. Clinopyroxene also shows a wide range in composition, and
XMg ranges between ~0.73 and ~0.63, XWo between ~0.47 and ~0.36,
XDi between ~0.45 and ~0.35, XHd between ~0.23 and ~0.14, XAcm

between ~0.08 and ~0.02, XJd between ~0.12 and ~0.08 and XQUAD

(Morimoto, 1988) ranges between ~0.87 and ~0.82, respectively
(Table S2A–C). Two profilesweremeasured, the first profile showsmul-
tiple zonation in clinopyroxene (Fig. 5E). The zonation inMg indicates a
second growth phase of Cpx. The distinct zonation in the centre shows
otograph showing the rock-forming minerals garnet, clinopyroxene, amphibole, biotite,
tite of amphibole (AmI), quartz and plagioclase. (D) BSE image showing the rock-forming
artz in sample Tz01/136. (E) BSE image showing garnet, clinopyroxene and plagioclase in
rnet, clinopyroxene, plagioclase, and quartz in sample Tz01/138. (G) BSE image showing
le (AmII) in sample Tz01/138. (H) Garnet (GrtII) of sample Tz01/138 with inclusions of
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the formation of two CpxI grains next to each other and secondly the
growth of CpxII at the outermost rims (Figs. 4A, 5E); the second profile
shows a nice core-rim relationship of CpxI and the formation of CpxII
next to amphibole (Figs. 4B, 5F). We interpret the formation of CpxI
and therein the difference in XMg between the cores (~0.73) and the
rims (~0.65) as a consequents of increasing P-T conditions during
prograde metamorphism up to peak metamorphic conditions, which
led to growth of clinopyroxene of the first generation as seen in the
analysed profiles (Figs. 4B, 5F). This was followed by depletion of
clinopyroxene due to decreasing P-T conditions during retrograde
metamorphism (Figs. 4A, 5E). Plagioclase shows XAn varying between
the rims (~0.39; ~0.34 in the profile; Fig. 5G; Table S3A–D) and the
cores (~0.29; Fig. 5G; Table S3A–D). A profile through one plagioclase
grain shows that the anorthite component increases from core to rim,
indicating a decrease in pressure during retrogression (Figs. 4A, 5G).
K-feldspar is a pure orthoclasewith anXKfs of ~0.97 (Table S3A). Amphi-
bole of both generations (AmI and AmII) has XMg between ~0.61 and
~0.51 and is pargasite (Leake et al., 1997). XMg values above ~0.56
could only be detected in AmI in the symplectites, and a core-rim
relationship in AmII could not be found (Fig. 4C; Table S5A, B).

3.1.3. Sample Tz01/136
Sample Tz01/136 is a tightly folded garnet- and clinopyroxene-

bearing metagabbro, collected close to Sophie Mission (Figs. 2A–C, 3B;
Table 2). The rock-forming minerals are garnet (Grt), clinopyroxene
(Cpx), plagioclase (Pl), K-feldspar (Kfs), amphibole (Am), biotite (Bt),
quartz (Qtz) and scapolite (Scap) (Fig. 4D, E), and accessory minerals
are magnetite (Mag), hematite (Hem), ilmenite (Ilm) and rutile (Rt).
Most garnets are inclusion-free and hypidiomorph in texture (Fig. 4D,
E). Two generations of clinopyroxene could be identified. CpxI occurs as
inclusions in garnet, and CpxII occurs as an interstitial phase and
became consumed due to the overgrowth of amphibole (Fig. 4D, E). Pla-
gioclase occurs as an interstitial, relative large (up to ~100 μm in length)
phase and shows inclusions of K-feldspar and oxides (Fig. 4D, E). The
amphibole-forming and clinopyroxene-consuming reaction is interpreted
as a retrograde reaction under amphibolite- facies conditions (Fig. 4D).
Garnet, clinopyroxene, plagioclase and quartz are texturally in equilib-
rium (Fig. 4D).

The analysed rock-forming minerals in sample Tz01/136 are garnet
(Grt), clinopyroxene (Cpx), plagioclase (Pl), K-feldspar (Kfs) and am-
phibole (Am). Garnet occurs as a prograde phase with a XPrp of ~0.29,
XGrs of ~0.24 and XAlm of ~0.46, obtained from core measurements
(Fig. 4E; Table S1E–H), and shows retrograde zonation (Figs. 4E, 5A).
XMg varies between ~0.41 (core) and ~0.30 (rim), XAlm varies between
~0.52 (rim) and ~0.45 (core), XPrp varies between ~0.32 (core) and
~0.23 (rim), and XGrs shows no core-rim relationship and varies
between ~0.25 and ~0.22. The XSps ratio is very low at ~0.01
(Table S1E–H). Clinopyroxene shows relatively high XMg ratios com-
pared to other samples, and XMg varies between ~0.82 (CpxI, inclusion
in garnet), and in CpxII ~0.79 (core), ~0.74 (rim) and ~0.72 (next to am-
phibole), XWo between ~0.49 and ~0.47, XDi between ~0.42 and ~0.37,
XHd between ~0.14 and ~0.09, XAcm between ~0.07 and ~0.04, XJd

between ~0.18 and ~0.11 and XQUAD ranges between ~0.83 and ~0.75,
respectively (Table S2C). Plagioclase has XAn varying greatly from
~0.70 (rim next to garnet) to ~0.38 (core) (Table S3D). The K-feldspar
is pure orthoclase. The XMg ratio of all measured amphiboles is ~0.59
(Table S5B) and is a pargasite (Leake et al., 1997).

3.1.4. Sample Tz01/138
Sample Tz01/138 is a garnet- and clinopyroxene-bearing Qtz-

monzodiorite gneiss, collected in the Goanat quarry close to Sophie
Mission (Fig. 2A–C; Table 2). The rock-forming minerals are garnet
(Grt), clinopyroxene (Cpx), amphibole (Am), plagioclase (Pl), K-feldspar
(Kfs), biotite (Bt), scapolite (Scap) and quartz (Qtz) (Fig. 4F–H), where-
as accessory minerals are ilmenite, magnetite, hematite and rutile
(Fig. 4F–H). Garnet can be subdivided into two generations according
to texture: Garnet of the first generation (GrtI) shows growth around
interstitial clinopyroxene, plagioclase, K-feldspar, biotite (Fig. 4G),
quartz and scapolite, whereas garnet of the second generation is
hypidiomorphic (GrtII) and has inclusions of clinopyroxene, plagio-
clase, K-feldspar, quartz, biotite, amphibole and oxides and is in textural
equilibrium with Cpx (Fig. 4F, H). Three generations of clinopyroxene
could also be identified. Cpx of the first generation (CpxI) occurs as in-
clusions in garnet, whereas Cpx of the second generation (CpxII) occurs
in the matrix and around garnet, and Cpx of the third generation
(CpxIII) could be identified as interstitial growth in GrtI (Fig. 4F–H).
Plagioclase occurs as an interstitial and large phase (up to ~200 μm in
length) and shows inclusions of K-feldspar (Fig. 4F–H). Two generations
of biotite could also be identified. Biotite of the first generation (BtI)
occurs together with plagioclase and scapolite as interstitially grown
relicts in garnet (GrtI) (Fig. 4D), whereas biotite of the second genera-
tion (BtII) occurs as flakes in the matrix. Amphibole of the first genera-
tion (AmI) occurs as inclusion in GrtII, whereas amphibole of the second
generation (AmII) became consumed due to the overgrowth of CpxII
(Fig. 4G, H).

The analysed minerals in sample Tz01/138 are garnet, clinopyroxene,
plagioclase, K-feldspar, amphibole and biotite. Garnet of both genera-
tions (GrtI and GrtII) shows nearly the samemineral chemical composi-
tion. XMg ranges between ~0.28 (core) and ~0.23 (rim), XAlm varies
between ~0.61 (rim) and ~0.56 (core), XPrp varies between ~0.22
(core) and ~0.18 (rim), whereas XGrs is constant and varies between
~0.19 and ~0.20. The XSps ratio is very low at ~0.02 (Table S1H).
Clinopyroxene (CpxI) occurs as inclusions in garnet and varies in XMg

between ~0.73 and ~0.70 and CpxII, analysed in the matrix, ranges in
XMg between ~0.70 (core) and ~0.62 (rim); XMg in CpxIII varies
between ~0.66 and ~0.64 (Table S2C, D). The following ratios were cal-
culated for all generations of clinopyroxene: XWo between ~0.47 and
~0.44, XDi between ~0.39 and ~0.35, XHd between ~0.21 and ~0.14,
XAcm between ~0.08 and ~0.05, XJd between ~0.12 and ~0.11 and
XQUAD ranges between ~0.83 and ~0.80, respectively (Table S2C, D). Pla-
gioclase is very homogeneous, and XAn ranges between ~0.24 and ~0.22
(Table S3E). K-feldspar is pure orthoclase (Table S3E). Biotite of the first
generation (BtI) shows low XMg values of ~0.51, and biotite of the sec-
ond generation (BtII) showsXMg values of ~0.56. The TiO2 concentration
is relatively high and varies between 2.32 and 2.47 wt% for both gener-
ations of biotite (Table S4). XMg in amphibole varies between ~0.48
(AmI) and ~0.58 (AmII) and does not show any systematic core-rim re-
lationship (Table S5B), corresponding to pargasite and ferroparasite
(Leake et al., 1997).

3.2. Geochemistry

Major and trace element compositions for all eight investigated
high-grade rocks are given in Table S6. The AFM diagram (Fig. 6A)
demonstrates the calc-alkaline nature of samples Tz01/132, Tz01/
133, Tz01/141 and Tz01/159 and shows the same composition as
granitoid gneisses from the central part of the MB in Tanzania inves-
tigated by Sommer et al. (2003). In contrast, samples Tz01/134,
Tz01/136, Tz01/137 and Tz01/138 follow a tholeiitic differentiation
trend (Fig. 6A). Generally, all granitoid samples follow the alkali-
calcic, calcic-alkali trend, except for sample Tz01/136, which is of
calcic composition (Fig. 6B). All eight meta-igneous samples show
large variations in their Na2O⁄K2O ratios, ranging from 0.54 to 6.51.
This is consistent with the variable occurrence of alkali and plagio-
clase feldspar or only plagioclase (Fig. 6C; Table S6). According to
our CIPW calculations, the magmatic precursors of the investigated
E-HPG rocks were granites, granodiorites, a Qtz-diorite, Qtz-
monzodiorites and one olivine gabbro (Fig. 6C; Table S6). Low
Rb⁄Sr ratios of all samples (b1.32) suggest that the igneous protoliths
were generated during low degrees of fractional crystallization
in the source region. However, low Rb and U concentrations are indic-
ative of dehydration of the igneous precursors during prograde
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metamorphism, which finally led to the formation of the E-HPG rocks.
The overall compositions are similar to those of the average upper con-
tinental crust as documented by Taylor andMcLennan (1981) (Fig. 6D).
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4. Zircon geochronology

Zircon separation methods, cathodoluminescence (CL) imaging and
analytical procedures are summarized in the Text S1 of the Supplementa-
ry File. The SHRIMP technique has been used to analyse inhomogenous
zircon grains showing metamorphic rims, metamorphic corrosion and/
or older cores, whereas the single grain evaporation technique has been
used to analyse homogenous igneous and metamorphic zircons after
optical inspection and cathodoluminescence (CL) imaging. The fact that
some samples contain only igneous zircons, some only metamorphic
zircons and other samples both populations is due to low fH2O during
granulite/eclogite metamorphism (Sommer et al., 2017). The analytical
data are listed in Tables S7 and S8.

Sample Tz01/132 is a granodioritic gneiss. Zircons from this sample
forms long-prismatic crystals up to ~700 μm in length and range in
colour between clear to grey-olive (Fig. 7A). The grains are slightly
rounded at their terminations because ofmetamorphic corrosion during
high-grade metamorphism (Hoskin and Black, 2000; Kröner et al.,
1994; Silver, 1969), and CL images show oscillatory zoning, typical of
magmatic growth (Fig. 7A). Seven grains were measured on SHRIMP II
(Table S7) and yielded concordant to variably discordant but well
aligned analyses (MSWD = 0.04), suggesting recent Pb-loss. The
weighted mean 207Pb/206Pb age is 1874 ± 3 Ma, and the concordia
intercept age is identical, but less precise, at 1875 ± 12 Ma (Fig. 8A).
Additionally, six grains were evaporated separately and produced simi-
lar 207Pb/206Pb ratios with a mean 207Pb/206Pb age of 1873.2 ± 0.4 Ma
(Table S8, Fig. 8B) that is identical to the SHRIMP age. The 7 measured
spots on SHRIMP were placed in the centres of the igneous grains. The
additionally analysed 6 grains by the evaporation technique show the
same age as recorded with SHRIMP, therefore we interpret this age as
the time of emplacement of the granodioritic gneiss protolith.

Tz01/133 is slightly foliated granite gneiss, which shows the same
mineralogy as sample Tz01/132 (Table 2). The zircon population con-
sists of clear, long-prismatic igneous grainswith oscillatory zoning, sim-
ilar to those in Tz01/132. Four grains were evaporated individually and
have similar 207Pb/206Pb ratios, corresponding to a mean 207Pb/206Pb
age of 1926.0 ± 0.4 Ma (Table S8, Fig. 8C). Due to the fact that all four
grains show the same age and the CL images of the zircon population
is undoubtedly of igneous origin, we consider this age to reflect the
time of emplacement of the granite.

Sample Tz01/134 is a foliated hornblende- and feldspar-bearing
Qtz-diorite gneiss. The zircons consist of long-prismatic crystals with
well-rounded terminations and excellent concentric oscillatory zoning,
reflectingmagmatic growth (Fig. 7E). Three grainswere evaporated and
yielded identical 207Pb/206Pb ratios, corresponding to a mean age of
717.5 ± 0.9 Ma (Table S8, Fig. 9A) that we interpret to reflect the time
of emplacement of the Qtz-diorite, because the CL images of the
analysed zircon grains reflect magmatic growth.

Sample Tz01/136 is a garnet- and clinopyroxene-bearing mafic
metagabbro. Usually olivine does not crystallize in silica-undersaturated
rocks, but the occurrence of zircon in mafic and ultramafic metamorphic
rocks is not uncommon and has been described before (Jian et al., 2012,
2014). The zircons are long-prismatic with well rounded terminations
and are up to 600 μm in size (Fig. 7B). CL images show irregular textures
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with diffuse broad light zoning, which is typical of zircons from high-
temperature mafic to intermediate rocks (Corfu et al., 2003). Six grains
analysed on SHRIMP II yielded one concordant and six variably
discordant data points (Table S7, Fig. 10A), which are well aligned in
the concordia diagram and correspond to a weighted mean of
207Pb/206Pb age of 991 ± 7 Ma. Recent Pb-loss can be seen, and a best-
fit line through all analyses as well as the origin (MSWD = 0.19) pro-
duced an upper Concordia intercept age of 990 ± 15 Ma (Fig. 10A).
Two additional grains were evaporated separately, and both have identi-
cal 207Pb/206Pb ratios corresponding to a mean age of 989.6 ± 1.1 Ma
(Table S8, Fig. 10B). The 6 analysed SHRIMP spotswere placed in the cen-
tres of the igneous grains, and the additional 2 evaporated grains show
the same age. Thereforewe interpret this age as the time of emplacement
of the olivine-bearing gabbroic precursor.

Sample Tz01/137 is a granodiorite gneiss, collected in the Mbarika
Mountains north of Sophie Mission. The rock-forming minerals are
quartz, plagioclase, K-feldspar and biotite (Fig. 2A–C; Table 2). The zir-
cons are clear, pale brown to pinkish brown in colour andwell rounded,
some being near-spherical and multifaceted in shape, with diameters
ranging from 150 to 200 μm. CL images display well-developed sector
zoning, typical of metamorphic growth (Kröner et al., 2000; Vavra
et al., 1996), and no older cores were observed. Therefore it was not
necessary to analyse these grains on SHRIMP. Evaporation of five
small, homogenous, grain fractions of these metamorphic grains
produced identical 207Pb/206Pb ratios with a mean 207Pb/206Pb age of
639.2 ± 0.9 Ma (Table S8, Fig. 9B) that we interpret to reflect zircon
growth during peak metamorphic conditions in the area.

Sample Tz01/138 is a garnet- and clinopyroxene-bearing Qtz-
monzodiorite gneiss and two zircon fractions characterize this sample.
Long-prismatic igneous grains show metamorphic corrosion of their
pyramidal terminations during high-grade metamorphism (Fig. 7F),
and CL images show broad, striped growth zoning, typical of high-
temperature igneous crystallization (Corfu et al., 2003). Ovoid to ball-
round, multifaceted grains reveal well-developed sector zoning in CL
images, typical of metamorphic growth (Kröner et al., 2000; Vavra
et al., 1996), and no older cores were seen (Fig. 7G). Therefore these
metamorphic grainswere not analysed on SHRIMP. Four igneous grains
were evaporated separately and yielded similar 207Pb/206Pb ratios with
amean age of 748.1±0.9Ma (Table S8, Fig. 9C).We consider this age to
reflect the time of emplacement of the magmatic precursor, based on
the CL images obtained for these igneous grains. Six small metamorphic
and homogenous grain fractions were evaporated individually and
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produced identical 207Pb/206Pb ratios, corresponding to a mean age of
641.7 ± 0.9 Ma (Table S8, Fig. 9D) that we interprete to reflect the
time of high-grade E-HPG metamorphism, based on the CL images for
these metamorphic grains.

Sample Tz01/141 is also a Qtz-monzodiorite gneiss, collected on the
main road between Mahenge and Ifakara (Fig. 2A–C; Table 2). The
rock-forming minerals are quartz, plagioclase, K-feldspar and biotite.
The zircons are predominantly long-prismatic with variously rounded
terminations. They range in colour from light grey to greenish or pinkish,
vary in length between 400 and 600 μm and show euhedral textures
in CL images with regular as well as irregular magmatic zonation
(Fig. 7C,D). These are typical igneous grains, partly showingmetamorphic
corrosion during high-grade metamorphism (Fig. 7D). Six spots were
analysed on SHRIMP II (Table S7) and yielded variably discordant results
due to recent Pb-loss, which can be fitted to a chord (MSWD = 0.19),
with an upper concordia intercept age of 2639 ± 14 Ma and a mean
207Pb/206Pb age of 2637 ± 3Ma (Fig. 10C). No difference in age between
core and rim measurements on these grains could be observed. We
interpret this age to reflect the time of igneous crystallization of the
Qtz-monzodiorite, based on the CL images exhibiting igneous zonation.
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Lastly, sample Tz01/159 is a granite-gneiss, collected on the main
road between Mahenge and Ifakara. The rock-forming minerals are
quartz, plagioclase, K-feldspar and biotite (Fig. 2A–C; Table 2). The zir-
con population is morphologically variable and includes both very
thin, almost needle-like, grains as well as long-prismatic and stubby
varieties, all with well-rounded pyramidal terminations. Concentric
or striped oscillatory zoning is common, and one grain has a clear
highly-luminescent (low-U) core, discordantly overgrown by zoned
material with lower luminescence (Fig. 7H). Four grains were analysed
on SHRIMP II (Table S7) of which 3 yielded near-concordant results
with a weighted mean 207Pb/206Pb age of 2676 ± 1 Ma, whereas the
core of one grain is much older and produced a concordant age of
2915 ± 5 Ma (Table S7, Fig. 10D). We interpret the former age as
reflecting the time of protolith emplacement of the granite, based on
the CL images of these igneous grains. The old xenocrystic core proba-
bly represents part of a Mesoarchaean basement at depth that is
exposed farther north in the Morogoro area (Sommer et al., 2003,
2005a).
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5. Geothermobarometry

In classic metamorphic petrology P-T-t loops are constructed by
using mineral over-printing relationships in combination with textural
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expected during granulite/eclogite-faciesmetamorphism.One indicator
that the investigated rock samples of this study may still contain some
igneous mineral assemblages is the occurrence of magmatic zircon
without significant metamorphic corrosion due to the absence of
volatiles. Another problem using classic geothermobarometry are the
different diffusion rates of different elements within the rock-forming
minerals. Garnet, for example, is a slowly diffusing mineral. The core
composition of garnetmay record a composition that reflects peakmeta-
morphic conditions. In contrast, faster diffusingminerals may not record
peakmetamorphic conditions but some partially re-equilibrated compo-
sitions (Fitzsimons and Harley, 1994; Frost and Chacko, 1989; Pattison
et al., 2003; Sommer et al., 2017).

We have overcome this problem by using a combination of
classical geothermobarometry and P-T pseudosections. Classical
geothermobarometry allows us to bracket the upper and lower P-T con-
ditions using well-calibrated volatile-free thermometers and barome-
ters, and P-T pseudosections make it possible to calculate mineral
compositional isopleths and mineral abundance isopleths to test
whether the analysed minerals were chemically in equilibrium during
prograde, peak and retrograde metamorphism and do not represent
magmatic relicts.
5.1. TWQ calculations

A detailed description about the TWQ calculation is given in Text S2 of
the Supplementary File. The following geothermobarometers (Berman,
1988, 1990, 1991) were used for classical P-T calculations of the garnet-
clinopyroxene-plagioclase-quartz bearing intermediate granulites.

Almandineþ 3 Diopside ¼ Pyropeþ 3 Hedenbergite ð1Þ

Almandineþ 2 Grossularþ 3 Quartz ¼ 3 Hedenbergiteþ 3 Anorthite

ð2Þ

Pyropeþ 2 Grossularþ 3 Quartz ¼ 3 Diopsideþ 3 Anorthite ð3Þ

In order to obtain reasonable peak metamorphic P-T conditions
using classical geothermobarometry, a representative peak metamor-
phic mineral assemblage has to be used. The exchange reactions used
above are the most proper geothermobarometer for the investigated
samples, because the high pressure and high temperature phases
contain garnet, clinopyroxene and plagioclase. For example, rutile does
not occur as inclusion in garnet, therefore Zr-in-rutile thermometry is
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not an option. Rim compositions of garnet, clinopyroxene and plagio-
clasewere used to calculate retrograde P-T conditions. Only thoseminer-
al pairs were used for the calculations where Grt, Cpx and Pl occur all
next to each other at a triple point. The reliability of the calculated retro-
grade metamorphic P-T conditions has to be verified as described above.
The garnet-clinopyroxene thermometer (1) is based on Fe2+ and Mg
exchange and yielded temperatures of ~920 °C (core) and ~780 °C
(rim) for sample Tz01/134 (Fig. S3B, C), of ~780 °C (core) and ~820 °C
(rim) for sample Tz01/136 (Fig. S6A, B), and of ~800 °C (core) and
~810 °C (rim) for sample Tz01/138 (Fig. S7G, H). Pressures were estimat-
ed using reactions (2) and (3) above which gave ~14.9 kbar (core) and
~12.0 kbar (rim) for sample Tz01/134 (Fig. S3B, C), ~14.6 kbar (core)
and ~13.2 kbar (rim) for sample Tz01/136 (Fig. S6A, B), and ~15.0 kbar
(core) and ~14.7 kbar (rim) for sample Tz01/138 (Fig. S7G, H).

5.2. Perple_X calculations

A detailed description about the Perple_X calculation is given in Text
S3 of the Supplementary File. The pseudosections and the calculated P-T
loops show different prograde, retrograde and peak metamorphic
conditions (Figs. 11A–D; 12A, B; S1–S10). In this section we compare
also the reaction textures with phase petrological calculations of the
four P-T loops.

5.2.1. Pseudosection and P-T path Tz01/132
Sample Tz01/132 is a granodioritic gneiss containing some poikilitic

garnet relicts (Figs. 3A, C, D, F; 6C; Table S6). The P-T pseudosectionwas
processed in the KNCMFATSHCO system (Figs. 11A, S1A). The following
minerals were used for the Perple_X calculation: Garnet, Opx, Cpx, feld-
spar, biotite, clinoamphibole, chlorite, spinel, ilmenite-hematite and
magnetite-ulvöspinel. The solution models were modified as described
above, and the used bulk composition was analysed by XRF (Table S6).
Prograde, retrograde and peak metamorphic conditions could be
modelled for the constructed four phase P-T path of sample Tz01/132
(Figs. 11A, 12A, S1A; Table 3). During progrademetamorphism, between
phase (i) at a temperature of ~450 °C and a pressure of ~5.5 kbar, the
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shows possible terrane boundary between fragments of East Gondwana and the sample locati
rock forming minerals are Pl, Qtz, Mic, Bt, Dol, Ilm, Rt, and Melt and
phase (ii), at a temperature of 800 °C and a pressure of 13.2 kbar during
high-pressure metamorphism, the rock forming minerals are Pl, Qtz, Bt,
Cpx, Grt, Ilm andMelt (Figs. 11A, S1A; Table 3),Microcline, Dol andRt be-
comes completely consumed (Figs. 11A, S1A; Table 3). First Grt and Cpx
are formed at ~635 °C ~12.9 kbar (Figs. 11A, S1A, S2B). Garnet is poikilitic
in texture and overgrows biotite (Fig. 3C, D). Garnet is chemically very
homogenous (XMg = 0.27–0.24; XAlm = 0.56–0.54, XPrp = 0.25–0.22;
XGrs = 0.18–0.17; XSps = 0.08–0.06; Figs. 11A, S1A, S1B, S1C, S2A;
Table 3). The anorthite component in plagioclase increases from ~0.25
to ~0.28 (Fig. S2C). The volume abundance of Pl increases and that of
Bt decreases (Figs. S2D, S2F). Plagioclasewith a XAn of ~0.28 is in equilib-
rium with the analysed garnets during phase (ii). Three generations of
biotite could be identified, Bt(I) with XMg of ~0.68 to ~0.71 is interpreted
as being in equilibrium with garnet and plagioclase, showing an XAn of
~0.28, at peak metamorphic conditions (Figs. 3C, D, S2C, S2E). Biotite
needles (BtII) represent the second generation of biotite and show
lower XMg ratios, down to ~0.62 and occur as inclusions within plagio-
clase, showing a XAn of ~0.25. Therefore, Bt(II) of the second generation
is interpreted as prograde relicts. The formation of Grt is interpreted as
a peritectic dehydrationmelting reaction caused by the breakdownof bi-
otite prograde metamorphism (Fig. 3C, D). Going, from phase (ii) to
phase (iii), at a temperature of ~830 °C and a pressure of ~13.0 kbar
peak metamorphic conditions has been reached (Figs. 11A, S1A;
Table 3). The rock forming minerals are Pl, Qtz, Bt, Cpx, Ilm, Grt and
Melt and the formation of Pl, Qtz, Cpx, and Grt continues, whereas Bt fre-
quently becomes consumed (Fig. S2F). From our predicted calculations
gained from the Perple_X computation, together with results obtained
from EPMA measurements, we conclude that garnet was in equilibrium
with plagioclase and biotite at peak metamorphic conditions because all
peakmetamorphicmineral chemical endmember ratiosmatch at similar
P-T conditions and, therefore, garnet, plagioclase and biotite represent a
high-grade metamorphic mineral paragenesis and not relicts from the
magmatic precursor. Finally, from phase (iii) to the retrograde phase
(iv), at a temperature of ~550 °C and a pressure of ~6.3 kbar, which con-
tains the mineral assemblage Pl, Qtz, Bt, Cpx, Ilm, Mt and Melt, the
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Table 3
Bulk rock composition, modal abundance and mineral chemical conditions of the rock samples and the investigated minerals.

Stage (i) Stage (ii) Stage (iii) Stage (iv)

Prograde High-P High-T Retrograde

Tz01/132 P-T 5.5 kbar 450 °C 13.2 kbar 800 °C 13.0 kbar 830 °C 6.3 kbar 550 °C
Tz01/132 SiO2 (wt%) 65.87 67.06 67.07 67.01
Tz01/132 Al2O3 (wt%) 15.49 15.77 15.77 15.76
Tz01/132 TiO2 (wt%) 0.58 0.59 0.59 0.59
Tz01/132 MgO (wt%) 1.77 1.81 1.81 1.81
Tz01/132 FeO (wt%) 3.57 3.63 3.63 3.63
Tz01/132 CaO (wt%) 3.61 3.67 3.67 3.67
Tz01/132 Na2O (wt%) 3.74 3.81 3.81 3.80
Tz01/132 K2O (wt%) 3.10 3.16 3.16 3.15
Tz01/132 ZrO2 (wt%) 0.02 0.02 0.02 0.02
Tz01/132 O2 (wt%) 0.17 0.18 0.18 0.18
Tz01/132 H2O (wt%) 0.40 0.32 0.29 0.38
Tz01/132 CO2 (wt%) 1.69 0.00 0.00 0.00
Tz01/132 Grt (Vol%) N/A 0.84 1.17 N/A
Tz01/132 Cpx (Vol%) N/A 2.59 2.61 1.56
Tz01/132 Plg (Vol%) 45.78 61.79 62.06 62.39
Tz01/132 Mic (Vol%) 12.19 N/A N/A N/A
Tz01/132 Bt (Vol%) 8.91 7.15 6.65 8.68
Tz01/132 Qtz (Vol%) 28.44 26.05 25.91 25.92
Tz01/132 Rt (Vol%) 0.37 N/A N/A 0.35
Tz01/132 Ilm (Vol%) 0.90 1.58 1.58 0.69
Tz01/132 Mt (Vol%) N/A N/A N/A 0.40
Tz01/132 Dol (Vol%) 3.40 N/A N/A N/A
Tz01/132 Melt (Vol%) 0.01 0.02 0.02 0.01
Tz01/132 XPyp N/A 0.28 0.34 N/A
Tz01/132 XGrs N/A 0.22 0.18 N/A
Tz01/132 XAlm N/A 0.56 0.55 N/A
Tz01/132 XMg in Cpx N/A 0.74 0.76 0.72
Tz01/132 XAn 0.26 0.28 0.29 0.31
Tz01/132 XMg in Bt 0.62 0.70 0.69 0.62

Prograde High-P High-T Retrograde (i) Retrograde (ii)

Tz01/134 P-T 14.6 kbar 800 °C 14.9 kbar 920 °C 12.0 kbar 780 °C 5.0 kbar 670 °C
Tz01/134 SiO2 (wt%) 60.06 60.06 60.06 59.83
Tz01/134 Al2O3 (wt%) 17.64 17.64 17.64 17.58
Tz01/134 TiO2 (wt%) 0.98 0.98 0.98 0.98
Tz01/134 MgO (wt%) 1.67 1.67 1.67 1.66
Tz01/134 FeO (wt%) 8.27 8.27 8.27 8.24
Tz01/134 CaO (wt%) 6.25 6.25 6.25 6.22
Tz01/134 Na2O (wt%) 4.15 4.15 4.15 4.13
Tz01/134 K2O (wt%) 0.64 0.64 0.64 0.64
Tz01/134 ZrO2 (wt%) 0.04 0.04 0.04 0.04
Tz01/134 O2 (wt%) 0.30 0.30 0.30 0.30
Tz01/134 H2O (wt%) 0.00 0.00 0.00 0.39
Tz01/134 CO2 (wt%) 0.00 0.00 0.00 0.00
Tz01/134 Grt (Vol%) 12.53 11.25 11.18 N/A
Tz01/134 Cpx (Vol%) 6.60 7.30 6.81 N/A
Tz01/134 Plg (Vol%) 58.77 59.51 60.24 62.92
Tz01/134 Bt (Vol%) N/A N/A N/A 4.17
Tz01/134 Anth (Vol%) N/A N/A N/A 1.52
Tz01/134 Am (Vol%) N/A N/A N/A 7.57
Tz01/134 Qtz (Vol%) 19.19 19.05 18.86 20.17
Tz01/134 Rt (Vol%) N/A N/A N/A N/A
Tz01/134 Ilm (Vol%) 2.87 2.86 2.77 0.86
Tz01/134 Mt (Vol%) N/A N/A 0.12 2.75
Tz01/134 Melt (Vol%) 0.03 0.04 0.03 0.03
Tz01/134 XPyp 0.23 0.25 0.24 N/A
Tz01/134 XGrs 0.24 0.18 0.19 N/A
Tz01/134 XAlm 0.53 0.57 0.57 N/A
Tz01/134 XMg in Cpx 0.73 0.65 0.70 N/A
Tz01/134 XAn 0.30 0.32 0.32 0.43
Tz01/134 XMg in Bt N/A N/A N/A 0.52
Tz01/134 XMg in Am N/A N/A N/A 0.51
Tz01/134 XMg in Anth N/A N/A N/A 0.38

Prograde High-P High-T Retrograde

Tz01/136 P-T 14.5 kbar 730 °C 14.8 kbar 780 °C 13.2 kbar 820 °C 6.4 kbar 590 °C
Tz01/136 SiO2 (wt%) 44.67 44.71 44.71 44.23
Tz01/136 Al2O3 (wt%) 19.00 19.01 19.01 18.81
Tz01/136 TiO2 (wt%) 1.95 1.95 1.95 1.93
Tz01/136 MgO (wt%) 5.83 5.84 5.84 5.78
Tz01/136 FeO (wt%) 14.39 14.40 14.40 14.25

(continued on next page)
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Table 3 (continued)

Stage (i) Stage (ii) Stage (iii) Stage (iv)

Prograde High-P High-T Retrograde

Tz01/136 CaO (wt%) 11.26 11.27 11.27 11.15
Tz01/136 Na2O (wt%) 1.97 1.97 1.97 1.95
Tz01/136 K2O (wt%) 0.41 0.41 0.41 0.40
Tz01/136 ZrO2 (wt%) 0.01 0.01 0.01 0.01
Tz01/136 O2 (wt%) 0.41 0.41 0.41 0.41
Tz01/136 H2O (wt%) 0.08 0.00 0.00 1.08
Tz01/136 CO2 (wt%) 0.00 0.00 0.00 0.00
Tz01/136 Grt (Vol%) 35.97 35.13 30.27 1.28
Tz01/136 Cpx (Vol%) 26.45 27.72 27.34 N/A
Tz01/136 Plg (Vol%) 27.68 30.30 36.03 34.24
Tz01/136 Bt (Vol%) 2.23 N/A N/A 3.89
Tz01/136 Anth (Vol%) N/A N/A N/A N/A
Tz01/136 Am (Vol%) N/A N/A N/A 43.87
Tz01/136 Qtz (Vol%) 3.06 2.08 1.30 10.73
Tz01/136 Rt (Vol%) 1.14 0.91 0.37 N/A
Tz01/136 Ilm (Vol%) 3.46 3.85 4.69 2.44
Tz01/136 Mt (Vol%) N/A N/A N/A 3.52
Tz01/136 Melt (Vol%) 0.01 0.01 0.01 0.01
Tz01/136 XPyp 0.28 0.31 0.34 0.18
Tz01/136 XGrs 0.25 0.23 0.19 0.15
Tz01/136 XAlm 0.46 0.45 0.47 0.67
Tz01/136 XMg in Cpx 0.82 0.81 0.79 N/A
Tz01/136 XAn 0.36 0.36 0.42 0.83
Tz01/136 XMg in Bt 0.77 N/A N/A 0.62
Tz01/136 XMg in Am N/A N/A N/A 0.59
Tz01/136 XMg in Anth N/A N/A N/A N/A

Prograde High-P High-T Retrograde

Tz01/138 P-T 9.8 kbar 620 °C 15.0 kbar 800 °C 14.9 kbar 810 °C 4.0 kbar 700 °C
Tz01/138 SiO2 (wt%) 58.12 58.43 58.43 58.17
Tz01/138 Al2O3 (wt%) 15.95 16.03 16.03 15.96
Tz01/138 TiO2 (wt%) 1.34 1.35 1.35 1.35
Tz01/138 MgO (wt%) 2.50 2.51 2.51 2.50
Tz01/138 FeO (wt%) 9.33 9.38 9.38 9.34
Tz01/138 CaO (wt%) 6.55 6.58 6.58 6.56
Tz01/138 Na2O (wt%) 3.86 3.88 3.88 3.86
Tz01/138 K2O (wt%) 1.49 1.49 1.49 1.49
Tz01/138 ZrO2 (wt%) 0.02 0.02 0.02 0.02
Tz01/138 O2 (wt%) 0.31 0.32 0.32 0.31
Tz01/138 H2O (wt%) 0.53 0.00 0.00 0.45
Tz01/138 CO2 (wt%) 0.00 0.00 0.00 0.00
Tz01/138 Grt (Vol%) N/A 12.33 12.12 N/A
Tz01/138 Cpx (Vol%) 9.95 14.95 14.87 8.72
Tz01/138 Plg (Vol%) 53.70 53.80 54.21 58.18
Tz01/138 Bt (Vol%) 11.22 N/A N/A 10.73
Tz01/138 Anth (Vol%) N/A N/A N/A N/A
Tz01/138 Am (Vol%) 2.68 N/A N/A 0.07
Tz01/138 Qtz (Vol%) 18.70 15.46 15.35 18.08
Tz01/138 Rt (Vol%) 0.55 N/A N/A N/A
Tz01/138 Ilm (Vol%) 0.59 3.43 3.43 1.23
Tz01/138 Mt (Vol%) 2.59 N/A N/A 2.96
Tz01/138 Melt (Vol%) 0.02 0.02 0.02 0.02
Tz01/138 XPyp N/A 0.23 0.24 N/A
Tz01/138 XGrs N/A 0.21 0.19 N/A
Tz01/138 XAlm N/A 0.57 0.58 N/A
Tz01/138 XMg in Cpx 0.53 0.71 0.70 0.57
Tz01/138 XAn 0.34 0.22 0.23 0.37
Tz01/138 XMg in Bt 0.51 N/A N/A 0.54
Tz01/138 XMg in Am 0.51 N/A N/A 0.58
Tz01/138 XMg in Anth N/A N/A N/A N/A
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volume abundance of Grt and Cpx decreases, that of Pl remains constant
and Bt forms (Fig. S2B, D, F; Table. 3). Subsequently, strong decompres-
sion is observed which can be seen in an increase in XAn from ~0.28 to
~0.31 (Fig. S2C). Garnet and clinopyroxene seem to have been, at least
theoretically, stable phases during peak metamorphism and subsequent
retrogression, but the concentration of both minerals are predicted to
decrease, and eventually reacted away (Fig. S2B). The observed garnet
grains are metastable relicts at greenschist-facies conditions due to
slow diffusion. Generally, if garnet occurs as a metastable phase it does
not contribute to the bulk composition of the rock. The fact that garnet
occurs only in minor concentrations will not have any effect on the sta-
bility fields and the geometry of the computed pseudosections. In con-
trast to the biotites of the first two generations, the third generation of
platy biotite (BtIII), is interpreted to have formed during retrogression
and is associated with plagioclase and shows higher XAn components
of up to ~0.31 (Fig. 3E, F, S2E; Table S3A). Amphibole occurs as large
greenish grains next to garnet and, texturally and chemically, does not
appear to be an equilibrium phase. We interpret the occurrence of am-
phiboles in sample Tz01/132 as older metastable relicts (Figs. 3C, S2G,
S2H; Table S5A). The predicted XAn in plagioclase and XMg in biotite
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ratios gained from our Perple_X calculations at all four phases can be
confirmed by EPMA analyses (Tables S1, S3, S4). The difference between
the predicted pyrope component gained fromour Perple_X computation
and those gained from the EMPA measurements is caused due to retro-
grade effects of the Ca-Mg-Fe-Mn exchange in garnet. The computed
modal abundance of garnet at peak metamorphic conditions is ~1.5
Vol%, and the measured volumetric concentration of garnet in thin sec-
tion using imageJ software is ~1.0 Vol% (Fig. S2B; Table S6). The modal
abundance of plagioclase is predicted to increase along the entire
constructed P-T path and is ~62 Vol% at peak metamorphic conditions
and that obtained from thin section is ~65 Vol% (Fig. S2D; Table S6).
Themodal abundance of biotite is predicted to decrease during prograde
metamorphism and then increase during isothermal decompression and
is ~6.5 Vol% at peak metamorphic conditions, and that obtained from
thin section is ~8.0 Vol% (Fig. S2F; Table S6).

5.2.2. Pseudosection and P-T path Tz01/134
Sample Tz01/134 is a foliated hornblende-bearing Qtz-diorite gneiss,

and the P-T pseudosection was constructed in the KNCMFATSHCO
system (Figs. 6B; 11B, S3A; Table S6). The following minerals were
used for the calculation: Opx, Cpx, garnet, feldspar, biotite, anthophyllite,
clinoamphibole, chlorite, dolomite, spinel, ilmenite-hematite, and
magnetite-ulvöspinel. The whole-rock composition is given in Table S6.
The P-T path of sample Tz01/134 is clockwise and prograde, retrograde,
and peak metamorphic conditions could be recorded in four phases
(Figs. 11B, 12A, S3A; Table 3). Phases (i), at ~800 °C and a pressure of
~14.6 kbar and (ii), ~920 °C and a pressure of ~14.9 kbar, having the
same rock forming minerals, which are Fsp, Qtz, Grt, Cpx, Ilm and Melt
(Figs. 11B, S3A; Table 3). Phase (iii), at ~780 °C and a pressure of
~12.0 kbar, contains the rock forming minerals Fsp, Qtz, Grt, Cpx, Ilm,
Mt and Melt (Figs. 11B, S3A; Table 3). Between phase (i) and phase
(ii) the temperature increases from ~800 °C to ~920 °C and the pressure
from ~14.6 kbar to ~14.9 kbar (Figs. 11B, S3A; Table 3). Our volumetric
calculations shows, that Grt becomes slightly consumed, whereas Fsp
and Cpx forms (Fig. S4D, F, H; Table 3). During phase (ii), which stands
for peak metamorphism, the XPrp component in garnet cores is ~0.25,
XGrs is ~0.18, and XAlm is ~0.57, XMg at the CpxI rim, it is ~0.65 and XAn

and in plagioclase rims is ~0.32 (Figs. 5B–G; S4A-S4C, S4E, S4G;
Table 3). Remnants of the prograde P-T path could only be documented
in the core compositions of the analysed profiles in clinopyroxene of
the first generation (CpxI) during phase (i) shows an XMg up to ~0.73
which decrease to an value of ~0.65 at peak metamorphic conditions,
and XAn Pl increase from ~0.30 to ~0.30, respectively (Figs. 5E, F, G,
S4E, S4G; Table 3). The retrograde P-T path can be subdivided into two
phases with different dP/dT gradients (Figs. 11B, S3A; Table 3). During
the first phase between phases (ii) and (iii), the pressure decreases by
about 3 kbar and the temperature by about 120 °C after peak metamor-
phism during phase (ii) (Figs. 11B, S3A; Table 3). Moving from phase
(ii) to phase (iii) first Mt forms, and the volume abundance of Grt
remains the same, that of Cpx (I) decreases and that of Pl increase
(Fig. S4D, E, F). Subsequently, strong isothermal decompression through-
out stage (iii) to stage (iv), at ~670 °C and a pressure of ~5.0 kbar, can be
observed (Figs. 11B, S3A; Table 3). The stable mineral assemblage at
stage (iv) during retrogression is Pl, Qtz, Am, Mt, Bt, Opx, Ilm and Melt
(Figs. 11B, S3A; Table 3). The corresponding XPrp component in garnet
rim is ~0.17, XGrs is ~0.18, and XAlm is ~0.63 and the amount of garnet
is predicted to decrease along the computed P-T path, and the last snap-
shots of the predicted and measured compositions at the rims of some
garnet relicts are identical (Figs. 5B–D; S4A–S4D; Tables 3, S1D). XMg at
CpxII rim in contact with AmII is down to ~0.63 at the outermost parts
of the analysed profiles, and XAn in plagioclase rims next to garnet
rims is up to ~0.39 (Figs. 5B–G; S4A–S4C, S4E, S4G). The fact that
clinopyroxene and garnet were consumed along the retrograde P-T
path shows that the temperature was high, the uplift process was very
slow and, more importantly, the volatile and melt concentration was
very low so clinopyroxene could attain frequent element exchanges
because equilibrium was totally diffusion-controlled (Fig. S4D, F). The
formation of amphibole (AmI) symplectites occurred at pressures be-
tween ~11 and ~9 kbar along the retrograde P-T path (Figs. 4A, 11B,
S3A, S5A, B). At lower pressure conditions and higher H2O concentra-
tions amphibole overgrewCpx II (Fig. 4B). All predictedmineral chemical
compositions gained from our Perple_X comutations are identical to
those obtained from EPMA analyses (Tables S1–S5). The computed
modal abundance of garnet at peak metamorphic conditions is ~11
Vol%, and the measured volumetric concentration of garnet in thin sec-
tion is ~13 Vol% (Fig. S4D; Table S6). The computed modal abundance
of cpx during peak metamorphism is ~7 to ~8 Vol%, and the measured
volumetric concentration of cpx in thin section is ~10 Vol% (Fig. S4F;
Table S6). Plagioclase formed along the entire P-T path and XAn is up to
~0.37 at the outermost rims at some locations (Fig. S4H). The predicted
modal abundance of plagioclase at peak metamorphic conditions is
~60 Vol% and those obtained from thin section is ~70 Vol% (Fig. S4H;
Table S6). The predicted andmeasured XMg in amphiboles vary between
~0.61 and ~0.51 (Fig. S5A; Table S5A, B). Amphibole of the second gener-
ation (AmII) is predicted to grow in response to Cpx consumption during
amphibolte-facies conditions, and XMg at the rim in contact with Cpx is
~0.55 (Fig. S5A, B; Table S5A, B).

5.2.3. Pseudosection and P-T path Tz01/136
Sample Tz01/136 is a strongly folded garnet- and clinopyroxene-

bearing mafic granulite. The P-T pseudosection was processed in the
KNCMFATSHCO system (Figs. 3B, 11C, S5C). The following minerals
were used for the calculation: Opx, Cpx, garnet, feldspar, biotite, antho-
phyllite, clinoamphibole, chlorite, dolomite, spinel, ilmenite-hematite
and magnetite-ulvöspinel. The whole-rock composition is given in
Table S6. The P-T path constructed for sample Tz01/136 is also clockwise
andwas also subdivided into four phases (Figs. 11C, 12B, S5C). Phase (i),
at a temperature of ~730 °C and a pressure of ~14.5 kbar, contains the
rock forming minerals Pl, Grt, Cpx, Ilm, Qtz, Bt, Rt and Melt (Figs. 11C,
S5C; Table 3). Between phase (i) and phase (ii), which corresponds to
the high-pressure phase at ~780 °C and ~14.8 kbar, Bt is completely
consumed, Grt is slightly consumed, and Cpx and Pl form (Figs. 11C,
S5C, S6F, S6H, S7B; Table 3). The transition between phases (ii) and
(iii), at a temperature of ~820 °C and a pressure of ~13.2 kbar, marks
the change from the high-pressure phase to the high-temperature
phase which both contain Fsp, Grt, Cpx, Ilm, Qtz, Rt and Melt (Figs. 11C,
S5C; Table 3). Phase (iv), at a temperature of ~590 °C and a pressure of
~6.4 kbar, marks the final retrograde phase (Figs. 11C, S5C; Table 3).
The stable mineral assemblage is Pl, Am, Qtz, Ath, Mt, Bt, Rt and Melt
(Figs. 11C, S5C; Table 3). First evidence for substantial decompression be-
tween the high-pressure phase (ii) through the high-temperature phase
(iii) down to P-T conditions of 740 °C and 9.4 kbar (between phases
iii and iv) is provided by a decrease in XPrp (~0.31 core, ~0.25 rim), an
increase in XAlm (~0.47 core, ~0.51 rim) and XGrs remains constant
from core to rim in garnet (Figs. 11C, S5C, S6C–E; Table 3). Garnet was
possibly not in total equilibrium along the retrograde path because it
became consumed. Evidence for a clockwise P-T path are given by XMg

ratios in clinopyroxene (CpxI) during phase (i) with values of ~0.82 ob-
tained from Cpx inclusion occurring in garnet cores with a XPrp of ~0.29,
XGrs is ~0.24, XAlm is ~0.46 during phase (ii) (Fig. S6C–H; Table 3). During
high-temperature conditions at phase (iii), XMg ratios became slightly
lower with values of ~0.79 obtained from core measurements in CpxII
and, finally, at values of ~0.72 as obtained from rim measurements in
CpxII next to amphibole during retrogression between phase (iii) and
phase (iv) (Figs. 11C, S5C, S6G). The same feature can be seen in XAn of
plagioclase that varies between ~0.39 in inclusions in garnet at phase
(iii) and represents the XAn in plagioclase during high-temperature
conditions (Fig. S7A; Table 3) and ~0.70 at analysed rims in plagioclase
between phases (iii) and (iv). Amphibole overgrew CpxII during retro-
gression between phases (iii) and (iv) (Fig. S7C, D). All predictedmineral
chemical compositions gained from our Perple_X computations are
identical to those obtained from EPMA analyses (Tables S1–S5). Garnet
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became consumed along the calculated P-T path, and the predicted
modal abundance at peak metamorphic conditions is ~33 Vol% and
that obtained from thin section is ~24 Vol% (Fig. S6F; Tables 3, S6). Sim-
ilar to garnet, clinopyroxene became also consumed along the calculated
P-T path, and the predictedmodal abundance at peakmetamorphic con-
ditions is ~26.5 Vol% and that obtained from thin section is ~18 Vol%
(Fig. S6H; Tables 3, S6). Plagioclase is predicted to increase in modal
abundance along the P-T path and is ~35 Vol% at peakmetamorphic con-
ditions, and that obtained from thin section shows a higher value of ~40
Vol% (Fig. S7B; Tables 3, S6). Amphibole grows during retrograde meta-
morphism andmakes up ~17Vol% in thin section (Fig. S7D; Tables 3, S6).

5.2.4. Pseudosection and P-T path Tz01/138
Sample Tz01/138 is a garnet-clinopyroxene-bearing Qtz-

monzodiorite gneiss (Fig. 6B). The P-T pseudosection was processed in
the KNCMFATSHCO system (Figs. 11D, S8A). The following minerals
were used for the construction of the pseudosection: Opx, Cpx, garnet,
feldspar, biotite, dolomite, clinoamphibole, antopyhllite, ilmenite-
hematite and magnetite-ulvöspinel. The whole-rock composition is
given in Table S6. The calculated P-T path of sample Tz01/138 is also
clockwise and shows peak metamorphic pressures of ~15 kbar, which
is indicative of eclogite-facies conditions for the garnet-clinopyroxene-
bearing orthogneiss (Figs. 11D, 12B, S8A; Table 3). The stablemineral as-
semblage at phase (i), at a temperature of ~620 °C and a pressure of
~9.8 kbar, is Pl, Qtz, Bt, Cpx, Am, Mt, Ilm, Rt and Melt (Figs. 11D, S8A;
Table 3). Between phase (i) and the high-pressure phase (ii), at a tem-
perature of ~800 °C and a pressure of ~15.0 kbar, which contains of the
rock forming minerals Fsp, Cpx, Qtz, Grt, Ilm and Melt, the minerals Bt,
Am, Ilm, Mt and Rt reacted completely out (Figs. 11D, S8A, S9F, S10B;
Table 3). Fsp formed out of Pl and themodal abundance increased during
prograde metamorphism (Fig. S9D; Table 3). Grt and Cpx formed be-
tween phase (i) and phase (ii) (Figs. 11D, S8A, C, S9B; Table 3). Relicts
of biotite (BtI) and amphibole (AmI) with lower XMg ratios may repre-
sent remnants of the prograde P-T path shown by the broken line
(Figs. 11D, S8A). Phase (iii), at a temperature of ~810 °C and a pressure
of ~14.9 kbar, corresponds to the high-temperature phase and contain
the same rock forming minerals as seen in phase (ii) (Figs. 11D, S8A,
S9F, S10B; Table 3). First evidence for a clockwise P-T path is given by
the TWQ calculations and the relationship of core and rim ratios of
XPrp,Grs,Alm obtained from our predicted Perple_X calculations observed
between phases (ii) and (iii). The predicted mineral chemical composi-
tion for the high-pressure phase (ii) is XPyp in garnet is ~0.23, XGrs is
~0.21 and XAlm is ~0.57, XMg in clinopyroxene is ~0.71, XAn in plagioclase
is ~0.22, and for the high-temperature phase (iii) it is: XPyp in garnet is
~0.24, XGrs is ~0.19 and XAlm is ~0.58, XMg in clinopyroxene is ~0.70,
XAn in plagioclase is ~0.23 (Figs. S7E–H, S8B, S9A, C; Table 3). Phase
(iv) stands for the last retrograde phase and consist of the mineral
assemblage Pl, Qtz, Bt, Cpx, Mt, Ilm, Am and Melt (Figs. 11D, S8A;
Table 3). Between phase (iii) and the retrograde phase (iv), at a temper-
ature of ~700 °C and a pressure of ~4.0 kbar, theminerals Bt, Mt, Ilm and
Am form newly and continue to grow whereas Grt, Cpx becomes con-
sumed (Fig. 11A, S8A, C, S9B, F, S10B). The predicted and measured
values at the outermost garnet (GrtII) rims are indicative of a clockwise
P-T path. The XPrp at the garnet (GrtII) rim is ~0.18, XGrs is ~0.18, and
XAlm is ~0.62 under lower retrograde P-T conditions (Figs. S7E, F, S8B;
Tables 3, S1H). Inclusions of CpxI in garnet show XMg ratios between
~0.73 and ~0.70 during prograde and peak metamorphic conditions be-
tween phases (i), (ii) and (iii), whereas CpxII in thematrix is representa-
tive of prograde, peak and retrograde metamorphic conditions and
corresponding XMg ratios in the range of ~0.72 to ~0.62 along the con-
structed clockwise P-T path between all four phases (Fig. S9A; Table 3).
Plagioclase is very homogenous in composition and occurs as inclusions
in garnet and in the matrix (Fig. S9C; Table 3). Plagioclase inclusions in
garnet are thought to have formed during prograde metamorphism be-
tween phases (i) and (ii), whereas plagioclase in the matrix may have
formed during retrogression between phases (iii) and (iv) (Fig. S9C;
Table 3). Biotite of the second generation (BtII) formed between phases
(iii) and (iv) and replaced K-feldspar during retrogression (Figs. 11D,
S8A, S9E, F; Table 3). Amphibole of the second generation (AmII) also
formed during retrogression due to the breakdown of clinopyroxene be-
tween phases (iii) and (iv) (Figs. 11D, S8A, S10A, B). All predictedminer-
al chemical compositions gained from our Perple_X comutations are
identical to those obtained from EPMA analyses (Tables S1–S5). Garnet
is predicted to be consumed during retrogression, and the modal abun-
dance at peakmetamorphic conditions is ~12 Vol%, whereas the counted
volume in thin section is ~10 Vol% (Fig. S8C; Tables 3, S6). Clinopyroxene
is predicted to be consumed along the P-T loop, and the modal
abundance during peak metamorphism is ~15 Vol% and that obtained
from thin section is ~12 Vol% (Fig. S9B; Tables 3, S6). The modal abun-
dance of plagioclase is predicted to increase along the P-T path and is
~54 Vol% at peak metamorphic conditions; the value obtained in thin
section is ~60 Vol% (Figs. S9D; Tables 3, S6). The predicted modal abun-
dance of biotite after retrogression is ~10 Vol% which is the same as
obtained from thin section (Fig. S9F; Tables 3, S6). Amphibloe is formed
during prograde metamorphism (AmI) and amphibole was consumed
during retrograde metamorphism (AmII) (Fig. S10B; Tables 3, S6).

5.2.5. Melt and fluid phase during metamorphism
All four investigated samples are characterized by very low H2O and

Melt concentrations, which is typical for granulites and eclogites of ig-
neous origin (Table 3; Fitzsimons and Harley, 1994; Frost and Chacko,
1989; Pattison et al., 2003; Sommer et al., 2017). Consequently, the pre-
dicted computed bulk rock compositions at all four segments of the P-T
loops are very identical (Table 3). Therefore, we conclude that the pos-
sible account of melt loss during partial melting at metamorphic climax
was very low and can actually be neglegted.

6. Discussion

6.1. Neoproterozoic eclogite- to high-pressure granulite-facies metamor-
phism in the Mozambique belt of East Africa

Numerous geochronological, isotopic and petrological studies have
beenundertaken throughout theMozambique belt during the last twenty
years (see summaries and references in Bingen et al., 2009; Giese et al.,
2011; Kröner, 2001; Kröner et al., 1997, 2001, 2003; Sommer and
Kröner, 2013; Sommer et al., 2003, 2005a, 2005b, 2008; Thomas et al.,
2009, 2016; Tucker et al., 2011). Clockwise P-T paths were reported
from the western part of the MB with peak metamorphic conditions of
~800 °C and ~13 kbar as opposed to anticlockwise P-T paths from a
small spot located in the eastern part of the MBwith peak metamorphic
conditions of ~800 °C and ~12 kbar. Both high-grade metamorphic
events are time-equivalent and occurred at ~640 Ma (Appel et al.,
1998; Sommer et al., 2003, 2005a, 2008). A combination of clockwise
and anticlockwise P-T path was documented in the Songea area, about
150 km southwest of the Furua area (Figs. 1, 2A, 12; Sommer and
Kröner, 2013). This P-T path shows isothermal decompression, followed
by isobaric cooling in the same investigated rock samples, a feature not
observed in other studied granulite-facies terrains of Tanzania. Peak
metamorphism occurred at a temperature of up to ~1050 °C and is the
highest temperature so far recorded from granulites in Tanzania.
Maximum temperatures of ~1050 °C are common during granulite-
ultrahigh-temperature (G-UHT) metamorphism and more rarer during
eclogite-high-pressure-granulite metamorphism (E-HPG) in rocks
dated throughout the Proterozoic and Archaean eras (Brown, 2014).
Generally, formation temperatures of G-UHT and E-HPG rocks usually
range between ~850 and ~1100 °C as documented from granulite ter-
ranes such as Enderby Land, Antarctica (T = ~1030 °C to ~1050 °C;
Harley, 1989, 2016), the Namaqua Metamorphic Province in South
Africa (T = ~850 °C; Waters, 1989; Sommer et al., 2013), the Eastern
Ghats belt of India (T = ~950 °C to ~1000 °C; Korhonen et al., 2013;
Sengupta et al., 1999), the North China Craton (T = ~950 °C to
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~1000 °C; Santosh et al., 2007; Zhang et al., 2012), the ~2 Ga granulites
the from InOuzzal terrane, Algeria (T= ~850 °C to ~1100 °C; Ouzegane
et al., 2003), and Pan-African terrains of Brazil andWest Africa (Brown,
2008).

In this study we provide evidence from south-central Tanzania for
one granodiorite gneiss, one quartz monzodiorite gneiss, one quartz
diorite gneiss and one metagabbro having reached eclogite-high-
pressure-granulite facies peakmetamorphic conditions that afterwards
retrogressed to amphibolite- and greenschist-facies conditions. Four
different P-T paths were constructed, and all four loops are typical
E-HPG trajectories where peak T was generally reached after peak P,
and the age of metamorphism is around or slightly after post peak T
(Brown, 2014).

The P-T loops from samples Tz01/134, Tz01/136 and Tz01/138
show significantly higher pressure conditions during peak metamor-
phism compared to those previously reported in related studies
(Fig. 12A, B; Sommer et al., 2003; Sommer and Kröner, 2013). In con-
trast, data from Coolen (1980) on granulite-ultrahigh-temperature
(G-UHT) rocks from the Furua area do not indicate peak metamorphic
pressures in excess of ~11 kbar at granulite-facies temperatures. This
may probably be due to the fact that the Furua granulite complex
studied by Coolen (1980) belongs to a different tectonic sequence,
separated from the Ndirima gneisses of this study by a terrane bound-
ary. Furthermore, the Coolen study also shows different mineral
assemblages from the rocks investigated in this study. High-grade
metamorphic events in both the Ifakara and Furua areas are time-
equivalent and occurred at ~640 Ma (Sommer et al., 2005b; Vogt
et al., 2006).

We now compare the above results with petrological,
geothermobarometric and geochronological data from other areas in
Tanzania (for localities see Fig. 2A, 1 inset; Table 1). The western and
eastern parts of the MB in Tanzania north of the Great Ruaha River are
typified by granulite-facies metamorphism with surprisingly similar
peak metamorphic conditions of ~800 °C and ~11–13 kbar (Appel
et al., 1998; Sommer et al., 2003, 2008). A slow cooling and exhumation
history has been reported, based on different closure temperatures of
garnet zonation patterns and mineral ages (Möller et al., 2000).

The area south of the Great Ruaha River is more complex. First,
granulites investigated from the Songea area show a completely
different metamorphic history compared to those north of the Great
Ruaha River area. Second, the occurrence of Neoproterozoic eclogites
in the Ufipa terrane with a high-pressure phase of up to ~20 kbar
suggests an Andean type subduction scenario (Boniface and Schenk,
2012).

The Precambrian basement in northernMozambique is dominated by
high-grade gneisses, granulites and migmatites. The geological history,
petrology and geochronology were investigated by Bingen et al. (2009),
Boyd et al. (2010), Macey et al. (2010), Thomas et al. (2010) and Ueda
et al. (2012). Petrographic descriptions by Pinna et al. (1993) and
Kröner et al. (1997) suggest similar high-grade conditions as observed
in southern Madagascar, Malawi and Sri Lanka terranes that were
involved in the accretion/collision history of the MB during the late
Neoproterozoic Pan-African orogeny.

Two ages for high-grade metamorphism were documented and are
based on zircon geochronology: (a) 549–571 Ma in southern Malawi
and Madagascar and (b) 615–650 Ma in eastern Tanzania, southern
Tanzania and northern Mozambique (Kröner et al., 2003; Möller et al.,
2000; Sommer et al., 2003, 2005a). Four different groups of protoliths
were reported and are also based on zircon geochronology:
(a) Archaean ages of 2.5 to 2.9 Ga in Tanzania and Madagascar (Sommer
et al., 2003, 2005a; Thomas et al., 2010, 2016), (b) Palaeoproterozoic
ages of 1.7 to 2.0 Ga in east-central Tanzania (Muhongo et al., 2001;
Sommer et al., 2003, 2005a; Vogt et al., 2006) and in Madagascar
(Tucker et al., 2011) (c)Mesoproterozoic ages of 1.0 to 1.3 Ga in southern
Tanzania and Madagascar (Kröner et al., 2003; Sommer and Kröner,
2013; Tucker et al., 2014), southern Malawi (Kröner et al., 1997) and
northern Mozambique (Kröner et al., 1997), and (d) Neoproterozoic
(Pan-African) ages of ~720–820 in all terrains (Bingen et al., 2009;
Fitzsimons, 2016; Kröner, 2001; Sommer and Kröner, 2013).

Archaean, Palaeoproterozoic, and Neoproterozoic granitoid em-
placement ages were also found in the study area (718, 748, 990,
991, 1873, 1926, 2637, 2676 and 2915 Ma) and are documented
from seven samples. Furthermore, we were able to show that our geo-
chemical data correlate with age: The Archaean and Paleoproterozoic
protoliths are granites, granodiorites and K-rich quartz monzodiorites;
the 750–700 Ma rocks are quartz diorites and K-poor quartz
monzodiorites, and the 990 Ma rock shows high Ca, high Fe, high V,
low Si, low Na and low K concentrations and the protolith is an olivine
gabbro (Figs. 6C; Table S6). The investigated rock, which only pre-
serves the metamorphic age, was originally a granodiorite (Fig. 6C).
Our Neoproterozoic (Cyrogenian to Tonian) emplacement ages for
the dated Qtz-diorite and Qtz-monzodiorite are 717.5 ± 0.5 Ma
(Tz01/134) and 748.1 ± 0.9 Ma (Tz01/138) and are similar to those
recently reported from the Songea area farther to the southwest
(Sommer and Kröner, 2013). Such ages were also reported from
other localities in the MB of Tanzania, southern Malawi, northern
Mozambique and Madagascar (Fig. 1). Based on geochronological
data of these rocks we conclude that the magmatic activity at around
720 Ma indicates subduction of the Mozambique ocean and the for-
mation of an Andean-type continental magmatic arc during early
amalgamation of East and West Gondwana (Kröner et al., 2000;
Sommer and Kröner, 2013).

Our early Neoproterozoic (Tonian close to Mesoproterozoic)
emplacement ages for the dated mafic granulite is 989.6 ± 1.1 Ma
(evaporation technique) and 991 ± 7 Ma (SHRIMP), and similar ages
were recorded in the Songea area for mafic granulites showing similar
whole-rock chemistry (Sommer and Kröner, 2013). Identical ages
were also documented from isolated granite occurrences in the Masasi
area 250 km farther southwest of the present study area in southern
Tanzania (Kröner et al., 2003). Late Mesoproterozoic to early
Neoproterozoic emplacement ages were also reported from southern
Malawi (Kröner et al., 2001), northern Mozambique (Kröner, 2001;
Macey et al., 2010; Thomas et al., 2010, 2016), and central Madagascar
(Cox et al., 2004; Tucker et al., 2014). The significance of these ages is
still uncertain and may indicate a link with crustal units of the Irumide
belt of Zambia (De Waele et al., 2003).

The reported Palaeoproterozoic age for the granodiorite gneiss is
1873.2 ± 0.4 Ma (Tz01/132) and for the granite gneiss is 1926.0 ±
0.4 Ma (Tz01/133). These ages are common throughout the MB and
were also documented from the northern part of the Usagaran belt
(Collins et al., 2004; Möller et al., 1995; Reddy et al., 2003) and east of
it, within the high-grade Mozambique belt (Muhongo et al., 2001;
Sommer et al., 2003, 2005a, 2005b; Vogt et al., 2006). Theywere also re-
ported from the western Ubendian Belt (Lenoir et al., 1994; Theunissen
et al., 1992), indicating that large parts of Tanzania consist of
Palaeoproterozoic crustal material that was generated during the
continent-wide Eburnean crust-forming event (Cahen et al., 1984), pos-
sibly in an accretionary setting along the margin of the Archaean
Tanzania craton (Sommer, 2009).

We determined two Neoarchaean emplacement ages of 2676 ±
1 Ma (Tz01/159) and 2637 ± 3 Ma (Tz01/141) in the study area. Such
ages for the precursors of granite- and K-richQtz-monzodiorite gneisses
are common in the MB of Tanzania and range between 2575 Ma and
2680 Ma (Johnson et al., 2003; Muhongo et al., 2001; Sommer et al.,
2003, 2005b). Additionally, we determined a Mesoarchaean age of 2915
± 1 Ma. Such ages have also been reported from southern Tanzania
around the town of Iringa (Sommer et al., 2003).

Metamorphic zircons extracted from granulite-facies rock samples
Tz01/137 and Tz01/138 m provided an age of metamorphism at
~640 Ma. Similar ages were reported from the Masasi area, from the
area around Morogoro town, and along the Great Ruaha River
(Fig. 2A; Kröner et al., 2003, Sommer et al., 2003, 2005b).
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7. Conclusions

We speculate that the following geodynamic scenario for the clock-
wise P-T paths gained from different protoliths collected from different
tectonic units. Collision of fragments of East andWest Gondwana, asso-
ciatedwith ocean closure and the formation of Andean-type continental
arc domains. It is most likely that much of the MB crust, extensively
reworked during the Pan-African event, originally belonged to the
Archaean Tanzania craton and the adjacent Palaeoproterozoic Usagaran
domain and, together with tectonically interdigitated Neoproterozoic
rocks, was subjected to granulite-facies metamorphism at ~620–
640 Ma that finally led to formation of a collision-related mountain
belt. The valley between the Furua and the Kidatu areasmay hide a tec-
tonic boundary between crustal fragments of East Gondwana (Fig. 12C).
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