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The Zambezi Belt in southern Africa has been regarded as a part of the 570e530Ma Kuunga Orogen formed
by a series of collision of Archean cratons and Proterozoic orogenic belts. Here, we report new petrological,
geochemical, and zircon U-Pb geochronological data of various metamorphic rocks (felsic to mafic orthog-
neiss, pelitic schist, and felsic paragneiss) from theZambezi Belt in northeastern Zimbabwe, andevaluate the
timing and P-T conditions of the collisional event as well as protolith formation. Geochemical data of felsic
orthogneiss indicate within-plate granite signature, whereas those of mafic orthogneiss suggest MORB,
ocean-island, or within-plate affinities.Metamorphic P-Testimates for orthogneisses indicate significant P-T
variation within the study area (700e780 �C/6.7e7.2 kbar to 800e875 �C/10e11 kbar) suggesting that the
Zambezi Belt might correspond to a suture zonewith several discrete crustal blocks. Zircon cores from felsic
orthogneisses yielded twomagmatic ages: 2655� 21 Ma and 813� 5 Ma, which suggests Neoarchean and
Early Neoproterozoic crustal growth related to within-plate magmatism. Detrital zircons from metasedi-
ments display various ages from Neoarchean to Neoproterozoic (ca. 2700e750 Ma). The Neoarchean
(ca. 2700e2630 Ma) and Paleoproterozoic (ca. 2200e1700 Ma) zircons could have been derived from the
adjacent Kalahari Craton and theMagondi Belt in Zimbabwe, respectively. TheChoma-KalomoBlock and the
Lufilian Belt in Zambia might be proximal sources of the Meso- to Neoproterozoic (ca. 1500e950 Ma) and
early Neoproterozoic (ca. 900e750 Ma) detrital zircons, respectively. Such detrital zircons from adjacent
terranes possibly deposited during late Neoproterozoic (744e670 Ma), and subsequently underwent high-
grade metamorphism at 557e555 Ma possibly related to the collision of the Congo and Kalahari Cratons
during the latest Neoproterozoic to Cambrian. In contrast, 670e627 Ma metamorphic ages obtained from
metasediments are slightly older than previous reports, but consistent with w680e650 Ma metamorphic
ages reported from different parts of the Kuunga Orogen, suggesting Cryogenian thermal events before the
final collision.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Recent geological, petrological, and geochronological studies on
Late Neoproterozoic to Cambrian orogenic belts from different re-
gions in the world indicate that the Gondwana Supercontinent was
not formed by a simple collision of East and West Gondwana
continents, but was established by a series of continent-continent,
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arc-continent, and arc-arc collisions between 750 Ma and 530 Ma
(e.g., Meert and Voo, 1997; Meert, 2003; Jacobs and Thomas, 2004;
Collins and Pisarevsky, 2005; Collins et al., 2007a,b; Meert and
Lieberman, 2008; Santosh et al., 2009a). Particularly, many recent
studies on high-grade metamorphic rocks from southern India, Sri
Lanka, Madagascar, and East Antarctica regions in East Gondwana
have focused on unraveling the structural and metamorphic pro-
cesses in these regions, as the juxtaposition of these crustal blocks
is critical in understanding the history of Gondwana amalgamation
(e.g., Collins and Windley, 2002; Sajeev and Osanai, 2004; Santosh
et al., 2009a,b, 2012, 2013, 2014, 2016, 2017; Dunkley et al., 2014;
Tsunogae et al., 2014, 2015, 2016; He et al., 2015, 2016a,b; Kazami
et al., 2016; Takamura et al., 2016, 2018; Endo et al., 2017;
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Takahashi et al., 2018). These regions are regarded as parts of the
Kuunga Orogen, which corresponds to an EeW trending orogenic
belt formed by the assembly of Archean to Early Neoproterozoic
continental fragments including Kalahari, Congo, Azania, East
Antarctica, and Australia during 570e530 Ma (Meert et al., 1995;
Meert and Lieberman, 2008) (Fig. 1). However, recent geochrono-
logical studies proposed slightly older metamorphic ages from the
Highland Complex in Sri Lanka (w640 Ma; Takamura et al., 2015),
the Palghat-Cauvery Suture Zone in southern India (w650 Ma;
Koizumi et al., 2014), and the Lützow-Holm Complex in East
Antarctica (650e580 Ma; Kawakami et al., 2016) in the Kuunga
Orogen, suggesting that further geochronological investigations for
the orogen are necessary to unravel multiple collisional events
during Gondwana assembly.

The Zambezi Belt, exposed in northeastern Zimbabwe and
southern Zambia as a western extension of the Kuunga Orogen
(Fig. 1; Meert et al., 1995), is known for exposures of regionally
metamorphosed meta-igneous and meta-supracrustal rocks
possibly formed by collision of the Kalahari and Congo Cratons (e.g.,
Unrug, 1983; Coward and Daly, 1984; Porada and Berhorst, 2000;
John et al., 2004). It is located in the southern margin of the
Kalahari-Congo suture, immediately north of the Archean granite-
greenstone terrane of the Zimbabwe Craton (Fig. 2a). The avail-
able structural data suggest that the boundary between the Zam-
bezi Belt and the Zimbabwe Craton is defined by a shear zone along
which the Zambezi Belt thrusted onto the Zimbabwe Craton (Dirks
and Jelsma, 2006). The dominant lithologies of the belt are
orthogneiss (biotite � hornblende gneiss) and various metasedi-
mentary and metavolcanic rocks. Available geochemical and
geochronological data for orthogneisses indicate that their proto-
liths were formed by Tonian (870e850 Ma; e.g., Mariga et al., 1998;
Mariga, 1999; Vinyu et al., 1999) and Stenian (1050 Ma; e.g.,
Hargrove et al., 2003) within-plate magmatism (e.g., Barton et al.,
1991; Munyanyiwa et al., 1997; Hargrove et al., 2003). Johnson
et al. (2007) also reported ca. 2890, 2680, 1090, 880 Ma
magmatic zircons from felsic orthogneisses in the Zambezi Belt in
Zambia, and inferred that ca. 880Mamagmatism is associated with
intra-continental rift. Previous studies on metamorphism of the
Figure 1. Simplified map showing the location of East Africa Orogen and Kuunga
Orogen with representative cratons and orogens in East Gondwana (after Meert, 2003).
DB: Damara Belt, LA: Lufilian Belt, LHC: Lützow-Holm Complex, MB: Mozambique Belt,
MP: Maud Province, PC: Palghat-Cauvery Suture Zone, ZB: Zambezi Belt.
region reported the peak metamorphic conditions of 650e700 �C
and 7e8 kbar from the eastern part and 610e670 �C and
9.3e10.4 kbar from the northwestern part of the belt (e.g., Dirks
et al., 1998; Hargrove et al., 2003), suggesting amphibolite-facies
peak metamorphism at middle to lower crustal level and pres-
sure increase from east towest. John et al. (2003) reported eclogite-
facies rocks (2.6e2.8 GPa and 630e690 �C) from thewestern part of
the Zambezi Belt in Zambia. The timing of peak metamorphism has
been dated at 560e520 Ma (e.g., Margia, 1999; Vinyu et al., 1999;
Goscombe et al., 2000; John et al., 2004). However, the available
petrological and geochronological data of the Zambezi Belt are still
limited and are not sufficient to unravel the tectonothermal evo-
lution of the belt, and allow regional correlation of orogenic events
in the Kuunga Orogen.

In this study, we report new petrological, geochemical, and
UePb geochronological data of magmatic and detrital zircons for
selected samples from the Zambezi Belt exposed in northeastern
Zimbabwe, and confirmed Neoarchean (2655 � 21 Ma) crustal
growth related to within-plate magmatism possibly under conti-
nental rift setting, and subsequent latest Neoproterozoic (557e555
Ma) high-grade metamorphism possibly related to the collisional
event of the Kalahari and Congo Cratons. Tonian (813 � 5 Ma)
within-plate magmatism reported in previous studies was also
confirmed in this study. This study also presents the first detrital
zircon ages from the Zambezi Belt, compares their age spectra with
available geochronological data from adjacent orogens (e.g.,
Mozambique Belt, Damara Belt), and evaluates their implications
on paleogeographic correlations. Such information is vital for
evaluating the tectonics of terrane assembly and continent-
continent collision during the Late NeoproterozoiceCambrian
orogeny in southern Africa, associated with the final assembly of
the Gondwana supercontinent.

2. Geological setting

2.1. Regional geology and metamorphism

The Zambezi Belt, located between the Congo and Kalahari
Cratons in southern Africa, is dominantly composed of felsic
orthogneiss (biotite gneiss/schist, charnockite, enderbite, migma-
tite, meta-rhyolite, meta-quartz diorite, and meta-monzonite),
metasediments (mica schist, psammitic gneiss, quartzite, kyanite-
sillimanite schist, and marble), and metabasites (metagabbro,
metapyroxenite, mafic granulite, and amphibolite) (e.g., Leitner and
Phaup, 1974; Bache et al., 1982; Barton et al., 1991). Previous
structural studies divided the Zambezi Belt into three domains; the
Migmatitic Gneiss Terrain, Marginal Gneiss Terrain, and Allochth-
onous Gneiss Terrain from south to north (Fig. 2b; Barton et al.,
1991; Dirks et al., 1998). The Migmatitic Gneiss Terrain is
composed of high-grade metamorphic rocks (e.g., charnockite,
biotite gneiss, pelitic gneiss, and amphibolite) overprinted during
Pan African orogenic events (Barton et al., 1991). The Marginal
Gneiss Terrain consists of Proterozoic metasediments (e.g., biotite
gneiss, mica schist, metaquartzite, and marble), tectonically inter-
leaved with orthogneiss units (e.g., amphibolite, metabasite, and
mafic granulite) (Barton et al., 1991, 1993; Carney et al., 1991). The
Allochthonous Terrain consists of felsic and mafic gneiss units (e.g.,
amphibolite, metagabbro, metapyroxenite, and biotite gneiss) that
underwent intense deformation and metamorphism (Barton et al.,
1991; Müller, 2004). The Allochthonous Terrain structurally over-
lies the Marginal Gneiss Terrain together with reworked basement
gneiss, whereas the Marginal Gneiss Terrain tectonically overlies
the Migmatitic Gneiss Terrain (Dirks and Jelsma, 2006). The Mar-
ginal and Migmatitic Gneiss Terrains are intruded by a sheet-like
granitoid batholith (Basal Ruchinga Intrusive Complex).



Figure 2. (a) Simplified tectonic subdivision of cratons and orogens around the Zambezi Belt, southern Africa (after Hanson, 2003). (b) Simplified geological map of the Zambezi Belt
in northeastern Zimbabwe (after Leitner and Phaup, 1974; Bache et al., 1982; Barton et al., 1991), with locality of samples and calculated P-T conditions.
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Available geochemical data for felsic orthogneisses from the
western part of the Zambezi Belt indicates A-type and within-plate
granitic affinities for the protolith, suggesting magmatism in a
continental rift setting (Barton et al., 1991; Carney et al., 1991;
Munyanyiwa et al., 1997; Hargrove et al., 2003; Katongo et al.,
2004). Geochemical data of mafic orthogneisses plotted on
discrimination diagrams show various signatures such as within-
plate, MORB, or volcanic arc settings, and REE data suggest
within-plate setting (Munyanyiwa et al., 1997).

Previous petrological and pressure-temperature (P-T) data of the
Zambezi Belt indicate amphibolite-facies peakmetamorphism (e.g.,
Treloar and Kramers, 1989; Carney et al., 1991). Dirks et al. (1998)
reported peak P-T conditions of 650e670 �C and 6e7 kbar from
the Marginal Gneiss Terrain in Zimbabwe, whereas Hargrove et al.
(2003) reported higher-pressure conditions of 610e670 �C and
9.3e10.4 kbar for the same terrain. Similar high-pressure peak
conditions of 685e725 �C and 9e11 kbar, and a clockwise P-T path
were obtained for the Allochthonous Terrain in Zambia (John et al.,
2004). John et al. (2003) reported eclogite-facies rocks (2.6e2.8 GPa
and 630e690 �C) from the western part of the Zambezi Belt in
Zambia. All the P-T data suggest pressure increase from east to west
within the belt.

2.2. Geochronology

Previous geochronological studies of the Zambezi Belt suggest
late Neoproterozoic to early Cambrian high-grade metamorphism
(e.g., Barton et al., 1991, 1993; Mariga et al., 1998; Vinyu et al., 1999;
Hargrove et al., 2003; John et al., 2004; Katongo et al., 2004;
Johnson et al., 2007). Barton et al. (1991) reported Rb-Sr whole-
rock errorchron dates of 699 � 44 Ma and 468 � 35 Ma from the
Marginal Gneiss Terrain as the timing of uplifting and cooling of
Pan-African orogeny (Barton et al., 1991, 1993). Vinyu et al. (1999)
obtained the Ar-Ar ages of 525e491 Ma for hornblende in
amphibolite from the Migmatitic Gneiss Terrain interpreted to re-
cord cooling. Hargrove et al. (2003) reported U-Pb zircon ages of ca.
550e530 Ma for metagabbro from the Allochthonous Gneiss
Terrain interpreted to record timing of high-grade metamorphism.
Goscombe et al. (2000) obtained a SHRIMP zircon age of 526 � 17
Ma for orthogneisses from the Chewore Inliers in the Zimbabwean
part of the Zambezi Belt and inferred Cambrian high-grade meta-
morphism. John et al. (2004) obtained 560e549 Ma monazite U-Pb
ages for whiteschist from the Zambezi Belt in Zambia, and inferred
latest Neoproterozoic peak metamorphism.

Several investigations on the emplacement ages of magmatic
protoliths have also been carried out. Barton et al. (1991) reported
Rb-Sr whole-rock errorchron ages of 823� 54 Ma and 823� 57 Ma
from the Allochthonous Gneiss Terrain in Zimbabwe. Vinyu et al.
(1999) studied biotite-hornblende gneiss in the Allochthonous
Gneiss Terrain in Zimbabwe, and reported zircon and titanite U-Pb
ages of ca. 870e850 Ma interpreted as a protolith age. Hargrove
et al. (2003) reported U-Pb zircon ages for metagabbro from the
Allochthonous Gneiss Terrain in Zimbabwe yielding igneous crys-
tallization at ca. 1830 Ma. They also obtained U-Pb zircon ages of ca.
1050e870 Ma for orthogneisses from different part of the
Allochthonous Gneiss Terrain taken to record magmatic
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crystallization ages. In contrast, zircon in orthogneiss from the
Marginal Gneiss Terrain in Zimbabwe shows a younger U-Pb zircon
IDTIMS age of 795 Ma interpreted to record timing of protolith
crystallization (Hargrove et al., 2003). Johnson et al. (2007) re-
ported ca. 2890, 2680, and 1090 Ma magmatic zircons from felsic
orthogneiss from the Zambezi Belt in Zambia, and argued that the
older zircons (ca. 2890 Ma and 2680 Ma) could have been derived
from Archean basement rocks. They also reported U-Pb ages of ca.
880 Ma for an orthogneiss from the region, and suggested Tonian
magmatism possibly associated with Neoproterozoic crustal thin-
ning and extension events.

3. Analytical method

3.1. Petrography and mineral chemistry

Polished thin sections were prepared for petrographic study at
the University of Tsukuba, Japan. Mineral chemical analyses were
carried out using an electron microprobe analyzer (JEOL JXA8530F)
at the Chemical Analysis Division of the Research Facility Center for
Science and Technology, the University of Tsukuba. The analyses
were performed under conditions of 15 kV accelerating voltage and
10 nA sample current for all minerals, and the data were regressed
using an oxide-ZAF correction program supplied by JEOL.

3.2. Whole-rock geochemistry

Representative fresh samples of felsic to mafic orthogneiss were
selected for whole-rock geochemical analyses. We selected rocks
with no obvious texture of partial melting and melt extraction,
particularly in the case of felsic orthogneisses, to avoid the effect of
element mobility and modification of primary geochemical signa-
tures during high-grademetamorphism. The size of the sampleswas
initially reduced in a jaw crusher, and then manually fine-powdered
in an agate mortar. Major oxides were analyzed by ‘lithium
metaborate/tetraborate fusion ICP whole rock (Code 4B)’, andminor
andtraceelementby ‘traceelement ICP/MS(Code4B2)’ techniquesat
Activation Laboratories of Ontario, Canada. Fused samples were
diluted and analyzed by Perkin Elmer Sciex ELAN6000, 6100 or 9000
ICP/MS. Three blanks and five controls (three before sample group
and two after) were analyzed per group of samples. Duplicates were
fused and analyzed every 15 samples. The instrumentwas calibrated
every 40 samples. Detection limits of major elements were 0.01%,
where those of REE were 0.002e0.05 ppm. Detailed analytical
conditions and detection limits are summarized in http://www.
actlabs.com/.

3.3. Zircon U-Pb geochronology

Zircon U-Pb dating was performed by laser ablation-inductive
coupled plasma-mass spectrometry (LA-ICP-MS). Detailed pro-
cedures for zircon separation and U-Pb analyses are summarized in
Tsutsumi et al. (2012). Zircon grains were separated by heavy liquid
(diiodo-methane) and magnetic separation from crushed rock
samples, and then purified by hand picking under a binocular mi-
croscope. Zircon grains from the studied samples and standard
materials were mounted in epoxy resin disc and polished until the
surfacewas flattenedwith the center of the grains exposed. The FC1
zircon (206Pb/238U ¼ 0.1859; Paces and Miller, 1993) and NIST SRM
610 standard glass were used as standard materials. Backscattered
electron and cathodoluminescence (CL) images were obtained us-
ing scanning electron microprobeecathodoluminescence (SEM-CL)
equipment, JSM-6610 (JEOL) and a CL detector (SANYU electron),
installed at the National Museum of Nature and Science, Japan. U-
Th-Pb isotopic analyses were carried out using LA-ICP-MS (Agilent
7700x with ESI NWR213 laser ablation system) installed at the
National Museum of Nature and Science, Japan. A Nd-YAG laser
with a 213 nmwavelength and 5 ns pulse was used for the analysis.
A 25-mm spot size and 4e5 J/cm2 laser power were adopted in this
study. He gas was used as the carrier gas instead of Ar gas to
enhance a higher transport efficiency of ablated materials (e.g.,
Eggins et al., 1998). Common Pb corrections for the concordia dia-
grams and for each age were made using 208Pb (Williams, 1998), on
the basis of the model for common Pb compositions proposed by
Stacey and Kramers (1975). The upper and lower intercepts in the
concordia diagram were calculated using the Isoplot4.15/Ex soft-
ware (Ludwig, 2008).

4. Results

4.1. Petrography

A brief summary of petrographic features of representative
samples examined for petrological, geochemical, and zircon
geochronological studies, is described below. Representative field
photographs and photomicrographs of the rocks are shown in
Figs. 3 and 4, respectively. Mica schist (pelitic schist) is character-
ized by obvious foliation in hand specimen defined by aligned
micaceous minerals (Fig. 3a). Medium-grained amphibolite
(Fig. 3b), which is a dominant mafic orthogneiss in the study area,
occurs as layers in felsic orthogneiss. Felsic orthogneiss is charac-
terized by strong foliation defined by alternation of biotite-rich and
quartzo-feldspathic layers (Fig. 3c and d), and rarely contains
boudins of meta-ultramafic rock (Fig. 3c). The approximate mineral
assemblages of the studied pelitic schist, mafic orthogneiss, meta-
ultramafic rock, and felsic orthgneiss and paragneiss samples are
summarized in Table 1.

4.1.1. Pelitic schist
Sample ZZ2-7A from the Marginal Gneiss Terrain is a typical

example of muscovite schist. It is composed of quartz (80%e85%),
muscovite (5%e10%), microcline (3%e5%), plagioclase (3%e5%),
and biotite (1%), with accessory zircon and apatite (Fig. 4a).
Quartz is coarse grained (0.3e3 mm), poikiloblastic, and often
contains inclusions of plagioclase, microcline, muscovite, biotite,
apatite, and zircon. Plagioclase and microcline are medium
grained (0.1e1 mm) and xenoblastic to subidioblastic, and occur
in the matrix or as inclusions in quartz. Muscovite occurs as
medium grained (0.1e1.2 mm) lepidoblastic flakes, and often
intergrows with fine-grained (0.1e0.3 mm, up to 1.5 mm) and
subidioblastic biotite, forming the foliation of the rock. Zircon is
fine grained (0.1e0.3 mm) and rounded, and mostly present
within quartz.

4.1.2. Mafic orthogneiss
Two mafic orthogneiss (amphibolite) samples (one from the

Allochthonous Terrain and another from the Marginal Gneiss
Terrain) were examined in this study. Sample ZZ2-14A from the
Allochthonous Terrain is a fine-grained amphibolite with calcic
amphibole (50%e55%), plagioclase (40%e50%), biotite (1%e3%),
garnet (<1%), quartz (<1%), and accessory Fe-Ti oxide (mainly
magnetite) (Fig. 4b). Foliation is not obvious. Dark greenish to
brownish calcic amphibole occurs as fine-grained (0.1e0.5 mm)
and subidioblastic to xenoblastic mineral in the matrix, although
coarse-grained porphyroblastic amphibole of w2 mm in length is
also present. Plagioclase is fine grained (0.1e0.3 mm), xeno-
blastic, and occurs in the matrix. Biotite is fine grained
(0.05e0.3 mm), and rarely present as intergrowth with calcic
amphibole or as inclusions in plagioclase. Garnet is also fine
grained (0.05e0.1 mm), subidioblastic to rounded, and always

http://www.actlabs.com/
http://www.actlabs.com/


Figure 3. Field photographs of representative lithologies discussed in this study. (a) Pelitic schist with obvious foliation defined by aligned micaceous minerals. (b) Amphibolite
(mafic orthogneiss). (c) Boudins of meta-ultramafic rock (MU) in felsic orthogneiss (FO). (d) Biotite gneiss (felsic orthogneiss) with obvious gneissosity defined by alternation of
biotite-rich and quartzo-feldspathic layers.
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associated with calcic amphibole and plagioclase. Quartz is fine
grained (0.3e0.6 mm), xenoblastic, and fills the matrix of calcic
amphibole and plagioclase.

Sample ZZ2-19A from the south-easternmost part of the study
area is a biotite-rich and coarse-grained amphibolite of the Mar-
ginal Gneiss Terrain. It is composed of plagioclase (35%e40%),
calcic amphibole (25%e30%), biotite (25%e30%), titanite (1%e3%),
quartz (<1%), and accessory apatite (Fig. 4c). Foliation of the rock
is defined by aligned calcic amphibole and biotite as well as
elongated plagioclase grains. Plagioclase is fine to coarse grained
(0.1e1.5 mm), subidioblastic to xenoblastic or elongated, and
present as a matrix phase, although rare plagioclase inclusions
occur in titanite. Calcic amphibole is medium to coarse grained
(0.2e2 mm), subidioblastic, dark greenish to light greenish in
color as the dominant ferromagnesian mineral in the rock,
although fine-grained amphibole also occurs as inclusions in
quartz. Biotite is medium to coarse grained (0.2e2 mm), sub-
idioblastic, and often intergrows with calcic amphibole and fine-
grained (0.1e0.3 mm) and subidioblastic titanite. Quartz is rare,
and occurs along grain boundaries of plagioclase and calcic
amphibole.

4.1.3. Meta-ultramafic rock
Sample ZZ2-12 is a garnet-rich hornblendite of the Allochtho-

nous Terrain, collected close to the boundary with the Marginal
Gneiss Terrain. It is composed of garnet (50%e55%), calcic amphi-
bole (40%e45%), and Fe-Ti oxide (magnetite and ilmenite; 10%e
15%) (Fig. 4d). Garnet and calcic amphibole are granoblastic matrix
minerals showing semi-equigranular texture. They also occur as
inclusions in each other, suggesting both garnet and hornblende
were formed together during high-grade (possibly peak) meta-
morphism. Garnet is fine to medium grained (0.1e1 mm), sub-
idioblastic to rounded, and pale pinkish in color. Calcic amphibole is
also fine to medium grained (0.1e1 mm), xenoblastic to sub-
idioblastic, and dark greenish to light greenish in color. Fe-Ti oxide
fills the matrix of the garnet and amphibole possibly as a later
product.

Sample ZZ2-15A is an another variety of meta-ultramafic rock,
marked as ‘metapyroxenite’ of the Allochthonous Terrain in the
geological map of the study area (Barton et al., 1991). It is composed
of calcic amphibole (35%e40%), plagioclase (30%e35%), orthopyr-
oxene (5%e10%), cummingtonite (5%e10%), spinel (1%e5%),
magnetite (5%e10%), and garnet (<1%) (Fig. 4e). Calcic amphibole is
fine tomedium grained (0.1e1mm), subidioblastic, greenish to pale
greenish in color, and often associated with spinel and magnetite.
Plagioclase in the matrix is medium grained (0.1e0.5 mm) and
xenoblastic. Orthopyroxene is present as coarse-grained
(2e2.5 mm) and subidioblastic porphyroblast-like minerals prob-
ably as a relict magmatic phase. Cummingtonite is medium grained
(0.5e1 mm), subidioblastic, and often intergrows with calcic
amphibole. Dark greenish spinel is medium grained (0.3e0.8 mm),
subidioblastic, and often showing composite grains with magne-
tite, suggesting post-peak exsolution of spinel frommagnetite (e.g.,
Ishii et al., 2006; Shimizu et al., 2009).



Figure 4. Representative photomicrographs showing mineral assemblages and textures of samples from the Zambezi Belt. See text for descriptions. (a) ZZ2-7A (pelitic schist), (b)
ZZ2-14A (mafic orthogneiss), (c) ZZ2-19A (mafic orthogneiss), (d) ZZ2-12 (meta-ultramafic rock), (e) ZZ2-15A (metapyroxenite), (f) ZZ1-3C (felsic orthogneiss), (g) ZZ1-10B (felsic
orthogneiss), (h) ZZ1-10A (felsic orthogneiss), (i) ZZ1-13A (felsic orthogneiss), (j) ZZ2-8C (felsic orthogneiss), (k) ZZ2-21 (felsic paragneiss), (l) ZZ2-22 (felsic paragneiss). Ap: apatite,
Bt: biotite, Ep: epidote, Grt: garnet, Hbl: hornblende, Mc: microcline, Ms: muscovite, Opx: orthopyroxene, Pl: plagioclase, Qtz: quartz, Spl: spinel, Ttn: titanite.
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4.1.4. Felsic orthogneiss
Five felsic orthogneiss samples were examined in this study.

Sample ZZ1-3C from the Marginal Gneiss Terrain in the western
part of the study area is a fine-grainedmeta-granodioritic rock with
plagioclase (25%e30%), microcline (20%e25%), quartz (25%e30%),
biotite (10%e15%), titanite (2%e3%), calcic amphibole (1%), and
accessory zircon and magnetite (Fig. 4f). Foliation of the rock is
defined by thin alternation of biotite-rich and quartz-feldspathic
layers. Quartz, plagioclase, and microcline are all fine to medium
grained (0.1e1 mm) and show granoblastic texture. Biotite occurs
as fine-grained (0.2e0.5 mm) and subidioblastic flakes along the
grain boundaries of the quartzo-feldspathic minerals, although it is
also present as inclusions in plagioclase. Titanite is idioblastic to
subidioblastic, fine grained (0.2e0.5 mm), and often intergrows
with biotite. Greenish-brown calcic amphibole is subidioblastic,
medium grained (0.4e1 mm), and also intergrows with the biotite.
Zircon is fine grained (<0.1 mm) and rounded.

Sample ZZ1-10B (Fig. 4g) collected from a different locality in
the central part of the study area but in the same rock unit also
shows similar petrological characters as sample ZZ1-3C. In contrast,
sample ZZ1-10A from the same locality is a garnet-bearing variety,
and is composed of quartz (35%e40%), microcline (25%e30%),
plagioclase (5%e10%), calcic amphibole (5%e10%), biotite (5%e10%),
garnet (1%e3%), and epidote (<1%), with accessory titanite, zircon,
and ilmenite (Fig. 4h). Quartz and microcline in the matrix are
xenoblastic and fine grained (0.1e0.7 mm). Plagioclase also occurs
as xenoblastic and fine grained (0.3e0.8 mm) matrix mineral.
Biotite is medium grained (0.1e0.8 mm), subidioblastic, andweakly
elongated along the rock foliation. Xenoblastic to subidioblastic and
fine to medium grained (0.2e1 mm) calcic amphibole and epidote



Table 1
Location, rock type and mineralogy of samples from the Zambezi Belt used for geochemistry, geothermobarometry, and U-Pb geochronology.

Sample No. Geological unit Co-ordinates Lithology Mineral assemblage

ZZ1-3C Marginal Gneiss Terrain S16�2902000; E31�4202700 Felsic orthogneiss Pl Mc Qtz Bt Ttn Hbl Zrn Mag
ZZ1-10A Marginal Gneiss Terrain S16�310600; E31�5603900 Felsic orthogneiss Qtz Mc Pl Hbl Bt Grt Ep Ttn Zrn Ilm
ZZ1-10B Marginal Gneiss Terrain S16�310600; E31�5603900 Felsic orthogneiss Pl Mc Qtz Bt Ttn Hbl Zrn Ilm
ZZ1-13A Marginal Gneiss Terrain S16�3202900; E32�004700 Felsic orthogneiss Qtz Pl Mc Bt Ms Ap Zrn Ilm
ZZ2-7A Marginal Gneiss Terrain S16�3503300; E32�603400 Pelitic schist Qtz Ms Mc Pl Bt Ap Zrn
ZZ2-8C Marginal Gneiss Terrain S16�360400; E32�801800 Felsic orthogneiss Qtz Pl Mc Bt Ms Ap Zrn Ilm
ZZ2-12 Allochthonous Terrain S16�370100; E32�1003700 Meta-ultramafic rock Grt Hbl Mag Ilm
ZZ2-14A Allochthonous Terrain S16�3704000; E32�1101600 Mafic orthogneiss Hbl Pl Bt Grt Qtz Mag
ZZ2-15A Allochthonous Terrain S16�3704400; E32�1102400 Meta-ultramafic rock Hbl Pl Opx Cum Spl Mag Grt
ZZ2-19A Marginal Gneiss Terrain S16�4202500; E32�1203000 Mafic orthogneiss Pl Hbl Bt Ttn Qtz Ap
ZZ2-21 Marginal Gneiss Terrain S16�400200; E32�903700 Felsic paragneiss Qtz Pl Bt Zrn Rt Ap Mag
ZZ2-22 Marginal Gneiss Terrain S16�3804200; E32�204100 Felsic paragneiss Qtz Pl Bt Zrn Rt Ap Mag
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(0.1e0.3 mm) intergrow with the biotite, although coarse-grained
calcic amphibole of 1.2e2.0 mm in length is also present in the
matrix. Garnet is medium to coarse grained (0.8e2 mm), sub-
idioblastic, and rarely contains fine-grained (0.05e0.2 mm) in-
clusions of quartz.

Sample ZZ1-13A from the Marginal Gneiss Terrain is lithologi-
cally different from sample ZZ1-10A, and is marked as ‘layered
migmatitic gneiss’ in the geological map of the study area (Leitner
and Phaup, 1974). The rock is a fine- to medium-grained meta-
granitic rock with quartz (50%e55%), plagioclase (15%e20%),
microcline (15%e20%), biotite (10%e15%), muscovite (1%), and
accessory apatite, zircon, and ilmenite (Fig. 4i). Quartz and plagio-
clase are fine to medium grained (0.1e1 mm) and xenoblastic,
although coarse-grained quartz ofw2 mm in length is also present.
Microcline is fine grained (0.1e0.5 mm) and xenoblastic, and is
present as a matrix mineral. Muscovite is fine grained
(0.1e0.2 mm), subidioblastic, and often intergrows with fine-
grained (0.2e0.5 mm) subidioblastic flakes of biotite. Apatite is
fine grained (0.1e0.2 mm) and subidioblastic. Zircon is fine grained
(0.1e0.3 mm) and rounded, and is mostly present within quartz
and biotite. Sample ZZ2-8C, which also belongs to the Marginal
Gneiss Terrain, shows similar petrological character, except its
coarser grained size (Fig. 4j) than sample ZZ1-13A.

4.1.5. Felsic paragneiss
Two felsic paragneiss samples were examined in this study.

Sample ZZ2-21 (Fig. 4k) from the Marginal Gneiss Terrain in the
southeastern part of the study area was collected from a locality
close to the boundary with the Allochthonous Terrain. It is
composed of quartz (60%e65%), plagioclase (5%e10%), and biotite
(25%e30%), with accessory zircon, rutile, apatite, and magnetite.
Quartz and plagioclase are fine to coarse grained (0.2e2 mm) and
xenoblastic. The coarse-grained quartz often contains inclusions of
plagioclase, biotite, and zircon. Biotite is fine to coarse grained
(0.1e3 mm), subidioblastic, and dominantly occurs together with
magnetite. Zircon is fine grained (0.1e0.3 mm), rounded, and often
occurs within quartz and biotite. Apatite is fine grained
(0.1e0.2 mm) and subidioblastic. Sample ZZ2-22 from the same
region also shows similar mineral assemblages and petrological
characters (Fig. 4I).
4.2. Mineral chemistry

Representative mineral compositions obtained by electron
microprobe analyses are given in Supplementary Tables 2e5,
plotted in Fig. 5, and briefly described below. The samples selected
for the microprobe analyses are used for geothermobarometry,
whole-rock geochemistry, and zircon U-Pb geochronology.
4.2.1. Calcic amphibole
Calcic amphibole in meta-ultramafic samples is Mg-rich

(XMg ¼ Mg/(Fe þ Mg) ¼ 0.52e0.73), and is classified as pargasite
(Si ¼ 6.12e6.21 pfu, Ti ¼ 0.07e0.10 pfu, Ca ¼ 1.68e1.85 pfu; Fig. 5a,
Supplementary Table 2) based on the classification of Leake et al.
(1997). The pargasite in sample ZZ2-15A shows the highest XMg
(0.71e0.73) and moderate (Na þ K)A content of 0.79e0.85 pfu,
whereas that in sample ZZ2-12 contains lower (Na þ K)A of
0.53e0.54 pfu.

Calcic amphiboles in mafic orthogneisses are all classified as
ferro-pargasite (XMg ¼ 0.31e0.51, Si ¼ 6.14e6.41 pfu,
Ti¼ 0.04e0.21 pfu, Ca¼ 1.83e1.92 pfu, (Naþ K)A ¼ 0.87e0.99 pfu).
The ferro-pargasite in sample ZZ2-14A (amphibolite) shows higher
(Na þ K)A (0.95e0.99 pfu), Ti (0.16e0.21 pfu) contents, and XMg
(0.45e0.51), and slightly lower Si (6.14e6.33 pfu) and Ca
(1.83e1.88 pfu) contents. In contrast, ferro-pargasite in sample ZZ2-
19A (amphibolite) shows slightly higher Si (6.83e6.41 pfu) and Ca
(1.88e1.92 pfu) contents, and lower (Na þ K)A (0.87e0.91 pfu), Ti
(0.04e0.05 pfu) contents, and XMg (0.31e0.33).

Calcic amphiboles in felsic orthogneiss are also classified as
ferro-pargasite (XMg ¼ 0.17e0.39, Si ¼ 6.08e6.37 pfu,
Ti ¼ 0.06e0.12 pfu, Ca ¼ 1.78e1.97 pfu, (Naþ K)A ¼ 0.76e1.03 pfu),
but they are slightly lower in XMg than those in mafic orthogneisses
and meta-ultramafic rocks. The ferro-pargasite in sample ZZ1-10B
(meta-granodioritic rock) shows the highest Si content
(6.28e6.37 pfu) and XMg (0.39), whereas that in sample ZZ1-10A
(garnet-bearing meta-granodioritic rock) displays the lowest Si
content (6.08e6.21 pfu) and XMg (0.17e0.22). The ferro-pargasite in
sample ZZ1-3C (meta-granitic rock) shows high Si content
(6.32e6.33 pfu) and moderate XMg (0.21).

4.2.2. Biotite
Biotite in pelitic schist (sample ZZ2-7A) shows the highest

TiO2 content of 3.3e3.5 wt.% and the lowest XMg of 0.14
(Fig. 5b; Supplementary Table 3). That in mafic rock (sample
ZZ2-19A) shows the lowest TiO2 content of 1.10e1.12 wt.%, and
relatively higher XMg of 0.46e0.47. Biotite in felsic orthogneiss
displays varying TiO2 content and XMg of 1.28e2.88 wt.% and
0.26e0.51, respectively, whereas that in samples ZZ1-3C and
ZZ1-10A (felsic orthogneiss) shows consistent XMg of
0.26e0.34. That in meta-granitic rock (samples ZZ1-10B and
ZZ1-13A) is enriched in XMg as 0.45e0.51. Biotite in felsic
paragneiss (samples ZZ2-21 and ZZ2-22) shows the highest
XMg content of 0.54e0.59.

4.2.3. Pyroxenes
Orthopyroxene in meta-ultramafic rock (sample ZZ2-15A) is

enriched in Mg (XMg ¼ 0.78e0.79) and depleted in Ca and Al
(CaO ¼ 0.13e0.23 wt.%, Al2O3 ¼ 1.30e3.36 wt.%) (Fig. 5c;



Figure 5. Compositional diagrams showing chemistry of representative minerals. (a) Si versus XMg diagrams showing composition of calcic amphibole. Classification of amphibole is
after Leake et al. (1997). (b) XMg versus TiO2 diagram showing biotite chemistry. (c) Triangular diagram showing pyroxene chemistry. (d) Triangular diagram showing feldspar
chemistry. (e) Ca/(Fe þ Mg þ Ca þ Mn) versus XMg diagram showing garnet chemistry. (f) Mn/(Fe þ Mg þ Ca þ Mn) versus XMg diagram showing garnet chemistry.
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Supplementary Table 2). No compositional zoning has been iden-
tified for the mineral.

4.2.4. Feldspars
Plagioclase in mafic orthogneiss (e.g., sample ZZ2-14A) shows

a wide compositional range of An22e32, probably reflecting
different protolith compositions (Fig. 5d; Supplementary
Table 4). On the other hand, plagioclase in felsic orthogneiss
and paragneiss samples (ZZ1-10A, ZZ1-10B, and ZZ2-22) shows
consistent albite-rich compositions of An23e28, except one
sample (ZZ1-3C) with extremely high albite content of An6e7,
possibly formed by local albitization. All microcline grains in
felsic gneiss samples show consistent orthoclase-rich composi-
tions of Or89e97.

4.2.5. Garnet
Garnet in mafic orthogneiss (sample ZZ2-14A), meta-ultramafic

rocks (samples ZZ2-12 and ZZ2-15A), and felsic orthogneiss (sample
ZZ1-10A) is principally almandine rich with minor grossular, pyrope,
and spessartine components as Alm56e58Pyr9e10Grs20e22Sps10e15,
Alm72e73Pyr14Grs11e13Sps1, Alm54e55Pyr30e32Grs9e11Sps4e5, and
Alm55e65Pyr2e3Grs28e33Sps2e12, respectively (Fig. 5e and f;
Supplementary Table 5). Garnet grains in meta-ultramafic rocks are
compositionally nearly homogeneous, whereas those in mafic (sam-
ple ZZ2e14A) and felsic orthogneiss (sample ZZ1e10A) show slightly
almandine-rich and spessartine-poor rims (Alm58Pyr10Grs22Sps10
and Alm55e61Pyr2Grs30e31Sps8e12, respectively) than cores
(Alm56e57Pyr9Grs20e21Sps14e15 and Alm59e65Pyr2Grs28e33Sps2e6,
respectively).

4.2.6. Spinel
Spinel in meta-ultramafic rock (sample ZZ2-15A) is character-

ized by high Mg (XMg ¼ 0.54e0.69) and Al (1.93e1.97 pfu), and low
Cr2O3 (0.01e0.8 wt.%) and Fe2O3 (Fe3þ/(Fe2þþFe3þ) ¼ 0.08e0.17)
contents. Its ZnO content is also low (0.45e1.17 wt.%)
(Supplementary Table 5).

4.2.7. Muscovite
Muscovite in all samples exhibits compositions of

Si ¼ 6.22e6.42 pfu, Alvi ¼ 3.14e3.53 pfu, and FeOT þ
Figure 6. (a) Total alkali versus SiO2 (TAS) diagram (after Wilson, 1989) showing the classifi
Winchester and Floyd, 1977) showing the classification of orthogneisses discussed in this s
MgO ¼ 3.64e6.52 wt.%. The muscovite in pelitic schist (sample
ZZ2-7A) is characterized by lower Si (6.22e6.29 pfu) and
FeOT þ MgO (3.64e3.65 wt.%), and higher Alvi (3.52e3.53 pfu)
contents, whereas that in felsic orthogneisses (samples ZZ1-13A
and ZZ2-8C) shows higher Si (6.37e6.42 pfu) and FeOT þ MgO
(6.30e6.52 wt.%), and lower Alvi (3.14e3.18 pfu) contents
(Supplementary Table 5). Na content in the mineral is generally
low (0.06e0.13 pfu).

4.3. Whole-rock geochemistry

Thewhole-rock geochemical data, including major, minor, trace,
and rare earth elements, of eleven representative samples (two
mafic orthogneisses, two meta-ultramafic rocks, five felsic
orthogneisses, and two felsic paragneisses) are given in
Supplementary Table 6. The geochemical features of the rocks are
summarized below based on several compositional diagrams
(Figs. 6e10).

4.3.1. Major and trace elements
The relationship between total alkali and SiO2 (TAS) content can

be utilized to classify igneous protolith (Fig. 6a). According to the
TAS plot, the mafic orthogneiss and meta-ultramafic rock samples
are mostly alkalic, whereas felsic orthogneisses are all sub-alkalic.
In contrast, the Nb/Y versus Zr/TiO2 diagram of Winchester and
Floyd (1977) (Fig. 6b) indicates alkalic signatures for most of
orthogneiss samples. Felsic orthogneisses are classified as granitic
to quartz dioritic in the TAS diagram (Fig. 6a) and comenditic to
rhyolitic in the Nb/YeZr/TiO2 diagram (Fig. 6b). Mafic orthogneisses
are gabbroic in the TAS diagram and trachyandesitic in the Nb/
YeZr/TiO2 diagram.

In Harker diagram (Fig. 7 after Wilson, 1989), mafic orthog-
neisses show low SiO2 content of 45.0e47.2 wt.%, whereas felsic
orthogneiss are enriched in SiO2 as 64.4e70.4 wt.%. Meta-
ultramafic rocks show the lowest SiO2 content of 30.5e36.1 wt.%.
The orthogneisses show a positive correlation of K2O and Na2O, and
negative correlation of TiO2, Fe2O3

T, MnO, and MgOwith increasing
silica content, suggesting fractional crystallization.

In the primitive-mantle normalized trace element plots (Sun
and McDonough, 1989), the felsic orthogneisses are characterized
cation of orthogneisses from the Zambezi Belt. (b) Nb/Y versus Zr/TiO2 diagram (after
tudy.



Figure 7. Major element variation diagrams (Harker diagram after Wilson, 1989) for felsic gneisses, mafic orthogneisses, and meta-ultramafic rocks from the Zambezi Belt.
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Figure 8. Primitive mantle-normalized multi-element variation diagrams for felsic (a) and mafic (b) orthogneisses. Normalizing values are from Sun and McDonough (1989).
Chondrite-normalized REE spider plots for felsic (c), and mafic (d) orthogneisses. Normalizing values are from McDonough and Sun (1995).
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by enrichment of large ion lithophile elements (LILEs) such as Rb,
Ba and K, suggesting fractional crystallization. These rocks show
negative Ta, P, and Ti anomalies and relatively constant high-field
strength elements (HFSE; e.g., Zr, Hf) (Fig. 8a). Depletion of some
HFSE might suggest that the rock formed in magmatic arcs or the
magma interacted with continental crust (Foley et al., 2000). The
mafic orthogneisses (Fig. 8b) are characterized by relatively flat
patterns, similar to oceanic island basaltic signature, whereas an
amphibolite (sample ZZ2-19A) shows enrichment of LILEs. The
meta-ultramafic rocks are characterized by positive Ba and Ti
anomalies.

In the chondrite normalized REE plot (Fig. 8c and d; McDonough
and Sun, 1995), most felsic orthogneisses are characterized by
enrichment of light REE (LREE) ((La/Sm)cn ¼ 3.62e6.24) and flat
heavy REE (HREE) patterns ((Gd/Yb)cn ¼ 1.17e3.57), suggesting
fractional crystallization. Some felsic orthogneisses show negative
Eu anomaly, possibly suggesting plagioclase fractionation. Mafic
orthogneisses and meta-ultramafic rocks are characterized by
relatively enriched LREE ((La/Sm)cn ¼ 2.04e2.52) and nearly flat
HREE pattern ((Gd/Yb)cn ¼ 1.32e2.30). Sample ZZ2-12 (meta-ul-
tramafic rock) shows a positive Eu anomaly possibly related to
plagioclase accumulation and/or crustal contamination.

4.3.2. Petrogenetic implications
The Nb-Y and Ta-Yb diagrams of Pearce et al. (1984) for granitic

rocks (Fig. 9a and b) suggest that all the analyzed felsic orthogneiss
samples fall either in the fields of within-plate granites (WPG) or in
the overlapped field of WPG and ocean-ridge granites (ORG). Ac-
cording to the Rbe(Y þ Nb) diagram of Pearce et al. (1984) for
granitic rocks (Fig. 9c), all the felsic orthogneiss samples also fall in
the field of WPG. The (Nb/Zr)NeZr diagram (Thiéblemont and
Tegyey, 1994; Thiéblemont, 1999) for granitic rocks (Fig. 9d) sug-
gests the signature of collision- or intraplate-related granitoid for
all the felsic orthogneiss samples. The published geochemical data
of felsic orthogneiss from the Zambezi Belt in Zimbabwe (Hargrove
et al., 2003) are also plotted in the figure and show similar WPG
affinity.

In the TiO2eMnOeP2O5 triangular diagram (after Mullen,
1983), the mafic orthogneisses fall in the fields of MORB (sample
ZZ2-14A), ocean-island alkali basalt, or seamount alkali basalt
(sample ZZ2-19A) (Fig. 10a). In the NbeZreY triangular diagram
(after Meschade, 1986) for basaltic rocks (Fig. 10b), they fall in the
fields of within-plate alkali basalt (‘AI’ in the figure) and within-
plate tholeiite/alkali basalt (‘AII’ in the figure). The YeLaeNb
triangular diagram (after Cabanis and Lecolle, 1989) for basaltic
rocks (Fig. 10c) suggests continental basalt (‘2A’ in the figure) and
alkali basalt from intercontinental rift (‘3A’ in the figure). The
published geochemical data (Munyanyiwa et al., 1997) also fall in
the fields of MORB, ocean-island, island arc, continent, or within-
plate in Fig. 10c.

In the Th/Yb versus Nb/Yb binary plot (Fig. 10d; after Pearce,
2008), one mafic orthogneiss (sample ZZ2-14A) is plotting away
from the non-arc mantle array, suggesting subduction-zone flux or
input of a crustal component. Another mafic orthogneiss (sample
ZZ2-19A) is plotting along the non-arc mantle array. This rock
might have been derived from an oceanic-island basalt (OIB)
component, which is also consistent with the discrimination based
on the TiO2eMnOeP2O5 triangular diagram (Fig. 10a).

4.4. P-T conditions

4.4.1. Geothermobarometer
We applied several geothermobarometers to orthogneisses to

obtained peak metamorphic conditions of the study area, and
compared the results with available P-T data from the Zambezi Belt.
The garnet-hornblende geothermometer was applied to an equi-
librium assemblage of garnet and hornblende in a meta-ultramafic
rock (sample ZZ2-12) from the Allochthonous Terrain. The esti-
mated temperature range for the garnet-hornblende pairs is
640e670 �C based on themethod of Graham and Powel (1984). The
application of the method of Ravna (2000) gave nearly consistent
temperatures of 650e690 �C. The metamorphic pressure for the
meta-ultramafic rock was calculated using Al-in-hornblende geo-
barometer of Hammarstrom and Zen (1986) as 9.8e9.9 kbar. The
application of the method of Schmidt (1992) gave nearly consistent
pressure range of 10.0e10.1 kbar. On the other hand, calculated
metamorphic pressures for mafic orthogneiss (sample ZZ2-14A,
Allochthonous Terrain) and felsic orthogneisses (samples ZZ1-3C
and ZZ1-10A, Marginal Gneiss Terrain) based on the method of
Hammarstrom and Zen (1986) are lower; 6.4e8.1 kbar,



Figure 9. Discrimination diagrams for felsic orthogneisses from the Zambezi Belt based on minor elements. (a) NbeY diagram (after Pearce et al., 1984). (b) TaeYb diagram (after
Pearce et al., 1984). (c) Rbe(Y þ Nb) diagram (after Pearce et al., 1984). VAG: volcanic-arc granites, syn-COLG: syn-collisional granites, WPG: within plate granites, ORG: ocean-ridge
granites. (d) (Nb/Zr)NeZr diagram (after Thiéblemont and Tegyey, 1994; Thiéblemont, 1999). Available geochemical data of felsic orthogneisses from the Zambezi Belt in northern
Zimbabwe (after Hargrove et al., 2003) are also plotted in (a), (c), and (d) for comparison.
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6.8e6.9 kbar, and 8.8e9.3 kbar, respectively. Application of the
method of Schmidt (1992) gave slightly higher-pressure conditions
(6.7e8.4 kbar, 7.1e7.2 kbar, and 9.0e9.5 kbar, respectively) for the
samples. The metamorphic pressure for the mafic orthogneiss
(sample ZZ2-14A, Allochthonous Terrain) was also calculated using
garnet-hornblende-plagioclase-quartz geobarometer of Kohn and
Spear (1990), and high-pressure conditions of 9.4e10.7 kbar (at
700 �C) were obtained.

Metamorphic temperatures were also estimated using
hornblende-plagioclase geothermometry as the two minerals
commonly coexist in many mafic and felsic orthogneiss samples.
Holland and Blundy (1994) calibrated two geothermometers based
on hornblende solid solution models and well-constrained natural
and experimental studies. The edenite-richterite reaction is appli-
cable to both quartz-bearing and quartz-free rocks and the edenite-
tremolite reaction is applicable to quartz-bearing rocks. As quartz is
absent in mafic orthogneiss (sample ZZ2-14A, Allochthonous
Terrain), we adopted the edenite-richterite method and obtained
temperatures of 780e845 �C at 7 kbar for the mafic orthogneiss.
Application of methods on the assemblage in felsic orthogneiss
(samples ZZ1-3C and ZZ1-10A, Marginal Gneiss Terrain) yielded
lower-temperature ranges of 690e770 �C and 710e820 �C,
respectively, at 7 kbar.

Based on the results of geothermobarometry, we obtained P-T
conditions of 700e780 �C/6.7e7.2 kbar (sample ZZ1-3C),
680e800 �C/8.8e9.5 kbar (sample ZZ1-10A), 650e690 �C/9.8e
10.1 kbar (ZZ2-12), and 800e875 �C/10e11 kbar (sample ZZ2-14A).

4.4.2. Phase equilibrium modeling
We also attempted to estimate P-T conditions of the stability

of mineral assemblages in orthogneisses from the Zambezi Belt
using THERMOCALC 3.45 (Powell and Holland,1988; Holland and
Powell, 1998, 2011; data set tcds62, file created February 2012)
for evaluating the results of geothermobarometry. The pseudo-
section calculations were undertaken in the system Na2O-CaO-
K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 (NCKFMASHTO),
because it is probably the most suitable approximation to model
the felsic to mafic orthogneisses examined in this study. How-
ever, we failed to constrain peak P-T conditions for felsic
orthogneisses probably because of simple mineral assemblages
in orthogneiss samples, due to which the obtained P-T fields are
too large. We could obtain a reasonable pseudosection for one
meta-ultramafic rock (sample ZZ2-12) from the Allochthonous
Terrain as summarized below.

The phases and their activity-composition models considered in
the modeling are tonalitic (metabasite) melt and clinoamphibole
(Green et al., 2016), garnet, biotite, muscovite, and chlorite (White
et al., 2014), epidote (Holland and Powell, 2011), feldspars (Holland
and Powell, 2003), spinel-magnetite (White et al., 2002), and
ilmenite-hematite (White et al., 2000). Quartz, rutile, and H2O are



Figure 10. Discrimination diagrams showing compositions of mafic orthogneisses from the Zambezi Belt. (a) TiO2eMnO � 10eP2O5 � 10 diagram (after Mullen, 1983). CAB: (island-
arc) calc-alkaline basalt, IAT: island arc tholeiite, MORB: mid ocean ridge (and marginal basin) basalt, OIT: ocean island tholeiite, OIA: ocean island alkalic basalt, Bon: boninite. (b)
2NbeZr/4eY diagram (after Meschede, 1986). AI: within-plate alkali basalt, AII: within-plate tholeiite and within-plate alkali basalt, B: P-type MORB, C: within-plate tholeiite and
volcanic arc basalt, D: volcanic arc basalt and N-type MORB. (c) Y/15eLa/10eNb/8 diagram (after Cabanis and Lecolle, 1989). 1A: calc-alkali basalt, 1C: volcanic arc tholeiite, 1B: an
area of overlap between 1A and 1C, 2A: continental basalt, 2B: back-arc basin basalt, 3A: alkali basalt from intercontinental rift, 3B: enriched E-MORB, 3C: weakly enriched E-MORB,
3D: N-MORB. (d) Th/Yb versus Nb/Yb plot showing the petrogenetic character of mafic orthogneisses from the Zambezi Belt (after Pearce, 2008). SZ: subduction-zone flux, CC:
crustal contamination vector, WPE: within-plate enrichment, N-MORB: normal mid-oceanic ridge basalt, E-MORB: enriched mid-oceanic ridge basalt, OIB: ocean island basalt. N-
MORB, E-MORB, and OIB are from Sun and McDonough (1989). Available geochemical data of mafic orthogneisses from the Zambezi Belt in northern Zimbabwe (after Munyanyiwa
et al., 1997) are also plotted in (a), (b), and (c) for comparison.
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treated as pure phases. The chemical composition (in wt.%) of the
sample is SiO2 ¼ 30.53, Al2O3 ¼ 15.11, Fe2O3 ¼ 11.17, FeO ¼ 22.10,
MgO ¼ 5.78, CaO¼ 5.45, Na2O¼ 0.86, K2O¼ 0.16, TiO2 ¼ 5.71. MnO
was ignored in the modeling because of its low concentration. FeO/
Fe2O3 ratio was determined by titration. Water content of the rock
is not known, therefore we evaluated H2O content using T versus
mole H2O diagrams (not shown) and adopted relatively high H2O
content of 5.0 mol.% because the peak mineral assemblage in the
rock was not stable at H2O < 5.0 mol.%.

Fig. 11 shows a P-T pseudosection for sample ZZ2-12 which
contains the peak mineral assemblage of garnet þ
hornblende þ ilmenite � H2O. The stability field of the peak
assemblage plotted in the pseudosection suggests a P-T range of
625e750 �C and 6.5e9.3 kbar (area PK in Fig. 11). The condition is
nearly consistent with that from geothermobarometry
(640e670 �C and 9.8e10.1 kbar), although the pressure condition
is slightly lower.
4.5. Zircon U-Pb geochronology

The results of zircon U-Pb analyses of felsic orthogneisses
(samples ZZ1-3C and ZZ1-10B), pelitic schist (sample ZZ2-7A), and
felsic paragneisses (samples ZZ2-21 and ZZ2-22) are given in
Supplementary Table 7. CL images of representative zircons are
shown in Fig. 12 together with analyzed spots and ages. Concordia
diagrams and probability density diagrams with histograms of ages
are shown in Fig. 13. In the following text and figures, ages older or
younger than 1.0 Ga are discussed based on 207Pb/206Pb or
206Pb/238U ages, respectively. The error levels are 1-s. The data
processing was carried out using the Isoplot 4.15 software (Ludwig,
2008).

4.5.1. Felsic orthogneiss
Zircon grains from sample ZZ1-3C are translucent, colorless or

light brownish, subidioblastic, and partly rounded in habit
(Fig. 12a). The grains show a size range of 40e460 mm and an aspect
ratio of 4:1 to 2:1. In CL images, most of the grains show oscillatory-
zoned (grain 60) or homogeneous textures (grain 71), and a few
grains show structureless internal domains and very thin rims. 101
spots were analyzed from 61 grains with 49 spots showing <10%
discordance. The results show that spot ages from the grains with
<10% discordance vary from 861�14Ma to 543� 8Ma (206Pb/238U
age). Their Th and U contents and Th/U ratio show wide ranges of
0e940 ppm, 93e1682 ppm, and 0e2.17, respectively. The histogram



Figure 11. P-T diagram showing calculated pseudosection of peak (PK) mineral as-
semblages in meta-ultramafic rock from the Allochthonous Gneiss Terrain (sample
ZZ2-12). L: inferred melt, Hbl: hornblende, Grt: garnet, Pl: plagioclase, Mag: magnetite,
Ilm: ilmenite, Bt: biotite, Chl: chlorite, Rt: rutile, Qtz: quartz.
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indicates the highest peak with weighted mean 206Pb/238U age of
813 � 5 Ma (MSWD ¼ 0.36, n ¼ 12). Their Th/U ratios are distrib-
uted from 0.42 to 0.85, suggesting a magmatic origin. The youngest
peak shows a weighted mean 206Pb/238U age of 555 � 20 Ma
(MSWD ¼ 2.6, n ¼ 4), and such young zircon data are further
divided into two groups; three low-Th/U (0.004e0.1) and one high-
Th/U (0.4) grains. The former group with 543 � 9 Ma (spot 16-2),
550 � 9 Ma (spot 30-2), and 576 � 9 Ma (spot 49) zircons can be
regarded as metamorphic in origin because zircons with low Th/U
ratios of <0.1 have been regarded as metamorphic (e.g., Williams
and Claesson, 1987; Kinny et al., 1990; Maas et al., 1992).
Although the latter 552 � 6 Ma zircon (spot 71-2) could be a relict
magmatic grain because of high-Th/U ratio (0.4), its occurrence as a
homogeneous rim suggest the zircon was also formed during high-
grade metamorphism.

Zircon grains from sample ZZ1-10B are translucent, colorless or
light brownish, and show subidioblastic and partly rounded or
irregular shape (Fig.12b). They showa size range of 30e430 mmand
an aspect ratio of 4:1 to 1.3:1. In CL images, most of the grains show
oscillatory-zoned (grain 22) or structureless cores surrounded by
bright and very thin rims. 66 spots were analyzed from 56 grains
and the ages of 11 spots with <10% discordance vary from
2887 � 13 Ma to 2619 � 14 Ma (207Pb/206Pb age). Their Th and U
contents and Th/U ratio show ranges of 94e285 ppm,
172e438 ppm, and 0.38e0.93, respectively. Most of concordant
ages of cores are distributed from 2603 � 17 Ma to 2706 � 16 Ma
with weighted mean 207Pb/206Pb age of 2655 � 21 Ma
(MSWD ¼ 3.8, n ¼ 10) (Fig. 13c and d). Their high-Th/U ratios
scattering from 0.38 to 0.93 suggest their magmatic origin. The
plots of >10% discordance ages are aligned along a discordia,
probably suggesting Neoarchean crystallization and early Cambrian
high-grade metamorphism.
4.5.2. Pelitic schist
Zircon grains from sample ZZ2-7A are translucent, colorless or

light brownish, and subidioblastic and partly rounded in habit
(Fig. 12c). The grains show a size range of 40e310 mm and an
aspect ratio of 4:1 to 1:1. In CL images, most of the grains display
oscillatory-zoned (grain 63), irregular concentric-zoned (grain
107), or structureless cores mantled by bright rim (grain 74). 173
spots were analyzed from 134 zircon grains with 105 spots
showing <10% discordance. The results show that spot ages from
the grains with <10% discordance exhibit a wide age range of
2702 � 17 Ma (207Pb/206Pb age) to 627 � 6 Ma (206Pb/238U age)
(Fig. 13e and f), implying multiple sources and various prove-
nances of the rock. Their Th and U contents and Th/U ratio also
exhibit wide ranges of 14e1035 ppm, 31e1270 ppm, and
0.08e1.60, respectively. They show four age populations: Neo-
archean (2702 � 17 Ma to 2643 � 20 Ma, 207Pb/206Pb age),
Paleoproterozoic (2189 � 24 Ma to 1603 � 49 Ma, 207Pb/206Pb
age), Mesoproterozoic to early Neoproterozoic (1489 � 49 Ma
[207Pb/206Pb age] to 859 � 9 Ma [206Pb/238U age]), and Neo-
proterozoic (754 � 9 Ma to 627 � 6 Ma, 206Pb/238U age), with
dominant peaks of ca. 2670 Ma, 2150 Ma, 1990 Ma, 1870 Ma, and
1160 Ma. Although there is no systematic correlation between the
ages and Th/U ratios, two spot ages from relatively homogeneous
rim (grain 74) and core (grain 94-2) with lower Th/U ratios (0.08
and 0.11, respectively) yielded younger Neoproterozoic ages of
627 � 6 Ma and 670 � 10 Ma, respectively, possibly suggesting
Neoproterozoic metamorphism.

4.5.3. Felsic paragneiss
Zircon grains from sample ZZ2-21 are translucent, colorless

and unusually light brownish, and subidioblastic to partly
rounded in habit (Fig. 12d). The grains show a size range of
25e170 mm and an aspect ratio of 4:1 to 1:1. In CL images, most of
the grains display oscillatory-zoned (grain 7) or homogeneous
textures (grain 6). 86 spots were analyzed from 60 zircon grains
with 51 spots showing <10% discordance. The results show that
spot ages from the grains with <10% discordance exhibit a wide
age range of 2632 � 29 Ma (207Pb/206Pb age) to 514 � 5 Ma
(206Pb/238U age), implying multiple sources and various prove-
nances of the rock. Their Th and U contents and Th/U ratio show
wide ranges of 5e524 ppm, 51e955 ppm, and 0.01e1.44,
respectively. They show four age populations: Neoarchean
(2632 � 29 Ma, 207Pb/206Pb age), Paleoproterozoic (2098 � 33 to
1715 � 39 Ma, 207Pb/206Pb age), Mesoproterozoic to early Neo-
proterozoic (1590 � 66 Ma [207Pb/206Pb age] to 925 � 10 Ma
[206Pb/238U age]), and Neoproterozoic (658 � 8 Ma to 514 � 5 Ma,
206Pb/238U age), with major age peaks of ca. 2630 Ma, 2000 Ma,
1810 Ma, 1380 Ma, 940 Ma, and 560 Ma (Fig. 13g and h). Most of
concordant ages of cores are distributed from Neoarchean to
early Neoproterozoic (2632 � 29 Ma [207Pb/206Pb age] to
925 � 10 Ma [206Pb/238U age]). On the other hand, 206Pb/238U
ages of rims (seven spots) with low discordance (<10%) vary
from 658 � 8 Ma to 514 � 5 Ma (see Fig. 13h), among which three
spots with consistent ages of 553 � 7 Ma, 556 � 6 Ma, and
560 � 6 Ma show a weighted mean age of 557 � 7 Ma
(MSWD ¼ 0.3, n ¼ 3). Th/U ratios of Neoarchean to early Neo-
proterozoic (2632e925 Ma) spots with <10% discordance vary
from 0.12 to 1.44 (magmatic), whereas those of late Neo-
proterozoic spots are very low (<0.06), suggesting metamorphic
overgrowth at 557 � 7 Ma.

Zircon grains from sample ZZ2-22 are translucent, colorless or
light brownish, and show subidioblastic, rounded, or irregular shape
in habit (Fig.12e). The grains show a size range of 20e200 mmand an
aspect ratio of 4.2:1 to 1.3:1. In CL images, most of the grains show



Figure 12. Cathodoluminescence (CL) images of zircon grains obtained from samples ZZ1-3C (a), ZZ1-10B (b), ZZ2-7A (c), ZZ2-21 (d), and ZZ2-22 (e). Red circles show the spots of
U-Pb analysis with age value in Ma and spot number (parentheses). Ages older than 1.0 Ga are shown in 206Pb/238U age, whereas ages younger than 1.0 Ga are shown in 207Pb/206Pb
age. Ages with asterisk indicate discordant (>10% discordance) data.
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oscillatory-zoned (grain 30) or structureless core surrounded by
bright and very thin rim (grain 45). 61 spots were analyzed from 56
grains with 14 spots showing <10% discordance, and the ages vary
from 1872� 26Ma (207Pb/206Pb age) to 524� 7Ma (206Pb/238U age).
Their Th andU contents and Th/U ratio show ranges of 146e619 ppm,
4e371 ppm, and 0.01e1.09, respectively.Most of the concordant ages
of cores are early Neoproterozoic (927�10Ma to 1091�91Ma)with
the highest peak at ca. 970Ma (Fig.13i and j). Their Th/Uratios showa
range of 0.32e1.09, suggesting their magmatic origin. On the other
hand,most of the spots on rims and homogeneous cores indicate late
Neoproterozoic 206Pb/238U ages (with <10% concordance) ranging
from548�5Mato524�7Ma, andTh/Uratiosof0.01e0.06, basedon
whichwe infer zirconovergrowthduring lateNeoproterozoic to early
Cambrian metamorphism.



Figure 13. (a, c, e, g, and i) Tera-Wasserburg concordia diagrams and histograms with probability density plots of the samples from the Zambezi Belt in Zimbabwe. Red and grey
circles in concordia diagrams imply concordant (<10% discordance) and discordant (>10% discordance) data, respectively. Inset figures exhibit Th/U ratio versus age in Ma. (b, d, f, h,
and j) Histograms with probability density plots of concordant (<10% discordance) analyzed spots in our samples. Histograms show only concordant data. Ages older than 1.0 Ga are
shown in 207Pb/206Pb age, whereas ages younger than 1.0 Ga are shown in 206Pb/238U age. Inset figures show the weighted mean age plots. Filled red and orange rectangles
represent the data selected to calculate mean age, filled blue rectangles represent the other data.
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Figure 13. (continued)
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5. Discussion

5.1. Petrology and geochemistry

Systematic petrological, geochemical, and zircon U-Pb geochro-
nological data of felsic to mafic orthogneisses, meta-ultramafic rocks,
andmetasediments from theZambezi Belt indicateNeoarchean (2655
Ma) and Early Neoproterozoic (813 Ma) magmatism, and latest Neo-
proterozoic (557e555 Ma) high-grade metamorphism in this region.
These rocks are composed of meta-igneous mineral assemblages
such as quartz þ plagioclase þ microcline þ biotite � calcic
amphibole � garnet � titanite � epidote � muscovite (felsic orthog-
neiss; e.g., samples ZZ1-3C, ZZ1-10A, ZZ1-10B, ZZ1-13A, and ZZ2-8C),
plagioclase þ calcic amphibole þ biotite � garnet � titanite � quartz
(mafic orthogneiss; e.g., samples ZZ2-14A and ZZ2-19A),
calcic amphiboleþ plagioclaseþ orthopyroxeneþ cummingtoniteþ
spinel þmagnetite þ garnet (metapyroxenite; e.g., sample ZZ2-15A),
and garnet þ calcic amphibole þ magnetite þ ilmenite (meta-ultra-
mafic rock; e.g., sample ZZ2-12). Felsic orthogneiss occurs as the
dominant lithology in many localities in the Marginal Gneiss Terrain,
whereas mafic and meta-ultramafic rocks are dominant in
the Allochthonous Terrain. The Marginal Gneiss Terrain also
contains metasediments such as pelitic schist (quartz þ
muscoviteþmicroclineþ plagioclaseþ biotite; e.g., sample ZZ2-7A)
and felsicparagneiss (quartzþplagioclaseþbiotite; e.g., samplesZZ2-
21 and ZZ2-22).

Application of several geothermobarometers for felsic
orthogneisses yielded upper amphibolite- to lower granulite-
facies conditions of 680e800 �C and 6.7e9.5 kbar
(700e780 �C/6.7e7.2 kbar for sample ZZ1-3C and 680e800 �C/
8.8e9.5 kbar for sample ZZ1-10A) from the Marginal Gneiss
Terrain. On the other hand, mafic orthogneiss sample ZZ2-14A
from the Allochthonous Terrain yielded higher-grade conditions
of 800e875 �C and 10e11 kbar, whereas lower temperature
conditions of 650e690 �C and 9.8e10.1 kbar were obtained
from meta-ultramafic rock (sample ZZ2-12) based on geo-
thermobarometry and phase equilibria modeling. Hargrove
et al. (2003) previously obtained metamorphic P-T condition
of 610e670 �C/9.3e10.4 kbar for the Marginal Gneiss Terrain,
and higher conditions of 890e920 �C/10e11 kbar for the
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Allochthonous Terrain, which is consistent with the results of
this study. As shown in Fig. 2b, these results indicate signifi-
cant P-T variation within the study area. Such P-T variation
suggests that the Zambezi Belt might correspond to a suture
zone, and it is composed of several crustal blocks with
different P-T evolution. This hypothesis is consistent with pre-
vious structural observations that the high-pressure Allochth-
onous Terrain structurally overlies the low-pressure Marginal
Gneiss Terrain (Dirks and Jelsma, 2006).

The geochemical data of felsic orthogneisses show distinct
features for the Neoarchean and Early Neoproterozoic igneous
protoliths. The REE and trace element patterns as well as NbeY,
TaeYb, and Rbe(Y þ Nb) diagrams (Fig. 9) of felsic orthogneiss
from the Marginal Gneiss Terrain (samples ZZ1-3C, ZZ1-10A, ZZ1-
10B, ZZ1-13A, and ZZ2-8C) suggest that the protoliths of these
rocks were derived from within-plate affinity, and (Nb/Zr)NeZr
diagram (Fig. 10d) suggests collision or intraplate-related origin,
which are consistent with the results of previous geochemical
studies from the Marginal Gneiss Terrain (e.g., Hargrove et al.,
2003). A mafic orthogneiss from the Marginal Gneiss Terrain
(sample ZZ2-19A) shows mid-oceanic ridge basalt, within-plate
basalt, or intercontinental rift basalt affinities based on various
discrimination diagrams (Fig. 10). A mafic orthogneiss from the
Allochthonous Terrain (sample ZZ2-14A) also shows a non-arc
signature such as ocean-island, seamount, or continental basalts.
A similar signature has been reported for amphibolites from the
Makuti Group of the western part of the Zambezi Belt
(Munyanyiwa et al., 1997). All these geochemical data suggest that
the Zambezi Belt is composed of meta-granitic rocks with conti-
nental rift origin along with various non-arc related mafic rocks,
which were assembled before the latest Neoproterozoic final
collision.

5.2. Zircon U-Pb geochronology

5.2.1. Magmatic zircon
The morphology, oscillatory zoning with core-rim texture from

CL images (Fig. 12), and high Th/U ratio of zircon grains in the felsic
orthogneiss suggest that the dominant zircon population preserves
magmatic crystallization history. The weighted mean 206Pb/238U
age of 813 � 5 Ma from sample ZZ1-3C suggests early Neo-
proterozoic emplacement of felsic magma through within-plate
magmatism possibly associated with intra-continental rifting
(e.g., Munyanyiwa et al., 1997; Hanson et al., 1998; Vinyu et al.,
1999; Hargrove et al., 2003; John et al., 2004). Such early Neo-
proterozoic magmatic event has been reported in previous studies
(e.g., Hanson et al., 1988b, 1998; Barton et al., 1991; Dirks et al.,
1999; Vinyu et al., 1999; Hargrove et al., 2003). For example,
Vinyu et al. (1999) reported zircon and titanite U-Pb ages of ca.
870e850 Ma as a protolith age. Hargrove et al. (2003) also argued
protolith crystallization age of 795 � 2 Ma using IDTIMS. The
magmatism might be associated with the break-up of Rodinia su-
percontinent at ca. 880 Ma (e.g., Porada and Berhorst, 2000; John
et al., 2003; Johnson et al., 2007).

The zircon U-Pb ages of magmatic grains from sample ZZ1-10B
vary from 2887 � 13 Ma to 2619 � 14 Ma. The weighted mean
207Pb/206Pb age of 2655� 21Ma and geochemical data suggest that
the Neoarchean emplacement of the protolith magma could be
related to within-plate magmatism. The older 2887 Ma zircon was
probably trapped as a xenocryst during the intrusion of 2655 Ma
felsic magma, suggesting reworking of ca. 2.9 Ga continental crust
through Neoarchean continental rifting. The results are comparable
with the previous geochronological data of Johnson et al. (2007)
that reported a 2681 � 9 Ma magmatic event in the Zambezi Belt.
Such Neoarchean event might be correlated with the 2.7e2.6 Ga
thermal events throughout the Zimbabwe Craton (such as the
intrusion of Chilimanzi suite granitoids), which has been regarded
as reworking of the craton.

5.2.2. Detrital zircon
Cores of detrital zircon grains in a pelitic schist sample (ZZ2-

7A) exhibit a wide age range from Neoarchean to Neoproterozoic
(ca. 2700e745 Ma) with major age peaks of ca. 2650, 2150, 2000,
1860, and 1150 Ma, and minor peaks of ca. 880 Ma and 750 Ma
(Fig. 13f). The felsic paragneiss samples (ZZ2-21 and ZZ2-22) also
contain Neoarchean to Neoproterozoic (ca. 2630e925 Ma)
detrital zircon cores, yielding three dominant age populations of
Neoarchean (ca. 2630 Ma), Paleoproterozoic (ca. 2100e1700 Ma),
and Mesoproterozoic to early Neoproterozoic (ca. 1600e920 Ma)
with major peaks of ca. 2650, 2000, 1810, 1380, 1430, and 940 Ma
(Fig. 13h, j). The results of this study suggest that the metasedi-
ments of the Zambezi Belt were dominantly derived from Neo-
archean (ca. 2700e2630 Ma), Paleoproterozoic (ca. 2200e1700
Ma), Mesoproterozoic (ca. 1500e950 Ma), and early Neo-
proterozoic (ca. 900e750 Ma) terranes.

Neoarchean basement rocks are reported from several crustal
blocks in southern Africa such as the Sesombi suite (ca. 2700Ma), the
Wedza suite (ca. 2650 Ma), the Chilimanzi suite (ca. 2600 Ma) in the
Zimbabwe Craton (Wilson et al., 1995), the Tanzania Craton (ca.
2850e2620 Ma, with the peak crustal growth at ca. 2700e2650 Ma:
Kabete et al., 2012; Thomas et al., 2013, 2016; Sanislav et al., 2014),
and the Congo-Kasai Craton (ca. 2680e2600 Ma: Delhal et al., 1976;
Cahen et al., 1984; Caen-Vahette et al., 1988; Tchameni et al., 2000;
Batumike et al., 2009). The zircon ages of these cratons are compa-
rable with the Neoarchean (ca. 2700e2630 Ma) detrital zircons in
the Zambezi Belt. The Zimbabwe Craton could be the main source of
the Neoarchean zircon because of its proximal location.

Paleoproterozoic rocks have been reported from the Ubendian-
Usagaran Belt in Tanzania (ca. 2100e1900 Ma: Lenoir et al., 1994;
Ring et al., 1997; Collins et al., 2004), the Bangweulu Block in
Zambia (ca. 2000e1800 Ma: De Waele et al., 2003a), the Magondi
Belt in Zimbabwe (ca. 2000e1930 Ma: Munyanyiwa et al., 1995;
Majaule et al., 2001; McCourt et al., 2001), and the northern part
of the Damara Belt in Namibia (2050e1660 Ma: Burger et al., 1976;
Tegtmeyer and Kröner,1985; Seth et al., 1998; Franz et al., 1999; Luft
et al., 2001; Singletary et al., 2003). The zircon age spectra of these
regions are comparable with ca. 2200e1700 Ma zircons in the
Zambezi metasediments, and suggest that the Magondi Belt and
the Bangweulu Block could be themain and proximal sources of the
Paleoproterozoic zircons.

Mesoproterozoic rocks have been reported from the Choma-
Kalomo Block (ca. 1370 Ma and 1180 Ma: Hanson et al., 1988a;
Bulambo et al., 2004, 2006), the Nampula Complex in
Mozambique (ca. 1150e1030 Ma: Costa et al., 1994; Kröner et al.,
1997; Grantham et al., 2008), the Irumide Belt in Zambia (ca.
1050e1000 Ma, 950 Ma: De Waele et al., 2006a,b), the southern
Irumide Belt (ca. 1100e1020 Ma, 930 Ma: Goscombe et al., 2000;
Johnson et al., 2006; Mänttäri, 2008), and the Maud Belt in East
Antarctica (ca. 1170e1050 Ma: Arndt et al., 1991; Jacobs et al., 1998,
2003; Paulsson and Austrheim, 2003; Board et al., 2004; Bisnath
et al., 2006). Among the above possible sources, the Choma-
Kalomo Block could be a proximal source for the Mesoproterozoic
(ca. 1500e950 Ma) zircons of the Zambezi Belt.

There are several Early Neoproterozoic terranes around the
Zambezi Belt such as the Mwashia Group in the Lufilian Belt (ca.
w765 Ma, Key et al., 2001), the Nchanga Granite in the Lufilian Belt
(ca. 883 Ma, Armstrong et al., 2005), the Ubendian shear belt in
Tanzania (ca. 724 Ma, Lenoir et al., 1994), and orthogneiss blocks in
the Mozambique Belt (ca. 870e780 Ma, Mänttäri, 2008). These
rocks could be sources of the early Neoproterozoic (ca. 900e750
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Ma) detrital zircons in the Zambezi Belt, although we infer that the
Lufilian Belt could be a dominant and proximal source of the
zircons.

We also evaluated minor peaks (ca. 2150, 1600, 1350, and 1100
Ma) in the probability density plots (Fig. 13f, j) and inferred the
provenances of the zircons. For example, Middle Paleoproterozoic
(ca. 2150 Ma) ages have been reported from the Dete-Kamativi
Inlier in Magondi Belt (ca. 2020e2150 Ma: Priem et al., 1971;
Glynn et al., 2015; Master et al., 2015), the Bangweulu Block in
Zambia (ca. 2160e2100 Ma: De Waele et al., 2003a), and the
Ubendian-Usagaran Belt of Malawi (ca. 2200e2050 Ma: Ring
et al., 1997), whereas Late Paleoproterozoic (ca. 1600 Ma) ages
have been obtained from the Lukamfwa suite of the Irumide Belt
(ca. 1660e1550 Ma: De Waele et al., 2003b, 2006b). Meso-
proterozoic (ca. 1350 and 1100 Ma) zircons might have been
derived from the Umkondo Igneous Province in Botswana (ca.
1100 Ma: Schwartz et al., 1996; Kampunzu et al., 2000; Singletary
et al., 2003; de Kock et al., 2014), and the Kibaran Belt (ca.
1380e1350 Ma: Deblond et al., 2001; Tack et al., 2002;
Kokonyangi et al., 2004). The Paleoproterozoic to Early Neo-
proterozoic detrital zircons have been obtained from both the
northern and the southern part of the Zambezi Belt. We thus
conclude that all the detrital zircons in the Zambezi Belt have
appropriate provenances in the adjacent Kalahari and Congo
Cratons, although the Kalahari Craton could be a proximal source
of most of the zircons.

5.2.3. Metamorphic zircon
The ages of structureless zircon grains and homogeneous rims

around inherited/magmatic cores can be regarded as the timing of
metamorphism (Corfu et al., 2003). Most of them in our samples
with <10% discordance age display late Neoproterozoic to early
Cambrian ages (670e514 Ma) (Fig. 13) with weighted mean ages of
555 � 20 Ma (sample ZZ1-3C, felsic orthogneiss) and 557 � 7 Ma
(sample ZZ2-21, felsic paragneiss). The analyzed spots show lower
Th/U ratios of 0.01e0.06 than those of magmatic and detrital cores
(Th/U> 0.12), which further confirms that the 557e555Ma thermal
event probably corresponds to peak metamorphism. The results
suggest that metamorphism of the Zambezi Belt took place during
late Neoproterozoic to early Cambrian, which is consistent with the
results of previous studies that reported similar metamorphic ages
(ca. 560e530 Ma) from various lithologies in the belt (e.g., Barton
et al., 1991, 1993; Mariga et al., 1998; Hargrove et al., 2003; John
et al., 2004; Johnson et al., 2007). These ages might correspond to
the final collisional event of the Kalahari and Congo Cratons asso-
ciated with the Kuunga Orogen (570e530 Ma: Meert et al., 1995;
Meert and Lieberman, 2008). However, the metasediments in the
Zambezi Belt also contain several zircons showing slightly older
metamorphic ages of 670e627 Ma, suggesting Cryogenian thermal
events before the 557e555Ma final collision. Kawakami et al. (2016)
reported similar Cryogenian metamorphic ages of 650e580 Ma
from the Lützow-Holm Complex in East Antarctica in the eastern
part of the Kuunga Orogen, and inferred that the area underwent
polymetamorphism. Ca. 650 Ma metamorphic ages have also been
reported from latest Neoproterozoic suture zones in India and Sri
Lanka (e.g., Koizumi et al., 2014; Takamura et al., 2015), which cor-
responds to parts of the Kuunga Orogen. Such 670e627 Ma meta-
morphism inferred in this study might be related to collision of
magmatic arcs or microcontinents before the final collision,
although further petrological, geochemical, and geochronological
investigations are necessary to argue the nature of the Cryogenian
thermal event in the Zambezi Belt.

Generally, metamorphic ages recorded in zircons within meta-
sediments are regarded as the minimum depositional age of pro-
tolith sediments (e.g., Nelson, 2001). Therefore, the protolith
sediments of the Zambezi Belt probably deposited before the late
Neoproterozoic (670e627 Ma) thermal event. As sample ZZ2-7A
contains the youngest detrital zircon of 744 � 9 Ma with high
Th/U ratios of 0.71, the depositional age of the protolith sediments
can be constrained between 744 Ma and 670 Ma.

5.3. Correlation of detrital zircons with other orogenic belts

Many detrital zircon ages have been published from adjacent
NeoproterozoiceCambrian orogens such as the Mozambique Belt,
Damara Belt, and southern Madagascar (e.g., Mänttäri, 2008;
Bingen et al., 2009; Thomas et al., 2010; Collins et al., 2012; Boger
et al., 2014; Foster et al., 2015) (see Fig. 14). We thus compare
detrital zircon ages from the Zambezi Belt with those from the
adjacent orogenic belts. The Damara Belt contains Neoarchean
detrital zircons (ca. 2700e2450 Ma, Foster et al., 2015) similar to
our ca. 2700e2630 Ma zircons. Foster et al. (2015) argued that the
Neoarchean zircons were derived from the Congo and Kalahari
Cratons, based on which we infer that Neoarchean zircons in the
Zambezi Belt and the Damara Belt have similar sources. The Pale-
oproterozoic detrital zircons in southwestern Madagascar and the
Damara Belt (ca. 2050e1700 Ma and 2150e1700 Ma, respectively,
Collins et al., 2012; Boger et al., 2014; Foster et al., 2015) are com-
parable with ca. 2200e1700 Ma zircons from the Zambezi Belt.
Collins et al. (2012) argued that the Usagaran Belt in Tanzania
(2300e1800 Ma) could be a source of the late Paleoproterozoic
detrital zircons in Madagascar. Although the Usagaran Belt might
be a source of late Proterozoic detrital zircons in the Zambezi Belt,
we regard the Magondi Belt in Zimbabwe (2000e1930 Ma,
Munyanyiwa et al., 1995; Majaule et al., 2001; McCourt et al., 2001)
could be a proximal source of the zircons. The late Mesoproterozoic
detrital zircons in the Zambezi Belt show similar age population (ca.
1100Ma) with those of theMozambique and Damara Belts (ca.1100
and 1050 Ma, respectively). Those from the Mozambique Belt could
have been derived from the Nampula Complex (ca. 1150e1000 Ma,
950e700Ma, Thomas et al., 2010), which we also regard as a source
of the late Mesoproterozoic zircons in the Zambezi Belt. The middle
Neoproterozoic detrital zircons (ca. 750 Ma) in the Zambezi Belt are
likely to be comparable with those of southwestern Madagascar
(ca. 800e700 Ma).

The age correlation summarized above indicates that the Zam-
bezi Belt and the Damara Belt show similar age population of
Neoproterozoic (ca. 2600e2700 Ma), Paleoproterozoic (ca.
2200e1700 Ma), and Mesoproterozoic to early Neoproterozoic (ca.
1500e900 Ma) (see Fig. 14). Foster et al. (2015) argued that the
Archean to late Mesoproterozoic detrital zircons of the Damara Belt
were derived from the Kalahari Craton. The detrital zircon ages of
the Mozambique Belt is also similar to the age pattern of the
Zambezi Belt, although late Paleoproterozoic to early Mesoproter-
ozoic zircons (ca. 1800e1400 Ma) are absent in the Mozambique
Belt. On the other hand, the Neoproterozoic to Paleoproterozoic
ages of the detrital zircons of southwest Madagascar (ca.
2450e1550 Ma, 800e700 Ma) are comparable with those of the
Zambezi Belt, whereas Mesoproterozoic zircons are absent in
southwest Madagascar. We therefore conclude that metasediments
of the Zambezi Belt and the Damara Belt might have similar
sources.

5.4. Tectonic implications

Summarizing the discussion above, we present below a tectonic
scenario around the Zambezi Belt (Fig. 15).

(1) Geochemistry data of orthogneisses suggest intracontinental
rift-related magmatism during Neoarchean (ca. 2650 Ma) and



Figure 14. Histograms with probability density plots versus age (in Ma) of detrital
zircon cores in the metasedimentary rocks from the Zambezi Belt, Mozambique Belt,
Damara Belt, and southwestern Madagascar. Concordant (<10% discordance) detrital
zircon ages were used to calculate the probability density plots. Older (>1.0 Ga) and
younger (<1.0 Ga) ages are treated as 207Pb/206Pb and 206Pb/238U ages, respectively,
therefore some published papers that discuss only 207Pb/206Pb and 206Pb/238U ages are
not argued here. Data sources: Mozambique Belt (Mänttäri, 2008; Bingen et al., 2009;
Thomas et al., 2010), Damara Belt (Foster et al., 2015), southwestern Madagascar
(Collins et al., 2012; Boger et al., 2014).

Figure 15. A schematic tectonic model illustrating geological history around the
Zambezi Belt.
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Early Neoproterozoic (ca. 880e740Ma), although their detailed
tectonic settings are not known. The Neoproterozoic event
possibly associated with the break-up of Rodinia Supercon-
tinent might have formed passive continental margins and an
ocean basin between the Kalahari Craton and an unknown
craton (Fig. 15a).

(2) Subduction of an oceanic plate beneath the southern margin of
the Congo Craton that is composed of several crustal units such
as Neoarchean craton (e.g., Tanzania Craton), Paleoproterozoic
terrenes (e.g., Ubendian-Usagaran and Magondi Belts), and
Mesoproterozoic terranes (e.g., Irumide Belt and Nampula
Complexes) started before 670 Ma (Fig. 15b). Sediments with
Neoarchean and Proterozoic detrital zircons reported in this
study were possibly supplied from the two continents.

(3) During latest Neoproterozoic to early Cambrian (555e557 Ma),
the final collision of the Kalahari and Congo Cratons related to
the Kuunga Orogen occurred and formed a suture zone (Zam-
bezi Belt) that contain fragments of ca. 2.65 Ga magmatic-arc
units and ca. 800 Ma within-plate magmatic units (Fig. 15c).
The high-grade metamorphism of the Zambezi Belt was caused
by this collisional event.

6. Conclusions

(1) Metamorphic P-T conditions obtained for felsic orthogneisses
fromthewesternandcentralpartsof theMarginalGneissTerrain
are 700e780 �C/6.7e7.2 kbar and 680e800 �C/8.8e9.5 kbar,
respectively. The P-T condition of meta-ultramafic rock and
mafic orthogneiss from the Allochthonous Terrain are
650e690 �C/9.8e10.1 kbar and 800e875 �C/10e11 kbar,
respectively. Such P-T variation suggests the Zambezi Belt
correspond to a suture zone, and it may contain several crustal
blocks with different P-T evolution.

(2) Geochemical and zircon U-Pb geochronological data of felsic
orthogneisses indicate Neoarchean (2655 � 21 Ma) and early
Neoproterozoic (813 � 5 Ma) within-plate magmatism under
continental rift setting. The oldest zircon (2887 � 13 Ma) is
regarded as a xenocryst trapped during the intrusion of 2655
Ma felsic magma, suggesting reworking of Mesoarchean con-
tinental crust through Neoarchean thermal events.

(3) Detrital zircon cores from metasediments show four major age
populations: Neoarchean (ca. 2700e2630 Ma), Paleoproter-
ozoic (ca. 2200e1700 Ma), Mesoproterozoic (ca. 1500e950
Ma), and early Neoproterozoic (ca. 900e750 Ma). Most of them
could have been derived from adjacent terranes such as the
Kalahari Craton and the Lufilian Belt. The depositional age of
the protolith sediments was constrained as 744e670 Ma.

(4) High-grade metamorphism possibly related to the collision of
the Congo and Kalahari Cratons took place at 557e555 Ma,
which is comparable with the available age of the Kuunga
Orogen. Slightly older metamorphic age of 670e627 Ma from
metasediments might be related to Cryogenian thermal events
before the final collision.
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