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Einfihrung und Zusammenfassung

Unter Geowissenschaftlern ist es weithin akzeptiert, dass die Subduktion von ozeanischer
Lithosphare eine der wichtigsten Antriebskrafte fiir Plattenbewegungen ist. Bei der Sub-
duktion von ozeanischer Lithosphéare werden Ozeanbodenbasalte und —gabbros in Blau-
schiefer und Eklogite umgewandelt. Aus diesem Grund stellen Vorkommen von Eklogiten
mit dem Chemismus von Ozeanbodenbasalten, die in Orogenen auftreten, einen Beweis fiir
plattentektonische Bewegungen in der geologischen Vergangenheit dar. Ebenfalls durch
Plattenbewegungen kommt es zum Zusammenfiigen von kontinentalen Blocken und zu
Superkontinenten. Die Bildung von Super-kontinenten wiederum fiihrt zum Wachstum
kontinentaler Kruste durch Akkretion juveniler Inselbogen, zum Recycling von ozeanischer
Kruste in den Erdmantel und zu Vulkanismus und Entgasungen in Subduktionszonen. Auf
lange Sicht kann dies zu globalen Klimaveranderungen fiithren. In wirtschaftlicher Hinsicht
bedeutend kann die Entstehung von Orogenen sein, in denen sich Metalllagerstatten fiir
Gold, porphyrisches Kupfer und Kupfer-Zink-Sulfid-Lagerstéitten bilden konnen.

Im Ubendian Orogengiirtel treten paleoproterozoische Eklogite mit Ozeanbodenbasalt-
Chemismus und neoproterozoische Eklogite mit einer chemischen Signatur auf, die der von
Inselbogen und Back-Arc-Becken-Laven entspricht. Diese Eklogitvorkommen manifestieren
wiederholte SchlieBungen von Ozeanbecken am siidlichen Rand des archaischen Tansania-
Kratons. Paleoproterozoische Eklogite mit Ozeanbodenbasalt-Chemismus treten auch im
Usagaran Orogen, am Ostrand des Tansania-Kratons gelegen, und an der Nordostgrenze
des Kongo-Kratons in Kamerun auf und belegen somit plattentektonische Prozesse am
Rande des Kongo-Kratons in paleoproterozoischer Zeit. Dennoch kommen prakambrische
Eklogite insgesamt relativ selten auf der Erde vor. Thr Auffinden stellt deshalb einen
wichtigen Beweis fiir plattentektonische Bewegungen im Prakambrium dar, die dem heuti-
gen plattentektonischen System &hneln. Auflerdem markieren Eklogite auch ehemalige
Suturzonen und sind aus diesem Grund wichtig fiir die Rekonstruktion von fritheren Kon-
figurationen der Kontinente.

Die vorliegende Arbeit befasst sich schwerpunktméfig mit der metamorphen Entwick-
lung des paleoproterozoischen Ubendian Giirtels. Geochronologische und phasenpetrologi-
sche Daten wurden dabei sowohl von Eklogiten als auch von umgebenden Metapeliten
und mafischen Granuliten gewonnen. Zusatzlich wurden die Eklogite und die mafischen
Granulite geochemisch untersucht. Durch diese Daten wurde erstmalig erkannt, dass das
Ubendian Gebirge zwischen dem archaischen Tansania-Kraton im Nordosten und dem pa-
leoproterozoischen Bangweulu Block im Siidwesten gelegen, zwei mal im Prakambrium als
Sutur zone diente: Einmal bei der Bildung des hypothetischen Superkontinents Columbia
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(2.1-1.8 Ga), das zweite Mal bei der Bildung des Superkontinents Gondwana (650-500
Ma). Eine neue Erkenntnis ist zudem die mesoproterozoische Uberpriagung im Nordwest-
Teil des Gebilges, bei der Bildung des Superkontinents Rodinia (1.1 Ga). Die gewonnen
Daten werden in vier Kapiteln, die im Folgenden kurz beschrieben werden, dargestellt:

Kapitel 1 gibt einen allgemeinen Uberblick iiber die regionale Verteilung von metamor-
phen Ereignissen im Ubendian Giirtel, die Lage der Suturzonen, die raumlichen Beziehun-
gen des Ubendian Giirtels mit den benachbarten prakambrischen Kratonen und die post-
Ubendian orogenen Ereignisse. Die internen Texturen von Monazit- und Zirkon-Kornen
werden kurz vorgestellt und scheinbare Alter, die mehrfache Metamorphosen andeuten,
werden prasentiert. Auf diese Weise wird in Kapitel 1 die polyorogene Entwicklung des
Ubendian Giirtels zusammengefasst, die nicht nur paleoproterozoische (Eburnisch) Ozean-
bodensubduktion und Kollisionsereignisse umfasst, sondern auch mesoproterozoische (Kiba-
ran) Krustenverdickung und granulitfazielle, mylonitische Aufarbeitung der paleoprotero-
zoischen Gesteine. Zusétzlich tritt eine neoproterozoische (Panafrikanisch) eklogitfazielle
Metamorphose, sowie ein granulitfazielles (hochgradiges) Wiederaufarbeiten der paleopro-
terozoischen Ausgangsgesteine auf.

In Kapitel 2 werden geochronologische, petrographische und geochemische Daten der
paleoproterozoischen Eklogite des Ubendian Giirtels mit Ozeanbodenbasalt-Chemismus
sowie der assoziierten Metapelite und granulitfaziellen Metabasiten prasentiert. Sowohl
SHRIMP U-Pb Zirkonalter als auch CHIME Monazitalter werden fiir das eburnische Gebirgs-
bildungsereignis und die darauf folgenden meso —und neoproterozoischen Uberpragungen
dargelegt. Um die P-T-Bedingungen des paleoproterozoischen Ubendian Ozeans zu ermit-
teln, wurden phasenpetrologische Untersuchungen an den Eklogiten durchgefiihrt.

Kapitel 3 beschreibt das metamorphe Kibaran Ereignis im NW des Ubendian Giirtels.
Die metamorphose der Metapelite des Wakole- und des Ubende Terranes wurden auf 1170-
1010 Ma zur Zeit des Kibaran datiert (U-Pb, Zirkon und CHIME, Monazit). Die Alter der
Metapelite des Wakole Terranes gehen einher mit den metamorphen Altern der Krusten-
verdickung im Kibaran und im Irumiden Giirtel und zeigen daher eindeutig auf das Kibaran
Ereignis hin. Dahingegen zeigen die auf das Eburnian datierten Kerne der Zirkone und
der Monazite in den Metapeliten des Ubende Terranes, eine mylonitische Uberpragung
wahrend des Kibarans.

In Kapitel 4 wird die Petrogenese der panafrikanischen Eklogite des Ufipa Terranes
im Ubendian Giirtel beziigliche Thres Chemismus diskutiert. Diese Eklogite weisen Ahn-
lichkeiten mit Laven von Inselbogen und Back-Arc-Becken auf. U-Pb Zirkondatierungen
mittels der SHRIMP wurden durchgefiihrt, um das Alter der panafrikanischen Subduktion
zu bestimmen. Spurenelement-Zusammensetzungen werden benutzt, um das tektonische
Milieu und den Ursprung der Vorgangergesteine der Eklogite einzugrenzen. Abschlieend
werden metamorphe P-T-Bedingungen und der Subduktionspfad mit Hilfe von Mineral-
zusammensetzungen und Reaktionstexturen bestimmt.



Introduction and outline of the thesis

Oceanic lithosphere subduction is widely accepted among geoscientists as the major driv-
ing force of plate motions on Earth. Ocean floor basalts and gabbros are converted into
blueschists and eclogites in the process of oceanic lithosphere subduction. Therefore, out-
crops of MORB-like chemistry eclogites in orogenic belts manifest the operation of plate
tectonics. The assembly of continental blocks to form supercontinents is derived by plate
motions, which result into continental crustal growth by accretions of juvenile volcanic-
arcs, recycling of oceanic crust into the mantle, volcanism and degassing at subduction
zones. This might result in a long term global climate change and, more of economic im-
portance, the creation of orogenic settings, which are important sites for metal deposits
such as gold, porphyry copper and the volcanogenic massive sulfide copper-zinc ores.

The Ubendian orogenic belt hosts Paleoproterozoic eclogites with MORB-like chemistry
and Neoproteozoic eclogites with geochemical signatures like volcanic island-arc and back-
arc lavas, which manifest the repeated ocean basin closures at the southern margin of the
Archean Tanzania craton. Paleoproterozoic MORB-like chemistry eclogites are also known
to crop out in the Usagaran belt, at the eastern margin of the Tanzania craton and at the
north-eastern border of the Congo Craton in Cameroon. However, Precambrian eclogites
are rarely outcropping on planet Earth, therefore their recognition provides evidence for the
operation of plate tectonics in Precambian time similar to those in modern plate tectonic
regimes. Eclogite occurrences also mark the sites of suture zones; consequently, they are
important for the reconstruction of former continental configurations.

This work focuses on the metamorphic evolution of the Paleoproterozoic Ubendian belt.
Geochronological and phase petrological data were acquired from eclogites, metapelites and
mafic granulites. In addition, eclogites were geochemically investigated and the obtained
data are presented in four chapters, which are briefly described below:

Chapter 1 gives a general overview on the distribution of metamophic events in the
Ubendian belt, the location of sutures and the spatial relationship of the Ubendian belt and
the adjoining Precambrian cratons as well as the post-Ubendian orogenic events. Internal
textures of monazite and zircon grains are briefly described and apparent ages, which indi-
cate multiple metamorphism, are presented. In this way chapter 1 summarizes the polyoro-
genic evolution of the Ubendian belt, which comprises not only Paleoproterozoic (Eburn-
inan) ocean floor subduction and collisional events, but also Mesoproterozoic (Kibaran)
crustal thickening and granulite-facies mylonitic reworking of the Paleoproterozoic rocks,
in addition to Neoproterozoic (Pan-African) eclogite-facies metamorphism and high-grade
up to granulite-facies reworking of Paleoproterozoic precursors.
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Chapter 2 provides geochronological, petrographical and geochemical data about the
Paleoproterozoic MORB-like chemistry eclogites of the Ubendian belt and the associated
metapelites and granulite-facies metabasites. SHRIMP U-Pb zircon ages and CHIME
monazite ages are presented for the Eburnian orogenic event and the subsequent orogenic
overprints of Mesoproterozoic and Neoproterozoic age. The phase petrology of eclogites was
studied to decipher the subduction path and peak P-T conditions during the subduction
of the Paleoproterozoic Ubendian ocean floor.

Chapter 3 is about Kibaran metamorphic events in the NW Ubendian belt, meta-
pelites of the terranes of Wakole and Ubende recorded Kibaran ages at 1170-1010 Ma (U-Pb
zircon and CHIME monazite ages). Metapelites of the Wakole terrane give pure Kibaran
ages, which are equivalent to the crustal thickening metamorphic age of the Kibaran and
[rumide belts, whereas the metapelites of the Ubende terrane show Kibaran mylonitic
overprint on the Eburnian zircon and monazite cores.

Chapter 4 discusses the petrogenesis of the Pan-African eclogites of the Ufipa terrane
in the Ubendian belt, with a chemistry of lavas erupting in back-arc and island-arc set-
tings. U-Pb zircon SHRIMP dating was performed to obtain the ages of the Pan-Afrcian
subduction metamorphism. Tectonic settings and the magmatic origin of the eclogite pre-
cursors were constrained by using trace element compositions. Finally, the metamorphic
P-T conditions and the subduction path were constrained by using mineral compositions
and reaction textures.



Chapter 1

A Paleoproterozoic and a Neoproterozoic suture zone
in the Ubendian belt of Tanzania: evidence from
eclogites and the regional distribution of
metamorphic zircon and monazite ages

Abstract

The Ubendian belt situated between the Archean Tanzania craton and the Paleoproterozoic Bang-
weulu block is regarded as a rare example of a Paleoproterozoic linear belt containing eclogites.
These features suggest that modern-style plate tectonic processes may have operated already
in Paleoproterozoic time. However, geochemical studies combined with zircon and monazite
geochronology and petrology of eclogites and their country rocks revealed that the eclogites
of different lithotectonic terranes within this belt formed during two different orogenic cycles,
the Paleoproterozoic Ubendian orogeny and the Neoproterozoic Pan-African orogeny. In addi-
tion, the Paleoproterozoic metamorphic basement of the belt has been affected by amphibolite-
to granulite-facies reworking during the Pan-African orogenic cycle. In contrast, a (so far un-
known) Mesoproterozoic reworking during the Kibaran orogeny is restricted to the northwestern
terranes of the belt. The southern boundary of this Kibaran reworking is located where the
Neoproterozoic eclogites are outcropping. This suggests the existence of a Neoproterozoic con-
vergent plate boundary between the Tanzania craton and the Bangweulu block. The linear zone
of Neoproterozoic high-grade reworking associated with eclogite formation between Lake Tan-
ganyika and Lake Malawi is interpreted as the result of the collision (at ca. 560 Ma) between the
Bangweulu block and the Tanzania craton (we suggest the name “Tanganyika orogeny” for this
event). The occurrences of Neoproterozoic eclogites to the north (Tanganyika orogenic belt), the
east (Malawi) and the south (Zambezi belt) of the Bangweulu block suggest that this continental
block formed a microplate during the Neoproterozoic Era, which has to be considered in future
models of Gondwana formation.
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1.1 Introduction

The ages of orogens at the margins of the Archean-Paleoproterozoic cratons in central and
southern Africa cluster at 2.05-1.8 Ga, 1.35-1.0 Ga and 650-500 Ma (Cahen et al., [1984;
Hanson, 2003), and are attributed to the Eburnian, Kibaran and Pan-African orogenic
cycles, respectively. The corresponding orogenic belts are thought to represent sutures
along which continental blocks fused to form hypothetical supercontinents. Columbia
is one of the names given to a proposed Paleoproterozoic supercontinent with Eburnian
sutures (Rogers & Santosh, 2002; |Zhao et al., |2002), Rodinia contains Mesoproterozoic
and Gondwana Neoproterozoic suture zones. The Ubendian-Usagaran orogenic belt of
Tanzania (Fig.[L.1) is regarded as an example of a linear Paleoproterozoic orogen, for
which it was assumed, in analogy to eclogites in the nearby Usagaran belt (Fig.1; Moller
et al, 1995), that rare Eburnian eclogites are preserved (e.g. Sklyarov et al.,[1998). During
the course of studying the origin of the eclogites and the nature of the subduction zone
metamorphism in the Ubendian belt, we discovered relics of two suture zones: Eburnian
eclogites with a chemical affinity to mid-ocean ridge basalts and Pan-African eclogites with
geochemical characteristics similar to that of back-arc and to that of volcanic-arc lavas. In
this paper we propose a Pan-African suture in the Ubendian belt, which was not known
before. The interpretation is based on the occurrence of eclogites and the distribution of
zircon and monazite ages related to Eburnian, Kibaran and Pan-African orogenic events
in the different tectonic terranes of the Ubendian belt.

1.2 Geological settings

The Ubendian belt extends for more than 500 km between the Tanzania craton and the
Bangweulu block. It has been divided into eight NW-SE oriented lithotectonic terranes
(Fig., which are internally deformed and are separated by extensive tracts of mylonitic
and ultra-mylonitic gneisses (Daly et al., |1985). These terranes (dominant lithologies in
brackets) are: Ubende (hornblende gneisses), Wakole (alumino-silicate schists), Katuma
(migmatitic biotite gneisses), Ufipa (granitic gneisses), Mbozi (metabasites), Lupa (meta-
volcanics), Upangwa (meta-anorthosite), Nyika (cordierite gneisses).

Eburnian and Pan-African metamorphic and magmatic events have been dated from
the Ubendian belt in Tanzania and Malawi. In Tanzania, |Lenoir et al.[(1994) associated the
U-Pb zircon ages of granitoids at 2084 + 86 Ma and 2026 4+ 8 Ma to the formation of high-
pressure granulites in the Mbozi and Ubende terranes. In Malawi (Nyika terrane), ages of
low-pressure cordierite gneisses and high-pressure orthopyroxene-clinopyroxene enderbitic
gneisses between 2093+ 0.6 Ma and 1988 £+ 0.6 were reported by |Dodson et al.| (1975
and Ring et al.| (1997). These ages are equivalent to the 2.0 Ga age of eclogites of the
Usagaran belt (Moller et al., |1995) and were interpreted by [Ring et al.| (1997) as the
possible relict of an Ubendian-Usagaran paired metamorphic belt of Paleoproterozoic age.
A second phase of amphibolite-facies metamorphism and granitoid intrusion at ca.1860
Ma in the northern Ubendian belt (the terranes of Katuma, Ufipa, Lupa and Ubende),
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is thought to have produced the NW-SE striking structures of the Ubendian belt
et all,[1994)). However, Theunissen et al| (1992)) proposed that the NW-SE structure of the
Ubendian belt was imposed during Pan-African time because they dated a sheared gneiss
(U-Pb zircon) at 814+ 120 Ma (lower intercept) and another gneiss with a Rb-Sr whole
rock isochron at 724 4+ 6 Ma.
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Figure 1.1: Geological map of south-eastern Africa indicating the location of the Ubendian belt, eclogite
occurrences, the regional distribution of zircon and monazite ages and the position of the proposed Pan-
African suture. Ages of eclogites: this paper in the Ubendian belt, * Moller et al|(1995)) in the Usagaran
belt and **Ring et al[(2002) in Malawi. Map modified after Hanson| (2003).

The available geochronological data in the Ubendian belt suggest that the Eburnian
geologic events spanned a period between 2100 and 1800 Ma. Kibaran metamorphic events
have not yet been reported from the Ubendian belt. Only the intrusion of the Kapalagulu
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ultramafic-mafic igneous complex at 1392 + 26 Ma (Maier et al.,|2007)), which occurs at the
NW margin of the Katuma terrane, can be attributed to an early Kibaran stage. The early
Pan-African orogenic event was associated with alkali-granitoid intrusions dated at 842 +
80 Ma (Lenoir et al., [1994) and at 724 4+ 6 Ma (Theunissen et al.,|1992) in the Upangwa
terrane, and with syenites from the Mbozi terrane dated at 743+ 30 (Brock, [1963)) and
685+ 62 Ma (Ray, 1974). These early Pan-African ages may reflect a time of extension
preceding the subduction and collision event.

1.3 Analytical techniques

In-situ U-Th-total Pb dating of monazite was performed by using an electron microprobe
"JEOL Superprobe JXA-8900R’ at the University of Kiel, Germany. Backscattered electron
images coupled with X-ray maps of Th, U, Pb, Si and Y were produced. Th, U and Pb
concentrations were eventually used to produce maps of apparent ages in single monazite
grains. Isotopic U-Pb dating of zircon was done with a SHRIMP-II at the Center of Isotopic
Research of VSEGEI in Saint Petersburg, Russia. Cathodoluminescence (CL) images of
zircons were produced to reveal internal textures of zircons. Trace element data of eclogites
were acquired by using an ICP-MS instrument ’Agilent 75000C" at the University of Kiel.
Sample preparation procedure was as described by (Gabe-Schonberg (1993) and [John et al.
(2008). Precision and accuracy of data were ensured by using international reference
standards, blanks and sample duplicates.

1.4 Metamorphic events

1.4.1 Ubende terrane

The Ubende terrane of the Ubendian belt (Fig.[L.1) is dominated by amphibolites and
amphibole gneisses (McConnell, |1950; Sutton et al., |1954; Nanyaro et al., [1983; [Sklyarov
et al., [1998)), which host lenses of mylonitic eclogites and mylonitic garnet-kyanite meta-
pelites. Most eclogites have MORB-like REE patterns, characterized by depletion of the
LREE (Fig.[1.2]A), and are interpreted as remnants of an oceanic crust. Zircons of these
eclogites are either unzoned or show domainal zonation but lack concentric magmatic zona-
tion and overgrown metamorphic rims (Fig.). We interpret the uniform Eburnian ages
at around 1860 to 1890 Ma (Fig.[L.2B, Tab.[1.1) to reflect the metamorphic growth during
subduction of oceanic crust.

The mylonitic garnet-kyanite gneisses of the Ubende terrane that are associated with
eclogites (T21-2-04 and T45-3-04 in Fig. contain zircons and monazites that have been
affected by multiple metamorphic events. Zircons have Paleoproterozoic cores reflecting
the Eburnian event and are overgrown by Kibaran rims; no Pan-African event was detected
in these zircons (Fig.[1.2C, Tab.[L.1)). In contradistinction to zircon, monazite grains that
occur in the matrix of a metapelitic sample (T21-2-04) have cores that are overgrown by
two consecutive rims (Fig.). The age map of one of these monazite grains reveals a



1.4 Metamorphic events 5

Paleoproterozoic core overgrown by a Mesoproterozoic inner rim and a Pan-African outer
rim (Fig., Tab.. In contrast, monazite grains occurring as inclusions in garnet
have only Mesoproterozoic rims overgrowing Paleoproterozoic cores (Fig.). Since Pan-
African rims are missing, garnet growth in these mylonitic metapelites occurred most likely
during the Kibaran overprint and prohibited Pan-African monazite regrowth.

In summary, the Ubende terrane of the Ubendian belt hosting mylonitic eclogites and
associated mylonitic garnet-kyanite gneisses experienced three metamorphic events, at-
tributed to the Eburnian, the Kibaran and the Pan-African orogenic cycles. Eclogite-facies
metamorphism is of Eburnian age. Garnet growth in the metapelitic mylonites is most
likely of Kibaran age: Pan-African reworking is reflected in rims of monazites occurring in
the matrix of mylonitic metapelites, but not in monazites included in garnet.

1.4.2 Ufipa terrane

The Ufipa terrane bordering the Ubende terrane to the southeast (Fig. is mainly com-
posed of granitic biotite gneiss and minor amphibolite, hornblende gneiss and garnet-
kyanite gneiss (McConnell, 1950; Sutton et al., 1954). The biotite gneisses and garnet-
kyanite metapelites in the NW part of the Ufipa terrane (Fig. host lenses (10 - 100 m
scale) of kyanite-free and kyanite-bearing eclogites. Texturally, the Ufipa terrane eclogites
are massive and coarse grained and thus contrast to the mylonitic Paleoproterozoic eclogites
of the Ubende terrane. The zircons show concentric magmatic growth zoning in the core
and may be overgrown by a metamorphic rim (Fig.). However, core and rim ages are
indistinguishable, both pointing to a Pan-African formation (ca.560 Ma; Fig.[1.2D). Geo-
chemically, some of these eclogites resemble basalts of back-arc basins (Fig., Tab.
others of volcanic arcs (not shown).

1003 Ubende YRR
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Figure 1.2: A: REE patterns of the Ubendian belt eclogites of Eburnian and Pan-African age; the
chondrite normalizing values are from (1984). B, C, D &E: Zircon CL images for eclogites and
metapelites displaying Eburnian, Kibaran and Pan-African 2°7 Pb/ 206Pb apparent ages.

The host rocks of these eclogites preserved a more complex metamorphic history that
could be resolved by the combination of microprobe monazite dating with SHRIMP U-
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Pb zircon dating. High-pressure garnet-kyanite-biotite-muscovite metapelites crop out in
the northern part of the Ufipa terrane whereas low-pressure garnet-cordierite-sillimanite-
bearing metapelites crop out in the south, pointing to different metamorphic histories and
conditions in the different parts of the Ufipa terrane. The high-pressure metapelites in the
north hosting the Pan-African eclogites contain zircons that do not show overgrown rims
of Pan-African age; their metamorphic rims yield only Paleoproterozoic ages (ca. 1900 Ma)
reflecting high-grade Eburnian metamorphism (Fig.). In contrast to zircons, age maps
of single monazite grains from metapelites reveal a two-stage evolution with similar ages of
metamorphic events in the entire Ufipa terrane: Paleoproterozoic monazite cores (ca. 1860
Ma) are overgrown by Pan-African rims (ca.560 Ma; Fig.[I.3C). In the southern part
of the Ufipa terrane (T22-1-06) the Pan-African reworking is so intense (garnet-cordierite-
sillimanite-grade) that hardly any relicts of Paleoproterozoic monazite ages could be found.
The Kibaran metamorphic event is neither recorded in zircons nor in monagzites of the Ufipa
terrane. This is in contradistinction to the metamorphic ages found in the Ubende terrane.

1.4.3 Wakole and Katuma terranes

Metapelites are the most common rock type of the Wakole terrane. These rocks preserved
peak-metamorphic conditions that are variable, ranging from about 9 kbar /670 °C found in
garnet-biotite-muscovite schists (with or without staurolite) to ca. 9.5 kbar/750 °C found in
garnet-biotite-kyanite-K-feldspar gneisses. Monazite shows a concentric to patchy zonation
in BSE images (Fig.[1.3D). However, the ages are uniform at about 1000 Ma and do not
present any evidence for other than Kibaran orogenic events. Metapelitic zircon also gives
(not presented here) solely concordant Kibaran ages at 1166 + 14 Ma and 1007 + Ma.

The Katuma terrane bordering the Wakole terrane the northwest contains mafic and
felsic granulites besides the dominating migmatitic biotite gneisses. Zircons of one mafic
granulite sample exhibit magmatic cores and metamorphically overgrown rims of Paleo-
proterozoic age. However, the discordance of the isotopic U-Pb apparent ages point to a
severe disturbance during the Kibaran orogeny.

1.4.4 Mbozi terrane

The most common rock types of the Mbozi terrane are mafic granulites. The apparent
monazite ages of the associated garnet-biotite-sillimanite gneisses reveal only an Eburnian
metamorphic event without a younger Kibaran or Pan-African overprint (Fig.). How-
ever, an early Pan-African event in this terrane is documented in the solitary alkali-granites
and syenites outcropping in the Mbozi terrane, as discussed before. This magmatic event
may be attributed to early extensional tectonics. There are no geochronological data on
the mafic granulites that dominate in the Mbozi terrane.
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Figure 1.3: BSE image (A, D and E) and maps of apparent ages (B and C) of monazite of the Ubendian
belt, demonstrating the different metamorphic overprints of different terranes within the belt. A: Matrix
monazite of mylonitic metapelite (T21-2-04) from the Ubende terrane displays three metamorphic ages:
Eburnian, Kibaran and Pan-African. B: Monazite inclusion in garnet of the same sample as in A shows
only the Eburnian and Kibaran ages, but no Pan-African. C: Monazite from a garnet-kyanite gneiss
(T108-15-04) of the Ufipa terrane showing Eburnian and Pan-African ages but no Kibaran. D: Monazite
from a metapelite of the Wakole terrane (T38-3-04) with Kibaran apparent ages in all growth zones. E:
Monauzite of a garnet-kyanite-sillimanite mylonite (T1-1-06) of the Mbozi terrane with Eburnian apparent
ages in core and rim.
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Table 1.1: U-Pb isotopic composition and apparent ages of zircon from eclogites and metapelites of the
Ufipa and Ubende terranes.

No. U Th % 206p, (%) ég%a}rcnt age (Ma) 2325{)* er;or 23368%1)* er(;or 2;)371;{})* er(;or diosc'
2 206 2 35 /

(ppm) (ppm) comm. m;P}: 2;131’}) b (%) (%) (%) (%)
T21-8-04
7.1 140 142 1.05 — | 1904 £ 22 1891 £ 58 | 0.116 1.2 5.48 3.7 0.34 3.5 1
9.1 27 10 0.39 0.21 | 1941 £55 1872 £61 | 0.119 3.1 5.53 4.9 0.33 3.8
T108-7-04
1.1 78 22 0.29 0.93 | 514 £ 210 570 £ 20 | 0.058 9.4 0.73 10 | 0.092 3.7 -10
1.2 75 22 0.30 0.54 | 556 £ 150 586 &+ 21 | 0.059 7 0.77 79| 0.095 3.7 -5
T45-3-04
2.1 281 253 0.93 —| 1827£14  1790+£55 | 0.112 0.76 0.32 3.5 4.93 3.6 2
2.2 505 17 0.03 0.11 981£29 945+31 | 0.072 1.4 0.1579 3.5 | 1.563 3.8 4
T132-1-04
5.1 421 13 0.03 0.18 | 1935+12 186876 | 0.119 0.64 | 0.335 4.7 5.49 4.7 4
13.1 369 189 0.53 0.01 | 2586£7.7 2665+110 | 0.173 0.46 | 0.512 4.7 1221 4.7 -3

*common Pb corrected by using measured 2*/Pb

Table 1.2: Th-U-Pb composition of monazite with relative errors; the calculated apparent ages with
absolute errors

No. ThO2 +20 U0, +20 PbO +20 Apparent +20
(wt-%) (wt-%) (wt-%) age (Ma)
T21-2-04
10 4.960 0.9 0.428 4.8 0.525 3.7 1822 72
11 6.707 0.8 0.022 13.8 0.538 3.3 1805 61
12 6.703 0.8 0.048 11.0 0.296 5.1 1001 52
23 10.354 0.6 0.013 8.4 0.249 4.4 563 25
128 6.393 0.8 0.074 8.8 0.292 3.9 1020 40
139 5.049 0.9 0.065 9.0 0.425 3.3 1828 63
141 5.249 1.0 0.038 11.2 0.439 3.7 1852 71
146 5.098 0.9 0.391 3.9 0.281 4.0 1013 42
152 4.871 0.9 0.362 4.1 0.276 4.1 1046 44
T108-15-04
70 5.302 0.8 0.294 4.7 0.151 6.8 565 39
72 6.795 0.7 0.134 6.6 0.597 2.2 1860 44
74 7.458 0.7 0.172 5.6 0.663 2.0 1861 40
75 7.585 0.7 0.112 6.8 0.653 2.1 1855 41
7 5.175 0.8 0.271 4.8 0.151 6.6 583 39
79 5.559 0.8 0.211 5.6 0.148 6.9 556 39
T38-3-04
162 4.614 0.9 0.521 3.2 0.278 3.9 1008 41
165 4.500 0.9 0.806 2.4 0.336 3.4 1069 38
168 4.006 0.9 0.551 3.1 0.279 3.9 1093 45
174 4.601 0.9 0.285 4.8 0.249 4.3 1035 46
175 4.590 0.9 0.835 2.4 0.335 34 1040 37
178 4.681 0.9 0.532 3.2 0.268 4.1 958 41
T1-1-06
105 5.321 0.8 0.008 15.4 0.428 2.8 1821 53
109 6.270 0.8 0.013 12.8 0.504 2.5 1816 48
112 3.027 1.1 0.015 22.7 0.248 44 1831 83
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1.5 Discussion and conclusions

U-Pb zircon and U-Th-total Pb monazite ages of amphibolite- to granulite-facies rocks and
of mylonitic eclogites revealed that the terranes of the northwestern Ubendian belt experi-
enced both Paleoproterozoic and Neoproterozoic metamorphic events. Only monazite and
zircon of metapelites of the Wakole terrane are missing both metamorphic events, but point
to a mono-orogenenic overprint during the Mesoproterozoic Kibaran event. The Kibaran
metamorphic and orogenic events affected also the polymetamorphic Ubende and Katuma
terranes adjoining the Wakole terrane to the southwest and northeast. The Ubende,
Katuma and Wakole terranes should therefore be regarded as part of the Kibaran belt
that streches N-S to the west of lake Tanganyika (Fig.. The 1.39 Ga (Maier et al.l
2007)) Kapalagulu layered mafic-ultramafic intrusion, which occurrs near the northwestern
end of the Wakole terrane, underlines the Kibaran connection of the Wakole terrane. As
no evidence of a Kibaran imprint was found in the Ufipa terrane bordering the Ubende
and Wakole terranes in the southeast, we conclude that the Mesoprotrozoic Kibaran ter-
ranes and the Ufipa terrane came into contact in the Neoproterozoic, but were in separate
positions during the Kibaran orogenic event.

The mylonitc eclogites of the Ubende terrane are relicts of a Paleoproterozoic oceanic
crust. The timing of mylonitization is not yet clear. It might be of Kibaran and/or of
Pan-African age. During both events monazite growth is recorded by U-Th-total Pb ages.
As only the Kibaran monazite occurs as inclusion in garnet and is depleted in Y-HREE,
it seems that the Kibaran overprint was of high metamorphic grade.

The geochemistry and zircon ages of the massive coarse-grained eclogites along the
northern border of the Ufipa terrane (Fig. indicate that they are remnants of a Pan-
African suture whose island-arc and back-arc basins separated the Ufipa terrane from the
Ubende and Wakole terranes to the north. A southwestward dipping subduction zone would
be in accordance with the presence of Pan-African garnet-cordierite-sillimanite gneisses in
the southeastern part of the Ufipa terrane that may have formed the upper hot plate above
the subduction.

The metamorphic age distribution in the Ubendian belt suggests that the current con-
figuration of terranes was acquired in Pan-African time, during which a suture between
the Ubende and Ufipa terranes was formed and the Paleoproterozoic rocks were intensively
overprinted. Therefore the dominant NW-SE striking Ubendian structures presumably
have been imposed during Pan-African time when all the Ubendian terranes attained their
present positions. The proposed Pan-African suture at the northern border of the Ufipa
terrane may find its continuation in northern Malawi where another occurrence of Neo-
proterozoic eclogites has been described (Fig.; Ring et al., 2002). Very little is known
about the western continuation of the proposed suture. It seems not to crosscut the N-S
striking Mesoproterozoic Kibaran belt (Fig.. We speculate that it follows the west-
ern margins of the Bangweulu block and may meet the Zambezi belt suture bordering
the Bangweulu block to the south. In this case the Bangweulu block may be surrounded
by Pan-African sutures and may have formed a microplate during Neoproterozoic times

(Fig.[L.4).
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The Neoproterozoic orogenic belt running NW-SE between lake Tanganyika and lake
Malawi is characterized by high-grade (up to garnet-cordierite-sillimanite grade) reworking
of Paleoproterozoic crust of the Ufipa terrane and by the occurrence of eclogites formed
during the subduction of back-arc and island arc basalts. We propose to call this newly
discovered Neoproterozoic orogen “Tanganyika orogenic belt”.

Former simplifying models of Gondwana formation had assumed that west Gondwana
(Congo-Kalahari-Southern America) formed one continental block when Indo-Antarctica
and later Antarctica-Australia (East Gondwana) amalgamated (Boger & Miller] [2004]))
or that the Congo-Tanzania-Bangweulu block formed one continental block throughout
the Neoproterozoic (Collins & Pisarevsky, 2005). In this paper we demonstrate that the
Bangweulu block was separated by a Neoproterozoic suture from the Tanzania craton in
the north and that it formed most likely a microplate, as also at its southern border the

eclogites of the Zambezi belt were formed from a subducted oceanic floor (John et al.,
2003).
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Chapter 2

Paleoproterozoic eclogites of MORB-type chemistry
in the Ubendian belt of Tanzania: Evidence for
subduction of oceanic lithosphere in a
Paleoproterozoic orogenic belt

Abstract

Major and trace element concentrations of eclogites of the Ubende terrane in the Ubendian belt
of Tanzania point to a formation of the magmatic precursors of the eclogites in a MOR-type
setting. The LREE are depleted with low (La/Sm)y ratios <1 at variable Nb/La, and the
HREE are 10-14 times chondritic values. The chondrite normalized REE patterns resemble that
of N-MORB and E-MORB. U-Pb SHRIMP dating of the zircons revealed a metamorphic age of
1886416 and 1866+14 Ma for the Ubende terrane eclogites. These data indicate that the eclogites
may represent a former ocean floor, which became metamorphosed during a Paleoproterozoic
subduction.

Mylonitic textures characterize all the eclogites of the Ubende terrane, and have been at-
tained under high-pressure amphibolite- to granulite-facies conditions at 680-750°C/10-11 kbar
during Kibaran and/or Pan-African orogenic events. Omphacitic clinopyroxene (Jd;7), matrix
plagioclase (Abzz) and garnet core give a minimum peak pressure of 15 kbar at 700 °C, which
suggests a geothermal gradient lower than 13 °C/km.

U-Pb SHRIMP zircon dating of the eclogites and CHIME monazite dating of their country
rocks turned out that the Ubende terrane was affected by three orogenic cycles. Metapelites and
mafic granulites give Paleoproterozoic metamorphic ages between 1977440 and 1900+10 Ma.
Intensive metamorphic reworking of the Ubendian belt rocks occurred in specific terranes during
the Mesoproterozoic Era (1180-1000 Ma) and in the Neoproterozoic Era (620-540 Ma).

2.1 Introduction

The Ubendian-Usagaran belt of Tanzania is one of the few Paleoproterozoic orogenic belts
on Earth that hosts eclogites (Fig.[2.1} Moller et all [1995; [Sklyarov et all, [1998} [Smirnov
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1973)). According to the theory of plate tectonics, eclogites form at convergent plate
margins by subduction processes, therefore are marking the sites of ancient plate collisions
and might represent relics of a subducted oceanic lithosphere. The 2.09 Ga eclogites of the
Nyong complex of Cameroon and the 2.0 Ga eclogites of the Usagaran belt of Tanzania
(Moller et al., 1995} (Collins et al., 2004} Loosel [2007) have geochemically an oceanic crust
affinity and are interpreted to represent the relics of a Paleoproterozoic oceanic crust at
the margins of the Congo craton. The oldest subduction zone rocks exposed in an orogenic
belt are recorded in the Belomorian belt in Russia, whose Archean eclogites are dated at
2.7 Ga (Fig.[2.1} [Volodichev et al[2004). The above described eclogite records point to the
operation of plate tectonics and subduction processes of oceanic lithosphere in the Archean
and Paleoproterozoic Earth, the Earth’s modus operand that is doubted to occur in the
Precambrian due to the lack of evidences (e.g. |Goodwin, |1996; Hamilton, [1998). However,
whether plume tectonics dominated over plate tectonics in Precambrian time is debatable
(Windleyl, |1998; |(Cawood et al. 2006]).

During the course of our study it turned out that the eclogites of the Ubendian belt are
not all Paleoproterozoic in age but have been formed during two different orogenic cycles.

In this paper we concentrate on the Paleoproterozoic eclogites, the occurrence of which is
restricted to the Ubende terrane in the NW part of the Ubendian belt (Fig.[2.2]A).

Archean Belomorianf Z;

Figure 2.1: The world geological
map illustrating the distribution
of the 2.1-1.8 Ga orogens and

the locations of the Archean and
the Paleoproterozoic eclogites of
MORB-like chemistry. Map modi-
fied after |Zhao et al.| q2002D.

- 2.1-1.8 Ga orogenic belt

X Eclogite

Exposed pre-Rodinia basements

Phanerozoic cover on cratonic basement
I:] Phanerozoic orogenic belts

The first aim of this paper is to demonstrate that the eclogites of the Ubendian belt rep-
resent the remains of a Paleoproterozoic ocean and subduction zone by dating zircons and
by studying trace element contents of the eclogites. The reconstruction of the subduction
P-T path will contribute in finding out the thermal conditions and tectonic processes tak-
ing place in a Paleoproterozoic subduction zone. Secondly, this paper aims to establish the
relationship between the subduction zone metamorphism and the regional metamorphism
affecting the Paleoproterozoic crustal rocks in the Ubendian belt.
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2.2 Geological settings

The linear NW-SE oriented Ubendian belt separates the Archean Tanzania craton from the
Paleoproterozoic Bangweulu block. It has been divided into eight litho-tectonic terranes
by Daly et al| (1985) and Daly (1988): Ubende, Wakole, Katuma, Ufipa, Mbozi, Lupa,

Upangwa and Nyika (Figf2.2). The NW oriented multiphase strike-slip mylonite zones of
different ages (see below) mark the terrane boundaries (Theunissen et all 1996; Boven|

v'

* Tanzania
craton

+ o+

‘(+ Bangweulu
+ block + + /
/

o+ + o+ + A\
+ & + ) //( Legend
+ /.- % . . . . .
+ o A Ubende terrane with mafic-ultramafic bodies
+:30 2\

36°

I Wakole terrane

Orogens % Eclogite Terranes I;:tuma ter,rane
 Ub=Ubende [ ] Phanerozoic cover
650-530 Ma Meso/Neoproterozoic  yy, — wakole [ ] Mesoproterozoic sediments
AR sediments Ka = Katuma . .
~hd * Paleoproterozoic eclogite
- 1.35-1.0 Ga 1.8 Ga craton Uf = Ufipa . .
— Mb = Mbozi Pan-African overprinted
2.05-1.8Ga Archean craton Lu = Lupa Paleoproterozoic eclogite
Up=Upangwa | 4 Kibaran/Pan-African overprinted
Ny = Nyika Paleoproterozoic metapelite

Figure 2.2: A: Geological map of central east Africa with the location of the Ubendian belt; map modified
after [Hanson| (2003). Ubendian belt terranes and dominant lithologies by [Daly et al| (1985) and [Daly|
(1988): Ubende (metabasites), Wakole (alumino-silicate schists), Katuma (Bt gneisses), Ufipa (gneissic
granite), Mbozi (metabasic granulites, quartzites), Lupa (metavolcanics), Upangwa (meta-anorthosite)
and Nyika (Crd gneisses). B: Geological map of Ubendian belt depicting the location of eclogites and the
associated metapelites and granulites. Map modified after Smirnov et al.| (1973).

The Ubendian eclogites are known to crop out in the terranes of Ubende and Ufipa
Smirnov et al| (Figl2.2/A; [1973). The hornblende-rich mafic gneisses that dominate in the
Ubende terrane host mylonitic eclogites at ITkola-Karema and Mgambo villages (Fig).
The lenses (10-100 m scale) of mylonitic eclogites, mylonitic garnet-kyanite gneisses, my-
lonitic felsic gneisses and the high-pressure mafic granulites are included in the Ubende
metabasite complex. The detailed geology of the Ubende terrane has been described by
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McConnell| (1950), |Smirnov et al.| (1973), [Sutton et al|(1954) and Nanyaro et al. (1983).
The structural analyses of the gneissic fabric and mineral lineations are given by Theunissen
et al.|(1996) and Boven et al|(1999).

The Ufipa terrane is dominated by granitic biotite gneisses and consisting also garnet-
kyanite gneisses (Sutton et al. [1954). Eclogites outcropping in the northern part of the
terrane (Smirnov et all, (1973; |Sklyarov et al., [1998) are not mylonitic but coarse grained
granoblastic and are thus distinct from the eclogites of the Ubende terrane. In the course
of this study, it turned out that the Ufipa terrane eclogites are Neoproterozoic in age. They
will be discussed in separate paper. Other rock types like hornblende gneiss and garnet
amphibolite, micaceous quartzite and albite gneiss are also present in the Ufipa terrane.
The Ufipa terrane is separated from the other terranes (Ubende, Mbozi and Kate sheared
granites to the southwest) by the NW oriented greenschist to amphibolite-facies sinistral
strike-slip planar mylonites, which are attributed to Mesoproterozoic or Neoproterozoic
Ubendian belt reactivation events (Theunissen et al., [1996)).

Sklyarov et al.| (1998) did petrological studies and determined a P-T evolution for
the eclogites of the Ubendian belt. However, in the absence of geochronological data
these authors did not realize that there are eclogites of two orogenic cycles and mixed
together petrological data from Paleoproterozoic and Pan-African eclogites to deduce one
P-T evolution for these Ubendian rocks. They assumed that the eclogites are Paleo-
proterozoic in age, in analogy to the 2.0 Ga old eclogites found in the Usagaran belt at
the SE side of the Tanzania craton (Fig[2.2]A; [Moller et al., [1995). Most of the available
geochronological data from the Ubendian belt were acquired from granitoids and a few
from metamorphic lithologies. The Rb-Sr whole rock ages at 2084 +86 Ma and 2026 £8
Ma from the Upangwa terrane orthogneisses and granites, respectively, were attributed to
the formation of the EW trending granulitic structure in the Mbozi and Ubende terranes
(Lenoir et all [1994). Ages between 2002 £0.2 Ma and 1988 0.6 Ma were obtained from
the high-pressure and the low-pressure granulites of the Nyika terrane enderbitic gneisses
and the Crd gneisses (Ring et al| (1997); 2°7 Pb/?° Pb zircon evaporation method). These
data were used to propose a 2 Ga collisional orogeny in the Ubendian belt which is concur-
rent to the subduction zone metamorphism in the Usagaran belt at 2.0 Ga (Moller et al.,
1995)). U-Pb zircon and Rb-Sr whole-rock ages between 1950 and 1850 Ma were interpreted
as the onset of an amphibolite-facies ductile dextral strike-slip deformation responsible for
the creation of the eight crustal blocks and the prominent NW-SE striking Ubendian belt
structure (Lenoir et al.,|1994; Theunissen et al., 1996; Boven et al., 1999)). Mesoproterozoic
and Neoproterozoic greenschist- to amphobolite-facies sinistral strike-slip mylonites were
proposed to be formed due to reactivation of the NW-SE striking structure of the Uben-
dian belt (Theunissen et al 1996). The later reactivations were so severe in their extent
that some authors have interpreted the major NW Ubendian structure to be as young as
Kibaran (Ring, 1993) or Pan-African (Theunissen et al., 1992).

The Pan-African orogenic cycle was preceded by alkali-granitoid intrusions, dated at
842+ 80 Ma (Lenoir et al. 1994) and at 724 +6 Ma (Theunissen et al) (1992)) in the
Upangwa terrane. In addition, syenites from Mbozi terrane were dated at 743 £30 (Brock),
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1963)) and 685+62 Ma (Ray, 1974). These early Pan-African ages may reflect a time of
extension preceding the collision event.

2.3 Analytical techniques

Minerals were analysed by using a ”JEOL Superprobe JXA-8900R” electron microprobe
at the University of Kiel. The acceleration potential used for analyses was 15 to 20 kV
for a beam current of 20 nA. The raw data were corrected by using the CITZAF method
(Armstrong, 1995).

Major and trace element concentrations of whole rocks were analyzed at the University
of Kiel. The Philips PW 1400 X-ray fluorescence analyzer was used to acquire the major
element data. The elements were determined on fused glass discs, which were prepared by
mixing in a platinum crucible 0.6g of sample powder with 3.6g of Li;B4O7, and then the
mixture was subjected to the OXIFLUX 5-stage burner. Trace elements were measured by
using the Agilent 75000C ICP-MS machine, the sample preparation procedure was that as
described by |Gabe-Schonberg| (1993) and |John et al.| (2008). The data quality, precision
and accuracy were ensured by using international reference standards, blanks and some
sample duplicates.

Zircons were separated from the crashed rocks by using the conventional magnetic
and heavy liquid methods at the University of Kiel. Isotopic U-Pb dating of zircon was
done on a SHRIMP-II at the Center of Isotopic Research of VSEGEI in St. Petersburg,
Russia. Handpicked round and prismatic zircons were mounted on epoxy resin discs and
polished to expose their cores, whose transmitted light and cathodoluminescence (CL)
images were prepared. The diameter of the analyzing ion beam was approximately 20 pym
and the primary beam intensity was about 4 nA. Data reduction was done in the manner
described by Williams| (1998)), using the SQUID Excel Makro by |[Ludwig| (2001)). The Pb/U
ratios have been normalized relative to a value of 0.0668 for the 2% Pb/?3¥U ratio of the
TEMORA-1 internal standard reference zircon, equivalent to an age of 416.75 Ma (Black
et al., 2003).

In-situ monazite analyses on Pb-free polished thin sections were performed by using
the "JEOL Superprobe JXA-8900R” at the University of Kiel. The Jeol H-Type spec-
trometer with reduced Rowland circle for high count rates was used for measurements of
lead, thorium and uranium. Background offsets were selected after long time fine WD
scans of natural monazite. The interference of Th M~y on U M3 was corrected with an
experimentally determined correction factor.

As standard materials synthetic REE orthophosphates (Jarosewich & Boatner, |1991)
were used for P, REE and Y, synthetic U-bearing glass for U, natural wollastonite for
Ca and Si, natural thorianite for Th, crocoite for Pb and corundum for Al. Matrix cor-
rection for the analyses was performed by the JEOL ZAF program. Couting times for
Pb and U were adapted to net intensities to achieve the desired objective of a low error
for counting statistics at reasonable counting times. To control the quality of the data
an internal laboratory standard from SE Madagascar (kindly provided by Michael Raith,
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Bonn), was repetitively analysed during the measurements. This monazite is homogeneous
in composition and was dated with the U-Pb method of cogenetic zircon and by a Sm-Nd
monazite-biotite-garnet-zircon isochron at 545+2 and 542411 Ma, respectively (Paquette
et all 1994), and recently by A. Moller (pers. comm.) with TIMS at an age of 560+1
Ma. Data with significant Al contents were rejected to eliminate analyses with secondary
flourescence artefacts that may occur if analytical points are close to grain boundaries.

Two methods were used to calculate ages for a set of data: (1) the widely used chemical
isochron method (Suzuki & Adachi, [1991)) and (2) the calculation of a weighted average,
which is frequently used in more recent studies on chemical dating of monazite (e.g. Pyle
et al., 2005)). Isochron calculations were performed with the CHIME-program of (Kato
et all1999). The isochron plot has the advantage that it easily enables the identification
of data sets with distinct ages and provides information about the chemical variation of
the analysed monazite in terms of ThOy* and PbO. Also, the intercept of the isochron
with the axis yields information about the quality of the analytical data. A drawback of
this method is that it can suffer from high errors. This may especially occur when the
variation of ThOy* is small, thus leading to a poorly defined regression line. In contrast
to this, the error of the weighted mean does not depend on the chemical variation of the
data. Errors that are calculated for the weighted mean tend to decrease with the number
of points and typically are significantly lower than the error calculated from the isochrone
method.

Age maps were calculated from raw elemental x-ray maps of U, Th and Pb. X-ray
maps were measured with 12 kV accelerating potential and a probe current of 200 or 250
nA. Couting times per pixel vary between 0,5 and 0.8 s. The Jeol H-Type spectrometer
with reduced Rowland circle was used for Pb. The conversion from count rate maps to
concentration maps was performed with the in-house-written software MacAgeMap|!] This
software applies a simple calibration line method using monazite as standard material
(ZAF=1) to perform a background correction and then convert net intensities to concen-
tration data. Afterwards the program converts each image pixel to an apparent age by
solving the age equation iteratively for each pixel and archives the data to an image file.

1Software available from PA on request
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2.4 Petrology, geochemistry and geochronology of Paleo-
proterozoic eclogites

2.4.1 Petrography and mineral chemistry

The occurrence of Paleoproterozoic eclogites is restricted to the Ubende terrane, cropping
out at the villages of Mgambo (Kungwe bay) and Ikola-Karema (Fig.[2.2B). They form
lenses (100 m scale) or small bands (dm scale) in the matrix of garnet-clinopyroxene gneisses
and hornblende-rich mafic gneisses (Fig.). Outcrops of orthopyroxene-clinopyroxene-
garnet and garnet-clinopyroxen-biotite gneisses are abundant in the field and in a few
outcrops mylonitic garnet-kyanite metapelites are interlayered with the eclogites.

00005698 | 100 pm gm ten

Figure 2.3: A: Bands of eclogite (dark) in a mylonitic garnet-clinopyroxene gneiss from Ikola-Karema
village. B: Mylonitic garnet-kyanite metapelite from Ikola-Karema village (T21-2-04) interlayered with
eclogites. C: Omphacitic Cpx with Qtz lamellae in the core. The rim is recrystallized into Di and PI;
T24-3-04 from Ikola-Karema villages. D: BSE image of Grt porphyroclast with inclusions of Cpx (Jd =
12 mol%) and Pl (X 4,=0.69) from Mgambo village (T41-3-04). Mineral abbreviation after .

Penetrative mylonitization features all the eclogites and associated garnet-pyroxene
gneisses and garnet-kyanite metapelites at Ikola-Karema and Mgambo villages (Fig.[2.3
A&B). However, few porphyroclasts of garnet and omphacitic clinopyroxene are preserved.
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The margins of omphacitic clinopyroxene porphyroclasts are recrystallized and trans-
formed into diopside and plagioclase and the cores contain lamellae of quartz (Fig.[2.3(C).
Garnet porphyroclasts rarely preserve prograde inclusions of omphacite, plagioclase, rutile
and quartz (Fig.[2.3D). The characteristic mineral assemblage in the mylonitic and retro-
gressed eclogites of the Ubende terrane is garnet-clinopyroxene-rutile-quartz-plagioclase-
hornblende-ilmenite-zircon. This assemblage has been formed during the granulite-facies
mylonitic overprint and can not be used to determine P-T during the eclogite-facies stage
(cf. Muhongo et al., 2002).

Garnet porphyroclasts have X, ratios between 0.33 and 0.41 with a representative
core composition of Xy, = 0.44, Xp,, = 0.30, X¢grs = 0.25 and Xg,, = 0.01 (Tab.
T40-1-04). Chemical profiles display garnet cores that are slightly richer in grossular than
the rim. Xp,, slightly increases from the core towards the rim and drops at the outermost
rim (Fig.[2.41A).

The cores of the clinopyroxene porphyroclasts are Na-richer than the rims and the
recrystallized clinopyroxene grains of the matrix. Jadeite contents in the core may reach
up to 18 mol% and drop to about 11 mol% in the rims (Fig.[2.4B). The inclusions in garnet
have between 8.5 and 14 mol% jadeite and the recrystallized clinopyroxene in the matrix
has low contents of jadeite between 8 and 9 mol% (Tab.[2.1).

Plagioclase in the matrix is Na rich with X4, between 0.72 and 0.71, which is similar
to the plagioclase inclusion in garnet with X4, = 0.69 (Fig.[2.3D).
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Figure 2.4: A: Zoning profile through a porphyroclastic garnet of eclogite T40-1-04. B: Composition of
omphacitic porphyroclasts (T40-1-04); pyroxene classification according to Morimoto et al| (1988]).
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2.4.2 P-T conditions

Mylonitic overprinting, mineral recrystallization and exsolution exclude the estimate of
peak-metamorphic pressures of the Ubende terrane eclogites. However, a minimum peak
pressure can be estimated (garnet core of porphyroclasts, exsolved clinopyroxene porphyro-
clast with Jd =17 mol% and a matrix plagioclase of X 4, = 0.72). The equilibrium garnet-
plagioclase-clinopyroxene-quartz has been used as geobarometer (Powell & Holland, |1988)),
which results in an estimate of the minimum pressure of about 15 kbar at temperatures of
700-750°C (Tab.[2.2).

Zr-in-rutile thermometry was applied (Fig. and Tab. on the well preserved rutile
grains that coexist with zircon and quartz. This thermometer seems to be more reliable
than the garnet-clinopyroxene thermometers in estimating the temperatures of eclogites
and blueschists (Spear et al., [2006). Four rutile grains (3 from matrix and 1 included in
garnet) were analyzed from two eclogites T40-3-04 and T60-1-04 and the results are listed
in Tab.2.2] Rutile thermometers calibrated by [Watson et al| (2006)), [Tomkins et al| (2007)
and [Ferry & Watson| (2007) give average temperatures between 603+21 and 6474+32 °C
for the matrix grains, whereas relatively higher average temperatures between 707+12 and
742413 °C were calculated with the three calibrations from rutile included in garnet. The
temperature distribution in single rutile grains of the analyzed samples fall into narrow
ranges. For example in grain 1 of sample T40-3-04 there is a temperature difference of
61 °C between maximum and minimum values (632-571°C; Fig.[2.5)).

The lower Zr contents in matrix rutile grains than in rutile inclusions in garnet can be
explained by reequilibration of the matrix grains during the late-stage mylonitization that
affected the eclogites. We assume that Zr-in-rutile temperatures obtained from inclusions
in garnet are closer to the peak metamorphic temperatures than those obtained from matrix
grains.

T40-3-04
Rutile grain 1

Figure 2.5: Backscattered electron image
of a rutile matrix crystal from sample T40-3-
04. Circles show location of analysis points.
Numbers are temperatures in °C calculated
from the rutile thermometer calibration of ’

Ferry & Watson| (2007)). 00007240 ——— 30pm’ || Geoyasenachniien

The P-T conditions during the prograde subduction have been constrained by using
the preserved compositions of the inclusions of clinopyroxene, plagioclase and rutile in
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garnet. The temperatures were estimated by using the Fe-Mg exchange equilibria be-
tween garnet and clinopyroxene as calibrated by Ellis & Green (1979) and Powell| (1985),
whereas the corresponding pressure values of 11 and 12.2 kbar were calculated by us-
ing the clinopyroxene-plagioclase-garnet-quartz equilibrium (Tab.; Powell & Holland)
1988). The clinopyroxene inclusions with jadeite contents of 9 and 12 mol% from different
garnet grains give a narrow range in temperature between 630°C and 650°C (Fig.[2.6}
Tab.. The sets of P-T values that were obtained give a possible P-T trajectory during

subduction (Fig.[2.6).

Table 2.2: Results of the pressure and temperature estimates of the Ubende terrane eclogites.

Grt-Cpx: Fe-Mg exchange thermometers and Grt-Pl-Cpx-Qtz barometers
Thermometers: Grt-Cpx: Fe-Mg exchange; EG = |Ellis & Green| (1979)) and P= |Powell| (1985|),
Geobarometers: H = [Holland| (1980), NP = |Newton & Perkins| (1982)) and PH = [Powell & Holland| (1988)

Sample Mineral & T(°C) Thermometer P (kbar) Barometer Remarks

No. analysis No.

T25-1-04

Cpx (Jd=9%) Grto7-Cpxgo-Pla 630 EG 11.0 PH Cpx-P1 inclusion in Grt
620 P

T41-1-04

Cpx (Jd=12%) Grt215-Cpx204-Pl2os 650 EG 12.2 PH Cpx-P1 inclusion in Grt
640 P

T40-1-04

Cpx (Jd=17%)  Grt17-Cpxs1-Plsg 700 15.0%* PH Grt-Cpx porphyroclasts

T25-1b-04 Grt118-Cpx176-Plia7 750 EG 11.0 NP Cpx-Grt-Pl in matrix
740 P 10.2 H

T60-1-04

Cpx (Jd=14%) Grtag7-Cpxa7-Plago 700 EG 10.9 NP Cpx-Grt-Pl in matrix
680 P 10.2 H

** Pressure calculated at a reference temperature of 700°C (Zr-in-rutile thermometry)

Zr-in-rutile thermometry
Thermometers: W=Watson et al.| (2006), T= Tomkins et al.| (2007) and FW = [Ferry & Watson| (2007])

Sample Grain No. of spots Mean Zr (ppm) Mean T (°C), error at lo
error at 1o
w T FW
T40-3-04 Rt-1 in matrix 21 202+43 610+17 638+17* 606+16
Rt-2 in matrix 19 195443 606+21 635+21%* 603121
T60-1-04 Rt-1 in matrix 8 237490 619+31 6474+32* 615+30
Rt-2 inclusion in Grt 6 676191 713413 742413* 707+12

* Temperature calculated at a reference minimum peak pressure of 15 kbar

The late-stage mylonitic overprint that affected all the eclogites of the Ubende terrane
most likely was not related to the uplift after subduction but is attributed to later orogenic
events (Mesoproterozoic and Neoproterozoic). This is indicated by zircon and monazite
ages of associated metapelites and some rare zircon rim ages of eclogites (chapter 1& 3). A
pressure of about 10-11 kbar and a temperature of approximately 680-750 °C are obtained
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from the recrystallized minerals of the matrix. Therefore, the mylonitization stage was in
the high-pressure amphibolite- to granulite-facies (Fig.[2.6). The pressure was estimated
by using the garnet-plagioclase-clinopyroxene-quartz geobarometer calibrated by
& Perking| (1982) and [Powell & Holland| (1988); the temperature estimate is based on the
Fe-Mg exchange reaction between garnet and clinopyroxene using the calibrations of

& Green| (1979) and (1985).

18 g
IS Zr-in-rutile < . §
| X 13
o S| ;| £bT40-1
14 Eclogite
Porphyroclasts Jd17/
T41-1
_ Prograde stage (g > T95-1
Cpx inclusion
10
Blueschist
- & Mylonitic
R overprint
6 I .
Greenschist
B Granulite
2 — o
TC
]
400 600 800

Figure 2.6: P-T conditions at different stages of metamorphism of the Ubende terrane eclogites: Mini-
mum P conditions during peak are obtained from the porphyroclast of Cpx (Jdi7) and Grt core composi-
tion. The peak-temperature range was estimated by using the Zr-in-rutile thermometry
. The prograde P-T conditions were estimated by using the compositions of the inclusions of Cpx
(Jdg and Jd;2) and Pl in Grt (Powell & Holland| [1988). The P-T values for the mylonitic overprint during
a later orogenic event were obtained with recrystallized Cpx-Pl-Grt-Qtz of the matrix; geothermometers
of [Ellis & Green| (1979) and [Powell (1985)); geobarometer after [Powell & Holland, (1988).
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2.4.3 Geochemistry

A total of 20 eclogite samples from Ikola-Karema and Mgambo villages in the Ubende
terrane were analyzed for major and trace elements, the analyses are given in Tab.[2.3] All
the analyzed eclogites are basaltic in composition (SiOs, 45.3-49.2%) and they plot in the
basalt field in the Zr/Ti vs Nb/Y diagram of Pearce (1996) (Fig.[2.7IA); they also follow
a tholeiitic magma trend in the triangular AFM plot [(NagO+K50)-(FeO+TiO,)-(MgO)]
(Fig.). However, the plotting position in the AFM diagram might have changed during
metamorphism because of the high mobility of NayO and KO (e.g. Tatsumi et al., 1986)),
but still data are consistent with their origin as tholeiite basalts.

1.000 F— i
F A Alkali- : FeO +TiO,
rhyolite ] B F
; : Trachyte g
Rhyolite and dacite L]
0.100 - "] tephi. 2 Tholeiite
/ Trachy- |phonolite] (Arc, within-plate)
— i . andest® | andesite| — y
atic a0 ] Tholeiite
E a as ] ] (MORB glass)

 pnaesie 27
0.010

g O Oo =
r D Alkali-  |Foidite:
r o) OJ°) basalt ]

Basalt
0.001 T L L

A
0.0 0.1 Nb/Y 1.0 100 K,0 + Na,0 MgO

Figure 2.7: Plots of the Ubende terrane eclogites in magma discrimination diagrams. A: The analyses
fall into the basaltic magma field in the Zr/Ti vs Nb/Y diagram of |Pearce| (1996]). B: The analyses follow
the tholeiitic magma trend in the AFM diagram.

Tholeiite basalts are known to be generated by decompressional partial melting of
upper mantle peridotite at plate margins at mid oceanic ridges (MOR) or at island arcs
and within plates at oceanic islands and in continental rifts. However, the tholeiite basalts
from these tectonic settings can be distinguished by systematic observation of their rare
earth and other trace element concentrations and ratios, e.g. |Pearce & Cann (1973) and
John et al.| (2003)).

The eclogites of tholeiitic composition in the Ubende terrane are subdivided into two
groups on the basis of chondrite normalized REE (rare earth element) patterns, labeled
group I and group II eclogites (Fig.&B). The REE patterns of group I eclogites lie
below the average MORB values and are depleted in the LREE (light rare earth element),
which range between 4 to 14 times chondritic values. The concentrations of the HREE
(heavy rare earth element) are fairly constant with values about 10 times chondritic. The
REE pattern is strikingly similar to that of basaltic magmas that erupt at the spreading
axes of mid oceanic ridges (N-MORB; [Schilling et al., |1983)).

The REE patterns of group II eclogites are similar to those of group I but are relatively
enriched in LREE (ranging between 10 to 18 times the chondritic values) when compared
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Figure 2.8: LREE depleted (Group I) and LREE enriched (Group II) eclogites of the Ubende terrane.
A&B: Sample/chondrite normalized REE, the normalization values are from [Boynton| (1984)). C&D: Sam-
ple/MORB normalized trace element patterns; normalizing values after Hofmann| (1988)).
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after |John et al| (2003) showing the tectonic
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group II; cf. Fig.2.8). The (La/Sm)y ratio is
low in group I and somewhat higher in group
IT eclogites.
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to group I eclogites. The REE patterns are almost flat and look very similar to the
enriched MORBs known as E-MORB (Schilling et al., |1983). Both eclogite groups lack
an Eu anomaly, which implies that the mantle derived eclogite precursor magmas were
not contaminated by the continental crust and originated from greater depths, outside
the stability of plagioclase. A high degree of partial melting is implied in both groups of
eclogites due to lower concentrations of REE than the average MORB.

The sample/MORB normalized trace element patterns of group I (Fig.[2.8C) are flat,
giving ratios of about one. However, positive anomalies of Cs, Rb, Ba and K might originate
from secondary processes due to high fluid mobility of these elements. These features are
as well observed in group II eclogites (Fig.2.8D).

Trace element ratios of group I eclogites are similar to those of basalts that erupt at mid
oceanic ridges or in back-arc environments in small ocean basins (Fig.. The ratios of
Nb/La have a wide range between 0.4 and 1.4 and that of (La/Sm)y is < 1, whereas group
IT eclogite has (La/Sm)y ratios that range between 0.9 and 1.5 and Nb/La ratios that lie
between 0.2 and 1.2. These trace element ratios are within the range of the composition
of basalts that erupt at mid oceanic ridge or back-arc settings.

The information obtained from the trace element patterns and the trace element ratios
show that the Ubende terrane eclogites have a chemical affinity to N-MORB others to
oceanic arc and/or back-arc systems. In all diagrams, the group I eclogites are clearly
fitting to the N-MORB composition. Group II eclogites, which scatter between E-MORB,
oceanic arc basalt and back-arc basalt geochemistry, may be attributed to a marginal ocean
basin. It has been described that N-MORB erupts in well developed back-arc basins and
E-MORB during the early stages of the evolution of an arc system (Hawkins & Melchior,
1985; |Gill, |1987). However, in large ocean basins like in the Atlantic the N-MORB and
E-MORB may be associated if plumes are close to the MOR (e.g. |Schilling et al. [1983)).
Therefore the eclogite association of the Ubende terrane seem to have been derived from a
marginal ocean basin in a back arc environment or from an ocean basin in which a plume
was close to the MOR.
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Table 2.3: Geochemical composition of the Ubende terrane eclogites

Sample T3-1 T3-3 T17-1 T18-2 T21-4 T25-1 T40-2 T41-3 T58-2 T60-2|T3-1 T19-2 T21-8 T24-3 T40-1 T43-1 T43-2 T53-1 TH58-1 T60-1

Group I eclogites Group II eclogites

Si0p  47.59 48.04 45.27 47.09 47.15 46.36 47.82 47.76 48.24 47.19| 47.50 48.93 46.91 46.29 47.89 47.57 46.13 49.21 48.28 47.44
TiO, 1.08 106 134 121 106 106 113 110 1.04 1.16| 192 1.71 132 088 1.12 106 136 113 1.12 1.86
AlbO3z 13.75 13.50 12.61 12.89 13.85 12.80 13.95 13.83 13.38 13.58| 13.59 13.31 13.31 13.02 13.52 13.44 13.88 13.56 13.92 12.41
FeO 14.88 14.70 16.91 15.72 14.76 15.87 1541 14.51 15.14 15.92| 16.43 15.14 16.50 13.27 14.78 15.51 16.04 14.56 13.93 17.92
MnO 025 025 026 021 023 027 024 023 024 023 032 023 025 024 021 029 022 037 022 028
MgO 772 771 6.83 628 7.02 680 7.61 717 787 7.88| 6.07 6.35 694 730 729 801 6.02 7.07 804 576
CaO  11.98 12.17 1231 13.62 12.95 1442 1246 14.02 11.77 11.89| 10.83 10.66 11.38 15.02 12.57 12.38 12.74 11.47 11.78 9.83
NapO 194 188 167 1.83 194 191 189 1.8 209 173 1.8 233 161 146 237 138 247 200 187 242
K>0 0.15 0.17 093 038 045 026 0.06 002 028 0.08 030 0.56 075 112 003 0.14 017 0.11 021 0.74
Py05 0.07 0.07 0.12 0.10 0.08 008 0.10 0.09 0.08 008 024 016 012 0.13 0.10 0.09 0.13 0.08 0.09 0.17
LOI 0.08 026 1.06 0.74 000 045 0.00 000 0.00 0.00{ 077 0.16 062 1.24 002 0.04 058 0.00 0.00 1.01
Total 99.49 99.81 99.31 100.07 99.49 100.28 100.78 100.65 100.13 99.87| 99.05 99.54 99.71 99.97 99.90 99.91 99.74 99.56 99.57 99.84

Trace elements in ppm

Zr 51 57 102 62 55 49 56 52 51 52| 127 114 65 60 43 52 70 69 61 126
Li 11.3  10.5 67 188 109 170 187 198 151 189| 10.6 9.7 75 174 211 19.0 145 20.1 136 9.3
Sc 56.9 59.7 55.9 570 51.6 584 60.1 522 56.4 55.4| 50.7 534 609 542 56.7 550 51.2 532 526 458
\Y% 373 368 390 407 347 333 383 366 339 377 372 391 397 311 385 367 382 377 365 421
Co 572 56.1 63.7 59.6 56.6 60.3 614 55,7 57.1 61.6| 548 56.3 643 53.9 603 608 581 573 541 62.2
Ni 95.0 934 829 847 979 66.2 114 113 944 106| 59.6 580 976 772 119 124 803 120 122 613
Cu 98 153 156 16 116 15 426 98 131 83| 385 41 50 8 114 35 216 66 158 152
Zn 122 114 117 117 111 98 125 102 109 129 133 122 134 92 121 150 102 108 112 126
Ga 155 152 157 176 157 132 16,5 157 144 15.6| 164 19.7 193 146 18.0 157 158 164 154 205
Rb 3.18 3.40 2537 6.67 6.86 6.02 055 046 142 0.67| 513 145 144 470 049 183 0.86 206 237 227
Sr 122 138 167 128 161 190 74 144 127 178 238 182 179 154 174 116 195 95 158 227
Y 21.8 224 270 292 206 205 255 203 205 208 313 339 333 216 244 268 281 216 21.2 303
Zr 29.0 29.7 492 56.1 267 286 332 268 319 321 628 114 571 481 30.5 308 439 444 368 126
Nb 1.76 1.83 3.01 3.07 212 1.25 456 1.54 1.71 1.81| 923 494 486 454 202 224 267 350 273 749
Cs 0.070 0.040 0.074 0.229 0.238 0.084 0.084 0.035 0.048 0.066| 0.043 0.151 0.094 0.332 0.045 0.074 0.072 0.094 0.067 0.269
Ba 154 141 632 142 162 118 136 55 186 115 175 200 308 291 220 146 314 87 136 199
La 1.73 221 380 354 271 118 193 171 209 217| 828 7.66 572 433 350 692 620 4.02 3.55 6.02
Ce 6.0 74 10.0 9.9 8.1 4.0 6.8 5.8 5.5 56| 240 178 163 11.9 8.0 9.1 134 9.7 9.7 15.7
Pr 111 127 174 165 131 080 122 1.16 1.01 1.09| 3.73 288 257 169 158 191 241 168 1.60 2.53
Nd 6.18 6.87 9.15 846 6.77 4.67 6.53 697 563 6.23| 181 13.8 122 819 825 9.30 122 825 810 128
Sm 219 229 3.04 290 222 1.8 227 269 205 228 496 412 381 249 279 286 3.72 251 256 3.98
Eu 0.84 087 1.09 099 084 070 0.83 1.07 081 088 1.59 1.40 1.10 0.86 1.01 095 134 091 095 141
Gd 3.02 314 408 374 295 264 352 355 289 3.16| 566 4.83 450 3.25 349 399 469 3.38 339 4.66
Tb 0.566 0.582 0.748 0.701 0.535 0.517 0.694 0.597 0.545 0.576| 0.966 0.867 0.843 0.581 0.635 0.699 0.813 0.616 0.596 0.825
Dy 3.86 3.99 504 451 361 363 473 376 3.77 3.85| 6.13 540 536 3.89 392 4.64 526 4.01 388 5.11
Ho 0.84 088 1.08 097 078 081 1.00 078 082 082 127 1.12 112 0.84 080 098 1.11 083 0.82 1.04
Er 242 250 3.02 279 219 238 278 214 236 226 356 320 317 236 229 269 3.07 227 224 292

Tm 0.371 0.387 0.455 0.408 0.337 0.364 0.411 0.320 0.360 0.340| 0.533 0.463 0.449 0.361 0.324 0.399 0.458 0.335 0.333 0.418
Yb 250 259 3.02 263 229 242 268 211 242 224 356 292 286 242 203 256 3.07 218 221 2.64
Lu 0.381 0.393 0.452 0.392 0.343 0.362 0.387 0.306 0.371 0.332] 0.536 0.434 0.417 0.362 0.300 0.383 0.463 0.324 0.328 0.391

Hf 1.07 111 170 156 1.01 1.08 123 099 1.11 1.14| 199 286 157 148 097 114 147 138 126 296
Ta 0.096 0.097 0.185 0.160 0.117 0.070 2.502 0.081 0.103 0.088] 0.539 0.282 0.211 2.168 0.100 0.124 0.162 0.179 0.151 0.405
Pb 106 722 744 3.04 382 105 3.89 275 11.19 4.62| 9.18 1140 441 730 444 107 253 275 9.79 3.50

Th 0.008 0.011 0.093 0.292 0.027 0.007 0.015 0.032 0.027 0.131] 0.036 0.644 0.231 0.379 0.021 0.093 0.092 0.131 0.054 0.372
U 0.003 0.003 0.060 0.110 0.014 0.010 0.010 0.010 0.012 0.035] 0.023 0.233 0.056 0.277 0.023 0.021 0.085 0.018 0.015 0.160
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2.4.4 U-Pb SHRIMP zircon ages

Zircons were separated from three eclogite samples with MORB-like chemistry: T21-8-04
and T25-1-04 (from Ikola-Karema village) and sample T58-1-04 (from Mgambo village;
Fig.). Zircons of T21-8-04 and T25-1-04 are irregular in shape with resorbed margins.
The CL images display domain zones or a uniform composition. The grains are not over-
grown by rims (Fig.2.10A&B). Zircons of sample T58-1-04 are rounded to subrounded
with dark luminescent cores, which are surrounded by light luminescent rims (Fig.[2.10C).

6.1 (Th/u=1.26)

A 2.1 (Th/u=1.39)

6.2
(Th/U=032)

6.3 (Th/U=0.01)
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Zircon, eclogite

Zircon, eclogite 100 pm Zircon, eclogite 50 um
T21-8-04, Karema

T25-1-04, Karema —— T58-1-04, Mgambo

100 ym

Figure 2.10: CL images of eclogite zircons A&B: Zircons without overgrown rims from two mylonitic
eclogites (T21-8-04, T25-1-04) of Tkola-Karema village, dark and light grey domains of zircon A yield the
same Paleoproterozoic age, zircon B has low U contents. C: Zoned zircon from an eclogite of Mgambo
village; the young Pan-African rim overgrowing the old Paleoproterozoic core is interpreted to be formed
during mylonitization.

The domains of zircons in sample T21-8-04 have U contents (12-172 ppm) and Th
contents (2-189 ppm), which give Th/U ratios that range between 0.17 and 1.34 (Tab.[2.4)).
Zircons of sample T25-1-04 have very low U contents, therefore this sample was not suitable
for dating. Zircons of sample T58-1-04 have cores with U contents (42-496 ppm) and Th
contents (2.5-1016 ppm), which give Th/U ratios that range between 0.06 and 2.05. Their
rims have U contents (5-43 ppm) and Th contents (0.05-8 ppm) giving very low Th/U
ratios between 0.01 and 0.50 (Tab.. Th/U ratios in zircons were proposed by
to be useful to distinguish metamorphic (low ratios) from magmatic zircons(high
ratios). However, [Harley et al|(2007) argued that a low Th/U ratio is not a good criterion
for metamorphic zircons by referring to the studies of |Carson et al, (2002), |[Moller et al.
and [Kelly & Harley| (2005) in which high U/Th ratios (>0.15 and up to 3.2) were
recorded from metamorphic zircons. Nonetheless, generally metamorphic zircons have
low Th/U ratios (Harley et al. 2007)), supporting the interpretation that the zircons of the
Ubende terrane eclogites are metamorphic in origin. This is in accordance with the absence
of a magmatic growth zoning in most samples (e.g., |Corfu et al., 2003)). Whereas zircons
from two samples (T21-8-04 and T25-1-04) have no rim overgrowths, zircons of sample
T58-1-04 from Kungwe bay have a pronounced rim (Fig.[2.10C). This metamorphic rim
is attributed to the late stage amphibolite- to granulite-facies mylonitisation that affected
the mylonitic and retrogressed eclogites after the subduction, during a later orogenic event
(see below).
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Six points from different zircon grains which were analyzed from eclogite T21-8-04, plot
very near to the concordia (Fig.[2.11]A) and give a concordant age of 1866+14 Ma. This
age is interpreted as the age of the subduction zone metamorphism in the Ubende terrane.
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Figure 2.11: Concordia diagrams with U-Pb SHRIMP analyses of zircons from group I eclogites of
MORB geochemistry. A: A concordant age of eclogite T21-8-04 from Ikola-Karema village. B: Discordant
and concordant ages of sample T58-1-04 from Mgambo village. C: A zoom of the concordant core age from
B. D: A zoom of the concordant rim age from B.

A total of 18 points (11 cores, 7 rims) were analyzed from zircon grains of sample T58-1-
04 (Tab.2.4 and Fig.2.11B). The core analyses vary from concordance to discordance. The
discordant analyses plot linearly, cutting the concordia at 1854426 Ma (upper intercept)
and at 566+71 Ma (lower intercept). These intercept ages are similar to those of the concor-
dant core points at 18864+16 Ma and the concordant rims at 596+41 Ma (Fig.[2.11B). The
ages at 188616 Ma and 1854426 Ma are considered to reflect the eclogite metamorphism
and are similar to that of sample T21-8-04 discussed above. The younger metamorphic
ages (596+41 Ma and 566+71 Ma) are considered to reflect the mylonitic overprint dur-
ing Pan-African time, an age that has also been found in overgrown rims in monazites of
associated mylonitic metapelites (chapter 1).
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2.5 Geochronology of metapelites and mafic granulites

Zircon from five metasediment samples of the Ubendian belt was dated to get informa-
tion about the age of regional metamorphism in the Ubendian belt. The dated samples
were taken from the Ubende, Katuma, Ufipa and Wakole terranes to prove whether these
terranes might have different geological histories (Tab. and Fig.. In addition, zir-
con of one mafic granulite of the Katuma terrane was dated to get information about the
relationship between magmatism and metamorphism during the Paleoproterozoic crustal
evolution.
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As it turned out that the Ubendian rocks were affected by up to three orogenic cycles, it
seemed necessary to expand the data set of radiometric ages and to cover regionally a large
part of the Ubendian belt between Mgambo in the NW and Mbeya in the SE (Fig.[2.12).
The Th-U-total Pb method of in-situ chemical dating of monazite was chosen as monazite
is more sensitive than zircon to recrystallization and resetting during later orogenic events
affecting already high-grade metamorphic rocks.

The samples of the Wakole terrane turned out not to be affected by a Paleoproterozoic
metamorphic event. These samples will not be discussed here but in a separate paper on
the Kibaran imprint in the Ubendian belt.
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2.5.1 Sample localities
All dated zircons and monazite samples (together 10) and their mineral assemblages are

listed in Tab.2.5

Table 2.5: Mineral assemblages of metapelites and mafic granulites from different terranes of the Ubendian
belt, from which zircon and monazite ages have been determined.

Sample Mineral assemblage Rock type

Metapelites

Ufipa Terrane

T22-1-06 Grt-Sil-Bt-P1-Kfs-Qtz-Crd Medium grained gneiss, Crd occurs in matrix and forms
coronas around Grt

T28-4-06 Grt-Ky-Bt-Ms-Pl-Qtz Medium grained mica schist

T108-11-04 Grt-Ky-Bt-Ms-P1l-Qtz Medium grained gneiss with Grt porphyroblasts

T108-15-04 Grt-Ky-Bt-Ms-Pl-Qtz Medium grained gneiss with Grt porphyroblasts

T132-1-04 Grt-(Ky)-Sil-Bt-Pl-Kfs-Qtz Medium grained gneiss; Ky is included in Grt

Sil occur in the matrix

Ubende Terrane
T21-2-04 Grt-Ky-Bt-Pl-Qtz-[Ms] Mylonite with Grt and Ky porphyroclasts in a fine
grained matrix of Pl-Qtz-Bt and late-stage Ms

T45-3-04 Grt-Ky-Bt-Pl-Qtz-Hbl-Scp Mylonite with Grt and Ky porphyroclasts
in a fine matrix of Pl-Qtz-Bt-Hbl-Scp

Mbozi Terrane
T1-1-06 Grt-(Ky)-Sil-Bt-PL1-Kfs-Qtz Mylonite with Grt porphyroclasts; Ky is included in Grt
Sil occurs in the matrix

Katuma Terrane
T89-1-04 Grt-Bt-P1-Ms-Qtz Mica schist with Grt porphyroblasts

Mafic granulite
Katuma Terrane
T73-1-04 Cpx-P1-Grt-Qtz-Hbl-Ilm Fine grained mafic granulite, massive texture

(Ky)= early-stage mineral, [Ms]=late-stage mineral

In the Ubende terrane, metapelites are very rare. At both sample localities (T21-2-04,
river section near Karema and T45-3-04 near Mgambo; Fig. the metapelites display a
mylonitic texture (Fig.[2.3B), indicating a late-stage overprint pointing to a possible poly-
metamorphic evolution. Sample T45-3-04 (Mgambo) is hornblende-kyanite-garnet bearing
and lacks monazite. Metapelites form mappable lenses (10 to 100 m) within felsic gneisses
and eclogites (Sutton et al., [1954)). At Karema the metapelites form meter-scale layers
between mylonitic eclogites and garnet-clinopyroxene gneisses.

In the Ufipa terrane, metapelites are much more common. In the northern part of the
terrane (near Chizi and Tambaruka; Fig., where they occur in association with eclogite
lenses, they contain kyanite-muscovite-garnet (T28-4, T108-11, T108-15-04; Tab.. In
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contradistinction, in the southern Ufipa terrane metapelites contain sillimanite, K-feldspar,
cordierite and garnet (T22-1-06 and T132-2-04), indicating higher temperatures and lower
pressures than in the north.

In the Mbozi terrane, the dated mylonitic garnet-sillimanite-gneiss (T1-1-06) crops out
in association with abundant mafic granulites and quartzites near the Mbeya-Tunduma
road. Here, similar P-T conditions as in the southern Ufipa terrrane seem to have prevailed.

The Katuma terrane samples are a garnet-biotite-muscovite-plagioclase-quartz schist
and a garnet-bearing mafic granulite (Tab.. Fine grained mafic granulites dominate in
the area and metapelitic gneisses crop out only locally.

2.5.2 U-Pb SHRIMP zircon ages

Three of the four metapelite samples have zircons with oscillatory zoned cores which are
overgrown by metamorphic rims (Fig.. Oscillatory growth zoning is normally inter-
preted as a magmatic texture (Corfu et al., [2003)). Zircon cores have Th/U ratios ranging
between 0.32 and 2.01, which are higher than the Th/U ratios in the rims (0.01-0.06;
Tab.. High Th/U ratios and growth zoning in zircon cores point to their inheritance
from old magmatic zircons.

In the Ufipa terrane, the zircon of metapelite T108-11-04 is unusual as it contains
no magmatic oscillatory zoned core. Rim and core show a weak luminescence in CL
pictures (Fig.2.13]A) and yield a common concordant age at 1901+£37 Ma (Fig.2.14A).
Zircon of metapelite T132-1-04 gives a concordant metamorphic rim age at 1949416 while
the cores are discordant with an upper intercept age at 2087413 Ma and a poorly defined
lower intercept age at 46581 Ma (Fig.2.14E). The two discordia intercept ages reflect a
Neoproterozoic reworking of Paleoproterozoic detrital zircon cores.

In the Katuma terrane, metamorphic zircon rims of metapelite T89-1-04 give a con-
cordant age at 190014 Ma, whereas the oscillatory zoned cores point to detrital mag-
matic protolith ages of 2.4-2.2 Ga (Fig.[2.14B). Zircons of the mafic granulite (T73-1-04;
Fig.) differ in internal textures from the metapelitic zircons: the core shows a weak
oscillatory zoning and is little luminescent. Core and rim analyses are slightly discordant
and plot together near the upper discordia intercept at 1977+40. During the Kibaran
(12064340 Ma, lower intercept) the isotopic system was disturbed (Fig.[2.14D).

In the Ubende terrane, zircon rims and cores of a mylonitic garnet-kyanite metapelite
(T45-3-04) of the Ubende terrane yield slightly different ages from the Ufipa and Katuma
terranes discussed above (Fig.2.14C). Two analyses from the cores are concordant at
1817426 Ma, whereas other core analyses suffered Pb loss and plot discordantly with a big
error at the lower intercept 1119480 Ma and upper intercept at 2151+130 Ma (Fig.[2.14[C).
However, the zircon rims give a concordant well defined age at 10934+10 Ma.

The data presented above allow to constrain the age of the Paleoproterozoic meta-
morphism in the Ubendian belt. The metamorphic zircon rims of the Ufipa and Katuma
terrane metapelites give ages at 1900+14 Ma, 1901437 Ma and 1949+16 Ma. The last age
is the best constrained one (10 points). The zircons of a meta-igneous rock (mafic granulite
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T73-1-04) are slightly discordant indicating a magmatic crystallization age slightly older
than the age of metamorphism in the Ufipa and Katuma terranes (19774+40 Ma).

The few concordant data points at 1817426 Ma from a metamorphic zircon of a
metapelite of the Ubende terrane seem to indicate that in this terrane the metamorphism
might be younger than in the other terranes. This interpretation is supported by monazite
ages that are discussed later.

Late-stage isotopic disturbance of Paleoproterozoic zircons during the Kibaran event
is recorded in the mafic granulite of the Katuma terrane and metapelitic zircons of the
Ubende terrane. The age of this overprint event has been dated at 1093+10 Ma in the
Ubende terrane (Fig.[2.14C) and corresponds to metamorphic ages found in the adjoining
Wakole terrane (to be discussed in a separate paper). A second overprint recorded in the
zircon data that occurred during the Pan-African time, has been found in the Ufipa terrane
(poorly defined at 465481 Ma) and in the Ubende terrane at 596+41 (T58-1-04, eclogite).
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(Th/U=0.16)

22
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Figure 2.13: Representative textures and Th/U ratios of zircons from metapelites (Ufipa, Katuma
terranes) and a mafic granulite (Katuma terrane). A: Metamorphic zircon with irregular domains and low
Th/U ratios. B&C: Oscillatory zoned zircon core overgrown by dark luminescent rims which have lower
Th/U ratios than the cores. D: Weakly zoned zircon core from a mafic granulite with overgrowth rim of
indistinguishable age.
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Figure 2.14: Concordia diagrams with U-Pb SHRIMP analyses of zircons from metapelites and one mafic
granulite of the Ubendian belt.
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Table 2.6: SHRIMP U-Pb zircon data of metapelites and a mafic granulite, Ubendian belt.

No. U Th %h 2;1:{}1 206Pb (%) Azg%i-ent age (Ma) %* (‘,TL;OI" 2;55})* CI‘(;OT 2:3751:)[})* cro;or disc.
(ppm) | (ppm) comm. Ph 2;’;'8%}) (%) (%) (%) (%)
T108-11-04
1.1 174 37 0.21 0.22 0.06 | 1878+19 188558 | 0.115 1.1 0.34 3.5 5.38 3.7 0
1.2 158 44 0.28 0.29 1985+28  1931+£59 | 0.122 1.6 | 0.349 3.5 5.87 3.8 3
2.1 181 20 0.11 0.12 0.98 | 1817+41  1928+59 | 0.111 2.3 0.349 3.5 5.34 4.2 -6
2.2 290 47 0.16 0.17 0.13 | 1903+£16  1944+59 | 0.117 0.91 | 0.352 3.5 5.65 3.6 -2
T132-1-04
rim
1.1 433 7 0.02 0.02 0.01 1966+9  1940£80 | 0.121 0.48 | 0.351 4.8 5.84 4.8 1
3.1 475 10 0.02 0.02 0.10 | 19454+11  1728+71 | 0.119 0.64 | 0.307 4.7 5.05 4.7 13
3.2 379 7 0.02 0.02 0.20 | 1953£15  1943£79 | 0.120 0.82 | 0.352 4.7 5.81 4.8 1
4.2 469 7 0.01 0.01 0.03 | 1973+15  1954+£79 | 0.121 0.82 | 0.354 4.7 5.91 4.8 1
4.3 490 8 0.02 0.02 —| 1953£13  2023£81 | 0.120 0.72 | 0.369 4.7 6.09 4.7 -4
5.1 421 13 0.03 0.03 0.18 | 1935+12  1868+76 | 0.119 0.64 | 0.335 4.7 5.49 4.7 4
6.2 337 19 0.06 0.06 0.09 | 1899+15  1866+77 | 0.116 0.84 | 0.336 4.7 5.38 4.8 2
7.3 458 7 0.02 0.02 0.07 | 19514+16  1981+£80 | 0.120 0.88 0.36 4.7 5.93 4.8 -1
7.2 544 5 0.01 0.01 0.11 | 1967+£10  1770+73 | 0.121 0.58 | 0.316 4.7 5.25 4.7 11
core
2.1 113 64 0.57 0.59 0.05 | 208617  1653+75 | 0.129 0.96 | 0.294 4.7 5.24 4.8 25
4.1 307 615 2.01 2.07 0.39 | 1968+17 179482 | 0.121 0.94 | 0.259 4.7 4.31 4.8 33
6.1 117 58 0.49 0.51 0.29 | 2066+£23  2052+88 | 0.128 1.3 0.374 4.7 6.59 4.9 1
7.1 85 72 0.85 0.88 0.38 | 2101+£23 2297+100 | 0.130 1.3 | 0.427 4.7 7.67 4.9 -8
8.1 446 258 0.58 0.60 0.02 33967 3025+120 | 0.286 0.45 | 0.598 4.7 23.6 4.7 12
9.1 513 166 0.32 0.33 0.42 | 2041+£22  2084+87 | 0.126 1.2 0.38 4.7 6.59 4.9 -2
10.1 375 362 0.96 1.00 0.08 | 2149+11  2033+93 | 0.134 0.62 | 0.372 4.7 6.86 4.7 5
11.1 1230 687 0.56 0.58 0.04 | 2124+14  1953£85 | 0.132 0.77 | 0.353 4.7 6.42 4.8 9
12.1 338 417 1.23 1.28 0.07 | 2103+12 21294100 | 0.130 0.67 | 0.393 4.7 7.07 4.7 -2
13.1 369 189 0.51 0.53 0.01 | 2586£7.7 2665110 | 0.173 0.46 | 0.512 4.7 1221 4.7 -3
T73-1-04
rim
1.1 822 185 0.22 0.23 0.17 | 1942410  1909+10 | 0.119 0.55 | 0.345 0.62 | 5.657 0.83 2
3.1 407 124 0.30 0.31 0.03 | 1879+12  1800+10 | 0.115 0.66 | 0.322 0.65 | 5.105 0.93 4
4.1 357 88 0.25 0.26 0.12 | 18764+21  1883+11 | 0.115 1.20 | 0.339 0.69 | 5.368 1.4 0
core
1.2 242 137 0.57 0.58 0.08 | 1962+15  1918+13 | 0.120 0.85 | 0.347 0.78 | 5.752 1.2 2
3.2 222 107 0.48 0.50 0.26 | 193619  1887+13 | 0.119 1.10 | 0.340 0.79 | 5.564 1.3 3
4.2 253 138 0.55 0.56 —| 1948£13  1944£12 | 0.119 0.75 | 0.352 0.74| 5.799 1.1 0
5.1 343 134 0.39 0.40 0.09 | 1952+13  1923+11 | 0.120 0.74 | 0.348 0.69 | 5.737 1 1
T89-1-04
rim
1.1 671 13 0.02 0.02 0.11 | 1911+£11  1848+56 | 0.117 0.63 | 0.332 3.5 5.36 3.6 3
2.2 684 29 0.04 0.04 0.07 | 19114+11  1857+£56 | 0.117 0.62 | 0.334 3.5 5.39 3.5 3
3.1 653 20 0.03 0.03 0.10 | 1888+12 180555 | 0.116 0.65 | 0.323 3.5 5.15 3.5 5
core
1.2 169 139 0.82 0.85 0.09 | 2148+18  2094+£63 | 0.134 1.00 | 0.384 3.5 7.08 3.7 3
2.1 122 122 1.00 1.03 — | 2358417  2245+67 | 0.151 1.00 | 0.417 3.5 8.68 3.7 5

*common Pb corrected by using measured 2°*Pb

2.5.3 Th-U-total Pb CHIME monazite ages

In-situ, monazite CHIME dating was performed on five metapelite samples of the Ufipa,
Ubende and Mbozi terranes, parallel to zircon SHRIMP dating, to optimize the search for
metamorphic overprints on the Paleoproterozoic Ubendian rocks. This technique has been
successfully applied in assessing and dating the polyphase tectono-metamorphic evolution
of rocks (e.g. [Dahl et al., 2005; |Williams et al., 2006; Braun & Appel, [2006; |Jons et al.,

2006).
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Ufipa terrane

Three gneissic metapelites (T108-15-04, T22-1-06 and T28-4-06) of the Ufipa terrane were
selected for monazite dating. Sample locations are given in Fig.[2.12| and mineral assem-
blages in Tab.[2.5] Monazites from these rocks occur as discrete matrix crystals with sizes
up to 120 gm. Only in one metapelite (T28-4-06) monazite was also found as inclusion in
garnet.

The BSE images show that monazites of the two metapelites T108-15-04 and T22-1-
06 have cores overgrown by rims (F ig.&:C). Monazites of sample T108-15-04 have
higher Y-HREE concentrations in the rims (dark) than in the cores (Fig.[2.16A). However
an opposite distribution of Y-HREE exists in monazite of sample T22-1-06 (Fig.[2.16B) in
which the monazite cores have higher Y-HREE concentrations than the (light) rims.
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Among the minerals present in these metapelites, garnet takes a big budget of Y-
HREE of the whole rock (Pyle et al|,2001)). Therefore differential depletion of Y-HREE in
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monazite cores and rims reflect the garnet and monazite growth relations during metamor-
phism. Monagzite cores of sample T108-15-04, with less Y-HREE than that of the overgrown
rims (Fig.), might have grown together with garnet that took most of the
Y-HREE. Later, garnet started to be consumed and released some Y-HREE, which there-
fore rise in the monazite rims (Fig.[2.16/A). The opposite process seems to have operated in
sample T22-1-06. In this case Y-HREE poor monagzite rims grew together with the garnet
(Fig.[2.15C). The brabantite substitution vector, Ca+(Th,U) = 2REE, was dominant in
both, monazite cores and rims, whereas the huttonite substitution vector, (Th,U)+Si =
REE+P, was not important (Fig.&D). However, some points show operations of hut-
tonite and brabantite substitution in the monazite cores of sample T108-15-04 (Fig.[2.16B).
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The distribution of apparent ages in monazite grains reveal Paleoproterozoic monazite
cores overgrown by Neoproterozoic rims in both Ufipa samples (Fig.&D). The cal-
culated isochrons yield the ages of 1868+55 Ma (cores) and 578+66 Ma (rims) for sample
T108-15-04 (Fig.2.17A&B) and the ages of 1904452 Ma (cores) and 551+£63 Ma (rims)
for sample T22-1-06 (Fig.2.17C&D). The Paleoproterozoic monazite ages corroborate well
with the SHRIMP zircon ages of metapelites T108-11-04, T89-1-04 and T132-2-04 with
ages between ca. 1950 and 1900 Ma (Fig.&F). However, the Neoproterozoic rim age
was not recorded in zircon. This demonstrates that CHIME dating of monazite is a neces-
sary tool to be applied when overprinting events have to be deciphered in polymetamorphic
terranes.

Matrix grains and monazite inclusion in garnet of garnet-kyanite-biotite-muscovite
schist T28-4-06 from the northern Ufipa terrane are not zoned and they give an isochron
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age of 539+56 Ma with a weighted mean age at 566+8 Ma (Fig.&:F). In this case gar-
net grew during Pan-African time as it includes Pan-African monazite. Possible Eburnian
parts of the monazite grains were completely erased.
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Figure 2.17: PbO vs ThOy* monazite isochrons and the corresponding weighted mean ages of three Ufipa
terrane metapelitic samples. Monazite cores have Paleoprotezoic ages that are overgrown by Neoproterozoic
rims. Isochron error is at 20 and the weighted mean age error is at 1 0.
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Ubende terrane

Microprobe monazite dating was done on a mylonitic garnet-kyanite gneiss (sample T21-
2-04) from the Ubende terrane (Karema area; Fig.. The mineral assemblage is given
in Tab.2.5] Monazite occurs in the rock matrix and as inclusion in garnet. The matrix
monazite grains are composed of cores, inner rims (mantles) and outer rims (Fig.[2.18A).
Monazite inclusions in garnet are composed of core and rims (Fig.[2.18C). The cores of
monazite, both matrix and inclusions in garnet, have higher Y-HREE contents than their
rims (Fig.[2.19/A), which points to a synchronous growth of monazite rims and coexisting
garnet and a growth of monazite cores in the absence of garnet. The brabantite substitu-
tion vector, characterizes the chemistry of monazite cores and rims, whereas the huttonite
substitution vector, was not important (Fig.[2.19B). However, some analyses show inter-
mediate operations of huttonite and brabantite cores and matrix.

Ap.age
(Ma)

1012 Ma 2460
o * 1046 Ma

1640

820
T21-2-04,
- -Matrix

2193
1001, Ma

1462

731

T21-2-04
incl.in Grt

Figure 2.18: Monazite textures and maps of apparent ages of Ubende terrane metapelites. A: BSE image
of matrix monazite of garnet-kyanite mylonite T21-2-04, Ubende terrane near Karema. A patchy textured
core of Paleoproterozoic age is surrounded by a dark luminescent mantle (Mesoproterozoic and locally by
a light luminescent outer overgrowth of Neoproterozoic age. B: Apparent age map for monazite A. C: BSE
image of monazite inclusion in garnet indicating zones with Paleoproterozoic and Mesoproterozoic ages
only. Neoproterozoic overgrowths like on matrix monazite grains, are missing. D: Apparent age map for
monazite C.
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The apparent age map of the matrix monazite shows three different ages from the core,
mantle and a partial outer rim, whereas the monagzite inclusion in garnet reveal only two
ages from core and mantle (Fig.&D). Consequently, three separate isochrons have
been calculated for the different zones of the grains. The monazite core yields an age of
1807428 Ma (matrix and inclusions in garnet), the dark mantle around the core of matrix
monazite and the rim around the core of monazite inclusions in garnet give together an
age of 1177462 Ma. The outermost overgrown rim of the matrix monazites yield an age

of 622479 Ma (Fig.220A&B).
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Figure 2.19: Composition of monazite. A: REE+Y patterns, normalizing values (McDonough & Sun|
1995). B: Plot of REE+Y+P vs. Th+U+Si showing brabantite and huttonite vectors.
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Figure 2.20: PbO vs ThOy* monazite isochrons and the corresponding weighted mean ages A: Three
monazite ages in a mylonitic metapelite of the Ubende terrane near Karema. B: Weighted mean ages from
A. Isochron error is at 20 and the weighted mean age error is at 1o.
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Mbozi terrane

In contrast to the metapelitic monazites of the Ubende and Ufipa terranes, monazites from
the Mbozi terrane (T1-1-06) do not have complex textures. The BSE images are uniformly
dark luminescent (Fig.[2.15E). A single Paleoproterzoic age at 1806+35 Ma was obtained,
the corresponding weighted mean age is 181447 Ma (Fig.[2.20A&B). This age is similar
but somewhat younger than the Paleoproterozoic metamorphic ages obtained from zircons
and monazites of the Ubende terrane.
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Figure 2.20: PbO vs ThO2* monazite isochrons and the corresponding weighted mean ages. A: Isochron
monazite age of the Mbozi terrane metapelite T1-1-06. B: Weighted mean ages from A. Isochron error is
at 20 and the weighted mean age error is at 1o.
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Table 2.7: Representative monazite compositions of the Ubendian belt metapelites.

Sample T22-1-06  T22-1-06 T21-2-04  T21-2-04 T21-2-04 T1-1-06
No. 195¢0re 1937'im 35core 1227'im 587'im 21
Si04 0.19 0.31 2.05 0.33 0.67 0.24
P>05 30.39 30.27 27.72 29.83 30.75 29.76
Al, O3 b.d.1 b.d.1 0.07 0.01 0.022 0.006
MgO 1.66 2.03 0.63 1.98 1.01 0.71
ThO, 5.24 5.54 8.94 4.42 4.70 3.27
UO2 0.28 0.21 0.01 0.08 0.08 0.01
PbO 0.53 0.15 0.71 0.21 0.14 0.26
Las O3 13.18 13.84 12.85 17.26 16.68 14.39
Ce203 25.88 27.72 28.51 29.96 29.61 31.52
Pry03 3.02 3.15 3.30 2.89 3.16 3.43
Nd2O3 10.86 11.87 13.50 10.92 11.45 13.52
Smy O3 1.75 1.96 1.40 1.08 1.75 1.62
Eus03 0.35 0.15 b.d.1 b.d.l 0.19 b.d.l
Gd203 1.67 1.42 0.51 0.42 1.01 0.94
Dy20Os3 0.88 0.21 b.d.1 b.d.1 b.d.1 b.d.1
Y503 3.93 0.88 0.20 0.04 0.25 0.28
Ery03 0.28 0.04 0.04 b.dl 0.03 0.03
Total 100.08 99.74 100.42 99.42 101.50 99.96
Si 0.007 0.012 0.081 0.013 0.025 0.009
P 0.992 0.994 0.932 0.988 0.993 0.991
Al b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l.
Ca 0.069 0.084 0.027 0.083 0.041 0.030
Th 0.046 0.049 0.081 0.039 0.041 0.029
U 0.002 0.002 0.000 0.001 0.001 0.000
Pb 0.006 0.002 0.008 0.002 0.002 0.003
La 0.188 0.198 0.188 0.249 0.235 0.209
Ce 0.366 0.394 0.414 0.429 0.414 0.454
Pr 0.042 0.045 0.048 0.041 0.044 0.049
Nd 0.150 0.164 0.191 0.153 0.156 0.190
Sm 0.023 0.026 0.019 0.015 0.023 0.022
Eu b.d.l b.d.l b.d.lL b.d.l b.d.l b.d.l
Gd 0.021 0.018 0.007 0.006 0.013 0.012
Dy b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l.
Y 0.081 0.018 b.d.l. b.d.l. b.d.l b.d.l
Er b.d.l b.d.L b.d.l b.d.L b.d.L b.d.L
Total 2.011 2.012 2.003 2.019 1.996 2.004
XLREE 0.763 0.825 0.872 0.871 0.895 0.920
XHREE 0.036 0.021 0.007 0.005 0.013 0.012
X Hut -0.015 -0.032 0.062 -0.040 0.002 0.002
XBrb 0.136 0.168 0.054 0.163 0.085 0.059
Xy ro, 0.080 0.018 0.004 0.001 0.005 0.006
Xgdpro, 0.021 0.018 0.007 0.005 0.012
App. age 1910426 566+18 1805+19 1155428 674130 1823+27

Cation calculations: oxygen=4 and b.d.l. = below detection limit.
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2.6 Conclusions

2.6.1 Paleoproterozoic subduction of oceanic crust

Petrological, geochemical and geochronological data of the eclogites in the Ubende terrane
of the northwestern part of the Ubendian belt indicate the closing of a Paleoproterozoic
ocean along the SW margin of the Tanzania craton. The Ubende terrane eclogites have
MORB-like chemistry and have been subducted between 1886+16 Ma and 1866+14 Ma.
The subduction of oceanic crust during the Ubendian orogeny is about 120 Ma younger
than the 2.0 Ga subduction in the Usagaran belt at the eastern margin of the Tanzania
craton (Moller et al. 1995). The oldest known MORB-like chemistry eclogites (2093145
Ma) occur at the western margins of the Congo craton in the Nyong complex of Cameroon
(Loose, 2007)).

The occurrence of MORB-like chemistry eclogites in the Ubendian-Usagaran belt and
Nyong complex unequivocally advocate the idea that plate tectonics already operated on
planet Earth in the Paleoproterozoic Era, apparently in a similar fashion as in the modern
Earth.

Despite the intensive mylonitization of eclogites, garnet porphyroclasts preserved pro-
grade inclusions of omphacitic pyroxene, sodic plagioclase and quartz, which give clues to
the prograde part of the subduction. A subduction path with a geothermal gradient of
less than 13°C/km through amphibolite to eclogite facies was followed. A minimum peak
pressure of 15 kbar was obtained from partially retrogressed eclogite-facies minerals.

The mylonitic overprint in the eclogites of the Ubende terrane occurred later at deep
crustal levels under upper amphibolite- to granulite-facies conditions of about 680-750°C/
10-11 kbar. Overgrown zircon rims dated at 596+ 41 Ma are attributed to the mylonitisa-
tion stage of the eclogites. The mylonitic fabrics in the rocks of the Ubende terrane might
have been attained during the Kibaran orogeny and reactivated during the Pan-African
orogeny, because the mylonitic metapelites that are associated with eclogites record Kiba-
ran and Pan-African overgrown rims in monazite and zircon.

2.6.2 Relationships between subduction and regional metamorphism

Metapelites of the terranes that are dominated by mafic metamorphic rocks, Ubende and
Mbozi, yield metamorphic U-Pb zircon and monazite ages of ca. 1820 and 1810 Ma, which
is the anticipated age of the crustal thickening as it postdates the subduction zone meta-
morphism in the Ubende terrane at ca.1890-1860 Ma. However, metapelites and mafic
granulites of the Ufipa and Katuma terranes yield U-Pb zircon SHRIMP and monazite
ages at ca.1980-1900 Ma, which is older than the subduction zone metamorphism. To
explain this phenomenon, two models are suggested:

1. Metamorphism and accretion of the terranes in the Ubendian belt occurred at
different periods. Structurally the Ubende and Mbozi terranes differ from the Ufipa
terrane (Theunissen et al., 1996} Boven et al., 1999), which means they had different
tectonic histories. The presence of a Pan-African suture between the Ubende and
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the Ufipa terrane, which is marked by Neoproterozoic eclogites (chapter 1 and 4),
and the distribution of Kibaran and Pan-African metamorphic ages suggests that
the Ubende came in contact with the Ufipa terrane only Neoproterozoic time.

2. Crustal thickening metamorphism spanned a long period of time from about 1980
to 1810 Ma. Such a long period of time for an orogeny is assumed to be possible in
accretionary orogens (Windley}, [1998)).

2.6.3 Kibaran and Pan-African orogenic impacts in the Ubendian belt

Kibaran (Mesoproterozoic) and Pan-African (Neoproterozoic) reworking processes of the
Ubendian belt rocks were more intensive than previously thought. It was assumed that
reworking occurred only locally and confined along sinistral transpressional shear zones
(Theunissen et all 1992; |Ring), 1993; Lenoir et al., |1994; Theunissen et al. |1996). The
Kibaran orogenic event between 1180-1010 Ma overprinted only the terranes of Ubende,
Katuma and Wakole in the northern Ubendian belt whereas, the Pan-African orogenic
metamorphism (620-540 Ma) imprinted virtually all the terranes of the Ubendian belt.

The Pan-African and Kibaran imprints on the Ubendian belt completely erased the old
monazite cores of some metapelites. The later events erased or masked the chemistry and
textures of early grown of the Ubendian basement rocks, which complicate and hamper
the calculation of metamorphic conditions during different metamorphic imprints.
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Chapter 3

High-grade metamorphism of Kibaran age in the
northwestern Ubendian belt of Tanzania

Abstract

Paleoproterozoic basement rocks are thought to form the northwestern end of the Ubendian
belt in Tanzania that disappears towards the north below a Mesoproterozoic sedimentary cover.
However, in three litho-tectonic terranes of that NW part of the belt, the Wakole, the Ubende and
the Katuma terranes, covering an area of 150x75 km, high-grade metamorphic rocks of Kibaran
age, have been detected by U-Pb SHRIMP dating of zircons and CHIME dating of monazites.
Two phases of Kibaran reworking, separated in time by about 160 Ma (dated at about 1170
and 1010 Ma), have been recognized by distinct growth zones in monazite and zircon. In the
Wakole terrane, which is dominated by metasediments, only Kibaran metamorphic ages have
been found, but no older or younger metamorphic imprint. Mineral assemblages and reaction
textures in Grt-Ky+St-Bt-Ms gneisses (peak at 670-680°C/8.5-8.9 kbar) point to a clockwise
P-T path attributed to Kibaran crustal thickening. In contrast, in the adjoining Ubende and
Katuma terranes, the Kibaran metamorphism affected high-grade basement rocks (eclogites and
granulites) of Paleoproterozoic age that have been overprinted a second time (at least in the
Ubende terrane) during the Pan-African orogeny. The Kibaran overprinting in the Ubende terrane
is due to mylonitization at deep crustal levels (10 kbar 700-750 °C). It seems to terminate at the
southern end of the Ubende and Wakole terranes, where Pan-African eclogites are outcropping.
This terrane boundary is interpreted as a Neoproterozoic suture.

3.1 Introduction

The Kibaran orogenic system of Africa, refers to the Mesoproterozoic orogenic belts as-
cribed to the sutures of the Mesoproterozoic Rodinia supercontinent. The Kibaran orogenic
system includes several orogenic belts of Africa: Kibarides, Irumides, Namaqua-Natal,
Namaqua-Sinclair-Rehoboth (Fig.[3.1). The NNE-SSE oriented Kibaran belt cutting the
NW end of the Paleoproterozoic Ubendian belt formed as the result of the collision be-
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tween the Tanzania craton/Bangweulu block and the Congo-Kasai craton at ca. 1.4-1.1 Ga
(Cahen et al., 1984)).

The Kibaran belt in western Tanzania and Burundi, locally known also as Karagwe-
Ankolean and Burundian belts, hosts rift related mafic-ultramafic magmatic rocks, which
are famous for their potential of hosting Ni and PGE ore deposits (Wadsworth et al.,
1982)). Recently the Kabanga layered intrusion and the Kapalagulu igneous complex (in
the northern Ubendian belt) in Tanzania have been dated by Maier et al. (2007)) at 1403+14
Ma and 1392426 Ma.

In the course of dating metamorphic rocks of the Ubendian belt, Kibaran metamorphic
ages were detected in the terranes of the northeastern part of the Ubendian belt (Wakole,
Ubende and Katuma terranes). Monazite and zircon of the Wakole terrane metapelitic
gneisses show no relicts of Paleoproterozoic metamorphic ages, whereas in the Ubende and
Katuma terranes, the Kibaran event overprinted Paleoproterozoic basement rocks of the
Ubendian belt. It is the aim of the present study to present petrological informations,
U-Pb zircon and monazite data of the newly discovered Kibaran event in the NW part of
the Ubendian belt.

3.2 Geological settings

The Wakole terrane is one of the eight lithotectonic terranes in which the Paleoproterozoic
Ubendian belt has been subdivided by |Daly et al. (1985)). The Wakole terrane trends NW-
SE between the Ubende and Katuma terranes of the Ubendian belt (Fig.|3.2). Biotite-
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garnet-kyanite-schist forms the largest part and is the most characteristic rock of the
Wakole terrane; metaquartzites and garnetiferous hornblende-gneisses are also common
(McConnell, 1950). In the north, lenses of garnet metabasite, amphibolite and amphibole
schist intercalated with kyanite-garnet mica schist and biotite-gneiss occur. In the southern
part of the terrane kyanite-garnet mica schists and gneisses dominate and are interlayered
with amphibolite and quartzite (Smirnov et al., (1970, |[1971; Makyao et all 1997).

The Ubende terrane is dominated by hornblende-rich mafic gneisses that host my-
lonitic eclogites, rare mylonitic garnet-kyanite gneisses and high-pressure felsic garnet-
clinopyroxene granulites. The detailed geology of the Ubende terrane has been described
by [McConnell| (1950)), Sutton et al. (1954) and Nanyaro et al.| (1983).

Migmatitic biotite-plagioclase gneisses are common in the Katuma terrane (Smirnov
et al., |1973). Fine grained mafic granulites and hornblende gneisses crop out in addition.
The 1.4-1.39 Ga Kapalagulu igneous complex (Maier et al., 2007)) cuts the Itiaso Meso-
proterozoic sedimenatry rocks (Wadsworth et al. [1982) overlaying the basement at the
northern end of the Ubendian belt (Katuma terrane) (Fig.|3.2)).

Kapalagulu intrusion
1392426 Ma*

Geological units

Africa
Tanzania Katuma terrane

[] .
| g '
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T45-3-04 ‘ i
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Figure 3.2: Geological map depicting Kibaran metamorphic events in the terranes of Wakole, Ubende
and Katuma in the northern Ubendian belt. * Age of Kapalagulu intrusion (Maier et al., 2007).

The Kibaran belt (termed as Kibaran “Supergroup” by Cahen et al., [1984) is domi-
nated by supracrustal rock assemblages (arenaceous and pelitic metasedimentary rocks).
However, granites of A- and S-type (1330-1260 Ma) and mafic-ultramafic layered intrusions
are present as well (Tack et al.;|1994). Metapelites are represented by chlorite schists, mus-
covite schists, garnet-biotite-sillimanite gneisses, garnet-biotite-sillimanite-kyanite gneisses
and chloritoid schists. In southeastern Congo, orthogneisses associated with these meta-
pelites yield a U-Pb zircon age at 1079+£14 Ma (Kokonyangi et al., 2006).
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The Mesoproterozoic Irumide belt to the southeast of the Bangweulu block experi-
enced a regional metamorphism ranging from greenschist to granulite facies, ultrahigh-
temperature metamorphism (UHT) and migmatisation (Ridigway & Ramsay, |1986; [Schenk
& Appel, 2001; |[De Waele et al.l 2006a). U-Th-total Pb dating of monazite gave an age
for the UHT event at 1046+3 Ma (Schenk & Appel, |2001)), which is consistent with the
zircon SHRIMP data at 1021+£16 Ma, 1018+5 Ma (southwestern Irumide) and 1004+16
Ma (northeastern Irumide) for lower grade rocks (De Waele et al., 2003} 2006b)).

3.3 Analytical techniques

In-situ U-Th-total Pb dating of monazite was performed by using an electron microprobe
"JEOL Superprobe JXA-8900R’ at the University of Kiel, Germany. The Jeol H-Type
spectrometer with reduced Rowland circle for high count rates was used for measurements
of lead, thorium and uranium. Background offsets were selected after long time fine WD
scans of natural monazite. The interference of Th M~y on U M3 was corrected with an
experimentally determined correction factor.

As standard materials synthetic REE orthophosphates (Jarosewich & Boatner) 1991)
were used for P, REE and Y, synthetic U-bearing glass for U, natural wollastonite for
Ca and Si, natural thorianite for Th, crocoite for Pb and corundum for Al. Matrix cor-
rection for the analyses was performed by the JEOL ZAF program. Couting times for
Pb and U were adapted to net intensities to achieve the desired objective of a low error
for counting statistics at reasonable counting times. To control the quality of the data
an internal laboratory standard from SE Madagascar (kindly provided by Michael Raith,
Bonn), was repetitively analysed during the measurements. This monazite is homogeneous
in composition and was dated with the U-Pb method of cogenetic zircon and by a Sm-Nd
monazite-biotite-garnet-zircon isochron at 545+2 and 542+11 Ma, respectively (Paquette
et all 1994), and recently by A. Moller (pers. comm.) with TIMS at an age of 560+1
Ma. Data with significant Al contents were rejected to eliminate analyses with secondary
flourescence artefacts that may occur if analytical points are close to grain boundaries.

Two methods were used to calculate ages for a set of data: (1) the widely used chemical
isochron method (Suzuki & Adachi, |1991) and (2) the calculation of a weighted average,
which is frequently used in more recent studies on chemical dating of monazite (e.g. Pyle
et al., 2005)). Isochron calculations were performed with the CHIME-program of (Kato
et al., (1999). The isochron plot has the advantage that it easily enables the identification
of data sets with distinct ages and provides information about the chemical variation of
the analysed monazite in terms of ThO.* and PbO. Also, the intercept of the isochron
with the axis yields information about the quality of the analytical data. A drawback of
this method is that it can suffer from high errors. This may especially occur when the
variation of ThO,* is small, thus leading to a poorly defined regression line. In contrast
to this, the error of the weighted mean does not depend on the chemical variation of the
data. Errors that are calculated for the weighted mean tend to decrease with the number
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of points and typically are significantly lower than the error calculated from the isochrone
method.

Age maps were calculated from raw elemental x-ray maps of U, Th and Pb. X-ray
maps were measured with 12 kV accelerating potential and a probe current of 200 or 250
nA. Couting times per pixel vary between 0,5 and 0.8 s. The Jeol H-Type spectrometer
with reduced Rowland circle was used for Pb. The conversion from count rate maps to
concentration maps was performed with the in-house-written software MacAgeMap|[] This
software applies a simple calibration line method using monazite as standard material
(ZAF=1) to perform a background correction and then convert net intensities to concen-
tration data. Afterwards the program converts each image pixel to an apparent age by
solving the age equation iteratively for each pixel and archives the data to an image file.

Zircons were separated from the crashed rocks by using the conventional magnetic
and heavy liquid methods at the University of Kiel. Isotopic U-Pb dating of zircon was
done on a SHRIMP-II at the Center of Isotopic Research of VSEGEI in Saint Petersburg,
Russia. Handpicked round and prismatic zircons were mounted on epoxy resin discs and
polished to expose their cores, whose transmitted light and cathodoluminescence (CL)
images were prepared. The diameter of the analyzing ion beam was approximately 20 pym
and the primary beam intensity was about 4 nA. Data reduction was done in the manner
described by |Williams| (1998)), using the SQUID Excel Makro by Ludwig (2001)). The Pb/U
ratios have been normalized relative to a value of 0.0668 for the 2°° Ph/?3¥U ratio of the
TEMORA-1 internal standard reference zircon, equivalent to an age of 416.75 Ma (Black
et al., 2003).

3.4 Petrography and mineral chemistry

3.4.1 Wakole terrane

Garnet-kyanite-biotite is the key mineral assemblage for the Wakole terrane metapelites.
The mineral assemblages of the four dated samples are listed in Tab.[3.I] and sample
locations are indicated on the geological map (Fig..

Some of the rock samples equilibrated in the muscovite-quartz (T1-1-04) and others in
the kyanite-K-feldspar (T37-2-04 and T38-3-04) stability fields. Only in the lower grade,
muscovite-bearing samples, staurolite occurs besides garnet as relict grains included in
kyanite, indicating the high temperature breakdown of the staurolite-muscovite-quartz
assemblage. In the higher grade samples, kyanite is partially replaced by sillimanite that is
locally intergrown with the abundant, coarse-grained K-feldspar of the matrix. This high-
grade assemblage is partially replaced and overgrown by late-stage muscovite (Fig.)
due to retrogression.

Garnet of the Wakole metapelites forms coarse grained (up to 2 cm in diameter) el-
lipsoidal porphyroblasts containing abundant quartz, plagioclase, biotite and kyanite as
prograde inclusions. Kyanite of the high-grade assemblages is very coarse grained con-

1Software available from PA on request
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Table 3.1: Metamorphic mineral assemblages of the metapelites of the Wakole and Ubende terranes.

Sample Mineral assemblage Comments

Wakole terrane

T1-1-04 Grt Ky Bt Ms Pl Qtz (St) Im  Stincl in Ky
T37-2-04 Grt Ky [Sil] Bt [Ms] Pl Kfis Qtz Ilm  Sil in shear zones
T38-3-04 Grt Ky [Sil] Bt [Ms] Pl Kfs Qtz Ilm  Sil & Kfs replace Ms
T107-3-04 Grt Ky Bt Pl [Cld] Qtz

Ubende Terrane

T21-2-04 Grt Ky Bt [Ms] PI Qtz

T45-3-04 Grt Ky Bt Pl Qtz Hbl  Scp

(St) early-stage mineral; [Sil], [Cld] and [Ms] late-stage minerals

taining biotite quartz and sometimes garnet inclusions. Due to late-stage deformation
kink-bending of kyanite and biotite is very common.

The chemical compositions of garnet, plagioclase, staurolite, biotite and muscovite are
given in Tab. and Tab. Garnet is Fe rich (Xr.~0.84) and has low Xg,s and Xg,s.
It is not zoned except at the margins where a slight rise of X 4;,,, and a drop of Xp,, due
to retrograde Fe-Mg exchange occurs (Fig.). A representative composition of a garnet
core from the staurolite bearing sample T1-1-04 is X 4;,,=0.78, X p,,=0.15, X,s=0.03 and
Xsps=0.03. Garnet of the high grade rock samples is similar in composition.

Staurolite is Fe rich with Xr.~0.85. It was found in one sample only (T1-1-04). Pla-
gioclase is not zoned with X 4, between 0.85 and 0.74. This compositional range is for
both, matrix plagioclase and those included in garnet. Biotite is Fe rich (X .= 0.60-0.57),
and its Ti content varies between 0.21 and 0.14 (p.f.u, 11 oxygens). The biotite Ti val-
ues of the staurolite-kyanite schist (T1-1-04) correspond to those found in biotite of the
sillimanite-staurolite zone of New England, whereas the higher values of the higher-grade
kyanite-K-feldspar samples (T37-1-04 and T38-3-04) correspond to those of the sillimanite-
K-feldspar zone of New England (Fig.[3.4B; [Robinson et al, [1982). Muscovite has a low
phengite component, with Si (p.f.u, 11 oxygens) ranging from 3.08 to 3.10 Fig..

3.4.2 Ubende terrane

Metapelites are very rare in the Ubende terrane and have been found at two locations
only (Fig.. The garnet-kyanite metapelites of the Ubende terrane are mylonitic and
contain garnet, kyanite, plagioclase and +scapolite porphyroclasts in a matrix of recrystal-
lized biotite, quartz and £hornblende (Fig. and Tab.. Chemical data of garnet,
plagioclase and biotite used to calculate pressure and temperature conditions are given in
Tab.3.2l and Tab[B.3l

The core of garnet porphyroclasts is Fe rich with Xz, between 0.7 and 0.6. Retrograde
diffusional zoning is seen at the garnet rims by the rising of Fe and dropping of Mg con-
tents. The molar proportions of the garnet end member constituents of samples T45-3-04
are X 4, =0.52, Xpp,,=0.36, Xrs=0.04 and Xg,,=0.08) (Fig.[3.4E) and of sample T21-2-04
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are X 4;m=0.62, Xp;p=0.27, Xs=0.09 and Xg,;=0.02). Plagioclase porphyroclasts which
occur in aggregates are zoned with Ca richer cores (X4, = 0.39) than rims (X4, = 0.29)

(Fig.3.4F).

3.5 Mineral reactions

A prograde dehydration reaction, in which staurolite+muscovite breaks down to form kyan-
ite, biotite and garnet is manifested by relicts of staurolite inclusions in kyanite (Fig.[3.3A).
The corresponding mineral reaction St + Ms+ Qtz = Ky + Grt 4+ Bt + H»O is illustrated
in an AFM diagram (Fig.[3.4D).

In the higher-grade rocks with K-feldspar-kyanite garnet assemblages, kyanite inclu-
sions in garnet are evident that the prograde garnet growth occurred in the stability field
of kyanite. However, the occurrence of sillimanite-K-feldspar intergrowths in the rock ma-
trix is evidence for the late-stage evolution within the sillimanite stability field. Retrograde
rehydration led to a partial back-reaction and to the formation of muscovite overgrowing
sillimanite-K-feldspar.

Figure 3.3: The textures of Grt-Bt-Ky-bearing metapelites of the Wakole terrane. A: Prograde St
included in Ky (sample T1-1-04, Wakole terrane). B: Kink banded Ky and the growth of late-stage Sil
in shear zone (sample T38-3-04 Wakole terrane). C: Late-stage muscovite overgrowing highgrade Kfs-Sil
intergrowths (sample T37-1-04 Wakole terrane). D: Mylonitic metapelite of the Ubende terrane (T45-3-04),
which has been overprinted in Kibaran time.
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Figure 3.4: A: Garnet profile of metapelite T1-1-04. B: Biotite of Kibaran Grt-Ky-Ms and Grt-Ky-Kfs
gneisses are compared with biotite from metamorphic zones of New England; Ti vs Xp, diagram after
Robinson et al.| (1982)). C: (Fe+Mg) vs Si diagram showing the phengite component in Ms, diagram after
Graessner & Schenk (1999). D: Phase relations in an AFM projection from muscovite for sample T1-
1-04 showing the breakdown of staurolite to form garnet-biotite-kyanite. E: Garnet profile of mylonitic
metapelite (T45-3-04) of the Ubende terrane. F: Plagioclase profile of the mylonitic metapelite T45-3-04.
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Table 3.3: Representative electron microprobe analyses of biotite, muscovite and staurolite of metapelite
of the Wakole and Ubende terranes.

Sample T1-1 T1-1 T1-1 T37-2 T37-2 T38-3 T383 T45-3 | T1-1 T1-1 T38-3 T38-3|Sample TI1-1 TI1-1 TI1-1

No. 12 63 64 347 348 18 185 136 13 14 44 45 | No. 52 53 54
Biotite Muscovite Staurolite

SiO2  34.54 35.39 35.38 36.26 35.93 34.69 35.49 44.39 37.60 44.33 45.33 45.06 SiOy  27.51 27.52  27.61
TiO2 2.19 254 242 4.08 4.14 3.76 3.98 0.96 1.81 1.09 1.06 1.09 TiO, 0.63 0.75 0.706

Al,O3 17.84 17.93 18.02 17.65 17.54 17.28 1713 32.11 17.80 32.17 32.55 32.27| Al,Os 53.90 53.71 53.78
FeO 19.87 20.32 20.83 17.70 18.01 21.16  21.26 3.24 11.60 321 275 292| Cr,03 0.17 0.19 0.162
MgO 9.32 824 833 10.19 994 852 7.83 0.87 14.01 081 080 0.88 FeO 13.05 13.27 13.30
MnO 0.01 0.04 0.06 0.02 0.08 0.01 0.00 0.05 0.08 0.03 0.00 0.02 MgO 138 1.37 1.29
NapO 024 021 0.16 0.09 0.04 0.09 0.11 0.98 0.16 097 035 0.28 MnO 0.06 0.07 0.10
K20 9.72  9.63 9.55 10.29 10.27 10.26 10.03 10.41 10.26 10.50 11.48 11.63 7ZnO 165 1.65 1.72
Total 93.73 94.37 94.79 96.36 96.04 95.77  95.31 93.01 93.39 93.11 94.32 94.15| Total 98.19 98.34 98.51

Si 539 548 546 544 542 5.35 5.45 6.16 6.16 6.14 6.20 6.19 Si 797 797 799
Ti 026 0.30 0.28 046 047 044 0.46 0.10 0.10 0.1 0.1 0.11 Ti 0.14 0.16 0.1535
Al 328 327 328 312 312 314 3.10 5.24 5.25 526 524 5.22 Al 1840 18.33 18.33
Fe 2.60 2.63 269 222 227 273 2.73 0.38 0.38 037 031 0.34 Cr 0.04 004 0.04
Mg 217 1.90 192 228 224 196 1.79 0.18 0.18 0.17 0.16 0.18 Fe 316 321 322
Mn 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01  0.00 0.00 0.00 Mg 060 059 0.56
Na 0.07 0.06 0.05 0.03 0.01 0.03 0.03 0.26 0.26 0.26 0.09 0.07 Mn 0.02 0.02 0.02
K 194 190 188 1.97 1.98 2.02 1.97 1.84 1.84 1.86 2.00 2.04 Zn 035 035 0.37

Total 15.71 15.57 15.58 15.53 15.54 15.66 15.66 14.18 14.17 14.17 14.12 14.15 Total 30.64 30.64 30.64

Xre 0.54 0.58 0.58 049 0.50 0.58 0.60 0.68 0.32 0.69 0.66 0.65 Xpe 084 084 085

Cations calculated on the basis of 22 oxygens for Bt and Ms, 48 oxygens for St

3.6 Geothermobarometry

Pressure-temperature conditions during metamorphism have been calculated for one Ms-
Qtz, two Kfs-Ky bearing metapelites of the Wakole terrane and one biotite-garnet-kyanite
porphyroclasic mylonite of the Ubende terrane. We applied the THERMOCALC program
of Holland & Powell| (1998) and conventional geothermobarometers: GASP geobarometer
calibrated by Koziol (1989), the Fe-Mg exchange between garnet and biotite calibrated by
Ferry & Spear| (1978)), Hodges & Spear| (1982)) and (Gessmann et al.| (1997)). The P-T results
of the four samples (T 1-1-04, T37-2-04, T38-3-04 and T45-3-04) are given in Tab.

The Ms-Qtz bearing metapelite (T1-1-04) gives average P-T values at 6724+52°C/
9.2+1.9 kbar calculated by using the THERMOCALC program (Holland & Powell, [1998)),
the mineral activities were calculated by using the AX-program (version 0.1, 2004) of
T.J.B Holland. Similar temperatures and pressures to those of the THERMOCALC at
670-680°C/8.8-8.9 kbar were obtained by applying the Fe-Mg exchange between garnet
and biotite (Ferry & Spear, |1978; [Hodges & Spear| 1982; |Gessmann et al} 1997) and the
GASP geobarometer (Koziol, 1989).

The Ky-Kfs-bearing metapelite (T38-3-04) yields an average P-T at 747+42°C/ 9.1+1.3
kbar, which corroborate with conventional geothermobarometry that gives a result of 710-
740°C/ 9-9.5 kbar. Pressures could not be estimated with the GASP equilibrium from
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sample T37-2-04, because plagioclase is absent in that rock. However, average P-T values
at 771+30°C/12+3 were estimated by using the THERMOCALC program (Holland &
Powell, [1998)).

Table 3.4: Results of pressure and temperature estimates for Wakole terrane metapelites. The Fe-Mg
exchange thermometer (garnet-biotite) FS = [Ferry & Spear| (1978), HS = |[Hodges & Spear| (1982)) and G
= |Gessmann et al.| (1997), GASP geobarometer K = Koziol (1989).

Sample No. Used minerals T (°C) P (kbar) o fit
THERMOCALC program (Holland & Powelll [1998)
T1-1-04 Grt-Bt-Ky-Ms-Pl-St-Qtz | 672452 9.2+1.9 2.23
T37-1-04 Grt-Bt-Ky-Kfs-Qtz 771+£30 12.0+3.0 1.48
T38-3-04 Grt-Bt-Ky-Pl-Kfs-Qtz 74742 9.1£1.3 0.63
Conventional geothermobarometry

Mineral & analysis No. HS FS G K
T1-1-04 Grtg7-Bt12-Plgg 670 680 680 8.5-8.9
T38-3-04 Grti158-Btigs-Plog 730 710 740 9-9.5

I
P kbar

12

T1-1-04 45-3-04
Error ellipse

10

Figure 3.5: P-T diagram depicting metamor-
phic conditions for the Kibaran metapelites of the
Wakole and Ubende terranes. Muscovite and stau-
rolite breakdown reactions were taken from the pet-
rogenetic grid of Spear & Cheney| (1989). Fe-Mg
exchange thermometers (garnet-biotite) and GASP
geobarometers are given in abbreviations: FS =
4 . T°C Ferry & Spear| (1978), HS = |[Hodges & Spear
(1982)), G = |Gessmann et al.| (1997), K = |Koziol
500 600 700 800 900 (1989) and NH = [Newton & Haselton| (1981]).

The results of the thermobarometric calculations are in agreement with the petro-
graphical observations. The calculated peak conditions of all samples fall into the kyanite
stability field. The muscovite + quartz-bearing samples containing staurolite relicts ex-
perienced temperatures slightly below the maximum thermal stability of the St-Ms-Qtz
assemblage (F ig. and the higher grade Kfs-Ky bearing assemblage experienced con-
ditions of slightly higher temperatures than the staurolite-out reaction, near the kyanite
to sillimanite boundary (Fig.. Since muscovite was not stable in the later rocks but
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kyanite + K-feldspar, a slightly reduced water activity has to be assumed to match the
petrographic observations (Fig.. A possible metamorphic evolution path of the Wakole
terrane metapelites is illustrated in Fig.[3.5

In the Ubende terrane, peak pressure conditions estimated from the composition of
garnet core and unzoned matrix plagioclase by GASP equilibrium (Koziol, 1989; Newton
& Haselton, 1981)) from two mylonites (T21-1-04 and T45-3-04) fall in the kyanite stability
field (Fig.. Peak temperatures could not be estimated due to strong recrystallization
of matrix biotite.

3.7 U-Pb SHRIMP zircon dating

3.7.1 Zircon textures and U-Th contents

Prismatic and round zircons were separated from two metapelites: sample T107-3-04 of
the southern part of the Wakole terrane and sample T45-3-04 of the northwestern Ubende
terrane Fig.. The CL images of zircons of sample T107-03-04 reveal relicts of magmatic
cores, which are surrounded by inner rims (mantles) and outer rims (Fig.[3.6/A). The Th/U
ratios range between 0.73 and 0.38 in the cores, decrease to a range of 0.14 and 0.03 in
the inner rims and become lowest in the outer rims (0.02 and 0.004) (Tab.[3.5). The CL
images of zircons of sample T45-3-04 reveal relicts of magmatic cores with Th/U ratios at
4.47-0.93 surrounded by metamorphic rims with lower Th/U ratios of 0.02-0.17 than in the
cores (Fig.; Tab.. The low Th/U ratios in the zircon rims suggest their growth
in a metamorphic environment (Rubattol, 2002). However, it has to be kept in mind that
higher Th/U ratios than those observed in magmatic zircons are known from zircons of
the granulite facies (Moller et all 2003]).

3.7.2 Zircon ages

U-Pb dating of zircon was performed on the Wakole metapelite T107-3-04, whose zoned
zircons have cores, inner rims (mantles) and outer rims (Fig.[3.6/A). The zircon cores are
older, yielding a 2*"Pb /?%Ph apparent age of ~1.4 Ga whereas inner rims and outer rims
give two different Kibaran ages. The outer rims yield a concordant age at 100746 Ma
(Fig.[3.7B). The inner rims are discordant, yielding an upper intercept age at 116614 Ma
and a lower intercept age at 177463 Ma (an age without geological significance) (Fig.[3.6D).
Thus, the metapelitic zircons of the Wakole terrane show two periods of growth during the
Kibaran orogenic cycle that are separated by about 160 Ma.

Zircons of a mylonitic garnet-kyanite metapelite (T45-3-04) of the northern Ubende
terrane have Paleoproterozoic cores that are overgrown by Mesoproterozoic rims. Two
analyses from the cores are concordant at 1817426 Ma, whereas other core analyses suffered
Pb loss and plot discordantly with a big error at the lower (1119480 Ma) and upper
intercept (2151£130 Ma) (Fig.3.7D). However, the zircon rims give a concordant well
defined Kibaran age at 1093+10 Ma.
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Figure 3.6: CL and BSE images showing zircon and monazite textures. A: CL image of zircon from
metapelite T107-3-04 showing relict magmatic core and two consecutive metamorphic growth rims of
Kibaran age. B: BSE image showing monazite with a core, which corresponds in age to the outer rim
of the zircon in A. The monazite and zircon outer rims correspond in age to each other (ca1040-1000
Ma). Zircon in image A and monazite in B are from the same Grt-Ky gneiss T107-3-04. C: BSE image of
monazite from Wakole sample T1-1-04 shows monophase growth history. D: BSE image of monazite from
sample T38-3-04, shows domains, which differ only in Y-HREE concentrations, but not in age (ca. 1020
Ma). E: CL image showing zircon of the sample T45-3-04 with a Paleoproterozoic core overgrown by a

Mesoproterozoic rim.
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Figure 3.7: A : Concordia diagrams with core, inner rims and outer rim data points used to calculate
U-Pb zircon ages of the metapelite sample T107-3-04 of the Wakole terranem. B: Concordant ages from
the outer rim of the zircon. C: Discordant data obtained from the inner rims of zircon. D: U-Pb zircon
ages obtained from zirocn core and rim of the metapelite sample T45-3-04 of the Ubende terrane. Errors
at 10, decay constant errors included.

3.8 Th-U-total Pb monazite dating

3.8.1 Monazite composition and textures

Three metapelite samples (T1-1-04, T38-3-04, T107-3-04) were selected for in-situ monazite
CHIME dating. The BSE images reveal monazites with domains, which slightly differ in
concentrations of REE, but are uniform in U-Th-Pb concentrations (Fig.[3.6B-D). Some of
the monazites occur as inclusions in garnet, but the majority occur in the matrix. Both
groups show similarities in terms of REE and U-Th-Pb composition. The molar propor-
tions of the monazite end members brabantite and huttonite (Pyle et al.,[2001) are plotted
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in Fig.[3.8B&D. In all samples, brabantite Ca+(Th,U) = 2REE was the dominant substi-
tution vector. The huttonite (Th,U)+Si = REE+P vector was not important. There is a
uniformity in the REE patterns of monazites of all samples in the Cl-Chondrite normal-
ized REE diagrams, in which Y-HREE are strongly depleted and a negative Eu anomaly
is unequivocal (Fig.[3.8A&C). The budget of Y-HREE in rocks is immensely influenced
by the presence of garnet, which is the major phase hosting Y-HREE (Pyle et al. 2001).
Therefore, the depletion of Y-HREE in monazite is attributed to the synchronous growth
of garnet and monazite. The negative Eu anomaly is known to be due to the presence of
plagioclase, which takes most of the Eu of a rock. We can conclude that the monagzite in
the Wakole terrane metapelites were growing together with metamorphic garnet.
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Figure 3.8: REE composition of monazite of the Wakole terrane metapelite. A&C: Plots of REE+Y
pattern, normalized to Cl-chondrite (McDonough & Sun|[1995). Similar patterns with Y-HREE depletion
and Eu negative anomaly are revealed for both samples. B&D: Plots of (REE+Y+P) vs. (Th+U+Si)
showing brabantite and huttonite vectors of monazites in A and C.
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3.8.2 Monazite isochron ages

Similar isochron ages were obtained from two of the three analyzed metapelitic monazite
samples of the Wakole terrane (T1-1-04 and T38-3-04), giving an age of 10794+46 Ma
(weighted mean age 111447 Ma) and in 1023437 (weighted mean age 1022+5 Ma) (Fig.[3.9A-
D). The later age corresponds to the U-Pb zircon SHRIMP age obtained for the inner
(mantle) metamorphic growth rim of metapelite T107-3-04.

Monazite rims of the third sample (T107-3-04), from which also zircon has been dated,
give an isochron age of 1035+74 Ma (weighted mean age = 1016+10 Ma) and the cores an
isochron of 1165421 Ma (weighted mean age = 1170+10 Ma) (Fig.[3.9 E&F). Like zircon
of the same sample, also the monazite reflects two metamorphic growth periods that are
separated by about 160 Ma.

Table 3.5: SHRIMP U-Pb zircon analyses of metapelite T107-3-04 of the Wakole terrane

No. 8] Th %T[‘Jh 206Ph (%) ég};ﬂlrem age (Ma) % * er(;or 22;}[’}7* er[;or 22037%)* eor |- disc.
(ppm)  (ppm) comm. W 2;);5}) b (%) (%) (%) (%)
T107-304)
Cores
2.1 355 132 0.38 0.27 | 1425427  1061£18 | 0.090 1.4 0.1789 1.8 2.219 2.3 34
3.1 386 175 0.47 0.08 | 1390£20  1337£22 | 0.088 1.1 0.2304 1.8 | 2.806 2.1 4
5.1 175 124 0.73 0.38 | 1188+46 106319 | 0.080 2.3 10.1793 1.9 | 1.969 3 12
Inner rims (mantles)
2.3 414 12 0.03 — | 1039+24 995+17 | 0.074 1.2 0.1669 1.8 | 1.701 2.2 4
4.2 482 13 0.03 0.19 942£30  1019£17 | 0.071 1.5 0.1713 1.8 | 1.664 2.3 -8
5.2 482 25 0.05 0.01 877+34 990+17 | 0.068 1.6 | 0.166 1.9 1.563 2.5 -11
5.4 610 83 0.14 0.21 | 1082+39 670+12 | 0.076 1.9 | 0.1094 1.8 | 1.139 2.7 62
6.2 478 33 0.07 0.15 | 10004£28 100317 | 0.073 1.4 0.1684 1.8 | 1.683 2.3 0
6.3 513 20 0.04 0.08 | 1108+25 993+17 | 0.077 1.3 | 0.1665 1.8 | 1.756 2.2 12
8.2 462 15 0.03 0.06 972425  1001+£17 | 0.072 1.2 | 0.168 1.8 | 1.657 2.2 -3
8.3 407 16 0.04 0.22 915£32 935+16 | 0.070 1.6 | 0.1561 1.8 | 1.496 2.4 -2
9.2 790 23 0.03 0.08 | 1068+18 106717 | 0.075 0.89 | 0.1801 1.8 | 1.862 2 0
9.3 748 21 0.03 0.16 | 1010£20  1068+17 | 0.073 0.97 | 0.1803 1.8 | 1.811 2 -5
Outer rims
1.1 1549 6 0.00 — | 1136+12 1201£19 | 0.078 0.58 | 0.2047 1.7 2.19 1.8 -5
2.2 2177 8 0.00 0.03 | 116710 1227422 | 0.079 0.49 | 0.2096 1.9 2.277 2 -5
3.2 1675 7 0.00 1.28 | 1096+38 68715 | 0.076 1.9 0.1124 22| 1.179 2.9 60
4.1 1743 8 0.00 0.11 | 1139+£17  1089+17 | 0.078 0.87| 0.184 1.7 1 1.971 2 5
5.3 1109 15 0.01 0.10 | 1028+18 103219 | 0.074 0.89 | 0.1737 1.9 1.761 2.1 0
6.1 1835 8 0.00 0.06 | 1177+£11 112419 | 0.079 0.53 | 0.1913 1.8 | 2.089 1.9 4
7.1 2014 7 0.00 116719 1129419 | 0.079 0.98 | 0.1913 1.8 | 2.079 2.1 3
8.1 1632 35 0.02 0.52 | 1054426 670+11 | 0.074 1.3 | 0.1095 1.8 | 1.124 2.2 57
9.1 3164 18 0.01 0.07 | 1105%11 1197+£22 | 0.076 0.57 | 0.2041 2| 2.149 2.1 -8
T45-3-04
Cores
1.2 18 78 4.47 0.78 | 1662+170  1253+48 | 0.102 9.2 1 0.2145 4.2 3.02 10 33
2.1 281 253 0.93 — | 1827£14 1790455 | 0.112 0.76 0.32 3.5 4.93 3.6 2
2.3 25 52 2.16 0.59 | 171575 1753+£58 | 0.105 4.1 0.312 3.8 4.53 5.5 -2
5.1 192 188 1.01 0.30 | 2073£33 1962459 | 0.128 1.9 | 0.356 3.5 6.29 4 6
Rims
1.1 98 5 0.05 — | 1234464  1094+36 | 0.082 3.3 0.185 3.6 2.08 4.9 13
2.2 505 17 0.03 0.11 981429 945431 | 0.072 1.4 1 0.1579 3.5 | 1.563 3.8 4
3.1 413 16 0.04 0.07 | 1080+£25  1064+34 | 0.075 1.3 1 0.1795 3.5 | 1.867 3.7 2
3.2 11 2 0.17 2.53 | 705+450  1064+45 | 0.063 21| 0.1795 4.5 1.56 22 -34
4.1 317 8 0.02 — | 1077£25 1108+36 | 0.075 1.3 | 0.1876 3.5 1.948 3.7 -3
4.2 416 13 0.03 0.03 | 1084422 1102+35 | 0.076 1.1 0.1865 3.5 1.943 3.7 -2

*common Pb corrected by using measured 2°*Pb
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Figure 3.9: PbO vs ThOo* monazite isochrons and the corresponding weighted mean ages of the Wakole
terrane metapelites. A&C: Monazite isochron ages of samples T1-1-04 and T38-3-04 and their respective
weighted mean ages in B&D. E: Isochron ages from cores and rims of monazite of sample T107-3-04 and
their respective weighted mean ages in F. Isochron error is at 20 and the weighted mean age error is at

lo.
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Table 3.6: Representative monazite compositions of the Wakole terrane metapelites.

Sample T107-3-04  T107-3-04 T38-3-04 T1-1-04
No. 1617 162¢°m¢ 150 212
SiOs 0.44 0.23 0.16 0.38
P>05 29.77 30.04 31.12 30.02
Al,O3 b.d.1 0.01 0.00 b.d.l
MgO 1.18 0.83 1.04 1.35
ThO, 6.42 3.89 4.61 6.43
U0, 0.44 0.42 0.31 0.74
PbO 0.39 0.27 0.26 0.41
LasO3 14.48 15.93 13.27 12.90
Ces O3 28.72 30.02 27.72 27.29
PryO3 3.11 3.23 3.01 291
NdsO3 12.44 12.43 12.01 11.31
Sms O3 2.07 1.96 2.24 1.95
Eus03 0.16 0.12 0.13 0.07
Gd;03 1.17 1.00 1.61 1.61
Dy203 b.d.l b.d.1 0.54 0.54
Y203 0.01 0.10 2.26 2.12
EryO3 0.00 0.01 0.12 0.11
Total 100.81 100.50 100.40 100.13
Si 0.017 0.009 0.006 0.015
P 0.986 0.994 1.010 0.990
Al b.d.l 0.000 0.000 b.d.l
Ca 0.050 0.035 0.043 0.056
Th 0.057 0.035 0.040 0.057
U 0.004 0.004 0.003 0.006
Pb 0.004 0.003 0.003 0.004
La 0.209 0.230 0.188 0.185
Ce 0.411 0.430 0.389 0.389
Pr 0.044 0.046 0.042 0.041
Nd 0.174 0.173 0.164 0.157
Sm 0.028 0.026 0.030 0.026
Eu 0.002 0.002 0.002 0.001
Gd 0.015 0.013 0.020 0.021
Dy b.d.l b.d.l 0.007 0.007
Y 0.000 0.002 0.046 0.044
Er 0.000 0.000 0.001 0.001
Total 2.002 2.001 1.993 2.001
XLREE 0.869 0.909 0.833 0.802
XHuREE 0.015 0.013 0.029 0.029
Xyut 0.016 0.006 0.003 0.011
XBrb 0.100 0.070 0.088 0.113
Xy Po, 0.000 0.002 0.047 0.044
Xadro, 0.015 0.013 0.021 0.021

Cations calculations: oxygen=4 and b.d.]= below detection limit.
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3.9 Discussion and conclusions

SHRIMP U-Pb zircon and U-Th-total Pb monazite ages presented in this study indicate
that a crustal block consisting of three lithotectonic terranes at the northwestern end of the
Paleoproterozoic Ubendian belt (Ubende, Wakole and Katuma terranes, as defined by |Daly
et all 1985) have been affected by high-grade metamorphism during the Kibaran orogeny.
The Mesoproterozoic N-S striking Kibaran orogen that formed during the assembly of
Rodinia is known to occur on the western side of the Tanzania craton, with outcrops only
at the western side of Lake Tanganyika. To the south of the Ubende-Wakole-Katuma
crustal block that was affected by the Kibaran orogeny no Mesoproterozoic metamorphic

ages do occur, but Neoproterozoic eclogites. This indicates a Neoproterozoic suture to the
south of the “Kibaran block” in the Ubendian belt.

Our petrological and geochronological data allow to constrain the ages and P-T condi-
tions during the Kibaran event in the Ubende and Wakole terranes. In contrast, our data
of the Katuma terrane are not sufficient to characterize the degree of metamorphism and
its age. However, the SHRIMP zircon data of a Katuma mafic granulite clearly reflect a
disturbance of the isotopic system during the Kibaran event (12064340 Ma).

Zircons and monazites of three metapelitic samples of the Wakole terrane have been
dated, in addition to those of two mylonitic metapelites of the Ubende terrane and of
one mafic granulite of the Katuma terrane. The two samples from the southern border of
the Kibaran crustal block (T21-2-04 of the Ubende terrane and T107-3-04 of the Wakole
terrane; Fig.[3.2)) give evidence of two metamorphic growth episodes during the Kibaran
orogeny that are separated by about 160 Ma. The two ages, at about 1170 Ma and 1010
Ma, were found in zircon and monazite. These minerals were dated with different methods,
which underscores the validity of the two distinct Kibaran ages. However, the two addi-
tional monazite samples of the Wakole terrane show only one, the younger, metamorphic
age. The Kibaran monazite of the Wakole terrane metapelites is depleted in Y-HREE
indicating that it grew in equilibrium with garnet. No older (Paleoproterozoic) or younger
(Neoproterozoic) ages were found so far. In contrast, zircon and monazite of the Ubende
terrane gave besides Kibaran also Paleoproterozoic and Neoproterozoic ages.

Since monazite of the mylonitic metapelite of the Ubende terrane (T21-2-04) is included
in garnet and the growth zone of Kibaran age is depleted in Y-HREE, it grew in equilibrium
with garnet. P-T estimates during the mylonitic overprint of the Paleoproterozoic Ubende
terrane rocks indicate 10 kbar at 700-750 °C for the Kibaran reworking, which is high-grade
and at deep crustal levels (chapter 2). These P-T values of metamorphism are similar to
those obtained from the Wakole terrane metasediments that experienced only the Kibaran
orogenic metamorphism (8.5-12 kbar and 670-770°C). Such P-T values in combination
with the clockwise P-T path of the Wakole terrane indicate that both terranes, thought
to be only part of the Paleoproterozoic Ubendian belt, were buried during the Kibaran
orogeny deep in a tectonically thickened crust.
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Chapter 4

Neoproterozoic eclogites in the Paleoproterozoic
Ubendian belt of Tanzania: evidence for a
Pan-African suture between the Bangweulu block and
the Tanzania craton

Abstract

Kyanite-bearing and kyanite-free eclogites of the Ufipa terrane in the Paleoproterozoic Ubendian
belt of Tanzania have U-Pb zicon ages of 590-520 Ma and are evidence of a Pan-African suture
that separated the Archean Tanzania craton from the Paleoproterozoic Bangweulu block prior
to the Pan-African orogeny. So far, these eclogites were assumed to be Paleoproterozoic in age
like those of the adjoining Ubende terrane of the Ubendian belt. The trace element patterns and
ratios of the kyanite-free eclogites strikingly resemble those of modern back-arc (group I eclogites)
or island-arc (group II eclogites) tholeiite basalts. The group I eclogites have LREE 10-30 times
chondritic values and their Th/Yb and Ta/YDb ratios suggest a depleted mantle source for the
precursor melts of the eclogites similar to that of mid oceanic ridge basalts. The group II eclogites
display the characteristic HFSE (Na, Ta, Zr and Hf) depletion relative to LILE and LREE.

Concordant U-Pb SHRIMP zircon ages at 593+20 Ma and 52446 Ma were obtained from the
kyanite-free eclogites containing metamorphic zircon. Discordant U-Pb ages were obtained from
magmatic zircon cores of a kyanite-bearing eclogite, for which the discordia lower intercept age
at 548+39 Ma is interpreted as the age of the eclogite-facies metamorphism. The upper intercept
age of 1832420 Ma and a concordant age at 1877420 Ma found in an overgrown inner zircon
mantle are attributed to xenocrysts which formed during a Paleoproterozoic magmatic event.

The occurrences of Neoproterozoic eclogites in the Ubendian belt suggests the existence of
a Neoproterozoic convergent plate boundary between the Tanzania craton and the Bangweulu
block. The linear zone of Neoproterozoic high-grade reworking associated with eclogite formation
between Lake Tanganyika and Lake Malawi is interpreted as the result of the collision (at ca. 560
Ma) between the Bangweulu block and the Tanzania craton (we suggest the name “Tanganyika
orogeny” for this event). The occurrences of Neoproterozoic eclogites to the north (Tanganyika
orogenic belt), the east (Malawi) and the south (Zambezi belt) of the Bangweulu block suggest
that this continental block formed a microplate during the Neoproterozoic Era.
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4.1 Introduction

Only few eclogites are known to crop out in the Neoproterozoic orogenic belts of southern
Africa (Fig.. This limits the knowledge about metamorphic subduction processes and
the distribution of ocean basins during the formation of Gondwana. However, petrology,
geochemistry and geochronology data of a few Pan-African eclogites have been established:
The Zambezi belt eclogites in Zambia have a MORB-like chemistry and experienced their
subduction metamorphism at 650-610 Ma (John et al., [2003)); the eclogites of northern
Malawi, thought to belong to the Mozambique belt, have the composition of plume related
basalts and and were subducted ca. 530-500 Ma ago (Ring et al., 2002). In addition, the
~ 850-700 Ma back-arc/island-arc and continental arc related metabasites of the Vohibory
block in southwestern Madagascar experienced collisional metamorphism at 61245 Ma
(Jons & Schenk) 2008)).

Sahara
Arabia

Figure 4.1: Pan-African sutures in the cen- vafiscta S
tral part of Gondwana. 1 = Back-arc/island-
arc related eclogites in the Paleoproterozoic Uben-
dian belt, this study. 2 = MORB-like chemistry
eclogites in the Pan-African Zambezi belt (John| |gclogites
et all, 2003). 3 = Plume-like chemistry eclogites | 4 MmoRs/back-arc/island W
in northern Malawi (Ring et al.,|2002)). 4 = Back- - F:Lcr::ehizecr:;:én
arc/island-arc related metabasites in the Vohibory Y
block of Madagascar (Jons & Schenk}2008). DM = | Metabasites
Damara belt, ZB = Zambezi belt, MB = Mozam- | ® Eﬁgﬁ?;f&'f'a“d arc like
bique belt, BB = Bangweulu block, TC = Tanza-

nia craton, CAFB = Central African Fold Belt,
Mad = Madagascar; map modified after Kusky 51-1.8 Ga Ubendian-
et al. (2003)_ Usagaran + Ruwenzori belts

Antactica

Pan-African orogens

The discovery of Pan-African eclogites (Boniface & Schenk| 2007) in the Ubendian
belt, which separates the Archean Tanzania craton from the Paleoproterozoic Bangweulu
block, provides a new perspective on the spatial and temporal distribution of Pan-African
suture zones. Former simplifying models of Gondwana formation had assumed that West
Gondwana (Congo-Kalahari-Southern America) formed one continental block when Indo-
Antarctica and later Antarctica-Australia (East Gondwana) amalgamated (Boger & Miller,
2004) or that the Congo-Tanzania-Bangweulu block formed one continental block through-
out the Neoproterozoic (Collins & Pisarevsky, 2005)). In this paper we demonstrate that
the Bangweulu block was separated by a Neoproterozoic suture from the Tanzania craton
in the north and that it formed most likely a microplate, because also at its southern
border the eclogites of the Zambezi belt were formed from a subducted oceanic floor (John
et al., [2003). The aim of this study is to present petrological, geochemical and geochrono-
logical data of the Ufipa terrane eclogites for the purpose of deducing the tectonic setting
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of the formation of the eclogite’s precursor melts, determining their formation ages and
establishing the P-T path during the subduction process.

4.2 Analytical techniques

Minerals were analysed by using a ”JEOL Superprobe JXA-8900R” electron microprobe
at the University of Kiel. The acceleration potential used for analyses was 15 to 20 kV
for a beam current of 20 nA. The raw data were corrected by using the CITZAF method
(Armstrong, [1995)).

Major and trace element concentrations of whole rocks were analyzed at the University
of Kiel. The Philips PW 1400 X-ray fluorescence analyzer was used to acquire the major
element data. The elements were determined on fused glass discs, which were prepared by
mixing in a platinum crucible 0.6g of sample powder with 3.6g of Li;B4O7, and then the
mixture was subjected to the OXIFLUX 5-stage burner. Trace elements were measured by
using the Agilent 75000C ICP-MS machine, the sample preparation procedure was that as
described by |Gabe-Schonberg| (1993) and |John et al.| (2008). The data quality, precision
and accuracy were ensured by using international reference standards, blanks and some
sample duplicates.

Zircons were separated from the crashed rocks by using the conventional magnetic
and heavy liquid methods at the University of Kiel. Isotopic U-Pb dating of zircon was
done on a SHRIMP-II at the Center of Isotopic Research of VSEGEI in St. Petersburg,
Russia. Handpicked round and prismatic zircons were mounted on epoxy resin discs and
polished to expose their cores, whose transmitted light and cathodoluminescence (CL)
images were prepared. The diameter of the analyzing ion beam was approximately 20 pm
and the primary beam intensity was about 4 nA. Data reduction was done in the manner
described by Williams| (1998)), using the SQUID Excel Makro by Ludwigl (2001)). The Pb/U
ratios have been normalized relative to a value of 0.0668 for the 2°6Pb/?38U ratio of the
TEMORA-1 internal standard reference zircon, equivalent to an age of 416.75 Ma (Black
et al., 2003).

4.3 Geological setting

The NW-SE elongated Ubendian belt (ca.500 km long and 150 km wide) is bordered by
the Archean Tanzania craton to the northeast and the Paleoproterozoic Bangweulu block
to the southwest. The N-S trending Mesoproterozoic Kibaran orogen borders the Ubendian
belt towards the northwest and in the SE lie the Paleoproterozoic Usagaran belt and the
N-S oriented Neoproterozoic East African Orogen (Fig.[4.2).

The Ubendian belt has been divided into eight lithotectonic terranes namely Ubende,
Wakole, Katuma, Ufipa, Mbozi, Lupa, Upagwa and Nyika (Daly et al., |1985; Daly, [1988,
Fig.. Paleoproterozoic eclogites crop out as mylonitic pods within felsic garnet- clino-
pyroxene gneisses and hornblende-rich mafic gneisses of the Ubende terrane, whereas the
Pan-African eclogites described here crop out in the Ufipa terrane as massive lense-shaped
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Figure 4.2: Geological map of south-eastern Africa indicating the location of the Ubendian belt. Subdi-
vision in litho-tectonic terranes by Daly et al.| (1985) and Daly| (1988]).

bodies (10-100 m scale) enclosed in garnet-kyanite mica schists and gneisses. The Pan-
African eclogites of the Ufipa terrane are coarse grained and were not deformed after
peak metamorphism (Fig.. This feature distinguishes them from the Paleoproterozoic
eclogites of the Ubende terrane, which are fine grained and mylonitized eclogites. The
occurrence of eclogites in the Ubendian belt is known since the reports of Smirnov et al.
(1973). |Sklyarov et al.| (1998) did a petrological study and determined a P-T evolution for
the eclogites of the Ubendian belt. However, in the absence of geochronological data these
authors mixed together petrological data from Paleoproterozoic and Pan-Afrcian eclogites
to deduce a single P-T evolution for these Ubendian rocks of different ages. It was assumed
that the eclogites are Paleoproterozoic in age, in analogy to the 2.0 Ga eclogites found in
the Usagaran belt at the SE side of the Tanzania craton (Figld.2} Moller et all, [1995).

The Ufipa terrane, which hosts the Pan-African eclogites, is dominated by Bt-gneiss of
granitic composition (McConnell, |1950; Sutton et al. [1954). However, other lithological
units like metapelites are present: Grt-Bt-Ky-Ms gneisses and schists that are interlayered
with eclogites crop out in the north of the Ufipa terrane near Chisi and Tambaruka villages,
whereas Grt-Bt-Sil+Crd gneisses and schists are found in the southern part of the Ufipa ter-
rane (Fig.. The transition from muscovite-quartz to higher grade sillimanite(kyanite)-
K-feldspar gneisses is near the town of Sumbawanga. Monazites and zircons of these schists
and gneisses show evidence that the Ufipa terrane was affected by two orogenic events, the
Paleoproterozoic Ubendian and the Neoproterozoic Pan-African (chapter 2). In one sam-
ple (garnet-kyanite-muscovite-biotite schist from Tambaruka) relicts of Paleoproterozoic
monazites could not be detected.
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The Pan-African orogenic cycle in the Ubendian belt was associated with the intrusion
of alkali-granitoids dated at 842 & 80 Ma (Lenoir et al.,|1994) and at 724 £6 Ma (Theunis-
sen et al., [1992) in the Upangwa terrane, and with syenites in the Mbozi terrane dated at

743 £30 (Brockl 1963)) and 685462 Ma 1974)) (Fig.. These early Pan-African

ages may reflect a time of extension preceding the collision event.

Figure 4.3: Field photos of the Pan-Afcican eclogites in the Ufipa terrane. A: A photo of a kyanite-free
eclogite T108-7-04 from Chizi village. Omphacite porphyroblasts are poikilitic including numerous garnet
grains. B: Outcrops of a kyanite-bearing eclogite at Tambaruka village. C. Photo of a kyanite-bearing
eclogite, outcrop at Tambaruka village. Kyanite is surrounded by garnet rims.
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Figure 4.4: Locations of Pan-African eclogites in the Ubendian belt. Ages of Pan-African syenites in
the Mbozi terrane are from (a) Brock| (1963) and (b) Ray| (1974). The zircons and/or monazites of four
metapelites of the Ufipa terrane show a strong Neoproterozoic overprint.



4.4 Petrography and mineral chemistry 83

4.4 Petrography and mineral chemistry

4.4.1 Kyanite-free eclogites

The kyanite-free eclogites are commonly composed of Omp-Grt-Rt-Ap-Qtz-Zrn (mineral
abbreviations after Kretz, [1983)), as the peak mineral assemblage in which omphacite and
garnet may occupy up to 90 % by volume. Rutile reaching up to 0.5 mm is a common matrix
mineral and occurs also as inclusion in garnet and clinopyroxene. Garnet contains prograde
inclusions of plagioclase, rutile, quartz and omphacite (Fig.). Abundant plagioclase-
diopside symplectites replace omphacite, whereas hornblende coronas sometimes occur
between garnet and omphacite (Fig.). The abundance of retrograde minerals, diopside-
plagioclase and hornblende, differs from sample to sample, in which the least retrogressed
rocks may contain less than 5% by volume of the late-stage minerals.

The chemical composition of garnet, omphacite, plagioclase and hornblende is given
in Tab.[4.1| Tab.[£.2] and Tab.[.3] Garnet core is chemically not zoned, however, a retro-
grade zone at the rims is displayed, in which Xp,, drops and X, rises (Fig.[£.6]A). The
garnet cores are pyrope rich with a representative composition of Xp,,=0.48, X 4;,,,=0.39,
Xers=0.12 and Xg,,=0.01. However, one sample (T121-3-04) is almandine rich with a com-
position of X 4;,,=0.47, Xp,,=0.33, Xrs=0.19 and Xg,s=0.01 (Tab.. Clinopyroxene
porphyroblast cores and the inclusions in garnet are rich in Na with Jd values reaching
up to 40 mol% whereas clinopyroxene in the symplectites is poor in Na with Jd reaching
up to 18 mol% (Fig.[A.6C). The Xy, is high in all clinopyroxenes ranging between 0.70
and 0.87 (Tab.[£.2). Plagioclase in symplectites is richer in Na (X4, = 0.75-0.80) than the
plagioclase inclusion in garnet (X4, = 0.63-0.68; Tab.. Rutile coexisting with zircon
and quartz has average Zr contents between 20748 ppm and 316+24 ppm (Tab.‘

4.4.2 Kyanite-bearing eclogites

Kyanite-bearing eclogites are composed of Ky-Grt-Omp-Rt-Zo-Qtz-Pl-Zrn forming the
peak mineral assemblage. Kyanite is blue and coarse grained reaching up to ~ 2 cm
grain size. It contains inclusions of rutile, quartz, omphacite, garnet, plagioclase, zoisite
and in one sample also of staurolite (Fig.&D). Garnet coronas, up to ~ 3 mm wide,
commonly enclose kyanite (Fig.&D). However, garnet porphyroblasts with inclusions
of omphacite, rutile, plagioclase and quartz are abundant in the matrix. Plagioclase in the
matrix is regarded as a peak mineral, however, secondary plagioclase replacing omphacite,
garnet and kyanite is also abundant. Abundant symplectites of plagioclase, hornblende
and ilmenite commonly replace omphacite and garnet (Fig.), whereas silica poor do-
mains, characterized by symplectites of staurolite, spinel, plagioclase and corundum com-
monly occur between kyanite and garnet (Fig.). Clinopyroxene is partly replaced by
plagioclase-diopsidethornblende in the form of symplectites or sieve textures (Fig.).
Sanders et al.| (1987) regarded the sieve textures to be equivalent to symplectites. They
are interpreted to be formed during decompression under high temperatures and/or during
long periods of retrogression.
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Figure 4.5: Microphotographs showing reaction textures in eclogites; plane polarized light images (B,
D, E and F) and backscattered images (A and C). A: Omp, Pl and Rt inclusions in Grt (T111-1-04). B:
P1-Di symplectites and Hbl corona replacing Omp (T111-5-04). C: Grt corona around Ky; Omp, P1 and
Grt inclusions in Ky (T125-4B-04). D: St and Grt inclusion in Ky; Grt corona around Ky (T125-3-4). E:
Pl-Hbl-Ilm symplectites between Grt and Omp (T125-1-04). F: Spl-St-P1-Crn symplectites between Ky
and Grt corona (T125-1-04).
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The compositions of garnet, clinopyroxene, plagioclase, spinel, staurolite and zoisite
are given in Tab.[f.4] Tab.[L.5] and Tab.[4.6 Garnet is Fe and Ca rich with homogeneous
core compositions of X 4;,,=0.44, X,s=0.33, Xp,,=0.21 and Xg,,=0.02 (Fig.4.6B). The
Xprp and the X/, show a slight increase and an abrupt drop near the margins whereas
Xgrs decreases towards the rims (Fig.[4.6B). The garnet corona around kyanite has Xg;
of about 0.24, which is lower than that of cores of garnet porphyroblasts. Other contents
are similar to the rims of garnet porphyroblasts (Tab..
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Figure 4.6: Mineral compositions of the Neoproterozoic eclogites. A: Garnet profile of a kyanite-free
eclogite. B: Grt profile of a kyanite-bearing eclogite. C: Cpx composition in kyanite-free eclogites; classi-
fication after Morimoto et al| (1988)). D: Cpx composition of the kyanite-bearing eclogites. E: Pl profile
of the Ky eclogite.

Clinopyroxene porphyroblasts are zoned: the jadeite content drops from about 37 mol%
in the core to about 7 mol% at the rims. Clinopyroxene inclusion in garnet are Na rich
with jadeite contents of up to 44.4 mol% (Fig., Tab.. The Xy, is similar in all
analyzed clinopyroxene grains ranging between 0.63 and 0.70 (Tab.. Matrix plagioclase
is zoned, its core has X 4,=0.87 which drops to 0.77 in the rims (Fig.[1.6E). Plagioclase
inclusions in garnet are also Na rich with X 4, between 0.78 and 0.83. Plagioclase in the
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plagioclase-diopside symplectites replacing omphacite and in the plagioclase-hornblende-
ilmenite-symplectites between garnet and omphacite have lower contents of Na, with Xy,
ranging between 0.24 and 0.46 (Tab.. Staurolite in symplectites have little ZnO, which
ranges between 0.02 to 0.04 wt%; it has more Mg than most amphibolite-facies staurolites
(Xpe = 0.65 to 0.69). Spinel in symplectites between garnet coronas and kyanite have X g,
ratios that range between 0.65 and 0.69.

4.5 Mineral reaction history

4.5.1 Kyanite-free eclogites

In the kyanite-free eclogites mainly retrograde reactions are preserved. The prograde his-
tory is reflected by the preserved inclusions of omphacite, plagioclase and quartz in garnet
porphyroblast.

The hornblende coronas (Fig.) formed by replacements of omphacite and garnet.
The addition of fluids (H2O) to the dry garnet-omphacite assemblage during uplift was
necessary for the formation of these coronas. Plagioclase-diopside symplectites were formed
by replacing omphacite.

4.5.2 Kyanite-bearing eclogites

Garnet coronas around kyanite and staurolite inclusions in kyanite (Fig.&D) seem to
represent the relicts of prograde reactions during subduction. The garnet-kyanite assem-
blage may partly have formed at the expense of staurolite and quartz that is included in
kyanite. The garnet corona may also form as a reaction product between omphacite and
kyanite, as described for similar textures in ultra high-pressure granulites and eclogites of
Poland (Klemd & Brocker, |1999).

During uplift garnet of the coronas reacted with the enclosed kyanite and water to form
corundum-spinel-plagioclase symplectites (Fig. )

Simultaneously during uplift garnet and omphacite reacted to form the symplectites of
hornblende, plagioclase and ilmenite (Fig.). Water addition was necessary to produce
hornblende (Grt + Omp + H,O = Hbl + P1 + Ilm).
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Table 4.2: Representative electron microprobe analyses of clinopyroxene of the kyanite-free eclogites

Clinopyroxene

Sample T108-7 T108-7 T108-7 T108-7 T111-5 T111-5 T111-5 T111-5 T111-5 T111-5 T121-3 T121-3 T121-3

Zo. @Hﬁoﬁ;m ﬂ@ﬁoﬂ.m @MWOGQAN @QOO?W H.N@szﬁ&. HQNS:ON. MOOGQV\‘N MOMWOGQ‘N ‘Nwmmﬂgﬁ. ﬂﬂ%@gﬁ. Hmﬁoﬂ‘m QMOOQ‘N %%OO‘WN
SiOa2 54.89 54.03 54.79 54.96 54.23 54.57 55.44 54.55 52.23 52.43 53.15 53.72 53.84
TiO2 0.15 0.13 0.30 0.26 0.00 0.00 0.00 0.00 0.49 0.38 0.34 0.28 0.34
Alx0O3 10.01 9.61 10.13 10.12 9.92 10.50 9.85 9.91 6.71 3.84 7.17 6.87 6.83
Cr20s3 0.07 0.06 0.05 0.13 0.05 0.07 0.01 0.09 0.00 0.11 0.08 0.06 0.04
FeO 3.50 2.52 4.15 4.30 5.28 5.29 6.40 5.57 5.43 5.07 4.47 5.38 5.36
Feo O3 2.39 3.95 1.85 1.88 2.45 1.95 0.97 1.98 2.53 1.87 3.09 2.40 2.07
MgO 9.17 9.33 9.24 9.22 8.45 8.69 8.44 8.48 11.23 13.22 10.70 10.63 10.76
MnO 0.07 0.10 0.05 0.03 0.01 0.09 0.06 0.08 0.07 0.09 0.04 0.01 0.08
CaO 14.04 15.12 13.82 14.00 13.41 14.05 13.39 13.60 19.00 20.70 16.89 16.97 17.01
Na2O 5.99 5.63 5.91 5.87 5.89 5.69 5.96 5.83 2.81 1.68 4.02 3.97 3.94
K20 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.31 100.47 100.30 100.78 99.70 100.90 100.52 100.10 100.50 99.39 99.95 100.29 100.27
Si 1.96 1.94 1.96 1.96 1.96 1.95 1.99 1.97 1.91 1.94 1.94 1.95 1.95
Ti 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Al 0.42 0.41 0.43 0.42 0.42 0.44 0.42 0.42 0.29 0.17 0.31 0.29 0.29
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.10 0.08 0.12 0.13 0.16 0.16 0.19 0.17 0.17 0.16 0.14 0.16 0.16
Fe3+t 0.06 0.11 0.05 0.05 0.07 0.05 0.03 0.05 0.07 0.05 0.08 0.07 0.06
Mg 0.49 0.50 0.49 0.49 0.46 0.46 0.45 0.46 0.61 0.73 0.58 0.58 0.58
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.54 0.58 0.53 0.53 0.52 0.54 0.51 0.52 0.74 0.82 0.66 0.66 0.66
Na 0.41 0.39 0.41 0.41 0.41 0.39 0.41 0.41 0.20 0.12 0.28 0.28 0.28
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Xmg 0.82 0.87 0.80 0.79 0.74 0.75 0.70 0.73 0.79 0.82 0.81 0.78 0.78
Ac% 3.5 4.9 2.5 2.4 2.9 0.3 1.2 2.1 2.1 1.5 4.0 3.4 2.3
Jd% 38 34 38 38 38 39 40 38 18 11 24 25 26
Cations calculated on the basis of 6 oxygen; incl. = Cpx inclusion in Grt, symp. = symplectites
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Table 4.4: Representative electron microprobe analyses of garnet and clinopyroxene of the kyanite-bearing
eclogites

Sample T125-2 T125-2 T125-1 T125-2 T125-1 T125-4 T125-4 | Sample T125-4 T125-4 T125-2

No. 289core  290¢°re  523core  265TIM  g9gcorona ggin.  119in- | No. 8oin- 126" 160%™
Garnet Clinopyroxene

SiOq 3892 3886 38.72 3854 39.12 39.29  39.43| SiO2  51.81 5223  53.77
TiO2 0.11 0.12 0.00 0.05 0.00 0.10 0.06 | TiOz 0.15 0.44 0.35
Al203 22.02  21.89  21.67 21.39  21.97 21.90 21.83| Al,O3  11.09  12.96  14.13
FeO 19.94 1951  20.69 2312 2271 2199 2230 | Crz20s3 0.02 0.00 0.00
MgO 5.59 5.50 4.86 4.10 6.91 6.77  6.47| TFeO 5.66 6.74 5.84
MnO 0.65 0.73 0.81 2.18 0.62 0.49 0.54 | FeaOg 2.05 0.00 0.00
CaO 12.80  13.15  13.31  10.64 8.93 9.21 9.39 | MgO 7.91 6.81 6.40

Total 100.03 99.75 100.06 100.02 100.26 99.75 100.02 MnO 0.04 5.79 0.02
CaO 16.57 14.27 13.43
NaxO 4.53 0.08 6.27
K20 0.01 0.02 0.03
Total 99.85 99.33 100.24

Si 2.990 2.993 2.993 3.010 3.000 3.018 3.024 Si 1.890 1.910 1.921
Ti 0.006 0.007 0.000 0.003 0.000 0.006 0.003 Ti 0.004 0.012 0.009
Al 1.994 1.987 1.975 1.969 1.986 1.983 1.973 Al 0.477 0.558 0.595
Fe 1.281 1.257 1.337 1.510 1.457 1.413 1.430 Cr 0.001 0.000 0.000
Mg 0.640 0.632 0.560 0.477 0.790 0.775 0.740 Fe?t 0.173 0.206 0.174
Mn 0.042 0.047 0.053 0.144 0.040 0.032 0.035 Fedt 0.056 0.000 0.000
Ca 1.054 1.085 1.102 0.890 0.733 0.758 0.772 Mg 0.430 0.371 0.341
Total 8.008 8.008 8.020 8.003 8.006 7.984 7.978 Mn 0.001 0.179 0.001

Ca 0.648 0.559 0.514
Na 0.320 0.006 0.434
K 0.001 0.001 0.002
Total 4.000 3.802 3.990

Xng 0.333 0.335 0.295 0.240 0.352 0.354 0.341 XMg 0.714 0.643 0.661
Xaim 0.425 0.416 0.438 0.500 0.482 0.474 0.480 Jd% 32 41 44
Xprp 0.212 0.209 0.183 0.158 0.262 0.260 0.248 Ac% 0.000 0.000 0.000
Xars 0.349 0.359 0.361 0.295 0.243 0.255 0.259
Xsps 0.014 0.016 0.017 0.048 0.013 0.011 0.012

Cations calculated on the basis of 12 oxygen for Grt and 6 for Cpx; in. = inclusions in Grt or Ky
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Table 4.5: Representative electron microprobe analyses of staurolite and spinel of retrograde sympletites,
zoisite and hornblende of the kyanite-bearing eclogites

Sample T125-1 T125-1 T125-1

T125-1 T125-1 T125-1

T125-2 T125-2 T125-2

T125-2 T125-2 T125-2 T125-2 T125-2

No. 19%Y- 20%Y-  21%Y- |3775Y- 378%Y- 381 [2067™ 209¢°TC 212¢07¢ |16V 1045Y- 227™t 228mt- 229mt.
Staurolite Spinel Zoisite Hornblende

SiO2 25.21 25.16 25.13 0.07 0.09 0.12| 3895 39.79 39.73| 40.28 39.57 40.37 40.41 40.80
TiO2 0.24 0.12 0.13 0.00 0.01 0.00 0.29 0.13 0.17 0.74 0.69 0.40 0.43 0.50
Al>O3 56.98 57.01 57.08| 58.94 59.24 61.17| 26.36 30.86 30.76| 16.20 16.54 15.13 15.34 14.86
Cr203 0.00 0.00 0.00 0.00 0.03 0.01 0.13 0.01 0.04 0.04 0.00 0.00 0.03 0.02
FeO 13.05 13.04 13.03| 26.22 26.21 26.05 6.65 0.86 0.50| 14.78 16.47 15.40 15.28 15.31
Fes O3 0.00 0.00 0.00 3.80 3.01 0.00 1.85 2.31 2.32 0.00 0.00 0.00 0.00 0.00
MgO 3.27 3.27 3.29 9.48 9.42 8.25 0.26 0.12 0.11] 10.21 9.31 10.32 10.08 10.22
MnO 0.00 0.02 0.01 0.17 0.24 0.17 0.07 0.04 0.03 0.19 0.18 0.25 0.37 0.38
CaO 0.29 0.28 0.36 0.09 0.08 0.06| 22.74 2283 2297| 11.42 11.36 11.71 11.56 11.38
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.07 0.05 2.91 2.86 2.86 2.83 2.81
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.16 0.47 0.15 0.15 0.16
ZnO 0.04 0.07 0.08 - - - - - - - - - - -
Total 99.08 98.95 99.10| 98.77 98.33 95.84| 97.31 97.05 96.67| 96.93 9745 96.59 96.47 96.43
Si 7.220 7.210 7.200f 0.020 0.020 0.030| 3.060 3.070 3.080| 6.045 5.969 6.109 6.116 6.173
Ti 0.050 0.030 0.030| 0.000 0.000 0.000{ 0.020 0.010 0.010| 0.084 0.078 0.046 0.049 0.057
Al 19.240 19.270 19.280| 15.340 15.450 16.170| 2.440 2.810 2.810| 2.865 2.941 2.699 2.736 2.650
Cr 0.000 0.000 0.000| 0.000 0.000 0.000{ 0.010 0.000 0.000f 0.005 0.000 0.000 0.003 0.002
Fe2+ 3.130 3.130 3.120| 4.840 4.850 4.890| 0.120 0.150 0.150| 1.855 2.078 1.949 1.934 1.937
Fe3+ 0.000 0.000 0.000| 0.630 0.500 0.000f 0.390 0.050 0.030| 0.000 0.000 0.000 0.000 0.000
Mg 1.400 1.400 1.400f 3.120 3.110 2.760f 0.030 0.010 0.010f 2.284 2.094 2.328 2.274 2.305
Mn 0.070  0.070 0.090| 0.030 0.040 0.030f 0.000 0.000 0.000f 0.024 0.022 0.032 0.048 0.048
Ca 0.000 0.000 0.000| 0.020 0.020 0.010f 1.920 1.890 1.910f 1.836 1.836 1.899 1.875 1.845
Na 0.000 0.000 0.000/ 0.000 0.000 0.000f 0.000 0.010 0.010f{ 0.847 0.837 0.839 0.830 0.824
K 0.000 0.000 0.000| 0.000 0.000 0.000{ 0.000 0.000 0.000f 0.031 0.091 0.029 0.029 0.030
Zn 0.010 0.010 0.020 - - - - - - - - - - -
Total 31.110 31.120 31.130| 24.000 24.000 23.890| 8.000 8.000 8.000| 15.875 15.946 15.930 15.895 15.872
Xumg 0.31 0.31 0.31 0.39 0.39 0.36 0.56 0.55 0.50 0.54 0.54

Cations calculated on the basis of 48 oxygen for St, 12.5 for Zo, 23 for Hbl and 32 for Spl; sy.= symplectite; mt.=matrix
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Table 4.6: Representative electron microprobe analyses of plagioclase of the kyanite-bearing eclogites

Sample T125-1 T125-3 T125-1 T125-2 T125-2 T125-2 T125-2 T125-2 T125-2 T125-1 T125-1 T125-2

No. 2737im Q74T 290c0re 31eore  6core 2605Y-1 2645Y-1 195v-2 265V-2 395im- 443 109"

Plagioclase

SiO2 62.33 63.07 6531 64.44 6423 52.32 50.53 50.02 54.76 59.59 63.08 63.97
Al O3 23.07 22.87 21.53 21.53 21.46 30.70 31.16 32.15 28.89 2554 23.18 22.35
Fe2O3 0.05 0.00 0.14 0.12 0.12 0.67 0.84 0.45 0.32 0.24 0.12 0.29
CaO 4.75 4.13 2.77 3.49 3.44 13.27 14.10 1499 11.06 7.22 4.45 3.95
Na2O 8.86 9.05 10.01 9.59 9.76 3.72 2.58 2.92 5.28 7.41 9.10 9.21
K20 0.03 0.03 0.04 0.09 0.10 0.05 0.13 0.04 0.02 0.03 0.07 0.04
BaO 0.00 0.00 0.00 0.03 0.05 0.07 0.06 0.05 0.03 0.00 0.00 0.00
Total 99.09 99.15 99.80 99.29 99.16 100.80 99.40 100.61 100.36 100.02 100.00 99.91
Si 2.78 2.81 2.88 2.861 2.858 2.358 2312 2.269 2.462 2.66 2.790 2.828
Al 1.21 1.20 1.12 1.127  1.126 1.630 1.681 1.719 1.531 1.34 1.210 1.165
Fe3+ 0.00 0.00 0.00 0.004 0.004 0.023 0.029 0.015 0.011 0.01  0.000 0.011
Ca 0.23 0.20 0.13 0.166 0.164 0.640 0.692 0.729 0.533 0.35 0.210 0.187
Na 0.77 0.78 0.86 0.825 0.842 0.325 0.229 0.257 0.460 0.64 0.780 0.789
K 0.00 0.00 0.00 0.005 0.006 0.003 0.007 0.002 0.001 0.00 0.000 0.002
Ba 0.00 0.00 0.00 0.001 0.001 0.001 0.001 0.001 0.001 0.00 0.000 0.000
Total 4.99 4.98 4.99 4989 5.001 4.980 4.951 4.993 4.998 4.99 5.000 4.986
X ab 0.77 0.80 0.87 0.828 0.832 0.336 0.247 0.260 0.463 0.65 0.788 0.807
Xan 0.23 0.20 0.13 0.167 0.162 0.661 0.745 0.738 0.536 0.35 0.212 0.191
Xor 0.00 0.00 0.00 0.005 0.006 0.003 0.008 0.002 0.001 0.00 0.000 0.002
Cations calculated on the basis of 8 oxygen; in. = inclusions in Grt and cor.=corona

sy.1= symplectite between Grt and Ky; sy.2=symplectite between Grt and Omp
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4.6 Geothermobarometry

A summary of the estimates of the prograde (subduction), peak and retrograde (uplift)
pressure and temperature conditions that are recorded in the eclogites is given in Tab.[4.7]
The mineral assemblages and textures of the kyanite-bearing eclogites provide a possibility
to calculate a P-T path and to estimate the P-T conditions at different stages during
subduction and uplift. The peak mineral assemblage Grt-Pl-Ky-Zo-Qtz-Rt yield a peak
pressure of 20.1+£3.4 kbar and a temperature of 785+81°C as calculated by the average
P-T method with the THERMOCALC program of Holland & Powell| (1998])). Mineral core
compositions were used for the calculations. The activities of components were calculated
by using the AX-program of Holland (version 0.1, 2004). A pressure of ca. 20 kbar is ob-
tained on the GASP equilibrium (Koziol,|1989), calculated by using unzoned cores of garnet
and plagioclase at the inferred temperature of 785 °C calculated by using THERMOCALC
(Fig.[&.7A and Tab.[L.7).

The prograde P-T conditions of the Grt-Omp-Pl-Qtz mineral assemblage enclosed
in kyanite porphyroblast were constrained by using different geothermobarometers. The
THERMOCALC program gives an average pressure of 15.543.0 kbar and a temperature of
715+£108°C. The GASP (Koziol, 1989) and the Ab=Jd+Qtz (Holland, |1980) geobarom-
eters give similar pressures of 16 kbar at the inferred temperature of 715°C, which is
consistent to the calculated average P-T above.

Different geothermobarometers give similar P-T' conditions for the retrograde formation
of the Spl-St-P1-Crn symplectites between garnet corona and kyanite and the hornblende-
plagioclase symplectites between garnet and clinopyroxene (Fig. E&F). The THER-
MOCALC program yields an average pressure of 11.0+£3.5 kbar and a temperature of
7004131 °C for the spinel-staurolite-plagioclase-corundum symplectites coupled with kyan-
ite and garnet corona composition. The Grt+Ky=An+Crn equilibrium, which is equivalent
to GASP in the absence of Qtz (Indares & Rivers, [1995), result in a pressure estimate of
12 kbar at a reference temperature of 700°C, when using garnet corona composition and
plagioclase symplectites. The Grt-Hbl Fe-Mg exchange thermometry (Graham & Powell,
1984) combined with Grt-PI-Hbl geobarometry (Kohn & Spear} (1990) yield temperature of
740 °C and a pressure of ca. 10 kbar, when using the composition of symplectitic Hbl and
PI coupled with Grt rims. These data could lead to the conclusion that the symplectites
formed when the pressure dropped nearly isothermally from peak eclogite-facies conditions
at about 20 kbar (T=760-790°C) to amphibolite-facies conditions of about 10-12 kbar and
700-740°C (Fig.[A.7A).

Like the kyanite-bearing eclogite, also garnet porphyroblasts of kyanite-free eclogites
contain inclusions of the prograde assemblage Pl-Omp-Qtz that allow to estimate pres-
sure and temperature conditions during prograde subduction (Fig.[4.5B). The chemistry of
the mineral inclusions (Abgs-Jd;o-Qtz) results in prograde pressures that are very similar
to those obtained with the inclusions found in kyanite of the kyanite-bearing eclogites
(Fig.. However, temperature estimates using the Fe-Mg exchange between garnet and
the included omphacite result in very high temperatures of 930-940°C, which is not re-
garded as realistic. Two additional samples gave slightly lower temperatures of 760-790 °C
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Table 4.7: A summary of pressure and temperature estimates of the kyanite-bearing and kyanite-free
eclogites. For thermobarometry Fe3t of pyroxene has been calculated assuming stoichiometry.

Sample Mineral & analysis No. Calibration T (°C) P (kbar) Remarks

Fe-Mg exchange in Grt-Cpx and Grt-Hbl geothermometers

T108-7-04 Grtg1-Cpxrg |E11is & Green| (|1979D 850 17* Grt-Cpx cores
Powell| (1985) 890 17* Grt-Cpx cores
T121-3-04  Grts9-Cpxis [Ellis & Green| (1979) 760 17* Grt-Cpx cores
Powell| (1985) 790 17* Grt-Cpx cores
T111-5-04  Grtao2-Cpxi7e [Ellis & Green| (1979) 930 17* Grt-Cpx cores
Powell| (1985)) 940 17% Grt-Cpx cores
T111-5-04 Grtog-Hblis |Graham & Powelll 41984[) 710 127 Hbl corona & Grt rim
T125-2-04  Grtags-Hblig [Graham & Powell| (1984) 740 107 Hbl symp. & Grt rim
Ab = Jd + Qtz and GASP geobarometers
T111-1-04 Cpxi76-Plis7 Holland| (1980) 700* 17 Inclusion in Grt
T111-5-04 Cpxgs-Plss Holland| (1980) 710t 12 Symplectites
T125-4-04 Cpxgp-Plsga Holland| (1980) 715t 16 P1 inclusion in ky
T125-4-04 Grtgg-Plgg (1989) 715t 16 Inclusion in Ky
T125-1-04  Grtsaa-Plago (1989) 785t 20 Grt-Pl cores
T125-2-04  Grtags-Hblig-Plag [Kohn & Spear| (1990) 740+ 10 Hbl-P1 symp.
Thermocalc
T125-2-04  Grtogo-Cpxi160-Pls1-Zo212 |[Holland & Powell| (1998 785481 20.1+£3.4 Peak P-T
Grt19-Cpxgo-Pliog Holland & Powell (1998 715+108 15.54+3.0 Inclusion in Ky
Grtogg-Stoo-Spla77-Plsgs  |Holland & Powell (1998 7004131 11.043.5 Symp. & Grt corona

*=inferred temperature or pressure; *= Grt-Hbl thermometry (Graham & Powell, [1984);
t—thermocalc QHolland & PowellL |1998[); H —Grt-Pl-Hbl geobarometry |Kohn & Spear| (]1990[);
J=Cpx-P1-Qtz geobarometry; symp.=symplectite

Zr-in-rutile thermometry of Ky-free eclogites
Thermometers: W:|Watson et al (2006), T= |T0mkins et al,l 42007[) and FW = |Ferry & Watsonl q2007D
For the calibration of [Tomkins et al.| (]2007[) temperatures were calculated at a reference peak pressure of 17 kbar

Sample Grain No. of spots Mean Zr (ppm) Mean T (°C)
error at lo error at lo
W T FW
T108-7-04 Rt-1 inclusion in Omp 30 312+£15 646+t4 683+4 641+4
Rt-2 matrix 25 299+£21 64248 67948 6377
Rt-3 inclusion in Grt 20 312+6 646+4 683+4 64144
T111-5-04 Rt-1 inclusion in Omp 30 300417 64245 680+5 638+5
Rt-2 matrix 20 31624 6477 684+7 642+6
Rt-3 inclusion in Grt 20 282412 637+4 67514 633+3
T121-3-04 Rt-1 matrix 30 227+14 62015 65715 616+4

Rt-2 inclusion in Grt 20 207+£8 613+4 650+4 609+3
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and 850-890 °C depending on the applied calibration (Tab.; T108-7-04 and T121-3-04).
As we do not consider these temperature as realistic we applied also the Zr-in-rutile ther-
mometry. The temperature dependence of Zr substitution in rutile has a great potential in
geothermometery for metabasites (e.g. [Spear et all 2006)). The Zr-in-rutile thermometer
calibrations of Watson et al. (2006)), [Tomkins et al.| (2007)) and |[Ferry & Watson| (2007)))
were applied. Matrix rutile and rutile included in garnet and omphacite of the three
studied samples have uniform Zr contents and are unzoned. This results in similar tem-
peratures for these kyanite-free eclogite samples (Tab. and Fig.|4.8). The calibration of
Watson et al.| (2006)) and Ferry & Watson| (2007) yield similar average temperatures, which

. . . 4 . . .
A: Kyanite-bearing eclogite .S 0 B: Kyanite-free eclogite
24 -
— o Zr-in-rutile thermometry
- S - g (T107, T111-5 and T121-3) 1A
x~ ™A EGP
20 O- 20 0o
L '\"-‘%g\ -
Grt-Cpx: Fe-Mg
exchange
16 [ 16 [~
L Inclusions
inGrt Y%
12 - 12 [ T111-1
Blueschispg Blueschist
8 [ ; ; . Granulite g
Granulite
Greenschist
4r 4
- T°C T°C
1 1 1 1
400 600 800 1000 400 600 800 1000

Figure 4.7: (A) The subduction P-T path of the Ky-bearing eclogites of the Ufipa terrane. The circles in
the error ellipses labeled I, IT and III mark the average P-T values calculated by using the THERMOCALC
program (Holland & Powelll [1998). Ellipse I indicates the prograde average P=15.5 kbar and T=715°C
constrained by using the Grt-Omp-P1-Qtz inclusions in Ky. Ellipse II shows the peak average P-T values of
P=20 kbar and T= 785 °C calculated by using the peak mineral assemblage Grt-Ky-Zo-Pl-Qtz. Ellipse III
shows the retrograde average P-T values P=11 kbar and T=700 °C calculated by using the Crn-P1-Spl-St
symplectites and the rim of Grt corona. Other geothermobarometers give similar P-T conditions as the
average P-T esimates: the GASP and Ab=Jd+Qtz equilibria. The Fe-St out reaction is from
Cheney| (1989). (B) P-T estimates for the kyanite-free eclogites. Zr-in-rutile thermometers
2006} |Tomkins et al) 2007; [Ferry & Watson|, [2007)) give temperatures of 610-690 °C, which correspond to
peak pressures at 15-17 kbar estimated by using the Ab = Jd + Qtz equilibrium of [Holland . Fe-Mg
exchange (garnet-clinopyroxene) thermomters EG = [Ellis & Green| (1979) and P = [Powell (1985) give
higher temperatures than Zr-in-rutile thermometers.
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range between 610°C and 650 °C. However, the calibration of [Tomkins et al. (2007) gives
slightly higher average temperatures between 650°C and 690 °C (Tab.@, which is still
about 200°C lower than the results garnet-clinopyroxene Fe-Mg exchange thermometry
on the same samples (Tab. Fig.. If we combine the Zr-in-rutile temperatures of
610-690°C with pressure calculations from inclusions (Ab-Jd-Qtz) we obtain 16-17 kbar
during prograde burial Fig.). A further temperature increase to possible higher peak
temperatures seems not to be recorded in rutile grains of the matrix, as matrix rutile has
similar Zr contents as rutile inclusions. This may indicate that rutile became included
near the peak temperature, when burial by subduction was still going on. Peak pressures
can not be calculated for the kyanite-free eclogites as plagioclase was not stable in the
matrix, but was only found as relict grains of inclusions in garnet. If we take the values
of 20 kbar/785 °C (THERMOCALC) and 20 kbar/690 °C (rutile thermometry) as the
peak metamorphic conditions of the eclogites, we obtain geothermal gradients in the corre-
sponding subduction zone in the range of 10-11 °C/km. This indicates a relatively warm
subduction.
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Figure 4.8: Backscattered electron image of ru- ofal

tile crystal from sample T108-7-04. Circles show
location of analysis points. Numbers are temper-
atures in °C calculated from rutile thermometer

(calibration of Ferry & Watson, [2007). . 00005742
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4.7 Geochemistry of kyanite-free eclogites

A total of 12 samples of the kyanite-free eclogites from the Chisi area were selected for
major and trace element analyses, whose results are given in Tab.[4.8] SiOs-contents range
between 45.8-51.9 wt.% and the ratios Nb/Y (0.07-0.95) and Zr/Ti (0.01-0.07) are similar
to those of tholeiitic basalts (Fig.. The FeO-TiO5 enrichment is displayed in the AFM
diagram (Fig.) a characteristic that is also observed in MORB tholeiite glass. This
observation suggests that the precursors of the eclogites were tholeiite basalts. Tholeiitic
magmas are known to erupt in different tectonic settings such as MOR (mid oceanic ridges),
island-arcs, oceanic islands and in continental rifts (Pearce & Cann| 1973). Elements
such as Nay,O and K,O are easily mobilized during metamorphism (e.g., [Tatsumi et al,
. Therefore, to establish the original geochemical character of the metamorphosed
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igneous rocks trace elements, which are least mobilized and fractioned during diagenesis
and metamorphism, need to be considered.
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Figure 4.9: A: Magma series discrimination diagram after [Pearce| (1996): the kyanite-free eclogites plot
in the basalt field. B: The eclogites show the MORB Fe-enrichment trend in the AFM diagram.

The chondrite normalized REE (rare earth elements) patterns reveal two geochemical
groups of eclogites labeled group I with LREE (light rare earth elements) 10-30 times
chondritic values, and group II eclogites, which has LREE contents 30-80 times chondritic
values (Fig.[1.10] A&C). The chondrite normalized REE pattern of group I is generally
similar to the average MORB (mid oceanic basalts). However, the HREE (heavy rare
earth elements), Dy, Ho, Er, Tm, Yb and Lu lie below the average MORB pattern, which
is true for group II as well.

The MORB normalized REE and HFSE (high field strength elements) concentrations
of group I eclogites plot parallel to MORB values with minor deviations. However, the
easily mobilized elements like U, Ba and sometimes Rb are strongly enriched or depleted,
up to about ten folds of the MORB values (Fig.[4.10B). These observations imply that the
group I eclogites have a strong affinity to melts from a MORB source. This interpretation
is supported by the Th/Yb vs Ta/Yb diagram and the Th-Hf-Ta diagram, in which a
depleted mantle source as MORB is suggested for the melt precursors of group I eclogites
(Fig.4.11A&B).

The MORB-normalized trace element patterns of group II eclogites are strikingly similar
to the MORB normalized island-arc basalt pattern (Fig.|4.10D). The Nb-Ta depletion
relative to LREE and LILE, which is a typical arc signature, is evident in all group II
eclogite samples. The elements Zr-Hf are depleted relative to Nd and Sm; Ti is depleted
relative to Eu and Gd. Mismatch of the patterns is only seen at the easily mobilized Cs
and Rb. The affinity of group II eclogites to island-arc basalts is also seen in the Th/Yb
vs Ta/Yb diagram and the Th-Hf-Ta diagram, in which group II eclogites plot in the

island-arc fields (Fig.|4.11A&B).
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Figure 4.10: Trace element patterns of the kyanite-free eclogites. A: Chondite normalized REE patterns
of the group I eclogites; the chondrite values are from (Boynton, [1984). B: MORB normalized trace
element patterns of the group I eclogites; the MORB normalizing value is according to (Hofmann, [1988|).
C: Chondite normalized REE patterns of the group II eclogites. D: MORB normalized trace element
patterns of the group II eclogites. The average trace element concentrations of the island-arc basalts is
according to Kelemen et al{(2003).
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Figure 4.11: Basalt discrimination diagrams. A: Diagram of trace element ratios Th/Yb vs Ta/YDb after
Pearce| (1982): B: Hf/3-Th-Ta diagram after Wood| (1980)). In both plots the group I eclogites plot in the
field of MORB and group II in the field of island-arcs.



4.7 Geochemistry of kyanite-free eclogites 99

Table 4.8: Major and trace element composition of the kyanite-free eclogites of the Ufipa terrane.

Sample T111-5 T109-2 T123-2 T124—2‘T108—4 T110-1 T110-2 T112-4 T121-1 T121-3 T123-1 T129-1

Group I Group 11

Major elements in wt%

Si04 45.96  46.87 48.65 51.27| 4732 4741 46.88 45.81 51.34 4596 51.86 48.60
TiO, 1.56 1.70 1.09 1.79 1.09 1.46 1.44 5.22 2.15 1.08 1.07 1.25
Al,O3 15.67 16.13 14.37 13.48| 1584 14.64 1484 10.79 14.16 13.68 14.80 7.15
FeO 13.93 1456 12.04 13.23| 13.01 1299 13.06 11.27 13.33 1555 1140 17.64
MnO 0.24 0.24 0.29 0.21 0.24 0.22 0.22 0.20 0.21 0.23 0.16 0.25
MgO 10.58 7.04 9.80 6.33 8.74 9.85 10.10 8.19 5.88 9.51 6.46 14.38
CaO 9.16 9.88 10.05 10.39 9.44 9.21 9.47 13.85 9.55 12.07 9.51 9.40
Na,O 2.73 3.27 3.86 3.27 3.99 3.70 3.43 3.03 3.22 2.00 4.88 1.51
K,0O 0.06 0.05 0.01 0.01 0.02 0.01 0.01 0.03 0.04 0.01 0.07 0.03
P,05 0.19 0.17 0.16 0.18 0.05 0.19 0.27 0.58 0.03 0.02 0.02 0.18
LOI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.08  99.98 100.48 100.28| 99.46 99.82 99.89 99.19 99.91 100.27 100.23 100.39
Trace elements in ppm

Zr 126 117 92 134 91 124 121 296 139 39 63 74
Li 8.50 14.7 14.0 19.0 174 9.83 8.48 9.90 13.2 11.1 8.08 8.25
Sc 42.7 38.8 32.8 46.3 35.1 384 37.5 36.0 52.0 49.7 37.1 67.1
\Y 257 305 252 342 249 257 248 354 330 465 319 338
Co 68.6 46.3 oL.7 46.1 56.5 57.4 57.8 43.4 49.6 64.0 40.7 92.3
Ni 275 91.7 278 61.2 207 257 244 128 68.2 140 112 219
Cu 38.5 46.4 21.8 43.4 207 23.5 27.8 111 388 T 108 114
Zn 147 140 110 129 157 141 141 147 141 102 118 148
Ga 16.0 19.6 17.3 19.4 17.6 16.8 16.2 20.9 20.8 18.7 20.0 10.0
Rb 225 0.758 0.220 0.271| 0.530 0.338 0.243 1.66 1.03  0.261 0.87 0.791
Sr 117 83.3 103 92 152 104 222 318 190 153 168 184
Y 31.4 37.2 22.2 29.4 29.7 30.4 31.4 27.5 30.6 23.6 29.1 21.0
Zr 126 97.4 76.7 103 75.5 97.6 96.6 244 103 21.6 45.7 65.9
Nb 9.70 8.01 9.74 5.39 4.06 7.70 7.00 132 12.7 1.58 14.5 6.66
Cs 0.039 0.003 0.008 0.010| 0.018 0.006 0.004 0.025 0.023 0.007 0.006 0.034
Ba 101 17.6 226 12.3 206 246 336 314 71.2 374 55.2 243
La 3.63 8.23 8.26 8.22 12.0 9.34 13.7 16.3 18.9 14.2 20.5 17.6
Ce 10.9 15.7 12.8 10.2 21.1 21.6 26.7 30.4 35.5 31.7 25.5 39.9
Pr 1.82 3.30 2.34 2.47 2.89 3.37 4.16 4.96 4.30 4.41 5.41 5.59
Nd 9.62 16.6 10.8 11.7 13.2 16.0 19.0 21.7 16.9 19.7 22.3 24.0
Sm 3.63 6.19 3.51 3.88 4.09 4.77 5.36 5.20 4.67 5.53 6.45 5.74
Eu 1.29 2.05 1.07 1.44 1.51 1.59 1.76 1.73 1.56 1.51 1.65 1.41
Gd 4.61 8.15 4.39 5.14 5.14 5.52 6.04 6.20 5.05 5.68 6.91 5.37
Tb 0.836 1.33  0.732  0.856| 0.847 0.914 0.967 1.05 0.838 0.867 1.11 0.78
Dy 5.11 7.55 4.31 5.43 5.29 5.59 5.82 6.08 5.05 4.59 6.15 4.34
Ho 1.04 1.40 0.83 1.13 1.08 1.14 1.17 1.09 1.04 0.81 1.11 0.81
Er 2.94 3.52 2.18 3.05 291 3.14 3.16 2.57 2.92 2.07 2.79 2.07
Tm 0.422  0.497 0.325 0.459| 0.423 0473 0.464 0.325 0.408 0.291 0.398 0.284
Yb 2.67 3.19 2.15 3.05 2.74 3.10 3.01 1.94 2.56 1.89 2.61 1.75
Lu 0.394 0.457 0.327 0452 0.409 0451 0441 0.259 0.382 0.272 0376 0.239
Hf 2.90 2.73 2.04 2.96 2.05 2.61 2.55 6.74 2.81 0.84 1.74 1.97
Ta 0.427 0.320 0.535 0.363| 0.235 0.445 0.423 6.80 0.585 0.052 0.585 0.263
Pb 6.89 3.75 3.83 5.15 22.8 8.51 14.4 13.7 22.2 21.0 14.7 115
Th 0.335 0.130 0.644 0.463 1.87 0.86 1.09 0.677 3.86 1.58 2.14 1.41
U 0.334 0.841 0.488 0.443| 0377 0469 0.447 0.949 0.902 1.02 0964 3.002
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4.8 Geochronology

4.8.1 Textures and U-Th-Pb compositions of zircons

Rounded and subrounded zircons were selected from two kyanite-free eclogite samples
(T111-5 and T108-7) and one kyanite-bearing eclogite sample (T125-3) for geochronol-
ogy (Fig.4.12). The analytical results are presented in Tab. and Fig.[4.13] The CL
(cathodoluminescence) images reveal zoned zircons from all samples (Fig.@. Kyanite-
free eclogites contain zircons with uniform composition that are interpreted as metamorphic
in origin (Fig.[4.12)A), and those with cores overgrown by rims (Fig.4.12B). The cores might
be of magmatic origin and are overgrown by metamorphic rims. Zircons of the kyanite-
bearing eclogite sample have a metamorphic rim, which surrounds a core and a mantle
that are characterized by magmatic growth zoning (Fig.[4.12(C).

The cores and rims of zircons of the kyanite-free eclogite have similar low Th/U ratios
in the range of 0.09-0.38 (Tab.. The absence of a concentric growth zoning in these
zircons and the low Th/U ratios may be an indication for a growth during metamorphism
of both, cores and rims (Rubatto, [2002; (Corfu et al., 2003).

Th/U ratios of the zircon cores of the kyanite-bearing eclogite overlap with those of the
mantles in a range 0.25-1.71, the outer most rims have lower Th/U ratios ranging between

0.03 and 0.13 (Tab.[9} Fig.[f-12B).
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Figure 4.12: Textures and the Th/U ratios of the zircons of Pan-African eclogites of the Ubendian belt.
A: Metamorphic zircon of a kyanite-free eclogite without magmatic cores. B: Zircon of a kyanite-free
eclogite with cores and rims that have similar Th/U ratios. C: Zircon of a kyanite-bearing eclogite whose
core and mantle with magmatic growth zones are surrounded by a rim.
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4.8.2 Results of the U-Pb dating

The core and rim analyses of zircons of the kyanite-free eclogites plot together on the U-
Pb concordia, for which a concordant age at 593+20 Ma for sample T111-5 was calculated
(Fig.[4.13A). A concordant age of 52446 Ma was obtained for core and rim analyses of
sample T108-7 (Fig.[1.13B). If a magmatic event is recored in the zircon cores, the obtained
results imply that magmatic formation and subduction took place in a narrow time interval.

0.13
Age = 593 £ 20 Ma 01 "Age = 524 + 6 Ma
Probability (conc.) = 0.62 Probability (conc.) = 0.98
012 L MSWD = 0.24, MSWD = 0.0008,
error at 20 0.10 + error at 10

=
§ 0.1}
38 0.09
& o010
5

0.09 L 0.08

A
0.08 . : T T T — 0.07 r : T T T T
02 04 06 038 1.0 1.2 14 0.3 0.5 0.7 0.9
0.40 L Intercepts at 0.39 | Age = 1877 £20 Ma
’ 548+39 & L Probability (conc.) 0.50,
MSWD = 0.45
1832+33 Ma 18( > error at 20 ’
?’: 0.30 - MswD=0.097 mantles 0.37 -
L
0
& o20L d 0.35 |-
] \
Ve
0.10 _esoo/«@@@ 0.33
rms
T125-3 c 1800
L ! | | ! |
1.0 3.0 5.0 7.0 46 5.4 6.2
207 pp 235y 207pp 235y

Figure 4.13: Concordia diagrams of Ufipa terrane eclogites. A & B: Two samples of the kyanite-free
eclogites. Zircon cores and rims give concordant Pan-African ages. C: Zircons of the kyanite-eclogite
have cores, mantle and rims of different ages: cores plot along a discordia intersecting at 548+39 Ma and
18324-33. The mantles are concordant at 1832420 and the rims scatter discordantly giving no age.

The magmatic zircon cores of the kyanite-bearing eclogite plot discordantly. The discor-
dia has an upper intercept at 1832433 Ma and a lower intercept at 5484+39 Ma (Fig.).
The analyses from the zircon mantles yield a magmatic concordant age at 1877420 Ma,
whereas the outer rim analyses plot randomly, giving no meaningful age (Fig.). The
lower intercept age of the discordia discussed above points to a metamorphic event which
is coeval with the concordant Pan-African ages of the kyanite-free eclogites.
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Table 4.9: U-Pb isotopic zircon composition for the kyanite-free and kyanite-bearing eclogites of the Ubendian belt.

No. U Th % 206Ph (%) &W@Soa age (Ma) %* 9}%3 %* @HWOH. % * mw\oﬁ disc.
(ppm) (ppm) comm. % % (%) (%) (%) (%)

T111-5

1.1 core 34 ) 0.16 0.97 | 729 £ 290 615 + 24 | 0.064 14 0.88 14 | 0.100 4.1 19
1.2 rim 130 23 0.19 0.59 | 573 £ 110 602 = 21 | 0.059 5 0.80 6.2 | 0.098 3.6 -5
2.1 rim 34 3 0.10 1.56 | 360 + 330 601 £ 23 | 0.054 15 0.72 15| 0.098 4.0 -40
3.1 rim 37 9 0.26 2.39 | 450 £ 380 568 £ 22 | 0.056 171 0.71 18 | 0.092 4.0 -21
3.2 core 35 3 0.09 1.62 | 374 £ 470 585 £ 23 | 0.054 21 0.71 21| 0.095 4.1 -36
T108-7

1.1 core 78 22 0.29 0.93 | 514 £ 210 570 £20 | 0.058 9.4 0.73 10 | 0.092 3.7 -10
1.2 rim 5 22 0.30 0.54 | 556 £ 150 586 = 21 | 0.059 7 0.77 7.9 1 0.095 3.7 -5
2.1 rim 137 48 0.36 1.14 | 307 £ 400 541 £ 17| 0.053 18 0.63 18 | 0.088 3.2 -43
2.2 core 130 37 0.30 0.00 | 308 £ 160 427 £ 13 | 0.053 7.2 0.50 7.8 | 0.068 3.1 -28
3.1 rim 98 36 0.38 0.85 | 396 £ 220 507 £ 15| 0.055 9.8 0.62 10 | 0.082 3.0 -22
4.1 rim T 23 0.30 1.12 | 612 £ 190 505 £ 14 | 0.060 8.8 0.66 9.3 | 0.082 2.9 21
4.2 core 161 59 0.38 0.28 528 £ 97 517 £ 14 | 0.058 4.4 0.67 5.2 0.084 2.8 2
4.3 core 99 30 0.31 0.56 | 528 £ 110 503 £ 14 | 0.058 4.8 0.65 5.6 | 0.081 2.8 5
T125-3

1.1 core 216 214 1.02 2.19 | 1108 £ 220 859 £ 51 | 0.077 11| 0.143 6.4 1.50 13 29
1.2 mnt. 48 80 1.71 0.00 | 1739 &£ 110 1415 + 46 | 0.106 5.9 0.245 3.6 3.60 6.9 23
1.3 rim 5 0 0.06 0.00 | 2904 £ 250 697 £ 75| 0.210 15| 0.114 11.0 3.30 19 317
2.1 core 170 218 1.32 0.38 | 1715 £61 1651 =26 | 0.105 3.3 | 0.292 1.8 4.23 3.8 4
2.2 mnt. 90 120 1.38 2.71 | 1273 £ 300 1478 £ 39 | 0.083 15| 0.258 2.9 2.95 15 -14
2.3 rim 9 0 0.02 0.00 | 2094 £ 240 730 £ 51 | 0.130 14| 0.120 74 2.14 15 187
3.1 rim 13 1 0.04 0.00 | 1821 £ 250 677 £40 | 0.111 14 | 0.111 6.2 1.70 15 169
4.1 core 212 140 0.68 0.00 | 1758 £45 1333 £ 18| 0.108 2.5 | 0.230 1.5 3.41 2.9 32
4.2 mnt 131 151 1.19 0.36 | 1897 £ 56 1881 + 34 | 0.116 3.1 1 0.339 2.1 5.42 3.7 1
5.1 rim 3 0 0.03 0.00 | 3337 £ 240 796 £ 86 | 0.275 15| 0.131 11.0 4.99 19 319
6.1 mnt 32 36 1.18 — 12290 £ 330 934 £ 44 | 0.145 19| 0.156 5.1 3.12 20 145
7.1 mnt 348 254 0.75 0.12 | 1770 £29 1580 + 13 | 0.108 1.6 | 0.278 0.94 4.15 1.9 12
7.2 rim 3 0 0.03 0.00 | 2078 £ 270 854 £ 84 | 0.129 15| 0.142 10.0 2.51 18 143
8.1 core 295 72 0.25 0.27 | 1152 £ 72 738 £ 7.6 | 0.078 3.6 0.121 1.1 1.31 3.8 56
8.2 mnt 50 87 1.78 1.17 | 1770 £ 120 1869 £ 37 | 0.108 6.5 | 0.336 2.3 5.02 6.9 -5
8.3 rim 2 0 0.06 0.00 | 3930 £ 210 1519 4 200 | 0.406 14 | 0.266 15.0 14.9 20 159
9.1 core 137 126 0.96 0.65| 1736 £ 71 1481+ 22 | 0.106 3.8 | 0.258 1.7 3.78 4.2 17
9.2 mnt 34 45 1.37 — | 1853 £90 1859 £59 | 0.113 5| 0.334 3.6 5.22 6.2 0
9.3 rim 4 0 0.10 0.00 | 2686 £ 300 819 £ 86 | 0.184 18| 0.135 11.0 3.43 21 228
10.1 core 329 309 0.97 0.81 | 1427 £ 100 1173 £ 15 | 0.090 5.3 | 0.200 1.4 2.48 5.5 22
10.2 mnt 41 65 1.64 1.16 | 1850 & 110 2000 £ 88 | 0.113 6.2 | 0.364 5.1 5.67 8.1 -8
10.3 rim 3 0 0.13 0.00 | 3352 £ 260 781 £ 72| 0.278 17| 0.129 9.7 4.94 19 329

*common Pb corrected by using measured 2°4Pb, mnt. = mantle
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4.9 Discussion

4.9.1 Geochronological and geochemical results

The Pan-African U-Pb SHRIMP zircon ages at 593420, 548439 Ma and 524+6 Ma, ob-
tained from the Ufipa terrane eclogites is a surprising result. These eclogites were assumed
by previous authors to represent relicts of a Paleoproterozoic Ubendian suture (Sklyarov
et al. |1998). The trace element compositions of the two recognized geochemical groups
of kyanite-free eclogites (group I and group II eclogites) indicate that they are relicts of a
subducted marginal ocean basin in which oceanic island-arc volcanics were associated with
back-arc rocks during Pan-African time.

The striking similarities between group II eclogites and oceanic island-arc lavas, which
are characterized by the depletion of the HFSE (Zr, Nb, Hf, Zr and Ti) relative to LILE
and LREE (Perfit et all|[1980; Kelemen et al., 2003)), and the presence of group I eclogites
with MORB-like geochemistry imply that during Pan-African time an ocean basin and a
magmatic-arc separated the Tanzania craton from the Bangweulu block along the Ubendian
belt. The closure of this marginal ocean basin occurred between 590-520 Ma by the process
of subduction of oceanic lithosphere.

The Pan-African age of 548439 Ma (lower intercept age of a discordia) of Paleo-
proterozoic zircon cores (1832433 Ma) is interpreted as the metamorphic age of the kyanite-
bearing eclogites. It is similar to the age found in kyanite-free eclogites and in monazites
of metapelites that host the eclogites of the Ufipa terrane. Therefore it can be concluded
that the precursors of the kyanite-bearing eclogite were either aluminous metabasites of
the Paleoproterozoic Ubendian crust which were subducted during Pan-African time, or,
alternatively, the zircon cores may represent xenocrysts in Neoproterozoic mafic rocks that
became subsequently eclogites.

4.9.2 Neoproterozoic eclogite formation in the Ubendian belt and geodynamic
consequences

The subduction of Neoproterozoic island-arc and back-arc basalts in the Ubendian belt
took a clockwise PT path and climaxed at pressures of 15-20 kbar and temperatures of
610-790 °C which indicates a geothermal gradient of about 10-11°C/km. This subduction
is slightly warmer than that of the Pan-African Zambezi belt subduction (~8°C/km; John
et al., 2003).

Rapid uplift resulted in a nearly isothermal decompression to amphibolite-facies con-
ditions (about 10-12 kbar/ 700-740°C), when abundant symplectites, coronas and sieve
textured omphacites developed to replace eclogite peak mineral assemblages. Limited re-
hydration favored the growth of hornblende and staurolite-bearing late-stage symplectites.

Several mechanisms and geological processes have been proposed to explain rapid uplift
and exhumation of deep seated high-pressure rocks: (1) erosion process (e.g. Hsuel (1991}
Nie et al.,1994), (2) large scale extensional collapse of a tectonically thickened continental
crust (e.g. [Burchfiel & Royden, 1985; |Burchfiel et al., [1989), (3) arrival of a continent at
the subduction zone, which produces stress that promote the rise of the deeper parts of the
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subduction zone against the flow of subduction (Hynes et al.,|1996)), (4) subduction channel
processes, in which eclogites are exposed by bouyoucy forces of the partially hydrated
mantle wedge above a subducting slab (Gerya et al., [2002). One or the combination of
these mechanisms might have been responsible for the uplift and exposure of the Pan-
African eclogites in the Ubendian belt.
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Figure 4.14: A: A geological map of southern central Africa indicating the location of Pan-African back-
arc and island-arc like chemistry eclogites between the Bangweulu block and the Tanzania craton, the
MORB-like chemistry eclogites of the Zambezi belt (John et al.,2003)) and the plume related Mozambique
belt eclogites in northern Malawi (Ring et all |2002)), a geological map was modified after from |Hanson
(2003). B: A cartoon depicting a possible scenario of tectonic plates between the cratons of Congo and
Kalahari during Pan-African time.

In the search of possible information about the direction of subduction dip, we looked
at the distribution of Neoproterozoic mineral assemblage in the metapelitic country rocks
of the eclogites. The high-temperature mineral assemblages cordierite-garnet-sillimanite
in the southeastern part of the Ufipa terrane are in contrast to the kyanite-muscovite
assemblages found along the northwestern border in the Ufipa terrane, where the eclogites
are exposed. This contrast in the Pan-African assemblages along the Ufipa terrane may
point to a southward directed subduction zone, above which a high heat flow may have
caused the high-temperature metamorphism in the upper plate.

The Pan-African suture between the Tanzania craton and the Bangweulu block is coeval
with eclogite formation at ca. 530-500 Ma in northern Malawi (Fig.[4.14A; Ring et al/,[2002)
and the crustal thickening at ca. 530 Ma in the Zambezi belt (Fig.@B; John et al. 2003),
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which followed the subduction of oceanic crust between 659+14 Ma and 607414 Ma (John
et al., 2003}, 2004).

The presence of Pan-African eclogites in the Ubendian belt in combination with a high-
grade metamorphic reworking of their country rocks (chapter 2) suggests the existence of a
Neoproterozoic collision zone in the Ubendian belt, for which the name Tanganyika orogeny
has been proposed (chapter 1). In combination with the known eclogite occurrences in the
Zambezi belt (John et al., 2003) at the southern border of the Bangweulu block and those
to the east in northern Malawi (Ring et al., 2002), the newly discovered Neoproterozoic
eclogites in the Ubendian belt suggest that the Bangweulu block formed a microplate
during Neoproterozoic Gondwana formation. This has to be considered by future models
of Gondwana assembly.

4.10 Conclusions

1. The magmatic precursors of kyanite-free eclogites of the Ufipa terrane in the
Ubendian belt are island-arc and back-arc tholeiitic basalts, which became
subducted at the end of the Gondwana assembly between 590 Ma and 520 Ma.
Core and rim of eclogite zircons give indistinguishable U-Pb ages indicating a short
time interval between magmatic formation and subduction of the precursor basalts.

2. Zircons of a kyanite-bearing eclogite of the Ufipa terrane have magmatic cores and
overgrown mantles that are Paleoproterozoic in age. These are overgrown by
metamorphic Neoproterozoic rims. The cores can be interpreted either as
Paleoproterozoic xenocrysts in Neoproterozoic mafic rocks that became
subsequently subducted, or as Paleoproterozoic aluminous mafic rocks of the Ufipa
crust that became subducted during the Pan-African orogeny in the Ubendian belt.

3. Some kyanite-free eclogites of the Ufipa terrane (geochemical group I eclogites)
resemble melts from a depleted mantle source. Because of their affinity to E-MORB
chemistry, they may be derived from a not well developed ocean basin or a back-arc
basin.

4. The subduction of the island-arc and back-arc basalts in the Ubendian belt followed
a clockwise P-T path with a geothermal gradient of about 10-11°C/km and
culminated at pressures of about 15-20 kbar/610-790 °C which is equivalent to a
depth of approximately 50-70 km.

5. The presence of eclogites at three localities at the margins of the Bangweulu block
(Ufipa terrane in the Ubendian belt, Zambezi belt and in northern Malawi) suggests
that the Bangweulu block formed a microplate during Neoproterozoic Gondwana
formation. This plate collided with the Tanzania craton about 560 Ma ago forming
the Tanganyika orogenic belt within the Paleoproterozoic Ubendian belt.
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