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Zusammenfassung

Tief erodierte Orogene sind Regionen der kontinentalen Erdkruste, in denen
regionalmetamorphe Gesteine vorkommen, die sich iniefentKruste gebildet haben. Studien

an solchen metamorphen Gurteln sind daher wichtig fir das Verstandnis von Prozessen, die in
Wurzeln von Gebirgsgurteln stattfinden und zur Entschlisselung von
Krustenbildungsvorgadngen und der Krustenentwicklung. Inedigsrbeit geht es um die
Entschlisselung der orogenen Entwicklung eines linearen paldoproterozoischen Gebirgsgurtels,
dem Ubendian Belt von Tanzania, der unter anderem auch eines der altesten in einem Gebirge

aufgeschlossenen Eklogitvorkommen der Erdednth

Um die Bildung und Krustenentwicklung dieses linearen Ubendian Belts, sowie das Alter und
die Entstehung der dortigen Lagerstéatten an edlen und unedlen Metallen zu bestimmen, wurden
die Gesteine des Katunilocks des nordwestlichen Ubendian Belts dmmoisch und
petrologisch untersucht. Zudem wurde das Alter von ZirkoPlg) und Monazit (Urh-total

Pb) unter Verwendung von Laser Ablation Inductively Coupled Plasma Massenspektrometrie

beziehungsweise der Elektronenstrahlmikrosonde

Interne Texturen defirkonkérner in Verbindung mit ihren4Bb-Altern deuten darauf hin, dass

die magmatische Bildung der Protolithe der Orthogneise und Metabasite des {dtwha
hauptsachlich im Neoarchaikum (ca. 2.264 Ga), aber untergeordnet auch wahrend des
Paleoprterozoikums (2.051.94 Ga) stattfand. Diese zwei Perioden liegen etwa 600 Ma
auseinander und werden als Stadien mit aktivem Kontinentalrand an der Grenze des Tansania
Kratons interpretiert, wie aus der kalkalkalischen Zusammensetzung und den

Spurenelemenustern der Metabasite und Orthogneise abgeleitet werden kann.

Die granulitfaziellen Saume in Metabasiten, bestehend aus Granat, Klinopyroxen, Quarz und
Hornblende, welche magmatisch gewachsenen Orthopyroxen und Plagioklas ersetzen, lassen
darauf schlieRerdass die magmatischen Protolithe nach ihrer Bildung in der tiefen Kruste eine
nahezu isobare Abkihlung wahrend einer tektonisch ruhigen Phase (< 2.64 Ga) erlebten. Die
detritischen Zirkonkorner aus den Metasedimenten liefern Alter von 2.64 bis 2.05r@Beh &

den Bildungsaltern der Gesteine des KatBtacks, was andeutet, dass der KateBhack
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selbst die wahrscheinliche Quelle des Sediments war. Der Zeitraum der Sedimentation kann
eingeschrankt werden durch das hochste Alter detritischer Zirkone h26&@.Ma und dem

Alter der ersten Metamorphose der Sedimente bei ca. 1960 Ma. Dieses Ereignis wurde datiert
durch das Alter von metamorphen ZirkBAumen und das von Monakiernen. Die Phase der
Sedimentation und der nahezu isobarer Abkihlung der Metabastler tieferen Kruste wird

einem Stadium mit passivem Kontinentalrand des Tansania Kratons zwischen 22685@&d

zugeordnet.

Im Gegensatz zur Art der peastagmatischen Abkihlung der archaischen Metamorphose der
Metabasite, liefert das haufige Vorkmen von Silliman#Pseudomorphosen nach -grof3en
Disthenkristallen in migmatitischen Metapeliten Beweise fir zwei Stadien prograder
Metamorphose verbunden mit palaoproterozoischer Krustenverdickung. Ein frihes Stadium der
Metamorphose fand innerhalb dBssthenStabilitatsfeldes statt, wogegen der anschliel3ende
Metamorphoséeak durch die Stabilitdt der Mineralparagenese Sillin@rahat/CordieriK-
Feldspat charakterisiert wird. Pseudosection Modellierung dgrV¥érhaltnisse fir Granat
zeigen, dass dic die Bildung der homogen zusammengesetztéhe r n e von
Granatporphyrobl ast7&rb ab ¢ i@ &eaighaten vyas veggiabar isv noitn
den Ergebnissen der GASBarometrie. Die Bildung von spéaten PlagiokiB&umen um Granat

in Metapeliten und die Abnahme vonygder in den Randern von @ratporphyroblasten,
lassen auf eine nahezu isotherme Heraushebung nach deMEwakorphose schliel3en und

damit auf eine Krustenverdickung, die der R&tamorphose vorangegangen sein muss.

Die U-Th-total Pb Monaz#Alter lassen vermuten, dass die Metdlite des Katumdlocks
wahrend des Paleoproterozoikums zwei verschiedene Metamorphoseereignisse bei ca. 1.96 Ga
und 1.84 Ga durchlebten. Da zwei Wachstumszonen von Monazits (Kerne und Sdume) sowohl
bei Monazitkérnern in der Gesteinsmatrix als auch besdhliissen in Granatporphyroblasten
gefunden werden, muss das Granatwachstum wahrend oder nach dem zweiten metamorphen
Ereignis bei ca. 1840 Ma stattgefunden haben. Diese Interpretation ist wird unterstitzt von der
zunehmenden Verarmung an HREE und Y in donazitrdndern, die auf ein gleichzeitiges
Wachstum der Monazitsaume und der Granatporphyroblasten hinweist. Das zweite, hochgradige
Ereignis bei ca. 1840 Ma steht somit in Verbindung mit der Entstehung des Ubendian Belts
wahrend der Kollision zwischen aeTansanigKraton und dem BangweulBlock. Das erste
metamorphe Ereignis bei ca. 1960 Ma, welches sich ca. 120 Ma vor der Kollision ereignete,
wird einer Metamorphose bei Disth&tabilitat zugeschrieben, die wahrend Akkretions
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Prozessen und damit verbunden Kalkalkalinem Magmatismus (2.0%.94 Ga) entlang des

aktiven Kontinentalrandes des Tansakratons stattfand.

U-Th-total PbDatierung an hydrothermal alterierten Monazitkdrnern von hydrothermal
Uberpragten Metapeliten, welche die-8u-Pb-haltigen Acgrn des Mpanda Mineral Field im
Katuma Blocks enthalten, liefern ein mesoproterozoisches Alter (1171 £ 17 Ma). Dieses Alter
stimmt Uberein mit der ersten amphibaliiellen Metamorphose von Metasedimenten im
WakoleBlock, der nach Stidwesten an den KattBlack angrenzt. Das ermittelte Alter liefert
eine Verbindung zwischen der Metamorphose der Metasedimente im VWai&ole und der
Freisetzung hydrothermaler Fluide, welche fir die Entstehung derKaqifr-Blei haltigen
Adern des Katumlocks verantwortkh sind



XX

Zusammenfasung




Abstract

Orogenic belts are regions of the Earthodés co
occur that may have formed in the deep crust of an orogen. Studies of metamorphic belts are
thus important to an understanding of pgsms that are taking place in roots of mountain belts.

In order to determine the formation and crustal evolution of the linear Paleoproterozoic
Ubendian Belt in Tanzania and the age and origin of its pretiasis metal deposits, the rocks
in the Katuma Bck of the northwestern Ubendian Belt were geochemically and petrologically
investigated and their Bb zircon and Wrh-total Pb monazite ages determined using Laser
Ablation Inductively Coupled Plasma Mass Spectrometer and an Electron Probe Micro
Analyse, respectively.

Internal textures of the zircon grains in combination with thelPJages indicate that the
magmatic formation of the protoliths of the orthogneisses and metabasites of the Katuma Block
occurred mostly in the Neoarchean (ca. 2Z/64 Ga)but also during the Paleoproterozoic
(2.05 1.94 Ga). These two periods are separated for about 600 Ma and are interpreted as active
continental margin stages at the border of the Tanzania Craton, as deduced bydhaloadc
nature and trace elementoghemistry of the metabasites and orthogneisses.

The granulitefacies corona assemblages in metabasites consisting of garnet, clinopyroxene,
quartz and hornblende replacing magmatic orthopyroxene and plagioclase indicate that the
magmatic protoliths expemnced a near isobaric cooling after their intrusion into the deep crust
during a tectonically quite period (< 2.64 Ga). The detrital zircon grains from the metasediments
of the Katuma Block gave ages ranging between 2.64 and 2.05 Ga, similar to the magmati
formation ages of rocks of the Katuma Block, suggesting that the Katuma Block itself was most
likely the source for the detritus. The time interval of sedimentation is constrained by the oldest
age of the detrital zircon at about 2680 Ma and the agdeoffitst metamorphism of the
sediments at about 1960 Ma. This event is documented by the age of metamorphic zircon rims
and that of monazite cores. The stage of sedimentation and the near isobaric cooling of the
metabasites in the deep crust is ascribed passive continental margin stage of the Tanzania
Craton between 2.65 a2d05Ga.
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In contrast to the poshagmatic cooling nature of the Archean metamorphism of the
metabasites, the common occurrence of sillimanite pseudomorphs afteizexinkyanite
crystals in migmatitic metapelites provides evidence for two stages of prograde metamorphism
associated with Paleoproterozoic crustal thickening events. An early stage of metamorphism
took place in the kyanite stability field whereas the subsequent peakmorghism is
characterised by the stability of the mineral assemblage sillimgaiteet/cordieriteK-
feldspar. Pseudosection modelling of thggXatios for garnet in combination with GASP
barometry revealed that the formation of the compositionally hemog@ us cor es of
porphyroblasts formékdban 7 & dht iformatmm o latethge ab o u t
plagioclase coronas around garnet in metapelites and the decreagganidXof the spessartine
component in rims of garnet porphyroblastsnpoio a near isothermal uplift after peak
metamorphism and thus to a crustal thickening event that preceded the peak metamorphism.

The UTh-total Pb monazite ages suggest that during the Paleoproterozoic time the Katuma
metapelites experienced two separagtamorphic events at about 1.96 Ga and 1.84 Ga. As the
two ages of monazite growth zones (cores and rims) are found in monazite grains of the rock
matrix and in inclusions in garnet porphyroblasts, the garnet growth must have occurred during
or after thesecond metamorphic event at 1840 Ma. This interpretation is in agreement with the
increasing depletion of HREE and Y in the monazite rims indicating concurrent growth of the
monazite rims and the garnet porphyroblasts. The secondgrage event at cd840 Ma is
correlated with the formation of the Ubendian Belt during the collision between the Tanzania
Craton and the Bangwelu Block. The first metamorphic event at ca. 1960 Ma that preceded the
collision for about 120 Ma is attributed to the kyanite gratetamorphism during accretionary
processes and associated edl@line magmatism (2.09..94 Ga) along the active continental
margin of the Tanzania Craton.

U-Th-total Pb dating of hydrothermally altered monazite grains from hydrothermally altered
metapédites hosting the AtCu-Pb bearing veins of the Mpanda Mineral Field in the Katuma
Block yielded a Mesoproterozoic age (1171 + 17 Ma). This age coincides with the first,
amphibolite grade metamorphism of metasediments in the Wakole Block adjoining tineaKatu
Block to the southwest. The obtained age provides a link between the metamorphism of the
Wakole metasediments and the generation of hydrothermal fluids responsible for the formation

of the goldcopperlead baring veins in the Katuma Block



Introduc tion

The Ubendian Belt

The Ubendian Belt in the western Tanzania is a linear metamorphic belt consisting of deformed
high grade metamorphic rocks and contains significant metallic resources like Cu, Au, Pb, Fe,
Pd, Pt and REEEvans et al., 2011; Lawley at., 2013b; McConnell, 1950; Pinna et al., 2004)
This belt formed in Paleoproterozoic time (2118 Ga; Boniface et al. 2012; Lenoir et al. 1994)
during the assembly of the gloksdale supercontinent Columbia along collisional orogens
(Zhao et al., 2002 Interestingly, the Ubendian Belt hosts Paleoproterozoic eclogites (1888

Ga; Boniface et al., 2012)wvhich are rarely preserved in other high grade metamorphic belts of
that age, only known from a few localities (e.g. Nyong, Cameroon and Usagalan Be
Tanazania; Mdller et al.,, 1995; Schenk et al., 2006). These eclogites attest for oceanic
lithosphere subduction preceding the continental collisions that led to the formation of the
supercontinent Columbia. The Ubendian Belt therefore provides alsusetting for studying

the geodynamic evolution of a Paleoproterozoic orogen.

Despite a number of recent studies of rocks of the Ubendian Belt, its formation and
geodynamic evolution is still not well understood and a comprehensive crustal evolution model
of its formation is still lacking. Lenoir et a1994)proposed that the Ubendian Belt formed by
the collisional event at about 22.0 Ga and was then affected by lateral displacements of the
individual crustal blocks in this belt at about 1.86 Ga. Restudies by Boniface and Schenk
(2012) revealed eclogites of ca. 1-88B86 Ga in age reflecting an oceanic lithosphere
subduction and a possible 1.86 Ga continent collision event. Lawley(20&Ba)reported also
the subduction related magmatism (t®6 1.88 Ga) in the southeastern Ubendian Belt that i
younger than the assumedllisional event at ca. 2.2.0 Ga that was proposed by Lenoir et al.
(1994) Therefore, the evolution of the Ubendian Belt and the general sequence of events during
its evoltion remained unclear. In order to resolve this problem, this study focuses on
unravelling the crustal evolution of the Ubendian Belt.

In addition to the geologic history of the Ubendian Belt, the origin of the orogenic Au, Cu
and Pb deposits (Goldfarlt al., 2001) in the northwestern Ubendian belt is also unclear.
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Previous studies attributed the Paleoproterozoic orogenic formation of the belt to that of the
deposits (Cahen et al., 1966; Nanyaro, 1989), however the subsequently reported ages for the
formation of the deposits (1.66 Ga and 1.57 Ga)-gasd theUbendian orogenic evelft

2.1- 1.8 Ga). Stendal et al. (2004) suggested contemporary intrusion of the carbonatite and the
formation of the depositsn the NeoproterozoicIn addition, they propose a genetic
relationship between the two events, the carbonatite and the orogenic Au, Cu and Pb deposit
formation. The recent recognition of Mesoproterozoic and Neoproterozoic orogenic events in
the Ubendian Belt by Boniface et &2014) and Boniface andSchenk (2012) warrant
speculations on the origin of these orogenic deposits. Therefore, this study used hydrothermally
altered monazites of the deposits to date and to understand the orogenic formation of the
deposits

Study approach and analytical technjues

In order to unravel the crustal evolution of the Katuma Block and the origin of its precious and
base metal mineralisation, fieldwork was conducted in the Mpanda area within the Katuma
Block at different sites including those of artisanal and medicefesgold mines. Many rock
samples of metabasites, orthogneisses, metasediments and granitoids were collected.

Geochemical data of metabasites, orthogneisses and granitoids were obtainecyby X
florescence spectrometry for major elements and-M&P as vell as ICROES for trace
elements. The geochemical data were used to deduce the petrogenetic history of magmatic
protoliths of the rocks and the ancient tectonic setting of their magmatic formation.

Zircon grains were separated from metabasites, orthegg®igranitoids and metasediments
for LA-ICP-MS U-Pb dating. In addition, leucosomes from both migmatitic orthogneisses and
metapelites were collected for dating of the migmatization events. In order to interprete the
meaning of zircon ages, the intert@ttures of zircon grains were first studied in backscattered
electron and cathodoluminescence images obtained by using a Secondary Electron Microscope
(SEM). After the growth histories of the grains had been petrographically analysé@GPLMS
analytica points were selected and the analyses were perfomed.

Metapelites and metabasites were preferred for petrological studies as these rocks preserved
the metamorphic history by reaction textures and mineral zonations. Mineral chemical data of
minerals of thee rocks were obtained using an Electron Microprobe. The mineral chemical data
were then used to estimate pressure and temperature conditions of the metamorphism from the

composition of minerals that formed in equilibrium. To understand the metamorpbiy luka
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rock petrographic and mineral chemical data have been combined to perfom conventional
thermobarometry. Pseudosection modelling using the THERDAMWINO software was
additionally applied and equilibrium assemblage diagrams for specific metapefites
metabasites have been calculated from which the conditions of metamorphism have been
obtained.

In addition to zircon ages, monazite of metapelites was also dated using an electron
microprobe. The Wrh-total Pb method provided the ages of metamormvents. In situ
texturally controlled monazite dating was preferred because the complex metamorphic pressure
temperature history was only obtained by linking the internal texture of metamorphic monazite
grains and the texture of the rock forming minenalsyhich the dated monazite occurs. Finally,
hydrothermally altered monazites from hydrothermally altered metapelites hosting gold bearing
veins were dated to obtain the age of the hydrothermal alteration and thus also the age of the

mineralisation event

Outline of this study

The results of this study are presented in three chapters, which are briefly described below.

Chapter 1 deals with unravelling the geologic evolution of the Katuma Block by examining
internal textures of zircon grains and by deterng their UPb ages. The ages of the magmatic
crystallization of the protoliths, the age of deposition of clastic sediments on top of
metamagmatic basement rocks and the ages metamorphic events of the different rock types were
determined. In addition, gehemical data of selected metabasites, orthogneisses and granitoids
is used to deduce their petrogenesis and ancient tectonic settings of their magmatic formation.
This chapter provides new insights into magmatic and metamorphic events thatoccurred in the
Neoarchean (2.72.64 Ga) and the Paleoproterozoic (2094 Ga) continental margins of the
Tanzania Craton. The Neoarchean events are correlated with those that formed greenstone belts
in the Archean Tanzania Craton.

This chapter has been submitted teddmbrian Research

Kazimoto, E.O., Schenk, V. and Berndt, J. (in revieWweoarchean and
Paleoproterozoic crust formation in the Ubendian Belt of Tanzania: insights from

zircon geochronology and geochemistry
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Chapter 2 deduces the age and nature @ thetamorphic events recorded in metapelites and
metabasites of the Katuma Block from petrological studies and from texturally controlled
U-Th-total Pb microprobe dating of monazite in metapelites. The chapter proposes a first
Neoarchean to Paleoproterozarustal evolution model for the Ubendian Belt, which includes
all magmatic, sedimentation and metamorphic events and consists of four evolutionary stages: a
Neoarchean active continental margin stage (ca.-Z&4D Ma), a passive continental margin
stage(ca. 26402050 Ma), a Paleoproterozoic active continental margin stage (ca- 258D
Ma) and a final continent collisional stage (ca. 2880 Ma) associated with the exhumation
of eclogites.

This chaptehas beersubmittedto Precambrian Research

Kazimoto, E., Schenk, V. and Appel, P. (submitt€tdanulitefacies metamorphic
events in the northwestern Ubendian Belt of Tanzania: Implications for the
Neoarchean to Paleoproterozoic crustal evolution

Chapter 3 attempts to date a hydrothermal altematievent that associates with the
Au-Cu-Pb mineralization in the Katuma Block by using MicroprobeTijtotal Pb
monazite dating of the hydrothermally altered monazite grains from hydrothermally altered
met apel i tes. The Mesopr otbtained fromitleese angnezite( & 11 7 :
grains. This Mesoproterozoic age is similar to the age of the first amphibolite grade
metamorphism of metapelites of the tectonically adjoined Wakole Block to the southwest
of the Katuma Block. In conclusion a Mesoproterozoagenic gold mineralization model
is proposed for the formation of mineralization in the Katuma Block of the Ubendian Belt.
This chapter has beasnbmittedto Contributions to Mineralogy and Petrology
Kazimoto, E., Schenk, V. and Appel, i (eview): The age of AuCu-Pb bearing
veins in the polyorogenic Ubendian Belt (Tanzania): U Th total Pb dating of

hydrothermally altered monazite

In summary the results of this thesis indicate that the northeastern Paleoproterozoic Ubendian
Belt consists of Neoahean and Paleoproterozoic protoliths, which were formed when the
southwestern border of the Tanzania Craton represented an active continental margin. The rocks
experienced their main metamorphic reworking during several Paleoproterozoic orogenic
events. Tk formation of the associated Aiu-Pb vein deposits in the Katuma Block was the
result of neither Paleoproterozoic nor Neoproterozoic mineralization events as proposed by

previous author@Nanyaro, 1989; Stendal et al., 2004\t is of Mesoproterozoic ag
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Chapter 1

Neoarchean and Paleoproterozoic crust formation in the Ubendian Belt

of Tanzania: insights from zircon geochronology and geochemistry

Abstract

LA-ICP-MS U-Pb zircon geochronologat and geochemical data ohetaigneous and
metasedimentary rock types of the Katuma Block of the Paleoproterozoic Ubendian Belt in
Tanzania are used to unravel the crustal evolution of this metalliferous terrain. The protoliths
of the metabasites and orthogneisses previously considered to berétaleapic are in fact
mostly Neoarchean in age (27%¥311 Ma to 2638+ 5 Ma), from which the oldest rocks
experienced their first metamorphism during the same Neoarchean orogenic cycle at ca. 2650
Ma. A second event of mafic magmatism (202111 Ma) was oncomitant with the
migmatization of the Neoarchean orthogneisses and was succeeded by granitic intrusions at
1990 1940 Ma. All rocks of the Katuma Block experienced their main metamorphic reworking
during several Paleoproterozoic orogenic events, whiale wexognized by dating of various
metamorphic zircon growth zones and the age of magmatic events dated0&0c49@0 and

1880 Ma. The detritus of the higltade metasedimentary rocks derived from Neoarchean
(Katuma Block or Tanzania Craton?) and Ppfeterozoic provenances and the minimum age

for the deposition is constrained by its first metamorphism at ca. 1960 Ma. The Neoarchean
and Paleoproterozoic metabasitegabbronorite and orthogneisses are slkaline in
composition displaying a REE an@d¢e element geochemistry akin to those of rocks formed in
modernarc settings. On the basis ¢hhe geochemical data, the presence of eclogites,
deformation and metamorphic ages, we suggest that in Paleoproterozoic time the Katuma
Block was again at an ae#i continental margin, below which a Paleoproterozoic acean

lithospherewas subducting.
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1. Introduction

When and how specific blocks of the earthos
guestion thahas interested geologist for a long tifdme d the significances of understanding

the formation and evolution of continental blocks is in the recognition that the genesis and
regional to global distribution of large metallic deposits is related to crustal forming processes
(Cooke et al.,, 2005; Grovest al.,, 2005) Since the evolution of crustal rocks has been
significant for determining the controlling factors for the formation of large metallic deposits
(Groves et al., 1995; Wang et al., 1998)stal evolution studies provide a basis for formugati
successful models for exploration of metallic depdBite Paleoproterozoit/lbendian Beltin

western Tanzanihas ben subdivided into eight crustal blocks, namely the Katuma, Wakole,
Ubende, Ufipa, Mbozi, Lupa, Nyika and Upangwa blogBaly, 1988) anong which the Lupa,
Katuma and Upangwa blocks contain precious or/and base metal deposiisl@jgPrevious
studies suggested that the formation of the Ubendian Belt is related to different orogenic events
characterized by an initial collisional orageassociatedvith granulitefacies metamorphisrat

ca. 21002025 Ma producing the-B&/ or WNW-ESE tectonic fabric of the rocks. This event

was then followed by steep N\BE lateral movements at ca. 1860 [laly, 1988; Lenoir et

al., 1994) Conversely, rece studies have shown that the rocks in the Ubendian Belt
experienced more than one orogenic cycle in Proterozoic (Boeriface and Schenk, 2012;
Boniface et al., 2012)In addition, zircon dating of rocks in the Lupa Block showed that the
protoliths of netagranites, which were previously considered to be Paleoproterozoic in age, are
actually Neoarchean (~2.74 Ga) and were only reworked during the Paleoprotérandey et

al., 2013a) The same authors, iconjuction with regional seismic studies infetréhat the
Tanzania craton extends into the Ubendian Belt and suggested accretionary tectonics for the
formation of the Ubendian Belt. Boniface and SchgtkL2)and Boniface et a(2012)in their

work on the Ubendian Belt eclogites recognized at leastRvoterozoic suture zones in the
Ubendian Belt: The Paleoproterozoic suture, which formed at ca. 1880 and 1860 Ma, manifested
by the age of theclogites of the Ubende Block, and a Neoproterozoic sutare590 520 Ma),

which is recorded by younger ecitig of the Ufipa Block. These observations provide evidence

for repeated collisional events along the suture between the Bangweulu Block in the southwest
and the Tanzania Craton. In spite of the significance of the metal resources in the Katuma
Block, the geodynamic setting and timing of its formation and evolution has been poorly
studied. Existing geochronological data, which are mainly based on -wdukeRbBSr
geochronology of the higgrade metamorphic rockd.enoir et al., 1994; Nanyaro, 1989)

suscepible to resetting during metamorphism, are inadequate to understand the formation
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history of the Katuma Block. In this study, we use-I@P-MS U-Pb zircon geochronology and
geochemistry to deduce the formatibistory and evolution of the Katuma Bloc®ur data

point out that most rocks of the Katuma Block were formed in a Neoarchean continental arc
where they experienced also their first metamorphism. Later during the Paleoproterozoic, the
block was intruded by mafic melts and granites and experiencedasavetamorphic events (at
ca.2650, 2050, 1960, and 1880 Ma)

2. Geological setting

2.1 Ubendian Belt

The Paleoproterozoic Ubendian Belt (Figl) is a NWSE trending metamorphic belt that
separates the Archean Tanzania Craton at a length of about 500 kthdr&@ragweAnkolean

Belt and the Bangwelu Block. To the southeast the Ubendidoordered bythe NET SW
striking Paleoproterozoic Usagaran Belt (Fidl)1On its northern parts, the Ubendian Belt is
overlain, with an unconformity,by Mesoproterozoic Kragwe Ankolean and the Bukoban
sedimentary cover rocks. In recent studies, Lawlewle{2013a)showed that early crustal
forming events in the Lupa Block date back to Neoarchean time (2.74 Ga). Previous studies of
the Ubendian Belpointed to crustal fianing events in the time between 2100 Ma and 1900 Ma,
which mainly involved calealkaline felsic plutonism in the Nyika BlodRing et al., 1997)
Katuma and Ubende Bloc{Boniface, 2009)and Upangwa and Lupa Blodkawley et al.,
2013a; Lenoir et al., 199 Manya, 2012)During this period the rocks in the Nyika Block
experienced granulittacies metamorphisniRing et al., 1997)Eclogites with Mid Oceanic
Ridge Basalt (MORB) chemistry in the Ubende Block yield SHRIMPUtircon ages of 1886

+ 16 Ma and 866 + 14 Ma, which represent a phases of subducti@tednic crust anthay
represent the formation of a suture zone during Paleoproterozoi¢Boné&ace et al., 2012)
Metapelites associated with these eclogites contain zircon and monazitengaarage of
about 1830 Ma for a subsequent crustal thickening event in the Ubende(Btrtgface, 2009;
Boniface et al., 2012)Similar ages have been reported for the emplacement etlgaline
granitoids and mafic rocks: 1846 + 37 Ma for the Mpanda tgaim the Katuma Block
(Nanyaro, 1989)1864 + 32 Ma from a ¥Pb zircon age of the Ufipa granifeenoir et al.,
1994) and a SHRIMP tPb age of 1877 = 20 Ma from magmatic zircon cores of the Ufipa
eclogitegBoniface and Schenk, 2012 addition to thesPaleoproterozoic events, the rocks of
the Wakole Block gave Mesoproterozoic metamorphic ages associated with a crustal thickening

event(Boniface, 2009) Similar ages have also been found for rocks of the Ubende Block and
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Lupa Blocks(Boniface et al., 2(2; Lawley et al., 2013aA Neoproterozoic to Cambrian suture
zone at the northern border of the Ufipa Block contains eclogitesbaitkarc and island arc
basalt (IAB) chemistrywhich have been dated between about 590 Masafd\Va (Boniface
and Schenk2012) A NeoproterozoitPaleozoicmetamorphic overprint is also reported to
occur ubiquitously in the rocks of the Ufipa and Ubende Bl¢Bimniface and Schenk, 2012;
Boniface et al., 2012Ray,(1974)and Stendal et §2004)obtained a whole rock R8r syenite
crystallization age of 685 + 62 Ma and a P model agéor a carbonatiteof 733 £ 33 Ma in
the Lupa Block and Ubende Block, respectivelyihe latter provides evidence faa

Neoproterozoic crustal extension phase prior to theA*acan collisional event

2.2 Katuma Block

The geology of the Katuma Block is presented in geological mmafi®e quarter degree sheets

152, 153, and 17(Biyashev et al., 1977; Semyanov et al., 1977; Smirnov et al., 18#f)

1.1). A large part of the Katuma Block is ersively covered by Cenozoic alluvium and
laterites (Fig.1.1B). On its northern part, the block is covered by MeasoNeoproterozoic
terrigenos sediments of the Bukobam&rgroup that are separated from the baseimeain
unconformity (Semyanov et al.1977) The basement rocks of the Katuma Block have been
traditionally subdivided into two groups, of which the Katuma Group consists of migmatitic |
type orthogneisses (HbIBt bearing) whereas the Ilkulu group consists mainly of
metasedimentary rocks, v include metapelitesalcsilicate rocks, quartzite and marble
(Biyashev et al., 1977; Semyanov et al., 1977; Smirnov et al., 19%8)rocks of the lkulu
Group overlie unconfomably those of the Katuma Gr&gmyanov et al., 1977; Smirnov et al.,
1970) The traditional subdivision of the Katuma rocks has to be questioned as the results of our
zircon dating revealed that the Katuma Group includes metabasites and orthogneisses of
Neoarchean and Paleoproterozoic age and should not be grouped together.

At the eastern part of the block, the orthogneisses occur together ubidfuitous
amphibolites, mafic granulitesnd gabbronorite (Fig. 1.1B). Outcrops of amphibolites occur
also in the western part of the Katuma Block adjacent to the Wakole Block A(E,
T19-1-10). The rocks of the Katuma Block were intruded by-fadiated to foliated granitoids
that vary from biotite granite (leuagranite), biotitehorrblende granite to granodiorite. Late E
W and NWSW trendingfractures cut the rocks dhe Katuma Bbck and host carbonate
sulphidequartz veins that are mineralized with Cu, Au and Pig.(1.2A). A summary of
locations, protolith or metamorphic age, mineralogy and textural descriptions of major rock
types of the Katuma Block is included as Table 1.
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Fig. 1.1 (A) Geological map of the Ubendian Belt between the Tanzania Craton and the Bangweulu Block modified frir@83l¢B) Lithological map of
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3. Petrography

3.1 Metabasites and gabbronorites

The mafic granulites are massive, greenish to dark gray in color, with mainly fmenedium
grain sizes (Figl.2B). Mineral assemblages include plagioclase, erdmal clinopyroxene,
hornblende, garnet antbcally biotite and pyrite. Theunmetamorphic maficrocks are
gabbronorite. These rocks armassive mainly with medium to coarse grain sizasd are
composedodf ortho- and clinopyroxene, plagioclase feldspar, ilmenggrite, with or without
biotite. Mafic minerals in both rock types are present in Wdeiaamounts between 65 and 50
vol. %. Quartz and iimenite together @& vol %. Garnet in mafic granulites ocs@s corona
around ortheand clinopyroxene (FidL.3A).

Mafic granulites show different degrees of retrograde hydration, such that the rocks grade
from granulites to amphibolites (Fig.3B). Prograde mineral plses are partially replaced by
hornblende, plagioclase and titanite as either late rims or symplettitparts, amphibolites
have been further retrogressed to prodlomally greenschistacies assemblageactinolite
epidote, chlorite, albite, titamt quartz or/and carbonates. The gabbritescrop out as small
bodies in the Katuma Block and in plaa®ntain enclaves of garnet bearing amphibslitet
are in sharp butrregular contact (Fig.1.2C). The amphibolites also occur as small-sub
conformdle bodies with the enclosirggabbranoritic stocks(Semyanov et al., 197.7)

3.2 Orthogneisses and granites

Orthogneisses and unfoliated granitoids cover a large part of the Katuma BlockIFighese
rocks vary from coarséo mediumgrained, massive tongissic and migmatitic in texture (Fig.
1.2D, 1.2E and1.2F). The orthogneisses have mineralogical compositions similar to those of
granites or granodiorites (e.g. FIp3C) with modal variationof their mafic minerals, which

are mainly biotite and horfédnde with or without orthoand clinopyroxene. Orthoand
clinopyroxene, formed after biotite and hornblende, are found in melanosomes of the migmatitic
orthogneisses (FiglL.3D). Locally the orthogneisses contain numerous mafic xenoliths (Fig.
1.2G andl1.2H), whichweredeformed together ih their host orthogneisses (Fip2H). Veins
originating from the leucosome cut some of these enclwggestinghat the enclaves predate
metamorphism and deformatiotunfoliated granitoids are mainly of two kindgranite
(leucocratic biotite- and horilendebiotite) and granodiorite (Fidl.3E andl.3F).
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gabbronorite garnet amphibolite

A

s orthogneiss (T2)

garnet amphibolite

Fig. 1.2 Field pictures(A) A carbonatequartz vein along a fracture zone cutting through a Neoarchean
granite (T66-10). (B) An outcrp of a mafic granulite (T-13-10) cut by numerous hydrothermal
veinlets. (C) Garnet amphibolite xenoliths in a gabbronorite. (D) FoliatedBHitanodiorite
(T20-1-10). (E) Neoarchean foliated granodiorite {T210). (F) Migmatitic orthogneiss at Kapanda
(T2-10). (G) Stretched mafic enclaves in Neoarchean orthogneisses of the Katuma Btaok. (H) A
microfault cuts both the mafic enclave and the host orthogne&s4Q)T () Unfoliated granite dyke
cutting a Neoarchean foliated granodiorite {I0), mntaining an earlier, deformed, near concordant
dyke. (J) A contact between a brecciated garnet amphibolite and an unfoliated grati (T1

Both granite types intrude the migmatitic orthogneisses and metabasited.2Fignd 1.2J).
The contact betwee granites and metabasites is sharpnd marked either bybrecciated
fragments of metzasites inthe granite or numerous enclaves withime granite (Fig.1.2J).

Different generatiosof granitic dykesan be seen cutting the orthogneisses (ER1).

3.3 Metasedimentary rocks

The Ikulu metasedimentary rocks exposed at Chemchem 1HiB; T4-38-10), consist of
metapelites and cakilicate rocks. The metapelites containfdfdspar, plagioclase, quartz,
ilmenite, magnetite and pinite pseudomorphs after cateliand sillimanite pseudomorphs after
kyanite. To the north of Mpanda town, at Ibyambe Hills (P1B0), the metapelites consist of
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garnet, sillimanite pseudomorphs after kyanitefeldspar, quartz, plagioclase, magnetite and
ilmenite, but contain no cdrerite. Calesilicate rocks are foliated with diopside and quartz
oriented parallel to the foliation. Only in thgections diopside, tremolite, zoisite;f&ldspar,

muscovite calcite and titanitean be recognized

Fig. 1.3 Micrographs of Katuma metabasites, orthogneisses andadan{td) Metabasites (T14-10)
contains garnet (Grt) corona around clinopyroxene (Cpx), plagioclase (Pl), amphibole (Hbl). (B) Garnet
amphibolite (T113-10) with the assemblage Hbl, Pl, Grt, Cfdz and lim. (C) Metayranodiorite
(T1-17-10) consists mainly of Fsp, Qz and Bt. (D) Melanosome cfr@mzonite (T72-10) contains

Opx, Cpx, HblBt, Pl, Qz and Iim. (E) Granodiorif@2a1-10) consists of PI, Kf€Qz, Hbl, Bt and Iim.

(F) Leucogranite (T24-10) contains mainly Fsp, Qz, Bt and Ilm. Mineral abbreviations are from
Whitney and Evang2009)
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4. Analytical methods

4.1 Geochemistry

Texturally homogeneous fresh samples, which included twtengég metabasites and thirteen
orthogneisses and gramils have been analysed for major and trace elements. The samples
were crushed using a screw press. Crushed samples were split into two halves and one of the
halves was pulverised using an agate mill. For major element analyses, glass discs were
prepared by melg a fusion of 0.6 g of a sample split together with 3.6 g lithium tetraborate
(Li.B4O7) and 2.0 g of ammonium nitrate on a fiseage OXIFLUX burner. Afterwards, the

discs were analysed for major element oxides and trace element abundances using &WRhilli

1400 Xray fluorescence analyser at the University of Kiel. Loss on Ignition (LOI) was
determined through calculating the weight difference between 2 g of a pulverised sample dried
at 110°C and after ignition at 1000°C in a muffle furnace. Traceeglenbase and precious

metal abundances of the samples were determined using Inductively Coupled Plasma Mass
Spectrometry (ICRMS) at the Acme Geochemical laboratories in Vancouver Canada. For a
complete dissolution of all minerals including refractory emnals (e.g. zircon, tile and
chromite), 0.2g of a sample split was fused with a Lithium metaborate / tetraborate flux to
produce molten beads. Molten beads were then digested iml1605% HNG; to prodice an

aliquot for trace elememinalyses. Precisuand base metal concentrations were determined after
0.5 g of a sample was digested in Aqua Regia &C95Analytical accuracy and precision were
evaluated using standards WB(serpentinite), BHVAL & -2 (basalt) and ANG (anorthosite)

for major elemets, inhouse standard STD ST for trace elements, and-lmouse standard

STD DS9 for precious and base metals. Precision for major and trace elements was better than 8
%, whereas the accuracy was betweed % for major elements and better than 12 % riace

elements

4.2 U-Pb zircon LAICP-Mass Spectrometry

Zircon mineral separation was achieved through crushing and pulverizing of samples to a grain
si ze o frm, Magretic Separation using the Frantz isodynamic magnetic separator and
heavy liquid separgtn. Zircon grains were handpicked under a binocular microscope, then
mounted in epoxy and polished. For the study of gragrnal texturesgathodoluminescence

(CL) and backscattered electron (BSE) images were taken by using a scanning electron
microsope (SEM) at the Mineralogy Department at the Goethe University of FranRfimts

for analyse were selected away frofmactures that occur in metamict zircons in order to avoid

analyses withcommonPb. The detailed procedure for the analysis of thent Rb isotopic
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compositionof zircon is well described in Kooijman et §2012) and is briefly summarized
here. U and Pb isotopic analyses of zircon were done at the Institute of Mineralogy University of
Munster. The analytical instruments included a N&\ave Research UPQ3HE AIF Excimer

laser ablation system together with a ThefamherScientific sector field ICPMS. Before the

start of a analytical session, all selected zircon spots wereaplated three times using a 45
mm diameter laser beam. Dog the analyses a laser beam of 3n in diameter was
preferentially used, although for the analysis of small zircon grains and thin zircon rim
overgrowths a laser beam of & in diameter was occasionally applied. Two zirceference
materialswere used GJ1 (Jackson et al., 2004yas the regular primary standareference
during the sessions and 9150Wiedenbeck et al., 199%jas utilized a an unknown to monitor
precision and accuracyhe mean analytical uncertainties for single spot analyses @150®
reference standard zircon are 1.8%8Pb/*%U and?*’Pb*U and 4.2 % fof°’Pb/°Pb. The
weighted averag€*Pbf*®U and?*’Pb/°®Pb ages (n=29) are 1063 + 5 Ma and 1063 + 7 Ma and
match within error the reported {DIMS agesof Wiedenbeck edl. (1995)

5. Ui Pb zircon geochronology

Fourteen rock samples weselected for LPb zircon geochronology. Thesangples include 3
metabasites, 1 gabbronorite, 3 migmatitic orthogneisses, 2 granited grahodiorite, 2
metasedimentary rocks and 2 leugoss from a migmatitic orthogneiss aadmetapelite

(sample locations Fig. 1.1). In this section, zircon texturé$/Pb°®Pb and UPb ages are used

to determine the ages of the protoliths of metabasites and orthogneisses, of detrital zircon from
metaseonentary rocks and the age of metamorphism. Zircon from the leucoscasesed to

establish the age of migmatization of an lkulu metapelite and a Katuma orthogneiss. The ages of
these events were determined fr omowrgrondthor d an

zones that most likely represent their crystallization ages.

The significance of ages determined from near concordant to discordant analyses from zircon
core and overgrowth zones atiscussed considering the possiBleloss at temperatures600
°C in metamict zircon gras (Mezger and Krogstad, 1997Moreover, the interpreted
metamorphic ages were comparedatal correlated withmetamorphic ages determined from
electron microprobe I h-total Pb monazite dating (ca. 1970 Ma and 1840 Ma;Hatn et al.
in review; Kazimoto et al. in preparation)-Rb isotope dattables argrovided asTable 3- 16.

Representative CL images are given in Figude
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5.1 Migmatitic orthogneiss and leucosome

Four samples othe Katuma migmatitc orthogneisses werelected from three localities (Fig.

1.1): Mkamba Hill (T:17-10), Nyakaliza (T143-10 and T141-10) andSingililwa (T6-6-10).

These samples were selected in order to provide the age of their magmatic emplacement and

metamorphism.

The ganodioritic orthognais smple T117-10 is from the Mkwamba Hill nearthe
abandoned Uruwira ACu mine. Zircon grains from themplerange between 58m and 200
mm in size and vary from long prismatic to fairly stubby and rounded in shapel@#y. In
cathodoluminescencenages, zircon cores show concentric oscillatory zoning. Some zircon
cores have resorbed irregular boundaries that are cut and surrounded by metamorphic
overgrowtls (Fig.1.4A). Thirty-two (32) laser spots were made from 2i2con grains. Among
these spotd7 were made from zircon cores and 15 fram overgrowths. Twelve analyses of
zircon cores are concordant (100 + 2 % concordance) with an apfaref®Pb age range of
2740 2690 Ma (Fig1.5A) andan average weightéd’Pb°Pb age of 2713 + 11 MMSWD =
3.5; Fig.1.5B). Two analyses of zircon cores (I7-15-4 and T117-16-4) are near concordant
and discordant (95.1 and 87.7 % concordance) SiBb7°%Pb ages of 2646 + 24 Mand 2682
+ 21 Ma respectively,which suggests ossible PHoss of thezircon cores.Two further
analyses of zircon cores (177-1-4 and T117-12-4) possess significant comm& (1.3% and
1.7%f206%) and thus gave imprecise 16%Pb/°®Pb ages of 2234 + 43 Ma and 2003 + 61 Ma.
One analysis oén inherited coreTable 3 T1-17-16-1) yieldeda concordant®’Pb/°®Pb age of
2805 = 17 Ma.

Nine analyses aihetamorphiaim overgrowthsare concordant (100 + 2 % concordanaedl
yielded a precise age of 26508 Ma (MSWD 0.09; Figl.5C). Five discordant analyses (Fig.
1.5D) yieldedan upper intercept age of 2647 + 53 Ma amdesninglessower intercept age of
-794 + 2000 Ma (MSWD 9.5; Fig.1.5D). The upper intercept age is similar to that obtained
from concordant rim analyse3hus, the age of 2650 + 8 Ma age is considered as the
crystallization age othe zircon rim overgrowthswhich is about 60 Ma younger than the age of

the cores

Two orthogneisse$14-3-10 and T141-10 were sampled at Nyakali®b mine (artisanal)
SW of Mpanda (Figl.1). Sample T143-10 is a paleosome wher® T141-10 is a leucosome of

anorthogneisgorming thehost rock fothe galena veins.
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Fig. 14 Cathodoluminescence (CL) images of selected zircon grains from different rock types of the
Katuma Block. The figures show differemircon textures: magmatic zircon cores with concentric
oscillatory zoning (AD, G-I), zircon rims overgrown during metamorphism-CA JL) and latestage
magmatic recrystallization of zircon (E). Spots on images represent areas -0€CPAIS analyses. For
further explanation of the individual pictures see.text

Zircon grains in sample T1310 are prismatic euhedral to subhedral. The grain sizes vary from
<200mm t o rén. IA OLOimages some zircon cores show concentric oscilla@agmatic

zoning. Othe grairs have recrystallizegircon cores and show fracturing (Fig4B). The shape
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of zircon cores are variable in characteristics, which include spherical, irregular and angular
grains (Fig.1.4B). The cores are surrounded by a metamorphieosiargrowh (Fig. 1.4B).
Thirty-five ablations spots were mada 19 grains including15 spots of cores and 20 of rims.
The nost concordantore analygs (n=7; 100 + 1 %oncordanceyielded a *°’Pb/°%Pb age
range of 27202640 Maand ameanof 2677 = 29 Ma (MSWD 1.2). The large MSWD value
reflects the large age ran¢f0 Ma) of the coreanalyses.Four otherconcordant coranalyses
(T14-3-5-4, T143-7-4, T143-16-4 and T143-17-4; 100 = 2 % concordangeyieldedyounger
2ppf%%h ags of 2597 + 20 Ma, 2456 118 Ma, 2439+ 19 Ma and 2450 + 18 Ma. These sge
are similar to®*Pbf°Pb ags of slightly discordantpoints (e.g. T143-2-4, T143-12-4 and
T14-3-19-4; 105 %, 94 %, 97 % concordance), thus suggestinglasBlof these zircon cores or
erroneouslyanaly®s due to laser probing ofa zircon core together with parts @f rim
overgrowthsTwo further analyss (T143-12-4 andT14-3-13-4) contain significant commaRb

(1.5 % f206%) and could not be used in age calculations. Concordant analyses of the
metamorphtally overgrown rims (n = 11; 100 + 2 % concordance) yield8®b/*Pb ages
ranging between 2080 and 2002 Ma withi°®b/°®Pb weighted mean age of 2032 + 21 Ma
(MSWD = 5.3). The large MSWD value reflsthe scatterof *°’Pbf*®Pb agedor about 78 Ma.
Excluding two analysegout of the 11 pointsyith higher® Pbf*Pb age (& 2080 Ma)
obtained a precise -Bb age of 2025 + 8 Ma (MSWD = 0.04; Fih5E). Eight discordant
analyses (936 % concordance)f zircon overgrowthgave arimprecise upper tercept age of
2643 + 90 Ma andh lower interceptat 1758 + 63 Ma (MSWD = 2.2; FidL.5F), reflecting a
crystallization age of the zircaims atabout 2650 Ma and most likelyRb-loss event at about
1758 £ 63 Ma, which is within error to a 1840 Ma evebtained from monazite dating. One
analysis (T143-12-7) of a zircon rim overgrowth was discarded from age calculations due to its
high commorPb (2.2 % f206%)

Zircon grans of an orthogneisteucosome (T14-10; n=19 are similar in shape and size to

those of the paleosome (T3410), which are long prismatic and their sizes vary from <ra@0

t o anm4 The grains havdistinct cores surrounded by rim overgrowt{fsg. 1.4C). The
majority of zircon cores have irregular, broken or resorbed margins dmbiteunzoned,
recrystallizednternal textures, but few cores show magmatic concentric oscillatory zoning (Fig.
14C). Zircon rim overgrowths are relatively large reaching up to @®0in width. Five
concordant analyses (100 + 1 % concordance) of zicooes gave an {Pb age of 2653 +(

Ma (MSWD = 0.5 Fig. 1.5G). This age is lower but within error similar to that of the zircon

cores in the paleosome (2677 + 29 Ma). Furtbght concordantanalyses of the cores
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(98.3 101.1 % concordancé&able § yielded *°*’Pb?°Pb ages between 2620 and 2170 Ma.
These ageare younger than those of the cores preseatédo v e  (266@Ma); which could

be a consequence of erroneously laser probing from parts of the rim overgrowths together with
those of the core, alblugh analyses points were carfuselected from CL images. Seven
concordant analyses (100 + 2 % concordance) of the rim overgrowths yieljet/2°Pb age
range of 20702040 Ma anda weighted mean age of 2043 + 18 Ma (MSWD = 1.5; EigH).
These anlgses gave a precise-Bb age of 2045 + 11 Ma (MSWD = 0.98), which is older but
very similar to the crystallization age of the overgrowth zonethapaleosome. Four analyses
of the zircon overgrowths zones are near concordant to discordant (concor2ldnte482 %),
indicating a PHoss. One anafis ofaninherited core (T14-15-1) yielded &°Pb*Pb age of
2817 £ 27 MaTable 5. Three analyses of zircon cerand three of the overgrowims have
significant commofPb (1.29.3 % f206%), which couldnot be corrected usinghe

StaceyKramer model and therefore were not included in Figus& and H.

A further granitic gneisqT6-6-10), hosting gold bearing sulphigmrbonatequartz veins,
derives from the Singililwa ACu mine situated southeast of Myla town. Zircon grains are in
the size range 200500mm, euhedral to subhedral and mainly prismatic in shape. Terminations
of the grains are flat (FigL4D). Some grains are stubby (fairly equant) with small length to
width ratios (1.52.0). In CL imag@s, zircon grains show concentric oscillatory zonation that is
interpreted to be of magmatic origin (Fip4D). Zircon cores vary from bright luminescent
white (58 168 ppm) to dark gray nedaminiscent (328525 ppm) zonesForty-eight laser
ablation spotsvere made in 20 zircon cores. Thirtine of these analyses yielded an weighted
mean?°Pbf°Pb age of 2635 + 8 Ma (MSWD = 6.5; Figj6A). The large MSWD value
reflectsthelarge scatter o’ Pb7°®Pb age120 M3J. Selection othemost concordant ahgses
(100 + 2 % concordancéhat have’*’PbP*Pb ages close to that tife weighted mean agge &
2630 Ma) enablethe calculation ofa precise UPb age of 2638 + 5 Ma (MSWD = 0.14; Fig.

1.6B), which provide a good estimate dhe magmatic crystallization age
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Fig. 15 Concordia diagrams of zircon from the Katuma Blocktteé Ubendian Belt showing-Bb
isotope ratios and ages of migmatitic orthogneisses and a leucosomes K,aDd a diagram showing
weighted mea”’Pb/°°Pb age of a migmatitic orthogneiss (B;-T7-10).
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One zircon grain yielded two concordant analy§€6-6-3-1 and T66-3-5; 100 + 1%
concordance) with a lowe? Pb°Pb ages of 2573 + 18 Ma and 2574 + 27 Ma. Three
concordant analyses (concordance 99-7%2.1%) of overgrowth zones (¥85-7, T6-6-20-7
and T66-20-8) have young’ PbP*Pb ages of 199% 22 Ma, 2033 + 18 Ma and 2015 + 19 Ma,

respectively

5.2 Metabasite and gabbronorite

One gabbronorite (T:Z-10) and an enclosed xenolith afgarnet amphibolite (T13-10; Fig.
1.2C), onemafic granulite (T161-10) andoneamphibolite (T191-10) were analsed to date the
age of the magmaticemplacememst (for locations see Figl.1B).The xenoliths in the
gabbronoritecontains medium to fine grained zircon grains (< 3@@), which vary in
morphology from prismatic to spheriogdains,rarely with incompletecrystal facesand locally
with concave embayments (Fi@.4E). The latter is suggestive of formation of zircon in
interstitial spacebetween early formed minerals late-stage magmatic differentiatéSorfu et

al., 2003) Few zircon grains contain minéraclusions. In CL images, zircon graistiow
magmatic oscillatory zoning that is frequently disruptedduyrystallizedzones (Fig14E). In
some grains the irregular boundaries @afres are surrounded by noetuminescent rim
overgrowtls. Thirtyfive adation points were made on 23 zircon grains, both on zircon cores
and recrystallized zones. Thistgur concordant to near concordant analyses (100 + 4 %
concordance) yielded @'Pbf*Pb weighted mean age of 26%28 Ma MSWD = 2.3 Fig.
16C). The ®ledion of the 26 most concordant analyses (100 £ 1 % concordanpetded a
precise UPb crystallization age of 2651 + 5 MBhe remaining points with slight discordance
suggest a possible Biiss One analysis has significant commBh (3.9 %f206%)and isnot
included in Figure.6C and D

Zircon grains from the gabbronorite (F1710) are coarse grainéda. 500mm) and prismatic
with large length to width ratios (6:1). Cathodoluminescence images show dsogldtory
zoneswith bright luminescent innerones (U = < 179 ppinand dark norluminescent outer
zones U = 238 524 ppm; Figl.4F). Twentyfive ablation spots were made in 14 zircon grains.
Twentyf our concordant t o ne @&ald0 % oconcordance)ayrelded anal y
2ppP%%h weighted mean age of 2645 + 5 Ma (MSWD.8; Fig.1.6E).
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Fig. 16 Diagrams showing weighted medfPb7°Pb ages (A, C and E) and concordia diagrams
showing UPb isotope ratios and ages (B, D, F, G and H) of orthogneiss, metabasites and gabbronorites
of the Katuma Block.
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U-Pb age calculations tfie 20 most concorddranalyses (98L00 % concordance) yielded a
precise crystallization age of 26434+HVla (MSWD = 0.68 for the gabbronorite(Fig. 1.6D).
This age isslightly younger orwithin the errorsnearly identical tothe age of itsenclosed
schistoseggarnetamphibolite xenoliths (T173-10), which experienced their metamorphism prior
to the intrusion of the Neoarchean gabbronoiiige remaining slightly discordantanalyses

(871 95.3 % concordance) suggesbossibléPb-lossaftercrystallization

A mafic granulite (T56-1-10) was taken froman outcropnear the Mpanda highway, south of
Mpanda town (Figl.1). Five zircon grains separated from this sample have grain sizes of < 200
nm, are prismatic irshape anghow concentric magmatic zoning (Fi§.4G). Eleven ablation
spots were made on the grawfswhich 7are mostlyconcordant (concordance 1994 %)and
yielded aU-Pb age of 264% 34 Ma (MSWD=0.1; Figl1.6G). Despite large uncertaintigbe
magmatic crystallization ag# this mafic granulite is similaio the ageobtained for magmatic
crystallization ofthe orthogneisses (F6-10 and T143-10), the gabbronorite and its garnet
amphibolite xenolith (T14-10 and T173-10). The remaining four analyses(T16-1-1-3,
T16-1-2-4, T161-3-1 and T161-3-5) are discordant, sggsting a possible Fbss after the
crystallization of these zircon grains.

An amphibolite (T191-10) was sampled to the west of Mpanda town at the boundary
between the Katuma and the Wakole BIgElg. 1.1). Only two zircon grains of about 20®n
in sizecould be separated from this sample. Thirteen analyses wereanatie twozircon
grains Out of these, 10 concordant analyses (concordaric02%0) yielded an age of 2021 +
11 Ma (MSWD = 1.15 Fig. 1.6H), which is interpreted as the crystallization .agevo
discordantanalyses (T19-1-5 and T191-3-4), one analysis that has high common Pb
(T19-1-3-7; 1.2 % f206%) and one concordant analysis possessing large errorsPim U
(T19-1-1-4) were not included in Figure6H but gave similaf’’Pb?°Pb ags of 1966 + 25
Ma, 1914+ 20 Ma, 1972 28 Ma and 2013 + 155 Ma.

5.3 Granite, granodiorite and a granitigneiss

Two major kinds of granitoids, granodiostand biotite granite (leucogranite), intruded the
Katumaorthogneisses, amphibolites and mafic granulii®s samples from thesenfoliated
two granitoids type were selected to determine the age of their magmatic crystalligaitdite
granite T2¢1-10; granodiorite T2a2-10 at Kapanda mine The magmatic and metamorphic
age was determined from a musiierbiotite granitic gneisgT19-3-10), takenat the border
between the Wakole and the Katuma Block; HEidj).
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The granodioritefrom the Kapanda artisanal mir{@2a-2-10) contains zircon grains that are
subhedral and about 2%@n in size. They have smaéingth to width ratios and shapes that vary
from stubby, equant to spherical. The grains show concentric oscillaaygnatic zoningnd
only some have thin overgrowths that cut the growth zones of the cores 1(#if).
Twenty-seven spots were made frob4 zircon grains.Out of these analyseghe 17 most
concordant analyses (100 = 2 % concordance; one has 95 % concordance) yielded a weighted
average’’'Pb/°%Pb age of 1638 + 13 Ma (MSWD =4.6; Fig. 1.7A). Concordant analyses (n =
12;100 £ 2 % concordarg yielded a precise crydlization age of 195+ 7 Ma (MSWD = 1.9;
Fig. 1.7B). Two further analyses (T2&-1-4 and T2a2-14-5) are slightlydiscordant(95 % and
80% concordance), indicating a-Rissafter their crystallizationEight analysesf the 27spots
possessed significant common Pb (1622 %f206%) and high U contents (4017 ppm),
which possibly caused the metanuetiion of zircon grains and attributed to their higimenon
Pb.

The biotite granite (T24-10) crops out near to the granodierir2al-10 (Fig.1.1). This
rock contains coar sm)(Fgrlal), niiagh shovwsrmagmatic gravth6 0 0
zoning similar to those of magmatic crustal ro¢kerfu et al., 2003)The grains have small
length to width ratie (1.5 2.0) andhave short prismatic or ellipsoidashapes.Twenty-one
ablation points were made from 20 zircon grains, among which 16 concordant pothtsZ 2o
concordance) yielded a weighted méafPb/°Pb age of 198+ 11 Ma (MSWD =4.4; Fig.
1.7C). The large MSWD value reflectsscatter caused by thré€Pb°Pb age outliers of
concordant analyses (T2e15-5, 1912 + 24Ma; T2¢-1-16-4, 2022+ 23 Ma; and T2€l-18-4,
2019 + 21 Ma). By excludingtherthree analysesut of the 16 concordant points because of
their lower or higher”°Pb”U and?°Pb®U ages (T2€1-104, T2¢1-154, T2¢1-155), it
was possible to obtain a more precis€bJage ofl993 + 6 Ma (MSWD = 1.3; FidlL.7D) for
this granite.The remaining 5 out of the total 21 poirase near concordar®4- 106 %
concordancepnd yielded an upper intercept ageldf71 £+ 13 Ma (MSWD = 2.2), which is
similar within uncertainties to that of the concordant points. Thesignificantlower intercept
ageat 231 + 490 Ma, reflestalaterPb-loss.

The muscovitebiotite granitc gneissT19-3-10 (Fig.1.1) has zrcon grainsof variable size,
(O 2rmmpwith differentshapesand appearanceomparedo those ofthe other two Katuma
granitoids (T2&2-10 and T2€l-10). The grains are long prismatic in shape with rounded
terminations andhavea large length to width ratio (3:1). In CL images (FigtJ and ISM §,

zircon cores are surrounded\mry thinmetamorphic rims.
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Fig. 1.7 Diagrams showing weighted medHPb/*Pb ages (A, C and E) and concordia diagrams
showing UPb isotope ratios and ages (B, D and F) of granitoids and the granitic gneiss of the Katuma
Block.

The weakdark grayluminescent cores (mean U = 440 ppaigplay narrow zoningimilar to

zircon of aplites(Corfu et al., 2003pand are interpreted to reflect magmatic growth. The rim

overgrowths have gray tones of luminescence (mean U = 259 ppm). Tevghtyabation spots
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were made o023 zircongrains, among which 16 spots were of cores and 12 of rim overgrowths.
Most analyses of zircon cax€n=10) are concordant (9800 % concordance) and have a
2ppf%%h age range of 1910998 Ma with a weightethean”’Pb#*°Pb age of 1936 20 Ma
(MSWD = 5.0;Fig. 1.7E). This age is considered to represent the best crystallization age of the
cores. Foucoresanaly®s(T19-3-6-4, T193-13-4, T193-17-4 and T193-20-4) are discordant
(concordance = 83.6%, 94.6 %, 95.4% 408 %), indicating a Pb loss. Furthec@eanalyses
(T19-3-11-4 and T193-184) have high common Pb (1.1 and 3.2f206%) and could not be
corrected usingthe StaceyKramer model, thus are not included in Figut§E. Seven
concordantim analyses (conedance 99.9100%) yielded an age of 1879 £ 9 NMSWD =

0.34; Fig.1.7F) that is considered abe precise age othe overgrowth zones. Other dm
analyses (T18-2-7, T193-8-7, T193-14-7 and T193-154) are concordant (100 + 2 %
concordance) butavelower >PbU and?*Pb/*®U ages These weréncluded in UPb age
calculations.tiwas not possible to obtaamU-Pb agdor the rims

5.4 Metasedimentary rocks

One calesilicate (T4-39-10), one metapelite T4-38-10) and one leucosome of a metapelite
(T4-37-10) were selected rocks of the Ikulu grompetasedimentst the Chemchem CGAu
abandoned mine (Fid..1). The age of the metamoiphims and the ages of the detrital zircon

cores were etermined.

The calcsilicate rock T439-10 (Fig. 1.1) was sampledrém the lkulu Hill. Zircon grains
from this sample vary in size (56800 mm) and shape. They are ellipsoidal or long to short
prismatic and have rounded terminations. In CL images the grain cores are visilifgsaglal,
broken fragments with roundeat irregular margins, which igonsistent with their detrital
origin (Fig. 1.4K). The growth zones of the detrital cores are truncated or surrounded by
overgrowth zones (FidL.4K). Twentynine zircon grainshowingdetrital cores and overgrow
rims were anatzed.Concordant and near concordant analyses of detrital cores (n=113)195
% concordance) yieldet?’Pb/°%Pb ages that range between 26d68d 2220 Ma (Figl.8A).
Eight analyses of theims around detrital cores are concordant-(B02 % concordance)
yielding a preciserim age of 1963 + 14 Ma (MSWD = 0.0; Fid.8B). In addition, one
concordant analysis afrim (T4-39-6-6) yielded &°’Pbf°®Pb age of 1892 + 54 Ma.

Zircon grains of the lkulu metapelite4-38-10 are prismatic in shape mainly < 20@m in
size and have rounded terminations. The cathodoluminescence images show grains cores and

rim overgrowths. The majority of zircon cores vary from ellipsoidalregularin shape (Fig.
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14L), which affirms their detrital origin. Detrital cores show vasdextures, which include
oscillatory growth zonin@nd blurring of oscillatorgrowth zoning (Fig.1.4L). These textural
observations suggest eithéreir magmaticor metanorphic origin. Overgrown rims around

these detrital cores reach about®@ in thikknessand may be internally zongBig. 1.4L).

Sixty ablation spots were made on 38 zircon grainkiding 24 on detrital zircon coreand
36 on metamorphic rimsNine analyses of detrital cores are concordant (100 + 1 %
concordance) and yieldé&Pb°Pb age between 2304nd2066Ma (Fig. 1.8C); 6 analyse®f
detrital cores are discordant, one of these analystkey a Archear’®’Pb/°%Pb age of 2678 +
46 Ma (Fig.1.4L). Ten analysesut of 240of detrital cores have high common Pb (1.4.9 %
f206%) their age datewere thus considered reliable Twentyfour out of 35 rimanalyses are
concordant to slightly discordant (803 % concordance) and yielded an upper and lower
intercept age of 1985 + 20 Ma and 614 + 380 Ma (MSWD = 2.2;1R@), whichreflects the
age of the ovempwth zones at about985 Ma and a younger Riiss event. Eleven concordant
rim analyses (100 + 1 % concordances) yieldedJePb age of 1958 + 8 Ma (MSWD = 0.16;
Fig. 1.8E), which is considered as the best age of the metamaipts. The 11 remainingm
analyse$ad high common Pb (1i®.2%f206%) andvere not included in Figure8D and E.

A leucosome of the Ikulu metapelite -B#-10 contais zircongrairs, which are long to short
prismatic and vary from subhedral to euhédfag. 1.4M). Internal textures of thgrains show
oscillatory zoning. Some grains have cores that are surrounded by rim overgrdnvibhgth
cores and rims 22ablation spots were maad® 11 zircon grainsOut of these 1%oncordant
analyses (100 + 2 % noordance) gavenaU-Pb age of 1941 + 8 Ma (MSWD = @QFig.
1.8F), which is interpreted abe age of thezircongrairs in the leucosomerhe remaining nine

analyseshowedhigh common Pb anttherefore were not included in Figut&F.
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6. Geochemistry

Major and trace element aliances of metabasitegabbronorite, granites and orthogneisses
are used to deduce information about their petrogenesis and tectonic setting during the formation

of theirprecursor

6.1 Element mobility

Prior to thepetrogenetignterpretation of major anttace element compositions of the rooks

will assess the degree of pesagmatic alteration and the suitability of major and trace element
contens of the analysed Katuma metabasitgshbronorite, orthogneisses and granitoifis
unravelling their petsgenesis. Rocks that have been affectedelrpgraddow-grade chlorite,
sericite and carbonate alteration through infiltration of hydrothermal fluids or by thetdage
formation of hydrous metamorphic minerals have a large loss on ignition (LOIwt.3%) as
defined by Manyg2004)and Polat and Hofmanf2003) All samples that have been selected
for this study have LOI values below 2.0 wt. % reflecting the relatikitly altered nature of
our samplesThe analysed metabasites and orthogneissesnar only poor in retrograde
hydrous minerals but experience also during their prograde metamorphic history no strong
hydration or dehydration processes: the metabasites obtained their grfmuidisemineralogy
during isobaric cooling after the intrusimf the precursor melts into the deep crust and the
orthogneisses still have their magmatic mineralogy.

To obtain information about the mobility of major and trace elements (e.g. LILE, HFSE and
REE), we plotted the concentration of several of these elsnagainst a relative immobile
element which isGd for basic rocks and Zr or TiJor felsic rocksand determined the square
of correlation coefficient (B (Polat and Hofmann, 2003Yhe bivarite graphs for the major
elements oxides (O, NaO, CaO, MgOFe0s () and trace element®b, Ba, Th, La, Sr, Ta,

Nb, Zr, Lu, Hf Sm) are includeéigure 1.16 and 1.1For metabasites arghbbronoritegFig.

1.16 the binary diagrams of Gd versus LIL&d some major elements (B NaO and CaO)

produce scatterepoints with low values of RO 0. 3, which suggests t he
most likely mobile during poshagmatic process€Bolat and Hofmann, 2003y he remaining

elements show a good linear relationship with 89> 0.56) and suggest that they aret much

affected by posmagmatitic processes and therefore suitable for petrogenetic studies. For
orthogneissesr{g. 1.17 the binary diagrams of ZversusNa,O, CaO, Rb and Sr hatew R?

values (< 0.3) and thus demonstrate their likely mobiltliereas Zr versus REE, HFSE (e.g.

La, Ce and Hfand Thshow a good linear relationship wifl (R? 0.3- 0.99.
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TiO, versus Nb showalso good linear relationshif®? = 0.6), suggesng that it isnot much
affected by postmagmatitic processe3hereforethe interpretation othe geochemml data of
the orthogneisses for petrogenetic consideration was done with calitnited only to those

elements that show least mobility during postgmatic processes

6.2 Metabasites and gabbronorites
Major and trace element compositions of metabasidgabbronorite are presented in Table
17. The metabasites amghbbronorite are both classified as cadkaline on the basis of their
Zr/Ti and Nb/Y and their Th to Co contents (FIDQOA and B). The metabasites have $iO
contents between 43.5 and 5@/0 % (mean = 50.0 wt. %) whereas tbbronorits between
51.0 and 53.5 wt. % (mean = 51.9 wt. %). In terms of Mg numbers, MgO, Ni and Cr
concentrations, metabasites are more evolved compared walteonorits. Gabbronorits
have MgO contents of 7.06.4 wt. % and metabasites of B13.4 wt. %. Magnesium numlser
(Mg # = MgO/(MgO + FeQy,) for thegabbronorite are uniform at 0.65 (except one sample at
0.35), whereas metabasites have lower Mg numbers 109.6.2mean = 0.3). Thgabbronorite
have hgher Ni (2110 ppm) and Cr (ca. 180 ppm) concentrations than the metabasites (mean 200
ppm Ni; mean 28 ppm Cr). The &) concentration is low in both metabasites (ca. 14.0 wt. %)
andgabbronorits (9.0 wt. %). The Ti@concentratioa (mean = 1.66 wt. %)f both rock types
aresimilar to thoseof mid oceanic ridge basalts or island arc basalts (IAB) but lower than those
of intra plate basalts (IPBe(g. Fig. 1.10A and B). With the exception of CaO and. B4
concentrations in metabasites angOKand FeO; in the gabbronorite, major elements show
antipathetic relationships with MgO (Fi.11).

The contents of trace elements including the rare earth elements (REE) are akin to those of
basaltic rocks formed in modern arc setti(igig. 1.10A, B and C; Kelemeeet al. 2003; Perfit et
al. 1980). Both groups of rocks show enriched large ion lithophile element (LILE) abundances
over primitive mantle. Large ion lithophile elemetntents of the rockare variablebut
generally higher than those of the High FieldeSgth Elemerst (HFSE), which are depleted
displaying NbTa and Ti troughs (FidL.10B).

Chondrite normalized (CN) rare earth element abundancgahiiironorite and metabasites
show REE patterns, in which light REE are relatively enriched over middigheavyREE
(Fig. 1.10C). The metabasites agdbbronorits have (La/Ykyy values, which range between
1.7 and 17.3 (mean = 5.5) and between 5.6 and 8.3 (mean = 6.7) respectively. THeHteavy
display flat patterns similar to those of arc lavas, which &rfrom partial melting of spinel
peridotite (Fig.1.10C).
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Fig. 19 Classification and geochemical characteristics of the Katuma metabasites and orthogneisses: (A)
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and granite (Paleopterozoic). (D, E and F) Classification as metaluminous to peraluminous, magnesian
and calealkalic to alkalicalcic granitoids, similar to granitoids that form in active continental margins
(Cordilleran; Frost et al., 2001).
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The europium anomaly (Eu/Eu}y calculated as (Ew/(Sm.Gdxn)’> (CN-chondrite
normalized) isnostly moderately negative imetabasites anglabbronorite (mean = 0.9)ith
the exception of fousampleqT7-3-10, T101-10, T161-10 and T171-10), which show slight

positive Evanomalies.

6.3 Orthogneisses and granites

Major and trace element compositiasfsorthogneisses and granitoidse presented in Tablke

On the basis of crystallizatioages, the orthogneisses and granitoads subdivided into two
groups: Archearand Paleoproterozoic granitoids. Hence, in this section the orthogneisses and
granitods will be referred to either Paleoproterozoic or Neoarchean granitoids. All the
granitoids have Si©contents between 55 and 74 wt. % (mean = 68 wt. %) and are classified
mainly as granodiorite and quartz monzonite (Neoarchean) and granite and granodiorit
(Paleoproterozoic) on the basis of their normative feldspars1PiG). The sodium contents of

the granitoids range between 2.6 and 5.2 wt. %, therefore the rocks haveOQdMaO (0.571

2.1) and are classified as callkalic to alkalicalcic granitads (Fig. 1.9D). The Archean
granitoids have a narrow range of,®4 contents of 151215.9 wt. %whereas the Proterozoic
ones have a larger AD; range (12.¥19.6 wt. %) Most granitoids are classified as
peraluminous (few as metaluminous; FIBOE). The granitoids lave Fenumbers mainly
between 0.3 and 0.8 (Fe #=FR¢EeC+MgO) and low ferromagnesian contents B£ MgO,

MnO and TiQ) of 1.214.9 wt. %, thus they are classified as magnesian in the Fe # versus SiO
diagram (Fig1.9F). Except for the two Paoproterozoic granitoids (sample-IR-10 and T19

3-10), the Archean granitoids have higher Cr and Sr concentrations than the Paleoproterozoic
granitoids: Cr (93 ppm vs 42 pprand Sr (355 ppm vs 288 ppm). The Sr/Y valugreater in
Paleoproterozoic grétoids (ca. 75) than in Neoarchean granitoids (ca. 59). Both rocks show
fractionated REE patterns (Fi§.12) whereby the Paleoproterozoic granitoids have a higher
mean La/Yly (151 240) than the Archean granitoids (LafX(10i 200). In the diagrams of
(La/Yb)cn versus Yy and Sr/Y versus Y the granitoids are classified as adakite or Archean
TTG (Fig.1.13A and C).

In primitive mantle normalized spider diagrams, all granitoids are displaying patterns that are
similar to those of rocks formed in modern asttings (Figl.12A, C and E). The patterns are
characterized by negative anomalies of Nb, Ta and Ti and are depleted in HREE compared to
LREE or LILE. In the plots of Th/Hf Ta/Hf and Th/Ta Yb (Fig. 1.13B and D) as proposed
by Schandl and Gorton (2002fhe Katuma Neaorchean and Paleoprotemogoanitoidsplot
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into the fields of high Th/Hf and Th/Ta values and thus are classified as granitoids of continental

arc margins.
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Fig. 112 Primitive mantle (PM) normalized (A, C and E) and chondrite normalized (B, D and F)
spidergrams. Thd®M and chondrite values ameom Sun and McBnough (1989) Trace element
spidergrams of the Katuma orthogneisses and granites are similar tospatttercks of arsettings

7. Discussion

7.1 Magmatic crustal forming events
In this study we aim to deduce the formation history and evolution of the Paleoproterozoic
Katuma Block in the Ubendian Belt on the basis of the geochemistry ofigmetaus rocks and

the zircon geochronology of meigneous and metasedimentary rocks.

As orogenic belts are the geodynamic settings where juvenile mantle melts are added to
pre-existing crust or where tectonic accretions occur (e.g. of islands arcs or oceanic plateaus),
one may expect that the Ubendian Belt may represent the locus where Ppnoitasses of
continental crust formation may have operated during the Paleoproterozoic orogenic cycle.
However, our geochronological data show that most magmatic formation ageskattinea
metabasites and orthogneisses are Neoarchea@710 2640 Ma) and thus predatide
Paleoproterozoic Ubendian orogeny. These formation ages are similaPbo Zifcon ages

reported for the magmatic formation of some gragreenstone belts of theazania Craton,
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(e.g. the Kilimafedha Greenstone Belt, 27640 Ma; Wirth, 2004; the Musoridara
Greenstone Belt, 276@650; Chamberlain and Tosdal, 2007; Manyalgt2006; Mtoro et al.,
2009; and the Sukumaland Greenstone B&¥00 2640 Ma; (Borg andKrogh, 1999;
Chamberlain and Tosdal, 2007; Sanislav et al., 20%#hilar UPb or U-Th-Pb zircon ages
were also found for therotolithsin the reworked margins of the Tanzania Craton within the
East African Orogen (Johnson et al., 2003; Sommer et &35;ZDenczer et al., 2002013
Vogt et al., 2006) and the Paleoproterozoic Usagaran Billidr et al., 1995Reddy et al.,
2003; Thomas et al., 2013). A recent study by Sanislav et al. (2014) suggested three periods of
crustal growth of the Tanzania @va at 28502800 Ma, 27702730 Ma and 270@620 Ma
and attributed the major growth of the craton to the last period {2620 Ma). The
Neoarchean magmatism in the Katuma Blatkhforms to thidast period of crustagrowth,
allowing the Neoarchean KaturBock to be considered as part of the Tanzania Craton.

Our data also indicate that there was a second period of mafic and felsic magmatism that is
Paleoproterozoic in age (20240 Ma) reflecting addition of mantle material to the crust in
the Katuma Blok during the Ubendian orogeny. Thield crosscutting relationshipetween the
Paleoproterpoic rocks and the Neoarchean rocks (e.g. E&j and J) also affirms for this
crustal growth stage. The Paleoproterozoic magmatic events obtained for the KabakarBl
broadly concurrent to the ones in tbéher blocks of the Ubendian Belt ~ 20891830 Ma
(Lawley et al., 2013a; Lenoir et al., 1994; Ring et al., 1997). The detection of metamagmatic
rocks of two different ages, i.e. Neoarchean and Paleoproterapmstionsthe traditional
grouping of themetamagmaticocks of the Katum#&lock into one groupthe Katuma Group
though they represent themetamagmatic basemerfor the unconformably overlying

metasedimentary Ikulu Group.

7.2 Sedimentation age of the IkuGroup

The metasediments, of the Katuma Bock (lkulu group) consisting of metapelitesijicate,
guartzites and marblgsontain detrital zircons that are 262050 Ma in age and are thus
similar to magmaticrystallization ages found in the Katuma Bloand the Tanzania Gan
(Pinna et al., 2004)This suggests that the Katuma Block itself or the Tanzania Craton may
represent the likely detrital source areas fordiastic sedimentsThe rock association of very
thick > 1.311.5 km; Semyanov et al.917) clastic and carbonaceous sediments points to a
shelf or & epicontinental environment. The lower age limit for the sedimentation is constrained

by the age of the first metamorphismtioé metasediments at}960 Ma (Fig.1.8B and E). The
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associationof metabasites and orthogneisses may represent fighde equivalents to the

granitegreenstone association of the central and northern Tanzania.Craton

7.3 Age of metamorphic and deformational events in the Katuma Block

The metamorphic grade of rocks egpd in the Katuma Block is mostly of granulite upper
amphbolite-facies grade and isa result of several metamorphic events of Neoarchean and
Paleoproterozoic agédowever, in this paper we only want to discuss the ages ofgnagte
metamorphic eventhat we obtained from dating of metamorphically overgrown rims on zircon
grains. The metamorphicP paths and results of texturally controlled monazite dating will be
published elsewher@Kazimoto et al., in preparationvidence for Neoarchean reworgiof
Katuma rocks are sparse but thbecillatory zoned magmatizircon grains of the oldest
Neoarchean metagranodiorite (I7-10; ca. 2710 Ma) show metamorphirims and
recrystallsation zones that are 60 Ma younger (2650 Ma) than the magmatic crysiatlie&

the cores This Neoarchean metamorphic event at 2650 Ma is further firmly documented by
schistose xenoliths of garnet amphibolites included in an unmetamorphosed gabbronorite dated
at 2643 +4 Ma. In contrast to the sparse evidences fdtemarchea metamorphism, there are

many zircon ages indicating several higtade metamorphic events of Paleoproterozoic age.

U-Pb zircon ages of a migmatitic orthogneiss and a leucosome3(I04and T141-10)
revealed a migmatization event at about 22830 Ma(Fig 1.2E and H; Table 2)Although
these ages am@derthan recentlypublishedages for the metamorphism in other blocks of the
Ubendian Beli{Boniface et al., 2012; Lawley et al., 2013tie ages are similar the ageof a
granulitefacies metamorphievent that was attributed to the onset of the Paleoproterozoic
collision in the Ubende, Ufipa and Nyika Block€ahen et al., 1966; Lenoir ai., 1994;
McConnell, 1950; McGnnell, 1969; Ring et al., 1997yhe age of the mtamorphic growth
zones around Nmrchean magmatic zircon grains and the comPioioss of both magmatic
zircon grains of metabasites and orthogneisses indicate Paleoproterozoic reworking of
Neoarchean rocks. Thuihe Paleoproterozoic evolution tife Katuma Blocks similar to that
of other reworked margins of the Tanzania Cratdohnson et al., 2003; Lawley et al., 2013a;
Moller et al., 1998Reddy et al., 2003; Sommer et al., 2005; Tenczer et al., 2008 Thomas
et al., 2013; Vogt et al., 2006)

Zircon grains fromtwo metasedimemty lkulu samplesand a leucosome ofa lkulu
metapelitic migmatite record metamorphic ages of aboutil9BM Ma (Fig 1.8B, E and F)

indicaing aconcurrent metamorphism of the metapelites in the Katuma Blockhargtanitic
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intrusions, deformation, graschistfacies metamorphism anthe gold mineralization in the
Lupa Block(Lawley et al., 2013a; Lawley et al., 2013b; Lawley et al., 201Bw¢ crosscutting
relationship betweergneissic Neoarchean granitoids (~ 27XB50 Ma) and unfoliated
Pdeoproteropic granites 1990 1960 Ma) dates deformation ofthe Katuma rocks between
2650 Ma and.960Ma (Fig.1.21).

Besides the 1960940 Ma highgrade event inhe Ikulu metapelites there is also evidence
for an even younger highrade metamorphism at 188B40 Ma the obtained from
metamorphic zircon rimsvhich is in agreement with the ageamfergrowth zones imonazite
(Kazimoto et al. in reviewKazimoto et al., in preparation) Metamorphic overgrowths on
zircon grains of a Paleoproterozoic NBi-granitic greiss (dated at 1940 Ma; T-3310),
collected near the border between the Katuma and the Wakole Block record a younger
Paleoproterozoic maiorphic age of about 1880 Mahis younger metamorphic age and
discordantircon grains of the Neoarchearetamagmatirockssuggest younger Ploss event
after1960 Ma

PostPaleoproterozoic metamorphic  reworking of rock@Mesoproterozoic and
Neoproterozoic)documented by previous authors for the Wakole, Ubende, Ufipa and Lupa
blocks of the Ubendian BglBoniface andschenk, 2012; Boniface et al., 2012, 2014; Lawley et
al., 2013a)is missing from our geochronological work on the Katuma Block. However, dating
of a hydrothermal alteratiomssociated with thgold mineralization event in the Katuma Block
(U-Th-total Pb nonazite dating) revealed a Mesoproterozoic age (~1170 Ma), which could
mean that deformation and metamorphic reworking of blocks adjoining to the Katuma Block
liberated metalliferous fluids that percolated into structural weaknesses of the Katuma rocks and

caused both hydrothermal alterations and gold mineralization.

7.4 Petrogenesis ahetabasitesandgabbronorites

The geodynamic setting of rock formation in the Ubendian Belt, which occurred in Neoarchean
and Paleoproterozoic time, can best be deduced flmntrace element geochemistry of
metabasites, granitoids and felsicthogneisses. Like basalts of modern arcs, the Katuma
metabasites andabbronorite are enriched in incompatible elements (e.g. K, Rb, Ba, Th,
LREE) and depleted in HFSE (TiQOY, Nb, andTa). This can be explained by the process of
fluxing of fluids or melts rich in incompatible elements to the mam#idgeat subduction zones

and subsequent partial melting of the modified peridotite and/or the subducting plate. High Th

abundances of thmetabasites angabbronorite distinguish these rocks from basalts of other
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settings as the high Th content is contributed from both the subducted oceanic and the overlying
continental crust. High Th/Yb, Nb/Yb and Ta/YFig. 1.14A and B are therefore gab
indicators ofa Th input(Pearce, 2008and allow to classify the metabasites gadbbronorite

as continental arc rocks (Fig.14A and B). The high Zr concentrations in metabasites and
gabbronorite (ca.115 ppm and 35 ppm) are above the average Z&ntasftprimitive oceanic

or continentalarc basalt§Kelemen et al., 2003)put less than average Zr content in OIB or

WPB (Sun and Mcbnough, 1989) i ndi cating that the eartho

formation of the precursor melts
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Fig. 113 (A) and (C) plots of La/Yky versus Yly and Sr/Y versus Y after Drummond and Defant,
(1990)and Martin(1999) Katuma orthogneisses are similar to Archean TTG or modern adakites, which
are formed by partial melting of Archean mafausces. (B) and (D) Discrimination between graicis

using plots of Ta/Hfi Th/Hf and Yb i Th/Ta (Schandl and Gorton, 2002nd their tectonic
interpretation: The Katuma orthogneisses are plotting in the field of granites formed at active continental
margns.
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The HFSE ratios (Zr/Y, Nb/Y, Nb/Th and Zr/Nb), remain unchanged during AFC processes and
allow to identify the mantle sources for basd®ondie, 2003, 2005a; Weaver, 1991The
Katuma metabasites amgabbronorite have low Nb/Th falling into thedids of arc basalts that
were formed from a source similar to primitive mantle that has been modified by either
subduction or crustal compents and evolved towards an enriched mantle (EN) {FidC and

D). The low Ni and Cr contents and the negativeradation of major element oxides against
MgO (except for CaO and partly As) suggest that fractionation of olivine, pyroxenes and

amphibole was involved in the petrogenesis of the Katuma mafic.rocks
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Fig. 1.14 (A), (B) Discrimination diagrams of Katuma metabasites and gabbronorites and their tectonic
interpretation, diagrams after Peard®83, 2008) Katuma metabasites and gabbronorites have high
Th/Yb values (above those of Mid Oceanic Ridge basalts or the mantle arragh Athinput from
subduction fluids/melts and crustal contamination attributes to high Th/Yb values. (C) and (D) show
different HFSE ratios (fields) of basalts from different tectonic settings and their mantle components
modified from Condig2005a) The H-SE ratios of the Katuma metabasites and gabbronorites plot into
the fields of arc basalts and oceanic plateau basalts, which suggests an origin from primitive mantle that
has been modified by a subduction fluid component and the upper crust.
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Modelling of REE patterns of metabasites are aimed to support our interpretadiothe
Katumametabasites andabbronorite formed from melts deriving from a mantle that has a
composition similar to that of a primitive mantle and that thesesmagfperienced fracthation
and crustal assimilation. We applied amiwdal melting of a primitive mantle following an
approach used by Lawley et al. (2013a) using the melting equation of Shaw (1970).
Furthermore, modelling the REE composition of the melts during decoupletorfia
crystallization and assimilation {AFGFEEA was
model | er 0 ( EEg 2040). Wa setecteH ehé ecompmositional values ofpitiitive
mantle from Sun & Mcbnough (1989), mineral/matrix partition coefficienterh McKenzie
and OO6Nions (1991), a-mabdes rfor spmel térzolimdrdne Kinzlern d  m
(1997). For the modelling of the crustal assimilation, values of the bulk continental crust, the

lower and upper crust are those of Taylor and McLenna®6(19

The results of the modelling are presented in chonddtenalized REE diagrams (Fig.
1.15A, B and Q. They show that the REE patterns of thetabasites can be explained by
variable degrees (B0 %) of partial melting of a primitive spinel lherzolitembined with
mineral fractionation and assimilatiomccordng to the modelling the melts experienced
different extents of fractionation of olivine, pyroxenes, magnetite, ilmenite and amphibole (Fig.
1.15A and B), and assimilated either lower continemtaist (LC) or upper continental crust
(UC) or both (bulk continental crustBCC). Thegabbronorites displaREE patterns at very
low concentrations (Figl.15A) and can only be reproduced by modelliwith very high
degrees (60%) of partial melting gbisel Iherzolite in combination with assimilation of UC
material and little mineral (amphibole and garnet) fractionaffog. 1.15C). Partial melting of
spinel peridotitecombined with fractionation and assimilation are also involved to produce trace

elenment patterns of modern arc magnmésrphy (2007)and Kelemen et al(2003)
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Fig. 115 (A), (B), (C) REE modelling of melting of spinel Iherzolite and decoupled fractional crystallization and assimilation (REE).patternsof
metabasites and gabbronorites can be explained by various degrees of partial m8litg, (ffactionation and crustal assimilation. Chondrite nomimaji
values are from Sun and MoBough (1989) [r = relative ratio of assimilated material to crys&llimaterial; OF olivine, Opxi orthopyroxene, Cpx
clinopyroxene, Ampli amphibole, Gri garnet, Pi plagioclase, Mf magnetite and lirii ilmenite].



37 1. Neoarcheaand Paleoproterozomrust formationin the Ubendian Belt

7.5 Petrogenesis of the Archean and Paleoproterozoic granitoids

The use of thehemical compositiorof evolved rocks, like the orthogneisses of the Katuma
Block, for identifying the geodynamic setting of melt formation is not straight forward as that of
mafic rocks The geochemistry of granitoids may reflect the geochemistry of precursor crustal
rocks, ifthey are formed by partial melting of the crust theprogress of AFC processes may
mask the original cheroal compositiorof the primitive melt and thus destroying the signature
for identificationof the source.

Like for the metabasites amgbbronorits, major element characteristics (FIiD-F), trace
element patterns (Fid.13A-F) and diagrams of Th/Ta versus Yb and Th/Hf versus Ta/Hf (Fig.
1.13B and D) of the Katuma granitoids indicate their formation at an active continental margin.
However, thelack of isotopic information of the granitoids (e.g. Sr, Nd and Hf) limits the
identifiction if the granitoids represemivenie active continental margin melt3.herefore,
several possible petrogenetic origins have to be considered.

Yttrium, ytterbium ad strontium contents of the Katuma granitoids are similar to those of
Archean TTG or adakites and the rocks show resemblance to experimentally derived melts
formed after partial melting of Archean mafic composites witi2586 garnet or to a melt with
an edogitic residue (Figl.13A and C; Drummond and Defant, 1990; Martin et al., 2005). The
adakitic signature (low Y and Yb and moderate to high Sr/Y and (La{yh}¥ also observed in
our rocksis thought(first model)to be attained by interaction of slakels with mantle wedge
peridotite or through fractional crystallizatighay, 1978; Kay and Kay, 2002; Moyen, 2009;
Richards and Kerrich, 2007However, the low Mg# and the low Ni and Cr contents of the
rocksdo not support an interaction of slab meltshma mantle peridotite, rather alludes for an
origin from older evolved crustal rocks.

Therefore the second petrogenetic modethet the granitoidsvith adakitelike chemical
compositions are derived from partial melting of older garnet bearing maks (bay.1.13A
and C). The presence of mafic xenoliths (A@G and H) and inherited zircon grains with
2ppf%%h ages of 2805 + 17 Ma and 2817 + 27 Ma in the Katuma granitoids (elg-1L
and T141-10) is in agreement with this interpretation.

A third possible origin of adakitkke melts is by fractional crystallization of a mafic magma
(Moyen, 2009; Richards and Kerrich, 200However, to produce voluminous adakWite
melts that form the widespread granitoids of the Katuma Block would reiipa@irpresence of
voluminous restite mafic rocks that are-magmatic with the Katuma granitoids. However,

these have not been found. In addition, the similarities in concentrations of REE and LILE of the
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Katuma metabasites to those of the granitoids (Eif) and1.12) excludes the mafic rocks as
the likely source of the evolved granitoids.

In conclusion, the crustal melting scenario provides the most likely explanation for the origin
of the Katuma adakiteke granitoids, which is in agreement that mostGETareconsidered to
be formed by partial melting of older rocks in the middle or lower cfGsindie, 2005b;
Hoffmann et al., 2011)The Neoarchean and Paleoproterozoic mafic magmée Katuma

Block could have providiethe necessary heat that is regdito generate adakili&ke magmas.

7.6 Crustal evolution of the Katuma Block

U-Pb zircon geochronology of Katuma rocks revealed two magmatic crustal forming events, the
Neoarchean (2712640 Ma) and the Paleoproteroza2®20 1940 Ma). The Neoarchean event

can be attributed to the Neoarchean crustal growtth@fTanzania Craton along an active
continental margin, whereas the Paleoproteroenist formation is attributetb the Ubendian
event.Dating of metamorphic zircon rims indicate that the Neoarchedriee Paleoproterozoic
magmatic events were both associated wittamorphism. However, whereas most rocks of the
Katuma Block formed ithe Neoarchean, the main metamorplaworking occurred during two
major periodsin Paleoproterozoic time (~ 2060940Ma and ~ 18801840Ma). The obtained
Paleoproterozoic metamorphic ages can be subdivided and attributed to two different stages
separated by aboub@Ma. The first stage (2B 1940 Ma)correlates with the age of mafic and
granitic magmatisnin the KatumaBlock and withdeformation and gold mineralisation tine
LupaBlock (Lawley et al., 2013c). Ae secondstage(1880 1840 Ma), whichcorrelateswith
emplacement of calalaline granitoids (Lenoir et al., 1994he secondyold mineralisation
eventin the Lupa Block(Lawley et al., 2013c), theclogite formation of ocean floor basalh

the adjoining Ubende Bloc&nd collisionleading tothe uplift of the eclogites Boniface et al.,

2012.

The similarity in age, lithological composition and paleotectonictirsgt during rock
formation between the Katuma Block and the Neoarchean greenstone belts of the Tanzania

Craton most likely explain their shared potential for metallic deposits

8. Summary and conclusion

Zircon ages in combination with geochemical data ofimedcks of the Katuma Block in the
Paleoproterozoic Ubendian Belt indicate that the rocks formed at continental margins mainly in
the Neoarchean (2.v2.64 Ga)but alsoin the Paleoproterozoi2.021.94 Ga). The trace
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element geocheistry indicates thatthat the mafic rocksformed in a similar manner as
magmatic rocks in modern continental arcs, bg.hydrous partial melting of a modified
primitive mantle combined with fractionation and contamination of the melts through the
overlying continentakrust during their ascent. The firgkrcheanmetamorphic event in the
Katuma Block is recorded only by zircon and was datedbaut 50 Ga. This event was
succeeded bg Paleoproterozoimagmaticcrustal formingevent at ca. 25 1940 Ga.

The detrital zircon @ains of the Katuma metasediments sugtesttheNeoarchean Katuma
Block or Tanzania Cratomvere themost likely sourcefor the sediment, that were deposited
prior to their first metamorphism at c4960 Ga. The Bnilarity of ages of the youngest
Paleopoterozoic metamorphism at ca8& 1.84 MaMa and thesimilar metamorphic age of
MORB-type eclogites of the adjoining Ubende Block suggests that the Katuma Block was

affectedby acollision event that led to exhumation of tRaleoproterozoieclogites
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Chapter 2

Granulite -facies metamorphic events in the norttvesternUbendian Belt
of Tanzania: Implications for the Neoarchean to Paleopr@rozoic

crustal evolution

Abstract

We present a geological evolution model for the Paleoproterozoic Ubendian Belt. This model is
deduced from the metamorphic histories of metasediments and metamafites combined with crust
formation ages and metamorphiceagobtained from different rock types of the Katuma Block
(NW Ubendian Belt).

Geothermobarometry and pseudosection modelling of metabasites indicate that the
granulitefacies coronas containing gar@inopyroxenequartzhornblende formed at about
8.9 6.5 kbar and 790700 C. The formation of the corona textures is attributed to the post
magmatic cooling history in the deep crust following their intrusion at about 2.65 Ga. This
period correlates with the age of deposition of sediments in the Katuma Bsodkduced from
the age of detrital zircon grains. The metamorphit path of these sediments contrasts with
that of the Archean mafic rocks. The common occurrence of sillimanite pseudomorphs after
cm-sized kyanite crystals in migmatitic metapelites jes evidence that an early stage of
metamorphism took place in the kyanite stability field whereas the subsequent peak
metamorphism was characterised by the stability of the mineral assemblage
sillimanite-garnet/cordieritek-feldspar. Modelling of the 4y ratios of compositionally
homogenous cores of garnet porphyroblasts together with GASP barometry suggesiTpeak P
conditions of about 7 kbar and 77G. The formation of plagioclase coronas around garnet in
metapelites, the decrease img@nd an increasef the spessartine fraction in rims of garnet
porphyroblasts point to a near isothermal uplift after peak metamorphism.

Texturally controlled in situ Urh-total Pb microprobe dating of monazite in metapelites
resulted in two ages for metamorphic eventse Thonazite of the two dated samples is mostly
complex and patchy zoned. The cores record ages of 1957 + 10 Ma and 1967 + 16 Ma, whereas
the rims give ages of 1837 £+ 6 Ma and 1848 + 16 Ma. As the two ages of monazite growth
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zones (core and rims) are foumdmonazite of the rock matrix and in monazite inclusions of
garnet porphyroblasts, we conclude that garnet growth occurred during or after the second
metamorphic event at 1840 Ma. This interpretation is in agreement with the depletion of HREE
and Y in tle monazite rims. We correlate the second, gigide event with the collisional stage
between the Tanzania Craton and the Bangwelu Block. The first event that preceded the
collision for about 120 Ma is attributed to the kyanite grade metamorphism ducregi@cary
processes and associated edl@aline magmatism along the continental margin of the Tanzania
Craton.

Our new model proposes that the geologic history of rocks in the Ubendian Belt began in
Neoarchean (2:2.6 Ga) during a magmatic formation ghan an active continental margin
setting. Then followed a Neoarched&aleoproterozoic (2.62.05 Ga) stage tectonically
inactive, passive continental margin subsequently there was again a protracted period of
subduction (2.051.84 Ga) at an active conéintal margin associated with magmatic additions
and metamorphic events during tectonic accretions. The collisional stage at 1.84 Ga most likely
was responsible for the obduction and exposure of-1B880 Ma MORB type eclogites in the
Ubendian Belt.



47 2. Granulitefacies metamorphic events in therthwesterrubendian Belt

1. Introd uction

The Ubendian Belt in SW Tanzania forms a linear belt that was traditionally interpreted to be
formed entirely during the Paleoproteroz@iienoir et al., 1994; Mc@nnell, 1969; Ring et al.,

1997) However, recent studies showed that this belt weectafd, at least in parts, also by
Mesoproterozoic and Neoproterozoic orogenic evéBsiface and Schenk, 2012; Boniface et

al., 2014) Despite the wealth of new petrological and age data that have been obtained in the
course of these new studies, it wast possible to develop an evolutionary model for the
Paleoproterozoic period of the Ubendian Belt. This unsatisfactory situation was due to the
dearth of magmatic protolith ages, the missing knowledge about the number, nature and ages of
metamorphic eveas and the lack of information about the duration and timing of sediments
deposition recorded by detrital zircon. To develop an evolutionary model for the
Paleoproterozoic Ubendian Belt we studied the metamorphic histories of metasediments and
metamafitesn the northeastern part of the belt by petgatal methods and in situ-Uh-total

Pb monazite dating. Combining these new data with those of prefBougace et al., 2012)

and concomitant studies on the geochemistry and zircon geochronology of theagrattites
(Kazimoto et al., in reviewb), we develop an evolutionary model for the Paleoproterozoic
orogenic cycle including the age and nature of theeprsting continental crust that was
involved in the formation of the Ubendian Belt.

2. Geological baclground

2.1 Ubendian Belt

The Ubendian Belt is a NVBE trending metamorphic belt that borders the Tanzania Craton on
its southwest side and separates the craton from the Bangweulu Block and the Irumide Belt to
the southwest (FigR.1a). Like the Paleoproterozoand Neoproterozoic metamorphic belts of

the eastern margin of the Tanzania Craton, the Ubendian Belt also consists in part of
Neoarchean rocks that have been overprinted by younger metamorphic(&eaintsoto et al.,

in reviewb; Lawley et al.,, 2013a)n this way the Ubendian Belt can be seen as a cratonic
margin that has been reworked and received additions of new crustal material during the
amalgamation of the Paleoproterozoic supercontinent Columbia between 2.1 and 1.8 Ga. The
Ubendian Belt has beesubdivided into eight lithologically distinct blocks (FBj1a), which are
separated by NWGE striking ductile shear zoné3aly, 1988) Previous authors subdivided the
geodynamic evolution of this belt into two stages: an initial stage a2 2.15a chacterised by

arc magmatism, granul#iacies metamorphism and a lstiage deformation that was associated
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with greenschistacies overprin{Lawley et al., 2013a; Lenoir et al., 1994; Ring et al., 1997)
and a second stage at -1198 Ga characterised ecltg formation (Boniface et al., 2012)
magmatism and amphibolitéo granulitefacies metamorphism and deformatidvawley et al.,
2013c; Lenoir et al., 1994)he latter events led to orogenic gold mineralisation in the Lupa
Block (Lawley et al., 2013a; awley et al., 2013b; Lawley et al., 2013¢h addition to
Paleoproterozoic tectonothermal activities, Boniface e(28l12) and Boniface et al(2014)
recognized a Mesoproterozoic amphibolite grade crustal thickening event in the Wakole Block
of the norbhwestern Ubendian Belt (Fig.1) and a Mesoproterozoic metamorphic overprint of
the Ubende Block. The Neoproterozoic eclogites recognized in the northern Ufipa Block reflect
a PanrAfrican subduction event (0.59.52 Ga) between the Tanzania craton andtregweulu

Block (Boniface and Schenk, 2012)

2.2 Katuma Block

The rocks of the Katuma Block of the nasbsternUbendian belt Kig. 21b), have been
subdivided into two group&Semyanov et al., 1977; Smirnov et al., 1970¢ Katuma Group
consisting primaty of metabasitesgabbronorite, metagranites and metgranodiorites, and

the lkulu Group consisting mainly of metasediments (Rigb). The rocks of the Katuma
Group formed mainly during Neoarchean time (22.64 Ga) and during the Paleoproterozoic
time (2.021.94 Ga; Kazimoto et al., in review). The recognition of two timely widely separated
magmatic phases in the Katuma Group makes the traditional grouping of the rocks questionable.
The age of a Neoarchean metamorphism is slightly older (2650 + ghitathe crystallization

of an unmetamorphosed gabbronorite (2643 + 4 Ma) enclosing blocks of schistose garnet
amphibolite (> metre scaleJhe detritus of the Ikulu metasediments derived from Neoarchean
(4 2.64 Ga) and Pal e o pes,csiméario age io that ofZacks of @ha ) pr
Katuma Group. The minimum deposition age of these sediments is constrained by their first
metamorphic event at about 1.96 Ga, associated with the intrusion edlicaioe granites

(1.99 1.94 Ga; Kazimoto et alin reviewb). The nature of the metamorphism of the two
lithological groups is still enigmatic. In the north, the rocks of both groups\edain by a

Neo to Mesoproterozoic and a Cenozoic sedimentary cdugr2.1b). All the rocks are cut by

E-W ard NW-SE trending fracture and shear zones, which host Mesoproterozoic hydrothermal
Au-Cu-Pb bearing quartgideritebarite sulphide veins. The hydrothermal event correlates with

the Mesoproterozoic crustal thickening event at about 1.K&amoto et al.jn review-a).
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Fig. 2.1 (a) Geological map of the Ubendian Belt, modified from D@EI988) The Ubendian Belt is located between the Tanzania Craton and the Bangweulu
Block (b) Lithological map of the Katuma Block, modified from Biyashev e{1l#877) Semyanov et a(1977b)and Smirnov et al1970) with metamorphic
mineral assemblages abdTh-total Pb monazite metamorphic ages obtained in this studb kircon ages are from Kazimoto et.(al.review)and the two

ages of the Wakole metasedimentary rocks are from Boniface @0&4)and one of the Ubende eclogite is frormBace et al(Boniface et al., 2012)



50 2. Granulitefacies metamorphic events in therthwesterrubendian Belt

Table 1 Sample locations and mineral assemblages of metabasites and metapelites of the Katuma Block.

Mineral assemblage
Opx Cpx Hbl Act Grt Bt P Kfs Sil Qz IIm Mt Pinite Spn Chl Rt Ep Ser/Ms Carb Scp Zrn Mnz Location

Easting Northing

(km)  (km)
Metabasites
T1:1210 X X ? X X X X X x X X [x] X] Mkwamba
T1+1310 X x] [x] X X X X 2 Mkwamba 283.7 929.6
T1:1610 (0) X X [xX] x X [x] X X Mkwamba
T29-10 X ? X X [X] X X Kapanda 286.9 928.5
T3810 X X X XI x [X]I [X] [X] Dreef 283.6 929.1
T6510 x ? X X X X x X [X Singililwa 300.2 928.0
T91-10 (o) X Xl X x X X X X Mpanda 2925 928.5
T1061-10 X X X X X X Mpanda 289.9 928.8
T131-10 X X X X X X X X X X Mpanda 288.0 928.4
T13310 X X ? X X X X X Mpanda  283.5 929.7
T142-10 X X X X X X X X X Nyakata 284.8 929.7
T161-10 (0) X X X X X X Mpanda 324.2 9284
T17310 X X X X X X X X Mpanda  276.7 931.8
T261-10 X X X X X X X X X X Lufuti
T263-10 (0) X X X X X X X X X Lufuti 281.7 929.9
Metapétes
T181-10 X X Xx Xk x ac X] [X] ac ac Ibyambe
T182-10 x XM x@E x xk x ac X] [x] ac ac Ibyambe 275581 929998
T47-10 X X Xx xk x ac,[x] [X] ¢ X] X [x] [X] ac ac Chemchen
T411-10 X X Xx xk x ac,[x] [X] ¢ X] X [x] [X] ac ac Chemchen 28839 9280264

X, major phase; ac, accessory phase; [x] retrograde phas@pfojnclusion in Cpx; (b), Bt inclusion in Grt; (p) Pl inclusion in Grt; k, Sil
pseudomorphs after Kg; pinite pseudomorphs after Crd;
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3. Petrography and mineral chemistry

3.1 Analytical methods

Mineral compositions were determined using a JEOL Superprobe838BR electron probe
analyser at the University of Kiel equipped with five wavelerdjipersive spdmmeters
(WDS). The mineral analyses, except for that of monazite, were performed using an accelerating
voltage of 15 kV and a probe current ranging between 15 nA and 20 nA. Synthetic and natural
mineral standards were used for calibration, and the CIT@afhod of Armstrong1995)was

used for matrix correction. The monazite composition was determined following similar
procedures described by Braun and Ap(#006) Jons et al(2006) and Jons and Schenk
(2011) which are briefly summarised here. An aecating voltage of 20 kV and a probe
current of 60 or 80 nA were used during the analyses. The microprobe was calibrated using
standards that included thorianite for Th, crocoite for Pb, synthetic urdseanmg glasses for

U, wollastonite for Si and Caorundum for Al and rare earth element orthophosphates of the
Smithsonian InstitutéJarosewich and Boatner, 199&@) REE, Y and P. The composition of the

REE orthophosphates standards were carefully determined considering their Pb content (see
Donovan etal. 2003). Corrections from the matrix analyses were performed using the JEOL
ZAF program. Counting times for Pb were between 2 and 4 minutes on the peak and similar
times on the background, depending on the intensities. The Pb Mb lines, Th Ma line$/éand U
lines (considering interference from Y Mg) were used. More details about the analytical
protocol and the background approximation for Pb are given at http://www.Hg.uni
kiel.de/1202.html. The quality of the data was controlled using an internal nestaidard

that included monazite from southeast Madagascar, which is homogenous in composition and
was dated using the-Bb method and a SiMd monazitebiotite-garnetzircon isochron to an

age of 542 + 2 Ma and 542 + 11 Ma, respectively (Paquette €t98K) and recently by A.

Moller (per. comm.) with TIMS at an age of 560 + 1 Ma. Analyses that contain significant
apparent Al were rejected to avoid artefacts from secondary fluorescence that may occur if
analytical points are near to grain boundaries. difemical monazite ages and their errors were
calcul ated u s i n g httpt/tvew.ifgfu@kiehde/33®html oraon d ( AAgeFi n
software(Appel, 2010)

3.2 Metabasites
Metabasites are omnipresent hreteastern part of the Katuma Block (F2glb), where they

occur together with orthogneisses. The rocks are greenish to dark grey, massive and primarily


http://www.ifg.uni-kiel.de/339.html
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fine- to medium grained. The mineral assemblages (Table 1) include plagioclase,amdho
clinopyroxene, hornblende, garnet and accessory biotite and pyrite. Accessory minerals are
ilmenite, titanite and zircon. The mafic minerals are present in variable amounts between 50 and
65 vol. %. The metabasites display various degrees of amphifaaiés retrogession, in which

the peak metamorphic minerals are partially replaced by hornblende, plagioclase, quartz and
titanite as either late rims or symplectites. In places, the metabasites experienced
greenschisfacies retrogression as displayed by the fornrmatid actinolite, epidote, chlorite,

albite, titanite, quartz or/and carbonates. Representative analyses of minerals of metabasites are
presented in Table 2.

Garnet is present as rims together with quartz around -ogthd clinopyroxene and as
aggregates cawisting of anhedral to subhedral grains (FR2a, b and c) that are
porphyroblastic in places and contain inclusions of quartz, plagioclase, ilmenite and hornblende.
The garnet coronas display an increase i and continuous decrease ofig{ Xprp and Xars
towards the rims (Fig2.3a). The range of compositions argw= 0.69 0.50, X%, = 0.4 0.1,
Xars=0.290.24, Xgpsd 0 . 0 24g =013 0.1. Xwo types of clinopyroxene were recognised:
one type is pale green to brownish in colour, subhedral tadealh&equently interlocking with
plagioclase that makes ophitic to subophitic textures. The other type is darker green and its
grains, in places, form an intergranular texture with amphibole. By using the classification
scheme of Morimoto et a(1988) the green to brownish clinopyroxene is classified as augite
(Fig. 2.3b) with compositional ranges ofgx¢ 0.24 0.71, X 0.44, Xn0=0.23 0.45, Xya =
0.01-0.15 and Xy = 0.350.75. The green clinopyroxene is classified as diopside 239)
with compositonal ranges of X~= 0.290.41, X< 0.120.26, Xvo = 0.450.48, Xua =
0.01- 0.05 and X3 = 0.52 0.77. The orthopyroxene, which is present as relicts in diopside, has
compositional ranges ofg¢= 0.36 0.59, Xs= 0.40 62, Xwo= 0.52 1.91, Xy = 0.02 0.07 anl
Xwmg = 0.37% 0.60. The amphiboles form rims around clinopyroxene (ERp, ¢ and d) and are
present as latstage symplectites together with clinopyroxene, plagioclase and/or quartz.
According to the classification scheme of Leake et(8#0297) the ampliboles are mainly
pargasite, ferropargasite, magnesiohornblende, ferrohornblende, tschermakitscfermakite
and edenite. Actinolite is a late stage formation (Ei§c and d). The titanium contents in these
amphiboles range between 0.26 apfu an® @fu, with higher values in the mafic granulites
and garneamphibolites, but lower values in the amphibolites.
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Fig. 22 Photomicrographs, field photograph and backscatter images of metabasite and metapelite from
the Katuma Bock. Mineral abbreviations are from Whitney and Ev§2609) (a) Replacement of ortho

and clinopyroxene and plagioclase by garnet coronas and hornblende in mafic granulite (satnple T9
10) (b) A BSE image showing replacement of garnet and quartz forooirognas around orthand
clinopyroxene (sample F210) (c) Replacement of clinopyroxene and plagioclase by garnet coronas
and hornblende in mafic granulite (sample 11100) (d) Formation of ilmenite, amphibole and quartz
after plagioclase, orthoand dinopyroxene in a mafic granulite (sample T24.0) (e) Prismatic
sillimanite pseudomorphs after kyanite in Ikulu metapelite (locatiol IF40) (f) Microphotograph of
sillimanite pseudomorphs after kyanite showing sillimanite cluster surrounded by pidig@-10) (g)
Garnet porphyroblast with biotite inclusions in the gatresiring metapelite (h) BSE image showing a
plagioclase corona around garnet in metapelite {F18).
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Fig. 2.3 (a) Composition of garnet in mafic grantalishowing retrograde zoning profile in whichgyand

Xprp decreases and a4, increases rimwards. (b) Classification of ortlemd clinopyroxene in mafic
granulite; magmatic clinopyroxene is augite, whereas metamorphic clinopyroxene is diopside. (c and d)
Composition of amphiboles in mafic granulites and amphibolites, formula calculated on the basis of 23

oxygens. (e and f) Zoning profiles of plagioclase in mafic granulite showing magmatic cgresQg)
and metamorphic rims (g5 < 0.6).
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Plagioclasdorms laths displaying strong compositional zoning (Ri§e andf); some crystals
occur enclosed in or interlocked with clinopyroxene, which is interpreted to reflect a preserved
magmatic texture. The anorthite fraction of plagioclase in the amphib@itges between 15%

and 57%. The high a4 cores (Amggs) of mafic granulite are interpreted to be relicts of the
magmatic plagioclase, whereas low,Xims (Arspsz), surrounding the cores with an abrupt

compositional change, are interpreted to be of metphic origin (Fig2.3e and).

3.3 Metapelites

Samples of the aluminous metapelites have been collected at two localities. One to the north of
Mpanda town at Ibyambe hills (TAB10; Fig. 2.1) containing
garnetbiotite-sillimanite-K-feldpar and another dees from the south of Mpanda town at
Chemchem hill (T411-10; Fig. 2.1) containing cordierite instead of garnet that is totally
pinitised. The Ikulu migmatitic metapelites are gneissic in texture with an assemblage (Table 1)
of biotite, sillimanite, plagiclase, Kfeldspar, only small amounts of quartz and porphyroblastic

garnet (T182-10) or pinite pseudomorphs after cordierite instead of garnet {1D).

The accessory minerals include ilmenite, magnetite, zircon and monazite, whereas the
retrograde miarals include muscovite. Sillimanite is present in clusters forming pseudomorphs
after kyanite. The original form of the later is often still preserved-&cin long prismatic
grains (Fig.2.2e and f). Garnet forms ellipsoidal porphyroblasts up to 5 mdiameter (Fig.
2.2g) that contain biotite, plagioclase, sillimanite and monazite as inclusions. Biotite is also
present in the matrix and forms, in parts, flakes that are intergrown with sillimanite. Biotite in
both cordierite bearing and garnet bearirgtapelites displays retrograde exsolution of ilmenite
along its rims. Kfeldspar in the garnet bearing metapelite is present as perthitic microcline that
may be surrounded by albite rims formed from the perthitic exsolutions, whereas in the
cordierite beang metapelite the Keldspar shows sericitization. Laséage muscovite forms

small flakes along grain boundaries of biotite and sillimanite @g&j.and g).

Representative analyses of the minerals are presented in Table 3. Garnet cores are
homogenousHig. 2.4a) and have compositional ranges @fg>X% 0.1-0.2, Xam = 0.650.72,
Xprp = 0.08 0.18, Xsrs = 0.0F 0.03 and X%,s= 0.1-0.24. Garnet grains display retrograde re
equilibration only along the rims showing increasingXa 0. 2 0 4amThe iRcregsein 2 .
spessartine component in the outermost rim most likely indicates resorption of garnet and biotite

formation at the expense of garnet during retrogression. Both the matrix plagioclase and
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plagioclase inclusions in gaet have a composition of AgpsAbrs330r06. The Kfeldspar
composition is in the range of rpAboso, Whereas its exsolution lamellae have composition

of Abga1000r140. The Xug Of biotite has lower values in the gantearing metapelite than ihe
cordieritebearing metapelite (Fi@.4b). The preserved titanium concentrations in biotite range
from 0.15 pfu to 0.35 pfu. Ti contents and thggXatios are similar to those of biotite of the
sillimanite-staurolite and kyanitstaurolite metamorphizones in New England (Fig2.4b;
Robinson et al., 1982; Spear, 1995). Nevertheless, owing to the generally strong retrograde
exsolution of ilmenite these mineral chemical data reflect only minimum metamorphic
conditions. The latstage Muscovite contains®3.07 Si apfu and 0.1D.22 (Mg+Fe) apfu,

not following the phengite substitution line (F@4c). In the garnet bearing sample quartz is

nearly absent, but mainly preserved as spherical inclusions in feldspars.
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Fig. 24 (a) Composition of garnet porphyroblast in the Ikulu metapelite depicting homogenous core
compositions with narrow retrograde rims (< 0.5 mm: loyy&nd high Xm) (b) Biotite compositions in

the garnebearing (T18) and cordierifeearing metapelite (T4) Ychemical compositions of muscovite

in the metapelite; low Si contents of muscovite plot away from the phengite substitution line.

4. Pressuretemperature conditions during different metamorphic events

The metabasites and metapelites of the Katuma Bloclswtable to allow estimates of the
pressure and temperature conditions of their formation. However, it has to be kept in mind that
the rocks of the Katuma Block were formed in Neoarchean and in Paleoproterozoic times and
the mineral assemblages preseruedhe rocks may not have been formed during the same
orogenic cycle but have to be attributed to different metamorphic events, which have to be

resolved in connection with textural controlled dating of monazite.
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On the basis of the described petrogramibservations we obtain critical information for the

P-T conditions and evolution. At both localities, where metapelites have been sampled, north
and south of Mpanda town, the &3il-Bt gneisses and Ci8il-Bt gneisses contain sillimanite
pseudomorphs &t kyanite (Fig.2.2e and f), indicating that in both areas kyanite was stable
during an early stage. However, at a later stage at higher temperatures sillimanite became stable
either with garnet (north of Mpanda) or with cordierite (south of Mpanda).nBuhis stage
anatectic melts have formed in both garnet and cordierite bearing assemblages. In contrast, in
mafic granulites the most striking petrographic feature is the development of garnet and
hornblende or clinopyroxene coronas between orthopyroxedglagioclase, which usually are
interpreted as a texture related to retrograde near isobaric cooling at elevated pressures (e.g.
Schenk, 1984). For further constraining the prestmgerature conditions for the formation of

the different assemblages ewapplied conventional geothermobarometry as well as
pseudosection modelling.

4.1 Conventional geothermobarometry

The presence of orth@and clinopyroxene, garnet, plagioclase, quartz, hornblende and minor
biotite in the metabasites provides a basis for edgimg both the peak and the retrograde
pressurgemperature (H) conditions. The calibrations of Ellis and Gred®79)and Powell
(1985) for FeMg partitioning between cexisting garnetlinopyroxene and the Hdg
distribution between garnébrnblende (Graham and Powell, 1984; Perchuk et al.,
1985)(1984b)were used as thermometers. The calibrations of Eckert (@98ll)and Newton

and Perking1982 for the garneplagioclaseclinopyroxene/orthopyroxerguartz equilibrium
(GADS and GAES) were appliedor pressure estimates of the mafic granulites. The
garnetplagioclasenornblende baromete(Kohn and Spear, 1990yvas used for pressure
estimates of the amphibolites. AllPestimates were performed without correcting for ferric
iron and using the comompositions with the highest for garnet and high Ti concentrations

in the case of hornblende. TheTRestimates are summarised in Table 4. The mafic granulites
yielded pressure estimates in the range of &J kbar and temperature estimates in tingeaof
63071 750 °C for the corona forming event. TheTPestimates for the amphibolites using the
Hbl-Grt-PI-Qz barometer and Higbrt thermometer gave values in tfaege of 6.88.7 kbar and
640 790 C, respectively.

The estimates of the peak metamorpldonditions for the metapelites were not
straightforward because of the dearth of minerals that can be used for thermometry. The
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retrogression of biotite, even visible in the form of Feoxide exsolutions, limited the use of

the FeMg distribution betweerbiotite and garnet for temperature estimates. The presence of
compositionally homogenous plagioclase feldspars that are in equilibrium with garnet
porphyroblasts provided a means to estimate pressure conditions (GASP) only at a particular
temperature contibn. At the assumed temperature of 7% (cf. section 4.2), the obtained

pressure are in the range of 6.1 to 7.1 kbar (Table 4).

4.2 Pseudosection modelling

To obtain the thermobarometric information and to determine fheWwlution metapelites and
metbasites, several pseudosections (Ri§, 2.6, 2.7 and 2.8) were calculated using the
THERIAK-DOMINO software(De-Capitani and Petrakakis, 2018nd the internally consistent
datasets of Holland and Powgl998)and Bermar{1988) files tcdb55c2d (THERMCALC v.
3.25) and jun92. The activity models used in the Holland and P{l@8IB)dataset (tcdb55c2p)
are those of Baldwin et gR005)for feldspar, White et a(2007)for garnet (tc 325) and biotite,
Coggon and Hollan¢2002)for white mica, and Hadéind and Powel1998)for cordierite. The
mineral assemblages of the metapelites and metabasites are presented in Table 1, and the major
element compositions are presented in Table 5. TX& déncentrations were derived from the
values of loss on ignitionwhich, prior to their use, were checked using thermodynamic
modelling of the equilibrium assemblage in diagrams of temperature ves€usAH of the
applied values of O produced the observed assemblages of the rocks.

Mafic granulite T91-10

The RT pseudosection calculated for the mafic granulite I¥80 consists of dj tri-, and
quadrtvariant fields in a pressure range of-®% kbar and a temperature range of-@D C

(Fig. 25). The assemblage of this mafic granulite is represented in-traeialt field of Ilm +

Opx + Grt + Cpx + Pl + Prg + aQz +8, with the exception of the lastage amphibole, which
occurs in the sample as ferrohornblende instead of pargasite. The disparity in amphibole is most
likely due to the inadequacy of amphiboletieity models in the Jun92 dataset of Berman
(1988) which is limited to pargasite, tschermakite and tremolite. Thgisopleths of garnet
that coeexists with pargasite on the low temperature side of the amplobolkne are more
temperature dependeritain those on the high temperature side of this line, which are both
pressure and temperature dependent as are those ofathef Ylagioclase (Fig2.5). The
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maximum Xyg values in garnet cores (0.2) and thg, Xf the metamorphic plagioclase (0.51)
providea PT estimate 67 . k8b a r 7 Ga@nfat their equilibriation. These-P conditions are in
the trivariant field of Ilm + Opx + Grt + Cpx + Pl + aQz +®|, which is characterised by the
reaction Opx + Cpx+ Pl = Grt + Cpx + Qz, consistent with the textural features of
garnetclinopyroxene corona around orthopyroxene (Rig@a and b). The rimward decrease in
Xwmg Of garnet and the decrease of,Xof the metamorphic plagioclase correspond to the
isopleths of Xg of garnet and X, of plagioclase that are crossed with faglitemperatures (Fig.
2.5). The inferred near isobaric cooling path crosses the parf@asiteng reaction Opx + Cpx +

Pl + Qz = Grt + Prg + Qz and may be manifested in the sample by the replacement of
orthopyroxene, clinopyroxene and plagioclase by femablende, garnet and quartz (F&Ra
and b).

9000 »
8500 -
| E XAn (Max) = 0.51, XAn (Min) = 0.37
80007 IESELEIN C700°C, 7.8 kbar
ﬁ 7500 :— Yg ()
> L e Xca (Pl)
a — 1. llm Grt Opx Cpx Prg aQz
n -
) 7000 B T9-1-10
o B Composition (mol. %) Si (47.1) Al (14.6)
- Fe (11.7) Mg (8.7) Ca (10.5) Na (3.9)
6500 _ Ti(1.1) H (1.95)
2 Iim Pl Opx Cpx lim PI Opx Cpx C
6000 aQz H20 bQz H20 .
5500 I 1 1 1 l | l 1 1 1 I 1 1 1 1 | Ll 1 1 I - :QE
600 650 700 750 800

Temperature [ °C]

Fig. 25 P-T pseudosection in the system ,NaCaOFeOMgO-Al,Oz-SiO,-TiO-H,O for the mafic
granulite T91-10. Dark gray, medium gray and light gray shading representidi and quadrivariant
fields, respectively. The Pseudosection is overlain with isopleths,o{y€llow dashed lines) andcX
(red dashed lines), yellow and pink bold lines represent garreatd amphibolén line. White box
represents H conditions determied from isopleths of ¥, and X-.. The black arrow represents thad P
path.

Mafic granulite T161-10
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The pseudosection for the mafic granulite 71100 is dominated by triand quadrvariant
fields and minor diand quinivariant fields shown in a-P diagram ranging from 7.%50 9 kbar

and from 600 to 800C (Fig. 2.6). The equilibrium assemblage is represented by a very broad
tri-variant field of Grt + Pl + Cpx + Prg + aQz +® that is limited at 75 kbar and
temperatures above 600 to 74D (dependingn pressure) by a small-dariant field with the
assemblage Grt + Pl + Opx + Cpx + Prg + aQz®H

XAn (max) = 0.62, XAn (min) = 0.45
720 °C, 8.6 kbar

2. Grt Fsp Opx Cpx Prg H20
n 3. Fsp Opx Cpx Prg aQz H20

| T10-1-10

L. Composition (mol. %) Si (45.9) Al (16.6)
- Fe (8.3)Mg (9.6) Ca (11.8) Na(3.3)

Pl Opx Cpx H20 - H(10)

-
2 XMg (Grt)
v Xca (PI)
é 1. Grt Opx Cpx bQz H20

4

} .

a

Temperature [ °C]

Fig. 26 P-T pseudosection in the system,NeCaOFeOMgO-Al,0:-Si0,-H,O for mafic granulite
T10-1-10. Increasingly dark gretpnes of the fields correspond to the increase in variance of the fields
(di-, tri-, quadri and quinivariant fields). Pseudosection is overlain with isoplethsgf(fellow dashed
lines) and X, (red lines), white box representsTReonditions determied from isopleths of %, and X,

and black line represents the deduced path.

The few small relicts of orthopyroxene in this sample indicates that the earliest preserved
metamorphic stage was in the narrow divariant field of Grt + Pl + Opx + Cpx + B@z +

H,O. As in the case of the pseudosection for the mafc granulite I) pargasite is predicted

as the stable amphibole instead of magnesiohornblende due to inadedutheyapplied
amphibole activity models. The modelled isopleths of thg ¥alues in garnet are strongly

temperature dependent in the &and divariant field mentioned above, whereas thoseapfirX
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plagioclase are pressure and temperature dependenf @igThus, the maximum yg of the

garnet core values and the maximum, Xf the coexisting inner part of the metamorphic
plagioclase value constrain theTReorditions to 8.6 kbar and 72@? The rimward decrease of

Xwmg ratios in garnet and g4 in plagioclase (Fig2.3e) suggests that the garnet cores, their rims

and the metamorpbiplagioclase grew during near isobaric cooling. The small orthopyroxene
relicts in this sample, the presence of garnet coronas around clinopyroxene and the replacement
of clinopyroxene by hornblende (Fig. 2c) are consistent with the crossing of th@uDpx
reaction line Pl + Opx + $#0 = Grt + Cpx + Hbl + Qz (Fig2.6).

Mafic granulite T263-10

The pseudosection for sample T24.0 consists of dj tri-, quadri and quinivariant fields

shown in a digram for the-PP range of 8.29.2 kbar and 680740 <C (Fig. 2.7). The equilibrium
assemblage consists of garnet, orthad clinopyroxene, amphibole (pargasite), plagioclase
feldspar, quartz and ilmenite and is represented in the broad correspordanawli field (low

T part in Fig.2.7). This field is limitel towards higher temperatures by the replacement of
ilmenite and rutile. The g isopleths of garnet are strongly temperature dependent in both the
ilmenite and the rutile bearing divariant fields. Thg, ¥sopleths of plagioclase are psese and
temperatre dependentJsing the X4 of the garnet core (0.28) and thg0f the metamorphic
plagioclase rim (0.51), a peak pressure of abouki8a® and a temperature of 725 i obtained

(Fig. 2.7). This RT point is located near an amphibateline that maks the beginning of the
reaction Opx + Pl + O = Grt + Cpx + Prg + Qz, which is consistent with the reaction textures
observed in this mafic granulite, in which magmatic orthad clinopyroxene (augite) is
replaced by metamorphic clinopyoxene (diopsidggrnet, quartz and pargasite (similar to
textures in Fig2.2a and d). Like in the pseudosections for the mafic granulite:II® and
T10-1-10, the decreases of the calculatag, ¥atios and the X, towards lower PT conditions
correspond to the rimwarmkecreases of wy in garnet of the sample (ca. 0.25) and the decrease
of Xan Of the plagioclase (0.40). These decreases depict a near isobaric cooling path for this
mafic granulite, which crosses a reaction line at which rutile is replaced by ilmenite. The
absence of rutile in the assemblage suggests that all rutile was completely consumed in this

reaction to form ilmenite.
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XAn (max) = 0.51, XAn (min) = 0.40

w
= 725 °C, 8.8 kbar
o) Xwmg (Grt)
—
: -----
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q’__) 1. lim Grt Fsp Cpx Hbl Spn aQz H20
o T26-3-10
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Fig. 2.7 P-T pseudosection in the system ,NaCa0OFeOMgO-Al,Os-SiO-TiO,-H,O for the mafic
granulite T263-10. Variance of the fields is depicted as in Figure 6. Pseudosection is overlain with
isopleths of X4 (yellow dashed lines) and X (red dashed lines), white box represents thé P
conditions determined from the isopleths @fyand X-,. The black arrowepresents the-P path

Garnetbearing metapelite T18-10

The pseudosection for the ganbetaring metapelite is characterised by, thi-, quadri and
quini-variant fields at pressures of B kbar and temperatures of 5880 °C. The mineral
assemblag of the garnebearing metapelite is depicted in the quadwiant field of Pl + Sa +
Grt + Bt + melt + Sil, which occurs at pressures, above Kbar and a temperature range of
730-820 C (Fig.2.8). The isopleths for g, Xam and Xsps0f garnet are deulated given in the
equilibrium assemblage diagram. Thggih the garnet core of T18-10 (0.20; Fig2.8) result

in a RT edimate of about 6 kbar and 79C.°Biotite, plagioclase and sillimanite inclusions in
garnet together with sillimanite pseudomlos after kyanite (Fig2.2e and g) suggest that,
during the prograde evolution the metapelite experienced conditions in the kyanite stability
field. The conditions then evolved towards the stability of the queiant field of Pl + Sa +
Grt + Bt + Sil+ Ms + Qz and the quadvariant field of Pl + Sa + Grt + Bt + Sil + Qz + melt
(Fig. 2.8). These observations document aT Ppath with heating. The cooling and
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decompression phase of this metapelite is documented by the decreagg ¥hX and Xsps

values in garnet rims (0.11, 0.65 and 0.1; R2g) and the formation of retrograde muscovite
replacing biotite and sillimanite (Fig.2f and g), which corresponds to a cooling path through

the quadrtvariant field of Pl + Sa + Grt + Bt + Sil + Qz + meltpssing a Ms formation line to

the quadrvariant field of PI + Sa + Grt + Bt + Sil + Ms + Qz (Fig.8). The latestage
plagioclase corona around garnet is in agreement with isothermal decompression after peak
metamorphism. Pressure estimates for the ptd@gecorona forming stage with garnet rim
compositions and the plagioclase of the corona result in about 6 kbar, which is about 1 kbar
below the peak pressure (F&y8; GASP, Koziol and Newton, 1988).

Sample T18-2-10
B Composition (mol.%) = Si (43.7) Al (22.8)
Fe (6.99) Mg (3.9) K (9.5) Na (3.2) Ca (0.63)
Mn (0.17) H (8.6)
e GASP NK88
XMg
Xwg max = 0.2, min =0.12

P=7.1kbar, T=770°C

7000

6000

1. PI Sa Grt Ms Bt melt Sil

2. Pl Sa Grt Bt melt Sil Crn

3. PI Sa Grt Bt Spl melt Crn

4. Pl Sa Grt Bt Spl melt Sil

5. Pl Sa Grt Bt Crd Spl melt Sil
6. Pl Sa Grt Bt Crd melt Sil Qz
7. PI Sa Grt Bt Crd Sil Qz H20
8. PI Sa Grt Bt Sil Qz

9. PI Sa Grt Bt And Qz

10. P Sa Grt Bt Crd H20

11. Pl Sa Grt Bt Crd melt H:0
12. PI Sa Grt Bt Crd Qz H:0
13. PI Sa Grt Bt Crd And Qz H20
14. Pl Sa Grt Ms Bt Ky

15. Pl Sa Grt Ms Bt melt Sil Qz

5000

Pressure [Bar]

4000

Temperature [C]

Fig. 28 P-T pseudosdon in the system N&®-CaOK,0-FeOMgO-Al,O:-SiO,-H,0O for the garnet
bearing metapelite T18-10. Increasingly dark grey tones of the fields correspond to the increase in
variance of the fields (ki quadri and quint variant fields). Pseudosection igeslain with isopleths of

Xwg (yellow dashed lines), black bold lines represent kyassiiienanite and andalusitsillimanite
transitions, red line represents the muscewiteline, purple lines are GASP (grosstdduiminosilicate
silica-anorthite; KN 88 Koziol and Newton, 1988) lines. The white box represents {fiecénditions
determined from isopleths ofy and the GASP lines. Black solid/dashed arrow representsTheakh
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5. Texturally controlled, in situ monazite dating

The in situ analysis of anazite for U, Th and total Pb dating using an electron microprobe was
performed to date the metamorphic evolution by linking the geochronological data with the
internal texture of a single monazite grains and the texture of the rock forming minerals, in
which the dated monazite occurs, i.e. as inclusions in garnet or as matrix grains. Two metapelite
samples, the cordierite bearing metapelite -{I4.0) and the garnet bearing metapelite

(T18-2-10), were selected for the texturally canliied in situ monazé dating.

5.1 Monazite texture and chemistry

The internal textures of monazite grains are similar in both samples and are independent of their
textural setting (inclusion in garnet and matrix). However, the textures are better preserved in
the garnet bearingock (T182-10) due to some hydrothermal alteration at the Chemch

locality of the cordieritesillimanite-kfeldsparbiotite-bearing sample (F41-10).

The monazite grains (15 to 25@n) have dark cores in BSE images that are partially
replaced by lightercoloured patches that developed with convex grain boundaries into the
darker zones (Fig.9b, c, d, f). These patchy textured cores are surrounded by concentrically
zoned rims, which are in most cases light coloured in BSE images2Blg. d and f) but
sometimes also quite dark gray (F&Pa and c). This pattern represents a complex zoning. The

mineral chemical data from the different types ainazite grains are presented in Tabl6.6

The monazite grains are present as accessory minerals in tiive onas inclusions in other
minerals (e.g. garnet) in the metapelites. Monazite grains from the matrix and those of garnet
inclusions exhibit characteristic enrichments in light rare earth elements (LREE) over heavy rare
earth elements and Y (HREEs; Fij10a and b). The overgrown rims of the monazite grains
tend to contain lower amounts of HREE and Y compared to the core2 (Flg.and b). All the
monazite patterns exhibit Eu anomalies (Fig. 10a and b). In the plot of (Th+U+Si)*4 versus
(REE+Y+P)*4 (Hg. 2.11), the chemical composition of the monazite cores is characterized by a
varying cheralite substitution, whereas the overgrown rims spread between the huttonite and
cheralite substitution vectors, suggesting effects of both substitutions in thegrovtiis by

fluid related processes (e.g. Harlov et al., 2011).
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Fig. 29 Backscatter images of monazite grains from the lkulu metapelites showing microtextures and the
correlation of growth zones with the temporal evolutioni (@) Complex, simple and patchy zoned
monazite from the metapelite matrix (e) BSE image of garnet from a metapelite with monazite inclusions
(e.g., bright white grain in red box) (f) Monazite inclusion in garnet showing both simple and patchy
zoning.
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Fig. 210 Chondritenormalised rare earth elements and Y patterns of monazite from metapelites;
whereas LREE and Eu patterns in monazite cores and overgrown rims are similar, overgrown rims are
relatively depleted in HREEs and Y coanpd to that in the cores.
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Fig. 211 Plot of ((Th, U) + Si) *4 vs. ((REEs, Y) + P)*4 showing cheralite and huttonite vectors for
monazite core and rim analyses of sample-Z-1® and T411-10.

5.2 In situ U-Thtotal Pb dating of manazite
Dating of the core domains of monazite grains in the matrix and of inclusions in garnet yielded

apparent ages in the range of 20B810 Ma and those of the overgrown rims in the range



67 2. Granulitefacies metamorphic events in therthwesterrubendian Belt

1890 1790 Ma (Fig.2.9af), which are more than 100 Ma youngéan those of the core
domains. For the core domains of the monazite grains in the garnet bearing samdel ()18

the dating yielded weighted mean ages of 1957 + 10 Ma, whereas the overgrown rims yielded an
age of 1837 £ 6 Ma (Fig.12a). Similarly, thecores of the cordierite bearing sample gave an
age of 1967 + 16 Ma and the rims of 1848 + 17 Ma (Eif2b). This means that the core and

rim ages of both metapelite samples are identical within errors and that the sediments in the

Katuma Block experiencetwo metamorphic events that were separated by about 120 Ma.

Fig. 212 Monazite age histograms: the tall black curves are summative curves of the dates of each age
population, and the red curvesr e t he wei ghted mean ages (20 er
Metamorphic ages of sample F28L0 (b) Metamorphic ages of sample-T#10.

6. Discussion

6.1 P-T evolution and timing of the granulifacies metamorphism in the Katuma Block

In this paper we hee presented petrological data of metabasites and of metapelites of the
Katuma Block, which record contrastingTPevolutions. Metamorphic monazite ages have only
been obtained from metapelitic rocks showing two metamorphic events in Paleoproterozoic
time, whereas for the metamorphism of the mafic rocks no age data are available due to the lack
of monazite and as zircon of the mafic rocks did not show overgrown metamorphic rims
(Kazimoto et al., in reviewd). The correlation of the contrasting petrologiPal' data with the
radiometric ages is not straight forward, as addition&ldkircon ages that are available for the
rocks of the Katuma Block indicate that this block experienced four metamorphic events in
Archean and Paleoproterozoic timéKazimoto et al.,, in reviewb). Thermobarometric
calculations and pseudosection modelling of the metabasites indicate that the giariakte

reactions textures replacing the magmatic mineral assemblages occurred6ad &sar and







































































































































































































































