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Zusammenfassung

Tief erodierte Orogene sind Regionen der kontinentalen Erdkruste, in denen
regionalmetamorphe Gesteine vorkommen, die sich in der tiefen Kruste gebildet haben. Studien
an solchen metamorphen Glirteln sind daher wichtig fiir das Verstdndnis von Prozessen, die in
Wurzeln von Gebirgsgiirteln stattfinden und zur Entschliisselung von
Krustenbildungsvorgingen und der Krustenentwicklung. In dieser Arbeit geht es um die
Entschliisselung der orogenen Entwicklung eines linearen paldoproterozoischen Gebirgsgiirtels,
dem Ubendian Belt von Tanzania, der unter anderem auch eines der dltesten in einem Gebirge

aufgeschlossenen Eklogitvorkommen der Erde enthélt.

Um die Bildung und Krustenentwicklung dieses linearen Ubendian Belts, sowie das Alter und
die Entstehung der dortigen Lagerstitten an edlen und unedlen Metallen zu bestimmen, wurden
die Gesteine des Katuma-Blocks des nordwestlichen Ubendian Belts geochemisch und
petrologisch untersucht. Zudem wurde das Alter von Zirkon (U-Pb) und Monazit (U-Th-total
Pb) unter Verwendung von Laser Ablation Inductively Coupled Plasma Massenspektrometrie

beziehungsweise der Elektronenstrahlmikrosonde.

Interne Texturen der Zirkonkdrner in Verbindung mit ihren U-Pb-Altern deuten darauf hin, dass
die magmatische Bildung der Protolithe der Orthogneise und Metabasite des Katuma-Blocks
hauptsdchlich im Neoarchaikum (ca. 2.71-2.64 Ga), aber untergeordnet auch wihrend des
Paleoproterozoikums (2.05-1.94 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

Spurenelementmustern der Metabasite und Orthogneise abgeleitet werden kann.

Die granulitfaziellen Sdume in Metabasiten, bestehend aus Granat, Klinopyroxen, Quarz und
Hornblende, welche magmatisch gewachsenen Orthopyroxen und Plagioklas ersetzen, lassen
darauf schlielen, dass die magmatischen Protolithe nach ihrer Bildung in der tiefen Kruste eine
nahezu isobare Abkiihlung wihrend einer tektonisch ruhigen Phase (< 2.64 Ga) erlebten. Die
detritischen Zirkonkdrner aus den Metasedimenten liefern Alter von 2.64 bis 2.05 Ga, dhnlich

den Bildungsaltern der Gesteine des Katuma-Blocks, was andeutet, dass der Katuma-Block
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selbst die wahrscheinliche Quelle des Sediments war. Der Zeitraum der Sedimentation kann
eingeschriankt werden durch das hochste Alter detritischer Zirkone bei ca. 2680 Ma und dem
Alter der ersten Metamorphose der Sedimente bei ca. 1960 Ma. Dieses Ereignis wurde datiert
durch das Alter von metamorphen Zirkon-Sdumen und das von Monazit-Kernen. Die Phase der
Sedimentation und der nahezu isobarer Abkiihlung der Metabasite in der tieferen Kruste wird
einem Stadium mit passivem Kontinentalrand des Tansania Kratons zwischen 2.65 und 2.05 Ga

zugeordnet.

Im Gegensatz zur Art der post-magmatischen Abkiihlung der archaischen Metamorphose der
Metabasite, liefert das hdufige Vorkommen von Sillimanit-Pseudomorphosen nach cm-grofien
Disthenkristallen in migmatitischen Metapeliten Beweise fiir zwei Stadien prograder
Metamorphose verbunden mit paldoproterozoischer Krustenverdickung. Ein frithes Stadium der
Metamorphose fand innerhalb des Disthen-Stabilititsfeldes statt, wogegen der anschlielende
Metamorphose-Peak durch die Stabilitdt der Mineralparagenese Sillimanit-Granat/Cordierit-K-
Feldspat charakterisiert wird. Pseudosection Modellierung der X-Verhiltnisse fiir Granat
zeigen, dass sich die Bildung der homogen zusammengesetzten Kerne von
Granatporphyroblasten bei Bedingungen von 7 kbar und 770 C ereignete, was vereinbar ist mit
den Ergebnissen der GASP-Barometrie. Die Bildung von spéten Plagioklas-Sdumen um Granat
in Metapeliten und die Abnahme von Xu, der in den Réndern von Granatporphyroblasten,
lassen auf eine nahezu isotherme Heraushebung nach der Peak-Metamorphose schlieBen und

damit auf eine Krustenverdickung, die der Peak-Metamorphose vorangegangen sein muss.

Die U-Th-total Pb Monazit-Alter lassen vermuten, dass die Metapelite des Katuma-Blocks
wihrend 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 Monazitkdrnern in der Gesteinsmatrix als auch bei Einschliissen in Granatporphyroblasten
gefunden werden, muss das Granatwachstum wéhrend oder nach dem zweiten metamorphen
Ereignis bei ca. 1840 Ma stattgefunden haben. Diese Interpretation ist wird unterstiitzt von der
zunehmenden Verarmung an HREE und Y in den Monazitrindern, die auf ein gleichzeitiges
Wachstum der Monazitsdume und der Granatporphyroblasten hinweist. Das zweite, hochgradige
Ereignis bei ca. 1840 Ma steht somit in Verbindung mit der Entstehung des Ubendian Belts
wihrend der Kollision zwischen dem Tansania-Kraton und dem Bangweulu-Block. Das erste
metamorphe Ereignis bei ca. 1960 Ma, welches sich ca. 120 Ma vor der Kollision ereignete,

wird einer Metamorphose bei Disthen-Stabilitdt zugeschrieben, die wéhrend Akkretions-
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Prozessen und damit verbundenem Kalk-alkalinem Magmatismus (2.05—-1.94 Ga) entlang des

aktiven Kontinentalrandes des Tansania-Kratons stattfand.

U-Th-total Pb-Datierung an hydrothermal alterierten Monazitkdrnern von hydrothermal
iiberpragten Metapeliten, welche die Au-Cu-Pb-haltigen Adern des Mpanda Mineral Field im
Katuma Blocks enthalten, liefern ein mesoproterozoisches Alter (1171 = 17 Ma). Dieses Alter
stimmt iiberein mit der ersten amphibolit-aziellen Metamorphose von Metasedimenten im
Wakole-Block, der nach Siidwesten an den Katuma-Block angrenzt. Das ermittelte Alter liefert
eine Verbindung zwischen der Metamorphose der Metasedimente im Wakole-Block und der
Freisetzung hydrothermaler Fluide, welche fiir die Entstehung der Gold-Kupfer-Blei haltigen

Adern des Katuma-Blocks verantwortlich sind.
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Abstract

Orogenic belts are regions of the Earth’s continental crust, in which regional metamorphic rocks
occur that may have formed in the deep crust of an orogen. Studies of metamorphic belts are
thus important to an understanding of processes 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 precious-base metal deposits, the rocks
in the Katuma Block of the northwestern Ubendian Belt were geochemically and petrologically
investigated and their U-Pb zircon and U-Th-total Pb monazite ages determined using Laser
Ablation Inductively Coupled Plasma Mass Spectrometer and an Electron Probe Micro
Analyser, respectively.

Internal textures of the zircon grains in combination with their U-Pb ages indicate that the
magmatic formation of the protoliths of the orthogneisses and metabasites of the Katuma Block
occurred mostly in the Neoarchean (ca. 2.71-2.64 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 by the calc-alkaline
nature and trace element geochemistry of the metabasites and orthogneisses.

The granulite-facies corona assemblages in metabasites consisting of garnet, clinopyroxene,
quartz and hornblende replacing magmatic orthopyroxene and plagioclase indicate that the
magmatic protoliths experienced 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 magmatic
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 age of the first 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 to a passive continental margin stage of the Tanzania

Craton between 2.65 and 2.05 Ga.
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In contrast to the post-magmatic cooling nature of the Archean metamorphism of the
metabasites, the common occurrence of sillimanite pseudomorphs after cm-sized kyanite
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 peak metamorphism is
characterised by the stability of the mineral assemblage sillimanite—garnet/cordierite—K-
feldspar. Pseudosection modelling of the Xy, ratios for garnet in combination with GASP
barometry revealed that the formation of the compositionally homogenous cores of garnet
porphyroblasts formed at conditions of about 7 kbar and 770 C. The formation of late-stage
plagioclase coronas around garnet in metapelites and the decrease of Xy, and of the spessartine
component in rims of garnet porphyroblasts point to a near isothermal uplift after peak
metamorphism and thus to a crustal thickening event that preceded the peak metamorphism.

The U-Th-total Pb monazite ages suggest that during the Paleoproterozoic time the Katuma
metapelites experienced two separate metamorphic 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 the second 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 second, high-grade event at ca. 1840 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 grade metamorphism during accretionary
processes and associated calc-alkaline magmatism (2.05-1.94 Ga) along the active continental
margin of the Tanzania Craton.

U-Th-total Pb dating of hydrothermally altered monazite grains from hydrothermally altered
metapelites hosting the Au-Cu-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 the Katuma
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 gold-copper-lead bearing veins in the Katuma Block.



Introduction

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 REE (Evans et al., 2011; Lawley et al., 2013b; McConnell, 1950; Pinna et al., 2004).
This belt formed in Paleoproterozoic time (2.1-1.8 Ga; Boniface et al. 2012; Lenoir et al. 1994)
during the assembly of the global-scale supercontinent Columbia along collisional orogens
(Zhao et al., 2002). Interestingly, the Ubendian Belt hosts Paleoproterozoic eclogites (1.88—1.86
Ga; Boniface et al., 2012), which are rarely preserved in other high grade metamorphic belts of
that age, only known from a few localities (e.g. Nyong, Cameroon and Usagaran Belt,
Tanazania; Moller 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 a suitable setting 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 al. (1994) proposed that the Ubendian Belt formed by
the collisional event at about 2.1-2.0 Ga and was then affected by lateral displacements of the
individual crustal blocks in this belt at about 1.86 Ga. Recent studies by Boniface and Schenk
(2012) revealed eclogites of ca. 1.88—1.86 Ga in age reflecting an oceanic lithosphere
subduction and a possible 1.86 Ga continent collision event. Lawley et al. (2013a) reported also
the subduction related magmatism (ca. 1.96—1.88 Ga) in the southeastern Ubendian Belt that is
younger than the assumed collisional event at ca. 2.1-2.0 Ga that was proposed by Lenoir et al.
(1994). Therefore, the evolution of the Ubendian Belt and the general sequence of events during
its evolution 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 (Goldfarb et 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) post-dated the Ubendian orogenic event (~
2.1-1.8 Ga). Stendal et al. (2004) suggested contemporary intrusion of the carbonatite and the
formation of the deposits in the Neoproterozoic. In addition, they proposed 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 al. (2014) and Boniface and Schenk (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 techniques

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 medium scale gold mines. Many rock
samples of metabasites, orthogneisses, metasediments and granitoids were collected.

Geochemical data of metabasites, orthogneisses and granitoids were obtained by X-ray
florescence spectrometry for major elements and ICP-MS as well as ICP-OES 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, orthogneisses, granitoids 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 internal textures 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 analysed, LA-ICP-MS
analytical 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 these 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 metamorphic history of a
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rock petrographic and mineral chemical data have been combined to perfom conventional
thermobarometry. Pseudosection modelling using the THERIAK-DOMINO software was
additionally applied and equilibrium assemblage diagrams for specific metapelites and
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 U-Th-total Pb method provided the ages of metamorphic events. 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 minerals, in which 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 determining their U-Pb 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, geochemical 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 (2.71-2.64 Ga) and the Paleoproterozoic (2.05—1.94 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 to Precambrian Research.

Kazimoto, E.O., Schenk, V. and Berndt, J. (in review): Neoarchean 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 of the metamorphic 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 Paleoproterozoic crustal 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. 2710-2640 Ma), a passive continental margin
stage (ca. 2640-2050 Ma), a Paleoproterozoic active continental margin stage (ca. 2050 — 1880
Ma) and a final continent collisional stage (ca. 1880—1840 Ma) associated with the exhumation
of eclogites.

This chapter has been submitted to Precambrian Research.

Kazimoto, E., Schenk, V. and Appel, P. (submitted): Granulite-facies metamorphic
events in the northwestern Ubendian Belt of Tanzania: Implications for the

Neoarchean to Paleoproterozoic crustal evolution.

Chapter 3 attempts to date a hydrothermal alteration event that associates with the
Au-Cu-Pb mineralization in the Katuma Block by using Microprobe U-Th-total Pb
monazite dating of the hydrothermally altered monazite grains from hydrothermally altered
metapelites. The Mesoproterozoic age (= 1171 Ma) was obtained from these monazite
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 Mesoproterozoic orogenic gold mineralization model
is proposed for the formation of mineralization in the Katuma Block of the Ubendian Belt.
This chapter has been submitted to Contributions to Mineralogy and Petrology.
Kazimoto, E., Schenk, V. and Appel, P. (in review): The age of Au-Cu-Pb bearing
veins in the poly-orogenic 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 Neoarchean 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. The formation of the associated Au-Cu-Pb vein deposits in the Katuma Block was the
result of neither Paleoproterozoic nor Neoproterozoic mineralization events as proposed by

previous authors (Nanyaro, 1989; Stendal et al., 2004), but is of Mesoproterozoic age.
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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 geochronological and geochemical data of meta-igneous 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 be Paleoproterozoic are in fact
mostly Neoarchean in age (2713 £ 11 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 (2021 = 11 Ma) was concomitant 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, which were recognized by dating of various
metamorphic zircon growth zones and the age of magmatic events dated at ca. 2050, 1960 and
1880 Ma. The detritus of the high-grade metasedimentary rocks derived from Neoarchean
(Katuma Block or Tanzania Craton?) and Paleoproterozoic provenances and the minimum age
for the deposition is constrained by its first metamorphism at ca. 1960 Ma. The Neoarchean
and Paleoproterozoic metabasites, gabbronorites and orthogneisses are sub-alkaline in
composition displaying a REE and trace element geochemistry akin to those of rocks formed in
modern-arc settings. On the basis of the geochemical data, the presence of eclogites,
deformation and metamorphic ages, we suggest that in Paleoproterozoic time the Katuma
Block was again at an active continental margin, below which a Paleoproterozoic oceanic

lithosphere was subducting.



2 1. Neoarchean and Paleoproterozoic crust formation in the Ubendian Belt

1. Introduction

When and how specific blocks of the earth’s continental crust were formed is a persistent
question that has interested geologist for a long time. One of 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; Groves et 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), crustal evolution studies provide a basis for formulating
successful models for exploration of metallic deposit. The Paleoproterozoic Ubendian Belt in
western Tanzania has been subdivided into eight crustal blocks, namely the Katuma, Wakole,
Ubende, Ufipa, Mbozi, Lupa, Nyika and Upangwa blocks (Daly, 1988), among which the Lupa,
Katuma and Upangwa blocks contain precious or/and base metal deposits (Fig. 1.1B). Previous
studies suggested that the formation of the Ubendian Belt is related to different orogenic events,
characterized by an initial collisional orogeny associated with granulite-facies metamorphism at
ca. 2100-2025 Ma producing the E-W or WNW-ESE tectonic fabric of the rocks. This event
was then followed by steep NW-SE lateral movements at ca. 1860 Ma (Daly, 1988; Lenoir et
al., 1994). Conversely, recent studies have shown that the rocks in the Ubendian Belt
experienced more than one orogenic cycle in Proterozoic time (Boniface and Schenk, 2012;
Boniface et al., 2012). In addition, zircon dating of rocks in the Lupa Block showed that the
protoliths of metagranites, which were previously considered to be Paleoproterozoic in age, are
actually Neoarchean (~2.74 Ga) and were only reworked during the Paleoproterozoic (Lawley et
al.,, 2013a). The same authors, in conjuction with regional seismic studies inferred that the
Tanzania craton extends into the Ubendian Belt and suggested accretionary tectonics for the
formation of the Ubendian Belt. Boniface and Schenk (2012) and Boniface et al. (2012) in their
work on the Ubendian Belt eclogites recognized at least two Proterozoic suture zones in the
Ubendian Belt: The Paleoproterozoic suture, which formed at ca. 1880 and 1860 Ma, manifested
by the age of the eclogites of the Ubende Block, and a Neoproterozoic suture (ca. 590-520 Ma),
which is recorded by younger eclogites 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 whole-rock Rb-Sr
geochronology of the high-grade metamorphic rocks (Lenoir et al., 1994; Nanyaro, 1989),

susceptible to resetting during metamorphism, are inadequate to understand the formation
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history of the Katuma Block. In this study, we use LA-ICP-MS U-Pb zircon geochronology and
geochemistry to deduce the formation history and evolution of the Katuma Block. Our 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 experienced several metamorphic events (at

ca. 2650, 2050, 1960, and 1880 Ma).

2. Geological setting

2.1 Ubendian Belt

The Paleoproterozoic Ubendian Belt (Fig. 1.1) is a NW-SE trending metamorphic belt that
separates the Archean Tanzania Craton at a length of about 500 km from the Karagwe-Ankolean
Belt and the Bangwelu Block. To the southeast the Ubendian is bordered by the NE — SW
striking Paleoproterozoic Usagaran Belt (Fig. 1.1). On its northern parts, the Ubendian Belt is
overlain, with an unconformity, by Mesoproterozoic Karagwe Ankolean and the Bukoban
sedimentary cover rocks. In recent studies, Lawley et al. (2013a) showed that early crustal
forming events in the Lupa Block date back to Neoarchean time (2.74 Ga). Previous studies of
the Ubendian Belt pointed to crustal forming events in the time between 2100 Ma and 1900 Ma,
which mainly involved calc-alkaline felsic plutonism in the Nyika Block (Ring et al., 1997),
Katuma and Ubende Block (Boniface, 2009) and Upangwa and Lupa Block (Lawley et al.,
2013a; Lenoir et al., 1994; Manya, 2012). During this period the rocks in the Nyika Block
experienced granulite-facies metamorphism (Ring et al., 1997). Eclogites with Mid Oceanic
Ridge Basalt (MORB) chemistry in the Ubende Block yield SHRIMP U-Pb zircon ages of 1886
+ 16 Ma and 1866 + 14 Ma, which represent a phases of subduction of oceanic crust and may
represent the formation of a suture zone during Paleoproterozoic time (Boniface et al., 2012).
Metapelites associated with these eclogites contain zircon and monazite recording an age of
about 1830 Ma for a subsequent crustal thickening event in the Ubende Block (Boniface, 2009;
Boniface et al., 2012). Similar ages have been reported for the emplacement of calc-alkaline
granitoids and mafic rocks: 1846 + 37 Ma for the Mpanda granite in the Katuma Block
(Nanyaro, 1989), 1864 + 32 Ma from a U-Pb zircon age of the Ufipa granite (Lenoir et al.,
1994) and a SHRIMP U-Pb age of 1877 + 20 Ma from magmatic zircon cores of the Ufipa
eclogites (Boniface and Schenk, 2012). In addition to these Paleoproterozoic 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., 2012; Lawley et al., 2013a). A Neoproterozoic to Cambrian suture
zone at the northern border of the Ufipa Block contains eclogites with back-arc and island arc
basalt (IAB) chemistry, which have been dated between about 590 Ma and 520 Ma (Boniface
and Schenk, 2012). A Neoproterozoic—Paleozoic metamorphic overprint is also reported to
occur ubiquitously in the rocks of the Ufipa and Ubende Blocks (Boniface and Schenk, 2012;
Boniface et al., 2012). Ray, (1974) and Stendal et al (2004) obtained a whole rock Rb-Sr syenite
crystallization age of 685 + 62 Ma and a Pb-Pb model age for a carbonatite of 733 + 33 Ma in
the Lupa Block and Ubende Block, respectively. The latter provides evidence for a

Neoproterozoic crustal extension phase prior to the Pan-African collisional event.

2.2 Katuma Block

The geology of the Katuma Block is presented in geological maps of the quarter degree sheets
152, 153, and 170 (Biyashev et al., 1977; Semyanov et al., 1977; Smirnov et al., 1970) (Fig.
1.1). A large part of the Katuma Block is extensively covered by Cenozoic alluvium and
laterites (Fig. 1.1B). On its northern part, the block is covered by Meso- to Neoproterozoic
terrigenous sediments of the Bukoban Supergroup that are separated from the basement by an
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 I-
type orthogneisses (Hbl, Bt bearing) whereas the Ikulu group consists mainly of
metasedimentary rocks, which include metapelites calc-silicate rocks, quartzite and marble
(Biyashev et al., 1977; Semyanov et al., 1977; Smirnov et al., 1970). The rocks of the Ikulu
Group overlie unconfomably those of the Katuma Group (Semyanov 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 with ubiquitous
amphibolites, mafic granulites and gabbronorites (Fig. 1.1B). Outcrops of amphibolites occur
also in the western part of the Katuma Block adjacent to the Wakole Block (Fig. 1.1B,
T19-1-10). The rocks of the Katuma Block were intruded by non-foliated to foliated granitoids
that vary from biotite granite (leuco-granite), biotite-hornblende granite to granodiorite. Late E-
W and NW-SW trending fractures cut the rocks of the Katuma Block and host carbonate-
sulphide-quartz veins that are mineralized with Cu, Au and Pb (Fig. 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 from Daly (1988); (B) Lithological map of
the Katuma Block modified from Semyanov et al. (1977), Biyashev et al. (1977) and Smirnov et al. (1970) with magmatic formation and metamorphic ages,
obtained in this study. The two ages of the Wakole metasedimentary rocks and one of the Ubende eclogite are from Boniface et al. (2014).
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3. Petrography

3.1 Metabasites and gabbronorites

The mafic granulites are massive, greenish to dark gray in color, with mainly fine- to medium
grain sizes (Fig. 1.2B). Mineral assemblages include plagioclase, ortho- and clinopyroxene,
hornblende, garnet and locally biotite and pyrite. The unmetamorphic mafic rocks are
gabbronorites. These rocks are massive, mainly with medium to coarse grain sizes and are
composed of ortho- and clinopyroxene, plagioclase feldspar, ilmenite, pyrite, with or without
biotite. Mafic minerals in both rock types are present in variable amounts between 65 and 50
vol. %. Quartz and ilmenite together are < 5 vol %. Garnet in mafic granulites occurs as corona
around ortho- and clinopyroxene (Fig. 1.3A).

Mafic granulites show different degrees of retrograde hydration, such that the rocks grade
from granulites to amphibolites (Fig. 1.3B). Prograde mineral phases are partially replaced by
hornblende, plagioclase and titanite as either late rims or symplectites. In parts, amphibolites
have been further retrogressed to produce locally greenschist-facies assemblages: actinolite,
epidote, chlorite, albite, titanite, quartz or/and carbonates. The gabbronorites crop out as small
bodies in the Katuma Block and in places contain enclaves of garnet bearing amphibolites that
are in sharp but irregular contact (Fig. 1.2C). The amphibolites also occur as small sub-

conformable bodies with the enclosing gabbronoritic stocks (Semyanov et al., 1977).

3.2 Orthogneisses and granites

Orthogneisses and unfoliated granitoids cover a large part of the Katuma Block (Fig. 1.1). These
rocks vary from coarse- to medium-grained, massive to gneissic and migmatitic in texture (Fig.
1.2D, 1.2E and 1.2F). The orthogneisses have mineralogical compositions similar to those of
granites or granodiorites (e.g. Fig. 1.3C) with modal variations of their mafic minerals, which
are mainly biotite and hornblende with or without ortho- and clinopyroxene. Ortho- and
clinopyroxene, formed after biotite and hornblende, are found in melanosomes of the migmatitic
orthogneisses (Fig. 1.3D). Locally the orthogneisses contain numerous mafic xenoliths (Fig.
1.2G and 1.2H), which were deformed together with their host orthogneisses (Fig. 1.2H). Veins
originating from the leucosome cut some of these enclaves suggesting that the enclaves predate
metamorphism and deformation. Unfoliated granitoids are mainly of two kinds: granite

(leucocratic, biotite- and hornblende-biotite) and granodiorite (Fig. 1.3E and 1.3F).
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gabbronorite garnet amphibolite

A

s orthogneiss (T2)

Fig. 1.2 Field pictures (A) A carbonate-quartz vein along a fracture zone cutting through a Neoarchean
granite (T6-6-10). (B) An outcrop of a mafic granulite (T1-13-10) cut by numerous hydrothermal
veinlets. (C) Garnet amphibolite xenoliths in a gabbronorite. (D) Foliated Hbl-Bt-granodiorite
(T20-1-10). (E) Neoarchean foliated granodiorite (T1-17-10). (F) Migmatitic orthogneiss at Kapanda
(T2-10). (G) Stretched mafic enclaves in Neoarchean orthogneisses of the Katuma Block (T2-10). (H) A
microfault cuts both the mafic enclave and the host orthogneiss (T2-10). (I) Unfoliated granite dyke
cutting a Neoarchean foliated granodiorite (T1-10), containing an earlier, deformed, near concordant
dyke. (J) A contact between a brecciated garnet amphibolite and an unfoliated granite (T1-10).

Both granite types intrude the migmatitic orthogneisses and metabasites (Fig. 1.21 and 1.2J).
The contact between granites and metabasites is sharp and marked either by brecciated
fragments of metabasites in the granite or numerous enclaves within the granite (Fig. 1.2]).

Different generations of granitic dykes can be seen cutting the orthogneisses (Fig. 1.21).

3.3 Metasedimentary rocks

The Ikulu metasedimentary rocks exposed at Chemchem (Fig. 1.1B; T4-38-10), consist of
metapelites and calc-silicate rocks. The metapelites contain K-feldspar, plagioclase, quartz,
ilmenite, magnetite and pinite pseudomorphs after cordierite and sillimanite pseudomorphs after

kyanite. To the north of Mpanda town, at Ibyambe Hills (T18-2-10), the metapelites consist of
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garnet, sillimanite pseudomorphs after kyanite, K-feldspar, quartz, plagioclase, magnetite and
ilmenite, but contain no cordierite. Calc-silicate rocks are foliated with diopside and quartz
oriented parallel to the foliation. Only in thin-sections diopside, tremolite, zoisite, K-feldspar,

muscovite, calcite and titanite can be recognized.

Fig. 1.3 Micrographs of Katuma metabasites, orthogneisses and granitoids. (A) Metabasites (T16-1-10)
contains garnet (Grt) corona around clinopyroxene (Cpx), plagioclase (P1), amphibole (Hbl). (B) Garnet
amphibolite (T1-13-10) with the assemblage Hbl, Pl, Grt, Cpx, Qz and Ilm. (C) Meta-granodiorite
(T1-17-10) consists mainly of Fsp, Qz and Bt. (D) Melanosome of Qz-monzonite (T7-2-10) contains
Opx, Cpx, Hbl, Bt, Pl, Qz and IIm. (E) Granodiorite (T2a-1-10) consists of Pl, Kfs, Qz, Hbl, Bt and Ilm.
(F) Leucogranite (T2c-1-10) contains mainly Fsp, Qz, Bt and Ilm. Mineral abbreviations are from
Whitney and Evans, (2009).
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4. Analytical methods

4.1 Geochemistry

Texturally homogeneous fresh samples, which included twenty-three metabasites and thirteen
orthogneisses and granitoids, 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 melting 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 five-stage OXIFLUX burner. Afterwards, the
discs were analysed for major element oxides and trace element abundances using a Phillips PW
1400 X-ray 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. Trace element, base and precious
metal abundances of the samples were determined using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) at the Acme Geochemical laboratories in Vancouver Canada. For a
complete dissolution of all minerals including refractory minerals (e.g. zircon, rutile and
chromite), 0.2 g of a sample split was fused with a Lithium metaborate / tetraborate flux to
produce molten beads. Molten beads were then digested in 100 ml of 5% HNO; to produce an
aliquot for trace element analyses. Precious and base metal concentrations were determined after
0.5 g of a sample was digested in Aqua Regia at 95 °C. Analytical accuracy and precision were
evaluated using standards UB-N (serpentinite), BHVO-1 & -2 (basalt) and AN-G (anorthosite)
for major elements, in-house standard STD SO-18 for trace elements, and in-house standard
STD DS9 for precious and base metals. Precision for major and trace elements was better than 8
%, whereas the accuracy was between 1-3 % for major elements and better than 12 % for trace

elements.

4.2 U-Pb zircon LA-ICP-Mass Spectrometry

Zircon mineral separation was achieved through crushing and pulverizing of samples to a grain
size of < 315 um, magnetic separation using the Frantz isodynamic magnetic separator and
heavy liquid separation. Zircon grains were handpicked under a binocular microscope, then
mounted in epoxy and polished. For the study of grain-internal textures, cathodoluminescence
(CL) and backscattered electron (BSE) images were taken by using a scanning electron
microscope (SEM) at the Mineralogy Department at the Goethe University of Frankfurt. Points
for analyses were selected away from fractures that occur in metamict zircons in order to avoid

analyses with common Pb. The detailed procedure for the analysis of the U and Pb isotopic
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composition of zircon is well described in Kooijman et al. (2012), and is briefly summarized
here. U and Pb isotopic analyses of zircon were done at the Institute of Mineralogy University of
Miinster. The analytical instruments included a New Wave Research UP193HE ArF Excimer
laser ablation system together with a Thermo Fisher Scientific sector field ICP-MS. Before the
start of an analytical session, all selected zircon spots were pre-ablated three times using a 45
um diameter laser beam. During the analyses a laser beam of 35 um in diameter was
preferentially used, although for the analysis of small zircon grains and thin zircon rim
overgrowths a laser beam of 25 um in diameter was occasionally applied. Two zircon reference
materials were used: GJ-1 (Jackson et al., 2004) was the regular primary standard reference
during the sessions and 91500 (Wiedenbeck et al., 1995) was utilized as an unknown to monitor
precision and accuracy. The mean analytical uncertainties for single spot analyses on the 91500
reference standard zircon are 1.8% for *°Pb/***U and **’Pb/*°U and 4.2 % for **’Pb/**°Pb. The
weighted average “*°Pb/”*U and **’Pb/**°Pb ages (n=29) are 1063 + 5 Ma and 1063 + 7 Ma and
match within error the reported ID-TIMS ages of Wiedenbeck et al. (1995).

5. U-Pb zircon geochronology

Fourteen rock samples were selected for U-Pb zircon geochronology. These samples include 3
metabasites, 1 gabbronorite, 3 migmatitic orthogneisses, 2 granites and 1 granodiorite, 2
metasedimentary rocks and 2 leucosomes from a migmatitic orthogneiss and a metapelite
(sample locations - Fig. 1.1). In this section, zircon textures, **’Pb/*”°Pb and U-Pb ages are used
to determine the ages of the protoliths of metabasites and orthogneisses, of detrital zircon from
metasedimentary rocks and the age of metamorphism. Zircon from the leucosomes was used to
establish the age of migmatization of an Ikulu metapelite and a Katuma orthogneiss. The ages of
these events were determined from concordant analyses of the zircon’s core or overgrowth

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 are discussed considering the possible Pb-loss at temperatures < 600
°C in metamict zircon grains (Mezger and Krogstad, 1997). Moreover, the interpreted
metamorphic ages were compared to and correlated with metamorphic ages determined from
electron microprobe U-Th-total Pb monazite dating (ca. 1970 Ma and 1840 Ma; Kazimoto et al.
in review; Kazimoto et al. in preparation). U-Pb isotope data tables are provided as Table 3—16.

Representative CL images are given in Figure 1.4.
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5.1 Migmatitic orthogneiss and leucosome

Four samples of the Katuma migmatitc orthogneisses were collected from three localities (Fig.
1.1): Mkamba Hill (T1-17-10), Nyakaliza (T14-3-10 and T14-1-10) and Singililwa (T6-6-10).
These samples were selected in order to provide the age of their magmatic emplacement and

metamorphism.

The granodioritic orthogneiss sample T1-17-10 is from the Mkwamba Hill near the
abandoned Uruwira Au-Cu mine. Zircon grains from this sample range between 50 um and 200
um in size and vary from long prismatic to fairly stubby and rounded in shape (Fig. 1.4A). In
cathodoluminescence images, zircon cores show concentric oscillatory zoning. Some zircon
cores have resorbed irregular boundaries that are cut and surrounded by metamorphic
overgrowths (Fig. 1.4A). Thirty-two (32) laser spots were made from 22 zircon grains. Among
these spots 17 were made from zircon cores and 15 from rim overgrowths. Twelve analyses of
zircon cores are concordant (100 + 2 % concordance) with an apparent “’Pb/**°Pb age range of
2740-2690 Ma (Fig. 1.5A) and an average weighted *°’Pb/*"°Pb age of 2713 £ 11 Ma (MSWD =
3.5; Fig. 1.5B). Two analyses of zircon cores (T1-17-15-4 and T1-17-16-4) are near concordant
and discordant (95.1 and 87.7 % concordance) with **’Pb/*?°Pb ages of 2646 + 24 Ma and 2682
+ 21 Ma respectively, which suggests a possible Pb-loss of the zircon cores. Two further
analyses of zircon cores (T1-17-1-4 and T1-17-12-4) possess significant common-Pb (1.3% and
1.7% 1206%) and thus gave imprecise low *’Pb/**°Pb ages of 2234 + 43 Ma and 2003 + 61 Ma.
One analysis of an inherited core (Table 3; T1-17-16-1) yielded a concordant 207pp/2%pp age of
2805 + 17 Ma.

Nine analyses of metamorphic rim overgrowths are concordant (100 + 2 % concordance) and
yielded a precise age of 2650 + § Ma (MSWD 0.09; Fig. 1.5C). Five discordant analyses (Fig.
1.5D) yielded an upper intercept age of 2647 + 53 Ma and a meaningless lower intercept age of
-794 +£ 2000 Ma (MSWD = 9.5; Fig. 1.5D). The upper intercept age is similar to that obtained
from concordant rim analyses. Thus, the age of 2650 + 8 Ma age is considered as the
crystallization age of the zircon rim overgrowths, which is about 60 Ma younger than the age of

the cores.

Two orthogneisses T14-3-10 and T14-1-10 were sampled at Nyakaliza Pb mine (artisanal),
SW of Mpanda (Fig. 1.1). Sample T14-3-10 is a paleosome whereas T14-1-10 is a leucosome of

an orthogneiss forming the host rock for the galena veins.
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Fig. 1.4 Cathodoluminescence (CL) images of selected zircon grains from different rock types of the
Katuma Block. The figures show different zircon textures: magmatic zircon cores with concentric
oscillatory zoning (A-D, G-I), zircon rims overgrown during metamorphism (A-C, J-L) and late-stage
magmatic re-crystallization of zircon (E). Spots on images represent areas of LA-ICP-MS analyses. For
further explanation of the individual pictures see text.

Zircon grains in sample T14-3-10 are prismatic euhedral to subhedral. The grain sizes vary from
<200 um to = 400 um. In CL images some zircon cores show concentric oscillatory magmatic

zoning. Other grains have recrystallized zircon cores and show fracturing (Fig. 1.4B). 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 metamorphic rim-overgrowth (Fig. 1.4B).
Thirty-five ablations spots were made on 19 grains, including 15 spots of cores and 20 of rims.
The most concordant core analyses (n=7; 100 + 1 % concordance) yielded a *’Pb/*”Pb age
range of 2720-2640 Ma and a mean of 2677 £ 29 Ma (MSWD = 11.2). The large MSWD value
reflects the large age range (80 Ma) of the core analyses. Four other concordant core analyses
(T14-3-5-4, T14-3-7-4, T14-3-16-4 and T14-3-17-4; 100 £+ 2 % concordance), yielded younger
297pb/2Ph ages of 2597 + 20 Ma, 2456 + 18 Ma, 2439 + 19 Ma and 2450 + 18 Ma. These ages
are similar to **’Pb/*°°Pb ages of slightly discordant points (e.g. T14-3-2-4, T14-3-12-4 and
T14-3-19-4; 105 %, 94 %, 97 % concordance), thus suggesting a Pb-loss of these zircon cores or
erroneously analyses due to laser probing of a zircon core together with parts of a rim
overgrowths. Two further analyses (T14-3-12-4 and T14-3-13-4) contain significant common Pb
(1.5 % f206%) and could not be used in age calculations. Concordant analyses of the
metamorphically overgrown rims (n = 11; 100 + 2 % concordance) yielded **’Pb/**°Pb ages
ranging between 2080 and 2002 Ma with a **’Pb/*°°Pb weighted mean age of 2032 + 21 Ma
(MSWD = 5.3). The large MSWD value reflects the scatter of **’Pb/**°Pb ages for about 78 Ma.
Excluding two analyses (out of the 11 points) with higher *’Pb/**°Pb ages (=~ 2080 Ma) we
obtained a precise U-Pb age of 2025 + 8 Ma (MSWD = 0.04; Fig. 1.5E). Eight discordant
analyses (93-96 % concordance) of zircon overgrowths gave an imprecise upper intercept age of
2643 £ 90 Ma and a lower intercept at 1758 + 63 Ma (MSWD = 2.2; Fig. 1.5F), reflecting a
crystallization age of the zircon rims at about 2650 Ma and most likely a Pb-loss event at about
1758 £ 63 Ma, which is within error to a 1840 Ma event obtained from monazite dating. One
analysis (T14-3-12-7) of a zircon rim overgrowth was discarded from age calculations due to its

high common-Pb (2.2 % f206%).

Zircon grains of an orthogneiss leucosome (T14-1-10; n=19) are similar in shape and size to
those of the paleosome (T14-3-10), which are long prismatic and their sizes vary from <200 pm
to = 400 um. The grains have distinct cores surrounded by rim overgrowths (Fig. 1.4C). The
majority of zircon cores have irregular, broken or resorbed margins and exhibit unzoned,
recrystallized internal textures, but few cores show magmatic concentric oscillatory zoning (Fig.
1.4C). Zircon rim overgrowths are relatively large reaching up to 100 um in width. Five
concordant analyses (100 £ 1 % concordance) of zircon cores gave an U-Pb age of 2653 + 10
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). Further eight concordant analyses of the cores
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(98.3-101.1 % concordance; Table 5) yielded **’Pb/***Pb ages between 2620 and 2170 Ma.
These ages are younger than those of the cores presented above (mean ~ 2650 Ma), which could
be a consequence of erroneously laser probing from parts of the rim overgrowths together with
those of the core, although analyses points were carefully selected from CL images. Seven
concordant analyses (100 + 2 % concordance) of the rim overgrowths yielded a *’Pb/*”Pb age
range of 2070-2040 Ma and a weighted mean age of 2043 + 18 Ma (MSWD = 1.5; Fig. 1.5H).
These analyses gave a precise U-Pb age of 2045 £ 11 Ma (MSWD = 0.98), which is older but
very similar to the crystallization age of the overgrowth zones in the paleosome. Four analyses
of the zircon overgrowths zones are near concordant to discordant (concordance 82.4-104.2 %),
indicating a Pb-loss. One analysis of an inherited core (T14-1-15-1) yielded a **’Pb/**Pb age of
2817 £ 27 Ma (Table 5). Three analyses of zircon cores and three of the overgrown rims have
significant common-Pb (1.1-9.3 % f206%), which could not be corrected using the

Stacey-Kramer model and therefore were not included in Figure 1.5G and H.

A further granitic gneiss (T6-6-10), hosting gold bearing sulphide-carbonate-quartz veins,
derives from the Singililwa Au-Cu mine situated southeast of Mpanda town. Zircon grains are in
the size range 200 — 500um, euhedral to subhedral and mainly prismatic in shape. Terminations
of the grains are flat (Fig. 1.4D). Some grains are stubby (fairly equant) with small length to
width ratios (1.5-2.0). In CL images, zircon grains show concentric oscillatory zonation that is
interpreted to be of magmatic origin (Fig. 1.4D). Zircon cores vary from bright luminescent
white (58—168 ppm) to dark gray non-luminiscent (328—525 ppm) zones. Forty-eight laser
ablation spots were made in 20 zircon cores. Thirty-nine of these analyses yielded an weighted
mean “’Pb/*°°Pb age of 2635 + 8 Ma (MSWD = 6.5; Fig. 1.6A). The large MSWD value
reflects the large scatter of *’Pb/**°Pb ages (120 Ma). Selection of the most concordant analyses
(100 + 2 % concordance) that have **’Pb/***Pb ages close to that of the weighted mean age (=
2630 Ma) enabled the calculation of a precise U-Pb age of 2638 £ 5 Ma (MSWD = 0.14; Fig.

1.6B), which provides a good estimate of the magmatic crystallization age.
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Fig. 1.5 Concordia diagrams of zircon from the Katuma Block of the Ubendian Belt showing U-Pb
isotope ratios and ages of migmatitic orthogneisses and a leucosomes (A, C — H) and a diagram showing
weighted mean *’’Pb/**Pb age of a migmatitic orthogneiss (B; T1-17-10).
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One zircon grain yielded two concordant analyses (T6-6-3-1 and T6-6-3-5; 100 + 1%
concordance) with a lower “’Pb/*°°Pb ages of 2573 + 18 Ma and 2574 + 27 Ma. Three
concordant analyses (concordance 99.7% —102.1%) of overgrowth zones (T6-6-5-7, T6-6-20-7
and T6-6-20-8) have young **'Pb/**Pb ages of 1997 + 22 Ma, 2033 + 18 Ma and 2015 + 19 Ma,

respectively.

5.2 Metabasite and gabbronorite

One gabbronorite (T17-1-10) and an enclosed xenolith of a garnet amphibolite (T17-3-10; Fig.
1.2C), one mafic granulite (T16-1-10) and one amphibolite (T19-1-10) were analysed to date the
age of the magmatic emplacements (for locations see Fig. 1.1B).The xenoliths in the
gabbronorite contains medium to fine grained zircon grains (< 300 pm), which vary in
morphology from prismatic to spherical grains, rarely with incomplete crystal faces and locally
with concave embayments (Fig. 1.4E). The latter is suggestive of formation of zircon in
interstitial spaces between early formed minerals in late-stage magmatic differentiates (Corfu et
al., 2003). Few zircon grains contain mineral inclusions. In CL images, zircon grains show
magmatic oscillatory zoning that is frequently disrupted by recrystallized zones (Fig. 1.4E). In
some grains the irregular boundaries of cores are surrounded by non-luminescent rim
overgrowths. Thirty-five ablation points were made on 23 zircon grains, both on zircon cores
and recrystallized zones. Thirty-four concordant to near concordant analyses (100 = 4 %
concordance) yielded a **’Pb/***Pb weighted mean age of 2652 + 8 Ma (MSWD = 2.3; Fig.
1.6C). The selection of the 26 most concordant analyses (100 £ 1 % concordance) yielded a
precise U-Pb crystallization age of 2651 + 5 Ma. The remaining points with slight discordance
suggest a possible Pb-loss. One analysis has significant common-Pb (3.9 % f206%) and is not
included in Figure 1.6C and D.

Zircon grains from the gabbronorite (T17-1-10) are coarse grained (ca. 500 um) and prismatic
with large length to width ratios (6:1). Cathodoluminescence images show broad oscillatory
zones with bright luminescent inner zones (U = < 179 ppm) and dark non-luminescent outer
zones (U = 238-524 ppm; Fig. 1.4F). Twenty-five ablation spots were made in 14 zircon grains.
Twenty-four concordant to near concordant analyses (> 93-100 % concordance) yielded a

297pp/*°Pb weighted mean age of 2645 + 5 Ma (MSWD = 1.8; Fig. 1.6E).
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Fig. 1.6 Diagrams showing weighted mean **’Pb/**Pb ages (A, C and E) and concordia diagrams
showing U-Pb 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 of the 20 most concordant analyses (98—100 % concordance) yielded a
precise crystallization age of 2643 = 4 Ma (MSWD = 0.68) for the gabbronorite (Fig. 1.6D).
This age is slightly younger or within the errors nearly identical to the age of its enclosed
schistose garnet-amphibolite xenoliths (T17-3-10), which experienced their metamorphism prior
to the intrusion of the Neoarchean gabbronorite. The remaining 5 slightly discordant analyses

(87-95.3 % concordance) suggest a possible Pb-loss after crystallization.

A mafic granulite (T16-1-10) was taken from an outcrop near the Mpanda highway, south of
Mpanda town (Fig. 1.1). Five zircon grains separated from this sample have grain sizes of <200
um, are prismatic in shape and show concentric magmatic zoning (Fig. 1.4G). Eleven ablation
spots were made on the grains of which 7 are mostly concordant (concordance 99-104 %) and
yielded a U-Pb age of 2645 + 34 Ma (MSWD=0.1; Fig. 1.6G). Despite large uncertainties, the
magmatic crystallization age of this mafic granulite is similar to the age obtained for magmatic
crystallization of the orthogneisses (T6-6-10 and T14-3-10), the gabbronorite and its garnet
amphibolite xenolith (T17-1-10 and T17-3-10). The remaining four analyses (T16-1-1-3,
T16-1-2-4, T16-1-3-1 and T16-1-3-5) are discordant, suggesting a possible Pb-loss after the

crystallization of these zircon grains.

An amphibolite (T19-1-10) was sampled to the west of Mpanda town at the boundary
between the Katuma and the Wakole Block (Fig. 1.1). Only two zircon grains of about 200 um
in size could be separated from this sample. Thirteen analyses were made on the two zircon
grains. Out of these, 10 concordant analyses (concordance 99—-102 %) yielded an age of 2021 +
11 Ma MSWD = 1.15; Fig. 1.6H), which is interpreted as the crystallization age. Two
discordant analyses (T19-1-1-5 and T19-1-3-4), one analysis that has high common Pb
(T19-1-3-7; 1.2 % f206%) and one concordant analysis possessing large errors in U-Pb
(T19-1-1-4) were not included in Figure 1.6H but gave similar **’Pb/**°Pb ages of 1966 + 25
Ma, 1914 + 20 Ma, 1972 + 28 Ma and 2013 + 155 Ma.

5.3 Granite, granodiorite and a granitic-gneiss

Two major kinds of granitoids, granodiorites and biotite granites (leucogranite), intruded the
Katuma orthogneisses, amphibolites and mafic granulites. Two samples from these unfoliated
two granitoids types were selected to determine the age of their magmatic crystallization (biotite
granite, T2c-1-10; granodiorite, T2a-2-10 at Kapanda mine). The magmatic and metamorphic
age was determined from a muscovite-biotite granitic gneiss (T19-3-10), taken at the border

between the Wakole and the Katuma Block; Fig. 1.1).
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The granodiorite from the Kapanda artisanal mine (T2a-2-10) contains zircon grains that are
subhedral and about 250 pum in size. They have small length to width ratios and shapes that vary
from stubby, equant to spherical. The grains show concentric oscillatory magmatic zoning and
only some have thin overgrowths that cut the growth zones of the cores (Fig. 1.4H).
Twenty-seven spots were made from 14 zircon grains. Out of these analyses, the 17 most
concordant analyses (100 £ 2 % concordance; one has 95 % concordance) yielded a weighted
average “*'Pb/**°Pb age of 1963 + 13 Ma (MSWD = 4.6; Fig. 1.7A). Concordant analyses (n =
12; 100 + 2 % concordance) yielded a precise crystallization age of 1952 = 7 Ma (MSWD = 1.9;
Fig. 1.7B). Two further analyses (T2a-2-1-4 and T2a-2-14-5) are slightly discordant (95 % and
80% concordance), indicating a Pb-loss after their crystallization. Eight analyses of the 27 spots
possessed significant common Pb (16.9-52.2 % f206%) and high U contents (709-5417 ppm),
which possibly caused the metamictization of zircon grains and attributed to their high common

Pb.

The biotite granite (T2c-1-10) crops out near to the granodiorite T2a-1-10 (Fig. 1.1). This
rock contains coarse grained zircon (< 600 um) (Fig. 1.4I), which shows magmatic growth
zoning similar to those of magmatic crustal rocks (Corfu et al., 2003). The grains have small
length to width ratios (1.5-2.0) and have short prismatic or ellipsoidal shapes. Twenty-one
ablation points were made from 20 zircon grains, among which 16 concordant points (100 =2 %
concordance) yielded a weighted mean **’Pb/**°Pb age of 1989 + 11 Ma (MSWD = 4.4; Fig.
1.7C). The large MSWD value reflects a scatter caused by three 207pp/2%%pp age outliers of
concordant analyses (T2c-1-15-5, 1912 + 24 Ma; T2c-1-16-4, 2022 + 23 Ma; and T2c-1-18-4,
2019 + 21 Ma). By excluding other three analyses out of the 16 concordant points because of
their lower or higher 27pp/A5U and 2%°Pb/APU ages (T2c-1-10-4, T2c-1-15-4, T2c-1-15-5), it
was possible to obtain a more precise U-Pb age of 1993 £ 6 Ma (MSWD = 1.3; Fig. 1.7D) for
this granite. The remaining 5 out of the total 21 points are near concordant (94-106 %
concordance) and yielded an upper intercept age of 1971 = 13 Ma (MSWD = 2.2), which is
similar within uncertainties to that of of the concordant points. The insignificant lower intercept

age at 231 + 490 Ma, reflects a later Pb-loss.

The muscovite-biotite granitic gneiss T19-3-10 (Fig. 1.1) has zircon grains of variable size,
(< 200 um) with different shapes and appearance compared to those of the other two Katuma
granitoids (T2a-2-10 and T2c-1-10). The grains are long prismatic in shape with rounded
terminations and have a large length to width ratio (3:1). In CL images (Fig. 1.4J and ISM 8),

zircon cores are surrounded by very thin metamorphic rims.
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Fig. 1.7 Diagrams showing weighted mean *“’Pb/**Pb ages (A, C and E) and concordia diagrams
showing U-Pb isotope ratios and ages (B, D and F) of granitoids and the granitic gneiss of the Katuma
Block.

The weak dark gray luminescent cores (mean U = 440 ppm) display narrow zoning similar to
zircon of aplites (Corfu et al., 2003) and are interpreted to reflect magmatic growth. The rim

overgrowths have gray tones of luminescence (mean U = 259 ppm). Twenty-eight ablation spots
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were made on 23 zircon grains, among which 16 spots were of cores and 12 of rim overgrowths.
Most analyses of zircon cores (n=10) are concordant (98—100 % concordance) and have a
297pb/2%Ph age range of 1910-1998 Ma with a weighted mean **’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. Four cores analyses (T19-3-6-4, T19-3-13-4, T19-3-17-4 and T19-3-20-4) are discordant
(concordance = 83.6%, 94.6 %, 95.4% and 109 %), indicating a Pb loss. Further 2 core analyses
(T19-3-11-4 and T19-3-18-4) have high common Pb (1.1 and 3.2 % f206%) and could not be
corrected using the Stacey-Kramer model, thus are not included in Figure 1.7E. Seven
concordant rim analyses (concordance 99.9-100%) yielded an age of 1879 + 9 Ma (MSWD =
0.34; Fig. 1.7F) that is considered as the precise age of the overgrowth zones. Other 4 rim
analyses (T19-3-2-7, T19-3-8-7, T19-3-14-7 and T19-3-15-4) are concordant (100 += 2 %
concordance) but have lower **’Pb/*°U and ***Pb/**U ages. These were included in U-Pb age

calculations. It was not possible to obtain an U-Pb age for the rims.

5.4 Metasedimentary rocks

One calc-silicate (T4-39-10), one metapelite (T4-38-10) and one leucosome of a metapelite
(T4-37-10) were selected rocks of the Ikulu group metasediments at the Chemchem Cu-Au
abandoned mine (Fig. 1.1). The age of the metamorphic rims and the ages of the detrital zircon

cores were determined.

The calc-silicate rock T4-39-10 (Fig. 1.1) was sampled from the Ikulu Hill. Zircon grains
from this sample vary in size (50-300 um) and shape. They are ellipsoidal or long to short
prismatic and have rounded terminations. In CL images the grain cores are visible as ellipsoidal,
broken fragments with rounded or irregular margins, which is consistent with their detrital
origin (Fig. 1.4K). The growth zones of the detrital cores are truncated or surrounded by
overgrowth zones (Fig. 1.4K). Twenty-nine zircon grains showing detrital cores and overgrown
rims were analyzed. Concordant and near concordant analyses of detrital cores (n=13; 95-101
% concordance) yielded 2’Pb/***Pb ages that range between 2640 and 2220 Ma (Fig. 1.8A).
Eight analyses of the rims around detrital cores are concordant (97-102 % concordance)
yielding a precise rim age of 1963 + 14 Ma (MSWD = 0.0; Fig. 1.8B). In addition, one
concordant analysis of a rim (T4-39-6-6) yielded a 207pp/ 2Py age of 1892 + 54 Ma.

Zircon grains of the Ikulu metapelite T4-38-10 are prismatic in shape mainly < 200 pm in
size and have rounded terminations. The cathodoluminescence images show grains cores and

rim overgrowths. The majority of zircon cores vary from ellipsoidal to irregular in shape (Fig.
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1.4L), which affirms their detrital origin. Detrital cores show various textures, which include
oscillatory growth zoning and blurring of oscillatory growth zoning (Fig. 1.4L). These textural
observations suggest either their magmatic or metamorphic origin. Overgrown rims around

these detrital cores reach about 50 um in thickness and may be internally zoned (Fig. 1.4L).

Sixty ablation spots were made on 38 zircon grains including 24 on detrital zircon cores and
36 on metamorphic rims. Nine analyses of detrital cores are concordant (100 = 1 %
concordance) and yielded **’Pb/**°Pb ages between 2304 and 2066 Ma (Fig. 1.8C); 6 analyses of
detrital cores are discordant, one of these analyses yielded an Archean **’Pb/**°Pb age of 2678 +
46 Ma (Fig. 1.4L). Ten analyses out of 24 of detrital cores have high common Pb (1.1-14.9 %
f206%), their age dates were thus considered unreliable. Twenty-four out of 35 rim analyses are
concordant to slightly discordant (89—-103 % concordance) and yielded an upper and lower
intercept age of 1985 + 20 Ma and 614 + 380 Ma (MSWD = 2.2; Fig. 1.8D), which reflects the
age of the overgrowth zones at about 1985 Ma and a younger Pb-loss event. Eleven concordant
rim analyses (100 = 1 % concordances) yielded an U-Pb age of 1958 = 8 Ma (MSWD = 0.16;
Fig. 1.8E), which is considered as the best age of the metamorphic rims. The 11 remaining rim

analyses had high common Pb (1.6-6.2% f206%) and were not included in Figure 1.8D and E.

A leucosome of the Ikulu metapelite T4-37-10 contains zircon grains, which are long to short
prismatic and vary from subhedral to euhedral (Fig. 1.4M). Internal textures of the grains show
oscillatory zoning. Some grains have cores that are surrounded by rim overgrowths. In both
cores and rims 22 ablation spots were made on 11 zircon grains. Out of these 13 concordant
analyses (100 + 2 % concordance) gave an U-Pb age of 1941 +£ 8 Ma (MSWD = 0.00; Fig.
1.8F), which is interpreted as the age of the zircon grains in the leucosome. The remaining nine

analyses showed high common Pb and therefore were not included in Figure 1.8F.
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Fig. 1.8 (A and C) Histogram showing *"’Pb/*”°Pb ages of detrital zircon cores. (B—F) Concordia
diagrams showing U-Pb ages of metamorphic zircon overgrowths from metasedimentary rocks of the
Katuma Block.
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6. Geochemistry

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

of their precursor.

6.1 Element mobility

Prior to the petrogenetic interpretation of major and trace element compositions of the rocks we
will assess the degree of post-magmatic alteration and the suitability of major and trace element
contents of the analysed Katuma metabasites, gabbronorites, orthogneisses and granitoids for
unravelling their petrogenesis. Rocks that have been affected by retrograde low-grade chlorite,
sericite and carbonate alteration through infiltration of hydrothermal fluids or by the late-stage
formation of hydrous metamorphic minerals have a large loss on ignition (LOI > 3.5 wt. %) as
defined by Manya (2004) and Polat and Hofmann (2003). All samples that have been selected
for this study have LOI values below 2.0 wt. % reflecting the relatively little altered nature of
our samples. The analysed metabasites and orthogneisses are not only poor in retrograde
hydrous minerals but experience also during their prograde metamorphic history no strong
hydration or dehydration processes: the metabasites obtained their granulite-facies mineralogy
during isobaric cooling after the intrusion of 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 elements against a relative immobile
element, which is Gd for basic rocks and Zr or TiO, for felsic rocks and determined the square
of correlation coefficient (R?) (Polat and Hofmann, 2003). The bivarite graphs for the major
elements oxides (K,O, Na,O, CaO, MgO, Fe;O3 (1)) and trace elements (Rb, Ba, Th, La, Sr, Ta,
Nb, Zr, Lu, Hf, Sm) are included Figure 1.16 and 1.17. For metabasites and gabbronorites (Fig.
1.16) the binary diagrams of Gd versus LILE and some major elements (K,O, Na,O and CaO)
produce scattered points with low values of R* < 0.3, which suggests that these elements were
most likely mobile during post-magmatic processes (Polat and Hofmann, 2003). The remaining
elements show a good linear relationship with Gd (R* > 0.56) and suggest that they are not much
affected by post-magmatitic processes and therefore suitable for petrogenetic studies. For
orthogneisses (Fig. 1.17) the binary diagrams of Zr versus Na,O, CaO, Rb and Sr have low R*
values (< 0.3) and thus demonstrate their likely mobility, whereas Zr versus REE, HFSE (e.g.
La, Ce and Hf) and Th show a good linear relationship with Zr (R* 0.3—0.98).
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TiO, versus Nb shows also good linear relationship (R* = 0.6), suggesting that it is not much
affected by post-magmatitic processes. Therefore the interpretation of the geochemical data of
the orthogneisses for petrogenetic consideration was done with caution, limited only to those

elements that show least mobility during post-magmatic processes.

6.2 Metabasites and gabbronorites

Major and trace element compositions of metabasites and gabbronorites are presented in Table
17. The metabasites and gabbronorites are both classified as calk-alkaline on the basis of their
Zr/Ti and Nb/Y and their Th to Co contents (Fig. 1.9A and B). The metabasites have SiO,
contents between 43.5 and 56.0 wt. % (mean = 50.0 wt. %) whereas the gabbronorites 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 to the gabbronorites. Gabbronorites
have MgO contents of 7.0-16.4 wt. % and metabasites of 3.2—13.4 wt. %. Magnesium numbers
(Mg # = MgO/(MgO + FeOqoar) for the gabbronorites are uniform at 0.65 (except one sample at
0.35), whereas metabasites have lower Mg numbers of 0.2—0.6 (mean = 0.3). The gabbronorites
have higher Ni (2110 ppm) and Cr (ca. 180 ppm) concentrations than the metabasites (mean 200
ppm Ni; mean 28 ppm Cr). The Al,Os3 concentration is low in both metabasites (ca. 14.0 wt. %)
and gabbronorites (9.0 wt. %). The TiO, concentrations (mean = 1.66 wt. %) of both rock types
are similar to those of mid oceanic ridge basalts or island arc basalts (IAB) but lower than those
of intra plate basalts (IPB) (e.g. Fig. 1.10A and B). With the exception of CaO and Al,O;
concentrations in metabasites and K,O and Fe,Os in the gabbronorites, major elements show
antipathetic relationships with MgO (Fig. 1.11).

The contents of trace elements including the rare earth elements (REE) are akin to those of
basaltic rocks formed in modern arc settings (Fig. 1.10A, B and C; Kelemen et al. 2003; Perfit et
al. 1980). Both groups of rocks show enriched large ion lithophile element (LILE) abundances
over primitive mantle. Large ion lithophile element contents of the rocks are variable but
generally higher than those of the High Field Strength Elements (HFSE), which are depleted
displaying Nb-Ta and Ti troughs (Fig. 1.10B).

Chondrite normalized (CN) rare earth element abundances of gabbronorites and metabasites
show REE patterns, in which light REE are relatively enriched over middle- and heavy-REE
(Fig. 1.10C). The metabasites and gabbronorites have (La/Yb)cn values, which range between
1.7 and 17.3 (mean = 5.5) and between 5.6 and 8.3 (mean = 6.7) respectively. The heavy REE
display flat patterns similar to those of arc lavas, which formed from partial melting of spinel

peridotite (Fig. 1.10C).
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Fig. 1.9 Classification and geochemical characteristics of the Katuma metabasites and orthogneisses: (A)

Zr/Ti versus

Nb/Y classification (Pearce, 1996) of Katuma metabasites as subalkaline basalts. (B) Th

versus Co classification (Hastie et al., 2007) of Katuma metabasalts as calc-alkaline basalts. (C)
Normative feldspar classification (O’Connor, 1965) of Katuma orthogneisses as granodiorite (Archean)
and granite (Paleoproterozoic). (D, E and F) Classification as metaluminous to peraluminous, magnesian
and calc-alkalic to alkali-calcic granitoids, similar to granitoids that form in active continental margins

(Cordilleran;

Frost et al., 2001).
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The europium anomaly (EwEu) cn calculated as (Eucn/(Sm.Gd)en)””  (CN-chondrite
normalized) is mostly moderately negative in metabasites and gabbronorites (mean = 0.9), with

the exception of four samples (T7-3-10, T10-1-10, T16-1-10 and T17-1-10), which show slight

positive Eu-anomalies.

6.3 Orthogneisses and granites

Major and trace element compositions of orthogneisses and granitoids are presented in Table 4.
On the basis of crystallization ages, the orthogneisses and granitoids are subdivided into two
groups: Archean and Paleoproterozoic granitoids. Hence, in this section the orthogneisses and
granitoids will be referred to either Paleoproterozoic or Neoarchean granitoids. All the
granitoids have SiO; contents between 55 and 74 wt. % (mean = 68 wt. %) and are classified
mainly as granodiorite and quartz monzonite (Neoarchean) and granite and granodiorite
(Paleoproterozoic) on the basis of their normative feldspars (Fig. 1.9C). The sodium contents of
the granitoids range between 2.6 and 5.2 wt. %, therefore the rocks have low K,O/Na,O (0.5 —
2.1) and are classified as calc-alkalic to alkali-calcic granitoids (Fig. 1.9D). The Archean
granitoids have a narrow range of Al,Os3 contents of 15.2—15.9 wt. % whereas the Proterozoic
ones have a larger Al,O; range (12.7-19.6 wt. %). Most granitoids are classified as
peraluminous (few as metaluminous; Fig. 1.9E). The granitoids have Fe-numbers mainly
between 0.3 and 0.8 (Fe #=FeO1/FeOr+MgO) and low ferromagnesian contents (Fe,Os, MgO,
MnO and TiO;) of 1.2-4.9 wt. %, thus they are classified as magnesian in the Fe # versus SiO;
diagram (Fig. 1.9F). Except for the two Paleoproterozoic granitoids (sample T2-10-10 and T19-
3-10), the Archean granitoids have higher Cr and Sr concentrations than the Paleoproterozoic
granitoids: Cr (93 ppm vs 42 ppm) and Sr (355 ppm vs 288 ppm). The St/Y value is greater in
Paleoproterozoic granitoids (ca. 75) than in Neoarchean granitoids (ca. 59). Both rocks show
fractionated REE patterns (Fig. 1.12) whereby the Paleoproterozoic granitoids have a higher
mean La/Ybcen (15-240) than the Archean granitoids (La/Ybcen (10-200). In the diagrams of
(La/Yb)cn versus Yben and St/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 arc settings (Fig. 1.12A, 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 (2002), the Katuma Neaorchean and Paleoproterozoic granitoids plot
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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. 1.12 Primitive mantle (PM) normalized (A, C and E) and chondrite normalized (B, D and F)
spidergrams. The PM and chondrite values are from Sun and McDonough (1989). Trace element
spidergrams of the Katuma orthogneisses and granites are similar to patterns of rocks of arc-settings.

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 of meta-igneous rocks and

the zircon geochronology of meta-igneous 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 similar processes of
continental crust formation may have operated during the Paleoproterozoic orogenic cycle.
However, our geochronological data show that most magmatic formation ages of the Katuma
metabasites and orthogneisses are Neoarchean (~ 2710-2640 Ma) and thus predate the
Paleoproterozoic Ubendian orogeny. These formation ages are similar to U-Pb zircon ages

reported for the magmatic formation of some granite-greenstone belts of the Tanzania Craton,
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(e.g. the Kilimafedha Greenstone Belt, 2700-2640 Ma; Wirth, 2004; the Musoma-Mara
Greenstone Belt, 2760-2650; Chamberlain and Tosdal, 2007; Manya et al., 2006; Mtoro et al.,
2009; and the Sukumaland Greenstone Belt, 2700-2640 Ma; (Borg and Krogh, 1999;
Chamberlain and Tosdal, 2007; Sanislav et al., 2014). Similar U-Pb or U-Th-Pb zircon ages
were also found for the protoliths in the reworked margins of the Tanzania Craton within the
East African Orogen (Johnson et al., 2003; Sommer et al., 2005; Tenczer et al., 2006, 2013;
Vogt et al., 2006) and the Paleoproterozoic Usagaran Belt (Moller et al., 1995; Reddy et al.,
2003; Thomas et al., 2013). A recent study by Sanislav et al. (2014) suggested three periods of
crustal growth of the Tanzania Craton at 2850—2800 Ma, 2770-2730 Ma and 2700-2620 Ma
and attributed the major growth of the craton to the last period (2700-2620 Ma). The
Neoarchean magmatism in the Katuma Block conforms to this last period of crustal growth,
allowing the Neoarchean Katuma Block 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 (2020-1940 Ma) reflecting addition of mantle material to the crust in
the Katuma Block during the Ubendian orogeny. The field crosscutting relationship between the
Paleoproterozoic rocks and the Neoarchean rocks (e.g. Fig 1.21 and J) also affirms for this
crustal growth stage. The Paleoproterozoic magmatic events obtained for the Katuma Block are
broadly concurrent to the ones in the other blocks of the Ubendian Belt ~ 2090-1930 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 Paleoproterozoic, questions the traditional
grouping of the metamagmatic rocks of the Katuma Block into one group, the Katuma Group,
though they represent the metamagmatic basement for the unconformably overlying

metasedimentary Ikulu Group.

7.2 Sedimentation age of the Ikulu Group

The metasediments, of the Katuma Bock (Ikulu group) consisting of metapelites, calc-silicate,
quartzites and marbles, contain detrital zircons that are 2680-2050 Ma in age and are thus
similar to magmatic crystallization ages found in the Katuma Block and the Tanzania Craton
(Pinna et al., 2004). This suggests that the Katuma Block itself or the Tanzania Craton may
represent the likely detrital source areas for the clastic sediments. The rock association of very
thick (> 1.3—1.5 km; Semyanov et al., 1977) clastic and carbonaceous sediments points to a
shelf or an epicontinental environment. The lower age limit for the sedimentation is constrained

by the age of the first metamorphism of the metasediments at ~ 1960 Ma (Fig. 1.8B and E). The
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association of metabasites and orthogneisses may represent higher-grade equivalents to the

granite-greenstone 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 exposed in the Katuma Block is mostly of granulite- or upper
amphibolite-facies grade and is a result of several metamorphic events of Neoarchean and
Paleoproterozoic age. However, in this paper we only want to discuss the ages of high-grade
metamorphic events that we obtained from dating of metamorphically overgrown rims on zircon
grains. The metamorphic P-T paths and results of texturally controlled monazite dating will be
published elsewhere (Kazimoto et al., in preparation). Evidence for Neoarchean reworking of
Katuma rocks are sparse but the oscillatory zoned magmatic zircon grains of the oldest
Neoarchean metagranodiorite (T1-17-10; ca. 2710 Ma) show metamorphic rims and
recrystallisation zones that are 60 Ma younger (2650 Ma) than the magmatic crystallisation of
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 for a Neoarchean metamorphism, there are

many zircon ages indicating several high-grade metamorphic events of Paleoproterozoic age.

U-Pb zircon ages of a migmatitic orthogneiss and a leucosome (T14-3-10 and T14-1-10)
revealed a migmatization event at about 2050-2030 Ma (Fig 1.2E and H; Table 2). Although
these ages are older than recently published ages for the metamorphism in other blocks of the
Ubendian Belt (Boniface et al., 2012; Lawley et al., 2013a), the ages are similar to the age of a
granulite-facies metamorphic event that was attributed to the onset of the Paleoproterozoic
collision in the Ubende, Ufipa and Nyika Blocks (Cahen et al., 1966; Lenoir et al., 1994;
McConnell, 1950; McConnell, 1969; Ring et al., 1997). The age of the metamorphic growth
zones around Neoarchean magmatic zircon grains and the common Pb loss of both magmatic
zircon grains of metabasites and orthogneisses indicate Paleoproterozoic reworking of
Neoarchean rocks. Thus, the Paleoproterozoic evolution of the Katuma Block is similar to that
of other reworked margins of the Tanzania Craton (Johnson et al., 2003; Lawley et al., 2013a;
Moller et al., 1998; Reddy et al., 2003; Sommer et al., 2005; Tenczer et al., 2006, 2013; Thomas
etal., 2013; Vogt et al., 2006).

Zircon grains from two metasedimentary lkulu samples and a leucosome of a Ikulu
metapelitic migmatite record metamorphic ages of about 1960-1940 Ma (Fig 1.8B, E and F),

indicating a concurrent metamorphism of the metapelites in the Katuma Block and the granitic
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intrusions, deformation, greenschist-facies metamorphism and the gold mineralization in the
Lupa Block (Lawley et al., 2013a; Lawley et al., 2013b; Lawley et al., 2013c¢). The crosscutting
relationship between gneissic Neoarchean granitoids (~ 2710-2650 Ma) and unfoliated
Paleoproterozoic granites (1990-1960 Ma) dates a deformation of the Katuma rocks between

2650 Ma and 1960 Ma (Fig. 1.2I).

Besides the 1960-1940 Ma high-grade event in the Ikulu metapelites there is also evidence
for an even younger high-grade metamorphism at 1880-1840 Ma the obtained from
metamorphic zircon rims, which is in agreement with the age of overgrowth zones in monazite
(Kazimoto et al. in review; Kazimoto et al., in preparation). Metamorphic overgrowths on
zircon grains of a Paleoproterozoic Ms-Bt-granitic gneiss (dated at 1940 Ma; T19-3-10),
collected near the border between the Katuma and the Wakole Block record a younger
Paleoproterozoic metamorphic age of about 1880 Ma. This younger metamorphic age and
discordant zircon grains of the Neoarchean metamagmatic rocks suggest a younger Pb loss event

after 1960 Ma.

Post-Paleoproterozoic  metamorphic  reworking of rocks (Mesoproterozoic and
Neoproterozoic) documented by previous authors for the Wakole, Ubende, Ufipa and Lupa
blocks of the Ubendian Belt (Boniface and Schenk, 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 alteration associated with the gold mineralization event in the Katuma Block
(U-Th-total Pb monazite 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 of metabasites and gabbronorites

The geodynamic setting of rock formation in the Ubendian Belt, which occurred in Neoarchean
and Paleoproterozoic time, can best be deduced from the trace element geochemistry of
metabasites, granitoids and felsic orthogneisses. Like basalts of modern arcs, the Katuma
metabasites and gabbronorites are enriched in incompatible elements (e.g. K, Rb, Ba, Th,
LREE) and depleted in HFSE (TiO,, Y, Nb, and Ta). This can be explained by the process of
fluxing of fluids or melts rich in incompatible elements to the mantle wedge at subduction zones
and subsequent partial melting of the modified peridotite and/or the subducting plate. High Th

abundances of the metabasites and gabbronorites 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/Yb (Fig. 1.14A and B) are therefore good

indicators of a Th input (Pearce, 2008) and allow to classify the metabasites and gabbronorites

as continental arc rocks (Fig. 1.14A and B). The high Zr concentrations in metabasites and

gabbronorites (ca.115 ppm and 35 ppm) are above the average Zr content of primitive oceanic-

or continental-arc basalts (Kelemen et al., 2003) but less than average Zr content in OIB or

WPB (Sun and McDonough, 1989), indicating that the earth’s crust was involved in the

formation of the precursor melts.
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Fig. 1.13 (A) and (C) plots of La/Ybcy versus Ybey and St/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 mafic sources. (B) and (D) Discrimination between granitoids
using plots of Ta/Hf — Th/Hf and Yb — Th/Ta (Schandl and Gorton, 2002) and their tectonic
interpretation: The Katuma orthogneisses are plotting in the field of granites formed at active continental

margins.
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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 basalts (Condie, 2003, 2005a; Weaver, 1991). The
Katuma metabasites and gabbronorites have low Nb/Th falling into the fields of arc basalts that
were formed from a source similar to primitive mantle that has been modified by either
subduction or crustal components and evolved towards an enriched mantle (EN) (Fig. 1.14C and
D). The low Ni and Cr contents and the negative correlation of major element oxides against
MgO (except for CaO and partly Al,O3) 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 Pearce (1983, 2008). Katuma metabasites and gabbronorites have high
Th/YDb values (above those of Mid Oceanic Ridge basalts or the mantle array). A high Th input 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 Condie (2005a). The HFSE 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 interpretation that the
Katuma metabasites and gabbronorites formed from melts deriving from a mantle that has a
composition similar to that of a primitive mantle and that these melts experienced fractionation
and crustal assimilation. We applied non-modal 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 decoupled fractional
crystallization and assimilation (FCA) was achieved using the program “FC-AFC-FCA
modeller” (Ersoy and Helvaci, 2010). We selected the compositional values of the primitive
mantle from Sun & McDonough (1989), mineral/matrix partition coefficients from McKenzie
and O’Nions (1991), and mineral modes and melt-modes for spinel Iherzolite from Kinzler
(1997). For the modelling of the crustal assimilation, values of the bulk continental crust, the

lower and upper crust are those of Taylor and McLennan (1995).

The results of the modelling are presented in chondrite-normalized REE diagrams (Fig.
1.15A, B and C). They show that the REE patterns of the metabasites can be explained by
variable degrees (1-30 %) of partial melting of a primitive spinel Therzolite combined with
mineral fractionation and assimilation: according 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 continental crust (LC) or upper continental crust
(UC) or both (bulk continental crust — BCC). The gabbronorites display REE patterns at very
low concentrations (Fig. 1.15A) and can only be reproduced by modelling with very high
degrees (60%) of partial melting of spinel lherzolite in combination with assimilation of UC
material and little mineral (amphibole and garnet) fractionation (Fig. 1.15C). Partial melting of
spinel peridotite combined with fractionation and assimilation are also involved to produce trace

element patterns of modern arc magmas Murphy (2007) and Kelemen et al., (2003).
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7.5 Petrogenesis of the Archean and Paleoproterozoic granitoids

The use of the chemical composition of 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, if they are formed by partial melting of the crust, or the progress of AFC processes may
mask the original chemical composition of the primitive melt and thus destroying the signature
for identification of the source.

Like for the metabasites and gabbronorites, major element characteristics (Fig. 1.9D-F), trace
element patterns (Fig. 1.13A-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, the lack of isotopic information of the granitoids (e.g. Sr, Nd and Hf) limits the
identifiction if the granitoids represent juvenile active continental margin melts. Therefore,
several possible petrogenetic origins have to be considered.

Yttrium, ytterbium and 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 with 10-25% garnet or to a melt with
an eclogitic residue (Fig. 1.13A and C; Drummond and Defant, 1990; Martin et al., 2005). The
adakitic signature (low Y and Yb and moderate to high St/Y and (La/Yb)cx) as also observed in
our rocks is thought (first model) to be attained by interaction of slab melts with mantle wedge
peridotite or through fractional crystallization (Kay, 1978; Kay and Kay, 2002; Moyen, 2009;
Richards and Kerrich, 2007). However, the low Mg# and the low Ni and Cr contents of the
rocks do not support an interaction of slab melts with a mantle peridotite, rather alludes for an
origin from older evolved crustal rocks.

Therefore the second petrogenetic model is that the granitoids with adakite-like chemical
compositions are derived from partial melting of older garnet bearing mafic rocks (Fig. 1.13A
and C). The presence of mafic xenoliths (Fig. 1.2G and H) and inherited zircon grains with
297pb/*Ph ages of 2805 + 17 Ma and 2817 + 27 Ma in the Katuma granitoids (e.g. T1-17-10
and T14-1-10) is in agreement with this interpretation.

A third possible origin of adakite-like melts is by fractional crystallization of a mafic magma
(Moyen, 2009; Richards and Kerrich, 2007). However, to produce voluminous adakite-like
melts that form the widespread granitoids of the Katuma Block would require the presence of
voluminous restite mafic rocks that are co-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 (Fig. 1.10 and 1.12) 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 adakite-like granitoids, which is in agreement that most TTGs are considered to
be formed by partial melting of older rocks in the middle or lower crust (Condie, 2005b;
Hoffmann et al., 2011). The Neoarchean and Paleoproterozoic mafic magmas in the Katuma

Block could have provided the necessary heat that is required to generate adakite-like magmas.

7.6 Crustal evolution of the Katuma Block

U-Pb zircon geochronology of Katuma rocks revealed two magmatic crustal forming events, the
Neoarchean (2710-2640 Ma) and the Paleoproterozoic (2020—1940 Ma). The Neoarchean event
can be attributed to the Neoarchean crustal growth of the Tanzania Craton along an active
continental margin, whereas the Paleoproterozoic crust formation is attributed to the Ubendian
event. Dating of metamorphic zircon rims indicate that the Neoarchean and the Paleoproterozoic
magmatic events were both associated with metamorphism. However, whereas most rocks of the
Katuma Block formed in the Neoarchean, the main metamorphic reworking occurred during two
major periods in Paleoproterozoic time (~ 2050-1940 Ma and ~ 1880-1840 Ma). The obtained
Paleoproterozoic metamorphic ages can be subdivided and attributed to two different stages
separated by about 60 Ma. The first stage (2050-1940 Ma) correlates with the age of mafic and
granitic magmatism in the Katuma Block and with deformation and gold mineralisation in the
Lupa Block (Lawley et al., 2013c). The second stage (1880—1840 Ma), which correlates with
emplacement of calc-alaline granitoids (Lenoir et al., 1994), the second gold mineralisation
event in the Lupa Block (Lawley et al., 2013c), the eclogite formation of ocean floor basalts in
the adjoining Ubende Block and collision leading to the uplift of the eclogites (Boniface et al.,
2012).

The similarity in age, lithological composition and paleotectonic setting 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 of mafic rocks of the Katuma Block in the
Paleoproterozoic Ubendian Belt indicate that the rocks formed at continental margins mainly in

the Neoarchean (2.71-2.64 Ga) but also in the Paleoproterozoic (2.02-1.94 Ga). The trace
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element geochemistry indicates that that the mafic rocks formed in a similar manner as
magmatic rocks in modern continental arcs, i.e. by hydrous partial melting of a modified
primitive mantle combined with fractionation and contamination of the melts through the
overlying continental crust during their ascent. The first Archean metamorphic event in the
Katuma Block is recorded only by zircon and was dated at about 2650 Ga. This event was
succeeded by a Paleoproterozoic magmatic crustal forming event at ca. 2050-1940 Ga.

The detrital zircon grains of the Katuma metasediments suggest that the Neoarchean Katuma
Block or Tanzania Craton were the most likely source for the sediment, that were deposited
prior to their first metamorphism at ca. 1960 Ga. The similarity of ages of the youngest
Paleoproterozoic metamorphism at ca. 1.88—1.84 Ma Ma and the similar metamorphic age of
MORB-type eclogites of the adjoining Ubende Block suggests that the Katuma Block was

affected by a collision event that led to exhumation of the Paleoproterozoic eclogites.
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Chapter 2

Granulite-facies metamorphic events in the northwestern Ubendian Belt
of Tanzania: Implications for the Neoarchean to Paleoproterozoic

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 metamorphic ages obtained from different rock types of the Katuma Block
(NW Ubendian Belt).

Geothermobarometry and pseudosection modelling of metabasites indicate that the
granulite-facies coronas containing garnet-clinopyroxene-quartz-hornblende formed at about
8.9-6.5 kbar and 790-700 °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 Block, as deduced from
the age of detrital zircon grains. The metamorphic P-T 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 provides 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/cordierite-K-feldspar. Modelling of the Xy, ratios of compositionally
homogenous cores of garnet porphyroblasts together with GASP barometry suggest peak P-T
conditions of about 7 kbar and 770 °C. The formation of plagioclase coronas around garnet in
metapelites, the decrease in Xy, and an increase of the spessartine fraction in rims of garnet
porphyroblasts point to a near isothermal uplift after peak metamorphism.

Texturally controlled in situ U-Th-total Pb microprobe dating of monazite in metapelites
resulted in two ages for metamorphic events. The monazite 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 found in monazite 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 the monazite rims. We correlate the second, high-grade 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 during accretionary
processes and associated calc-alkaline 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 (2.7-2.6 Ga) during a magmatic formation phase in an active continental margin
setting. Then followed a Neoarchean—Paleoproterozoic (2.65-2.05 Ga) stage tectonically
inactive, passive continental margin subsequently there was again a protracted period of
subduction (2.05-1.84 Ga) at an active continental 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 1880—1860 Ma MORB type eclogites in the
Ubendian Belt.
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1. Introduction

The Ubendian Belt in SW Tanzania forms a linear belt that was traditionally interpreted to be
formed entirely during the Paleoproterozoic (Lenoir et al., 1994; McConnell, 1969; Ring et al.,
1997). However, recent studies showed that this belt was affected, at least in parts, also by
Mesoproterozoic and Neoproterozoic orogenic events (Boniface 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 was not 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 events 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
metamafites in the northeastern part of the belt by petrological methods and in situ U-Th-total
Pb monazite dating. Combining these new data with those of previous (Boniface et al., 2012)
and concomitant studies on the geochemistry and zircon geochronology of the metamagmatites
(Kazimoto et al., in review-b), we develop an evolutionary model for the Paleoproterozoic
orogenic cycle including the age and nature of the pre-existing continental crust that was

involved in the formation of the Ubendian Belt.

2. Geological background

2.1 Ubendian Belt

The Ubendian Belt is a NW-SE 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 (Fig. 2.1a). Like the Paleoproterozoic and 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 events (Kazimoto et al.,
in review-b; Lawley et al., 2013a). In 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 been subdivided into eight lithologically distinct blocks (Fig. 2.1a), which are
separated by NW-SE striking ductile shear zones (Daly, 1988). Previous authors subdivided the
geodynamic evolution of this belt into two stages: an initial stage at 2.1-2.0 Ga characterised by

arc magmatism, granulite-facies metamorphism and a late-stage deformation that was associated
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with greenschist-facies overprint (Lawley et al., 2013a; Lenoir et al., 1994; Ring et al., 1997)
and a second stage at 1.9-1.8 Ga characterised eclogite formation (Boniface et al., 2012),
magmatism and amphibolite- to granulite-facies metamorphism and deformation (Lawley et al.,
2013c; Lenoir et al., 1994). The latter events led to orogenic gold mineralisation in the Lupa
Block (Lawley et al., 2013a; Lawley et al., 2013b; Lawley et al., 2013c). In addition to
Paleoproterozoic tectonothermal activities, Boniface et al. (2012) and Boniface et al. (2014)
recognized a Mesoproterozoic amphibolite grade crustal thickening event in the Wakole Block
of the northwestern Ubendian Belt (Fig. 2.1) and a Mesoproterozoic metamorphic overprint of
the Ubende Block. The Neoproterozoic eclogites recognized in the northern Ufipa Block reflect
a Pan-African subduction event (0.59—-0.52 Ga) between the Tanzania craton and the Bangweulu

Block (Boniface and Schenk, 2012).

2.2 Katuma Block

The rocks of the Katuma Block of the northwestern Ubendian belt (Fig. 2.1b), have been
subdivided into two groups (Semyanov et al., 1977; Smirnov et al., 1970): the Katuma Group
consisting primarily of metabasites, gabbronorites, meta-granites and meta-granodiorites, and
the Ikulu Group consisting mainly of metasediments (Fig. 2.1b). The rocks of the Katuma
Group formed mainly during Neoarchean time (2.71-2.64 Ga) and during the Paleoproterozoic
time (2.02—1.94 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 + 8 Ma) than the crystallization
of an unmetamorphosed gabbronorite (2643 + 4 Ma) enclosing blocks of schistose garnet
amphibolite (> metre scale). The detritus of the Ikulu metasediments derived from Neoarchean
(= 2.64 Ga) and Paleoproterozoic (2.0 Ga) provenances, similar in age to that of rocks of the
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 of calc-alkaline granites
(1.99-1.94 Ga; Kazimoto et al., in review-b). The nature of the metamorphism of the two
lithological groups is still enigmatic. In the north, the rocks of both groups are overlain by a
Neo- to Mesoproterozoic and a Cenozoic sedimentary cover (Fig. 2.1b). All the rocks are cut by
E-W and NW-SE trending fracture and shear zones, which host Mesoproterozoic hydrothermal
Au-Cu-Pb bearing quartz-siderite-barite-sulphide veins. The hydrothermal event correlates with

the Mesoproterozoic crustal thickening event at about 1.2 Ga (Kazimoto et al., in review-a).
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Fig. 2.1 (a) Geological map of the Ubendian Belt, modified from Daly (1988). The Ubendian Belt is located between the Tanzania Craton and the Bangweulu
Block (b) Lithological map of the Katuma Block, modified from Biyashev et al. (1977), Semyanov et al. (1977b) and Smirnov et al. (1970), with metamorphic
mineral assemblages and U-Th-total Pb monazite metamorphic ages obtained in this study. U-Pb zircon ages are from Kazimoto et. al. (in review) and the two
ages of the Wakole metasedimentary rocks are from Boniface et. al. (2014) and one of the Ubende eclogite is from Boniface et al. (Boniface et al., 2012).
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Table 1 Sample locations and mineral assemblages of metabasites and metapelites of the Katuma Block.

Mineral assemblage

Opx Cpx Hbl Act Gt Bt Pl Kis S Qz Im Mt Pinte Spn Chl Rt Ep SefMs Cab Scp Zm Mnz Location  Castng Northing

(km) (k)
Metabasites
T1-12-10 X X 7 ] X X X x X X x] [x] Mkwamba
T1-13-10 X [x] X X X X ? Mkwamba  283.7  929.6
T1-16-10 (o) X X X x X x] X X Mkwamba
T2-9-10 X ? X X X X X Kapanda 286.9 928.5
T3-8-10 X X X X x X [X IX] D-reef 283.6 929.1
T6-5-10 X ? X X X X x X K Singililwa 300.2  928.0
T9-1-10  (0) X X K x X X X Mpanda 2925 9285
T10-1-10 X X X X Mpanda 2899 9288
T11-1-10 X X X X X X X X X X Mpanda 288.0 928.4
T13-3-10 X X ? X X X X Mpanda 2835 9297
T14-2-10 X X X X X X X X X Nyakaliza  284.8  929.7
T16-1-10 (o) X X X X X X Mpanda 3242 9284
T17-3-10 X X X X X X X Mpanda 276.7 931.8
T26-1-10 X X X X X X X Lufuti
T26-3-10 (0) «x X X X X X Lufuti 2817 9299
Metapelites
T18-1-10 X X X X,k x ac X X ac ac Ibyambe
T18-2-10 x %) x({p) x X,k x ac X1 IX] ac ac  Ibyambe 275581 9299980
T4-7-10 X X X xk x ac,[x] [x] ¢ [x] X [ [X] ac ac  Chemchem
T4-11-10 X X X xk x ac,[x] [x] ¢ [x] X [ [X] ac ac  Chemchem 288391 9280264

X, major phase; ac, accessory phase; [x] retrograde phase; (0), Opx inclusion in Cpx; (b), Bt inclusion in Grt; (p) Pl inclusion in Grt; k, Sil
pseudomorphs after Ky; c: pinite pseudomorphs after Crd;
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3. Petrography and mineral chemistry

3.1 Analytical methods

Mineral compositions were determined using a JEOL Superprobe JXA-8900R electron probe
analyser at the University of Kiel equipped with five wavelength-dispersive spectrometers
(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 CITZAF method of Armstrong (1995) was
used for matrix correction. The monazite composition was determined following similar
procedures described by Braun and Appel (2006), Jons et al. (2006) and Jons and Schenk
(2011), which are briefly summarised here. An accelerating 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 uranium-bearing glasses for
U, wollastonite for Si and Ca, corundum for Al and rare earth element orthophosphates of the
Smithsonian Institute (Jarosewich and Boatner, 1991) for REE, Y and P. The composition of the
REE orthophosphates standards were carefully determined considering their Pb content (see
Donovan et al. 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 lines and U Mb
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.ifg.uni-
kiel.de/1202.html. The quality of the data was controlled using an internal monazite standard
that included monazite from southeast Madagascar, which is homogenous in composition and
was dated using the U-Pb method and a Sm-Nd monazite-biotite-garnet-zircon isochron to an
age of 542 + 2 Ma and 542 + 11 Ma, respectively (Paquette et al., 1994) 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. The chemical monazite ages and their errors were
calculated using the “Comb error” (http:/www.ifg.uni-kiel.de/339.html) and “AgeFinder”
software (Appel, 2010).

3.2 Metabasites
Metabasites are omnipresent in the eastern part of the Katuma Block (Fig. 2.1b), where they

occur together with orthogneisses. The rocks are greenish to dark grey, massive and primarily
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fine- to medium grained. The mineral assemblages (Table 1) include plagioclase, ortho- and
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 amphibolite-facies retrogression, 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
greenschist-facies retrogression as displayed by the formation of 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 ortho- and clinopyroxene and as
aggregates consisting of anhedral to subhedral grains (Fig. 2.2a, b and c) that are
porphyroblastic in places and contain inclusions of quartz, plagioclase, ilmenite and hornblende.
The garnet coronas display an increase in Xam and continuous decrease of Xwmg, Xprp and Xgrs
towards the rims (Fig. 2.3a). The range of compositions are Xamm = 0.69-0.50, Xp;, = 0.4-0.1,
Xars = 0.29-0.24, Xgps = 0.02 and Xy = 0.3-0.1. Two types of clinopyroxene were recognised:
one type is pale green to brownish in colour, subhedral to anhedral, frequently 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 al. (1988), the green to brownish clinopyroxene is classified as augite
(Fig. 2.3b) with compositional ranges of Xg,= 0.24-0.71, Xp= 0.44, Xwo=0.23-0.45, XN, =
0.01-0.15 and Xy = 0.35-0.75. The green clinopyroxene is classified as diopside (Fig. 2.3b)
with compositional ranges of Xg,= 0.29-0.41, Xp~= 0.12-0.26, Xw, = 0.45-0.48, XNa =
0.01-0.05 and X = 0.52-0.77. The orthopyroxene, which is present as relicts in diopside, has
compositional ranges of Xg,= 0.36—0.59, Xps= 0.40-62, Xw,= 0.52-1.91, X, = 0.02—0.07 and
Xwmg = 0.37-0.60. The amphiboles form rims around clinopyroxene (Fig. 2.2a, ¢ and d) and are
present as late-stage symplectites together with clinopyroxene, plagioclase and/or quartz.
According to the classification scheme of Leake et al. (1997), the amphiboles are mainly
pargasite, ferropargasite, magnesiohornblende, ferrohornblende, tschermakite ferro-tschermakite
and edenite. Actinolite is a late stage formation (Fig. 2.3c and d). The titanium contents in these
amphiboles range between 0.26 apfu and 0.08 apfu, with higher values in the mafic granulites

and garnet-amphibolites, but lower values in the amphibolites.
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Fig. 2.2 Photomicrographs, field photograph and backscatter images of metabasite and metapelite from
the Katuma Block. Mineral abbreviations are from Whitney and Evans (2009). (a) Replacement of ortho-
and clinopyroxene and plagioclase by garnet coronas and hornblende in mafic granulite (sample T9-1-
10) (b) A BSE image showing replacement of garnet and quartz forming coronas around ortho- and
clinopyroxene (sample T9-1-10) (c) Replacement of clinopyroxene and plagioclase by garnet coronas
and hornblende in mafic granulite (sample T10-1-10) (d) Formation of ilmenite, amphibole and quartz
after plagioclase, ortho- and clinopyroxene in a mafic granulite (sample T26-3-10) (e) Prismatic
sillimanite pseudomorphs after kyanite in Ikulu metapelite (location T4-11-10) (f) Microphotograph of
sillimanite pseudomorphs after kyanite showing sillimanite cluster surrounded by biotite (T18-2-10) (g)
Garnet porphyroblast with biotite inclusions in the garnet-bearing metapelite (h) BSE image showing a
plagioclase corona around garnet in metapelite (T18-2-10).
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Fig. 2.3 (a) Composition of garnet in mafic granulite showing retrograde zoning profile in which Xy, and
Xprp decreases and Xaim increases rimwards. (b) Classification of ortho- and 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 ') Zoning profiles of plagioclase in mafic granulite showing magmatic cores (Xa, > 0.6)
and metamorphic rims (Xa, < 0.6).
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Plagioclase forms laths displaying strong compositional zoning (Fig. 2.3e and f); 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 amphibolites ranges between 15%
and 57%. The high X, cores (Ansg.gs) of mafic granulite are interpreted to be relicts of the
magmatic plagioclase, whereas low Xa, rims (Anzg), surrounding the cores with an abrupt

compositional change, are interpreted to be of metamorphic origin (Fig. 2.3¢ and f).

3.3 Metapelites

Samples of the aluminous metapelites have been collected at two localities. One to the north of
Mpanda town at Ibyambe hills (T18-2-10; Fig. 2.1) containing
garnet-biotite-sillimanite-K-feldpar and another derives from the south of Mpanda town at
Chemchem hill (T4-11-10; 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, plagioclase, K-feldspar, only small amounts of quartz and porphyroblastic

garnet (T18-2-10) or pinite pseudomorphs after cordierite instead of garnet (T4-11-10).

The accessory minerals include ilmenite, magnetite, zircon and monazite, whereas the
retrograde minerals include muscovite. Sillimanite is present in clusters forming pseudomorphs
after kyanite. The original form of the later is often still preserved as 2—3 cm long prismatic
grains (Fig. 2.2e and f). Garnet forms ellipsoidal porphyroblasts up to 5 mm in diameter (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 bearing metapelites displays retrograde exsolution of ilmenite
along its rims. K-feldspar 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 bearing metapelite the K-feldspar shows sericitization. Late-stage muscovite forms

small flakes along grain boundaries of biotite and sillimanite (Fig. 2.2f and g).

Representative analyses of the minerals are presented in Table 3. Garnet cores are
homogenous (Fig. 2.4a) and have compositional ranges of Xyg = 0.1-0.2, Xajm = 0.65-0.72,
Xpp = 0.08-0.18, Xgrs = 0.01-0.03 and Xsps = 0.1-0.24. Garnet grains display retrograde re-
equilibration only along the rims showing increasing Xge (= 0.20 mm; Fig. 2.4a). The increase in
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 garnet have a composition of Anjy;3Ab7s5330r96. The K-feldspar
composition is in the range of Org;.100Abss.g, Whereas its exsolution lamellae have composition
of Abg4.1000r14-0. The Xyg of biotite has lower values in the garnet-bearing metapelite than in the
cordierite-bearing metapelite (Fig. 2.4b). The preserved titanium concentrations in biotite range
from 0.15 pfu to 0.35 pfu. Ti contents and the Xy, ratios are similar to those of biotite of the
sillimanite-staurolite and kyanite-staurolite metamorphic zones in New England (Fig. 2.4b;
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 late-stage Muscovite contains 3.0-3.07 Si apfu and 0.17-0.22 (Mg+Fe) apfu,
not following the phengite substitution line (Fig. 2.4c). In the garnet bearing sample quartz is

nearly absent, but mainly preserved as spherical inclusions in feldspars.
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Fig. 2.4 (a) Composition of garnet porphyroblast in the Ikulu metapelite depicting homogenous core
compositions with narrow retrograde rims (< 0.5 mm: low Xpy, and high X, ,) (b) Biotite compositions in
the garnet-bearing (T18) and cordierite-bearing metapelite (T4) (c) Chemical compositions of muscovite
in the metapelite; low Si contents of muscovite plot away from the phengite substitution line.

4. Pressure-temperature conditions during different metamorphic events

The metabasites and metapelites of the Katuma Block are suitable 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 preserved in the 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 petrographic observations 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 Grt-Sil-Bt gneisses and Crd-Sil-Bt gneisses contain sillimanite
pseudomorphs after 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). During this 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 orthopyroxene and plagioclase, which usually are
interpreted as a texture related to retrograde near isobaric cooling at elevated pressures (e.g.
Schenk, 1984). For further constraining the pressure-temperature conditions for the formation of
the different assemblages we applied conventional geothermobarometry as well as

pseudosection modelling.

4.1 Conventional geothermobarometry

The presence of ortho- and clinopyroxene, garnet, plagioclase, quartz, hornblende and minor
biotite in the metabasites provides a basis for estimating both the peak and the retrograde
pressure-temperature (P-T) conditions. The calibrations of Ellis and Green (1979) and Powell
(1985) for Fe-Mg partitioning between co-existing garnet-clinopyroxene and the Fe-Mg
distribution between garnet-hornblende (Graham and Powell, 1984; Perchuk et al.,
1985)(1984b), were used as thermometers. The calibrations of Eckert et al. (1991) and Newton
and Perkins (1982) for the garnet-plagioclase-clinopyroxene/orthopyroxene-quartz equilibrium
(GADS and GAES) were applied for pressure estimates of the mafic granulites. The
garnet-plagioclase-hornblende barometer (Kohn and Spear, 1990) was used for pressure
estimates of the amphibolites. All P-T estimates were performed without correcting for ferric
iron and using the core compositions with the highest Xy, for garnet and high Ti concentrations
in the case of hornblende. The P-T estimates are summarised in Table 4. The mafic granulites
yielded pressure estimates in the range of 6.7-8.9 kbar and temperature estimates in the range of
630 — 750 °C for the corona forming event. The P-T estimates for the amphibolites using the
Hbl-Grt-P1-Qz barometer and Hbl-Grt thermometer gave values in the range of 6.8—8.7 kbar and
640-790 °C, respectively.

The estimates of the peak metamorphic conditions 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 Fe-Ti oxide exsolutions, limited the use of
the Fe-Mg distribution between biotite 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 condition. At the assumed temperature of 770 °C (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 the P-T evolution metapelites and
metabasites, several pseudosections (Fig. 2.5, 2.6, 2.7 and 2.8) were calculated using the
THERIAK-DOMINO software (De-Capitani and Petrakakis, 2010) and the internally consistent
datasets of Holland and Powell (1998) and Berman (1988), files tcdb55¢c2d (THERMOCALC v.
3.25) and jun92. The activity models used in the Holland and Powell (1998) dataset (tcdb55¢c2p)
are those of Baldwin et al. (2005) for feldspar, White et al. (2007) for garnet (tc 325) and biotite,
Coggon and Holland (2002) for white mica, and Holland and Powell (1998) 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. The H,O concentrations were derived from the
values of loss on ignition, which, prior to their use, were checked using thermodynamic
modelling of the equilibrium assemblage in diagrams of temperature versus H,O. All of the

applied values of H,O produced the observed assemblages of the rocks.

Mafic granulite T9-1-10

The P-T pseudosection calculated for the mafic granulite T9-1-10 consists of di-, tri-, and
quadri-variant fields in a pressure range of 5.5-9.0 kbar and a temperature range of 600—800 °C
(Fig. 2.5). The assemblage of this mafic granulite is represented in the di-variant field of Ilm +
Opx + Grt + Cpx + P1 + Prg + aQz + H,O, with the exception of the late-stage amphibole, which
occurs in the sample as ferrohornblende instead of pargasite. The disparity in amphibole is most
likely due to the inadequacy of amphibole activity models in the Jun92 dataset of Berman
(1988), which is limited to pargasite, tschermakite and tremolite. The Xy-isopleths of garnet
that co-exists with pargasite on the low temperature side of the amphibole-out line are more
temperature dependent than those on the high temperature side of this line, which are both

pressure and temperature dependent as are those of the Xa, of plagioclase (Fig. 2.5). The
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maximum Xy values in garnet cores (0.2) and the X4, of the metamorphic plagioclase (0.51)
provide a P-T estimate of 7.8 kbar and 700 C for their equilibriation. These P-T conditions are in
the tri-variant field of Ilm + Opx + Grt + Cpx + P1 + aQz + H,O, which is characterised by the
reaction Opx + Cpxy + Pl = Grt + Cpx, + Qz, consistent with the textural features of
garnet-clinopyroxene corona around orthopyroxene (Fig. 2.2a and b). The rimward decrease in
Xmg of garnet and the decrease of X, of the metamorphic plagioclase correspond to the
isopleths of Xy, of garnet and X, of plagioclase that are crossed with falling temperatures (Fig.
2.5). The inferred near isobaric cooling path crosses the pargasite-forming reaction Opx + Cpx +
Pl + Qz = Grt + Prg + Qz and may be manifested in the sample by the replacement of
orthopyroxene, clinopyroxene and plagioclase by ferrohornblende, garnet and quartz (Fig. 2.2a

and b).

9000 ~
8500 -
E XAn (Max) = 0.51, XAn (Min) = 0.37
8000 C700°C, 7.8 kbar
i 7500 :— o, (Grt)
v o Xca (Pl)
a — 1. llm Grt Opx Cpx Prg aQz
) -
) 7000 B T9-1-10
o B Composition (mol. %) Si (47.1) Al (14.6)
C Fe (11.7) Mg (8.7) Ca (10.5) Na (3.9)
6500 T Ti()H(1.95)
Iim P1 Opx Cpx Iim Pl Opx Cpx C
6000 aQz H20 bQz H20 -
5500 l 1 1 1 1 | 1 1 1 1 I 6 1 1 1 I 1 1 1 I - :Qi
600 650 700 750 800

Temperature [ °C]

Fig. 2.5 P-T pseudosection in the system Na,O-CaO-FeO-MgO-Al,0;-Si0,-Ti0,-H,O for the mafic
granulite T9-1-10. Dark gray, medium gray and light gray shading represent di-, tri-, and quadri-variant
fields, respectively. The Pseudosection is overlain with isopleths of Xy, (yellow dashed lines) and X,
(red dashed lines), yellow and pink bold lines represent garnet-in and amphibole-in line. White box
represents P-T conditions determined from isopleths of Xy, and Xc,. The black arrow represents the P-T
path.

Mafic granulite T10-1-10
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The pseudosection for the mafic granulite T10-1-10 is dominated by tri- and quadri-variant
fields and minor di- and quini-variant fields shown in a P-T diagram ranging from 7.5 to 9 kbar
and from 600 to 800 °C (Fig. 2.6). The equilibrium assemblage is represented by a very broad
tri-variant field of Grt + P1 + Cpx + Prg + aQz + H,O that is limited at 7.5-9 kbar and
temperatures above 600 to 740 °C (depending on pressure) by a small di-variant field with the
assemblage Grt + P1 + Opx + Cpx + Prg + aQz + H,O.

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

XMg (Grt)
Xca (PI)

1. Grt Opx Cpx bQz H20

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)

L Fe (8.3) Mg (9.6) Ca(11.8) Na(3.3)
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Fig. 2.6 P-T pseudosection in the system Na,O-CaO-FeO-MgO-Al,0;-Si0,-H,O for mafic granulite
T10-1-10. Increasingly dark grey tones of the fields correspond to the increase in variance of the fields
(di-, tri-, quadri- and quini-variant fields). Pseudosection is overlain with isopleths of Xy, (yellow dashed
lines) and Xc, (red lines), white box represents P-T conditions determined from isopleths of Xy, and Xc,
and black line represents the deduced P-T 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 + Prg + aQz +
H,0. As in the case of the pseudosection for the mafc granulite T9-1-10, pargasite is predicted
as the stable amphibole instead of magnesiohornblende due to inadequacy of the applied
amphibole activity models. The modelled isopleths of the Xy, values in garnet are strongly

temperature dependent in the tri- and divariant field mentioned above, whereas those of X, in
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plagioclase are pressure and temperature dependent (Fig. 2.6). Thus, the maximum Xy, of the
garnet core values and the maximum Xj,, of the coexisting inner part of the metamorphic
plagioclase value constrain the P-T conditions to 8.6 kbar and 720 °C. The rimward decrease of
Xwmg ratios in garnet and Xa, in plagioclase (Fig. 2.3e) suggests that the garnet cores, their rims
and the metamorphic plagioclase 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 the Opx-out

reaction line P1 + Opx + H,O = Grt + Cpx + Hbl + Qz (Fig. 2.6).

Mafic granulite T26-3-10

The pseudosection for sample T26-3-10 consists of di-, tri-, quadri- and quini-variant fields
shown in a digram for the P-T range of 8.2-9.2 kbar and 680—-740 °C (Fig. 2.7). The equilibrium
assemblage consists of garnet, ortho- and clinopyroxene, amphibole (pargasite), plagioclase
feldspar, quartz and ilmenite and is represented in the broad corresponding di-variant field (low
T part in Fig. 2.7). This field is limited towards higher temperatures by the replacement of
ilmenite and rutile. The Xy, isopleths of garnet are strongly temperature dependent in both the
ilmenite and the rutile bearing divariant fields. The X4, isopleths of plagioclase are pressure and
temperature dependent. Using the Xy, of the garnet core (0.28) and the X, of the metamorphic
plagioclase rim (0.51), a peak pressure of about 8.9 kbar and a temperature of 725 °C is obtained
(Fig. 2.7). This P-T point is located near an amphibole-in line that marks the beginning of the
reaction Opx + Pl + H,O = Grt + Cpx + Prg + Qz, which is consistent with the reaction textures
observed in this mafic granulite, in which magmatic ortho- and clinopyroxene (augite) is
replaced by metamorphic clinopyoxene (diopside), garnet, quartz and pargasite (similar to
textures in Fig. 2.2a and d). Like in the pseudosections for the mafic granulites T9-1-10 and
T10-1-10, the decreases of the calculated Xy, ratios and the X4, towards lower P-T conditions
correspond to the rimward decreases of Xy, 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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Fig. 2.7 P-T pseudosection in the system Na,O-CaO-FeO-MgO-Al,05-Si0,-Ti0,-H,O for the mafic
granulite T26-3-10. Variance of the fields is depicted as in Figure 6. Pseudosection is overlain with
isopleths of Xy, (yellow dashed lines) and X¢, (red dashed lines), white box represents the P-T
conditions determined from the isopleths of Xy, and X, . The black arrow represents the P-T path.

Garnet-bearing metapelite T18-2-10

The pseudosection for the garnet-bearing metapelite is characterised by di-, tri-, quadri- and
quini-variant fields at pressures of 3—7 kbar and temperatures of 550-850 °C. The mineral
assemblage of the garnet-bearing metapelite is depicted in the quadri-variant field of PI + Sa +
Grt + Bt + melt + Sil, which occurs at pressures, above 5—7 kbar and a temperature range of
730-820 °C (Fig. 2.8). The isopleths for X, Xaim and Xsps of garnet are calculated given in the
equilibrium assemblage diagram. The Xy, in the garnet core of T18-2-10 (0.20; Fig. 2.8) result
in a P-T estimate of about 6 kbar and 790 °C. Biotite, plagioclase and sillimanite inclusions in
garnet together with sillimanite pseudomorphs after kyanite (Fig. 2.2e 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 quadri-variant field of P1 + Sa +
Grt + Bt + Sil + Ms + Qz and the quadri-variant field of P1 + Sa + Grt + Bt + Sil + Qz + melt

(Fig. 2.8). These observations document a P-T path with heating. The cooling and
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decompression phase of this metapelite is documented by the decrease of Xyg, Xam and Xgps
values in garnet rims (0.11, 0.65 and 0.1; Fig. 2.8) and the formation of retrograde muscovite
replacing biotite and sillimanite (Fig. 2.2f and g), which corresponds to a cooling path through
the quadri -variant field of P1 + Sa + Grt + Bt + Sil + Qz + melt, crossing a Ms formation line to
the quadri-variant field of Pl + Sa + Grt + Bt + Sil + Ms + Qz (Fig. 2.8). The late-stage
plagioclase corona around garnet is in agreement with isothermal decompression after peak
metamorphism. Pressure estimates for the plagioclase-corona 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 (Fig. 2.8; GASP, Koziol and Newton, 1988).

Sample T18-2-10
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Fig. 2.8 P-T pseudosection in the system Na,O-CaO-K,0-FeO-MgO-Al,05-Si0,-H,0 for the garnet-
bearing metapelite T18-2-10. Increasingly dark grey tones of the fields correspond to the increase in
variance of the fields (tri-, quadri- and quini- variant fields). Pseudosection is overlain with isopleths of
Xwmg (yellow dashed lines), black bold lines represent kyanite-sillimanite and andalusite-sillimanite
transitions, red line represents the muscovite-out line, purple lines are GASP (grossular-aluminosilicate-
silica-anorthite; KN 88 - Koziol and Newton, 1988) lines. The white box represents the P-T conditions
determined from isopleths of Xy, and the GASP lines. Black solid/dashed arrow represents the P-T path.
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5. Texturally controlled, in situ monazite dating

The in situ analysis of monazite 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 (T4-11-10) and the garnet bearing metapelite

(T18-2-10), were selected for the texturally controlled in situ monazite 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 bearing rock (T18-2-10) due to some hydrothermal alteration at the Chemchem
locality of the cordierite-sillimanite-kfeldspar-biotite-bearing sample (T4-11-10).

The monazite grains (15 to 250 um) have dark cores in BSE images that are partially
replaced by lighter coloured patches that developed with convex grain boundaries into the
darker zones (Fig. 2.9b, ¢, d, f). These patchy textured cores are surrounded by concentrically
zoned rims, which are in most cases light coloured in BSE images (Fig. 2.9b, d and f) but
sometimes also quite dark gray (Fig. 2.9a and c). This pattern represents a complex zoning. The

mineral chemical data from the different types of monazite grains are presented in Table 6-9.

The monazite grains are present as accessory minerals in the matrix or as 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; Fig. 2.10a and b). The overgrown rims of the monazite grains
tend to contain lower amounts of HREE and Y compared to the cores (Fig. 2.10a 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 (Fig. 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 the overgrowths by

fluid related processes (e.g. Harlov et al., 2011).
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Fig. 2.9 Backscatter images of monazite grains from the Ikulu metapelites showing microtextures and the
correlation of growth zones with the temporal evolution. (a — d) 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. 2.10 Chondrite-normalised 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 compared to that in the cores.
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Fig. 2.11 Plot of ((Th, U) + Si) *4 vs. ((REEs, Y) + P)*4 showing cheralite and huttonite vectors for
monazite core and rim analyses of sample T18-2-10 and T4-11-10.

5.2 Insitu U-Th-total Pb dating of monazite

Dating of the core domains of monazite grains in the matrix and of inclusions in garnet yielded

apparent ages in the range of 2030—1910 Ma and those of the overgrown rims in the range
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1890-1790 Ma (Fig. 2.9a-f), which are more than 100 Ma younger than those of the core
domains. For the core domains of the monazite grains in the garnet bearing sample (T18-2-10)
the dating yielded weighted mean ages of 1957 + 10 Ma, whereas the overgrown rims yielded an
age of 1837 £ 6 Ma (Fig. 2.12a). Similarly, the cores of the cordierite bearing sample gave an
age of 1967 = 16 Ma and the rims of 1848 + 17 Ma (Fig. 2.12b). This means that the core and
rim ages of both metapelite samples are identical within errors and that the sediments in the

Katuma Block experienced two metamorphic events that were separated by about 120 Ma.
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Fig. 2.12 Monazite age histograms: the tall black curves are summative curves of the dates of each age
population, and the red curves are the weighted mean ages (2c error) of the age populations. (a)
Metamorphic ages of sample T18-2-10 (b) Metamorphic ages of sample T4-11-10.

6. Discussion

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

In this paper we have presented petrological data of metabasites and of metapelites of the
Katuma Block, which record contrasting P-T evolutions. 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 review-b). The correlation of the contrasting petrological P-T data with the
radiometric ages is not straight forward, as additional U-Pb zircon ages that are available for the
rocks of the Katuma Block indicate that this block experienced four metamorphic events in
Archean and Paleoproterozoic times (Kazimoto et al.,, in review-b). Thermobarometric
calculations and pseudosection modelling of the metabasites indicate that the granulite-facies

reactions textures replacing the magmatic mineral assemblages occurred at 8.9—-6.5 kbar and
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790-700 °C. The replacement of the magmatic orthopyroxene and plagioclase by coronas
containing garnet-clinopyroxene-quartz-hornblende document a near-isobaric cooling path in
the deep crust. In the absence of a preserved prograde metamorphic evolution in the mineralogy
of the rocks we ascribe the granulite-facies corona forming stage to the post-magmatic cooling
after the intrusion of mafic melts into the deep crust. As the magmatic crystallization ages of the
zircon grains in these rocks are about 2.65 Ga, the metamorphic mineral assemblages may have

developed in late Archean or early Proterozoic time.

In metapelites, the common occurrence of cm-sized prismatic sillimanite pseudomorphs after
kyanite provides evidence for two stages of the metamorphic evolution. The early stage
occurred in the P-T stability field of kyanite, whereas the subsequent peak-metamorphism was
associated with anatexis and is characterised by the development of Grt-Sil-Kfs and Crd-Sil-Kfs
bearing assemblages. The strong pressure decrease after peak metamorphism points to a crustal
collisional event preceding the isothermal uplift. Without the information of radiometric ages
obtained by texturally controlled monazite dating the petrological data could easily be
interpreted to reflect a single phase clockwise P-T evolution during a collisonal event. However,
the two ages obtained from monazite grains of these rocks are separated by about 120Ma and
therefore cannot be correlated with a single clockwise P-T path. As the two growth zones of
monazite grains that preserved the two ages, at about 1960 Ma and 1840 Ma, occur in the rock
matrix and as inclusions in garnet porphyroblasts, garnet should have grown during or after the
second growth phase of the monazite grains. This interpretation is supported by the stronger
depletion of Y and HREE in the overgrown rims compared to the cores (Fig. 2.10a and b),
reflecting their growth in equilibrium with garnet (Foster and Parrish, 2003; Spear and Pyle,
2002). The growth of the core zones that do not show the strong Y and HREE depletion are
tentatively attributed to the kyanite stage of the metamorphic evolution, when garnet was absent

or present in only small amounts.

6.2 Metamorphic events and crustal evolution in the Ubendian Belt

The petrologically identified contrasting P-T evolutions for the Neoarchean metabasites and the
overlying metasediments and the new monazite ages of the metamorphic events will be
combined with already published zircon ages and geochemical data (Kazimoto et al., in review)
to develop a geodynamic evolution model for the NW Ubendian Belt (Fig. 13). The recorded
evolution of rocks in the Katuma Block began in the Neoarchean (2.71 and 2.64 Ga) by their

magmatic formation in an active continental margin setting (Tanzania Craton) as evidenced by
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the trace element characteristics of metabasites and orthogneisses of the Katuma Block
(Kazimoto et al., in review). Metamorphic rims overgrown on zircon grains of the oldest
orthogneiss (= 2.71 Ga) suggest that this period was also associated with a metamorphism of
older magmatic rocks at ca. 2650 Ma, most likely related to the heat released from the magmas
into this active continental margin (Fig. 13A; Harley, 1989; Lucassen and Franz, 1996). This
Neoarchean metamorphic event (ca. 2650 Ma) is further documented by schistose xenoliths of
garnet amphibolites included in an unmetamorphosed gabbronorite dated at 2643 + 4 Ma.
Detrital zircon cores in metasediments (calc-silicate rocks and metapelites), provide ages
between 2680 Ma and 2050 Ma, indicating that sedimentation of the Ikulu sediments followed
the Neoarchean magmatic crust formation period (Kazimoto et al., in review). The lower age
limit for the sedimentation is constrained by the age of the first metamorphism of the
metasediments at about 1970 Ma and by the youngest detrital cores at 2050 Ma (Fig. 13B). The
similarity of U-Pb ages obtained from detrital zircon of the metasediments and the zircon from
orthogneisses and metabasites implies that the magmatic rocks of the Katuma Block could well
be the source of the sediments. The isobaric cooling deduced from reaction textures in the
Neoarchean Katuma metabasites reflect a time of geodynamic quiescence, which we attribute to
a passive continental margin stage, when the Ikulu sediments were deposited on the passive

continental margin (2.65-2.05Ga; Fig 13B).

A younger phase of calc-alkaline magmatism including metabasites and granitoids has been
dated between 2020 Ma and 1940 Ma (Kazimoto et al., in review). This magmatic period was
concomitant to deformation and migmatization of the Neoarchean Katuma orthogneisses dated
at about 2050-2030 Ma (U-Pb zircon in leucosome) and unfoliated granitoids dykes (~
1990-1950 Ma) that cut the migmatites. Deformation and granulite metamorphism at about
2100-2000 Ma was already recognized by Cahen et. al. (1966), McConnell (1969), Lenoir et al.
(1994b) and Ring et al. (1997), who interpreted the event as the onset of the Ubendian orogeny.
In our model, we attribute this event to an active continental margin stage (Fig. 13C). U-Pb ages
of metamorphic growth zones on zircon grains of metasediments dates the metamorphism of the
precursor sediments at about 1960—1940 Ma culminating with migmatization (Kazimoto et al.,
in review). This age is in agreement with monazite ages of about 1960 Ma reported in this study.
Similar ages of metamorphism (2050—-1940 Ma) have been reported elsewhere in the Ubendian
Belt (Boniface, 2009b; Boniface et al., 2012; Lawley et al., 2013c; Lawley et al., 2013d; Ring et
al., 1997), which points to a common geodynamic evolution in an active continental margin

setting during the formation of the Ubendian Belt.
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northwestern Ubendian Belt of Tanzania.
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The relatively young Ms-Bt granite (1940 Ma) with a gneissic fabric containing zircon grains
with metamorphic overgrowths indicate that at 1880 Ma pre-existing older Paleoproterozoic
rocks were metamorphosed (Kazimoto et al., in review). This metamorphic event is also attested
by Pb-loss recognized in Neoarchean and Paleoproterozoic magmatic zircon grains of
metabasites and orthogneisses. The age of about 1840 Ma found in the outer rims of monazite
grains included in metapelitic garnet porphyroblasts dates a crustal thickening event. This
crustal thickening post dates the formation of MORB-type eclogites in the northern Ubendian
Belt at ca. 1880—1860 Ma (Boniface et al., 2012). Similar metamorphic ages (ca. 1840—-1810
Ma) for a crustal thickening event have already been reported elsewhere in the Ubendian belt for

high-grade metamorphism (Boniface, 2009b; Boniface et al., 2012).

7. Conclusion

In this paper we have presented a first detailed model of the geological evolution of the linear
Paleoproterozoic Ubendian Belt situated between the Archean Tanzania Craton and the
Bangwelu Block. The model includes Neoarchean crust formation and several Paleoproterozoic

metamorphic events.

The Ubendian Belt contains Neoarchean magmatic rocks formed about 2.74-2.64 Ga ago
(Kazimoto et al., in review-b; Lawley et al., 2013a), forming an active continental margin of the
Tanzania Craton, which is evidenced by the geochemical similarities of the Neoarchean
Ubendian rocks and those of present magmatic arcs. The heat released from the Archean arc

magmas caused a first metamorphism of the crust at about 2650 Ma.

The granulite-facies corona assemblages in metabasites consisting of garnet, clinopyroxene,
hornblende and quartz replacing magmatic orthopyroxene and plagioclase suggest a tectonically
quite period, during which the rocks cooled under near isobaric conditions subsequent to their
magmatic formation. This period is interpreted as a passive continental margin stage during
which the sediments of the Katuma Block, displaying detrital zircon ages of 2640-2050 Ma,

have been deposited.

U-Pb magmatic zircon crystallization ages of mafic and felsic calc-alkaline rocks
(2050-1940 Ma) reflect a second period of intense magmatic activity related to oceanic
lithosphere subduction at an again active continental margin. This active continental margin

stage is also recorded by a protracted period of metamorphism and deformation between 2050
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Ma and 1840 Ma, indicating that subduction of oceanic crust at this margin lasted for about

200Ma.

The final collision and crustal thickening at about 1840 Ma between the Bangweulu and the
Katuma Block led to the crystallization of sillimanite, cordierite and garnet porphyroblasts in
metapelites at about 1840 Ma as indicated by the age of monazite inclusions in garnet
porphyroblasts. This event also was responsible for the exhumation of 1880—1860 Ma eclogites

representing the subducted ocean crust.
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Chapter 3

The age of Au-Cu-Pb bearing veins in the poly orogenic Ubendian Belt
(Tanzania): U-Th-total Pb dating of hydrothermally altered monazite

Abstract

The age of gold-copper-lead mineralization in the Katuma Block of the Ubendian Belt remains
controversial because of the lack of radiometric ages that correlate with the age of
tectonothermal events of this poly-orogenic belt. Previous studies reported whole rock and
mineral Pb-Pb ages ranging between 1660 Ma and 720 Ma. In this study, we report U-Th-total
Pb ages of monazite from hydrothermally altered metapelites that host the Au-Cu-Pb bearing
veins. Three types of chemically and texturally distinct monazite grains or zones of grains were
identified: monazite cores, which yielded a metamorphic age of 1938 + 11 Ma (n=40),
corresponding to known ages of a regional metamorphic event, deformation and granitic
plutonism in the belt; metamorphic overgrowths that date a subsequent metamorphic event at
1827 + 10 Ma (n=44) that postdates known eclogite metamorphism (at ca. 1880 Ma) in the belt;
hydrothermally altered monazite, representing the third type of monazite, constrain the age of a
hydrothermal alteration event at 1171 + 17 Ma (n=19). This Mesoproterozoic age of the
hydrothermal alteration coincides with the first amphibolite grade metamorphism of
metasediments in the Wakole Block, which adjoins with a tectonic contact the vein bearing
Katuma Block to the southwest. The obtained distinct monazite ages not only constrain the ages
of metamorphic events in the Ubendian Belt, but also provide a link between the metamorphism
of the Wakole metasediments and the generation of the hydrothermal fluids responsible for the

formation of the gold copper lead veins in the Katuma Block.



78 3. The age of Au-Cu-Pb bearing veins in the Ubendian Belt

1. Introduction

Despite many attempts and its importance in exploration dating of hydrothermal gold
mineralization in orogenic belts is still a challenge due to the scarcity of minerals formed during
mineralization that are suitable for dating. Additional difficulties for dating arise from the fact
that mineralized zones are formed by multiple episodes of mineralization and post-depositional
hydrothermal alterations; this results in a wide range of scattering dates. Attempts to date
mineralization events using hydrothermally altered minerals of the adjoining country rocks may
also result in ambiguous, mixed ages due to incomplete resetting of the applied isotopic systems.
The geochronological methods used to date mineralization include *’Ar/°Ar dating of
hydrothermal minerals (e.g., adularia, biotite, K-feldspar and white mica) and mica inclusion in
hydrothermal sulfides (Phillips and Miller 2006), Re-Os dating of sulfide minerals (e.g.,
molybdenite, arsenopyrite, pyrite and chalcopyrite) associated with gold mineralization (Arne et
al. 2001; Lawley et al. 2013b; Selby et al. 2002; Stein 2001), Pb-Pb dating of hydrothermal
sulfides (Frei and Pettke 1996) and U-Pb and Pb-Pb dating of hydrothermally formed zircon and
monazite (Davis et al. 1994; Hu et al. 2004; Kerrich and Kyser 1994; Rasmussen et al. 2006;
Vielreicher et al. 2003).

Knowledge of the age of mineralization or of a hydrothermal event is a prerequisite to
understanding its relation to the tectonic, magmatic or metamorphic events during an orogenic
cycle. The formation of hydrothermal deposits is often coeval with the accretion of tectonic
terranes and therefore, on a global scale, is often related to the amalgamation of supercontinents
(Barley and Groves 1992; Kerrich and Cassidy 1994). In addition to this coeval mineralization,
Kerrich and Cassidy (1994) noted that some vein deposits are up to 250 Ma younger than the
primary orogenic events and seem not to be related to the orogenic evolution. The different age
relationships between the mineralization and the orogenic evolution have been referred to as
“early gold” and “late gold” models.

The Paleoproterozoic Ubendian Belt contains two orogenic gold deposits (Goldfarb et al.
2001): one in the Lupa Block (Lawley et al. 2013¢c; Lawley et al. 2013b; Lawley et al. 2013d)
and a second the Mpanda mineral field in the Katuma Block (Fig. 3.1a & b). Attempts to date
the Mpanda gold mineralization with the Pb-Pb method used galena, chalcopyrite, pyrite and
Cu-Au oxidized ores, which resulted in a wide range of ages between 1660 Ma and 720 Ma
(Cahen et al. 1966; Nanyaro 1989; Stendal et al. 2004). This range indicates that the
mineralization in Mpanda cannot be regarded as an “early gold” mineralization with respect to
the Paleoproterozoic orogenic evolution of the belt. Stendal et al. (2004), first classified this

mineralization event as late gold of post-Paleoproterozoic age, using the Pb-Pb isotope
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compositions of whole rocks and sulfides. According to these authors, the mineralization was
contemporaneous with the emplacement of a alkali granite and the Sangu-Ikola carbonatite (ca.
720 Ma) within the Ubendian Belt.

In recent studies, it has been recognized that the Ubendian Belt, which was formerly
interpreted as an entirely Paleoproterozoic Belt (Daly 1988; Lenoir et al. 1994), was affected by
three orogenic cycles: the Paleoproterozoic Ubendian, the Mesoproterozoic Kibaran and the
Neoproterozoic Pan-African events (Boniface and Schenk 2012; Boniface 2009; Boniface et al.
2012). These events did not affect the entire Ubendian Belt with the same intensity but were, in
part, localized. For example, the Mesoproterozoic event affected only the northern parts of the
belt north of a Neoproterozoic suture (Boniface 2009; Boniface et al. 2012). In view of these
new findings, the interpretation of the origin of the Mpanda gold mineralization, its age and its
correlation with the complex orogenic evolution of the Ubendian Belt warrants re-evaluation.

In the present study we dated a mineral that formed or recrystallized during the hydrothermal
mineralization event. We employed electron microprobe U-Th-total Pb dating of hydrothermally
altered monazite present in hydrothermally altered metapelites, which host the gold bearing
veins. The ages of the hydrothermal veins obtained in this study are in accordance with reported
ages of the first metamorphism of the precursor pelitic sediments of the adjoining Wakole
Block. This result suggests that the gold mineralization in the Katuma Block occurred during the
Mesoproterozoic Kibaran orogeny and lends support to an ‘early gold’ orogenic deposit model.
Moreover, our study demonstrates the successful use of hydrothermally altered monazite in

dating a metallic hydrothermal mineralization.

2. Geological Setting

2.1 Ubendian Belt

The Paleoproterozoic Ubendian Belt is a NW-SE trending metamorphic belt located along the
southwest margin of the Archean Tanzania Craton, separating the craton from the Bangweulu
Block and the Mesoproterozoic Irumide Belt to the southwest. The northern part of the belt is
unconformably overlain by metamorphosed to unmetamorphosed sedimentary rocks of the
Mesoproterozoic Karagwe-Ankolean Belt and the Meso- to Neoproterozoic Bukoban
Supergroup (Fig. 3.1a). The belt has been subdivided into eight lithologically distinct blocks,
namely the Ubende, Wakole, Katuma, Ufipa, Mbozi, Lupa, Upangwa and Nyika Blocks (Fig.
3.1a), which are separated by NW-SE trending zones of mylonite, ultra-mylonite and gouge that
exhibit a dextral sense of shear (Daly 1988).
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The Ubendian Belt is associated with a complex structural and metamorphic history that spans
from the Paleoproterozoic to the Neogene; therefore, the belt has been considered to be a crustal

zone of a persistent structural weakness (Boven et al. 1999; Kilembe and Rosendahl 1992;

Lenoir et al. 1994; Theunissen et al. 1996; Delvaux et al. 2012).
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Fig. 3.1 (a) Regional geological map showing the geological setting of the Paleoproterozoic Ubendian
Belt, its blocks and bordering belts (modified after Pohl, 1994 and Daly, 1988). ( b) Geological map of
Katuma Block modified after Biyashev et al., (1977), Semyanov et al. (1977) and Smirnov et al. (1973).

The early Paleoproterozoic tectono-thermal events have been assigned to two separate stages.
The first stage (~ 2.1-2.0 Ga) is characterized by felsic and mafic magmatism and granulite
facies metamorphism that was locally, along shear zones, followed by a greenschist facies
overprint and an E-W striking tectonic rock fabric (Lawley et al. 2013c; Lawley et al. 2013d;
Lenoir et al. 1994; Ring et al. 1997). The second stage (1.9—1.83 Ma) is associated with the
formation of MORB-type eclogites, besides amphibolites and granulites, NW-SE block-
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bounding shear zones and an orogenic gold deposit in the Lupa Block (Boniface et al. 2012;
Lenoir et al. 1994; Lawley et al. 2013b; Lawley et al. 2013a). The Mesoproterozoic tectono-
thermal events were recorded by zircon and monazite in the rocks of the blocks located in the
northern part of the Ubendian Belt (Katuma, Ubende and Wakole Blocks) (Boniface 2009;
Boniface et al. 2012). Only in the Wakole Block both zircon and monazite indicate that the
metasediments were first metamorphosed during Mesoproterozoic events (1170 and 1010 Ma)

due to crustal thickening (Boniface 2009).

Fig. 3.2 (a) Ikulu metapelite at Chemchem mine showing mafic bands (Bt-Sil) and felsic bands (Qz-Fsp).
(b) K-feldspar alteration of Ikulu metapelite adjacent to the Au-Cu bearing veins at Chemchem mine. (¢)
Epidote-K-feldspar-sericite alteration of Ikulu metapelite adjacent to the Au-Cu-Pb bearing veins at
Chemchem mine. (d) Chlorite-epidote-pyrite alteration of amphibolite adjacent to gold bearing vein.

The eclogites with volcanic-arc type chemistry preserved in the Ufipa Block mark the location
of a Neoproterozoic suture zone (ca. 590 — 520 Ma) that formed due to the amalgamation of the
Gondwana supercontinent, when the Ubendian Belt was the site of volcanic-arc accretion and
suturing between the Bangwelu Block and the Tanzania Craton (Boniface and Schenk 2012).
The northwestern faults of the East African Rift along the Ubendian Belt suggest a young rift
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related reactivation of the older Precambrian zones of weakness (Kilembe and Rosendahl 1992;

Theunissen et al. 1996).

2.2 Katuma Block

The Katuma Block is located on the northern margin of the Ubendian Belt and is bounded by the
Archean Tanzania Craton in the northeast, and the Wakole Block in the southwest (Fig 3.1a).
The rocks in this block are divided into two groups (Fig 3.1b). The Katuma Group, for which a
thickness of about 3.5 km has been estimated, is mainly composed of schistose to migmatitic
orthogneisses and metabasites that are locally associated with gabbros. The Ikulu Group, which
is thinner (ca. 1.4 km), unconformably overlies the Katuma Group and is composed mainly of
metasedimentary rocks (Semyanov et al. 1977). Gold bearing veins cut the rocks of the Katuma
and the Ikulu Group and are associated with hydrothermal alteration of the adjoining rocks,
which include the formation of hydrothermal chlorite, sericite, epidote, quartz, calcite and K-
feldspar (Fig. 3.2b-d). Near the gold bearing veins the host rocks are intensely silicified,
sericitized and chloritized. The veins are composed of siderite, barite, quartz, K-feldspar and
sulfides (primarily pyrite and chalcopyrite or/and galena), and the gold is primarily hosted in
pyrite and chalcopyrite (Fig. 3.3a and b).

-

“

Siderite band [ <

Fig. 3.3 (a) A photo of ores from Singililwa Au-Cu mine that consist of barite, K-feldspar, siderite and
pyrite. (b) Another type of ore primarily composed of quartz and sulfides (pyrite and chalcopyrite).

The veins display two major orientational trends: parallel to the strike of the rocks (NW—-SE)
and nearly perpendicular to the strike (NE-SW and E-W) (Fig. 3.1b). The NW-SE shear and
fracture zones are thought to have formed during the latest Paleoproterozoic Ubendian tectonic

event (ca. 1.80 Ga; Stendal et al. 2004; Lenoir et al. 1994), whereas the E-W trending veins are
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associated with the early Paleoproterozoic event (ca. 2.1-2.0 Ga) and the Neoproterozoic
reactivation (Stendal et al. 2004). An interpretation of aeromagnetic data indicates primarily a
structural control of the mineralized veins along the NW—SE border between the Katuma and

Ikulu Group (Stendal et al. 2004)

3. Analytical methods

Samples of the Ikulu metapelites were collected adjacent to the Au-Cu-Pb bearing vein in the
Chemchem Cu-Au abandoned mine in Mpanda (Fig. 3.1b). The mineral analyses and in-situ U-
Th-total Pb monazite dating were performed using a JEOL Superprobe JXA-8900R Electron
Probe Microanalyzer at the Institute of Geoscience of the University of Kiel. For biotite,
plagioclase, amphiboles, epidote, zoisite, muscovite and chlorite analysis, analyses were
performed using an accelerating voltage of 15 kV and a probe current of 15 nA or 20 nA.
Synthetic and natural mineral standards were used and the CITZAF method of Armstrong
(1995) was used for matrix correction. Except for minor differences in the values of accelerating
potential and probe current, the in situ U-Th-total Pb monazite dating was performed using
procedures similar to those described by Braun and Appel (2006) and Jons et al. (2006). The U-
Th-total Pb composition of the monazite was determined using an accelerating voltage of 20 kV
and a probe current of 60 or 80 nA. The microprobe was calibrated for P, REE and Y using the
synthetic REE orthophosphate standards of the Smithsonian Institute (Jarosewich and Boatner
1991). The composition of these standards were carefully determined considering their Pb
content (see Donovan et al. 2003). For Th, Pb, U, Si, Ca and Al analysis, the microprobe was
calibrated using thorianite, crocoite, synthetic U-bearing glasses, wollastonite and corundum,
respectively. The JEOL ZAF program was used for matrix correction. Counting times for Pb are
between 2 and 4 minutes on the peak and similar times on the background, depending on the
intensities. The Pb Mb lines, Th Ma lines and U Mb 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.ifg.uni-kiel.de/1202.html. The quality of the data was controlled by

repeated analyses of internal monazite standards from southeast Madagascar (kindly provided
by Michael Raith, Bonn). These standards are homogenous in composition and were dated using
cogenetic zircon using the U-Pb method, which resulted in an age of 542 £ 2 Ma. Samarium-
neodymium (Sm-Nd) dating of monazite-biotite-garnet-zircon from the same rocks gave an
isochron of 542 + 11 Ma (Paquette et al. 1994). Analyses with significant apparent Al contents
were rejected to avoid artifacts from secondary fluorescence that may occur if analytical points

are too close to grain boundaries. The chemical ages of the monazite together with their
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uncertainties were then calculated using the “Comb-error” and “AgeFinder” software programs

(Appel 2010, 2013)

4. Petrography and mineral chemistry

4.1 lkulu metapelite

Ikulu metapelites containing the dated hydrothermal altered monazite are gneissic to migmatitic
in texture (Fig. 3.2a) and contain assemblages of biotite, sillimanite, plagioclase, quartz and K-
feldspar. The biotite and sillimanite are primarily present in the melanosomes, and quartz,
plagioclase and K-feldspar are primarily present in the leucosomes. Under the microscope, the
biotite is green to brownish green and is surrounded by retrograde exsolution of ilmenite along
its rims. The sillimanite is present in clusters, which are interpreted to form pseudomorphs after
kyanite, or occurs intergrown with biotite. It is often surrounded by pinite pseudomorphs after
cordierite (Fig. 3.4a and b). Minor minerals include zircon, monazite, ilmenite and magnetite
that formed after ilmenite. The zircon and monazite grains are surrounded by pleochroic haloes
in the pinite, supporting the interpretation that the pinite is really formed after cordierite (Fig.
3.4b). The metapelite adjacent to the gold bearing veins was affected by hydrothermal alteration
of primary minerals, which includes chloritization of biotite, sericitization of plagioclase and
sillimanite and the formation of epidote (Fig. 3.2).

Representative mineral analyses are presented in Table 1. The biotite in the metapelite exhibits
Xpe ratios of 0.44-058 (Xp.=Fe/(Mg+Fe)). The titanium contents in biotite vary between 0.02
apfu along the rims to 0.15 apfu in the cores (Fig. 3.5a). Relict plagioclase is oligoclase
containing an average Xan of 0.30. The hydrothermal sericite is muscovite and the chlorite is

ripidolite and pynochlorite (Table 1).
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Fig. 3.4 Plane-polarized photomicrographs of various rock types from the Chemchem mine (a and b).
Photomicrograph of the metapelite showing sillimanite cluster and biotite surrounded by pinite
pseudomorph after cordierite and (b) zircon grains surrounded by pleochroic halos within the pinite. (c
and d) Photomicrograph of the calc-silicate rock showing diopside (Di) and quartz (Qz) partly replaced
by tremolite (Tr), calcite (Cal), zoisite (Zo) and titanite (Ttn). (E) Photomicrograph of the metabasite
depicting an assemblage of hornblende (Hbl), plagioclase (P1), ilmenite (Ilm) and quartz (Qz) replaced by
chlorite (Chl), sericite (ser) and epidote (Ep).
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4.2 Calc-silicate rocks

Calc-silicate rocks crop out together with the metapelites. These rocks are rich in quartz- (= 75
vol. %) and diopside. Under the microscope an assemblage of diopside, quartz and K-feldspar is
partially replaced by a retrograde assemblage of tremolite, zoisite, muscovite and calcite. The
zoisite is symplectitic intergrown with muscovite, albite and, in places, with calcite (Fig. 3.4c
and d). Tremolite has an Al content of 0.51-0.04 apfu (Table 1) and is present as late-stage rims
around diopside together with calcite. Additional minerals include titanite and zircon (Fig. 3.4c

and d).

4.3 Orthoamphibolite

Orthoamphibolites are present near the Ikulu metapelites. This rock type contains hornblende,
plagioclase and ilmenite. The hornblende is magnesiohornblende (Xu, = 0.56) varying from
olive green to brownish green and containing a mean TiO, content of about 1.0 wt. % (0.1-0.13
Ti apfu.), 6.63 apfu Si and 0.47 apfu Al". The plagioclase is labradorite (X, = 0.53—0.57) and
in part has been affected by later formation of sericite and epidote. Metabasites are discordantly
cut by epidote-chlorite micro-veins and the rocks next to the veins have been affected by

hydrothermal alteration forming sericite, chlorite, epidote and calcite (Fig. 3.4¢).

4.4 Metamorphic evolution of the vein country rocks at Chemchem

The mineralogy of the country rock of the Au-Cu-Pb veins reflects different stages of the
metamorphic evolution prior to its hydrothermal alteration. These different evolutionary stages
may also be recorded by the different internal growth zones and alteration textures of the
monazite. The use of mineral chemistry data in determining the peak pressure and temperature
conditions of metamorphism of the Ikulu metapelites at Chemchem is limited by the
retrogression and hydrothermal alteration of its primary mineralogy, which led to the situation
that cordierite is never preserved. However, the common occurrence of cm-sized prismatic
pseudomorphs of silimanite after kyanite is clear evidence that the early stage of the evolution
took place in the kyanite stability field. The peak conditions are characterized by the formation
of anatectic leucosomes and the stability of cordierite, sillimanite and K-feldspar. This suggests
that the metapelites were subjected to high-grade metamorphic conditions, which is in
accordance with the observations of sillimanite, K-feldspar and cordierite bearing assemblages
commonly found in metapelites of the upper amphibolite to granulite facies (e.g. Bliimel and

Schreyer, 1977).
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Fig. 3.5 (a) Plot of Ti (per 11 oxygens) of biotite of the Ikulu metapelite hosting gold bearing veins. The
fields are compositions of biotite from metamorphic zones of northern England (Robinson et al., 1982;
and Spear 1995). (b) Retrograde zoning in biotite of Ikulu metapelite (note low Ti values along the rims
of biotite compared to the core).
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The Ti-content and Xp. values of biotite in metapelites are similar to those of biotite in kyanite-
staurolite, sillimanite-staurolite and sillimanite-muscovite grades of metapelites in western
Maine (USA; Fig. 3.5a; Robinson et al., 1982 and Spear 1995). However, due to the strong
retrograde exsolution of ilmenite these mineral chemical data reflect only minimum
metamorphic conditions. The influence of the retrogression on the Ti-content is seen in the
strong decrease of the Ti-contents towards the rims of single biotite grains (Fig. 3.5b).

The hornblende-plagioclase thermometry of Holland and Blundy (1994) requires that the Si
content of the hornblende is less than 7.8 pfu and the plagioclase XA, is less than 92.
Amphiboles and plagioclase in the clinopyroxene bearing amphibolite of the present study meet
those requirements. Estimates of the temperature using hornblende-plagioclase thermometry
result in a temperature of amphibolite formation between 730 and 750°C. Retrograde formation
of tremolite—zoisite—quartz from diopside and plagioclase in calc-silicate rocks and the
maximum Al-content of cores (0.51 pfu) of the late-stage tremolite are consistent with the
formation of this retrograde assemblage at temperature and pressure conditions of about > 650
°C and 7.6 kbar (Fig. 3.5¢; Quirion and Jenkins, 1998).

In summary, the textures and mineralogy of the hydrothermally altered metapelitic country
rocks of the Au-Cu-Pb veins give evidence of two metamorphic stages during the prograde
evolution, of which the first stage was in the kyanite stability field, whereas the peak
metamorphism reached anatectic temperatures in the stability field of the assemblage
sillimanite—cordierite—biotite—K-feldspar. Estimates of peak temperatures of about 750°C for
this assemblage are in agreement with hornblende-plagioclase thermometry of a
clinopyroxene-bearing amphibolite. Aluminum contents in late-stage tremolite of calc-silicates
indicate partial retrograde re-equilibriation below 660 C at 7.6 kbar. The penetrative pinitization

of cordierite must have occurred under greenschist to sub-greenschist facies conditions.

5. Monazite in metapelite

5.1 Textures and chemistry

Monazite is present in the matrix of the metapelites together with altered feldspars, pinite,
sillimanite, biotite and quartz. In the altered metapelites all minerals including monazite were
affected to different degrees by hydrothermal alteration. Backscatter electron images (BSE) of
unaltered monazite grains show dark gray cores that display various zoning patterns (concentric
and patchy; Fig. 3.6a and b) and are surrounded by bright, light gray to white overgrowths (Fig.
3.6a and b).
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Fig. 3.6 Microtextures of selected monazite grains (in backscattered electron images; a — e): most
metamorphic monazite grains display concentric (a) and patchy (b) zoning with overgrowths surrounding
cores. The hydrothermal altered monazite grains (c and d) are brighter than the metamorphic monazite
(C) and contain inclusions of apatite and uraninite. (e) Large area of monazite displaying hydrothermally
altered monazite, sericite and apatite.

The hydrothermally altered monazite is generally distinguishable from unaltered grains by its

poikilitic texture and the bright and light gray colour in BSE images (Fig. 3.6c, d and e). These
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altered grains include dark gray relicts of older monazite, bright white spots of uraninite and
elongated black inclusions (Fig. 3.6¢, d and e), which are rich in Ca and PO, and thus appear to
be similar to apatite (cf. Poitrasson et al., 2000).

The mineral chemistry data from the different types of monazite grains are presented in
Tables 2, 3 and 4. The altered and unaltered monazite grains exhibit different mineral
chemistries. Compared to the chemistry of average unaltered overgrowth zones, the
hydrothermally altered monazite has slightly higher Eu concentrations and is depleted in Y, U,
Pb, Th, Er, Dy and Ca (Fig. 3.7). The Si levels in the altered monazite are variable, i.e., slightly
higher or lower than that of the unaltered monazite, whereas the P and light rare earth elements
(LREEs: La, Ce, Pr and Nd) are present at similar concentrations in both the altered and

unaltered monazite (Fig. 3.7).
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Fig. 3.7 Comparison of concentrations of various elements in hydrothermally altered monazite and

unaltered monazite overgrowths: HREEs, U, Pb, Ca and Th are depleted in hydrothermally altered
monazite compared to unaltered overgrowths, Eu is variable in hydrothermally altered monazite and P
and LREE concentrations are similar in hydrothermally altered and unaltered monazite.

In the plot of (Th+U+Si)*4 versus (REE+Y+P)*4 (Fig. 3.8), the unaltered monazite cores are
characterized by cheralite substitution, whereas the unaltered monazite overgrowths plot
between the huttonite and cheralite substitution vectors, suggesting effects of both substitutions

on the unaltered overgrowths. In contrast, only the huttonite substitution vector is important in
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the hydrothermally altered monazite. The REE concentrations in the unaltered monazite cores
and overgrown zones, exhibit similar chondrite normalized REE patterns (Fig. 3.9a and b). The
patterns of LREE are similar in all the three types of monazite grains. The altered monazite
displays relatively depleted heavy rare earth element patterns (HREEs: Dy and Er) compared to
those of the unaltered monazite (Fig. 3.9a and b).
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Fig. 3.8 Plot of ((Th, U) + Si) *4 vs. (REEs, Y) + P)*4 showing cheralite and huttonite vectors.
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Fig. 3.9 Chondrite-normalized REE and Y patterns of the three types of monazite in the Chemchem
metapelite; the normalizing values are from McDonough and Sun (1995).
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5.2 U-Th-total Pb monazite dating

Analyses of U, Th and total Pb concentrations in monazite were obtained from the
hydrothermally altered metapelitic sample (T4-7-10). The results of 84 points of unaltered and
19 points of hydrothermally altered monazite were used to calculate the ages of the different
monazite grains and growth zones. The resulting histograms are presented in Figure 3.10. The
three texturally and compositionally distinct monazite generations yielded three different
weighted mean ages. The unaltered monazite cores have an age of 1938 £ 11 Ma and the
unaltered overgrowth zone an age of 1827 £ 10 Ma. The hydrothermally altered monazite

yielded a much younger age of 1171 + 17 Ma (Fig. 3.10).
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Fig. 3.10 Age histograms: the tall curves (red, yellow and green) are sum curves for the date of each age

population, and the short curves (red) are curves for the weighted mean age (2c error) of the age
populations.
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6. Discussion

As the Ubendian Belt was affected by three orogenic events during the Paleoproterozoic,
Mesoproterozoic and Neoproterozoic (Boniface 2009; Boniface et al. 2012; Boniface and
Schenk 2012), we aimed to evaluate the possible role of these three events in the formation of
the Mpanda Au-Cu-Pb mineralization. Our dating of the unaltered monazite cores and
overgrowth zones in high-grade metapelites, which show concentric growth zones and patchy
zoning due to dissolution-precipitation processes, yielded two metamorphic ages at about 1940
Ma and at 1830 Ma. These two ages fall into the Paleoproterozoic orogenic cycle. The textures
of the rock forming minerals of the metapelites also indicate two stages during the prograde
evolution: an early stage in the kyanite stability field and a younger stage in the
sillimanite—cordierite—biotite—K-feldspar stability field. Although it was not possible to perform
texturally controlled dating of the two metamorphic stages (due to the absence of true kyanite
relicts), we tentatively correlate the two Paleoproterozoic monazite ages with the kyanite stage
(1940 Ma) and the sillimanite—cordierite stage (1830 Ma), respectively.

The older metamorphic age (ca. 1940 Ma) is similar to reported metamorphic zircon and
monazite ages in different blocks of the Ubendian Belt (Boniface et al. 2012; Kazimoto et al., in
review; Lawley et al., 2013c; Lawley et al., 2013d). Also the younger metamorphic monazite
age (ca. 1830 Ma) found in the Chemchem metapelite, has already been recognized in the Ufipa
and Ubende Blocks (Boniface et al. 2012). It postdates the formation of MORB type eclogites
(ca. 1880 Ma) of the Ubende Block (Boniface et al. 2012). Unlike the prograde metamorphic
monazite, the hydrothermally altered monazite is only found in metapelite samples bordering the
gold bearing veins (Fig. 3.6¢, d and e).

Our interpretation that the poikilitic, inclusion-rich monazite grains have been formed by
hydrothermal fluids is in agreement with experimental results of Ayers and Watson (1991) and
Ayers et al. (2004) who showed that P, T and pH has a strong influence on the solubility of
monazite in hydrothermal fluids. The lowest solubility is at neutral pH-values but is increasing
towards acidic and towards alkaline conditions as well. This indicates that monazite may
dissolve in acidic hydrothermal fluids that causes sericitization of rocks (Poitrasson et al. 2000).
Since sericitization, of e.g. feldspars, leads to increasing pH values of the hydrothermal fluid
(Gruner 1944) new monazite may precipitate together with sericite from the neutral or less
acidic fluid. Besides this dissolution-precipitation mechanism also cation exchange between the
existing monazite and the hydrothermal fluids may lead to the formation of a new isotopically
reset hydrothermal monazite. The cation exchange may follow the known cheralite (2REE*" =

Th*" + Ca2+) and huttonite (REE3+ + P = Th*" + Si4+) substitutions. In addition to these
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hydrothermal recrystallization mechanisms of monazite Poitrasson et al. (2000) described also
different replacements of monazite grains by other minerals as a apatite-like phase, allanite or
pyrite. From these different mechanisms the apatite-like replacement occurred also in the
Chemchem altered metapelite as evidenced by the numerous apatite-like inclusion associated
with uraninite in the hydrothermally altered sieve-like monazite grains (Fig. 3.6¢, d and e).
Interestingly, the host monazite showing the apatite-like replacement is characterized by
Ca-depletion (Fig. 3.7). This indicates that the altered monazite may have acted as a Ca-source
for the formation of the apatite-like phase.

The age of the hydrothermally altered monazite indicates that the fluid-rock interaction,
which is associated with both the hydrothermal alteration of the metapelite and the deposition of
Au, Cu and Pb in the veins, actually occurred in the Mesoproterozoic (ca. 1170 Ma) and thus
correlates with the age of the Kibaran orogenic belt adjoining the Ubendian Belt to the west.
Importantly, dating of monazite and zircons from metapelites of the tectonically adjoining
Wakole Block of the Ubendian Belt (Fig. 3.1; Smirnov et al. 1970) yielded a remarkably similar
age of 1170 = 10 Ma of their first amphibolite grade metamorphism during crustal thickening
(Boniface 2009). The agreement between the age of the hydrothermal alteration in the Katuma
Block with that of the first metamorphism of the Wakole sediments suggests that the release of
fluids from the fluid-fertile sediments during this crustal thickening event most likely generated
the hydrothermal fluids required for the formation of the Au-Cu-Pb deposits in the tectonically
adjoining Katuma Block. Similar ages (ca. 1180 — 1090 Ma) have also been reported for the
metamorphic overprinting of the rocks of the Ubende Block (Boniface et al. 2012). The age of
the compressional event found in the Wakole and Ubende Blocks is in agreement with the
model of Fernandez-Alonso et al. (2012), according to which the closing of intra-cratonic basins
and the formation of the Kibaran orogenic belt in east and central Africa during
Mesoproterozoic time (ca. 1.0 Ga) was driven by far-field compressional forces related to the

amalgamation of the Rodinia supercontinent.

7. Summary and conclusions

In situ U-Th-total Pb dating of monazite grains of hydrothermally altered high-grade
metapelites, forming the country rocks of Au-Cu-Pb veins in the Katuma Block of the Ubendian
Belt yielded two metamorphic ages of about 1940 Ma and 1830 Ma. As these metamorphic ages
are well established for several blocks of the Ubendian Belt, it indicates that the monazite of the
hydrothermally altered metapelites preserved the original mineral crystallization ages obtained

during prograde Paleoproterozoic metamorphic events. In addition to these unaltered
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Paleoproterozoic monazite grains the metapelites contain hydrothermally altered monazites
grains that are chemically and texturally distinct and contain relicts of the older metamorphic
grains or growth zones. This new hydrothermally crystallized monazite gives Mesoproterozoic
ages of about 1170 Ma that correlate with metamorphic ages obtained for the first amphibolite
facies metamorphism of metapelites of the Wakole Block. This block is in tectonic contact with
the Katuma Block hosting the hydrothermal Au-Cu-Pb deposits. The hydrothermal event
coincides with the Mesoproterozoic crustal thickening and shortening that led to the formation
of the Kibaran orogenic belt bordering the Ubendian Belt to the west. Our new radiometric age
indicates that under-thrusting of metasediments of the adjoining Wakole Block below the rocks
of the Katuma Block most likely triggered metamorphism and dehydration of the sediments of
the Wakole Block and generated fluids that percolated through the rocks of the Katuma Block
and concentrated metals in the veins. The age of the hydrothermal event proposed here is
younger than the earlier proposed Pb-Pb sulfides model age of ca. 1660 Ma and older than the
Pb-Pb model age of ca. 720 Ma for the mineralization event in the Katuma Block. Moreover,
this age is younger than that of the gold mineralization event in the Lupa Block at the southern
part of the Ubendian Belt, which was dated at ca. 1950-1940 Ma and at 1880 Ma with the Re-Os
method using sulfides (Lawley et al., 2013b). The distinct mineralization ages in the Katuma
and Lupa Block indicate that the poly-orogenic Ubendian Belt was at least twice affected by

mineralization events.
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Appendices
Chapter 1

Table 1. Sample locations, protolith/metamorphic age, mineralogy and textural descriptions of the major rock types of the Katuma Block

Litholo Sample - Protolith age Location o Description
gy D (~Ma) Easting Northing Site Main Accessory Late-stage P
. Oyt . . e .
Orthogneiss / Meta-granodiorite  T1-17 2710 283664 9296440 Mkwa_mba (near abandoned ~ Bt + P1+ Kfs + Qz Zm 4 im  Ser+ Chl Gneissose tq _mlgmatmc, ser1c1t1_zed.plagloclase and
Au mine) Hbl + Opx + Cpx quartz exhibiting undulatory extinction
Gneissose to migmatitic; Pl and Kfs alteration vary from
Hbl+ Bt + P1+ Kfs + ak to strong; ret d biotite i ded by Ilm
Orthogneiss / Meta-granite T6-6 2640 300190 9279922 Singililwa mine T Zm wed [0 strong; retrogressed bIotlie 15 sufrounded by
Qz exsolution at its rims; Kfs form perthites and microcline
twinning
o Grt + Hbl + Bt + Pl + Foliated, occur as enclaves in gabbro@nte; both Hbl
Garnet-amphibolite T17-3 2650 Qz+ lim Zm and Bt are surrounded by Grt rims; Bt is brown
276706 9317912 North of Mpanda town surrounded by Hbl rims
+ +Bt+ + i ined; i
Gabbronorite T17-1 2640 Opx + Cpx + Bt + Hbl Zm Massive and coarse gramed, Hbl form as late rims
Pl+1Ilm+ Qz around ortho- and clinopyroxene
Fine to medium grained; cut by numerous late
. Opx + Cpx + Hbl + Pl + fractures/veins; Pl are 2-3 mm in size and zoned; Hbl
Mafic granulite T16-1 2650 324240 9283710 South of Mpanda Qz+ Grt + lim Zm form rims around Cpx: Garnet form coronas around
Opx/Cpx
" . Hbl+ Bt + PI+ Qz + .
- +
Granitic gneiss T19-3 1940 Kfs + Iim IlIm + Zrn Gneissose
232296 9302368 West of the Katuma village Mainly Hbl and PL; Ep and Spn occur as inclusions in
Amphibolite T19-1 2020 Hbl+ Bt+Pl+ Qz+ Ep Ilm+ Zrn Hb; Plis zoned, with inclusions in the core that are

surrounded by clear rims

Massive and leucocratic; undulatory extinction of quartz;
Lo Hbl + Bt + P1+ Kfs + . .
Granodiorite T2a-2 1950 286905 9284610 Q IIm+ Zm  Ser + Chl ; locally cut by Au-Cu-Pb veins; near the veins, Pl and
Kapanda (artisanal Au-mines) “ Kfs are sericitized and mild carbonate (Cal?) alteration

Massive; locally cut by Au-Cu-Pb veins; chloritized

Biotits it T2c-1 1990 286899 9284454 Bt + P1+Kfs + IIm+Z S
fotile grante ¢ s+Qz m e Amp altered to Chl; sericitized Kfs and P1

Sil + Kfs + Bt + Pl + Qz Migmatitic; cordierite is stronly pinitized; silimanite form

. 2 « N . ) e
Tkulu metapelite T4-38 1960 +1im +Grt £ pinite Mg+ Py  Ser+ Chl pseudomorphs after Ky; Pl and Kfs are‘serlcm‘zed,. Btis
altered to form Chl, Ilm and Mt exsolutions at its rims
288391 9280264 ChemcheTn (near abandoned
Leucosome of a metapelite T4-37 1940 * Au-Cu mine) Bt + P1+ Kfs + Qz Ser + Chl with cospicous altered red Kfs
. Qz+ Di+ Tr+ Zo + Cal Tr+ Zo + Cal Foliated; mainly composed of quartz ~ 75 modal vol. %;
- . *
Cale-silicate rock T4-39 1960 +Pl+ Spn + Ms Zm +Ms+Ab  Di Qz Kfs and Plis replaced Tr, Zo, Cal, Ms and Ab

Eastings and northings as UTM coordinates (WGS84, Zone 36S); Mineral abbreviations are from Whitney and Evans, 2009, * interpreted metamorphic age
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Table 2. Description of zircon texture under cathodoluminescence (CL) images, interpretation of
zircon growths and their corresponding age and the geologic interpretation

Interpretation of

Sample Rock Zircon features . Ages Geological Interpretation
Zircon growth
Zircon sizes: 50 —200 pm
Shape : stubby and rounded.
1)CLi h ith . .
w 1ages siow cotes Wi . 2075, /20 Magmatic protolith
concentric oscillatory zoning and Magmatic Pb/2*Pb age=2713 + 11 Ma
Orthogneiss  ; . emplacement
T1-17-10 g irregular boundaries
(Hbl-Bt)
1) U-P =2650+8M
. . (D U-Pbage a Metamorphism at ~ 2650 Ma
(2) Rim overgrowths surround the cores Metamorphic
(2) Upper intercept 2647 + 53 Ma and after 2650 Ma
and lower intercept -794 + 2000 Ma
Zircon sizes: 200 — 500 pm
Shape : prismatic, flat terminations,
stubby to equant
T6-6-10 Orthogneiss ~ CL images reveal concentric oscillatory
(Hbl-Bt) zoning; cores vary from bright . .
. . Magmatic protolith
luminescent (U = 58-168 ppm) to dark Magmatic U-Pb age = 2638 £ 5 Ma emplacement
gray non-luminescent (U = 328 — 525 P
ppm)
Zircon sizes: <200 — 400 pm
Grains are prismatic
(1) CL images show cores with
concentric oscillatory zoning or . 207 20 Magmatic protolith
M t = +
Paleosome of recrystallized cores. The cores have agmatie Pb/**Pb age =2677 £29 Ma emplacement
T14-3-10  orthogneiss spherical, irregular and angular shape
- = +
. h h bi (1) U-Pbage = 2025+ 8 Ma Metamorphism at ~ 2030 Ma
(2) Rim overgrowths surround the cores Metamorphic (2) Upper intercept 2643 + 90 Ma and after 2030 Ma
and lower intercept 1758 + 63 Ma
Zircon sizes: <200 —400 im
Grains are prismatic
(1) CL images show cores that are
unzoned with recrystallized internal Maematic protolith
T14-1-10 Leucosome of  textures and few with concentric Magmatic (1) U-Pb age = 2653 + 10 Ma emglacem::n
orthogneiss oscillatory zoning. The cores have also P
irregular, broken and resorbed margins.
Met: hic / Ly tallization /
(2) Rim overgrowths surround the cores ¢ anTorp ¢ (1) U-Pb age =2045 + 12 Ma §u0039me crys ? fzation
anatexis migmatite formation
Zircon sizes: <300 Um
Grains are prismatic to spherical. Some
have incomplete crystal faces or concave
T17-3-10 Garnet embayments Magmatic protolith
amphibolite R 4 ) R Magmatic U-Pb age = 2651 + 5 Ma
CL images of the zircon crystals show emplacement
oscillatory zoning sometimes with
recrystallized zones.
Zircon sizes: coarse grained
Grains are prismatic
T17-1-10  Gabbronorite CL images with dark inner zones (U <
179 ppm and bright luminescent outer Magmatic U-Pb age =2643 + 4 Ma Magmatic emplacement
zones (U= 238-524 ppm)
Zircon sizes: <200 um
Grai herical M ti tolith
T16-1-10  Mafic granulite ral'ns are spherica R R Magmatic U-Pb age = 2645 + 34 Ma agmatic protot
CL images show concentric magmatic emplacement
oscillatory zoning
Zircon sizes: <200 wm . .
oo . Magmatic protolith
T19-1-10  Amphibolite  Grains are spherical Magmatic 2ppy 2%y age=2021 £ 11 Ma & P
emplacement

no visible zoning
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Table 2 continued

Sample

Rock

Zi
ircon texture Zircon growth

Interpretation of

ges

Geological Interpretation

T2a-2-10

Hbl-Bt granite

Zircon sizes: ~250 mm

Grains are stubby, equant to spherical .
ubby, equ P Magmatic

CL images show concentric oscillatory

zoning

U-Pb age = 1952+ 7 Ma

Magmatic emplacement

T2c-1-10

Bt-granite

Zircon sizes: <600 mm

Grains are short prismatic and ellipsoidal. .
Magmatic

CL images show concentric magmatic

growth zoning

U-Pb age = 1993 + 6 Ma

Magmatic emplacement

T19-3-10

HbI-Bt granite

Zircon sizes: <200 Mm
Grains are long prismatic with rounded
terminations

(1) CL images show cores with magmatic
growth zoning, rounded and irregular
boundaries; dark gray luminescence (U =
440 ppm)

Magmatic

(2) Rim overgrowths surround the cores;
gray tones of luminescence (U = 259 Metamorphic

ppm)

27pp2%ph age =1936 + 20 Ma

U-Pb age = 1879 + 9 Ma

Magmatic emplacement

Metamorphism

T4-39-10

Calc-silicate
ock

Zircon sizes: 50 - 300 mm

Grains are ellipsoidal, long or short
prismatic and broken fragments; grains
with irregular or rounded margins

(1) CL images show growth oscillatory
zoning, cores with rounded and irregular Detrital
boundaries

(2) Rim overgrowths surround the cores Metamorphic

27pp2%ph age = 2640 - 2220 Ma

U-Pb age = 1963 + 14 Ma; upper =
2422 + 14 Ma and lower intercept
ages = 1719 + 14 Ma

Sediment source and
sedimentation period

Metamorphism at ~ 1960 Ma
and after 1960 Ma

T4-38-10

Metapelite

Zircon sizes: <200 mm
Grains are long prismatic with rounded
terminations

(1) CL images show cores with ellipsoidal
to irregular shape; cores show oscillatory
growth zoning in part blurred. Convolute

zoning and bulbous replacements.

Detrital

(2) Rim overgrowths (~ 50 mm in

thickness) surrounds the cores; different

rim overgrowths with dfferent gray tones ~ Metamorphic
of luminescence (e.g. outer U = 334 ppm

and inner U = 162 ppm).

27p,2%p age = 2300 - 2060 Ma

U-Pb age = 1958 + 8 Ma; upper =
1985 + 20 Ma and lower intercept
ages = 643 =440 Ma

Sediment source and
sedimentation period

Metamorphism

T4-37-10

Leucosome of
metapelite

Zircon sizes: <200 mm

Grains are long to short prismatic

(1) In CL images show cores with Metamorphic and
oscillatory zoning, surrounded by rim anatexis
overgrowths

U-Pb age = 1944 + 9 Ma

Leucosome crystallization /
metapelitic migmatite
formation
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Table 3. LA-ICP-MS analyses for a meta-granodiorite (sample T1-17-10)

Degree of

Analysis name  Texture Spot size U conc. Ratios Ages (Ma) Common Pb
rho: concordance (%)
(um) (ppm) ZOGPbIZBSU + 20. 207Pb/235U + 20. 207Pb/206pb + 20. ZOGPbIZBSU + 20. + 20% 207Pb/235u + 20. + 20.% 207Pb/206Pb + 20 + 20% ZOGPb/204Pb f206%
T1-17-16-1 Inh. core 25 196 0.5423 0.0110 14.7580 0.3370 0.1974 0.0021 0.89 2793 46 1.6 2800 22 08 2805 17 0.6 0.0 99.6
T1-17-16-4 core 25 167 0.4404 0.0134 11.1243 0.3659 0.1832 0.0023 0.93 2353 60 2.5 2534 31 1.2 2682 21 0.8 9590 0.1 87.7
T1-17-15-4 core 25 174 0.4776 0.0159 11.8004 0.4278 0.1792 0.0026 0.92 2517 69 2.8 2589 34 13 2646 24 0.9 3028 0.6 95.1
T1-17-8-4 core 25 671 0.5112 0.0074 13.2752 0.2384 0.1884 0.0020 0.81 2662 32 12 2699 17 06 2728 17 0.6 2510 0.7 97.6
T1-17-13-4 core 25 571 0.5133 0.0092 13.2413 0.2805 0.1871 0.0021 0.85 2670 39 15 2697 20 0.7 2717 19 0.7 11213 0.2 98.3
T1-17-11-4 core 25 822 0.5131 0.0104 12.9752 0.3188 0.1834 0.0026 0.82 2670 4 17 2678 23 09 2684 23 0.9 21866 0.1 99.5
T1-17-7-4 core 25 308 0.5238 0.0077 13.6209 0.2521 0.1886 0.0021 0.80 2715 33 1.2 2724 18 0.6 2730 18 0.7 5701 0.3 99.5
T1-17-8-5 core 25 724 0.5196 0.0075 13.3359 0.2403 0.1861 0.0020 0.80 2698 32 12 2704 17 06 2708 18 0.7 4568 0.4 99.6
T1-17-18-4 core 25 360 0.5216 0.0086 13.3897 0.2624 0.1862 0.0020 0.84 2706 36 13 2708 19 07 2709 18 0.6 6250 0.3 99.9
T1-17-17-4 core 25 813 0.5284 0.0142 13.7914 0.4016 0.1893 0.0021 0.92 2735 60 2.2 2735 28 1.0 2736 18 0.7 7198 0.2 99.9
T1-17-9-4 core 25 349 0.5188 0.0074 13.1172 0.2336 0.1834 0.0020 0.80 2694 31 1.2 2688 17 06 2684 18 0.7 0.0 100.4
T1-17-21-4 core 25 222 0.5315 0.0091 13.7392 0.2887 0.1875 0.0023 0.82 2748 38 14 2732 20 0.7 2720 20 0.7 3540 0.5 101.0
T1-17-19-4 core 25 568 0.5370 0.0069 13.8262 0.2268 0.1868 0.0019 0.79 2771 29 1.0 2738 16 0.6 2714 17 0.6 38103 0.0 102.1
o T1-17-3-4 core 25 404 0.5186 0.0069 13.2112 0.2180 0.1848 0.0018 0.81 2693 29 11 2695 16 0.6 2696 16 0.6 15607 0.1 99.9
-% T1-17-4-4 core 25 300 0.5260 0.0075 13.6557 0.2469 0.1883 0.0021 0.79 2724 32 12 2726 17 0.6 2727 18 0.7 17552 0.1 99.9
5 T1-17-1-4 core 25 19 0.3759 0.0081 7.2849 0.2401 0.1406 0.0035 0.66 2057 38 19 2147 29 14 2234 43 1.9 969 1.3 92.1
2 T117-12-4 core 25 4594 0.3636 0.0151 6.1753 0.3342 0.1232 0.0043 0.77 1999 72 36 2001 47 24 2003 61 3.1 895 1.7 99.8
£ T1-17-9-7 rim 25 338 0.4601 0.0078 11.2911 0.2180 0.1780 0.0016 0.88 2440 35 14 2547 18 0.7 2634 15 0.6 8618 0.2 92.6
O 111747 rim 25 329 0.4597 0.0111 11.4429 0.3073 0.1805 0.0021 0.90 2438 49 2.0 2560 25 1.0 2658 19 0.7 2699 0.5 91.7
T1-17-3-7 rim 25 2452 0.4088 0.0111 10.6723 0.3656 0.1894 0.0040 0.79 2209 51 23 2495 32 13 2737 35 1.3 2708 0.5 80.7
T1-17-20-7 rim 25 249 0.5300 0.0070 12.9811 0.2075 0.1776 0.0016 0.83 2741 30 11 2678 15 0.6 2631 15 0.6 63976 0.0 104.2
T1-17-14-7 rim 25 211 0.5022 0.0171 12.6559 0.4625 0.1828 0.0024 0.93 2623 73 28 2654 34 13 2678 22 0.8 2284 0.8 97.4
T1-17-5-8 rim 25 118 0.5037 0.0071 12.6255 0.2197 0.1818 0.0019 0.80 2630 30 11 2652 16 0.6 2669 17 0.6 0.0 98.5
T1-17-5-7 rim 25 252 0.5001 0.0072 12.2689 0.2121 0.1779 0.0017 0.83 2614 31 1.2 2625 16 0.6 2634 16 0.6 13031 0.1 99.2
T1-17-21-7 rim 25 491 0.5034 0.0093 12.4572 0.2557 0.1795 0.0016 0.90 2628 40 15 2640 19 07 2648 15 0.5 16443 0.1 99.3
T1-17-19-7 rim 25 148 0.5069 0.0067 12.5402 0.1981 0.1794 0.0016 0.84 2643 29 11 2646 15 06 2648 14 0.5 13523 0.1 99.8
T1-17-4-8 rim 25 603 0.5078 0.0099 12.5893 0.2844 0.1798 0.0020 0.86 2647 42 16 2649 21 08 2651 19 0.7 71069 0.0 99.9
T1-17-15-7 rim 25 237 0.5108 0.0167 12.7459 0.4418 0.1810 0.0021 0.94 2660 71 27 2661 33 1.2 2662 19 0.7 2247 0.8 99.9
T1-17-5-9 rim 25 189 0.5144 0.0089 12.8040 0.2676 0.1805 0.0021 0.83 2675 38 14 2665 20 0.7 2658 19 0.7 19671 0.1 100.7
T1-17-10-7 rim 25 111 0.5169 0.0099 12.8250 0.3130 0.1799 0.0027 0.79 2686 42 16 2667 23 09 2652 25 0.9 13832 0.1 101.3
T1-17-6-7 rim 25 246 0.5173 0.0060 12.7565 0.1819 0.1788 0.0015 0.82 2688 26 1.0 2662 13 05 2642 14 0.5 135991 0.0 101.7
T1-17-2-7 25 21 0.3934 0.0125 7.3670 0.3206 0.1358 0.0040 0.73 2138 58 27 2157 39 1.8 2175 52 2.4 556 3.2 98.3
91500-3 25 89 0.1762 0.0025 1.8072 0.0349 0.0744 0.0010 0.73 1046 14 13 1048 13 1.2 1053 27 2.5 2840 0.3 99.4
91500-4 25 78 0.1822 0.0024 1.8950 0.0361 0.0754 0.0010 0.70 1079 13 1.2 1079 13 1.2 1081 27 2.5 10456 0.1 99.8
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Table 4. LA-ICP-MS analyses for a paleosome of an orthogneiss (sample T14-3-10)

Degree of

Analysis name  Texture Spot size U conc. Ratios Ages (Ma) Common Pb
rho: concordance (%)
(um) (ppm) ZOGPbIZBBU + 20. 207Pb/235U + 20. 207Pb/206pb + 20. 206Pb/238U + 20. + 20% 207Pb/235u + 20. + 20.% 207Pb/206pb + 20 + 20% ZOGPb/204Pb f206%
T14-3-12-7 rim 35 813 0.3404 0.0039 5.7286 0.0933 0.1221 0.0014 0.70 1888 19 1.0 1936 14 07 1987 21 1.0 687 2.2 95.0
T14-3-5-7 rim 35 193 0.3926 0.0078 7.8843 0.2068 0.1457 0.0025 0.75 2135 36 17 2218 24 1.1 2296 30 1.3 20401 0.1 93.0
T14-3-4-8 rim 35 1071 0.3431 0.0041 5.9619 0.0942 0.1260 0.0013 0.75 1901 19 1.0 1970 14 07 2043 19 0.9 10390 0.2 93.0
T14-3-19-7 rim 35 1244 0.3299 0.0093 5.4983 0.1949 0.1209 0.0026 0.80 1838 45 25 1900 30 1.6 1969 38 1.9 5122 0.3 93.3
T14-3-8-7 rim 35 368 0.4184 0.0056 8.8944 0.1614 0.1542 0.0019 0.74 2253 26 11 2327 17 07 2393 21 0.9 17171 0.1 94.2
T14-3-6-7 rim 35 1286 0.3602 0.0076 6.4678 0.1690 0.1302 0.0020 0.81 1983 36 1.8 2042 23 11 2101 27 1.3 5085 0.3 94.4
T14-3-7-7 rim 35 879 0.3628 0.0059 6.4893 0.1364 0.1297 0.0017 0.77 1995 28 14 2044 18 0.9 2094 24 1.1 4281 0.4 95.3
T14-3-14-7 rim 35 1341 0.4505 0.0073 10.2760 0.2362 0.1654 0.0027 0.70 2397 32 13 2460 21 09 2512 27 1.1 9233 0.2 95.4
T14-3-13-7 rim 35 1488 0.3505 0.0044 6.0311 0.0917 0.1248 0.0011 0.82 1937 21 11 1980 13 0.7 2026 15 0.8 14842 0.1 95.6
T14-3-2-7 rim 35 694 0.3770 0.0064 6.6854 0.1483 0.1286 0.0018 0.76 2062 30 15 2071 20 0.9 2079 25 1.2 14848 0.1 99.2
» T14-3-16-7 rim 35 633 0.3823 0.0062 6.7692 0.1459 0.1284 0.0018 0.76 2087 29 14 2082 19 09 2076 25 1.2 19535 0.1 100.5
-% T14-3-3-4 rim 35 195 0.4084 0.0087 8.0281 0.2232 0.1426 0.0025 0.77 2208 40 1.8 2234 25 1.1 2259 31 1.4 7776 0.2 97.7
5 T14-3-4-7 rim 35 1151 0.3700 0.0109 6.4545 0.2134 0.1265 0.0019 0.89 2030 51 25 2040 29 14 2050 27 1.3 5291 0.3 99.0
o T14-3-9-7 rim 35 1579 0.3702 0.0049 6.4051 0.1613 0.1255 0.0027 0.53 2030 23 11 2033 22 11 2036 38 1.9 6030 0.3 99.7
£ T14-3-15-7 rim 35 835 0.3658 0.0047 6.2463 0.0993 0.1238 0.0012 0.81 2010 22 11 2011 14 07 2012 17 0.8 89498 0.0 99.9
g T14-3-3-8 rim 35 833 0.3683 0.0048 6.3241 0.1133 0.1245 0.0015 0.73 2021 23 11 2022 16 0.8 2022 22 1.1 32837 0.0 100.0
©  T14-3-3-7 rim 35 985 0.3712 0.0056 6.3487 0.1305 0.1240 0.0017 0.73 2035 26 13 2025 18 0.9 2015 25 1.2 73800 0.0 101.0
g T14-3-1-7 rim 35 712 0.3748 0.0057 6.3798 0.1241 0.1235 0.0015 0.78 2052 27 13 2029 17 08 2007 22 1.1 88002 0.0 102.2
= T14-3-10-4 rim 35 258 0.3947 0.0060 6.9512 0.1418 0.1277 0.0018 0.74 2145 28 1.3 2105 18 0.9 2067 24 1.2 6105 0.3 103.8
Q  T14-3-9-4 rim 35 1482 0.3784 0.0078 6.5510 0.1903 0.1255 0.0026 0.71 2069 36 1.8 2053 26 1.2 2037 36 1.8 217734 0.0 101.6
g T14-3-13-4 core 35 116 0.4295 0.0054 8.7120 0.1527 0.1471 0.0018 0.72 2304 24 11 2308 16 0.7 2313 21 0.9 1182 15 99.6
8 T14-3-2-4 core 35 156 0.5514 0.0070 14.1044 0.2597 0.1855 0.0025 0.69 2831 29 1.0 2757 17 06 2703 22 0.8 0.0 104.7
S T14-3-12-4 core 35 126 0.4507 0.0065 10.3873 0.2098 0.1672 0.0023 0.72 2398 29 1.2 2470 19 038 2529 24 0.9 681 2.6 94.8
O T14-3-19-4 core 35 1127 0.4385 0.0068 9.4000 0.1728 0.1555 0.0016 0.84 2344 30 13 2378 17 0.7 2407 17 0.7 7898 0.2 97.4
2 T143-164 core 35 623 0.4477 0.0075 9.7766 0.1965 0.1584 0.0018 0.83 2385 33 14 2414 19 038 2439 19 0.8 0.0 97.8
T14-3-17-4 core 35 143 0.4503 0.0052 9.8989 0.1543 0.1594 0.0017 0.73 2397 23 1.0 2425 14 06 2450 18 0.7 1555680 0.0 97.8
T14-3-7-4 core 35 250 0.4715 0.0058 10.4007 0.1700 0.1600 0.0017 0.75 2490 25 1.0 2471 15 0.6 2456 18 0.7 34743 0.0 101.4
T14-3-5-4 core 35 673 0.5136 0.0067 12.3241 0.2165 0.1740 0.0021 0.74 2672 28 11 2629 16 0.6 2597 20 0.8 13260 0.1 102.9
T14-3-1-4 core 35 212 0.5177 0.0102 13.4100 0.3141 0.1879 0.0024 0.84 2689 43 1.6 2709 22 08 2724 21 0.8 0.0 98.7
T14-3-11-4 core 35 201 0.5058 0.0077 12.4924 0.2256 0.1791 0.0017 0.84 2639 33 13 2642 17 06 2645 16 0.6 16239 0.1 99.8
T14-3-8-4 core 35 2344 0.5144 0.0096 12.9835 0.2915 0.1831 0.0023 0.84 2675 41 15 2678 21 08 2681 20 0.8 64720 0.0 99.8
T14-3-15-4 core 35 370 0.5163 0.0124 13.0696 0.3422 0.1836 0.0019 0.92 2683 53 2.0 2685 25 0.9 2686 17 0.6 403283 0.0 99.9
T14-3-14-4 core 35 467 0.5210 0.0070 13.3335 0.2200 0.1856 0.0018 0.82 2703 30 11 2704 16 0.6 2704 16 0.6 11655 0.2 100.0
T14-3-18-4 core 35 225 0.5099 0.0088 12.6117 0.2639 0.1794 0.0021 0.82 2656 37 14 2651 20 0.7 2647 20 0.8 4528 0.4 100.3
T14-3-6-4 core 35 386 0.5145 0.0131 12.6549 0.3798 0.1784 0.0028 0.85 2676 56 2.1 2654 28 1.1 2638 26 1.0 2072 0.9 101.4
91500-1 35 76 0.1763 0.0025 1.8056 0.0415 0.0743 0.0013 0.62 1047 14 13 1047 15 1.4 1049 36 3.5 2536 0.4 99.8
91500-2 35 80 0.1823 0.0031 1.8971 0.0505 0.0755 0.0015 0.64 1080 17 1.6 1080 18 1.6 1081 41 3.8 14726 0.1 99.9
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Table 5. LA-ICP-MS analyses for a leucosome of an orthogneiss (sample T14-1-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/238U +20 207Pb/235u +20 207Pb/206Pb +20 ZOGPb/238U +20 *+20% 207Pb/235U +20 +20% 207Pb/206Pb +20 +20% 206Pb/204pb f206°/0
T14-1-15-1 Inh. core 35 116 0.5457 0.0086 14.9656 0.3419 0.1989 0.0033 0.69 2807 36 13 2813 22 08 2817 27 1.0 0.0 99.6
T14-1-6-1 core 35 1653 0.4116 0.0169 7.8178 0.7716 0.1378 0.0124 0.42 2222 77 35 2210 89 4.0 2199 156 7.1 194 7.1 101.0
T14-1-4-1 core 35 315 0.5004 0.0120 11.8904 0.4042 0.1723 0.0042 0.70 2615 51 2.0 2596 32 12 2581 40 1.6 299 4.6 101.4
T14-1-11-1 core 35 491 0.4610 0.0076 9.3536 0.2564 0.1472 0.0032 0.60 2444 33 14 2373 25 11 2313 38 1.6 1225 1.1 105.6
T14-1-13-1 core 35 508 0.3944 0.0089 7.3489 0.2729 0.1352 0.0040 0.61 2143 41 19 2155 33 15 2166 51 2.4 3517 0.5 98.9
T14-1-9-1 core 35 189 0.4274 0.0109 8.7521 0.2792 0.1485 0.0028 0.80 2294 49 2.2 2313 29 13 2329 33 1.4 7980 0.2 98.5
T14-1-1-1 core 35 533 0.4278 0.0056 8.7721 0.1907 0.1487 0.0026 0.60 2296 25 11 2315 20 09 2331 30 1.3 2378 0.6 98.5
T14-1-12-1 core 35 316 0.4671 0.0086 10.2321 0.2608 0.1589 0.0028 0.72 2471 38 15 2456 24 1.0 2444 30 1.2 12160 0.1 101.1
o T14-1-16-1 core 35 559 0.4621 0.0098 10.1673 0.2682 0.1596 0.0025 0.80 2449 43 1.8 2450 24 1.0 2451 27 1.1 2051 0.9 99.9
©  T14-1-10-1 core 35 1671 0.4668 0.0109 10.5514 0.3046 0.1639 0.0028 0.81 2470 48 1.9 2484 27 11 2497 29 1.2 19016 0.1 98.9
2 T14-1-711 core 35 831 0.4835 0.0100 11.5290 0.3038 0.1729 0.0028 0.78 2543 43 17 2567 25 1.0 2586 27 1.1 13201 0.1 98.3
8 T14-1-21 core 35 215 0.4886 0.0066 11.8971 0.2336 0.1766 0.0025 0.69 2564 28 1.1 2596 18 07 2621 24 0.9 5183 0.3 97.8
£ T14-1141 core 35 248 0.5092 0.0102 12.8253 0.3424 0.1827 0.0032 0.75 2653 4 16 2667 25 09 2677 29 11 992 1.8 99.1
© Ti4-1-5-1 core 35 408 0.5085 0.0070 12.3978 0.2372 0.1768 0.0023 0.72 2650 30 11 2635 18 0.7 2624 22 0.8 19651 0.1 101.0
8 T14-1-5-4 core 35 996 0.5099 0.0083 12.7026 0.2912 0.1807 0.0029 0.71 2656 35 13 2658 22 08 2659 27 1.0 52269 0.0 99.9
£ T14-1-8-4 rim 35 975 0.5144 0.0104 12.7358 0.3306 0.1796 0.0029 0.78 2675 4 17 2660 24 09 2649 27 1.0 3545 0.4 101.0
g T14-1-8-1 core 35 174 0.5122 0.0087 12.8191 0.3044 0.1815 0.0030 0.72 2666 37 14 2666 22 08 2667 27 1.0 11803 0.2 100.0
o T14-1-17-1 core 35 1001 0.5441 0.0079 13.7699 0.2944 0.1836 0.0029 0.68 2800 33 12 2734 20 07 2685 26 1.0 357334 0.0 104.3
g T14-1-3-4 rim 35 999 0.3774 0.0054 6.5327 0.1279 0.1256 0.0017 0.72 2064 25 1.2 2050 17 038 2037 24 1.2 11337 0.2 101.3
a T14-1-9-4 rim 35 659 0.3790 0.0057 6.6953 0.1442 0.1281 0.0020 0.70 2071 27 13 2072 19 09 2073 27 13 3493 0.5 99.9
S Ti4-1-12-4 rim 35 928 0.3779 0.0069 6.5407 0.1679 0.1255 0.0023 0.71 2067 32 16 2051 23 11 2036 32 1.6 43780 0.0 101.5
9 T14-1-10-4 rim 35 837 0.3660 0.0059 6.2835 0.1420 0.1245 0.0020 0.71 2011 28 14 2016 20 1.0 2022 28 1.4 20900 0.1 99.4
T14-1-15-4 rim 35 1054 0.3724 0.0056 6.4661 0.1399 0.1259 0.0020 0.69 2041 26 13 2041 19 09 2042 28 13 14866 0.1 99.9
T14-1-16-4 rim 35 1258 0.3718 0.0054 6.4799 0.1364 0.1264 0.0019 0.69 2038 25 1.2 2043 19 09 2048 27 13 43031 0.0 99.5
T14-1-12-5 rim 35 480 0.3215 0.0047 6.0453 0.1436 0.1364 0.0026 0.61 1797 23 13 1982 21 1.0 2182 33 15 4819 0.4 82.4
T14-1-17-4 rim 35 991 0.3542 0.0045 6.1760 0.1241 0.1265 0.0020 0.64 1954 22 11 2001 18 09 2050 27 13 4557 0.4 95.4
T14-1-11-4 rim 35 1167 0.3655 0.0045 6.4309 0.1326 0.1276 0.0021 0.60 2008 21 11 2037 18 0.9 2065 29 1.4 4113 0.4 97.2
T14-1-4-2 rim 35 907 0.4005 0.0058 7.1206 0.1436 0.1289 0.0018 0.72 2171 27 12 2127 18 038 2084 25 1.2 3003 0.6 104.2
T14-1-6-4 rim 35 1536 0.4813 0.0142 10.6581 0.5194 0.1606 0.0062 0.61 2533 62 24 2494 45 1.8 2462 66 2.7 999 1.8 102.9
T14-1-14-4 rim 35 1508 0.3457 0.0175 5.6425 0.3111 0.1184 0.0026 0.92 1914 84 44 1923 48 25 1932 39 2.0 915 1.9 99.0
T14-1-2-4 rim 35 1623 0.4855 0.0085 10.7352 0.5105 0.1604 0.0071 0.37 2551 37 15 2500 44 1.8 2460 75 3.0 190 9.3 103.7
91500-2 35 83 0.1782 0.0031 1.8221 0.0468 0.0742 0.0014 0.68 1057 17 16 1053 17 16 1046 38 3.6 2550 0.4 101.1
91500-3 35 73 0.1833 0.0021 1.9082 0.0386 0.0755 0.0013 0.55 1085 1 1.0 1084 13 12 1082 34 31 3274 0.1 100.3
91500-4 35 69 0.1851 0.0022 1.9368 0.0423 0.0759 0.0014 0.55 1095 12 11 1094 15 13 1092 37 3.4 100.3
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Table 6. LA-ICP-MS analyses for a granitic gneiss (sample T6-6-10)

Degree of

Analysis name  Texture Spot size U conc. Ratios Ages (Ma) Common Pb
rho: concordance (%)
(pm) (ppm) ZDGPb/ZBBU +20 207Pb/235u +20 207Pb/206pb +20 ZOEPb/238U +20 *+20% 207Pb/235u +20 *+20% 207Pb/206pb +20 +20% ZOGPb/ZDAPb f206%
T6-6-15-1 core 35 2602 0.0265 0.0015 0.4412 0.0375 0.1209 0.0075 0.69 168 10 5.8 371 26 7.1 1970 110 5.6 36 48.9 8.5
T6-6-1-1 core 35 1097 0.1403 0.0030 2.8430 0.1438 0.1470 0.0067 0.43 846 17 20 1367 38 28 2311 79 3.4 48 28.5 36.6
T6-6-21-7 core 35 282 0.2720 0.0167 6.0717 0.4040 0.1619 0.0041 0.92 1551 85 55 1986 58 2.9 2476 43 1.7 142 9.7 62.6
T6-6-7-1 core 35 935 0.4913 0.0112 11.7344 0.3849 0.1732 0.0041 0.70 2576 48 1.9 2583 31 1.2 2589 39 1.5 449 4.0 99.5
T6-6-2-1 core 35 180 0.4973 0.0073 11.8757 0.2554 0.1732 0.0027 0.68 2602 31 1.2 2595 20 0.8 2589 26 1.0 638 2.8 100.5
T6-6-6-7 core 35 225 0.3770 0.0061 9.2292 0.2082 0.1775 0.0028 0.72 2062 29 14 2361 21 09 2630 26 1.0 1119 1.6 78.4
T6-6-3-7 core 35 184 0.4755 0.0085 11.4831 0.2846 0.1751 0.0030 0.72 2508 37 15 2563 23 0.9 2607 29 1.1 12384 0.1 96.2
T6-6-4-2 core 35 411 0.4870 0.0079 11.9689 0.2588 0.1782 0.0026 0.75 2558 34 13 2602 20 038 2637 24 0.9 0.0 97.0
T6-6-5-4 core 35 145 0.5255 0.0070 13.0521 0.2623 0.1801 0.0027 0.66 2722 29 11 2683 19 07 2654 25 0.9 3326 0.4 102.6
T6-6-9-4 core 35 253 0.5228 0.0073 12.8797 0.2494 0.1787 0.0024 0.72 2711 31 11 2671 18 0.7 2641 22 0.8 99627 0.0 102.7
T6-6-3-2 core 35 328 0.5221 0.0079 12.8379 0.2688 0.1783 0.0026 0.72 2708 33 12 2668 20 0.7 2637 24 09 0.0 102.7
T6-6-7-4 core 35 225 0.5198 0.0087 12.6487 0.2759 0.1765 0.0025 0.77 2698 37 14 2654 21 08 2620 23 0.9 0.0 103.0
T6-6-4-1 core 35 463 0.5310 0.0068 13.1332 0.2583 0.1794 0.0027 0.65 2746 29 10 2689 19 0.7 2647 25 0.9 28870 0.1 103.7
T6-6-18-8 core 35 133 0.4851 0.0071 11.6735 0.2034 0.1745 0.0016 0.84 2549 31 12 2579 16 0.6 2602 16 0.6 9150 0.2 98.0
T6-6-17-4 core 35 185 0.4900 0.0093 11.7330 0.2646 0.1736 0.0021 0.84 2571 40 1.6 2583 21 08 2593 20 0.8 162638 0.0 99.1
T6-6-13-1 core 35 58 0.4904 0.0059 12.0045 0.2046 0.1775 0.0021 0.71 2572 26 1.0 2605 16 0.6 2630 20 0.8 20422 0.1 97.8
T6-6-3-5 core 35 154 0.4919 0.0086 11.6929 0.3056 0.1724 0.0034 0.67 2579 37 14 2580 24 09 2581 32 1.3 0.0 99.9
T6-6-3-1 core 35 455 0.4954 0.0082 11.7895 0.2618 0.1726 0.0025 0.75 2594 36 14 2588 21 08 2583 25 0.9 0.0 100.4
T6-6-18-7 core 35 111 0.5007 0.0067 11.8769 0.1992 0.1720 0.0017 0.80 2617 29 11 2595 16 0.6 2578 17 0.6 0.0 101.5
T6-6-15-4 core 35 180 0.5075 0.0067 12.5475 0.2033 0.1793 0.0017 0.82 2646 29 11 2646 15 0.6 2647 16 0.6 14176 0.1 100.0
T6-6-16-1 core 35 405 0.5104 0.0090 12.4043 0.2663 0.1763 0.0022 0.82 2658 38 14 2636 20 038 2618 20 0.8 55013 0.0 101.5
£ T6-6-17-7 core 35 113 0.5035 0.0086 12.3302 0.2861 0.1776 0.0028 0.74 2629 37 14 2630 22 08 2631 26 1.0 27501 0.0 99.9
L T6-6-18-9 core 35 188 0.5104 0.0090 12.4976 0.2652 0.1776 0.0021 0.83 2658 39 15 2643 20 038 2630 19 0.7 124939 0.0 101.1
? T6-6-19-7 core 35 115 0.5025 0.0083 12.2143 0.2461 0.1763 0.0020 0.82 2624 36 14 2621 19 0.7 2618 19 0.7 0.0 100.2
= T6-6-19-8 core 35 140 0.5016 0.0088 12.2395 0.2504 0.1770 0.0018 0.86 2621 38 14 2623 19 0.7 2625 17 0.7 319743 0.0 99.8
S T6-6-21-8 core 35 229 0.5088 0.0081 12.6292 0.2422 0.1800 0.0019 0.83 2651 35 1.3 2652 18 0.7 2653 18 0.7 5275 0.3 99.9
(‘5 T6-6-1-4 core 35 121 0.4977 0.0056 12.1304 0.1996 0.1768 0.0021 0.69 2604 24 0.9 2615 15 0.6 2623 20 0.8 0.0 99.3
T6-6-3-4 core 35 135 0.5094 0.0063 12.6347 0.2402 0.1799 0.0026 0.65 2654 27 1.0 2653 18 0.7 2652 24 0.9 3288 0.5 100.1
T6-6-4-4 core 35 164 0.5088 0.0068 12.4852 0.2497 0.1780 0.0026 0.67 2651 29 11 2642 19 0.7 2634 25 0.9 0.0 100.7
T6-6-8-4 core 35 186 0.5070 0.0063 12.4021 0.2225 0.1774 0.0023 0.69 2644 27 1.0 2635 17 0.6 2629 21 0.8 45127 0.0 100.6
T6-6-10-4 core 35 144 0.5055 0.0078 12.4071 0.2368 0.1780 0.0020 0.81 2637 34 13 2636 18 0.7 2635 18 0.7 60837 0.0 100.1
T6-6-10-7 core 35 149 0.5084 0.0070 12.5795 0.2240 0.1795 0.0020 0.78 2650 30 11 2649 17 06 2648 19 0.7 92181 0.0 100.1
T6-6-11-4 core 35 225 0.5070 0.0084 12.5461 0.2603 0.1795 0.0022 0.80 2644 36 14 2646 20 0.7 2648 21 0.8 12309 0.1 99.8
T6-6-13-4 core 35 165 0.5038 0.0055 12.3353 0.1824 0.1776 0.0018 0.74 2630 23 0.9 2630 14 05 2630 17 0.6 16022 0.1 100.0
T6-6-14-1 core 35 115 0.5078 0.0054 12.7252 0.1811 0.1817 0.0017 0.75 2647 23 09 2660 13 0.5 2669 16 0.6 31048 0.0 99.2
T6-6-14-4 core 35 157 0.5051 0.0069 12.3772 0.2157 0.1777 0.0019 0.78 2635 29 11 2633 16 0.6 2632 18 0.7 0.0 100.1
T6-6-16-4 core 35 197 0.5134 0.0076 12.7543 0.2325 0.1802 0.0019 0.81 2671 32 12 2662 17 06 2655 18 0.7 8791 0.1 100.6
T6-6-13-5 core 35 173 0.5134 0.0063 12.8075 0.2045 0.1809 0.0019 0.77 2671 27 1.0 2666 15 0.6 2661 17 0.6 19090 0.1 100.4
T6-6-2-4 core 35 165 0.5134 0.0064 12.4136 0.2097 0.1754 0.0020 0.73 2671 27 1.0 2636 16 0.6 2609 19 0.7 34351 0.0 102.4
T6-6-1-5 core 35 159 0.5155 0.0055 12.6054 0.1924 0.1774 0.0019 0.70 2680 24 09 2651 14 05 2628 18 0.7 41413 0.0 102.0
T6-6-11-1 core 35 525 0.5155 0.0094 12.8947 0.2954 0.1814 0.0025 0.80 2680 40 15 2672 22 08 2666 23 0.9 3086 0.6 100.5
T6-6-10-1 core 35 261 0.5157 0.0088 12.8488 0.2899 0.1807 0.0027 0.75 2681 37 14 2669 21 08 2659 25 0.9 9337 0.2 100.8
T6-6-6-4 core 35 75 0.5180 0.0096 13.0244 0.3485 0.1824 0.0035 0.69 2691 41 15 2681 25 0.9 2674 32 1.2 0.0 100.6
T6-6-9-1 core 35 168 0.5223 0.0064 13.3131 0.2391 0.1849 0.0024 0.69 2709 27 1.0 2702 17 06 2697 22 0.8 213413 0.0 100.4
T6-6-8-1 core 35 157 0.5269 0.0093 13.3077 0.3075 0.1832 0.0027 0.76 2728 39 14 2702 22 08 2682 25 0.9 28138 0.1 101.7
T6-6-5-7 core 35 310 0.3620 0.0032 6.1297 0.0917 0.1228 0.0015 0.59 1992 15 0.8 1994 13 0.7 1997 21 1.1 7241 0.2 99.7
T6-6-20-7 core 35 364 0.3747 0.0058 6.4723 0.1207 0.1253 0.0013 0.83 2052 27 1.3 2042 16 0.8 2033 18 0.9 7707 0.2 100.9
T6-6-20-8 core 35 336 0.3758 0.0063 6.4252 0.1278 0.1240 0.0013 0.85 2056 30 14 2036 17 09 2015 19 0.9 1833935 0.0 102.1
91500-4 35 82 0.1814 0.0033 1.8807 0.0519 0.0752 0.0016 0.66 1074 18 17 1074 18 17 1074 42 3.9 0.0 100.0
91500-1 35 81 0.1789 0.0023 1.8403 0.0322 0.0746 0.0009 0.73 1061 13 1.2 1060 12 11 1059 24 2.3 3652 0.3 100.2
91500-2 35 81 0.1804 0.0027 1.8660 0.0396 0.0750 0.0011 0.69 1069 15 14 1069 14 13 1069 31 2.9 0.0 100.1
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Table 7. LA-ICP-MS analyses for a garnet amphibolite (sample T17-3-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/238U +20 207Pb/235u +20 207Pb/206Pb +20 ZOGPb/238U +20 *+20% 207Pb/235U +20 +20% 207Pb/206pb +20 +20% 206Pb/204pb f206°/0
T17-3-23-1 core 35 150 0.7081 0.0179 22.0248 1.3436 0.2256 0.0125 0.41 3451 68 2.0 3185 59 19 3021 89 3.0 349 3.9 114.2
T17-3-20-4 core 35 220 0.4850 0.0113 12.1520 0.3533 0.1817 0.0031 0.80 2549 49 19 2616 27 1.0 2669 29 1.1 19826 0.1 95.5
T17-3-3-1 core 25 312 0.4906 0.0095 12.2402 0.3552 0.1810 0.0039 0.67 2573 41 16 2623 27 1.0 2662 36 13 296115 0.0 96.7
T17-3-10-1 core 35 94 0.5329 0.0117 13.3904 0.3783 0.1823 0.0032 0.78 2753 49 18 2708 27 1.0 2674 29 11 0.0 103.0
T17-3-18-5 core 35 53 0.5294 0.0157 12.9640 0.4829 0.1776 0.0040 0.80 2739 66 2.4 2677 35 13 2631 37 1.4 2247 0.7 104.1
T17-3-23-4 core 35 346 0.5800 0.0172 14.0004 0.4900 0.1751 0.0033 0.85 2949 70 24 2750 33 12 2607 31 1.2 3675 0.5 113.1
T17-3-6-7 core 35 175 0.5034 0.0152 12.7204 0.4546 0.1833 0.0035 0.84 2628 65 2.5 2659 34 13 2683 32 1.2 16775 0.1 98.0
T17-3-14-1 core 35 248 0.5104 0.0118 12.3112 0.3422 0.1749 0.0027 0.83 2658 50 1.9 2628 26 1.0 2606 26 1.0 0.0 102.0
T17-3-22-7 core 35 135 0.5294 0.0117 13.3167 0.3446 0.1824 0.0025 0.85 2739 49 18 2702 24 09 2675 22 0.8 9739 0.2 102.4
T17-3-24-4 core 35 77 0.4992 0.0208 12.2714 0.5860 0.1783 0.0042 0.87 2610 89 34 2625 45 1.7 2637 39 1.5 0.0 99.0
T17-3-10-4 core 35 394 0.5003 0.0155 12.3016 0.4313 0.1783 0.0029 0.89 2615 67 26 2628 33 13 2637 27 1.0 16625 0.1 99.1
T17-3-6-4 core 35 50 0.5051 0.0144 12.5638 0.4291 0.1804 0.0034 0.83 2636 61 23 2648 32 12 2657 31 1.2 25780 0.0 99.2
T17-3-6-1 core 35 82 0.5078 0.0165 12.6478 0.4834 0.1806 0.0036 0.85 2647 70 27 2654 36 14 2659 33 13 23831 0.1 99.6
o T17-3-18-4 core 35 52 0.5108 0.0147 12.8193 0.4545 0.1820 0.0038 0.81 2660 63 24 2666 33 13 2671 34 13 0.0 99.6
% T17-3-5-1 core 35 99 0.5104 0.0150 12.7877 0.4477 0.1817 0.0035 0.84 2658 64 24 2664 33 1.2 2669 32 1.2 0.0 99.6
Q9 T17-3-12-4 core 35 83 0.5178 0.0137 13.2037 0.3996 0.1849 0.0027 0.87 2690 58 2.2 2694 29 11 2698 24 0.9 5155 0.2 99.7
S T17-3-13-4 core 35 178 0.5084 0.0095 12.6432 0.3245 0.1804 0.0032 0.73 2650 41 15 2653 24 09 2656 29 11 13009 0.1 99.7
% T17-3-1-1 core 25 253 0.5057 0.0136 12.4871 0.4252 0.1791 0.0038 0.79 2638 58 2.2 2642 32 1.2 2644 35 1.3 19497 0.1 99.8
o T17-3-21-4 core 35 90 0.5098 0.0169 12.7116 0.4909 0.1808 0.0036 0.86 2656 72 27 2659 36 14 2661 33 1.2 12995 0.1 99.8
Q m73121 core 35 130 0.5095 0.0106 12.6848 0.3368 0.1806 0.0030 0.79 2654 45 17 2657 25 09 2658 27 1.0 13508 0.1 99.8
© T17-3-18-7 core 35 148 0.4986 0.0120 12.0685 0.3541 0.1755 0.0029 0.82 2608 52 2.0 2610 28 1.1 2611 28 11 9126 0.1 99.9
O 117-3-17-4 core 35 65 0.5062 0.0136 12.4761 0.4127 0.1787 0.0035 0.81 2640 58 2.2 2641 31 1.2 2641 32 1.2 0.0 100.0
T17-3-20-1 core 35 163 0.5091 0.0149 12.6356 0.4254 0.1800 0.0030 0.87 2653 64 24 2653 32 12 2653 27 1.0 0.0 100.0
T17-3-2-7 core 35 222 0.5075 0.0122 12.5457 0.3545 0.1793 0.0027 0.85 2646 52 20 2646 27 1.0 2646 25 09 0.0 100.0
T17-3-19-4 core 35 41 0.5084 0.0173 12.5938 0.5435 0.1797 0.0048 0.79 2650 74 28 2650 41 15 2650 44 17 0.0 100.0
T17-3-17-1 core 35 100 0.5042 0.0137 12.3563 0.3848 0.1777 0.0027 0.87 2632 59 2.2 2632 29 11 2632 25 1.0 0.0 100.0
T17-3-22-1 core 35 126 0.5064 0.0160 12.4752 0.4508 0.1787 0.0031 0.87 2641 68 2.6 2641 34 13 2641 29 11 5148 0.2 100.0
T17-3-17-2 core 35 122 0.5145 0.0126 12.9413 0.3924 0.1824 0.0033 0.81 2676 54 2.0 2675 29 11 2675 30 11 14274 0.1 100.0
T17-3-1-4 core 25 621 0.5091 0.0124 12.6232 0.4190 0.1798 0.0040 0.74 2653 53 2.0 2652 31 1.2 2651 37 1.4 12035663 0.0 100.0
T17-3-13-1 core 35 88 0.5172 0.0141 13.0934 0.4289 0.1836 0.0033 0.83 2687 60 2.2 2686 31 12 2686 30 11 0.0 100.0
T17-3-21-1 core 35 107 0.5045 0.0162 12.3606 0.4753 0.1777 0.0038 0.83 2633 69 2.6 2632 36 14 2632 35 1.3 0.0 100.1
T17-3-2-4 core 35 47 0.5130 0.0130 12.6602 0.3748 0.1790 0.0028 0.85 2669 55 21 2655 28 1.0 2644 26 1.0 2566 0.3 101.0
T17-3-5-4 core 35 283 0.5135 0.0168 12.6630 0.4787 0.1788 0.0034 0.87 2672 72 27 2655 36 13 2642 31 1.2 0.0 101.1
T17-3-4-4 core 35 47 0.5135 0.0153 12.6322 0.4507 0.1784 0.0035 0.84 2671 65 2.4 2653 34 13 2638 32 1.2 10083 0.1 101.3
T17-3-24-1 core 35 111 0.5175 0.0180 12.8209 0.5261 0.1797 0.0039 0.85 2688 7728 2667 39 15 2650 36 1.4 6665 0.2 101.4
91500-4 35 72 0.1727 0.0053 1.7346 0.0720 0.0728 0.0021 0.73 1027 29 28 1021 27 26 1009 57 5.7 2836 0.3 101.8
91500-6 35 104 0.1796 0.0071 1.8588 0.0959 0.0751 0.0025 0.77 1065 39 36 1067 34 32 1070 67 6.2 0.0 99.5
91500-1 25 150 0.1808 0.0025 1.8677 0.0457 0.0749 0.0015 0.56 1071 13 13 1070 16 15 1067 41 3.8 6445 0.1 100.4
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Table 8. LA-ICP-MS analyses for a gabbronorite (sample T17-1-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(l-'m) (ppm) zoePb/z38U +20 207Pb/z35U +20 207Pb/206Pb +20 zoePb/z38U +20 +20% 207Pb/235U +20 +20% 207Pb/206Pb +20 +20% 206Pb/204Pb f206%
T17-1-12-4 core 35 135 0.4210 0.0082 10.1467 0.2933 0.1748 0.0037 0.68 2265 37 16 2448 27 11 2604 36 1.4 8667 0.2 87.0
T17-1-6-4 core 35 90 0.4672 0.0080 11.6434 0.2436 0.1807 0.0022 0.81 2471 35 14 2576 20 0.8 2660 20 0.8 0.0 92.9
T17-1-7-4 core 35 153 0.4738 0.0077 11.7160 0.2331 0.1793 0.0021 0.82 2500 34 13 2582 19 07 2647 19 0.7 12860 0.1 94.5
T17-1-5-5 core 35 428 0.4796 0.0082 11.9721 0.2428 0.1810 0.0020 0.84 2525 36 14 2602 19 07 2663 18 0.7 0.0 94.9
T17-1-14-4 core 35 323 0.4808 0.0059 11.9493 0.1861 0.1803 0.0017 0.79 2531 26 1.0 2600 15 0.6 2655 16 0.6 82350 0.0 95.3
T17-1-3-4 core 35 82 0.4890 0.0068 11.9874 0.2160 0.1778 0.0020 0.78 2566 30 1.2 2603 17 06 2632 19 0.7 0.0 97.5
T17-1-9-4 core 35 233 0.4893 0.0075 11.9639 0.2231 0.1773 0.0019 0.83 2568 33 13 2602 17 07 2628 17 0.7 0.0 97.7
T17-1-10-5 core 35 474 0.4913 0.0072 12.0746 0.2184 0.1782 0.0019 0.81 2576 31 1.2 2610 17 06 2637 18 0.7 105204 0.0 97.7
T17-1-4-4 core 35 365 0.4992 0.0084 12.3364 0.2455 0.1792 0.0019 0.85 2610 36 14 2630 19 07 2646 18 0.7 0.0 98.7
® T17-1-2-4 core 35 435 0.5021 0.0063 12.4509 0.2046 0.1798 0.0019 0.77 2623 27 1.0 2639 15 0.6 2652 17 0.7 175965 0.0 98.9
£ T17-1-8-4 core 35 423 0.5007 0.0086 12.3367 0.2578 0.1787 0.0021 0.83 2617 37 14 2630 20 07 2641 20 0.7 39897 0.0 99.1
Q T17-1-11-4 core 35 52 0.5053 0.0089 12.5479 0.2621 0.1801 0.0020 0.84 2636 38 14 2646 20 07 2654 19 0.7 6803 0.1 99.3
© T17-1-10-4 core 35 110 0.5030 0.0094 12.4036 0.2670 0.1789 0.0019 0.87 2626 40 15 2635 20 0.8 2642 18 0.7 0.0 99.4
£ T17-195 core 35 184 0.5010 0.0074 12.2921 0.2170 0.1779 0.0017 0.83 2618 32 12 2627 17 06 2634 16 0.6 8434 0.2 99.4
8 T17-1-1-4 core 35 232 0.5062 0.0070 12.5810 0.2192 0.1803 0.0019 0.80 2640 30 11 2649 16 0.6 2655 18 0.7 0.0 99.4
T17-1-5-4 core 35 107 0.5046 0.0090 12.4896 0.2659 0.1795 0.0021 0.83 2634 38 15 2642 20 0.8 2648 19 0.7 43126 0.0 99.4
T17-1-6-5 core 35 427 0.5095 0.0079 12.7074 0.2356 0.1809 0.0019 0.83 2654 34 13 2658 17 07 2661 17 0.6 373132 0.0 99.8
T17-1-13-5 core 35 148 0.5064 0.0080 12.5081 0.2436 0.1791 0.0021 0.81 2641 34 13 2643 18 0.7 2645 19 0.7 34074 0.0 99.9
T17-1-14-5 core 35 85 0.5037 0.0103 12.3535 0.2880 0.1779 0.0020 0.88 2630 4 17 2632 22 08 2633 19 0.7 25677 0.0 99.9
T17-1-13-4 core 35 179 0.4995 0.0086 12.1169 0.2505 0.1759 0.0020 0.83 2612 37 14 2613 19 07 2615 19 0.7 24018 0.1 99.9
T17-1-3-6 core 35 492 0.5091 0.0083 12.6467 0.2488 0.1802 0.0020 0.83 2653 36 13 2654 19 07 2655 18 0.7 0.0 99.9
T17-1-5-6 core 35 456 0.5069 0.0077 12.5146 0.2320 0.1791 0.0019 0.82 2643 33 1.2 2644 17 07 2644 18 0.7 0.0 100.0
T17-1-3-5 core 35 296 0.5086 0.0054 12.6049 0.1735 0.1797 0.0016 0.78 2651 23 09 2651 13 05 2651 14 0.5 329122 0.0 100.0
T17-1-7-5 core 35 504 0.5087 0.0080 12.5981 0.2378 0.1796 0.0019 0.83 2651 34 13 2650 18 0.7 2649 17 0.7 48526 0.0 100.1
T17-1-11-5 core 35 354 0.5067 0.0088 12.4643 0.2465 0.1784 0.0017 0.88 2642 38 14 2640 19 07 2638 16 0.6 0.0 100.2
91500-3 35 75 0.1780 0.0023 1.8309 0.0366 0.0746 0.0011 0.65 1056 13 1.2 1057 13 1.2 1057 31 2.9 6333 0.2 99.9
91500-4 25 1383 0.3529 0.0212 9.1054 0.5981 0.1871 0.0050 0.91 1949 101 5.2 2349 60 2.6 2717 44 1.6 615 29 71.7
91500-1 25 82 0.1808 0.0026 1.8722 0.0398 0.0751 0.0012 0.68 1071 14 13 1071 14 13 1071 31 2.9 64446 0.0 100.0
91500-2 25 78 0.1779 0.0022 1.8290 0.0358 0.0745 0.0011 0.63 1056 12 11 1056 13 1.2 1056 31 2.9 6344 0.2 99.9
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Table 9. LA-ICP-MS analyses for a mafic granulite (sample T16-1-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/238U +20 207Pb/235U +20 207Pb/206pb +20 ZOGPb/23SU +20 *+20% 207Pb/235u +20 +20% 207Pb/206Pb +20 +20% ZOGPb/204Pb f206°/0
91500-1 25 55 0.1800 0.0045 1.8585 0.0788 0.0749 0.0026 0.59 1067 24 2.3 1066 28 2.6 1065 69 6.5 0.0 100.1
91500-2 25 69 0.1818 0.0044 1.8927 0.0743 0.0755 0.0023 0.61 1077 24 22 1079 26 24 1082 62 58 18282 0.1 99.5
T16-1-2-4 core 25 597 0.4284 0.0219 10.8102 1.1748 0.1830 0.0175 0.47 2299 99 4.3 2507 101 4.0 2680 159 5.9 13450 0.1 85.8
T16-1-3-1 core 25 148 0.4168 0.0128 9.7355 0.3957 0.1694 0.0045 0.76 2246 58 2.6 2410 37 1.6 2552 44 1.7 2235 0.8 88.0
o T16-1-3-5 core 25 165 0.4345 0.0220 10.3666 0.5809 0.1730 0.0041 0.90 2326 99 4.3 2468 52 2.1 2587 40 15 2108 0.8 89.9
S T16-1-1-3 core 25 173 0.4949 0.0097 11.1258 0.5817 0.1630 0.0079 0.38 2592 42 16 2534 49 19 2488 82 33 1638 0.9 104.2
% T16-1-4-1 core 25 310 0.4934 0.0129 11.8247 0.4791 0.1738 0.0054 0.64 2585 56 2.1 2591 38 1.5 2595 52 2.0 9877 0.2 99.6
S T16-1-1-1 core 25 127 0.5124 0.0257 12.9178 1.3074 0.1828 0.0161 0.50 2667 109 4.1 2674 96 3.6 2679 146 5.4 11692 0.2 99.6
© Ti16-1-2-1 core 25 307 0.5419 0.0307 14.6992 1.3431 0.1967 0.0141 0.62 2791 128 4.6 2796 87 3.1 2799 118 4.2 11458 0.2 99.7
T T16-1-1-2 core 25 170 0.5187 0.0197 13.2137 1.1668 0.1847 0.0147 0.43 2694 84 3.1 2695 84 3.1 2696 132 4.9 39746 0.0 99.9
Z 16122 core 25 236 0.5324 0.0240 14.0341 1.1478 0.1912 0.0131 0.55 2751 101 3.7 2752 78 28 2753 112 41 5799 0.3 100.0
T16-1-3-4 core 25 254 0.5022 0.0153 12.2063 0.5328 0.1763 0.0055 0.70 2623 65 2.5 2620 41 1.6 2618 52 2.0 1404 1.3 100.2
T16-1-4-2 core 25 307 0.5141 0.0253 12.8592 0.7533 0.1814 0.0057 0.84 2674 108 4.0 2669 55 2.1 2666 52 2.0 27686 0.1 100.3
91500-3 25 78 0.1816 0.0044 1.8929 0.0666 0.0756 0.0019 0.69 1076 24 22 1079 23 22 1085 51 47 0.0 99.2
91500-4 25 67 0.1788 0.0048 1.8407 0.0712 0.0747 0.0021 0.69 1060 26 25 1060 25 24 1060 56 5.3 3028 0.6 100.0
Table 10. LA-ICP-MS analyses for an amphibolite (sample T19-1-10)
. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) 206Pb/238U +20 207Pb/235U +20 207Pb/206Pb +20 206Pb/238U +20 +20% 207Pb/235U +20 +20% 207Pb/206pb +20 +20% 206Pb/204pb f206%
T19-1-3-7 core 25 119 0.3067 0.0070 5.1190 0.1420 0.1210 0.0019 0.82 1725 35 2.0 1839 24 1.3 1972 28 1.4 1541 1.2 87.5
T19-1-3-4 core 25 150 0.2768 0.0043 4.4718 0.0855 0.1172 0.0013 0.81 1575 22 14 1726 16 0.9 1914 20 1.1 2782 0.6 82.3
T19-1-1-5 core 25 18 0.3772 0.0068 6.2764 0.1440 0.1207 0.0017 0.79 2063 32 15 2015 20 1.0 1966 25 13 0.0 104.9
T19-1-1-4 core 25 9 0.3628 0.0276 6.1961 0.7159 0.1239 0.0108 0.66 1996 131 6.6 2004 101 5.1 2013 155 7.7 5434 0.2 99.2
2 T19-1-16 core 25 20 0.3656 0.0079 6.2458 0.1629 0.1239 0.0018 0.83 2008 37 19 2011 23 11 2013 26 13 0.0 99.8
g T19-1-2-6 core 25 13 0.3648 0.0114 6.2209 0.2348 0.1237 0.0026 0.83 2005 54 2.7 2007 33 1.6 2010 37 1.9 1851 0.7 99.8
= T19-1-1-10 core 25 15 0.3756 0.0076 6.5884 0.2002 0.1272 0.0029 0.67 2056 36 17 2058 27 13 2060 40 19 9812 0.2 99.8
g— T19-1-2-5 core 25 10 0.3707 0.0113 6.4192 0.2603 0.1256 0.0034 0.75 2033 53 2.6 2035 36 1.8 2037 48 2.3 0.0 99.8
< T19-1-1-7 core 25 18 0.3734 0.0067 6.5043 0.1493 0.1263 0.0018 0.79 2045 32 15 2046 20 1.0 2048 25 1.2 1825 0.7 99.9
T19-1-1-8 core 25 21 0.3642 0.0088 6.1896 0.1779 0.1233 0.0019 0.84 2002 41 21 2003 25 13 2004 28 1.4 0.0 99.9
T19-1-1-9 core 25 16 0.3693 0.0077 6.3575 0.1649 0.1248 0.0019 0.81 2026 36 1.8 2026 23 11 2027 27 13 0.0 100.0
T19-1-2-4 core 25 11 0.3628 0.0080 6.1220 0.1719 0.1224 0.0021 0.78 1995 38 1.9 1993 25 1.2 1991 31 1.6 10463 0.1 100.2
T19-1-1-11 core 25 14 0.3726 0.0073 6.2977 0.1550 0.1226 0.0018 0.80 2042 35 17 2018 22 11 1994 26 13 2075 0.4 102.4
91500-1 25 158 0.1828 0.0023 1.9135 0.0368 0.0759 0.0011 0.65 1082 13 1.2 1086 13 1.2 1092 29 2.7 6665 0.2 99.1
91500-2 35 81 0.1695 0.0026 1.7528 0.0378 0.0750 0.0011 0.71 1009 14 14 1028 14 14 1069 30 28 0.0 94.4
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Table 11. LA-ICP-MS analyses for a granodiorite (sample T2a-2-10)
. . ) Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) 206Pb/238U + 20 207Pb/235U + 20. 207Pb/206pb + 20. 206Pb/238U + 20. + 20% 207Pb/235u + 20 + 20.% 207Pb/206pb + 20 + 20% ZOGPb/204Pb f206%
T2a-2-4-1 core 35 4043 0.0463 0.0017 0.6745 0.0473 0.1057 0.0063 0.52 292 10 3.6 523 29 55 1726 110 6.4 254 6.0 16.9
T2a-2-3-1 core 35 709 0.0465 0.0021 0.5371 0.0886 0.0837 0.0133 0.28 293 13 4.5 437 59 134 1286 313 243 34 52.2 22.8
T2a-2-10-2 core 35 1755 0.0756 0.0017 1.1421 0.0701 0.1095 0.0062 0.37 470 10 2.2 774 33 4.3 1791 104 5.8 168 10.6 26.2
T2a-2-13-1 core 35 1967 0.0848 0.0016 1.3632 0.1105 0.1166 0.0092 0.23 525 10 1.8 873 48 54 1904 142 75 47 37.6 27.6
T2a-2-15-1 core 35 5417 0.0990 0.0030 1.3370 0.1863 0.0979 0.0133 0.22 609 18 2.9 862 81 9.4 1585 257 16.2 258 6.9 38.4
T2a-2-10-1 core 35 2757 0.0695 0.0059 0.6467 0.5832 0.0675 0.0606 0.09 433 35 8.2 506 376 74.2 854 1037 121.3 329 5.4 50.7
T2a-2-6-1 core 35 1354 0.1166 0.0057 1.4055 0.6101 0.0874 0.0377 0.11 711 33 4.6 891 263 295 1370 924 675 40 34.7 51.9
T2a-2-12-1 core 35 2730 0.1953 0.0047 2.7595 0.1670 0.1025 0.0057 0.40 1150 25 22 1345 45 34 1670 103 6.2 127 13.9 68.9
T2a-2-3-4 core 35 366 0.3555 0.0055 5.9160 0.1244 0.1207 0.0017 0.74 1961 26 13 1964 18 0.9 1966 25 1.3 6290 0.2 99.7
T2a-2-5-4 core 35 439 0.3572 0.0052 5.8601 0.1234 0.1190 0.0018 0.70 1969 25 1.3 1955 18 0.9 1941 27 1.4 0.0 101.4
° T2a-2-7-4 core 35 425 0.3561 0.0058 5.8552 0.1253 0.1193 0.0016 0.77 1964 28 14 1955 19 09 1945 25 1.3 150246 0.0 100.9
2 T2a-2-8-4 core 35 639 0.3507 0.0048 5.7807 0.1037 0.1196 0.0014 0.77 1938 23 1.2 1944 16 0.8 1950 20 1.0 87292 0.0 99.4
O T2a-2-94 core 35 537 0.3498 0.0096 5.8396 0.1830 0.1211 0.0018 0.88 1933 46 2.4 1952 27 1.4 1972 27 1.4 8105 0.2 98.0
B8 T2a-2-95 core 35 571 0.3571 0.0056 5.9531 0.1229 0.1209 0.0016 0.76 1968 27 14 1969 18 0.9 1970 24 1.2 0.0 99.9
% T2a-2-11-2 core 35 584 0.3470 0.0110 5.6422 0.1987 0.1179 0.0018 0.90 1920 53 2.7 1923 30 1.6 1925 27 1.4 375 4.7 99.8
5 T2a-2-12-4 core 35 302 0.3551 0.0060 5.8360 0.1166 0.1192 0.0013 0.85 1959 29 15 1952 17 09 1944 19 1.0 761 2.0 100.8
T2a-2-13-4 core 35 505 0.3507 0.0056 5.6471 0.1200 0.1168 0.0016 0.75 1938 27 14 1923 18 1.0 1908 25 1.3 4234 0.4 101.6
T2a-2-14-7 core 35 441 0.3528 0.0064 5.8113 0.1323 0.1195 0.0016 0.80 1948 31 1.6 1948 20 1.0 1948 24 1.3 8929 0.2 100.0
T2a-2-2-4 core 35 482 0.3577 0.0059 5.9511 0.1337 0.1206 0.0018 0.73 1971 28 14 1969 20 1.0 1966 27 1.4 95096 0.0 100.3
T2a-2-2-5 core 35 455 0.3575 0.0049 5.9602 0.1255 0.1209 0.0019 0.65 1970 23 1.2 1970 18 0.9 1970 28 1.4 0.0 100.0
T2a-2-5-5 core 35 518 0.3621 0.0045 6.0019 0.1123 0.1202 0.0017 0.67 1992 21 11 1976 16 0.8 1959 25 1.3 0.0 101.7
T2a-2-6-4 core 35 404 0.3700 0.0051 6.3339 0.1194 0.1242 0.0016 0.73 2029 24 1.2 2023 17 038 2017 23 11 2869 0.6 100.6
T2a-2-11-1 core 35 665 0.3646 0.0050 6.1853 0.1089 0.1230 0.0013 0.79 2004 24 1.2 2002 15 0.8 2001 19 1.0 2988 0.6 100.2
T2a-2-14-4 core 35 365 0.3620 0.0050 5.9888 0.1062 0.1200 0.0013 0.78 1992 24 12 1974 15 038 1956 20 1.0 11239 0.1 101.8
T2a-2-15-4 core 35 460 0.3659 0.0065 6.1844 0.1714 0.1226 0.0026 0.64 2010 31 15 2002 24 1.2 1994 38 19 62309 0.0 100.8
T2a-2-1-4 core 35 236 0.3366 0.0052 5.5893 0.1218 0.1204 0.0018 0.71 1870 25 1.4 1914 19 1.0 1963 27 1.4 69080 0.0 95.3
T2a-2-14-5 core 35 602 0.2796 0.0046 4.7019 0.0952 0.1220 0.0015 0.81 1589 23 1.4 1768 17 1.0 1985 21 1.1 6781 0.3 80.1
91500-1 35 87 0.1715 0.0024 1.7397 0.0371 0.0736 0.0012 0.65 1020 13 1.3 1023 14 13 1030 33 3.2 0.0 99.0
91500-2 35 90 0.1771 0.0028 1.8216 0.0464 0.0746 0.0015 0.62 1051 15 1.4 1053 17 16 1057 40 3.8 5096 0.2 99.4
91500-3 35 85 0.1756 0.0027 1.7944 0.0398 0.0741 0.0012 0.69 1043 15 1.4 1043 14 1.4 1045 32 3.1 32434 0.0 99.8
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Table 12. LA-ICP-MS analyses for a Bt-granite (sample T2c-1-10)

Degree of

Analysis name  Texture Spot size U conc. Ratios Ages (Ma) Common Pb
rho: concordance (%)
(um) (ppm) ZOGPbIZBBU + 20 207Pb/235U + 20. 207Pb/206pb + 20. ZOGPbIZBSU + 20. + 20% 207Pb/235u + 20. + 20.% 207Pb/206pb + 20 + 20% ZOGPb/204Pb f206%
T2c-1-6-4 core 35 827 0.3392 0.0065 5.6460 0.1308 0.1207 0.0016 0.83 1883 31 17 1923 20 1.0 1967 23 1.2 18229 0.1 95.7
T2c-1-9-4 core 35 385 0.3642 0.0050 5.8059 0.0979 0.1156 0.0011 0.82 2002 24 1.2 1947 15 0.8 1890 18 0.9 33556 0.0 105.9
T2c-1-12-4 core 35 1133 0.3497 0.0071 5.8879 0.1402 0.1221 0.0015 0.85 1933 34 17 1959 21 11 1987 22 1.1 1876 0.9 97.3
T2c-1-19-4 core 35 274 0.3702 0.0041 6.1685 0.0958 0.1208 0.0013 0.71 2030 19 09 2000 14 07 1969 19 1.0 50756 0.0 103.1
T2c-1-20-4 core 35 248 0.3356 0.0043 5.5324 0.1042 0.1195 0.0016 0.69 1866 21 11 1906 16 0.9 1950 24 1.3 5433 0.2 95.7
T2c-1-10-4 core 35 628 0.3718 0.0057 6.3200 0.1236 0.1233 0.0015 0.79 2038 27 13 2021 17 038 2005 21 1.1 8388 0.2 101.7
T2c-1-15-4 core 35 718 0.3519 0.0034 5.9260 0.0875 0.1221 0.0014 0.66 1944 16 0.8 1965 13 0.7 1988 20 1.0 108761 0.0 97.8
o T2c¢-1-15-5 core 35 249 0.3434 0.0057 5.5434 0.1185 0.1171 0.0016 0.78 1903 27 14 1907 18 1.0 1912 24 1.3 14167 0.1 99.5
E T2c1-1-4 core 35 656 0.3599 0.0052 6.0519 0.1012 0.1220 0.0011 0.86 1981 24 1.2 1983 15 0.7 1985 15 0.8 19218 0.1 99.8
©  T2c-1-2-4 core 35 500 0.3611 0.0091 6.0895 0.1648 0.1223 0.0012 0.93 1987 43 22 1989 24 1.2 1990 18 0.9 16670 0.1 99.9
3 T2c-1-3-4 core 35 861 0.3623 0.0066 6.1405 0.1252 0.1229 0.0011 0.89 1993 31 16 1996 18 09 1999 16 0.8 14379 0.1 99.7
£ T2c-1-4-4 core 35 343 0.3659 0.0054 6.1231 0.1047 0.1214 0.0011 0.86 2010 25 13 1994 15 0.7 1976 15 0.8 11474 0.2 101.7
.E% T2c-1-5-4 core 35 836 0.3689 0.0056 6.2420 0.1136 0.1227 0.0012 0.83 2024 26 13 2010 16 0.8 1996 18 0.9 61603 0.0 101.4
T2c-1-7-4 core 35 953 0.3618 0.0056 6.1008 0.1118 0.1223 0.0012 0.84 1990 26 13 1990 16 038 1990 18 0.9 53488 0.0 100.0
T2c-1-8-4 core 35 558 0.3594 0.0068 6.0356 0.1335 0.1218 0.0014 0.86 1979 32 16 1981 19 1.0 1983 20 1.0 96141 0.0 99.8
T2c-1-11-4 core 35 906 0.3544 0.0056 5.9957 0.1134 0.1227 0.0013 0.84 1956 27 14 1975 16 0.8 1996 18 0.9 24443 0.1 98.0
T2c-1-13-4 core 35 981 0.3584 0.0059 6.0437 0.1241 0.1223 0.0015 0.80 1974 28 14 1982 18 0.9 1990 22 1.1 10812 0.1 99.2
T2c-1-14-4 core 35 950 0.3657 0.0051 6.1391 0.1106 0.1217 0.0014 0.78 2009 24 1.2 1996 16 0.8 1982 20 1.0 131284 0.0 101.4
T2c-1-16-4 core 35 1367 0.3665 0.0081 6.2942 0.1628 0.1245 0.0017 0.86 2013 38 1.9 2018 23 11 2022 23 1.2 4655 0.4 99.5
T2c-1-17-4 core 35 904 0.3664 0.0051 6.1510 0.1107 0.1217 0.0014 0.77 2012 24 1.2 1998 16 0.8 1982 20 1.0 30519 0.1 101.5
T2c-1-18-4 core 35 388 0.3655 0.0041 6.2621 0.1017 0.1243 0.0014 0.70 2008 20 1.0 2013 14 07 2019 21 1.0 3701 0.5 99.5
91500-3 35 92 0.1838 0.0024 1.9185 0.0412 0.0757 0.0013 0.62 1088 13 1.2 1088 14 13 1087 34 3.1 3995 0.1 100.0
91500-4 35 88 0.1798 0.0025 1.8570 0.0377 0.0749 0.0011 0.68 1066 14 13 1066 13 1.3 1066 30 2.8 5526 0.1 100.0
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Table 13. LA-ICP-MS analyses for a granitic gneiss (sample T19-3-10)
. . ) Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/ZSSU +20 207Pb/235U +20 207Pb/206Pb +20 ZOGPb/ZSSU +20 *+20% 207Pb/235u +20 +20% 207Pb/206Pb +20 +20% 205Pb/20APb f206%
T19-3-18-4 core 25 1059 0.2470 0.0056 3.8124 0.1292 0.1119 0.0028 0.67 1423 29 2.0 1595 27 1.7 1831 46 2.5 481 3.2 7.7
T19-3-11-4 core 25 1443 0.3246 0.0062 4.9531 0.1076 0.1107 0.0011 0.88 1812 30 1.7 1811 18 1.0 1810 19 1.0 1430 1.1 100.1
T19-3-13-4 core 25 265 0.3942 0.0068 9.2622 0.2023 0.1704 0.0023 0.79 2142 32 15 2364 20 08 2562 22 09 12152 0.1 83.6
T19-3-20-4 core 25 697 0.3201 0.0052 5.1071 0.0962 0.1157 0.0011 0.86 1790 25 1.4 1837 16 0.9 1891 17 0.9 5273 0.3 94.6
T19-3-6-4 core 25 155 0.3341 0.0097 5.5001 0.2005 0.1194 0.0026 0.79 1858 47 25 1901 31 16 1947 40 2.0 1815 1.0 95.4
T19-3-17-4 core 25 195 0.3781 0.0093 6.0473 0.1652 0.1160 0.0014 0.90 2067 43 2.1 1983 24 1.2 1895 21 11 2091 0.8 109.1
T19-3-14-4 core 25 589 0.3448 0.0053 5.5601 0.1076 0.1169 0.0014 0.79 1910 25 13 1910 17 0.9 1910 21 11 4089 0.4 100.0
T19-3-16-4 core 25 753 0.3516 0.0092 5.7710 0.1969 0.1191 0.0026 0.77 1942 44 23 1942 30 15 1942 39 20 2119 0.8 100.0
T19-3-19-4 core 25 859 0.3504 0.0064 5.7402 0.1252 0.1188 0.0014 0.84 1936 31 1.6 1937 19 1.0 1939 21 11 2153 0.8 99.9
g T19-3-1-4 core 25 106 0.3368 0.0083 5.4427 0.1651 0.1172 0.0021 0.81 1871 40 2.1 1892 26 1.4 1914 32 1.7 0.0 97.8
o T19-3-2-1 core 25 471 0.3487 0.0069 5.7862 0.1394 0.1203 0.0017 0.82 1928 33 17 1944 21 11 1961 25 13 2159 0.8 98.3
= T19-3-2-9 core 25 148 0.3625 0.0138 6.1384 0.3062 0.1228 0.0040 0.76 1994 65 3.3 1996 44 2.2 1998 57 2.9 1937 0.9 99.8
% T19-3-34 core 25 458 0.3581 0.0062 5.9970 0.1365 0.1215 0.0018 0.77 1973 30 15 1975 20 1.0 1978 26 13 1995 0.9 99.7
-8 T19-3-7-4 core 25 415 0.3566 0.0078 5.9596 0.1596 0.1212 0.0019 0.82 1966 37 1.9 1970 23 1.2 1974 27 1.4 2066 0.9 99.6
g) T19-3-9-4 core 25 252 0.3436 0.0057 5.5426 0.1131 0.1170 0.0014 0.81 1904 27 1.4 1907 18 0.9 1911 21 11 3964 0.4 99.7
o T19-3-12-4 core 25 351 0.3420 0.0110 5.4743 0.1909 0.1161 0.0016 0.92 1896 53 28 1897 30 16 1897 24 13 5186 0.3 100.0
:‘g T19-3-21-4 rim 25 681 0.3426 0.0039 5.4662 0.0753 0.1157 0.0009 0.82 1899 19 1.0 1895 12 0.6 1891 14 0.8 12291 0.1 100.4
©  T19-3-21-7 rim 25 141 0.3365 0.0077 5.2889 0.1754 0.1140 0.0027 0.69 1870 37 2.0 1867 28 1.5 1864 43 2.3 87490 0.0 100.3
O T19-3-1-7 rim 25 283 0.3380 0.0100 5.3803 0.1788 0.1154 0.0018 0.89 1877 48 2.6 1882 28 15 1887 28 15 1609 1.1 99.5
T19-3-2-8 rim 25 134 0.3374 0.0066 5.3413 0.1232 0.1148 0.0014 0.85 1874 32 1.7 1875 20 1.1 1877 22 1.2 4326 0.4 99.9
T19-3-3-7 rim 25 172 0.3411 0.0065 5.4497 0.1228 0.1159 0.0014 0.85 1892 31 1.7 1893 19 1.0 1894 21 1.1 3862 0.5 99.9
T19-3-4-7 rim 25 104 0.3335 0.0036 5.2170 0.0728 0.1135 0.0010 0.77 1855 17 0.9 1855 12 0.6 1856 16 0.9 13407 0.1 100.0
T19-3-5-7 rim 25 285 0.3440 0.0044 5.5619 0.0928 0.1173 0.0013 0.76 1906 21 11 1910 14 0.8 1915 19 1.0 4890 0.4 99.5
T19-3-10-7 rim 25 266 0.3364 0.0072 5.3265 0.1312 0.1148 0.0014 0.87 1869 35 19 1873 21 11 1877 22 12 11441 0.2 99.6
T19-3-2-7 rim 25 83 0.3076 0.0048 4.5770 0.0813 0.1079 0.0009 0.87 1729 23 1.4 1745 15 0.8 1765 16 0.9 95284 0.0 98.0
T19-3-8-7 rim 25 282 0.3278 0.0036 5.1931 0.0692 0.1149 0.0009 0.83 1828 18 1.0 1851 11 0.6 1878 13 07 6227 0.3 97.3
T19-3-14-7 rim 25 172 0.3239 0.0050 4.9696 0.0951 0.1113 0.0012 0.81 1809 25 14 1814 16 09 1820 20 11 7857 0.1 99.4
T19-3-15-4 rim 25 504 0.3341 0.0061 5.1543 0.1106 0.1119 0.0013 0.84 1858 29 1.6 1845 18 1.0 1830 21 1.1 1665 0.9 101.5
91500-3 35 733 0.1771 0.0030 1.8135 0.0443 0.0743 0.0013 0.70 1051 17 16 1050 16 15 1049 35 33 0.0 100.2
91500-4 35 628 0.1823 0.0027 1.9038 0.0439 0.0757 0.0013 0.65 1079 15 1.4 1082 15 1.4 1089 35 3.2 0.0 99.2



114

Appendices

Table 14. LA-ICP-MS analyses for a calc-silicate rock (sample T4-39-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/238U +20 207Pb/235u +20 207Pb/206Pb +20 206Pb/238U +20 +20% 207Pb/235U +20 +20% 207Pb/206Pb +20 +20% 206Pb/204pb f206%
T4-39-3-3 Det. Core 25 343 0.4614 0.0135 10.9769 0.5573 0.1725 0.0072 0.58 2446 59 24 2521 47 19 2583 69 2.7 8789 0.2 94.7
T4-39-16-1 Det. Core 25 466 0.4775 0.0111 11.4830 0.5446 0.1744 0.0072 0.49 2516 49 19 2563 44 1.7 2600 69 2.6 56240 0.0 96.8
T4-39-20-1 Det. Core 25 330 0.4890 0.0128 11.8683 0.5794 0.1760 0.0073 0.54 2566 55 2.2 2594 46 1.8 2616 69 2.6 0.0 98.1
T4-39-21-3 Det. Core 25 456 0.4786 0.0153 11.1668 0.6441 0.1692 0.0081 0.56 2521 67 27 2537 54 21 2550 80 3.2 16461 0.1 98.9
T4-39-17-3 Det. Core 25 626 0.4364 0.0240 9.0281 0.6355 0.1501 0.0066 0.78 2334 108 4.6 2341 64 2.8 2347 7% 3.2 4999 0.4 99.5
T4-39-12-3 Det. Core 25 404 0.4843 0.0127 11.3251 0.5884 0.1696 0.0076 0.50 2546 55 2.2 2550 49 19 2554 75 29 19394 0.1 99.7
T4-39-2-3 Det. Core 25 163 0.5047 0.0121 12.4184 0.5316 0.1785 0.0063 0.56 2634 52 2.0 2637 40 15 2639 59 2.2 98821 0.0 99.8
T4-39-5-1 Det. Core 25 337 0.4703 0.0097 10.5717 0.3470 0.1630 0.0042 0.63 2485 43 17 2486 30 1.2 2487 43 1.7 12433 0.1 99.9
T4-39-15-1 Det. Core 25 283 0.4998 0.0160 12.1189 0.6124 0.1758 0.0069 0.63 2613 69 2.6 2614 47 1.8 2614 65 25 58407 0.0 100.0
T4-39-1-3 Det. Core 25 696 0.4118 0.0178 7.9271 0.5048 0.1396 0.0065 0.68 2223 81 37 2223 57 26 2222 81 3.6 21439 0.1 100.0
T4-39-11-3 Det. Core 25 263 0.5005 0.0140 12.1389 0.6389 0.1759 0.0078 0.53 2616 60 2.3 2615 49 19 2615 74 238 0.0 100.1
S T4-39-19-1 Det. Core 25 457 0.4973 0.0175 11.9054 0.6162 0.1736 0.0066 0.68 2602 75 29 2597 49 19 2593 63 24 47960 0.0 100.4
S 14-39-6-3 Det. Core 25 253 0.4958 0.0116 11.7530 0.4117 0.1719 0.0045 0.67 2596 50 1.9 2585 33 13 2577 43 1.7 127294 0.0 100.7
% T4-39-3-6 rim 25 825 0.3630 0.0106 6.5186 0.4314 0.1302 0.0077 0.44 1996 50 25 2048 58 2.8 2101 104 5.0 7582 0.2 95.0
O T4-39-4-6 rim 25 1089 0.3890 0.0135 7.5084 0.4257 0.1400 0.0063 0.61 2118 63 3.0 2174 51 23 2227 78 35 39313 0.0 95.1
6 T4-39-12-7 rim 25 732 0.3407 0.0129 5.7222 0.3723 0.1218 0.0064 0.58 1890 62 33 1935 56 2.9 1983 94 438 0.0 95.3
O T4-39-11-6 rim 25 1002 0.3471 0.0087 5.9190 0.2153 0.1237 0.0033 0.69 1921 42 22 1964 32 16 2010 47 2.3 8119 0.2 95.6
8 T4-39-16-6 rim 25 816 0.3333 0.0079 5.4541 0.3371 0.1187 0.0068 0.39 1854 38 21 1893 53 2.8 1937 102 5.3 26757 0.1 95.7
T4-39-2-6 rim 25 869 0.3376 0.0095 5.5759 0.2687 0.1198 0.0047 0.59 1875 46 25 1912 42 22 1953 70 3.6 0.0 96.0
T4-39-21-6 rim 25 577 0.4011 0.0085 7.8475 0.3354 0.1419 0.0053 0.49 2174 39 18 2214 39 17 2251 64 29 12180 0.1 96.6
T4-39-13-3 rim 25 930 0.3608 0.0109 6.0969 0.2695 0.1226 0.0040 0.68 1986 52 26 1990 39 19 1994 57 2.9 73115 0.0 99.6
T4-39-13-4 rim 25 961 0.3647 0.0088 6.1920 0.2552 0.1231 0.0041 0.59 2004 42 21 2003 36 1.8 2002 59 3.0 344985 0.0 100.1
T4-39-14-3 rim 25 1097 0.3528 0.0098 5.7018 0.2443 0.1172 0.0038 0.65 1948 47 24 1932 37 19 1914 59 3.1 15470 0.1 101.7
T4-39-2-7 rim 25 1033 0.3451 0.0153 5.7521 0.4752 0.1209 0.0084 0.54 1911 73 38 1939 72 37 1969 125 6.3 20309 0.1 97.0
T4-39-7-6 rim 25 705 0.3436 0.0092 5.5945 0.2453 0.1181 0.0041 0.61 1904 4 23 1915 38 20 1928 62 3.2 18381 0.1 98.7
T4-39-20-6 rim 25 1071 0.3610 0.0076 6.1479 0.3027 0.1235 0.0055 0.43 1987 36 1.8 1997 43 2.2 2008 79 3.9 0.0 99.0
T4-39-12-6 rim 25 824 0.3512 0.0184 5.7809 0.5714 0.1194 0.0100 0.53 1940 88 45 1944 86 4.4 1947 150 7.7 26237 0.1 99.7
T4-39-5-6 rim 25 948 0.3576 0.0106 5.9497 0.3692 0.1207 0.0066 0.48 1971 50 25 1969 54 27 1966 97 5.0 21001 0.1 100.2
T4-39-6-6 rim 25 923 0.3388 0.0104 5.4081 0.2327 0.1158 0.0035 0.71 1881 50 2.7 1886 37 20 1892 54 2.9 76135 0.0 99.4
91500-5 25 78 0.1787 0.0050 1.8400 0.0814 0.0747 0.0026 0.63 1060 27 26 1060 29 27 1060 69 6.5 0.0 100.0
91500-6 25 74 0.1828 0.0039 1.9030 0.0693 0.0755 0.0022 0.59 1082 21 20 1082 24 22 1082 59 5.4 0.0 100.0
91500-2 35 74 0.1755 0.0051 1.7845 0.0678 0.0738 0.0018 0.77 1042 28 27 1040 25 24 1035 49 47 0.0 100.7
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Table 15. LA-ICP-MS analyses for a metapelite (sample T4-38-10)

. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) 206Pb/238U + 20. 207Pb/235U + 20. 207Pb/206pb + 20. 206Pb/238U + 20. + 20% 207Pb/235u + 20. + 20.% 207Pb/206Pb + 20 + 20% ZOGPb/204Pb f206%
T4-38-6-1 Det. Core 25 1161 0.1220 0.0051 1.8993 0.1127 0.1129 0.0047 0.71 742 29 4.0 1081 39 37 1847 76 4.1 102 14.9 40.2
T4-38-3-1 Det. Core 25 839 0.2594 0.0035 5.0267 0.2036 0.1406 0.0054 0.33 1486 18 1.2 1824 34 19 2234 66 3.0 141 10.8 66.5
T4-38-28-1 Det. Core 25 869 0.2088 0.0068 3.5859 0.2541 0.1246 0.0078 0.46 1222 36 3.0 1546 56 3.6 2023 112 55 251 6.0 60.4
T4-38-19-3 Det. Core 25 758 0.2922 0.0083 4.8450 0.1840 0.1202 0.0030 0.75 1653 42 25 1793 32 18 1960 45 2.3 640 2.8 84.3
T4-38-23-3 Det. Core 25 534 0.3695 0.0087 6.3421 0.2303 0.1245 0.0034 0.65 2027 41 2.0 2024 32 16 2022 49 2.4 747 2.4 100.3
T4-38-12-1 Det. Core 25 584 0.4155 0.0110 8.5939 0.3293 0.1500 0.0042 0.69 2240 50 2.2 2296 35 15 2346 47 2.0 818 2.2 95.5
T4-38-5-1 Det. Core 25 79 0.3435 0.0284 5.5618 0.5380 0.1174 0.0059 0.85 1903 136 7.2 1910 83 4.4 1918 90 4.7 1004 15 99.2
T4-38-13-4 Det. Core 25 1119 0.3524 0.0112 5.8122 0.2405 0.1196 0.0032 0.77 1946 53 27 1948 36 1.8 1951 47 2.4 1222 1.5 99.7
T4-38-3-2 Det. Core 25 508 0.3834 0.0122 6.4680 0.2727 0.1223 0.0034 0.76 2092 57 27 2042 37 1.8 1991 49 2.5 1308 1.4 105.1
o T4-38-40-4 Det. Core 35 355 0.3579 0.0046 5.9966 0.1029 0.1215 0.0014 0.75 1972 22 11 1975 15 0.8 1978 20 1.0 1518 1.0 99.7
= T4-38-32-3 Det. Core 25 137 0.3689 0.0140 6.7658 0.3216 0.1330 0.0038 0.80 2024 66 3.2 2081 42 20 2138 50 2.4 11347 0.2 94.7
L T4-38-38-1 Det. Core 35 274 0.3331 0.0064 5.6763 0.1295 0.1236 0.0015 0.84 1853 31 17 1928 20 1.0 2009 22 1.1 3697 0.5 92.3
% T4-38-17-1 Det. Core 25 395 0.4270 0.0121 10.7575 0.4272 0.1827 0.0051 0.72 2292 55 2.4 2502 37 15 2678 46 1.7 3922 0.5 85.6
S T4-38-49-1 Det. Core 35 0.2511 0.0063 4.2401 0.1602 0.1225 0.0034 0.67 1444 33 23 1682 31 1.8 1993 50 25 5800 0.3 72.5
T4-38-29-1 Det. Core 25 415 0.4123 0.0114 7.3158 0.3096 0.1287 0.0041 0.66 2225 52 23 2151 38 1.8 2080 56 2.7 27205 0.1 107.0
T4-38-47-4 Det. Core 25 0.3813 0.0088 6.7723 0.2051 0.1288 0.0025 0.76 2082 41 2.0 2082 27 13 2082 35 1.7 32944 0.1 100.0
T4-38-20-3 Det. Core 25 368 0.3859 0.0128 6.9394 0.3067 0.1304 0.0038 0.75 2104 60 2.8 2104 39 19 2104 51 2.4 7206 0.2 100.0
T4-38-1-2 Det. Core 25 217 0.3778 0.0159 6.6518 0.3432 0.1277 0.0038 0.81 2066 74 3.6 2066 46 2.2 2067 53 2.6 42510 0.0 100.0
T4-38-33-1 Det. Core 35 282 0.3917 0.0046 7.1557 0.1065 0.1325 0.0012 0.78 2130 21 1.0 2131 13 06 2132 16 0.8 0.0 99.9
T4-38-35-1 Det. Core 25 222 0.4295 0.0074 8.6719 0.1842 0.1464 0.0018 0.81 2303 33 14 2304 19 038 2305 22 0.9 1947 0.9 99.9
T4-38-27-3 Det. Core 25 812 0.3840 0.0119 6.8860 0.3160 0.1301 0.0044 0.67 2095 55 2.6 2097 41 19 2099 60 2.8 17066 0.1 99.8
T4-38-25-1 Det. Core 25 322 0.3925 0.0129 7.2033 0.3409 0.1331 0.0045 0.70 2135 60 2.8 2137 42 20 2139 59 2.8 63337 0.0 99.8
T4-38-7-3 Det. Core 25 96 0.3872 0.0113 7.0059 0.2751 0.1312 0.0034 0.74 2110 53 25 2112 35 17 2115 46 2.2 4612 0.4 99.8

T4-38-36-1 Det. Core 25 439 0.3769 0.0082 6.7127 0.1786 0.1292 0.0020 0.81 2062 38 1.9 2074 24 1.1 2087 27 1.3 22915 0.1 98.8
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Table 5 continued

Degree of

Analysis name  Texture Spot size U conc. Ratios Ages (Ma) Common Pb
rho: concordance (%)
(um) (ppm) ZOGPbIZBBU + 20. 207Pb/235U + 20. 207Pb/206pb + 20. ZOGPbIZBSU + 20. + 20% 207Pb/235u + 20. + 20.% 207Pb/206pb + 20 + 20% ZOGPb/204Pb f206%
T4-38-31-6 rim 25 577 0.0949 0.0060 1.5716 0.1156 0.1201 0.0045 0.86 584 35 6.1 959 46 4.8 1958 67 3.4 421 3.6 29.9
T4-38-20-9 rim 25 741 0.2318 0.0086 3.8603 0.1738 0.1208 0.0031 0.82 1344 45 33 1605 36 23 1968 46 2.3 433 35 68.3
T4-38-42-7 rim 35 1482 0.2533 0.0171 4.9503 0.3986 0.1417 0.0062 0.84 1456 88 6.0 1811 68 3.8 2248 76 3.4 551 3.2 64.7
T4-38-13-5 rim 25 515 0.3126 0.0076 4.9149 0.2185 0.1140 0.0043 0.55 1754 37 21 1805 38 21 1865 67 3.6 247 6.2 94.0
T4-38-7-6 rim 25 516 0.3578 0.0070 5.9843 0.2153 0.1213 0.0037 0.55 1972 33 17 1974 31 16 1975 54 2.7 327 5.4 99.8
T4-38-45-7 rim 35 525 0.3254 0.0048 5.2405 0.1041 0.1168 0.0015 0.74 1816 23 13 1859 17 09 1908 24 1.2 540 2.8 95.2
T4-38-9-5 rim 25 610 0.2572 0.0096 4.2405 0.2194 0.1196 0.0043 0.73 1476 49 34 1682 43 25 1950 64 3.3 596 2.6 75.7
T4-38-44-7 rim 35 818 0.3353 0.0112 5.5398 0.2526 0.1198 0.0037 0.73 1864 54 29 1907 39 21 1954 55 2.8 733 21 95.4
T4-38-16-8 rim 25 492 0.3404 0.0065 5.4603 0.1487 0.1163 0.0022 0.70 1889 31 17 1894 23 1.2 1901 35 1.8 874 2.0 99.4
T4-38-46-7 rim 25 452 0.3437 0.0072 5.6359 0.1485 0.1189 0.0019 0.80 1904 35 1.8 1922 23 1.2 1940 29 15 1100 1.6 98.1
T4-38-23-6 rim 25 372 0.3547 0.0084 5.8934 0.2419 0.1205 0.0040 0.58 1957 40 2.0 1960 36 1.8 1964 60 3.0 1102 1.6 99.7
T4-38-17-3 rim 25 334 0.3471 0.0091 5.9269 0.2236 0.1238 0.0034 0.69 1921 43 23 1965 33 17 2012 48 2.4 0.0 95.5
T4-38-5-6 rim 25 145 0.3154 0.0069 5.3050 0.1975 0.1220 0.0037 0.59 1767 34 19 1870 32 17 1985 53 2.7 8931 0.2 89.0
T4-38-31-7 rim 25 237 0.3147 0.0040 5.1050 0.1381 0.1176 0.0028 0.47 1764 19 11 1837 23 13 1921 43 2.2 4123 0.4 91.8
T4-38-29-3 rim 25 322 0.3292 0.0085 5.5228 0.2259 0.1217 0.0039 0.63 1835 41 23 1904 35 1.8 1981 56 2.8 11284 0.1 92.6
° T4-38-14-4 rim 25 432 0.3147 0.0044 5.0556 0.1194 0.1165 0.0022 0.59 1764 21 1.2 1829 20 11 1903 34 1.8 8440 0.2 92.7
= T4-38-38-7 rim 35 362 0.3280 0.0062 5.3878 0.1161 0.1191 0.0012 0.88 1828 30 17 1883 18 1.0 1944 18 0.9 2715 0.7 94.1
L T4-38-17-6 rim 25 162 0.3322 0.0051 5.5130 0.1613 0.1203 0.0030 0.53 1849 25 13 1903 25 13 1961 44 2.3 7573 0.2 94.3
% T4-38-41-7 rim 25 401 0.3319 0.0062 5.4867 0.1384 0.1199 0.0020 0.74 1847 30 1.6 1899 22 11 1955 31 1.6 4599 0.4 94.5
S T4-38-24-4 rim 25 296 0.3425 0.0057 5.8044 0.1702 0.1229 0.0030 0.57 1898 27 14 1947 25 13 1999 43 2.1 10584 0.2 95.0
T4-38-32-7 rim 25 221 0.3433 0.0148 5.8289 0.3042 0.1231 0.0036 0.83 1902 71 3.7 1951 45 2.3 2002 52 2.6 7110 0.2 95.0
T4-38-10-5 rim 25 318 0.3363 0.0066 5.5471 0.1880 0.1196 0.0033 0.58 1869 32 17 1908 29 15 1951 49 25 4232 0.4 95.8
T4-38-9-6 rim 25 194 0.3589 0.0073 6.2695 0.1822 0.1267 0.0026 0.70 1977 35 1.8 2014 25 13 2053 37 1.8 2506 0.7 96.3
T4-38-43-7 rim 25 613 0.3673 0.0063 6.0972 0.1329 0.1204 0.0016 0.79 2017 30 15 1990 19 1.0 1962 24 1.2 5744 0.3 102.8
T4-38-25-6 rim 25 493 0.3746 0.0145 6.3188 0.2946 0.1223 0.0032 0.83 2051 68 3.3 2021 41 20 1991 46 2.3 34065 0.1 103.0
T4-38-11-7 rim 25 36 0.3540 0.0109 5.9292 0.3389 0.1215 0.0058 0.54 1953 52 27 1966 50 25 1978 86 4.3 143808 0.0 98.7
T4-38-30-4 rim 25 478 0.3491 0.0078 5.7429 0.1847 0.1193 0.0028 0.70 1930 37 1.9 1938 28 1.4 1946 41 2.1 61438 0.0 99.2
T4-38-32-6 rim 25 220 0.3588 0.0116 6.0494 0.2562 0.1223 0.0033 0.77 1976 55 2.8 1983 37 19 1990 49 2.4 12996 0.1 99.3
T4-38-36-7 rim 25 380 0.3525 0.0062 5.8222 0.1186 0.1198 0.0012 0.86 1947 29 15 1950 18 0.9 1953 19 1.0 8298 0.2 99.7
T4-38-22-6 rim 25 183 0.3564 0.0131 5.9378 0.3120 0.1208 0.0045 0.70 1965 62 3.2 1967 46 2.3 1968 67 34 2212 0.8 99.8
T4-38-19-6 rim 25 401 0.3645 0.0104 6.2044 0.2733 0.1234 0.0041 0.65 2004 49 25 2005 39 19 2007 59 3.0 3077 0.6 99.8
T4-38-11-6 rim 25 170 0.3547 0.0121 5.8783 0.2399 0.1202 0.0027 0.84 1957 58 3.0 1958 35 1.8 1959 40 2.0 8342 0.2 99.9
T4-38-24-3 rim 25 453 0.3608 0.0123 6.0679 0.3228 0.1220 0.0050 0.64 1986 58 29 1986 46 2.3 1986 73 3.7 8180 0.2 100.0
T4-38-37-7 rim 25 259 0.3579 0.0090 5.9673 0.1767 0.1209 0.0019 0.85 1972 43 2.2 1971 26 13 1970 28 1.4 4273 0.4 100.1
T4-38-39-7 rim 25 426 0.3568 0.0072 5.8681 0.1390 0.1193 0.0015 0.86 1967 34 17 1957 21 11 1945 22 1.1 50976 0.0 101.1
T4-38-14-3 rim 25 572 0.3544 0.0117 5.7756 0.2446 0.1182 0.0031 0.78 1955 56 2.8 1943 37 19 1929 48 2.5 10681 0.2 101.3
91500-5 25 72 0.1800 0.0040 1.8681 0.0586 0.0753 0.0017 0.70 1067 22 20 1070 21 1.9 1076 45 4.2 0.0 99.2
91500-6 25 69 0.1748 0.0041 1.7806 0.0655 0.0739 0.0021 0.63 1038 22 21 1038 24 23 1038 58 5.5 0.0 100.0
91500-1 25 68 0.1806 0.0046 1.8182 0.0692 0.0730 0.0021 0.67 1070 25 23 1052 25 24 1015 57 5.7 1145 1.4 105.5
91500-2 25 75 0.1810 0.0044 1.8752 0.0665 0.0752 0.0020 0.68 1072 24 2.2 1072 23 22 1073 52 4.9 0.0 100.0
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Table 16. LA-ICP-MS analyses for a leucosome of a metapelite (sample T4-37-10)
. . . Degree of
Analysis name  Texture Spot size U conc. Ratios tho: Ages (Ma) Common Pb concordance (%)
(um) (ppm) ZOGPb/238U +20 207Pb/235u +20 207Pb/206pb +20 ZOGPb/238U +20 *+20% 207Pb/235U +20 +20% 207Pb/205pb +20 +20% 206Pb/204pb f2060/0

T4-37-2-5 core 25 259 0.3355 0.0078 5.5205 0.1710 0.1193 0.0024 0.75 1865 38 2.0 1904 27 1.4 1946 36 1.9 3635 0.5 95.8
T4-37-12-5 core 25 344 0.3336 0.0077 5.3452 0.1531 0.1162 0.0020 0.81 1856 37 20 1876 25 13 1899 30 16 105582 0.0 97.7
T4-37-3-6 core 25 265 0.3251 0.0093 4.9889 0.1983 0.1113 0.0031 0.72 1815 45 25 1817 34 19 1821 50 28 2859 0.5 99.7
T4-37-1-5 core 25 376 0.3495 0.0096 5.7234 0.2019 0.1188 0.0026 0.78 1932 46 2.4 1935 30 1.6 1938 40 2.0 86867 0.0 99.7

o T14-37-9-2 core 25 401 0.3553 0.0121 5.9073 0.2367 0.1206 0.0025 0.85 1960 58 29 1962 35 18 1965 37 19 4529 0.4 99.8

£ T4-37-14-6 core 25 337 0.3532 0.0075 5.8375 0.1644 0.1199 0.0022 0.76 1950 36 1.8 1952 24 1.3 1954 33 1.7 7900 0.2 99.8

L T4-37-142 core 25 331 0.3517 0.0093 5.7827 0.1903 0.1192 0.0023 0.80 1943 44 23 1944 28 15 1945 35 1.8 23082 0.1 99.9

g T4-37-10-1 core 25 450 0.3518 0.0106 5.7811 0.2296 0.1192 0.0031 0.76 1943 51 26 1944 34 18 1944 46 2.4 19599 0.1 99.9

£ T4-37-1-6 core 25 379 0.3547 0.0101 5.8711 0.2112 0.1201 0.0026 0.79 1957 48 2.5 1957 31 1.6 1957 39 2.0 6340 0.2 100.0

© T4-37-13-5 core 25 268 0.3443 0.0092 5.5393 0.1826 0.1167 0.0022 0.81 1907 44 23 1907 28 15 1906 34 18 1931 0.9 100.0

£ T4-37-11-3 core 25 397 0.3503 0.0077 5.7103 0.1719 0.1182 0.0024 0.73 1936 37 1.9 1933 26 1.3 1930 37 1.9 93361 0.0 100.3

g T4-37-3-1 core 25 305 0.3558 0.0165 5.8855 0.3453 0.1200 0.0043 0.79 1962 78 4.0 1959 51 2.6 1956 64 3.3 1803 0.8 100.3

o T4-37-11-2 core 25 281 0.3630 0.0110 6.0088 0.2159 0.1201 0.0023 0.84 1996 52 26 1977 31 16 1957 34 18 12235 0.1 102.0

g T4-37-9-3 core 25 564 0.3445 0.0152 5.5707 0.2942 0.1173 0.0034 0.83 1908 73 3.8 1912 45 2.4 1915 52 2.7 1668 1.1 99.7

8 T4-37-1-1 core 25 634 0.3413 0.0196 5.5676 0.3657 0.1183 0.0038 0.88 1893 94 5.0 1911 57 3.0 1931 57 29 1095 1.6 98.0

g T4-37-73 core 25 1034 0.3449 0.0186 5.5725 0.3392 0.1172 0.0033 0.88 1910 89 47 1912 52 27 1914 51 27 684 2.2 99.8

3 T4-37-4-2 core 25 816 0.3616 0.0194 6.1732 0.4034 0.1238 0.0046 0.82 1990 92 4.6 2001 57 2.9 2012 66 3.3 598 25 98.9
T4-37-5-2 core 25 1502 0.3510 0.0186 5.7668 0.3613 0.1192 0.0040 0.85 1939 89 4.6 1941 54 28 1944 60 3.1 499 3.1 99.8
T4-37-4-3 core 25 625 0.3485 0.0096 5.6603 0.2298 0.1178 0.0035 0.68 1927 46 2.4 1925 35 1.8 1923 53 2.8 357 4.2 100.2
T4-37-7-2 core 25 979 0.2265 0.0189 3.6951 0.3496 0.1183 0.0053 0.88 1316 9 75 1570 76 4.8 1931 80 4.2 306 5.8 68.1
T4-37-12-3 core 25 1063 0.2635 0.0079 4.3406 0.1793 0.1195 0.0034 0.72 1508 40 27 1701 34 20 1948 51 2.6 209 7.3 77.4
T4-37-3-5 core 25 297 0.3303 0.0138 5.0437 0.9973 0.1108 0.0214 0.21 1840 67 3.6 1827 169 9.3 1812 358 19.7 45 33.9 101.5
91500-3 25 71 0.1829 0.0029 1.9090 0.0525 0.0757 0.0017 0.57 1083 16 15 1084 18 17 1087 45 4.2 4215 0.4 99.7
91500-4 25 80 0.1769 0.0051 1.8136 0.0850 0.0743 0.0027 0.62 1050 28 2.7 1050 31 2.9 1051 74 7.1 0.0 99.9
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Table 17. Geochemical composition of the Katuma metabasites and gabbronorites; major elements in wt. % and trace elements in ppm.

Metabasite Gabbronorite
Sample ID T1-12 T1-13 T1-16 T2-9 T3-8 T4-5 T6-5 T7-3 T9-1 T10-1 T11-1 T14-2 T16-1 T17-3 T19-1 T21-1 T22-3 T26-3 T1-18 T1-19 T5-2 T13-1 Ti17-1
SiO, 49.33 4898 49.97 5453 49.25 49.69 55.96 58.87 49.20 49.40 48.80 48.35 50.14 53.96 48.36 50.49 43.46 50.60 51.01 51.04 51.73 51.97 53.56
TiO, 1.06 226 203 076 104 136 102 077 157 082 174 194 072 055 128 237 308 0.87 035 045 032 033 11.48

ALO; 13.80 12.00 11.83 16.14 13.64 14.08 17.42 1729 1294 1519 1245 1232 1439 11.62 13.61 11.67 1467 1417 841 811 836 10.16 0.56
Fe,04 1472 18.01 1853 843 1374 1396 7.37 6.25 1622 11.82 16.94 16.84 1121 891 13.89 1889 16.24 1290 10.06 10.38 10.07 9.42 13.21

MnO 021 025 026 013 022 024 010 007 024 020 024 024 020 014 022 024 022 0.20 015 017 017 0.16 8.69
MgO 6.61 489 441 534 676 625 319 345 610 691 478 544 846 1344 714 387 576 737 19.05 1940 19.11 17.26 6.97
CaO 1058 930 9.09 6.81 991 1021 6.06 529 1027 1184 940 951 1264 693 10.77 842 754 1125 527 461 628 726 0.04
Na,O 206 221 240 357 237 104 467 398 209 183 276 198 161 212 250 224 3.06 194 1.00 075 118 142 211
K,0 024 072 057 167 107 103 176 208 037 017 072 134 014 050 098 074 026 0.20 069 088 041 037 051
P,0s 012 025 020 0.26 010 011 036 023 013 006 016 017 005 0.04 010 015 0.85 0.07 0.06 0.06 0.04 0.05 0.14
LOI 050 -0.31 -0.75 181 089 190 120 064 -016 -010 0.23 094 -025 060 075 027 290 -039 294 3.96 0.31 0.60
Total 99.2 989 993 995 990 999 991 989 991 982 982 991 993 9881 996 994 980 99.6 99.0 998 977 987 974
Cr 100 82 58 202 257 172 23 96 149 335 80 85 570 126 25 43 211 2542 2526 2484 2093 916.00
Ni 254 285 197 441 272 474 34 305 223 145 158 269 156 33 290 91 825 538 149.7 1945 1512 168.2 2427
\Y 350 419 425 205 282 341 189 150 373 267 375 442 281 269 342 750 260 285 160 158 165 168 121
zr 725 2233 1633 820 832 913 2538 1209 1054 49.0 1337 1355 420 520 716 137.0 1979 545 420 380 306 343 321
Hf 2.0 6.1 4.2 2.1 2.5 2.6 6.6 2.9 2.9 1.4 3.9 3.9 1.3 1.7 20 3.8 4.4 1.7 11 11 0.8 0.9 1.0
Nb 57 143 125 93 5.4 40 103 87 6.9 32 106 85 27 37 57 74 113 31 13 1.8 1.2 1.2 17
Ta 0.4 11 0.7 0.5 0.2 0.3 0.5 0.4 0.4 0.2 0.6 0.6 01 02 03 0.4 0.6 0.1 b.d 0.1 b.d b.d b.d
Cs 0.4 1.3 0.8 0.3 0.3 0.3 0.3 0.9 0.5 0.2 b.d b.d 02 04 01 2.3 b.d 0.4 3.2 4.4 0.9 0.7 0.3
Rb 85 337 196 559 269 388 323 909 150 6.1 98 207 45 9.0 157 348 59 4.7 332 455 133 118 158
Sr 1158 1415 1658 5044 1927 217.0 9989 598.8 1415 139.3 1905 130.1 121.2 5114 229.8 163.9 551.1 1273 126.8 126.7 142.0 175.7 262.0
Y 243 558 445 229 235 289 283 129 325 173 421 390 166 239 250 400 346 188 8.7 8.2 7.1 7.8 5.9
Ba 35 167 206 680 184 385 1199 697 83 51 772 163 122 221 358 187 170 78 154 196 128 133 84
La 66 217 185 309 99 101 544 251 96 49 250 127 58 123 9.0 146 310 47 7.7 7.5 5.9 6.7 53
Ce 164 505 418 730 221 192 1170 544 224 110 281 304 93 316 160 307 692 111 161 155 138 133 118
Pr 219 650 518 860 266 293 1359 6.32 311 151 534 403 165 441 249 401 888 154 192 182 157 159 134
Nd 104 266 231 331 101 132 526 229 147 65 214 173 72 223 116 192 364 64 8.0 7.1 6.6 7.3 5.2
Sm 288 723 594 641 297 377 1004 434 386 204 541 498 184 471 319 520 802 227 163 157 128 149 138
Eu 086 184 173 176 093 125 226 134 129 074 152 145 076 15 113 171 253 0.80 046 045 040 041 051
Gd 357 899 662 495 347 481 740 338 496 247 671 615 245 486 397 640 786 278 168 152 133 138 129
Th 065 161 122 074 062 08 102 047 09 047 116 110 045 079 073 113 122 054 025 025 023 023 0.22
Dy 369 944 728 378 389 520 522 245 550 273 685 676 266 466 440 652 634 299 157 130 129 134 1.08
Ho 096 217 169 077 090 109 097 045 124 066 153 157 059 093 089 158 130 0.80 031 033 031 027 020
Er 282 646 464 220 252 319 256 116 362 184 486 437 182 258 237 444 387 221 096 092 085 0.78 0.56
Tm 043 092 069 031 035 045 037 017 056 028 065 066 026 039 038 061 051 031 013 013 012 013 0.09
Yb 269 547 423 196 241 291 226 111 334 177 414 408 143 258 217 366 297 2.00 083 080 0.76 0.74 0.6
Lu 045 09 070 032 040 046 036 019 053 027 068 065 025 034 033 060 048 0.30 013 013 012 0.13 0.08

Th 1 5 2 4 2 1 7 1 1 1 1 2 0 1 1 3 1 1 2 1 1 1 2
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Table 17 continued

Metabasite Gabbronorite
Sample ID T1-12 T1-13 T1-16 T2-9 T3-8 T4-5 T6-5 T7-3 T9-1 T10-1 T11-1 T14-2 T16-1 T17-3 T19-1 T21-1 T22-3 T26-3 T1-18 T1-19 T5-2 TI13-1 T17-1
u 03 14 07 05 05 04 04 02 04 bd 05 06 bd 02 03 08 02 bd 03 04 03 03 07
Pb 14 21 28 91 77 36 471 45 06 07 48 26 07 11 22 20 20 19 29 37 28 31 09
Au 6.3 2.6 7.6 0.5 5.8 24 0.5 2.7 6.6 3.2 8.8 16 34 b.d b.d 0.8 b.d 31 b.d 0.7 1.7 4.6 1.0
Co 555 530 566 307 56.0 512 191 193 555 486 522 523 500 264 558 547 474 528 738 741 774 715 5438
Cu 161.6 365.5 3428 1359 1166 387 178 377 2688 1525 3153 1188 1107 165 514 214 474 1663 429 399 599 519 831
Zn 15 43 44 48 34 37 53 62 21 10 35 46 7 46 34 68 91 19 14 17 5 5 12
Th/Yb 037 088 052 189 066 038 29 09 036 034 031 051 028 023 037 079 047 0.30 181 150 132 162 391
Th/Nb 018 034 018 040 030 028 065 011 017 019 012 025 015 0.16 0.14 039 012 0.19 115 067 083 100 1.06
Nb/La 086 066 068 030 055 040 019 035 072 065 042 067 047 030 063 051 036 0.66 017 024 020 018 0.32
Hf/Th 200 127 191 057 15 236 099 290 242 233 300 18 325 283 250 131 314 283 073 092 080 0.75 0.56
oY 298 400 367 358 354 316 897 937 324 283 318 347 253 218 286 343 572 290 483 463 431 440 544
Ta/Yb 015 020 017 026 008 010 022 036 012 011 014 015 0.07 008 014 011 020 0.05 0.13
Tiizr 87.63 60.66 74.50 55.55 74.92 89.28 24.09 38.17 89.28 100.30 78.00 85.81 102.74 0.01 107.15 103.68 93.28 95.67 49.95 70.97 62.68 57.66 102.69
La/Ta 16.50 19.73 26.43 61.80 49.50 33.67 108.80 62.75 24.00 2450 41.67 21.17 58.00 61.50 30.00 36.50 51.67 47.00 75.00
Nb/zr 0.08 006 008 011 0.06 0.04 004 007 0.07 007 008 006 0.06 007 008 005 006 0.06 0.03 0.05 004 003 0.05
TirY 261.44 242.74 273.41 198.91 265.24 282.04 216.02 357.75 289.53 284.08 247.71 298.13 259.96 0.01 306.86 355.11 533.52 277.36 241.11 328.91 270.13 253.57 558.71
Ta/Hf 020 018 0.17 024 008 012 008 014 014 014 015 015 0.08 012 015 011 0.14 0.06 0.09
EwEu* 082 070 084 09 089 090 080 107 09 101 077 080 1.09 09 097 091 097 097 0.85 0.89 094 087 117
(La/Yb)ey 165 267 295 10.63 277 234 1623 1525 194 187 407 210 273 376 280 269 7.04 158 6.25 6.32 523 610 7.77
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Table 18. Geochemical composition of the Katuma orthogneisses and granitoids; major

elements are presented in wt. % and trace elements in ppm.

Neoarchean Paleoroterozoic

Sample ID  TI-17  T2-10 T6-6 T7-2 T17-2 T20-2 T14-3  T26-2 T2a-1 T2a-2  T2ec-1 T19-3 T20-1
SiO, 67.58 67.51 71.79 67.09 68.97 73.89 65.90 69.43 55.32 73.05 64.07 66.34 63.04
TiO, 15.90 14.03 15.88 15.35 16.12 12.95 15.66 15.17 15.09 12.68 19.65 14.90 15.53
ALO; 0.44 0.39 0.14 0.54 0.44 0.09 0.55 0.47 0.67 0.20 0.15 0.69 0.58
Fe, 03 1.28 2.92 0.26 1.22 0.90 0.32 2.56 1.61 7.84 0.37 0.53 2.48 2.46
MnO 2.81 447 1.44 3.44 1.92 0.77 4.24 3.29 7.29 3.31 1.29 4.14 4.93
MgO 2.55 3.58 0.62 2.45 2.13 1.04 3.09 2.04 4.28 0.12 3.57 1.80 4.05
CaO 0.08 0.10 0.28 0.28 0.09 0.02 0.16 0.08 0.08 0.05 0.09 0.23 0.20
Na,O 4.36 3.73 443 3.53 3.94 2.61 4.06 4.09 2.67 2.92 5.15 4.20 3.55
K,0 2.83 1.67 3.21 4.49 4.25 5.45 2.33 2.52 3.93 332 3.38 3.33 3.46
P,05 0.03 0.06 bd. 0.03 0.02 0.01 0.04 0.04 0.15 0.43 0.02 0.05 0.09
LOI 0.72 1.28 1.32 0.27 0.52 0.54 0.70 0.53 1.60 2.56 0.77 0.63 1.40
Total 98.6 99.7 99.4 98.7 99.3 97.7 99.3 99.3 98.9 99.0 98.7 98.8 99.3
Cr 23 137 bd. bd. bd. bd. 108 104 64 bd. bd. 37 25

Ni 17.5 34.8 2.8 53 32 4.0 83.0 16.5 72.9 17.6 10.5 229 13.5
\% 50 69 15 52 37 b.d 79 65 107 23 16 74 91

Zr 132.6 77.2 279.3 398.5 161.1 198.9 136.2 142.1 90.7 137.4 104.6 376.0 180.0
Hf 34 2.6 7.4 10.3 39 53 3.8 3.8 24 35 2.8 8.7 4.7

Nb 5.3 5.0 1.0 4.0 39 1.7 43 7.5 9.6 6.2 3.8 8.5 8.6

Ta 0.2 0.3 b.d 0.2 0.1 b.d 0.2 0.6 0.8 0.5 0.4 0.4 0.6

Cs 1.9 0.2 0.5 0.7 0.6 0.2 22 3.7 35 1.0 0.4 0.3 1.0

Rb 89.8 48.1 84.5 127.9 1133 137.4 88.7 99.8 234.2 143.9 94.9 69.2 118.7
Sr 370.3 345.7 171.3 522.8 287.9 336.9 451.1 357.0 195.2 72.4 488.5 229.4 4523
Y 4.2 10.2 7.4 4.7 4.7 1.6 7.3 7.4 15.3 8.7 43 9.9 21.6
Ba 541 843 928 1373 537 1592 421 375 558 597 870 1351 1026
La 46.1 13.1 68.4 76.2 61.3 36.2 28.7 25.9 30.7 270.8 15.5 69.7 53.3
Ce 93.7 29.5 119.9 135.6 138.5 64.4 59.9 52.0 60.1 436.6 22.6 131.2 94.2
Pr 10.73 4.08 11.47 13.71 16.76 5.24 6.61 5.85 6.77 40.10 2.33 13.08 9.88
Nd 40.3 18.2 37.5 43.0 62.4 14.4 24.3 21.0 24.6 109.8 8.1 429 35.9
Sm 6.17 2.85 3.86 5.17 10.30 1.30 4.00 3.58 4.48 10.26 1.07 5.06 5.50
Eu 0.75 0.94 1.12 1.09 0.78 0.63 0.80 0.84 1.01 1.06 0.77 0.93 1.28
Gd 3.31 2.47 2.53 2.53 5.55 0.68 2.86 2.57 3.58 4.52 0.90 3.09 4.49
Tb 0.32 0.34 0.29 0.23 0.50 0.07 0.36 0.33 0.53 0.46 0.13 0.37 0.68
Dy 1.12 1.72 1.47 0.86 1.58 0.29 1.55 1.49 2.45 1.90 0.77 1.77 3.65
Ho 0.10 0.38 0.23 0.14 0.15 0.05 0.29 0.26 0.56 0.27 0.13 0.33 0.71
Er 0.31 1.07 0.69 0.40 0.29 0.17 0.75 0.78 1.68 0.67 0.46 0.99 2.29
Tm 0.02 0.14 0.09 0.06 0.03 0.02 0.08 0.07 0.23 0.08 0.06 0.14 0.32
Yb 0.20 0.95 0.62 0.46 0.22 0.23 0.59 0.47 1.50 0.81 0.46 0.91 2.25
Lu 0.03 0.14 0.10 0.07 0.03 0.03 0.08 0.08 0.23 0.09 0.07 0.12 0.36
Th 239 2.8 6.0 40.8 44.2 13.5 9.1 8.3 9.4 80.3 43 40.9 232
8) 14 0.2 0.9 0.9 1.4 0.4 1.2 2.9 1.4 1.3 1.0 0.9 1.7

Pb 7.6 7.6 43 7.0 9.6 20.5 4.8 3.8 4.9 12.0 13.1 7.8 21.3
Au b.d b.d 1.2 b.d b.d b.d b.d b.d b.d 39 b.d b.d b.d

Co 7.3 11.0 59 6.6 4.0 3.1 17.3 7.0 233 20.0 2.9 7.6 13.9
Cu 11.1 114.7 449.8 9.8 1.4 35.0 352 10.2 1.0 160.9 11.2 6.5 26.9
Zn 63 29 3 48 56 16 54 77 108 23 10 48 30

K,0/Na,0 0.6 0.4 0.7 1.3 1.1 2.1 0.6 0.6 1.5 1.1 0.7 0.8 1.0

Fett 0.7 0.6 0.8 0.6 0.7 0.7 0.6 0.7 0.5 0.9 0.7 0.6 0.6

ThWHf 7.03 1.08 0.81 3.96 11.33 2.55 2.39 2.18 3.92 22.94 1.54 4.70 4.94
Th/Ta 119.50 9.33 204.00  442.00 45.50 13.83 11.75  160.60  10.75 102.25 38.67
Ta/Hf 0.06 0.12 0.02 0.03 0.05 0.16 0.33 0.14 0.14 0.05 0.13
EwEu* 0.51 1.08 1.10 0.92 0.32 2.05 0.72 0.85 0.77 0.48 2.40 0.72 0.79

(La/Yb)eny 16534 9.89 79.13 118.82  199.87 11290  34.89 39.53 14.68  239.81 24.17 54.94 16.99
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Fig. 1.16 Trace elements (ppm) versus Gd (ppm) diagrams for the Katuma metabasites and gabbros.
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Fig. 1.17 Diagrams showing trace elements (ppm) versus Zr (ppm) or TiO; (wt. %) for the Katuma orthogneisses and granitoids
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Chapter 2

Table 2 Representative mineral chemical data for metabasites

Plagioclase Clinopyroxene Orthopyroxene

T1-16 T16-1 T9-1  T10-1  T13-3 T17-3 T1-16 T16-1 T9-1  T10-1 T13-3 T1-16  T16-1
No. 382 472 165 160 524 371 426 592 259 264 653 448 497
SiO, 6255 5574 60.01 56.98 59.73 56.61 51.82 53.07 52.08 53.03 52.72 4992 52.60
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.03 011 009 011 015 0.01  0.00
AlL,O3 2366 27.75 26.12 26.75 2494  27.27 1.10 137 0.90 1.30 1.03 0.64 1.09
Cr,05 0.00 0.00 0.00 0.00 0.00 0.00 0.06 026 010 015 0.02 0.00 0.03
Fe,0; n.d n.d 0.14 n.d 0.23 0.16 nc nc nc nc nc nc nc
FeO 0.19 0.28 nc 0.08 nc nc 1417 7.47 12.74 852 11.07 35.89 25.71
MgO 0.00 0.00 0.00 0.00 0.00 0.00 1024 1390 1142 13.72 1254 12.37 2031
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.08 0.24 0.12 0.12 0.41 0.43
CaO 450 9.86 6.78 9.09 6.28 9.00 21.60 2320 2216 2284 2279 058 034
Na,O 8.97 6.03 8.00 6.36 5.62 6.72 0.40 032 023 030 0.27 0.00 0.02
K,O 022 0.15 0.05 0.13 401 0.04 0.02 000 0.00 0.00 0.00 0.00 0.01
Total 100.15 99.84 101.10 99.41 100.81 99.80 99.55 99.78 99.96 100.08 100.71 99.82 100.54

Structural formulae

Si 277 251 2.65 257 2.68 2.55 1.99 1.98 1.98 1.98 197 1.99 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.23 1.48 1.36 142 132 1.45 0.05 0.06 0.04 0.06 0.05 0.03 0.05
Fe?* 001 0.01 nc 0.00 nc nc 0.45 0.23 041 0.27 0.32 1.20 0.81
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.77 0.65 0.76 0.70 0.74 1.14
Mn?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01
Ca 021 048 0.32 0.44 0.30 0.43 0.89 0.93 0.90 091 091 0.02 0.01
Na 0.77 053 0.68 0.56 0.49 0.59 0.03 0.02 0.02 0.02 0.00 0.00 0.00
K 001 o0.01 0.00 0.01 0.23 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Total 500 5.01 5.02 5.00 5.02 5.02 4.00 4.00 4.00 4.00 4.00 3.99 4.00
An 2143 4707 3181 4379 29.59 4243

Ab 7731 5209 6791 5545 4792 57.33

Or 125 085 0.28 0.76 2250 0.24

n.c - not calculated, n.d - not determined
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Table 2 continued

Garnet Biotite Hornblende

T1-16 T16-1 T9-1 T10-1 T13-3  T17-3  T17-3  Ti7-3 T17-3 T17-3  T17-3  T17-3
No. 367 541 312 43 622 211 225 333 311 297 325 356
SiO, 38.15 39.03 38.45 38.99 38.15 38.79 38.77 38.42 36.29 42.81 4142 4268
TiO, 0.00 0.00 0.02 0.00 0.08 0.27 0.24 0.14 3.33 1.68 1.74 1.86
AlL,O3 21.32 2232 2235 2211 2187 2171 2175 21.85 14.69 12.69 1359 12.28
Cr,04 0.00 0.00 nd 0.00 nd nd nd nd 0.00 0.02 0.04 0.00
Fe,O3 nc nc nc nc nc nc nc nc nc nc nc nc
FeO 30.37 24.72 27.29 2438 26.84 2520 24.09 2598 16.74 15.06 16.12 14.23
MgO 2.71 6.20 3.89 5.27 4.03 5.562 6.21 5.14 13.83 10.73 10.24 1141
MnO 0.89 0.70 0.61 0.87 0.64 0.92 0.79 1.10 0.03 0.11 0.10 0.12
CaO 7.06 7.82 9.28 8.70 9.18 8.66 8.95 8.24 0.05 11.35 11.36 11.40
Na,O 0.17 1.15 1.32 1.30
K,0 9.58 1.13 145 131
Total 100.50 100.79 101.89 100.32 100.80 101.06 100.80 100.87 94.71 96.73 97.38 96.59

Structural formulae

Si 3.02 3.00 2.97 3.01 2.97 2.99 2.98 2.98 5.52 6.42 6.24 6.41
Ti 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.38 0.19 0.20 0.21
Al 199 202 2.03 2.01 2.01 1.97 1.97 2.00 2.64 224 241 2.17
Fe?* 2.01 159 1.76 1.58 1.75 1.62 1.55 1.68 213 1.89 2.03 1.79
Mg 0.32 0.71 0.45 0.61 0.47 0.64 0.71 0.59 3.14 2.40 2.30 2.55
Mn?* 0.06  0.05 0.04 0.06 0.04 0.06 0.05 0.07 0.00 0.01 0.01 0.02
Ca 0.60 0.64 0.77 0.72 0.77 0.72 0.74 0.68 0.01 1.82 1.83 1.83
Na 0.05 0.33 0.38 0.38
K 1.86 0.22 0.28 0.25
Total 7.99  8.00 8.02 7.98 8.02 8.01 8.02 8.02 15.73 1554 1569 15.61
Xmg 0.14 031 0.20 0.28 0.21 0.28 0.31 0.26 0.60 0.60 0.58 0.63
Xaim 67.22 5333 57.71 5361 57.04 52.86 49.66 54.66

Xerp 10.72 23.68 15.08 20.34 1575 2121 23.88 19.94

Xars 20.07 2147 2586 24.14 2521 2274 2311 22.07
Xsps 2.00 152 1.35 1.90 1.43 2.00 1.73 242

n.c - not calculated, n.d - not determined
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Table 3 Representative mineral chemical data for metapelites

Biotite Biotite Incl. In Grt Muscovite

T18-2 T18-2 T18-2 T4-11 T4-11 T4-11 T18-2 T18-2 T18-2 T18-2
No. 29 68 127 31 134 151 78 87 99 578
SiO, 3460 3375 3437 3437 36.25 36.29 33.73 34.10 5251 4542
TiO, 2.49 1.39 2.10 1.14 2.38 2.01 0.10 0.00 0.06 0.81
ALO; 1815 1823 17.99 17.90 18.03 1862 18.68 20.16 29.74 34.44
Cr,O3  0.08 0.05 0.08 0.05 0.02 0.04 0.00 0.02 0.06 0.06
Fe,O; nc nc nc nc nc nc nc nc nc nc
FeO 2377 2322 2361 1995 16,51 16.15 22.78 20.59 2.21 2.25
MgO  7.48 7.75 7.86 1216 1238 12.72 8.77 10.61 0.54 0.56
MnO 0.26 0.09 0.26 0.41 0.25 0.24 0.30 0.18 0.04 0.00
CaO 0.00 0.00 0.00 0.03 0.00 0.01 0.04 0.00 0.01 0.00
Na,O .12 0.12 0.10 0.12 0.28 0.26 0.03 0.07 0.34 0.58
K0 10.07 10.07 10.24 8.35 9.91 9.67 9.59 9.74 9.54 10.77
Total 97.03 94.67 96.61 9448 96.01 96.02 94.03 95.46 95.05 94.90

Structural formulae

Si 5.30 5.32 5.29 5.30 542 541 5.33 5.23 6.92 6.12
Ti 0.29 3.39 0.24 3.25 3.18 3.27 3.48 3.65 0.01 0.08
Al 3.28 0.16 3.27 0.13 0.27 0.23 0.01 0.00 4.62 547
Cr 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Ee¥* nc nc nc nc nc nc nc nc nc nc
Fe? 3.04 3.06 3.07 2.57 2.07 2.01 3.01 2.64 0.24 0.25
Mg 1.71 1.82 1.87 2.79 2.76 2.82 2.07 2.43 0.11 0.11
Mn?* 0.03 0.01 0.03 0.05 0.03 0.03 0.04 0.02 0.00 0.00
Ca 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Na 0.04 0.04 0.03 0.04 0.08 0.08 0.01 0.02 0.09 0.15
K 1.97 2.03 1.95 1.64 1.89 1.84 1.93 1.91 1.60 1.85
Total 15.66 1585 15.77 15.78 15.70 15.69 15.89 15.90 13.60 14.06
XMg 0.36 0.33 0.34 0.52 0.57 0.58 0.41 0.48

n.c - not calculated, n.d - not determined, Incl. - inclusion
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Table 3 continued

Garnet K-feldspar Plagioclase Albite Ab exs. in Kfs

T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2 T18-2
No. 40 42 45 467 495 510 174 181 527 561 65 538 480 486
Sio, 37.06 3741 37.38 63.62 6399 63.88 6190 6214 6183 62.13 66.44 6597 66.21 66.47
TiO,  0.02 0.00 0.02 nd nd nd nd nd nd nd nd nd nd nd
ALO; 2159 2176 21.75 19.06 18.85 19.03 2397 2389 23.89 2388 20.78 20.19 20.99 20.83
Cr,0; nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Fe;O3 nc nc nc 0.04 0.00 0.11 0.26 0.20 0.16 0.04 0.01 0.07 0.05 0.00
FeO 31.85 3292 32.38 nd nd nd nd nd nd nd nd nd nd nd
MgO 4.48 441 4.40 nd nd nd nd nd nd nd nd nd nd nd
MnO 5.12 5.25 5.00 nd nd nd nd nd nd nd nd nd nd nd
CaO 0.72 0.68 0.69 0.11 0.05 0.09 4.66 4.55 4.60 4.68 1.22 0.48 1.38 1.31
Na;O nd nd nd 110 129 1.37 920 904 951 9.0 11.43 1151 1135 10.97
K0 nd nd nd 16.07 15.14 1553 008 017 007 021 0.08 0.03 008 018
Total 100.83 102.43 101.62 100.00 99.89 100.01 100.07 99.99 100.05 100.04 100.06 100.00 100.06 99.76
Structural formulae
Si 2.95 2.94 2.95 2.95 297 2.96 2.75 2.75 2.74 2.75 2.92 2.94 291 2.92
Ti 0.00 0.00 0.00 nd nd nd nd nd nd nd nd nd nd nd
Al 2.03 2.02 2.03 1.04 1.03 1.04 1.25 1.25 1.25 1.25 1.08 1.06 1.09 1.08
Cr nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Fe®* nc nc nc 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Fe** 212 217 214 nd nd nd nd nd nd nd nd nd nd nd
Mg 0.53 0.52 0.52 nd nd nd nd nd nd nd nd nd nd nd
Mn?*  0.35 0.35 0.34 nd nd nd nd nd nd nd nd nd nd nd
Ca 0.06 0.06 0.06 0.01 0.00 0.00 0.22 0.22 0.22 0.22 0.06 0.02 0.06 0.06
Na nd nd nd 0.10 0.12 0.12 0.79 0.78 0.82 0.78 0.97 1.00 0.97 0.94
K nd nd nd 0.95 0.90 0.92 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
Total 8.03 8.05 8.03 5.05 5.02 5.04 5.02 5.01 5.04 5.02 497 5.03 5.03 5.01
Xmg 0.20 0.19 0.19 An 054 0.22 0.41 21.78 2156 21.02 21.88 5.55 2.26 6.26 6.11
Xaim 68.21 68.59 69.14 Ab 934 1145 11.77 7780 7751 78.63 76.98 9400 97.56 93.30 92.89
Xprp 18.02 1757 1755 Or 90.12 88.33 8781 0.42 0.94 0.36 1.15 0.45 0.18 0.43 1.00
Xers 0.91 0.00 1.00
Xsps  11.70 11.89 11.33

n.c - not calculated, n.d - not determined, exs - exsolution
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Table 4 Geothermobarometric results of metabasites and metapelites of Katuma Block

Sample Analyses TC P (Kbar)
Cpx-Grt Grt-Pl-Opx-Qz
T1-16-10  Plagy-CPXs5-OPXasg-Gltas; 660 EG 8.0 NP
660 EG 7.4 ENK
640 P 7.9 NP
640 P 7.3 ENK
T16-01-10  Ply;,-CpPXggr-OPXyg7-Grtsyy 670 EG 7.9 NP
670 EG 7.4 ENK
650 P 7.9 NP
Cpx-Grt Grt-PI-Cpx-Qz
T9-1-10 Ply6s-CPXozg-Grtar 750 EG 8.7 NP
750 EG 8.9 ENK
730 P 8.6 NP
730 P 8.8 ENK
T10-1-10 Plyso-CPXoga-Grtys 700 EG 8.2 NP
700 EG 8.5 ENK
680 P 8.1 NP
680 P 8.3 ENK
T13-3-10 Pls,4-CPXess-Grtapn 700 EG 10.7 NP
700 EG 8.6 ENK
680 P 10.5 NP
680 P 8.4 ENK
Hbl-Grt Grt-PI-Hbl-Qz
T17-3-10 Pl,gs-Hblse-Grt GP
2867 96 e 680 - 790 6.6 - 8.7 KS
Plsos-Hblog7-Grtyos Pet
Grt-PI-Sil-Qz
T18-2-10  Grtsy-Plysgp 770 6.8
Grtgs-Pl 770 7.1
53 186b NH
Grtyeg-Plays 770 6.7
Grts5-Pl 770 6.4
53 186b HC
Grtg,-Pl 770 7.1
53 186b KN
Grtayo-Plaze 770 6.9

Geothermometers: EG, Ellis and Green (1979); P, Powell (1985); GP, Graham and Powell (1984); Pet, Perchuk et
al. (1985). Geobarometers; NP, Newton and Perkins (1982); ENK, Eckert et. al. (1991); KS, Kohn and Spear
(1990); NH, Newton and Haselton (1981); HC, Hodges and Crowley (1985); and KC, Koziol and Newton (1988).
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Table 5 Major elements composition of metabasites and one metapelite sample (T18-2-10)

T10-1-10 T26-3-10 T18-2-10

T9-1-10
Wt. %
SiO, 49.20
TiO, 1.57
ALO; 12.94
Fe,O; 16.22
MgO 6.10
CaO 10.27
Na,O 2.09
K,0 0.37
P,O; 0.13
MnO 0.24
LOI 0.31
Sum  99.44
Mole %
Si 47.08
Ti 1.13
Al 14.59
Fe 11.68
Mg 8.70
Ca 10.53
Na 3.88
K 0.45
P 0.11
Mn 0.19

H 1.95

49.40
0.82
15.19

11.82

6.91
11.84

1.83
0.17

0.06

0.20
0.60
98.74

45.92
0.57
16.64
8.27
9.58
11.79
3.30
0.20
0.05
0.16
3.73

50.60
0.87
14.17

12.90

7.37
11.25

1.94
0.20

0.07

0.20
0.50
100.07

46.83
0.61
15.46
8.98
10.17
11.16
3.48
0.24
0.05
0.16
3.08

49.48
0.94
21.89

10.51

2.94
0.66

1.89
8.43

0.05

0.23
1.46
98.48

43.73
0.62
22.80
6.99
3.87
0.62
3.24
9.50
0.04
0.17
8.61
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Table 6 Monazite core compositions and calculated U-Th-total Pb ages of a cordierite bearing metapelite (T4-11-10)

No. 265 273 274 275 276 277 280 281 284 287 288 289 294 297 299 300 304 307 312 313 319 320 321 326 327
Monazite m7 ml2 ml2 ml2 ml2 ml2 ml5 ml5 mil5 ml7 ml7 ml7 ml9 m19 m21 m21 m22 m22 m24 m24 m27 m27 m27 m27 m27
Sio, 017 071 016 101 032 039 063 058 083 082 067 107 034 059 181 168 055 069 083 081 036 037 017 024 030
P,Os 3125 2835 29.66 27.47 2898 2856 29.12 29.03 29.03 28.69 28.66 2827 29.88 29.28 27.32 2745 2950 2893 2920 29.03 30.00 2943 29.81 29.69 29.73
AlLO; 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
CaO 183 133 160 122 151 120 132 131 151 116 119 131 134 153 122 112 174 142 120 122 157 184 172 120 157
ThO, 551 397 432 568 440 289 412 396 517 444 377 564 388 412 851 795 408 476 457 440 640 560 568 480 6.10
uo, 050 003 009 001 016 005 004 003 008 004 002 003 017 010 004 001 004 001 005 003 066 040 034 056 0.64
PbO 065 035 041 050 043 027 037 036 047 039 034 052 040 038 074 068 037 041 040 039 082 061 059 059 074
La,03 1283 1218 1185 12,05 1278 13.66 1285 13.10 1249 1255 1293 1227 1392 1261 1182 1241 1327 1320 13.03 1308 13.05 13.32 1331 1346 13.18
Ce,03 2581 27.09 2546 26.79 26.11 2791 27.28 2697 26.11 26.86 27.76 26.23 2695 26.84 2552 2569 2645 26.88 27.10 2744 2562 26.07 2579 2653 2553
Pr,0; 275 298 287 292 289 301 304 308 293 300 301 291 281 294 285 295 282 292 291 297 273 278 294 291 280
Nd,O3 1134 1224 1113 1220 1108 1149 1172 1168 1129 1222 1198 1163 1099 11.15 1154 1156 1094 1155 1198 1194 1090 10.80 10.89 1122 10.87
Sm,03 198 203 194 195 180 187 18 204 18 200 184 19 19 187 195 178 187 189 189 188 200 182 179 195 194
Eu,03 033 022 045 015 026 009 019 015 015 025 017 017 033 023 020 020 023 017 005 000 000 000 000 000 0.00
Gd,03 163 163 177 156 150 142 167 171 179 177 170 169 168 179 158 155 173 156 164 166 173 155 159 168 174
Dy,03 072 069 096 060 069 056 075 078 08 068 069 073 072 080 065 062 077 065 065 063 080 067 070 075 081
Y,05 312 294 454 252 320 280 343 346 354 291 287 325 310 374 269 258 350 273 303 290 259 275 273 246 266
Er,0O3 021 020 031 018 025 022 020 022 026 021 022 024 024 025 018 018 028 020 019 022 011 019 019 013 015
Total 100.62 96.95 97.52 96.79 96.35 96.38 98.62 9847 9826 97.98 97.82 97.90 98.63 98.23 98.62 9842 9815 97.97 9871 9859 99.31 98.20 98.24 98.18 98.76
Si 0.006 0.029 0.006 0.041 0.013 0.016 0.025 0.023 0.033 0.033 0.027 0.043 0.013 0.023 0.073 0.068 0.022 0.027 0.033 0.032 0.014 0.014 0.007 0.010 0.012
P 1.007 0.967 0991 0.950 0986 0.978 0972 0972 0970 0.968 0.969 0957 0.991 0976 0.929 0934 0.980 0973 0.973 0970 0.993 0985 0.995 0.995 0.991
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.075 0.058 0.068 0.053 0.065 0.052 0.056 0.056 0.064 0.050 0.051 0.056 0.056 0.065 0.053 0.048 0.073 0.060 0.050 0.052 0.066 0.078 0.073 0.051 0.066
Th 0.048 0.036 0.039 0.053 0.040 0.027 0.037 0.036 0.046 0.040 0.034 0.051 0.035 0.037 0.078 0.073 0.037 0.043 0.041 0.040 0.057 0.050 0.051 0.043 0.055
U 0.004 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.004 0.003 0.005 0.006
Pb 0.007 0.004 0.004 0.006 0.005 0.003 0.004 0.004 0.005 0.004 0.004 0.006 0.004 0.004 0.008 0.007 0.004 0.004 0.004 0.004 0.009 0.007 0.006 0.006 0.008
La 0.180 0.181 0.173 0.182 0.190 0.204 0.187 0.191 0.182 0.184 0.191 0.181 0201 0.183 0.175 0.184 0.192 0.193 0.189 0.190 0.188 0.194 0.194 0.197 0.191
Ce 0.360 0.400 0.368 0.401 0.384 0413 0.394 0391 0377 0.392 0406 0.384 0386 0.387 0.375 0.378 0.380 0.391 0.390 0.397 0.367 0.377 0.372 0.385 0.368
Pr 0.038 0.044 0.041 0.044 0.042 0.044 0.044 0.044 0.042 0.044 0.044 0.042 0.040 0.042 0.042 0.043 0.040 0.042 0.042 0.043 0.039 0.040 0.042 0.042 0.040
Nd 0.154 0.176 0.157 0.178 0.159 0.166 0.165 0.165 0.159 0.174 0.171 0.166 0.154 0.157 0.166 0.166 0.153 0.164 0.168 0.168 0.152 0.152 0.153 0.159 0.153
Sm 0.026 0.028 0.026 0.027 0.025 0.026 0.026 0.028 0.025 0.028 0.025 0.027 0.026 0.025 0.027 0.025 0.025 0.026 0.026 0.026 0.027 0.025 0.024 0.027 0.026
Eu 0.004 0.003 0.006 0.002 0.004 0.001 0.003 0.002 0.002 0.003 0.002 0.002 0.004 0.003 0.003 0.003 0.003 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.021 0.022 0.023 0.021 0.020 0.019 0.022 0.023 0.023 0.023 0.023 0.022 0.022 0.023 0.021 0.021 0.023 0.021 0.021 0.022 0.022 0.020 0.021 0.022 0.023
Dy 0.009 0.009 0.012 0.008 0.009 0.007 0.010 0.010 0.010 0.009 0.009 0.009 0.009 0.010 0.008 0.008 0.010 0.008 0.008 0.008 0.010 0.009 0.009 0.010 0.010
Y 0.063 0.063 0.095 0.055 0.069 0.060 0.072 0.073 0.074 0.062 0.061 0.069 0.065 0.078 0.058 0.055 0.073 0.058 0.064 0.061 0.054 0.058 0.057 0.052 0.056
Er 0.003 0.003 0.004 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.003 0.003 0.002 0.003 0.001 0.002 0.002 0.002 0.002
Total 2003 2021 2015 2022 2014 2019 2018 2019 2016 2015 2018 2018 2010 2.019 2018 2015 2020 2016 2012 2015 2004 2016 2009 2003 2.007
Xiree 0901 0.853 0.862 0.859 0.862 0.821 0.848 0.842 0.867 0.869 0.857 0.852 0.826 0.847 0.809 0.859 0.841 0.824 0.811 0.815 0.843 0.807 0.857 0.839 0.862
Xree 0.021 0.030 0.019 0.018 0.018 0.029 0.026 0.027 0.013 0.016 0.016 0.029 0.029 0.031 0.030 0.024 0.015 0.031 0.033 0.028 0.025 0.032 0.017 0.026 0.031
Xt -0.001 0.007 0.046 0.059 0.048 0.026 0.018 0.020 0.061 0.049 0.059 0.004 0.019 0.019 0.037 0.005 0.079 0.016 0.025 0.010 0.037 0.026 0.060 0.050 0.010
Xerb 0.059 0.064 0.068 0.059 0.066 0.070 0.057 0.060 0.056 0.060 0.061 0.072 0.069 0.051 0.076 0.074 0.061 0.082 0.078 0.102 0.068 0.079 0.061 0.058 0.048
Xvypoa 0.020 0.046 0.006 0.005 0.005 0.055 0.051 0.051 0.004 0.006 0.008 0.042 0.056 0.052 0.048 0.038 0.004 0.047 0.054 0.044 0.027 0.056 0.005 0.027 0.049
App. age (Ma) 1984.9 1985.8 1964.0 19729 1974.1 1990.5 1950.9 2004.5 1934.7 1922.7 2010.3 2054.5 1984.7 1937.9 1933.8 1934.7 1990.9 1925.3 1923.1 1958.5 2078.3 1933.0 1914.4 1944.4 1976.0

2c0emr.age(+,Ma) 725 930 886 1020 783 1302 983 102.6 815 931 1070 783 943 935 579 613 1002 892 905 951 596 671 675 69.1 59.7
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Table 7 Monazite rim compositions and calculated U-Th-total Pb ages of a cordierite bearing metapelite (T4-11-10)

No. 264 268 272 283 285 286 291 293 298 301 303 305 314 315 316 317 318
Monazite m7 m7 ml2 mi5 ml7 ml7 ml9 ml9 m19 m21 m21 m22 m24 m24 m24 m27 m27
SiO, 1.43 252 1.08 1.07 131 1.46 1.01 1.03 1.08 0.88 1.44 0.86 112 1.00 0.70 2.10 0.37
P,0s 28.11 26,72 28.09 2841 27.67 2765 2885 29.11 29.02 29.08 2819 29.08 2846 29,51 29.73 27.08 29.94
Al,O3 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaOo 1.27 1.09 1.16 1.14 1.02 1.07 1.17 1.07 1.05 1.46 1.16 1.18 1.22 1.19 1.49 1.16 1.43
ThO, 7.93 9.81 6.09 5.66 6.56 7.27 5.45 5.38 5.58 6.60 7.40 4.80 5.76 5.87 6.04 9.82 6.12
uo, 0.05 0.04 0.03 0.02 0.06 0.00 0.03 0.02 0.02 0.04 0.05 0.04 0.04 0.04 0.11 0.03 0.60
PbO 0.66 0.80 0.50 0.46 0.56 0.58 0.46 0.45 0.46 0.55 0.60 0.40 0.49 0.49 0.52 0.80 0.69
La,03 1327 1156 1229 1248 1291 1235 1276 1281 1281 1331 1255 1290 1345 13.70 13.81 1202 13.18
Ce,03 2632 2517 26.63 26.89 2646 2576 2730 2747 2754 2621 2661 2741 2711 2719 2622 2541 2644
Pr,03 2.96 2.77 2.94 3.09 2.90 2.86 2.97 3.07 3.12 2.85 297 3.07 291 297 2.77 2.89 3.01
Nd,O3 1152 1168 1199 1215 1170 1223 1227 1221 1231 1133 11.83 1209 1145 11.39 1091 1191 1121
Sm,03 1.73 1.81 1.93 1.93 1.75 1.96 1.88 1.98 191 1.73 1.79 1.85 1.70 1.66 1.62 171 1.93
Eu,03 0.05 0.00 0.22 0.04 0.00 0.11 0.22 0.14 0.13 0.19 0.10 0.14 0.02 0.00 0.07 0.00 0.00
Gd,03 1.26 1.36 1.42 151 1.50 1.55 1.60 1.61 1.50 1.47 1.58 1.62 1.46 1.46 1.37 1.35 1.68
Dy,03 0.48 0.54 0.54 0.56 0.54 0.54 0.58 0.54 0.56 0.58 0.56 0.54 0.53 0.54 0.57 0.51 0.71
Y,03 1.96 219 243 2.39 2.34 2.28 259 2.49 2.34 2.45 2.57 252 2.38 2.38 2.69 2.13 2.37
Er,O3 0.13 0.15 0.19 0.17 0.16 0.15 0.16 0.18 0.12 0.15 0.18 0.15 0.18 0.14 0.21 0.14 0.16
Total 99.14 9831 9751 9795 9744 97.82 99.29 9957 9956 98.89 9958 98.63 9826 99.53 98.82 99.06 99.85
Si 0.057 0.101 0.043 0.043 0.053 0.059 0.040 0.040 0.042 0.035 0.057 0.034 0.045 0.039 0.027 0.084 0.014
P 0947 0911 0958 0961 0948 0944 0963 0966 0965 0971 0945 0972 0959 0974 0984 0921 0.989
Al 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.054 0.047 0.050 0.049 0.044 0.046 0.049 0.045 0.044 0061 0.049 0.050 0.052 0.050 0.062 0.050 0.060
Th 0.072 0.090 0.056 0.051 0.060 0.067 0.049 0.048 0.050 0.059 0.067 0.043 0.052 0.052 0.054 0.090 0.054
U 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.005
Pb 0.007 0.009 0.005 0.005 0.006 0.006 0.005 0.005 0.005 0.006 0.006 0.004 0.005 0.005 0.006 0.009 0.007
La 0.195 0.172 0.183 0.184 0.193 0.184 0.186 0185 0.186 0.194 0.183 0.188 0.198 0.197 0.199 0.178 0.190
Ce 0383 0371 0393 0394 0392 0381 0394 0394 039% 0378 038 039% 0395 0.388 0375 0374 0.378
Pr 0.043 0.041 0.043 0.045 0.043 0.042 0.043 0.044 0.045 0.041 0.043 0.044 0.042 0.042 0.039 0.042 0.043
Nd 0.164 0.168 0.172 0.173 0.169 0176 0.173 0171 0173 0.160 0.167 0.170 0.163 0.159 0.152 0.171 0.156
Sm 0.024 0.025 0.027 0.027 0.024 0.027 0.026 0.027 0.026 0.024 0.024 0.025 0.023 0.022 0.022 0.024 0.026
Eu 0.001 0.000 0.003 0.001 0.000 0.002 0.003 0002 0.002 0003 0.001 0.002 0.000 0.000 0.001 0.000 0.000
Gd 0.017 0.018 0.019 0.020 0.020 0.021 0.021 0021 0.020 0019 0.021 0021 0.019 0.019 0.018 0.018 0.022
Dy 0.006 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.009
Y 0.042 0.047 0.052 0.051 0.050 0.049 0.054 0.052 0.049 0052 0.054 0.053 0.050 0.049 0.056 0.046 0.049
Er 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.002
Total 2013 2.014 2014 2013 2014 2013 2013 2010 2009 2011 2014 2011 2014 2005 2006 2.014 2005
XLRee 0802 0.779 0810 0816 0811 0.804 0.814 0820 0824 0.794 0.795 0820 0.813 0.815 0.793 0.781 0.792
Xrree 0.024 0.027 0.028 0.029 0.029 0.029 0.030 0030 0.028 0028 0.030 0.030 0.028 0.028 0.028 0.026 0.033
Xhut 0.025 0.052 0.011 0.008 0.022 0.026 0.005 0.008 0.011 0.004 0.024 -0.002 0.006 0.008 -0.002 0.048 0.007
Xarb 0.108 0.094 0.099 0.097 0.088 0.092 0.098 009 0.088 0.122 0.097 0.099 0.103 0.100 0.125 0.099 0.119
Xypos 0.041 0.047 0.052 0.050 0.050 0.049 0.054 0052 0.049 0051 0.054 0.053 0.050 0.050 0.056 0.045 0.049
App. age (Ma) 18555 1824.2 1829.5 1839.8 1863.7 1806.4 1891.0 1870.4 1838.9 1864.2 1813.2 1851.6 1892.6 1863.4 1837.8 18424 1883.7

20 err.age (£, Ma) 69.5 51.3 72.8 77.1 68.5 64.2 78.1 78.2 76.6 68.6 62.5 87.1 76.7 75.1 71.2 52.3 60.8




132 Appendices

Table 8 Monazite core compositions and calculated U-Th-total Pb ages of a garnet bearing metapelite (T18-2-10)

Analysis No 25 26 27 28 29 30 31 32 33 43 46 46 47 48 49 50 53
Monazite M2-1 M2-2 M2-3 M2-4 M2-5 M2-6  M2-7 M2 -8 M2-9 m2 m2 mil-1 mll-2 mll-3 mll-4 mll5 m2
SiO, 0.20 0.27 0.21 0.24 0.19 0.17 0.18 0.19 0.19 0.24 0.17 0.35 0.40 0.36 0.36 0.38 0.35
P,05 29.80 29.69 29.98 29.77 2981 2951 2947 2947 2951 3012 2998 2955 2955 2975 29.64 2913 30.50
Al,O5 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 152 155 1.45 1.49 1.74 1.83 1.67 1.82 1.69 161 1.67 178 1.79 174 1.78 152 1.62
ThO, 3.92 4.92 4.15 451 3.99 3.98 3.88 4.49 417 4.95 3.92 6.33 6.49 6.36 6.36 5.69 5.90
uo, 041 0.62 0.47 0.52 0.36 0.43 0.44 134 0.48 0.62 0.45 0.60 0.57 0.60 0.60 0.50 0.10
PbO 0.46 0.63 0.53 0.57 0.47 0.50 0.49 0.83 051 0.63 0.49 0.75 0.76 0.74 0.76 0.64 0.54
La,03 1534 1352 15.08 14.77 16.72 1633 1589 1397 1534 1356 1524 1319 1355 1331 13.38 13.58 1352
Ce,04 2859 2720 2769 2752 2845 2725 2775 2717 2751 2752 2818 26,53 2637 26,50 2635 2649 27.24
Pr,0; 3.02 3.07 291 2.95 2.87 2.83 2.88 2.83 297 2.95 2.90 2.92 294 2.96 2.92 2.93 2.85
Nd,03 1106 1185 1143 1144 1084 1064 1082 1089 10.96 11.59 10.89 1147 1119 1136 11.33 1134 1145
Sm,05 1.80 207 1.96 1.92 158 178 172 1.85 1.89 1.87 172 210 1.99 211 201 213 1.80
Eu,03 0.00 0.02 0.24 0.26 0.00 0.00 0.00 0.00 0.14 0.12 0.09 0.15 0.16 0.25 0.27 0.23 0.23
Gd,03 127 157 1.46 1.46 1.16 124 134 1.44 143 1.67 1.36 1.60 154 1.60 1.60 1.70 152
Dy,03 0.42 0.67 0.49 0.49 0.34 0.39 0.44 0.54 0.47 0.59 0.47 0.62 0.54 0.58 0.58 0.64 0.63
Y,03 1.69 220 193 1.96 1.44 173 1.82 212 192 224 1.90 2.02 195 2.02 2.03 212 2.58
Er,0; 0.08 0.11 0.11 0.11 0.08 0.09 0.10 0.14 0.11 0.12 0.10 0.12 0.12 0.12 0.12 0.11 0.21
Total 99.61 99.96 100.08 99.97 100.02 9869 98.88 99.08  99.29 100.39 99.52 100.09 99.89 100.34 100.08 99.13 101.04
Si 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
P 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.98 0.98 0.98 0.98 0.98 0.99
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.06 0.07 0.06 0.06 0.07 0.08 0.07 0.08 0.07 0.07 0.07 0.07 0.08 0.07 0.07 0.06 0.07
Th 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.06 0.06 0.06 0.06 0.05 0.05
U 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Pb 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
La 0.22 0.20 0.22 021 0.24 0.24 0.23 0.20 0.22 0.19 0.22 0.19 0.20 0.19 0.19 0.20 0.19
Ce 041 0.39 0.40 0.39 041 0.39 0.40 0.39 0.40 0.39 0.40 0.38 0.38 0.38 0.38 0.38 0.38
Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Nd 0.15 0.17 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.16 0.15 0.16 0.16 0.16 0.16 0.16 0.16
Sm 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Dy 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Y 0.04 0.05 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 2.02 201 201 201 2.02 2.02 2.02 2.02 2.02 201 2.02 2.02 201 201 201 2.02 201
Xiree 0.84 0.81 0.83 0.82 0.84 0.82 0.83 0.80 0.82 0.80 0.82 0.79 0.79 0.79 0.79 0.80 0.79
Xiree 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03
Xt -0.02 -0.01 -0.01 -0.01 -0.03 -0.03 -0.03 -0.02 -0.02 -0.01 -0.03 -0.01 0.00 0.00 0.00 0.00 -0.01
Xerb 0.13 0.13 0.12 0.12 0.14 0.15 0.14 0.15 0.14 0.13 0.14 0.15 0.15 0.14 0.15 0.13 0.13
Xvypoa 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05
App. age (Ma) 1923.58 1966.96 2027.94 2004.76 1992.48 2023.66 1998.69 1962.10 1931.32 1955.89 1984.47 1962.51 1995.67 1939.11 1983.97 1929.16 1952.43

20err.age (+,Ma) 7642 59.68 69.55 64.32 7383 7161 7238 4975 6793 6102 6346 5194 5222 5192 5231 56.93 53.66
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Table 8 continued

Analysis No 56 61 63 64 68 77 78 82 83 84 85 86 87 87 88 144 159
Monazite m2 m5 m5 m5 m5 mil mi7 mi7 Grt-m1-1 Grt-m1-2 Grt-m1-3 Grt-m1-4 m14 Grt-m1-5 m12 m5
SiO, 0.47 0.13 0.64 0.68 0.11 0.37 0.14 0.22 0.20 0.59 0.15 0.21 0.34 0.22 0.80 0.70 0.10
P05 3069 2966 2945 2962 30.77 2964 3053 2958 2964 2947 29.70 2949 3359 2924 2928 29.10 30.16
Al,O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ca0o 0.63 217 0.93 0.89 215 1.70 1.33 161 1.50 0.73 1.23 1.27 0.02 152 1.00 0.99 2.15
ThO, 3.92 5.77 5.72 5.80 5.18 6.15 2.84 4.10 4.56 4.93 3.59 4.44 0.57 4.90 6.42 6.00 5.54
uo, 0.14 0.40 0.20 0.16 0.32 0.59 0.36 0.41 0.66 0.11 0.56 0.55 0.55 0.60 0.37 0.38 0.32
PbO 0.37 0.64 0.54 0.54 0.56 0.73 0.38 0.48 0.61 0.45 0.48 0.56 0.22 0.63 0.66 0.63 0.58
La,03 15.05 12,92 1432 1482 1402 1333 1345 1485 1356 1468 1521 13.73  0.03 1366 1155 1293 1385
Ce,03 29.76 2570 2873 2868 26.68 27.05 2787 2861 2700 2851 2825 2761 0.09 2701 28.05 2792 2581
Pr,03 294 2.70 3.00 2.90 2.69 2.84 291 2.82 3.11 3.00 2.95 3.01 0.06 2.99 3.18 3.15 2.82
Nd,O3 1112 1085 11.87 1183 1047 1091 1161 1065 1197 11.24 1143 12.08 031 1151 1211 1176  10.62
Sm,03 1.58 1.90 1.90 1.92 1.66 1.80 2.03 159 221 1.62 2.00 219 0.17 212 1.73 213 1.68
Eu,03 0.01 0.00 0.14 0.05 0.00 0.20 0.08 0.00 0.10 0.00 0.11 0.32 0.32 0.26 0.00 0.00 0.00
Gd,03 1.20 1.64 1.41 1.46 1.48 1.63 1.87 1.34 1.65 1.32 143 1.57 3.05 1.60 2.27 1.69 1.49
Dy,05 0.62 0.74 0.35 0.34 0.64 0.59 0.85 0.48 0.59 0.68 0.46 0.60 5.66 0.55 0.70 0.48 0.66
Y,03 254 3.13 1.10 1.16 2.73 1.99 3.53 1.73 2.16 2.56 1.83 2,01 40.73 207 1.93 154 2.75
Er,03 0.19 0.26 0.06 0.05 0.21 0.14 0.24 0.11 0.12 0.19 0.10 0.12 4.74 0.12 0.07 0.07 0.23
Total 101.25 98.60 100.35 100.89 99.66 99.65 100.01 9856 99.62 100.07 99.49 99.74 9047 99.01 100.12 99.46  98.76
Si 0.02 0.01 0.02 0.03 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.03 0.03 0.00
P 0.99 0.99 0.98 0.98 1.00 0.98 1.00 0.99 0.99 0.98 0.99 0.98 1.02 0.98 0.97 0.98 1.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.03 0.09 0.04 0.04 0.09 0.07 0.06 0.07 0.06 0.03 0.05 0.05 0.00 0.06 0.04 0.04 0.09
Th 0.03 0.05 0.05 0.05 0.05 0.05 0.02 0.04 0.04 0.04 0.03 0.04 0.00 0.04 0.06 0.05 0.05
U 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Pb 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01
La 0.21 0.19 0.21 0.21 0.20 0.19 0.19 0.22 0.20 0.21 0.22 0.20 0.00 0.20 0.17 0.19 0.20
Ce 0.42 0.37 0.41 0.41 0.38 0.39 0.39 041 0.39 041 0.41 0.40 0.00 0.39 0.40 0.40 0.37
Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.00 0.04 0.05 0.05 0.04
Nd 0.15 0.15 0.17 0.16 0.14 0.15 0.16 0.15 0.17 0.16 0.16 0.17 0.00 0.16 0.17 0.17 0.15
Sm 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.00 0.03 0.02 0.03 0.02
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.04 0.02 0.03 0.02 0.02
Dy 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.07 0.01 0.01 0.01 0.01
Y 0.05 0.07 0.02 0.02 0.06 0.04 0.07 0.04 0.05 0.05 0.04 0.04 0.77 0.04 0.04 0.03 0.06
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00
Total 2.00 2.02 2.00 2.00 2.01 2.01 201 2.02 201 2.00 2,01 2,01 1.98 2.02 2.00 2.00 2.02
Xiree 0.86 0.75 0.86 0.86 0.77 0.79 0.80 0.83 0.81 0.84 0.84 0.83 0.01 0.81 0.81 0.83 0.77
Xpree 0.03 0.03 0.02 0.02 0.03 0.03 0.04 0.02 0.03 0.03 0.03 0.03 0.16 0.03 0.04 0.03 0.03
Xhut 0.01 -0.03 0.02 0.02 -0.03 0.00 -0.02 -0.02 -0.01 0.02 -0.01 0.00 0.01 -0.01 0.03 0.02 -0.03
Xgrb 0.05 0.18 0.08 0.07 0.18 0.14 0.11 0.13 0.12 0.06 0.10 0.11 0.00 0.13 0.08 0.08 0.18
Xypos 0.05 0.06 0.02 0.02 0.06 0.04 0.07 0.04 0.04 0.05 0.04 0.04 0.82 0.04 0.04 0.03 0.06
App. age (Ma) 1913.91 1992.34 1906.98 1907.83 1966.02 1974.97 2034.91 1937.31 1958.41 1925.70 1912.69 1947.61 1919.49 1984.24 1914.63 1915.39 1947.66
20 err.age (+,Ma) 69.98 5057 5314 53.02 5495 4593 7766 60.26 6103 7194 70.07 63.81 12046 59.63 47.03 48.88  59.19
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Table 9 Monazite rim compositions and calculated U-Th-total Pb ages of a garnet bearing metapelite (T18-2-10)

Analysis No 34 35 36 39 40 41 42 43 44 44 45 45 47 48 49 50 51 51
Monazite m2-10 m2-11 m2-12 m2-15 m2-16 m2-17 m2-18 m2-19 m2-20 m2 m2-21 m2 m2 m2 m2 m2 m2 ml11-6
Sio, 0.09 0.26 1.35 1.66 1.38 0.76 057 0.62 1.66 141 1.65 0.22 0.59 0.55 1.04 0.23 223 055
P,0s 2946 2935 2771 2805 2817 29.58 2970 2957 27.88 28.09 2758 29.88 29.98 30.74 29.50 31.28 2713 29.33
AlL,O3 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.03 0.02 0.00
CaO 0.69 0.76 0.79 0.70 0.78 0.84 0.68 0.72 0.66 0.71 0.72 0.86 0.83 0.62 0.91 0.89 072  0.99
ThO, 2.60 3.69 7.70 8.78 7.91 6.08 457 4.92 8.93 7.61 8.97 3.72 5.29 432 7.50 3.95 10.75 5.52
uo, 0.25 0.24 0.24 0.24 0.24 0.13 0.16 0.16 0.07 0.25 0.10 0.31 0.20 0.22 0.16 031 027 0.29
PbO 0.29 0.37 0.70 0.79 0.71 0.53 0.42 0.46 0.75 0.68 0.74 0.41 0.48 0.43 0.66 0.41 093 053
La,03 1790 16.02 1368 13.06 13.44 14.35 1512 1504 1312 13.36 13.23 16.00 14.34 14.91 13.18 16.96 1244 1461
Ce,03 2954 2880 2822 2875 2843 27.63 28.86 2844 2841 29.09 2815 2922 2843 29.45 27.29 29.73 28.05 27.65
Pr,03 2.90 277 3.08 3.22 3.26 3.03 3.05 3.00 3.34 3.12 3.29 2.89 2.81 294 3.07 2.89 320 292
Nd,05 10.28 1019 1231 1286 1245 11.12 11.08 1111  13.27 1241 12.87 10.03 11.07 10.86 11.63 9.90 12.61 10.96
Sm,03 1.58 1.63 2.07 2.00 2.03 1.79 1.59 1.72 2.00 1.73 201 1.56 1.70 1.55 1.84 1.45 185 1.90
Eu,03 1.03 0.00 0.00 0.00 0.00 0.05 0.06 0.08 0.00 0.00 0.00 0.00 0.11 0.00 0.04 0.02 0.00 0.07
Gd,03 121 143 1.37 1.27 1.34 1.43 1.29 1.35 0.95 117 1.10 1.39 147 153 1.58 1.24 1.09 159
Dy,03 0.39 0.74 0.09 0.08 0.07 0.69 0.60 0.62 0.01 0.05 0.08 0.70 0.65 0.74 0.67 0.60 006 0.72
Y,03 0.95 222 0.29 0.24 0.25 2.68 248 2.46 0.17 0.27 0.38 2.04 271 252 2.30 184 020 226
Er,03 0.04 0.14 0.00 0.00 0.00 0.14 0.15 0.16 0.00 0.01 0.01 0.16 0.20 0.15 0.13 0.10 0.00 0.08
Total 99.19 9860 9959 101.70 10046 100.83 100.38 100.43 101.23 99.95 100.87 99.38 100.83 10155 101.51 101.83 101.54 99.96
Si 0.003 0010 0.054 0.066 0.055 0.030 0.022 0.024 0.066 0.056 0.066 0.008 0.023 0.021 0.040 0.009 0.089 0.022
P 0990 0987 0944 0937 0.949 0.973 0980 0977 0.937 0.949 0.932 0.993 0.982 0.992 0.967 1.004 0.915 0.976
Al 0.001 0000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.000
Ca 0029 0032 0034 0030 0.033 0.035 0.029 0.030 0.028 0.030 0.031 0.036 0.034 0.025 0.038 0.036 0.031 0.042
Th 0.023 0033 0071 0079 0.072 0.054 0.041 0.044 0.081 0.069 0.082 0.033  0.047 0.037 0.066 0.034 0.098 0.049
U 0.002 0002 0002 0002 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.003  0.002 0.002 0.001 0.003 0.002 0.003
Pb 0.003 0.004 0.008 0.008 0.008 0.006 0.004 0.005 0.008 0.007 0.008 0.004 0.005 0.004 0.007 0.004 0.010 0.006
La 0262 0235 0203 0.190 0.197 0.206 0217 0217 0.192 0.197 0.195 0.232 0.205 0.210 0.188 0.237 0.183 0.212
Ce 0429 0419 0416 0415 0414 0.393 0412 0406 0413 0425 0411 0.420 0.403 0411 0.387 0.413 0.409 0.398
Pr 0.042 0.040 0.045 0.046 0.047 0.043 0.043 0.043 0.048 0.045 0.048 0.041 0.040 0.041 0.043 0.040 0.046 0.042
Nd 0.146  0.145 0177 0.181 0177 0.154 0.154 0.155 0.188 0.177 0.184 0.141 0.153 0.148 0.161 0.134 0.179 0.154
Sm 0022 0022 0029 0027 0.028 0.024 0.021 0.023 0.027 0.024 0.028 0.021  0.023 0.020 0.025 0.019 0.025 0.026
Eu 0.014 0000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.001 0.000 0.000 0.001
Gd 0016 0019 0018 0017 0.018 0.018 0.017 0017 0.013 0.016 0.015 0.018 0.019 0.019 0.020 0.016 0.014 0.021
Dy 0.005 0009 0001 0001 0.001 0.009 0.008 0.008  0.000 0.001 0.001 0.009 0.008 0.009 0.008 0.007 0.001 0.009
Y 0.020 0.047 0.006 0.005 0.005 0.055 0.051 0.051 0.004 0.006 0.008 0.043 0.056 0.051 0.047 0.037 0.004 0.047
Er 0.000 0.002 0.000 0.000 0.000 0.002 0.002 0.002 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.001 0.000 0.001
Total 2008 2006 2009 2006 2.005 2.003 2003 2004 2005 2.004 2.009 2.004 2.002 1.995 2.001 1.995 2.008 2.007
XLRee 0901 0853 0862 0859 0.862 0.821 0.848 0.842 0.867 0.869 0.857 0.852 0.826 0.847 0.809 0.859 0.841 0.824
Xiree 0.021 0030 0019 0018 0.018 0.029 0.026  0.027 0.013 0.016 0.016 0.029 0.029 0.031 0.030 0.024 0.015 0.031
Xhut -0.001 0.007 0.046 0.059 0.048 0.026 0.018 0.020 0.061 0.049 0.059 0.004 0.019 0.019 0.037 0.005 0.079 0.016
Xgrb 0059 0064 0068 0059 0.066 0.070 0.057 0.060 0.056 0.060 0.061 0.072  0.069 0.051 0.076 0.074 0.061 0.082
Xypoa 0020 0.046 0006 0.005 0.005 0.055 0.051 0.051 0.004 0.006 0.008 0.042 0.056 0.052 0.048 0.038 0.004 0.047
App. age (Ma) 1854.1 18616 18457 18529 18251 1846.9 1861.2 1875.7 1851.2 18239 18104 1886.7 18242 18910 18552 1839.0 1801.6 1833.6

20err.age(+,Ma) 1014 813 49.9 45.5 48.7 60.3 733 69.6 47.1 46.5 46.4 69.8 554 63.4 44.5 63.5 344 615
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Table 9 continued

Analysis No 52 53 54 54 55 56 57 58 58 59 59 60 60 62 63 64
Monazite mil-7  mll-8 m2 mill-9 ml1-10 mill-11 m3 m3 mil-13 m3 mil-14 m3 mil-15 mil1-17 mil1-18 mi11-19
SiO, 0.80 041 1.09 0.83 172 141 0.34 1.77 151 0.92 154 0.53 1.59 2.03 1.64 2.10
P,0s 28.68 2952 29.28 2857 27.20 27.10 30.18 2798 27.25 29.36 28.18 30.36 27.77 27.08 27.94 27.06
AlL,O3 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01
CaO 0.93 124 0.81 0.95 0.72 0.68 0.58 0.69 0.69 0.95 0.70 0.55 0.71 0.71 0.73 0.73
ThO, 6.23 6.16 7.10 6.47 8.91 7.63 3.27 8.92 8.08 6.89 8.33 3.94 8.59 10.16 8.79 10.41
uo, 0.27 0.20 0.15 0.25 0.27 0.34 0.23 0.29 0.26 0.20 0.27 0.22 0.28 0.29 0.26 0.30
PbO 0.58 0.56 0.63 0.60 0.80 0.71 0.34 0.80 0.73 0.63 0.76 0.39 0.76 0.89 0.79 0.94
La,0O3 1350 1459 1380 1368 13.11 12.58 15.82 12.49 12.86 13.13 1351 15.06 12.93 12.74 12.81 12.45
Ce,03 27.04 2785 2844 27.00 28.23 27.94 2990 2827 28.16 26.84 28.40 29.13 2841 27.89 28.35 27.59
Pr,03 2.92 2.97 3.01 2.98 3.33 3.12 294 3.12 3.13 2.88 3.10 3.00 3.18 3.36 3.23 321
Nd,03 1158 1098 1195 11.37 12.86 12.35 10.49 12.47 12.50 1151 1259 1085 12.71 12.68 12.77 12.72
Sm,05 1.95 1.76 1.79 1.93 213 217 1.59 1.98 2.15 1.79 2.06 1.69 212 2.03 212 1.97
Eu,03 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd,03 1.66 1.48 1.43 1.64 122 157 153 1.37 1.34 1.69 118 1.67 1.24 1.16 1.25 1.17
Dy,03 0.77 0.66 041 0.70 0.09 0.39 0.72 0.12 0.23 0.80 0.10 0.76 0.09 0.10 0.12 0.04
Y,03 257 214 1.28 2.68 0.25 1.28 237 041 0.73 2.68 0.32 257 0.30 0.21 0.54 0.25
Er,0; 0.13 0.10 0.06 0.14 0.00 0.05 0.17 0.00 0.01 0.17 0.00 0.15 0.00 0.00 0.00 0.00
Total 99.61 100.79 101.24 99.79 100.86 99.30 100.46 100.68 99.63 100.44 101.04 100.86 100.66 101.33 101.34 100.94
Si 0.032 0.016 0.042 0.033 0.069 0.057 0.013  0.070  0.061 0.036 0.061 0.020 0.063 0.081 0.065 0.084
P 0963 0977 0966 0.959 0.925 0.932 0.991 0.940 0.933 0.970 0.944 0.990 0.938 0.917 0.937 0.918
Al 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Ca 0.040 0.052 0.034 0.040 0.031 0.030 0.024 0.030 0.030 0.040 0.030 0.023  0.030 0.031 0.031 0.032
Th 0.056 0.055 0.063 0.058 0.081 0.071 0.029 0.081 0.074 0.061 0.075 0.035 0.078 0.093 0.079 0.095
U 0.002 0.002 0.001 0.002 0.002 0.003 0.002  0.003  0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.003
Pb 0.006 0.006 0.007 0.006 0.009 0.008 0.004 0.009 0.008 0.007 0.008 0.004 0.008 0.010 0.008 0.010
La 0.197 0210 0.198 0.200 0.194 0.188 0.226 0.183 0.192 0.189 0.197 0.214 0.190 0.188 0.187 0.184
Ce 0.393 0.398 0406 0.392 0415 0.416 0424 0411 0417 0.383 0.412 0411 0.415 0.409 0.411 0.405
Pr 0.042 0.042 0.043 0.043 0.049 0.046 0.042 0.045 0.046 0.041 0.045 0.042 0.046 0.049 0.047 0.047
Nd 0.164 0.153 0.166 0.161 0.185 0.179 0.145 0.177 0.181 0.160 0.178 0.149 0.181 0.181 0.181 0.182
Sm 0.027 0.024 0.024 0.026 0.030 0.030 0.021  0.027 0.030 0.024 0.028 0.022 0.029 0.028 0.029 0.027
Eu 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.022 0.019 0.019 0.022 0.016 0.021 0.020 0.018 0.018 0.022 0.016 0.021 0.016 0.015 0.016 0.016
Dy 0.010 0.008 0.005 0.009 0.001 0.005 0.009 0.002 0.003 0.010 0.001 0.009 0.001 0.001 0.002 0.001
Y 0.054 0.045 0.027 0.057 0.005 0.028 0.049 0.009 0.016 0.056  0.007 0.053 0.006 0.004 0.011 0.005
Er 0.002 0.001 0.001 0.002 0.000 0.001 0.002  0.000  0.000 0.002 0.000 0.002  0.000 0.000 0.000 0.000
Total 2010 2011 2001 2012 2013 2.014 2001 2002 2011 2.003 2.004 1997 2.006 2.010 2.007 2.008
Xiree 0.811 0.815 0.843 0.807 0.857 0.839 0.862 0.849 0.851 0.800 0.861 0.850 0.858 0.845 0.850 0.840
Xree 0.033 0.028 0025 0.032 0.017 0.026 0.031 0.020 0.021 0.034 0.017 0.033 0.017 0.016 0.018 0.016
Xt 0.025 0.010 0.037 0.026 0.060 0.050 0.010 0.063  0.054 0.030 0.056 0.018 0.058 0.073 0.059 0.076
Xerb 0.078 0102 0.068 0.079 0.061 0.058 0.048 0.059 0.059 0.080 0.059 0.046 0.061 0.061 0.062 0.063
Xypoa 0.054 0.044 0.027 0.056 0.005 0.027 0.049 0.009 0.015 0.056  0.007 0.053 0.006 0.004 0.011 0.005
App. age (Ma) 1833.0 1829.7 1868.2 1859.8 1837.0 1813.8 1858.5 1821.6 1830.3 1876.6 18427 1837.5 1807.2 1807.6 1835.6 18458

2cemr.age (+,Ma) 56.9 58.8 46.1 56.3 45.2 48.4 742 38.3 477 46.7 46.8 66.3 45.7 411 455 40.6
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Table 9 continued

Analysis No 65 66 69 70 71 72 73 74 75 76 79 80 81 83 84 85 86 88 89 90 91 92 151 153 155 156 157 160 161
Monazite m5 m5 m4 m4 m4 m4 mil mil mill mil mi7 ml7 ml7 mi7 m16 ml6 ml6 Grtml1-6  Grt-m1-7 Grtml1-8 Grt-m1-9 Grt-m1-10 m6 m6 m5 m5 m5 mi2 mi2
Sio, 0.23 1.58 0.40 0.92 0.94 0.76 2.02 0.37 1.00 1.80 0.97 1.94 1.25 1.44 1.73 2.03 1.44 1.08 118 0.84 1.24 0.70 1.46 1.33 0.56 0.42 121 0.89 0.85
P05 30.32 2760 30.33 29.26 29.16 30.07 27.65 2994 29.06 27.17 2883 2695 2824 2838 2723 26.78 2752 28.09 27.69 28.32 2791 29.25 27.73 28.09 28.02 2859 29.73 29.81 29.36
AlLO; 0.00 0.01 0.00 0.00 0.00 0.02 0.01 000 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 001 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.02 0.03 0.02
CaO 1.03 0.69 101 091 083 0.86 072 123 092 0.73 076 068 054 066 074 089 068 072 0.90 0.69 0.89 0.75 0.65 073 0.61 0.66 0.66 0.79 0.91
ThO, 4.50 8.27 4.12 6.53 6.44 5.54 10.15 6.04 6.99 8.82 6.03 9.33 6.54 7.57 8.97 1065 7.04 6.70 7.86 5.69 7.86 5.46 741 6.89 4.25 3.81 6.85 5.70 6.36
uo, 0.35 0.34 0.85 0.30 0.22 0.38 0.33 0.23 0.25 0.26 0.27 0.31 0.22 0.38 0.26 0.33 0.42 0.17 0.20 0.20 0.22 0.17 0.29 0.27 0.24 0.22 0.39 0.24 0.22
PbO 0.48 0.76 0.59 061 0.58 0.55 091 056 064 0.79 058 083 059 074 080 09 069 059 0.71 0.52 0.71 0.48 0.68 062 041 0.38 0.69 0.55 0.59
La,03 1414 1230 1289 1261 1336 1418 1235 1411 1373 1289 13.73 1249 1353 1275 1342 1244 1240 1444 13.69 14.49 13.77 13.78 12.88 1299 1514 1529 1257 1179 1291
Ce,05 28.61 2795 2583 2694 28.01 2830 2828 27.62 2842 2875 2895 2879 2991 2820 2831 27.02 2660 29.16 27.86 29.08 27.90 27.52 28.72 2874 2877 2829 2712 2739 28.06
Pr,05 3.16 3.15 2.92 297 3.03 2.90 3.26 2.84 3.05 3.12 3.09 3.18 3.28 3.17 3.10 3.03 2.89 3.14 3.15 3.13 3.07 3.05 3.33 3.25 2.96 2.89 3.01 3.22 3.07
Nd,O3 1196 1222 1054 1153 11.88 1127 1221 10.88 11.88 1240 1213 1250 1250 1212 1172 1176 1157 1233 11.83 12.26 11.79 11.78 12,90 1273 10.66 10.36 11.79 1287 11.84
Sm,03 214 1.97 1.95 1.85 1.82 191 1.89 1.62 1.92 1.94 2.03 1.97 1.78 1.93 1.74 1.87 1.79 2.10 1.98 2.04 1.96 1.95 1.98 1.83 1.74 1.67 1.76 1.87 1.69
Eu,05 0.00 0.00 0.31 0.14 0.06 0.06 0.00 022 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd,05 1.83 150 2.16 1.79 1.56 172 1.16 1.50 1.63 1.27 1.59 0.99 1.19 155 1.13 1.27 1.76 147 151 1.53 1.47 1.66 142 1.38 155 1.58 1.70 2.02 1.88
Dy,03 0.42 0.33 1.34 0.76 0.52 0.59 0.05 0.68 0.36 0.04 0.33 0.03 0.13 0.42 0.07 0.13 0.85 0.13 0.30 0.19 0.29 0.76 0.14 0.16 0.68 0.70 0.68 0.77 0.71
Y,03 1.40 0.94 5.01 2.73 1.58 178 0.20 222 0.96 0.27 0.88 0.22 0.44 1.27 0.29 0.36 2.70 0.34 0.76 0.56 0.72 2.75 0.43 0.48 217 2.23 2.59 2.01 1.89
Er,04 0.03 0.03 0.30 012 0.05 0.02 0.00 010 0.2 0.00 0.00 0.00 0.00 0.06 0.00 0.01 017 0.00 0.00 0.01 0.00 0.16 0.00 0.02 0.5 0.17 0.12 0.13 0.06
Total 10059 99.61 100.55 99.96 100.04 100.92 101.18 100.15 100.86 100.28 100.15 100.20 100.14 100.65 99.51 99.53 98.52 100.44 99.62 99.55 99.81 100.20 100.02 99.50 97.92 97.26 100.89 100.07 100.40
Si 0.009 0.063 0.015 0.036 0.037 0.029 0.080 0.015 0.039 0.073 0.038 0.078 0.050 0.057 0.070 0.082 0.058 0.043 0.048 0.034 0.050 0.027 0.059 0.053 0.023 0.017 0047 0.035 0.033
P 0.996 0939 0987 0.970 0.971 0.983 0929 0988 0965 0926 0.965 0921 0952 0949 0932 0.920 0.940 0.950 0.945 0.961 0.947 0.972 0941 0952 0963 0978 0.972 0982 0972
Al 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001
Ca 0.043 0.030 0.042 0.038 0.035 0.036 0.030 0051 0.039 0.031 0032 0030 0023 0.028 0.032 0.039 0.030 0.031 0.039 0.030 0.038 0.032 0.028 0.031 0.027 0028 0027 0.033 0.038
Th 0.040 0.076 0.036 0.058 0.058 0.049 0.092 0.054 0.062 0.081 0.054 0.086 0.059 0.068 0.083 0.098 0.065 0.061 0.072 0.052 0.072 0.049 0.068 0.063 0.039 0.035 0.060 0.051 0.057
V] 0.003 0.003 0.007 0.003 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.003 0.002 0.003 0.002 0.003 0.004 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.003 0.002 0.002
Pb 0.005 0.008 0.006 0.006 0.006 0.006 0.010 0.006 0.007 0.009 0.006 0.009 0.006 0.008 0.009 0.011 0.008 0.006 0.008 0.006 0.008 0.005 0.007 0.007 0.005 0.004 0.007 0.006 0.006
La 0.202 0.182 0.183 0.182 0.194 0.202 0.181 0.203 0.199 0.191 0.200 0.186 0.199 0.186 0.200 0.186 0.185 0.213 0.204 0.214 0.204 0.199 0190 0.192 0.227 0228 0.179 0.169 0.186
Ce 0407 0411 0.364 0.386 0403 0400 0411 0.394 0408 0424 0419 0425 0436 0408 0419 0401 0.393 0427 0411 0.427 0.410 0.395 0422 0421 0428 0419 0.383 0.390 0.402
Pr 0.045 0.046 0.041 0.042 0.043 0.041 0.047 0.040 0.044 0.046 0.045 0.047 0.048 0.046 0.046 0.045 0.042 0.046 0.046 0.046 0.045 0.044 0.049 0.047 0.044 0.043 0.042 0.046 0.044
Nd 0.166 0.175 0.145 0.161 0.167 0.156 0.173 0.151 0.166 0.178 0.171 0.180 0.178 0.171 0.169 0.170 0.167 0.176 0.170 0.176 0.169 0.165 0.185 0.182 0.155 0.150 0.163 0.179 0.165
Sm 0.029 0.027 0026 0.025 0.025 0.025 0.026 0022 0.026 0.027 0.028 0027 0025 0.026 0.024 0.026 0.025 0.029 0.027 0.028 0.027 0.026 0.027 0.025 0.024 0023 0024 0.025 0.023
Eu 0.000 0.000 0.004 0.002 0.001 0.001 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.024 0.020 0.028 0.023 0.020 0.022 0.015 0.019 0.021 0.017 0.021 0.013 0.016 0.020 0.015 0.017 0.024 0.019 0.020 0.020 0.020 0.022 0.019 0.018 0.021 0.021 0.022 0.026 0.024
Dy 0.005 0.004 0.017 0.010 0.007 0.007 0.001 0.009 0.005 0.001 0.004 0.000 0.002 0.005 0.001 0.002 0.011 0.002 0.004 0.002 0.004 0.010 0.002 0.002 0.009 0.009 0.008 0.010 0.009
Y 0.029 0.020 0.103 0.057 0.033 0.037 0.004 0.046 0.020 0.006 0.019 0.005 0.009 0.027 0.006 0.008 0.058 0.007 0.016 0.012 0.015 0.057 0.009 0.010 0.047 0.048 0.053 0.042 0.039
Er 0.000 0.000 0.004 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.002 0.001 0.002 0.001
Total 2,002 2.006 2005 2002 2001 1998 2002 2004 2004 2011 2005 2010 2005 2003 2008 2.009 2010 2011 2.012 2.009 2.009 2.006 2,008 2.006 2.014 2008 1.993 1996 2.003
X ree 0.851 0.839 0.758 0.802 0.838 0.838 0.844 0812 0844 0856 0.862 0.856 0.883 0.839 0.853 0.824 0.802 0.874 0.842 0.878 0.844 0.824 0.866 0.866 0.853 0.852 0.812 0.826 0.823
XuRree 0.029 0.024 0.048 0.034 0.028 0.030 0.016 0.029 0.026 0.017 0.025 0.014 0.017 0.026 0.016 0.019 0.036 0.021 0.024 0.022 0.023 0.033 0.020 0.021 0.031 0.032 0.032 0.038 0.034
Kot 0.005 0.057 0.008 0.029 0.031 0.022 0.074 0.010 0.0833 0.060 0.031 0.067 0.044 0.051 0.061 0.072 0.046 0.037 0.042 0.029 0.043 0.024 0.049 0.040 0.019 0.012 0.045 0.026 0.027
Xarb 0.086 0.059 0.083 0.077 0.070 0.073 0.061 0.103 0.077 0.062 0.064 0.058 0.046 0.056 0.064 0.077 0.058 0.060 0.076 0.058 0.075 0.063 0.056 0.063 0.052 0.056 0.056 0.067 0.076
Xypos 0.029 0.020 0.103 0.057 0.033 0.037 0.004 0.046 0.020 0.006 0.019 0.005 0.009 0.027 0.006 0.008 0.057 0.007 0.016 0.012 0.015 0.057 0.009 0.010 0.046 0.047 0055 0.042 0.040
App. age (Ma) 1878.1 1826.5 18445 1814.0 1806.8 1805.0 1814.7 1841.0 1838.1 1842.4 1853.6 1808.2 1817.4 1865.4 1840.0 1835.5 1815.7 1832.1 1869.6 1851.9 1862.9 1814.1 1830.9 1801.9 1837.7 1846.6 1881.8 1879.2 1862.1

20 err.age (+,Ma) 58.1 39.8 50.5 46.6 476 49.8 352 500 454 39.0 49.3 37.1 473 419 38.5 34.5 433 554 49.6 61.8 49.2 64.5 521 521 717 76.4 50.3 59.4 54.9




137 Appendices

Chapter 3
Table 1 Representative electron microprobe analyses of different minerals in metapelite, calc-silicate rock and metabasite

Metapelite Calc-silicate rock Metabasite
Mineral Bt Bt Ms Ms Chl  Chl PI PI Cpx Cpx Tr Tr Zo Zo PI PI Ms Ms Hbl  Hbl PI PI Ep Ep Act Act Ms Ms
Analysis# 865 867 579 583 960 962 918 920 605 626 25 618 750 751 73 74 766 768 308 310 356 362 364 366 425 426 328 333
SiO, 35.64 35.34 45.17 45.42 26.04 28.22 60.13 60.51 55.08 54.95 57.02 56.28 39.77 39.46 66.59 67.00 47.08 47.18 44.32 4425 53.98 54.52 38.28 38.31 44.56 44.25 47.69 48.23
TiO, 2,72 260 0.87 0.72 0.00 0.00 0.00 0.00 0.01 0.07 0.07 008 nd nd 0.00 000 nd nd 1.06 096 0.00 0.00 0.04 0.13 0.78 0.81 0.00 0.01
AlL,O3 18.49 18.47 34.24 34.19 21.32 20.48 25.50 24.96 0.55 0.52 3.22 2.74 34.50 34.68 20.94 20.58 34.45 34.46 10.60 10.55 29.27 28.59 25.49 26.23 10.43 10.48 31.55 32.12
Cr,03 0.04 0.06 0.06 0.06 0.01 0.00 nd n.d 0.00 0.00 0.02 000 nd nd 0.00 000 nd nd 0.07 0.04 0.00 0.00 0.07 0.05 0.05 0.03 0.03 0.00
Fe,03 n.c n.c n.c n.c n.c nc 0.07 0.13 n.c n.c n.c nc 0.06 010 nc n.c n.c n.c n.c n.c
FeO 16.85 17.46 2.28 2.41 22.99 22.65 0.00 0.00 0.18 0.20 0.44 045 0.05 0.09 0.00 0.01 0.00 0.10 17.98 18.17 0.16 0.18 9.70 8.63 18.14 17.80 3.18 2.73
MnO 0.25 0.15 0.03 0.02 0.28 0.28 nd nd 0.06 0.01 002 003 nd nd 0.00 000 nd nd 039 039 0.00 0.00 0.14 0.11 041 0.34 0.08 0.04
MgO 11.80 11.63 0.58 0.56 17.30 16.52 n.d n.d 18.38 18.31 23.35 2359 nd nd 000 0.00 nd nd 10.26 10.26 0.00 0.00 0.02 0.03 9.98 10.14 145 1.15
CaO 0.00 0.01 0.00 0.00 0.01 0.04 6.03 5.3 25.60 25.83 13.52 13.60 24.49 24.68 144 1.16 0.12 0.08 11.08 10.80 11.64 11.09 23.47 23.78 10.86 11.05 0.06 0.09
Na,O 0.17 0.22 052 055 0.01 056 8.13 850 0.14 0.11 0.20 0.30 0.06 0.02 10.84 11.14 0.23 0.22 134 133 495 541 0.00 001 132 149 0.17 0.22
K,0 10.34 9.99 11.23 11.05 0.00 0.00 0.12 0.09 0.00 0.00 0.11 0.11 0.01 0.00 0.11 0.10 11.85 11.79 0.70 0.72 0.02 0.03 0.01 0.00 0.67 0.68 11.11 11.17
Total 96.29 95.94 94.98 94.98 87.96 88.75 99.99 100.02 99.99 99.99 97.96 97.18 98.89 98.94 99.99 99.99 93.73 93.83 97.80 97.47 100.03 99.88 97.22 97.27 97.20 97.06 95.32 95.77
Structural formulae
Si 534 533 6.11 6.13 540 577 268 268 199 198 7.72 7.70 298 296 292 294 6.36 6.36 6.65 6.66 244 247 326 322 6.72 6.68 6.42 6.44
Ti 0.31 0.29 0.09 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 548 5.48 0.12 0.11 0.00 0.00 0.00 0.01 0.09 0.09 0.00 0.00
Al 327 328 546 544 521 493 132 134 0.02 0.02 051 044 3.05 306 1.08 1.06 0.00 0.00 187 187 156 152 255 260 185 1.87 501 5.06
Cr 0.00 0.01 0.01 0.01 0.00 0.00 nd n.d 0.00 0.00 0.00 000 nd nd 0.00 000 nd nd 0.01 0.00 000 0.00 nd nd 0.01 0.00 0.00 0.00
= n.c n.c n.c n.c n.c nc 0.00 0.00 n.c n.c n.c nc 0.00 001 nc n.c n.c n.c n.c n.c n.c nc 0.00 0.00 n.c n.c n.c n.c
Fe?" 211 220 0.26 0.27 399 387 nc n.c 0.01 0.01 005 005 nc nc 0.00 0.00 0.00 0.01 226 229 001 001 nc nc 229 225 036 0.30
Mn 0.03 0.02 0.00 0.00 0.05 0.05 nd nd 0.00 0.00 0.00 000 nd nd 0.00 000 nd nd 0.05 0.05 0.00 0.00 0.01 0.01 0.05 0.04 0.01 0.00
Mg 264 261 0.12 0.11 535 5.03 nd n.d 099 099 471 481 nd nd 000 000 nd nd 229 230 0.00 0.00 0.00 0.00 224 228 0.29 0.23
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.29 0.29 099 100 196 1.99 197 198 0.07 0.05 0.02 0.01 178 174 056 054 214 214 175 1.79 0.01 0.01
Na 0.05 0.06 0.14 0.14 0.00 0.22 0.72 0.70 0.01 0.01 0.05 0.08 0.01 0.00 0.92 095 0.06 0.06 039 039 043 048 0.00 0.00 0.39 044 0.04 0.06
K 198 192 194 190 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.02 0.00 0.00 0.01 0.01 2.04 2.03 0.13 0.14 0.00 0.00 0.00 0.00 0.13 0.13 191 1.90
Total 15.73 15.73 18.11 18.09 20.00 19.88 5.02 5.01 401 401 15.05 15.12 8.00 8.01 5.00 5.01 13.96 13.94 15,55 1556 5.00 5.01 7.96 7.98 1552 15.57 14.05 14.01
Oxygen 22 22 22 22 28 28 8 8 6 6 23 23 8 8 8 8 22 22 23 23 8 8 8 8 23 23 22 22
Xwug 0.56 0.54 0.31 0.29 0.57 0.57 0.56 0.57 0.00 0.01 0.55 0.55 043 0.43

n.c - not calculated, n.d - not determined
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Table 2 Electron microprobe analyses of unaltered monazite cores

Monazite cores

Analysis no. 79 139 149 151 157 158 161 169 170 172 175 176 182 183 185 189 192 195 196 225
P20s 29.08 30.57 30.13 30.02 29.49 29.90 28.82 29.11 30.16 30.75 30.40 30.11 29.31 29.17 30.40 29.64 30.03 30.57 30.48 30.55
SiO; 0.84 0.11 0.36 0.29 0.53 0.31 131 0.79 0.19 0.26 0.34 0.32 0.79 1.06 0.24 0.55 0.34 0.21 0.22 0.11
CaO 0.80 1.40 123 135 119 1.26 1.00 0.94 1.45 129 118 117 0.74 0.80 1.10 1.56 1.61 1.29 1.30 1.48
La,O3 13.75 13.37 12.64 12.03 12.91 12.73 12.46 12.01 13.51 12.50 12.60 12.98 12.29 1217 12.63 12.47 12.85 13.16 13.11 12.44
Cez03 28.68 27.20 27.24 26.08 28.21 27.63 25.28 26.89 28.50 26.41 27.18 27.43 27.52 27.30 27.43 26.14 26.41 27.45 27.26 25.76
Pr;03 3.06 291 3.01 2.92 3.14 2.98 2.72 2.88 3.08 2.90 2.95 2.92 3.06 3.08 3.02 2.89 2.87 2.98 2.93 2.99
Nd,05 11.95 11.19 11.59 11.61 12.25 11.88 10.82 11.84 11.88 11.00 11.19 11.36 12.15 12.07 11.35 11.54 1117 11.22 11.32 11.39
Sm,03 2.05 1.87 1.90 2.03 213 2.18 139 2.18 198 2.07 187 182 2,01 198 2.06 1.84 1.81 1.83 2.00 211
Euy03 bd 0.21 0.24 0.31 bd 0.10 0.19 0.13 0.20 0.15 0.18 0.16 bd bd 0.30 0.04 bd 0.30 0.29 0.29
Gd,03 157 1.60 178 1.96 179 193 128 181 182 187 1.85 161 181 1.74 195 1.67 1.65 1.70 1.79 1.84
Dy,03 0.35 0.73 0.80 0.95 0.56 0.73 119 0.83 0.55 1.08 113 0.96 0.82 0.79 0.92 0.72 0.79 0.86 0.90 0.85
Y203 1.19 3.05 3.67 411 1.90 2.76 561 3.84 1.92 4.90 451 4.23 352 352 4.00 3.20 3.43 381 3.78 3.32
Er03 0.02 0.21 0.27 0.26 0.08 0.12 0.45 0.25 0.05 0.34 0.28 0.31 0.25 0.26 0.28 0.21 0.24 0.27 0.28 0.27
PbO 0.56 0.50 0.46 0.53 0.48 0.51 0.62 0.49 0.43 0.43 0.42 0.43 0.43 0.48 0.44 0.62 0.55 0.40 0.41 0.57
ThO; 5.86 4.70 4.80 5.00 5.10 4.48 6.78 5.46 3.96 4.35 4.16 4.17 4.88 5.37 3.86 6.54 571 3.64 371 5.48
uo; 0.32 0.30 0.18 0.31 0.13 041 0.11 0.10 0.30 0.20 0.16 0.18 0.07 0.08 0.30 0.20 0.24 0.26 0.29 0.32
Al,O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.08 99.91 100.31 99.77 99.88 99.90 100.03 99.54 99.99 100.50 100.40 100.13 99.64 99.93 100.28 99.83 99.68 99.96 100.06 99.77
P 0.971 1.000 0.986 0.987 0.979 0.987 0.950 0.968 0.993 0.994 0.989 0.986 0.972 0.964 0.992 0.979 0.988 0.996 0.994 1.001
Si 0.033 0.004 0.014 0.011 0.021 0.012 0.051 0.031 0.007 0.010 0.013 0.012 0.031 0.042 0.009 0.022 0.013 0.008 0.009 0.004
Ca 0.034 0.058 0.051 0.056 0.050 0.053 0.042 0.040 0.060 0.053 0.049 0.048 0.031 0.034 0.046 0.065 0.067 0.053 0.054 0.062
La 0.200 0.191 0.180 0.172 0.187 0.183 0.179 0.174 0.194 0.176 0.179 0.185 0.178 0.175 0.180 0.179 0.184 0.187 0.186 0.178
Ce 0.414 0.385 0.386 0.371 0.405 0.394 0.360 0.387 0.406 0.369 0.382 0.388 0.395 0.390 0.387 0.373 0.376 0.387 0.385 0.365
Pr 0.044 0.041 0.042 0.041 0.045 0.042 0.039 0.041 0.044 0.040 0.041 0.041 0.044 0.044 0.042 0.041 0.041 0.042 0.041 0.042
Nd 0.168 0.155 0.160 0.161 0.172 0.166 0.150 0.166 0.165 0.150 0.154 0.157 0.170 0.168 0.156 0.161 0.155 0.154 0.156 0.157
Sm 0.028 0.025 0.025 0.027 0.029 0.029 0.019 0.030 0.027 0.027 0.025 0.024 0.027 0.027 0.027 0.025 0.024 0.024 0.027 0.028
Eu bd 0.003 0.003 0.004 bd 0.001 0.003 0.002 0.003 0.002 0.002 0.002 bd bd 0.004 0.001 bd 0.004 0.004 0.004
Gd 0.021 0.020 0.023 0.025 0.023 0.025 0.017 0.024 0.023 0.024 0.024 0.021 0.023 0.023 0.025 0.022 0.021 0.022 0.023 0.024
Dy 0.005 0.009 0.010 0.012 0.007 0.009 0.015 0.010 0.007 0.013 0.014 0.012 0.010 0.010 0.012 0.009 0.010 0.011 0.011 0.011
Y 0.025 0.063 0.076 0.085 0.040 0.057 0.116 0.080 0.040 0.100 0.092 0.087 0.073 0.073 0.082 0.067 0.071 0.078 0.078 0.068
Er 0.000 0.003 0.003 0.003 0.001 0.002 0.006 0.003 0.001 0.004 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Pb 0.006 0.005 0.005 0.006 0.005 0.005 0.007 0.005 0.005 0.005 0.004 0.004 0.005 0.005 0.005 0.007 0.006 0.004 0.004 0.006
Th 0.053 0.041 0.042 0.044 0.046 0.040 0.060 0.049 0.035 0.038 0.036 0.037 0.044 0.048 0.034 0.058 0.051 0.032 0.033 0.048
U 0.003 0.003 0.002 0.003 0.001 0.004 0.001 0.001 0.003 0.002 0.001 0.002 0.001 0.001 0.003 0.002 0.002 0.002 0.003 0.003
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000
Total 2.003 2.005 2.009 2.010 2.010 2.009 2.012 2.010 2.011 2.007 2.008 2.010 2.006 2.007 2.007 2.011 2.011 2.008 2.009 2.003
XLREE 0.081 0.798 0.790 0.768 0.829 0.808 0.740 0.790 0.828 0.763 0.777 0.788 0.811 0.804 0.792 0.771 0.772 0.795 0.793 0.774
XHREE 0.058 0.032 0.036 0.040 0.031 0.035 0.037 0.037 0.031 0.041 0.041 0.036 0.037 0.036 0.040 0.033 0.034 0.036 0.037 0.038
Xhut 0.442 -0.009 -0.002 -0.004 0.002 -0.004 0.026 0.015 -0.018 -0.009 -0.007 -0.006 0.018 0.020 -0.005 0.001 -0.008 -0.015 -0.014 -0.005
Xerb 0.414 0.116 0.102 0.112 0.099 0.104 0.083 0.078 0.120 0.106 0.097 0.096 0.062 0.067 0.091 0.129 0.132 0.106 0.107 0.124
Xypoa 0.006 0.063 0.075 0.084 0.039 0.057 0.115 0.080 0.039 0.100 0.092 0.086 0.073 0.073 0.082 0.066 0.070 0.078 0.077 0.069
App. age (Ma) 19255 1931.0 19189 19439 1957.7 19247 19417 19053 19254 19338 2013.2 19930 1916.6 1919.2 1987.7 19375 19011 1946.2 1920.0 1932.7

20 err. age (+, Ma) 78.7 87.9 68.1 63.4 66.0 63.9 55.2 63.6 72.4 71.6 76.9 76.2 69.6 64.3 74.8 54.9 59.2 78.2 75.9 59.8
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Table 3 Electron microprobe analyses of unaltered monazite overgrowth zones

Unaltered monazite rim overgrowth

Analysis no. 69 70 75 76 81 144 146 148 150 154 156 160 162 166 168 173 188 191 _ 197 198
P,0s 3012 2895 28.60 27.49 2819 084 2911 30.32 2928 30.38 30.15 30.26 29.53 29.49 2892 29.63 29.81 3025 2948 28.69
SiO, 034 091 102 167 127 2897 079 013 071 016 034 028 061 080 104 083 054 013 088 1.07
Ca0 092 086 087 072 054 1348 068 120 070 188 061 175 073 069 067 067 152 143 069 1.08
La,05 13.69 1273 1409 12.89 1382 198 1242 1445 1269 13.76 1401 1273 1388 1225 1150 11.97 1234 1520 1220 11.93
Ce,0; 27.06 2740 2904 2873 30.06 000 27.80 28.02 27.84 27.49 2935 2637 2865 27.60 27.00 27.13 2649 2745 2764 2642
P03 282 302 309 326 309 155 307 281 304 287 300 28 297 307 302 302 300 263 307 297
Nd,O3 1023 11.85 1203 1224 1226 036 1227 1078 1199 1076 11.62 1118 1125 1250 1240 1240 1178 1015 1238 11.80
Sm,05 191 188 182 189 193 130 198 169 203 177 179 177 184 204 214 196 190 165 199 205
Eu,03 024 012  bd bd bd 005 008 038 011 023 006 022 hd bd bd bd 004 028 013 022
Gd,0; 187 171 149 119 122 616 183 150 175 153 154 166 152 170 181 191 161 152 173 176
Dy,03 109 064 024 011 012 016 078 073 076 075 069 084 066 079 081 08 070 075 076 082
Y,04 417 222 053 033 045 058 338 327 335 351 313 384 301 344 359 367 316 327 330 3.69
Er,0; 024 012 002 bd bd bd 027 023 023 025 023 028 020 022 025 025 021 024 024 025
PbO 053 059 063 075 057 11.88 043 037 040 035 028 045 039 045 052 044 060 043 046 054
ThO, 369 646 680 850 649 2851 507 339 492 381 291 505 437 517 604 526 656 413 548 664
uo, 071 021 026 027 024 302 005 033 006 009 015 015 010 009 007 005 018 031 005 0.09
AlLO; 000 001 001 001 001 08 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Total 99.62 99.67 100.55 100.06 100.25 99.73 100.01 99.58 99.84 99.60 99.85 99.72 99.70 100.29 99.77 100.00 100.42 99.84 100.46 100.04
P 0.990 0968 0.959 0934 0951 0036 0967 0996 0972 0993 0991 0990 0978 0972 0962 0976 0979 0993 0971 0.954
Si 0.013 0.036 0.040 0067 0.050 0970 0031 0005 0028 0006 0013 0011 0024 0031 0041 0032 0021 0005 0034 0.042
Ca 0.038 0037 0037 0031 0023 0197 0029 0050 0.029 0078 0025 0072 0030 0029 0028 0028 0063 0060 0029 0.046
La 0.196 0.85 0.206 0191 0.203 0.027 0.180 0.207 0.83 0196 0201 0.182 0200 0176 0167 0.172 0.177 0217 0175 0.173
Ce 0.385 0.396 0421 0422 0438 0000 0.399 0.398 0.400 0.389 0417 0.373 0411 0393 0389 0.386 0.376 0390 0394 0.380
Pr 0.040 0.043 0045 0048 0.045 0.020 0044 0040 0.043 0040 0042 0041 0042 0044 0043 0043 0042 0037 0044 0.043
Nd 0.142 0167 070 0176 0.174 0005 0.172 0.149 0.168 0.148 0.161 0.54 0.57 0174 0174 0.172 0.163 0141 0172 0.166
sm 0.026 0026 0025 0026 0027 0027 0027 0023 0027 0024 0024 0024 0025 0027 0029 0026 0025 0022 0027 0.028
Eu 0.003 0.002 bd bd bd 0001 0001 0005 0002 0003 0001 0003 bd bd bd bd 0001 0004 0002 0.003
Gd 0.024 0022 0020 0016 0016 0055 0024 0019 0023 0020 0020 0021 0020 0022 0024 0025 0021 0020 0022 0.023
Dy 0.014 0008 0.003 0001 0002 0001 0010 0.009 0010 0009 0.009 0010 0.008 0010 0010 0.010 0.009 0009 0010 0.010
Y 0.086 0047 0011 0007 0.010 0.006 0071 0068 0070 0072 0065 0079 0063 0071 0075 0076 0065 0068 0068 0.077
Er 0.003 0.002 0.000 bd bd bd 0003 0003 0.003 0003 0003 0003 0003 0003 0003 0003 0003 0003 0003 0.003
Pb 0.006 0.006 0.007 0.008 0006 0.168 0.005 0.004 0.004 0004 0003 0.005 0004 0005 0006 0.005 0.006 0.005 0005 0.006
Th 0.033 0058 0061 0078 0.059 0413 0045 0030 0044 0033 0026 0044 0039 0046 0054 0047 0058 0036 0049 0.059
u 0.006 0.002 0002 0002 0.002 0043 0000 0003 0001 0001 0001 0001 0001 0001 0001 0001 0002 0003 0000 0.001
Al 0.000 0.000 0000 0001 0.000 0.035 0.000 0.000 0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000
Total 2,004 2004 2008 2008 2005 2004 2007 2008 2006 2019 2002 2014 2005 2004 2005 2001 2011 2011 2003 2014
XiRee 059 0.108 0060 0052 0055 0082 0815 0815 0818 0784 0.848 0.765 0.833 0.814 0800 0.805 0.776 0799 0814 0.778
Xiree 0.040 0.063 0066 0083 0.062 0059 0037 0031 0035 0031 0031 0035 0030 0035 0037 0038 0032 0032 0035 0.036
Xrtut 0.386 0438 0443 0466 0463 0444 0022 -0013 0019 -0.039 0005 -0022 0013 0023 0032 0024 0003 -0016 0025 0.020
Xaro 0.409 0385 0424 0391 0414 0408 0057 0099 0059 0153 0051 0.143 0061 0057 0056 0056 0.125 0.118 0.058 0.090
Xypoa 0.006 0.007 0.007 0008 0.006 0006 0070 0067 0069 0071 0065 0078 0063 0071 0075 0076 0.065 0067 0068 0.076
App. age (Ma) 1812.6 1847.3 1824.2 1897.7 1876.6 1760.0 1854.0 1822.4 1760.5 1894.4 1858.2 1816.0 1884.7 1857.7 1888.8 1825.0 1891.0 1868.3 1845.1 1768.2
2oerm.age (+,Ma) 48.3 543 706 737 668 453 680 780 689 818 947 650 742 659 597 652 547 701 _ 63.8 544
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Table 4 Electron microprobe analyses of hydrothermally altered monazite

Hydrothermally altered monazite

Analysis no. 14 15 16 17 18 19 22 24 26 27 28 30 31 34 135 199 207 212 214
P,Os 2939 2085 2996 30.00 29.04 2952 2896 27.85 29.38 2850 2852 2956 2956 29.05 29.74 2979 3022 29.72 28.10
SO, 084 037 033 032 099 054 063 128 056 076 08 042 071 087 031 057 043 052 130
Ca0 019 023 032 032 044 057 044 017 039 051 027 048 013 014 040 022 058 041 032
La,03 1422 1526 1450 1444 1371 1457 1427 1351 1261 1442 1433 1499 1523 1511 1466 14.96 1488 1456 13.39
Ce,05 2933 3113 3035 30.67 29.32 2972 2960 29.66 29.95 2926 29.98 30.39 31.16 30.32 3093 3142 3069 30.18 28.88
Pr,0s 324 334 345 339 326 316 320 336 361 317 322 344 340 315 339 334 335 337 325
Nd,O4 1305 1365 1330 1340 1283 1283 1284 13.15 1463 1224 1288 12.83 1377 12.88 1322 1322 1308 1276 1292
Sm,04 226 231 238 238 228 209 207 202 253 200 209 211 175 212 239 207 224 215  1.90
Eu,03 009 010 018 012 004 bd bd bd bd bd bd 0.09 bd 005 020 017 034 014 bd
Gd,05 171 143 175 167 154 161 145 136 174 138 142 144 100 137 166 148 163 146 146
Dy,03 041 011 034 027 028 039 031 022 025 034 022 016 012 017 020 026 027 025 028
Y,03 127 051 091 063 112 131 131 088 071 122 102 067 071 074 054 077 077 068 110
Er,0s 0.04 bd 0.02 bd 005 006 004 002 002 007 003 003 bd bd bd bd bd 0.04  0.09
PbO 019 009 010 041 025 017 020 027 019 022 022 015 015 019 012 015 016 017 031
Tho, 362 189 215 218 497 296 360 536 369 448 416 296 271 393 225 260 294 343 5098
uo, 003 002 002 001 000 003 005 002 000 003 001 002 000 001 002 002 003 000 002
AlLO3 000 000 000 000 001 000 000 00l 000 002 000 000 001 000 000 000 000 000 000
Total 99.87 100.29 100.06 99.91 100.11 9953 98.97 99.12 10025 9862 99.24 99.73 10042 100.09 10004 101.04 101.60 99.84 99.30
P 0977 0990 0993 0995 0968 0983 0976 0949 0980 0.968 0964 0986 0979 0971 0990 0982 0987 0988 0.952
si 0.033 0015 0013 0012 0039 0021 0025 0051 0022 0030 0035 0017 0028 0034 0012 0022 0016 0020 0.052
ca 0.008 0010 0013 0013 0019 0024 0019 0008 0016 0022 0011 0020 0006 0.006 0017 0009 0024 0017 0014
La 0206 0220 0209 0209 0199 0211 0210 0201 0183 0213 0211 0218 0220 0220 0213 0215 0212 0211 0.198
Ce 0.422 0446 0435 0440 0423 0428 0431 0437 0432 0430 0439 0438 0446 0438 0445 0448 0434 0434 0423
Pr 0.046 0048 0049 0048 0047 0045 0046 0049 0052 0046 0047 0049 0049 0045 0049 0047 0047 0.048 0.047
Nd 0183 0191 0186 0.8 0180 0.180 0183 0.189 0206 0.175 0.184 0181 0192 0182 0.186 0184 0.180 0179 0.185
sm 0.031 0031 0032 0032 0031 0028 0028 0028 0034 0028 0029 0029 0024 0029 0032 0028 0030 0029 0.026
Eu 0.001 0001 0002 0002 0001 bd bd bd bd bd bd 0001 bd 0001 0003 0002 0005 0002  bd
Gd 0.022 0019 0023 0022 0020 0021 0019 0018 0023 0018 0019 0019 0013 0018 0022 0019 0021 0019 0.019
Dy 0.005 0001 0004 0003 0004 0005 0004 0003 0003 0004 0003 0002 0002 0002 0003 0003 0003 0003 0.004
Y 0.027 0011 0019 0013 0023 0027 0028 0019 0015 0026 0022 0014 0015 0015 0011 0016 0016 0014 0.023
Er 0001 bd 0000 bd 0001 0001 0000 0000 0000 0001 0000 0000 bd bd bd bd bd  0.000 0.001
Pb 0.002 0001 0001 0001 0003 0002 0002 0003 0002 0002 0002 0002 0002 0002 0001 0002 0002 0002 0.003
Th 0032 0017 0019 0019 0045 0027 0033 0049 0033 0041 0038 0.027 0024 0035 0020 0023 0026 0031 0.054
u 0.000 0.000 0000 0.000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0.000 0000 0000 0.000 0.000 0.000
Al 0.000 0.000 0000 0.000 0000 0000 0000 0000 0000 0001 0000 0.000 0000 0000 0000 0000 0000 0.000 0.000
Total 1.997 2000 1.999 1.998 2001 2004 2004 2004 2001 2006 2004 2002 1999 1.999 2002 2001 2003 1.997 2002
X\ Ree 0900 0939 0916 0.924 0885 0.893 0895 0901 0907 0.885 0905 0914 0939 0920 0926 0927 0908 0913 0.881
XiRee 0.053 0032 0046 0038 0046 0050 0048 0038 0039 0045 0042 0035 0029 0035 0024 0023 0024 0023 0024
Xrit 0.042 0027 0034 0034 0065 0052 0053 0058 0051 0064 0051 0048 0030 0.043 0005 0016 0004 0016 0.045
Xarb 0.000 0.000 0000 0.000 0000 0000 0000 0001 0000 0002 0000 0000 0001 0000 0034 0019 0048 0035 0.027
Xypoa 0.005 0001 0004 0003 0004 0005 0004 0003 0003 0004 0003 0002 0002 0002 0011 0016 0016 0014 0.023
App. age (Ma) 1156.3 1088.9 1076.1 1153.8 11423 12623 1247.6 11494 11924 11303 12123 11054 1269.1 1117.9 11952 1277.8 1177.4 11268 1193.9

2cerr.age (+,Ma) 917 146.8 1205 1148 55.0 84.6 70.2 50.5 69.8 57.7 62.7 80.9 91.1 64.8 2215 1069 1423 85.8 53.9
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