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Abstract Geochronological data are presented from
Northern Tanzania, where deep-crustal terranes of dif-
ferent age are exposed. Stacking of these terranes was
diachronous with one peak around 640 Ma, defined as
East African Orogeny, and final consolidation at 550-
580 Ma, that is defined as Kuunga Orogeny. This later
event is predominant in the Western Granulite Belt of
northern Tanzania and related to thrusting onto the
Tanzanian Craton. The Tanzania Craton itself experi-
enced a polycyclic history; age domains around
2.64 Ga prevail in the studied samples. There is no
evidence of the Paleoproterozoic Usagaran Belt in
northern Tanzania. Here the gneisses contain relicts of
reworked Archean basement and are therefore consid-
ered part of the Western Granulites. Inliers of the West-
ern Granulites are also found in the cores of marble
antiforms that are part of the upper, sedimentary se-
quence of the Eastern Granulites. Those inliers formed
during the Kuungan orogenic phase when the Eastern
Granulites have taken their final position and were
folded together with the Western Granulites.
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Introduction

The Maasai Steppe in Northern Tanzania comprises a
poorly exposed collage of different tectonic units be-
longing to the late Neoproterozoic to early Cambrian
Mozambique Belt (Fig. 1). In addition to poor expo-
sures, the field relationships of basement domains are
obliterated by the East African Rift system seen in large
faults, volcanics and volcanoclastic sediments
(Hepworth 1972; Spooner 1970; Muhongo et al. 1999;
Maboko 2000). Recently, this area attracted some inter-
est by research teams with focus on lower crustal pro-
cesses and reworking of Archean crust during the
assembly of the supercontinent Gondwana (Fritz et al.
2009; LeGoff et al. 2010; Feneyrol et al. 2011; Blondes
et al. submitted; Bellucci et al. 2011; Mansur et al.
2011). Deciphering the Precambrian history of this part
of the Mozambique Belt is a complicated task due to its
long-lasting, partly poly-phase tectonometamorphic his-
tory and the fact that individual crustal blocks reached
high-grade metamorphism more than once in their his-
tory. Discrete tectonic features and terrane boundaries
are blurred or indistinguishable in the lower crust and a
geochronological study is the basis for subdivision of
amalgamated terranes.

More data are available from Central Tanzania, where
different tectonometamorphic units and associated large
scale shear zones have been recognised (Sommer et al.
2003; Fritz et al. 2005; Cutten et al. 2006; Tenczer et al.
2007) (Fig. 1). A nappe stack of crustal units has been
identified that was emplaced westwards onto the Archean
Tanzania Craton. The section from western footwall to
eastern hangingwall units includes: 1) The Paleoproterozoic
Usagaran Belt (1.8-2.0 Ga: Moller et al. 1995; Collins et al.
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2004; Sommer et al. 2005) was attached by westward thrust-
ing onto the Tanzania Craton. 2) On top of the Usagaran
Belt a Western Granulite Belt was recognised which repre-
sents a collage of poorly defined crustal pieces. Most rocks
of the Western Granulites display Archean and Paleoproter-
ozoic formation ages (Johnson et al. 2003; Cutten et al.
2006; LeGoff et al. 2010). The age of the metamorphic
overprint, however, is disputed (ca. 640 Ma: Sommer et al.
2003; 530-580 Ma: Cutten et al. 2006). 3) The easternmost
and uppermost sequence of the nappe pile in Tanzania is
called “Eastern Granulites” with Neoproterozoic (800—
1,000 Ma) juvenile formation ages and granulite facies
metamorphism around 640 Ma (e.g. Mdller et al. 2000).
Two other units exposed in southeastern Kenya (Fig. 1)
are considered as a part of the juvenile Neoproterozoic
Arabian Nubian Shield (e.g., Stern 2002) and as part of
the Azania micro-continent (Galana Terrane: Hauzenberger
et al. 2007). The latter may represent meta-sedimentary and
meta-magmatic suites emplaced and deposited at the east
bank of the Mozambique Ocean (Collins and Pisarevsky
2005). Metamorphism in this unit dates around 550 Ma
(Hauzenberger et al. 2007). Several west—east trending shear
belts of partly unknown age modified the geometry of the
orogen and probably juxtaposed different tectonic units
against each other (Fritz et al. 2005; 2009).

The intention of this study is to present new geochrono-
logical data from northern Tanzania in order to unravel the
tectonometamorphic history of the Maasai Steppe. One out-
standing problem concerns the timing of late Neoprotero-
zoic to Cambrian orogenic events and the potential poly-
phase nature of deformation and metamorphism. Ages inter-
preted to date peak metamorphism in the Eastern Granulites
cluster around 630 Ma (e.g. Mdller et al. 2000); for the
Western Granulites both, 640—620 Ma ages (e.g. Sommer
et al. 2003) and 550 Ma ages have been reported (e.g.
Cutten et al. 2006). Hence, poly-phase deformation with
complex thrust and fold geometries (Rossetti et al. 2008;
Fritz et al. 2009) must be taken into account. On larger scale
this problem touches the extent and delineation of the 640—
620 Ma East African Orogeny and the ca. 550 Ma Kuunga
Orogeny in eastern Africa (Collins and Pisarevsky 2005).
Another open question addresses the distribution of distinct
crustal age domains in general and the extent of the Paleo-
proterozoic Usagaran Belt in particular. It is unclear whether
the Usagaran Belt which is exposed along the southern
Tanzania Craton margin continues northwards. In northern
Tanzania the Western Granulite Belt seems to be in direct
contact with the Tanzania Craton (Fig. 1). This situation
might be consequence of poly-phase thrusting or larger
thrust displacement in the north associated with a complete
overthrusting of footwall units. Here, we present geochro-
nological data of key outcrops that shed light into the
structural relationship between the different crustal blocks.
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Fig. 1 a Tectonic map of central—northern Tanzania and southern P>
Kenya with the sampled spots indicated. In anticipation of the results
from this study the two-phase tectonic evolution during Gondwana
consolidation is shown. East African structural elements date around
630 Ma, the Kuunga event around 550 Ma. b Cross-sections through
the orogenic belts of Tanzania (for colour code and profile location see
Fig. 1a). Samples analysed in this study are projected into profile lines.
Red italic numbers are published ages of peak metamorphism
(Hauzenberger et al. 2007 (H); Moller et al. 2000 (M); LeGoft et al.
2010 (L); Blondes et al. submitted (B); Tenczer et al. 2006 (T)). Green
italic numbers are cooling age data from Maboko 2000, 2001 (Ma)

Results will be discussed with regards to tectonic processes
that finally shaped greater Gondwana.

Geological setting

With the help of two profiles drawn through central and
northern Tanzania (Fig. 1b) we shortly characterise crustal
domains and summarise a succession of tectonic and meta-
morphic events.

The Usagaran Belt to the east of the Tanzanian Craton
experienced a Paleoproterozoic orogen cycle. It is subdivided
into two major litho-tectonic units, the high-grade structural
basement (Isimani Suite: Mruma 1989) and the 1,920 Ma old
low-grade metamorphosed volcano-sedimentary cover
(Ndembera and Konse Groups: Mruma 1995; Sommer et al.
2005). The Isimani Suite contains lenticular bodies of ca.
2,000 Ma old eclogites (Moller et al. 1995; Reddy et al.
2003). Characteristic for the Usagaran are intrusions of gran-
itoids covering ca. 50 % of the total outcrop area. Granitoids
cover a time span from 1,900 Ma to 1,730 Ma (Gabert and
Wendt 1974) and have been mapped as syn- to post tectonic
granitoids. The Usagaran Belt was little affected by the late
Neoproterozoic metmorphism. The presence of weakly de-
formed and metamorphosed Paleoproterozoic sediments and
Paleoproterozoic K/Ar ages throughout the belt (Gabert and
Wendt 1974) suggest a Neoproterozoic overprint at maximum
greenschist-facies metamorphic conditions.

Hints for early Cambrian low temperature deformation and
metamorphism are derived from the thrust contact to the
Tanzania Craton margin. Here, Usagaran units have been
thrust onto the Tanzania Craton within a thin-skinned tectonic
style (Fritz et al. 2005). Discordant U/Pb rutile data derived
from retrogressed Paleoproterozoic eclogite (Moller et al.
1995) fall on a reference line intersecting the Concordia at
2,010 Ma and 500 Ma. K/Ar data (Gabert and Wendt 1974)
and *°Ar/°Ar data (Reddy et al. 2004) of biotite and musco-
vite derived from the Craton margin and Usagaran Belt range
from ca. 3,200-500 Ma and support incomplete resetting
during the orogeny.

The boundary between the Usagaran and Western Gran-
ulite Belt is defined, aside from lithological differences, by
the first occurrence of clearly Late Neoproterozoic to
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Fig. 1 (continued)

Cambrian cooling ages (Gabert and Wendt 1974). Relative
few data exist from the Western Granulite Belt; thus the
nature of the crustal assembly remains speculative. Nd mod-
el ages (Tpy Nd 2,500-3,100 Ma) from the Western
Granulite Belt are indistinguishable from that of the Tanza-
nian Craton suggesting a predominance of reworked older
crust (Maboko 1995; Moller et al. 1998). Zircon data
(SHRIMP and evaporation techniques) show granitoid em-
placement ages ranging from Archean (2,760 to 2,508 Ma:
Johnson et al. 2003; Cutten et al. 2006), Archean-
Paleoproterozoic (2,450 to 2,630 Ma: LeGoff et al. 2010) to
typical Paleoproterozoic Usagaran (1,920 to 1,830 Ma:
Sommer et al. 2003; Vogt et al. 2006). The rather uniform
succession includes high-grade metamorphosed psammites
and pelites and intercalated granitoids, amphibolites and
ultramafic rocks. Meta-sedimentary rocks are concentrated
in the western part of the belt (Fig. 1). Nearby Arusha
Western Granulite rocks were entrained by rift related
eruptions from variable depth (Blondes et al. submitted)
indicating that here the Mozambique Belt is largely
composed of Western Granulites and Eastern Granulites
represent only a thin tectonic sheet. The contact be-
tween Western and Eastern Granulites in northern Tan-
zania (Fig. 1) was drawn on the basis of lithological
similarities and is somewhat speculative. The course of
that boundary might be revised when more data are
available.
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The structural style changes at the Usagaran/Western
Granulites boundary from localised semi-brittle to distribut-
ed ductile fabrics showing top-to-the west displacement at
elevated temperatures, i.e. upper greenschist to amphibolites
facies metamorphic grade (Tenczer et al. 2007). The West-
ern Granulites Belt experienced metamorphism and defor-
mation up to granulite facies. However, lower grade
metamorphism (amphibolite grade) is present at the western
margin of the Western Granulites as inferred from muscovite
bearing lithologies.

The timing and intensity of the metamorphic event (events)
is strongly debated. Based on zircon rim ages some authors
argue for Neo-Archean granulite facies metamorphism
(2,654-2,598 Ma: Johnson et al. 2003) while from the same
outcrop Sm/Nd ages of the mineral assemblage garnet and
pyroxene give Neoproterozoic ages (Hauzenberger et al.
2011). For some locations Neoproterozoic metamorphism
and deformation has been proposed (ca. 640 Ma: Sommer et
al. 2003; Vogt et al. 2006); for other regions Late Neoproter-
ozoic/Early Cambrian metamorphism and deformation (549—
535 Ma: Cutten et al. 2006) is suggested.

Structures within the internal portions of the Western
Granulites Belt display west-directed, high-vorticity, no-
coaxial flow compatible with crustal thickening during em-
placement onto the Tanzania Craton and the Usagaran Belt,
respectively. The hangingwall boundary, i.e., contact to the
Eastern Granulites is defined as ductile to semi-brittle shear
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zone associated with north-westward nappe emplacement at
ca. 550 Ma (Rossetti et al. 2008). This shear zone cuts the
ca. 640 Ma old internal fabric within the Eastern Granulites.
The superposition of structural elements gave rise to super-
posed folding with basin- and-dome geometry, best seen in
the core of the Laletema antiform (LeGoff et al. 2010)
(Fig. 1). The thrust contact between the Western and Eastern
Granulites is folded around N-S to NE-SW trending fold
axes (Fig. 1a,b).

The Eastern Granulites nappe complex in Tanzania has
been divided into a basal unit composed largely of meta-
magmatic rocks and an upper unit composed of meta-
sediments including marbles (Fritz et al. 2005, 2009). The
meta-magmatic suite contains anorthosite bodies as character-
istic members that give overwhelmingly Neoproterozoic for-
mation ages (900—700 Ma: for summary of ages see Tenczer et
al. 2006). Sm—Nd, Rb-Sr, and Pb—Pb isotopic data (Moller et
al. 1998; Maboko et al. 1985, 1989) suggest that most mag-
matic rocks formed during the Neoproterozoic as also
evidenced from eNd—model ages of about 1,000 Ma. Based
on this fact, Maboko and Nakamura (2002) inferred that the
Eastern Granulites represent Neoproterozoic juvenile crust
that formed coeval with that of the Arabian Nubian Shield.
We emphasise, however, that not all rocks of the Eastern
Granulites display juvenile Neoproterozoic isotopic sig-
natures. Different anorthosites and gneisses from the
Eastern Granulites contain Archean and Paleoprotero-
zoic, but no Mesoproterozoic zircon (Tenczer et al.
2006; LeGoff et al. 2010). The meta-sediments contain
ruby bearing marbles as distinctive lithology (Fritz et al.
2009; LeGoff et al. 2010; Feneyrol et al. 2011). Depo-
sitional ages of comparable marbles exposed in the
Cabo Delgado Nappe Complex of Mozambique have
been narrowed down by ®7Sr/*®Sr isotopic studies
(Melezhik et al. 2008). Except one estimate of 1,250—
910 Ma, all other data point to Neoproterozoic deposi-
tion of limestone protoliths between 800 and 660 Ma.

High pressure Granulite facies metamorphism of the
Eastern Granulites was dated between 655 and 600 Ma
(Appel et al. 1998; Hauzenberger et al. 2004; Moller et
al. 2000; Tenczer et al. 2011). Tectonic styles and the
pressure temperature evolutionary path from the meta-
magmatic basement display subhorizontal high tempera-
ture flow at partly extreme temperature conditions (ex-
ceeding 900 °C at peak pressures between 1.2 and
1.4 GPa). Top-to-the west tectonic transport is occasion-
ally recorded, however, melt assistant coaxial flow is
dominant (Fritz et al. 2005, 2009). By contrast to the
horizontal, coaxial W-E stretch within the meta-
magmatic basement, the meta-sedimentary cover suites
experienced W-E to NW-SE horizontal shortening, as
best evidenced from upright, N-S trending folds in
distinct marble beds (Fig. 1).

The southern limit of the Arabian Nubian Shield, defined
as Voi Suture (Frisch and Pohl 1986) comprises Neoproter-
ozoic island arc suites that are exposed in southern Kenya
(Fig. 1). The Galana Terrane to the east of it is considered as
a part of Azania and experienced east-directed stacking and
folding of continental units together with granulite facies
metamorphism (peak P-T 800 °C/0.9 GPa) at 580-540 Ma
(Hauzenberger et al. 2004, 2007).

Methodoloy

A set of 15 samples has been selected for this geochrono-
logical investigation. Most of them are derived from sup-
posed Western Granulites, the least studied unit in Tanzania.
Sample locations are shown in Fig. 1 and projected into a
W-E profile constructed for northern Tanzania (Fig. 1b).
Samples TZ10, TZ28 and TZ85 are derived from the Tan-
zania Craton close to the Western Granulites boundary.
Samples TZ 69, TZ 87, M 340, M318, TZ 89, TZ93 and
TZ95 are intended as W-E profile through Western Granu-
lites with the majority of sampling points close to the
Tanzania Craton. TZ278, M275, M257, M164 and M213
are taken from the area mapped as Eastern Granulites, close
to the boundary to Western Granulites. However, numerous
antiforms with rocks from the Western Granulites occur as
domes within the Eastern Granulites (Fritz et al. 2009;
LeGoff et al. 2010). Not all of them are properly mapped.
Hence, some of these samples are taken to shed light on the
existence of Western Granulites windows within the Eastern
Granulites. All samples fulfil the criteria that they are rich in
the accessory minerals zircon/monazite, have promising
internal textures and stem from key outcrops of crucial
positions in the orogen (Figs. 2, 3 and 4).

Most of the samples have been analysed using the LA-
ICP-MS method. Only the samples TV02-78, TV02-51 and
C58 (Fig. 5) have been investigated in another measuring
campaign with SIMS for its isotopic ratios. For the detailed
analytical procedure see the Appendix. The analyses are
presented in Table 1 for the LA-ICP-MS data and in Table 2
for the SIMS data. Mineral abbreviations are followed the
suggestions of Kretz (1983).

Sample description and analytical results: the Tanzania
Craton boundary

The Tanzania Craton of central Tanzania is overthrusted by
the Paleoproterozoic Usagaran Belt that is narrowing to the
north (Fig. 1) (Fritz et al. 2005 and references therein). Both
units, the Craton and the Usagaran Belt are dominated by
magmatic rocks of granitic to tonalitic composition. A dis-
tinction between both units is mainly possible by an age
determination of igneous rocks. The protolith ages of the
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Tanzania Craton are Archean (2.7-3.5 Ga) with a metamor-
phic imprint around 2.5 Ga (Pinna 1996; Bellucci et al.
2011). The protolith formation ages of the Usagaran mag-
matic rocks cluster around 2.0 Ga. In the southern parts of
the belt, the Craton margin is bordered by a characteristic
Usagaran unit, the sedimentary Konse Group. This unit
disappears in the North and cannot be used as distinctive
criterion for the occurrence of Usagaran rocks. Here, the
margin between the meta-magmatic Craton and a possible
occurrence of the meta-magmatic Usagaran Belt is poorly
defined. Due to the lack of geochronology data, it is even
unclear, if relicts of the Usagaran Belt can be found in the
northern areas of Tanzania. A distinction between the two
orogenic belts based on structural criteria is also difficult
because of pervasive Neoproterozoic deformation and the
still-active structural imprint of the East-African rift (see
also Bellucci et al. 2011). The Craton Margin in the North
is defined by a zone of strong deformation named the “Bubu
cataclasites”. One approach of this study is to look for
possible Usagaran relicts by dating various meta-magmatic
and meta-sedimentary samples along the border of the Tan-
zania Craton. In the following a short description of out-
crops, samples and the zircons is given with the individual
age results.

TZ10

The sample TZ10 is a Grt-bearing orthogneiss with a mig-
matitic texture (Fig. 2a). It was taken close to the village
Chinangali north of the main road to Dodoma and is part of
the boundary zone of the Tanzania Craton that is tectonically
reworked. The mineral assemblage is: Qtz — Kfs — P1 - Bt —
Ms. Accessories are Ep, Ap and abundant Zrn. Tectonic
reworking can be seen by the recrystallization of the feld-
spar porphyroblasts forming core-mantle textures.

The zircons are elongated to slightly oval shaped euhe-
dral grains with inclusions of Mnz, Qtz and Kfs.

The internal texture of the larger grains shows different
growth zones with a central metamict zone that is sur-
rounded by where the crystal is intensely fractured. The
intact parts have been used for the laser ablation traces,
however it can be seen in the BSE-images, that no distinct
magmatic growth zonation (oscillatory growth) is preserved
due to a likely diffusional blurring of the initial structure by
the fractures (Fig. 6a). Therefore the results of the isotopic
ratios are rather poor. Nevertheless, a Discordia can be
defined using an Anchoring point at 0 (Fig. 6b). A discor-
dant line cuts the Concordia in the Archean defining a
formation age for this rock around 2,939+180 Ma. This
rock clearly stems from the magmatic suite of the Tanzania
Craton. A 2°’Pb/**°Pb mean age is calculated at 2,953+
110 Ma.

TZ28

Within the outer boundary of the Tanzania Craton
(“reworked Craton”) in the area around the capital Dodoma
this outcrop exhibits strongly deformed migmatitic Hbl-
bearing gneisses with concordant (to slightly discordant)
pegmatites (Fig. 1). The mineral assemblage is defined by
Hbl-P1-Qtz-Kfs-Bt with the growth of low-grade sericite
around fractured Pl-clasts (Fig. 4b). Accessory minerals
are Ttn and Zrn.

The shape of the zircons is elongated to roundish with a
size of ca.200 pm (Fig. 6¢). The elongated zircons typically
contain magmatic cores with oscillatory zoning seen in the
BSE images. Some grains have a metamict core. The core is
surrounded by a broad bright rim (in BSE) showing sector
zoning that has a very narrow dark band at the very rim of
the grains. A concordant age can be constrained at 2,610+
10 Ma for the cores. Using the anchoring method with a
fixed age at550+50 an upper intercept is defined at 2,705+
370 Ma. When anchored at 0 the results give 2,584+26 Ma
which is taken as the most reliable result and shown in
Fig. 6¢c. A *°’Pb/*°°Pb mean age is calculated at 2,579+
23 Ma (Fig. 6c).

TZ85

This sample was also collected within the Craton boundary
(“reworked Craton” or “Bubu Cataclasites”) close to Kon-
doa (Fig. 1). It is a meta-magmatic granodiorite with a relict
magmatic texture and is slightly foliated by low-grade ret-
rogression (Fig. 2b). This is seen in this section by the
formation of fine-grained Ms around Fsp embedded in a
matrix of Qtz and Bt (Fig. 4c).

The zircons are elongated crystals with prismatic edges
and internal zonation defined by oscillatory growth patterns
in BSE (Fig. 6d). This indicates largely magmatic growth
responsible for the formation of these zircons. Some grains
contain xenocrystic metamict cores with a destroyed crystal
lattice.

Despite the magmatic appearance of the zircons most of
the data are discordant and indicate an event overprinting
the previous magmatic texture (Fig. 6d). Laying a Discordia
through an anchoring point of 0 allows the calculation of an
upper intercept age of 2,651+79 Ma —an Archean formation
age of this magmatic rock from the Craton. 2°’Pb/**°Pb
mean age calculation gives 2,625+130 Ma (Fig. 6d).

TZ69
The outcrop from which this sample was taken contains a
multiply folded Bt-Ms (para)gneiss from the meta-

sedimentary Kelema Group close to the Craton boundary
(Fig. 1). The gneiss is partly migmatitic and injected by
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(

Fig. 2 Outcrop photographs from the different outcrops along the
Tanzania Craton margin. a A garnet bearing migmatitic gneiss from
the Tanzania Craton. b Metamorphic granodiorite of the Tanzania

pegmatites and mica growth in folded parts (Fig. 2c). The
mineral assemblage is: Qtz — Pl (Ab) — Bt — Ms (Fig. 4d).
Accessories are Rt and abundant Zrn and Mnz. Zircon
occurs in the matrix and enclosed in Bt. Monazite is pre-
dominately incorporated in metamorphic Bt-laths.

The zircons have inclusions of Qtz and Bt. Slightly
rounded and corroded oval grains have internal oscillatory
growth patterns with occasional fracturing in the internal
parts (Fig. 7a). Brighter rims in BSE indicate a later growth
phase probably related to a metamorphic event. A Concor-
dia age can be calculated around 2,607+21 Ma (Fig. 7b).
The error ellipses of the data are considerably high. An
upper intercept age of a discordant line fixed at an age of
584+12 Ma gives a more precise Archean formation age of

@ Springer

Craton. ¢, d Magmatic biotite gneiss from the Western Granulites at
the margin to the Tanzania Craton. Fold axes trend north—south. e
Leucocratic Western Granulites gneiss form northern Tanzania

this rock at 2,637+90 Ma. This anchoring age of 584+
12 Ma for the lower intercept was taken from Monazite
analyses in the following presented in Fig. 7c,d. A series
of profiles were laid across Monazite grains that have been
grown around 584+12 Ma and serves as anchoring age for
the Zircon calculation (Fig. 7b). No indication for a Usa-
garan event is conserved in this sample. The 2°’Pb/*°°Pb
mean age of this sample is 2,624+74 Ma.

TZ87
Close to the Craton Boundary, however in the sequences of

the Mozambique Belt, this meta-granodiorite was sampled
(Fig. 1). The mica-bearing felsic rock with the assemblage
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(c) M213:Lossogonoi

Fig. 3 Outcrop photographs from the different outcrops from the
Maasai Steppe and the Kiboriani Shear Belt. a Porphyroblastic orthog-
neiss with mafic xenolite cut by pegmatite (Eastern Granulites, north
Tanzania). b Pegmatite crosscutting a sequence biotite gneises

Bt-Ms-Kfs-PI-Qtz has a well defined augengneiss texture
(Fig. 4e). The mineral assemblage is rich in Zircon and
Monazite abundantly grown within the Bt-Ms-foliation
forming intergrowth textures. The contrast of the BSE im-
age in Fig. 4e does not allow a distinction between Zrn and
Mnz. Therefore two small inserts of Zrn grains have been
added with a different contrast showing the internal pattern
of the Zrn with bright Mnz grains in and around the Zrn.
Even better visible is the relation between Zrn and Mnz
forming complex growth patterns in the detailed BSE
images (Fig. 7e,g). There are two generations of zircon
and two generations of monazite.

The first zircon generation is defined by thin elongated
prismatic grains (length: 200-300 wm) with magmatic in-
ternal structures indicated by dominant osciallatory zoning
and occasional formation of sector patterns (Fig. 7¢). Meta-
mict cores and zones are frequently found. This causes the
problem in this sample that the data quality is poor and the
analysed spots plot quite off the Concordia making it im-
possible to calculate an upper intercept age (Fig. 7f). Only
two spots plot at the Concordia and give a concordant
Archean age at 2,653+41 Ma. The second Zrn generation

containing Amph-boudins. ¢ Migmatitic, garnet-bearing orthogneiss
at the base of Lossogonoi Mountain (Fig. 1). d Meta-tonalitic gneiss
from northern margin of Kiboriani Mountains (Fig. 1)

is found in and around larger monazite grains. From those
grains no analyses could be made.

The monazite analyses allow the calculation of more
well-defined ages. Large grains of the first generation are
probably of magmatic origin and the analysed data points
allow calculation an upper intercept age at 2,610+44 Ma.
Analyses of small Mnz grains (often grown around the first
Zm generation) give a lower intercept at 555+80 Ma. When
calculated as concordant ages the older Mnz generation has
an age of 2,556+10 Ma and the younger grains have an age
of 556+26 Ma (Fig. 7h).

TZ89

This sample is a Bt-bearing gneiss from the road Kondoa—
Kibaya close to the Tanzania Craton (Fig. 1). The mineral
assemblages is Qtz — Kfs — PI —Bt (Fig. 4f). Accessory
minerals are Ttn, Zrn and Fe-Oxides.

The zircons are mainly elongated prismatic grains (up to
500 um length) with complex zoning patterns (Fig. 8a). A
typical observation is the growth of zircon twins. The inter-
nal structure of the zircon grains is characterised by a couple
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Fig. 4 Mineral assemblages made with backscattered electron micros-
copy from the Craton Margin samples (sample localities see Fig. 1;
GPS positions see the various diagrams Figs. 6, 7, 8, 9, 10). a TZ10:
Migmatitic orthogneiss showing tectonic reworking textures in the
mineral assemblage. b TZ28: Migmatitic orthogneiss found close to
Dodoma. Serizite is found around fractured feldspar, a typical feature
of the “reworked Craton” boundary. ¢ TZ85: Meta-granodiorite found
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along the Craton Margin north of Dodoma. d TZ69: Paragneiss from
the meta-sedimentary Kelema Group close to the Craton boundary. e
TZ87: Metagranodiorite with augengneiss texture and abundant Zrn
and Mnz in the foliation. Two inserts were made of larger Zrn grains
with a different contrast to clarify the relation between Zrn and Mnz. f
TZ89: Bt-gneiss collected close to the Craton boundary
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(a) TV02_78 [

(b) TV02_51

Fig. 5 Mineral assemblages from the analysed samples of the
basement-cover chapter made with backscattered electron microscopy.
(sample localities see Fig. 1; GPS positions see the various diagrams
Figs. 6, 7, 8,9, 10). a TV02_78: Tonalitic gneiss from the Kiboriani
Mountains with poikilitic garnet. b TV02_51: Garnet bearing tonalitic
gneiss from the Nguru Mountains. ¢ Amphibolite from the Western
granulites showing the typical metamorphic decompression texture of
PI rims around Grt

of separate zones outlined in Fig. 8a. There are xenocrystic
cores (I) with lobate patterns surrounded by a zone of
brighter reflection in BSE (II). This zone is partly fractured
or has a destroyed lattice of metamict zircon. The outlined
geometry resembles an elongated prismatic idiomorphic
crystal. A third zone (III) corresponds to a broader growth
phase with sector zoning. The outermost rim shows oscilla-
tory patterns and is corroded at the crystal edges giving a
subrounded shape. The ablated profiles lie in zones II and IIT
and the analysed data points plot in the diagram close to the
Concordia around 2.6 Ga (Fig. 8b). The discordant data
points indicate a subsequent overprint around 550+50 Ma.
Using this anchoring spot an upper intercept age can be
calculated at 2,697+55 Ma.

TZ95

This fine-grained Bt-gneiss is sampled along the road from
Kondoa to Kibaya—some distance away from the Craton
Margin towards the Maasai Steppe (Fig. 1).

Inclusions in Zircons are Ap. The internal structure of the
Zircon grains is complex as seen in Fig. 8c. There are small
idiomorphic xenocrystic cores showing sector zoning.
These are surrounded by a fractured metamict zone followed
by a subsequent growth zone with a broader metamorphic
rim. The analysed spots plot in the diagram as a cluster
through which a Discordia can be laid (Fig. 8d). The upper
intercept gives an age of 2,677+110 Ma and a lower inter-
cept is calculated around 50 Ma+780 Ma. When anchoring
the Discordia at 0 a better defined upper intercept age can be
calculated at 2,722+55 Ma (Fig. 8d). The 2°’Pb/*°°Pb mean
age of this sample is 2,702+48 Ma (Fig. 8d).

TZ93

This sample was taken in the sequences of the Mozambique
Belt some distance away from the Craton margin (Fig. 1). It
consists of highly-deformed and recrystallised migmatitic
banded gneisses and has a W-E trending layering, dipping
to the south (Fig. 2d).

Most zircon grains are elongated, prismatic with sub-
rounded edges, having a length of ca. 200 pm (Fig. 8e).
From the complex internal structure four growth zones can
be inferred (Fig. 8¢): The small internal core (zone I) has a
moderately elongated prismatic shape. The BSE pattern of
this core is characterised by sector zoning to broad oscilla-
tory zoning. Diffusive processes formed lobate structures
growing into the core. The second zone surrounding the
core (zone II) is a broad metamict part, where the crystal
lattice is destroyed. This metamict zone has an elongated
ellipsoid shape and fills a considerable volume of the zircon
grain. The next zone (III) is blurry shaded starting with a
darker grey (BSE pattern) at the boundary to zone II and
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Fig. 6 Microphotographs (Scanning electron microscopy) displaying
internal zircon textures and the according geochronological results
shown in the conventional Concordia diagrams. Datapoint error ellip-
ses are 20. The samples are representing the Craton Margin. The
abbreviations: BSE=images made by backscattered electron microsco-
py; CL=images made by Cathodoluminescence microscopy. The white
dashed lines and circles indicate the analysed parts of the zircon were

getting brighter towards the rim of the zircon. At the ulti-
mate rim a small zone (IV) can be separated from the others
by a couple of oscillatory stripes that form a regular, despite
very narrow prismatic shape around zone III. Parts of zone
IV are detached by later corrosion.

Apart from the igneous zircons some grains are found
that are smaller and rounded showing only the internal
pattern of zone III. These are interpreted as metamorphic
grains.

In the Concordia plot two spots from the core (zone I)
display a Concordia Age=2,760+44 Ma. Two metamorphic
grains (with zone III) plot at the Concordia around 2,492+

@ Springer

laser ablation was applied. a BSE image from orthogneiss sample
TZ10 with the ablated spots and profiles outlined. b The corresponding
conventional Concordia diagram for sample TZ10. ¢ Diagram for the
migmatitic gneiss TZ28. The inserted zircon grain shows the internal
texture in BSE and has a length of 200 um d Sample TZ85 from the
reworked Craton. The inserted zircon grain shows the internal texture
in BSE and has a length of 200 um

Fig. 7 Microphotographs (Scanning electron microscopy) displaying p>
internal zircon textures and the according geochronological results
shown in the conventional Concordia diagrams. Datapoint error ellip-
ses are 20. a BSE image of the zircons from sample TZ69. b Concordia
diagram with the analysed zircon ages of sample TZ69. ¢ BSE image
of the analysed monazite grains from sample TZ69. d Concordia
diagram with the monazite ages plotted. e Internal structures of the
zircons from sample TZ 87 with monazite inclusions and monazite
grains overgrowing at the rim of the zircons shown as BSE image. The
insert gives a detailed image of a monazite grain with a zircon at the
rim. f Zircon ages of TZ 87 plotted in a Concordia diagram. g¢ Monazite
grains of sample TZ87 shown as BSE image. h Concordia diagram
with the monazite ages from sample TZ87
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150 Ma (Fig. 8f). The other spots stem from various parts of
zone 111 from igneous grains plotting along a Discordia with
an upper intercept of 2,840+83 Ma. The small rim (zone IV)
was too narrow to date, nevertheless indicates a late stage
metamorphic overprint. The *°’Pb/*°°Pb mean age of this
sample is 2,815+10 Ma (Fig. 8f).

Three different growth events can be inferred from these
data. The crystallization age of the magmatic rock is given
by the cores (zone I) around 2,800 Ma. A subsequent event
led to the destruction of the crystal lattice producing the
intermediate metamict zone. This is followed by metamor-
phism (metamorphic grains—zone III) that occurred around
2,500 Ma. Discordant ages from various parts of zone III
indicate a late stage overprint, however the intercept is not
well-enough defined to infer an exact age. Also the meta-
morphic rims from zone IV are too narrow for age dating.

M318

Some distance away from the Craton boundary, this orthog-
neiss was sampled south of the Lake Manyara close to the
village Babati (Fig. 1). The rock contains isoclinal folded
pegmatites and has the assemblage Hbl-Qtz-P1-Bt.

The zircons are slightly rounded to elongated prismatic
grains with 300 pm length and well-defined internal growth
patterns (Fig. 8g). The CL image shows bright cores with
patchy zonation and a well-defined homogenous dark rim.
Core and rim analyses are plotted in the diagram allowing the
calculation of a Discordia with an upper intercept age at 2,715+
85 Ma and a lower intercept age at 363+170 Ma. The lower
intercept age must be taken with care due to the extremely large
error. It only indicates a younger event overprinting the Arche-
an formation age of this rock. When anchoring the lower
intercept at Kuungan times (550+50 Ma) the upper intercept
is 2,740+90 Ma (shown in Fig. 8g). The **’Pb/***Pb mean age
is 2,706+48 Ma (Fig. 8g).

M340

Leucocratic gneisses occur along the road to Serengeti Na-
tional Park close to Loliondo (Fig. 1). This sample was
taken from one of the typical outcrops often found in the
steppe in and around the National Park named “kopjes”
(Fig. 2e). Some of these kopjes are frequently visited by
lion families for their siesta.

The zircons are subrounded idiomorphic grains with mag-
matic oscillatory patterns with occasional partitioning into
sector zoning in the brighter core in the CL images (Fig 8h).
All analyses plot along the Concordia and the ones from the
cores result in concordant ages around 949+13 Ma (Fig. 8h).
The calculations for the rim analyses give concordant ages at
488+33 Ma (not shown). The >*’Pb/***Pb mean age calcula-
tion results in 1,027+41 Ma (Fig. 8h).
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Fig. 8 Microphotographs (Scanning electron microscopy) displaying P>
internal zircon textures and the according geochronological results
shown in the conventional Concordia diagrams. Datapoint error ellip-
ses are 20. a Internal structure of zircons of sample TZ89 as BSE
image with different growth zones outlined. b Concordia plot of
sample TZ89. ¢ BSE image of sample TZ95 with the analysed profiles
outlined. d Concordia plot of sample TZ95. e BSE image of sample
TZ93 with the internal structures and zones of the zircons outlined. f
Conventional Concordia diagram with the analysed spots of sample
TZ93. g Concordia diagram of sample M318 with the CL image of a
zircon grain as insert showing the typical texture of the zircons.
h Concordia diagram of sample M340 with the CL image of a zircon
grain as insert showing the typical texture of the zircons

Summary of results

The majority of investigated zircons have grown during the
Archean and thus their history is comparable with the crust
formation of the Tanzania Craton in the Archean. The long-
lived metamorphic and tectonic history led to internal com-
plex growth patterns found in individual sections of the
zircon grains. Archean xenocrystic magmatic cores (2.7—
2.9 Ga) are surrounded by zones of metamictisation and
fracturing. The process leading to the destruction of the
crystal lattice is not known but probably related to post
Archean erosion and/or sedimentation of the rocks. Subse-
quent zircon growth around those cores is often found as
idiomorphic oscillatory zoning or sector zoning forming
elongated prismatic grains. This growth phase can be related
to a tectonic event calculated around 2.625 Ga as weighted
mean age. Hints for very high grade metamorphic diffusion-
al processes are not found in the zircon grains. Relicts of the
Usagaran orogenic event also could not be found with one
exception, the southernmost sample (TZ10), giving an upper
intercept age of 2,137+33 Ma. This age however is very
vague, as it is based on one spot age with a very large
uncertainty. It cannot be taken as a real indication for an
Usagaran age. Also the typical late Neoproterozoic to Cam-
brian ages referred to as the Kuunga Orogeny of Gondwana
amalgamation are not frequently found in the zircons. The
monazites however do nicely show this metamorphic over-
print at around 580 Ma (e.g. sample TZ69). The monazites
of sample TZ87 have both, an Archean growth phase and a
late Neoproterozoic overprint. Weighted mean ages of the
two monazite samples and on zircon sample are 582+
48 Ma.

Sample description and analytical results: the central
Maasai Steppe

The distinction between Western and Eastern Granulites is
mainly based on lithological differences. Thick marble bear-
ing meta-sediments characterise the Eastern Granulites but
are rare in the collage of units that are summarised as the
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Western Granulites. In the absence of meta-sedimentary
units, however, the distinction becomes vague since both,
Western and Eastern Granulites basement units contain
granulite facies metamorphosed rocks of similar appearance.
In that case the distinction is difficult, especially in the
poorly exposed Maasai Steppe, and a proper allocation is
mainly based on the investigation of crustal formation ages.
In the Western Granulites relicts of Archean (reworked
Craton) to 1.8-2.0 Ga ages (reworked Usagaran Belt) are
expected. The Eastern Granulites typically have juvenile
formation ages around 800-1,000 Ma. General westward
thrusting during late Neoproterozoic to Cambrian times
created a nappe stack with low-grade metamorphosed Usa-
garan units in the footwall, highest grade Eastern Granulites
in the hangingwall and Western Granulites in between. This
situation holds for central Tanzania but is less clear in
northern Tanzania (Fig. 1b). Eastern and Western Granulites
together have been folded. Dome and basin type fold inter-
ference patterns (Fritz et al. 2009; LeGoff et al. 2010) gave
rise to inliers of Western Granulites within the Eastern
Granulites. In addition complex and poly-phase fold and
thrust geometries must be taken into account. Late Neo-
proterozoic deformation and metamorphism (East African
Orogeny) prevails within the Eastern Granulites. Early
Cambrian deformation and metamorphism (Kuunga Oroge-
ny), however, has been documented from the Western Gran-
ulites (e.g., Cutten et al. 2006) and from the base of the
Eastern Granulites at the Uluguru Mountains (Rossetti et al.
2008). In general, this opens the question about extent of
East African and Kuunga orogenic phases in general. In this
study, a number of key outcrops were chosen with zircon
rich samples suitable for geochronology. These are firstly,
the large spectacular inselberg mountains (domes) with
meta-igneous basement of unknown age and secondly, out-
crops showing crucial tectonic features (shear structures and
cross-cutting relationships of different tectonic events).

TZ278

The sample was collected from the Longido Mountain close to
the boundary Tanzania to Kenya. Longido Hill is a magmatic
body outcropping as inselberg within the surrounding meta-
sedimentary rock suites (Fig. 1). The district of Longido is
known for the occurrence of ruby in gem quality bound at
serpentinised ultramafic bodies within the high-grade meta-
morphic rocks of the Mozambique Belt. The sample is a
coarse-grained porphyroblastic orthogneiss with granitic to
tonalitic composition. Post-deformative pegmatites cross-cut

the orthogneiss and numerous mafic xenolites occur (Fig. 3a).

The zircons are elongated idiomorphic grains with oscil-
latory zonation (Fig. 9a). Inclusions are Amph, P1 and Ap.
All analysed spots plot at the diagram (Fig. 9b) as a
cluster off the Concordia. Anchoring the lower intercept at
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Fig. 9 Microphotographs (Scanning electron microscopy) displaying P>
internal zircon textures and the according geochronological results
shown in the conventional Concordia diagrams. Datapoint error ellip-
ses are 20. a CL image of zircons of sample TZ278 from Longido Hill.
b Concordia diagram of sample TZ278 with age results. ¢ Internal
texture of the zircons of sample M275 from Lolkisale Hill shown with
CL. d The results of sample M275 in the Concordia plot. e Age data of
the pegmatitic sample M257 shown in a conventional Concordia plot.
The internal zonation of the zircons is represented by an example as
insert (CL-image). f Geochronological results of the sample M213
from Lossogonoi Mountain shown in a conventional Concordia plot.
The internal zonation of the zircons is shown as CL image. g Geo-
chronological results of the sample M164 from a graphite-bearing
gneiss in the Lelatema fold shown in a conventional Concordia plot

550 Ma an upper intercept age of 2,651+£88 Ma is found.
The *°’Pb/*°°Pb mean age of this sample is 2,563+82 Ma
(Fig. 9b).

M275

This Bt-bearing orthogneiss was sampled in Lolkisale vil-
lage at the base of Lolkisale Mountain, another meta-
magmatic inselberg in the Maasai-Steppe (Fig. 1). The rock
is a Grt — Hbl — Bt — Pl — Qtz bearing gneiss with abundant
up to 1 mm sized zircons. The quartz and plagioclase matrix
is recrystallised and is characterised by 1-2 mm sized equi-
granular grains. Amphibole is elongated within the foliation
planes, 0.5 to 3 mm in size and has a partly poikilitic texture.
Biotite occurs either intergrown in amphibole or as elongat-
ed flakes within the matrix. Garnet grains have an irregular
shape and a size of 1-2 mm and contain inclusions of
plagioclase and quartz.

The zircon grains are irregularly rounded and display in-
ternal recrystallization textures (Fig. 9c). This is visible from
the irregularly zoned dark core surrounded by a bright recrys-
tallised rim with diffusive lobate structures (Fig. 9c). Such
zircon textures are typical for granulite facies metamorphism.

The age of this metamorphism however could not be well-
constrained by the analyses. The measured spots plot along a
Discordia and the intercepts have rather big uncertainties. The
formation age of this sample is constrained around 2,551+
45 Ma and the lower intercept representing the metamorphic
overgrowth is 547+£670 Ma. Anchoring the lower intercept at
550 Ma an upper intercept age of 2,551+38 Ma is calculated
and shown in Fig. 9d. The *°’Pb/**°Pb mean age of this
sample is 2,529+43 Ma (Fig. 9b).

M257

This key outcrop south of Arusha exposes foliated gneisses
(resembling Western Granulites basement) and enderbites
(typical for Eastern Granulites basement) that are incorpo-
rated into the Lelatema fold system (Fig. 1). The complex
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structural inventory needs some geochronological back-
ground for a better understanding of the tectonic events.

Within a highly sheared sequence of Bt-gneisses includ-
ing Amph-boudins, voluminous cross-cutting pegmatites
can be found (Fig. 3b). The investigated sample is a
coarse-grained slightly foliated pegmatitic gneiss consisting
of 2-5 mm sized quartz grains which are slightly elongated
and show partly straight and partly lobate grain boundaries.
Potassium feldspar is slightly altered and up to 5 mm in
diameter. Plagioclase is smaller-grained (2—3 mm), contains
exsolutions of potassium feldspar and is also slightly
altered.

The zircons are elongated prismatic idiomorphic grains
(up to 500 um) with cores showing oscillatory magmatic
zoning and metamorphic overgrowth rims as broader zones
(Fig. 9e). Two well-defined concordant ages are calculated.
The magmatic growth is constrained at 833+22 Ma and the
metamorphic age is 637+7 Ma with only the younger age
shown in the plot (Fig. 9e).

M213

This migmatitic Grt-bearing orthogneiss was sampled at the
base of Lossogonoi Mountain, which is a remarkable insel-
berg within the core of the Lelatema antiform (Fig. 1). The
sample is a coarse-grained slightly foliated granitic gneiss
with abundant up to 5 mm large perthitic potassium feldspar,
smaller quartz grains and subordinate amounts of plagio-
clase (Fig. 3¢). One to two mm sized garnet, amphibole and
biotite grains are distributed within the poorly developed
foliation. In addition coronitic reaction textures can be rec-
ognised, where a brownish mineral is surrounded by a rim of
an orange coloured phase and finally surrounded by potas-
sium feldspars.

Zircon occurs as idiomorphic prismatic grains with round-
ed edges (Fig. 91). The size is up to 500 wm and the crystals
are rich in inclusions and fractures. The internal structures are
predominated by magmatic oscillatory zoning in the core that
is partly blurred by diffusion leaving ghost structures. Occa-
sionally metamict xenocrysts are observed. A broad concen-
trically zoned rim has grown during a metamorphic event of
higher grade leading to the element diffusion into the core.
Intercepts of a Discordia are recorded at 2,646+100 Ma for
the upper intercept and 562+630 Ma. Here again the anchor-
ing method is used for the Kuunga event (550 Ma). The error
of the upper intercept decreases then as shown by the result of
2,646+85 Ma (Fig. 9f). The **’Pb/**°Pb mean age of this
sample is 2,619+29 Ma (Fig. 9b).

Ml164

This sample was collected from a syndeformative pegmatit-
ic layer incorporated into graphitic gneisses that are part of
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Fig. 10 Microphotographs (Scanning electron microscopy) displaying P>
internal zircon textures of samples from the Mozambique Belt. The
geochronological results are shown in the conventional Concordia
diagrams. Datapoint error ellipses are 20. a CL images of zircons of
sample TV02_ 78 from the Kiboriani Shear Belt. b Diagram showing
the ages of sample TV02 78. ¢ CL images of zircons of sample
TV02 51 from the Nguru Shear Belt. d Diagram showing the ages of
sample TV02_51. e C58 is a sample representative for the Western
Granulites. The CL image shows the internal texture of the zircons. f
The age data of C58 in a conventional Concordia diagram

the large Lelatema fold system (Fig. 1). Those graphitic
gneisses hosting this Qtz-Fsp rich pegmatite are frequently
mined in northern Tanzania for gemstones, e.g. Tsavorite
(garnet).

The zircons are large elongated grains (500 pum) with
subrounded edges and display internal patterns of oscialla-
tory zoning and sector zonation, partly cut by diffusive
lobate zones towards the zircon rim. All measured parts of
the zircons give a well-defined Neoproterozoic age of 635+
5 Ma in the Concordia diagram (Fig. 9g).

TV02_78

The Kiboriani Mountains are a W-E oriented mountain
range making a cut in the general trend of the orogen which
is roughly N-S bending around the Tanzania Craton margin
(Figs. 1 and 3d). The sample is from a meta-magmatic
tonalitic body with the assemblage: Grt-Amph-Bt-P1-Qtz
with the accessoric minerals Ap, Ilm and Zrn. Garnet occurs
as poikilitic anhedral crystals which is rich in inclusions of
Qtz and Bt and surrounded by fine Bt-laths forming a patchy
pattern (Fig. 5a). This type of Grt-Bt intergrowth is typical
for the area and already described in more detail by Johnson
et al. (2003).

The zircons have an idiomorphic elongated shape and are
translucent with tubular inclusions. The internal structures
indicate an initial magmatic oscillatory zoning (Fig. 10a).
This zoning is partly blurred by subsequent diffusional
processes forming lobate structures.

The measured spots are slightly discordant in the diagram
(Fig. 10b). With an anchoring spot of 550+50 Ma the upper
intercept of the Discordia can be constrained at 2,635+
35 Ma.

TV02 51

The Nguru Mountains are also part of the large W-E
trending shear system that seems to play a role in the
separation of the different tectonic styles in Northern and
Central Tanzania (Fig. 1). Those mountains are very
remote, hard to reach and display a complicated interca-
lation of Eastern and Western Granulites. Any geological
data are very scarce on this mountain range. The investigated
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sample stems from a tonalitic gneiss exhibiting the min-
eral assemblage Grt-Hbl-Bt-Ksp-PI-Qtz (Fig. 5b).

The zircons are irregular rounded grains with opaque red-
coloured appearance. The grains resemble partly resorbed
cauliflower zircon (Corfu et al. 2003). The internal structure
is chaotic-patchy in the core in CL-imaging (Fig. 10c). This
pattern is surrounded by a bright overgrowth rim partly
diffusing into the patchy core.

Core and rim analyses lie along a discordant line in the
diagram (Fig. 10d) and allow the calculation of a lower
intercept at 522+66 Ma and an upper intercept age at
2,148+48 Ma.

C58

The southernmost sample of this study is a highly metamor-
phic amphibolite—a common rock of the Western Granu-
lites (Fig. 1). The mineral assemblage is Grt-Cpx-Bt-Hbl-PI-
Qtz with the typical metamorphic decompression texture of
a plagioclase rim around garnet (e.g. Sommer et al. 2008).
The garnet is poikilitic with Qtz and Amph inclusions and
some Bt-laths. The matrix is mainly composed of Amph
with occasional Cpx.

The zircons are elongated to slightly rounded grains
with red to brown colour and opaque appearance
(Fig. 10e). The CL image shows a patchy dark core with
a bright rim forming diffusive irregular lobes into the core.
The ages reached through calculation are 1,975+40 Ma
for the upper intercept when anchored at 550+50 Ma

(Fig. 10f).

Summary of results

The large meta-magmatic bodies outcropping as inselberg in
the Maasai-Steppe (Longido, Lolkisale and Lossogonoi)
have Archean crystallization ages with a Kuungan (Cambri-
an) metamorphic overprint similarly to those from the Cra-
ton Boundary (Fig. 11a,b). The degree of metamorphism
however is variable. Whereas Lossogonoi did not experi-
ence a very high-grade metamorphic overprint in the Neo-
proterozoic the zircons of Lolkisale show highly diffusive
patterns indicating high grade metamorphism. Around Lol-
kisale the rocks experienced granulite facies metamorphism
and the granulites of Loibor Serrit are one of the first Neo-
proterozoic samples dated in Tanzania by Spooner et al.
(1970) with ages around 700 Ma. This indicates that some
parts of the Eastern Granulites basement is exposed in
vicinity of the Craton margin in the northernmost sections
of the Maasai-Steppe. Also the injection of 830 Ma old
pegmatites into a basement of unclear origin is new in the
study area. The metamorphic age of the pegmatites is
640 Ma, which is a frequent metamorphic age of the Eastern
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Granulites but in this study area has not been found before.
The ages underline a complex intercalation between West-
ern and Eastern Granulite units in a detached basin and
dome geometry which has been suggested by Fritz et al.
(2009) and LeGoff et al. (2010).

The two ages from the large W-E trending shear systems
(Nguru and Kiboriani Shear Belt) display one Archean
(2,625 Ma) and one Paleoproterozoic (2,148 Ma) protolith
formation age. The distribution of the analysed spots along a
Discordia is similar to the majority of the Archean samples
from the Craton Boudary with a less-defined lower intercept
(here 522 Ma). For comparison a sample typical for the
Western Granulites in the southern sequences is added with
well-defined ages at 1,975 Ma corresponding to the Usa-
garan Orogeny. This age indicates that not only Archean
basement is reworked in the Western Granulites but also
reworked Usagaran Basement can be found at least south of
the Kiboriani Shear Belt.

Interpretation
The extent of Usagaran Belt and its tectonic implication

It can be excluded now, that the magmatic suite of the
Usagaran Belt expands from the latitude of Dodoma town
further north. North of the Kiboriani Mountains that form a
major shear belt (Fritz et al. 2005), no Paleoproterozoic ages
typical for the Usagaran Belt are found. Instead, Archean
meta-magmatics and meta-sediments were reworked during
the late Archean (2.625 Ga) and a late Neoproterozoic
(580 Ma) metamorphic event is present in the rocks sum-
marised as the Western Granulites Belt. There are also no
relicts of a granulite facies metamorphic event around
640 Ma preserved, that is frequently found in the Eastern
Granulites. Instead, there was a metamorphic imprint around
580 Ma (Kuunga Orogeny) as indicated by well-defined
monazite ages. These findings are in concordance with
Cambrian metamorphic ages derived from Western Granu-
lites crustal xenoliths entrained by young volcanic eruptions
next to Arusha (Blondes et al., submitted). Thus, we con-
clude that the Western Granulites were attached onto the
northern Tanzania Craton during the Kuunga Orogeny. In
the northernmost part of the Craton Boundary surprisingly
Mesoproterozoic magmatic ages around 949+ 13 Ma appear
in the zircons. This age is typically found in the Eastern
Granulites in Eastern Tanzania. Hence, we argue that north-
ern portions of Eastern Granulites were thrusted over a large
distance closely approaching the Craton margin in the north-
ernmost parts of Tanzania (Fig. 1). The internal deformation
and metamorphism of the Eastern Granulites occurred
around 620 Ma during the East African Orogeny. During
the ca. 550 Ma Kuunga event, the previously assembled
Eastern Granulites may have been transported further
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westward. Thus, the total nappe emplacement is considered
as a sum of two westward directed thrusting events.

Linking these age provinces into the Rodinia/Gondwana
system

The samples plotted as a probability density plot (Fig. 11c)
display a long-lived history within a time array of almost
3 Ga. The peaks represent the times of tectonic events. In the
study area a large number of samples plot in the Archean
with the highest peak around 2.6 Ga—a phase of intense
magmatic activity in the Tanzanian Craton. Pinna et al.
(1996) recognised two major periods of crustal growth of
the Tanzania Craton. The first event around 2.93-2.85 Ga,
the Dodoman Orogeny, is characterised by the formation of
typical Archean TTG-suites and granitoids and is localised
mainly in the southern part of the Craton around Dodoma.
This event was followed by the Victorian Orogeny that
summarises a succession of three magmatic/tectonic pulses
in the northern part of the Craton and around Lake Victoria.
The first phase (Eo-Victorian) shows TTG emplacement
(2.73-2.69 Ga), followed by extension-related rhyolite ex-
trusion (2.70 Ga). The second phase (Meso-Victorian) is
characterised by bimodal calc-alkaline volcanism (2.66 Ga)
with torrential to turbidite sediments intruded by syn-
kinematic calc-alkaline granites (2.64 Ga). The third phase
(Neo-Victorian) is characterised by syn- to post-collisional
granite emplacement (2.60 Ga). The latter are post dated by
post orogenic, extension-related rhyolite magmatism at c.
2.53 Ga. Most of our samples stem from the Meso-Victorian
magmatic pulse. Similar results have been reached by Mansur
et al. (2011) deriving a Meso-Neo-Archean history for the
lower crust of the Tanzania Craton and for large parts of the
basement of the Mozambique Belt in Northern Tanzania.
These authors reported two phases of Archean magmatism
around 2.8 and 2.6 Ga and subsequent granulite facies meta-
morphism in the lower crust.

The Usagaran Orogeny is underrepresented in this dia-
gram. The only true Usagaran finding comes from a sample
from the Western Granulites south of the Kiboriani Shear
Belt, where reworked Usagaran Basement is widely
reported (Sommer et al. 2005). Then, there is a gap of
roughly 1 Billion years! The next age domain appears
around 1,000 Ma. These ages are typically found in the
Eastern Granulites Basement as juvenile crust represented
by charnockites and enderbites (Moller et al. 1998).

Subsequent to this period of juvenile crust formation a
peak with magmatic ages is seen around 800 Ma (Fig. 11c¢)
as represented by pegmatite formation within the Eastern
Granulites. Magmatic ages around 850—880 Ma are typical-
ly found within the Arabian Nubian Shield that squeezes out
in southern Kenya (Johnson et al. 2011) (Fig. 1). The
Arabian Nubian Shield is interpreted to represent the
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domain where huge masses of Neoproterozoic juvenile oce-
anic crust have been formed in the course of Rodinia break-
up and island arc accretion during the East African Orogeny
(ca. 620 Ma). This magmatic event is widely discussed in
the literature, and can be related to the formation of vast
melt generations during the dispersal of Rodinia (Hoffman
1991; 1999). Meert’s (2003) synopsis of the events inter-
preted the time span between 800 and 700 Ma in Kenya-
Tanzania as a time of long-lasting arc magmatism accretion.
In Tanzania these ages seem to be restricted to the Eastern
Granulites basement (Kroner et al. 2000; Kroner 2001;
Tenczer et al. 2006). The Eastern Granulites Belt experi-
enced a coeval magmatism and metamorphism as the Arabian
Nubian Shield and hence, is considered as a comparable piece
of crust. An obvious difference, however, is the extensive
appearance of marbles with depositional ages between 800
and 600 Ma in the Eastern Granulites (Melezhik et al. 2008).
We interpret the magmatism in the Eastern Granulites base-
ment as melt generations that intruded into a passive margin
on the west-bank of the Mozambique Ocean or alternatively,
as magmatic suites intruded during the initial closure of that
ocean (Appel et al. 1998). Extensive Andean type arc magma-
tism at ca. 790 Ma is also reported from Madagascar (Handke
et al. 1999; Kroner 2001). The Tanzanian marbles of the
Eastern Granulite Belt may have been deposited on the margin
of the Mozambique Ocean.

To the East of the Arabian Nubian Shield a piece of
Azania, the Galana Terrane is present (Fig. 1). Collins and
Pisarevsky (2005) suggested that Azania (Central Madagas-
car) rifted off East Africa at the time when large volumes of
magma formed the Eastern Granulites basement. The Aza-
nia margin however was closed around 550 Ma (Kuunga
Orogeny), much later than peak metamorphism within the
Eastern Granulites and the Arabian Nubian Shield (ca.
620 Ma East African Orogeny). The ca. 550 Ma ages, which
are found in the Galana Terrane, are also very frequent in
central Madagascar and also in the Western Granulites
(Fig. 11). That was the time when different terranes amal-
gamated at the waning stage of Gondwana collision and the
time when the Eastern Granulites achieved their recent
position close to the Tanzania Craton margin.

Conclusions

1) The zircon analyses give ages of several orogenic cycles
of the Rodinia-Gondwana system. The majority of data is
associated to the crust formation of the Archean Tanzanian
Craton (2.5-2.9 Ga) found along the Craton Boundary and
in the Western Granulites Belt. Fewer data are found that
are representative for the vast volumes of melts generated
during the breakup of Rodinia (800-1,000 Ga) as found in
the Eastern Granulites Basement. The amalgamation of
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various terranes was two-phase. During the East Aftrican
Orogeny (650—-620 Ma) deformation and metamorphism
occurred within the Eastern Granulites, approximately
coeval with convergence within the Arabian Nubian
Shield. The final amalgamation of several terranes form-
ing the supercontinent Gondwana occurred during the
Kuunga Orogeny at ca. 550.

2) Two age domains are dominant in the study area of the
large and remote Maasai-Steppe in Northern Tanzania.
Firstly, an orogenic event of the Tanzanian Craton
around 2.6, related to the Meso-Victorian Orogeny and
secondly, the ages around 550-580 Ma, the Kuunga
Orogeny. The Archean ages are found widespread in
the study area either along the Craton Boundary or as
reworked basement gneisses in the Western Granulites.
They occur also in the cores of large-scale antiforms
within the Eastern Granulites and are interpreted as tec-
tonic windows exposing rocks of the Western Granulites.

3) There is no evidence for a northward continuation of the
Paleoproterozoic Usagaran Belt that is immediately
juxtaposed to the Tanzania Craton south of the study
area. This is a result of enhanced shortening and larger
thrust emplacement in northern Tanzania when com-
pared to the south. Thrusting was poly-phase; firstly
Eastern Granulites were assembled during the East Af-
rican orogeny. Finally, around 550 Ma further shorten-
ing and westward thrusting emplaced Western
Granulites onto the Tanzania Craton and Eastern Gran-
ulites reached their final position close to the Craton
margin. In the course of this event, the Paleoproterozoic
Usagaran belt was completely overthrusted.
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Appendix
Analytical procedure for geochronology

The first step in zircon/monazite separation was crushing
and sieving to obtain mineral fractions between 63 and
180 pum. Further separation of the heavy minerals was
performed with the heavy liquid Na-Polytungstate
(SOMETU) and the magnetic heavy minerals were removed
by the FRANTZ magnetic separator. Handpicking of the
grains was done under the binocular. The mounts were put
into epoxy resin together with reference zircon crystal, dried

and polished to get a section through the grains centre. For
information about the growth structure of the zircons CL and
BSE images were taken at the JEOL 6310 SEM in Graz at
conditions of 5 nA and 15 kV. One measuring campaign was
performed at the Center for Earth Sciences, University of
Vienna. There, Zircon/Monazite 2°°Pb/**8U and 2°"Pb/**Pb
ages were determined with a multi-collector LA-ICP-MS (Nu
Instruments HR) coupled to a 193 nm solid state Nd-YAG laser
(NewWave UP193-SS) at the Center for Earth Sciences, Uni-
versity of Vienna. Zircons were ablated in a Helium atmo-
sphere, ecither spot- or raster-wise, and the zonation was
derived from CL imaging of each grain. The diameter of spot
analyses was 20-50 um, whereas when scanning, the line
widths were 10-35 um with a rastering speed of 5 pm/s.
Energy densities were 5-8 J/em® with a laser repetition rate
of 10 Hz. The carrier gas (Helium) was mixed with the Argon
carrier gas flow prior to the plasma torch. Ablation duration
was 60 to 120 s with a 30 s gas- and Hg-blank count rate
measurement before ablation started. Ablation count rates were
corrected accordingly offline; remaining counts on mass 2**
were interpreted to be common 2**Pb. Static mass spectrometer
analysis was as follows: *>*U was analysed with a Faraday
detector, °’Pb, 2°°Pb, and ***(Pb+Hg) were analysed with ion
counter detectors. 2**Pb was not detected and *>°U was calcu-
lated by the assumption that the ratio >**U/**°U is 137.88
(Steiger and Jager 1977). An integration time of 0.2 s was used
for all measurements. The ion counter (Faraday and inter-ion
counter) gain factors were determined before the analytical
session using standard zircon 91500 (Wiedenbeck et al.,
1995). Sensitivity on standard zircon 91500 was 30000 cps
per ppm for 2°°Pb and 35000 cps for ***U, respectively. Mass
and elemental bias and mass spectrometer drift of both U/Pb
and Pb/Pb ratios, respectively, were corrected using a multi-
step approach: first-order mass bias is corrected using a dried
233295712931 spike solution which is aspirated continuously
in Ar and mixed to the He carrier gas coming from the laser
before entering the plasma. This corrects for bias effects stem-
ming from the mass spectrometer. The strongly time-
dependent elemental fractionation coming from the ablation
process itself is then corrected for using the “intercept method”
of Sylvester and Ghaderi (1997). The calculated **°Pb/***U
and 2°’Pb/**°Pb intercept values are corrected for mass dis-
crimination from analyses of standard 91500 measured during
the analytical session using a standard bracketing method. The
correction utilises regression of standard measurements by a
quadratic function.

A second campaign was performed using a CAMECA
IMS1270 ion microprobe at the Swedish Museum of Natural
History, Stockholm. Analyses and data reduction procedures
follow those outlined by Whitehouse et al. (1997) and refer-
ences therein. In brief, a ca. 5 nA O2- primary beam was used
in aperture illumination mode to sample nominal c. 25 pum
elliptical areas. The mass spectrometer was operated in
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monocollector mode at a mass resolution of c¢. 5000, with
secondary ions detected using an ion counting electron mul-
tiplier. Pb/U ratios, calibrated to 91500 include an error com-
ponent propagated from the standard analyses in a particular
session while Pb-isotope ratio errors are counting statistic
based or observed errors. Correction for common lead uses
measured ***Pb and assumes a present day composition from
the Stacey and Kramers (1975) model. In many of the samples
analysed with very low Pb concentrations, 2>*Pb count rates
were statistically indistinguishable from background and, in
these cases, we have not made a correction. All data reduction
was carried out using the routines of Isoplot (Ludwig, 2001).
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