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Abstract The age of gold—copper-lead mineralization
in the Katuma Block of the Ubendian Belt remains con-
troversial because of the lack of radiometric ages that cor-
relate with the age of tectonothermal events of this poly-
orogenic belt. Previous studies reported whole rock and
mineral Pb—Pb ages ranging between 1,660 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 types of monazite grains or zones of grains were
identified: monazite cores, which yielded a metamorphic
age of 1,938 & 11 Ma (n = 40), corresponding to known
ages of a regional metamorphic event, deformation and gra-
nitic plutonism in the belt; metamorphic overgrowths that
date a subsequent metamorphic event at 1,827 + 10 Ma
(n = 44) that postdates known eclogite metamorphism (at
ca. 1,880 Ma) in the belt; hydrothermally altered poikilitic
monazite, formed by dissolution—precipitation processes,
representing the third type of monazite, constrain the age of
a hydrothermal alteration event at 1,171 £ 17 Ma (n = 19).
This Mesoproterozoic age of the hydrothermal alteration
coincides with the first amphibolite grade metamorphism
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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 hydro-
thermal fluids responsible for the formation of the gold-
copper—lead veins in the Katuma Block.

Keywords Monazite dating - Kibaran orogeny -
Crustal thickening - Orogenic gold mineralization -
Hydrothermally altered monazite

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 min-
eralization and postdepositional 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 meth-
ods used to date mineralization include *°Ar/°Ar dating
of hydrothermal minerals (e.g., adularia, biotite, K-feld-
spar 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 chal-
copyrite) associated with gold mineralization (Arne et al.
2001; Lawley et al. 2013c; Selby et al. 2002; Stein et al.
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Fig. 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

2001), Pb-Pb dating of hydrothermal sulfides (Frei and
Pettke 1996) and U-Pb and Pb—-Pb dating of hydrother-
mally formed zircon and monazite (Davis et al. 1994; Hu
et al. 2004; Rasmussen et al. 2006; Vielreicher et al. 2003;
Kerrich et al. 1994).

Knowledge of the age of mineralization or of a hydrother-
mal event is a prerequisite to understanding its relation with
the tectonic, magmatic or metamorphic events during an oro-
genic 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 super-
continents (Barley and Groves 1992; Kerrich et al. 1994).
In addition to this coeval mineralization, Kerrich and Cas-
sidy (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 relation-
ships between the mineralization and the orogenic evolution
have been referred to as “early gold” and “late gold” models.

@ Springer

Katuma Block modified after Biyashev et al. (1977), Semyanov et al.
(1977) and Smirnov et al. (1970). The age of the Wakole metasedi-
mentary rocks is from Boniface et al. (2014)

The Paleoproterozoic Ubendian Belt (2.1-1.8 Ga),
which was formerly interpreted as an entirely Paleopro-
terozoic Belt (Daly 1988; Lenoir et al. 1994), has been
recently recognized to be affected by three orogenic
cycles: the Paleoproterozoic Ubendian, the Mesoprotero-
zoic Kibaran and the Neoproterozoic Pan-African events
(Boniface et al. 2012, 2014; Boniface and Schenk 2012).
These events did not affect the entire Ubendian Belt with
the same intensity but were, in part, localized. For exam-
ple, the Mesoproterozoic event affected only the northern
parts of the belt north of a Neoproterozoic suture (Boniface
et al. 2014; Boniface and Schenk 2012). The Paleoprotero-
zoic Ubendian Belt contains also two orogenic gold depos-
its (Goldfarb et al. 2001): one in the Lupa Block (Lawley
et al. 2013a, ¢, d) and a second in the Mpanda mineral
field in the Katuma Block (Fig. 1a, b). Attempts to date,
the Mpanda gold mineralization with the Pb—Pb method
used galena, chalcopyrite, pyrite and Cu—Au-oxidized
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Fig. 2 a Ikulu metapelite at
Chemchem mine showing mafic
bands (Bt-Sil) and felsic bands
(Qz-Fsp). b K-feldspar altera-
tion of the Ikulu metapelite
adjacent to the Au—Cu-bearing
veins at Chemchem mine. ¢
Epidote-K-feldspar—sericite
alteration of Tkulu metapelite
adjacent to the Au—Cu—Pb-bear-
ing veins at Chemchem mine. d
Chlorite—epidote—pyrite altera-
tion of amphibolite adjacent to a
gold-bearing vein

Barite band

TR

Fig. 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)

ores, which resulted in a wide range of ages between 1660
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” miner-
alization with respect to the Paleoproterozoic (2.1-1.8 Ga)
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 compo-
sitions 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
which the Paleoproterozoic orogenic evolution ended with
collision and eclogite formation at about 1.84 Ga. In view
of the new findings that suggest three orogenic cycles to
have affected the Ubendian Belt, the interpretation of the
origin of the Mpanda gold mineralization, its age and its
correlation with the complex orogenic evolution of the belt
warrants reevaluation.

In the present study, we dated a mineral of which
we assume that it formed or recrystallized during
the hydrothermal mineralization event due to fluid

@ Springer
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Fig. 4 Photomicrograph of various rock types from the Chem-
chem mine in plane-polarized light (a, b). Photomicrograph of the
metapelite showing sillimanite cluster and biotite surrounded by pin-
ite pseudomorph after cordierite and b zircon grains surrounded by
pleochroic halos within the pinite. ¢, d Photomicrograph of the calc-

infiltration into the metapelitic country rocks of the
gold-bearing veins. We employed electron microprobe
U-Th-total Pb dating of hydrothermally altered mona-
zite present in hydrothermally altered metapelites. The
age of the hydrothermally altered monazite obtained
in this way is in accordance with reported ages of the
first metamorphism of the precursor pelitic sediments

@ Springer

silicate rock showing diopside (Di) and quartz (Qz) partly replaced by
tremolite (77), calcite (Cal), zoisite (Zo) and titanite (7tn). e Photo-
micrograph of the metabasite depicting an assemblage of hornblende
(Hbl), plagioclase (PI), ilmenite (Ilm) and quartz (Qz) replaced by
chlorite (Chl), sericite (ser) and epidote (Ep)

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.
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Geological setting
The 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 unconform-
ably overlain by metamorphosed to unmetamorphosed sed-
imentary rocks of the Mesoproterozoic Karagwe-Ankolean
Belt and the Meso- to Neoproterozoic Bukoban Super-
group (Fig. 1a). The belt has been subdivided into eight
lithologically distinct blocks, namely the Ubende, Wakole,
Katuma, Ufipa, Mbozi, Lupa, Upangwa and Nyika Blocks
(Fig. 1a), which are separated by NW-SE-trending zones
of mylonite, ultra-mylonite and gouge that exhibit a dextral
sense of shear (Daly 1988).

The Ubendian Belt is associated with a complex struc-
tural and metamorphic history that spans from the Paleo-
proterozoic 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
2001). 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 magma-
tism and granulite facies metamorphism that was locally,
along shear zones, followed by a greenschist facies over-
print and an E-W-striking tectonic rock fabric (Lawley
et al. 2013b, c; Lenoir et al. 1994; Ring et al. 1997). The
second stage (1.9—1.83 Ma) is associated with the forma-
tion of eclogites that formed from subducted oceanic crust
(Boniface et al. 2012), besides amphibolites and granulites,
NW-SE block-bounding shear zones and an orogenic gold
deposit in the Lupa Block (Boniface et al. 2012; Lenoir
et al. 1994; Lawley et al. 2013b, c). The Mesoproterozoic
tectono-thermal events were recorded by zircon and mona-
zite in the rocks of the blocks located in the northern part of
the Ubendian Belt (Katuma, Ubende and Wakole Blocks)
(Boniface et al. 2014, 2012). Only in the Wakole Block,
both zircon and monazite indicate that the metasediments
were first metamorphosed during Mesoproterozoic events
(1,170 and 1,010 Ma) due to crustal thickening (Boniface
et al. 2014). A second group of eclogites in the Ubendian
Belt that display volcanic-arc chemistry and occur in the
Ufipa Block mark the location of a Neoproterozoic suture
zone (ca. 590-520 Ma) that formed due to the amalgama-
tion 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-related reactivation of the older Precambrian zones of
weakness (Kilembe and Rosendahl 1992; Theunissen et al.
1996).

Katuma Block

The Katuma Block is located on the northern margin of
the Ubendian Belt and is bounded by the Archean Tanza-
nia Craton in the northeast and the Wakole Block in the
southwest (Fig. 1a). The rocks in this block are divided into
two groups (Fig. 1b). The Katuma Group is mainly com-
posed of schistose to migmatitic orthogneisses and meta-
basites that are locally associated with non-metamorphic
gabbronorites. The Tkulu Group, for which a thickness of
ca. 1.4 km has been estimated, unconformably overlies the
Katuma Group and is composed mainly of metasedimen-
tary rocks (Semyanov et al. 1977). Gold-bearing veins cut
the rocks of the Katuma and the Tkulu Group and are asso-
ciated with hydrothermal alteration of the adjoining rocks.
The country rocks of the veins at Chemchem include alu-
minous metapelites, calc-silicates of amphibolite-to granu-
lite facies grade. These rocks are assumed to have expe-
rienced only high-grade Paleoproterozoic metamorphic
events but no low-grade regional metamorphic overprint
at the time of the vein formation. The hydrothermal altera-
tion of metapelites and metabasites includes the formation
of chlorite, sericite, epidote, quartz and calcite (Fig. 2b—d).
Plagioclase and K-feldspar are altered to white micas.
Light gray K-feldspar is becoming red in color by the alter-
ation (Fig. 2b). The veins are composed of siderite, barite,
quartz, K-feldspar and sulfides (primarily pyrite and chal-
copyrite and/or galena), and the gold is primarily hosted in
pyrite and chalcopyrite (Fig. 3a, b).

The veins display two major orientational trends: par-
allel to the strike of the rocks (NW-SE) and nearly per-
pendicular to the strike (NE-SW and E-W) (Fig. 1b).
The NW-SE shear and fracture zones are thought to have
formed during the latest Paleoproterozoic Ubendian tec-
tonic event (ca. 1.80 Ga; Stendal et al. 2004; Lenoir et al.
1994), whereas the E-W-trending veins are associated with
the early Paleoproterozoic event (ca. 2.1-2.0 Ga) and the
Neoproterozoic reactivation (Stendal et al. 2004). An inter-
pretation of aeromagnetic data indicates primarily a struc-
tural control of the mineralized veins along the NW-SE
border between the Katuma and Ikulu Group (Stendal et al.
2004).

Analytical methods
Samples of the Tkulu metapelites were collected adjacent to

a Au—Cu-Pb-bearing vein in the Chemchem Cu-Au aban-
doned mine in Mpanda (Fig. 1b). The mineral analyses and in

@ Springer
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Table 1 Representative electron microprobe analyses of different minerals in metapelite, calc-silicate rocks and metabasite

Mineral Metapelite Calc-silicate rock
analysis #

Bt Bt Ms Ms Chi Chl Pl Pl Cpx  Cpx Tr Tr Zo Zo Pl Pl Ms Ms
865 867 579 583 960 962 918 920 605 626 20 30 750 751 73 74 766 768

Sio, 3564 3534 4517 4542 26.04 2822 60.13 60.51 55.08 5495 5824 58.82 39.77 3946 66.59 67.00 47.08 47.18
TiO, 272 260 0.87 072 0.00 000 0.00 0.00 0.01 0.07 005 011 nd nd 000 000 nd n.d
AlL,O; 18.49 1847 3424 3419 2132 2048 2550 2496 055 0.52 1.56 099 3450 34.68 20.94 20.58 3445 3446
Cr,0; 004 006 006 006 001 000 nd n.d 0.00 0.00 000 000 nd nd 000 000 nd n.d
Fe,0; n.c n.c n.c n.c n.c n.c 0.07 0.13 nc n.c n.c n.c 006 0.10 nc n.c n.c n.c
FeO 16.85 17.46 228 241 2299 22.65 0.00 0.00 0.18 0.20 038 046 005 009 000 0.01 0.00 0.10
MnO 025 0.15 0.03 002 028 028 nd nd 0.06 0.01 001 000 nd nd 000 000 nd n.d
MgO 11.80 11.63 0.58 056 17.30 1652 nd nd 1838 1831 2365 2420 nd nd 000 000 nd nd
CaO 000 001 0.00 000 0.01 004 6.03 583 2560 2583 1358 13.74 2449 2468 144 1.16 0.12  0.08
Na,O 017 022 052 055 001 056 8.13 850 0.14 0.11 017 010 0.06 0.02 10.84 11.14 023 0.22
K,0 10.34 999 1123 11.05 0.00 0.00 0.12 0.09 0.00 0.00 005 001 0.01 000 0.11 0.10 11.85 11.79
Total 9629 9594 9498 9498 87.96 88.75 99.99 100.02 99.99 99.99 97.69 9843 9889 98.94 99.99 99.99 93.73 93.83
Structural formulae
Si 267 266 611 613 540 577 2.68 268 199 198 790 792 298 296 292 294 636 6.36
Ti 0.15 0.5 0.09 007 0.00 000 0.00 0.00 0.00 0.00 000 001 000 000 0.00 0.00 548 548
Al 163 164 546 544 521 493 132 134  0.02 0.02 025 016 305 3.06 1.08 1.06 0.00 0.00
Cr 000 000 001 001 000 0.00 nd nd 0.00 0.00 000 000 nd nd 000 000 nd n.d
Fe*+ n.c n.c n.c n.c 0.00 0.00 n.c n.c n.c n.c 000 0.01 nc n.c n.c n.c
Fe?* 1.06 1.10 026 027 399 387 nc n.c 0.01 0.01 0.04 005 nc n.c 0.00 0.00 0.00 0.01
Mn 002 001 000 000 005 0.05 nd n.d 0.00 0.00 000 000 nd nd 000 000 nd n.d
Mg 132 131 012 011 535 503 nd nd 099 0.99 478 486 nd nd 000 000 nd n.d
Ca 0.00 0.00 0.00 000 0.00 001 0.29 029 099 1.00 197 198 197 198 0.07 0.05 0.02 001
Na 002 003 0.4 014 000 022 0.72 070 0.01 0.01 004 003 001 000 092 095 0.06 0.06
K 099 096 194 190 0.00 0.00 0.01 001 0.00 0.00 001 000 0.00 0.00 0.01 001 2.04 2.03
Total 7.86 7.86 18.11 18.09 20.00 19.88  5.02 501 401 401 1500 1500 800 801 500 501 13.96 13.94
Oxygen 11 11 22 22 28 28 8 8 6 6 23 23 8 8 8 8 22 22
XFe 044 046 0.69 071 043 043
Metabasite
Hbl Hbl Pl Pl Ep Ep Act Act Ms Ms
308 310 356 362 364 366 425 426 330 333
Si0, 44.32 44.25 53.98 54.52 38.28 38.31 44.56 44.25 48.23 47.63
Tio, 1.06 0.96 0.00 0.00 0.04 0.13 0.78 0.81 0.01 0.00
ALO, 10.60 10.55 29.27 28.59 25.49 26.23 1043 10.48 32.12 31.40
Cr,0; 0.07 0.04 0.00 0.00 0.07 0.05 0.05 0.03 0.00 0.00
Fe, 03 n.c n.c n.c n.c n.c n.c nc n.c n.c n.c
FeO 17.98 18.17 0.16 0.18 9.70 8.63 18.14 17.80 2.73 2.80
MnO 0.39 0.39 0.00 0.00 0.14 0.11 0.41 0.34 0.04 0.05
MgO 10.26 10.26 0.00 0.00 0.02 0.03 9.98 10.14 1.15 1.86
CaO 11.08 10.80 11.64 11.09 23.47 23.78 10.86 11.05 0.09 0.04
Na,O 1.34 133 495 541 0.00 0.01 1.32 1.49 0.22 0.14
K,0 0.70 0.72 0.02 0.03 0.01 0.00 0.67 0.68 11.17 11.32
Total 97.80 97.47 100.03 99.88 97.22 97.27 97.20 97.06 95.77 95.24
Structural formulae
Si 6.65 6.66 244 247 3.26 3.22 6.72 6.68 6.44 6.42
Ti 0.12 0.11 0.00 0.00 0.00 0.01 0.09 0.09 0.00 0.00
Al 1.87 1.87 1.56 1.52 2.55 2.60 1.85 1.87 5.06 4.99
Cr 0.01 0.00 0.00 0.00 n.c n.c 0.01 0.00 0.00 0.00
Fet nc n.c n.c n.c 0.00 0.00 n.c n.c n.c nc
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Table 1 continued

Metabasite

Hbl Hbl Pl Pl Ep Ep Act Act Ms Ms
308 310 356 362 364 366 425 426 330 333
Fe*t 226 229 0.01 0.01 n.c n.c 229 225 0.30 0.32
Mn 0.05 0.05 0.00 0.00 0.01 0.01 0.05 0.04 0.00 0.01
Mg 2.29 2.30 0.00 0.00 0.00 0.00 2.24 2.28 0.23 0.37
Ca 1.78 1.74 0.56 0.54 2.14 2.14 1.75 1.79 0.01 0.01
Na 0.39 0.39 0.43 0.48 0.00 0.00 0.39 0.44 0.06 0.04
K 0.13 0.14 0.00 0.00 0.00 0.00 0.13 0.13 1.90 1.95
Total  15.55 15.56 5.00 5.01 7.96 7.98 15.52 15.57 14.01 14.08
Oxygen 23 23 8 8 8 8 23 23 22 22

n.c not calculated, n.d not determined

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
the biotite, plagioclase, amphiboles, epidote, zoisite, musco-
vite and chlorite analysis, analyses were performed using an
accelerating voltage of 15 kV and a probe current of 15 or
20 nA. Synthetic and natural mineral standards were used and
the CITZAF method of Armstrong (1995) was applied 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 contents of the mona-
zite were determined using an accelerating voltage of 20 kV
and a probe current of 60 or 80 nA. The microprobe was cali-
brated for P, REE and Y using the synthetic REE orthophos-
phate standards of the Smithsonian Institute (Jarosewich and
Boatner 1991). The composition of these standards was care-
fully determined considering their Pb content (see Donovan
et al. 2003). For Th, Pb, U, Si, Ca and Al analysis, the micro-
probe 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 min on the peak
and similar times on the background, depending on the inten-
sities. The Pb—Mb lines, Th—-Ma lines and U-Mb lines (con-
sidering interference from Y Mg) were used. More details
about the analytical protocol and the background approxima-
tion for Pb are given at http://www.ifg.uni-kiel.de/1202.html.
The quality of the data was controlled by repeated analyses
of two Manangotry monazite grains from southeast Mada-
gascar (sampled and kindly provided by Michael Raith,
Bonn). The analytical distance on monazite grains was about
10 pm. These reference materials are homogenous in com-
position (e.g., Electronic Supplementary Table 1; Horstwood
et al. 2003; Oelkers and Poitrasson 2002) and were dated by
Horstwood et al. (2003) and Paquette and Tiepolo (2007) at

555 %+ 1 and 555 + 2 (upper intercept). The obtained compo-
sitions and ages of Manangotry monazite (Electronic Supple-
mentary Table 1) are within errors similar to those reported
by Oelkers and Poitrasson (2002), Horstwood et al. (2003)
and Paquette and Tiepolo (2007), respectively. Analyses with
significant apparent Al contents were rejected to avoid arti-
facts from secondary fluorescence that may occur if analytical
points are too close to grain boundaries. The chemical ages of
the monazite together with their uncertainties were then cal-
culated using the “Comb-error” and “AgeFinder” software
programs (Appel 2010, 2013).

Petrography and mineral chemistry

In the surroundings of the abandoned Chemchem mine,
three major rock types occur. These are metapelites, which
host the hydrothermal veins and the dated monazites and
show strong alteration besides unaltered calc-silicate rocks
and little-altered amphibolites. To characterize the prograde
metamorphic state of these rocks in relation to the condi-
tions during the alteration and to characterize the degree
of alteration, the petrography of different rock types is
described below.

Ikulu metapelite

Ikulu metapelites containing the dated hydrothermally
altered monazite are gneissic to migmatitic in texture
(Fig. 2a) and contain assemblages of biotite, sillimanite,
cordierite, plagioclase, quartz and K-feldspar (Fig. 4a, b).
The biotite and sillimanite are primarily present in the mel-
anosomes, and quartz, plagioclase and K-feldspar are pri-
marily 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 sil-
limanite is present in common clusters, which on the basis

@ Springer
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Fig. 5 aPlot of Ti (per 11 oxy- (a) (b)
gens) versus Fe/(Fe4+-Mg) for Biotite 0.7 Biotite
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of their morphology are interpreted to form pseudomorphs
after kyanite (that is never preserved; Kazimoto et al. 2014a),
or occurs intergrown with biotite. It is often surrounded by
pinite pseudomorphs after cordierite (Fig. 4a, b). Minor min-
erals include zircon, monazite, ilmenite and magnetite. The
zircon and monazite grains are surrounded by pleochroic
haloes in the pinite, supporting the interpretation that the pin-
ite is really formed after cordierite (Fig. 4b). The metapelite
adjacent to the gold-bearing veins was affected by hydrother-
mal alteration of primary minerals, which includes chloriti-
zation of biotite, sericitization of plagioclase and sillimanite
and the formation of epidote (Fig. 2).

Representative mineral analyses are presented in
Table 1. The biotite in the metapelite exhibits Xy, ratios of

@ Springer

0.44-058 (Xg, = Fe/(Mg + Fe)). The titanium contents in
biotite vary between 0.02 apfu along the rims to 0.15 apfu
in the cores (Fig. 5a). Relict plagioclase is oligoclase con-
taining an average X,, of 0.30. The hydrothermal sericite
is muscovite, and the chlorite is ripidolite and pynochlorite
(Table 1).

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 assem-
blage of tremolite, zoisite, muscovite and calcite. The
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Itered Plr .
(Ser)

Fig. 6 Backscatter images of monazite grains (a, b) from the Ikulu metapelites showing the textural setting of hydrothermally altered monazite
grains in the hydrothermally altered matrix of metapelites. BSE images of the monazite grains (a, b) can be seen in detail in Fig. 7c and d

zoisite is symplectitic intergrown with muscovite, albite
and, in places, with calcite (Fig. 4c, 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. 4c, d).

Orthoamphibolite

Orthoamphibolites are present near the Ikulu metapelites.
This rock type contains hornblende, plagioclase and ilmen-
ite. The hornblende is magnesiohornblende (XMg = 0.56)
varying from olive green to brownish green and contain-
ing 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 hydrother-
mal alteration forming sericite, chlorite, epidote and calcite
(Fig. 4e).

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, but
always completely pinitised. However, the common occur-
rence of cm-sized prismatic pseudomorphs of sillimanite

after kyanite is evidence that the early stage of the evolu-
tion took place in the kyanite stability field. In contrast, the
peak conditions are characterized by the formation of ana-
tectic leucosomes and the stability of cordierite, sillimanite
and K-feldspar. This suggests that the metapelites were sub-
jected to high-grade metamorphic conditions of the upper
amphibolite to granulite facies (e.g., Bliimel and Schreyer
1977) during a later stage of its evolution. As the monazite
grains included in garnet show a two-stage growth history,
it can be concluded that the garnet prophyroblasts grew
only during or after the second monazite growth stage, for
which an age of 1,837 & 6 Ma has been obtained (Kazimoto
et al. 2014a), that is in agreement with the monazite age of
1,827 £ 10 Ma of this study. A detailed correlation between
the growth history of the silicate minerals (kyanite stage
versus garnet/cordierite-K-feldspar—sillimanite stage) and
the two prograde growth zones of single monazite grains is
presented in Kazimoto et al. (2014a).

The Ti-content and Xp. values of biotite in metape-
lites are similar to those of biotite in kyanite—staurolite,
sillimanite—staurolite and sillimanite—muscovite grades
of metapelites in western Maine (USA; Fig. 5a; Robinson
et al. 1982; Spear 1995). However, due to the strong retro-
grade exsolution of ilmenite, these mineral chemical data
reflect only minimum metamorphic conditions. The influ-
ence of the retrogression on the Ti-content is seen in the
strong decrease of the Ti-contents toward the rims of single
biotite grains (Fig. 5b).

The hornblende—plagioclase thermometry of Holland
and Blundy (1994) for the amphibolites requires that the
Si content of the hornblende is <7.8 pfu and the plagio-
clase X,, is <92. Amphiboles and plagioclase in the clino-
pyroxene-bearing amphibolite of the present study meet
those requirements. Estimates of the temperature using
hornblende—plagioclase thermometry result in a tempera-
ture of amphibolite formation between 730 and 750 °C.
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Retrograde formation of tremolite-zoisite—quartz from
diopside and plagioclase in calc-silicate rocks and the max-
imum Al content of cores (0.51 pfu) of the late-stage trem-
olite are consistent with the formation of this retrograde
assemblage at temperature and pressure conditions of about
>650 °C and 7.6 kbar (Fig. 5c; Quirion and Jenkins 1998).

1760 Ma

Monazite #3
00012378

JEOL

In summary, the textures and mineralogy of the hydro-
thermally 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

1808 Ma t, 1888 Ma

= 1925 Ma

;/Q

2013 Ma\\

1993 Ma

00012387

Hydrothermally altered

/

1950 Ma
: Uraninite

Unaltered
Apatite-
like
Monazite #7
00012390

00012377 —— 10um

Fig. 7 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 poikilitic monazite grains (c, d) are
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brighter than the metamorphic monazite (c¢) and contain inclusions of
apatite-like phase and uraninite. e Large area of monazite displaying
hydrothermally altered monazite, sericite and apatite-like phase
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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-sili-
cates indicate partial retrograde re-equilibration below
660 °C at 7.6 kbar. The petrographic observations on dif-
ferent country rocks indicate that all rocks experienced
similar high-grade metamorphic conditions and were only
slightly affected by retrogression. No late-stage lower
grade regional metamorphic overprint could be identified.
The penetrative pinitization of cordierite and the sericitiza-
tion of feldspars and sillimanite must have occurred under
greenschist- to sub-greenschist-facies conditions and can
be tentatively correlated with the hydrothermal alteration
event. The same is true for chloritization of biotite and the
epidote formation at expense of plagioclase. Texture and
chemical changes of monazite due to the hydrothermal
event are discussed in detail below.

Monazite in metapelite
Textures and chemistry

Unaltered and altered monazite is present in the matrix of
the metapelites together with altered feldspars (sericite), pin-
ite, sillimanite, biotite and quartz (Fig. 6a, b). In the altered
metapelites, all minerals including monazite were affected
to different degrees by hydrothermal alteration. Monazite
occurs as inclusions in altered minerals and along grain
boundaries. No textural relationship between the degree of
alteration of monazite and its textural setting could be rec-
ognized with the possible exception that monazite inclusions
in pinite tend to be better preserved. Monazite displays simi-
lar textures in all altered metapelites, of which two samples
have been selected for detailed textural and mineral chemi-
cal analyses and dating of monazite. Backscatter electron
images (BSE) of unaltered monazite grains show dark gray
cores that display various zoning patterns (concentric and
patchy; Fig. 7a, b) and are surrounded by bright, light gray to
white overgrowths (Fig. 7a, b). The hydrothermally altered
monazite is generally distinguishable from unaltered grains
by its poikilitic texture and the bright and light gray color in
BSE images (Fig. 7c—e). These altered grains include dark
gray relicts of older monazite, bright white spots of uraninite
and elongated black inclusions (Fig. 7c—e), which are rich in
Ca and PO, and thus appear to be similar to apatite (Table 2;
cf. Poitrasson et al. 2000).

The mineral chemistry data from the different types of
monazite grains are presented in Tables 2 and in electronic
supplementary tables 2—4. The altered and unaltered mona-
zite grains exhibit different mineral chemical compositions.

Compared with the chemistry of average unaltered over-
growth zones, the hydrothermally altered monazite has
slightly higher Eu concentrations and is depleted in Y, U, Pb,
Th, Er, Dy and Ca (Fig. 8). The Si levels in the altered mona-
zite are variable, i.e., slightly higher or lower than that of the
unaltered monazite, whereas the P and light rare earth ele-
ments (LREEs: La, Ce, Pr and Nd) are present at similar con-
centrations in both the altered and unaltered monazite (Fig. 8).
In the plot of (Th + U+4Si)*4 versus (REE + Y+P)*4
(Fig. 9), the unaltered monazite cores are characterized by
cheralite substitution, whereas the unaltered monazite over-
growths plot between the huttonite and cheralite substitution
vectors, suggesting effects of both substitutions on the unal-
tered overgrowths. In contrast, only the huttonite substitution
vector is important in the hydrothermally altered monazite.
The REE concentrations in the unaltered monazite cores and
overgrown zones, exhibit similar chondrite normalized REE
patterns (Fig. 10a, b). The heavy REE content in monazite
of this garnet-free cordierite-bearing sample is not strongly
depleted as one would expect if garnet grew together with
monazite. The patterns of LREE are similar in all the three
types of monazite grains. However, the altered monazite dis-
plays relatively depleted heavy rare earth element patterns
(HREEs: Dy and Er) compared with those of the unaltered
monazite cores and rims (Fig. 10a—c).

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
Fig. 11. The three texturally and compositionally distinct
monazite generations yielded three different weighted
mean ages. The unaltered monazite cores have an age of
1,938 £+ 11 Ma and the unaltered overgrowth zone an age
of 1,827 £ 10 Ma. The hydrothermally altered monazite
yielded a much younger age of 1,171 & 17 Ma (Fig. 11).

Discussion

As the Ubendian Belt was affected by three orogenic
events during the Paleoproterozoic, Mesoproterozoic and
Neoproterozoic (Boniface et al. 2014, 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
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Table 2 continued

Apatite-like phase

Monazite

Analysis no.

Hydrothermally altered

Unaltered rim overgrowth

Unaltered cores

76 156 173 14 16 17
0.019

161

139

79

0.008

0.009
0.000

0.001

0.037

0.078 0.026 0.047 0.032 0.019

0.060

0.041

0.053

0.001

0.001 0.000 0.000 0.000 0.001
0.000 0.000
1.997
0.900
0.053

0.001

0.002

0.001

0.003

0.003

0.000
2.496

0.000
2.386

0.000 0.000
2.001

0.000
2.002
0.848
0.031

0.001

0.000 0.000
2.012

2.005

0.000

Al

2.525

1.998
0.924

1.999

2.008

2.003

Total

038
0.034

0916
0.046
0.034

038

0.805
0.024
0.056

0.740 0.052
37 0.083

0.798
0.032

0.081
0.058

0.000
0.003

0.000

0.042
0.000

0.005
0.051

0.466
0.391

0.026
0.083

—0.009
0.116
0.063

0.442
0.414

0.065 0.076 0.005 0.004

0.008

0.115

0.006

1,153.8
114.8

1,076.1
120.5

1,156.3
91.7

1,825.0
65.2

1,858.2
94.7

1,897.7

73.7

1,941.7
552

1,931.0
879

1,925.5

8.7

App. age (Ma)

7

20 err. age (&,

Ma)

bd below detection limit

metamorphic ages at about 1,940 and at 1,830 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 sta-
bility field. Although it was not possible to perform tex-
turally 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 (1,940 Ma) and the sillimanite-cordierite
stage (1,830 Ma), respectively (for more details, see Kazi-
moto et al. 2014a).

The older metamorphic age (ca. 1,940 Ma) is simi-
lar to reported metamorphic zircon and monazite ages
in different blocks of the Ubendian Belt (Boniface et al.
2012; Lawley et al. 2013b, c; Kazimoto et al. 2014b). It
is interpreted to correlate with pre-collisional accretion-
ary processes (Kazimoto et al. 2014a). Also the younger
metamorphic monazite age (ca. 1,830 Ma) found in the
Chemchem metapelite, has already been recognized in
the Ufipa and Ubende Blocks (Boniface and Schenk
2012; Boniface et al. 2012). It postdates the formation of
MORB-type eclogites (ca. 1,880 Ma) of the Ubende Block
(Boniface et al. 2012) and is correlated with the collision
event (Kazimoto et al. 2014a). Unlike the prograde meta-
morphic monazite, the hydrothermally altered monazite is
only found in metapelite samples bordering the gold-bear-
ing veins (Fig. 7c—e).

Our interpretation that the poikilitic, inclusion-rich
monazite grains have been formed by hydrothermal fluids
is similar with interpretation of textures described by Heth-
erington and Harlov (2008), who demonstrated formation
of phases like uraninite, thorite and apatite from mona-
zite. A fluid-assisted dissolution—precipitation mechanism
is thought to be responsible to produce such replacements
textures. Experimental results of Ayers and Watson (1991)
and Ayers et al. (2004) indicate that P, T and pH have a
strong influence on the solubility of monazite in hydro-
thermal fluids. In addition, the nature of ligands (F~, OH™,
Cl~ and CO**) is certainly a further important parameter.
The lowest solubility is at neutral pH values but is increas-
ing toward acidic and toward alkaline conditions as well.
This indicates that monazite may dissolve in acidic hydro-
thermal fluids that cause 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 seric-
ite from the neutral or less acidic fluid. Besides this dis-
solution—precipitation mechanism also cation exchange
between the existing monazite and the hydrothermal fluids
may lead to the formation of a new isotopically reset hydro-
thermal monazite (Harlov et al. 2005). The cation exchange
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Fig. 8 Comparison of concentrations of various elements in hydro-
thermally altered monazite and an apatite-like phase with unaltered
monazite overgrowths. a HREEs, U, Pb, Ca and Th are depleted in
hydrothermally altered monazite compared with unaltered over-
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Fig. 9 Plot of ((Th, U) + Si)*4 versus ((REEs, Y) + P)*4 showing
cheralite and huttonite vectors

may follow the known cheralite (2REE>** = Th*+ 4 Ca*)
and huttonite (REE** + P>+ = Th** + Si**) substitutions
(Pyle et al. 2001).

In addition to these hydrothermal recrystallization mech-
anisms of monazite, Poitrasson et al. (2000) described also
different replacements of monazite grains by other minerals
as an apatite-like phase, allanite or pyrite. From these dif-
ferent mechanisms, the apatite-like replacement occurred
also in the Chemchem-altered metapelite as evidenced by
the numerous apatite-like inclusion associated with uranin-
ite in the hydrothermally altered sieve-like monazite grains
(Fig. 7c—e). Interestingly, the host monazite showing the
apatite-like replacement is characterized by Ca, Gd, Dy
and Y-depletion (Fig. 8a). This indicates that the altered
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—@— Apatite-like phase
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growths; Eu is variable in hydrothermally altered monazite and P and
LREE concentrations are similar in hydrothermally altered and unal-
tered monazite. b The apatite-like phase has similar concentrations of
elements as unaltered monazite except for Ca

monazite may have acted as a source for these elements
during the formation of the apatite-like phase (cf. Didier
et al. 2013; Harlov et al. 2005), which has the similar con-
centration of the elements as unaltered monazite (Fig. 8a,
b). The replacement of pristine monazite by newly formed
monazite with another composition and by new phases
such as apatite and uraninite is the best textural argument
to attest that poikilitic monazite have been formed by fluid-
assisted dissolution-precipitation (Harlov et al. 2010). The
uraninite crystallization implies that uranium was mobi-
lized by oxidant fluid.

The presence of inherited and/or common Pb in
altered monazite is possible; however, the low Pb content
of the newly formed monazite (Fig. 12) suggests that the
obtained age reflects indeed the true age of its crystalli-
zation. In addition, the age of the hydrothermally altered
monazite is in agreement with the age of metamorphism
of the adjoining Wakole Block (ca. 1,170 Ma) and sup-
ports the interpretation 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 and
thus correlates with the age of the Kibaran orogenic belt
adjoining the Ubendian Belt to the west. This orogeny
has also affected the Paleoproterozoic rocks of some parts
of the Ubendian Belt (Boniface et al. 2012, 2014). How-
ever, our petrographic and dating study of country rocks
of the gold-bearing veins at Chemchem in the Katuma
Block, which include metapelites, calc-silicate rocks and
metabasites, revealed that these rocks experienced only
high-grade metamorphic events of Paleoproterozoic ages
but no lower grade overprints during the Mesoprotero-
zoic orogeny. In addition, the mineral assemblages of the
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Fig. 11 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 (20 error) of the age pop-
ulations

different vein host rocks (e.g., metapelites, calc-silicate
rocks, metabasites) are not rich in volatiles and can be
excluded as source rocks for the fluids (H,O and CO,)

from which the hydrothermal carbonate—quartz veins
were formed.

Importantly, dating of monazite and zircon from
metapelites of the tectonically adjoining Wakole Block of
the Ubendian Belt (Fig. 1; Smirnov et al. 1970) yielded
a remarkably similar age of 1,170 £ 10 Ma of their first
amphibolite grade metamorphism during crustal thicken-
ing (Boniface et al. 2014). 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 forma-
tion of the Au—Cu-Pb deposits in the tectonically adjoin-
ing Katuma Block. Similar ages (ca. 1,180-1,090 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
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Fig. 12 ThO,* versus PbO diagram showing an isochron plotted
for hydrothermally altered monazite. The Pb content (inherited and/
or common) during crystallization was very low. The monazite age
obtained from the isochron diagram (after Suzuki and Adachi 1991)
is slightly younger and has a larger error than the ages shown in the
histogram (after Montel et al. 1996)

compressional forces related to the amalgamation of the
Rodinia supercontinent.

Summary and conclusions

In situ U-Th-total Pb dating of monazite grains of hydro-
thermally 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
1,940 Ma and 1,830 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 metamor-
phic events. In addition to these unaltered 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 1,170 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 depos-
its. The hydrothermal event coincides with the Mesopro-
terozoic crustal thickening and shortening that led to the
formation of the Kibaran orogenic belt bordering the Uben-
dian Belt to the west. Our new radiometric age indicates

@ Springer

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 sedi-
ments of the Wakole Block and generated fluids that per-
colated through the rocks of the Katuma Block and con-
centrated 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. 1,660 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. 1,950-1,940 and at 1,880 Ma with the Re—Os method
using sulfides (Lawley et al. 2013c). The distinct minerali-
zation 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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