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ABSTRACT 18 

Mafic-ultramafic rocks of the Kabanga-Musongati (KM) alignment in the 19 

East African Nickel Belt occur as Bushveld-type layered intrusions emplaced 20 

in metasedimentary sequences. The age of the mafic-ultramafic intrusions 21 

remains poorly constrained, though they are regarded to be part of ca. 1375 22 

Ma bimodal magmatism dominated by voluminous S-type granites. In this 23 

study, we investigate igneous monazite and zircon from a differentiated 24 

layered intrusion and metamorphic monazite from the contact aureole. The 25 

monazite shows contrasting crystal morphology, chemical composition and U-26 

Pb age. Monazite formed by contact metamorphism in response to 27 

emplacement of mafic-ultramafic melts is characterized by extremely high Th 28 

and U, and yielded a weighted mean 207Pb/206Pb age of 1402 ± 9 Ma, which is 29 

in agreement with dates from the igneous monazite and zircon. The ages 30 

indicate that the intrusion of ultramafic melts was substantially earlier (by 31 

approximately 25 million years, 95% confidence) than the prevailing S-type 32 

granites, calling for a reappraisal of the previously suggested model of coeval, 33 

bimodal magmatism. Monazite in the metapelitic rocks also records two 34 

younger growth events at ca. 1375 Ma and ca. 990 Ma, coeval with 35 

metamorphism during emplacement of S-type granites and tin-bearing 36 

granites, respectively. In conjunction with available geologic evidence, we 37 

propose that the KM mafic-ultramafic intrusions likely heralded a structurally 38 

controlled thermal anomaly related to Nuna breakup, which culminated during 39 

the ca. 1375 Ma Kibaran event manifested as extensive intracrustal melting in 40 

the adjoining Karagwe-Ankole Belt (KAB), producing voluminous S-type 41 

granites. The Grenvillian-aged (ca. 990 Ma) tin-bearing granite and related Sn 42 



mineralization appear to be the far-field record of tectonothermal events 43 

associated with collision along the Irumide Belt during Rodinia assembly. 44 

Since monazite is a ubiquitous trace phase in pelitic sedimentary rocks in 45 

contact aureoles of mafic-ultramafic intrusions or in regional metamorphic 46 

belts, our study highlights the potential of using metamorphic monazite to 47 

determine ages of mafic-ultramafic intrusions, and to reconstruct post-48 

emplacement metamorphic history of the host terranes.   49 
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 53 

INTRODUCTION 54 

Mafic-ultramafic intrusions emplaced in continental terranes indicate 55 

regional lithospheric extension, and are typically associated with continental 56 

rifting and/or mantle plume activity (Ernst and Buchan, 2001). As such, mafic 57 

intrusions (e.g., mafic dike swarms) have played a crucial role in tracing 58 

plume-generated large igneous provinces and reconstructing ancient 59 

supercontinents (Ernst et al., 2013; Evans, 2013). Mafic-ultramafic intrusive 60 

bodies may also be repositories of a variety of base and precious metals (e.g., 61 

Ni, Cu, PGEs) that are of significant economic importance (Arndt et al., 2003; 62 

Begg et al., 2010). However, obtaining accurate and precise ages from mafic-63 

ultramafic rocks has proven to be challenging due to the scarcity within them 64 

of U-bearing accessory minerals suitable for successful dating. Where present, 65 

baddeleyite and/or zircon can be used in direct dating of mafic intrusive rocks 66 

(Hulbert et al., 2005; Heaman, 2009; Chamberlain et al., 2010; Scoates et al., 67 



2017), but the technique often confronts complications due to the presence of 68 

xenocrysts, crustal contamination and metamorphic overprint (Black et al., 69 

1991; Heaman and LeCheminant, 1993; Maier et al., 2015). In many cases, it 70 

is exceedingly difficult to assemble an adequate number of crystals for 71 

analysis because of their extremely low quantities and small crystal size. 72 

Another U-bearing zirconium phase, zirconolite, has been shown to be a 73 

robust chronometer that can be used to date mafic rocks (Rasmussen and 74 

Fletcher, 2004; Rasmussen et al., 2009), yet the usefulness of this technique 75 

is limited by the restricted occurrence of the mineral and post-crystallization 76 

alteration. Other techniques such as Ar-Ar, Sm-Nd, and Rb-Sr are considered 77 

less reliable due to their susceptibility to later thermal resetting, a problem 78 

particularly acute for Precambrian rocks that have typically endured extensive 79 

alteration. 80 

Intrusion of mafic-ultramafic rocks commonly induces contact 81 

metamorphism and/or partial melting of country rocks which may lead to new 82 

growth of U-bearing minerals (e.g., zircon and monazite), bestowing a useful 83 

‘indirect’ approach for determining the timing of emplacement of the intrusions. 84 

In a study of Proterozoic mafic-ultramafic intrusions in the Sveconorwegian 85 

Province, SW Sweden, Scherstén et al. (2000) derived ages of the intrusions 86 

by analyzing newly crystallized zircon grains and overgrowths on xenocrysts 87 

in the country rocks. This indirect dating approach has been advanced 88 

through investigation of other mineral phases such as monazite. As a versatile 89 

chronometer, monazite is well-known for its capability of recording a wide 90 

range of geological processes from granitic magmatism and high-grade 91 

metamorphism to low-grade hydrothermal infiltration and related 92 



mineralization (Parrish, 1990; Williams et al., 2007), because it is susceptible 93 

to dissolution-reprecipitation induced by tectonic and thermal events over 94 

prolonged periods (Williams, 2001; Rasmussen and Muhling, 2007; Harlov et 95 

al., 2011; Williams et al., 2011; Seydoux-Guillaume et al., 2012). By dating 96 

metamorphic monazite crystals within a contact aureole, U-Pb ages that 97 

correspond to the timing of magma emplacement can be obtained. This 98 

approach has proven to be applicable to determining ages of intrusions of 99 

various types such as mafic intrusions (Rasmussen and Fletcher, 2002), 100 

granite plutons (Rasmussen et al., 2001; Ayers et al., 2013) and an alkaline-101 

carbonatite complex (Zi et al., 2017). 102 

In this paper, we further explore the potential of monazite in revealing 103 

the intricate history of igneous intrusions particularly in areas that have 104 

experienced multiple magmatic-metamorphic events. The Kabanga-105 

Musongati alignment in Tanzania and Burundi is ideal for such a study 106 

because it is characterized by mafic-ultramafic intrusions and granite plutons 107 

emplaced into sedimentary rocks. Existing geochronological data in the region 108 

indicate a predominant episode of igneous activity at ca. 1375 Ma, interpreted 109 

to be a single bimodal magmatism marking the Kibaran event (Tack et al., 110 

2010). However, the age constraints are mainly from granitoids, and there is 111 

evidence that the mafic-ultramafic layered intrusions, which host world-class 112 

nickel sulfide deposits, must have predated the granites (Evans et al., 1999; 113 

Maier et al., 2007; Maier et al., 2010). In this study, we mainly target monazite 114 

in the sedimentary rocks that have been affected by contact metamorphism in 115 

response to igneous intrusions, and establish a precise record of the history of 116 

metamorphic monazite growth, which offers new insights into the timing and 117 



geodynamic context of the igneous intrusions and related Ni-PGE 118 

mineralization. The geochronology data reported in this contribution, 119 

integrated with available geologic evidence, allows recognition of multiple 120 

episodes of igneous/metamorphic events which are readily correlated with 121 

contemporaneous global-scale magmatism in the context of tectonic transition 122 

from Nuna to Rodinia configuration. 123 

 124 

GEOLOGICAL BACKGROUND 125 

Geological setting 126 

Largely based on geophysical imagery, basin stratigraphy and 127 

provenance analysis (Tack et al., 2010; Fernandez-Alonso et al., 2012), the 128 

NE-trending, >1000 km long orogenic belt between the Congo and Tanzania 129 

cratons has recently been subdivided into two segments, namely the 130 

Karagwe-Ankole Belt (KAB) in the NE and the Kibaran Belt (KIB) in the SW, 131 

separated by the NW-trending Paleoproterozoic Ubende-Rusizi belt (Fig. 1). 132 

The KAB comprises two structurally contrasting domains: the Western 133 

Domain (WD) and the Eastern Domain (ED), bounded by the NE-SW trending 134 

Kabanga-Musongati (KM) alignment (Fig. 1).  135 

The KM alignment is characterized by a series of mafic-ultramafic 136 

intrusions emplaced in thick metasedimentary rocks. The southwestern 137 

continuation of the mafic-ultramafic intrusions is truncated by Lake 138 

Tanganyika, a possible western arm of the East African Rift Valley (Evans et 139 

al., 2016), whereas the Kapalagulu intrusion, located on the eastern shore of 140 

Lake Tanganyika (Fig. 1), is considered a southern extension of the KM 141 

intrusions (Maier et al., 2008). The mafic-ultramafic intrusions of the KM 142 



alignment host large nickel deposits and form the major components of the 143 

East African Nickel Belt (Evans et al., 2016), which is also known as the 144 

Central African Nickel Belt (Wilhelmij and Cabri, 2016). 145 

Within the KM alignment and its vicinity, well-differentiated, Bushveld-146 

type layered intrusions are accompanied by small chonoliths, as well as 147 

poorly differentiated, gabbronorite dykes and sills (Fig. 1). The layered mafic-148 

ultramafic intrusions are composed of dunite, peridotite, pyroxenite, 149 

gabbronorite and anorthosite, showing magmatic layering and cumulate 150 

textures, and contact metamorphic aureoles in the host rocks (Deblond and 151 

Tack, 1999; Duchesne et al., 2004; Maier et al., 2008). The intrusions are 152 

thought to have crystallized from a mantle-derived, high-Mg picritic or basaltic 153 

magma, with various amounts of crustal assimilation (Evans et al., 1999; 154 

Duchesne et al., 2004; Maier et al., 2008), though Duchesne et al. (2004) also 155 

invoked a sub-continental lithospheric mantle source to explain the enriched 156 

Nd isotopic signatures (εNd(t) values of -8 to -3) observed in some 157 

gabbronorite intrusions. The intrusions contain abundant sulfides, pyrrhotite, 158 

pentlandite, and lesser amounts of chalcopyrite and pyrite (Evans et al., 1999; 159 

Maier et al., 2010), forming the significant nickel sulfide deposits of the East 160 

African Nickel Belt. The Kapalagulu intrusion also contains high-grade 161 

platinum-group-element (PGE) mineralization associated with chromitite and 162 

sulfide-bearing harzburgite (Maier et al., 2008; Wilhelmij and Cabri, 2016).  163 

The mafic-ultramafic intrusions were emplaced within metasedimentary 164 

rocks of the Karagwe-Ankole sedimentary sequences that unconformably rest 165 

on the Archean-early Proterozoic basement of the Congo and Tanzania 166 

cratons (Maier et al., 2010). The sedimentary sequences are composed of 167 



thick successions (up to 5000 m) of alternating arenaceous and pelitic rocks 168 

(Maier et al., 2010; Tack et al., 2010). 169 

S-type granites are widespread in areas NW of the KM alignment (Fig. 170 

1). Aeromagnetic anomalies have revealed a series of dolerite dykes 171 

emplaced in Archean basement of the NW Tanzania craton and in the 172 

Paleoproterozoic Buganda-Toro sequences of SW Uganda, forming the giant, 173 

arcuate Lake Victoria dike swarm (Fig. 1). An enriched sub-continental 174 

lithospheric mantle source has been proposed for the dike swarm based on 175 

geochemical signatures (Mäkitie et al., 2014).  176 

The mafic-ultramafic intrusions appear to have been emplaced prior to 177 

the peak stage of the Kibaran event and associated syn-kinematic S-type 178 

granitic plutonism (Evans et al., 1999; Evans et al., 2000; Maier et al., 2010), 179 

and have been deformed during the latter event. Similar field relationships 180 

have been documented by Kokonyangi et al. (2005) in the KIB where mafic 181 

intrusions were thermally affected by the emplacement of granites leading to 182 

growth of metamorphic mineral assemblage. 183 

 184 

Igneous history: existing geochronological constraints 185 

 Maier et al. (2007) derived U-Pb zircon ages of 1403 ± 14 Ma for the 186 

Kabanga North intrusion, and 1392 ± 26 Ma for the Kapalagulu intrusion. Tack 187 

et al. (2010) reported U-Pb zircon geochronology results for an amphibole-188 

norite from Musongati, but the majority of the analyses are normally or 189 

reversely discordant, which is ascribed to the combined effects of recent 190 

and/or ancient Pb loss and radiation damage caused by high U contents. The 191 

most concordant data (within ± 5% discordance) display high dispersion with 192 



ages ranging from 1393 ± 12 Ma (1σ) to 1148 ± 50 Ma (1σ), and an older 193 

cluster giving a weighted mean 207Pb/206Pb age of 1374 ± 14 Ma (Tack et al., 194 

2010). Hornblende from the same sample records a 40Ar/39Ar age of 1365 ± 2 195 

Ma (Tack et al., 2010). In view of the effect of Pb loss in zircon (as illustrated 196 

by the high dispersion) and later thermal overprinting, it is likely that the 197 

207Pb/206Pb zircon age represents a minimum estimate for the age of igneous 198 

crystallization of the rock, whereas the 40Ar/39Ar hornblende age may reflect 199 

cooling or resetting.  200 

S-type granites from multiple plutons in Burundi and Rwanda yielded 201 

zircon ages indistinguishable within analytical uncertainties defining a narrow 202 

interval between 1380 Ma and 1370 Ma (Tack et al., 2010). S-type granites 203 

and mafic-ultramafic intrusions of similar age have been documented by 204 

Kokonyangi et al. (2005) in the KIB (Mitwaba area of the Democratic Republic 205 

of Congo), to the SW of the KM alignment. Later igneous activities, including 206 

emplacement of A-type granites (Bukirasazi massif, Burundi) at 1207 ± 11 Ma 207 

and tin-bearing granites (Kasika massif, DRC) at 986 ± 10 Ma, have been 208 

recorded and interpreted as representing minor magmatic additions to the 209 

crust (Tack et al., 2010). In the Mitwaba area, Kokonyangi et al. (2004, 2006) 210 

have also documented emplacement of tin-bearing granites dated at 211 

approximately 1000-950 Ma. 212 

Two dikes of the Lake Victoria dike swarm from SW Uganda provide 213 

Sm-Nd isochron ages of 1368 ± 46 Ma and 1374 ± 42 Ma (Mäkitie et al., 214 

2014). The similarity in age led Mäkitie et al. (2014) to suggest that the dike 215 

swarm and the ca. 1375 Ma “bimodal” magmatic rocks form a large igneous 216 

province related to the break-up of the Nuna supercontinent. 217 



 218 

KABANGA LOCAL GEOLOGY AND SAMPLES 219 

Local geology at Kabanga and in the adjoining areas, as well as the 220 

morphology and lithological correlation of the Kabanga mafic-ultramafic 221 

intrusions, have been described in detail in the literature (Evans et al., 1999; 222 

Evans et al., 2000; Maier et al., 2008; Maier et al., 2010; Evans et al., 2016).  223 

A quartzite unit, with a thickness of up to 500 m, occurs as a distinct 224 

marker horizon in the footwall of the mafic-ultramafic intrusions at Kabanga 225 

(Fig. 2) (Evans et al., 2000; Maier et al., 2010). The quartzite is overlain by 226 

andalusite-muscovite-staurolite-biotite schists that locally contain garnet, 227 

suggesting a mid-amphibolite facies, high-T/low-P, regional metamorphism 228 

(Evans et al., 2000; Maier et al., 2010). Contact metamorphism in the thermal 229 

aureoles of the mafic-ultramafic intrusions reached the sillimanite and 230 

cordierite-K feldspar facies (Evans et al., 2000) forming narrow, light-colored 231 

hornfel zones a few meters in width (Fig. 3A; Maier et al., 2010). Fine-grained, 232 

relatively sulfide-poor, banded pelite (Fig. 3C) occurs as discontinuous, 25-75 233 

m thick lenses within the mica schists (Maier et al., 2010).   234 

The intrusions that contain the Kabanga nickel deposit are hosted 235 

within steeply-dipping to overturned metasedimentary rocks, and are adjacent 236 

to the Bushubi Granite (Fig. 2), which is composed of foliated S-type granite. 237 

This granite and its equivalents in the adjacent areas are related to the peak 238 

stage of the ca. 1375 Ma Kibaran event (Kokonyangi et al., 2004; Kokonyangi 239 

et al., 2005; Buchwaldt et al., 2008; Tack et al., 2010). The sedimentary 240 

sequence is made up predominantly of metapelites and metasiltstones 241 

(shales and schists), within minor arenitic metasandstones (quartzites). The 242 



metapelite rocks are graphitic in places and can contain up to 5 modal % of 243 

pyrrhotite as thin layer-parallel laminae and lenses. They are schistose to 244 

phyllitic, with the metamorphic fabric dipping steeply to the WNW. The 245 

metamorphic grade decreases from amphibolite facies adjacent to the granite, 246 

to lower greenschist facies farther away to the east (Evans et al., 2016). 247 

Despite intense weathering and thrusting of the sedimentary sequence 248 

at surface, the host rocks immediate to the Kabanga intrusions have been 249 

intersected in several deep drill-holes (Fig. 2; Evans et al., 2000; Maier et al., 250 

2010). A total of five metasedimentary samples in the vicinity of the layered 251 

intrusions at Kabanga and Nyanzali were selected in this study, including 252 

muscovite schist samples K89 (drill-hole NYZD 002, drill-depth 193.1 m), K96 253 

(KN 01-01B, 1356.15 m), K99 (KSM 06, 68.86 m) and K100 (KSM 06, 125.4 254 

m), and a banded pelite sample K101 (KSM 04, 150.4 m). Also included is a 255 

pegmatoidal gabbronorite sample WM5 from Kabanga Main (drill-hole KN95-256 

78, drill-depth 211.1 m), which forms a component of the layered intrusions, 257 

and comprises up to about 1 cm long pyroxene crystals in a dark matrix of 258 

primarily plagioclase and pyroxene. 259 

 260 

ANALYTICAL METHOD 261 

In situ U-Pb dating was conducted on monazite and zircon in the 262 

selected rock samples from Kabanga using the Sensitive High-Resolution Ion 263 

MicroProbe (SHRIMP II) housed at the John de Laeter Centre, Curtin 264 

University. Monazite analytical procedures are described and discussed in 265 

detail by Fletcher et al. (2010), and outlined in the Supplementary Information. 266 

Monazite reference standards (French, Z2908, Z2234, QMa28-1, PD-95) 267 



were in a separate mount that was cleaned and Au-coated with the sample 268 

mounts for each analytical session. SHRIMP operational settings and 269 

calibration parameters are summarized in Table S1. Zircon analytical 270 

procedures are similar to those applied by Rasmussen and Fletcher (2010) for 271 

in situ analysis of small grains. Fragments of the calibration reference zircon 272 

CZ3 were set in a 3-mm-diameter polished disc cast into the zircon sample 273 

mount. 274 

SHRIMP U-Pb data were reduced with Squid-2 software (Ludwig, 2009) 275 

using spot average values for all ratios. A conventional exponential calibration 276 

procedure (exp. = 2.0) was used for 206Pb/238U in zircon, and 1-D calibrations 277 

of 206Pb+/270[UO2]+ and 208Pb+/264[ThO2]+ were used for monazite 206Pb/238U 278 

and 208Pb/232Th, respectively (Fletcher et al., 2010). Corrections for U, Th, Pb 279 

and REE matrix effects in monazite Pb/U and Pb/Th, and renormalization of 280 

monazite 207Pb/206Pb data, were carried out subsequently applying 281 

established protocols (Fletcher et al., 2010). Data plots were prepared using 282 

Isoplot-3 (Ludwig, 2012). Individual analyses in concordia plots are displayed 283 

with 1σ errors, whereas weighted mean dates are quoted with 95% 284 

confidence limits, unless otherwise specified. 285 

 286 

RESULTS 287 

Contrasting morphology and compositions of monazite 288 

Monazite in the gabbronorite sample WM5 occurs as euhedral or 289 

subhedral crystals, up to 60 μm long, with aspect ratios between 2:1 and 3:1 290 

(Fig. 4A, B). They show uniform Th abundances averaged at 35,000 ppm and 291 

Th/U of 45, typical of igneous monazite (e.g., Zi et al., 2018). The monazite 292 



exhibits pleochroic haloes in biotite (Fig. 3D). Acicular zircon crystals or 293 

crystal aggregates also occur in this sample (Figs. 3D and 4C). 294 

Monazite in muscovite schists from the Kabanga area displays two 295 

distinct modes of crystal habit: discrete minute, hypidioblastic to xenoblastic 296 

grains (<30 μm, Fig. 5A-C), and large, skeletal aggregates (>300 μm across; 297 

Figs. 5D, 6A-C). Consistently, these two types of monazite show marked 298 

differences in U and, in particular, Th concentrations (Fig. 7). The minute 299 

monazite (e.g., sample K99 in Fig. 5A) is homogeneous in back-scattered 300 

electron (BSE) images, with no or minimal inclusions. They have significantly 301 

higher Th and U relative to the skeletal monazite (K89 and K96). The 302 

compositional contrast is best illustrated by sample K100 in which both types 303 

of monazite are observed (Fig. 5C, D), and the difference in Th between the 304 

two types is greater than an order of magnitude (Fig. 7). 305 

  306 

Multiple generations of monazite growth 307 

U-Pb geochronology results are summarized in this section and in 308 

Table 1; full datasets are provided in the Data Repository (Tables DR1-DR7). 309 

The results are integrated with previously published geochronology data 310 

(compiled in Table S2) for comparison purposes and to establish a complete 311 

history for the emplacement of the igneous intrusions and associated 312 

metamorphic-hydrothermal activities. 313 

 314 

Igneous monazite and zircon 315 

Monazite and zircon were identified in the gabbronorite sample (WM5) 316 

(Figs. 3D, 4A-C). Twenty-seven analyses were collected from five monazite 317 



grains, among which one analysis shows >1% common 206Pb and >5% 318 

discordance and was thus excluded in age calculation. The rest give a 319 

weighted mean 207Pb/206Pb date of 1391 ± 9 Ma (n = 26, MSWD = 1.5) and 320 

weighted mean 206Pb/238U date of 1395 ± 10 Ma (MSWD = 2.0) (Fig. 4D), with 321 

the former being considered a better approximation of the timing of monazite 322 

growth. 323 

A total of 22 spot analyses were obtained on zircon from this sample; 324 

five of them record >5% discordance and/or >1% common 206Pb and hence 325 

are disregarded in age determinations. The remaining 17 analyses, from nine 326 

zircon grains, have a weighted mean 207Pb/206Pb date of 1387 ± 10 Ma 327 

(MSWD = 0.85) and mean 206Pb/238U date of 1395 ± 18 Ma (MSWD = 0.83). It 328 

is noted that most of the data show slight reverse discordance (Fig. 4E), likely 329 

reflecting some extent of mass fractionation related to matrix effect. The mean 330 

207Pb/206Pb date of 1387 ± 10 Ma is taken as the zircon crystallization age.  331 

Monazite and zircon in this sample show unequivocal characteristics of 332 

igneous origin, and both are consistently uniform in Th and U chemistry, 333 

indicating a single generation of each mineral. As the mean 207Pb/206Pb dates 334 

of zircon and monazite are mutually indistinguishable within analytical 335 

uncertainties, the datasets from the two independent chronometers can be 336 

pooled to give a weighted mean 207Pb/206Pb date of 1389.5 ± 6.2 Ma (n = 43, 337 

MSWD = 1.2), rounding to 1390 ± 7 Ma, which is considered as the best 338 

estimate of the age of igneous crystallization. 339 

 340 

Metamorphic monazite 341 



Monazite crystals in polished thin sections made from five metapelite 342 

(muscovite schist and banded pelite) samples were analyzed. They occur as 343 

authigenic grains surrounded by, and intergrown with, other metamorphic 344 

minerals. As shown in Figures 5-8, the abundance, grain size, crystal 345 

morphology and texture, chemical composition, and U-Th-Pb ages of the 346 

authigenic monazite all vary as a function of metamorphic grade and host 347 

lithology, and allow classification into three types corresponding to three 348 

episodes of monazite growth, referred to as M-I, M-II, and M-III (Table 1). 349 

 350 

M-I monazite, K99 and K100 351 

M-I monazite occurs as discrete, minute (10–30 μm), hypidioblastic to 352 

xenoblastic crystals in muscovite schist samples K99 and K100 (Fig. 5A, C) 353 

collected from the upper portion of the Kabanga Main intrusion, and is 354 

characterized by markedly high Th and U (typically >100,000 ppm and >2,000 355 

ppm, respectively), with high Th/U values (most >50) (Fig. 7). Eight analyses 356 

on 7 grains from the two samples display a significant variation in radiogenic 357 

238U/206Pb, but their radiogenic 207Pb/206Pb define a restricted range (Fig. 5E), 358 

suggesting that all the grains are of the same age, but have lost variable 359 

amounts of radiogenic Pb. Thorium-rich monazite has been shown to be more 360 

susceptible to alteration than its Th-poor counterpart, likely due to greater 361 

chemical disequilibrium at low temperatures or to radiation-induced partial 362 

metamictization given the exceedingly high Th contents (Berger et al., 2008). 363 

Excluding distinct outliers in 207Pb/206Pb, 8 analyses define an array 364 

subparallel to the 238U/206Pb axis, only two of the 238U/206Pb apparent ages are 365 

within 10% discordance, suggesting that almost all of the analyzed areas are 366 



Pb deficient. The overall spread of the high-Th analyses in the concordia 367 

diagram (Fig. 5E) suggests that Pb loss has resulted from a combination of 368 

both geologically ancient and recent events. In that case, the best estimate of 369 

the crystallisation age is given by the weighted mean 207Pb/206Pb date, 1402 ± 370 

9 Ma (n = 8, MSWD = 0.33). 371 

Monazite grain 0911K from sample K99 shows crystal morphology 372 

(elongate, Fig. 5B) and Th-U chemistry (relatively low Th/U = 9, Fig. 7) distinct 373 

from other grains, and one analysis on this grain yielded a 207Pb/206Pb date of 374 

1378 ± 5 Ma (1σ), significantly younger than other grains from the same 375 

sample but similar to the M-II monazite (see below). Monazite grain 0911A 376 

from sample K100 displays an inclusion-bearing core enclosed by a brighter, 377 

inclusion-free rim that shows a hypidioblastic crystal outline (Fig. 5C). The rim 378 

is characterized by elevated Th and U (but lower Th/U ratio) compared with 379 

the core, and possibly formed through dissolution-reprecipitation during a 380 

younger metamorphic/hydrothermal event. Consistently, the spot analysis 381 

(0911A.1-1) on the rim yielded a 207Pb/206Pb date of 1379 ± 8 Ma (1σ) which 382 

is comparable with that recorded by grain 0911K. 383 

 384 

 385 

M-II monazite, K100, K89 and K96 386 

M-II monazite occurs as large (>300 μm), round or lozenge-shaped 387 

poikiloblasts displaying skeletal textures (Figs. 5D, 6A-C), and mainly occurs 388 

in samples K89 and K96, but is also seen in K100. These monazite grains are 389 

characterized by lower Th and U contents (<10,000 ppm and <1,000 ppm, 390 

respectively) with Th/U ratios typically <30 (Fig. 7). The marked similarities in 391 



crystal texture and Th-U chemistry indicate that these grains likely formed 392 

from the same metamorphic event. 393 

Six analyses were taken from a skeletal grain in K100. Excluding 2 394 

analyses which record >1% common 206Pb or >10% reverse discordance and 395 

one outlier, the rest yielded 207Pb/206Pb dates ranging from 1376 Ma to 1302 396 

Ma; these together with the single analysis from the rim of monazite grain 397 

0911A (Fig. 5C) in this sample, result in a weighted mean 207Pb/206Pb date of 398 

1375 ± 15 Ma (n = 4, MSWD = 1.08) (Fig. 5E).  399 

Twenty analyses were taken from three aggregate grains in sample 400 

K89. Uranium and Th contents in these grains are low and variable, leading to 401 

poor precision in age determination. Only 5 analyses have <1% common 402 

206Pb and are within 5% of apparent discordance. They give a weighted mean 403 

207Pb/206Pb date of 1369 ± 34 Ma (MSWD = 1.09), but their 206Pb/238U ratios 404 

are scattered (Fig. 6D). Applying less rigorous criteria, if the 4 analyses that 405 

show slightly >1% common 206Pb or marginally >5% discordance are taken 406 

into account, the weighted mean 207Pb/206Pb age becomes 1379 ± 27 Ma (n = 407 

9, MSWD = 1.1).  408 

Twenty analyses performed on monazite in muscovite schist sample 409 

K96 show overall uniformity of both U-Th compositions and U-Pb ages, 410 

indicating a single generation. However, 6 analyses failed to satisfy the data 411 

screen criteria with regard to common Pb and discordance levels, and thus 412 

were disregarded in age determinations. The remaining 14 analyses yielded a 413 

weighted mean 207Pb/206Pb date of 1374 ± 13 Ma (MSWD = 0.73) (Fig. 6E).  414 



Pooled together, M-II monazite from the three samples yielded a 415 

weighted mean 207Pb/206Pb date of 1375 ± 8 Ma (n = 25, MSWD = 1.17), 416 

taken as the best estimate of the age of the monazite growth. 417 

 418 

M-III monazite, K101 419 

Fourteen analyses were taken from 5 monazite grains in the banded 420 

pelite sample K101. Monazite occurs as inclusion-free, xenoblastic crystals in 421 

association with biotite and is encased in plagioclase (Fig. 8A-B). The U and 422 

Th contents are substantial (Fig. 7), leading to reasonably good precision in 423 

207Pb/206Pb despite young ages. All data show appreciable levels of common 424 

206Pb, but none are >1%. Ten analyses are within 5% of discordance, and 425 

give a weighted mean 207Pb/206Pb date of 991  16 Ma (MSWD = 0.84) 426 

(Fig. 7C). Consistently, the weighted mean of the corresponding 206Pb/238U 427 

dates is 991 ± 11 Ma (n = 10, MSWD = 1.3), and the independently-calibrated 428 

weighted mean 208Pb/232Th date for the same analyses is 988  31 Ma. The 429 

mean 207Pb/206Pb date of 991  16 Ma is the preferred age of the M-III 430 

monazite. 431 

 432 

DISCUSSION 433 

Links between monazite growth and intrusion events 434 

Characterization based on crystal morphology and textural 435 

relationships indicates that all the sedimentary rock-hosted monazite 436 

investigated in this study is metamorphic in origin. The monazite is contained 437 

in samples that comprise minerals clearly of metamorphic origin, including 438 

recrystallized feldspar and sulfide minerals. Triple junctions and/or 439 



interfingering textures observed between metamorphic monazite and 440 

surrounding minerals (Figs. 5, 6, 8) indicate simultaneous growth.  441 

The amount of Th in monazite from different rocks is widely variable, 442 

and a correlation between Th abundance and metamorphic grade has long 443 

been recognized (Overstreet, 1967), indicating that the variation of Th in 444 

monazite is controlled by temperature-pressure conditions during 445 

metamorphism. Numerous studies have shown that monazite precipitated in 446 

low-grade metamorphic or hydrothermal environments typically has less than 447 

1 wt.% ThO2, whereas that from high-grade (amphibolite facies or higher) 448 

rocks can contain up to 9 wt.% ThO2 (Overstreet, 1967; Rasmussen et al., 449 

2001; Rasmussen and Fletcher, 2002; Schandl and Gorton, 2004; Zi et al., 450 

2015). The elevation of Th contents in high-grade monazite (Overstreet, 1967) 451 

likely reflects the release of Th (and U) into metamorphic fluids by mineral 452 

reactions (e.g., dissolution of detrital monazite), which also supplied the REEs 453 

and phosphorous for the growth of authigenic monazite (Rasmussen and 454 

Muhling, 2007; Rasmussen and Muhling, 2009). 455 

The high- and low-Th monazite identified in the metasedimentary host 456 

rocks of the igneous intrusions at Kabanga yielded two distinct U-Pb ages, 457 

1402 ± 9 Ma and 1375 ± 8 Ma, respectively (Figs. 8 & 9). It is straightforward 458 

that the minute, inclusion-free, monazite crystals (M-I) characterized by Th 459 

enrichment were formed in high-grade contact metamorphic aureoles around 460 

the mafic-ultramafic intrusions at ca. 1400 Ma, a date convergent with results 461 

from the igneous monazite and zircon (Figs. 9 & 10). The monazite grains (M-462 

II) that display Th-depletion and skeletal textures most likely crystallized as a 463 

consequence of low-grade metamorphism, as also supported by the 464 



xenoblastic and inclusion-rich habit of these crystals. The low-grade 465 

metamorphic activity at ca. 1375 Ma is more regional in nature and is 466 

temporally and spatially related to emplacement of the S-type granites in the 467 

KAB.   468 

The M-III monazite, dated at 991 ± 16 Ma, from sample K101 shows 469 

moderate Th and U compositions (Fig. 7) and its growth is readily linked to a 470 

metamorphic/hydrothermal episode synchronous with the emplacement of the 471 

tin-bearing granites and related regional-scale Sn mineralization in both the 472 

KAB and KIB (Pohl, 1994; Kokonyangi et al., 2004; Kokonyangi et al., 2006; 473 

Tack et al., 2010). Similar ages are also recorded by metamorphic zircon rims 474 

(966 ± 11 Ma), from a S-type granite in the Kilimbi-Muzimu massif of the KAB 475 

(Tack et al., 2010), suggesting regional-scale metamorphism, which gave rise 476 

to the ca. 990 Ma monazite in the banded pelite at Kabanga. 477 

 478 

An updated igneous history: bimodal, but not coeval 479 

Earlier geochronology work carried out by Tack et al. (1994) yielded an 480 

emplacement age of ca. 1275 Ma (U-Pb zircon age of an amphibole norite 481 

from Musongati) for the KM mafic-ultramafic rocks, which has been 482 

superseded by a new age of 1374  ± 14 Ma obtained from the same sample  483 

(Tack et al., 2010). The widespread S-type granites that were imprecisely 484 

dated at 1370-1110 Ma have also been narrowed down to 1380-1370 Ma (Fig. 485 

10) (Deblond et al. 2001; Tack et al. 2010 and references therein). Although 486 

the large variations in age constraints have caused conflicting interpretations 487 

with regard to the mafic-ultramafic intrusions in relation to the S-type granites 488 

and regional tectonics (e.g., Pohl, 1994; Tack et al., 1994), the new results of 489 



Tack et al. (2010) led them to propose a short-lived, ca. 1375 Ma Kibaran 490 

event that is marked by coeval, bimodal magmatism producing both the mafic-491 

ultramafic intrusions and the S-type granites in the KAB. The generation of the 492 

voluminous S-type granites was attributed to concomitant, large-scale crustal 493 

melting induced by emplacement of mantle-derived magma (Tack et al., 2010).  494 

Our U-Pb geochronology results from monazite and zircon, however, 495 

corroborate zircon ages of ca. 1400 Ma from mafic-ultramafic intrusions at 496 

Kabanga North and Kapalagulu (Maier et al., 2007), and suggest that the 497 

formation of the mafic-ultramafic intrusions took place approximately 25 498 

million years before the emplacement of voluminous granites at ca. 1375 Ma 499 

(Figs. 9 & 10). In support of this interpretation, the youngest detrital zircon 500 

from the Muyinga Quartzite in the Western Domain yielded concordant 501 

207Pb/206Pb ages of 1421 ± 37 Ma and 1412 ± 21 Ma (1σ), and has been 502 

interpreted to represent recycling of an underlying volcanic unit (Fernandez-503 

Alonso et al., 2012). It is likely that this ca. 1.4 Ga volcanism represents the 504 

surface expression of KM mafic-ultramafic plutonism. A similar  207Pb/206Pb 505 

date (1417 ± 2 Ma) has been recorded by zircon from a mafic 506 

(orthoamphibolite) complex at Mitwaba in the KIB (Kokonyangi et al., 2005). 507 

The large spread (1393 ± 12 Ma to 1148 ± 50 Ma) shown by the most 508 

concordant zircon analyses from an amphibole-norite sample (Mutanga) 509 

(Tack et al., 2010) suggest Pb-loss and/or partial resetting of the U-Pb 510 

systems during later thermal events, therefore, even the weighted mean age 511 

of 1374 ± 14 Ma derived from the oldest cluster likely represents a minimum 512 

crystallization age of the rock. This is in agreement with 40Ar/39Ar data of 513 

1379-1340 Ma obtained from the mafic-ultramafic intrusions, interpreted as 514 



cooling ages of the igneous bodies (Deblond et al., 2001; Tack et al., 2010). 515 

The about 25 million-year difference between the weighted mean ages of the 516 

mafic-ultramafic intrusions and the S-type granites indicates a significant age 517 

gap (Figs. 9 & 10), which is at odds with the proposed “coeval” and “bimodal” 518 

nature of the magmatism (Tack et al., 2010). The postulated cogenetic 519 

emplacement and geodynamic setting of the mafic and felsic rocks thus also 520 

requires re-evaluation.  521 

 522 

Tectonic imprints: from Nuna breakup to Rodinia assembly 523 

The ability to determine the intrusive ages of mafic-ultramafic rocks is 524 

critically important for supercontinent reconstructions and for the global 525 

correlation of ancient mafic magmatic activity worldwide (Ernst et al., 2008; 526 

Ernst et al., 2013). On a global scale, the 1.40-1.37 Ga magmatic rocks in the 527 

KAB may be compared directly with the contemporaneous components in the 528 

different blocks including the Congo Craton (Mayer et al., 2004), Western 529 

African Craton (El Bahat et al., 2013), Kalahari (Hanson et al., 2006), Yilgarn 530 

(Stark et al., 2018), Siberia, Baltica, and Laurentia (Ernst and Buchan, 2001; 531 

Upton et al., 2005; Verbaas et al., 2018), and are correlated to represent 532 

mafic magmatic outbursts during the breakup of the Nuna supercontinent 533 

(Ernst et al., 2008; Evans and Mitchell, 2011; Pisarevsky et al., 2014).  534 

Mafic-ultramafic layered intrusions at Kabanga, Musongati and 535 

Kapalagulu show broad similarities in crystallization sequences and mineral 536 

compositions (Maier et al., 2008) and hence have been regarded as an 537 

integrated igneous belt approximately 500 km long (Maier et al., 2010). Mafic 538 

intrusions typically act as markers of pre-existing crustal weakness and their 539 



occurrences as indicators of intraplate crustal extension associated with 540 

processes such as subduction (back-arc extension), mantle plume 541 

impingement and continental rifting during supercontinent breakup (e.g., 542 

Wilson, 1992; Ernst et al., 2013). Geochemical characteristics of the KM 543 

intrusions indicate a parental magma predominantly derived from the 544 

asthenospheric mantle with appreciable assimilation of pelitic sedimentary 545 

rocks during magma ascent and emplacement, leading to sulfide enrichment 546 

of the intrusions (Maier et al., 2010). Mäkitie et al. (2014) correlate these 547 

mafic-ultramafic intrusions to the arcuate mafic dikes (the Lake Victoria dike 548 

swarm) in the periphery of the KAB (Fig. 1) and suggest that they collectively 549 

form a large igneous province, despite the considerable differences in 550 

geochemistry of the two suites. However, synchroneity between the dike 551 

swarm and the ca. 1.4 Ga mafic-ultramafic intrusions remains to be confirmed, 552 

considering the large uncertainties of the available Sm-Nd isochron age 553 

constraints for the dike swarm (1368 ± 41 Ma and 1374 ± 42 Ma; Mäkitie et al., 554 

2014).  555 

The ‘Wilson-style orogenic’ or ‘active margin’ model previously 556 

proposed for the Mesoproterozoic evolution of the KAB was refuted by 557 

Fernandez-Alonso et al. (2012) who, largely based on regional correlation of 558 

basin stratigraphy and depositional history, argue for an intracratonic setting 559 

for the KAB since the Paleoproterozoic (ca. 1.8 Ga) formation of a united 560 

‘proto-Congo Craton’. Instead, the linear distribution of the mafic-ultramafic 561 

intrusions along the western margin of the Tanzania Craton is consistent with 562 

a lithospheric-scale structural control, in an extensional regime, to allow 563 

emplacement of the mantle-derived melts into the KAB pelitic sedimentary 564 



rocks. Stratigraphic successions and provenance analysis of the KAB suggest 565 

that the attempted rifting was aborted (Fernandez-Alonso et al., 2012), and 566 

that the mafic-ultramafic intrusions and the subsequent intracrustal melting, 567 

exemplified by the S-type granitic plutonism during peak Kibaran event at ca. 568 

1375 Ma (Tack et al., 2010), likely marked the final consolidation of this part of 569 

the assembled proto-Congo Craton (Fernandez-Alonso et al., 2012). 570 

Renewed crustal melting took place at ca. 990 Ma, possibly after an 571 

episode of A-type granite plutonism at ca. 1205 Ma (Tack et al., 2010), and 572 

gave rise to regional-scale tin-bearing granites and numerous pegmatitic and 573 

quartz veins rich in Sn, W, and rare metals (Cahen et al., 1984; Pohl, 1994). 574 

The tin-bearing granites and associated mineralization are related to a 575 

compressive deformation (the S2-fabric as documented by Fernandez-Alonso 576 

et al. (2012); see also Pohl (1994)) which is considered a far-field effect from 577 

the Irumide Belt during amalgamation of the Rodinia supercontinent (De 578 

Waele et al., 2003; Johnson et al., 2005), although whether or not the proto-579 

Congo Craton (including the KAB) was a component of Rodinia, remains an 580 

open question (De Waele et al., 2008; Pisarevsky et al., 2014). 581 

 582 

Implications for dating mafic-ultramafic intrusions by monazite 583 

The interaction between hot intrusions and surrounding sediments 584 

leads to contact metamorphism (Einsele et al., 1980) that results in the growth 585 

of authigenic monazite (Williams, 2001; Rasmussen and Fletcher, 2002). Our 586 

study demonstrates that metamorphic monazite in hornfels (contact aureoles) 587 

can be dated in situ by ion microprobe using a small ablation spot. By 588 

characterizing textural relationships, crystal morphology and chemistry, 589 



multiple generations of monazite can be distinguished and linked to regional-590 

scale tectonic and magmatic activities that provided the heat and fluids for 591 

their growth. Therefore, U-Pb dating of metamorphic monazite in hornfels are 592 

capable of not only constraining individual intrusion events, but also providing 593 

a more complete picture of the metamorphic history of the host terrane.   594 

Ni (-PGE) mineralization is genetically related to igneous processes of 595 

mafic-ultramafic intrusions (Naldrett, 1999, 2010). The mafic-ultramafic bodies 596 

hosting the nickel sulfide and PGE deposits are typically small and irregular in 597 

dimension, and precise geochronology is essential to understanding the 598 

emplacement history and geodynamic setting of the intrusions, which help to 599 

locate mineralized intrusive bodies (Maier and Groves, 2011).  The results of 600 

this study demonstrate the potential of using monazite from hornfels adjoining 601 

mineralized mafic-ultramafic rocks to precisely constrain the timing and 602 

duration of mafic-ultramafic magmatism in the East African Nickel Belt and 603 

assess the relationships between mafic-ultramafic and granitic magmatism. 604 

The approach employed in the present study, therefore, provides an 605 

additional avenue for resolving the commonly complicated magmatic and 606 

metamorphic history of economically important intrusions as well as the 607 

regional tectonothermal history of the host terranes.  608 

 609 

 610 

CONCLUSIONS 611 

Precise and accurate dating of mafic-ultramafic intrusive rocks has 612 

been one of the most challenging and controversial aspects in attempting to 613 

understand their geology and nickel sulfide mineralization. Using the KM 614 



alignment of the East African Nickel Belt as an example, we report the U-Pb 615 

geochronology of metamorphic monazite in contact aureoles of mineralized 616 

mafic-ultramafic intrusions. In situ U-Pb geochronology of monazite crystals 617 

reveals three episodes of metamorphism in the KAB, including: i) Contact 618 

metamorphism (ca. 1400 Ma) related to the mafic-ultramafic intrusions; ii) a 619 

regional metamorphic event (ca. 1375 Ma) linked to intracrustal melting and 620 

intrusion of S-type granites; iii) a regional metamorphic event (ca. 990 Ma) 621 

that was accompanied by intracrustal melting to produce the tin-bearing 622 

granites.  623 

In particular, the documentation of metamorphic monazite in hornfels of 624 

the mafic-ultramafic intrusions is significant as a means of establishing 625 

indirect emplacement ages, to circumvent difficulties of directly dating such 626 

rocks. The similarity of the metamorphic monazite ages and those from 627 

igneous monazite and zircon in a differentiated phase of the intrusions adds 628 

confidence to the reliability of the technique. Despite the overlap in ranges 629 

between some of the age determinations, the mean ages acquired in this 630 

study, i.e., the ca. 1400 Ma for contact metamorphism associated with the 631 

mafic-ultramafic rocks and ca. 1375 Ma syn-Kibaran metamorphism, are 632 

consistent with the crosscutting relationships between the KM mafic-ultramafic 633 

intrusions and the S-type granites, indicating a substantial age difference of 634 

approximately 25 million years. As such, monazite in metamorphosed 635 

sedimentary rocks not only provide age records that perfectly match known 636 

igneous history, but also resolve that the mafic-ultramafic layered intrusions 637 

significantly predated the pervasive granitic magmatism, thus invalidating the 638 



coeval bimodal model (the ca. 1375 Ma Kibaran event) as previously 639 

proposed. 640 

The ca. 1400 Ma mafic-ultramafic intrusions and the following granitic 641 

plutonism during the ca. 1375 Ma Kibaran event in the KAB and adjoining 642 

areas represent a significant component of the global-scale igneous event 643 

which is linked to the breakup of the Nuna supercontinent. The renewed 644 

crustal melting that gave rise to the ca. 990 Ma tin-bearing granites is readily 645 

ascribed to tectonic imprint related to collision processes along the Irumide 646 

Belt during Rodinia assembly.  647 
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Figure Captions 908 

Figure 1 909 

Geological map showing distribution of the Karagwe-Ankole Belt (KAB) 910 

metasedimentary rocks, granitoids and mafic-ultramafic intrusions in the 911 

Kabanga-Musonggati alignment and adjoining areas. The inset map shows 912 

location and extent of the recently redefined KAB and the Kibaran Belt (KIB) 913 

(modified after Tack et al. 2010, Fernandez-Alonso et al. 2012, Evans et al. 914 

2016 and references therein) 915 

Figure 2 916 

(A) Schematic geological map and cross section of the Kabanga area 917 

showing main lithologies and their distribution. (B) Local map showing outcrop 918 

and surface projections of mafic-ultramafic intrusions and massive sulfide ore 919 

bodies. Locations of selected drill-holes are also shown. (C) Cross section 920 

showing outlines of Kabanga Main and MNB (Main North Body) intrusions and 921 

main ore zones. Maps and cross sections after Maier et al. (2010). 922 

Figure 3 923 

Drill-cores of Kabanga sedimentary rocks showing (A) Bleached contact zone 924 

in hornfels (best illustrated by the drill-cores on the right) adjacent to 925 

ultramafic rock, Kabanga Main, KN05-01, 138 m; (B) Sulfidic andalusite–926 

muscovite schist, MNB, KN01-05, 538 m; and (C) Banded pelite, MNB, KN01-927 

01, 1,645 m (from Maier et al. 2010). Photomicrographs of (D) gabbronorite 928 

containing igneous zircon and monazite, monazite is surrounded by a 929 

prominent pleochroic halo in biotite, sample WM5 from Kabanga Main, KN95-930 

78, 211.1 m, (E) muscovite schist, sample K96 from MNB, KN01-01B, 931 

1356.15 m; (F) skeletal monazite hosted in muscovite schist, sample K100 932 



from Kabanga Upper, KSM06, 125.4 m; (G, H) muscovite schist hosting 933 

minute metamorphic monazite crystals under plane- and cross-polarized light, 934 

respectively, sample K100 from Kabanga Upper, KSM06, 125.4 m, and (I) 935 

banded pelite, sample K101 Kabanga Upper, KSM04, 150.4 m.    936 

Figure 4 937 

(A-C) Back-scattered electron (BSE) images of igneous monazite and zircon. 938 

Dashed ellipses mark the area of each grain analysed by SHRIMP. (D) 939 

Concordia plot and weighted mean ages of igneous monazite. (E)  Concordia 940 

plot and weighted mean ages of igneous zircon. 1σ analytical uncertainties 941 

are displayed. 942 

Figure 5 943 

 (A-D) BSE images of metamorphic monazite in muscovite schists (K99 and 944 

K100) from Kabanga. Dashed ellipses mark the area of each grain analysed 945 

by SHRIMP, in D the small analytical areas are indicated by black arrows. (E)  946 

Concordia plot and weighted mean ages of metamorphic monazite. 1σ 947 

analytical uncertainties are displayed. 948 

Figure 6 949 

(A-C) BSE images of metamorphic monazite in muscovite schists (K89) from 950 

Nyanzali. Dashed ellipses mark the area of each grain analyzed by SHRIMP, 951 

and are indicated by black arrows. (D, E) Concordia plots and weighted mean 952 

ages of metamorphic monazite. 1σ analytical uncertainties are displayed. 953 

Figure 7 954 

Th-U plot displaying contrasting Th and U concentrations between igneous 955 

and metamorphic monazites, and between the metamorphic monazites of 956 

different age groups. 957 



 Figure 8 958 

(A-B) BSE images of metamorphic monazite in banded pelite (K101) from 959 

Kabanga. Dashed ellipses mark the area of each grain analysed by SHRIMP. 960 

(C) Concordia plot and weighted mean ages of metamorphic monazite. 1σ 961 

analytical uncertainties are displayed. 962 

Figure 9 963 

(A) Probability density plots and histograms of all analyses from metamorphic 964 

monazites showing the bimodal distribution of the older cluster which is 965 

resolvable into two ages (1402 ± 9 Ma and 1375 ± 8 Ma), plus a distinct 966 

younger cluster at 991 ± 16 Ma. (B) Dates from the igneous zircon and 967 

monazite are overlapping which together yielded a pooled, weighted mean 968 

207Pb/206Pb age of 1390 ± 8 Ma. Pooled ages are quoted at 95% confidence 969 

level. 20 Ma bin width.  970 

Figure 10 971 

Summary diagram of geochronology results obtained in this study in 972 

comparison with published data (compiled in Table S2). Data source: 1-9, this 973 

study; 10-11, Maier et al. (2007); 12-20 and 27-28, Tack et al. (2010); 21-24, 974 

Deblond et al. (2001); 25-26, Mäkitie et al. (2014). 975 



TABLE 1. SUMMARY OF GEOCHRONOLOGY SAMPLES AND RESULTS 

Sample 

ID 
Lithology 

Dated 

mineral 

Crystal 

morphology 

Crystal 

size (μm) 

Th content 

(wt.%) 
Age* (Ma) 

Av. Age† 

(Ma) 

Igneous 

WM5 Gabbronorite Monazite Euhedral 50-70 ~3  1391 ± 9 

1390 ± 7 
WM5 Gabbronorite Zircon 

Acicular, 

euhedral 
Small <0.05 1387 ± 10 

Metamorphic M I 

K99,  
Muscovite 

schist 
Monazite Hypidioblast 15-30 9-20 1401± 10 

1402 ± 9 

K100 
Muscovite 

schist 
Monazite Hypidioblast  15-20 1403± 15 

Metamorphic M II 

K89 
Muscovite 

schist 
Monazite 

Skeletal 

poikiloblast 
>300 ~0.6 1379 ± 27 

1375 ± 8 K96 
Muscovite 

schist 
Monazite 

Skeletal 

poikiloblast 
>300 ~0.6 1374 ± 13 

K100 
Muscovite 

schist 
Monazite 

Skeletal 

poikiloblast 
>300 0.5-1 1375 ± 15 

Metamorphic M III 

K101 
Banded 

pelite 
Monazite 

Hypidioblast/

xenoblast 
Up to 100 0.8-2 991 ± 16 991 ± 16 

Note:  

*Weighted mean 207Pb/206Pb age (95% confidence level) of individual samples. 

†Combined mean age (95% confidence level) calculated for each group. 
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