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Abstract 18 

This study focusses on the Grenville-age Maud Belt in Dronning Maud Land (DML), East 19 

Antarctica, which was located at the margin of the Proto-Kalahari Craton during the assembly 20 

of Rodinia. We present new U-Pb zircon ages and Hf-O isotope analyses of mafic and granitic 21 

gneisses exposed in the Orvin-Wohlthat Mountains and Gjelsvikfjella, central DML (cDML). 22 

The geochronological data indicate continuous magmatic activity from 1160 to 1070 Ma which 23 

culminated at 1110ï1090 Ma, followed by high-grade metamorphism between 1080 and 1030 24 

Ma. The majority of zircons from the Orvin-Wohlthat Mountains exhibit radiogenic Hf isotopic 25 

compositions corresponding to suprachondritic ŮHf (t) values and Mesoproterozoic model ages, 26 

indicating crystallization from predominantly juvenile magmas. However, the involvement of 27 

ancient sedimentary material, which were most likely derived from the adjacent Proto-Kalahari 28 

Craton, is revealed by a few samples with negative to neutral ŮHf (t) and significantly elevated 29 

ŭ18O values (8ï10ă). Samples from further west, in Gjelsvikfjella have more mantle-like 30 

zircon O isotopic compositions and late Paleoproterozoic Hf model ages, indicating the 31 

incorporation of ancient, previously mantle-derived continental crust. The rocks in cDML, thus 32 

define part of an extensive Mesoproterozoic magmatic arc with subduction under the Proto-33 

Kalahari margin. This involved significant growth of new continental crust, possibly related to 34 

slab retreat, accompanied by subordinate recycling of older crustal components. The Maud Belt 35 

has been correlated with the 1250ï1030 Ma Natal Belt in southern Africa, which lay to the 36 

west in the context of Gondwana, although this assertion has recently been questioned. Our 37 

study supports the latter view in demonstrating that the continental arc magmatism in the Maud 38 

Belt appears to be temporally and tectonically unconnected to the accretion of (slightly older) 39 

juvenile oceanic islands in the Natal Belt, which, in contrast to the Maud Belt, show subduction 40 

polarity away from the craton. We thus speculate that the Namaqua-Natal to Maud Belt contact 41 

(exposed in the Heimefront Shear Zone) may represent a changed tectonic environment from 42 
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arc/continent-continent collision to slightly younger continental margin orogenesis at the 43 

westernmost termination of this part of the global Grenville Orogen. The Maud Belt marks the 44 

beginning of a major, long-lived accretionary Andean-type tectonic regime on the eastern 45 

margin of Proto-Kalahari related to the extroversion of Rodinia during almost the entire 46 

Neoproterozoic and culminating in the formation of Gondwana.  47 

 48 
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1. Introduction  52 

Earthôs Grenville-age orogenic belts record the assembly of the supercontinent Rodinia 53 

at the end of the Mesoproterozoic. This involved major accretionary and collisional events from 54 

1245 Ma to 980 Ma and eventual tectonic stabilization of Rodinia after 1090 Ma (e.g. Li et al., 55 

2008; Rivers, 2009; Hynes and Rivers, 2010; McLelland et al., 2010). The Grenville Orogen 56 

itself represents a major Himalaya-type collisional belt, mainly exposed along the eastern 57 

margin of North America (Laurentia). Although there is no consensus as to the restoration of 58 

the continental fragments enveloping Laurentia in reconstructed configurations of Rodinia (e.g. 59 

Weil et al., 1998; Dalziel et al., 2000; Pisarevsky et al., 2003; Torsvik, 2003; Li et al., 2008; 60 

Johansson, 2009; Merdith et al., 2017), combined geological and paleomagnetic data show that 61 

the collision counterparts to Laurentia may include Amazonia (Cawood and Pisarevsky, 2017), 62 

Rio de la Plata (Gaucher et al., 2011), Baltica (Bingen et al. 2008; Bingen and Viola, 2018) 63 

and Proto-Kalahari (Dalziel et al., 2000; Jacobs et al., 2003a, 2008b; Loewy et al., 2011; 64 

Swanson-Hysell et al., 2015). Whatever configutaion holds true, following amalgamation, 65 

exterior ocean basins locally evolved into accretionary orogens around parts of the periphery 66 

of Rodinia (e.g. Murphy and Nance, 2005). The subduction and convergence of these encircling 67 

orogens may have triggered the development of rifting and break-up of Rodinia at 800ï750 Ma 68 

(Cawood et al., 2016). Some of the rifted continental fragments subsequently collided along 69 

the East Africa-Antarctic Orogen (EAAO) to form Gondwana during Pan-African times 70 

between ~650 and 500 Ma (Stern et al., 1994; Jacobs and Thomas, 2004).  71 

During the assembly of Rodinia, subduction zones with different subduction polarities 72 

developed at the periphery of the Proto-Kalahari Craton, giving rise to several tectonic 73 

subdomains within the larger Grenville Orogen (e.g. Thomas et al., 1994; Jacobs et al., 2008a; 74 

Oriolo and Becker, 2018), including the Namaqua-Natal Belt in southern Africa and the Maud 75 

Belt in East Antarctica (Fig. 1). The Natal Belt was formed by a long-term accretion of island 76 
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arcs and final indentation of Proto-Kalahari into Laurentia (Jacobs et al., 1993, 2003a; 77 

Mendonidis and Thomas, 2019). The Maud Belt was initially regarded as the lateral 78 

continuation of the Namaqua-Natal Belt (Fig.1a; Groenewald et al., 1995; Jacobs et al., 2003). 79 

However, recent studies proposed that they appear to be distinct with respect to subduction 80 

polarity and the timing of tectono-thermal events (Bisnath et al., 2006; Grantham et al., 2011; 81 

Mendonidis et al., 2015). Thus, the orogenic history of the Maud Belt and its correlation with 82 

the Natal Belt, remains uncertain (e.g. Groenewald et al., 1995; Bauer et al., 2003a; Paulsson 83 

and Austrheim, 2003; Grosch et al., 2007, 2015; Marschall et al., 2013). 84 

The nature and geodynamic evolution of an orogenic belt is reflected in its history of 85 

crustal growth and recycling. During continent-continent collisional orogenesis the dominant 86 

magmatism generally reworks older crust with only minor amounts of juvenile crust produced. 87 

By contrast, subduction-related orogenic systems (island arc accretion and continental arc) 88 

usually involve progressive addition of mantle-derived (juvenile) magmas during continuous 89 

subduction of oceanic slabs (Condie, 2005; Cawood et al., 2009; Collins et al., 2011; Ducea et 90 

al., 2015; Hagen-Peter and Cottle, 2018; Spencer et al., 2019). Lu-Hf and O isotopic tracing of 91 

zircon is a well-established and powerful tool to identify the juvenile and reworked components 92 

in magmatic systems (e.g. Valley, 2003; Hawkesworth and Kemp, 2006; Kemp et al., 2007). 93 

The Hf isotopic signature reflects the relative contributions of depleted mantle and recycled 94 

continent crust, which have differing Lu/Hf ratios, and thereby develop distinct 176Hf/177Hf 95 

ratios over time. The O isotopic composition of zircons crystallized from mantle and mantle-96 

derived magmas is assumed to be uniform (5.3 Ñ 0.6ă, 2ů; Valley et al., 1998). Any positive 97 

deviation of ŭ18O value from this benchmark is interpreted to be caused by contamination by 98 

supracrustal material, which tends to have enriched heavy O isotope values. Accordingly, along 99 

with U-Pb dating, Hf-O isotopic composition in zircon provides valuable information on crustal 100 

and mantle processes involved in the generation of source rocks and parent magmas.  101 
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The unravelling of the Grenville-age history of the Maud Belt is rendered extremely 102 

difficult due to later intense high-grade tectono-metamorphic overprinting in Late 103 

Neoproterozoic/Early Palaeozoic (ñPan-Africanò) times during Gondwana assembly (Fig.1b). 104 

Because of this, previous studies have mainly focussed on this aspect of the Maud Belt. 105 

Consequently, geochronological and isotopic investigations that target the Grenville-age 106 

history are currently sparse and it is this gap in our knowledge that this paper seeks to redress, 107 

by focussing on a portion of the Maud Belt in central Dronning Maud Land (cDML, Fig. 2). In 108 

order to constrain the timing and source composition of Mesoproterozoic magmatism in cDML, 109 

an integrated zircon U-Pb dating and Hf-O isotopic study was conducted on a series of samples 110 

from the Orvin-Wohlthat Mountains and Gjelsvikfjella. The results allow us to evaluate the 111 

role of crustal growth and recycling, recognize and characterize the main Grenville-age 112 

orogenic events, and arrive at a better understanding of the geodynamic evolution of orogenic 113 

belts along the margin of the Proto-Kalahari Craton during the assembly of Rodinia.  114 

 115 

2. Geological background: the Maud Belt 116 

Dronning Maud Land (DML), in the South Atlantic-Indian Ocean sector of East 117 

Antarctica, comprises three main geological domains: a) the Grunehogna Craton, which 118 

represents an Archaean fragment of the Proto-Kalahari Craton (Groenewald et al., 1995; Jones 119 

et al., 2003); b) the approximately 1000 km long Grenville-age (ca. 1100 Ma) Maud Belt that 120 

relates to the amalgamation of the supercontinent Rodinia, and c) the Tonian Oceanic Arc 121 

Super Terrane (TOAST) in south-eastern and eastern DML that probably evolved outside 122 

Rodinia and was only later amalgamated to East Antarctica during Gondwana assembly 123 

(Jacobs et al., 2015, 2017) (Fig. 2). The use of the term ñProto-Kalahari Cratonò in this paper 124 

follows the definition proposed by Jacobs et al. (2008), referring to the Archean-125 

Paleoproterozoic core before Mesoproterozoic accretion produced the (full ) Kalahari Craton. 126 
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The Maud Belt was first described by Groenewald et al. (1995), referring to a Mesoproterozoic 127 

orogenic mobile belt recognised at H.U. Sverdrupfjella, Kirwanveggen and Heimefrontfjella 128 

in western DML (Fig. 2). Similar Grenville-age rocks were subsequently identified across large 129 

parts of western and central DML including Gjelsvikfjella, the Mühlig -Hofmann-Gebirge and 130 

the Orvin-Wohlthat Mountains (Jacobs et al., 1998, 2003a, b; Paulsson and Austrheim, 2003; 131 

Bisnath et al., 2006; Baba et al., 2015) (Fig. 2). The Ulvetanna Lineament separates 132 

Gjelsvikfella and the Mühlig-Hofmann-Gebirge in the west from the Orvin-Wohlthat 133 

mountains in the east (Fig. 2). The eastern extent of the Maud Belt (and easternmost Kalahari) 134 

coincides with the Forster Magnetic Anomaly (Fig. 2), east of which younger rocks (990-900 135 

Ma) of the Tonian Oceanic Arc Super Terrane (TOAST) are juxtaposed (Jacobs et al., 2015).  136 

The Maud Belt, together with the Namaqua-Natal Belt in southern Africa, the Nampula 137 

Complex in northern Mozambique, the Falkland microplate and the Haag Nunatak block, has 138 

been restored along the margin of the Kalahari Craton in Rodinia and Gondwana 139 

reconstructions (Fig. 1, Groenewald et al., 1995; Grantham et al., 1997; Thomas et al., 2000; 140 

Jacobs and Thomas, 2004; Manhica et al., 2001). The Namaqua-Natal-Maud belt was initially 141 

considered as a single continuous orogen, formed by the accretion of island arcs on to the 142 

margin of Proto-Kalahari during the assembly of Rodinia. Recently, however, the Natal-Maud 143 

correlation has been questioned. Bisnath et al. (2006) pointed out that the two areas appear to 144 

have different subduction polarities and independent tectonic histories until high-grade 145 

metamorphism affected both belts at 1090ï1070 Ma. Mendonidis et al. (2016) noted that the 146 

Natal belt has a significantly older history (> ca. 1200 Ma) than most of the Maud belt (ca. 147 

1150 Ma). The exception to this is the granulite facies Vardeklettane Terrane in 148 

Heimefrontfjella, westernmost DML (Fig. 2, e.g. Bauer et al., 2003c, 2009), which, alone in 149 

East Antarctica, probably correlates with the Margate Terrane in Natal.  150 

The tectonic boundary between the Vardeklettane Terrane (i.e. the Natal belt) and the 151 
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rest of the Maud belt has been identified as the major Heimefront Shear Zone (Fig. 2, Jacobs 152 

et al., 1996). Furthermore, this structure forms the boundary between essentially pristine 153 

Mesoproterozoic crust in the west (Natal) and crust in the east (Maud), which was pervasively 154 

reworked in late Neoproterozoic-Cambrian times during the assembly of Gondwana. Thus, the 155 

Maud Belt can be defined as Stenian crust in DML with extensive late-Neoproterozoic/early 156 

Paleozoic reworking (Jacobs and Thomas, 2004), bounded in the west by the Heimefront Shear 157 

Zone and in the east by the major structure associated with the Forster Magnetic Anomaly (Fig. 158 

2). 159 

The basement rocks in the Maud Belt are dominated by Grenville-age (meta-) 160 

supracrustal and intrusive rocks formed from 1170 to 1090 Ma, followed by 1090ï1050 Ma 161 

A-type granitic sheets and plutons (Arndt et al., 1991; Harris, 1999; Jackson, 1999; Bauer et 162 

al., 2003a, b; Jacobs et al., 2003a, b, 2009; Paulsson and Austrheim 2003; Board et al., 2005; 163 

Bisnath et al., 2006; Grantham et al., 2011). The emplacement of these A-type intrusions was 164 

accompanied by amphibolite- to granulite-facies metamorphism, which has been recognized 165 

from various parts of the Maud Belt (Arndt et al., 1991; Harris, 1999; Jackson, 1999; Jacobs et 166 

al., 1998; 2003a; Board et al., 2005; Bisnath et al., 2006; Marschall et al., 2013). Syn-tectonic 167 

magmatism and metamorphism were linked to convergent tectonics related either to continent-168 

continent and/or arc-continent collision. Pre-tectonic magmatic rocks emplaced between 1170ï169 

1120 Ma are composed of granitic gneisses and subordinate mafic rocks with a common 170 

geochemical affinity to subduction-related volcanic arc rocks (e.g. Jacobs et al., 1999; Paulsson 171 

and Austrheim, 2003; Bisnath et al., 2006; Grantham et al., 2011), of which 1140ï1130 Ma 172 

banded felsic and mafic gneisses were interpreted as bimodal metavolcanic rocks (Grantham, 173 

1992; Jacobs et al., 1998; Mikhalsky and Jacobs, 2004). Most of these rocks in Heimefrontfjella, 174 

Kirwanveggen and cDML have depleted Nd isotopic compositions with Mesoproterozoic to 175 

late Paleoproterozoic model ages (1.7ï1.4 Ga), indicating a relatively juvenile source 176 
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composition (Arndt et al., 1991; Moyes, 1993; Jacobs et al., 1998; Wareham et al., 1998; Harris, 177 

1999; Grantham et al., 2001). However, Paleoproterozoic-Archaean Nd model ages from H.U. 178 

Sverdrupfjella and Heimefrontfjella imply the involvement of older crust in parts of the Maud 179 

Belt (Arndt et al., 1991; Wareham et al., 1998; Grosch et al., 2007). Whether these magmas 180 

were formed along the continental margin of Proto-Kalahari or in a Rodinia-distant oceanic arc, 181 

remains ambiguous and controversial (Arndt et al., 1991; Jacobs et al., 1993, 2008; Groenewald 182 

et al., 1995; Bauer et al., 2003a; Paulsson and Austrheim, 2003; Mikhalsky and Jacobs, 2004; 183 

Grosch et al., 2007, 2015; Grantham et al., 2011). Some studies opine that the parts of the Maud 184 

Belt represent juvenile island arcs that accreted onto the Proto-Kalahari Craton margin 185 

(Groenewald et al., 1995; Bauer et al., 2003a; Grantham et al., 2011). In contrast, a continental 186 

arc setting has been supported by other studies (Frimmel, 2004; Bisnath et al., 2006; Grosch et 187 

al., 2007; Marschall et al., 2013).  188 

Crustal components of 1.2 ï1.0 Ga are also preserved in the Grunehogna Craton in 189 

western DML to the northwest of the Maud Belt (Fig. 2). The late Mesoproterozoic 190 

Ritscherflya Supergroup comprises a sedimentary sequence recording the erosional remnants 191 

of Grenville-age rocks close-by (e.g. Marschall et al., 2013). The sedimentary rocks are 192 

intruded by (ultra-) mafic and felsic intrusions (Wolmarans and Kent, 1982; Krynauw et al., 193 

1988), which were dated at ca. 1.1 Ga (Peters et al., 1991; Moyes et al., 1995; Hanson et al., 194 

2004).  195 

 196 

3. Samples and analytical methods 197 

The samples for the present study were collected during three field seasons between 198 

1995 and 2002 with the aim of elucidating the Mesoproterozoic history of this part of cDML. 199 

Because the rocks were subject to pervasive intense Neoproterozoic-Cambrian (ñPan-Africanò) 200 

tectono-thermal reworking and magmatism, the sampling was focused on a variety of specific 201 
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lithotypes (mainly orthogneisses of various compositions). Detailed structural and intrusive 202 

relations between the lithotypes cannot be ascertained because the original relationships are 203 

totally obscured by the intense, polyphase tectonism to which they were subjected some 500 204 

Ma after their formation. The localities for the analysed samples are marked on Fig. 2. Fifteen 205 

samples from the Orvin-Wohlthat Mountains, including granitic and mafic gneisses as well as 206 

one paragneiss, were selected for SHRIMP U-Pb dating, Lu-Hf and O isotopic investigations. 207 

In addition, six samples from Gjelsvikfjella, some 200 km west of the Orvin-Wohlthat 208 

Mountains, which had previously been U-Pb zircon dated (Jacobs et al., 2003a, 2008), were 209 

analysed for their Hf-O isotopic composition for comparison. Zircon concentrates, mount 210 

preparation, optical (reflected and transmitted light) and cathodoluminescence (CL) imaging 211 

were completed before analysis and guided the selection of the analysed spots. U-Pb, Lu-Hf 212 

and O isotopic analyses were performed on the same spot or from the same growth domain. In 213 

some cases, Lu-Hf analyses were not possible due to the necessity to use a large beam size (50 214 

µm).  215 

3.1 SHRIMP U-Pb dating 216 

Twelve samples were analysed using the Sensitive High Resolution Ion Microprobe 217 

(SHRIMP) at the IBERSIMS laboratory, University of Granada, Spain and three samples 218 

(J1759, J1772, J1792) were analysed at the John de Laeter Centre, Curtin University, Australia. 219 

For details of methodology and analytical conditions see Supplementary file B of Jacobs et al. 220 

(2017) and Jacobs et al. (2008b), respectively. If common lead concentrations are low, we 221 

report uncorrected ages, otherwise we report common lead-corrected ages. Weighted mean 222 

ages and group concordant ages are calculated with Isoplot (Version 4.15; Ludwig, 2011). All 223 

errors are reported at the 2ů-level.  224 

3.2 O-isotope system determination 225 

Oxygen isotope ratios of zircon grains that were previously analysed for their UïPb 226 
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ages were measured using a CAMECA IMS-1280 instrument at the Swedish Museum of 227 

Natural History, Stockholm (Sweden), as well as at the IBERSIMS SHRIMP-IIe/mc facility in 228 

Granada (Spain). Prior to ion microprobe analysis, the U-Pb analysis spots were removed from 229 

the zircons by polishing followed by recoating with Ḑ30 nm gold.  230 

Oxygen isotope ratios of zircon grains were measured using the CAMECA IMS-1280 231 

multicollector ion microprobe at the NordSIM Laboratory, Department of Geosciences, 232 

Swedish Museum of Natural History, Stockholm, Sweden. The analysis was performed with a 233 

c. 2 nA Cs+ primary ion beam together with a normal incidence, low-energy, electron gun for 234 

charge compensation, medium field magnification (c. 80¦ ) and two Faraday detectors 235 

(channels Lô2 and Hô2) at a common mass resolution of c. 2500. Measurements were 236 

performed in pre-programmed chain-analysis mode with automatic field aperture and entrance 237 

slit centring on the 16O signal. The magnetic field was locked using nuclear magnetic resonance 238 

regulation for the entire analytical session. Each data-acquisition run comprised a 20 µm × 20 239 

µm pre-sputter to remove the Au layer, followed by the centring steps and 64 s of data 240 

integration performed using a non-rastered, c.10 µm spot. Field aperture centring values were 241 

found to be well within those for which no bias has been observed during tests on standard 242 

mounts (Whitehouse & Nemchin 2009). All unknowns were analysed in 6 sessions, with every 243 

set of six unknowns bracketed by two analyses of Geostandard zircon. Detailed data processing 244 

and results are found in Supplementary File B. In session 1 and 2, the reference zircon standard 245 

is TEM2 and measured isotopic ratios were normalized to a ŭ18O value of +8.20ă (Black et 246 

al., 2004) (SMOW). In session 3, measured isotopic ratios were normalized to a ŭ18O value of 247 

+9.86ă (Wiedenbeck et al. 2004) (SMOW) for the reference zircon 91500. In session 4, 5 and 248 

6, the reference standards are FC1 and CZ3 respectively, and measured isotopic ratios were 249 

normalized to a ŭ18O value of +5.07ă (SMOW) for the former and a ŭ18O value of +14.16ă 250 

for the latter. The values of these two standards are obtained by running them as unknowns 251 
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with standard 91500. External reproducibility of 0.12ï0.22ă (SD) during the six sessions, 252 

based on the standard measurements, was propagated onto the internal precision to yield the 253 

overall uncertainty for each analysis.  254 

Three samples (J1690, J1693, J1851) were analysed on the IBERSIMS SHRIMP_IIe/mc, 255 

following the procedure as described in Montero et al. (2017): the SHRIMP primary ion optics 256 

was set with a 120 µm  Kohler aperture to produce a ~18 µm  diameter spot on the mount surface. 257 

The Cs gun was set to yield a ~8 nA Cs+ beam. The e-gun to neutralize Cs ions on non-258 

conductive material was set to an intensity of about 1 µA.  Spots to be analysed were pre-259 

sputtered for about 5 minutes before measurements. During this time, the secondary beam and 260 

the e-gun were fully optimized to maximize the 16O signal. Measurements were done in 2 sets 261 

of 10 scans each. The scans were of 10 seconds each so that the total data collection time was 262 

200 seconds per spot. The electron-induced secondary ion emission background was recorded 263 

during 10 s before and after each set and subtracted from the 18O and 16O counts. TEM2 was 264 

used as the standard, with zircon measured every three unknowns and cross-checked against 265 

the 91500 zircon every 20 unknowns. The reproducibility of the standards was excellent: ŭ18O 266 

= 8.20 ± 0.30 (2SD) for the TEM2 and ŭ18O = 10.05 ± 0.25 (2SD) for the 91500 respectively. 267 

Data reduction was done with the POXY program developed by P. Lanc and P. Holden at the 268 

Australian National University. 269 

3.3 Lu-Hf isotope system determination 270 

Lu-Hf isotopes were measured at the University of Johannesburg, using an ASI 271 

Resonetics 193 nm Excimer laser ablation system coupled to a Nu Plasma II multi-collector 272 

ICPMS. Ablations were done using a 50ï70 µm diameter spot, at an ablation rate of 7 Hz and 273 

an energy density of 6 J/cm2. Prior to ablation the area was cleaned with two laser shots, and 274 

after ten seconds of decay time, the background was measured for twenty-five seconds. The 275 

signal was collected for 75 seconds during ablation. During the analytical session, accuracy 276 
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and external reproducibility of the method was verified by repeated analyses of reference zircon 277 

Mud Tank, Temora2 and LV-11, which yielded 176Hf/177Hf of 0.282490 ± 0.000036 (2SD, n = 278 

56), 0.282684 ± 0.000054 (2SD, n = 59), and 0.282845 ± 0.000076 (2SD, n = 46), respectively. 279 

These ratios are well within the zircon reference data from Woodhead and Hergt (2005) and 280 

Heinonen et al. (2010). 281 

For calculation of the epsilon Hf, the chondritic uniform reservoir (CHUR) was used 282 

as recommended by Bouvier et al. (2008; 176Lu/177Hf and 176Hf/177Hf of 0.0336 and 0.282785, 283 

respectively), and a decay constant of 1.867 × 10ī11 (Scherer et al., 2001; Söderlund et al., 284 

2004). Calculation of model ages is based on the depleted mantle source values of Griffin et al. 285 

(2000) with present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384. For granitic samples, 286 

the model ages are calculated using 176Lu/177Hf=0.015 for the average continental crust, while 287 

a ratio of 0.022 (Amelin et al., 1999) is used for two mafic samples (J1625, J1759). Initial 288 

176Hf/177Hf and epsilon Hf for all analysed zircon domains were calculated using the respective 289 

interpreted crystallization age of each sample. The values of average ŮHf (t) and 176Hf/177Hf (i) 290 

for each sample are reported as mean ± S.D.  291 

 292 

4. Results 293 

All U -Pb dating data and Hf-O isotopic results are presented in supplementary file A 294 

and B respectively. In the following text, the (meta-)igneous samples from the Orvin-Wohlthat 295 

Mountains are ordered from old to young and the last one is a paragneiss sample.  296 

4.1 U-Pb zircon geochronology and Hf-O isotopic composition of samples from the Orvin -297 

Wohlthat Mountains  298 

J1625 Mafic gneiss (Location coordinates: -71.859678; 9.905846) 299 

Zircon grains in this sample are subhedral to anhedral, rounded, stubby or irregular, 300 
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clear to light brown, 100ï150 ɛm in size with aspect ratios of up to 3 (Fig. 3). CL images show 301 

frequent core ï mantle structures reflected by a medium-CL core with oscillatory or weak 302 

sector zoning and a CL-dark mantle. Besides, a few stubby to slightly elongated zircons appear 303 

entirely CL-dark and structureless, with U contents up to 20000 ppm. Thirty-eight analyses 304 

were conducted on 34 grains, targeting all zircon domain-types. Zoned cores were analysed on 305 

23 grains, most with typical Th/U ratios of 0.30ï0.60. The 9 oldest analyses form an age group 306 

with a concordia age of 1152 ± 7 Ma (MSWD = 1.4), which is interpreted as the crystallization 307 

age of the sample. The remaining 14 analyses are discordant possibly due to recent and ancient 308 

Pb-loss. Fifteen analyses on rims and structureless domains commonly have high to very high 309 

U concentrations (1500ï20000 ppm) with Th/U ratios of 0.07ï0.30, typical of metamorphic 310 

zircons. A few of them (e.g. 8.1, 9.1, 28.1, 29.1) with high U contents and low Th/U ratios 311 

(0.07ï0.28) are concordant at ca. 1083 Ma. This age group documents the Grenville-age 312 

metamorphism in this area. Seven analyses on high-U zircon areas and rims have 206Pb/238U 313 

ages ranging from 460 to 540 Ma (Fig. 4a), representing a later early Paleozoic tectono-314 

metamorphic overprint.   315 

Lu-Hf and O isotope analyses were conducted on thirteen Grenville-age igneous grains. 316 

Except for one outlier with a significantly high ŮHf (t) value (+15.3), which could represent 317 

accidental ablation of a Pan-African aged domain at depth, the rest show ŮHf (t) values ranging 318 

from +2.6 to +7.9 (Fig. 5a) with an average of +4.8 ± 1.8 (176Hf/177Hf(i) = 0.28218 ± 0.00005), 319 

corresponding to a two-stage model age of 2.06ï1.69 Ga. Their ŭ18O values range from 4.5 to 320 

6.6 ă with an average of 5.5 ± 0.6 ă (Fig. 6a). 321 

J1772 Migmatitic biotite gneiss (-71.889882; 8.835805) 322 

Zircon grains are mostly euhedral to subhedral, stubby to long prismatic, clear to light 323 

brown with abundant fractures, 50ï300 ɛm in length with aspect ratios up to 5. In CL images, 324 

most zircons exhibit coreïrim structures, characterized by oscillatory zoning in the cores and 325 
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thin, weakly or strongly luminescent rims. However, the oscillatory zones in some cores have 326 

been thickened, blurred, and even entirely homogenized due to Grenville-aged and/or Pan-327 

African alteration. Sixteen core analyses with varied CL characteristics show U abundances of 328 

170ï1500 ppm and Th abundances of 60ï350 ppm, with Th/U ratios of 0.06ï0.82. One grain 329 

(16.1) gives an age of ca. 1800 Ma and one grain (7.1) is excluded because it is strongly 330 

reversely discordant. The remaining 14 analyses define a discordia line with an upper intercept 331 

at ca. 1140 Ma and a lower intercept at ca. 510 Ma (Fig. 4b). The former is interpreted as an 332 

approximate crystallization age of an igneous protolith, whereas the latter represents the timing 333 

of Pan-African metamorphism.  334 

Lu-Hf isotopic analyses were completed on fourteen grains with different degrees of 335 

lead loss, but 176Hf/177Hf and Lu/Hf ratios are uncorrelated with Th, U contents and age, 336 

indicating the resistance of Hf isotopic composition during subsequent metamorphism. Except 337 

3 analyses which yield significantly positive ŮHf (t) values between +5.3 and +9.6 (Fig. 5a), the 338 

remaining 11 analyses define a uniform isotopic composition with ŮHf (t) values from +0.9 to 339 

+3.6 (176Hf/177Hf(i) = 0.28217 ± 0.00003) and model ages of 1.89ï1.72 Ga. 340 

J1807 Granitic orthogneiss (-71.784806, 10.234231) 341 

Zircons are subhedral and elongated, composed of a relatively bright core with 342 

oscillatory zoning and structureless rims significantly dark in CL images (Fig. 3). Twenty-eight 343 

analyses were obtained on 22 rims and 6 cores. The core and rim domains show distinct 344 

difference in U concentration and Th/U ratio; the U content of the cores is generally below 500 345 

ppm and Th/U ratio ranges from 0.19ï0.36, while the rims have U contents of several thousand 346 

ppm and Th/U ratio between 0.01ï0.13. 208Pb-corrected isotopic ratios were used to calculate 347 

for rim areas while no correction was necessary for the core analyses. Six core analyses show 348 

significant scatter due to Pb-loss. The 3 most concordant cores provide a concordia age of 1130 349 

± 11 Ma (MSWD = 1.03), which is interpreted to represent the crystallization age of the igneous 350 
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protolith. The rim analyses give two age populations, 20 of which define a well-constrained 351 

concordia age of 526 ± 3 Ma (MSWD = 1.17) while the other 2 are (nearly) concordant at ca. 352 

580 Ma (Fig. 4d). They are interpreted to record the timing of multiple high-grade metamorphic 353 

overprint.   354 

J1788 Granitic orthogneiss (-71.457797; 11.544662) 355 

Zircons in this sample are euhedral to subhedral, slightly rounded, up to 150 ɛm in 356 

length with aspect ratios of 2 to 3. In CL images, the main portions of the zircons appear 357 

oscillatory zoned (Fig. 3) and a few have metamict cores. Many zircons have thin CL-bright 358 

rims, though too thin to be analysed. Twenty analyses were performed on oscillatory- and band-359 

zoned domains, which are characterized by relatively uniform Th/U ratios of 0.3ï0.5 with Th 360 

= 50ï310 ppm and U = 180ï800 ppm. Twelve analyses yield a concordia age of 1128 ± 5 Ma 361 

(MSWD=1.4), interpreted as the crystallization age of the igneous protolith. The remaining 9 362 

discordant analyses are affected by recent Pb-loss (Fig. 4c). 363 

The ŮHf (t) values range from 5.5 to 6.7 (Fig. 5a) with an average of +6.0 ± 0.4 364 

(176Hf/177Hf(i) = 0.28224 ± 0.00001), corresponding to a two-stage model age of 1.59ï1.52 Ga. 365 

The ŭ18O values range from 6.3 to 7.4 ă with an average of 7.0 ± 0.3 ă (Fig. 6b).  366 

J1793 Tonalitic gneiss (-71.916417; 11.559102) 367 

This sample contains zircon grains that are euhedral to subhedral, transparent, bright 368 

and clear, up to 200 ɛm long with aspect ratios of 2ï3. In CL images, zircons show bright to 369 

medium oscillatory zoned cores with or without dark unzoned rims which are mostly too thin 370 

to be analysed (Fig. 3). Thirty analyses were carried out on 28 cores and 2 rims. The zircons 371 

contain very little common Pb. The Th/U ratios of the cores range between 0.29ï0.68, with 372 

Th=60ï250 ppm and U=150ï980 ppm. A concordia age of 1118 ± 3 Ma (MSWD = 1.3) is 373 

calculated from 17 core analyses, whilst a few other core analyses showed slight signs of Pb-374 

loss and were excluded from the age calculation (Fig. 4e). One of the analysed rims is 375 
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discordant but has a similar Mesoproterozoic age as the cores (Th/U = 0.26), and may be of 376 

metamorphic origin. The other rim analysis (Th/U = 0.01) plots on the concordia curve at ca. 377 

566 Ma. The core analyses are interpreted as the crystallization age of the igneous protolith, 378 

whereas the one younger rim analysis represents metamorphic overprint. 379 

Twelve isotopic analyses on concordant igneous domains define a population with a 380 

homogeneous Hf-O isotopic composition. The ŮHf (t) values range from +6.3 to +7.9 (Fig. 5a) 381 

with an average of +7.1 ± 0.5 (176Hf/177Hf(i) = 0.28228 ± 0.00001), corresponding to two-stage 382 

model ages of 1.53ï1.43 Ga. Their ŭ18O values range from 6.1ï6.9 ă with an average of 6.5 383 

± 0.2 ă (Fig. 6c).  384 

J1693 Granitic orthogneiss (-71.846046; 9.885719) 385 

Zircon grains are euhedral to subhedral, equant to elongated with aspect ratios of 2ï3, 386 

clear to light brown and 150ï300 ɛm long.  In CL images, many zircons show oscillatory zoned 387 

cores that are surrounded by rims (Fig. 3). A few individual zircons are completely CL-dark 388 

and structureless. The zircons were analysed in 27 spots, including 20 oscillatory zoned cores 389 

and in 7 CL-dark structureless domains. The core analyses show a significant scatter and are 390 

in part discordant. The 8 most concordant analyses yield a concordia age of 1108 ± 10 Ma 391 

(MSWD = 1.3). Of the 7 rim analyses, two are discordant and the remaining 5 analyses provide 392 

a concordia age of 500 ± 4 Ma (MSWD = 0.87) (Fig. 4f). The age of ca. 1108 Ma is the best 393 

estimate for the crystallization age of the igneous protolith, whilst the rim analyses of ca. 500 394 

Ma are interpreted as the timing of a metamorphic overprint. 395 

Fourteen Lu-Hf isotopic analyses have been conducted on concordant or nearly 396 

concordant igneous domains. Except one with inclusions, the remaining 13 analyses range in 397 

ŮHf (t) from 1.1 to 5.5 (Fig. 5a) with an average of +2.7 ± 1.2 (176Hf/177Hf(i) = 0.28216 ± 398 

0.00004), corresponding to two-stage model ages of 1.85ï1.58 Ga. Oxygen isotope analyses 399 

yield ŭ18O values ranging from 5.7 to 8.0 (mean= 7.1 ± 0.7 ă, Fig. 6d).  400 
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J1738 Garnet-biotite orthogneiss (-71.976795l; 9.692059) 401 

Zircons are subhedral to anhedral mostly with rounded terminations, clear to bright 402 

brown and 150ï300 ɛm in length with aspect ratios up to 3. They are generally medium to dark 403 

in CL, with weak oscillatory zoning overprinted by thin dark rims (Fig. 3). Twenty-two 404 

analyses were performed on 21 oscillatory zoned cores and one rim. The Th/U ratio of the cores 405 

range between 0.04ï0.54 with Th=25ï180 ppm and U=90ï1660 ppm, and the rim has a Th/U 406 

ratio of 0.01. Five of the oscillatory zoned cores give a concordia age of 1107 ± 8 Ma (MSWD 407 

= 1.3), whilst the other analyses are discordant due to recent and Pan-African Pb-loss (Fig. 4g). 408 

The age of 1107 ± 8 Ma is interpreted to represent the igneous crystallization age of the granite 409 

protolith. Metamorphic overprint is evident from one rim analysis at ca. 560 Ma. 410 

J1734 Garnet-biotite orthogneiss (-71.972900; 9.765919) 411 

Zircon grains are subhedral to anhedral, with rounded terminations, light brown to clear, 412 

150ï450 ɛm long with aspect ratios generally between 2 and 3 but sometimes up to 7 (Fig. 3). 413 

Although many of the grains are dark in CL, oscillatory zoning can be observed. Many of the 414 

grains have a thin dark rim, but in most cases, they are too thin to be analysed. Twenty-three 415 

zircon grains were analysed, of which 22 are cores and one rim. The core analyses have Th/U 416 

ratios ranging from 0.03 to 0.87, with Th=30ï290 ppm and U=340ï2200 ppm, and the rim 417 

analysis has a Th/U ratio of 0.01. Twelve of the oscillatory zoned cores give a concordia age 418 

of 1102 ± 4 Ma (MSWD = 1.12), whilst the others show signs of recent Pb-loss. The only one 419 

rim analysis is nearly concordant and gives an age of ca. 540 Ma (Fig. 4h). The concordia age 420 

of 1102 ± 4 Ma is interpreted to represent the crystallization age of the igneous protolith with 421 

the younger rim analysis attributed to later metamorphism.  422 

The ŮHf (t) values from concordant or nearly concordant magmatic domains are between 423 

-0.2 ï +2.4 (Fig. 5a) with an average of +1.2 ± 0.7 (176Hf/177Hf(i) = 0.28212 ± 0.00002), 424 

corresponding to two-stage model ages of 1.92ï1.76 Ga. Fifteen ŭ18O values range from 7.8 to 425 



 

 19 

9.5 ă with an average of 8.5 ± 0.5 ă (Fig. 6h).  426 

J1792 Granitic orthogneiss (-71.772930; 11.692213) 427 

Zircon grains are mostly subhedral to anhedral with elongate or equant morphologies, 428 

yellowish and small (30ï120 µm long) with aspect ratios of 1.5ï2. In CL images, most of them 429 

are characterized by weakly-luminescent oscillatory zoning. A few grains show resorption and 430 

a thin, moderately-strongly luminescent overgrowth. Fifteen analyses were performed on 431 

zircon cores. These domains have relatively low U (150ï750 ppm) and Th (70ï340 ppm) 432 

contents, with Th/U ratios of 0.12ï0.78. Four analyses have been excluded: two with high 433 

common lead (3.1, 8.1) and two that are significantly reversely discordant (10.1, 13.1). Ten of 434 

the remaining 11 analyses define a concordia age of 1100 ± 5 Ma (MSWD = 1.3) (Fig. 4i). 435 

Lu-Hf isotope analyses were conducted on twelve igneous zircons. Except one Hf 436 

analysis with an unusually high ŮHf (t) value at +11.7, the others range in ŮHf (t) from +6.5 to 437 

+8.4 (Fig. 5a) with an average of +7.2 ± 0.9 (176Hf/177Hf(i) = 0.28230 ± 0.00003), corresponding 438 

to two-stage model ages of 1.53ï1.42 Ga. The ŭ18O values range from 5.7 ă to 7.2 ă with an 439 

average of 6.1 ± 0.4 ă (Fig. 6e). 440 

J1690 Charnockite (-71.922297; 8.768715) 441 

Zircon grains are subhedral, elongated, clear, 200ï600 ɛm long with aspect ratios up to 442 

4. In CL images, zircons show oscillatory zoning of inclusion-rich cores that are surrounded 443 

by mostly structureless dark rims (Fig. 3). Twenty-seven cores and 5 rims were analysed. 444 

Twenty-seven core analyses, including one potential inherited zircon at ca. 1200 Ma, show a 445 

scatter due to Pb-loss in some analyses. The 8 most concordant cores provide a concordia age 446 

of 1097 ± 14 Ma (MSWD = 1.9). Five rim analyses are all slightly discordant and have a 447 

weighted mean 206Pb/238U age of ca. 560 Ma (Fig. 4j). The former age is interpreted as the 448 

crystallization age of the igneous protolith, whilst the latter is interpreted to represent the age 449 

of charnockitisation.  450 
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Lu-Hf isotopic analyses were conducted on 13 igneous domains. Two analyses with 451 

higher ŮHf (t) values possibly due to a mixture of core and rim domains have been excluded 452 

from the data-averages. The remaining 11 ŮHf (t) values vary from +4.1 to +6.7 (Fig. 5a) with 453 

an average of +5.0 ± 0.8 (176Hf/177Hf(i) = 0.28223 ± 0.00002), corresponding to two-stage model 454 

ages of 1.67ï1.50 Ga. O isotopic analyses have a ŭ18O value from 5.3ă to 7.1ă with an 455 

average value of 6.6 ± 0.5 ă (Fig. 6f).  456 

J1672 Granitic orthogneiss (-71.778109; 10.553229) 457 

Zircons are subhedral to anhedral with rounded terminations, up to 300 ɛm long, with 458 

aspect ratios of 2ï3. Many of the zircons show oscillatory zoning with thin, dark, structureless 459 

rims that were mostly too thin to be analysed (Fig. 3). Twenty-six zircon domains were 460 

analysed, including 21 zoned grains and 5 rims. The rims have a Th/U ratio ranging from 0.005 461 

to 0.26, and the cores have Th/U ranging from 0.19 to 0.65 with Th=35ï510 ppm and U=100ï462 

800 ppm. Nineteen analyses of oscillatory zoned cores give a concordia age of 1090 ± 4 Ma 463 

(MSWD = 0.95). The other 2 core analyses show Pb-loss, and/or have high analytical error. 464 

Three rim analyses yield a concordia age at ca. 560 Ma (Fig. 4k). The age of ca. 1090 Ma is 465 

interpreted as the crystallization age of the igneous protolith and the rim analyses of ca. 560 466 

Ma are regarded as the time of metamorphic overprint.  467 

Lu-Hf and O isotope analyses were conducted on fifteen concordant igneous domains. 468 

One Hf analysis yielded an aberrantly high ŮHf (t) value at +11.0, whilst the other values range 469 

from +6.3 to +8.4 (Fig. 5a) with an average of +7.4 ± 0.6 (176Hf/177Hf(i) = 0.28230 ± 0.00002), 470 

corresponding to two-stage model ages of 1.51ï1.38 Ga. ŭ18O values range from 6.7 to 7.9 ă 471 

with an average of 7.1 ± 0.3 ă (Fig. 6g).  472 

J1759 Amphibolite (-71.722712; 10.629123) 473 

Zircon grains are stubby to short prismatic, clear to light brown, with lengths of 50ï300 474 

ɛm and aspect ratios of 1.5ï3. Most zircons display core-rim structures. The former are CL-475 
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dark and either show no zoning, sector zoning or oscillatory zoning and the rims are CL-bright 476 

and structureless. A few grains are distinctly highly luminescent with dark thin rims. Eleven 477 

grains were analysed, 9 of which are from the low-luminescent domains with high U 478 

concentrations (570ï1640 ppm) and Th/U ratios (0.14ï0.46). Most analyses are discordant and 479 

plot on a discordia line, with a poorly-defined upper intercept at 1084 ± 68 Ma (MSWD = 0.73, 480 

Probability = 0.74) and a lower intercept at ca. 600 Ma (Fig. 4l). The upper intercept at ca. 481 

1084 Ma is interpreted as being close to the crystallisation age of the igneous protolith, whilst 482 

the lower intercept is probably related to metamorphic overprint and the time of lead-loss. The 483 

remaining two zircon domains with high luminescence (10.1, 11.1) have much lower U-484 

concentrations (250ï280 ppm) and higher Th/U ratios of 0.62ï0.83. One of them is highly 485 

discordant and thus excluded from the calculation. The other one gave an older age of ca. 1.2 486 

Ga, which may represent an inherited domain.  487 

Lu-Hf isotopic analyses have been done on twelve igneous grains with different degrees 488 

of lead loss. They display a spread in Hf isotopic composition, with ŮHf (t) values ranging from 489 

+5.1 to +12.1 (Fig. 5a, 176Hf/177Hf(i) = 0.28224 ï 0.28244) and two-stage model ages from 1.79 490 

to 1.17 Ga. 491 

J1851 Granitic augen gneiss (-71.574047; 12.146767) 492 

The sample contains euhedral to subhedral, clear to light brown zircons, 200ï400 ɛm 493 

long with aspect ratios up to 5. In CL images, most grains appear bright with oscillatory growth 494 

zoning (Fig. 3). Some have minor, dark rims that were too thin to be analysed. Twenty-seven 495 

spots were analysed, all from the oscillatory zoned cores. The analyses show a significant 496 

scatter due to Pb-loss. Two analyses, including one with a large error (15.1) and the other with 497 

high discordance (7.1), are excluded from plotting. The most concordant analyses provide a 498 

well-constrained concordia age of 1081 ± 5 Ma (MSWD = 1.3, n = 11, Fig. 4m). This age is 499 

interpreted as the igneous crystallization age of the igneous protolith.  500 
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Fifteen O isotopic analyses on igneous domains have a ŭ18O value from 8.3ă to 9.5ă 501 

with an average value of 8.9 ± 0.4 ă (Fig. 6j). The ŮHf (t) values range from +4.5 to +7.1 (Fig. 502 

5a) with an average of +5.8 ± 0.9 (176Hf/177Hf(i) = 0.28226 ± 0.00002), corresponding to two-503 

stage model ages of 1.62ï1.46 Ga.  504 

J1710 Garnet-biotite orthogneiss (-72.143052; 10.013868) 505 

Zircon grains are anhedral, stubby to elongate and clear to brownish. Some grains are 506 

cracked and many have inclusions. Many zircons have clear core-mantle structures. In CL 507 

images, zircons show mostly oscillatory zoned cores with moderate CL response. The cores 508 

have CL-dark, structureless rims, often thick enough at their tips to be analysed (Fig. 3). Few 509 

zircons are composed of oscillatory zoned core, CL-moderate mantle and dark rim (Fig. 3). 510 

Twenty-five spots were analysed on 18 cores, 1 mantle and 6 rims. Most core analyses have 511 

Th/U ratios ranging from 0.18 to 0.86, whilst most rim domains have very high U 512 

concentrations up to 6600 ppm with typical Th/U ratios below 0.1. Of the 18 core analyses two 513 

inherited zircon domains plot on the concordia curve at ca. 1200 Ma, and 6 analyses form a 514 

uniform age group with a concordia age of 1079 ± 8 Ma (MSWD = 0.74) (Fig. 4n). Some 515 

zircon cores appear to have recrystallized to some extent to have a low Th/U ratio (< 0.2). The 516 

core analyses of ca. 1079 Ma are interpreted as the best estimate for the crystallization age of 517 

the granitic protolith. A mantle and a rim domain yield ages of ca. 1030 Ma and ca. 1080 Ma 518 

respectively, which are regarded as the timing of a subsequent metamorphic event. Furthermore, 519 

the 1000ï900 Ma and 500 Ma discordant zircons may record evidence of multistage 520 

metamorphism in early Tonian and Cambrian times.   521 

Lu-Hf and O isotope analyses were performed on fourteen concordant or nearly 522 

concordant grains with Grenville-age igneous ages.The ŮHf (t) values range from -2.8 to +1.1 523 

(Fig. 5a) with an average of -0.4 ± 1.1 (176Hf/177Hf(i) = 0.28209 ± 0.00003), corresponding to 524 

two-stage model ages of 2.07ï1.82 Ga. Eleven analyses have ŭ18O values ranging from 7.7 to 525 
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10.0 ă with an average of 9.0 ± 0.8 ă (Fig. 6i), while three outliers with lower ŭ18O values 526 

are excluded from average calculation. 527 

DML 40 Garnet-sillimanite-cordierite gneiss (metapelitic paragneiss) (-71.965033, 7.367933) 528 

This is the only meta-sedimentary sample of this study. It is a garnet-sillimanite-529 

cordierite gneiss with melanocratic layers alternating with leucosome layers. Zircon grains are 530 

subhedral, short columnar with a maximum length of ca. 200 µm. CL images of most zircons 531 

show oscillatory zoned cores surrounded by dark, unzoned rims (Fig. 3). Twenty-three analyses 532 

were conducted on core domains, which have high Th/U ratios ranging from 0.16 to 0.89. 533 

Seven of them yield a concordant age at 1139 ± 1 1 Ma (MSWD = 0.78), 3 grains were dated 534 

at ca. 1750 Ma, and 6 have Mesoproterozoic (Ectasian) ages of 1320ï1200 Ma. Other analyses 535 

on cores are discordant because of Pb-loss (Fig. 4o). Fourteen analyses were performed on rim 536 

domains. Low Th/U ratios (0.01ï0.16) with Th=4ï161 ppm and U=344ï2193 ppm may 537 

indicate a metamorphic origin. The 5 youngest rim analyses form a well-constrained age group 538 

with a concordia age of 526 ± 6 Ma (MSWD = 0.81). The other rim analyses are discordant 539 

with an age of 850ï800 Ma and ca. 610 Ma (Fig. 4o). 540 

The core age spectrum from ca. 1770ï1220 Ma represent detrital zircon components 541 

from Paleoproterozoic to Ectasian source regions. The youngest concordant detrital ages are 542 

ca. 1140 Ma and likely represent the maximum depositional age of the sedimentary protolith, 543 

coinciding with the older age spectrum of igneous rocks in this study. The rim age of 526 ± 6 544 

Ma is interpreted to represent crystallization of anatectic melt during cooling from peak 545 

temperatures.  546 

4.2 Hf-O isotopic signature of samples from Gjelsvikfjella 547 

Six granitic gneiss samples that had been U-Pb zircon dated previously (Jacobs et al., 548 

2003a, 2008b) were analysed for their Hf-O isotopic compositions (Table 1, Fig. 5c-d and 7). 549 

Despite a broad spread in Hf isotopic composition observed in several samples, the two-stage 550 
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Hf model ages cluster between 1.75ï1.55 Ga with a peak at 1.67 Ga (Fig. 5d), which are distinct 551 

from those of the Orvin-Wohlthat Mountains (Fig. 5b). Zircons dominantly have an oxygen 552 

isotopic composition in the range of mantle values (5.3 Ñ 0.6, 2ů, Valley et al., 1998) but a few 553 

(e.g. sample 1701-2) display low ŭ18O values (Fig. 7a).   554 

 Table 1 Zircon Hf-O isotopic data of samples from Gjelsvikfjella 555 

Sample Rock types Igneous age (Ma) 176Hf/177Hf (t) Ů Hf (t) Ů Hf (t) ± S.D. ŭ18O (ă) 

1701-2 Migmatitic gneiss 1142 ± 10 0.28219ï0.28230 +3.6 ï +6.8 5.3 ± 1.5 2.9ï4.3 

1812-5 Migmatitic augen gneiss 1137 ± 14 0.28217ï0.28224 +3.8 ï +6.4 4.9 ± 0.7 4.5ï6.1 

1512-1 Augen gneiss 1123 ± 21 0.28216ï0.28223 +3.1 ï +5.7 4.3 ± 0.8 5.0ï6.5 

2712-4 Migmatitic gneiss 1115 ± 12 0.28207ï0.28231 -0.1 ï +8.3 3.7 ± 2.2 4.3ï7.6 

2412-4 Migmatitic augen gneiss 1096 ± 8 0.28219ï0.28228 +3.4 ï +6.6 4.8 ± 0.9 4.6ï5.9 

3012-1 Mylonitic felsic gneiss 1098 ± 25 0.28206ï0.28221 -1.1 ï +4.4 2.0 ± 1.1 4.2ï5.6 

 556 

4.3 Summary of zircon geochronological and Hf-O isotopic data  557 

The U-Pb geochronological results of the 15 newly dated samples are summarized in 558 

Fig. 8. The igneous ages show a protracted and almost continuous magmatism from 1160 Ma 559 

to 1070 Ma, with an age concentration at ca. 1110ï1090 Ma. Some samples also show 560 

Mesoproterozoic metamorphic ages, which are recorded by single grains or rim overgrowths, 561 

characterized by dark CL and low Th/U at ca. 1080ï1030 Ma. Most samples also exhibit a 562 

metamorphic overprinting history between 600 and 500 Ma. Zircon inheritance is rare, with ca. 563 

1200 Ma ages recorded by a few samples and ca. 1700 Ma by one sample. No early 564 

Paleoproterozoic or Archaean inherited zircons were found. Detrital zircons from the only 565 

meta-sedimentary sample (DML 40) yield U-Pb ages clustering around 1750 Ma, 1320ï1200 566 

Ma and 1140 Ma, overprinted by Cambrian (ca. 530 Ma) metamorphism. Most samples from 567 

the Orvin-Wohlthat Mountains have ŭ18O values that are similar to, or slightly higher than, 568 

mantle values and have strongly positive ŮHf (t), while a few samples (e.g. J1710, J1734; Fig. 569 

5) with a mineralogical affinity to S-type granites (garnet-bearing) display distinctly higher 570 

ŭ18O and lower ŮHf (t) values. Five of six samples from Gjelsvikfjella have mantle-like O and 571 

suprachondritic Hf-isotopic compositions, whereas one sample has a lower ŭ18O value (2.9ï572 
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4.3 ă) than mantle value. 573 

 574 

5. Discussion 575 

5.1 Mesoproterozoic crustal growth and reworking in cDML  576 

Magmas generated in subduction zones commonly contain components sourced from a 577 

number of different reservoirs, such as the subducted oceanic slab and sediments, the mantle 578 

wedge, and overlying crustal material of different ages and provenance (Pearce et al., 1999; 579 

Elburg et al., 2002; Bindeman et al., 2005). Combined zircon Hf-O isotopic investigations have 580 

the potential to constrain variable contributions of juvenile (directly mantle-derived) versus 581 

pre-existing continental components in source rocks and parent melts (e.g. Lancaster et al., 582 

2011; Roberts and Spencer, 2015; Payne et al., 2016). Such data allow us to track the magmatic 583 

source characteristics of the Grenville-age samples collected from cDML and thus provide 584 

important insights into the history of crustal growth and recycling during orogenesis. 585 

5.1.1 Orvin -Wohlthat Mountains 586 

Meta-igneous samples from the Orvin-Wohlthat Mountains predominantly give 587 

igneous crystallization ages of 1110ï1090 Ma. They show a broad variation in zircon Hf and 588 

O isotopic compositions (Fig. 9a), implying the involvement of multiple mantle- and crust-589 

derived components in the source. Most samples show moderately elevated ŭ18O values 590 

between 6.4 and 7.1 ă (Fig. 6, 9a), a composition typical of I-type arc rocks (Eiler, 2001; 591 

Kemp et al., 2007). A large proportion of zircons from these samples (red in Fig. 5a) display 592 

suprachrondritic ŮHf (t) values, with the averages lying slightly below the composition of the 593 

arc mantle array presented by Dhuime et al. (2011) and corresponding to Mesoproterozoic 594 

model ages (Fig. 5b). This indicates that the parental magmas are rather juvenile with limited 595 

contribution from ancient continental components, either in the melt source region or by crustal 596 

contamination. The absence of any significantly older inherited zircons provides further 597 
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evidence for minor to negligible interaction of these magmas with old continental crust. Sample 598 

J1851 displays an average ŮHf (t) value of +5 in association with elevated ŭ18O values (8ï10 ă), 599 

suggesting a derivation from mixing of juvenile, mantle-derived magma with young 600 

supracrustal components, either altered volcanic crust or sedimentary rock.  601 

The addition of ancient crustal material to arc magmas in this region is also revealed by 602 

a group of samples with enriched Hf isotope compositions (Fig. 5a, b). Two samples (J1710, 603 

J1734) have distinctively elevated ŭ18O values at 8.5ï9.0ă (Fig. 6h, i) associated with 604 

unradiogenic ŮHf (t) and Paleoproterozoic model ages (Fig. 5b). The Hf-O isotopic signatures 605 

combined with the presence of garnets and whole-rock elemental data comparable to S-type 606 

granite (e.g. high A/CNK>1.0, unpublished data) indicate a significant contribution from 607 

ancient sedimentary supracrustal material. The addition of the sedimentary material could be 608 

achieved by source contamination, i.e. the inclusion of subducted sediments overlying the 609 

oceanic crust, or by assimilation and re-melting of sedimentary components from overlying arc 610 

crust. The latter mechanism is preferred here, as previous studies show that in arc magmas, the 611 

contribution of heavy ŭ18O from the subducted material can be very limited (e.g. Vroon et al., 612 

2001). Whatever explanation, the Hf model ages ranging from 2.1 to 1.8 Ga suggest that the 613 

sediments could possibly have a Paleoproterozoic or older age, which then were most likely 614 

derived from the Proto-Kalahari Craton. The other two samples (J1693 and J1772) with a more 615 

depleted but heterogeneous Hf isotopic composition may be derived from a mixing of old 616 

sedimentary material and juvenile magmas.  617 

The oldest sample in this study (mafic gneiss J1625, 1152 ± 7 Ma), which has a 618 

relatively homogeneous mantle-like ŭ18O value (Fig. 6a), exhibits, however, a spread in Hf 619 

isotopic composition (ŮHf (t)= 2.6ï7.9, Fig. 5a). This indicates that this sample was most likely 620 

derived from juvenile mantle-derived magmas mixed with recycled older continental crust. The 621 

post-1110 Ma zircons with a moderate ŭ18O value commonly have a more juvenile Hf isotopic 622 
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composition than the older ones (Fig. 5a), suggesting an overall increasing input of mantle-623 

derived magmas from 1150 Ma to 1090 Ma.  624 

5.1.2 Gjelsvikfjella 625 

In contrast to the Orvin-Wohlthat Mountains samples, which show significant inter-626 

sample variation in Hf-O isotopic composition, the samples from Gjelsvikfjella have broadly 627 

similar isotopic signatures (Fig. 9a). The mantle-like ŭ18O value (4.5ï6.0ă) exhibited by most 628 

zircons shows little influence of supracrustal components, such as sediments, in the source. 629 

Most zircons display suprachondritic Hf isotopic characteristics, although with lower Ů Hf (t) 630 

values than zircons crystallized from juvenile magmas in the Orvin-Wohlthat Mountains, and 631 

yield a peak of model ages at 1.7ï1.6 Ga (Fig. 5c, d). Assuming these rocks were dominantly 632 

crust-derived, the model age represents either the real age when the crust was extracted from 633 

the depleted mantle, or an average age of the various components contributing to the magma. 634 

These crustal component(s) must have resided for an extended period at depth since separation 635 

from the mantle reservoir, in order to avoid hydrothermal alteration that would have driven 636 

their oxygen isotopic signature to higher values than those measured. The spread of ŮHf (t) 637 

values and model ages (2.0ï1.4 Ga) may reflect a heterogeneous source composition composed 638 

of both older Paleoproterozoic and Mesoproterozoic crustal components. Alternatively, a 639 

source consisting of both older components and juvenile additions could also explain the Hf-640 

O isotopic signature of these samples. In this scenario, the reworked crustal components must 641 

be older than the calculated model age, and involvement of Paleoproterozoic and/or Archean 642 

crust is possible. The mixing of juvenile magmas and older components is indicated by sample 643 

2712-4, which displays both mantle-like and moderate high ŭ18O and variable ŮHf (t) values 644 

(Fig. 5c, 6d). Therefore, it is evident that ancient crust was involved in the formation of the 645 

Grenville-age samples in Gjelsvikfjella.  646 

Some zircons (e.g. all zircons from sample 1701-2) yield an average ŭ18O value below 647 
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the 2ů lower uncertainty of the mantle reference value (< 4.7 ă, Valley et al., 1998), associated 648 

with depleted Hf isotopic compositions. Zircons with low ŭ18O values are commonly 649 

interpreted to have been crystallized from originally 18O-poor magmas (Zheng et al., 2004; 650 

Hiess et al., 2011; Rehman et al., 2018), although post-magmatic hydrothermal alteration has 651 

also been proposed to interpret low ŭ18O values in metamict zircons (Iizuka et al., 2013). The 652 

low-ŭ18O zircons in this study most likely inherited the oxygen isotopic compositions from 653 

parental magmas, which had probably obtained light oxygen isotopes by fluid-rock interaction 654 

at a high temperature in subduction zone, and/or involving isotopically light meteoric water.    655 

5.1.3 Summary of Grenville-age crustal evolution in cDML  656 

In summary, the zircon Hf-O isotopic data from cDML show apparently contradictory 657 

results (Fig. 9a). On the one hand, the paucity of ancient inherited zircons, radiogenic Hf 658 

isotopic compositions shown by supra-chondritic ŮHf(t) values and Mesoproterozoic model 659 

ages of most orthogneiss samples from the Orvin-Wohlthat Mountains are compelling evidence 660 

that they are of predominantly juvenile character. Conversely, re-melting of sedimentary rocks 661 

derived from the erosion of older basement, and of the basement at the edge of the Proto-662 

Kalahari Craton itself is indicated by (meta)granitic rocks from the Orvin-Wohlthat Mountains 663 

which are characterized by high ŭ18O values (8.0ï10.0 ă) and evolved Hf isotopic signatures, 664 

and from Gjelsvikfjella samples with Paleoproterozoic Hf model ages and mantle-like oxygen 665 

isotopic compositions. 666 

The data suggest therefore that both processes, juvenile addition and crustal recycling, 667 

were operative in the generation of the granitoids of cDML during Grenville-age orogenesis. 668 

 669 

5.2 Grenville-age continental arc magmatism in the Maud Belt 670 

Whether the arc magmatism of the Maud Belt developed on oceanic or continental 671 

substrates remains controversial; our data show that, in cDML, a combination of juvenile and 672 
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reworked crust was instrumental in producing the voluminous granitoids. Although the Maud 673 

Belt is now adjacent to the Archean Grunehogna Craton where basement outcrops were dated 674 

at ~ 3.1 Ga (Barton et al., 1987; Marschall et al., 2010), there is only sparse evidence of 675 

incorporation of the Archean components in its Grenville-age magmas. Instead, previous work 676 

reported relatively juvenile Nd isotopic composition in most sections of the Maud Belt with 677 

dominant early Mesoproterozoic/late Paleoproterozoic model ages (e.g. Arndt et al., 1991; 678 

Jacobs et al., 1998; Wareham et al., 1998; Grantham et al., 2011). The Maud Belt was thus 679 

interpreted by some researchers as a number of exotic island arcs that accreted onto the craton 680 

margin (e.g. Bauer et al., 2003a; Grosch et al., 2007; Grantham et al., 2011). However, our new 681 

zircon Hf-O isotopic data show that the amount of older crust (most likely Paleoproterozoic in 682 

age) that was incorporated into the source of Grenville-age magmas is greater than previously 683 

recognized (Section 5.1). Moreover, the juvenile input to arc magmas, as recorded in the Orvin-684 

Wohlthat Mountains samples, does not equate with an absence of continental crust overlying 685 

the subduction zone. In Andean-type orogens, the overlying continental crust makes a variable 686 

contribution to arc magmas during the evolution of the arc system. Juvenile magmas with minor 687 

to negligible contamination from older crust are commonly emplaced when subduction retreat 688 

and the ocean-ward migration of the arc cause crustal thinning (Cawood et al., 2009; Boekhout 689 

et al., 2015). For example, the southern Central Andes experienced a progressive input of 690 

mantle-derived melts over several tens of million years with little recycling of pre-existing 691 

crustal material (Jones et al., 2015).  692 

Zircon Hf-O isotopic data in this study provide crucial information on the crustal 693 

composition along the eastern margin of the Proto-Kalahari Craton, which is important for the 694 

better understanding of the nature and geodynamics of the Maud Belt. We speculate that 695 

Paleoproterozoic components existed or still exist in this region based on following lines of 696 

evidence in addition to our new data. Firstly, detrital zircons from the Mesoproterozoic 697 
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Ritscherflya Supergroup, which were most likely derived from the Maud Belt, exhibit the 698 

growth of ca. 1130 Ma igneous zircons on 1.9ï1.7 Ga cores, indicating the development of 699 

Grenville-age magmatism on Paleoproterozoic basement (Marschall et al., 2013). Secondly, 700 

Paleoproterozoic inherited zircons, although rare, have been discovered in various parts of the 701 

Maud Belt (e.g. Baba et al., 2015; Ksienzyk and Jacobs, 2015 and this study) and hints of such 702 

sources are even present in the adjacent Natal-aged crust (e.g. Arndt et al, 1991; Mendonidis 703 

and Thomas, 2019). Moreover, 1.3ï1.2 Ga detrital zircons (sample DML 40 in this study and 704 

Baba et al., 2015) and a few 1.2 Ga inherited zircons may imply a more complicated crustal 705 

composition in this region with a Mesoproterozoic (Ectasian) component, although the origin 706 

of these detrital zircons is enigmatic since much of the southern Kalahari and Laurentia margins 707 

preserve similar geochronological records of this period. In view of the above, it is therefore 708 

not tenable to consider the Maud Belt as a single island arc edifice. It was more likely built 709 

upon pre-existing crust along the margin of the Proto-Kalahari Craton.  710 

The Grenville-age magmatism in the Maud Belt shows significant spatial variation, 711 

with radiogenic isotopic compositions becoming increasingly juvenile towards the east (Fig. 712 

9b). Samples from the H.U. Svedrupfjella (closest to the Grunehogna Craton) are characterized 713 

by negative ŮNd (t) values associated with Paleoproterozoic to Archean model ages (Wareham 714 

et al., 1998; Grosch et al., 2007), suggesting a large degree of reworking of older basement 715 

crust underlying the Proto-Kalahari Craton (Fig. 2). In Gjelsvikfjella, Hf model ages of zircon 716 

grains with mantle-like O isotopic composition yield a peak at late Paleoproterozoic times, 717 

which indicates a significant contribution from pre-existing crustal material. In the Orvin-718 

Wohlthat Mountains, east of the Ulvetanna Lineament, the samples with addition of old crustal 719 

material are mainly exposed in the western part (W of 10°E), while the Grenville-age 720 

component in the eastern part is mainly composed of 1120ï1080 Ma juvenile rocks (Fig. 9b). 721 

This spatial isotopic trend is consistent with the characteristics of continental-arc magmatism, 722 
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which commonly incorporates more isotopically evolved continental crust landward (Chapman 723 

et al., 2017). The Orvin-Wohlthat Mountains most probably represent the accretionary terrane 724 

overlying the inboard subduction zone beneath the Proto-Kalahari Craton, with a transition in 725 

source composition of Grenville-age rocks from ancient craton-derived to younger oceanic-726 

crust related material towards the east. In this scenario, the Ulvetanna Lineament (Fig. 2) may 727 

represent the boundary between an accretionary complex and the cryptic edge of the continental 728 

crust of the Proto-Kalahari Craton.   729 

A group of ~1100 Ma igneous ages in our dataset from cDML indicates a significant 730 

magmatic episode between the emplacement of early arc magmas and late-stage tectono-731 

thermal events. In adjacent areas, magmatic activity at this time produced the Borgmassivet 732 

mafic/ultramafic sills intruding the Ritscherflya Supergroup in the Grunehogna Craton, which 733 

were interpreted as subduction-related magmatism in some studies (Grosch et al., 2015; 734 

Hokada et al., 2019). An opposing opinion considers that the mafic intrusions form part of the 735 

Umkondo Large Igneous Province (LIP) emplaced in the interior of the Proto-Kalahari Craton 736 

(e.g. Moabi et al., 2017). From a global perspective, the Umkondo magmatism is coeval with 737 

several other LIPs in Laurentia including the Coats Land block, Amazonia, Congo and in the 738 

cratons of India (e.g. Davis and Green, 1997; Ernst et al, 2013; de Kock et al., 2014; Teixeira 739 

et al., 2015). These large-scale intraplate magmatic events could be a consequence of 740 

anomalously high mantle heat flow in the Mesoproterozoic, which might have been 741 

independent of the supercontinent cycle (Hanson et al., 2004). The relationship between the 742 

synchronous Umkondo LIP and the subduction-related magmatism along the margin of 743 

Kalahari remains ambiguous (e.g. Hanson et al., 1998, 2004; Hokada et al., 2019). In the Orvin-744 

Wohlthat Mountains, apparently more juvenile Hf isotopic composition of post-1110 Ma rocks 745 

compared to the older orthogneisses argues for a transition in the tectonic setting (Fig. 5a), 746 

most likely from an advancing to a retreating accretionary orogenic setting, resulting in the 747 
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generation of voluminous juvenile magmas. Subsequent granitic magmatism and high-grade 748 

metamorphism at 1090ï1030 Ma may have taken place under convergence in an overall 749 

advancing accretionary tectonic setting. The tectonic switch could be partly related to the 750 

changes in mantle convection and global plate reorganisation during eruption and cooling down 751 

of plume activities in the Umkondo LIP magmatism.  752 

Grenville-age geochronological records are also preserved in the Nampula Complex in 753 

NE Mozambique, lying to the north of the Maud Belt in Gondwana (Fig. 1b). Grenville-age 754 

magmatic activity in the Nampula Complex has been well constrained at 1150ï1030 Ma 755 

(Bingen et al. 2009; Macey et al., 2010; Thomas et al., 2010). The age is comparable to the 756 

Maud Belt but distinctly older than other Mesoproterozoic crust to the north (i.e. 1060ï950 Ma 757 

Marrupa and Unango complexes, Bingen et al., 2009). It is thus envisaged that the Nampula 758 

Complex cannot be correlated with these complexes in the north but most likely has a tectonic 759 

affinity with the Maud Belt and could possibly be restored to a position along the margin of 760 

Proto-Kalahari (Bingen et al., 2009). This is supported by the similarity in Hf isotopic 761 

characteristics between these two regions. Thomas et al. (2010) showed that 1.1ï1.0 Ga detrital 762 

zircons derived from the Nampula Complex yield both juvenile (ŮHf (t) = 5ï9) and evolved Hf 763 

isotopic compositions with model ages ranging from Mesoproterozoic to Archean times, 764 

comparable to the isotopic signature of samples from the Orvin-Wohlthat Mountains in this 765 

study. Therefore, the Maud Belt very likely extended northwards into NE Mozambique, 766 

constituting a composite Andean-type magmatic arc along the eastern margin of the Proto-767 

Kalahari Craton.  768 

5.3 Implications for the Natal and Maud belts  769 

In Rodinia, the Natal and Maud belts were in relatively close proximity and together 770 

formed the western extension of the greater Grenville Orogen. However, although they formed 771 

roughly synchronously along the same part of the orogen, their subduction polarity, age and 772 
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orogen style are distinctly different. Whilst the Natal Belt is best explained as a juvenile arc-773 

continent collision orogen with potential continent-continent collision, the Maud Belt may be 774 

better explained as a somewhat younger, outboard accreted arc with a significant (but 775 

diminishing eastwards) element of older (Proto-Kalahari) crust, recorded by spatially-776 

controlled differing zircon U-Pb ages and radiogenic isotope signatures of the evolving igneous 777 

rocks.  778 

The Natal Belt is characterised by a subduction polarity away from Proto-Kalahari with 779 

a passive margin until arc-continental collision commenced at ca. 1150 Ma (Jacobs et al, 1997). 780 

Structural, petrological, and paleomagnetic data support the interpretation of continental 781 

collision between Proto-Kalahari and Laurentia, with the accreted Natal arcs sandwiched 782 

between the two cratonic masses. The changing late shear geometries from dextral in 783 

Namaqualand to sinistral in the Natal prompted the hypothesis of the Proto-Kalahari being an 784 

indenter into Laurentia (Jacobs et al., 1993, 2003a, 2008). The widespread A-type charnockitic 785 

magmatism at 1050ï1030 Ma and simultaneous LP-(U)HT metamorphism, followed by 786 

isobaric cooling in the Natal sector has been interpreted to take place in a convergent 787 

(transpressional) setting (Thomas et al., 1993; Spencer et al., 2015). Recent palaeomagnetic 788 

data from the Umkondo large igneous province (LIP) is consistent with the interpretation that 789 

Proto-Kalahari had conjoined with Laurentia before 1015 Ma with the Namaqua-Natal Belt 790 

oriented towards the Grenville margin of Laurentia (e.g. Swanson-Hysell et al., 2015). The 791 

collision of Proto-Kalahari and Laurentia is also supported by the position of the Coats Land 792 

Block within Rodinia. The Coats Land Block is interpreted as a part of Laurentia (Loewy et al., 793 

2011) or an exotic terrane accreted to Laurentia (Swanson-Hysell et al., 2015), and may 794 

represent a rifted block that was incorporated into Greater Kalahari after collision and dispersal 795 

of Rodinia (Gose et al., 1997; Jacobs et al., 2003; Loewy et al., 2011). Grenville-age magmas 796 

in the Natal Belt predominantly originated from the reworking of lithospheric substrate of pre-797 
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Rodinian island arcs with negligible addition of ancient crust or mantle-derived magmas 798 

(Eglington and Harmer, 1989; Spencer et al., 2015), indicated by Sr, Nd and Hf isotopic 799 

compositions of 1175ï1030 Ma granitoids with a similar trend to the evolution curve of 800 

continental crust (Fig. 5a, c).  801 

In contrast to the Natal Belt, the Maud Belt shows clear evidence for subduction polarity 802 

towards Proto-Kalahari within an overall active continental margin setting (e.g. Bisnath et al., 803 

2006; Marschall et al., 2013). However, our new data acquired in this study, together with 804 

published data from other parts of the Maud Belt, necessitate a re-appraisal of this simple model. 805 

Our new U-Pb geochronological data combined with published geochronological results from 806 

the Orvin-Wohlthat Mountains have identified two major periods of Grenville-age magmatism 807 

at 1150ï1125 and 1110ï1090 Ma, comparable to other areas in the Maud Belt (Fig. 10a-e).  808 

The age spectra from the Maud Belt is clearly distinguishable from that obtained from the Natal 809 

Belt, which has distinct records of pre-1200 Ma island arc magmatism, an age component 810 

which is missing in the Maud Belt (Fig. 10f). In the Natal Belt, syn-collisional granitic 811 

magmatism and high-grade metamorphism is well constrained between 1050 and 1030 Ma 812 

(Thomas et al., 1993; Spencer et al., 2015 and references therein), whereas such ages are very 813 

rarely reported in the Maud Belt (Fig. 10f). In further contrast to Natal, samples in the Orvin-814 

Wohlthat Mountains with moderate 18O values define an ŮHf ï time trajectory nearly parallel to 815 

the evolution trend of the arc mantle in cDML (Fig. 5a), which implies progressive juvenile 816 

input to arc magmas. This is commonly documented in active continental margins with 817 

continuous subduction processes (e.g. Spencer et al., 2019).   818 

It is thus clear that the Maud and Natal belts cannot be correlated in a simple 819 

geodynamic model as originally suggested (e.g. Groenewald et al., 1995). The tectonic contact 820 

between the Natal and Maud belts may mark the change from final continental collision to 821 

outboard-Proto Kalahari accretionary tectonics at the westernmost end of the greater Grenville 822 
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Orogen (Fig. 1 and 11). The Maud Belt probably marks the start of a long-term active 823 

continental margin setting along eastern Kalahari, with semi-continuous, west-facing 824 

subduction for the subsequent 500 Ma. This tectonic setting may have been activated during 825 

subsequent extroversion of Rodinia and closure of the exterior ocean in middle to late 826 

Neoproterozoic times. The westward subduction of the Mozambique oceanic slab beneath this 827 

margin led to the accretion of TOAST (990ï900 Ma) and terminated with the final 828 

amalgamation of Gondwana at ca. 550 Ma (e.g. Jacobs and Thomas, 2004). 829 

Summary and conclusions 830 

(1)  New SHRIMP zircon U-Pb data provide detailed constraints on the temporal framework of 831 

Grenville-age tectono-thermal events in a large part of the Maud Belt. Arc magmatism in 832 

Orvin-Wohlthat Mountains occurred from 1160 to 1070 Ma with a culmination at 1110ï1090 833 

Ma, followed by high-grade metamorphism at ca. 1080ï1030 Ma. 834 

(2)  Most zircons from the Orvin-Wohlthat Mountains have positive ŮHf (t) values and 835 

Mesoproterozoic model ages, with ŭ18O values similar to, or slightly higher than, typical mantle 836 

values. This suggests crystallization from juvenile magmas with little recycling of pre-existing 837 

continental crust.  838 

(3)  In contrast, zircons from Gjelsvikfjella dominantly have mantle-like ŭ18O values and more 839 

evolved Hf isotopic composition with Paleoproterozoic model ages, indicating more 840 

contribution of older crust components from the Proto-Kalahari Craton. The involvement of 841 

ancient sediments is additionally reflected by some zircons from the Orvin-Wohlthat 842 

Mountains with distinctively lower ŮHf and highly elevated ŭ18O values.  843 

(4)  The reworking of ancient continental material indicates that the Maud Belt developed on 844 

the lithospheric substrate of the Proto-Kalahari Craton margin. A protracted accretionary 845 

process associated with westward subduction beneath the craton involving tectonic switching 846 

between advancing and retreating subduction processes may best explain the formation of the 847 
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cDML part of the Maud Belt during the later stage of Rodinia amalgamation. 848 

(5)  A new definition of the younger Maud belt (as distinct from the older Namaqua-Natal belt) 849 

can be proposed. Continuous continental arc magmatism in the Maud Belt is tectonically 850 

unrelated with the accretion of oceanic island arcs and final continent-continent collision in the 851 

Natal Belt. The Natal and Maud belts therefore had independent tectonic evolutions although 852 

they both reside along the margin of Proto-Kalahari.  853 

(6)  The tectonic contact relationship of the Natal and Maud belts is highly speculative, because 854 

it is largely unexposed and/or overprinted by later pan-African tectono-thermal events. The 855 

complex and contrasting tectonic evolution of the two belts characterises the lateral western 856 

termination of the greater Grenville Orogen. The Maud Belt appears to be the temporal starting 857 

point for a protracted accretionary tectonic cycle in the region, which continued from Stenian 858 

times into the early Neoproterozoic with the accretion of the TOAST. This accretionary 859 

supercycle outlasted almost the entire Neoproterozoic and relates to the extroversion of Rodinia 860 

and final formation of Gondwana.  861 

 862 

 863 

 864 

Acknowledgements 865 

This work was financially supported by faculty-specific funds and endowments of the Faculty 866 

of Mathematics and Natural Sciences, University of Bergen (No. 812378). C-C. Wang thanks 867 

for support from the China Scholarship Council. J. Jacobs thanks for continued field support 868 

of the Alfred-Wegener Institute, Bremerhaven, and the Federal Institute for Geosciences and 869 

Natural Resources (BGR). We thank M. Whitehouse and H. Jeon for their help in SIMS zircon 870 

O isotopic analyses, P. Montero and F. Bea for their help with SHRIMP analyses at the 871 

IBERSIMS facility, Granada, and M. Wingate for his help with SHRIMP analyses at Curtin. 872 



 

 37 

The MC-ICPMS lab at UJ was funded by NRF-NEP grant 93208, and is supported by DSI-873 

NRF CIMERA. M. A. Elburg acknowledges NRF IFRR funding (No. 119297). We thank Prof. 874 

T. Tsunogae and two anonymous referees for the editorial handing and helpful comments. This 875 

is IBERSIMS publication #66 and a contribution to IGCP 648, Supercontinent Cycles & Global 876 

Dynamics.    877 



 

 38 

Figure captions 878 

 879 

Fig. 1: (a) Reconstruction of the Maud and Namaqua-Natal (Na-Na) belts along the Proto-Kalahari 880 

Craton with Laurentia in Rodinia, after Jacobs et al. (2003a). The Proto-Kalahari Craton is interpreted 881 

as an indenter into Laurentia to form the Namaqua-Natal Belt at ca. 1050 Ma. The Maud Belt was 882 

traditionally regarded as the natural continuation of the Na-Na Belt into East Antarctica (e.g. 883 

Groenewald et al., 1995; Bauer et al., 2003), but has later been interpreted as a slightly younger accreted 884 

arc terrane (e.g. Mendonidis et al., 2013). Location of Rio de la Plata is from Li et al. (2008). (b) 885 

Location of Dronning Maud Land (DML) in East Antarctica and the Na-Na Belt in South Africa in 886 

Gondwana (after Jacobs et al., 2017). Abbreviations: C, Coats Land; cDML, central Dronning Maud 887 

Land; EH, Ellsworth-Haag; F, Filchnerblock; FI, Falkland Islands; FMA, Forster Magnetic Anomaly; 888 

G, Grunehogna Craton; GAM, Gamburtsev Mts.; Ki, Kibaran; M, Madagascar; MCRS, Mid 889 

Continental Rift System; N, Napier Complex; NC, Nampula Complex; Na-Na, Namaqua-Natal Belt; R, 890 

Read Block; TAM, Transantarctic Mts.; V, Vohibori; VCB, Valkyrie Cratonic Block.  891 
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892 

Fig. 2: Geological overview map of the study area and sample localities in the Orvin-Wohlthat 893 

Mountains and Gjelsvikfjella, cDML (cDML: from Gjelsvikfjella to Wohlthat mountains in this study). 894 

Abbreviations: FMA, Forster magnetic anomaly; HSZ, Heimefront Shear Zone; M, Mannefallknausane; 895 

TOAST, Tonian Oceanic Arc Super Terrane; UL, Ulvetanna Lineament; V, Vardeklettane Terrane. 896 
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897 

Fig. 3: Representative CL images with 206Pb/238U ages of zircons from the Orvin-Wohlthat Mountains.  898 
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