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Abstract

This study focusses on the Grenwilge Maud Belt irDronning Maud Land (DML), East
Antarctica, which was located at the margin of the RKatahari Craton during the assembly
of Rodinia. We present new-Bb zircon ages and HD isotope analyses of mafic and granitic
gneisses exposed in the OrWvohlthat Mountains and Gjelifjella, central DML (cDML).
The gochronological data indicate continuenggmatic activityrom 1160 to 1070 Mavhich
culminatedat 1110 1090 Ma, followed byhigh-grade metamorphisimetweenl080and1030
Ma. The majority of zircons frortihe Orvin-Wohlthat Mountaingxhibit radiogenic Hf isotopic
compositioscorrespondingts u p r a ¢ h @ (t) datuésandMesoproterozoic model ages
indicatingcrystallization frompredominantlyjuvenile magmad-owever the involvement of
ancientsedimentary materialvhich were most likelgerivedfrom theadjacenfrotoKalahari
Craton, is revealed by fewsamples with negative to neuttat (t) and significantly elevated
80 values (8104 ). Samples fronfurther west in Gjelsvikfijella havemore mantlelike
zircon O isotopic compositios and late Paleoproterozoi¢lif model ags, indicating the
incorporation ofincient previously mantlederivedcontinentakrust Therocksin cDML, thus
definepart ofan extensive Mesoproterozoic magmatic with subduction under therotoc
Kalaharimargin. This involvedignificant growth ohewcontinental crusipossibly related to
slab retregtaccompanied bgubordinate recycling afidercrustal components. €Maud Belt
has been correlated with the5IP1030 Ma Natal Beltin southern Africawhich lay to the
westin the context of Gondwanalthough this assertion has recently been questiéad
study suppodthe latter view in demonstrating trtaecontinentabrc magmatism itheMaud
Belt appearsd betemporally and tectonicallynconnectedo the accretion ofslightly older)
juvenileoceanic islands in the NaBeélt, which, in contrast to the Maud Belt, show subduction
polarity away from the cratoiVe thusspeculate thahe NanaquaNatal to Maud Beltcontact

(exposed in the Heimefront Shear Zongyrepresent a changed tectonic environnier
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arc/continentcontinent collisionto slightly youngercontinental margin orogenesé the
westernmost termination ¢fis part of the globabrenvile Orogen The Maud Belt marks the
beginning ofa major, longlived accretionary Andeatype tectonic regime on the eastern
margin of ProteKalahari related to the extroversion of Rodinia during almost the entire

Neoproterozoic and culminating in the fation of Gondwana.
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1. Introduction

Ear t h 0 s -ageoregenicibélt$ record the assembly of the supercontinent Rodinia
at the end of the Mesoproterozoic. This involved magaretionary and collisional events from
1245 Ma to 980 Ma and eventual tectonic stabilization of Rodinia after 1090 Ma (e.g. Li et al.,
2008; Rivers2009; Hynes and Rivers, 2010; McLelland et al., 2010). The Grenville Orogen
itself represersta major Hmalayatype collisional belt, mainly exposed along the eastern
margin of North America (Laurentiahlthough there is no consensus ashe restoration of
the continental fragments enveloping Laurentia in reconstructed configurations of Rodinia (e.g.
Weil et al., 1998; Dalziel et al., 2000; Pisarevsky et al., 2003; Torsvik, 2003; Li et al., 2008;
Johansson, 2009; Merdith et al., 2QX®)mbined geological anoshleomagnetic data show that
thecollision counterparts to Laurentia may include Amaz@@mvoodand Pisarevsky, 2017)

Rio de la PlataGaucheret al., 2011)Baltica (Bingen et al. 2008; Bingen and Viola, 2018)
and ProtoKalahari (Dalziel et al., 200QJacobs et al., 20632008b;Loewy et al., 2011;
SwansorHysell et al., 201p Whatever configutan holds truefollowing amalgamation,
exteriorocean basinkcally evolved into accretionary orogens around parth@®periphery

of Rodinia(e.g. Murphy and Nance, 2005). The subduction and convergence of these encircling
orogens may have triggered thevelopment of rifting and brealp of Rodinia at 800750 Ma
(Cawood et al., 2016). Some of the rifted continental fragments subsequently collided along
the East AfricéAntarctic Orogen (EAAO) to form Gondwana during Fsfnican times
between ~650 and 500a (Stern et al., 1994; Jacobs and Thomas, 2004).

During the assembly of Rodinia, subduction zones with @iffiesubduction polarities
developed at the periphery of theot®-Kalahari Craton giving rise to several tectonic
subdomains within the larg@renville Orogen (e.g. Thomas et 4l994; Jacobs et al., 2088
Oriolo and Becker, 2018)ncluding the Namaqublatal Belt insouthern Africaandthe Maud

Belt in East AntarcticgFig. 1) The Natal Beltvas formed by longtermaccretion of island



77 arcs and finalindentation of Protd&alahari into Laurentia (Jacobs et al., 192803%;

78 Mendonidis and Thomas, 2019The Maud Beltwas initially regarded as the lateral

79 continuation of the Namagqtiatal Belt (Fig.1a; Groenewald et al., 1995; Jacobs e2@03).

80 However,recent studies proposed that thegpear to be distinct with respect to subduction
81 polarity and the timing of tectorihermal events (Bisnath et al., 20@:antham et al., 2011;

82 Mendonidis et al., 2015Y.hus, heorogenichistory of the Maud Beléand its correlation with

83 the Natal Beltremains uncertain (e.Groenewald et al., 199Bauer et al., 2003a; Pasts

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

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

86 crustal growth and recyclindpuring continentcontinentcollisional orogenesis thdominant

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

88 By contrast subductnrelated orogenic systems (island arc accretion and continental arc)
89 usually involve progressive addition of manderived (juvenile) magmas during continuous
90 subduction of oceanic slafCondie, 2005; Cawooek al, 2009; Collins et al., 201 Ducea et

91 al., 2015; Hage#Peter and Cottle, 2018; Spencer et al., 2019Ht.and O isotopic tracing of

92  zirconis a weHestablished and powerful tool to identify the juvenile and reworked components
93 in magmatic systems (e.g. Valley, 2003; Hawkesworth and Ke@flf; ZXemp et al., 2007).

94 The Hf isotopic signature reflects the relative contributions of depleted mantle and recycled
95  continentcrust which have differing Lu/Hf ratios, and thereby develop disthiaf/1""Hf

96 ratios over time. The O isotopic compositioinzircons crystallized from mantle and mantle

97 derived magmas i s assumed t etalbl®98uAnygostiven ( 5. 3
98 devi atOovalue &rdm this benchmark is interpreted to be caused by contamibgtion
99 supracrustal material,ivich tends to have enriched heavy O isotope values. Accordingly, along
100 with U-Pb dating, HHO isotopic composition in zircon provides valuable information on crustal

101 and mantle processes involved in the generation of source rocks and parent magmas.
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The umavelling of the Grenvilleage history of the Maud Belt is rendered extremely
difficult due to later intense highrade tectonanetamorphic overprinting in Late
Neoproterozoic/Early Palaeozdicfi RPAafnr i tinaes duding Gondwana assembly (Fig.1b).
Becaug of this, previous studies have mainly focussed on this aspect of the Bé#ud
Consequently, geochronological and isotopic investigatibias target the Grenvillage
history are currently sparse and it is this gap in our knowledge that this papetosedkess
by focussing on a portion of the Maud Belt in central Dronning Maud Land (GEBML2). In
order to constrain the timing asdurcecomposition of Mesoproterozoic magmatism in cDML,
an integrated zirconPb dating and HO isotopic study waconducted on a series of samples
from the Orvin-Wohlthat Mountainsaand Gjelsvikfjella. The results allow us to evaluate the
role of crustal growth and recycling, recognize and characterize the main Grageille
orogenic events, arafrive ata betterunderstanihg of the geodynamic evolution of orogenic

belts along the margin of the Pref@lahari Craton during the assembly of Rodinia.

2. Geological backgroundthe Maud Belt

Dronning Maud Land (DML), in theéSouth Atlanticindian Ocean sector of East
Antarctica, comprises three main geological domaa)sthe Grunehogna Craton, which
represents an Archaean fragment of the PiKatiahari Craton (Groenewald et al., 1995; Jones
et al., 2003)b) the approximately 100km long Grenville-age(ca 1100 Ma)Maud Belt that
relates to the amalgamation of the supercontinent Rodiniag)atind Tonian Oceanic Arc
Super Terrane (TOAST) in soudastern and eastern DML that probably evolved outside
Rodina and was only later amalgamated to Bastarctica during Gondwana assembly
(Jacobs et al., 2015, 2017) (Fig. Zheu s e o f RrdioKalahaiCratortfin this paper
follows the definition proposed by Jacobs et al. (200&ferring to the Archean

Paleoproterozoic corgefore Mesoproterozo accretion producethe (full) Kalahari Gaton.



127 TheMaud Belt was firstlescribed bysroenewald et a(1995, referring toa Mesoproterozoic
128 orogenic mobile beltecognised aH.U. SverdrupfjellaKirwanveggenand Heimefrontfjella
129 inwestern DML(Fig. 2) Similar Grenvilleage rocks were subsequentgntifiedacross large
130 parts of western and central DMihcluding Gjelsvikfjella,the Mihlig -HofmannGebirgeand
131 theOrvin-Wohlthat MountaingJacobs et al., 1992003a, bPaulsson and Austrheim, 2003;
132 Bisnath et al., 2006Baba et al., 200)5(Fig. 2. The Ulvetanna Lineament separates
133 Gjelsvikfella and the MihligHofmanrGebirge in the west from the OrviWohlthat
134 mountains in the east (Fig. e eastern extent of the M&Belt (and easternmost Kalahari)
135 coincides with the Forster Magnetic Anomaly (Fig.egstof which younger rock§990-900
136 Ma) of theTonian Oceanic Arc Super TerraflBOAST) arejuxtaposedJacobs et al., 2015).
137 TheMaudBelt, together withthe NamaquaNatal Belt in southerAfrica, theNampula
138 Complexin northern Mozambique, the Falkland microplate HreHaag Nunatalklock, has
139 been restored along the margin of the Kalahari CratonRodinia and Gondwana
140 reconstructiongFig. 1, Groenewalcet al.,1995; Grantham et al., 1997; Thomas et al., 2000;
141 Jacobs and Thomas, 2004anhica et al., 2001 he NamaqudNatatMaud belt was initially
142 considered as aingle continuousorogen formed by the accretion of island arcs tonthe
143 margin of ProteKalahari during the assembly of RodirfRecently, however, the Nataud
144  correlation has been questioned. Bisnath et al. (2006jed outhatthetwo areas appedo
145 have different subduction polarities anthdependent tectonic histes until high-grade
146 metamorphisnmaffectedboth beltsat 10901070 Ma Mendonidis et al. (2016) noted that the
147 Natal belt has a significantly older history ¢a. 1200 Ma) thamost ofthe Maud belt (ca.
148 1150 Ma) The exception to this is the granulite faci®ardeklettane Terrane in
149 Heimefrontfjella,westermrmost DML (Fig. 2, e.g. Bauer et gl2003, 2009) which, alone in
150 East Antarcticaprobably correlatewith the Margate Terrane in Natal

151 The tectonic boundary between the Vardeklettane Terrane (i.e. the Natal belt) and the
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rest of the Maud belt has been identified as the major Heimefront ShearRg@r& Jacols

et al., 199% Furthermore, this structure forms the boundary between edbemtiistine
Mesoproterozoic crust in the west (Natal) and crugte eas{Maud), which was pervasively
reworkedin late Neoproterozoi€ambrian times durintheassembly of Gondwan&hus the
Maud Belt can be defineds Stenian crust iDML with extensivelate-Neoproterozoic/early
Paleozoiaeworking (Jacobs and Thomas, 2Q@bunded in the west by the Heimefront Shear
Zone and in the east by the major structure associated witodterMagneticAnomaly (Fig.

2).

The basementrocks in the Maud Belt are dominated by Grenvilkage (metg
supracrustal and intrusive rockemed from 1170 to 19 Ma, followed by 109G 1050 Ma
A-type granitic sheets and plutoffrndt et al., 1991; Harris, 1999; Jackson, 1999; Bauer et
al., 2003, b; Jacobs et gl2003a, b, 2009; Pawwsn andAustrheim 2003; Board et al., 2005;
Bisnath et al., 2006; Grantham et al., 20The emplacement of thesetype intrusionswas
accompanied bymphiboite- to granulitefacies metamorphispwhich has beemecogneed
from various parts of the Maud Belt (Arndt et al., 1991; Harris, 1999; Jackson, 1999; Jacobs et
al., 1998; 2003a; Board et al., 2005; Bisnath et al., 20@8schall et al., 2013 Syntectonic
magmatism and metamorphism were linked to convetgetonics related eithés continent
continent and/or arcontinent collisionPre-tectonic magmatic rockemplaced between 11i70
1120 Ma are composed of granitic gneisses and subordinate maficwitkka common
geochemical affinity to subductienelated volcanic arc rocks (e.gacobs et al., 1998aulsson
andAustrheim, 2003; Bisnath et al., 2006; Grantham et al., 2@f1yhich 1140i 1130 Ma
banded felsic and mafic gneisses were interpreted as bimedaVolcanic rock§Grantham,
1992;Jacobs et al., 1998; Mikhalsky and Jacobs, 200d3t of these rocks in Heimefrontfjella,
KirwanveggenandcDML have depletedNd isotopiccompositios with Mesoproterozoic to

late Pale@roterozoic model ages {114 Ga), indicating arelatively juvenile source
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composition (Arndt et al., 1991; Moyel993; Jacobs et al., 1998; Warehetral., 1998Hatrris,
1999; Grantham et al., 2001). However, Paleoprotere&aibaean Nd model ages frdmU.
Sverdrupfijellaand Heimefrontfjellamply the involvenent of older crust in parts of the Maud
Belt (Arndt et al., 1991Warehamet al., 1998; Grosch et al., 200¥Y¥hetherthese magmas
were formed along the continahinargin of ProteKalahari onn a Rodiniadistant oceanic arc,
remainsambiguous andontrowersial(Arndt et al, 1991; Jacobs et all993, 2008; Groenewald
et al, 1995; Bauer et 312003a; Pausn andAustrheim, 2003; Mikhalsky and Jacobs, 2004;
Grosch et al., 2007, 2016rantham et al., 20)1Some studiespinethat theparts of thevlaud
Belt represent juvenile island arthat accreted onto the Pref@lahari Craton margin
(Groenewald et al., 1995; Bauer et al., 20@3&ntham et al., 20)1In contrast, a continental
arcsettinghas been supported by other studies (Frimmel, 2004; Bistal., 2006; Grosch et
al., 2007; Marschall et al., 2013).

Crustal components df.271.0 Gaare also preserved in the Grunehogna Craton
western DML to the northwest of the Maud Be(Fig. 2). The late Mesoproterozoic
Ritscherflya Supergroupomprises &edimentarysequenceecording the erosional remnants
of Grenvilleage rocks closey (e.g. Marshall et al., 2013). Thesedimentary rocksre
intruded by(ultra-) mafic and felsic intrusion@NVolmarans and Kent, 1982; Krynauw et al.,
1988) which weredated at ca. 1.1 G#®eters et al., 1991; Moyes et al., 1995; Hanson et al.,

2004).

3. Samples and analytical methods

The amples forthe present study were collected duritigee field seasons between
1995 and 200%vith the aim of elucidating the Mesoproterozoic history of this pacDdfIL.
Because the rocks were subject to pervasive intense Neoprote@azotoian A RAafnr i can o)

tectmo-thermal reworking and magmatism, the sampling was focuseal variety ofspecific
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lithotypes (mainly orthogneisses of various compositioDg}tailedstructural and intrusive
relations between thighotypes cannot be ascertained because the original relationships are
totally obscured byhe intense, polyphase tectonism to whichytwere subjected some 500
Ma after their formationThe localitesfor theanalygdsamplesiremarked on Fig2. Fifteen
sampledrom the Orvin-Wohlthat Mountainsincluding granitic and mafic gneisses as well as
oneparagneissvere selected for SHRIMB-Pb dating Lu-Hf and O isoto investigations
In addition, six samples from Gjelsvikfjellaome 200 km west of theOrvin-Wohlthat
Mountains,which had previouslypeenU-Pb zircondated(Jacobs et al., 20632008), were
analy®d for their Hf-O isotopic compositiorfor comparison.Zircon concentrates, mount
preparationoptical (reflected and transmitted light) and cathodoluminescence (CL) imaging
were completedbefore analyis and guided the selection of taealy®d spots U-Pb, Lu-Hf
and Oisotopicanalyses were performed on the same spot or from the same growth damain.
somecases|.u-Hf analyses were not possible dudhe necessity to usdarge beam size&5Q
Hm).
3.1 SHRIMP U-Pb dating

Twelve samplesvere analy®d using the SensitiveHigh Resolutionlon Microprobe
(SHRIMP) at the IBERSIMS laboratory, University of Granada, Spain tnee samples
(J1759, J1772, J179%kre analysedt theJohn de Laeter Centre, Curtin UnivershAystralia.
For detaik of methodology and analytical conditioeseSupplementary file B of Jacobs et al.
(2017)and Jacobs et al. (2008 respectively If common lead concentrations are low, we
report uncorrected ages, otherwise we report comieacorrected ages. Weighted mea
ages and group concanttages are calculated with Isoplot (Version 4.15; Ludwig, 202All
errors are Frlewvgorted at the 240
3.2 O-isotope system determination

Oxygen isotope ratios of zircon grains that were previously analysed for fiel U

1C
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ageswere measured using a CAMECA IM280 instrument at the Swedish Museum of
Natural History, Stockholm (Sweden), as well as at the IBERSIMS SHRIdMRc facility in
Granada (Spain). Prior to ion microprobe analysis, titblanalysis spots were removediro

the zircons by polishing followed by recoating widBO nm gold.

Oxygen isotope ratios of zircon grains were measured using the CAMECAL28($
multicollector ion microprobe at the NordSIM Laboratory, Department of Geosciences,
Swedish Museum of Naturllistory, Stockholm, Sweden. The analysis was performed with a
c. 2 nA Cs primary ion beam together with a normal incidence,-lemergy, electron gun for

charge compensation, mediufield magnification (c. 80 ) and two Faraday detectors

(channels B2 and HR) at a common mass resolution of c. 2500. Measurements were
performed in prggrogrammed chatanalysis mode with automatic field aperture and entrance

slit certring on thet®O sigral. The magnetic field was locked using nuclear magnetic resonance
regulation for the entire analytical session. Each-datpiisition run comprised a 20 pum x20

pm pre-sputter to remove the Au layer, followed by the centstegps and 64 s of data
integration pefiormed using a nenastered, A0 um spot. Field aperture centring values were

found to be well within those for which no bias has been observed during tests on standard
mounts (Whitehouse & Nemchin 2008)I unknowns were analysed in 6 sessions, witary

set of six unknowns bracketed by two analyses of Geostandard. Dietarled data processing

and results are found in Supplementary File B. In session 1 #melr2ference zircostandard
isSTEM2andmasured isotopic r afOivaue ofvBR@B e (Bbamal iez
al., 2004)(SMOW). Insession3,mas ur ed i sotopic r afOvausofwer e 1
+9.8@ (Wiedenbeck et al. 20043MOW) for the reference zircon 91500. In session 4, 5 and

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

nor mal i 2@whluetobb.08 (BMOW) for the former and %0 value of 44.16i

for the latter. The values of these two standardobtanedby running themas unknowns

11



252 with standard 9150CExternal reproducibilityof 0.120 . 2 2 B) d{riBg the six sessions
253 basedon the standardneasurementsyas propagatedanto the internal precisionto yield the

254  overalluncertaintyfor eachanalysis.

255 Threesample$J1690J1693,J1851)wereanalysednthe I BERSIMS SHRIMP_lle/mc,
256 following theprocedureasdescribedn Monteroetal. (2017):the SHRIMP primaryion optics
257 wassetwith a120pum Kohleraperturego producea~18pum diameteispotonthemountsurface.
258 The Cs gunwassetto yield a ~8 nA Cs" beam.The e-gun to neutralizeCs ions on non

259 conductivematerialwas setto an intensity of aboutl pA. Spotsto be analysedwere pre-

260 sputteredor about5 minutesbeforemeasurement®uringthistime, the secondarypeamand
261 thee-gunwerefully optimizedto maximizethe®0 signal.Measuremente/eredonein 2 sets
262 of 10scansach.Thescansvereof 10 second®achsothatthetotal datacollectiontime was
263 200secondgperspot.Theelectroninducedsecondaryon emissionbackgroundvasrecorded
264  during 10 s beforeandafter eachsetandsubtractedrom the %0 and*®O counts. TEM2 was
265 usedasthe standardwith zircon measureceverythreeunknownsand crosscheckedagainst
266  the91500zirconevery20 unknownsThereproducibilityof the standardsvasexcellent:i*é0

267 =8.20+ 0.3 2SD)for the TEM2 and(i*®0 = 10.05+ 0 2 §2SD)for the 91500respectively.
268 Datareductionwasdonewith the POXY programdevelopedy P.LancandP. Holdenatthe

269  AustralianNationalUniversity.

270 3.3 Lu-Hf isotope system determination

271 Lu-Hf isotopes were measured at the University of Johannesburg, using an ASI
272 Resonetics 193 nm Excimer laser ablation system coupled to a Nu Plasma-tathedtor

273 ICPMS. Ablations were done usindgé@ 70 pn diameter spot, at an ablation rate of 7 Hz and
274  an energy density of 6 J/@mPrior to ablation the area was cleaned with two laser shots, and
275 after ten secondsf decay time, the background was measured for twkvegyseconds. The

276 signal was collected for 75 seconds during ablation. During the amlgéssion, accuracy

12
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and external reproducibility of the method was verified by repeated analyses of reference zircon
Mud Tank Temora2and LV-11, which yielded'"®Hf/1""Hf of 0.282490+0.000036 (2SD, n =
56), 0.282684 +0.0000542SD, n = 59), an®.28845+0.000076 (2SD, n =46), respectively.
These ratios are well within thercon referencelata from Woodhead and Hergt (20@&5)d
Heinonen et al. (2010).

For calculation of the epsilon Hihe chondritic uniform reservoir (CHUR) was used
as recommendeoly Bouvier et al. (2008;%Lu/t""Hf and*"®Hf/*""Hf of 0.0336 and 0.282785,
respectively), and a decay constant of 1.867 ¥4(Bcherer et al., 2001; Sdlerlund et al.,
2004).Calculation of model ages is based on the depleted mantle source valudsnoéiz.
(2000)with preseniday!’®Hf/1""Hf = 0.28325 and’®Lu/*""Hf = 0.0384 For granitic samples,
the model ages are calculatesing "% u/*"’Hf=0.015 for theaveragecontinental crustyhile
a ratio 0f0.022 (Amelin et al., 1999)s used fortwo mafic samples (J1625, J1759)itial
178Hf/17"Hf andepsilonHf for all analygdzircon domains were calculated using the respective
interpreted crystallization age of each samhee valuesof averagedys (t) and*®Hf/"Hf

for each sample are reported as me&D.

4. Results

All U-Pb dating data and HD isotopic results are presented in supplementary file A
and B respectively. In the following texthe (meta)igneous samples from the Orwlohlthat

Mountains are ordedefrom old to youngnd the last one is a paragneiss sample.

4.1 U-Pb zircon geochronology and HO isotopic composition of samples fronthe Orvin -

Wohlthat Mountains

J1625 Maficgneiss(Location coordinates:71.859678; 9.905846)

Zircon grainsin this sampleare subhedrako anhedral, rounded, stubby or irregular,

13
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clear to light brown, 100150 mn sizewith aspect ratios of up to(&ig. 3). CL images show
frequentcorei mantle structures reflected by a medih core with oscillatory or weak
sector zoning and a Cdlark mantleBesides, déew stubbyto slightly elongatd zircons appear
entirely CL-dark andstructureless, with U contents up to 20@§@n Thirty-eight analyses
wereconductedn 34 grains, targeting all zircaomaintypes.Zoned cores weranalygdon
23 grains most with typical Th/U ratios of 0080.60. The9 oldest analyse®rm an age group
with aconcoudia age 0f1152+ 7 Ma (MSWD = 14), which is interpreted as tleeystallization
age of the sampl@he remaining 14 analyses are discordant possibly due to recan@endt
Pb-loss.Fifteenanalyses on risiand structurelessomainscommonly have high to very high
U concentrationg1500 20000 ppm) with Th/U ratios of 0.0@.30, typical of metamorphic
zircons. A fewof them(e.g. 8.1, 9.1, 28.1, 29.1yith high U conterdg and low Th/U ratis
(0.070.28) are concordanat ca.1083 Ma. This age group documentse Grenvilleage
metamorphisnin this area. Seven analysas high-U zirconareas and rimeave?®Pn?3y
ages rangingfrom 460 to 540 MaFig. 4a), representing later early Paleozoic tectono
metmorphic overprint.

Lu-Hf and Oisotope analyses were conductedlorteenGrenvilleageigneouggrains
Exceptfor one outlier withas i gni f i c @ () valug (+153), gvtich ¢buld represent
accidental ablation of a Pakfrican aged domain at deptiine resshowU (t) valuesrangng
from +2.6to +7.9 (Fig. 5a)with anaverage of +8 + 1.8 (*’°Hf/*""Hf; = 0.28218+ 0.000(),
corresponding ta two-stage model age @06 1.69Ga Their ii®0 values range from 41
6.6a with an average #.5+06a ( Fa.g. 6
J1772 Migmatiticbiotite gneiss ¢71.889882 8.835805)

Zircon grains are mostlguhedrato subhedralstubbyto long prismaticclear to light
brownwith abundant fracture$0i 300em in lengthwith aspect ratios up to 5. In CL images,

most zircons exhibit coreim structurescharacterized by oscillatory zoning in the cores and
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thin, weakly or strongljluminescent rimsHowever, the oscillatory zones in some cores have
been thickened, blurred, and even entirely homogenized due to Grameltlieand/or Pan
African alterationSixteen coranalyses with varied CL characteristics show U abundances of
170i 1500 ppmand Th abundances 66i 350 ppm with Th/U ratios 0f0.06 0.82 One grain
(16.1) gives an age ofac1800 Ma and one grain (7.1) is excluded because it is strongly
reversely discordant. The remaining 14 analysfme a discordia lingith an upper intercept

at a. 1140 Ma and a lower intercept a 610 Ma (Fig. 4b). The former is interpreted as an
approximate crystallization age ahigneous protolithwhereaghe latter represents the timing

of PanrAfrican metamorphism.

Lu-Hf isotopic analysesnvere completean fourteen grainsvith different degrees of
lead loss but ®Hf/*""Hf and Lu/Hf ratiosare uncorrelated withTh, U contents and age
indicatingtheresistance of Hf isotopic composition during subsequent metamor.dixsept
3analysesvhichy i el d si gni fui(tvaluesbdiweeny®.8 anit.6 (Fige Sa)lihe
remaining 1lanalyses define aniform isotopic compositiomwith Ui (t) valuesfrom +0.9 to
+3.6 (1"®Hf/1"™Hf ;) = 0.28217+ 0.00003) and model ages of 1i8972Ga.

J1807Granitic orthogneisy-71.784806, 10.234231)

Zircons aresubhedral and elongated, composed ofelatively bright core with
oscillatory zoning and structurelesims significantly dark in CL imaged-ig. 3). Twenty-eight
analyses wer@btainedon 22 rims and 6 core§he core and rim domains show distinct
difference in U concentration and Th/U ratioe U content of the cores is generally below 500
ppm and Th/U ratio ranges from 0110936, whiletherims have Wtontents okeveral thousand
ppm and Th/U ratio between 0i@L13.2%%Pb-corrected isotopic ratios were used to calculate
for rim areas whileno correctionwas necessaifpr the coreanalysesSix core analyses show
significant scattedue to PHoss. The8 most concordartoresprovide aconcorda age of 1130

+11 Ma (MSWD = 103), which is interpreted to represent the crystallization agesdfineous
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protolith. The rim analyses give two age populations, 20 of which defiwell-constrained
concordiaage of 526 £3 Ma (MSWD = 17) while the other 2 are (nearly) concordant at ca.
580 Ma(Fig. 4d). Theyareinterpreted toecordthetiming of multiple high-grade metamorphic
overprint.

J1788 Granitic orthogneiss-{1.45779711.544662)

Zircons in this sample are euhedr al t
length with aspect ratios of ® 3. In CL images, the main portis of the zircons appear
oscillatory zoned (Fig. 3) anal fewhave metamict cores. Many zircons have thinkCight
rims, though too thin to be analysed. Twenty analyses were performed on oseiatbioane
zoneddomains which are characterized by rleely uniform Th/Uratiosof 0.3 0.5 with Th
= 50310 ppm and U = 18@00 ppm. Twelve analyses yield a concordia age of 1128 £5 Ma
(MSWD=1.4), interpreted as the crystallization age of the igneous protolith. The renfaining
discordant analyses are affedtby recent Rloss (Fig. 4c).

The Gy (t) values rangefrom 5.5 to 6.7 (Fig. 5aith an average o#6.0 + 0.4
(Y"Hf/1"Hf ) = 0.28224+ 0.00001) corresponding to a twstage model age of 1.68.52Ga.
Theii®O values range from6.3to 74 wi t h an7.+:0.8& a(@ki .0.f 6Db)
J1793Tonalitic gneiss(-71.916417; 11.559102)

This samplecontainszircon grainsthatare euhedraio subhedral, transparent, bright
and clear, up aspect2aliod ofig8nm AL onaggs zimconsshow bright to
medium oscillatory zoned cores withwithout dark unzoned rims which are mostly too thin
to beanaly®d (Fig. 3). Thirty analyses were carried out on 28 cores and 2 rimszifduns
containvery little common Pb. The Th/U rat®f the @res range between 012068, with
Th=60i 250 ppm and U=1G 980 ppm A concordia age 01118 £3 Ma (MSWD = 1.3)s
calculatedrom 17 core analysesyhilst a few other core analyses showed slight signs of Pb

loss and were excluded from the age calculafieiy. 4e). One of theanaly®d rimsis
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discordant buhasa similar Mesoproterozoic agasthe cores (Th/U = 0.26), and may be of

metamorphicrigin. The other rim analysis (Th/U = 0.0dlpts on the concordia curvat ca.

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

whereaghe one younger rim analysis represents metamorphic overprint.

Twelve isotogdc analyses on concordant igneous domalefne apopulation with a

homogeneousif-O isotopic compositioriThe Uy (t) values rang&om +6.3 to+7.9 (Fig. 5a)

with an average of +740.5 ¢"®Hf/1"Hf ;) = 0.28228+ 0.00001, corresponding to twetage

model ages of 1.53.43Ga. Their (*®0 values range from 6i6.9 &

+02% (Fi.g. 6¢)

J1693Granitic orthogneiss(-71.846046; 9.885719)

wi t h

aneaver ag:¢

Zircon grains areuhedrato subhedralequantto elongatedvith aspect ratios ofi3,

clear to light browrand150' 300em long. In CLimages many zirconshow oscillatory zoned

cores that are surrounded by rigisg. 3) A few individual zircons are complete@i-dark

and structureless. The zircons warelygdin 27 spotsjncluding20 oscillatory zoned cores

and in 7CL-dark structurelesdomains The core analyses show a significant scatter and are

in part discordant. Th8 most concordant analysgeld aconcordiaage of 118 + 10 Ma

(MSWD = 13). Of the 7 rim analyseswvo are discordant and the remaining 5 analyses provide

aconcorda age of500 + 4 Ma (MSWD = 087) (Fig. 4). The age of ca. 1B0Ma is the best

estimate for the crystallization age of the igneous protolith, whilst the rim analyses of ca. 50

Ma are interpreted ake timing ofametamorphic overprint.

FourteenLu-Hf isotopc analyses have been conducted concordant or nearly

concordant igneous domairtsxcept one with inclusi@nthe remaining 13 analysesnge in

Gy (t) from 1.1 to 5.5(Fig. 5a)with an average of +2.7 +1.22®Hf/*"Hf; = 0.28216 +

0.00004, corresponding to twstage model ages of 118658 Ga. Oxygenisotope analyses

yield {i®0 values ranging frorB.7to 8.0 (mean7.1+0.7 4 ,

Fi

g.

6d) .
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J1738 Garnet-biotite orthogneiss {71.976795l; 9.692059)

Zircons are subhedrako anhedralmosty with rounded terminations, clear to bright
brownand150'3 0 O indemgthwith aspect ratios up ta IFhey are generally medium to dark
in CL, with weak oscillatory zoning overprinted by thin dark rigksg. 3). Twentytwo
analyses werperformedon 21 osillatory zoned cores and one rim. The Th/U ratio of the cores
range between 0.08.54with Th=25i 180 ppm and U=901660 ppm, and the rim has &h/U
ratio of 0.01. Five of the oscillatory zoned cores givercordiaage of 1107 +8 Ma (MSWD
= 1.3), whilst the other analysesediscordantiue torecent and PaAfrican Pb-loss(Fig. 4g).

The ageof 1107 £8 Mais interpreted to represent the igneous crystallization age of the granite
protolith. Metamorphic overprint is evident from one rim analgsisa. 560 Ma.
J1734Garnetbiotite orthogneiss(-71.9729009.765919)

Zircon grains arsubhedrato anhedral, with rounded terminations, light brown to clear,
150450 em | ong wgererallybaetwgereZant3 butsometimesip to 7(Fig. 3)
Although many of the grains are dark in CL, oscillatory zoning can be observed. Many of the
grains have a thin dark rim, but in most cases, they are too thinaimebeged. Twentythree
zircon grains weranaly®d of which 22 are coseand one rim. Theore analyses have Th/U
ratios ranging from 0.08 0.87, with Th=8i 290 ppm and U=30i 2200 ppm, and the rim
analysis has @&h/U ratio of 0.01.Twelve of the oscillatory zoned cores giveeancordiaage
of 1102 +4 Ma (MSWD = 112), whilst the othes showsigns of recent Rloss. Theonly one
rim analysis is1earlyconcordant andives an age afa. 310 Ma (Fig. 4h). Theconcordiaage
of 1102 +4 Mais interpreted to represent the crystallization age of the igneous pretihth
the younger rim analysetributed to later metamorphism.

The U (t) valuesirom concordant or nearly concordant magmatic domaielsetween
-0.2i +2.4 (Fig. 5a)with an average of +1.2 0.7 ("Hf/*"™Hf; = 0.28212+ 0.00002,

corresponding to twstage model ages of 119276Ga. Fifteen(i®O values range from 7.8 to
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426 95a with an8mwba a(@ki .f 6h) .

427 J1792Granitic orthogneisq-71.77298; 11.692213)

428 Zircon grains arenostly subhedrato anhedralwith elongate or equamorphologies
429 yellowishand small 80i 120 pm long) with aspect ratios of 1i2. In CL images, most of them
430 arecharacterized by weaklyminescent oscillatory zoning. A few grains show resorption and
431 a thin, moderatehgtrongly luminescent overgrowtlkifteen analyses were performed on
432  zircon cores. These domains have relatively low UO{ZZ&0 ppm) and Th (@i 340 ppm)
433 contents, with Th/U ratios of 0.10.78. Four analysefiave been excludedwo with high
434 common lead (3.1, 8.1) and twhmataresignificantly reversely discordant (10.1, 13.T¢nof
435 the remaining 11 analyses defineancordiaage of 100+5 Ma (MSWD = 1.3)(Fig. 4).

436 Lu-Hf isotope analyses were conducted tarelve igneouszircors. Except one Hf
437  analysiswith an unusuallyhigh Gk (t) value at +11.7the othersrange inGk (t) from +6.5 to
438 +8.4(Fig. 5a)with an average of +720.9 (*"®Hf/*""Hf; = 0.28280+ 0.000@), corresponding
439 to two-stage model ages of 1i8342Ga.Theiit®O values range from5% t o 7. 2 a
440 averageob.1+04a (Fig. 6e) .

441  J1690Charnockite(-71.922297; 8.768715)

442 Zircon grains a subhedralelongated, clear, 208600 m long with aspect ratios up to
443 4. In CLimages zircons show oscillatory zorg of inclusionrich cores that are surrounded
444 by mostly structureless dark ringgig. 3) Twentysevencores and 5 rimsvere analysed
445  Twenty-sevencore analysedncluding one potential inherited zircon at ca. 1200 8heaw a
446  scatter due to Rlmssin some analyse3.he 8 most concordantores provide aconcordiaage
447  of 1097 + 14 Ma (MSWD = 19). Five rim analyses are all slightly discordant and have a
448 weightedmean?®PbP8 age of ca. 60 Ma (Fig. 4). Theformer ageis interpreted as the
449  crystallization age of the igneous protolith, whilst kageris interpreted toepresent the age

450 of charnockitigtion.
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Lu-Hf isotopic analysesvere conducted on 3 igneous domainsfwo analysesvith
higher Uy (t) valuespossibly due to a mixture of core and rim domains have been excluded
from the dateaveragesThe remaining 11 (t) valuesvary from +4.1 to +6.7(Fig. 5a)with
an average of +5080.8 ("®Hf/1""Hf; = 0.28223+ 0.00002), corresponding to tvetage model
ages of 1.6i71.50 Ga. O isotopic analyses havel#®O value from 5.4 to 7224 wi t h an
average value @3.6+ 0.5a Hig. ).

J1672Granitic orthogneiss(-71.778109; 10.553229)

Zircons aresubhedrato anhedralvi t h r ounded ter minations,
aspect ratios ofi3. Many of the zircons show oscillatory zoning with thin, dark, structureless
rims that were mostly too thin to kealy®d (Fig. 3). Twentysix zircon domainswere
analy®d, including?1 zonedgrainsand5 rims. The rims have a Th/thtioranging from 0.005
t0 0.26, and the cores have Th/U ranging from @l®65 with Th=3%i 510 ppm and U=10i
800 ppm. Nineteenanalyses of oscillatory zoned cores giveoacorda age of 180 +4 Ma
(MSWD =0.95. The other2 core analyses show Rfiss, and/or have high analytical error.
Threerim analysegjield a concorh age atca. 560 MaFig. 4k). The age of ca. BD Ma is
interpreted as the crystallization age of the igneous protitithe rim analyses of c&60
Ma areregarded as the time of metamoxpbverprint

Lu-Hf and Oisotope analyses were conductedifieen concordant igneous domains
One Hfanalysisyieldedan aberrantiyigh Us (t) value at +11.0whilst theothervaluesrange
from +6.3 to +8.4Fig. 5a)with an average of +7.40.6 ("®Hf/*""Hf; = 0.28230+ 0.00002,
corresponding to twstage model ages of 1181138 Ga. it®0 values range from.% to7.9 &
with an average of.1+ 0.3a (Fig. 69).

J1759Amphibolite (-71.722712; 10.629123)
Zircon grains arstubbyto short prismatic, clear to light brown, with lengths of 300

em and aspect ratios of 1.5 Most zircons display conem structures The former are CL
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476 dark and either show no zonirggctorzoning or oscillatory zoningnd the rims are Ghright
477 andstructurelessA few grains are distinctly highlluminescent with dark thin rim&leven
478 grains were analygd 9 of which are from the low-luminescentdomainswith high U
479 concentrations (57640 ppm) and Th/U ratid®.14 0.46. Mostanalyses are discordant and
480 plot on a discordia line, with@oorly-definedupper intercept at 1084 +68 Ma (MSWD = 0,73
481 Probability = 0.74) and a lower intercept at 600 Ma(Fig. 4l). The upper intercept at ca.
482 1084 Mais interpreted as being close to the crystallisation age of the igneous pyetbligt
483 the lower intercept is probably related to metamorphic overprint and the time -dd$sad he
484 remaining two zircordomainswith high luminescence (10.1, 11.1) have much lower U
485 concentrations (25@80 ppm) and higher Th/U ratios of Oi&283. One of them is highly
486 discordant and thus excluded from the calculation. The othegaresarolder age of ca. 1.2
487 Ga which may represemininheriteddomain

488 Lu-Hf isotopic analyses have been done on twigleeousgrains with different degrees
489 of lead lossThey display a spread Hf isotopic composition, withi (t) values rangindrom
490 +5.1to+12.1(Fig. 5a,"*Hf/1"Hf ;) = 0.28224 0.28244)andtwo-stagemodel ages from 19
491 toll7Ga

492 J1851Granitic augengneiss {71.574047; 12.146767)

493 The sample contairsuhedrato subhedralgclear to light browrzircons 200 400em
494 long with aspect ratios up to 5. In @hages most grains appear bright with oscillatory growth
495 zoning (Fig. 3). Some havainor, dark rims that were too thin to bealy®d. Twenty-seven
496 spots wereanalygd all from the oscillatory zoned cores. The analyses show a significant
497 scattedue to PHoss.Two analyses, including one with a large effds.1)and the other with
498 high discordancé7.1), are excludedrom plotting. The most concordant analyses provide a
499 well-constrained concordia age of 1085 Ma (MSWD = 13, n = 11, Fig. /). This age is

500 interpreted as the igneous crystallization age of the igneous protolith.
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Fifteen O isotopic analyses on igneous domains haV#avalue from 8.8 to 9.5
with an average value 89+ 0.4a ( F j). FheUst) valuesrangefrom +4.5 to+7.1 (Fig.
5a)with an average of +5.8 0.9 {"®Hf/*""Hf = 0.28226+ 0.00002), corresponding to two
stage model ages of 1i6246Ga.

J1710Garnetbiotite orthogneiss {72.143052; 10.013868)

Zircon grains are anhedral, stubby to elongatdclear to brownish. Somgrainsare
cracked and many have inclusions. Many zircons have cleamtande structures. In CL
images,zircons show mostly oscillatory zoned cores with moderate CL response. The cores
have Cl-dark, structureless rimsftenthick enough at their tip® beanaly®d (Fig. 3).Few
zircons are composed of oscillatory zoned coresn@iderate mantle and dark rim (Fig. 3).
Twenty-five spotswereanalygdon 18 cores 1 mantle and rims.Most core analyses have
Th/U ratios ranging from 018 to 0.86, whilst most rim domains have very high U
concentrations up to 6600 ppm with typical Thatiosbelow 0.1. Of the 18 core analyses two
inherited zircon domains plot on the concordia curve at ca. 1200 Ma, and 6 analyses form a
uniform agegroup with a concordia age of 10238 Ma (MSWD = 074) (Fig. 4n) Some
zircon cores appear to have recrystallized to some extent to have a low Th/U ratio (< 0.2). The
core analyses of ca. 1079 Ma are interpreted as the best estinthtecfystallizaton age of
the granitic protolithA mantleandarim domainyield ages of ca. 8D Maand ca. 1080 Ma
respectivelywhichareregarded as th@ming of asubsequennhetamorphi@vent Furthermore,
the 1000900 Ma and 500 Ma discordant zircons mcord evidence of multistage
metamorphism in early Tonian a@dmbriantimes.

Lu-Hf and O isotope analyses were performedfaurteen concordantor nearly
concordangrainswith Grenvilleage igneous agdge Uy (t) values rangefrom -2.8 to +1.1
(Fig. 5a)with an average of0.4+ 1.1 ("%Hf/*"Hf = 0.28209+ 0.00003, corresponding to

two-stage model ages of 2id782Ga.Eleven analyses havg®O values ranipg from 7.7 to
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1008 wi t h an9.@r08a a @ Ei,agtile thréee)outliers with lowdi'®O values
are excluded from average calculation.
DML 40 Garnetsillimanite-cordieritegneiss(metapelitc paragneis$(-71.96503, 7.367933)

This is the only metaedimentary sample of this study.is a garnesillimanite
cordierite gneiss with melanocratic layers alternating with leucosome |@yre@n grains are
subhedralshort columnawith a maximum length of c00 pm. CL images of most zircons
show oscillatory zoned cores surrounded bk danzoned rims (Fig. 3). Twentyree analyses
were conducted on core domains, which have high Th/U ratios ranging from 0.16 to 0.89.
Sevenof themyield a concordant age at39+1 1 Ma (MSWD = 078), 3 grainsweredated
at ca. 1750 Ma, anélhave Mesomterozoig(Ectasianpges of 13201 1200 Ma. Other analyses
on cores are discordant because ofd3s (Fig. 4). Fourteen analyses were performed on rim
domains Low Th/U ratios (0.000.16) with Th=4161 ppm and U=34£2193 ppm may
indicate a metamorpharigin. The 5 youngest rim analyses form a veelhstrained age group
with a concordia age of 626 Ma (MSWD = 081). The other rim analyses are discordant
with an age of 85800 Ma and ca. 610 Ma (Fig. 40).

The core age spectrum from ca. 177220 Ma r@resent detrital zircon components
from Pale@roterozoicto Ectasiansource regionsThe youngest concordant detrital ages are
ca. 1140 Ma and likely represent the maximum depositional age of the sedimentary protolith,
coinciding with the older age speatmnwof igneous rocks in this studyhe rim age of 526 +6
Ma is interpreted to represent crystallization of anatectic melt during cooling from peak
temperatures.

4.2 Hf-O isotopic signature of samples from Gjelsvikfjella

Six granitic gneiss sampléisathad beerU-Pb zircondatedpreviously(Jacobs et al.,

2003a, 2008b) weranaly®d for their HfO isotopic compositios(Table 1, Fig. 5a and 7).

Despite a broad spread in Hf isotopic composition observed in several samples;shegivo
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Hf model ages cister between 15 1.55Ga with a peak at 1.67 Ga (Fig. 5d), which are distinct

from thoseof the Orvin-Wohlthat MountaingFig. 5b). Zircons dominantly have an oxygen

isotopic composition in the range of mantlevalges . 3 N 0. éal, 1P8)hutaea | | ey

(e.g. sample 1702) display lowii®O valueq(Fig. 7a)

Table 1Zircon Hf-O isotopicdataof samples from Gjelsvikfjella

Sample Rock types Igneous age (Ma]  T8Hf/T7Hf ¢ Ok (t) Onr () £S.D. | "800 (
17012 Migmatitic gneiss 1142 £10 0.282190.28230| +3.61 +6.8 5315 2943
18125 | Migmatitic augen gneis 1137 £14 0.282170.28224| +3.81 +6.4 4.9+0.7 456.1
15121 Augen gneiss 1123 +21 0.282160.28223| +3.17 +5.7| 4.3+0.8 5.006.5
27124 Migmatitic gneiss 1115 +12 0.282070.28231| -0.1i +8.3 3.7+2.2 4376
24124 | Migmatitic augen gneis 1096 +8 0.282190.28228| +3.41 +6.6 4.8 £0.9 4.65.9
30121 Mylonitic felsic gneiss 1098 £25 0.282060.28221| -1.171 +4.4 20%11 4.215.6

4.3 Summary of zircon geochronological and HD isotopic data

The UPb geochronolagal resultsof the 15 newly dated samplesre summarized in
Fig. 8. The igneous ages show a protracted and almost contimagusatisnfrom 1160 Ma
to 1070 Ma, with an ageoncentration at ca. 1100090 Ma. Some sampledso show
Mesoproterozoic metamorphic ages, which are recordesihigle grainor rim overgrowtls,
characterized by dark CL and low Th/U at ca. 108B0 Ma.Most samples also exhibit a
metamorphioverprinting history between 600 and 500 Ma. Zircon inheritance is rare, with ca.
1200 Ma ages recorded by a few samples and ca. 1700 Ma by one.shimparly
Paleoproterozoior Archaean inherited zircons were found. Detrital zircons fromottig
metasedimentary sample (DML 40) yield-Bb ages clustering aroudd50Ma, 130i 1200
Ma and 180 Ma, overprinted by Cambrigea. 530Ma) metamorphismMost samples from
the Orvin-Wohlthat Mountainsh a v 80 values that are similar tor slightly higherthan
mantle valusandhaves t r o n g | yu (th whild afew samples (e.g. J1710, J17%4g.
5) with a mineralogicalaffinity to Stype graniteqgarnetbearing)display distinctly higher
080 and (D) waless. Fiu@ of six samplefrom Gjelsvikjella have mantldike O and

suprachondriticHf-isotogc compositios, wher eas one s%wgue(9% has
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4 . 3 than)mantle value.

5. Discussion

5.1 Mesoproterozoic crustal growth and reworking incDML

Magmas generated in subduction zec@mmonly contain components sourced from a
number of different reservoirs, suchthe subducted oceanic slab and sedimeahismantle
wedge, and overlying crustal materadl differentages and provenan¢Bearce et al., 1999;
Elburg et al., 2002; Bindean et al., 2006Combined zircon H isotopic investigations have
the potential to constrain variable contributions of juvenile (directly maeléved) versus
pre-existing continental components in source rocks and parent neefjsLancaster et al.,
2011; Roberts and Spencer, 2015; Payne et al., 2B0i6h datallow us to track the magmatic
source characteristics of the Grenvilge samples collected from cDML atidis provide
important insights into the history of crustal growth and recyadungng orogenesis
5.1.10rvin -Wohlthat Mountains

Metaigneous amples fromthe Orvin-Wohlthat Mountainspredominantly give
igneouscrystallizationages of 1110 1090 Ma. They show a broad variation in zircon Hf and
O isotopic compositias(Fig. %), implying the involvement of multiple mantl@and crust
derived components in the sourddost samples show moderately elevai@8O values
between 6.4 and¥a ( Fi g. 6, 9a) , a -typecaro pooks (Eilei, 2001; t y pi
Kemp et al., 2007)A large proportion ozirconsfrom these samples (red in Fig. Bh$play
suprachrondritiddy (t) values with the averagelying slightly belowthe composition of the
arc mantle array presented by Dhuime et al. (20d4rig corresponding tdviesoproterozoic
model ages (Fig. 5b). This indicates that the parental magreasther juvenile withmited
contribution from ancient continentamponentseither in the melt source region or by crustal

contamination The absence of any significantly older inheritaccons provides further
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evidencdor minor tonegligibleinteraction of these magmas with old continental crust. Sample
J1851 displayan averagéls (t) value of +5n association with elevateéd®O values (8104 ),
suggesting a derivation from mixingf juvenile, mantlederived magma with young
supracrustal components, either altered volcanic crisgdmentary rock.

The addition ofincientcrustal material to arc magmiasthis region is alscevealed by
a group of samples witbnriched Hf isotopeompositiors (Fig. 5a, b).Two samplegJ1710,
J1734) have distinctively e | e v &% evaluesat 8.59.04 (Fig. 6h, i) associatedwith
unr adi @ @) eandiPaleopioterozoic model ages (Fig. e HEO isotopic signatures
combined with lhe presence of garnets antiolerock elemental dateomparabldgo Stype
granite (e.g. high A/CNK>D, unpublished dataindicae a significant contribution from
ancientsedimentary supracrustalaterial The addition of the sedimentary matecalld be
achieved bysource contamination, i.e. thieclusion of subductedsedimentsoverlying the
oceanic crusor by assimilation and renelting of sedimentary components from overlyang
crust.The latter mechanisis preferred here, ggevious studies shothat in arc magmasheé
contr i but i'% fromdhesubidectd nyateriman be very limitede.g.Vroon et al.,
2001) Whatever explanatiorthe Hf model ages ramgg from 2.1 to 18 Ga suggesthatthe
sedimentscould possiblyhave aPaleoproterozoic or olderge whichthenwere most likely
derivedfrom the ProteKalahari CratonThe other two sampled1693and J1772) witla more
depleted but heterogeneous idbtopic compositiormay be derived from a mixing afld
sedimentary matal andjuvenile magmas

The oldest sample in this study (mafic gneiss J1625, ¥1b2Vla), which has a
relatively homogeneous maniige (%0 value (Fig. 6a), exhibits, however, a spread in Hf
isotopic compositiond (t)= 2.6 7.9, Fig. 5a).Thisindicates that this sampteas most likely
derivedfrom juvenilemantlederived magmasiixed withrecycledoldercontinental crusfThe

post1110 Ma zircons with a moderai¥O value commonly have a more juvenile Hf isotopic
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composition than thelderones (Fig. 5a), suggesting an overall increasing input of mantle

derived magmas from 1150 Ma to 1090 Ma.

5.1.2 Gjelsvikfjella

In contrast to thérvin-Wohlthat Mountainssamples which showsignificantinter-

sample variatiomn Hf-O isotopic compositionhe samples from Gjelsvikfjella have broadly

similar isotopicsignaturs (Fig. 99). Themantlelike (%0 value(4.5 6.04 ) exhibited by most

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

Most zircons display suachondritic Hf isotopic characterissia | t hou g h wi(tt h |

values tharzirconscrystallized from juvenile magmas ihe Orvin-Wohlthat Mountainsand

yield apeak of model ages at 117.6 Ga (Fig.5¢, d). Assuming these rocks were dominantly

crustderived, the model age represesitherthe real age when the crust was extracted from

the depleted mantl@r an average age of the various components contributing to the magma

Thesecrustl component(s) musiaveresided for an extended periatiepth sinceseparation

from the mantle reservoim order to avoichydrothermal alteratiothat wouldhavedriven

their oxygen isotopic signature to higher values ttreose measured he s pruehd of

values and model ages (P104Ga) may reflecaheterogeneousourcecompositionrcomposed

of both olderPalegroterozoicand Mes@roterozoiccrustal components Alternatively, a

sourceconsisting of botlolder componerg and juvenile additions could alsxplainthe Hf

O isotopic signature of thesensgles. In this scenario, the reworked crustal compsmeast

be older tharthe calculated model ag@nd involvement of Paleoproterozoic &rdArchean

crustis possibleThe mixing of juvenile magmas and older components is indicated by sample

27124, which display both mantldike andmoderate highi'®O andvariable U (t) values

(Fig. 5c, 6d).Therefore, it is evidernthat ancientcrustwasinvolved in the formation othe

Grenvilleage samples iGjelsvikfjella.

Some zircons (e.g. all zircons frasample 1702 )

yi el d ®@wualuebelevr a g e
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the 20 | ower uncertainty of tedba 1998 assoticgedr ef er

with depleted Hf isotopic compositien Zi r ¢ o n s Owvaluds arelcammonly
interpreted to have beamystallizedfrom originally 80-poor magmas (Zheng et al., 2004
Hiess et al., 2011Rehman et al., 20)8although postnagmatic hydrothermal alteration has
also been proposed to interpret IGHO values irmetamict zirconglizuka et al., 2013). The
low-U*0 zircons in this studynost likelyinherited theoxygenisotopic compositions from
parental magmas, which had probably obtained light oxygen isidydkiid-rock interaction
ata high temperatun@ subduction zoneand/or involving isotopically ¢iht meteoricwater.
5.1.3Summary of Grenville-agecrustal evolution in cDML

In summary, the zircoHkif-O isotopicdata fromcDML showapparently contradictory
results(Fig. 9a) On the one handhé paucity of ancient inherited zircons, radiogenic Hf
isotopic compositionshownby suprac h o n d (i) values arld Mesoproterozoic model
ages of mostorthogneissampledrom the OrvirRWohlthat Mountaingre compelling evidence
thattheyareof predominanthjuvenilecharacterConversely,emelting ofsedimentary rocks
derivedfrom the erosion of older basemeatd of the basement at the edge of the Proto
Kalahari Cratontselfis indicated bymetapranitic rocks fronthe Orvin-Wohlthat Mountains
which arecharacterized by high'®O values (8.010.04 ) and evolved Hf isotopic signatuse
and from Gjelsvikfjella samples witRPaleoproterozoitlf model ages and manil&e oxygen
isotopic compositios

The data suggest therefore that both processes, juaeldiiton and crustal recycling,

were operative in the generation of the granitoids of cDML during Greragheorogenesis.

5.2 Grenville-age continental arc magmatism in the Maud Belt
Whether the arc magmatism of theatvtl Belt developedon oceanic or continental

substratesemains controversiabur data show that, in cDML, a combination of juvenile and
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reworked crust was instrumental in producing the voluminous granitdliti®ugh the Maud

Belt is now adjacent to the Archean Gruneho@naion where basement outcrops were dated
at ~ 3.1 Ga (Barton et al., 1987; Marschall et al., 20ittere is only sparse evidence of
incorporation of the Archean components in its Grentie magmas. Instead, previous work
reported relatively juvenile élisotopic composition in most sections of the Maud Belt with
dominant early Mesoproterozdigte Paleoproterozoimodel ages (e.g. Arndt et al., 1991,
Jacobs et al., 1998; Wareham et 8898; Grantham et al., 2011he Maud Belt was thus
interpretedoy some researcheasa number oexotic island arcs thaiccreted onto the craton
margin(e.g. Bauer et al., 2003a; Grosch et al., 2007; Grantham et al., BloWigver,our new
zircon HFO isotopic data show that the amount of older crust (most Ikallyoproterozoic in

age) that was incorporated into the source of Greragke magmas is greater than previously
recognized (Section 5.1yloreover the juvenile input to arc magmas recorded in th@rvin-
Wohlthat Mountainsamplesdoes noequate wit an absencef continental crust overlying

the subduction zonén Andeantype orogens, the overlying continental crusikes a variable
contribution to arc magmas during the evolution of the arc systemnile magmas with minor

to negligiblecontaminaibn from older crust are commonly emplaced when subduction retreat
and the oceaward migration of the arc cause crustal thinning (Cawood et al., 2009; Boekhout
et al., 2015). For example, the southern Central Andes experienced a progressive input of
mantlke-derived melts over several tens of million years with little recycling ofegrsting
crustal materia{Jones et al., 2015).

Zircon Hf-O isotopic data in this study provid=®ucial information onthe crustal
composition along the eastern margin of the Rka@hari Craton, which is important ftre
better understandingf the nature and geodynamics of the Maud Belt. We speculate that
Paleoproterozoic components existed or still teixighis region lsed on followindines of

evidencein addition to our new dateFirstly, detrital zirconsfrom the Mesoproterozoic
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Ritscherflya Supergroypvhich were most likelyderivedfrom the Maud Beltexhibit the
growth of ca. 1130 Ma igneous zircons oni1.9 Gacores, indicating the development of
Grenvilleage magmatism on Paleoproterozoic basenmdatdchallet al., 2013)Secondly
Paleoproterozoic inherited zircons, although rare, have been discovered in parteakthe
Maud Belt (e.g. Baba et al., 20ksienzykandJacobs, 2015 and this sty@nd hints of such
sources are even presenthie adjacent Natahged crust (e.g. Arndt et al, 19Mendonidis
and Thomas2019). Moreover,1.3 1.2 Ga detrital zircons (sample DML 40 in this study and
Baba et al., 2015) and a few 1.2 Ga inherited zircons may imply a more complicated crustal
composition in this region with a Mesoproteroz(ictasian)componentalthoughthe origin

of these detritalircons isenigmaticsince much of theoutherrKalahari and Laurentia margins
preserve similar geochronological records of this peifiodiew of the abovetis therefore
not tenable to consider the Maud Belt as a single island arc ediifivas mordikely built
uponpre-existing crust along the margin of the Prétalahari Craton.

The Grenvilleage magmatism in the Maud Belt showgnificant spatial variation
with radiogenic isotopic compositisieconing increasingly juvenile towardshe east(Fig.
9b). Samples fromite H.U. Svedrupfjelléclosest to the Grunehogna Craton)@raracterized
by negativeliq (t) values associated witPaleoproterozoic to Archean model ag@&greham
et al., 1998; Grosch et al., 2008uggesting a large degreerefvorking of older basement
crustunderlyingthe ProteKalahari Crator(Fig. 2).In Gjelsvikfjella,Hf model ages otircon
grains with mantldike O isotopic compositioryield a peak at late Paleoproterozoic tignes
which indicates a significant contribonh from preexisting crustal materialn the Orvin-
Wohlthat Mountainseast of the Ulvetanna Lineametfite samples witadditionof old crustal
material are mainly exposed in the western part (W of°BJ) while the Grenvilleage
component irthe eastern part is mainly composedld?Q 1080 Majuvenile rockgFig. 9b)

This spatial isotopic trend consistent with the characteristaf continentalarcmagmatism
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which commonly incorporasemore isotopically evolved continental crust landw@bdagman

et al., 2017)The Orvin-Wohlthat Mountaingnost probablyepresent the accretionamlrrane
overlying theinboardsubduction zoneeneath the Protiialahari Cratonwith a transitionin
source composition of Grenvilege rocksrom ancientcratonderivedto youngeroceanie
crust related material towarttse east.In this scenario, the Ulvetanhaneament (Fig. 2) may
represent the boundary betwearaccretionary complex and the cryptic edge of the continental
crust of the Protdalahari Craon.

A group of~1100 Maigneousages in oudataet fromcDML indicates a significant
magmatic episode between the emplacement of early arc magmas astddatéectono
thermal events. In adjaceateas magmatic activity at this time produc#te Borgmassivet
mafic/ultramafic sillantrudingthe Ritscherflya Supergroup the Grunehogna Cratgmvhich
were interpreted as subductioelated magmatisnin some studies (Grosch at., 2015;
Hokada et al., 2019An opposng opinionconsiders that the rfia intrusions form part of the
Umkondo Large Igneous Province (LIP) emplaced in the interitired®rotcKalahari Craton
(e.g. Moabi et al., 2017From a global perspectivhe Umkondo magmatism is coeval with
several other LIRIn Laurentiaincludingthe Coats Land blogkAmazonia, Congo and in the
cratons of India (e.davis and Green, 199Frnst et al, 2013; de Kock et al., 2014; Teixeira
et al., 2015). These largeale intraplate magmatic events could be a consequence of
anomalously high mantle et flow in the Mesoproterozgiovhich might have been
independent of the supercontinent cycle (Hanson et al., 200d)elaionship between the
synchronous Umkondo LIP and the subductielated magmatism along the margin of
Kalahari remains ambiguogs.g. Hanson et al., 1998, 2004; Hokada et al., 201f)eOrvin-
Wohlthat Mountainsapparery more juvenile Hf isotopic composition of peki1l0 Marocks
compared tdhe older orthogneissegargues for a transition ithe tectonicsetting(Fig. 5a)

most likely from an advancing to a retreating accretionary oriegegtting resulting in the
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generation of voluminous juvenile magmas. Subsequent granitic magmatism asplduigh
metamorphism at 1092030 Ma may have taken plac@der convergence in an oa#
advancing accretionary tectonic settirighe tectonic switch could be partly related to the
changes in mantle convection agidbal plate reorganisatiauring eruption and cooling down
of plume activities irthe Umkondo LIP magmatism.

Grenvilleagegeochronological records are also preserveddeiNampula Complexn
NE Mozambiquelying to the north of the Maud Belt in Gondwaffdg. 1b) Grenvilleage
magmatic activityin the Nampula Complex has bewrll constrainedat 1150 1030 Ma
(Bingen et al. 2009; Macey et al., 2010; Thomas et al., 20H@) age iomparable to the
Maud Belt budistinctly older tharother Mesoproterozoic crust the northi.e. 1060 950 Ma
Marrupa and Unangocomplexes Bingen et al., 20091t is thusenvisaged that the Nampula
Complexcannot be correlated with these complexes in the nortimbsit likelyhas a tectonic
affinity with the Maud Belt and could possibly be restored to a position along the margin of
ProtcKalahari (Bngen et al., 2009). Thigs supported byhe similarity in Hf isotopic
characteristics between these two regidihe@mas et al. (201@howedthat 1.1 1.0 Ga detrital
zircons derived from the Nampula Complex yield both juvetiie(f) = 5 9) and evolved Hf
isotopic compositios with model ages raing from Mesoproterozoic to Archedimes
comparable to the isotopic signature of samples fifeeOrvin-Wohlthat Mountainsn this
study. Therefore, the Maud Belt very likely extended northwards into NE Mozambique
constituting a comosite Andeantype magmatic aralong the eastern margin of the Proto
Kalahari Craton.
5.3 Implications for the Nataland Maud belts

In Rodinia, the Natal and Maud belts wanerelatively closeproximity and together
formedthe western extension of tgeeater Grenville Orogen. However, although they formed

roughly synchronoug along the same part of the orogen, tiseibduction polarityageand
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773 orogen styleare distinctly differentWhilst the Naal Belt is best explained asjaenile are

774  continent ollision orogernwith potential continenrtontinent collisionthe Maud Belt may be
775 better explainedas a somewhatyounger, outboard accreted arc with a significant (but
776 diminishing eastwards) element of older (PrBtahari) crust recorded byspatially

777  controlleddiffering zirconU-Pb ages and radiogenic isotggnatures of the evolving igneous
778 rocks

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

780 a passive margin until axentinental collision commenced at 450 Ma (Jacobs et al, 1997).
781 Structural, petrological, and paleomagnetic dsiipport the interpretation of continental
782 collision between Prot&alahari and Laurentia, witthe accreted Natal arcs sandwiched
783 between the two cratonic masses. The changatg $hear geometries from dextral in
784 Namaqualand to sinistral the Natal prompted the hypothesis of the Prtdahari being an
785 indenter into Laurentia (Jacobs et al., 1993%)3a,2008). The widespread-ype charnockitic
786 magmatism at 1035@030 Maand smultaneous P-(U)HT metamorphismfollowed by
787 isobaric cooling inthe Natal sector has been interpreted to take place in a convergent
788 (transpressional) setting (Thomas et al., 1993; Spencer et al., 2@tBnht Ralaeomagnetic
789 data from the Umkondo larggneous province (LIP) is consistent with the interpretation that
790 ProtoKalahari had conjoined with Laurentia before 1015 Ma with then&tpuaNatal Belt

791 oriented towards the Grenville margin of Laurengag(SwansorHysell et al., 2015). The
792 collision of ProtoKalahari and Laurentia is also supported by the positidhes€oats Land
793  Block within Rodinia.The Coats Land Bloclsiinterpreted as a part of Laurentia (Loewy et al.,
794 2011) or an exotic terrane accreted to Laurentia (SwaHgsall et al., 2015)and may
795 represent a rifted block that was incorporated into Greater Kalahari after collision and dispersal
796 of Rodinia (Gose et al., 1997; Jacobs et al., 2003; Loewy et al., 2011). Gragelleagmas

797 in the Natal Belpredominantly originated from theeworking of lithospheric substrate of pre
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798 Rodinian island arcs with negligible addition of ancient crust or maletlized magmas
799 (Eglington and Harmer, 1989; Spencer et al., 20ificated bySr, Nd andHf isotopic
800 compositions of 11751030 Ma granitods with a similar trend to the evolution curve of
801 continental crust (Fig. 5&).

802 In contrast to the Natal Belj¢ Maud Belshowsclear evidence for subduction polarity
803 towards Prote<alahari within an overall active continental margin set{eg.Bisnath et al.,
804 2006;Marschall et al.2013. However,our new data acquired in this study, together with
805 published data from other parts of the Maud Belt, necessitat@poraisal of this simple model.
806 Our new UPb geochronological data combined wptlblished geochronological results from
807 the OrvinWohlthat Mountains have identified two major periods of Grerratie magmatism
808 at 11501125and 11101090 Ma, comparable to other areas in the Maud Belt (FigelOa
809 The age spectra from the Maud Beltlisarly distinguishable from that obtained from the Natal
810 Belt, which has distinct records of ptE200 Ma island arc magmatismn age component
811 which is missing in the Maud Bel{Fig. 10f) In the Natal Belt,syn-collisional granitic
812 magmatism and higbgrade metamorphism is well constrained between 1050 and 1030 Ma
813 (Thomas et al., 199Fpencer et al., 2015 and references therein), whereas such agay are
814 rarelyreported in the Maud Be{Fig. 10f) In furthercontrast to Natakamples irthe Orvin-
815 Wohlthat Mountainsvith moderaté®0 values definan U i time trajectorynearly paralleto
816 the evolution trend of the arc manitecDML (Fig. 58), whichimplies progressivguvenile
817 input to arc magmas This is commorly documentedin active continentalmargirs with
818 continuous subduction process$e.g.Spencer et al., 2019).

819 It is thus clearthat the Maud and #&tal belts cannot be correlated in a simple
820 geodynamic model as origityalsuggested (e.g. Groenewald et al., 199Bgtectonic contact
821 betweenthe Naal and Maud belts may mark the chang&om final continental collision to

822 outboardProtoKalahariaccretionary tectonicst the westernmost end of theegter Grenville

34



823 Orogen (Fig.1 and11). The Maud Beltprobably marks thestart of a long-term active
824 continental marginsetting along eastern Kalahari with semicontinuous, wesfacing
825 subduction for the subsequent 500.Mais tectonic settingnay havebeenactivatedduring
826 subsequenextroversion of Rodiniaand clsure of the exterior oceaim middle to late
827 Neoproterozoic timed hewestwardsubduction othe Mozambique oceaac slabbeneath this
828 margin led to the accretion of TOAST (98W0 Ma) and terminated with the final

829 amalgamation of Gondwarad ca. 550 Mde.g. Jacobs and Thomas, 2004).
830 Summary and conclusions

831 (1) New SHRIMP zircon UPb data provide detailed constraints on the temporal framework of
832 Grenvilleage tectonghermal events in a large part e Maud Belt Arc magmatism in

833  Orvin-Wohlthat Mountain®ccurredfrom 1160to 1070 Mawith aculminationat111Q 1090

834 Ma, followed by highgrade metamorphism af.1080 1030 Ma

835 (2) Most zircons from the Orvin-Wohlthat Mountainsh a v e  p aus(t) valueseandU
836 Mesoproterozoic model ages, witfO values similar to, or slightly higher than, typical mantle
837 values. This suggests crystallization from juvenile magmas with little recyclipgekisting

838 continentakrust

839 (3) In contrastzrcons from Gjelsvikfijella dominantly have mantike ii*®0 values and more

840 evolved Hf isotopic composition witiPaleoproterozoic model agesndicating more

841 contribution ofolder crustcomponentsrom the ProteKalahari CratonThe involvement of

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

843 Mountainswi t h di st i mrand highly élevated*tOwalues. U

844  (4) The reworking ofancient continentahaterialindicates that the Maud Belt developed on
845 the lithospheric substrate of the Prdtalahari Craton marginA protracted accretionary
846 process associated with westward subduction beneath the craton involving tectonic switching

847 between advancing and retreating subdugti@tessesay best explain the formation tfe
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cDML part of the Maud Belt during tHater stge of Rodinia amalgamatian

(5) A new definition of the younger Maud belt (as distinct from the older Namidatel belt)
can be proposedContinuous continental arc magmatism in the Maud Betectonically
unrelatedwith the accretion of oceanic island arcs and final continentinent collision in the
Natal Belt. The Natal and Maud bettereforenadindependent tectonic evolutisalthough
they both reside along the margin of Pr&@mlahari.

(6) The tectonic contact relationship of the Natal and Maud belts is highly speculative, because
it is largely unexposed and/or overprinted by later-pf&ican tectonethermalevents The
complex and contrasting tectonic evolution of the two belts charaddtse lateral western
termination of thegreater Grenville Oroged.he Maud Belt appeats bethetemporalstarting
point for aprotractedaccretionary tectonic cycia the region, which continuddom Stenian
times into the early Neoproterozoiwith the accretionof the TOAST. This accretionary
supercycle outlastealmost the entire Neoproterozaind relates ttheextroversion of Rodinia

and finalformation ofGondwana.
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Fig. 1. (a) Reconstruction of the Maathd NamaqgqudNatal (NaNa) belts along the Protdalahari
Craton with Laurentia in Rodinia, after Jacobs et al. (2003a). The-Ratabhari Craton is interpreted
as an indenter into Laurentia to form the Namajatal Belt at ca. 1050 Ma. The Maud Belt was
traditionally regarded as the natural continuation of theNMaBelt into East Antarctica (e.qg.
Groenewald et al., 1995; Bauer et al., 2003), but has later been interpreted as a slightly younger accreted
arc terrane (e.g. Mendonidis et,#013). Locatin of Rio de la Plata is from Li et al. (2008). (b)
Location of Dronning Maud Land (DML) in East Antarctica and theNéaBelt in South Africa in
Gondwana (after Jacobs et al., 20)breviations: C, Coats Land; cDML, central Dronning Maud
Land; EH, Ellsworth-Haag; F, Filchnerblock; Fl, Falkland Islands; FMAr&ter Magnetic Anomaly;
G, Grunehogna Craton; GAM, Gamburtsev MiKi, Kibaran; M, Madagascar; MCRS, Mid
Continental Rift System; N, Napier Compl®&¢, Nampula Complexya-Na, NamaqudNatal Belt;R,

Read Block; TAM, Transantarctic Mts.; V, Vohibori; VCB, Valkyfzatonic Block.
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893 Fig. 2: Geological overview map of the study area and sample localititee i@rvin-Wohlthat
894 Mountainsand Gjelsvikfjella, cDML (cDML: from Gjelsvikfjella to Wohlthahountainsn this study).
895  Abbreviations: FMA, Foster magnetic anomaly; HSZ, Heimefront Shear Zone; M, Mannefallknausane;

896 TOAST, Tonian Oceanic Arc Super Terrane; UL, Ulvetanna Lineament; V, Vardeklettane Terrane.
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Fig. 3:Representative CL images witiPb#*% ages of zircons from the Orvitvohlthat Mountains
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