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Abstract 
 

Historically, felsic crust formation and thermal evolution in the Archean have been mainly 

approached through the study of tonalite-trondhjemite-granodiorite rocks (TTGs). These Na-rich 

granitoids are deemed to represent up to 80% of the > 3.0 Ga Archean geological record and their 

petrogenesis has fed intense controversies over the existence of uniformitarian and/or non-

uniformitarian tectonic settings at this time. However, several lines of evidence suggest that 

the apparently TTG-dominated felsic crust might not actually reflect the compositional diversity of the 

> 3.0 Ga continental crust, due to preservation biases.   

To track potential missing components of the crust and better investigate its formation and evolution 

mechanisms, this study has focused on the detrital record of accessory minerals, namely zircon, apatite 

and rutile, deposited in ca. 3.55 to 3.21 Ga volcano-sedimentary to siliciclastic successions of the 

Barberton Granitoid-Greenstone Terrane (BGGT) in South Africa. Detrital zircons have comparable 

Pb-Pb ages, yet different trace elements, and for a significant proportion of them, Hf isotopic 

compositions, than igneous zircons of the Barberton TTGs. Indeed, ca. 40% of detrital zircons from the 

ca. 3.21 Ga Moodies Group show Hf isotope patterns like zircons of seemingly minor, granitic/rhyolitic 

clasts deposited in the Moodies Basal Conglomerate, sampling a K-rich silicic upper 

crustal component that is currently under-represented in the preserved granitoid-gneiss basement. 

Additionally, TTG apatites from all three magmatic events of the BGGT (ca. 3.55, 3.45 and 3.2 Ga) are 

compositionally different from > 3.25 Ga and > 3.43 Ga detrital apatites (from the Fig Tree 

and Onverwacht Groups, respectively), which show that the latter must have crystallized in a non-TTG 

source, resembling late-Archean sanukitoid suites. Lastly, the preservation of ca. 3.47 Ga Pb-Pb ages 

in metamorphic rutile grains of felsic schists that went to P-T conditions of ca 8 kbar and 660°C at ca. 

3.23 Ga requires rapid heating and cooling of the Southern BGGT at rates (20-50 

°C/Myr) approximating those encountered in the late stages of exhumation of Phanerozoic 

metamorphic core complexes.   
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Collectively, evidence gathered from the inventory of supracrustal accessory minerals of the BGGT 

suggests that 1) as documented in several other Archean terranes, the BGGT is affected by strong 

preservation biases; 2) models describing the chemical transition from TTG to compositionally diverse 

granitoids from 3.0 to 2.5 Ga do not account for these preservation biases, as rocks of sanukitoid-like 

and granitic composition already existed as early as ca 3.43 Ga ago, but got poorly preserved; and 3) 

the BGGT behaved as a strong, cold and rigid block (stabilized by a buoyant lithospheric mantle 

depleted early) and experienced fast tectonic rates akin to those of modern orogenic systems. The data 

collected here finally stresses out the importance of detrital accessory minerals in reconstructing the 

history of Earth’s earliest continents.   
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Résumé 
 

Historiquement, la question de la formation de la croûte siliceuse à l’Archéen et de son 

évolution thermique ont été l’objet d’études centrées sur les roches de type tonalite-trondhjémite-

granodiorite (TTGs). Ces granitoïdes riches en Na représentent jusqu’à 80% de l’enregistrement 

géologique archéen d’âge supérieur à 3.0 Ga et leur pétrogenèse a souvent nourri des discussions sur 

l’existence de processus tectoniques actualistes et/ou non-actualistes dans la Terre primitive. 

Cependant, un certain nombre d’indices récents semblent suggérer que le caractère dominant des TTG 

dans la croûte archéenne préservée ne reflèterai pas la diversité des lithologies initialement présentes il 

y a plus de 3.0 Ga et ce, en raison de biais de préservation.  

Afin de tracer l’existence de composants manquants de la croûte et mieux comprendre les 

mécanismes de sa formation et de son évolution, la présente étude s’est penchée sur les minéraux 

accessoires, zircon, apatite et rutile déposés dans des séries volcano-sédimentaires d’âge ca. 3.55 à 3.2 

Ga des terrains granitiques-et-roches vertes de Barberton (BGGT) en Afrique du Sud. Les zircons 

détritiques présentent des âges Pb-Pb comparables mais des caractéristiques en éléments traces et, pour 

une grande proportion d’entre eux, un signal isotopique en Hf différents des zircons magmatiques 

cristallisées dans les TTGs de Barberton. En effet, près de 40% des zircons détritiques déposés dans le 

groupe de Moodies (âge de dépôt de ca. 3.21 Ga) montrent une composition isotopique en Hf 

ressemblant à celle observée dans les zircons de clastes granitiques/rhyolitiques déposés dans le 

conglomérat basal de Moodies, celui-ci échantillonnant une croûte supérieure siliceuse riche en K qui 

n’est pas représentée dans le socle granito-gneissique parvenu jusqu’à nous. De plus, les apatites des 

TTG ayant cristallisé lors des trois principaux évènements magmatiques de la BGGT (ca. 3.55, 3.45 et 

3.2 Ga) présentent des compositions chimiques différentes de celles des apatites détritiques d’âges 

supérieur à 3.25 Ga et 3.43 Ga (des groupes de Fig Tree et Onverwacht respectivement), ce qui laisse 

suggérer que ces dernières ont cristallisé dans un magma chimiquement différent des TTG présents à 

l’affleurement mais pouvant ressembler aux granites archéens tardifs connus sous le nom de 

sanukitoïdes. Enfin, la préservation d’âges Pb-Pb autour de ca. 3.47 Ga dans des rutiles métamorphiques 
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cristallisés dans des schistes siliceux passés dans le facies amphibolites (conditions P-T de 8 kbar-

660°C) à ca. 3.23 Ga, nécessite un chauffage suivi d’un refroidissement rapide du sud de la BGGT à 

des vitesses comprises entre 20 et 50°C/Ma. Ces vitesses de refroidissement sont communément 

observées lors des étapes finales de l’exhumation des métamorphic core complexes d’âge 

Phanérozoïque.  

Prises ensemble, les éléments rassemblés à partir de l’inventaire des minéraux accessoires 

supra-crustaux de Barberton laissent suggérer que 1) de la même façon que les autres terrains Archéens, 

la ceinture de Barberton est sujette à un biais de préservation conséquent ; 2) les modèles décrivant la 

transition chimique des TTG aux granitoïdes archéens tardifs plus diversifiés (et riches en K) entre 3.0 

et 2.5 Ga ne tiennent pas compte de ces biais de préservation de la croûte paléoarchéenne puisque des 

traces de ces granitoïdes diversifiées subsistent dans les zircons et apatites détritiques d’âges supérieur 

à 3.43 Ga ; 3) la ceinture granito-gneissique-roches vertes de Barberton représente un block tectonique 

froid et rigide stabilisé par un manteau lithosphérique précoce et ayant pu subir des taux 

d’enfouissement et d’exhumation tectoniques proches de ceux observés  dans les contextes orogéniques 

récents. Les données récoltées dans cette étude soulignent l’importance des minéraux accessoires 

détritiques dans la reconstruction de l’histoire des premiers continents de la Terre.  
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SOURCE THAT WAS EXTRACTED FROM THE MANTLE A LONG TIME BEFORE THE 

CRYSTALLIZATION OF THE MINERAL AND SHOW LOW LU/HF RATIO, RESULTING IN LESS 

RADIOGENIC HF ISOTOPIC COMPOSITION THAN THE CHUR 30 
FIGURE 1-8 : TERNARY PLOT SHOWING THE FELSDSPAR K-RICH COMPOSITION OF GRANITIC 

CLASTS DEPOSITED IN THE MOODIES BASAL CONGLOMERATE (MODIFIED AFTER 

SANCHEZ-GARRIDO ET AL., 2011). 32 
FIGURE 1-9 : DIFFERENCES BETWEEN Δ18O OF IGNEOUS ZIRCONS AND THAT OF DETRITAL 

ZIRCONS (FROM SPENCER ET AL., 2022). 34 
FIGURE 1-10 : SIMPLIFIED STRUCTURAL MAP OF THE KAAPVAAL CRATON IN SOUTHERN 

AFRICA SHOWING THE DIFFERENT TECTONIC BLOCKS ACCRETED ALONG SUTURE ZONES 

DURING THE NEO-ARCHEAN (FROM MOYEN ET AL., 2024). THE BGGT (RED BOX) LIES AT 

THE BORDER BETWEEN THE SWAZILAND BLOCK AND THE WITWATERSRAND BLOCK I.E. 

THE CRATONIC NUCLEUS OF THE CRATON. BOTH BLOCKS WERE ACCRETED AT CA. 3.1-3.0 

GA ALONG THE BARBERTON LINEAMENT. 41 
FIGURE 1-11 : SIMPLIFIED GEOLOGICAL MAP OF THE BARBERTON GREENSTONE BELT (A) AND 

THE STOLZBURG TERRANE (B) WITH A SKETCH STRATIGRAPHIC LOG INDICATING THE 

AGES OF THE MAIN TTG EMPLACEMENT EVENTS (GREY BOXES). 44 
FIGURE 2-1 : GEOLOGICAL MAP OF THE BARBERTON GRANITOID-GREENSTONE TERRANE 

(AFTER ANHAEUSSER 1980 AND SCHOENE ET AL 2008) AND SYNTHETIC, SKETCH 

STRATIGRAPHIC LOG (LEFT) OF THE BARBERTON SUPERGROUP, SHOWING SAMPLE 

LOCATIONS (ARROWS ON THE LOG, CIRCLES OR STARS ON THE MAP) AND THEIR 

APPROXIMATIVE STRATIGRAPHIC POSITIONS. 69 
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FIGURE 2-2: REPRESENTATIVE PICTURES OF OUTCROPS FROM WHICH SELECTED SAMPLES 

FROM THIS STUDY WERE COLLECTED. A) SAMPLE H-01: POLYMICTIC VOLCANO-CLASTIC 

“DIAMICTITE” (CONGLOMERATE) OF THE ONVERWACHT H6 LAYER (NOISY FORMATION, 

DE WIT ET AL., 2011; GROSCH ET AL., 2011). B) SAMPLE TSB-03: KYANITE-BEARING FELSIC 

SCHIST OF THE TJAKASTAD SCHIST BELT (SAMPLING SITE 62105 FROM DIENER, 2004). C) 

SAMPLE SSB-01: PLANAR-BEDDED META-GREYWACKE/ARKOSE FROM THE 

SCHAPENBURG SCHIST BELT (LOCALITY DESCRIBED IN STEVENS ET AL., 2002). D) 

SAMPLE TH-01: SANDSTONE WITH CONGLOMERATIC PEBBLES FROM THE MOODIES 

GROUP IN THE WESTERN FLANK OF THE EUREKA SYNCLINE (UNIT MDQ1 OF HEUBECK ET 

AL., 2022). 72 
FIGURE 2-3: REPRESENTATIVE THIN SECTION PHOTOMICROGRAPHS (CROSSED POLARS ON 

THE LEFT, PLANE-POLARIZED LIGHT ON THE RIGHT) OF SELECTED SAMPLES 

INVESTIGATED IN THIS STUDY. A-B) CRD-QZ-BT BEARING FELSIC SCHISTS FROM THE 

THEESPRUIT FORMATION (SAMPLE TH12). C-D) MOODIES ARKOSIC SANDSTONE (SAMPLE 

TH05). E-F) MATRIX-SUPPORTED VOLCANO-SEDIMENTS OF THE HOOGGENOEG 

FORMATION (SAMPLE H-01). G-H) META-GREYWACKES OF THE SCHAPENBURG SCHIST 

BELT (SAMPLE SSB-01). 73 
FIGURE 2-4: KERNEL DENSITY ESTIMATES OF 207PB/206PB AGE DISTRIBUTIONS FOR ZIRCON 

FROM ALL SAMPLES INVESTIGATED IN THIS STUDY. VERTICAL RED DASHED LINES 

INDICATE THE INFERRED DEPOSITIONAL AGE (DA) OF SUPRACRUSTAL UNITS FROM 

LITERATURE DATA (GROSCH ET AL., 2011; HEUBECK ET AL., 2013; KRÖNER ET AL., 2016; 

STEVENS ET AL., 2002) AND BLACK DASHED LINES ARE DATES OF INTRUSIVE IGNEOUS 

ROCKS. “3456 MA TRONDHJEMITE DEPICTS THE AGE OF INTRUSION OF THE THEESPRUIT 

AND STOLZBURG TRONDHJEMITES ((J. F. A. DIENER ET AL., 2005; LAURENT ET AL., 2020; 

MOYEN ET AL., 2007) INTO THE STRATIGRAPHY OF THE LOWER ONVERWACHT 

THEESPRUIT AND SANDSPRUIT FORMATIONS AND PROVIDES A MINIMUM AGE FOR THE 

DEPOSITION OF THE THEESPRUIT FELSIC VOLCANIC ROCKS. 76 
FIGURE 2-5: CATHODOLUMINESCENCE IMAGES OF REPRESENTATIVE ZIRCONS FROM 

SAMPLES INVESTIGATED IN THIS STUDY, FOR EACH STRATIGRAPHIC UNIT. CIRCLES 

INDICATE THE POSITION OF ANALYTICAL SPOTS. SPOT TH13_95 BELONGS TO THE “NOT 

USED” CATEGORY AS IT HAS HIGH 2SE UNCERTAINTIES ON ΕHF(T). UNCERTAINTIES FOR 
207PB/206PB DATES AND ΕHF(T) ARE GIVEN AT 95% CONFIDENCE LEVEL (2 SE). 82 

FIGURE 2-6: ISOTOPIC AND CHEMICAL DATA OF BARBERTON SUPRACRUSTAL ZIRCONS (THIS 

STUDY AND LITERATURE DATA). A) Δ18O VS 207PB/206PB AGE FOR ZIRCONS OF THIS STUDY 

AND WANG ET AL. (2022). B) ΕHF(T) VS 207PB/206PB AGE FOR ZIRCONS OF THIS STUDY AND 

BARBERTON TTG ZIRCONS (LAURENT ET AL., 2020; ZEH ET AL., 2009) AND AGC ZIRCONS 

(HOFFMANN ET AL., 2016; KRÖNER ET AL., 2014; ZEH ET AL., 2011). C) TH/U VS NB AND D) 

TI VS HF PLOTS FOR ZIRCONS OF THIS STUDY. IN C, MOODIES AND FIG TREE ZIRCONS 

ARE FROM DRABON ET AL. (2024) AND BARBERTON TTG ZIRCONS FROM LAURENT ET AL. 

(2022). 83 
FIGURE 2-7: GEOCHEMICAL AND ISOTOPIC DISCRIMINATION PLOTS OF THEESPRUIT ZIRCONS 

FROM THIS STUDY WITH ZIRCONS OF THE BTTGS (COMPILATION FROM LAURENT ET AL., 

2022, ZEH ET AL., 2009). A) EHF(T) VS 207PB/206PB AGE IN ZIRCON COMPARED WITH BTTG 

ZIRCON COMPILATION FROM LAURENT ET AL., 2022, ZEH ET AL., 2009 AND AGC ZIRCON 

COMPILATION FROM HOFFMAN ET AL., 2016, KRÖNER ET AL., 2014 AND ZEH ET AL., 2011 

AND GRANITIC ZIRCON S FROM THE MOODIES BASAL CONGLOMERATE FROM SANCHEZ-

GARRIDO ET AL., 2011, 2012.  B) TH/U VS NB CONTENTS IN ZIRCON  ). C) TI VS HF IN 

ZIRCON.  AGE OF DEPOSITION (MDA)IN GRAPH A APPLIES TO THE FELSIC VOLCANO-

CLASTIC ROCKS SAMPLED BY KRÖNER ET AL. 2016. IN GRAPH B AND C, TRACE ELEMENTS 

IN BTTG ZIRCONS DERIVE FROM LAURENT ET AL., 2022. 84 
FIGURE 2-8: GEOCHEMICAL AND ISOTOPIC DISCRIMINATION PLOTS OF HOOGGENOEG 

ZIRCONS FROM THIS STUDY AS COMPARED WITH ZIRCONS OF POTENTIAL GRANITOID 

SOURCES (BTTGS, AGC AND 3.5-3.4 GA GRANITIC CLASTS) AND THEESPRUIT ZIRCONS. A) 

EHF(T) VS 207PB/206PB AGE IN HOOGGENOEG ZIRCONS COMPARED WITH BTTG ZIRCON 

COMPILATION FROM LAURENT ET AL., 2022, ZEH ET AL., 2009 AND AGC ZIRCON 

COMPILATION FROM HOFFMAN ET AL., 2016, KRÖNER ET AL., 2014 AND ZEH ET AL., 2011 
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AND GRANITIC ZIRCON S FROM THE MOODIES BASAL CONGLOMERATE FROM SANCHEZ-

GARRIDO ET AL., 2011, 2012. AGE OF DEPOSITION OF THE HOOGGENOEG VOLCANO-

SEDIMENTS OF GROSCH ET AL. 2011 IS SHOWN AS VERTICAL DASHED LINE IN GRAPH A. 

ONLY TSB-03 ZIRCONS FROM THE THEESPRUIT FORMATION ARE SHOWN AS GREEN AREA 

IN THIS PLOT. B) TH/U VS NB CONTENTS IN ZIRCON. C) TI VS HF IN ZIRCON. IN GRAPH B 

AND C, TRACE ELEMENTS IN BTTG ZIRCONS DERIVE FROM LAURENT ET AL., 2022. RANGE 

OF COMPOSITION DISPLAYED BY THEESPRUIT ZIRCONS IS ALSO SHOWN ON ALL PLOTS.

 87 
FIGURE 2-9: GEOCHEMICAL AND ISOTOPIC DISCRIMINATION PLOT OF SCHAPENBURG 

ZIRCONS FROM THIS STUDY AS COMPARED WITH ZIRCONS OF POTENTIAL GRANITOID 

SOURCES (BTTGS, AGC AND 3.5-3.4 GA GRANITIC CLASTS) AND ZIRCONS OF THE 

HOOGGENOEG VOLCANO-SEDIMENTS. A) EHF(T) VS 207PB/206PB AGE IN SCHAPENBURG 

ZIRCONS WITH BTTG ZIRCON COMPILATION FROM LAURENT ET AL., 2022, ZEH ET AL., 

2009 , AGC ZIRCON COMPILATION FROM HOFFMANN ET AL., 2016, KRÖNER ET AL., 2014 

AND ZEH ET AL., 2011 AND GRANITIC ZIRCONS FROM THE MOODIES BASAL 

CONGLOMERATE FROM SANCHEZ-GARRIDO ET AL., 2011, 2012.  AGE OF DEPOSITION 

(MDA) IN GRAPH A APPLIES TO THE CLASTIC SEDIMENTS OF THE SCHAPENBURG SCHIST 

BELT (SSB) AS DETERMINED BY STEVENS ET AL., 2002 FROM YOUNGEST ZIRCON AGE 

CLUSTER. B) TH/U VS NB CONTENTS IN ZIRCON. C) TI VS HF IN ZIRCON. IN GRAPH B AND 

C, TRACE ELEMENTS IN BTTG ZIRCONS DERIVE FROM LAURENT ET AL., 2022. RANGE OF 

COPOSITION DISPLAYED BY HOOGGENOEG ZIRCONS IS ALSO SHOWN ON ALL THREE 

PLOTS. 89 
FIGURE 2-10: GEOCHEMICAL AND ISOTOPIC DISCRIMINATION PLOT OF MOODIES ZIRCONS 

FROM THIS STUDY AND OTHERS  AS COMPARED WITH ZIRCONS OF POTENTIAL 
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207PB/206PB AGE IN MOODIES ZIRCONS AS COMPARED WITH BTTG ZIRCON COMPILATION 

FROM LAURENT ET AL., 2022, ZEH ET AL., 2009 , AGC ZIRCON COMPILATION FROM 

HOFFMANN ET AL., 2016, KRÖNER ET AL., 2014 AND ZEH ET AL., 2011 AND GRANITIC 

ZIRCON S FROM THE MOODIES BASAL CONGLOMERATE FROM SANCHEZ-GARRIDO ET 

AL., 2011, 2012. NEGATIVE EHF(T) OF THE THEESPRUIT ZIRCONS IS ALSO SHOWN AS 

GREEN AREA.  MDA IN GRAPH A STANDS FOR “MAXIMUM DEPOSITIONAL AGE” AND 

APPLIES TO THE SUPRACRUSTAL SEQUENCES OF THE MOODIES GROUP AS DETERMINED 

BY HEUBECK ET AL., 2013 FROM YOUNGEST ZIRCON AGE CLUSTER. B) TH/U VS NB 

CONTENTS IN ZIRCONS OF THE MOODIES SEDIMENTS (THIS STUDY AND OTHERS). C) TI 

VS HF IN ZIRCON. D) EHF(T) VS 207PB/206PB AGE IN MOODIES ZIRCONS AS COMPARED WITH 

BGB DETRITAL ZIRCONS FROM MOODIES AND FIG TREE GROUPS. IN GRAPH B AND D, 

TRACE ELEMENTS IN BTTG ZIRCONS DERIVE FROM LAURENT ET AL., 2022. RANGE OF 

COMPOSITION DISPLAYED BY THEESPRUIT ZIRCONS IS ALSO SHOWN ON BOTH PLOTS. 92 
FIGURE 2-11: RESULTS OF CHEMICAL MODELLING. GRAPH A COMPARES NB/YB VS U/YB FOR 

DETRITAL ZIRCONS OF THE MOODIES SEDIMENTS, ZIRCONS OF THE THEESPRUIT 

VOLCANICS (THIS STUDY), WITH MODELLED GRANITIC ZIRCON AND BTTG ZIRCONS 

(LAURENT ET AL., 2022). GRAPH B SHOWS THE EVOLUTION OF NB/YB RATIO IN 

MODELLED GRANITIC ZIRCONS WITH TI CONTENT AND COMPARE IT WITH ZIRCONS OF 

THE MOODIES SEDIMENT, THEESPRUIT VOLCANICS AND BTTGS. RED DASHED LINES 

OUTLINES THE THREE INPUT TI CONTENT IN THE MODEL. 97 
FIGURE 2-12: PROPOSED GEODYNAMIC SCENARIOS TO EXPLAIN THE VERTICAL STRUCTURE 

OF THE ARCHEAN CRUST DEDUCED FROM OUR ZIRCON DATA AND KNOWN 

CONSTRAINTS ON THE GEOLOGICAL EVOLUTION OF THE BGGT, FOR THE 3500-3400 

(BOTTOM) AND 3300-3200 (TOP) MA PERIODS (SEE TEXT FOR DETAILS). 100 
FIGURE 3-1 : GEOLOGICAL MAP AND SYNTHETIC STRATIGRAPHIC LOG OF THE BARBERTON 

GREENSTONE BELT, FROM COMBAZ ET AL. (2025) AFTER ANHAEUSSER (1980, 1981) AND 

SCHOENE ET AL. (2008). SAMPLE LOCALITIES ARE INDICATED AS COLORED SYMBOLS. 121 
FIGURE 3-2 : PETROGRAPHY OF BARBERTON TTG APATITES IN PLANE-POLARIZED 

PHOTOMICROGRAPHS. IMAGE A CORRESPONDS TO THEESPRUIT PLUTON. IMAGE B TO 
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STOLZBURG PLUTON. IMAGE C TO NELSHOOGTE PLUTON. IMAGE D TO STEYNSDORP 

PLUTON. 127 
FIGURE 3-3 : REPRESENTATIVE CATHODOLUMINESCENCE IMAGES OF APATITES FROM THE 

INVESTIGATED SAMPLES SHOWING THE POSITION OF EPMA AND LA-ICP-MS SPOTS AND 

RELEVANT GEOCHEMICAL DATA (PART1). 128 
FIGURE 3-4 : F AND CL CONTENT IN APATITES OF THE BTTGS AS A FUNCTION OF ALUMINUM 

SATURATION INDEX (ASI). ASI OF THE BTTGS HAS BEEN TAKEN FROM DATA FROM 

MOYEN AND STEVENS., 2007 AND YEARRON., 2003. RANGE OF CL AND F OF HOOGGENOEG 

AND SCHAPENBURG APATITES IS INDICATED AS COLORED RECTANGLES FOR 

COMPARISON. 132 
FIGURE 3-5 : TRACE ELEMENT CHEMISTRY OF APATITES FROM THE BARBERTON GREENSTONE 

BELT. GREY FIELD IN THE BACKGROUND CORRESPONDS TO APATITE DATA FROM 

SANUKITOIDS FROM BRUAND ET AL. 2020. 136 
FIGURE 3-6: REE DIAGRAMS NORMALIZED TO PRIMITIVE MANTLE COMPOSITION OF SUN AND 

MCDONOUGH. 1995 FOR ALL APATITES INVESTIGATED IN THIS STUDY. GREY FIELD AND 

DATA PLOTTED IN THE BACKGROUND CORRESPOND TO APATITE REE DATA FROM 

SANUKITOÏDS OF BRUAND ET AL. 2020. 137 
FIGURE 3-7 : TRACE ELEMENT CHARACTERISTICS OF BTTG APATITES COMPARED WITH 

GRANITOID APATITE DATA FROM THE LITERATURE (BELOUSOVA ET AL., 2001; BRUAND 

ET AL., 2016).  SEE EXPLANATIONS IN THE MAIN TEXT. 142 
FIGURE 3-8: TRACE ELEMENT CHARACTERIZATION OF BARBERTON APATITES. GRAPH A IS 

FROM (KIEFFER ET AL., 2024). GRAPH B IS FROM (O’SULLIVAN ET AL., 2020). GRAPH C IS 
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FIGURE 4-3 : REPRESENTATIVE THIN SECTION PHOTOMICROGRAPHS OF SAMPLES 

INVESTIGATED IN THIS STUDY. (A) PLAN-POLARIZED LIGHT (PPL) AND (B) CROSSED-

POLARIZED LIGHT (CPL) IMAGES OF SAMPLE TH12 (SCHISTOSE FELSIC META-
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MORPHOLOGIES IN TH12 (E) AND TSB-04 (F) ARE ALSO SHOWN. MS = MUSCOVITE; GRT = 

GARNERT; QTZ = QUARTZ; RT = RUTILE; PHG = PHENGITE. 175 
FIGURE 4-4: REPRESENTATIVE BACK-SCATTERED ELECTRON IMAGES OF RUTILES OF THE 

TJAKASTAD SCHIST BELT WITH GEOCHRONOLOGICAL (YELLOW) AND GEOCHEMICAL 

(GREEN) INFORMATION ASSOCIATED WITH LA-ICP-MS SPOTS (DASHED CIRCLES). 176 
FIGURE 4-5: PLOTS OF 204PB (A) AND 238U (B) CONCENTRATION IN ANALYZED RUTILES AS A 

FUNCTION OF 207PB/206PB DATES. THE OPEN SYMBOLS CORRESPOND TO ANALYSES WITH 

>1.5 PPM 204PB CONSIDERED AS TOO RICH IN COMMON PB (PBC) TO YIELD MEANINGFUL U-

PB DATES. 178 
FIGURE 4-6: GEOCHRONOLOGICAL DATA FOR RUTILES OF THE TJAKASTAD SCHIST BELT. 

GRAPH A AND B ARE TERA-WASSERBURG PLOTS FOR RUTILE SAMPLES TH12 (A) AND 

TSB-04 (B). COLORED ELLIPSES REPRESENT SPOTS THAT ARE CONCORDANT AND WITH 

[PBC] BELOW LIMIT OF DETECTION (LOD) WHEREAS GREY ELLIPSES SHOW DISCORDANT 

AND COMMON PB-RICH SPOTS. GRAPHS C AND D SHOW HISTOGRAMS AND KERNEL 

DENSITY ESTIMATES OF 207PB/206PB DATES OF BOTH RUTILE SAMPLES, ONLY SHOWING 

CONCORDANT DATA WITH [PBC] < LOD. 179 
FIGURE 4-7: RESULTS OF SELECTED AGE PROFILES PERFORMED IN RUTILE GRAINS FROM THE 

TSB SAMPLES, INCLUDING BSE IMAGE WITH POSITION OF ANALYTICAL SPOTS AND 

CORRESPONDING 207PB/206PB DATES ARRANGED AS A FUNCTION TO THE DISTANCE TO 

THE GEOMETRIC CORE OF THE GRAIN. 180 
FIGURE 4-8 : BOXPLOTS SHOWING THE DISTRIBUTION OF SELECTED TRACE ELEMENT 

CONCENTRATIONS IN RUTILES FROM THE TWO STUDIED TSB SAMPLES. 181 
FIGURE 4-9: PLOT OF CALCULATED ZR-IN-RUTILE TEMPERATURES (AFTER KOHN, 2020) FOR 

THE TSB RUTILES, ASSUMING PRESSURES OF 5 KBAR FOR BOTH SAMPLES). 

TEMPERATURES WERE ALSO CALCULATED AT 1 BAR FOR TH12 TO TEST THE PRESSURE 

DEPENDENCE OF THE CALCULATED TEMPERATURES (SEE TEXT FOR DETAILS). 

UNCERTAINTIES CORRESPOND TO THE 2SE ANALYTICAL UNCERTAINTIES FOR THE PB-PB 

AGES AND ±15°C FOR THE TEMPERATURE (KOHN, 2020). THE SHADED GREY VERTICAL 

BARS CORRESPOND TO DOCUMENTED FELSIC IGNEOUS EVENTS IN THE BGGT (AGES 

AFTER COMPSTON & KRÖNER, 1988; KRÖNER ET AL., 2013 FOR THE AGC; LAURENT ET AL., 

2020; MOYEN ET AL., 2007 FOR THE TTGS; AND SANTOS LEANDRO ET AL., S. D.  FOR THE 

GMS) 182 
FIGURE 4-10: TRACE ELEMENT COMPOSITION OF THE TSB RUTILES PLOTTED IN PROPOSED 

BINARY DISCRIMINATION DIAGRAMS FOR RUTILE FROM DIFFERENT ROCK TYPES: (A) CR 

VS NB PLOT FROM MEINHOLD ET AL., 2008; PEREIRA ET AL., 2021; TRIEBOLD ET AL., 2012; 

ZACK, VON EYNATTEN, ET AL., 2004; (B) W VS NB/V AND (C) MN VS FE PLOTS FROM 

SCIUBA AND BEAUDOIN (2021); (D) ZR/HF VS NB/TA, (E) SN VS W AND (F) W VS SB/V FROM 

PEREIRA ET AL (2021). 184 
FIGURE 4-11: WEIGHTED MEAN AGES OF TSB-04 (A) AND TH12 (B) RUTILES WITH REJECTED 

MEASUREMENTS (AND REASONS SPECIFIED). UNCERTAINTIES INCLUDING THE 

PROPAGATED 2% SYSTEMATIC UNCERTAINTIES ARE INDICATED BETWEEN BRACKETS IN 

THE COLORED BOX AND AS A GREY BAR ON THE PLOTS. 188 
FIGURE 4-12: EVOLUTION OF CLOSURE TEMPERATURE (BLUE DIAMONDS) AND COOLING TIME 

(GREEN DIAMONDS) AS FUNCTION OF THE COOLING RATE OF TH12 RUTILE GRAINS. THE 

BLUE AREA REPRESENTS THE TEMPERATURE RECORDED BY SAMPLE TJ10 (DIENER ET 

AL., 2005) INCLUDING ±30°C OF UNCERTAINTIES. THIS BRACKETS THE COOLING RATES OF 

TH12 RUTILE GRAINS BETWEEN 6 AND 59°C/MA. THE UTILIZATION OF MINIMUM AND 

MAXIMUM DURATION OF RETROGRADE METAMORPHISM ALLOWED BY DATA FROM 

LANA ET AL., 2010 (GREEN AREA) HELPS TO NARROW DOWN THIS RANGE TO BETWEEN 18 

TO 48°C/MA (RED DASHED AREA IN THE CENTER. 189 
FIGURE 5-1 : CRUSTAL COMPONENTS OF THE PALEOARCHEAN CONTINENTAL CRUST AND 

MAIN RESULTS FROM THIS STUDY. 205 



 

17 
 

FIGURE 5-2: SCENARIO OF SUCCESSIVE PRODUCTION OF COMPOSITIONALLY DIFFERENT 

GRANITOIDS IN A MAGMATICALLY OVERTHICKENED COMPOSITE CRUST (SMIT ET AL., 

2024). 207 
FIGURE 5-3 : GRAVITATIONAL INSTABILITY OF AN ARCHEAN CONTINENT (FROM REY ET AL., 

2014). HIGHER MANTLE HEAT FLOW IN THE ARCHEAN TRIGGERED THE PRODUCTION OF 

VOLUMINOUS BASALTIC MELTS, TRANSLATING INTO A THICK BASALTIC CONTINENT 

THAT FURTHER DIFFERENTIATES INTO TTGS (~50-150 MYR). THE GROWTH OF THIS 

CONTINENT EVENTUALLY LEADS TO AN OVERWEIGHT WHICH TRIGGERS 

GRAVITATIONAL COLLAPSE OF THE OVERTHICKENED CRUST. THE DOWNFLOW OF 

CRUSTAL MATERIAL PUSHES THE CONTINENTAL MARGINS AGAINST THE OCEANIC 

CRUST, LEADING THE LATTER TO SUBDUCT. THE SUBDUCTION DOWN TO ECLOGITE 

FACIES CONDITIONS TRIGGERS PARTIAL MELTING OF THE OCEANIC SLAB WHICH RISES 

THROUGH THE MANTLE WEDGE AND METASOMATIZE IT (I.E. SANUKITOID MAGMATISM 

FOR ~50-150 MYR). 208 
FIGURE 5-4: SIMULTANEOUS PRODUCTION OF TTG AND VARIOUS SANUKITOID MAGMAS IN 

THE NEOARCHEAN JUIZ DE FORA COMPLEX (FROM MAURI ET AL., 2024). THE 

GENERATION OF TTGS OCCURS CLOSE TO THE SUBDUCTION TRENCH WHERE LITTLE TO 

NO MANTLE WEDGE IS PRESENT WHEREAS THE PRODUCTION OF SANUKITOID MELTS 

OCCURS FURTHER INLAND FROM THE TRENCH AND AT HIGHER PRESSURE. 210 
 

List of Tables 
TABLE 2-1 : SUMMARY OF SAMPLES INVESTIGATED IN THIS STUDY FOR DETRITAL ZIRCON 

STUDIES. .................................................................................................................................................... 71 
TABLE 3-1 : SUMMARY OF SAMPLES COLLECTED, STRATIGRAPHIC POSITION, LOCATION, 

LITHOLOGY, GPS COORDINATES, AND RELEVANT GEOCHRONOLOGICAL DATA. ............. 124 
TABLE 4-1 : GEOGRAPHIC, LITHOLOGICAL AND STRATIGRAPHIC INFORMATION ABOUT THE 

SAMPLES INVESTIGATED IN THIS STUDY. ..................................................................................... 171 
 

  



 

18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« Descends dans le cratère du Yocul de 

Sneffels que l’ombre du Scartaris vient 

caresser avant les calendes de Juillet, 

voyageur audacieux, et tu parviendras au 

centre de la Terre. Ce que j’ai fait. Arne 

Saknussemm. »  

Jules Verne, Voyage au Centre de la Terre. 

« Nature is to be found in her entirety nowhere 

more than in her smallest creatures. »  

Caius Plinius Secundus, « Pliny the Elder”, 

Historia Naturalis 

«We are like a judge confronted by a 

defendant who declines to answer, and we 

must determine the truth from the 

circumstantial evidence.” 

  

Alfred Wegener, The Origin of Continents and 

Oceans 

«The result, therefore, of this physical inquiry 

is, that we find no vestige of a beginning—no 

prospect of an end.” 

  

James Hutton, The Theory of the Earth 
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1. Chapter 1: General Introduction 

1.1. The Continental Crust: what? where? and when?  

The Earth’s lithosphere comprises two different crusts of contrasting compositions, densities and 

thickness. The oceanic crust consists of basaltic-gabbroic rocks formed at mid-oceanic ridges which 

seldom reach more than 7 km in thickness. The continental crust, on the other hand, has a mean 

composition of andesite (SiO2 between 57 to 63% Rudnick & Fountain, 1995; Taylor & McLennan, 

1995) and reaches thicknesses up to 80 km in orogenic plateaus (Cawood & Hawkesworth, 2019; 

Chopin, 2003; Jaupart et al., 2016; Zhang et al., 2011). Both type of crusts experience drastically 

different processes with the oceanic crust being recycled into the mantle every ca. 200 Ma at subduction 

zones (except for ophiolites obducted during orogenesis; Dilek & Furnes, 2014; Miyashiro, 1975) while 

the continental crust, due to its lower density and higher buoyancy, remains at the surface for billions 

of years and thus acts as an archive of geological events that have affected the Earth’s surface since its 

formation (C. Hawkesworth et al., 2024; C. J. Hawkesworth et al., 2017).  

 

Figure 1-1 : Schematic representation from Cawood et al., 2013 illustrating the balance between volumes of juvenile additions 

(growth) vs volumes of recycled materials (recycling) to/from the modern continental crust. 

The volume of continental crust present on Earth at any time of its history is a function of three 

time-integrated parameters: growth, recycling and reworking. 

Continental crustal growth in the modern Earth mainly occurs at continental and island arcs through 

partial melting of mantle peridotite metasomatized by slab-derived fluids, which produces 
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basaltic/andesitic magmas that further extrude or differentiate within or at the base of the overlying 

crust (Castro et al., 2013; Jagoutz & Kelemen, 2015; Reubi & Müntener, 2022). Crustal recycling of 

continental material into the mantle does occur though through 1) delamination of lower crustal material 

(Figure 1-1, Beall et al., 2017; Johnson et al., 2014; Lustrino, 2005) in collisional settings, through 

“dripping” of cold garnet-rich residue (after the extraction of significant amounts of granitic melts, see 

Wolf & Wyllie, 1993) that is denser than the surrounding mantle peridotites and 2) erosion of exposed 

landmasses and subsequent subduction of terrigenous sediments at convergent margins (Figure 

1-1, Scholl & Huene, 2009; C. R. Stern, 2011). It is estimated that, on the modern Earth, the volumes 

of juvenile continental crust generated at continental and island arcs are nearly compensated by the 

volumes of continental crust recycled into the mantle every year (Figure 1-1 Cawood et al., 2013). 

Additionally, the continental crust experiences processes of intracrustal reworking which “involves the 

remobilization of pre-existing crust by partial melting and/or erosion and sedimentation” (definition 

from Cawood et al., 2013; C. J. Hawkesworth et al., 2010). This produces the hallmark vertical zonation 

of the continental crust into 1) an upper crust made of terrigenous sediments deposited on a granitic 

basement, 2) a middle crust made of amphibolite and lower granulite facies orthogneisses and 

paragneisses and 3) a lower crust that contains felsic and mafic granulites as well as mafic intrusive 

rocks (also see more nuanced interpretations in Hacker et al., 2011, 2015) (Figure 1-2). Partial melting 

of lower crustal rocks (termed “anatexis”, Brown, 2007a; Harris & Massey, 1994; Raia & Spera, 1997; 

Sawyer, 2020) is partly responsible for the generation of granitic magmas that rise to the upper crust 

(through dykes, see Vigneresse & Clemens, 1999) and represent the dominant process of crustal 

reworking in the modern Earth. Figure 1-2 (from Cawood et al., 2022) represents a schematic vertical 

cross-section of the different lithologies and metamorphic facies shaping the modern continental crust. 

A key question among geoscientists for the past 20 years has been to understand the evolution of the 

continental crust in terms of composition, structure and thermal behavior since the Archean (4.0 to 2.5 

Ga), a period for which those three parameters are less well constrained.  
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Figure 1-2 : Changing vertical structure of the continental crust from Hadean to present (from Cawood et al., 2022). Note the 

transition from TTG-granitoid magmatism in the Archean crust to a granite-dominated modern upper continental crust. 

Questions about the exact amount of felsic crust in Hadean and Archean time are still not fully answered. Explanation in the 

main text. 

 

Terranes comprising old felsic rocks are localized in tectonically stable areas of the continental 

lithosphere and are referred to as cratons. Geologists can track the existence of evolved rocks of 

“continental” affinity, mostly in the form of tonalitic gneisses, to the 4.0 Ga orthogneisses of the Acasta 

Gneiss Complex in the Slave Craton, Canada (Bowring & Williams, 1999), while the oldest indirect 

evidence for exposure of felsic rocks to surface alteration comes from the discovery of 4.4 Ga detrital 

zircons in the Jack Hills metaconglomerates in the Yilgarn Craton, Australia (Cavosie et al., 2004; 

Wilde et al., 2001). Given the close association of felsic magmatism with subduction processes on the 

modern Earth, the high antiquity of these felsic rocks/minerals has often led geologist to propose that 

the classical subduction processes had operated back then (Hopkins et al., 2008) in similar ways as that 

documented in modern continental arcs. However, some controversy exists over the timing of the onset 

of a globally interconnected network of horizontally-moving lithospheric plates (see recent review from 

Harrison, 2024; Palin et al., 2020). Indeed, the formation of the Earth’s earliest felsic crust in the 

Archean (period from 4.0 to 2.5 Ga) is also sometimes attributed to non-uniformitarian processes 

involving the partial melting of a magmatically overthickened, MgO-rich ultramafic crust at depth 

greater than c.a. 45 km (J. H. Bédard, 2018; Johnson et al., 2014, 2017; Palin et al., 2016; Smithies et 
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al., 2019) that produces melts of basaltic composition which, after crystallization, partially melt to 

produce the diagnostic continental rocks of the Archean i.e. tonalite-trondhjemite-granodiorite (TTG). 

In these models, the magmatic thickening of an ultramafic crust is a consequence of the higher degrees 

of melting of mantle peridotites, as a result of the higher mantle potential temperatures in the Archean 

(Herzberg et al., 2010; Korenaga, 2018). Such an allegedly higher mantle heat flow would have made 

the Archean continental lithosphere rheologically weaker and unable to sustain high topography 

(Korenaga, 2021; Rey et al., 2024; Rey & Houseman, 2006). Additionally, a higher mantle and crustal 

geotherm would prevent the burial of crustal material to eclogite facies conditions, which would explain 

the absence of the latter from the Archean geological record (Bjørnerud & Austrheim, 2004; Brown et 

al., 2020; Brown & Johnson, 2018; Gerya, 2014; Sizova et al., 2014).  Transition to modern plate-

tectonic processes is assumed by most geologists to happen diachronously from one craton to another, 

i.e. between 3.0 Ga and 2.5 Ga (C. J. Hawkesworth et al., 2017; Laurent et al., 2014, for more extreme 

opinions see Stern, 2005) and to be reflected in the evolution of the composition of felsic rocks 

preserved in Archean cratons, as will be better explained in the following subsection.  

 

 

1.2. The evolution of the Archean continental crust  

 

The petrological-geochemical study of the Archean geological record has been feeding intense 

debates about the timing of the onset of plate-tectonic processes for more than 40 years In particular, as 

detailed in this section, the Neoarchean period (ca. 2.9 to 2.5 Ga) represents the time when the upper 

felsic crust experienced a geochemical transition from a Na-rich composition towards a K-rich 

composition, which is often interpreted as marking the onset of modern plate-tectonics on Earth 

(Chowdhury et al., 2025; Condie, 2018; C. Hawkesworth et al., 2024; Laurent et al., 2014).  
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1.2.1. Before 3.0 Ga: greenstone belts and tonalite-

trondhjemite-granodiorite plutons (TTG)  

 

 

Figure 1-3 : The range of plausible tectonic environments that could produce Archean TTGs, from “uniformitarian” (left) to 

“non-uniformitarian” (right) and depending on the melting depth range considered, i.e. a wide pressure window of 0.5-2.5 

GPa (top) or a more restricted one, i.e. ≤1.5 GPa (bottom) (from Laurent et al., 2024). 

Before 3.0 Ga, the dominant granitoid component of cratons are Na-rich granitoids belonging 

to the Tonalite-Trondhjemite-Granodiorite (TTG) series (Jahn et al., 1981; Laurent et al., 2024; J.-F. 

Moyen, 2011; J.-F. Moyen & Martin, 2012). These sodium-rich granitoids represent from 50 to 80% of 

the volume of the preserved Archean crust older than 3.0 Ga (Bleeker, 2003; J.-F. Moyen, 2011; Polat, 

2012). Closely associated with the TTGs and occurring as syn-formal keels or fold-and-thrust belts 

sandwiched between the plutons (like in the Barberton Granitoid-Greenstone Terrane, see section 1.5. 

below), are a mixture of ultramafic-basaltic volcanic rocks, chemical sediments such as the Banded Iron 

Formations (BIF) and minor clastic sediments. These are all grouped under the terminology of 

“greenstone belts”, as a result of the greenish colors displayed by these supracrustal rocks (mostly due 

to the occurrence of greenschist facies mineral phases like chlorite or epidote, see Anhaeusser, 2014; 

Condie, 1981).  

The geochemical properties of TTGs (Na2O content > 4 wt%, enrichment in LILE, fractionation 

of their REE spectra with variable depletion in HREE, absence of Eu anomaly, cf Laurent et al., 2024; 

Martin, 1986; J.-F. Moyen & Martin, 2012), combined with their rare occurrence in the Phanerozoic 
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crust with respect to K-rich granitoids, have been related to a range of tectonic contexts of magma 

production either resembling modern-day subduction processes or being drastically different and non-

uniformitarian (Figure 1-3). Some studies advocated the formation of TTG-like melts through either 

partial melting of basaltic crust (e.g. Bédard, 2006) or fractionation of mafic melt derived from a LILE-

enriched lithospheric mantle (e.g. Johnson et al., 2014; Smithies et al., 2019), both taking place mainly 

within the lower crustal roots of an overthickened oceanic plateau (Figure 1-3E-F). In contrast, other 

authors (Martin et al., 2005, 2014; J.-F. Moyen & Martin, 2012) supported the petrogenesis of TTG-

like magma being a consequence of partial melting of a LILE-enriched Archean tholeiite tectonically 

buried at high depth in the mantle, i.e. a process more akin to modern convergent margin settings 

(Figure 1-3A-B). Intermediate tectonic contexts such as dripduction (Nebel et al., 2018) or subcretion 

of mafic crust (Hiess et al., 2009) (Figure 1-3C-D) are equally viable scenario for the genesis of 

Archean TTGs, as reviewed by (Laurent et al., 2024). However, these tectonic models are largely based 

on the assumption that TTG bulk rock chemistry is representative of that of the melt and, thus, can be 

used to infer P-T conditions (hence tectonic settings) in which this melt was produced. Recent work 

from (Kendrick et al., 2021; Laurent et al., 2020; Rollinson, 2021) suggest that TTG, instead, might 

represents end products of significant differentiation of a tonalitic magma, the latter produced in a more 

limited P-T range than previously thought. As pointed out by (J. H. Bédard, 2018; Laurent et al., 2024) 

it is also rather likely that many of these local tectonic settings could have coexisted in the >3.0 Ga 

Archean Earth, with some sections of the lithosphere experiencing steep or shallow subduction and 

others producing oceanic plateaus. During that time, the alleged higher crustal temperatures (and 

associated ductile mechanical behavior, Korenaga, 2018, 2021; Mai & Korenaga, 2022) would have 

made amalgamation of different TTG-like micro-continents incapable to reach thicknesses akin to 

modern orogenic belts.  
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1.2.2. After 3.0 Ga: the onset of granitic magmatism  

 

 

 

Figure 1-4 : Diachronous transition from TTG-dominated continental crust to K-rich magmatism in different Archean 

cratons (from Chowdhury et al., 2025). 

At ages between ca. 3.0 Ga to ca. 2.5 Ga, the Archean rock record witnesses a gradual transition, 

and diachronous from craton to craton, towards K-rich magmatism, with the rise of more diversified 

granitoids in the felsic crust (Cassidy et al., 2006; Laurent et al., 2014; J. F. Moyen et al., 2021; Nebel 

et al., 2018; R. A. Stern et al., 1989) (Figure1-4). As a result, rocks of the TTG series become 

proportionately less dominant in the preserved volume of continental crust and give way to 

compositionally different granitoids (Figure 1-4). These chemically diverse granitoids are, with 

regional variations across cratons (Figure 1-4): 1) calk-alkaline, metaluminous, K-Cr-Ni-Mg rich 

granodiorites termed “sanukitoids” (L. P. Bédard, 1996; Cassidy et al., 2006; Champion & Smithies, 

2001; de Oliveira et al., 2010; Fowler & Rollinson, 2012a; Halla, 2005; Jayananda et al., 2020; Jiang et 
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al., 2016; Martin et al., 2009; Shirey & Hanson, 1984; SMITHIES et al., 2004; Smithies et al., 2019; R. 

A. Stern et al., 1989); 2) slightly to moderately peraluminous, biotite (and subordinate two-mica) 

granites, arguably the second most abundant basement lithology in the Archean record after TTGs 

(Almeida et al., 2013; Feng & Kerrich, 1992; Frost et al., 1998; Jayananda et al., 2006; Liu et al., 2004; 

Meyer et al., 1994); and 3) hybrid granitoids intermediate in composition between TTGs, sanukitoids 

and biotite-/two-mica granites (Jayananda et al., 2006; J.-F. Moyen et al., 2003). These chemically 

diverse granitoids are interpreted as reflecting the onset of processes that are diagnostic of syn-to-post-

collisional stages of modern orogens (Figure 1-5): 

1) Sanukitoids, through their enrichment in both lithophile (K, Ba, Sr, REE) and “mantle-like” 

(Cr, Ni, Mg) elements, require involvement of felsic (crustal) and ultramafic (mantle) 

components in the magma source, interpreted to be a felsic melt (most often of TTG affinity) 

and a mantle peridotite.(Bibikova et al., 2005; Fowler & Rollinson, 2012b; Jayananda et al., 

2020; Jiang et al., 2016; Martin et al., 2009). This dual origin and the calk-alkaline nature of 

sanukitoids suggests burial of basaltic + sedimentary rocks to P-T conditions high enough for 

them to start melting, a configuration that is more easily replicated in subduction-collision 

settings than in intraplate settings where magmas are dominantly alkaline (Figure 1-5 Bonin, 

2004; Clemens et al., 2009). Thus, sanukitoids mark the beginning of crustal growth through 

mantle wedge melting which is observed in modern continental and island arcs.  

2) Biotite (and two-mica) granites represent peraluminous magmas enriched in K, which would 

derive from the partial melting of a TTG-like crust and/or sedimentary lithologies such as 

greywackes (Patiño-Douce & Beard., 1995; Watkins et al., 2007). While intracrustal reworking 

processes already existed long before 3.0 Ga (as evidenced by Hf isotope record in zircon, see 

section 1.3.) this is mainly interpreted as melting of a mafic crust to produce felsic rocks of the 

TTG series. From 3.0 Ga however, the production of peraluminous, K-rich granites shows that 

the felsic, TTG-sediments-like crust is now being internally reprocessed. This, as a result, 

marks the onset of intracrustal reworking of felsic crust that was described in section 1.1 

(Figure 1-5).  
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3) Lastly, hybrid granites with chemical patterns intermediate between those of TTG, sanukitoids 

and two-mica granites are thought to derive from a mixing of the previous two magmatic 

components (Laurent et al., 2014) (Figure 1-5).  

 

 

 

Again, not all these lithologies are 

expressed in every Archean craton. 

However, the same transition from 

Na-rich, TTG dominated crust to K-

rich, to a compositionally diverse 

crust is documented in every craton 

across the world, albeit at different 

time (e.g. earlier for the Pilbara 

Craton, cf Smithies et al., 2004, later 

for the North China craton, cf Jiang et 

al., 2016 see Figure 1-4) suggesting 

that the stabilization and cratonization of the Continental lithosphere was a diachronous process. Also, 

Figure 1-5 : Two-stage magmatic evolution 
of the Archean continental crust (from 
Chowdhury et al., 2025). The Archean 
geological record documents a chemical 
transition from TTGs towards a more 
diverse K-rich continental crust 
(sanukitoids, two-mica granites and hybrid 
granitoids) around 3.0-2.5 Ga. The 
formation of sanukitoids implies a growing 
contribution from metasomatized mantle 
peridotite that mixes with a TTG-like melt 
(onset of mantle wedge melting) whereas 
the formation of two-mica granites requires 
intracrustal reworking of TTGs with buried 
sediments similar to greywackes (onset of 
felsic crust reworking). This chemical 
diversification of the crust resembles the 
granitoid diversity observed in syn-to-post 
orogenic contexts of Phanerozoic orogens. 
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the comparable chemical affinities and diversity of Late-Archean granitoids with granitoids forming 

during syn-to-post-orogenic stages of modern orogenic cycles, is interpreted as a signature of the 

establishment of plate tectonics on a more global scale. This would result from the secular cooling of 

the Earth (Brown et al., 2022; Brown & Johnson, 2018; Palin et al., 2020) making the continental 

lithosphere rheologically stronger.  In turn, a mechanically strong continental crust would allow the 

formation of linear suture zones between juxtaposed microcontinents (such as the Colesberg lineament 

between the Pietersburg block and the Northern edge of the Kaapvaal craton Eglington & Armstrong, 

2004; Schoene et al., 2009) translating into changing structural grain from a dome-and-keel architecture 

of >3.0 Ga Archean granite-greenstone terranes to a more linear/accretionary orogenic one. Lastly, the 

stabilization of the Neoarchean continental lithosphere is supported by the formation of a depleted 

lithospheric mantle which, due to its higher buoyancy compared to ambient convective mantle,  keeps 

the continental landmasses above sea level, enabling the erosion and deposition of thick terrigenous 

sedimentary layers (Flament et al., 2013; Korenaga, 2018, 2021; Mai & Korenaga, 2022; Rey et al., 

2024; Schoene et al., 2009).   

 

1.3. Geological evidence for pre-Neoarchean stabilization 

of continental lithosphere.  

 

The scenario presented above, while shedding lights on the changing upper crustal composition at 

c.a. 3.0-2.5 Ga, suffers from some intrinsic inconsistencies that will be discussed in detail below:  

1) The global record of Hf isotopes in zircons (i.e. from 4.4 to 3.0 Ga) shows evidence for an early 

transition in tectonic regime, interpreted as reflecting stabilization of the first cratonic nuclei 

between 3.8 to 3.6 Ga., ca. 1 Gyr before its documented involvement according to the whole-

rock record.  

2) The geological record of some Archean terranes show evidence for an earlier stabilization of 

the local continental crust as early as the Paleo-/Meso-Archean. 



 

29 
 

3) The geological record may not accurately represent the lithological diversity of the crust at the 

time of its formation.  

 

Figure 1-6 : Lithospheric thickness model with position of cratons outlined with yellow contours (map from Cawood et al., 

2022; Priestley et al., 2018). Note the relatively minor proportion represented by exposures of Precambrian cratons in the 

continental lithosphere with respect to Phanerozoic continental rock. 

Additionally, one must remember that the surface area of continental rocks that is older than 2.5 Ga 

represents less than 14% of the total surface of exposed and buried continental rocks (Goodwin, 1996) 

(Figure 1-6) while the total surface of continental rocks older than 3.0 Ga represents less than 5% of 

the total surface of the exposed continental crust (Goodwin, 1996; C. J. Hawkesworth et al., 2017) 

(Figure 1-6). Connected with the commonly held view that between 60 to 80% of the present volume 

of the continental crust was extracted by 3.0 Ga (Dhuime et al., 2012, 2015), a trivial conclusion is that 

most of the pre 2.5 Ga felsic rocks were recycled or reworked after their initial 

crystallization/deposition, supporting the idea of a significant preservation bias of the Archean rock 

record. An important question that geologists ask is what these missing rocks looked like and are the 

preserved rocks representative of them.  
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1.3.1. The global record of Hf isotopes in zircons: evidence 

for formation of cratonic nuclei at the Eo-Paleoarchean 

transition (ca. 3.8-3.6 Ga) 

 

 

Zircon possesses a very strong affinity for Hf4+ which it incorporates to levels up to 1.5 wt% as 

a result of simple chemical substitution with Zr4+(Hoskin & Schaltegger, 2003; Payne et al., 2016; 

Spencer et al., 2020; Watson & Harrison, 1983). In contrast, while having a strong affinity for HREE 

like Lu, the concentration of the latter in zircon is much lower compared with Hf (Belousova et al., 

2002; Grimes et al., 2015). As a result, the 176Hf/177Hf ratio of zircon at the time of crystallization is 

Figure 1-7 : Zircon εHf(t) vs age (Ma) graph from Mulder et al., 2021 illustrating the evolution of crust-mantle interactions from 
Hadean to the end of the Paleoarchean. Zircon with εHf(t) > 0 crystallized in a source that was recently extracted from the 
Mantle and/or with a high Lu/Hf ratio, translating into a more radiogenic Hf isotopic composition than the CHondrite Uniform 
Reservoir (CHUR). Zircon with εHf(t) < 0 crystallized in a source that was extracted from the mantle a long time before the 
crystallization of the mineral and show low Lu/Hf ratio, resulting in less radiogenic Hf isotopic composition than the CHUR 
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virtually not modified through radioactive decay of parent 176Lu and remains nearly constant (at least 

within our analytical uncertainties) for billions of years (Fisher et al., 2014; Payne et al., 2016; Spencer 

et al., 2020). This property enables geologists to identify the 176Hf/177Hf ratio of the melt zircon 

crystallized from, which, at first order, depends on the proportion of crustal-derived vs mantle-derived 

components in the magma source (Amelin et al., 2000; Guitreau et al., 2012; Zeh et al., 2013). Due to 

the incompatible behavior of Hf during partial melting of mantle rocks, this element eventually 

concentrates into the crust whereas Lu being more compatible with mantle solid residuum remains in 

the mantle. Over billions of years of separate crust-mantle evolution, the Hf isotopic signature of both 

reservoirs diverge, with mantle rocks being strongly radiogenic (εHf(t) > CHUR line, Figure 1-7) 

whereas crustal rocks evolve to systematically non-radiogenic signature (εHf(t) < CHUR line, Figure 1-

7).  

The global compilations of Hf isotopic signature of Paleoarchean to Hadean igneous and detrital 

zircons from (Bauer et al., 2020; Mulder et al., 2021) documents a two-stage history of crust-mantle 

interaction from 4.4 Ga to ca. 3.2 Ga (Figure 1-7). From 4.4 Ga to 3.8 Ga, the zircon Hf isotopic 

composition becomes increasingly negative (Figure 1-7) outlining zircon crystallization in crust-

derived melts, with little mixing with mantle-derived magmas. This is interpreted as reflecting 

intracrustal reworking of mafic crust. From 3.8 to 3.6 Ga, the global Hf isotope record shifts to 

radiogenic, chondritic to supra-chondritic values, a phenomenon that is present in all cratons but 

happens with different timing (more around ca. 3.2 Ga for SW Greenland, see Kirkland et al., 2021; 

Næraa et al., 2012) (Figure 1-7). This hallmarks the onset of substantial contribution of mantle melting 

to the formation of felsic crust (i.e. crustal growth), the latter hence carrying along the radiogenic, 176Hf-

enriched signature of its mantle source (i.e. positive εHf(t)). Therefore, the works of (Bauer et al., 2020; 

Kirkland et al., 2021; Mulder et al., 2021; Næraa et al., 2012) document the coupled mantle melting 

and juvenile crust formation from ca. 3.8 to 3.6 Ga, generating buoyant cratonic nuclei.. Therefore, if 

one believes the global zircon Hf isotopic record, the formation of a buoyant continental lithosphere 

and the associated stabilization of the earliest cratons happened at ca. 3.8-3.6 Ga, some 600 Ma to 1 Ga 
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earlier than what was proposed before based on the appearance and diversification of K-rich magmatism 

in the rock-record.  

1.3.2. Lithological evidence for a more diverse, >3 Ga felsic 

crust?  

 

 

As outlined in (J.-F. Moyen, 2011)’s 

contribution, the dominant felsic rocks of the 

Archean Eon have often experienced intense strain 

and metamorphism after their crystallization, such 

that they become “grey gneisses” that are not 

always chemically identical to TTGs. In fact, grey 

gneisses represent either a mixture of TTG + 

infolded (meta-)sediments + felsic (meta-)volcanic 

rocks + greenstones, all of which being 

metamorphosed to amphibolite facies; or TTG 

sensu stricto (s.s), which are pristine TTG orthogneisses not mixed with other lithologies. The further 

back in time one goes, the harder it becomes to find TTGs retaining a pristine magmatic fabric and most 

Eoarchean (from 4.0 to 3.6 Ga) felsic rocks are thus generally characterized as “grey gneisses”, although 

some exceptions occur. It follows that while TTGs are often strained, mixed with other lithologies and 

deformed to grey gneisses, particularly for Eo-to-Paleoarchean times, grey gneisses are not always 

chemical equivalents of TTG s.s.  Indeed, the widespread occurrence of a gneissic fabric in Eoarchean 

felsic rocks could have made the identification of meta-igneous rocks of potentially different 

compositions than TTG more difficult and thus, strengthen the conception of a TTG-dominated, >3.0 

Ga Archean felsic crust.  

The Acasta Gneiss Complex in Canada offers some interesting insights on these matters. The study 

of (Reimink et al., 2014) identified some tonalitic gneisses at Idiwhaa in the Acasta Gneiss Complex 

 

Figure 1-8 : Ternary plot showing the felsdspar K-rich 
composition of granitic clasts deposited in the Moodies 
Basal Conglomerate (modified after Sanchez-Garrido et 
al., 2011). 
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that have major and trace element composition different than that of TTG s.s from (J.-F. Moyen, 2011), 

notably a higher Fe content. These gneisses also produced a REE pattern that bears similarities to that 

of volcanic rocks called icelandites, which was interpreted by the authors as indicating that the Acasta 

felsic crust formed in settings similar to modern Iceland (hot spot/mid oceanic ridge interaction). This 

observation is not an isolated pattern. Indeed, hints of a higher felsic crust diversity in the preserved 

Archean rock record also occurs in Eastern Hebei, North China Craton where ~ 3.7 Ga K2O-rich granites 

and quartz monzonites were recently found in enclaves preserved in 2.5 Ga potassic granites (Dong et 

al., 2024). The same findings were described in the Barberton Granitoid-Greenstone Terrane (BGGT), 

South Africa where (Kröner et al., 2018; Kröner & Compston, 1988; Reimer et al., 1985; Sanchez-

Garrido et al., 2011) documented 3.2- to 3.5 Ga-old granitic-rhyolitic clasts in ca. 3.2 Ga conglomerates 

(Figure 1-8), with K2O contents between 3.7 to 9.0 wt%, much higher than TTGs (mean K2O content 

~ 1.7 wt%, see J.-F. Moyen & Martin, 2012), although these clasts do not have equivalents in the 

exposed plutonic record. The parallel crystallization age distribution of these granitic/rhyolitic clasts 

with those of the local Barberton TTGs was used to argue that these clasts could represent remnants of 

a potassium-rich upper crust formed coevally with TTGs but mainly lost to crustal recycling.  

Furthermore, the study of Vezinet et al., 2025, focusing on two ca. 3.2-3.1 Ga tonalitic plutons of the 

BGGT in South Africa has conducted trace element profiling of magmatic apatites and identified a 

LREE-enrichment within the grains, a feature that resembles that of apatites crystallized within <2.9 

Ga Sanukitoids and Phanerozoic I-type granites. This suggests that these tonalites, though part of the 

TTG series on a major element basis, have apatite REE patterns typical of sanukitoids. Consistent 

metamorphic and structural studies conducted in the BGGT for the past ~ 20 years (K. A. Cutts et al., 

2014; J. F. Diener et al., 2005; J. F. A. Diener & Dziggel, 2021; Dziggel et al., 2002, 2005, 2006; Kato 

et al., 2018; Kisters et al., 2003; J.-F. Moyen et al., 2006) which document linear, thrust-like faults 

accommodating a NW-SE horizontal shortening of the granitoid-greenstone terrane at ca. 3.2 Ga, also 

support a Meso-Archean cratonization of the BGGT i.e. earlier than the global geological record 

suggests. Obviously, the present-day aerial extent of these Eoarchean icelandites, granitic 

enclaves/clasts,  and sanukitoid-like rocks is limited, so these observations apparently do not challenge 

the view that TTGs represent up to 80% of the preserved > 3.0 Ga Archean crustal volume (J.-F. Moyen, 
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2011; Polat, 2012). Nevertheless, this shows that a better assessment of grey gneisses protolith 

lithologies is required. Furthermore, as the next section will illustrate, the proportions of TTG vs non-

TTG rocks in the preserved geological record might not accurately represent the lithological diversity 

of the Archean felsic crust at the time it was formed.  

1.3.3. Preservation biases recorded by decoupling of the 

detrital and plutonic zircon O isotope record 

 

 

Figure 1-9 : Differences between δ18O of igneous zircons and that of detrital zircons (from Spencer et al., 2022). 

 

Oxygen isotopes in zircons (notably the δ18O value, i.e. deviation of the 18O/16O ratio from that 

of an international standard, usually the Standard Mean Ocean Water [SMOW]) are used to track the 

presence of surface weathered material in the source of their parent magmas. It follows that a zircon 

δ18OSMOW > 7.0 ‰ indicates a magma source that contained material that interacted with water at the 

surface (i.e. sedimentary rocks) whereas a δ18OSMOW of 5.3 ± 0.1 (1σ) ‰ indicates a mantle-derived 

magma source at first order (Valley et al., 1998, 2005). The identification of δ18OSMOW reaching values 

up to 15.0 ± 0.4 ‰ in Hadean detrital zircons of the Jack Hills meta-conglomerates has enabled 
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scientists to suggests that liquid water was present as early as 4.4 Ga on Earth, thereby suggesting 

cooling from a magma ocean to surface conditions allowing the presence of liquid water in less than 

150 Ma (Harrison et al., 2008; Mojzsis et al., 2001; Wilde et al., 2001).  

However, when comparing global records of detrital/sedimentary zircon δ18OSMOW with zircon 

δ18OSMOW from preserved igneous rocks, Spencer et al., 2022 discovered that, over 4.4 Ga of crustal 

evolution and maturation, the former are systematically higher than the latter for the Archean period 

(Figure 1-9). This suggests that the preserved geological record from Archean time does not faithfully 

represent the diversity of lithologies that produced the detrital zircons of similar age. This also suggests 

a vertical oxygen isotopic stratification of the continental crust at this time, with the upper crust 

consisting of higher proportions of igneous rocks derived from sediment-derived melting, preferentially 

feeding the high δ18OSMOW detrital zircons to clastic sediments, and the lower crust with a higher 

proportion of mantle-derived igneous rocks (i.e. lower δ18OSMOW). The fact that high δ18OSMOW detrital 

zircons have a slightly different proportion of sources than what is preserved in the igneous record raises 

question about the potentially significant erosional bias that affects the Archean geological record and 

the possibility that some voluminous rock components were recycled and/or eroded away.  

Therefore, while the 3.0 to 2.5 Ga period might represent a global transition to modern tectonics, 

evidence gathered from the occurrence of seemingly minor granitoid types at earlier times, as well as 

the zircon O and Hf isotopic records, rather suggest that the > 3.0 Ga evolution was not as simple and 

non-uniformitarian as conventionally considered.  The key question is thus to know how much of the 

ancient Archean felsic crust these non-TTG rocks actually represent with respect to the small volumes 

preserved today. Accessing these missing crustal components can benefit from a comparison between 

the detrital and igneous record of a well characterized Archean terrane as the next two sections will 

illustrate. 
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1.4. Detrital accessory minerals as key tools to constrain 

the evolution of > 3.0 Ga Archean crust 

1.4.1. Zircon: a tracer of crust-mantle evolution through time 

 

The studies that have utilized zircon as a tracer of felsic crustal evolution in Hadean to Archean 

contexts are beyond numbers (Amelin et al., 2000; Bauer et al., 2020; Bell et al., 2015; Blichert-Toft & 

Albarède, 2008; Bruand et al., 2016; Cavosie et al., 2004; Compston & Pidgeon, 1986; Drabon et al., 

2021; Harrison et al., 2008; Hopkins et al., 2008; Reimink et al., 2020; Valley et al., 2005; Wilde et al., 

2001, to mention a few). To briefly summarize, zircon is a robust accessory mineral that crystallizes in 

intermediate to acidic melts (whole rock SiO2 > 60%, Boehnke et al., 2013; Hoskin & Schaltegger, 

2003; Watson & Harrison, 1983) and incorporates significant amounts of U (due to chemical 

substitution with Zr in the ZrSiO4 formula, cf. Hoskin & Schaltegger, 2003) but little to no Pb during 

crystallization, making it a good geochronometer. Additionally, zircon can preserve the original Hf 

isotopic composition of its parent magma (see section 1.3.2) which depends on the respective 

importance of mantle vs crustal components in the magma source of the latter (Couzinié et al., 2016; 

C. J. Hawkesworth & Kemp, 2006b; Vervoort & Kemp, 2016). Furthermore, as explained in section 

1.3.4, zircon O isotope signature provides a robust proxy of prior magma source interaction with 

seawater (Payne et al., 2016; Valley et al., 2005). The Ti content of zircon provides estimates of the 

crystallization temperature of the mineral (Ferry & Watson, 2007; Fonseca Teixeira et al., 2023; Schiller 

& Finger, 2019) and, despite some recent revisions of the meaning of geochemical proxies such as the 

Eu anomaly and Th/U ratio (Yakymchuk et al., 2018, 2023), the general trace element signature of 

zircon can, to some extent, distinguish magma sources from one another, in particular in geological 

periods for which the operation of plate tectonics is certain (Belousova et al., 2002; Grimes et al., 2007, 

2015). Also, trace element-in-zircons have been increasingly used to filter grains that experienced 

hydrothermal alteration and precipitation of secondary zirconolite compounds (Bell et al., 2016, 2019; 

Bolhar et al., 2021; Kitajima et al., 2012).  Finally, these isotopic, chronological and chemical data 

retained in zircon are wonderfully preserved and suffer little modification due to the mineral’s inherent 

resistance to surface weathering and transport in clastic sedimentary systems (Dryden & Dryden, 1946; 
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A. Morton, 2012; A. C. Morton & Hallsworth, 1999). This enables zircon to survive multiple 

sedimentary cycles for billions of years largely unaffected, a property that becomes interesting when 

applied to a context for which little igneous rocks have survived such as the Archean. 

However, the above summary of the zircon “toolbox” does not rule out inherent biases 

associated with zircon-centered studies. Indeed, zircon is not a ubiquitous mineral, since it mainly forms 

in magmas with SiO2 content above 60% (intermediate to acidic, cf C. J. Hawkesworth & Kemp, 2006a) 

and thus, when used out of context (i.e. detrital grains), necessarily biases the study to the record of 

felsic crust components. Also, while trace elements in zircons are a powerful tool to distinguish very 

different (and somewhat uncommon) magma types (e.g. alkaline, mafic, carbonatitic vs granitic zircons; 

Belousova et al., 2002) or strikingly distinct geological environments (Grimes et al., 2007, 2015) zircon 

incorporates trace elements (HREE, Hf, U, Th, Y) that show little variability between very different 

granitoid types (J.-F. Moyen et al., 2017) resulting in zircons having similar trace element patterns 

across a range of compositions and petrogenetic mechanisms. Also, its application to discriminate 

magma types formed during a period of Earth’s history for which the operation of plate-tectonics is not 

certain remains debated (Grimes et al., 2015). Finally, zircon has a high closure temperature for Pb 

diffusion (Cherniak et al., 1991) which represents a key advantage for dating the crystallization of the 

mineral (at notably lower temperature than Tc for Pb diffusion in zircon) but offers little prospects of 

constraining its thermal evolution after initial crystallization. Yet, constraining the thermal evolution of 

felsic rocks after their crystallization or deposition has major implications on the cooling rate of 

sedimentary units that went to lower crustal P/T conditions which connects with the local tectonic 

setting (J. A. Cutts et al., 2019; Ivan et al., 2022).  

Therefore, zircon cannot be used alone, and geologists must combine zircon data with more 

ubiquitous and compositionally variable minerals to gain a better understanding of the compositional 

diversity of missing crustal components and the thermal evolution of crustal rocks, and particularly 

Archean terranes.  
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1.4.2. Apatite as a more faithful recorder of magma 

compositions 

 

Recent studies have shed light on the importance of apatite as a tracer of missing crustal rocks 

and crustal evolution (Antoine et al., 2020; Bruand et al., 2016, 2020; Chew et al., 2021; Henrichs et 

al., 2019; Kieffer et al., 2024; Kirkland et al., 2017; Miyake et al., 2024; O’Sullivan et al., 2020; Vezinet 

et al., 2025). Apatite is, indeed, a much more ubiquitous accessory phase than zircon and crystallizes in 

a broader range of magma compositions, i.e. from mafic to felsic (Belousova et al., 2002; 

Chakhmouradian et al., 2017; O’Sullivan et al., 2020). Therefore, its trace and REE chemistry may help 

to reduce the biases resulting from a detrital zircon study alone.  

In addition, apatite trace element contents are much more sensitive than zircons to the 

composition of the magma it crystallized from. As an example, the study of (Bruand et al., 2016) has 

shown the Sr content of apatite to be negatively correlated to the SiO2 content of the parent magma and 

thus provides a proxy of the degree of chemical differentiation of the source rock. Additionally, the 

LREE content of apatite shows a strong negative correlation with the ASI of the parent melt as 

demonstrated in earlier studies (Montel, 1986; Piccoli & Candela, 2002; Pichavant et al., 1992). More 

recently, the study of (Kieffer et al., 2024) has established a workflow that filters apatites of different 

origins (i.e. metasomatic vs magmatic, felsic vs mafic, S-type vs I-type granite, etc.), a powerful tool in 

the case of apatite populations for which the original context is not known (detrital). The halogen (F 

and Cl) content of apatite also enables to filter out grains that experienced hydrothermal alteration from 

magmatic ones (high F, low Cl, cf Harlov, 2015) as well as mafic vs felsic parent melts (Kendall-

Langley et al., 2021).   

As a result of its ubiquity and chemical composition being more sensitive to magmatic 

processes, apatite offers a viable alternative to the limits of zircon-tracking of missing components 

mentioned above. While few studies document apatite trace element signatures in Archean TTGs and 

grey gneisses (Antoine et al., 2020; Miyake et al., 2024; Vezinet et al., 2025), little has been published 

about detrital apatites from sedimentary successions and most of these are concerned with 

thermochronological aspects (Clarke et al., 2023) rather than chemical tracing. This lack of data for 
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detrital grains mainly reflects the low survivability of apatite during sedimentary cycles, due to the 

inherent higher sensitivity of apatite to fluid alteration and capacity to dissolve and reprecipitate (A. 

Morton, 2012; A. C. Morton & Hallsworth, 1999), the more so for prolonged periods of alluvial storage 

such as is expected for Archean sediments (Chew et al., 2020; A. C. Morton & Hallsworth, 2007). 

Although recovering apatites in Archean clastic sediments can thus become a challenge, its rare 

occurrence can shed light on the composition of upper crustal rock much more precisely than zircon.  

 

 

1.4.3. Rutile: a good recorder of the thermal evolution of the 

crust  

 

Rutile, like apatite, is becoming a mineral of a wider interest in the scientific community, 

particularly due to its inherent retention of cooling ages. Indeed, rutile possesses a closure temperature 

for Pb diffusion of ~ 500-600°C (Bracciali et al., 2013; Cherniak, 2000; Kooijman et al., 2010; 

Meinhold, 2010; Mezger et al., 1989, 1991). In addition, rutile crystallizes predominantly in high-grade 

metamorphic rocks, commonly above amphibolite facies conditions, so its occurrence provides an 

insight into lower crustal processes (Pereira et al., 2021; Pereira & Storey, 2023). In particular, the Zr 

content of rutile is highly temperature-dependent and allows for calculation of temperature of 

crystallization or metamorphic equilibration of the mineral under specific set of conditions (Ferry & 

Watson, 2007; Kohn, 2020; Zack, Moraes, et al., 2004; Zack & Kooijman, 2017). In the case of 

metamorphic grains, assuming a certain pressure of equilibration and the coexistence with quartz and 

zircon, Zr-in-rutile temperature can provide insights into paleo-thermal gradients of the  continental 

crust (Pereira et al., 2021). These properties collectively enable both to characterize the conditions of 

high-grade metamorphism and date the time when the resulting rocks were exhumed to mid-crustal 

temperatures. Additionally, rutile can also crystallize in magmatic-hydrothermal systems and 

discriminating those from metamorphic grains benefits from recent developments on rutile trace 

element chemistry (Schirra & Laurent, 2021).  
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A series of recent studies have emphasized the importance of rutile in determining provenance of 

clastic sediments, with the development of chemical proxies filtering between metamorphic vs 

hydrothermal vs magmatic grains and, to a lesser extent, mafic vs pelitic grains (Agangi et al., 2020; 

Luvizotto et al., 2009; Meinhold, 2010; Triebold et al., 2007, 2012; Zack, von Eynatten, et al., 2004; 

Zeh et al., 2018). This is a powerful tool in a context where the source might be difficult to identify, 

such as the Archean, or even lost by crustal reworking/recycling. However, while some recent work on 

Proterozoic-Phanerozoic settings have utilized rutile as a tracer of exhumation processes of eclogitic-

granulitic rocks (Agangi et al., 2020; Bonnet et al., 2022; Byrne et al., 2024; J. A. Cutts et al., 2019), 

similar studies are lacking for Archean terranes. Yet, enlightening the cooling rate at which high-grade 

Archean metamorphic rocks were exhumated might help to discriminate possible tectonic settings, as 

fast cooling rates generally reflects tectonic-denudation of orogenic cores (Scibiorski et al., 2015) 

whereas slow cooling rates are more peculiar of the orogenic collapse (gravity-driven) of an 

overthickened crust that retard cooling (the “Large Hot Orogens” of Jamieson & Beaumont, 2013).  
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1.5. Case study: the Barberton-Granitoid-Greenstone 

Terrane (BGGT) 

 

Figure 1-10 : Simplified structural map of the Kaapvaal Craton in Southern Africa showing the different tectonic blocks 

accreted along suture zones during the Neo-Archean (from Moyen et al., 2024). The BGGT (red box) lies at the border between 

the Swaziland block and the Witwatersrand block i.e. the cratonic nucleus of the craton. Both blocks were accreted at ca. 3.1-

3.0 Ga along the Barberton Lineament. 

 

The BGGT in eastern Mpumalanga, South Africa, is part of the Eastern Kaapvaal Craton and 

lies at the junction between the Witwatersrand Block and Swaziland Block (Figure 1-10), which form 

the nucleus of the craton. Other granitoid-greenstone terranes (notably the Pietersburg Block, cf. 

Laurent et al., 2019; J. F. Moyen et al., 2024 Figure 1-10) are present and show a younging in age the 

further to the NW, perpendicular to the structural grain of the BGGT (NE-SW extension, see (Eglington 

& Armstrong, 2004; JAGUIN et al., 2012; J. F. Moyen et al., 2024; Poujol, 2001). This pattern is 

interpreted as marking the sequential, lateral accretion and tectonic collage of the craton from 3.1 to ca. 

2.6 Ga  (Eglington & Armstrong, 2004; Laurent et al., 2019; Zeh et al., 2009).  
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The BGGT is an ideal framework to bring new constraints on the nature of lithologies, structure 

and thermal-tectonic evolution of the Earth’s earliest crust by looking at the supracrustal record and 

connecting it to the igneous/plutonic record. Indeed, it is one of the best preserved Paleo-to-

Mesoarchean greenstone terrane, for which the stratigraphic-structural relationships of the main 

supracrustal units and associated granitoid-gneisses have been well constrained since the late 1960s 

(Anhaeusser, 1969, 1976; Anhaeusser et al., 1981; Heubeck & Lowe, 1994; Kisters et al., 2003; Lowe, 

1999; Lowe & Byerly, 2007) (Figure 1-11). To summarize these previous studies, the Barberton 

Greenstone Belt (BGB) represents the three main stratigraphic groups that, together with the 

concomitantly developed TTG-like basement, form the BGGT. These groups, from older to younger, 

are the Onverwacht Group (ca. 3.55 to 3.26 Ga), the Fig Tree Group (ca. 3.26 to 3.23 Ga) and the 

Moodies Group (ca. 3.23 to 3.21 Ga).  

The Onverwacht Group is dominantly composed of ultramafic and mafic rocks, some of which 

belonging to the komatiite series (Parman et al., 1997), with some minor volcano-clastic to clastic 

sediments (De Wit et al., 1987a; de Wit et al., 2011; Dziggel et al., 2006; Grosch et al., 2011; Kröner 

et al., 2016). The group was deposited diachronously across the belt (Lowe, 1999; Lowe & Byerly, 

2007) and it represents the thickest part of the BGB stratigraphy. The Fig Tree Group consists of 

volcanic rocks, chemical and clastic sediments (Anhaeusser, 1983; Hofmann, 2005; Stevens et al., 

2002), which are overlain by the up to ca. 4 km thick clastic-tuffaceous silicic rocks of the Moodies 

Group (Heubeck, 2019; Heubeck et al., 2022) (Figure 1-11). These supracrustal rocks have been 

intruded by TTG magmas (now forming granitoids-gneisses) during three main episodes, i.e. 3.52-3.51 

Ga, 3.46-3.44 Ga and 3.23-3.21 Ga (Kamo & Davis, 1994; Kröner et al., 1996; Laurent et al., 2020; J.-

F. Moyen et al., 2007; Robb et al., 1986; Schoene et al., 2009; Yearron et al., 2003; Zeh et al., 2009). 

The TTGs are followed from ca. 3.12 Ga by the emplacement of the weakly- to undeformed, granitic-

monzonitic-syenitic (GMS) granitoids, which truncate the >3.2 Ga basement and supracrustal rocks 

(Santos Leandro et al., s. d.).  

The BGGT is divided into two separate terranes that are tectonically juxtaposed along the 

Saddleback-Inyoka-Fault System (SIFS, see Figure 1-11 A), a NE-SW trending reverse fault that act 
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as a suture zone between both tectonic blocks (i.e. the Northern Terrane located NW of the SIFS and 

the Southern Terrane located SE of SIFS, sensu Zeh et al., 2009 see also recent review from J. F. Moyen 

et al., 2024). This collision of both terranes along the SIFS happened at ca. 3.2 Ga as a result of 

convergent processes presumably accommodated by subduction and was responsible for the burial of 

the Stolzburg Terrane (Figure 1-11 B) to high grades and its subsequent exhumation to amphibolite 

facies conditions (J. F. Diener et al., 2005; Dziggel et al., 2002; J.-F. Moyen et al., 2006). Additionally, 

collision along the SIFS is responsible for the structural style of the greenstone belt, i.e. a linear belt in 

an accretionary wedge thrust against the more competent plutonic blocks of the BGGT with strain 

localized along the SIFS, quite different to dome-and-keel architecture that geologists observe in other 

cratons (e.g. the East Pilbara Terrane i.e. Champion & Smithies, 2001; François et al., 2014).  
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Figure 1-11 : Simplified geological map of the Barberton Greenstone Belt (A) and the Stolzburg Terrane (B) with a sketch 

stratigraphic log indicating the ages of the main TTG emplacement events (grey boxes). 
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1.5.1. Previous work on sediment provenance in the BGGT 

In addition to being well characterized from a whole-rock and tectono-metamorphic aspect, the 

BGGT has also benefited from a number of studies discussing the provenance of clastic sediments 

through detrital zircon analysis (Byerly et al., 2018; Drabon et al., 2017, 2021, 2022, 2024; Hoffmann 

et al., 2016; Kröner et al., 2014; Lowe et al., 2021; Wang et al., 2022; Zeh et al., 2013, 2014). This was 

mainly achieved by comparing age, chemical and isotopic signatures between detrital zircons and 

plutonic zircons of the Barberton TTGs to assess the potential source-to-sink relationship between 

either. The results of these studies can be summarized as follows: 

1) Zircons crystallized in the Barberton TTGs have an εHf(t) that is supra-chondritic (i.e. 

radiogenic zircons). This applies to TTG plutons and gneisses of the BGGT itself and those 

of the AGC (Figure 1-11A) (Hoffmann et al., 2016; Kröner et al., 2014; Laurent et al., 

2020; Zeh et al., 2009, 2011). Only TTG plutons of the Southern BGGT (i.e. Theespruit 

and Stolzburg plutons, cf Figure 1-11B) had their zircon characterized for trace elements 

by (Laurent et al., 2022). The authors notably documented the unusually low Ti content of 

these zircons. 

2) Detrital zircons deposited in clastic volcano-sediments from Upper Onverwacht to Moodies 

Groups have a U-Pb age distribution that largely resemble that of TTG zircons, although 

some minor age components at ca. 3.3 Ga and 3.6 Ga do not have an exposed magmatic 

equivalent (Drabon et al., 2024; Zeh et al., 2013). Lastly, some seemingly minor clastic 

sedimentary deposits contain a high concentration of zircons as old as ca. 4.2 Ga, which 

also do not have any magmatic equivalent in the exposed rock record and presumably 

derived from a different, older terrane through impact-related reworking and wind transport 

(Byerly et al., 2018; Drabon et al., 2017; Lowe et al., 2021). 

3) Sedimentological work conducted in the Moodies Group by (Heubeck, 2019; Heubeck et 

al., 2022) shows that facies analysis and sandstone composition indicate provenance of 

sedimentary material from the Southern BGGT. However (Figure 1-11A). The absence of 
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high-grade, transport-resistant minerals like staurolite and garnet in Moodies sandstones 

also excludes possible sourcing of the sediments from the high-grade gneisses of the AGC. 

The sourcing of clastic sediments of the BGB, in particular those of the Moodies Group, is 

currently mainly attributed to intraformational reworking of older sedimentary strata (Heubeck et al., 

2022). For example, the similar trace element patterns observed in Moodies and Fig Tree zircons by 

(Drabon et al., 2024) drove the authors to suggest that the Moodies zircons are second-cycles grains 

eroded from underlying Fig Tree age strata, themselves containing igneous and detrital zircon 

corresponding to the main magmatic events of the BGGT. However, it must be noted that a significant 

fraction of the BGB detrital zircons have negative εHf(t), which require a magmatic source with a non-

radiogenic Hf isotopic pattern, which cannot be represented by the (dominantly positive- εHf(t)) TTGs 

or their volcanic equivalents. Furthermore, some seemingly small felsic rock units were poorly 

investigated as possible sources, like the felsic volcanic rocks of the Lower Onverwacht Group (Agangi 

et al., 2018) and now unpreserved magmatic units as represented by the granitic clasts deposited in the 

Moodies Basal Conglomerate (Sanchez-Garrido et al., 2011).  

1.5.2. Previous work on the metamorphic evolution of the 

BGGT 

 

Due to the presence of Al-rich clastic sediments of very old ages  (ca. 3.5 Ga, see Anhaeusser, 

1980; De Wit et al., 1987b; Dziggel et al., 2006) unconformably overlying the Stolzburg and Theespruit 

plutons in the Stolzburg Terrane (Figure 1-11), the BGGT has sparkled considerable interest to 

investigate the P-T-deformation path of Archean high-grade rocks. Numerous studies have now better 

characterized the tectono-metamorphic history of the Stolzburg Terrane and their results are briefly 

summarized here: 

1) The age of metamorphism has been constrained to ca. 3230-3190Ma from dating of different 

accessory minerals (monazite, garnet, titanite) sampled from supracrustal sequences of the 

Theespruit-Sandspruit Formation (Figure 1-11) (K. A. Cutts et al., 2014; J. F. Diener et al., 

2005; Dziggel et al., 2005; Kamo & Davis, 1994). An older age of metamorphism at ca. 3436 
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± 18 Ma is documented from monazites preserved within amphibolite felsic schists, outlining 

different metamorphic episodes affecting the Southern BGGT (K. A. Cutts et al., 2014).  

2) Regarding the ca. 3230 Ma metamorphic event, peak metamorphic conditions increase from 

schists located close to the Komati River Fault (KRF, Figure 1-11) to supracrustal rocks in 

the South where they reach those of the amphibolite facies (i.e. from ca. 5 kbar-490°C to ca. 

11 kbars-700°C, J. F. Diener et al., 2005; Dziggel et al., 2002; Kisters et al., 2003; J.-F. 

Moyen et al., 2006). The diagnostic amphibolite facies parageneses is present within the S-

C fabric of amphibolitized felsic schists, suggesting that peak P-T conditions were reached 

during exhumation of the rocks (J. F. Diener et al., 2005).  

3) Amphibolite-facies supracrustal rocks of the Stolzburg Terrane are included as cold enclaves 

within the shallow-level, ca. 3203 Ma Dalmein granodioritic pluton, suggesting that cooling 

from amphibolite-facies conditions was largely terminated at the time of intrusion (Lana et 

al., 2010).  

4) The high-grade, amphibolite-facies supracrustal rock sequences of the Stolzburg Block are 

tectonically juxtaposed against the lower-grade (greenschist-facies) units of the overlying 

Komati Formation along a major structural break, the Komati River Fault (KRF) (Figure 1-

11, Cloete, 1999; Grosch, 2019). This fault acts as a detachment system along which rocks 

of the Stolzburg Terrane were exhumated after reaching peak conditions at ca. 3230 Ma 

(Kisters et al., 2003).  

5) U-Pb thermochronological ages of apatites from the Stolzburg pluton revealed the 

incomplete resetting of the U-Pb system, with apatite cores recording the ca. 3456 Ma 

crystallization ages over a large scale (see Mühlberg et al., 2021 ). This shows that the 

Stolzburg Terrane behaved as a coherent, cold rigid block during metamorphism and that 

cooling must have been fast enough to keep the U-Pb clock unaffected.  

Whereas the metamorphic and tectonic conditions of the southern BGGT are well constrained, 

there has been few attempts to constrain the rate at which the Stolzburg Terrane was exhumed and the 

tectonic processes associated. Yet these have very strong implication on the regional tectonics (Brown 
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et al., 2022; Collins, 2002; Jamieson & Beaumont, 2013; Scibiorski et al., 2015; Vanderhaeghe et al., 

2003) and can help to strengthen conclusions derived from geothermobarometric studies.  

 

1.5.3. Knowledge gaps 

 

While being extensively characterized for TTG and detrital zircon patterns, the latter have not 

been compared in detail using combined age, O-Hf isotopic and trace element data, with zircons from 

either the TTG or the non-TTG, volumetrically minor granitic volcanic units. Additionally, while the 

trace element composition of TTG-hosted apatite in the BGGT is receiving increasing interest, 

particularly for the ca. 3.23-3.22 Ga generations of TTGs (Miyake et al., 2024; Vezinet et al., 2025), 

there is no systematic investigation yet of whether these compositions vary across the different TTG 

generations. Moreover, detrital apatites, which could ideally supplement information derived from 

zircon (see section 1.4.2), have not been investigated so far. Lastly, the thermal evolution of the local 

felsic crust, particularly during the well-constrained ca. 3.2 Ga metamorphic event (J. F. Diener et al., 

2005; Dziggel et al., 2002, 2005; Kisters et al., 2003; J.-F. Moyen et al., 2006), would likely benefit 

from an investigation of thermo-chronometers such as rutile.  

 

1.6. Objectives of this study 
 

The main objective of this study is to employ mainly detrital accessory minerals to investigate the 

nature and diversity of lithologies composing the Archean crust before 3.2 Ga, and, in turn, its structure 

and geological evolution. To achieve this aim, it is first necessary to build a consistent inventory of the 

geochemical record of these different accessory minerals at the scale of the BGB. Then, it is necessary 

to integrate the detrital record with the igneous record, using both published results (for zircon) and 

newly obtained major and trace element data on TTG-hosted apatite. This will allow us to build a 

comprehensive comparison basis between igneous and supracrustal rock units in the BGGT. A second 
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objective is to characterize the thermal evolution of the BGGT by producing new U-Pb and trace 

element data on rutiles belonging to metamorphosed volcano-clastic sequences.  

To achieve these objectives, I have collected samples of the clastic sediments interspersed through 

the stratigraphy which I processed using conventional accessory mineral separation. Zircons, apatites 

and rutiles were characterized at the SEM using either cathodoluminescence (CL) imagery (zircon and 

apatite) or back-scattered-electron images (BSE) (rutile). Apatite’s halogen composition was analyzed 

using electron probe micro-analyser (EPMA). Then all three mineralogies were analyzed using mass 

spectrometry techniques that will be described in greater details in the following chapters. The data 

collected allowed me to reassess previous models of sedimentary sources proposed for the BGB and 

shed a new light on the compositional diversity of the > 3.2 Ga Archean felsic crust.  

 

 

1.7. Structure of the thesis 

 

This thesis comprises six chapters. The first chapter introduces the topic of accessory mineral use 

and connects with the discussion on continental crust formation and evolution (present introduction). 

The second chapter presents a research article manuscript on detrital zircons of the BGB which was 

submitted to Precambrian Research, received acceptance pending major corrections and is currently 

under the second round of peer-review. Chapter 3 is a research article manuscript that described trace 

element patterns in two samples of detrital apatites and five samples of TTG apatites and is currently 

getting ready for submission to Geochemica et Cosmochemica Acta. Chapter 4 is a research article 

manuscript that describes the thermal evolution of two samples of the Onverwacht Group containing 

metamorphic rutiles and is currently in preparation for submission to Lithos. Chapter 5 presents the 

general implications and conclusions derived from the entire dataset. Chapter 6 corresponds to the 

elemental, isotopic and geochronological datasets produced in this study as well as links to online 

repositories. 
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Abstract 

The formation of the Earth’s earliest silicic crust has been largely addressed through the study of the 

dominant Archean felsic lithology, i.e. tonalite – trondhjemite – granodiorite (TTG) rocks. However, Archean 

terranes may have been affected by significant preservation biases, which have been overlooked so far.  To address 

this issue, we have conducted a comprehensive study of U-Pb ages, Hf and O isotopic and trace element 

compositions of detrital zircons deposited over the entire sequence of clastic sediments of the Barberton 

Greenstone Belt (South Africa). Our study first reveals the importance of local sourcing of sedimentary 

successions at all stratigraphic levels, which highlights the importance of investigating supracrustal zircons from 

a large sample set, representative of the lithological diversity and stratigraphy in a given area. Second, our results 

point to significant biases in the preservation of the Paleoarchean crustal record. Zircons deposited in both the ca. 

3.43 Ga Hooggenoeg Formation and the ca. 3.25 Ga Fig-Tree aged meta-greywackes (Schapenburg Schist Belt) 

revealed 207Pb/206Pb age populations and/or trace element compositions that do not have plutonic equivalents in 

the terranes from which the zircons were sourced. Additionally, compiling our results with datasets from previous 

work, 40% of all detrital zircons of the ca. 3.22 Ga Moodies Group, while having similar 207Pb/206Pb age 

distribution as that of igneous zircon from regionally exposed TTGs/gneisses, show distinct εHf (t) values 

(dominantly sub-chondritic) and trace element contents from those of igneous zircons (notably showing 

dominantly supra-chondritic εHf(t)). This also applies to ca. 3.53-3.45 Ga, negative-εHf(t) zircons from two 

samples of felsic schists of the lower Onverwacht group (Theespruit Formation). We therefore interpret these non-

radiogenic zircons to have been sourced from an unpreserved, isotopically evolved and non-TTG magma source, 

most likely similar to granitic/rhyolitic clasts of the Moodies Basal Conglomerate and the felsic volcanic 

sequences of the Theespruit Formation. The high proportion of these zircons in the Moodies Group strongly 

suggests that these granitic clasts are the relicts of a hitherto much more voluminous component of the 

Paleoarchean felsic crust.. This result calls for a reassessment of the lithological diversity and structure of the 

Earth’s first silicic crust. 

2.1. Introduction 

 

The Formation of Earth’s earliest stable continental crust played a fundamental role in shaping 

our planet’s habitability (Korenaga, 2012; Spohn & Breuer, 2016; Stern, 2018). However, the 

mechanisms and geodynamic processes by which this first crust was formed remain controversial, due 

to the scarcity and ambiguity of the oldest (Hadean and Archean, i.e. 4.5 to 2.5 Ga ago) geological 

record (see reviews from Gerya, 2014; C. Hawkesworth et al., 2024; C. J. Hawkesworth et al., 2020; 

mailto:jean-baptiste.combaz@orange.fr
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Korenaga, 2018 and references therein). Archean terranes generally show the juxtaposition of two rock-

types: 1) Na-rich plutonic or gneissic rocks (“grey gneisses”) with a Tonalite-Trondhjemite-

Granodiorite (TTGs) composition (Moyen, 2011; Moyen & Martin, 2012; Vezinet et al., 2018) and 2) 

volcano-sedimentary successions with (ultra)mafic lavas (including komatiites) and meta-sedimentary 

rocks of both chemical (e.g. Banded Iron Formations) and clastic origin, grouped together under the 

“greenstone” terminology ; Gorman et al., 1978).   

As the earliest, apparently dominant volumetric component (Bleeker, 2003; Polat, 2012) of the 

Archean continental crust, rocks of the TTG suite have been extensively investigated over the past 50 

years to constrain the geological mechanisms and tectonic settings of early felsic crust generation (see 

Barker & Arth, 1976; Bédard, 2006; Ferrero et al., 2022; Foley, 2008; Jahn et al., 1981; Johnson et al., 

2017, 2019; Laurent et al., 2024; Martin, 1986; Moyen & Martin, 2012; Palin et al., 2016; Pourteau et 

al., 2020; Rollinson, 1996; Smithies, 2000). However, whether the dominance of the TTG suite truly 

reflects the character of Earth’s earliest felsic crust or a preservational bias is increasingly being 

questioned (Large et al., 2018; Ptáček et al., 2020; Smit & Mezger, 2017; Spencer et al., 2022; Sun, 

2018; Tang et al., 2016). Ancient (>3.5 Ga-old), granitoid rocks that do not classify as TTGs have been 

identified in various cratons, for instance in Isua supracrustal belt of Greenland (Nutman & Hiess, 2009) 

and in South Africa (Kröner et al., 2018; Sanchez-Garrido et al., 2011). Several recent studies have 

further shown that even the oldest, Hadean–Eoarchean terranes are characterized by diverse granitoid 

types, for instance in Eastern Hebei, North China Craton (Dong et al., 2024) and the Slave Craton 

(Reimink et al., 2014, 2016, 2020). Additionally, the study of Spencer et al., 2022 highlighted the 

importance of considering preservational bias when dealing with Archean terranes. These findings call 

for a better characterization of the diversity of earliest silicic crustal rocks and the implications of this 

for crust-forming processes on the early Earth. 

As the present-day inventory of Archean lithologies may result from selective preservation 

during tectonic/surficial reworking and therefore, not be representative of the original crustal lithologies 

(C. Hawkesworth et al., 2009; C. J. Hawkesworth et al., 2017, 2020), it is important to learn what we 

can from accessory minerals in clastic sediments. In this respect,  zircon is the mineral of choice 
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(Harrison et al., 2017). Although mostly crystallizing in intermediate to acidic melts an thus, not 

representing an entirely comprehensive record of the source material to the sediments which host them 

(Watson & Harrison, 1983), zircon populations, through their U-Pb magmatic ages (Hoskin & 

Schaltegger, 2003) and O and Lu-Hf isotopes (Fisher et al., 2011, 2014; C. J. Hawkesworth & Kemp, 

2006; Spencer et al., 2020, 2022; Valley et al., 2005), provide essential information as to the age, crustal 

history and petrogenesis of their host rocks. Additionally, investigations of Archean detrital zircons 

have benefitted from developments on trace elements (E. Belousova et al., 2002; Grimes et al., 2007, 

2015) and Ti thermometry (Ferry & Watson, 2007; Schiller & Finger, 2019) which, despite some 

inherent biases due to the limited trace element variability of zircon, enable to discriminate between 

different detrital zircon populations based on their likely source rocks.  

The Barberton Greenstone Belt (BGB) of the eastern Kaapvaal Craton (South Africa and 

Eswatini), one of the best-preserved Paleoarchean (ca. 3.5 to 3.2 Ga-old) greenstone sequences 

(Anhaeusser, 1980, 1981; De Ronde & De Wit, 1994; Heubeck & Lowe, 1994; Kamo & Davis, 1994; 

Lowe, 1999; Lowe & Byerly, 2007), is an ideal target to investigate potential preservation biases in the 

Archean crustal record. The BGB indeed hosts clastic sedimentary rocks spanning over ca. 300 Ma of 

deposition history, including the 3-4 km-thick Moodies Group (Heubeck et al., 2022; Heubeck & Lowe, 

1994, 1994) and thinner layers interspersed through the stratigraphy (Anhaeusser, 1981, 1983; de Wit 

et al., 2011; Grosch, 2019; Grosch et al., 2011, 2012; Stevens et al., 2002). Moreover, potential igneous 

sources of detrital material surrounding the BGB have been well characterized, both from a whole-rock 

geochemical (Anhaeusser, 1980; Moyen et al., 2007; Yearron et al., 2003) and zircon (Laurent et al., 

2020, 2022; Zeh et al., 2009, 2011) perspectives. Previous studies showed that detrital zircons in the 

BGB mainly mimic the U-Pb age distribution of the regional TTG suites (ca. 3.55-3.50, 3.45-3.40 and 

3.30-3.20 Ga) (Zeh et al. 2013, Wang et al. 2024, Drabon et al. 2024). Apart from a subordinate group 

with age distributions tailing up to Hadean dates (4.1-3.3 Ga) that must derive from an extraneous 

terrane representing reworking of Hadean crust (Drabon et al., 2022), the dominant population of BGB 

detrital zircon has been interpreted to be derived from local sources, i.e. regional TTGs and the 

associated Ancient Gneiss Complex (AGC), located to the south of the BGB (Wang et al., 2022; Zeh et 
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al., 2013); and/or various volcanic-sedimentary rocks from the BGB itself (e.g. Drabon et al., 2024; 

Heubeck et al., 2022). In particular, some tuffaceous and sedimentary layers of the Upper Onverwacht 

and Fig Tree Groups were suggested as potential sources of detrital zircons for Moodies strata located 

in the central BGB (Drabon et al., 2019, 2022, 2024) and Heubeck et al., 2022 highlighted the intra-

Formational nature of Moodies sedimentation with most zircons having gone through several 

sedimentary cycles.  

 However, the respective contributions of these different lithologies in feeding the sedimentary 

layers from various stratigraphic levels of the BGB are still unknown as well as the applicability of 

intra-sedimentary recycling to the whole greenstone belt. Moreover, other potential rock types were so 

far poorly considered as potential sources, including the oldest (ca. 3.55 Ga) BGB silicic 

volcanic/volcaniclastic rocks (the Theespruit Formation) (Anhaeusser, 1980; de Wit, 1982; J. F. Diener 

et al., 2005; Drabon et al., 2024; Heubeck et al., 2022; Kröner et al., 1996, 2013, 2016) and >3.2 Ga 

K2O-rich granites/rhyolites now found as clasts in the basal conglomerate of the Moodies group (Kröner 

et al., 2018; Reimer et al., 1985; Sanchez-Garrido et al., 2011).  

The objective of this study is to fill these gaps through a detailed investigation of the provenance 

of detrital zircon and their host sedimentary rocks over the ca. 300 Ma of BGB history. For this purpose, 

we performed new U-Pb, Hf-O isotopic and trace element analyses on zircons from clastic meta-

sedimentary rocks and volcaniclastic rocks at different levels covering the entire stratigraphy and 

combine these with existing literature data. Our results point to potential biases affecting both the 

detrital zircon and exposed lithological records. In particular, we highlight a significant contribution of 

non-TTG rocks to the detrital zircon record of the BGB, with implications for the diversity of 

plutonic/volcanic components of the Archean crust and its Formation mechanisms.  

2.2. Geological setting  
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Figure 2-1 : Geological map of the Barberton Granitoid-Greenstone Terrane (after Anhaeusser 1980 and Schoene et al 2008) 

and synthetic, sketch stratigraphic log (left) of the Barberton Supergroup, showing sample locations (arrows on the log, circles 

or stars on the map) and their approximative stratigraphic positions. 

 

 The Barberton Greenstone Belt (BGB) (Figure 2-1) is located in the eastern Kaapvaal craton 

(South Africa and Eswatini) and is part of the Witwatersrand block (Eglington & Armstrong, 2004; 

Laurent et al., 2014; Schoene et al., 2008). The structural and stratigraphic characteristics of the belt 

have been investigated since the early 1960s (Anhaeusser, 1980, 1981, 2019; Condie et al., 1970; De 

Ronde & De Wit, 1994; De Wit, Armstrong, et al., 1987; de Wit, 1982; Kamo & Davis, 1994). The 

greenstone sequence is divided into three stratigraphic groups (see Figure 2-1), namely (from oldest to 

youngest) the Onverwacht Group, the Fig Tree Group and the Moodies Group. The 3.55-3.26 Ga 

Onverwacht Group is mostly made of mafic and ultramafic lavas with minor felsic volcanics and clastic 

sediments (Decker et al., 2015; Hofmann et al., 2013; Lowe, 1999; Lowe & Byerly, 2020; Trower & 

Lowe, 2016). The 3.26-3.22 Ga Fig Tree Group contains a greater proportion of sedimentary rocks 

(including BIF, chert, sandstones and shale) (Byerly et al., 1996; Drabon & Lowe, 2022; Hofmann, 
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2005; Hofmann et al., 2013; Kohler & Anhaeusser, 2002; Nocita & Lowe, 1990) and volcanic rocks of 

more silicic (dacitic to rhyolitic) composition (Byerly et al., 1996; Drabon & Lowe, 2022). Finally, the 

3.22-3.21 Ga Moodies Group comprises a thick (ca. 3 to 4 km) pile of mature clastic sedimentary rocks 

(conglomerate, mudstone and sandstone) interlayered with meta-tuffs and felsic volcanic rocks 

(Heubeck, 2019; Heubeck et al., 2013, 2022).  

 The BGB is surrounded by silicic plutonic rocks, predominantly TTG gneisses and granitoids 

emplaced from ca. 3.55 and 3.21 Ga, i.e. broadly synchronously with the deposition of the Barberton 

Supergroup. The combination of these TTGs and the BGB “greenstones” defines the Barberton 

Granitoid-Greenstone Terrane (BGGT). The BGGT results from the assembly of two distinct crustal 

blocks at 3.23-3.22 Ga (e.g. De Ronde & De Wit, 1994; De Wit, Hart, et al., 1987; de Wit, 1982; Moyen 

et al., 2006, 2007; Stevens & Moyen, 2007; Zeh et al., 2009) along a suture zone represented by major 

NE-SW-trending structures, the Saddleback-Inyoka Fault system (SIFS) and Inyoni Shear Zone (ISZ) 

(Figure 2-1). The Southern terrane (sensu Zeh et al., 2009) is the oldest crustal block and is further 

divided into the high-grade (amphibolite-facies) Stolzburg Terrane, south of the Komati River Fault 

(KRF) (J. F. A. Diener et al., 2005; A. F. M. Kisters et al., 2003; Lowe & Byerly, 2007; Moyen et al., 

2007; Stevens & Moyen, 2007) and a lower-grade (greenschist-facies) block north of the KRF (D. 

Cloete, 1993; M. Cloete, 1999; Grosch, 2019).  The Stolzburg Terrane comprises the ca. 3.53 Ga felsic 

volcanic/volcaniclastic rocks of the Theespruit Formation (Kröner et al., 1996, 2013, 2016) and ca. 

3.46-3.44 Ga Stolzburg and Theespruit trondhjemites and related plutonic rocks (Anhaeusser, 1980; 

Laurent et al., 2020; Moyen et al., 2007). The Stolzburg Terrane underwent ca. 3.23 Ga amphibolite-

facies metamorphism (Stevens & Moyen, 2007) and is thought to represent lower crustal exposures of 

a tectonically overthickened continental crust (J. F. A. Diener et al., 2005; Dziggel et al., 2002, 2006a). 

North of the SIFS–ISZ suture, the Northern terrane consists largely of younger (and less well studied), 

ca. 3.29-3.21 Ga-old TTG gneiss units (Badplaas and Nelshoogte) and plutons (Kaap Valley tonalite) 

(Anhaeusser, 2019; A. F. Kisters et al., 2010; Matsumura, 2014; Moyen et al., 2007; Zeh et al., 2009). 

2.3. Materials and methods 
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2.3.1. Sampling strategy 

We collected samples of clastic sedimentary rocks at several levels of the Barberton Stratigraphy 

(Figure 2-1; Table 2-1). Three samples of sandstones were collected within Moodies-age strata, two 

samples of Fig Tree-age meta-greywackes from the Schapenburg Schist Belt (SSB), three samples 

within sedimentary rocks of the Upper Onverwacht group (corresponding to H6 layer of the 

Hooggenoeg Formation, the so-called Noisy Formation by  de Wit et al., 2011; Grosch et al., 2011 and 

three samples of felsic schists/volcaniclastics in the Theespruit-age Tjakastad Schist Belt (TSB) in the 

South. Figure S4 in supplementary material show their outcrop patterns and petrography, 

respectively.  

 

 

Table 2-1 : Summary of samples investigated in this study for detrital zircon studies. 

Sample 

name
Stratigraphic position Location Lithology Latitude Longitude

Number of O 

isotopes 

analyses

Number of U-Pb-

trace elements 

analyses 

Number of Lu-Hf 

analyses

TH01 Moodies Group
Western limb of the 

Eureka Syncline

Arkosic sandstone 

with minor 

conglomerate layers

-25.955 31.2475 0 141 50

TH04 Moodies Group Dycedale Syncline
Arkosic massive 

sandstone
-25.999167 31.192 0 287 71

TH05 Moodies Group Dycedale Syncline
Arkosic massive 

sandstone
-25.895556 31.192222 0 228 63

SSB-01 Fig Tree Group
Schapenburg Schist 

Belt

Amphibolitized cross-

bedded meta-

greywackes/turbidite

s

-26.18172 30.53802 108 205 46

SSB-02 Fig Tree Group
Schapenburg Schist 

Belt

Amphibolitized cross-

bedded meta-

greywackes/turbidite

s

-26.18109 30.54041 22 50 7

H-03
H6 layer, Upper 

Onverwacht Group

Eastern limb of the 

Onverwacht Anticline

Polymictitic volcano-

clastic "diamictite"
-26.024619 30.988467 20 61 26

H-02
H6 layer, Upper 

Onverwacht Group

Eastern limb of the 

Onverwacht Anticline

Polymictitic volcano-

clastic "diamictite"
-26.024619 30.988467 17 50 20

H-01
H6 layer, Upper 

Onverwacht Group

Eastern limb of the 

Onverwacht Anticline

Polymictitic volcano-

clastic "diamictite"
-26.024483 30.988394 70 195 47

TH11

Theespruit 

Formation, Lower 

Onverwacht Group

Tjakastad Schist Belt
Amphibolite Felsic 

Schist
-25.04 30.994444 0 191 39

TH12

Theespruit 

Formation, Lower 

Onverwacht Group

Tjakastad Schist Belt
Amphibolite Felsic 

Schist
-25.049722 30.873333 0 133 20

TH13

Theespruit 

Formation, Lower 

Onverwacht Group

Tjakastad Schist Belt
AmphiboliteFelsic 

Schist
-25.223056 30.041667 0 280 65

TSB-03

Theespruit 

Formation, Lower 

Onverwacht Group

Tjakastad Schist Belt
Amphibolite Felsic 

Schist
-26.013972 30.783972 76 160 53
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Figure 2-2: Representative pictures of outcrops from which selected samples from this study were collected. A) sample H-01: 

polymictic volcano-clastic “diamictite” (conglomerate) of the Onverwacht H6 layer (Noisy Formation, de Wit et al., 2011; 

Grosch et al., 2011). B) sample TSB-03: kyanite-bearing felsic schist of the Tjakastad Schist Belt (sampling site 62105 from 

Diener, 2004). C) sample SSB-01: planar-bedded meta-greywacke/arkose from the Schapenburg Schist Belt (locality 

described in Stevens et al., 2002). D) sample TH-01: sandstone with conglomeratic pebbles from the Moodies group in the 

western flank of the Eureka Syncline (unit MdQ1 of Heubeck et al., 2022). 
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Figure 2-3: Representative thin section photomicrographs (crossed polars on the left, plane-polarized light on the right) of 

selected samples investigated in this study. A-B) Crd-Qz-Bt bearing felsic schists from the Theespruit Formation (sample 

TH12). C-D) Moodies arkosic sandstone (sample TH05). E-F) matrix-supported volcano-sediments of the Hooggenoeg 

Formation (sample H-01). G-H) Meta-greywackes of the Schapenburg Schist Belt (sample SSB-01). 

2.3.2. Methods 

 We have separated zircon from bulk rocks through conventional heavy mineral concentration 

techniques (hand panning, magnetic and heavy liquid separation) following crushing using the Selfrag 
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device at the University of Pretoria (South Africa). Zircons were handpicked under a binocular 

microscope, cast in epoxy resin (together with zircon reference materials Temora-2 and 91500 for SIMS 

analyses) and polished to a sub-equatorial section. Zircon cathodoluminescence (CL) imaging was 

performed on scanning electron microscopes (SEM) either at the Central Analytical Facility at 

Stellenbosch University (South Africa) using a Zeiss Merlin FEG SEM or at Géosciences 

Environnement Toulouse (France) using a Tescan Vega4 SEM. Zircon O isotopic analyses were 

performed using the Cameca 1280-HR secondary ion mass spectrometer (SIMS) at the Helmholtz 

Zentrum Potsdam, operated from the virtual SIMS facility at the University of the Witwatersrand, 

Johannesburg (South Africa). Simultaneous zircon U-Pb dating and trace element analyses were carried 

out at the Service ICP-MS of Observatoire Midi-Pyrénées (OMP-UAR831) in Toulouse (France), by 

laser ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) using an  Elemental 

Scientific Instruments NWRfemto solid-state femtosecond laser ablation system set to UV mode (257 

nm wavelength) coupled with a ThermoScientific Element XR sector-field ICP-MS. Zircon Lu-Hf 

isotopic analyses were performed by laser ablation – multi-collection – inductively coupled plasma – 

mass spectrometry (LA-MC-ICP-MS) using the same laser ablation system as for U-Pb dating and trace 

elements, coupled to a ThermoScientific Neptune Plus MC-ICP-MS. All LA-(MC-)ICP-MS data were 

processed using the Iolite v4.0 software. To calculate initial Hf isotopic compositions and εHf(t) values, 

we have used a decay constant λ176Lu of 1.87E-11 a-1 (Bouvier et al., 2008; Scherer et al., 2001; 

Söderlund et al., 2004) and parameters for today’s CHUR reservoir of 176Hf/177Hf = 0.282785 (see 

Bouvier et al., 2008; Vervoort & Blichert-Toft, 1999) and 176Lu/177Hf = 0.0336 (Blichert-Toft & 

Puchtel, 2010). The Depleted Mantle (DM) curve in all plots corresponds to today’s DM values of  

176Hf/177Hf = 0.283294 (Bouvier et al., 2008; Vervoort & Blichert-Toft, 1999) and 176Lu/177Hf = 

0.03933(Blichert-Toft & Puchtel, 2010).  

Further details about analytical setups and results on reference materials, together with the entire 

datasets, are provided in the Supplementary material to Chapter 2. 

2.4. Results 
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2.4.1. Filtering of the data 

 

The compositions of ancient zircon are particularly sensitive to the consequences of radiation 

damage including Pb loss and/or post-magmatic (hydro-)thermal alteration (Bell et al., 2016, 2019; 

Bolhar et al., 2008, 2021; Hoskin, 2005; Kitajima et al., 2012). Therefore, zircon data were filtered 

using criteria based on both U-Pb (discordance) and trace elements to only retain analyses that are as 

representative as possible of pristine (igneous) zircon compositions. We have used the following 

conventional filters applied in the literature: 

1) Zircon concordance (ratio of 238U/206Pb to 235U/207Pb dates) between 95 and 105%. Outside this 

range, zircon was considered discordant and thus not considered. 

2) LREE contents, which incorporation in zircon is generally a consequence of hydrothermal 

alteration (Bolhar et al., 2021, Hoskin. 2005) and/or indicates the presence of inclusions. Zircon 

analyses with La contents above 5 ppm and/or a LREE-Index (Dy/Nd+Dy/Sm) (Bell et al., 

2016, 2019) below 20 were considered significantly altered and filtered out. 

3) Analyses with Ca contents above 500 ppm were discarded as Ca enrichment may reflect 

precipitation of zirconolite in amorphous zones (Gieré, 1986; Williams & Gieré, 1996).  

In addition to these criteria based on U-Pb and trace element data, further filtering was applied for 

Lu-Hf data to consider other potential sources of bias (e.g. (Fisher et al., 2014; Vervoort & Kemp, 

2016). This is particularly the case of ancient Pb loss events resulting in apparently concordant data, 

hence calculation of initial Hf isotopic composition at the wrong age. To mitigate this problem, inspired 

by the method to identify Pb loss in cogenetic populations of igneous zircon (e.g. Gerdes and Zeh, 

2009), zircon analyses that plot along sub-horizontal trends in 176Hf/177Hf(t) vs 207Pb/206Pb date diagrams 

were discarded. Additionally, data of poor quality, e.g. affected by cracking and/or unstable signal 

resulting in far too large 2SE propagated uncertainties to be usable for interpretation (i.e. in excess of 

±4 εHf-units), were removed. 

In summary, the following age distributions and trace elements plots display only zircon data that 

passed all filtering criteria based on U-Pb and trace elements. Further, all analyses plotted in the εHf(t) 
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vs age plots positively meet the criteria based on Lu-Hf data mentioned above and on U-Pb-trace 

elements filters. More details on the filtering are provided in Supplementary material to Chapter 2. 

 

 

2.4.3. Zircon dates, trace elements and Hf-O isotopic data 

 

 

 

Figure 2-4: Kernel Density Estimates of 207Pb/206Pb age distributions for zircon from all samples investigated in this study. 

Vertical red dashed lines indicate the inferred depositional age (DA) of supracrustal units from literature data (Grosch et al., 

2011; Heubeck et al., 2013; Kröner et al., 2016; Stevens et al., 2002) and black dashed lines are dates of intrusive igneous 

rocks. “3456 Ma trondhjemite depicts the age of intrusion of the Theespruit and Stolzburg trondhjemites ((J. F. A. Diener et 

al., 2005; Laurent et al., 2020; Moyen et al., 2007) into the stratigraphy of the Lower Onverwacht Theespruit and Sandspruit 

Formations and provides a minimum age for the deposition of the Theespruit Felsic volcanic rocks. 
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Zircon date distributions are shown on Figure 2-4, CL images of grains with representative 

εHf(t) and Ti, Th/U and Nb contents on Figure 2-5 and Hf-O isotopic and trace element data on Figure 

2-6. The data are further discussed in the following from bottom to top of the Barberton Supergroup 

stratigraphy. Th/U, Ti, Hf and Nb contents variations in zircons are shown as they produced the 

strongest differences between populations compared with other trace elements proxies.  

2.4.3.1. Theespruit Felsic Volcanic Rocks/Schists of the Tjakastad Schist Belt (TSB) 

 

Zircons from samples of the Tjakastad Schist Belts display the diagnostic oscillatory zoning 

pattern that is characteristic of magmatic zircons, even though some are darker and more homogeneous 

(Figure 2-5). Zircons from the felsic schist TSB-03 mainly show a range of 207Pb/206Pb dates between 

ca. 3550 and 3480 Ma, with a main peak at ca. 3530 Ma (see Figure 2-4). Zircons from this sample 

show mainly mantle-like δ18O values (from +5.0 to +5.5‰) and positive εHf(t) (up to +5.0 Figure 2-6 

A-B) with only 21% having εHf(t) between 0 and -3.2. In contrast, samples TH-13 and TH-11 from the 

same unit tend to show younger date distributions, generally down to ca. 3450 Ma, and only produced 

zircons with negative εHf(t) (values between -2.3 and -6.1, Figure 2-6 B). In comparison with zircons 

crystallized in Barberton TTGs plutonic rocks (Laurent et al., 2022; Zeh et al., 2009, 2011) (referred in 

the following to as “BTTG zircons”), zircons of the TSB samples show more scattered Ti, Nb contents 

and Th/U ratios, trending to higher Nb (values between 5 to 20 ppm) and Th/U (0.4–1.0) at similar to 

slightly higher Ti content (2-20 ppm) (Figure 2-6 C). 

 

 

2.4.3.2. Hooggenoeg Formation diamictites 

 

Zircons of the Upper Onverwacht Hooggenoeg Formation are euhedral in shape and all show 

bright luminescence and the typical oscillatory zoning patterns that one can expect for magmatic zircons 

(Hoskin & Schaltegger, 2003; Rubatto, 2017) (Figure 2-5). Zircons from all samples of the 

Hooggenoeg Formation display a major, single peak of 207Pb/206Pb dates at ca. 3430 Ma (Figure 2-4) 
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and the presence of a minor 3500-3470 Ma population in samples H-03 and H-01 but not in sample H-

02, could be related to the lower number of data (n = 9) for the latter.  

Hooggenoeg zircons display δ18O between +5 and +6 ‰ and 88% of radiogenic zircons (εHf(t) 

values from 0 to +5.2 see Figure 2-6A-B) with only few data ranging down to -2.3. In comparison with 

BTTG zircons (Laurent et al., 2020; Zeh et al., 2009), zircons of the Hooggenoeg Formation show a 

more scattered εHf(t) vs. age distribution but have similar trace element contents, that is, 2–15 ppm Ti 

(with few showing up to 25–40 ppm), 1–5 ppm Nb, 7500–10500 ppm Hf and Th/U ratios between 0.2 

and 0.6 (Figure 2-6 C-D). 

 

2.4.3.3. Fig Tree meta-greywackes of the Schapenburg Schist Belt (SSB) 

 

Fig Tree meta-greywackes of the SSB contain two populations of zircons in terms of 

morphology and texture (Figure 2-5). One is darker in color with faint to no zoning, while the other 

shows brighter luminescence and diagnostic oscillatory zoning. However, these two groups do not show 

clear correlations with geochemical data. Two zircon 207Pb/206Pb date clusters can be observed in these 

samples, one dominant population at ca. 3280-3200 Ma and a subordinate, older one, between 3400 and 

3350 Ma for SSB-02 and 3500 to 3400 Ma for SSB-01 (Figure 2-4).  

In terms of O isotopes, the Schapenburg zircons show a dichotomy between the two date groups, 

with the 3280-3200 Ma zircons showing δ18O between +6 and +8 ‰ while the older groups (3500-3350 

Ma) have more mantle-like values (+5 to +6‰) (Figure 2-6 A). This observation fits with the shift 

towards elevated δ18O at 3.25 Ga already observed at 3.25 Ga in the Barberton zircon record (Drabon 

et al. 2022; Wang et al. 2022). The Hf isotopic compositions of the Schapenburg meta-greywackes 

zircons is mainly supra-chondritic, with ~ 16 % of which with εHf(t) values from 0 to -3.9 and ~ 84% 

with εHf(t) values from 0 to +6.4 (Figure 2-6 B), which overlap well with BTTG zircons. Likewise, 

trace element contents of these zircons show strong similarity with those of the BTTG and of the 

Hooggenoeg Formation zircons, with 1–5 ppm Nb, 2–20 ppm Ti, 8000–11000 ppm Hf and Th/U ratios 

mainly from 0.2 to 0.6 (Figure 2-6 C-D).  
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2.4.3.4. Moodies sandstones 

 

Zircons of the Moodies samples are generally dark in CL images with faint oscillatory zoning 

patterns, although a few grains show brighter luminescence and more pronounced zoning (Figure 2-5). 

These features resemble the zircons of the Theespruit Formation. Moodies zircons have 207Pb/206Pb 

dates scattering between 3550 and 3200 Ma, which cover the whole magmatic history of the BGB 

(Figure 2-4). The main date peaks, corresponding to the three main magmatic events that affected the 

BGB (ca. 3550-3480 Ma; ca. 3480-3400 Ma; and ca. 3300-3200 Ma; cf. Figure 2-4 and Moyen et al. 

2007), are represented within each sample. This age distribution is similar to that described by previous 

studies (Zeh et al., 2013; Drabon et al., 2022, 2024; Wang et al., 2022).  

As we could not obtain O isotopic data on the Moodies zircons due to difficulties in the planning 

of analytical sessions, we have plotted the O isotopes data from Wang et al. (2022) for comparison, 

which show very similar zircon age distributions as our samples. This, as for the SSB zircons, reveals 

the mantle-like signature of the oldest age clusters (+5.0 to +6.5‰ at 3550-3400 Ma) and trend towards 

heavier O isotopic composition between 3300 and 3200 Ma (+5.5 to +8.5‰) (Figure 2-6 A). The Hf 

isotopic composition of the oldest (3580-3480 Ma) cluster is variable with 8 points showing non-

radiogenic εHf(t) between 0 to -7.2 and 2 spots plotting above the CHUR line at 0 to +4.0 (Figure 2-6 

B).  The ca. 3480-3360 Ma date cluster shows dominantly subchondritic Hf isotopic compositions, with 

27 out of 30 points showing εHf(t) between 0 and -3.6 and the remaining 3 points ranging up to +3.1 

(Figure 2-6 B). Lastly, among the 48 zircons making up the 3360-3200 Ma cluster, only 3 are 

radiogenic (εHf(t) values between 0 and +1.6) and the rest have sub-chondritic εHf(t) (down to -8.3; 

Figure 2-6 B). Overall, the three samples of the Moodies arkosic sandstones contain 91% of sub-

chondritic zircons, which contrasts with the plutonic zircons from the BTTGs at equivalent dates that 

show mainly positive εHf(t) (Figure 2-6 B). In terms of trace elements, the Moodies zircons largely 

overlap with the BTTG (and Hooggenoeg Formation and SSB) zircons (2-5 ppm Nb; 2-20 ppm Ti; 

8000-12500 ppm Hf), albeit with some data trending towards higher Nb (up to 10 ppm), Ti (up to 40 
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ppm) contents and Th/U ratios (up to 1.8) (Figure 2-6 C-D). Overall, while the age distribution and 

trace element signatures of our Moodies zircons are similar to those reported by (Drabon et al., 2024; 

Drabon & Lowe, 2022; Wang et al., 2022) (Figure 2-6 C), the Hf isotopic compositions somewhat 

differ (dominant sub-chondritic in our case) (Figure 2-6 B-E).  
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Figure 2-5: Cathodoluminescence images of representative zircons from samples investigated in this study, for each 

stratigraphic unit. Circles indicate the position of analytical spots. Spot TH13_95 belongs to the “not used” category as it has 

high 2SE uncertainties on εHf(t). Uncertainties for 207Pb/206Pb dates and εHf(t) are given at 95% confidence level (2 SE). 
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Figure 2-6: Isotopic and chemical data of Barberton supracrustal zircons (this study and literature data). A) δ18O vs 
207Pb/206Pb age for zircons of this study and Wang et al. (2022). B) εHf(t) vs 207Pb/206Pb age for zircons of this study and 

Barberton TTG zircons (Laurent et al., 2020; Zeh et al., 2009) and AGC zircons (Hoffmann et al., 2016; Kröner et al., 2014; 

Zeh et al., 2011). C) Th/U vs Nb and D) Ti vs Hf plots for zircons of this study. In C, Moodies and Fig Tree zircons are from 

Drabon et al. (2024) and Barberton TTG zircons from Laurent et al. (2022). 
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2.5. Discussion 

2.5.1. Provenance of the studied BGB supracrustal zircons 

 

In this section, we discuss the provenance of zircon populations for each investigated stratigraphic 

level through comparison with zircon data from putative regional igneous sources. We then discuss the 

geological implications in terms of sediment sourcing, deposition age and origin/evolution of the BGB 

volcanic-sedimentary sequences.  

 

2.5.1.1. Tjakastad Schist Belt (TSB) 

 

Figure 2-7: Geochemical and isotopic discrimination plots of Theespruit zircons from this study with zircons of the BTTGs 

(compilation from Laurent et al., 2022, Zeh et al., 2009). A) eHf(t) vs 207Pb/206Pb age in zircon compared with BTTG zircon 

compilation from Laurent et al., 2022, Zeh et al., 2009 and AGC zircon compilation from Hoffman et al., 2016, Kröner et al., 

2014 and Zeh et al., 2011 and granitic zircon s from the Moodies Basal Conglomerate from Sanchez-Garrido et al., 2011, 

2012.  B) Th/U vs Nb contents in zircon  ). C) Ti vs Hf in zircon.  Age of deposition (MDA)in graph A applies to the felsic 

volcano-clastic rocks sampled by Kröner et al. 2016. In graph B and C, trace elements in BTTG zircons derive from Laurent 

et al., 2022. 

Felsic schists of the TSB, which belongs to the Theespruit Formation (see discussion from 

Anhaeusser, 1981; De Wit, Armstrong, et al., 1987), yield a relatively large spread of zircon 207Pb/206Pb 

dates (ca. 3540–3440 Ma; Fig. 2-8A). This links to debates about the timing of deposition of this 

supracrustal sequence, proposed to be either 3527 ± 15 Ma (zircon extracted from felsic tuffs and meta-
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agglomerates; Kröner et al. 2016, see locality on Figure 2-1) or ca. 3453 Ma (zircons extracted from 

polymictitic diamictite at nearly the same locality; Armstrong et al. 1990). As shown in Figure 2-7 A, 

Theespruit zircons from all three samples investigated here are mostly younger than the maximum 

deposition age proposed by Kröner et al. (2016). They show dates between ca. 3540 to 3440 Ma, so still 

older within uncertainty than the age of intrusion of the ca. 3456 Ma-old Theespruit and Stolzburg 

trondhjemites (Laurent et al., 2020, 2022) that intrude the Theespruit Formation. Thus, they better agree 

with depositional age initially proposed by (Armstrong et al., 1990). One possibility to explain these 

dates younger than the depositional age of Kröner et al., 2016 would be that the younger Theespruit 

zircons suffered ancient Pb loss, or correspond to mixing with metamorphic zircon domains crystallized 

during the regional, ca. 3230 Ma metamorphic event (Van Kranendonk et al., 2009, Diener et al. 2005, 

Dziggel et al. 2002, 2006, Lana et al. 2010), as originally argued by Kröner et al., 2016  to discard the 

ca. 3453 Ma deposition age. However, this possibility is considered unlikely for two reasons. First, our 

Theespruit zircons passed all the compositional and isotopic filters described in section 2.4.2. and 

unlikely suffered from ancient Pb loss, as they do not clearly define sub-horizontal trends in graphs of 

176Hf/177Hf(t) vs 207Pb/206Pb date. Second, the U-Pb dates, trace element and Hf isotopic compositions of 

Theespruit zircons show strong differences from sample to sample, even on a small scale. Sample TSB-

03 shows mainly zircons both younger and older than 3500 Ma with εHf(t)>0 and relatively low average 

zircon Ti contents, whereas samples TH13 and TH11, collected few km North of TSB-03 (see Figure 

2-5), mostly show < 3500 Ma zircons with εHf(t) <0 and higher average Ti contents (Figure 2-7 A-C). 

In addition, zircon from sample TSB-03 (εHf(t) >0) show lower average zircon Ti content than that from 

samples TH11 and TH13 (Figure 2-7 C).  

From the above observations, we argue that the history of the Theespruit Formation is more 

complex than previously thought. Following Armstrong et al. 1990, we propose that ≤3500 Ma zircons 

are pristine and date igneous events within or immediately around the Theespruit Formation.  Therefore, 

the maximum depositional age of 3530 Ma proposed by Kröner et al., 2016 may not apply to the entire 

Formation but only to their investigated samples. Specifically, the contrasting isotopic, chemical and 

age signatures of zircons from different TSB samples (see Figure 2-7 A-C), at distances less than 2 km 
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from one another, rather indicates that the Theespruit Formation is made of separate 

volcanic/volcaniclastic sequences, that were likely deposited at different times between 3500 Ma and 

3450 Ma and correspond to distinct igneous sources. These interpretations are in line with the 

documented diversity of Lower Onverwacht silica-rich lithologies, comprising arkosic sandstones 

(Dziggel et al. 2002), K-feldspar porphyritic dacites (Agangi et al., 2018), felsic agglomerates (Diener 

et al. 2005) and schistose felsic rocks as documented here. In fact, one of the samples dated by Kröner 

et al. 2016 was a quartz- and K-feldspar-bearing dacite located near the North-Eastern margin of the 

Theespruit pluton, different from the samples investigated in the present work both in terms of 

petrography and location. 

In terms of relationships with igneous events, the protoliths of the felsic schists investigated here 

(volcanic rocks of felsic composition or volcaniclastics, see Diener et al. 2005, Van Kranendonk et al. 

2009) must have tapped different magma sources, resulting in different populations of zircons notably 

in terms of Hf isotopes (juvenile for TSB-03; more crustal for TH11-13, similar to those of Kröner et 

al. 2013, 2016; Figure 2-7 A). The 3580-3450 Ma zircons with positive εHf(t) from sample TSB-03 

reasonably match the age and Hf isotopic compositions of nearby TTG gneisses (Steynsdorp) and 

plutons (Theespruit, Stolzburg) (Figure 2-7 A). In contrast, samples TH11 and TH13 produced zircons 

whose negative εHf(t) overlaps best with zircons crystallized within 3500-3400 Ma granites/rhyolites 

(εHf(t) mostly between -0.4 and -7.8; see Sanchez-Garrido et al., 2011 and Figure 2-7 A) preserved as 

clasts within the Moodies basal Conglomerate. Combined with our new zircon data, this suggests that 

the felsic volcanics of the Theespruit Formation might represent volcanic/volcano-sedimentary 

equivalents to granites/rhyolites of the same age, now found as clasts in the Moodies Basal 

Conglomerate.  
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Figure 2-8: Geochemical and Isotopic discrimination plots of Hooggenoeg zircons from this study as compared with zircons 

of potential granitoid sources (BTTGs, AGC and 3.5-3.4 Ga granitic clasts) and Theespruit zircons. A) eHf(t) vs 207Pb/206Pb 

age in Hooggenoeg zircons compared with BTTG zircon compilation from Laurent et al., 2022, Zeh et al., 2009 and AGC 

zircon compilation from Hoffman et al., 2016, Kröner et al., 2014 and Zeh et al., 2011 and granitic zircon s from the Moodies 

Basal Conglomerate from Sanchez-Garrido et al., 2011, 2012. Age of deposition of the Hooggenoeg volcano-sediments of 

Grosch et al. 2011 is shown as vertical dashed line in graph A. Only TSB-03 zircons from the Theespruit Formation are shown 

as green area in this plot. B) Th/U vs Nb contents in zircon. C) Ti vs Hf in zircon. In graph B and C, trace elements in BTTG 

zircons derive from Laurent et al., 2022. Range of composition displayed by Theespruit zircons is also shown on all plots. 

 

2.5.1.2. Hooggenoeg Formation 

 

The youngest zircons from our samples of the Hooggenoeg Formation have 207Pb/206Pb dates 

between 3450 and 3400 Ma (Figure 2-8 A), which confirms the maximum deposition age of ca. 3430 

Ma proposed by Grosch et al. (2011) for this formation. Zircons mainly show age and (positive) εHf(t) 

matching those of zircons from the Stolzburg-Theespruit TTGs and Theespruit Formation zircons from 

sample TSB-03 (see Figure 2-8 A). Comparatively, the Hooggenoeg zircons show limited age and 

isotopic overlap with either the (dominantly negative- εHf(t)) zircons of 3500-3400 Ma granitic/rhyolitic 

rocks represented by the Moodies clasts; or the AGC (notably missing the ca. 3505 to 3553 Ma zircons 

from that terrane, see Figure 2-8 A). In addition to this, the sedimentary facies of the Hooggenoeg 
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volcano-sediments (coarse, angular, poorly sorted clasts; Figure 2-2 A, Figure 2-3 E) implies short 

sedimentary transport, arguing against a source located in the relatively remote (see Figure 2-1) AGC 

area.  

In terms of trace elements, the Hooggenoeg zircon population shows a better match to BTTG 

zircon compositions (notably in terms of Nb content and Th/U ratios) than the Theespruit zircons 

(Figure 2-8 B). The Hooggenoeg zircons also show somewhat higher Hf contents than BTTGs zircons, 

and Ti concentrations that are higher than those of BTTG zircons but lower than those of Theespruit 

zircons (Figure 2-8 C). These characteristics suggest that, despite having similar age vs εHf(t) with 

either Theespruit zircons or BTTG zircons and being relatively close to the Stolzburg terrane in terms 

of distance, the Hooggenoeg zircons were not sourced from either Theespruit felsic volcanic sequences 

or ca. 3456 Ma TTGs. This idea is also supported by independent metamorphic studies (Cloete. 1993, 

1999, Diener et al. 2005; Van Kranendonk et al. 2009, Cutts et al. 2014) who suggested that rocks of 

the Theespruit Formation experienced amphibolite-facies metamorphism in P-T conditions of 4 kbar 

and 600°C, at 3436 ± 10 Ma (Cutts et al. 2014). Although the applicability of this early metamorphic 

event to the entire (and lithologically composite, see section 5.1.1) Theespruit Formation could be 

discussed, this suggests that at least parts of the Theespruit Formation, and the underlying ca. 3456 Ma 

TTGs, were not exposed to surface weathering at the time of deposition of the Hooggenoeg volcano-

clastic sediments, and could thus not be part of the eroded area.  
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Figure 2-9: Geochemical and Isotopic discrimination plot of Schapenburg zircons from this study as compared with zircons 

of potential granitoid sources (BTTGs, AGC and 3.5-3.4 Ga granitic clasts) and zircons of the Hooggenoeg volcano-sediments. 

A) eHf(t) vs 207Pb/206Pb age in Schapenburg zircons with BTTG zircon compilation from Laurent et al., 2022, Zeh et al., 2009 

, AGC zircon compilation from Hoffmann et al., 2016, Kröner et al., 2014 and Zeh et al., 2011 and granitic zircons from the 

Moodies Basal Conglomerate from Sanchez-Garrido et al., 2011, 2012.  Age of deposition (MDA) in Graph A applies to the 

clastic sediments of the Schapenburg Schist Belt (SSB) as determined by Stevens et al., 2002 from youngest zircon age cluster. 

B) Th/U vs Nb contents in zircon. C) Ti vs Hf in zircon. In graph B and C, trace elements in BTTG zircons derive from Laurent 

et al., 2022. Range of coposition displayed by Hooggenoeg zircons is also shown on all three plots.   

 

2.5.1.3. Fig Tree-aged meta-turbidites of the Schapenburg Schist Belt (SSB) 

 

The SSB samples contain zircons with dominantly supra-chondritic/radiogenic εHf(t) signature, 

distributed in two age groups, a main cluster at ca. 3280-3240 Ma and one at ca. 3450-3400 Ma. These 

are present in both zircon samples SSB-01 and SSB-02 (Figure 2-9 A). The youngest zircons provide 

a weighted mean age of 3235±15 Ma, consistent with the maximum depositional age of 3250 Ma 

already proposed by (Stevens et al., 2002) (Figure 2-9 A). The two age clusters overlap well with the 

known events of TTG emplacement in the BGGT (Figure 2-6). For instance, the main, younger cluster 

of SSB zircons overlaps in age with zircons of the adjacent 3290-3240 Ma Baadplaas Gneiss (Kisters 

et al., 2010; Moyen et al., 2007) and the older SSB zircons overlap with the field of Stolzburg-
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Theespruit TTGs, as well as Hooggenoeg Formation zircons, for Hf(-O) isotopes (Figure 2-9 A and 2-

8 A). Therefore, one could argue that the SSB zircons were sourced from a variety of plutonic and 

volcanic/sedimentary rocks located in the BGB and immediate surroundings. 

However, a number of regional igneous sources can be discarded for the SSB zircons. This includes 

the AGC terrane (see Figure 2-1), as the SSB zircons strikingly lack two main generations of AGC 

zircons, namely at ca. 3500-3550 Ma and ca. 3300 Ma (Figure 2-9 A). The ca. 3456 Ma Stolzburg and 

Theespruit TTGs, which represent decent matches in terms of age and εHf(t) for the older SSB zircon 

population (Figure 2-9 A), are unlikely to have been part of the source area either due to mismatching 

Nb, Ti and Hf contents, notably higher than in BTTG zircons (Figure 2-9 B-C). Lastly, zircons of the 

ca. 3500 to 3200 Ma granites/rhyolites represented by clasts in the Moodies Basal Conglomerate 

(Sanchez-Garrido, 2012; Sanchez-Garrido et al., 2011) show notably lower εHf(t) than the SSB zircons 

of similar age (Figure 2-9 A), ruling out this possibility as well.  

Besides, we have additional reasons to believe that no component located south of the Inyoka Fault 

has been preserved in the Schapenburg meta-greywackes. The Schapenburg Schist Belt has been 

proposed to be a part of the Western Domain of the Inyoni Shear Zone/Inyoka Fault (Moyen et al., 

2006; Stevens et al., 2002; Stevens & Moyen, 2007), i.e. belong to the Barberton Northern Terrane 

sensu (Zeh et al., 2009), on the ground that it shares the same apparent geothermal gradient of 30°C/km 

as the one documented by Dziggel et al. (2006) in the latter. Therefore, we suggest that the meta-

greywackes of the SSB were once deposited on the continental shelf of the Northern Terrane and 

therefore captured a zircon population that represents the corresponding granitoids, including the 3290-

3240 Ma Baadplaas Gneiss (A. F. Kisters et al., 2010; A. F. M. Kisters et al., 2003). In this view, the 

ca. 3450-3400 Ma SSB zircons would derive from plutonic or volcanic rocks with positive εHf(t) and 

mantle-like δ18O, that have not been preserved, or not yet documented, in the Northern Terrane. This 

suggests that sediments of the SSB preserve evidence of now missing 3400 Ma felsic plutonic or 

volcanic components in that terrane. In fact, as the SSB meta-greywackes are fine-grained turbidites 

(see Figure 2-2 C and sample description), it is likely that they drained a relatively larger surface 
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exposure (Bouma. 1964, 2004) than the presently preserved surface area of the Northern Terrane, 

supporting this possibility. 

2.5.1.4. Moodies Group 

Zircon dates of the Moodies sandstones cover the full history of the BGB, recording all major igneous 

events (i.e. 3570-3500 Ma, 3480-3400 Ma and 3300-3200 Ma; Figure 2-6). However, our new Hf 

isotopic data show strong contrasts with the most widespread regional igneous sources, in particular the 

BTTGs and the AGC. Indeed, the latter produced zircons that are dominantly radiogenic (Figure 2-10 

A) whereas the Moodies zircons have more diverse isotopic composition, notably extending to non-

radiogenic signatures (from -4.2 to -0.4 εHf(t) units for the > 3500 Ma zircons to -8.3 to +3.1 εHf(t) units 

for <3500 Ma zircons; Figure 2-10 A). This negative isotopic pattern of Moodies zircons is present in 

all published datasets (Drabon et al., 2024; Wang et al., 2022; Zeh et al., 2013), although more abundant 

in the samples collected in this study (~91 % of data have εHf(t) < 0). This negative- εHf(t) population 

of Moodies zircon is uncommon to completely absent from either the Barberton TTGs or AGC gneiss 

zircon of similar age (Figure 2-10 A). Some AGC zircons show somewhat non-radiogenic Hf isotopic 

signatures, notably the youngest ca. 3250-3200 Ma population (εHf(t) from -3.2 to +0.8, Figure 2-10 

A), but the ca. 3300 Ma AGC zircon population showing positive εHf(t) (from 0 to +4.0, see Figure 2-

10 A) are not observed in the Moodies zircons. In addition, our Moodies zircons have Th/U ratios 

extending to higher values than zircons of the BTTGs (Figure 2-10 B) as well as higher Ti and Hf 

contents on average (Figure 2-10 C).  
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Figure 2-10: Geochemical and Isotopic discrimination plot of Moodies zircons from this study and others  as compared with 

zircons of potential volcanic (Theespruit zircons from this study + Fig Tree tuffaceous zircons), granitoid sources (BTTGs, 

AGC and 3.5-3.4 Ga granitic clasts) and sedimentary sources (zircons fo the Fig Tree clastic sediments). A) eHf(t) vs 
207Pb/206Pb age in Moodies zircons as compared with BTTG zircon compilation from Laurent et al., 2022, Zeh et al., 2009 , 

AGC zircon compilation from Hoffmann et al., 2016, Kröner et al., 2014 and Zeh et al., 2011 and granitic zircon s from the 

Moodies Basal Conglomerate from Sanchez-Garrido et al., 2011, 2012. Negative eHf(t) of the Theespruit zircons is also shown 

as green area.  MDA in graph A stands for “maximum depositional age” and applies to the supracrustal sequences of the 

Moodies Group as determined by Heubeck et al., 2013 from youngest zircon age cluster. B) Th/U vs Nb contents in zircons of 

the Moodies sediments (this study and others). C) Ti vs Hf in zircon. D) eHf(t) vs 207Pb/206Pb age in Moodies zircons as 

compared with BGB detrital zircons from Moodies and Fig Tree groups. In graph B and D, trace elements in BTTG zircons 

derive from Laurent et al., 2022. Range of composition displayed by Theespruit zircons is also shown on both plots. 

Collectively, this suggests that the Moodies zircons analyzed in the present work do not derive from 

either the presently exposed BTTGs or the AGC, in agreement with conclusions of (Heubeck et al., 

2022) who advocated a dominantly intra-BGB origin. Drabon et al. (2024) proposed that part of the 

Moodies zircons, especially the 3300-3200 Ma population, experienced multiple sedimentary cycles 

and derived from the stratigraphically underlying Fig Tree strata (tuffaceous and clastic sediments). 

This conclusion would be apparently supported by the fairly similar Th/U ratios and Nb, Ti and Hf 

contents between Fig Tree and Moodies zircons (Figure 2-10 B-C). However, zircon from Fig tree-age 
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strata (see Figure 2-10 A-D) span a range of εHf(t) values from negative to positive (εHf(t) between -3.5 

to + 5.0, see Figure 2-10 A-C). The interpretation of (Drabon et al., 2024) applied to our samples would 

hence imply that only negative- εHf(t) Fig Tree zircons would have been selectively transferred to the 

Moodies sandstones during erosion and transport, which appears implausible.  

Instead, the ca. 3570 Ma to 3400 Ma detrital zircons of the Moodies group with negative εHf(t) 

overlap well with zircons crystallized in the granitic clasts of the Moodies Basal Conglomerate, but also 

with isotopically negative Theespruit zircons (see section 5.1.1 above and Figure 2-10 A). This is 

further supported by Moodies and Theespruit zircons with negative εHf(t) (TH11 and TH13) sharing 

similar Ti contents (average of 12 and 16 ppm respectively), on average higher than zircons from the 

Barberton TTGs and co-genetic felsic volcanic rocks (average of 5 ppm; data from Laurent et al. 2022). 

Therefore, following Drabon et al. (2024) and Heubeck et al. (2022), we argue that Moodies zircons 

derive mainly from intra-BGB sources, including the Fig Tree and Onverwacht detrital, 

tuffaceous/volcaniclastic sequences (Drabon et al., 2024) and/or granitic/rhyolitic rocks similar to those 

found as relict clasts in the Moodies Basal Conglomerate but that regional variations over the 

importance of each of these intra-BGB sources in feeding the Moodies sediments occur as will be 

explained below. 

2.5.2. Detrital zircon patterns at the scale of the BGB and geological implications 

 

Our new and literature data from the BGB zircons highlight distinct age distributions and contrasting 

isotopic compositions depending on the stratigraphic level, while they preserve as a whole the 

207Pb/206Pb dates representing the main magmatic events of the BGGT (Figure 2-6). From the previous 

discussion, two salient features can be extracted from our dataset: important local controls on detrital 

zircon populations; and significant biases in the preservation of the Paleoarchean crustal record, with 

supracrustal zircon witnessing the former presence of source rocks that are presently under-represented 

in the exposed crustal record.  
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2.5.2.1. Local controls on detrital zircon provenance 

Local controls on detrital zircon provenance are important factors that dictate the nature of zircon 

populations in Archean supracrustal sequences, as typically shown by the provenance of detrital zircons 

from all volcano-sedimentary sequences of the BGB. Different provenance patterns arise for samples 

collected in similar stratigraphic levels. Typically, discrepancies in zircon provenance between different 

Moodies samples, as indicated by different distributions of zircon Hf isotopic compositions between 

our samples and literature data (see section 2.5.1.4 and Figure 2-10 A), suggest regional variations in 

zircon provenance in clastic sediments deposited at the same time. These discrepancies are indeed likely 

the result of different sampling areas between our work and previous studies (see Figure 2-1). For 

instance, Moodies samples investigated by (Drabon et al., 2024; Wang et al., 2022; Zeh et al., 2013) 

come from the central part of the BGB, whereas ours derive from the northern BGB (Eureka and 

Saddleback synclines, see  Figure 2-1). Therefore, while the former incorporated a significant 

proportion of zircons from the Fig Tree tuffaceous and sedimentary rocks, the latter collected mainly 

zircons from a different source showing exclusively negative εHf(t).  

Likewise, we document that zircon populations, both in terms of age and isotopic signature, change 

within volcanic sequences that were described as laterally continuous in the literature (Anhaeusser, 

1981; J. F. Diener, 2004; J. F. A. Diener et al., 2005) as in the case of the Theespruit Formation. This 

illustrates the existence of multiple volcanic events throughout a protracted (~80 Myr) construction 

history of this supracrustal unit, tapping magma reservoirs with different isotopic signatures.  

In general, these local differences in zircon sourcing stress out that the resulting zircon populations 

may therefore not be representative of the exposed crustal components on a regional scale, which is a 

well-known bias of detrital zircon studies (e.g., Moecher & Samson, 2006) but somewhat under-

considered in the context of the early Earth. This also highlights the importance of sampling, which 

should be as representative as possible of the stratigraphic complexity and lithological diversity.  

2.5.2.2. Biases in preservation of the Paleoarchean crustal record 

 

Previous studies (Drabon et al., 2024; Wang et al., 2022; Zeh et al., 2009, 2013) have used the 

broadly similar age distribution of BGB detrital zircons and of BTTG magmatic zircons (see Figure 2-
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6) to argue that detrital zircons were sourced mainly from the surrounding granitoid-gneisses (TTG and 

AGC). However, our results show that this interpretation is too simplistic. In particular, zircons of the 

Hooggenoeg volcano-clastic sediments must derive from plutonic or volcanic rocks of similar age and 

isotopic composition as those of ca. 3550-3450 Ma TTGs from the southern BGGT, but with somewhat 

different magmatic histories, to explain different zircon trace element compositions (see section 2.5.1.2. 

and Figure 2-8 B-C). Considering the short sedimentary transport required by the sedimentary facies 

of the Hooggenoeg volcano-clastic sediments, this unpreserved source must have been located close to 

the depositional setting but is clearly not exposed anymore in the area. In the case of the SSB meta-

greywackes, detrital zircons notably record a ca. 3450-3400 Ma magmatic event that is not preserved 

in the Northern Terrane from which the sediments were presumably sourced (see section 2.5.1.3 and 

Figure 2-9 A). In both cases, there is little constraint on the composition of the source rocks, besides 

minor trace element differences in zircon, mainly higher average Ti and Hf contents than the BTTG 

zircons.  

Importantly, our work further stresses out here the importance of crustal components showing 

negative zircon εHf(t) signatures in the BGGT, in strong contrast to the predominantly positive-εHf(t 

pattern displayed by zircons from exposed granitoids and gneiss lithologies (BTTG and AGC). These 

negative-εHf(t) components are represented by some ca. 3550-3450 Ma volcanic/volcaniclastic 

lithologies of the Theespruit Formation, as previously documented by Kröner et al. (2016) and 

confirmed by our results (see section 2.5.1.1 and Figure 2-7 A). More significantly, combining our new 

results with literature datasets, 40% of all data from Moodies zicons, covering the entire BGGT age 

range (ca. 3550-3200 Ma), show negative εHf(t) (see section 2.5.1.4, Figure 2-10 A-B), with the bulk 

of εHf(t) values between -5.0 to 0. The negative εHf(t)-zircons also show on average higher Ti (and to 

some extent Nb) contents, and Th/U ratios, than BTTG zircon (Figures 2-9 B-C and 2-12 B-C). This 

implies that the parent magma of the Moodies and Theespruit negative- εHf(t) zircons had different 

chemical properties than trondhjemites of the TTG suite. In particular, the higher Ti contents may result 

from possible differences in aSiO2 and aTiO2 upon zircon saturation (Ferry & Watson, 2007; Fonseca 

Teixeira et al., 2023; Schiller & Finger, 2019) or actual differences in zircon crystallization temperatures 
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(assuming aSiO2 and aTiO2 = 1, average Ti-in-zircon crystallization temperatures are 750 °C for the 

Theespruit and Moodies zircons vs. 680 °C for the Barberton TTG zircons). 

Altogether, this means that igneous rocks other than the exposed BTTGs may have composed a 

significant volume of the Paleoarchean felsic upper crust, notably at the time the Moodies sediments 

were deposited as to source nearly half of their detrital zircons. As mentioned in section 5.1, we propose 

that this igneous component is now only represented by volcanic/volcaniclastic rocks of the Theespruit 

Formation hosting negative- εHf(t) zircon; and granitic/rhyolitic clasts now found in the Moodies Basal 

Conglomerate, both being the only igneous source rocks with clearly negative zircon εHf(t) in the BGGT 

and surroundings. The Moodies clasts were formed broadly coevally with TTGs, with zircon 

crystallization dates ranging from as old as ca. 3560 Ma (Kröner et al., 2018) down to ca. 3200 Ma 

(Sanchez-Garrido, 2012), but in addition to a non-radiogenic εHf(t) signature reflecting the significant 

contribution of isotopically evolved crust in the petrogenesis of their parent magma, they show a 

distinctive major and trace element signature. The Moodies clasts indeed bear a primary magmatic K2O-

rich (some >6 wt%, see Kröner et al., 2018; Kröner & Compston, 1988), CaO-poor composition with 

flat HREE patterns, unlike TTGs (Sanchez-Garrido et al., 2011). Importantly, the felsic schists of the 

Theespruit Formation share the same high K2O (as shown by the presence of magmatic K-felsdpar 

phenocrysts; Agangi et al., 2018), low CaO contents and flat HREE patterns as the Moodies 

granite/rhyolite clasts (Sanchez-Garrido et al., 2011; Sanchez-Garrido, 2012 PhD thesis). The potential 

provenance of negative-εHf(t) zircons of the BGB from igneous sources similar to the Moodies 

granitic/rhyolitic clasts is further supported by modelled trace element compositions of theoretical 

zircon that would have crystallized from a melt compositionally similar to the latter (Figure 2-11 A-

B). These modelled zircon compositions show higher Nb/Yb ratio and U/Yb ratio than BTTG zircons 

at identical Ti content, a pattern similar to that displayed by the Moodies and Theespruit zircons (Figure 

2-11 A-B).  
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Figure 2-11: Results of chemical modelling. Graph A compares Nb/Yb vs U/Yb for detrital zircons of the Moodies sediments, 

zircons of the Theespruit volcanics (this study), with modelled granitic zircon and BTTG zircons (Laurent et al., 2022). Graph 

B shows the evolution of Nb/Yb ratio in modelled granitic zircons with Ti content and compare it with zircons of the Moodies 

sediment, Theespruit volcanics and BTTGs. Red dashed lines outlines the three input Ti content in the model. 

 

2.5.3. General geological implications 

 

2.5.3.1. Regional Paleoarchean crustal structure and geodynamic evolution 

 

The statistically important population of Moodies detrital zircons having εHf(t) different from that 

of TTGs but overlapping with that of granitic/rhyolitic clasts of the Moodies Group (this study, Zeh et 

al. 2013, Wang et al. 2022, Drabon et al. 2017, 2022, 2024) points to the existence of a crustal 

component that likely formed a significant part of the Archean felsic crust. As discussed above (see 

section 2.5.2.2), this component was likely represented by K2O-rich granites/rhyolites. Importantly, the 

corresponding magmas were formed during the main episodes of crustal development in the BGGT, 

coevally with TTGs, as shown by similar age distributions between negative- and positive-εHf(t) zircons 

(Figure 2-6A, Figure 2-10A-B). This crustal component is mostly missing out from the exposed rock 

record in the BGB. Although relicts can be found as 3570- to 3200 Ma-old clasts in the Moodies Basal 

Conglomerate and ca. 3500-3450 Ma-old felsic schists of the Theespruit Formation, these represent a 

much smaller surface exposure than what it must have been in Archean times to explain the abundance 
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of negative- εHf(t) zircons in the Moodies sandstones. Altogether, we propose that this implies a 

vertically zoned Archean felsic crust, formed by an uppermost, K-rich upper crust (granite/rhyolite 

sequences) and a Na-rich TTG middle crust (Figure 2-11). This vertical structure explains the 

preferential erosion of the former and preservation of the latter, as other studies have suggested 

(Clemens et al. 2010, Agangi et al. 2018). This vertical zoning was already acquired as early as ca. 3500 

Ma, as shown by the existence of both >3500 Ma TTGs and granitic clasts/zircons.  

Explaining this heterogeneous distribution of felsic lithologies in Paleo-Archean continental crust 

requires to discuss first the nature of the source of the K2O-rich upper crustal granites/rhyolites, and 

second, how this source was brought to melting depths. These questions connect with the geodynamic 

setting of felsic crust production on the Archean Earth, a matter that is still highly debated (Brown et 

al., 2020; Cawood et al., 2006; Condie & Kröner, 2008; Kusky et al., 2018; Nutman et al., 2020; Palin 

et al., 2020; Sizova et al., 2014; Smithies, 2000; Stern, 2018; Van Kranendonk, 2011; van Hunen & 

Moyen, 2012 and references therein). Sanchez-Garrido et al. (2011) proposed a model for the Moodies 

granitic/rhyolitic clasts, representative of this former uppermost crust (see section 2.5.2.2), whereby a 

meta-sedimentary (greywacke) source, similar to K2O-rich volcanic sequences of the Theespruit 

Formation, buried to >1.5 GPa experienced partial melting (through phengite breakdown) to produce 

K2O-rich, CaO-poor granitic melts. 

Reaching the high melting pressures required by this model could be achieved either through 

intraplate melting of the base of an overthickened oceanic plateau (see Palin et al. 2016, 2020), or 

tectonic burial in a context comparable to modern-day convergent plate margins (Sanchez-Garrido et 

al. 2011, 2012, Clemens et al. 2010, Agangi et al. 2018). In the former case, sources of either sodic 

TTGs or potassic granites may occupy different levels of the root zone of an overthickened oceanic 

plateau and both eventually experience melting at high pressure (triggered by an underlying mantle 

plume?; Nair & Chacko, 2008; Palin et al., 2016). In this context, the K2O-rich granites/rhyolites could 

have been derived from the partial melting of volcano-sedimentary rocks akin to the protoliths of the 

Theespruit felsic schists and show negative εHf(t) indicative of the involvement of ancient crust. Such 

supracrustal rocks were likely initially deposited at structurally shallower levels of a composite, 
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predominantly mafic/ultramafic crust with Enriched tholeiite affinity (Martin et al., 2014). Burial of 

this composite mafic crust to high-pressure conditions through top-down stacking of basaltic lavas 

flows (e.g. Kamber, 2015) and/or underplating of mantle-derived mafic magmas, would trigger partial 

melting of the lower crust. The lowermost, recently emplaced mafic rocks (hence with positive εHf(t)) 

would produce TTG magmas and the structurally shallower levels (made of felsic volcanics/sediments) 

produce granitic magmas (Figure 2-12). Processes such as contrasting depths of melting, possible 

differences in fluid content in the melt (due to different source composition cf (Sanchez-Garrido et al., 

2011) and tectonic drain through the upper crust, might result in the different depths of emplacement 

of granites vs TTGs-like magmas as suggested in plutonic and volcanic-plumbing systems (Brown, 

1994; Cruden & Weinberg, 2018) and explain the proposed stratified structure of the >3.2 Ga felsic 

crust.  

In the case of the youngest, 3300-3200 Ma event of coeval TTGs and K-rich granite production in 

Barberton, the geodynamic setting can be constrained based on former studies, which proposed a 

tectonic amalgamation of the Southern and Northern Terranes of the BGGT along the SIFS (see Figure 

2-1) in a setting comparable to modern convergent plate margins (Clemens et al., 2006; J. F. Diener et 

al., 2005; Dziggel et al., 2002, 2006b; A. F. Kisters et al., 2010; A. F. M. Kisters et al., 2003; Moyen et 

al., 2006; Mühlberg et al., 2021; Stevens et al., 2002, Zeh et al. 2009). A convergence margin setting 

agrees with the documented increase of detrital zircon δ18O both in the BGB (Figure 2-6 A) and from 

other lines of evidence from the global record (Cawood et al., 2018; Kirkland et al., 2021; Ma et al., 

2020; Næraa et al., 2012; Payne et al., 2015; Smithies et al., 2021; Van Kranendonk et al., 2015), which 

require an increased influx of hydrothermally altered surface sediments to depth at ~3200 Ma, most 

easily achieved through subduction. In the case of the BGGT, it has been argued that rocks of the 

Southern Terrane (presently represented by the Stolzburg block) were buried at high pressure below the 

Northern Terrane through subduction-like processes (e.g. Moyen et al., 2006). The uppermost part of 

the corresponding crustal package would have been represented by equivalents of the Theespruit felsic 

volcanic/volcaniclastic rocks, whose chemical composition would be appropriate to represent the source 

of K2O-rich, CaO-poor granites/rhyolites (Sanchez-Garrido et al., 2011). These would thus have melted 
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at lower depth than the mafic, leading edge of the downward going slab (Figure 2-11 A), which could 

have produced the coeval and isotopically juvenile TTGs.  

 

Figure 2-12: Proposed geodynamic scenarios to explain the vertical structure of the Archean crust deduced from our zircon 

data and known constraints on the geological evolution of the BGGT, for the 3500-3400 (bottom) and 3300-3200 (top) Ma 

periods (see text for details). 
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We note that, if some sort of subduction is involved in the petrogenesis of Paleoarchean K2O-rich 

granites, it can only apply for sure to the 3300-3200 Ma generation, for which we have field, structural 

and metamorphic evidence for terrane amalgamation processes akin to horizontal plate tectonics in the 

BGB (J. F. Diener et al., 2005; Dziggel et al., 2002, 2006a; Moyen et al., 2006). For rocks older than 

3400 Ma, we can only be speculative, as there is no such evidence – yet the same vertical zoning of the 

crust could be explained by different processes, as described above.  

 

2.5.3.2. Global preservation biases in the Archean and limits of detrital zircon studies 

 

 Our study stresses out that the Paleoarchean felsic crust of the BGGT must have been 

compositionally more diverse than suggested by the present, binary juxtaposition of TTGs and 

greenstones. Previous geochemical and petrological studies shows that this conclusion certainly applies 

to other Archean terranes. For instance, in the East Pilbara terrane (Australia), (Champion & Smithies, 

2007) have documented two granitoid suites, showing similar ranges of emplacement ages (3500-3420 

and 3320-3250 Ma) but distinctive petrographic and geochemical features including a high-Al, TTG-

like suite; and a low-Al and higher-K2O suite, notably showing more negative whole-rock εNd(t) values. 

Reimink et al., 2014, 2016, 2020 investigated the diversity of the Acasta Gneiss Complex in Canada 

and found out that these are not only made of TTGs, notably comprising some ca. 4020 Ma-old tonalitic 

gneisses showing major and trace element composition similar to icelandites (enrichment in Fe, very 

low REE fractionation). Likewise, Neoarchean potassic granites from Eastern Hebei (North China 

Craton) contain enclaves of trondhjemites and granodiorites, closely associated to ca. 3775 Ma quartz-

monzonite and ca. 3786-3640 Ma granites that produced zircons with negative εHf(t) (-6.9 to +0.4) and 

δ18O between 5.5 to 7.5 ‰ (Dong et al., 2024). As in the case of the Moodies clasts and Theespruit 

felsic schists of the BGB, these quartz-monzonites and granites are mostly absent from the exposed 

geological record besides a few enclaves preserved in more recent granitoids.  

Recently, Spencer et al., 2022 examined a global record of detrital and igneous, Hadean to 

Phanerozoic zircons and identified a decoupling in δ18O, with detrital zircons showing systematically 
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higher δ18O than igneous zircons of the preserved, coeval igneous rocks. This observation further 

supports the idea that detrital zircon grains may record a component of the felsic continental crust that 

has hardly been preserved in the igneous rock record. On a more local scale, studies of detrital zircon 

and quartz from sandstones in the vicinity of the Proterozoic Pikes Peak batholith (USA) shows that the 

detrital grains were dominantly eroded from a no longer exposed volcanic component coeval to the 

batholith (Fonseca Teixeira et al., 2024)). Overall, these examples show that the proposed vertical 

zoning of the BGB before ca. 3200 Ma (see section 5.3) is not a local phenomenon but could be applied 

to other Precambrian terranes. It also highlights the importance of considering preservation biases when 

dealing with Archean rocks older than 3.2 Ga.  

That said, zircon-based studies also suffer from intrinsic biases. Zircon mainly crystallize in 

intermediate to acidic magmas but very rarely in mafic to ultramafic ones (E. Belousova et al., 2002; 

Crisp & Berry, 2022; Hoskin & Schaltegger, 2003; Watson & Harrison, 1983), such that if the Archean 

crust was predominantly mafic until 3.0 Ga as suggested by various lines of evidence (Dhuime et al., 

2015; Flament et al., 2013; Ptáček et al., 2020; Rey et al., 2024), detrital zircon would miss most of it. 

In addition, while zircon εHf(t) can tell apart magma sources with different mantle extraction ages, it is 

not capable to discriminate between different magma types and petrogenesis (e.g. Couzinié et al., 2016; 

Payne et al., 2016; Vervoort & Kemp, 2016). Zircon trace element chemistry might help for this 

purpose, but generally lacks potential to discriminate various granitoid sources due to limited variability 

(E. Belousova et al., 2002; Bruand et al., 2020). Other accessory minerals are more promising in this 

respect. In particular, apatite occurs in a broader range of magma composition and shows more sensitive 

trace element variability to host magma chemistry compared with zircon (Antoine et al., 2020; E. A. 

Belousova et al., 2001, 2002; Bruand et al., 2020; O’Sullivan et al., 2020). Preliminary recent studies 

of igneous apatite in the youngest granitoids (ca. 3280-3100 Ma) associated with the BGB already 

reveal diverse chemical signatures (Miyake et al., 2024; Vezinet et al., 2025), holding promises for a 

more accurate characterization of the non-preserved Paleoarchean crust using detrital apatite.  
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2.6. Conclusion 

 This study has shown the BGB detrital zircons to be of contrasting origins, based on new age, 

isotopic and chemical data from volcanic/volcaniclastic and sedimentary samples straddling the entire 

stratigraphy of the belt. Zircon data show the importance of local controls on detrital zircon provenance 

at different spatial scales (i.e. catchment scale for the Hooggenoeg volcano-clastic sediments and 

Moodies sandstones, or one specific terrane for the Schapenburg Schist Belt) or magma sources (i.e. 

the composite nature of the Theespruit Formation). This reveals the importance of investigating 

supracrustal zircons from a large sample set, representative of the lithological diversity and stratigraphy 

in a given area.  

Additionally, mismatches in trace element composition and/or εHf(t) between supracrustal and 

igneous/TTG zircon record that some significant components of the Paleoarchean felsic crust are now 

strongly under-represented or even missing from the preserved, igneous BGGT crust. This is 

particularly true for the Moodies zircons, nearly half of which may be derived from a formerly 

widespread, uppermost K2O-rich crust now only represented by volumetrically minor, ca. 3530-3450 

Ma felsic schists/volcaniclastic sediments of the Theespruit Formation; and granitic/rhyolitic clasts 

found in the ca. 3220 Ma Moodies Basal Conglomerate. Such K2O-rich igneous rocks formed during 

three main episodes, coevally with Na2O-rich TTGs (namely at ca. 3560-3500; 3490-3400 and 3290-

3210 Ma), but produced by distinct petrogenetic processes, i.e. partial melting of supracrustal 

(sedimentary and/or felsic volcanic/volcaniclastic) rocks. While the youngest generation (3290-3210 

Ma) is synchronous with regional evidence for HP/LT metamorphism and thus attributed to partial 

melting of this supracrustal material at high pressure in subduction-like environments, the geodynamic 

setting of the oldest two generations is less well constrained.  

Nonetheless, the existence of this K-rich uppermost crust as early as ca. 3560 Ma and its 

persistence throughout the following 350 Myr favor that this is a first-order characteristic of felsic crust 

production in the BGGT; and that the Paleoarchean felsic crust was vertically stratified into shallower 

K-rich and deeper Na-rich components. These possibilities would require further testing on different 

Archean cratons.  



 

104 
 

 2.7. Acknowledgements 

 

The PhD project of J.B.C. has been supported by National Research Foundation grant CNRS-129351 

(South Africa) as part of the BuCoMO project, the University of Toulouse TREMPLIN grant 

PRESIZION and by the EUR TESS N°ANR-18-EURE-0018 in the framework of the Programme des 

Investissements d'Avenir. We thank the Mpumalanga Tourism and Park Agency for giving us access to 

the Komati Nature Reserve. We thank M. Vinicius Santos Leandro, J.F. Moyen and A. Chauvet for help 

and guidance during fieldwork and comments on data interpretation. We are grateful to J. Delport and 

J.P. Nel for help with SELFRAG operation and zircon separation; S. Choy for help with zircon picking 

and mounting; F. Maubé for help with SEM imaging; A. Marquet and J. Chmeleff for assistance with 

LA-ICP-MS analyses and M. Grobbelaar-Moolman and R.T. Roussow for whole-rock analysis at the 

CAF laboratory (Stellenbosch University). We thank the journal editor A.I.S. Kemp, as well as R. 

Bolhar and two anonymous reviewers, for their very detailed and constructive comments that 

significantly improved the manuscript.  

Declaration of interests 

  

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

2.8. References to Chapter 2 

 

Agangi, A., Hofmann, A., & Elburg, M. A. (2018). A review of Palaeoarchaean felsic volcanism in the 

eastern Kaapvaal craton : Linking plutonic and volcanic records. Geoscience Frontiers, 9(3), 

667‑688. 

Anhaeusser, C. R. (1980). A geological investigation of the Archaean granite-greenstone terrane south 

of the Boesmanskop syenite pluton, Barberton Mountain Land. South African Journal of 

Geology, 83(1), 93‑106. 

Anhaeusser, C. R. (1981). Geotectonic evolution of the Archaean successions in the Barberton 

Mountain land, South Africa. In Developments in Precambrian Geology (Vol. 4, p. 137‑160). 

Elsevier. https://www.sciencedirect.com/science/article/pii/S0166263508700112 

Anhaeusser, C. R. (1983). The geology of the Schapenburg greenstone remnant and surrounding 

Archaean granitic terrane south of Badplaas, Eastern Transvaal. https://pascal-

francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=6522482 

Anhaeusser, C. R. (2014). Archaean greenstone belts and associated granitic rocks–a review. Journal 

of African Earth Sciences, 100, 684‑732. 

Anhaeusser, C. R. (2019). The geology and tectonic evolution of the northwest part of the Barberton 

Greenstone Belt, South Africa : A review. South African Journal of Geology, 122(4), 421‑454. 

https://doi.org/10.25131/sajg.122.0033 

Antoine, C., Bruand, E., Guitreau, M., & Devidal, J. ‐L. (2020). Understanding Preservation of Primary 

Signatures in Apatite by Comparing Matrix and Zircon‐Hosted Crystals From the Eoarchean 

Acasta Gneiss Complex (Canada). Geochemistry, Geophysics, Geosystems, 21(7), 

e2020GC008923. https://doi.org/10.1029/2020GC008923 

Armstrong, R. A., Compston, W., De Wit, M. J., & Williams, I. S. (1990). The stratigraphy of the 3.5-

3.2 Ga Barberton Greenstone Belt revisited : A single zircon ion microprobe study. Earth and 

Planetary Science Letters, 101(1), 90‑106. 

Barker, F., & Arth, J. G. (1976). Generation of trondhjemitic-tonalitic liquids and Archean bimodal 

trondhjemite-basalt suites. Geology, 4(10), 596‑600. 



 

105 
 

Bédard, J. H. (2006). A catalytic delamination-driven model for coupled genesis of Archaean crust and 

sub-continental lithospheric mantle. Geochimica et Cosmochimica Acta, 70(5), 1188‑1214. 

https://doi.org/10.1016/j.gca.2005.11.008 

Bell, E. A., Boehnke, P., Barboni, M., & Harrison, T. M. (2019). Tracking chemical alteration in 

magmatic zircon using rare earth element abundances. Chemical Geology, 510, 56‑71. 

Bell, E. A., Boehnke, P., & Harrison, T. M. (2016). Recovering the primary geochemistry of Jack Hills 

zircons through quantitative estimates of chemical alteration. Geochimica et Cosmochimica 

Acta, 191, 187‑202. 

Belousova, E. A., Griffin, W. L., O’Reilly, S. Y., & Fisher, N. I. (2002). Apatite as an indicator mineral 

for mineral exploration : Trace-element compositions and their relationship to host rock type. 

Journal of Geochemical Exploration, 76(1), 45‑69. 

Belousova, E. A., Walters, S., Griffin, W. L., & O’Reilly, S. Y. (2001). Trace‐element signatures of 

apatites in granitoids from the Mt Isa Inlier, northwestern Queensland. Australian Journal of 

Earth Sciences, 48(4), 603‑619. https://doi.org/10.1046/j.1440-0952.2001.00879.x 

Belousova, E., Griffin, W., O’Reilly, S. Y., & Fisher, N. (2002). Igneous zircon : Trace element 

composition as an indicator of source rock type. Contributions to Mineralogy and Petrology, 

143(5), 602‑622. https://doi.org/10.1007/s00410-002-0364-7 

Bickle, M. J., Nisbet, E. G., & Martin, A. (1994). Archean Greenstone Belts Are Not Oceanic Crust. 

The Journal of Geology, 102(2), 121‑137. https://doi.org/10.1086/629658 

Bleeker, W. (2003). The late Archean record : A puzzle in ca. 35 pieces. Lithos, 71(2‑4), 99‑134. 

Blichert-Toft, J., & Puchtel, I. S. (2010). Depleted mantle sources through time : Evidence from Lu–Hf 

and Sm–Nd isotope systematics of Archean komatiites. Earth and Planetary Science Letters, 

297(3), 598‑606. https://doi.org/10.1016/j.epsl.2010.07.012 

Bolhar, R., Hofmann, A., Allen, C. M., & Maas, R. (2021). A LA-ICPMS zircon record of magmatic 

crystallization and compositional alteration in meta-igneous rocks of the eastern Kaapvaal 

Craton. South African Journal of Geology, 124(3), 761‑782. 

https://doi.org/10.25131/sajg.124.0042 

Bolhar, R., Weaver, S. D., Whitehouse, M. J., Palin, J. M., Woodhead, J. D., & Cole, J. W. (2008). 

Sources and evolution of arc magmas inferred from coupled O and Hf isotope systematics of 

plutonic zircons from the Cretaceous Separation Point Suite (New Zealand). Earth and 

Planetary Science Letters, 268(3‑4), 312‑324. 

Bouvier, A., Vervoort, J. D., & Patchett, P. J. (2008). The Lu–Hf and Sm–Nd isotopic composition of 

CHUR : Constraints from unequilibrated chondrites and implications for the bulk composition 

of terrestrial planets. Earth and Planetary Science Letters, 273(1‑2), 48‑57. 

Brown, M. (1994). The generation, segregation, ascent and emplacement of granite magma : The 

migmatite-to-crustally-derived granite connection in thickened orogens. Earth-Science 

Reviews, 36(1), 83‑130. https://doi.org/10.1016/0012-8252(94)90009-4 

Brown, M., Johnson, T., & Gardiner, N. J. (2020). Plate Tectonics and the Archean Earth. Annual 

Review of Earth and Planetary Sciences, 48(1), 291‑320. https://doi.org/10.1146/annurev-

earth-081619-052705 

Bruand, E., Fowler, M., Storey, C., Laurent, O., Antoine, C., Guitreau, M., Heilimo, E., & Nebel, O. 

(2020). Accessory mineral constraints on crustal evolution : Elemental fingerprints for magma 

discrimination. Geochemical Perspectives Letters, 13, 7‑12. 

Byerly, G. R., Kröner, A., Lowe, D. R., Todt, W., & Walsh, M. M. (1996). Prolonged magmatism and 

time constraints for sediment deposition in the early Archean Barberton greenstone belt : 

Evidence from the Upper Onverwacht and Fig Tree groups. Precambrian Research, 78(1‑3), 

125‑138. 

Cawood, P. A., Hawkesworth, C. J., Pisarevsky, S. A., Dhuime, B., Capitanio, F. A., & Nebel, O. 

(2018). Geological archive of the onset of plate tectonics. Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 376(2132), 20170405. 

https://doi.org/10.1098/rsta.2017.0405 

Cawood, P. A., Kroner, A., & Pisarevsky, S. (2006). Precambrian plate tectonics : Criteria and evidence. 

GSA today, 16(7), 4. 

Champion, D. C., & Smithies, R. H. (2007). Chapter 4.3 Geochemistry of Paleoarchean Granites of the 

East Pilbara Terrane, Pilbara Craton, Western Australia : Implications for Early Archean 



 

106 
 

Crustal Growth. In M. J. van Kranendonk, R. H. Smithies, & V. C. Bennett (Éds.), 

Developments in Precambrian Geology (Vol. 15, p. 369‑409). Elsevier. 

https://doi.org/10.1016/S0166-2635(07)15043-X 

Clemens, J. D., Yearron, L. M., & Stevens, G. (2006). Barberton (South Africa) TTG magmas : 

Geochemical and experimental constraints on source-rock petrology, pressure of formation and 

tectonic setting. Precambrian Research, 151(1‑2), 53‑78. 

Cloete, D. (1993). Processing Remotely Sensed Data for Geological Content Over a Part of the 

Barberton Greenstone Belt, Republic of South Africa [Master’s Thesis, University of the 

Witwatersrand, Johannesburg (South Africa)]. 

https://search.proquest.com/openview/5cfcd55e3605de82a0efba46f3e2c020/1?pq-

origsite=gscholar&cbl=2026366&diss=y 

Cloete, M. (1999). Aspects of volcanism and metamorphism of the Onverwacht group lavas in the 

South-Western portion of the Barberton greenstone belt. [PhD Thesis]. 

https://wiredspace.wits.ac.za/items/cd520741-8d50-41a3-851e-bbc95bf82b2b 

Condie, K. C. (1976). Trace-element geochemistry of Archean greenstone belts. Earth-Science 

Reviews, 12(4), 393‑417. 

Condie, K. C. (1981). Archean greenstone belts (Vol. 3). Elsevier. 

https://books.google.com/books?hl=fr&lr=&id=6LkEpT_nlOAC&oi=fnd&pg=PP1&dq=Con

die.+1981+greenstone&ots=hree9KwIBD&sig=7UDlC2znn7-ELP9jVJhBV46josw 

Condie, K. C., & Kröner, A. (2008). When did plate tectonics begin? Evidence from the geologic record. 

https://pubs.geoscienceworld.org/gsa/books/edited-volume/594/chapter-abstract/3804524 

Condie, K. C., Macke, J. E., & Reimer, T. O. (1970). Petrology and geochemistry of early Precambrian 

graywackes from the Fig Tree Group, South Africa. Geological Society of America Bulletin, 

81(9), 2759‑2776. 

Couzinié, S., Laurent, O., Moyen, J.-F., Zeh, A., Bouilhol, P., & Villaros, A. (2016). Post-collisional 

magmatism : Crustal growth not identified by zircon Hf–O isotopes. Earth and Planetary 

Science Letters, 456, 182‑195. https://doi.org/10.1016/j.epsl.2016.09.033 

Crisp, L. J., & Berry, A. J. (2022). A new model for zircon saturation in silicate melts. Contributions to 

Mineralogy and Petrology, 177(7), 71. https://doi.org/10.1007/s00410-022-01925-6 

Cruden, A. R., & Weinberg, R. F. (2018). Chapter 2—Mechanisms of Magma Transport and Storage 

in the Lower and Middle Crust—Magma Segregation, Ascent and Emplacement. In S. 

Burchardt (Éd.), Volcanic and Igneous Plumbing Systems (p. 13‑53). Elsevier. 

https://doi.org/10.1016/B978-0-12-809749-6.00002-9 

De Ronde, C. E. J., & De Wit, M. J. (1994). Tectonic history of the Barberton greenstone belt, South 

Africa : 490 million years of Archean crustal evolution. Tectonics, 13(4), 983‑1005. 

https://doi.org/10.1029/94TC00353 

De Wit, M. J., Armstrong, R., Hart, R. J., & Wilson, A. H. (1987). Felsic igneous rocks within the 3.3‐ 

to 3.5‐Ga Barberton Greenstone Belt : High crustal level equivalents of the surrounding 

Tonalite‐Trondhjemite Terrain, emplaced during thrusting. Tectonics, 6(5), 529‑549. 

https://doi.org/10.1029/TC006i005p00529 

De Wit, M. J., & Furnes, H. (2016). 3.5-Ga hydrothermal fields and diamictites in the Barberton 

Greenstone Belt—Paleoarchean crust in cold environments. Science Advances, 2(2), e1500368. 

https://doi.org/10.1126/sciadv.1500368 

De Wit, M. J., Hart, R. A., & Hart, R. J. (1987). The Jamestown Ophiolite Complex, Barberton 

mountain belt : A section through 3.5 Ga oceanic crust. Journal of African Earth Sciences 

(1983), 6(5), 681‑730. 

Decker, N. B., Byerly, G. R., Stiegler, M. T., Lowe, D. R., & Stefurak, E. (2015). High resolution tephra 

and U/Pb chronology of the 3.33–3.26 Ga Mendon Formation, Barberton Greenstone Belt, 

South Africa. Precambrian Research, 261, 54‑74. 

de Wit, M. J. (1982). Gliding and overthrust nappe tectonics in the Barberton Greenstone Belt. Journal 

of Structural Geology, 4(2), 117‑136. 

de Wit, M. J., Furnes, H., & Robins, B. (2011). Geology and tectonostratigraphy of the Onverwacht 

Suite, Barberton greenstone belt, South Africa. Precambrian Research, 186(1‑4), 1‑27. 

Dhuime, B., Wuestefeld, A., & Hawkesworth, C. J. (2015). Emergence of modern continental crust 

about 3 billion years ago. Nature Geoscience, 8(7), 552‑555. https://doi.org/10.1038/ngeo2466 



 

107 
 

Diener, J. F. (2004). The tectono-metamorphic evolution of the Theespruit Formation in the Tjakastad 

schist belt and surrounding areas of the Barberton Greenstone Belt, South Africa [PhD Thesis, 

Stellenbosch: University of Stellenbosch]. https://scholar.sun.ac.za/handle/10019.1/16309 

Diener, J. F. A., Stevens, G., Kisters, A. F. M., & Poujol, M. (2005). Metamorphism and exhumation 

of the basal parts of the Barberton greenstone belt, South Africa : Constraining the rates of 

Mesoarchaean tectonism. Precambrian Research, 143(1), 87‑112. 

https://doi.org/10.1016/j.precamres.2005.10.001 

Diener, J. F., Stevens, G., Kisters, A. F., & Poujol, M. (2005). Metamorphism and exhumation of the 

basal parts of the Barberton greenstone belt, South Africa : Constraining the rates of 

Mesoarchaean tectonism. Precambrian Research, 143(1‑4), 87‑112. 

Dong, C., Liu, S., Nutman, A. P., Li, P., Xie, H., Li, Y., Liu, D., & Wan, Y. (2024). New discovery of 

3.84–3.64 Ga diverse granitoids in eastern Hebei, North China Craton : Petrogenesis and 

significance. Geological Society of America Bulletin, 136(11‑12), 5249‑5261. 

Drabon, N., Byerly, B. L., Byerly, G. R., Wooden, J. L., Wiedenbeck, M., Valley, J. W., Kitajima, K., 

Bauer, A. M., & Lowe, D. R. (2022). Destabilization of Long‐Lived Hadean Protocrust and the 

Onset of Pervasive Hydrous Melting at 3.8 Ga. AGU Advances, 3(2), e2021AV000520. 

https://doi.org/10.1029/2021AV000520 

Drabon, N., Galić, A., Mason, P. R., & Lowe, D. R. (2019). Provenance and tectonic implications of 

the 3.28–3.23 Ga Fig Tree Group, central Barberton greenstone belt, South Africa. 

Precambrian Research, 325, 1‑19. 

Drabon, N., Kirkpatrick, H. M., Byerly, G. R., & Wooden, J. L. (2024). Trace elements in zircon record 

changing magmatic processes and the multi-stage build-up of Archean proto-continental crust. 

Geochimica et Cosmochimica Acta, 373, 136‑150. 

Drabon, N., & Lowe, D. R. (2022). Progressive accretion recorded in sedimentary rocks of the 3.28–

3.23 Ga Fig Tree Group, Barberton Greenstone Belt. GSA Bulletin, 134(5‑6), 1258‑1276. 

Dziggel, A., Stevens, G., Poujol, M., Anhaeusser, C. R., & Armstrong, R. A. (2002). Metamorphism of 

the granite–greenstone terrane south of the Barberton greenstone belt, South Africa : An insight 

into the tectono-thermal evolution of the ‘lower’ portions of the Onverwacht Group. 

Precambrian Research, 114(3), 221‑247. https://doi.org/10.1016/S0301-9268(01)00225-X 

Dziggel, A., Stevens, G., Poujol, M., & Armstrong, R. A. (2006a). Contrasting source components of 

clastic metasedimentary rocks in the lowermost formations of the Barberton greenstone belt. 

Dziggel, A., Stevens, G., Poujol, M., & Armstrong, R. A. (2006b). Contrasting source components of 

clastic metasedimentary rocks in the lowermost formations of the Barberton greenstone belt. 

Eglington, B. M., & Armstrong, R. A. (2004). The Kaapvaal Craton and adjacent orogens, southern 

Africa : A geochronological database and overview of the geological development of the craton. 

South African Journal of Geology, 107(1‑2), 13‑32. 

Eriksson, K. A., Krapez, B., & Fralick, P. W. (1994). Sedimentology of Archean greenstone belts : 

Signatures of tectonic evolution. Earth-Science Reviews, 37(1‑2), 1‑88. 

Ferrero, S., Nicoli, G., & Gresky, K. (2022). Mesoarchean nanogranitoids and fluid inclusions in garnet 

from migmatites of the Kangerlussuaq basement, Southeast Greenland. EGU General Assembly 

Conference Abstracts, EGU22-4099. 

https://ui.adsabs.harvard.edu/abs/2022EGUGA..24.4099F/abstract 

Ferry, J. M., & Watson, E. B. (2007). New thermodynamic models and revised calibrations for the Ti-

in-zircon and Zr-in-rutile thermometers. Contributions to Mineralogy and Petrology, 154(4), 

429‑437. https://doi.org/10.1007/s00410-007-0201-0 

Fisher, C. M., Hanchar, J. M., Samson, S. D., Dhuime, B., Blichert-Toft, J., Vervoort, J. D., & Lam, R. 

(2011). Synthetic zircon doped with hafnium and rare earth elements : A reference material for 

in situ hafnium isotope analysis. Chemical Geology, 286(1‑2), 32‑47. 

Fisher, C. M., Vervoort, J. D., & Hanchar, J. M. (2014). Guidelines for reporting zircon Hf isotopic data 

by LA-MC-ICPMS and potential pitfalls in the interpretation of these data. Chemical geology, 

363, 125‑133. 

Flament, N., Coltice, N., & Rey, P. F. (2013). The evolution of the 87Sr/86Sr of marine carbonates does 

not constrain continental growth. Precambrian Research, 229, 177‑188. 

https://doi.org/10.1016/j.precamres.2011.10.009 



 

108 
 

Foley, S. (2008). A trace element perspective on Archean crust formation and on the presence or 

absence of Archean subduction. https://pubs.geoscienceworld.org/gsa/books/edited-

volume/594/chapter-abstract/3804352 

Fonseca Teixeira, L. M., Laurent, O., Troch, J., Siddoway, C. S., Tavazzani, L., Deering, C., & 

Bachmann, O. (2024). Tracking quartz and zircon provenance in sedimentary rocks using Ti 

distributions : Unlocking the volcanic-plutonic connection in old igneous systems. Earth and 

Planetary Science Letters, 643, 118906. https://doi.org/10.1016/j.epsl.2024.118906 

Fonseca Teixeira, L. M., Troch, J., & Bachmann, O. (2023). The dynamic nature of aTiO2 : Implications 

for Ti-based thermometers in magmatic systems. Geology, 52(1), 92‑96. 

https://doi.org/10.1130/G51587.1 

Gerya, T. (2014). Precambrian geodynamics : Concepts and models. Gondwana Research, 25(2), 

442‑463. 

Gier�, R. (1986). Zirconolite, allanite and hoegbomite in a marble skarn from the Bergell contact 

aureole : Implications for mobility of Ti, Zr and REE. Contributions to Mineralogy and 

Petrology, 93(4), 459‑470. https://doi.org/10.1007/BF00371716 

Gorman, B. E., Pearce, T. H., & Birkett, T. C. (1978). On the structure of Archean greenstone belts. 

Precambrian Research, 6(1), 23‑41. 

Grimes, C. B., John, B. E., Kelemen, P. B., Mazdab, F. K., Wooden, J. L., Cheadle, M. J., Hanghøj, K., 

& Schwartz, J. J. (2007). Trace element chemistry of zircons from oceanic crust : A method for 

distinguishing detrital zircon provenance. Geology, 35(7), 643‑646. 

Grimes, C. B., Wooden, J. L., Cheadle, M. J., & John, B. E. (2015). “Fingerprinting” tectono-magmatic 

provenance using trace elements in igneous zircon. Contributions to Mineralogy and Petrology, 

170(5‑6), 46. https://doi.org/10.1007/s00410-015-1199-3 

Grosch, E. G. (2019). Metamorphic processes preserved in early Archean supracrustal rocks of the 

Barberton Greenstone Belt, South Africa. Geological Society, London, Special Publications, 

478(1), 315‑334. https://doi.org/10.1144/SP478.15 

Grosch, E. G., Kosler, J., McLoughlin, N., Drost, K., Slama, J., & Pedersen, R. B. (2011). Paleoarchean 

detrital zircon ages from the earliest tectonic basin in the Barberton Greenstone Belt, Kaapvaal 

craton, South Africa. Precambrian Research, 191(1‑2), 85‑99. 

Grosch, E. G., Vidal, O., Abu-Alam, T., & McLoughlin, N. (2012). P–T constraints on the metamorphic 

evolution of the Paleoarchean Kromberg type-section, Barberton Greenstone Belt, South 

Africa. Journal of Petrology, 53(3), 513‑545. 

Harrison, T. M., Bell, E. A., & Boehnke, P. (2017). Hadean zircon petrochronology. Reviews in 

Mineralogy and Geochemistry, 83(1), 329‑363. 

Hawkesworth, C., Cawood, P. A., Dhuime, B., & Kemp, T. (2024). Tectonic processes and the 

evolution of the continental crust. Journal of the Geological Society, 181(4), jgs2024-027. 

https://doi.org/10.1144/jgs2024-027 

Hawkesworth, C., Cawood, P., Kemp, T., Storey, C., & Dhuime, B. (2009). A Matter of Preservation. 

Science, 323(5910), 49‑50. https://doi.org/10.1126/science.1168549 

Hawkesworth, C. J., Cawood, P. A., & Dhuime, B. (2020). The evolution of the continental crust and 

the onset of plate tectonics. Frontiers in earth science, 8, 326. 

Hawkesworth, C. J., Cawood, P. A., Dhuime, B., & Kemp, T. I. S. (2017). Earth’s Continental 

Lithosphere Through Time. Annual Review of Earth and Planetary Sciences, 45(1), 169‑198. 

https://doi.org/10.1146/annurev-earth-063016-020525 

Hawkesworth, C. J., & Kemp, A. I. S. (2006). Using hafnium and oxygen isotopes in zircons to unravel 

the record of crustal evolution. Chemical Geology, 226(3‑4), 144‑162. 

Heubeck, C. (2019). The Moodies Group—A High-Resolution Archive of Archaean Surface Processes 

and Basin-Forming Mechanisms. In A. Kröner & A. Hofmann (Éds.), The Archaean Geology 

of the Kaapvaal Craton, Southern Africa (p. 133‑169). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-78652-0_6 

Heubeck, C., Drabon, N., Byerly, G., Leisgang, I., Linnemann, U., Lowe, D., Mertz-Kraus, R., 

Gonzalez-Pinzon, A., Thomsen, T. B., & Zeh, A. (2022). Detrital zircon provenance of the 

Archean Moodies Group, Barberton Greenstone Belt, South Africa and Eswatini. American 

Journal of Science, 322(2), 65‑107. 



 

109 
 

Heubeck, C., Engelhardt, J., Byerly, G. R., Zeh, A., Sell, B., Luber, T., & Lowe, D. R. (2013). Timing 

of deposition and deformation of the Moodies Group (Barberton Greenstone Belt, South 

Africa) : Very-high-resolution of Archaean surface processes. Precambrian Research, 231, 

236‑262. 

Heubeck, C., & Lowe, D. R. (1994). Late syndepositional deformation and detachment tectonics in the 

Barberton Greenstone Belt, South Africa. Tectonics, 13(6), 1514‑1536. 

https://doi.org/10.1029/94TC01809 

Hoffmann, J. E., Kröner, A., Hegner, E., Viehmann, S., Xie, H., Iaccheri, L. M., Schneider, K. P., 

Hofmann, A., Wong, J., & Geng, H. (2016). Source composition, fractional crystallization and 

magma mixing processes in the 3.48–3.43 Ga Tsawela tonalite suite (Ancient Gneiss Complex, 

Swaziland)–Implications for Palaeoarchaean geodynamics. Precambrian Research, 276, 

43‑66. 

Hofmann, A. (2005). The geochemistry of sedimentary rocks from the Fig Tree Group, Barberton 

greenstone belt : Implications for tectonic, hydrothermal and surface processes during mid-

Archaean times. Precambrian Research, 143(1), 23‑49. 

https://doi.org/10.1016/j.precamres.2005.09.005 

Hofmann, A., Bolhar, R., Orberger, B., & Foucher, F. (2013). Cherts of the Barberton Greenstone Belt, 

South Africa : Petrology and trace-element geochemistry of 3.5 to 3.3 Ga old silicified 

volcaniclastic sediments. South African Journal of Geology, 116(2), 297‑322. 

Hoskin, P. W. (2005). Trace-element composition of hydrothermal zircon and the alteration of Hadean 

zircon from the Jack Hills, Australia. Geochimica et cosmochimica acta, 69(3), 637‑648. 

Hoskin, P. W., & Schaltegger, U. (2003). The composition of zircon and igneous and metamorphic 

petrogenesis. Reviews in mineralogy and geochemistry, 53(1), 27‑62. 

Jahn, B.-M., Glikson, A. Y., Peucat, J. J., & Hickman, A. H. (1981). REE geochemistry and isotopic 

data of Archean silicic volcanics and granitoids from the Pilbara Block, Western Australia : 

Implications for the early crustal evolution. Geochimica et Cosmochimica Acta, 45(9), 

1633‑1652. https://doi.org/10.1016/S0016-7037(81)80002-6 

Johnson, T. E., Brown, M., Gardiner, N. J., Kirkland, C. L., & Smithies, R. H. (2017). Earth’s first 

stable continents did not form by subduction. Nature, 543(7644), 239‑242. 

Johnson, T. E., Kirkland, C. L., Gardiner, N. J., Brown, M., Smithies, R. H., & Santosh, M. (2019). 

Secular change in TTG compositions : Implications for the evolution of Archaean 

geodynamics. Earth and Planetary Science Letters, 505, 65‑75. 

Kamber, B. S. (2015). The evolving nature of terrestrial crust from the Hadean, through the Archaean, 

into the Proterozoic. Precambrian Research, 258, 48‑82. 

Kamo, S. L., & Davis, D. W. (1994). Reassessment of Archean crustal development in the Barberton 

Mountain Land, South Africa, based on U‐Pb dating. Tectonics, 13(1), 167‑192. 

https://doi.org/10.1029/93TC02254 

Kirkland, C. L., Hartnady, M. I. H., Barham, M., Olierook, H. K. H., Steenfelt, A., & Hollis, J. A. 

(2021). Widespread reworking of Hadean-to-Eoarchean continents during Earth’s thermal 

peak. Nature Communications, 12(1), 331. https://doi.org/10.1038/s41467-020-20514-4 

Kisters, A. F., Belcher, R. W., Poujol, M., & Dziggel, A. (2010). Continental growth and convergence-

related arc plutonism in the Mesoarchaean : Evidence from the Barberton granitoid-greenstone 

terrain, South Africa. Precambrian Research, 178(1‑4), 15‑26. 

Kisters, A. F. M., Stevens, G., Dziggel, A., & Armstrong, R. A. (2003). Extensional detachment faulting 

and core-complex formation in the southern Barberton granite–greenstone terrain, South 

Africa : Evidence for a 3.2 Ga orogenic collapse. Precambrian Research, 127(4), 355‑378. 

https://doi.org/10.1016/j.precamres.2003.08.002 

Kitajima, K., Ushikubo, T., Kita, N. T., Maruyama, S., & Valley, J. W. (2012). Relative retention of 

trace element and oxygen isotope ratios in zircon from Archean rhyolite, Panorama Formation, 

North Pole Dome, Pilbara Craton, Western Australia. Chemical Geology, 332, 102‑115. 

Kohler, E. A., & Anhaeusser, C. R. (2002). Geology and geodynamic setting of Archaean silicic 

metavolcaniclastic rocks of the Bien Venue Formation, Fig Tree Group, northeast Barberton 

greenstone belt, South Africa. Precambrian Research, 116(3‑4), 199‑235. 



 

110 
 

Korenaga, J. (2012). Plate tectonics and planetary habitability : Current status and future challenges. 

Annals of the New York Academy of Sciences, 1260(1), 87‑94. https://doi.org/10.1111/j.1749-

6632.2011.06276.x 

Korenaga, J. (2018). Crustal evolution and mantle dynamics through Earth history. Philosophical 

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 

376(2132), 20170408. 

Kröner, A., Anhaeusser, C. R., Hoffmann, J. E., Wong, J., Geng, H., Hegner, E., Xie, H., Yang, J., & 

Liu, D. (2016). Chronology of the oldest supracrustal sequences in the Palaeoarchaean 

Barberton Greenstone Belt, South Africa and Swaziland. Precambrian Research, 279, 123‑143. 

Kröner, A., & Compston, W. (1988). Ion microprobe ages of zircons from early Archaean granite 

pebbles and greywacke, Barberton greenstone belt, southern Africa. Precambrian Research, 

38(4), 367‑380. 

Kröner, A., Hegner, E., Wendt, J. I., & Byerly, G. R. (1996). The oldest part of the Barberton granitoid-

greenstone terrain, South Africa : Evidence for crust formation between 3.5 and 3.7 Ga. 

Precambrian Research, 78(1‑3), 105‑124. 

Kröner, A., Hoffmann, J. E., Xie, H., Münker, C., Hegner, E., Wan, Y., Hofmann, A., Liu, D., & Yang, 

J. (2014). Generation of early Archaean grey gneisses through melting of older crust in the 

eastern Kaapvaal craton, southern Africa. Precambrian Research, 255, 823‑846. 

Kröner, A., Hoffmann, J. E., Xie, H., Wu, F., Münker, C., Hegner, E., Wong, J., Wan, Y., & Liu, D. 

(2013). Generation of early Archaean felsic greenstone volcanic rocks through crustal melting 

in the Kaapvaal, craton, southern Africa. Earth and Planetary Science Letters, 381, 188‑197. 

Kröner, A., Wong, J., & Xie, H. (2018). The oldest granite clast in the Moodies conglomerate, Barberton 

greenstone belt, South Africa, and its likely origin. South African Journal of Geology, 121(1), 

43‑50. 

Kusky, T. M., Windley, B. F., & Polat, A. (2018). Geological evidence for the operation of plate 

tectonics throughout the Archean : Records from Archean paleo-plate boundaries. Journal of 

Earth Science, 29(6), 1291‑1303. 

Large, R. R., Mukherjee, I., Zhukova, I., Corkrey, R., Stepanov, A., & Danyushevsky, L. V. (2018). 

Role of upper-most crustal composition in the evolution of the Precambrian ocean–atmosphere 

system. Earth and Planetary Science Letters, 487, 44‑53. 

Laurent, O., Björnsen, J., Wotzlaw, J.-F., Bretscher, S., Pimenta Silva, M., Moyen, J.-F., Ulmer, P., & 

Bachmann, O. (2020). Earth’s earliest granitoids are crystal-rich magma reservoirs tapped by 

silicic eruptions. Nature Geoscience, 13(2), 163‑169. 

Laurent, O., Guitreau, M., Bruand, E., & Moyen, J.-F. (2024). At the dawn of continents : Archean 

tonalite-trondhjemite-granodiorite suites. Elements, 20(3), 174‑179. 

Laurent, O., Martin, H., Moyen, J.-F., & Doucelance, R. (2014). The diversity and evolution of late-

Archean granitoids : Evidence for the onset of “modern-style” plate tectonics between 3.0 and 

2.5 Ga. Lithos, 205, 208‑235. 

Laurent, O., Moyen, J.-F., Wotzlaw, J.-F., Björnsen, J., & Bachmann, O. (2022). Early Earth zircons 

formed in residual granitic melts produced by tonalite differentiation. Geology, 50(4), 437‑441. 

Lowe, D. R. (1999). Geologic evolution of the Barberton Greenstone Belt and vicinity. 

https://pubs.geoscienceworld.org/gsa/books/edited-volume/486/chapter-pdf/967261/i0-8137-

2329-9-329-0-287.pdf 

Lowe, D. R., & Byerly, G. R. (2007). An overview of the geology of the Barberton Greenstone Belt 

and vicinity : Implications for early crustal development. Developments in Precambrian 

geology, 15, 481‑526. 

Lowe, D. R., & Byerly, G. R. (2020). The non-glacial and non-cratonic origin of an early Archean felsic 

volcaniclastic unit, Barberton Greenstone Belt, South Africa. Precambrian Research, 341, 

105647. 

Ma, Q., Xu, Y.-G., Huang, X.-L., Zheng, J.-P., Ping, X., & Xia, X.-P. (2020). Eoarchean to 

Paleoproterozoic crustal evolution in the North China Craton : Evidence from U-Pb and Hf-O 

isotopes of zircons from deep-crustal xenoliths. Geochimica et Cosmochimica Acta, 278, 

94‑109. https://doi.org/10.1016/j.gca.2019.09.009 

Martin, H. (1986). Effect of steeper Archean geothermal gradient on geochemistry of subduction-zone 

magmas. Geology, 14(9), 753‑756. 



 

111 
 

Martin, H., Moyen, J.-F., Guitreau, M., Blichert-Toft, J., & Le Pennec, J.-L. (2014). Why Archaean 

TTG cannot be generated by MORB melting in subduction zones. Lithos, 198, 1‑13. 

Matsumura, R. (2014). The petrogenesis of the Nelshoogte pluton : The youngest and most 

compositionally variable TTG pluton in the Barberton Granite-Greenstone Terrain [PhD 

Thesis, Stellenbosch: Stellenbosch University]. https://scholar.sun.ac.za/handle/10019.1/86589 

Miyake, S., Aoki, K., Komiya, T., Aoki, S., Fukuyama, M., & Ogasawara, M. (2024). Geochemical 

Signatures of Igneous Zircon and Apatite : Generation of Archean TTGS in the Barberton 

Granitoid‐Greenstone Terrain, South Africa. Island Arc, 33(1). 

https://doi.org/10.1111/iar.12536 

Moecher, D. P., & Samson, S. D. (2006). Differential zircon fertility of source terranes and natural bias 

in the detrital zircon record : Implications for sedimentary provenance analysis. Earth and 

Planetary Science Letters, 247(3‑4), 252‑266. 

Moyen, J.-F. (2011). The composite Archaean grey gneisses : Petrological significance, and evidence 

for a non-unique tectonic setting for Archaean crustal growth. Lithos, 123(1‑4), 21‑36. 

Moyen, J.-F., & Martin, H. (2012). Forty years of TTG research. Lithos, 148, 312‑336. 

Moyen, J.-F., Stevens, G., & Kisters, A. (2006). Record of mid-Archaean subduction from 

metamorphism in the Barberton terrain, South Africa. Nature, 442(7102), 559‑562. 

Moyen, J.-F., Stevens, G., Kisters, A. F., & Belcher, R. W. (2007). TTG plutons of the Barberton 

granitoid-greenstone terrain, South Africa. Developments in Precambrian Geology, 15, 

607‑667. 

Mühlberg, M., Stevens, G., Moyen, J.-F., Kisters, A. F., & Lana, C. (2021). Thermal evolution of the 

Stolzburg Block, Barberton granitoid-greenstone terrain, South Africa : Implications for 

Paleoarchean tectonic processes. Precambrian Research, 359, 106082. 

Næraa, T., Scherstén, A., Rosing, M. T., Kemp, A. I. S., Hoffmann, J. E., Kokfelt, T. F., & Whitehouse, 

M. J. (2012). Hafnium isotope evidence for a transition in the dynamics of continental growth 

3.2 Gyr ago. Nature, 485(7400), 627‑630. https://doi.org/10.1038/nature11140 

Nocita, B. W., & Lowe, D. R. (1990). Fan-delta sequence in the Archean Fig Tree Group, Barberton 

Greenstone Belt, South Africa. Precambrian Research, 48(4), 375‑393. 

Nutman, A. P., Bennett, V. C., Friend, C. R., & Yi, K. (2020). Eoarchean contrasting ultra-high-pressure 

to low-pressure metamorphisms (< 250 to> 1000° C/GPa) explained by tectonic plate 

convergence in deep time. Precambrian Research, 344, 105770. 

Nutman, A. P., & Hiess, J. (2009). A granitic inclusion suite within igneous zircons from a 3.81 Ga 

tonalite (W. Greenland) : Restrictions for Hadean crustal evolution studies using detrital 

zircons. Chemical Geology, 261(1‑2), 77‑82. 

O’Sullivan, G., Chew, D., Kenny, G., Henrichs, I., & Mulligan, D. (2020). The trace element 

composition of apatite and its application to detrital provenance studies. Earth-Science 

Reviews, 201, 103044. 

Palin, R. M., Santosh, M., Cao, W., Li, S.-S., Hernández-Uribe, D., & Parsons, A. (2020). Secular 

change and the onset of plate tectonics on Earth. Earth-Science Reviews, 207, 103172. 

Palin, R. M., White, R. W., & Green, E. C. (2016). Partial melting of metabasic rocks and the generation 

of tonalitic–trondhjemitic–granodioritic (TTG) crust in the Archaean : Constraints from phase 

equilibrium modelling. Precambrian Research, 287, 73‑90. 

Payne, J. L., Hand, M., Pearson, N. J., Barovich, K. M., & McInerney, D. J. (2015). Crustal thickening 

and clay : Controls on O isotope variation in global magmatism and siliciclastic sedimentary 

rocks. Earth and Planetary Science Letters, 412, 70‑76. 

https://doi.org/10.1016/j.epsl.2014.12.037 

Payne, J. L., McInerney, D. J., Barovich, K. M., Kirkland, C. L., Pearson, N. J., & Hand, M. (2016). 

Strengths and limitations of zircon Lu-Hf and O isotopes in modelling crustal growth. Lithos, 

248‑251, 175‑192. https://doi.org/10.1016/j.lithos.2015.12.015 

Polat, A. (2012). Growth of Archean continental crust in oceanic island arcs. Geology, 40(4), 383. 

Pourteau, A., Doucet, L. S., Blereau, E. R., Volante, S., Johnson, T. E., Collins, W. J., Li, Z.-X., & 

Champion, D. C. (2020). TTG generation by fluid-fluxed crustal melting : Direct evidence from 

the Proterozoic Georgetown Inlier, NE Australia. Earth and Planetary Science Letters, 550, 

116548. 



 

112 
 

Ptáček, M. P., Dauphas, N., & Greber, N. D. (2020). Chemical evolution of the continental crust from 

a data-driven inversion of terrigenous sediment compositions. Earth and Planetary Science 

Letters, 539, 116090. 

Reimer, T. O., Condie, K. C., Schneider, G., & Georgi, A. (1985). Petrography and geochemistry of 

granitoid and metamorphite pebbles from the early Archaean Moodies Group, Barberton 

Mountainland/South Africa. Precambrian Research, 29(4), 383‑404. 

Reimink, J. R., Chacko, T., Stern, R. A., & Heaman, L. M. (2014). Earth’s earliest evolved crust 

generated in an Iceland-like setting. Nature Geoscience, 7(7), 529‑533. 

Reimink, J. R., Davies, J., Chacko, T., Stern, R. A., Heaman, L. M., Sarkar, C., Schaltegger, U., Creaser, 

R. A., & Pearson, D. G. (2016). No evidence for Hadean continental crust within Earth’s oldest 

evolved rock unit. Nature Geoscience, 9(10), 777‑780. 

Reimink, J. R., Davies, J. H., Bauer, A. M., & Chacko, T. (2020). A comparison between zircons from 

the Acasta Gneiss Complex and the Jack Hills region. Earth and Planetary Science Letters, 

531, 115975. 

Rey, P. F., Coltice, N., & Flament, N. (2024). Archean geodynamics underneath weak, flat, and flooded 

continents. Elements, 20(3), 180‑186. 

Rollinson, H. R. (1996). Tonalite-trondhjemite-granodiorite magmatism and the genesis of Lewisian 

crust during the Archaean. Geological Society, London, Special Publications, 112(1), 25‑42. 

https://doi.org/10.1144/GSL.SP.1996.112.01.02 

Rubatto, D. (2017). Zircon : The metamorphic mineral. Reviews in mineralogy and geochemistry, 83(1), 

261‑295. 

Sanchez-Garrido, C. J. (2012). The petrogenesis of the older (> 3.0 Ga) potassic granitoids of eastern 

Mpumalanga (South Africa) and Swaziland : An investigation of crustal formation processes in 

the early Earth [PhD Thesis, Stellenbosch: Stellenbosch University]. 

https://scholar.sun.ac.za/handle/10019.1/20044 

Sanchez-Garrido, C. J., Stevens, G., Armstrong, R. A., Moyen, J.-F., Martin, H., & Doucelance, R. 

(2011). Diversity in Earth’s early felsic crust : Paleoarchean peraluminous granites of the 

Barberton Greenstone Belt. Geology, 39(10), 963‑966. 

Scherer, E., Münker, C., & Mezger, K. (2001). Calibration of the Lutetium-Hafnium Clock. Science, 

293(5530), 683‑687. https://doi.org/10.1126/science.1061372 

Schiller, D., & Finger, F. (2019). Application of Ti-in-zircon thermometry to granite studies : Problems 

and possible solutions. Contributions to Mineralogy and Petrology, 174(6), 51. 

https://doi.org/10.1007/s00410-019-1585-3 

Schoene, B., De Wit, M. J., & Bowring, S. A. (2008). Mesoarchean assembly and stabilization of the 

eastern Kaapvaal craton : A structural‐thermochronological perspective. Tectonics, 27(5), 

2008TC002267. https://doi.org/10.1029/2008TC002267 

Sizova, E., Gerya, T., & Brown, M. (2014). Contrasting styles of Phanerozoic and Precambrian 

continental collision. Gondwana Research, 25(2), 522‑545. 

Smit, M. A., & Mezger, K. (2017). Earth’s early O2 cycle suppressed by primitive continents. Nature 

Geoscience, 10(10), 788‑792. 

Smithies, R. H. (2000). The Archaean tonalite–trondhjemite–granodiorite (TTG) series is not an 

analogue of Cenozoic adakite. Earth and Planetary Science Letters, 182(1), 115‑125. 

Smithies, R. H., Lu, Y., Kirkland, C. L., Johnson, T. E., Mole, D. R., Champion, D. C., Martin, L., Jeon, 

H., Wingate, M. T. D., & Johnson, S. P. (2021). Oxygen isotopes trace the origins of Earth’s 

earliest continental crust. Nature, 592(7852), 70‑75. https://doi.org/10.1038/s41586-021-

03337-1 

Söderlund, U., Patchett, P. J., Vervoort, J. D., & Isachsen, C. E. (2004). The 176Lu decay constant 

determined by Lu–Hf and U–Pb isotope systematics of Precambrian mafic intrusions. Earth 

and Planetary Science Letters, 219(3‑4), 311‑324. 

Spencer, C. J., Cavosie, A. J., Morrell, T. R., Lu, G. M., Liebmann, J., & Roberts, N. M. W. (2022). 

Disparities in oxygen isotopes of detrital and igneous zircon identify erosional bias in crustal 

rock record. Earth and Planetary Science Letters, 577, 117248. 

https://doi.org/10.1016/j.epsl.2021.117248 



 

113 
 

Spencer, C. J., Kirkland, C. L., Roberts, N. M. W., Evans, N. J., & Liebmann, J. (2020). Strategies 

towards robust interpretations of in situ zircon Lu–Hf isotope analyses. Geoscience Frontiers, 

11(3), 843‑853. 

Spohn, T., & Breuer, D. (2016). Plate tectonics, habitability and life. EGU General Assembly 

Conference Abstracts, EPSC2016-18377. 

https://ui.adsabs.harvard.edu/abs/2016EGUGA..1818377S/abstract 

Stern, R. J. (2018). The evolution of plate tectonics. Philosophical Transactions of the Royal Society A: 

Mathematical, Physical and Engineering Sciences, 376(2132), 20170406. 

https://doi.org/10.1098/rsta.2017.0406 

Stevens, G., Droop, G. T. R., Armstrong, R. A., & Anhaeusser, C. R. (2002). Amphibolite facies 

metamorphism in the Schapenburg schist belt : A record of the mid-crustal response to∼ 3.23 

Ga terrane accretion in the Barberton greenstone belt. South African Journal of Geology, 

105(3), 271‑284. 

Stevens, G., & Moyen, J.-F. (2007). Metamorphism in the Barberton Granite Greenstone Terrain : A 

record of Paleoarchean accretion. Developments in precambrian geology, 15, 669‑698. 

Sun, W. (2018). The formation of the continental crust. Solid Earth Sciences, 3(2), 31‑32. 

Tang, M., Chen, K., & Rudnick, R. L. (2016). Archean upper crust transition from mafic to felsic marks 

the onset of plate tectonics. Science, 351(6271), 372‑375. 

https://doi.org/10.1126/science.aad5513 

Trower, E. J., & Lowe, D. R. (2016). Sedimentology of the 3.3 Ga upper Mendon Formation, Barberton 

Greenstone Belt, South Africa. Precambrian Research, 281, 473‑494. 

Valley, J. W., Lackey, J. S., Cavosie, A. J., Clechenko, C. C., Spicuzza, M. J., Basei, M. A. S., 

Bindeman, I. N., Ferreira, V. P., Sial, A. N., & King, E. M. (2005). 4.4 billion years of crustal 

maturation : Oxygen isotope ratios of magmatic zircon. Contributions to Mineralogy and 

Petrology, 150, 561‑580. 

Van Kranendonk, M. J. (2011). Cool greenstone drips and the role of partial convective overturn in 

Barberton greenstone belt evolution. Journal of African Earth Sciences, 60(5), 346‑352. 

Van Kranendonk, M. J., Kirkland, C. L., & Cliff, J. (2015). Oxygen isotopes in Pilbara Craton zircons 

support a global increase in crustal recycling at 3.2   Ga. Lithos, 228‑229, 90‑98. 

https://doi.org/10.1016/j.lithos.2015.04.011 

Van Kranendonk, M. J., Kröner, A., Hegner, E., & Connelly, J. (2009). Age, lithology and structural 

evolution of the c. 3.53 Ga Theespruit Formation in the Tjakastad area, southwestern Barberton 

Greenstone Belt, South Africa, with implications for Archaean tectonics. Chemical Geology, 

261(1‑2), 115‑139. 

van Hunen, J., & Moyen, J.-F. (2012). Archean Subduction : Fact or Fiction? Annual Review of Earth 

and Planetary Sciences, 40(1), 195‑219. https://doi.org/10.1146/annurev-earth-042711-105255 

Vervoort, J. D., & Blichert-Toft, J. (1999). Evolution of the depleted mantle : Hf isotope evidence from 

juvenile rocks through time. Geochimica et Cosmochimica Acta, 63(3), 533‑556. 

https://doi.org/10.1016/S0016-7037(98)00274-9 

Vervoort, J. D., & Kemp, A. I. (2016). Clarifying the zircon Hf isotope record of crust–mantle evolution. 

Chemical Geology, 425, 65‑75. 

Vezinet, A., Flores-Rojas, J., Sobolev, A. V., Léger, J., Chugunov, A. V., Batanova, V. G., Elburg, M. 

A., Hofmann, A., Balvay, M., & Paradis, N. (2025). Igneous apatite geochemistry indicates 

early cratonization of continents. Precambrian Research, 430, 107927. 

https://doi.org/10.1016/j.precamres.2025.107927 

Vezinet, A., Moyen, J.-F., Stevens, G., Nicoli, G., Laurent, O., Couzinié, S., & Frei, D. (2018). A record 

of 0.5 Ga of evolution of the continental crust along the northern edge of the Kaapvaal Craton, 

South Africa : Consequences for the understanding of Archean geodynamic processes. 

Precambrian Research, 305, 310‑326. 

Wang, H., Yang, J.-H., Zhu, Y.-S., Huang, C., Xu, L., Wu, S.-T., & Liu, Y. (2022). Archean crustal 

growth and reworking revealed by combined U-Pb-Hf-O isotope and trace element data of 

detrital zircons from ancient and modern river sediments of the eastern Kaapvaal Craton. 

Geochimica et Cosmochimica Acta, 320, 79‑104. 

Watson, E. B., & Harrison, T. M. (1983). Zircon saturation revisited : Temperature and composition 

effects in a variety of crustal magma types. earth and planetary science letters, 64(2), 295‑304. 



 

114 
 

Williams, C. T., & Gieré, R. (1996). Zirconolite : A review of localities worldwide, and a compilation 

of its chemical compositions. BULLETIN-NATURAL HISTORY MUSEUM GEOLOGY 

SERIES, 52, 1‑24. 

Yearron, L., Clemens, J., Stevens, G., & Anhaeusser, C. (2003). Geochemistry and petrogenesis of the 

granitoids of the Barberton Mountain Land, South Africa. EGS-AGU-EUG Joint Assembly, 

2639. https://ui.adsabs.harvard.edu/abs/2003EAEJA.....2639Y/abstract 

Zeh, A., Gerdes, A., & Barton Jr, J. M. (2009). Archean accretion and crustal evolution of the Kalahari 

Craton—The zircon age and Hf isotope record of granitic rocks from Barberton/Swaziland to 

the Francistown Arc. Journal of Petrology, 50(5), 933‑966. 

Zeh, A., Gerdes, A., & Heubeck, C. (2013). U–Pb and Hf isotope data of detrital zircons from the 

Barberton Greenstone Belt : Constraints on provenance and Archaean crustal evolution. 

Journal of the Geological Society, 170(1), 215‑223. 

Zeh, A., Gerdes, A., & Millonig, L. (2011). Hafnium isotope record of the Ancient Gneiss Complex, 

Swaziland, southern Africa : Evidence for Archaean crust–mantle formation and crust 

reworking between 3.66 and 2.73 Ga. Journal of the Geological Society, 168(4), 953‑964. 

https://doi.org/10.1144/0016-76492010-117 

 

 

 

 

 

 

 

 

  



 

115 
 

3. Chapter 3: presentation of research paper 2 -

Geochemistry of igneous and detrital apatites from 

the Barberton Granitoid-Greenstone Terrane (South 

Africa) reveals granitoid diversity in the Paleoarchean 

felsic crust.  
 

This manuscript, first authored by Jean-Baptiste Combaz is under final revision by co-authors 

and will be submitted early in January 2026 to Geochemica and Cosmochemica Acta. Supplementary 

materials are available as an electronic link provided in Chapter 6.   

Jean-Baptiste Combaz: Conceptualization, Methodology, Validation, Formal analysis, 

Investigation, Resources, Data Curation, Writing (original draft), Writing, Review and Editing, 

Visualization, Project administration, Funding acquisition Oscar Laurent: Conceptualization, 

Methodology, Validation, Resources, Writing-Review and Editing, Visualization, Project 

administration, Supervision, Funding acquisition Gary Stevens: Conceptualization, Validation, 

Writing-Review and Editing, Project administration, Supervision, Funding acquisition Emilie Bruand: 

Validation, Formal analysis, Resources, Writing-Review and Editing Philippe de Parseval: Resources, 

Data Curation, Writing-Review and Editing.  

  



 

116 
 

Geochemistry of igneous and detrital apatites from the Barberton 

Granitoid-Greenstone Terrane (South Africa) reveals granitoid 

diversity in the Paleoarchean felsic crust.  

Combaz Jean-Baptiste*,a,b, Laurent Oscarb, Stevens Garya, Bruand Emiliec, de 

Parseval Philipped 

aDepartment of Geology, University of Stellenbosch, Private Bag X1, Matieland 7602, South Africa 
bUniversité de Toulouse, CNRS, Géosciences Environnement Toulouse, Toulouse, France 
cLaboratoire Geo-Ocean, CNRS, Université de Bretagne Occidentale, France 
dCentre de Microcaractérisation Raimond Castaing, Université de Toulouse, Toulouse, France 

*Corresponding author: jean-baptiste.combaz@orange.fr; https://orcid.org/0009-0007-1021-4052  

Abstract 

 Apatite halogen and trace elements contents have increasingly been calibrated to constrain parent magma 

identity in cases where the original context has been lost, such as detrital studies. We use these new calibrations 

to constrain the parent magma signatures of detrital apatites collected from Paleoarchean metasediments in the 

Barberton Greenstone Belt (BGB). In addition, we compare halogen and trace element compositions analyzed via 

EPMA and LA-ICP-MS in detrital apatites with magmatic apatites of the surrounding granitoid-gneisses of the 

TTG series to assess the temporal variation of sediment provenance in Archean time. Detrital apatites from the 

Hooggenoeg volcano-clastic sediments (DA of ~3.43 Ga, Upper Onverwacht Group) and Schapenburg meta-

turbidites (DA of 3.25 Ga, Fig Tree Group) show halogen and trace element characteristics quite distinct from 

one another. Both retained a clear magmatic chemistry as they show strong fractionation of their REE spectra 

(LaN/LuN = 29.4 and 5.43 respectively) and a low Eu/Eu* (~ 0.5 and 0.8 respectively) but they share different 

provenance as their contrasted chemistry suggests. The Hooggenoeg apatites have strong REE fractionation 

(LaN/LuN ~30), have high amount of Sr (from 600 up to 1200ppm), are enriched in F (~2.2 wt%) and have high 

amounts of Cl (~ 0.4 wt%) while the Schapenburg apatites have lower fractionation of their REE spectra, have 

fairly uniform and low Sr content (~ 200 ppm), are much more enriched in F (~ 3.2 wt%), have lower amounts of 

Cl (~ 0.01 wt%). However, some of these characteristics do not match with apatites of the Barberton TTGs but 

rather overlap well with apatites crystallized in Mg-rich sanukitoids of the Neoarchean-Proterozoic transition and 

suggests that these were already present (and exposed to surface alteration) in the Paleoarchean felsic crust at the 

time the metasediments were deposited. The apatite proxies utilized in the present work strongly suggest that a 

more compositionally diverse felsic crust already existed in the environs of the BGB as early as 3.4 Ga, and that 

the onset of observed granitoid diversity in the Neoarchean is an artifact related to preservation bias. Reasons for 

the non-preservation of Paleoarchean sanukitoids in the rock record could be related to their emplacement at upper 

crustal level, making them more exposed to surface weathering than underlying, mid-crustal TTGs. Additionally, 

their formation during an epoch when there was intense crustal recycling in transient subduction zones and little 

to no continent-continent collisions (little “shielding”) might have reduced their preservation potential. The 

appearance of compositionally diverse granitoids in the geological record at 3.0 Ga clearly coincides with the 

amalgamation and stabilization of the Kaapvaal Cratonic Lithosphere from different continental blocks which 

provided the necessary “shielding” that these compositionally diverse felsic rocks required to survive to our time.  

 

3.1. Introduction 

Accessing the Paleoarchean rock record is challenging due to generally poor preservation of the 

Earth’s earliest felsic crust. For this reason, most of the geological inferences and interpretations about 

periods of the Earth’s history for which little to no magmatic rock has survived derive from data 

obtained on a single detrital accessory mineral, zircon (Bell et al., 2015; Blichert-Toft & Albarède, 
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2008; Compston & Pidgeon, 1986; Drabon et al., 2022; Harrison, 2009; Kröner & Compston, 1988; 

Nutman & Hiess, 2009; Valley et al., 2005, 2015; Wilde et al., 2001; Zeh et al., 2013). Zircon is 

powerful in its capacity to retain reliable crystallization U-Pb ages and constrain the mantle extraction 

age and degree of hydration of its parent magma source, respectively through Lu-Hf isotopes (Fisher et 

al., 2011, 2014; Spencer et al., 2020) and O isotopes (Valley et al., 2005). However, zircon chemistry, 

in particular trace element composition, does not give the full picture on the nature of its parent rock. 

For example, although several studies acknowledged the peculiar trace element composition of early 

Earth zircons relative to those formed in most post-Archean settings (Carley et al., 2014; Laurent et al., 

2022; Reimink et al., 2020), this signature fails to capture the actual compositional diversity of the 

different felsic magmas from which it crystallized (Roberts et al., 2024; Combaz et al., 2025). In 

addition to this, zircon mainly crystallizes in rocks of intermediate to acidic compositions (Hoskin & 

Schaltegger, 2003) and its REE composition is not so variable with changing parent magma 

composition (Grimes et al., 2007, 2015), so its ability to precisely track the existence of potentially 

more mafic rocks in the source area of clastic sediments is limited.  

To circumvent those issues, an increasing number of studies have changed the focus towards other 

accessory minerals like apatite (Antoine et al., 2020; Belousova et al., 2002; Bruand et al., 2016, 2017, 

2020; Chew & Spikings, 2021; Chu et al., 2009; Gillespie et al., 2018; Henrichs et al., 2019; Kieffer et 

al., 2023, 2024; Kirkland et al., 2017, 2018; Miyake et al., 2024; Nutman, 2007; G. O’Sullivan et al., 

2020; Zeh, 2004). Apatite is indeed a much better candidate for constraining the composition of the 

source. Its halogen contents and trace element (including REE) patterns are much more sensitive to 

changes in magma composition than zircon’s and vary systematically with parameters such as alumina 

saturation  index (ASI) and silica content of the parent magma (Bruand et al., 2017; Chu et al., 2009; 

Loferski & Ayuso, 1995; London, 1997; Montel, 1986; P. Piccoli & Candela, 1994; P. M. Piccoli & 

Candela, 2002; Pichavant et al., 1992; Wolf & London, 1994, 1995). Furthermore, apatite is also a more 

ubiquitous mineral, i.e. it crystallizes in a compositionally more diverse set of rock, from ultramafic to 

acidic (Chakhmouradian et al., 2017; Chu et al., 2009; G. O’Sullivan et al., 2020; G. J. O’Sullivan et 

al., 2018). For these reasons, apatite chemistry has been the focus  of a series of recent studies (Antoine 
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et al., 2020; Bruand et al., 2016, 2017, 2020; Combaz et al., 2025; Henrichs et al., 2019; Kieffer et al., 

2023, 2024; G. O’Sullivan et al., 2020; G. J. O’Sullivan et al., 2018; Vezinet et al., 2025) which have 

established a series of discrimination diagrams based on halogen, trace and REE data that aim at 

identifying the sources and provenance of detrital apatite.  

These geochemical proxies can become powerful tools in the case of Archean detrital apatites, for 

which relatively little has been published in terms of halogen, trace and REE data. It is generally 

assumed that Archean clastic meta-sediments are the products of weathering and erosion of the exposed 

greenstone sequences and surrounding TTG (Tonalite-Trondhjemite-Granodiorite) plutons 

(Anhaeusser, 1980, 1981; De Ronde & De Wit, 1994; Drabon et al., 2024), which compose around 80% 

of the Archean continental crust preserved today (Bleeker, 2003; Laurent et al., 2020, 2024; J.-F. Moyen 

& Martin, 2012; Polat, 2012). However, a growing number of studies show that this might have been 

different in the Archean, as remnants of non-TTG felsic crustal components, which might have been 

originally present but not preserved to the present day, are found as detrital zircon, clasts or volcanic 

units in the Archean supracrustal record (Sanchez-Garrido et al., 2011; Agangi et al., 2018; Drabon et 

al., 2024; Combaz et al., 2025…). In this context, apatite can fill some of the gaps and provide some 

chemical constraints on the sources of Archean meta-sediments and cross-check hypothesis derived 

from the zircon studies. (Bruand et al., 2020) have shown that TTG-hosted apatite has a specific trace 

element composition, which discriminates it from apatite from sanukitoids, a generally late-Archean 

suite of rocks considered to mark the transition towards modern-style plate tectonics (e.g., Laurent et 

al., 2014). Nevertheless, this first-order distinction is based on a limited set of samples and the data 

from Bruand et al. (2020) already suggest a potential diversity in apatite trace element compositions 

from TTG themselves, following the known diversity of bulk-rock trace element signatures of this rock 

series (Moyen, 2011). Therefore, the above-mentioned issues show that it is necessary to (1) better 

characterize the potential chemical diversity of apatite from Archean TTGs; and (2) obtain detrital 

apatite data from Archean supracrustal rocks to complement and evaluate the findings based on detrital 

zircon.   
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The Barberton Greenstone Belt (BGB) in South Africa and Eswatini, provides the right framework 

for this purpose, for three reasons. (1) It is a well-documented Archean terrane for which extensive 

work has been published on the geochemical, petrological, age and isotopic characteristics of the main 

rock components (greenstone and TTG granitoids-gneisses) and the associated stratigraphic and 

tectonic evolution (e.g. Anhaeusser, 1980, 1981; Anhaeusser & Kisters, 1995; De Ronde & De Wit, 

1994; De Wit et al., 1987; Heubeck et al., 2022; Heubeck & Lowe, 1994; A. F. Kisters et al., 2010; A. 

F. M. Kisters et al., 2003; Kröner et al., 1996; Lana et al., 2010; Lowe, 1999; Lowe & Byerly, 2007; J.-

F. Moyen et al., 2006, 2007a; Yearron et al., 2003). (2) The greenstone belt preserves voluminous 

sequences of clastic metasediments, of already well-constrained provenance and age of deposition from 

detrital zircon studies (Combaz et al., 2025; Drabon et al., 2022, 2024; H. Wang et al., 2022; Zeh et al., 

2013), thus making these good targets for a detrital apatite study. (3) Some of these studies have shown 

that  substantial preservation bias occurs in the BGB (Drabon et al., 2021, 2022, 2024; Sanchez-Garrido 

et al., 2011) and a significant fraction of the former Paleoarchean uppermost felsic crust might be 

missing from the exposed rock record because of erosion (Combaz et al. s. d.). That this must be so is 

also obvious from the ubiquitous regional metamorphic overprint, which demonstrate that the lowest 

grade rocks exposed represent material buried to depths equating with at least 3 kbars pressure at ca 3.2 

Ga – a minimum of some 10km of Paleoarchean upper crust have been lost.   

Following up on these studies,  which  have so far only investigated zircon, we have obtained here 

new halogen and trace element data of detrital apatite from samples of clastic sediments from different 

stratigraphic levels of the BGB; and igneous apatite from TTG granitoid-gneisses representative of the three 

main magmatic and felsic crust-forming events of this area (ca. 3.55-3.52,  3.47-3.42 and 3.29-3.21 Ga; e.g. Moyen et al., 2007). The 

comparison between the two detrital and igneous apatite datasets allows us to assess the relative 

importance between TTGs and potential other magmatic sources in the Archean Crust at the time of 

deposition of the meta-sediments. The results confirm, first, the strong sensitivity of apatite trace 

element composition on host rock/melt chemistry and its potential as a source rock indicator; and 

second, that the Paleoarchean felsic crust was composed of a more diverse range of granitoids than 

previously thought.  
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Naming convention 

 

Throughout this manuscript, plutonic apatites from the Barberton TTGs will be referred to by 

the name of their host rock (i.e. apatites from the Kaap Valley tonalite will be called “Kaap Valley 

apatites”, apatites from the Steyndorp “Steynsdorp apatites, etc…). Detrital apatites of the Hooggenoeg 

volcano-clastic sediments will be called “Hooggenoeg apatites” and those from the Fig Tree-aged 

Schapenburg Schist Belt will be called “Schapenburg apatites”.  

 

 

3.2. Geological Setting 
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Figure 3-1 : Geological map and synthetic stratigraphic log of the Barberton Greenstone Belt, from Combaz et al. (2025) 

after Anhaeusser (1980, 1981) and Schoene et al. (2008). Sample localities are indicated as colored symbols. 

The Barberton Greenstone Belt (BGB) is located at the suture zone between the Witwatersrand 

Block and Swaziland Block in the eastern Kaapvaal Craton, South Africa (Eglington & Armstrong, 

2004). The Greenstone sequence is composed of three main stratigraphic groups with, from bottom to 

top : the Onverwacht Group which was deposited from 3.55 to 3.26 Ga (Viljoen and Viljoen., 1969, 

Anhaeusser, 1980, 1981; De Ronde & De Wit, 1994; De Wit et al., 1987; Kamo & Davis, 1994; Lowe, 

1999; Lowe & Byerly, 2007) and mostly comprises rocks of mafic to ultramafic composition, with 

minor felsic volcanics and sediments (Diener et al., 2005; Dziggel et al., 2002, 2006; Kröner et al., 

1996, 2016). The Onverwacht Group is then capped by the Fig Tree Group which contains a greater 

number of rocks of siliciclastic or felsic composition, commonly showing up as dacites or rhyo-dacites. 

This group was deposited from 3.26 to 3.23 Ga (Byerly et al., 1996; Decker et al., 2015; Drabon et al., 

2019) and is overlain by the predominantly volcano-sedimentary group of the Moodies Group. This last 

supracrustal sequence was deposited from 3.22 to 3.21 Ga and largely corresponds to clastic sediments 
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of conglomerates and sandstones with intercalated volcanic tuffs (Heubeck et al., 2013; Heubeck, 2019; 

Heubeck et al., 2022; Heubeck & Lowe, 1994; van Rensburg et al., 2021). The BGB presumably marks 

the suture between two litho-tectonic blocks (referred to as Barberton Northern Terrane and Southern 

Terrane after (Zeh et al., 2009, 2013), corresponding to separate microcontinents or arcs that were 

accreted to the proto-Kaapvaal Craton at ca. 3.2 Ga during a main collision event (Lowe & Byerly, 

2007; J.-F. Moyen et al., 2007; Stevens & Moyen, 2007). Remnants of this event are now preserved 

along the Saddleback-Inyoka-Fault-System(Dziggel et al., 2002; A. F. M. Kisters et al., 2003; J.-F. 

Moyen et al., 2006; Stevens & Moyen, 2007) (SIFS see Figure 3-1).  

The terranes surrounding the BGB are largely made up of granitoid-gneisses of dominant TTG 

affinity, altogether forming the Barberton-Granitoids-Greenstone-Terrane (BGGT). The TTG 

granitoid-gneisses emplaced in three successive magmatic episodes that are briefly outlined below (see 

Moyen et al., 2007a for thorough review):  

1) At 3.55-3.52 Ga, shallow melting of an enriched basaltic crust (Martin et al., 2014, Moyen et 

al., 2007a) produced the magmas which formed the Steynsdorp pluton, the oldest TTG gneiss 

of the BGB. This pluton mainly show a tonalitic/trondhjemitic composition and is often cross-

cut by leucocratic dykes (Anhaeusser & Kisters, 1995; Guitreau et al., 2012; Lana et al., 2010).  

2) At 3.47-3.42 Ga, the greenstone sequences of the  Barberton Southern Terrane were intruded 

by leucocratic, high-Sr trondhjemites of the Stolzburg and Theespruit Plutons (Anhaeusser, 

1980, 1981; Kröner et al., 1996, 2016; Laurent et al., 2020; Van Kranendonk et al., 2009).  

3) At 3.29-3.21 Ga, during convergence and collision of the two terranes, the Barberton Northern 

Terrane was intruded by the composite Baadplaas gneiss (tonalite to trondhjemite in 

composition; A. F. Kisters et al., 2010; J.-F. Moyen et al., 2007a) and Nelshoogte trondhjemite 

(Matsumura, 2014) formed through the partial melting at deep levels of subducted enriched 

mafic crust (possibly the leading edge of a downgoing slab of the Southern Terrane). The end 

of TTG magmatism is marked by the emplacement at ca. 3.22 Ga of the least evolved Kaap 

Valley Tonalite (Robb et al., 1986), likely formed through high degrees of partial melting of a 

mafic protolith, and the Dalmein pluton (Kamo & Davis, 1994; J.-F. Moyen et al., 2007).  
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From 3.1 Ga, the BGGT is affected by potassic magmatism in the form of voluminous K2O-rich 

Granodiorite-monzogranite-syenite granitoids (GMS suite) which emplace as sheet-like laccolith and 

terminates the stabilization of the eastern Kaapvaal Craton (Clemens et al., 2010; J. F. Moyen et al., 

2021; Santos Leandro et al., s. d.).  

 

 

3.3. Sampling and methods 

3.3.1. Sampling strategy and sample description 

 

We have investigated detrital apatite chemistry from two samples of clastic sediments already 

studied for detrital zircon U-Pb ages, trace elements Lu-Hf isotopes (Combaz et al. 2025). These are 

therefore already well-characterized in terms of depositional and source ages, and potential provenance. 

Moreover, the two samples were collected in distinct stratigraphic layers of the BGB. The first sample 

(H-01) was collected in the diamictites/volcano-clastic sediments of the Upper Onverwacht Group (H6 

layer of the Hooggenoeg Formation; Figure 3-1). The second sample was collected in the Schapenburg 

Schist Belt, which is part of the Fig Tree Group (Figure 3-1), and corresponds to the meta-turbidite-

greywackes (Anhaeusser, 1983; Stevens et al., 2002). More details about the sampling localities and 

petrography of the sedimentary samples are reported in Combaz et al. (2025). 

To compare the detrital apatite record with the magmatic/plutonic record, we have investigated 

igneous apatite chemistry from TTG granitoid-gneiss samples of the BGGT. These were chosen as to 

be representative of the three main magmatic events identified on a regional scale, and include the ca. 

3.55-3.52 Ga Steynsdorp tonalitic gneiss; the ca. 3.47-3.42 Ga Stolzburg and Theespruit trondhjemites; 

the ca. 3.25 Ga Nelshoogte trondhjemitic gneiss and the ca. 3.21 Ga Kaap Valley tonalite (Figure 3-1). 

The chosen samples were previously investigated by different authors for general petrographic, 

geochemical and/or geochronological studies, as summarized in Table 3-1. While apatite from most 

TTG samples were investigated directly in situ on thin sections available from these previous studies, 
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the Kaap Valley tonalite was sampled on our own and apatites were separated following the same 

procedure as for the detrital populations.  

 

 

 

 

Table 3-1 : Summary of samples collected, stratigraphic position, location, lithology, GPS coordinates, and relevant 

geochronological data. 

 

3.3.2. Mineral separation and concentration 

For the two sedimentary samples and the Kaap Valley tonalite, apatites were extracted from crushed 

samples using conventional mineral separation techniques, handpicked, set in 1-inch epoxy mounts and 

polished. More details of the mineral separation techniques used are provided in Combaz et al. 2025. 

Other apatites were investigated directly on thin sections. 

Sample name
Stratigraphic 

position
Location Lithology Latitude Longitude Detrital vs plutonic Age (Ma) Authors

H-01
Onverwacht Group, 

H6 layer

Eastern limb of the 

Onverwacht Anticline

Polymictitic 

diamictite
-26.024619 30.988467 Detrital 3430±16a; 3432±5b This study

SSB-02 Fig Tree Group Schapenburg Schist Belt

Amphibolitized, 

cross-bedded 

turbidites

-26.18109 30.54041 Detrital 3233±17a;3240±5c This study

KVT-1 plutonic rock
North-West of 

Barberton town
Bt-bearing tonalite -25.712016 31.16085 Plutonic

3211±94d; 3229±5e; 

3223±4f; 3226±5f; 

3226±14g

This study

NLS plutonic rock East of Emanzana Trondhjemite -25.867417 30.659683 Plutonic
3236±1h; 3212±2i; 

3215±15j
Sanchez-Garrido. 

2012 (PhD thesis)

JB-17-C6 plutonic rock East of Emahlalehni Trondhjemite -26.00833 30.73317 Plutonic
3445±3l: 3431±11m; 
3460±5n; 3456±10o Laurent et al. 2020

JB-17-C1 plutonic rock East of Emahlalehni Trondhjemite -26.05583 30.85083 Plutonic
3443±4n; 3440±5l; 
3437±6f; 3460±8o Laurent et al. 2020

STEY1.5-8 plutonic rock
Border between SA and 

Swaziland

Tonalitic-

trondhjemitic gneiss
-26.15425 30.9611667 Plutonic >3540±3k; 3553±4k Sanchez-Garrido. 

2012 (PhD thesis)

STEY1.7-8 plutonic rock
Border between SA and 

Swaziland

Tonalitic-

trondhjemitic gneiss
-26.152967 30.9687167 Plutonic >3540±3k; 3553±4k Sanchez-Garrido. 

2012 (PhD thesis)

[a] = U-Pb on zircon through LA-ICP-MS (Combaz et al., s.d.)

[b] = U-Pb on zircon through LA-ICP-MS (Grosch et al., 2011)

[c] = U-Th-Pb on zircon through SHRIMP (Stevens et al. 2002)

[d] = Whole-rock U-Pb dating (Robb et al. 1986)

[e] = U-Pb in zircon through SHRIMP (Tegtmeyer and Kröner. 1987)

[f] = U-Pb in zircon through TIMS (Kamo and Davies. 1994)

[g] = U-Pb in zircon through SIMS (Armstrong et al. 1990)

[h] = U-Pb in zircon through TIMs (de Ronde and Kamo. 2000)

[i] = U-Pb in zircon (York et al. 1989)

[j] = U-Pb in zircon through TIMS (Matsumura. 2014)

[k] = U-Pb in zircons through SHRIMP-I (Kröner et al. 1996)

[l] = U-Pb in zircons through SHRIMP-I (Kröner et al. 1991)

[m] = U-Pb in zircon through conventional dating (Dziggel et al. 2002)

[n] = U-Pb in zircon through TIMS (Kamo and Davies. 1994)

[o] = U-Pb in zircon through LA-ICP-MS (Laurent et al. 2020)
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3.3.3. Scanning electron microscopy (SEM) 

The internal structures of the apatite grains were characterized by cathodoluminescence (CL), using 

the Vega4 (Tescan) scanning electron microscope (SEM) equipped with a multispectral CL detector at 

Géosciences Environnement Toulouse, France. Instrumental conditions were an acceleration voltage of 

10 kV and beam current of 3 nA. Image resolution was set to 768 × 768 pixels with a sweep time of ca. 

2 min, corresponding to ca. 0.2 ms per pixel. 

 

3.3.4. Electron Probe Micro-analysis (EPMA) 

Analysis of major and minor elements in apatite, including halogens (F, Cl) and S, were performed 

using an electron microprobe at the Centre de Microcaractérisation Raimond Castaing (Université Paul 

Sabatier – Toulouse III) with a Cameca SXFive. Operating conditions were 15kV beam conditions with 

20 nA beam current and sample volume is less than 5 µm3. Samples were  carbon coated (~50nm) using 

a Leica EM ACE600 coater. Details on the detectors, used standards, data validation techniques and 

quality controls are provided in Supplementary material to Chapter 3.  

 

3.3.5. LA-ICP-MS 

Apatite minor and trace (including REE) analyses were conducted by laser ablation – inductively 

coupled plasma – mass spectrometry (LA-ICP-MS) at the Service ICP-MS of Observatoire Midi-

Pyrénées (OMP-UAR831) in Toulouse, France. The analyses were carried using a NWRfemto 

(Elemental Scientific Instruments) solid-state femtosecond laser ablation system set to UV mode (257 

nm wavelength) coupled with an Element XR (ThermoScientific) sector-field ICP-MS. The laser was 

operated with a spot diameter of 35 µm, a repetition rate of 4 to 6 Hz and an energy density of ca. 2 J 

cm-2. The ablated aerosol was transported to the ICP-MS by He carrier gas (ca. 0.7 L/min) to which was 

admixed Ar make-up gas (ca. 0.8 L/min) downstream of the ablation cell. A typical run consisted of 15 

seconds of background signal acquisition, followed by 25 seconds of ablation and 10 seconds of 
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washout. The list of acquired masses, corresponding dwell times, details about the instrument 

optimization and data acquisition procedures are provided in the Supplementary material to Chapter 

3. The data were processed offline with the Iolite v4 software. Trace elements were quantified using 

the NIST SRM610 glass reference material (Jochum et al., 2011) as external standard, using 

conventional standard-sample bracketing for instrumental drift correction. Apatite stoichiometric Ca 

content (39 wt.%) was used as internal standard for relative sensitivity correction. Accuracy and 

reproducibility were evaluated through repeated analysis of natural apatite reference materials 

Madagascar and Durango (using reference values from GeoReM website). The results show that the 

total external reproducibility of the method is in the order of 10 to 20% relative for all elements and that 

the data are accurate within this range. Data from unknowns and reference materials are reported in 

Supplementary material to Chapter 3. 
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3.4. Results 

3.4.1. Apatite petrography in TTGs 

 

Figure 3-2 : Petrography of Barberton TTG apatites in plane-polarized photomicrographs. Image A corresponds to Theespruit 

pluton. Image B to Stolzburg pluton. Image C to Nelshoogte pluton. Image D to Steynsdorp pluton. 

 

Apatites in TTGs are closely associated with biotite and /or amphiboles in thin sections of all 

Barberton trondhjemites collected in this study (see Figure 3-2). They show up as interstitial phases 

between plagioclase and quartz and are subhedral to euhedral in shape and commonly range in size 

from 50 to 150 µm (see Figure 3-2). Under CL images, they display the characteristic oscillatory zoning 

and little to no inclusions of secondary phases like xenotime or monazite.  
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3.4.2. Apatite internal structures 

 

 

Figure 3-3 : Representative Cathodoluminescence images of apatites from the investigated samples showing the position of 

EPMA and LA-ICP-MS spots and relevant geochemical data (part1). 
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 Hooggenoeg detrital apatites do not show any chemical zoning under CL images and appear to 

be quite homogeneous and dark (Figure 3-3). Many show the diagnostic hexagonal shape. Schapenburg 
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detrital apatites on the other hand, show clear chemical zoning in CL images and generally exhibit 

higher luminescence than Hooggenoeg apatites. Their crystal terminations are rounded but the 

diagnostic hexagonal shape is still visible. The BTTG apatites are also quite luminescent and display 

the diagnostic core vs rim zoning under CL images (Figure 3-3). Many grains preserved a clear 

hexagonal shape, particularly visible in the Kaap Valley apatites (Figure 3-3). Apatites of the Stolzburg 

trondhjemite and the Nelshoogte trondhjemite are also a little more fractured compared to apatites of 

the other plutons but laser spots were placed away from cracks in every case. Lastly, the Steynsdorp 

apatites are also quite zoned but display smaller sizes relative to the other plutons. The Theespruit pluton 

produced apatites that are generally small (~ 50 µm see Figure 3-3) except for one grain (spots 0-1-2-

3 see Figure 3) which shows a diameter of around 150 µm and a beautiful core-to-rim zoning. At first 

glance, apatites showing the highest core vs rim brightness contrast seem to be often associated with 

hydrous minerals like amphibole or biotite except for this big apatites of the Theespruit pluton which is 

surrounded by quartz and Feldspar (see Figure 3-3) so there seem to be little correlation between these 

two observations.  
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3.4.3. Halogen chemistry 

 

 

Figure 3-4 : F and Cl content in apatites of the BTTGs as a function of Aluminum Saturation Index (ASI). ASI of the BTTGs 

has been taken from data from Moyen and Stevens., 2007 and Yearron., 2003. Range of Cl and F of Hooggenoeg and 

Schapenburg apatites is indicated as colored rectangles for comparison. 

3.4.3.1. Detrital apatite 

 

Average F and Cl content in the Hooggenoeg apatites are 2.93 wt% and 0.38 wt% respectively 

(see Figure 3-4 A-B). In the Schapenburg apatites, the F content is higher with mean F ~3.25 wt% but 

the Cl content is lower with mean Cl~ 0.01 wt%, close to that of the BTTG apatites (see section below). 

Little intra-grain chemical variation is observed in either populations as F content remains remarkably 

constant. For example, spots 18 and 19 of the same grain in the Hooggenoeg population changes from 

2.09 to 2.16 wt% (see Figure 3-3). The same is observed in the Schapenburg apatites where, for 

example F changes from 3.07 to 3.29 wt % within the same growth zone targeted with EPMA (spots 18 

and 19, Figure 3-3). Sulfur in apatite occurs in exceedingly low amounts, quite below the detection 

limit of the EPMA even though the content changes a lot depending on the apatite investigated. The 

Hooggenoeg apatites have mean SO3 content of 0.032 wt% while the Schapenburg apatites have mean 

SO3 content of 0.016 so two times lower than Hooggenoeg’s. 
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3.4.3.2. Igneous apatite 

In the BTTGs, the apatite halogen content is more contrasted. The Kaap Valley apatites show 

mean F and Cl content of 2.63 and 0.04 quite close to values exhibited by the Theespruit apatites (mean 

F ~ 2.79 wt% and mean Cl ~ 0.02 wt%). The Steynsdorp apatites on the other hand, have F and Cl 

content of 3.44 wt% and 0.007 wt% respectively, similar within uncertainty to apatites of the 

Nelshoogte (mean F ~ 3.3 wt% and mean Cl ~ 0.002 wt%) and Stolzburg trondhjemites (mean F ~ 3.21 

wt% and mean Cl ~ 0.003 wt%). Changes in F content within the same grain seem to be more acute 

than the detrital apatites. There seems to be an increase in F content towards toward the rim of the 

apatites for all samples of the BTTGs (in Theespruit apatites, F increases from 2.5 to 3 wt% from core 

to rim while in Stolzburg it changes from 3.01 to 3.35 wt% see grains in Figure 3-3). In the case of the 

Barberton TTG apatites, we notice the same contrast between the different plutons. The Kaap Valley 

apatites have a mean SO3 of 0.121 wt% close to the mean values displayed by the Stolzburg apatites 

(0.097 wt%). However, the Steynsdorp and Theespruit apatites have similar mean SO3 content of 0.02 

wt%. Lastly, the Nelshoogte apatites exhibit mean SO3 content of 0.072 wt%.  

 

3.4.4. Trace element chemistry 

 

Trace element analysis were acquired through LA-ICP-MS as explained in previous section. 

Concerning the detrital populations of Hooggenoeg Formation and Schapenburg Schist Belt, we 

targeted one spot per grains when these were small and two when the apatites were bigger (a few 

examples of these are shown on Figure 3-3). In the case of the BTTG apatites, the Steynsdorp, 

Stolzburg, Theespruit and Nelshoogte apatites were analyzed from thin sections studied during PhD 

thesis of (Sanchez-Garrido, 2012). This limited the number of grains of a size sufficient to accommodate 

two or three spots (see Figure 3-3). Also, another difficulty lies in the small thickness of the thin section, 

leading to many grains being drilled through and yielding aberrant data. These spots have been removed 

from the graphs shown in this study but are provided in Supplementary material to Chapter 3. Only 
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apatites from the Kaap Valley tonalite were separated following the same procedure as for the 

Hooggenoeg and Schapenburg apatites as explained in “Samples and method” section.  

3.4.4.1. Igneous apatite 

 

 Apatites of the Barberton TTGs were analyzed at several locations as outlined in Figure 3-3. 

Clear core-to-rim zoning could be observed under CL images so we ensured to extract trace element 

data from both core and rims whenever the grain size allowed it. However, due to the low number of 

apatites cropping out of the thin sections of the Nelshoogte trondhjemite, and the fact that many were 

drilled through during laser ablation, we were unable to produce reliable data from core and rim of the 

same grain for this sample. Therefore, the Nelshoogte apatites only produced three reliable spots 

belonging to different grains (shown in Figure 3-3).  

The Kaap Valley apatites are, without doubt, the one that gave out the highest rate of success 

for assessing the core-to-rim variations of chemical information. As outlined in Figure 3-3, the core-

to-rim zoning observed under CL images correlates with changing trace element chemistry. We 

observed an increase in Mg concentrations from core to rim where core concentration is around 50 ppm 

and rim concentration is more around 80-90 ppm (see spots KVT-33(core) vs KVT-32(rim) and KVT-

16(core) vs KVT-15(rim) in Figure 3-3 and supplementary material 6.2). The same pattern is 

observed in apatites of the Stolzburg trondhjemite (see spots JB-17-C6-13 (core) vs JB-17-C6-14 (rim) 

in Figure 3) and in the Steynsdorp (see spots STEY-1.7-17 (core) vs STEY-1.7-18 (rim) in Figure 3-

3). However, Sr concentration and LREE seem to remain quite uniform (around 300 to 400 ppm and 

2500 ppm respectively) throughout a single grain (see Figure 3-3) suggesting that the chemical 

variations limit itself to Mg.  

Y, for example, seems to be quite uniform from core to rim as little chemical changes were 

observed across single apatite grains for all the samples. Y is notably more enriched in apatites of the 

Steynsdorp (mean Y ~ 1600 ppm) and in the Stolzburg (mean Y ~ 500 ppm) compared with apatites of 

the Nelshoogte, Theespruit and Kaap Valley (mean Y ~ 200 ppm). Eu/Eu* is constrained to values 

between 0.5 (Kaap Valley tonalite) to 0.95 (Theespruit trondhjemite) (see Figure 3-5 B). The Kaap 
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Valley apatites have a strongly fractionated REE pattern with mean (La/Lu)N of 16.8 (see Figure 3-6) 

translating into LREE content that is significantly higher than of apatites of the more evolved 

trondhjemites of Stolzburg, Theespruit, Nelshoogte and Steynsdorp plutons. Indeed, apatites from these 

plutons have low amounts of LREE compared with HREE ((La/Lu)N goes from 0.42 in Steynsdorp 

apatites to 2.27 in Stolzburg apatites) and also have lower amounts of Nd (below 500 ppm see Figure 

3-5 B).  

Finally, there is some cross-sample variability in Sr content recorded by apatites of the BTTGs 

at similar values of Pb+Th+U. For example, while the Kaap Valley, Nelshoogte, Theespruit and 

Steynsdorp samples produced apatites with Sr content around 300 ppm (see Figure 3-5 C),  the 

Stolzburg trondhjemites produced apatites containing Sr at much higher amounts (~ 600 ppm see Figure 

6B) overlapping with apatites of the Hooggenoeg volcano-clastic sediments.  

3.4.4.2. Detrital apatite 

 

 The Hooggenoeg apatites display strong fractionation of their REE pattern (see Figure 3-6 A) 

with average (La/Lu)N of 29.4. 83% have Eu/Eu* below 0.5 and 17% have it weak or close to 1. They 

have high La/Sm ratio (see Figure 3-5 A) and Th/U which overlap well with apatites of the Schapenburg 

schist belt. The latter on the other hand, have a weaker REE fractionation (mean La/LuN of 5.43 and see 

Figure 3-6 B) and show lower Nd content than the Hooggenoeg apatites (below 800 ppm vs above 800 

ppm respectively, see Figure 3-5 B). The Schapenburg apatites have an Eu/Eu* between 0.5 to 1.5 but 

with the bulk of the data between 0.5 and 1. Finally, both detrital populations of apatite show contrasting 

Sr content at similar Pb+Th+U. In fact, as outlined in Figure 3-5 C, the Hooggenoeg apatites have Sr 

content mainly from 500 to 900 ppm with one subgroup going up to 1200 ppm, a pattern that we do not 

see in the Schapenburg apatites where most grains are consistently around 200 ppm. Little intra-grain 

chemical variations were observed in either population as illustrated on Figure 3-3. As an example, 

spots H-01-7 and H-01-8 (see position of the spots in Figure 3-3 and data in the supplementary 

material to chapter 3) which were analyzed from the same grain, gave similar F content (1.9 vs 1.76 

wt%), (La/Lu)N (39.8 vs 37), Mg content (617 vs 619 ppm), Sr content (629 vs 661 ppm) and sum of 
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LREE (4720 vs 4919 ppm). The same can be said of the Schapenburg apatites where, for example, spots 

SSB-02-39 and SSB-02-40, analyzed from the same grain, gave similar F content (3.29 vs 3.07 wt%), 

(La/Lu)N (5.8 vs 6.3), Mg content (40 vs 42 ppm), Sr content (192 vs 180 ppm) and sum of LREE (2020 

vs 2314 ppm). Therefore, both samples seem to contain apatites with strong intra-grain homogeneity.  

 

Figure 3-5 : Trace element chemistry of apatites from the Barberton Greenstone Belt. Grey field in the background 

corresponds to apatite data from sanukitoids from Bruand et al. 2020. 
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Figure 3-6: REE diagrams normalized to Primitive Mantle Composition of Sun and McDonough. 1995 for all 

apatites investigated in this study. Grey field and data plotted in the background correspond to apatite REE 

data from sanukitoïds of Bruand et al. 2020. 

 

 



 

138 
 

3.5. Discussion 

3.5.1. Preservation of magmatic compositions in apatite 

 A beam of arguments points towards Hooggenoeg and Schapenburg apatites to be of magmatic 

origin. First, they display high F content (>2.2 wt% for the Hooggenoeg and >3.2 wt% for the 

Schapenburg apatites see Figure 3-4), low Cl content (~0.38 wt % for the Hooggenoeg and ~0.01 wt% 

for the Schapenburg apatites) and do not contain any secondary inclusions of monazite or xenotime 

visible under CL images, all suggesting that there has been little alteration of their halogen chemistry 

(Harlov, 2015; Harlov et al., 2005). Both apatite populations show a strongly fractionated REE spectra 

which, again, is a strong sign of their magmatic origin (Henrichs et al., 2019; G. O’Sullivan et al., 2020; 

G. J. O’Sullivan et al., 2018). Hooggenoeg and Schapenburg apatites also show systematically low 

Eu/Eu* (see Figure 3-5 B), a parameter that would be much more variable in case these apatites had 

suffered from fluid-aided dissolution-reprecipitation (Antoine et al., 2020; Bruand et al., 2016, 2017; 

Harlov, 2015; G. O’Sullivan et al., 2020). Also, low-grade metamorphic and metasomatic apatites 

generally show really high amounts of Sr (>1500 ppm for low-grade metapelites, see database of 

Henrichs et al., 2019) a pattern that we do not see in either detrital populations for Hooggenoeg apatites 

have Sr content lower than 1200 ppm and Schapenburg apatites have Sr content consistently around 

200 ppm (Figure 3-5 C).  

Also we argue that these grains are not from metamorphic origin since their enrichment in 

LREE and high Th/U ratio also suggests that they crystallized in the absence of any other REE-bearing 

phase such as monazite (Nutman, 2007). All these arguments suggest that Hooggenoeg and 

Schapenburg detrital apatites preserved their magmatic chemistry and that little to no fluid alteration or 

high-grade metamorphism has affected these grains.  

 While their occurrence within a magmatic fabric is a strong sign of their igneous origin, BTTG 

apatites could have been affected by various post-crystallization processes. Indeed, the Steynsdorp 

apatites for example, have remarkably low LREE content (Figure 3-8 B), plotting in the “Low-grade 

metamorphic and metasomatic field” of (G. O’Sullivan et al., 2020) so one could argue that they must 

have been affected by various forms of fluid-aided dissolution-reprecipitation processes. However, their 
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high F and low Cl content (>2.5 wt% and < 0.01wt% respectively) combined with their strongly 

fractionated REE spectra (Figure 3-6) and a remarkably low Sr content (mostly below 600 ppm for all 

the BTTGs) strongly suggests that they retained a magmatic chemical signature through the ages. In 

addition to this, most show strong negative Eu anomaly (see Figure 3-6 and 3-5 B), a feature that would 

be much more variable in case these samples had been affected by fluid-aided dissolution-

reprecipitation (Kieffer et al., 2024; G. O’Sullivan et al., 2020). Finally, the diagnostic zoning observed 

in every TTG apatite investigated in this study suggests retention of magmatic signature.  

3.5.2. Igneous apatite: meaning of the TTG apatite signature 

The trace element chemistry of igneous apatite is greatly influenced by whole-rock parameters 

such as the SiO2 content, the ASI, the oxygen fugacity and total alkalis as demonstrated by previous 

work (Belousova et al., 2001, 2002; Bruand et al., 2016, 2017; Chu et al., 2009; Henrichs et al., 2019; 

Kieffer et al., 2023, 2024; Montel, 1986; G. O’Sullivan et al., 2020; P. Piccoli & Candela, 1994; P. M. 

Piccoli & Candela, 2002; Pichavant et al., 1992; Wolf & London, 1994, 1995). Study of (Bruand et al., 

2016) has documented the negative correlation between Sr in apatite and the degree of melt evolution 

(i.e. SiO2 content) for various granitoids. At high degrees of differentiation, most of the Sr in the melt 

would be partitioned into plagioclase, leaving little available to late-crystallizing apatite. Following this 

relationship, a highly evolved felsic rock having 75% of SiO2 should produce apatites with less than 

100 ppm of Sr. This is not observed in our dataset (Figure 3-7, A-B) where apatites crystallized in the 

Stolzburg pluton (trondhjemite with 73.41 wt% of SiO2, see whole-rock data from Laurent et al., 2020; 

J.-F. Moyen et al., 2007; Yearron et al., 2003) show Sr content between 500 to 700 ppm (with one 

outlier at 827 ppm!). This could be explained by the exceptionally Sr-rich nature of the Stolzburg 

trondhjemite (Sr content of 586 ppm, see J.-F. Moyen et al., 2007) allowing for both plagioclase and 

apatite to inherit a Sr-rich composition. However, we discard this possibility since many granite and 

granodiorite samples compiled by (Bruand et al., 2016) also have whole-rock Sr content above 500 ppm 

(some going up to 1000 ppm) and yet the correlation Sr-in apatite vs Sr whole-rock still holds. Another 

possibility would be that apatite crystallized earlier than plagioclase in the magmatic history of the 

pluton and therefore recorded a Sr-rich composition. Since apatite is an accessory phase in TTGs, its 
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early crystallization would not greatly affect the whole-rock Sr content, leaving still plenty for 

plagioclase afterwards. However, in this case, the negative Eu anomaly that one observes in the apatite 

REE spectrum (see section above, Figure 3-6) would not be the product of plagioclase fractionation 

sucking up most Eu2+ but would rather reflect some reduction process turning Eu3+ into Eu2+ 

(Yakymchuk et al., 2023) and becoming incompatible with apatite crystal lattice. However, this does 

not fit the interstitial nature of the BTTG apatites. Indeed, as explained above (Figure 3-2) apatites are 

closely associated with biotites or amphiboles in all Barberton trondhjemites and commonly occur as 

interstitial phases around plagioclase and quartz, suggesting that they crystallized late in the magmatic 

history (and notably later than plagioclase). Therefore, it is likely that another process must control the 

Sr-enrichment of apatite in felsic melts but this is beyond the scope of this work to resolve. Suffice it to 

say that Sr content in BTTG apatite does not record the degree of differentiation of the host granitoids 

(as shown by the case of the Stolzburg apatites).  

 Belousova et al., 2001, 2002 have highlighted the positive correlation of La/Ce ratio in apatite 

with the alkaline content of the parent melt. For melts with 5.5 wt% of Na2O, the La/Ce of apatite would 

be between 0.4 and 0.8. This correlation is hardly observed in our dataset (Figure 3-7 C) where at Na2O 

of 5.5 wt% the corresponding La/Ce in apatite is around 0.3 (Theespruit trondhjemite, see Figure 3-7 

C). Therefore, in the case of the BTTGs, the La/Ce ratio in apatite is rather a weak proxy of the alkalinity 

of the host granitoid and, thus, cannot be relied upon. The same observation occurs for the oxygen 

fugacity of the granitoids since the Eu/Eu* recorded by TTG apatite is likely to be influenced by 

fractionation of co-existing phases like plagioclase rather than by the sole oxidation state of the magma 

(Belousova et al., 2001, 2002). Both alkalinity and oxygen fugacity of the host TTG are therefore poorly 

reflected in their apatite trace element chemistry.  

The REE chemistry of igneous apatite is strongly controlled by the timing of crystallization 

which is in turn, dictated by the Aluminum Saturation Index of the parent magma (Bruand et al., 2020; 

Montel, 1986; Pichavant et al., 1992; Wolf & London, 1995). Indeed, in a metaluminous (ASI<0.9) 

magma, apatite would crystallize before monazite or other REE-bearing accessory phases and suck up 

the LREE budget of the melt whereas in a peraluminous (ASI>0.9) magma, monazite and epidote would 
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crystallize first, capturing most LREE and leaving a residual liquid that is depleted in LREE. Thus, 

when apatite crystallizes, it will record a LREE-depleted signature. This phenomenon is verified when 

one looks at the REE spectra of the BTTG apatites (cf Figure 3-6) where the only pluton that produced 

LREE-enriched apatites is the Kaap Valley tonalite (ASI = 0.79 <0.9 see Robb et al., 1986) whereas all 

the other plutons investigated here produced apatite with a LREE depleted signature, consistent with 

their peraluminous nature (ASI>1.0, see Laurent et al., 2020; J.-F. Moyen et al., 2007; Yearron et al., 

2003).  This observation enables us to reassess previous ternary discrimination plot of (Bruand et al., 

2020). Indeed, the different granitoid composition fields labeled on the 10Sr vs LREE vs 10Y ternary 

plot of (Bruand et al., 2020) were calibrated from a limited apatite dataset that did not include apatites 

crystallized in metaluminous tonalitic magmas at the time of publication. From the above observations 

we can fairly say that the ternary plot of (Bruand et al., 2020) mainly separates apatites from TTGs 

having different degrees of evolution and ASI but does not necessarily discriminate TTG vs non-TTG 

apatites as the least evolved tonalitic magma of the BTTG series (the Kaap Valley tonalite) can produce 

LREE-enriched apatites plotting outside the “TTG” field while still being part of the TTG series. This 

confirms previous claim from (J.-F. Moyen et al., 2024; Vezinet et al., 2025) about the intermediate 

nature of the Kaap Valley tonalite, in-between that of TTGs and sanukitoids . Therefore, in our BTTG 

dataset, it is fair to associate LREE-enriched apatite with less evolved metaluminous granitoids and 

LREE-depleted apatite with highly evolved peraluminous granitoids.  

To conclude we can say that while reconstructing the SiO2 content, alkalinity and oxidation 

state of the host granitoids (as demonstrated from the Stolzburg pluton) from the trace element 

chemistry of apatite can be difficult, there is a good correlation between the degree of evolution and 

ASI of the melt and the REE composition of the produced apatites. Notably the LREE turned out to be 

a strong proxy to discriminate less evolved metaluminous from highly differentiated peraluminous 

parental melts.  
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Figure 3-7 : Trace element characteristics of BTTG apatites compared with granitoid apatite data from the literature 

(Belousova et al., 2001; Bruand et al., 2016).  See explanations in the main text. 

3.5.3. Detrital apatite: provenance and source rocks 
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Figure 3-8: Trace element characterization of Barberton apatites. Graph A is from (Kieffer et al., 2024). Graph B is from 

(O’Sullivan et al., 2020). Graph C is from (Kieffer et al., 2024). Graph D compares maficity of Barberton apatites with apatites 

from a series of compositionally different volcanic rocks from (Nathwani et al., 2020) . See explanations in the main text. 

 To assess the provenance of the detrital apatites, we rely on a series of geochemical proxies that 

enable scientists to filter apatites from different lithologies (Belousova et al., 2001; Chakhmouradian et 

al., 2017; Henrichs et al., 2019; Kieffer et al., 2023, 2024; O’Reilly & Griffin, 2000; G. O’Sullivan et 

al., 2020). Kieffer et al., 2023 published a new ternary Sr/Y vs ΣREE+Y/10000 vs Eu/Eu* plot to 

distinguish apatites from mafic vs felsic vs ultramafic/carbonatitic sources which we use on Figure 3-

8 A. Apatite crystallizing in carbonatitic melts or in mantle metasomatized melts usually incorporates 

larger amount of Sr (from 2500 ppm up to 22 000 ppm when apatite is associated with metasomatized 

mantle peridotite, see O’Reilly & Griffin, 2000) translating into extremely high Sr/Y ratio (see Sr/Y vs 

LREE plot of (G. O’Sullivan et al., 2020) in Figure 3-8 B). Following this, we notice that none of the 

detrital or BTTG apatites from this work fall in the carbonatitic field of (Kieffer et al., 2024). In addition 
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to this, Chakhmouradian et al., 2017; O’Sullivan et al., 2020 discussed the systematic absence of Eu 

anomaly in apatite crystallizing from ultramafic rocks such as carbonatites, a clear difference with our 

dataset documented in here (see Figure 3-6). Therefore, it is fair to assume that none of the detrital 

apatites investigated in this study is sourced from ultramafic lithologies.  

 Excluding ultramafic lithologies as potential sources for detrital apatites, there is the possibility 

that these apatites do not derive from felsic but rather from mafic lithologies. Chu et al., 2009; Kieffer 

et al., 2024; Stokes et al., 2019 discussed the reliability of Mn in apatite as a proxy of the degree of 

differentiation of the parental melt. With increasing degree of crystal fractionation (magma becoming 

more felsic and polymerized), Mn content in the residual melt increases, translating into felsic apatite 

recording very high amounts of Mn (> 300 ppm see Figure 7A from Kieffer et al., 2024) compared with 

apatites crystallized in mafic melts. With that said, the BTTG apatites, which crystallized in melts with 

>65% SiO2, should display very high amounts of Mn. This trend is not observed in the current dataset 

as the Theespruit apatites (SiO2WR = 73.15% see J.-F. Moyen et al., 2007; Yearron et al., 2003) exhibit 

Mn content systematically lower than 350 ppm (Figure 3-8 C) so well below the boundary between 

mafic and felsic fields defined by (Kieffer et al., 2024). Therefore, we argue that apatite Mn content is 

not a robust proxy of the degree of differentiation of the parental melt in the present dataset.  Instead, 

to get a better constraint on the degree of evolution of the source rock, one can rely on the apatite Mg 

content as recommended by (Nathwani et al., 2020). Their Sr/Y vs Mg diagram proves to be a more 

robust discriminator of apatites populations since the felsic BTTG apatites (whole rock >65% SiO2 see 

studies above) plot at Mg values lower than 500 ppm (excluding a few outliers, see Figure 3-8 D), 

which corresponds to the field of acidic volcanic formations of La Copa (Nathwani et al., 2020). Seeing 

that the Schapenburg apatites have Mg content lower than 150 ppm (see Figure 3-8 D) we can then 

argue that they must derive from a highly acidic source. The Hooggenoeg apatites on the other hand, 

have Mg content between 200 to 800 ppm so they must derive from a less acidic source than the 

Schapenburg apatites.  
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Figure 3-9: Trace element comparison between Barberton detrital apatites, BTTG apatites, and sanukitoids/BADR apatites 

from the literature (Bruand et al., 2020). See explanations in the main text. 

A question remains as to the exact nature of the rocks that produced the Hooggenoeg and 

Schapenburg apatites. From the above observations it is clear that the Hooggenoeg apatites have trace 

element composition that separate them from the BTTG apatites, at least from the most differentiated 

plutons. However, as discussed in previous section, they exhibit similar LREE-enrichment and F 

content as apatites of the Kaap Valley tonalite (see Figure 3-4 A, 3-5, 3-6,  3-9 B) which could, at first 

glance, suggest that they crystallized in a compositionally similar magma that was present in the source 

area of the Hooggenoeg volcano-clastic sediments at 3.43 Ga. This magma must have been 

metaluminous and with silica content close to that of the Kaap Valley tonalite. The existence of tonalitic 

magma in surface exposures at 3.43 Ga is supported by geochemical study from Laurent et al., 2020 

who suggested that rocks of the TTG series might derive from variable degrees of evolution of a single 

initial tonalitic magma. This tonalitic magma experienced crystal-liquid segregation and subsequent 

interstitial liquid loss to volcanic eruptions. 3.45 Ga Trondhjemites of Stolzburg and Theespruit plutons 
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would thus represent “fossil crystal-rich magma reservoir left behind by the eruption of silicic volcanic 

rocks” (see Laurent et al., 2020). Therefore, it is likely that magmas of tonalitic composition were 

exposed and participated in the input of detrital grains to volcano-clastic sediments at 3.43 Ga. 

However, despite some obvious resemblances, some chemical differences also occur between the KVT 

apatites and the Hooggenoeg apatites, namely the Sr content. While Sr content has proven itself to be a 

weak discriminator for the degree of evolution of apatite parental melt (see discussion above), one 

cannot obviate the fact that the Hooggenoeg detrital apatites have much higher Sr content (600 to 1200 

ppm, see Figure 3-5 C) than the KVT apatites (350-400 ppm). This can suggest either that the parent 

magma had a higher bulk Sr content than Kaap Valley tonalite or that at similar Sr content, it crystallized 

apatite earlier than competing plagioclase, enabling it to record a more Sr-rich composition. However, 

as the Hooggenoeg apatites have a strong negative Eu anomaly, it is likely that plagioclase had already 

formed in significant amounts and sucked up most of the Eu budget by the time apatite started to 

crystallize. The contrasting Sr contents of the two populations is therefore ascribed to the different bulk-

rock Sr content of their parent magma. In fact, trace element characteristics of Hooggenoeg apatites 

overlap quite well with apatite formed in late-Archean Sanukitoids (see Figure 3-9). Both populations 

have similar La/Sm ratio, LREE content, Sm/Nd ratio and Y vs Ce content (Figure 3-9) in addition to 

sharing similar Sr content (Figure 3-5). This strongly suggests that magmas of sanukitoid affinity were 

part of the source area of the Hooggenoeg volcano-clastic sediments. In the case of the Schapenburg 

apatites, the combination of low Mg (see Figure 3-8 D) and Sm/Nd ratio (Figure 3-9 C) with high 

LREE (Figure 3-6) and La/Sm ratio (Figure 3-9 A) points towards an evolved acidic parent melt of 

non-TTG affinity. Indeed, at similar Mg content, evolved BTTGs produced LREE-depleted apatites 

compared with Schapenburg detrital grains where apatites are LREE-enriched. Sanukitoids apatites also 

show a good overlap with Schapenburg apatites in terms of La/Sm ratio, Y vs Ce and Sm/Nd content 

(Figure 3-9), outlining their potential source-to-sink relationship.  

Therefore, detrital apatites of the Barberton Greenstone sequence seem to have a different 

provenance than the exposed BTTGs. In fact, their trace element chemistry suggests that they must have 

been crystallized in granitoids that were more metaluminous and less evolved than the preserved 
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Barberton TTGs, potentially similar to late-Archean sanukitoids. This observation highlights the 

compositional diversity of the Paleo-archean felsic crust and its poor reflection in the preserved 

geological record. This supports claims made by (Combaz et al., 2025) who identified detrital zircons 

in the volcano-sediments of the Hooggenoeg Formation that have different trace element patterns than 

zircons of the exposed BTTGs, suggesting different provenance. The same was argued for zircons of 

the SSB which produced an age component that does not have any whole-rock equivalent in the terrane 

where these zircons were deposited and from which they were presumably sourced (Combaz et al., in 

press). In addition to this, if detrital apatites and zircons found within the same sedimentary rock sample 

can be assumed to derive from the same source (this is, we agree, not sure as clasts and detrital grains 

can have multiple sources while being deposited within the same sedimentary succession), then this 

source carried a population of zircons that is clearly chondritic to supra-chondritic in nature as 

Hooggenoeg Clastic Sediments and Schapenburg Schist Belt produced zircons predominantly with a 

positive Hf isotopic signature (Combaz et al., 2025).  

3.5.4. Geological and geodynamic implications 

The existence of Paleo-Archean sanukitoids in the source area of Hooggenoeg and Schapenburg 

apatites strongly challenges the accepted two-stage model of granitoid magmatism in the Archean and 

documented in every terrane across the world (Bédard, 1996; Davis & Hegner, 1992; de Oliveira et al., 

2009, 2010, 2011; Jayananda et al., 2018, 2020; Jiang et al., 2016; Laurent et al., 2011; Li et al., 2024; 

Ma et al., 2014; Martin et al., 2009; J.-F. Moyen et al., 2003; Shirey & Hanson, 1984; Smithies & 

Champion, 2000; Stevenson et al., 1999; Sun et al., 2020; Sutcliffe et al., 1990; W. Wang et al., 2024; 

Zhai et al., 2006). In this model, a TTG-dominated >3.0 Ga Archean continental crust is ultimately 

followed by a <3.0 Ga more diverse set of plutonic felsic rocks being emplaced in the Archean crust, 

reflecting increasing involvement of crustal-derived material and mantle-metasomatized peridotite in 

the petrogenesis of Neo-Archean-Proterozoic granitoids (TTGs, sanukitoids, two-mica granites and 

hybrid granitoids, see Laurent et al., 2014) as a result of the increasing depth at which buried mafic 

material start melting and the secular cooling of the Earth. In fact the earliest documented sanukitoid 

occurs at 2.95 Ga with the High-Mg diorite suite of the Mallina Basin in the Pilbara Craton (Smithies 
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& Champion, 2000). In the KaapVaal Craton, the earliest occurrence of sanukitoids comes from 

granitoids of the Pietersburg Block and Limpopo Southern Marginal Zone (2.68-2.71 Ga, see Laurent 

et al., 2014, 2019) and the later Bulai Pluton of the Limpopo Belt (2.65 Ga, see Laurent et al., 2011). 

Again, Schapenburg clastic sediments were deposited at 3.25 Ga (Anhaeusser, 1983; Stevens et al., 

2002; Combaz et al., 2025) and the Hooggenoeg volcano-clastic sediments at 3.43 Ga (Grosch et al., 

2011; Combaz et al., 2025) based on strong detrital zircon age constraints from independent studies. 

The existence of non-TTG felsic rock in the source area of Barberton clastic sediments deposited ~300 

to 500 Ma before the earliest documented sanukitoïd, strongly suggests that the observed higher 

diversity of granitoids at the Neo-Archean to Proterozoic transition is an artifact related to preservation 

bias. This confirms previous observations of Combaz et al., 2025 who, from a detrital zircon 

perspective, demonstrated the existence of now-missing Paleo-Archean K2O-rich granites that were 

only preserved as clasts or isotopically negative zircons deposited in the Moodies sedimentary 

successions.  

The existence of rocks of sanukitoid affinity as early as 3.43 Ga suggests that some form of 

subduction operated by that time as well as incipient cratonization and SCLM-crust coupling as 

suggested by (Vezinet et al., 2025), at least in the region of the Eastern Kaapvaal Craton. Indeed 

Sanukitoids are considered to mark the onset of plate-tectonics on Earth and their petrogenesis involve 

burial of LILE-rich material (TTGs and/or sediments) to deep pressures and their mixing with 

metasomatized mantle peridotite, a process that is more easily achieved through subduction than 

sagduction (Fowler & Rollinson, 2012; Laurent et al., 2014; Nebel et al., 2018, 2024; Vezinet et al., 

2018; W. Wang et al., 2024). This confirms previous conclusions of Combaz et al., 2025 who has shown 

the necessity to tectonically bury felsic volcanic material to produce the youngest, 3.2 Ga generation of 

Paleo-Archean granitic clasts of the Moodies Basal Conglomerate. While there were multiple ways to 

produce generations of granites at 3.4 and 3.5 Ga other than through classical subduction, the existence 

of >3.43 Ga sanukitoids in the source area of Barberton clastic sediments strongly advocates for the 

early operation of subduction at least in the Barberton area.  
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 The non-preservation of the whole range of Paleo-Archean granitoid diversity might be related 

to their emplacement into the shallower levels of the Archean crust, making them more exposed to 

surface weathering and recycling while their Neo-Archean to Proterozoic counterparts were 

progressively emplaced at deeper levels (as proposed by Agangi et al., 2018 and Combaz et al., 2025) 

following the secular cooling of the Earth. A possible reason why rocks of the TTG series had survived 

better than other granitoids is that they were probably emplaced at middle-crustal level and were thus 

less exposed to surface weathering and erosion (Agangi et al., 2018). However, this might also be 

related to their formation in an ephemeral subduction setting. Studies of Cawood et al., 2012; 

Hawkesworth et al., 2009 have documented the variation of preservation potential of igneous rocks with 

the tectonic setting in which they were formed. Igneous rocks formed during continent-continent 

collisions (mostly granites) are shielded inside a stable and strong continental lithosphere and thus are 

not recycled easily within the mantle (high preservation potential). In contrast, rocks formed during 

convergent/subduction (Scholl & Von Huene, 2009, 2010; Scholl & von Huene, 2007; Von Huene & 

Scholl, 1991, 1993) or extensional settings  are easily recycled through tectonic erosion and thus their 

preservation potential is quite low. Therefore, a possible explanation for the non-preservation of old 

sanukitoids and granites could be that they were formed in a time when global geodynamics were 

dominated by transient subduction processes involving micro-plates and only few continent-continent 

collisions and thus, were easily recycled back into the mantle through tectonic erosion or lost to surface 

weathering. While the stabilization of the Kaapvaal craton that happened after ca. 3.0 Ga (James et al., 

2003; Laurent et al., 2011, 2014, 2019; Luskin et al., 2019; Schoene et al., 2008, 2009; Vezinet et al., 

2018) and the building of a stronger and colder continental lithosphere (C. J. Hawkesworth et al., 2017, 

2020) might indeed help to increase the preservation potential of diverse granitoids, we would see little 

reason to explain why pre-3.0 Ga sanukitoïds would have been tectonically recycled whereas TTGs 

emplaced broadly at the same time (e.g. the ca. 3.45 Ga Theespruit and Stolzburg trondhjemites) would 

not. This for us suggests that the non-preservation of sanukitoïds before 3.0 Ga is an effect of surface 

weathering affecting upper crustal rocks and less, so rocks emplaced at deeper levels (i.e. TTGs). 
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3.6. Conclusion 

Detrital apatites of the Barberton Greenstone Belt reveal more heterogeneous and diversified 

Paleoarchean felsic crust than can be discerned from the exposed rock record. Rocks of sanukitoïd and 

granitic composition already existed in Paleoarchean time, at least 500 Ma before their earliest 

documented onset. This observation highlights the importance of considering preservation biases, a 

factor that is often considered for old Hadean zircons of the Jack Hills but somewhat under-considered 

when dealing with younger (but still old!!) Eo and Paleoarchean terranes. Paleo-archean sanukitoids 

likely formed during transient subduction processes but did not survive these as they were likely 

recycled back into the Mantle or lost to surface weathering. In contrast, their occurrence in the 

geological record after 3.0 Ga likely reflects the stabilization of the craton and their shielding inside 

rigid and rheologically strong continental lithosphere. This study emphasizes the powerful role of 

detrital apatite as a record of missing segments of the Earth’s earliest crust.  
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Abstract: 

 We present new LA-ICP-MS U-Pb and trace element data from supracrustal rutiles preserved 

in >3.45 Ga felsic volcano-sediments of the Barberton Greenstone Belt, South Africa. These felsic 

volcano-sediments have experienced upper amphibolite facies conditions at ca. 3230 Ma during the 

main regional tectono-metamorphic event. Rutiles were collected at two different locations, 

corresponding to two different protoliths of the same supracrustal sequence. They show homogeneous 

U-Pb ages and trace element concentrations at the sample scale but contrasting patterns between the 

two samples. A felsic meta-volcani(clasti)c rock contains rutile with a weighted mean 207Pb/206Pb age 

of 3474 ± 70 Ma (MSWD = 1.3, n = 34) and mean Zr-in rutile temperature of 846 °C, with high amounts 

of Nb (4000 ppm) and Ta (ca. 500 ppm) and low amounts of W (< 50 ppm). In contrast, an aluminous 

meta-sedimentary rock (sampled 3 km to the South) produced rutiles with a weighted mean age of 3180 

± 64 Ma (MSWD = 1.5, n = 150) and mean Zr-in rutile Temperature of 601°C, low amounts of Nb 

(<2000 ppm) and Ta (ca. 90 ppm) and high amounts of W (ca.1000 ppm). Despite inter-sample 

differences, trace element signatures are interpreted to reflect a metamorphic origin of the grains for 

both populations, indicating crystallization during two regionally well-documented metamorphic 

episodes at ca.3.45 Ga and ca.3.20 Ga. The petrographic context and a Zr-in rutile temperature lower 

than that of peak metamorphism (i.e. 660°C) favor that the ca. 3.20 Ga rutiles were initially crystallized 

during the retrograde path of the amphibolitized host rocks and record cooling after significant 

exhumation. In contrast, rutile from the other sample underwent only very minor resetting of the U-Pb 

clock after crystallization as to retain a ca. 3.45 Ga age, although it experienced the same peak 

metamorphic conditions at ca. 3.20 Ga. This non-resetting of the U-Pb clock, together with literature 

geochronological and metamorphic constraints, collectively entail a minimum cooling rate of the 

Southern BGGT between 22 and 60°C/Ma during exhumation. Such high cooling rates were so far not 

documented for Paleo- to Mesoarchean tectono-metamorphic events and underpin the likely existence 

of conditions similar to those prevailing in modern “cold” orogens at that time.  

 

4.1. Introduction 

Rutile (TiO₂), an accessory mineral that crystallizes at P-T conditions above that of amphibolite 

facies (Angiboust & Harlov, 2017; Zack & Kooijman, 2017), has emerged as a robust tracer of the 

thermal evolution of high-grade metamorphic rocks (Bonnet et al., 2022; J. A. Cutts et al., 2019; Ewing 

et al., 2015; Kohn et al., 2016; Mezger et al., 1989; Tual et al., 2018; Zeh et al., 2018). Its exceptional 

utility in constraining cooling rates arises from its retention of U-Pb ages below a closure temperature 

(ca. 500-600°C, see Cherniak, 2000) that mimic those encountered in the middle crust. In addition to 

mailto:jean-baptiste.combaz@orange.fr
https://orcid.org/0009-0007-1021-4052


 

162 
 

this, rutile possesses a strong affinity for high-field strength elements such as Zr, U, Hf, W, Nb and Ta, 

the proportions of which enable geologists to discriminate metamorphic vs hydrothermal vs magmatic 

vs authigenic rutiles and, to a lesser extent, the lithological nature of their former host rock (Luvizotto 

et al., 2009; Meinhold et al., 2008; Pereira et al., 2019; Pereira & Storey, 2023; Schirra & Laurent, 

2021; Sciuba & Beaudoin, 2021; Triebold et al., 2007, 2012; Zack, von Eynatten, et al., 2004). This, 

together with its resistance to chemical weathering and sedimentary cycles, make rutile a foremost 

accessory mineral for who wants to investigate the nature of sediment sources that are long eroded 

away. Lastly, the Zr concentration in rutile provides estimate of the temperature of crystallization (Ferry 

& Watson, 2007; Zack, Moraes, et al., 2004) such that it may record the metamorphic history of its host 

rock.  In particular, a global compilation of Zr-in-rutile temperatures has been recently used to trace the 

onset of HP/LT, subduction-like metamorphic processes in the global rock-record (Pereira et al., 2021).  

Whereas rutile have been widely used as a thermo-chronometer for characterizing the cooling 

rates at which Proterozoic-Phanerozoic orogens were cooled (Angiboust & Harlov, 2017; Bonnet et al., 

2022; Ewing et al., 2015; Pereira & Storey, 2023; Smye & Stockli, 2014; Zack et al., 2007), similar 

studies for Archean high-grade metamorphic rocks are few, and mainly confined to the Neo-Archean 

granulitic domains which typically produced slow cooling rates that range between 2.2 to 0.4 °C/Ma (data from the Pikwitonei 

Granulite domain; Kooijman et al., 2010). Seldom has the Paleo-Mesoarchean rock record (more 

dominated by greenschist to amphibolite facies rocks, e.g. Anhaeusser, 2014; Percival, 1994) been 

investigated for such a purpose. Yet, the thermal history and cooling rate of high-grade metamorphic 

rocks bears important implications on the controlling tectonic processes and associated uplift rates, 

which for this period of the Earth’s history are still debated. Following the categorization of (Jamieson 

& Beaumont, 2013) of Phanerozoic orogens, “Small Cold Orogens” (SCO) are characterized by cooling 

rates above 5°C/Ma and generally associated with tectonic exhumation of lower crustal units through 

low-angle detachment systems (Brown & Dallmeyer, 1996; Byrne et al., 2024a; Huet et al., 2011; 

Labrousse et al., 2016; Ring et al., 1999; Vanderhaeghe et al., 2003). In contrast, “Large Hot Orogens” 

(LHO) are characterized by cooling rates lower than 5°C/Ma, due to higher radiogenic heat buildup due 

to the orogen’s larger size and/or higher mantle heat transfer, which results in the development of a hot 
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(partially-molten) middle-lower crust and lateral rather than vertical crustal flow, entailing slower 

cooling of the lower crustal units (Ashwal et al., 1999; Cagnard et al., s. d.; Chardon et al., 2009; Collins, 

2002; Kelsey & Hand, 2015; Korhonen et al., 2013; Vanderhaeghe & Teyssier, 2001; Willigers et al., 

2002).  

Therefore, characterizing the cooling rate of > 3.2 Ga high-grade metamorphic rocks might 

shed light on the exhumation mechanisms that drove these rocks back to the surface after reaching their 

peak metamorphic conditions and enable to constrain the local tectonic setting of orogenic events at 

that time. A common assumption in articles investigating the thermal evolution of Archean 

metamorphic rocks is that these must have cooled at inherently slow rates, i.e. lower than 5°C/Ma, as a 

result of the higher radiogenic heat production happening within the > 3.0 Ga Mantle (Brown et al., 

2022; Brown & Johnson, 2018; Herzberg et al., 2010; Korenaga, 2018; Scibiorski et al., 2015). Indeed, 

as stated by (Scibiorski et al., 2015) from their global compilation of cooling rates from Proterozoic to 

Phanerozoic orogens, the increase of cooling rates observed in high-grade metamorphic rocks with 

decreasing ages is interpreted to result from secular cooling of the Continental Crust and underlying 

Mantle. Nevertheless, modern plate tectonics are characterized by the coexistence of orogenic belts that 

experience contrasting thermal histories, such that characterizing the complexity of metamorphic 

cooling rates at any given time of the Earth’s history appears just as essential as investigating their 

secular evolution. 

The ca. 3.55 -3.21 Ga Barberton-Granitoid-Greenstone-Terrane (BGGT) in South Africa 

provides the right framework to investigate the cooling rates of Paleoarchean metamorphic rocks since 

extensive petrological, stratigraphic, structural and sedimentological studies going back to the 1960s 

have well documented the tectonic-magmatic-metamorphic processes that presided to its formation 

(Anhaeusser et al., 1969; Anhaeusser, 1980, 1981; Condie et al., 1970; De Wit et al., 1987; de Wit, 

1982; J. F. Diener et al., 2005; J. F. A. Diener & Dziggel, 2021; Dziggel et al., 2002, 2005, 2006, 2006; 

Hofmann, 2005; Kamo & Davis, 1994; A. F. M. Kisters et al., 2003; Lowe, 1999; Lowe & Byerly, 

2007; J. F. Moyen et al., 2021; J.-F. Moyen et al., 2006, 2007; Mühlberg et al., 2021; Nédélec et al., 

2012; Schoene et al., 2008, 2009; Stevens et al., 2002). The BGGT present structural architecture of the 
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BGGT features the archetypal volcanic-sedimentary (“greenstone”) rock association together with 

tonalite-trondhjemite-granodiorite (TTG) domes. It has been proposed that the entire terrane got 

assembled at ca. 3.2 Ga by the amalgamation of two separate microcontinents along the NE-SW tending 

Inyoni-Inyoka-Fault System (Zeh et al., 2009, Figure 4-1A). This episode led to burial of the granitoid-

greenstone block South of the Komati-River Fault down to amphibolite facies conditions (J. F. Diener 

et al., 2005; Dziggel et al., 2002, 2005, 2006).  However, while the tectonic setting is now better 

constrained, the exact duration of the main episode of (collision-related) metamorphism remains 

debated with some studies arguing for a 50 Myr-long regional metamorphism (K. A. Cutts et al., 2014; 

Kamo & Davis, 1994; Peng et al., 2019) and others, involving geochronological work, arguing for a 

<30 Myr-long event (J. F. Diener et al., 2005; Lana et al., 2010). A key question that remains unsolved 

is the rate at which these high-grade amphibolitized units were subsequently cooled from peak 

temperature of 600-700°C (J. F. A. Diener & Dziggel, 2021). Rutile grains found in amphibolitized 

felsic schists, interpreted to be deformed ca. 3.45 Ga meta-volcano-sediments, and identified by (J. F. 

Diener, 2004) and Combaz et al., (in revision) have potential to shed light on the likely cooling rate 

experienced by the Southern BGGT at 3.2 Ga. The objectives of the present work are therefore to (i) 

characterize these rutiles, which occur in >3.45 Ga volcano-sediments metamorphosed to P-T 

conditions of ca. 8-9 kbar-660°C, using LA-ICP-MS U-Pb and trace element analyses; and (ii) use the 

results to reconstruct the cooling rate experienced by rocks of the Southern BGGT.  

4.2.  Geological setting of the BGGT  

 

The Barberton Greenstone Belt (BGB) is located in the Eastern Kaapvaal Craton, South Africa. The 

BGB is part of the Witwatersrand Block of (Eglington & Armstrong, 2004) and forms one of the best 

preserved Paleo-to- Mesoarchean supracrustal rock sequence in the world. It encompasses supracrustal 

lithologies emplaced from >3.55 Ga to ca. 3.21 Ga and the stratigraphic relationships with respect to 

surrounding granitoid-gneisses have been described since the late 1980s (Anhaeusser, 1976, 1980, 

1981) and better emphasized in later studies (De Wit et al., 1987; de Wit, 1982; de Wit et al., 2011; 
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Heubeck & Lowe, 1994; Lowe, 1999; Lowe & Byerly, 1999, 2007). The greenstone lithologies are 

separated into three main lithostratigraphic groups:  

- The Onverwacht Group (ca. >3.55 to ca.3.26 Ga) which is mostly made of mafic and ultramafic 

volcanic rocks (komatiites, basalt, Parman et al., 1997), felsic volcanic and volcano-clastic 

sequences (such as present in the Theespruit Formation, De Wit et al., 1987) and minor clastic 

sediments (Dziggel et al., 2002, 2006). The deposition of this group is diachronous across the 

belt with units of the Northern Terrane (Figure 4-1) deposited at a later time than units of the 

Southern Terrane (Lowe & Byerly, 2007).  

- The Fig Tree Group (ca. 3.26 to 3.23 Ga) represent extrusive sequences of more evolved 

magmas, the latter commonly producing dacites, rhyodacites as well as chemical sediments of 

the BIF series (Byerly et al., 1996; Condie et al., 1970; Hofmann, 2005; Kohler & Anhaeusser, 

2002).  

- The Moodies Group (ca. 3.22 to 3.21 Ga) which is the final term of the Barberton sedimentary 

history and is mostly made of clastic sediments (sandstones, conglomerates) and minor volcanic 

tuff layers (Heubeck, 2019; Heubeck et al., 2022).  

The greenstone belt is surrounded by voluminous granitoids-gneisses of different chemical 

affinities which can be lumped together into two different families, emplaced at different times. The 

Tonalite-Trondhjemite-Granodiorite (TTG) series is the earliest family and represents Na-rich 

granitoids that were emplaced at ca. 3550 Ma (Steynsdorp gneiss, e.g. Kröner et al., 1996, Figure 4-1), 

ca. 3456 Ma (Stolzburg and Theespruit plutons; Armstrong et al., 1990; Kamo & Davis, 1994; Laurent 

et al., 2020 Figure 4-1B) and ca. 3290-3210 Ma (Nelshoogte, Badplaas gneisses, Anhaeusser, 1983; A. 

F. Kisters et al., 2010; Matsumura, 2014; and Kaap Valley tonalite, Robb et al., 1986; Figure 4-1). 

Together with the BGB, these granitoids-gneisses form the Barberton-Granitoid-Greenstone Terrane 

(BGGT). The BGGT has been intruded at ca. 3100 Ma by a second family of granitoids, represented by 

voluminous K-rich alkaline granitoid laccoliths belonging to the Granite-Monzonite-Syenite suite 

(GMS, Clemens et al., 2010; Kamo & Davis, 1994; Santos Leandro et al., s. d.).  
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The BGGT experienced several deformation events from ca. 3.55 to 3.20 Ga, of which the main 

one occurred from ca. 3230 Ma to 3203 Ma (the D2 event, see references below). This event was 

associated with upper amphibolite facies metamorphic conditions, with maximum P/T conditions 

reaching ca.10 kbar and ca.650-700 °C as recorded by rock units of the Stolzburg Terrane (Figure 4-

1B) (K. A. Cutts et al., 2014, 2021; J. F. Diener et al., 2005; J. F. A. Diener & Dziggel, 2021; Dziggel 

et al., 2002; Kato et al., 2018, 2018; J.-F. Moyen et al., 2006; Nédélec et al., 2012; Peng et al., 2019; 

Wang et al., 2019). This event correspond to the burial of the Stolzburg Terrane to garnet-amphibolite 

facies conditions in a classical thickening event of the crust, resembling that of Phanerozoic orogenic 

systems.  The preservation of > 3.23 Ga U-Pb ages in igneous apatites of the Stolzburg and Theespruit 

Plutons identified by (Mühlberg et al., 2021) show that little partial melting of the 3.45 Ga trondhjemite 

has occurred during the 3.2 Ga collision event, thereby ruling out scenario of partial convective overturn 

of the crust proposed in earlier studies (Peng et al., 2019; Van Kranendonk et al., 2014; Wang et al., 

2019). The Stolzburg Terrane thus behaved as a coherent, solid-state and cold tectono-metamorphic 

units and represent the footwall of the Komati River Normal Fault (Figure 4-1B) as described by (A. 

F. M. Kisters et al., 2003).  
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Figure 4-1 : Sketch geological maps of A) the Barberton Greenstone Belt (modified after Schoene et al., 2008, 2009 and 

Combaz et al., in revision) and regional map of the Stolzburg Terrane (modified after (Mühlberg et al., 2021) showing the 

position of outcrops sampled in this work and previous studies with associated P/T conditions (references in the legend). 

Igneous ages for the various granitoid gneisses are from (Laurent et al., 2020) for Stolzburg and Theespruit trondhjemitic 

plutons, (A. F. Kisters et al., 2010) for the Badplaas pluton, (Schoene et al., 2008) for the Nelshoogte pluton, (Kamo & Davis, 

1994) for the Boesmanskop Syenite and the Mpuluzi Granite. SIFS = Saddleback-Inyoka Fault System, ISZ = Inyoni Shear 

zone, KRF = Komati River Fault, BS = Boesmanskop Syenite and MG = Mpuluzi Granite. 
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4.2.1. The Tjakastad Schist Belt 

 

The samples investigated in this study were collected in the Tjakastad Schist Belt (TSB), which 

is part of the Theespruit Formation in the lower Onverwacht Group (Figure 4-1B). The TSB 

encompasses metamorphosed supracrustal rocks sequences of various felsic/silicic lithologies described 

as “felsic volcanics” or “volcano-clastic sediments” since the early 1980s (De Wit et al., 1987; de Wit, 

1982). Protoliths of these metapelitic rocks in the TSB are difficult to ascertain given the substantial 

modification of the original fabric and mineral assemblages by metamorphic and alteration processes. 

Nevertheless, felsic schists from the North (muscovite-schists) are closer in mineralogy and 

composition to volcanic rocks, whereas schists from the South (garnet-staurolite-kyanite-schists) are 

much more likely to represent deformed Al-rich clastic sediments of pelitic composition (J. F. Diener, 

2004). In the North, the age of deposition of the felsic volcano-clastic sequences is constrained through 

zircon U-Pb dating at ca. 3470-3480 Ma for two samples of felsic schists (TH11 and TH13 

respectively), which are lithologically similar, and sampled in the immediate vicinity of TH12 (Figure 

4-2A) Combaz et al., in revision). South of the Theespruit river, the youngest detrital zircons in a meta-

sedimentary rock (TSB-03, see Figure 4-2A), arguably comparable to TSB-04, have a weighted mean 

age of 3507 ± 1.6 Ma (Combaz et al., in revision). The felsic lithologies of the TSB are intruded by the 

ca. 3456 Ma trondhjemitic plutons: the Stolzburg plutons in the West and the Theespruit pluton in the 

East (see Figure 4-2).   

Together with the surrounding ca. 3456 Ma plutons, the TSB is part of the Stolzburg Terrane, 

a high-grade block of the BGGT that experienced 2 episodes of metamorphism from 3450 to 3200 Ma 

(Figure 4-1B&4-2): 

1) An older, local event of contact metamorphism dated at 3436 ± 18 Ma (U-Pb in monazite of 

felsic schists; Cutts et al., 2014 – see outcrop position in Figure 1B) attributed to the intrusion 

of the Stolzburg and Theespruit plutons that heated up the intruded supracrustal sequences of 

the TSB. The peak P-T conditions for this early metamorphic event have been constrained to 
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4.5 kbars and 550°C through garnet compositions and phase diagram modelling (K. A. Cutts et 

al., 2014).  

2) A younger metamorphic event of regional importance that reached amphibolite facies 

conditions up to the stability field of garnet (J. F. Diener et al., 2005; Dziggel et al., 2002, 2006; 

Lana et al., 2010; J.-F. Moyen et al., 2006) at ca. 3230 Ma. This event is documented by 

geothermobarometric studies conducted at different locations of the Stolzburg Terrane, 

showing that peak metamorphic conditions increase from the Komati River Fault to the 

greenstone remnants located in the center of the Stolzburg Pluton (Figure 4-1B). Peak P/T 

conditions of the amphibolite schists located close to the Komati river fault were constrained 

to 5.5 kbars-490°C (A. F. M. Kisters et al., 2003), to 6.1 kbars-570°C at locality 61406 (see 

Figure 4-2A, J. F. Diener et al., 2005), to ca. 10 kbars-610°C at locality Tj10 (Figure 4-2A, J. 

F. A. Diener & Dziggel, 2021) in the TSB, to 8 kbars-660°C at locality 62107 (Figure 4-2A, J. 

F. A. Diener & Dziggel, 2021) in the TSB and to ca. 11 kbars-700°C in the Sandspruit-age 

amphibolite clastic sediments of the central Stolzburg Domain (Figure 4-1B, J. F. A. Diener & 

Dziggel, 2021), the farthest from the Komati River Fault. We have represented the maximum 

metamorphic temperature recorded at different localities as isotherms in Figure 4-2A.  

 In the TSB, peak P-T conditions during the second, regional episode were attained at 3229 ± 5 Ma 

(U-Pb titanite dating by Dziggel et al., 2005) during the exhumation of the TSB felsic schists, as the 

peak mineral assemblage is present in the S-C schistosity planes that define the exhumation fabric of 

the rocks (J. F. Diener et al., 2005). This episode of burial is related to the main terrane accretion event 

(see above; Moyen et al., 2007; Stevens & Moyen, 2007) that juxtaposed the Southern and Northern 

Terranes of the BGB (sensu Zeh et al., 2009) along the Saddleback-Inyoka-Fault-System (SIFS). The 

collision at 3230 Ma was ultimately followed by exhumation of the Stolzburg Terrane along the Komati 

River Fault (Figure 4-1B and A. F. M. Kisters et al., 2003) in settings similar to metamorphic core 

complex formation. The entire metamorphic cycle reached an end before 3203 ± 7 Ma, which is the age 

of emplacement of the Dalmein pluton, a shallow intrusion truncating the high-grade greenstone 

stratigraphy and containing angular xenoliths of amphibolite-facies supracrustal rocks (Lana et al., 
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2010). Cooling ages of ca. 3190 ± 19 Ma were obtained from hornblende Ar-Ar dating in ISZ 

amphibolites (Peng et al., 2019) and crystallization, U-Pb ages of monazite at 3191 ± 9 Ma in felsic 

schists on the eastern side of the Theespruit pluton (Figure 4-1B, K. A. Cutts et al., 2014). The monazite 

age is interpreted to reflect the age of retrograde metamorphism of the TSB, whereas the ages of 

hornblende in the ISZ are interpreted to reflect the cooling of the Stolzburg Terrane below closure 

temperature for Ar diffusion (ca. 500°C, Chew & Spikings, 2015).  

 

Figure 4-2: Local geologic context of samples investigated in this study. (A) Sketch geological map of the Tjakastad Schist 

Belt (after Diener et al., 2005) showing the location of samples investigated for zircon dating (Combaz et al., in revision) as 

well as sample Tj10, 61406 and 62107 of Diener et al., 2005. The white dashed lines represent isotherms of maximum 

metamorphic temperature from (Kisters et al., 2003, Dziggel et al., 2002, Diener et al., 2005 and Diener and Dziggel., 2021. 

(B) P-T diagram summarizing the metamorphic history of the Stolzburg Terrane with the conditions corresponding to the two 

metamorphic events (ca. 3450-3430 Ma and 3230-3190 Ma) shown as green and red boxes respectively. Note that the exact 

geometry of the prograde P-T path for 3436 Ma monazites from Cutts et al. 2014 is still not fully constrained (contact 
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metamorphism - question mark).  Data from Moyen et al., 2006 (1), Dziggel et al., 2002 (2), Stevens et al., 2002 (3), Diener 

et al., (2005) (4) and Cutts et al., (2014) (5). 

4.3.  Materials and methods 

4.3.1. Samples 

 

Two samples of felsic schists belonging to the Theespruit formation were collected in the TSB 

(Table 1). More details on the petrography are provided below. Rutiles were extracted from crushed 

samples using conventional heavy mineral separation techniques (Wilfley table, hand panning, Frantz 

magnetic separator), handpicked, set in 1-inch epoxy mounts and polished. More details of the mineral 

separation techniques used are provided in Combaz et al. 2025.  

 

Table 4-1 : Geographic, Lithological and Stratigraphic information about the samples investigated in this study. 

4.3.2. SEM 

The internal structures of the rutile grains were characterized by back-scattered electron images 

(BSE), using the Vega4 (Tescan) scanning electron microscope (SEM) equipped with a BSE 

detector at Géosciences Environnement Toulouse, France. Instrumental conditions were an 

acceleration voltage of 15 keV and beam current of 3 nAImage resolution was set to 1024 × 

1024 pixels with a sweep time of ca. 34 s per image, corresponding to a dwell time of ca. 31 

ms per pixel. 

4.3.3. LA-ICP-MS 

Simultaneous analyses of U-Pb isotopes and trace elements in rutiles were conducted by laser 

ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) at the Service ICP-MS of 

Observatoire Midi-Pyrénées (OMP-UAR831), Toulouse, France. The analyses were carried using a 

NWRfemto (Elemental Scientific Instruments) solid-state femtosecond laser ablation system set to UV 

Sample Stratigraphic position Location Lithology Latitude Longitude

TH12
Theespruit Formation, 

Lower Onverwacht 
Group

Tjakastad Schist 
Belt

Qz-Ms-felsic 
schist

-25.049722 30.873333

TSB-04
Theespruit Formation, 

Lower Onverwacht 
Group

Tjakastad Schist 
Belt

Grt-St-Ky-Ms 
felsic schist

-26.013972 30.783972
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mode (257 nm wavelength) coupled with an Element XR (ThermoScientific) sector-field ICP-MS. 

Measurements were performed with a laser spot diameter of 40 µm, a repetition rate of 8 Hz for TH12 

and 5 Hz for TSB-04 and an energy density of ca. 3.5 J/cm2. Ablation was performed in the built-in, 

dual-volume, fast-washout ablation cell (<1 cm3 effective volume) flushed with He carrier gas (ca. 0.6 

L/min) to which was admixed Ar make-up gas (ca. 0.85 L/min) downstream of the ablation cell before 

introduction in the plasma. A typical run consisted of three pre-ablation pulses (for surface cleaning) 

followed by 7 seconds washout; 15 seconds of background signal acquisition; and 20 seconds of 

ablation. The list of acquired masses, corresponding dwell times, details about the instrument 

optimization and data acquisition procedures are provided in the Supplementary material to Chapter 

4.  

The resulting intensities were processed offline with the Iolite v4.0 software, using the U-Pb 

geochronology data reduction scheme with VizualAge add-in (after Petrus & Kamber, 2012). The R10 

rutile reference material (using isotope ratios from Luvizotto et al., 2009) was used as primary standard 

for correction of instrumental drift, mass bias and laser-induced U/Pb fractionation through 

conventional standard-sample bracketing following the procedure of (Zack et al., 2011). Secondary 

rutile standards R13 (Schmitt & Zack, 2012a) and WODB (Schirra & Laurent, 2021) were analyzed as 

unknowns to confirm the accuracy of the results. The obtained U-Pb ages for all secondary standards 

(see Supplementary material to Chapter 4) are accurate within the total bulk reproducibility of the 

method, estimated at ca. 2% relative [2σ] (see below). The data from unknowns and reference materials 

are provided in Supplementary material to Chapter 4. Concordia diagrams and age distributions were 

constructed using the IsoplotR online package (Vermeesch, 2018). Systematic uncertainties were 

propagated in the uncertainties of pooled ages (i.e. calculated from the average of several individual 

data points) as recommended by (Horstwood et al., 2016) and employing a long-term excess scatter of 

2% relative on both 206Pb/238U and 207Pb/206Pb ages, based on results of multiple sessions during which 

the R13 reference material has been analyzed at OMP over a period of about 4 years. 

Trace element concentrations were calibrated against the NIST SRM610 glass reference material 

(Jochum et al., 2011). The same signal integration intervals as defined for U-Pb dating were used for 
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trace element quantification, ensuring that both are obtained on the same rutile volume. The 

stoichiometric Ti content of rutile (60 wt.%) was used as internal standard for relative sensitivity 

correction. Natural rutile reference material R10 was employed to check for any remaining matrix effect 

due to the high Ti concentration difference between NIST SRM610 and rutile, and a further correction 

factor (typically in the order of 15–20% relative) was applied to rutile element concentrations as to get 

HFSE (Zr, Hf, Nb, Ta) and W contents in R10 matching those analyzed by ID-MC-ICP-MS by 

Luvizotto et al. (2009). The results show that trace element quantification is accurate within the 

analytical reproducibility of the method (between 5% and 20% relative depending on the element and 

concentration Supplementary material to Chapter 4). More details about the analytical conditions 

can be found in Supplementary material to Chapter 4; the data from unknowns and reference 

materials are provided in Supplementary material to Chapter 4. 

 

4.4.  Results 

4.4.1. Sample petrography and rutile morphology 

 

 Samples collected in this study present different mineralogical compositions and textures. 

TH12 (collected in the North, 1km away from the Theespruit pluton, see Figure 4-2) is quartz-

muscovite-rich schist (Figure 4-3A&B) of probable volcano-clastic origin, whereas TSB-04 is a garnet-

kyanite-staurolite-phengite bearing schist (Figure 4-3C&4-3D) resembling those described by (J. F. 

Diener et al., 2005) and more typically corresponds to a schistose, clastic meta-sediment. Garnet, 

kyanite and staurolite occur as early porphyroclasts partially disaggregated and replaced by phengite 

and quartz (Figure 4-3C&4-3D).  In both samples, rutile occurs as an accessory phase included within 

muscovite (or phengite) and/or quartz, which define the main schistosity of the rock. TSB-04 produced 

much larger crystals than in TH12 (mean diameter is estimated to be 80 µm in TH12 and 200 µm in 

TSB-04, Figure 4-3E&4-3F). Under BSE images, TH12 rutiles contain inclusions of quartz, albite and 

chlorite, whereas TSB-04 rutiles are mostly inclusion-free, besides a few that contain quartz. In both 

samples, rutile shows little to no chemical zoning in BSE images (Figure 4-4). TH12 rutile crystals, 
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while being smaller, also have more rounded edges than those of TSB-04 (Figure 4-4A and 4-4C). 

Additionally, no evidence of exsolution lamellae of zircon and/or baddeleyite was observed in either 

sample. The different rutile grain size fractions investigated separately in sample TSB-04 (75-90 µm; 

90-125 µm; 125-250µm, see supplementary table S3) did not reveal any systematic difference in terms 

of crystal morphologies and proportion/diversity of inclusions.  
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Figure 4-3 : Representative thin section photomicrographs of samples investigated in this study. (A) plan-polarized light (PPL) 

and (B) crossed-polarized light (CPL) images of sample TH12 (schistose felsic meta-volcani(clasti)c rock); (C) PPL and (D) 

XPL images of sample TSB-04 (schistose clastic meta-sediment). Representative PPL images of rutile crystal morphologies in 

TH12 (E) and TSB-04 (F) are also shown. Ms = muscovite; Grt = garnert; Qtz = quartz; Rt = rutile; Phg = phengite. 
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Figure 4-4: Representative back-scattered electron images of rutiles of the Tjakastad Schist Belt with geochronological 

(yellow) and geochemical (green) information associated with LA-ICP-MS spots (dashed circles). 
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4.4.2. Rutile U-Pb dating 

 Due to the small size of TH12 rutiles (mean diameter ca. 80µm), only 6 grains could be analyzed 

at different locations. Three examples are shown in Figure 4-4 (grains A, B and C). In the case of TSB-

04, rutiles belonging to the three size fractions (75-90 µm, 90-125 µm and 125-250 µm, see 

Supplementary material to Chapter 4 and Figure 4-4) were analyzed separately to assess the 

potential influence of grain size on retention of chemical and chronological properties (Cherniak, 2000; 

Kohn, 2016, 2020; Zack & Kooijman, 2017). In total, 143 simultaneous U-Pb and trace-element 

analyses were carried out in TH12 rutiles and 311 in TSB-04 rutiles (including 67 in the 75-90 µm; 100 

in 90-125 µm; 144 in 125-250 µm, see Supplementary material to Chapter 4).  

In both samples, a significant range of 207Pb/206Pb dates is observed, with an increase of 

207Pb/206Pb dates with increasing 204Pb content (Figure 4-5A). Therefore, we interpret the observed 

spread of 207Pb/206Pb dates as reflecting the presence of common Pb (Pbc), which is a common feature 

in rutile (Bracciali et al., 2013; Schmitt & Zack, 2012b; Zack et al., 2007, 2011; Zack & Kooijman, 

2017). We have decided to exclude rutile analyses for which 204Pb contents are above 1.5 ppm (open 

diamonds in Figure 4-5A&B), which corresponds to the average limit of detection (see Supplementary 

material to Chapter 4– analyses not considered in the interpretation were labelled “not used” in these 

tables). Even after filtering for analyses containing significant Pbc, rutile data for both samples show 

significant scatter in Tera-Wasserburg diagrams (Figure 4-6A&B). Most analyses are indeed sub-

concordant but spread along the Concordia between ca. 3650 and 3300 Ma for TH12 (Figure 4-6A) 

and between ca. 3400 and 3100 Ma for TSB-04 (Figure 4-6B). Nonetheless, concordant data from both 

rutile populations have statistically different distributions of 207Pb/206Pb dates. TH12 rutiles show a near-

normal distribution with a clear mode at ca. 3510 Ma (Figure 4-6C) whereas for TSB-04, the 

distribution is asymmetrical, with a peak at ca. 3180 Ma and a tail towards older dates up to ca. 3600 

Ma (Figure 4-6D).  
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Figure 4-5: Plots of 204Pb (A) and 238U (B) concentration in analyzed rutiles as a function of 207Pb/206Pb dates. The open 

symbols correspond to analyses with >1.5 ppm 204Pb considered as too rich in common Pb (Pbc) to yield meaningful U-Pb 

dates.   
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Figure 4-6: Geochronological data for rutiles of the Tjakastad Schist Belt. Graph A and B are Tera-Wasserburg plots for 

rutile samples TH12 (A) and TSB-04 (B). Colored ellipses represent spots that are concordant and with [Pbc] below limit of 

detection (LOD) whereas grey ellipses show discordant and common Pb-rich spots. Graphs C and D show histograms and 

Kernel Density Estimates of 207Pb/206Pb dates of both rutile samples, only showing concordant data with [Pbc] < LOD. 

In details, there is no systematic correlation between 207Pb/206Pb date and grain size and/or the position 

of the analytical spot in a given rutile crystal. In sample TSB-04, 55 grains were analyzed at multiple 

spot locations, with selected core-to-rim date profiles illustrated in Figure 4-7A&4-7-E. While rare 

grains show systematic variations, notably rims apparently older than the cores (Figure 4-7A) or the 

opposite (Figure 4-7C), most analyzed crystals show homogenous intra-grain patterns of 207Pb/206Pb 

dates (Figure 4-7B&E&F), with rare outliers (Figure 4-7C&D). In fact, at the scale of one grain, 

outlying 207Pb/206Pb dates are commonly grouped in the same area of the crystal (see e.g. points #2 in 

Figure 4-7C and#5 in Figure 4-7D) such that in general, the observed intra-grain variations likely 
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reflect minor disturbance of the U-Pb system, in particular Pbc incorporation. TH12 rutiles analyzed 

multiple times show the same homogeneous pattern (Figure 4-7F and Figure 4-4). 

 

 

Figure 4-7: Results of selected age profiles performed in rutile grains from the TSB samples, including BSE image with position 

of analytical spots and corresponding 207Pb/206Pb dates arranged as a function to the distance to the geometric core of the 

grain.  
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4.4.3. Rutile trace element data 

 

Figure 4-8 : Boxplots showing the distribution of selected trace element concentrations in rutiles from the two studied TSB 

samples. 

 

The rutiles analyzed in this study show limited to no variability (within uncertainties) of trace 

element compositions at the scale of individual grains or even within a given sample. However, they 

show contrasting chemical compositions between the two samples investigated (Figure 4-8). Notably, 

TH12 rutiles display much higher Zr (mean ca. 2700 ppm), Nb (mean ca. 7300 ppm) and Ta (mean ca. 

500 ppm) contents than TSB-04 (mean Zr ca. 300 ppm, mean Nb ca. 2300 ppm and mean Ta ca. 80 

ppm) (Figure 4-8). On the other hand, TH12 rutiles have notably lower W and Cr contents (mean ca. 

40 and 3300 ppm respectively) than TSB-04 rutiles (mean ca. 1000 and 5400 ppm respectively). 

Although both populations show very low amounts of Sb, Sn and Hf, differences between the two 

samples persist for these elements (for TH12 and TSB-04, mean contents are 0.88 vs. 0.23 ppm for Sb; 

82 vs. 228 ppm for Sn and 83 vs. 13 ppm for Hf) (Figure 4-8). 
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4.5.  Discussion 

4.5.1. Thermometry and chemistry of rutiles from the TSB 

 

 

Figure 4-9: Plot of calculated Zr-in-rutile temperatures (after Kohn, 2020) for the TSB rutiles, assuming pressures of 5 kbar 

for both samples). Temperatures were also calculated at 1 bar for TH12 to test the pressure dependence of the calculated 

temperatures (see text for details). Uncertainties correspond to the 2SE analytical uncertainties for the Pb-Pb ages and ±15°C 

for the temperature (Kohn, 2020). The shaded grey vertical bars correspond to documented felsic igneous events in the BGGT 

(ages after Compston & Kröner, 1988; Kröner et al., 2013 for the AGC; Laurent et al., 2020; Moyen et al., 2007 for the TTGs; 

and Santos Leandro et al., s. d.  for the GMS) 

 

The contrasting Zr content of both rutile samples (Figure 4-8) translates into different 

crystallization temperatures. We have utilized the combined model of (Kohn, 2020) to calculate the Zr-

in-rutile temperatures (Figure 4-9), assuming that quartz and zircon were both present and in 

equilibrium at the time rutile crystallized. This is a reasonable assumption given the fact that zircons 

were found in lithologically similar (volcano-sediments or clastic sediments assimilable to pelites, see 

result section above) and nearby samples TH11, TH13 and sample TSB-03 (Combaz et al., in revision) 

and that quartz is present in the rock and as inclusions in rutile for both samples (cf Figure 4-3 and 4-
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4). Pressure does not significantly impact the calculation of Zr-in rutile temperature as calculation 

conducted at 5 kbar on one hand and 0.001 kbar on the other hand produced temperatures that differ by 

ca. 3.5% relative only so we used a minimum P estimate of 5 kbar for both samples to allow comparison. 

Since metapelitic rutile generally crystallizes at pressure conditions higher than that of amphibolite 

facies metamorphism (Force, 1980; Pereira et al., 2021; Triebold et al., 2012; Zack, Moraes, et al., 

2004), 5 kbar is a conservative but reasonable assumption. The results show that the higher Zr contents 

of TH12 rutiles (cf. Figure 4-8) translates to significantly higher temperatures than the Zr-poorer TSB-

04 rutiles, with mean values of 846 °C vs. 601°C (± ca. 40°C) respectively (Figure 4-9).  
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Figure 4-10: Trace element composition of the TSB rutiles plotted in proposed binary discrimination diagrams for rutile from 

different rock types: (A) Cr vs Nb plot from Meinhold et al., 2008; Pereira et al., 2021; Triebold et al., 2012; Zack, 

von Eynatten, et al., 2004; (B) W vs Nb/V and (C) Mn vs Fe plots from Sciuba and Beaudoin (2021); (D) Zr/Hf vs Nb/Ta, (E) 

Sn vs W and (F) W vs Sb/V from Pereira et al (2021).  

 

We have plotted the trace element compositions of both rutile populations in diagrams proposed 

to discriminate rutile from different rock types. It turns out that TH12 rutiles have high Cr vs Nb 

contents overlapping with that of metapelitic rutiles (Figure 4-10A, Pereira et al., s. d.; Triebold et al., 

2007, 2012), an observation that is consistent with their petrographic context (metamorphosed silica-
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rich felsic volcanic rocks, see section above) and their notably higher U content (Figure 4-5B) which 

overlap with most rutiles derived from pelitic sources (Zack & Kooijman, 2017). On the other hand, 

TSB-04 rutiles have a Cr vs Nb pattern (and U contents) that show strong similarity with rutiles of meta-

igneous mafic sources (Figure 4-10A). However, such high Cr contents are commonly observed in 

Archean sediments (Maslov, 2007; Taylor & McLennan, 1983), so that this feature of TSB-04 rutiles 

might just reflect a relatively mafic, Cr-rich composition of the sedimentary protolith. Furthermore, the 

reliability of the Cr vs Nb graph to discriminate metapelitic vs metamafic rutiles has been recently 

cautioned: Zack & Kooijman (2017) showed that rutile data from both mafic and pelitic rocks formed 

a single cluster overlapping the metamafic vs metapelitic dividing line.  

In fact, in all other trace element plots, rutiles from each sample define a relatively well-

constrained compositional cluster, suggesting that they represent single populations with a common 

origin for all the grains. In the Mn vs Fe, Zr/Hf vs Nb/Ta, Sn vs W and W vs Sb/V diagrams, the 

chemistry of the TSB rutiles from both samples overlap to a large extent with that described for 

metamorphic rutiles (Figure 4-10C–F), which supports a metamorphic origin. This is particularly true 

for TSB-04 rutiles. For these, a metamorphic origin is further backed by the petrographic context of 

these grains, occurring in textural association with the retrograde phengitic muscovite + quartz 

assemblage replacing the peak mineral assemblage of garnet + staurolite (see Figure 4-3), and their 

dominant population of 207Pb/206Pb dates at ~3150-3250  Ma (Figure 4-6D&9) matching the age of the 

main regional metamorphic event ((J. F. Diener et al., 2005; Dziggel et al., 2002, 2006; J.-F. Moyen et 

al., 2006), as further discussed below. In the case of TH12 rutiles, their high Nb/V ratio overlaps with 

that of hydrothermal–magmatic rutiles (Figure 4-10B), which may suggest the participation of some 

magmatic-derived fluids in their crystallization (possibly related to the intrusion of the Theespruit 

pluton at 3456 Ma, Laurent et al., 2020). Also, TSB-04 rutiles show notably high W content (Figure 4-

8D&10E), which is a typical feature of hydrothermal rutile (Schirra & Laurent, 2021) and thus suggests 

the involvement of a fluid in their crystallization. Additionally, both populations show different Sn vs 

W and W vs Sb/V patterns from one another but both plot outside the range described for magmatic 

rutiles (Figure 4-10E&F).  
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Collectively, this suggests that TH12 and TSB-04 rutiles are most likely of metamorphic origin, 

with the possible involvement of fluids in their crystallization. Their different trace element clustering 

is herein interpreted as a signature of their different protolith composition (meta-volcano-clastic for 

TH12, vs metamorphosed clastic sediments for TSB-04) and/or of the composition of the hydrothermal 

fluid, which results in distinct co-existing mineral assemblages.  

 

4.5.2. Age of rutiles in the Tjakastad Schist Belt 

 

From the above section, it is clear that both rutile samples differ in their trace element chemistry 

(while being all metamorphic in origin) and Zr-in rutile temperature with TH12 showing high-

temperature (ca. 850°C) and TSB-04 showing low temperature of crystallization (ca. 600°C). They also 

differ in terms of age distribution with dominant populations at ca. 3400-3550 Ma and 3150-3250 Ma 

respectively (Figure 4-6), suggesting that they record two metamorphic events of very different ages. 

However, in both cases, we observe a notable scatter of 207Pb/206Pb dates that deserves discussion as 

this scatter covers, or even exceeds, the entire documented range of ages for tectono-metamorphic 

events of the BGGT (Figures 4-5, 4-6 and 4-9).  

 

4.5.2.1. TH12 rutile 

Rutile in TH12 shows ca. 30% of grains apparently older than 3550 Ma (up to 3670 Ma, Figure 

4-9), i.e. older than the crystallization age of a felsic volcanic rock of the Steynsdorp anticline at 3510.0 

± 2 Ma (Kröner et al., 1996b), representing the oldest identified igneous event in the BGGT. This could 

mean, at first glance, that TH12 represent detrital grains derived from an older, and somewhat distal 

high-grade metamorphic rocks, like the up-to-3.66 Ga-old Ancient Gneiss Complex in Eswatini and/or 

some unpreserved equivalent. In that case, these >3550 Ma rutiles would be expected to show more 

variable trace element patterns, consistent with a detrital origin (Pereira & Storey, 2023). However, this 

does not match with the intra-sample chemical homogeneity of TH12 rutiles, that show little variations 

between the >3550 Ma and the 3400-3550 Ma populations, as discussed in the previous section (see 
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Figure 4-8 and Figure 4-10). In this regard, rutiles with ages >3550 Ma most likely represents grains 

with minor Pbc incorporation, which affected the 207Pb/206Pb dates but not 204Pb to the point that it could 

be measured at the (relatively high) state-of-the-art detection limits of LA-ICP-MS (Figure 4-5A) (see 

also section 4.4.2). Further, 4 concordant data points show a range of 207Pb/206Pb dates younger than the 

main population, i.e. between 3270 and 3400 Ma (Figure 4-6), and presumably correspond to partially 

reset rutile crystals during the regional, ca. 3200 Ma metamorphic event (Figure 4-11).  

A number of studies both from field work (D. Cloete, 1993; M. Cloete, 1999; Van Kranendonk 

et al., 2009) and accessory minerals geochronology (K. A. Cutts et al., 2014) have suggested that the 

Lower Onverwacht strata (including the TSB) must have experienced an early episode of contact 

metamorphism at the time of intrusion of the Theespruit and Stolzburg plutons at ca. 3456 Ma (see 

recent U-Pb dating from Laurent et al., 2020). Cutts et al., 2014 have dated metamorphic monazite at 

3436 ± 18 Ma in a andalusite-kyanite-rich felsic schist recording P-T conditions of 4.5 kbar and 550°C. 

Rutiles investigated here show a main range of 207Pb/206Pb dates between ca. 3410 and 3550 Ma (Figure 

4-6), which combined with the similar proximity to the Theespruit pluton, apparently supports the idea 

of TH12 rutiles crystallizing in similar contact metamorphic conditions. The youngest weighted mean 

date that can be obtained from the main population of sample TH12, i.e. excluding >3550 Ma and <3400 

Ma analyses and keeping only the younger end of the dominant age population as to get a statistically 

meaningful, single population (MSWD of ca.1), is 3474 ± 8 Ma | 70 Ma (excluding | including 

propagation of systematic uncertainties; MSWD = 1.3; n = 34) (Figure 4-11). Considering the 

systematic uncertainty of ± 70 Ma (Figure 4-11), the similar distance between the Theespruit pluton 

and both our sample TH12 and that hosting ca. 3436 Ma monazites (Cutts et al., 2014) (Figure 4-1B) 

supports a crystallization of both minerals during the intrusion of the Theespruit pluton at ca. 3456 Ma. 

With that said, the high Zr-in rutile temperature calculated above requires that TH12 rutiles crystallized 

during the early, high-temperature stages of intrusion of the Theespruit pluton, in which case the 

monazite would have crystallized later, after significant cooling has occurred (down to temperatures of 

ca. 550°C, Cutts et al., 2014). In this case, considering a minimum cooling rate of granitic plutons of 

ca. 10°C/Ma in Phanerozoic settings (Floess & Baumgartner, 2015), cooling from ca. 850°C to 550°C 
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would require a maximum time of 30 Myr. This is within the range of the total uncertainties reported 

on both rutile and monazite ages.  

 

 

 

Figure 4-11: Weighted mean ages of TSB-04 (A) and TH12 (B) rutiles with rejected measurements (and reasons specified). 

Uncertainties including the propagated 2% systematic uncertainties are indicated between brackets in the colored box and as 

a grey bar on the plots.  

 4.5.2.2. TSB-04 rutile 

Although a number of TSB-04 rutiles show 207Pb/206Pb dates >3240 Ma, these are texturally 

and chemically undistinguishable from the dominant and younger population (Figure 4-10), such that 

similar to TH12, these are interpreted as grains containing minor Pbc (not identified based only on 204Pb 

signals) (Figure 4-11). In addition, a number of analyses show significantly younger ages (<3120 Ma) 

than the youngest recorded magmatic event in the area, i.e. the intrusion of the GMS suite at ca. 3120-

3100 Ma (Kamo and Davis, 1994; Zeh et al., 2009) and must therefore reflect some extent of Pb loss 

during this younger event. Excluding both the oldest and youngest analyses accordingly and keeping as 

many analyses as possible as to get a statistically meaningful population, the calculated weighted mean 

age is 3180 ± 6 Ma | 64 Ma (excluding | including propagation of systematic uncertainties; MSWD = 

1.5; n = 150). This age well overlaps, within the propagated systematic uncertainties of ± 64 Ma (Figure 

4-11), with the age of the main metamorphic event at ca. 3230-3203 Ma documented by (K. A. Cutts et 

al., 2014; J. F. Diener et al., 2005; Dziggel et al., 2005; Lana et al., 2010) and support cooling of TSB-

04 rutiles under their closure temperature for Pb diffusion during that time.  
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The retrograde crystallization of rutile in TSB-04 is supported by the calculated mean Zr-in-

rutile temperature of 601°C, i.e. lower than peak temperature conditions experienced by the Stolzburg 

Terrane at ca. 3230 Ma (ca. 600-700°C, J. F. Diener et al., 2005; J. F. A. Diener & Dziggel, 2021; 

Dziggel et al., 2002; A. F. M. Kisters et al., 2003; J.-F. Moyen et al., 2006) and by the microtextural 

context of the rutiles (Figure 4-3), occurring within the retrograde assemblage of quartz and muscovite 

replacing garnet and staurolite. Exactly how soon after crystallization were the TSB-04 cooled under 

the closure temperature for Pb diffusion will be discussed in the next section.  

 

 

 

 

 

 

4.5.3. Implications for the thermal history of the Stolzburg terrane 

 

 

Figure 4-12: Evolution of closure temperature (blue diamonds) and cooling time (green diamonds) as function of the cooling 

rate of TH12 rutile grains. The blue area represents the Temperature recorded by sample Tj10 (Diener et al., 2005) including 

±30°C of uncertainties. This brackets the cooling rates of TH12 rutile grains between 6 and 59°C/Ma. The utilization of 
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minimum and maximum duration of retrograde metamorphism allowed by data from Lana et al., 2010 (green area) helps to 

narrow down this range to between 18 to 48°C/Ma (red dashed area in the center. 

While the systematic uncertainties on the measured rutile ages are high and, thus, do not allow 

for a precise assignment of the crystallization of the two rutile samples to a specific time in the geologic 

history of the Stolzburg Terrane, both rutile populations still preserve statistically different U-Pb ages 

(Figure 4-6&9&11), beyond analytical uncertainties. A trivial conclusion from the above discussion is 

that TH12 rutiles, despite their small sizes, went through the ca. 3230-3203 Ma metamorphic event (and 

later GMS-derived heating at ca. 3120-3100 Ma) without being significantly reset to younger ages. 

Considering the maximum metamorphic temperatures recorded in the Stolzburg Terrane of 500-700°C 

(increasing from ca. 490°C in schists close to the Komati River Fault to ca. 700°C in amphibolite 

greenstone remnants in the South, see J. F. Diener et al., 2005; J. F. A. Diener & Dziggel, 2021; Dziggel 

et al., 2002; A. F. M. Kisters et al., 2003 and Figure 4-2A), arguably covering the range of closure 

temperatures for Pb diffusion in rutile (Cherniak, 2000), this requires that both the heating and 

subsequent cooling of TH12 rutiles were geologically fast.  

Using the local maximum metamorphic temperature of 610 ± 30 °C recorded by sample Tj10 

(J. F. A. Diener & Dziggel, 2021), arguably the closest in distance to our sample TH12 (Figure 4-2A), 

we have calculated the minimum cooling rate a hypothetical spherical rutile 80 µm in diameter (typical 

size of TH12 grains) could undergo without having its U-Pb clock being reset, based on the Tc 

calculation of (Dodson, 1973; Kohn, 2016). The details of the calculation are provided in the 

supplementary material to chapter 4. The minimum cooling rates obtained range between 6°C/Ma 

for the lower-end estimate of peak temperature, to 59C/Ma for the upper-end estimate, with a median 

value of 22C/Ma at 610°C (Figure 4-12). Using this range of cooling rates, the TSB-04 locality, which 

was heated up to ca. 660°C (see J. F. A. Diener & Dziggel, 2021), would reach the Zr-in rutile 

temperature of 601°C in less than 1 to less than 10 Myr, with a median value of ca. 3 Myr. Additionally, 

reaching a mean Archean surface temperature of  ca. 20°C (Catling & Zahnle, 2020) from peak 
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temperature in the TSB of 660°C would necessitate 11 to 110 Myr with a median time of 33 Myr (see 

Figure 4-12).  

Angular xenoliths of amphibolite-facies supracrustal rocks of the Theespruit Formation in the 

Dalmein granodiorite, indicating little mixing between both lithologies, suggests that cooling of the 

Stolzburg Block was largely terminated by the time the Dalmein pluton intruded the stratigraphy at 

3203 ± 7 Ma (Lana et al., 2010). Considering the peak metamorphic age of 32290 ± 5 Ma (Dziggel et 

al., 2005), this places an upper limit on the duration of retrograde metamorphism to 14 to 38 Myr 

(considering uncertainties) and, therefore, refines the possible cooling rates of the TSB to ca. 15 to 

50°C/Ma. Considering all geochronological and metamorphic constraints from (Lana et al., 2010) and 

(J. F. A. Diener & Dziggel, 2021), this is interpreted as the likely minimum cooling rate experienced 

by TH12 rutiles.  

While it would be a foregone conclusion to apply this cooling rate to the entire Stolzburg 

Terrane without further thermochronological work, we note that such high cooling rates are consistent 

with claims made by (J. F. Diener et al., 2005) who suggested fast exhumation of felsic schists in the 

TSB in less than 30 Myr at tectonic rates of 2-5 mm/a to allow for preservation of peak mineral 

assemblages. Moreover, a recent study by (Mühlberg et al., 2021) has demonstrated the preservation of 

ca. 3450 Ma U-Pb ages within the cores of igneous apatites of the Stolzburg trondhjemite throughout 

the ca. 3230 Ma metamorphic event and this, on a regional scale (see position of samples from Mühlberg 

et al., 2021 in Figure 4-1B). This observation also requires a sufficiently fast cooling of the Stolzburg 

trondhjemite after peak conditions to avoid resetting of the U-Pb system in apatite, in which Tc are even 

lower than in rutile (Chew et al., 2011; Chew & Spikings, 2015, 2021). This confirms that the cooling 

rates calculated from TH12 rutiles are minimum values and may be apply regionally. In turn, the 

Stolzburg Block must have behaved as a coherent solid and cold block during burial and exhumation at 

ca. 3230-3200 Ma.  The preservation of ages significantly older than ca. 3.1 Ga for both rutile 

populations excludes any major influence of heat dissipation from the Mpuluzi batholith and other GMS 

granitoids onto the Stolzburg Terrane at 3.1 Ga as previously suggested by (Kamo & Davis, 1994; 

Schoene et al., 2008) as this would have likely reset both rutile samples more uniformly to ca. 3.1 Ga 
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ages, even more so when considering the small size of TH12 rutiles (ca. 80 µm Cherniak, 2000). Neither 

rutile samples seem to have been affected by the alleged heating of the BGGT at 3.1 Ga.  

4.5.4. Tectonic exhumation of a Mesoarchean cold orogenic core 

The range of cooling rates calculated in the present work overlap with that described in 

Phanerozoic orogenic systems (Abbott et al., 1997; Brown et al., 2022; Brown & Dallmeyer, 1996; 

Vanderhaeghe et al., 2003; Willigers et al., 2002; Zou et al., 2020) but are so far not documented for 

Archean metamorphic rocks (Scibiorski et al., 2015) which are, instead, expected to cool at rates lower 

than 5°C/Ma as a result of the presumably higher heat budget of the Archean continental crust and 

underlying mantle  (Herzberg et al., 2010; Korenaga, 2018, 2021). Cooling rates above 22°C/Ma are 

commonly observed  during the final stages of extension in modern post-orogenic contexts (Ring et al., 

1999) where deep-seated rock units experience tectonic-mediated exhumation (Byrne et al., 2024b; 

England & Thompson, 1986, 1984; Giuntoli et al., 2024; Jamieson & Beaumont, 2013; Scibiorski et 

al., 2015) and supports the idea of the Stolzburg Terrane representing a metamorphic core complex as 

proposed by (A. F. M. Kisters et al., 2003). Indeed, metamorphic core complexes in Phanerozoic 

settings cool at inherently high rates, up to c.a. >50°C/Ma (Gardien et al., 2022; Huet et al., 2011; 

Labrousse et al., 2016; Virgo et al., 2018) and their exhumation can be tectonically accommodated 

through low-angle shear zone/faults as footwall blocks as shown in the Neoproterozoic Eastern 

Adirondack Highlands by (M. S. Wong et al., 2012). The Komati River Fault  (Figure 4-1B) would be 

the tectonic break that drives exhumation of the Stolzburg Terrane (A. F. M. Kisters et al., 2003). 

Therefore, the present discovery enables further categorization of the >3.2 Ga Stolzburg Terrane into 

the “small, cold orogen” (SCO) of (Jamieson & Beaumont, 2013) because these are the orogenic belts 

that produce fast cooling rates of their lower crustal roots due to low radiogenic heat buildup and limited 

thickening (<50 km). This is opposed to Large Hot Orogens (LHO) where the thermal insulation of the 

middle-to-lower crust (often leading to partial melting thereof) makes cooling of the lower crustal units 

inherently slow (below 5°C/Ma, see Ashwal et al., 1999; Rivers, 2008; Schulmann et al., 2008), as 

documented e.g. in the Himalayas (Hacker et al., 2014; Nelson et al., 1996) or the Variscan belt (Laurent 

et al., 2023). While the data derived from the TSB rutile cannot be globally applied to other Archean 
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terranes without further investigation of metamorphic rutiles in other cratons, the present work still has 

significance to nuance the assumption of Archean orogens being uniformly hot, as argued by (Scibiorski 

et al., 2015).  

4.6. Conclusion 

 The present work has described two samples of metamorphic rutiles preserved in ca. 3.47-3.51 

Ga felsic volcanic rocks and clastic sediments of the Tjakastad Schist Belt. Both samples show 

contrasting U-Pb ages (3474 ± 70 Ma vs. 3180 ± 64 Ma) as well as remarkable differences in trace 

element chemistry and Zr-in rutile temperature (850°C vs. 601 °C, respectively), yet both interpreted 

as reflecting metamorphic rutile crystallization (during contact metamorphism and retrograde 

exhumation following the peak of regional metamorphism, respectively). The absence of resetting of 

the U-Pb system of ca. 3474 Ma rutiles during the main tectono-metamorphic event at ca. 3230-3200 

Ma, together with geochronological and metamorphic constraints from the literature, enabled us to 

determine a cooling rate of 22 (+37/-16) °C/Myr corresponding to the exhumation of the Stolzburg 

Terrane after reaching peak metamorphic conditions. Such fast cooling rates are not presently 

documented in Archean high-grade metamorphic rocks but they bracket cooling rates observed in core 

complexes during the final stages of post-orogenic extension in Phanerozoic time. The cooling of the 

Stolzburg felsic crust at rates of ca. 22°C/Ma confirms the role of tectonic faults in the tectonic 

denudation of an Archean small, cold, orogenic core and calls for a reappraisal of the diversity in 

thermal regimes of Archean tectonic-metamorphic events.  
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5. Chapter 5: Conclusion 

5.1. Main results from this work 

 

The present work has outlined the lack of preservation of potentially voluminous segments of 

the Archean Crust and shows that the preserved geological record from that time suffers from substantial 

biases. The Barberton Greenstone Belt in South Africa illustrates this phenomenon as, like most 

Archean terranes of that age, it mainly shows a juxtaposition of a binary set of rocks with supracrustal 

greenstone sequences on the one hand and the granitoids of dominantly TTG composition that intruded 

them, on the other hand (Anhaeusser, 1981, 2014). However, the following results from our accessory 

mineral inventory support a more complex history: 

1) Zircons deposited in felsic volcano-clastic rocks of the Theespruit Formation are richer in 

Nb, Ti and Hf than zircons of the Barberton TTGs. They have a consistently sub-chondritic 

εHf(t) that matches that of ca. 3.4 – 3.5 Ga zircons hosted in granite/rhyolite clasts from the 

Moodies basal conglomerate (Sanchez-Garrido, 2012). 

2) The detrital zircons of different clastic sediments taken at every level of the Barberton 

stratigraphy, produced comparable ages, yet distinct chemistry but more often Hf isotopic 

differences, with plutonic zircons of the TTG suite. Zircons from the Hooggenoeg 

Formation have Ti and Hf content higher than that of zircons crystallized in the ca. 3.45 Ga 

trondhjemites whereas Schapenburg zircons produced a ca. 3.4 Ga age component that has 

no known plutonic equivalent in the northern part of the BGGT (from where the sediments 

are derived). Both samples, however, show supra-chondritic Hf isotopic signatures (i.e. 

εHf(t) > CHUR).  
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3) In contrast, ca. 90% of the Moodies zircons sampled in this work have a sub-chondritic 

εHf(t) i.e. not matching that of BTTG zircons. Combining this data with literature results, it 

comes out that ~ 40% of the Moodies zircon record show negative εHf(t) and must derive 

from felsic crustal components of significant volume, that are now missing out from the 

rock record. These missing sources to Moodies sediments presumably resembled granitic 

clasts of the Moodies basal conglomerate as well as felsic volcanic schists from the 

Theespruit Formation as both rock units revealed zircons with similarly sub-chondritic 

εHf(t) (at least for the ca. 3.4-3.5 Ga generations, Sanchez-Garrido, 2012; Sanchez-Garrido 

et al., 2011).  

4) Apatites extracted from the same samples as zircons of the ca. 3.43 Ga Hooggenoeg 

volcano-sediments and ca. 3.23 Ga Schapenburg turbidites allowed to better constrain the 

chemical identity of the missing felsic source of these clastic sediments, as suspected from 

the zircon data. As shown in Chapter 3, detrital apatites from both samples possess halogen, 

trace and REE characteristics that clearly distinguish them from apatites crystallized in the 

BTTGs and rather resemble those of apatites crystallized in Neoarchean sanukitoids or 

post-Archean Basalt-Andesite-Dacite-Rhyolite rocks (BADR) from convergent margin 

settings. 

5) The U-Pb and trace elements data extracted from rutiles belonging to the Theespruit-age 

felsic volcano-clastic sediments document the two metamorphic episodes undergone by the 

Stolzburg Terrane (at ca. 3.45 and ca. 3.20 Ga). The preservation of ca. 3.47 Ga U-Pb ages 

in small rutiles from one sample of the Theespruit felsic schists argues for a fast cooling 

rate of the Stolzburg Terrane following the main metamorphic event at ca. 3.20 Ga, that is 

between 22 and 60°C/Ma. Therefore, the upper crustal rocks that sourced the sediments 

were not only compositionally more diverse than TTGs but were also characterized by low 

geothermal gradients. 
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5.2. The importance of combining multiple accessory minerals to 

constrain the compositional diversity of the Paleoarchean crust 

 

The case of the Hooggenoeg and Schapenburg sediments illustrates the limits of a zircon-

focused study to constrain sediment provenance. Indeed, while Hooggenoeg and Schapenburg zircons 

revealed ages or trace element differences that do not match those of BTTG zircons, the chemical 

identity of their felsic source remains difficult to untangle solely using zircons, due to their modest 

chemical variability between different granitoid types (Grimes et al., 2015; Hoskin & Schaltegger, 

2003; J.-F. Moyen et al., 2017). However, apatites extracted from the same samples helped me fill the 

gap, as postulated by previous studies (Belousova et al., 2001, 2002; Chu et al., 2009; Kieffer et al., 

2024; O’Sullivan et al., 2020). Combining both accessory minerals (Figure 5-1), I stress that the 

missing (and local) source of Hooggenoeg sediments must be isotopically supra-chondritic (zircon) and 

resemble chemically intermediate Neoarchean sanukitoids (apatite). In the case of the Schapenburg 

turbidites, the source must contain a ca. 3.4 Ga felsic component that is supra-chondritic (zircon), more 

chemically evolved than the source of Hooggenoeg sediments (apatite), i.e. a silicic sanukitoid-like 

source. The contrasting Sr contents measured in both detrital populations (ca. 600-1200 ppm for 

Hooggenoeg apatites, ca. 200 ppm for Schapenburg apatites), as well as their distinct Cl and F contents 

(high Cl, low F for Hooggenoeg, high F, low Cl for Schapenburg), highlight different degrees of 

differentiation of the source rock (Bruand et al., 2016, 2017; Kendall-Langley et al., 2021). Specifically, 

Hooggenoeg apatites crystallized in an intermediate to mafic melt of dioritic composition, which is a 

common lithology in sanukitoid suites (L. P. Bédard, 1996; Shirey & Hanson, 1984; Stern et al., 1989), 

whereas the Schapenburg apatites would have likely formed in a more evolved melt of granodioritic or 

granitic composition, e.g. similar to the evolved end-members of the sanukitoid suites (Jayananda et al., 

1995; Laurent et al., 2013).   

As I did not find detrital apatites in samples from the Moodies Group, from which the 

isotopically sub-chondritic zircons were extracted, I could not further assess the chemical identity of 

the voluminous felsic component (sourcing ca. 40% of the Moodies zircons from this work + literature) 

that produced the negative-εHf(t)-zircons. However, and luckily, Lu-Hf data on zircons of ca. 3.5-3.2 Ga 
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Moodies granitic/rhyolitic clasts from (Agangi et al., 2018; Sanchez-Garrido, 2012; Sanchez-Garrido 

et al., 2011) and Lu-Hf data and trace element in zircons of the Theespruit felsic volcanic rocks 

presented in chapter 2, helped me fill the gap in that case. The isotopically similar zircons analyzed by 

(Sanchez-Garrido, 2012) in the ca. 3.4-3.5 Ga granitic clasts does suggests that those 40% Moodies 

zircons with sub-chondritic Hf isotopic signature were crystallized in Paleoarchean K-rich, Ca-poor 

granitic magmas presumably derived from melting of meta-sedimentary rocks (Sanchez-Garrido et al., 

2011). Additionally, the fact that sanukitoid-like magmas that produced the Hooggenoeg and 

Schapenburg detrital apatites must also have been isotopically supra-chondritic (to agree with zircons 

εHf(t) from the same samples, Figure 5-1A&B) indicates that perhaps, even Moodies detrital zircons 

with supra-chondritic signature are in fact, not derived from TTGs but from other Paleoarchean granites 

that are isotopically supra-chondritic. Agangi et al., 2018 documented some ca. 3.3 Ga Moodies granitic 

clasts with supra-chondritic zircons which suggests that this hypothesis might have significance and 

requires further testing. Therefore, the 40% of non-TTG detrital zircons deposited in Moodies 

sandstones should be taken only as a minimum estimate of the proportion of missing sources of clastic 

sediments in the BGGT.  

 

Figure 5-1 : Crustal components of the Paleoarchean continental crust and main results from this study. 
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Collectively, the conclusions drawn from the zircon and apatite inventory of Barberton 

supracrustal sequences point towards a compositionally diverse Paleoarchean upper continental crust 

containing: 

1) TTGs i.e. similar to those exposed in the preserved geological record.  

2) Granites whose zircon ages cover the Paleoarchean history of the BGGT i.e. from ca. 3.55 

Ga to 3.20 Ga (see chapters 2 and 3).  

3) Dioritic sanukitoids with a supra-chondritic Hf isotopic signature. These were crystallized 

broadly coevally (ca. 3.50-3.45 Ga, see chapter 2 and 3) with the Steynsdorp tonalites and 

Theespruit/ Stolzburg trondhjemites. They sourced the detrital zircons and apatites of the 

Hooggenoeg sediments. 

4) Granitic-to-granodioritic sanukitoids with a supra-chondritic Hf isotopic signature in the 

Northern Terrane of the BGGT. These crystallized at ca. 3.40 Ga and 3.25 Ga and 

eventually sourced the detrital zircons and apatites of the SSB.  

5.3. Coeval production of diverse granitoids in the Paleoarchean 

BGGT 

 The occurrence of compositionally diverse granitoids in the BGGT before 3.2 Ga, as evidenced 

from detrital zircons and apatites, suggests that they did not start forming at the Neoarchean-Proterozoic 

transition as previous models proposed (Bibikova et al., 2005; Cassidy et al., 2006; Champion & 

Smithies, 2001; Fowler & Rollinson, 2012; Halla, 2005; Jayananda et al., 1995, 2006, 2018, 2020; Jiang 

et al., 2016; Laurent et al., 2011, 2014; McLaren & Powell, 2014; J. F. Moyen et al., 2021; J.-F. Moyen 

et al., 2003; Stern et al., 1989; Y. Wang et al., 2009). Instead, these granitoids were formed broadly 

coevally with documented TTG magmatic events in the Paleoarchean (at ca. 3.50, 3.45 and 3.20 Ga). 

The simultaneous production of different granitoid types is a well-known phenomenon of Phanerozoic-

Proterozoic orogenic belts (e.g.  the coeval I and S-type and TTG granites of the Famatinian Belt of the 

Western margin of Gondwana, Pankhurst et al., 2000; Rapela et al., 2018 or the Lachlan Fold Belt in 

Eastern Australia, Chappell & White, 1992), where the contrasting chemical compositions of granites 

are ascribed to either 1) partial melting of different source rocks both in mantle and crust (Castro, 2020; 



 

207 
 

Chappell et al., 2012; Chappell & Stephens, 1988; J.-F. Moyen et al., 2017) and/or 2) diversity in later 

differentiation mechanisms (see contributions from Clemens et al., 2011; Stevens et al., 2007 for 

peritectic entrainment of clinopyroxene). Here, the granites that produced the isotopically sub-

chondritic zircons of the Moodies Group would form as a result of partial melting of an older sialic 

basement, possibly reworking higher-grade equivalents of felsic volcanic schists of the Theespruit 

formation (Sanchez-Garrido et al., 2011) (consistently with similarly sub-chondritic εHf(t)-in-zircon 

signature present in both lithologies and K2O-enrichment, cf. Agangi et al., 2018), whereas apatite- and 

supra-chondritic, zircon-bearing sanukitoids would result from the partial melting of a metasomatized 

mantle component mixed with juvenile mafic crust (consistent with supra-chondritic εHf(t)-in-zircon 

signature, entailing shorter crustal residence time, Fisher et al., 2014; C. J. Spencer et al., 2020). 

Different tectonic frameworks, both non-uniformitarian and uniformitarian, have been proposed to 

explain the near-coeval production of TTGs, silicic sanukitoids, intermediate-to-mafic sanukitoids, and 

granites, and are further explored below.  

5.3.1. Non-uniformitarian models  

 

 

Figure 5-2: Scenario of successive production of compositionally different granitoids in a magmatically overthickened 

composite crust (Smit et al., 2024).  

Recent numerical models from (Smit et al., 2024) proposed that, because of voluminous basaltic 

resurfacing (constant volcanic activity), an Archean composite crust (consisting of mafic lower crust + 

felsic middle crust) would vertically thicken up to 50 km over 200 Myr. The resulting burial of mafic 

rocks to these depths, associated with higher mantle heat flow in Archean time would warm up the 

Moho to ca. 900°C (Figure 5-2) and eventually trigger partial melting of the cumulate-gabbroic lower 

crustal rocks to produce TTG melts. Intense melt extraction from that mafic lower crust would result in 
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the formation of dense, eclogitic solid residuum that would likely founder into the asthenospheric 

mantle (see also J. H. Bédard, 2018) and interact with it (see also Smithies et al., 2019). The resulting 

metasomatized asthenosphere would melt to produce sanukitoids, following (J. H. Bédard, 2006) while 

the concomitant thermal relaxation of the crustal isotherms would trigger partial melting of the felsic 

middle crust (Theespruit-like felsic volcanics) and generate K-rich magmas. In this model, an 

incubation period of ca. 200 Ma is necessary for sufficient burial of gabbroic rocks (through top-down 

stacking of volcanic rocks) to pressure conditions that enables partial melting. Then a period of ca. 30-

to-100 Myr takes place when TTG, sanukitoids and granites are produced together. Accounting for 

uncertainties of ± 40 Ma that were documented on zircon Pb-Pb ages in this work, this would make 

these magmas look coeval, at least from a detrital zircon perspective.  

5.3.2. Semi-uniformitarian models 

 

  

 

Figure 5-3 : Gravitational instability of an Archean continent (from Rey et al., 2014). Higher mantle heat flow in the Archean 

triggered the production of voluminous basaltic melts, translating into a thick basaltic continent that further differentiates into 

TTGs (~50-150 Myr). The growth of this continent eventually leads to an overweight which triggers gravitational collapse of 
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the overthickened crust. The downflow of crustal material pushes the continental margins against the oceanic crust, leading 

the latter to subduct. The subduction down to eclogite facies conditions triggers partial melting of the oceanic slab which rises 

through the mantle wedge and metasomatize it (i.e. sanukitoid magmatism for ~50-150 Myr).  

 

 

The model of (Rey et al., 2014) discusses Archean continental growth through 1) partial melting 

of the deep mantle, producing thick basaltic crust (oceanic plateau-like) which further differentiates into 

TTGs (Figure 5-3). 2) With the continent growing in thickness, it becomes gravitationally unstable 

leading to collapse and horizontal compression of margins (at the contact with oceanic lids). During 

that stage, isostatic rebound of the Moho triggers further partial melting of the subcontinental mantle. 

3) As a result of the horizontal compression happening at the continent margins, the oceanic lids subduct 

underneath the TTG-like continental crust, down to eclogite facies thereby producing HP-TTG melts 

(Figure 5-3). These TTG melts metasomatize the mantle wedge, triggering the production of 

sanukitoid-like magmas. 4) The subducted slab eventually breaks off, and the continental crust 

stabilizes through thermal relaxation and cooling. Quite similarly to the model of (Smit et al., 2024), in 

this model, a period of TTG-dominated magmatism, lasting for 50 to 150 Myr (Figure 5-3), is 

ultimately followed by another period of 50-150 Myr of more diverse granitoid magmatism . This model 

can be considered “semi-uniformitarian” as it starts with an episode of vertical magmatic thickening 

(which does not require any operation of subduction i.e. non-uniformitarian) and is eventually followed 

by a second episode of horizontal motion of oceanic plates underneath a thick continent i.e. akin to 

subduction-accretion processes.   
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5.3.3. Uniformitarian models 

 

Figure 5-4: Simultaneous production of TTG and various 

sanukitoid magmas in the Neoarchean Juiz de Fora 

Complex (from Mauri et al., 2024). The generation of 

TTGs occurs close to the subduction trench where little to 

no mantle wedge is present whereas the production of 

sanukitoid melts occurs further inland from the trench and 

at higher pressure. 

The contribution from (Mauri et al., 

2024) has described coeval TTG, granites and 

sanukitoids occurring in the ca. 2.2-2.0 Ga Juiz 

de Fora Complex (São Francisco Craton, 

Brazil) and proposed the partial melting of an 

oceanic slab (containing basaltic rocks + 

overlying sediments) at different distances 

from the trench in an island arc setting (Figure 

5-4). Partial melts of the slab rocks close to the 

trench, where little mantle wedge is developed, 

would generate TTG melts, whereas partial melts of the same rocks at greater distance from the trench 

(and at greater depth, so likely less fertile than their lower pressure equivalent after significant TTG 

melt production has occurred) would produce TTG-like melts that interacts with a thick mantle wedge 

and thus, produce sanukitoids. Hybrid granitoids, enriched in K, would then form during collision of 

island arcs and recycle isotopically evolved felsic material (like Theespruit felsic volcano-clastic 

sediments). In contrast with the two previous models, this scenario allows for coeval formation of both 

TTG and sanukitoids albeit at varying distance from the trench. 

In every model of TTG or sanukitoid magma production, variable interaction of these magmas 

with felsic country rocks during the rise to the surface could explain variable degrees of differentiation, 

hence potentially explaining the different Sr contents (correlated to whole-rock SiO2) recorded in each 

apatite sample of the BGGT (advanced interactions for Schapenburg granodioritic-granitic magma 

source, limited interactions for Hooggenoeg dioritic magma source).   
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5.3.3. Merits and drawbacks from all models 

 

The magmatic thickening models of (Smit et al., 2024) and (Rey et al., 2014) requires that TTG 

and sanukitoid-granitic magmatism happen rapidly with sanukitoid and granites forming rapidly (10-

30 Myr) in the case of (Smit et al., 2024) and over a longer timespan of ca. 100 Ma in the case of (Rey 

et al., 2014).  In contrast, the present work documents production of TTGs and other compositionally 

different magma over an extended period of ca. 300 Ma (between 3.5 to 3.2 Ga see chapter 2), which 

contradicts the models of (Rey et al., 2014) and (Smit et al., 2024). In contrast, the model of (Mauri et 

al., 2024) strongly supports coeval generation of compositionally diverse granitoids over long periods 

of time, i.e. more akin to the duration of Barberton’s Paleoarchean history. Additionally, non-

uniformitarian models would not fit the structural grain of the Eastern Kaapvaal craton that shows 

parallel NE-SW orientation of greenstone belts thrust against competent TTG-gneisses which suggests 

progressive lateral accretion of different tectonic blocks along suture zones (Eglington & Armstrong, 

2004; James et al., 2003; Luskin et al., 2019; Poujol, 2001; Schoene et al., 2008). While it is true that 

most Kaapvaal craton granitoid-greenstone terranes are younger than ca. 3.1 Ga (granitoid ages for 

Murchison greenstone belt are ca. 2.93-2.67 Ga, Francistown at ca. 2.70-2.65 Ga and Limpopo Central 

Zone ca. 3.2-2.03 Ga, J.-F. Moyen et al., 2024; Poujol, 2001; Zeh et al., 2009), the involvement of 

mantle and reworked felsic material in the source of granitoids formed as early as ca. 3.5 Ga favors that 

this represent an early increment of buoyant lithospheric-mantle formation that propagated to the NW 

with time (following successive tectonic collage documented by Zeh et al., 2009). Therefore, I argue 

that the accessory mineral record of the BGGT strongly supports the contribution of varying sources 

(subducted basaltic rocks producing TTGs, mantle rocks producing sanukitoids, felsic crustal rocks 

producing granites) to the early stabilization of the Eastern Kaapvaal craton.  

5.4. Growth, reworking, recycling and structure of the Paleoarchean 

continental crust 

The existence of K-rich granites at ages as old as ca. 3.5 Ga in the BGGT demonstrates the 

operation of intra-continental-crust reworking at that time while the existence of sanukitoid-like 
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magmas testifies to the onset of continental crustal growth through mantle depletion and recycling 

through subduction of surface material, confirming global εHf(t)-in-zircon evolution documented in 

other studies (Bauer et al., 2020; Drabon et al., 2022; Mulder et al., 2021). This points towards an 

already differentiated  and stable felsic crust at ca. 3.5 Ga and confirms models proposed by (Agangi et 

al., 2018) for the coeval formation of TTG and K-rich volcanic/plutonic rocks in the Paleoarchean 

Kaapvaal Craton. Finally, at least part of this Paleoarchean continental crust (i.e. the Stolzburg Terrane) 

behaved as a cold, mechanically strong block that experienced rapid orogenic thickening during the ca. 

3.2 Ga event, followed by rapid extensional collapse and fast exhumation of lower crustal rocks (chapter 

4).  

Given the fact that clastic sediments mainly sample rocks of the upper crust (Ptáček et al., 2020; 

Spencer et al., 2022; Taylor et al., 1986; Taylor & McLennan, 1995), the present work suggests, that 

granites and granodiorite-like-sanukitoids were mostly concentrated in the upper portions of the 

Paleoarchean continental crust. This particular structural position could explain their removal from the 

geological record as a result of weathering and erosion (Agangi et al., 2018). This contradicts model of 

(Smithies et al., 2019) who ascribed the absence of sanukitoids from the upper crustal record before 

2.95 Ga to their incapacity to rise through a rheologically ductile continental crust, thus stagnating in 

the middle crust and mixing with TTG melts. The authors proposed that the rise of sanukitoid magma 

at the end of the Archean was the result of stabilization of the continental lithosphere and the activation 

of crustal-scale tectonic breaks, providing migration pathways to the upper crust. Instead, the accessory 

mineral record, and especially that of detrital apatites, provides evidence for the existence of sanukitoids 

in the upper crustal, source area of clastic sediments at ages as old as ca. 3.43 Ga. TTGs on the other 

hand, likely emplaced at mid to lower crustal depth. Besides separate depth of melting discussed in 

chapter 2, a possible reason for the vertical stratification of the Paleoarchean continental crust into upper 

crustal granites and granodiorites-sanukitoïds could reside in the density contrasts between granitic-

granodioritic suites (D ~ 2.67 g/cm3, see Gomah et al., 2021; Lipman & Bachmann, 2015) and 

underlying tonalitic rocks (D ~ 2.7-2.9 g/cm3) as is observed in Phanerozoic sub-volcanic batholith like 

the San Juan Batholith in the Western USA (Lipman & Bachmann, 2015).  
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5.5.  Perspectives 

 

As shown in this thesis, accessory minerals are a powerful tool to investigate the isotopic and chemical 

characteristics of rocks that are long gone to reworking or recycling. However, while revealing a more 

diversified Paleoarchean upper continental crust than previously conceived in the context of the BGGT, 

a few questions are still not fully solved and might benefit from future development on accessory 

minerals. Three main guidelines for future work are proposed below.  

1) Fully assess the genetic link between Moodies sediments and potential Paleoarchean granites 

down to 3.3-3.2 Ga. Indeed, whereas ca. 3.40-3.55 Ga Moodies sub-chondritic zircons likely 

derived from granites carrying isotopically similar zircons, the same source-to-sink relationship 

is still ambiguous for Moodies zircons younger than ca. 3.3 Ga as all zircons from granitic clasts 

of that age that have been analyzed for Lu-Hf isotopes are supra-chondritic (Agangi et al., 

2018). Sure thing, these supra-chondritic granites could represent the source of isotopically 

similar zircons of Moodies and Fig Tree Groups documented in other studies (Drabon et al., 

2024; H. Wang et al., 2022; Zeh et al., 2013) but in the case of the Moodies zircons of the 

present work, a sub-chondritic component is requested. Possibly, this sub-chondritic, < 3.3 Ga, 

felsic source might be present in the granitic clasts but not yet identified (besides Sanchez-

Garrido, 2012 and Agangi et al., 2018, I am not aware of any other publication that produced 

Lu-Hf-in-zircons in the ca. 3.3-3.2 Ga Moodies granitic clasts, especially on the ca. 3.2 Ga 

generation). Therefore, more analytical work is warranted on the Moodies granitic clasts, 

especially on the younger generation. This could involve zircon Lu-Hf analysis (in addition to 

U-Pb dating!) as well as apatite trace element profiling to further establish possible differences 

and resemblances with detrital apatites of Moodies, Hooggenoeg and Schapenburg samples 

2) Testing the premise that Paleoarchean sanukitoids and granites crystallized at shallow levels in 

the upper crust before sourcing clastic sediments would require to look into pressure-sensitive 

minerals or fluid inclusions trapped in minerals from the Moodies granitic clasts. Due to CO2’s 

higher solubility in silicic melts at higher pressures (Hansteen & Klügel, 2008), finding CO2-
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poor fluid inclusions in Moodies granitic quartz for example would strongly support an 

emplacement of Paleoarchean granites close within a few kbar of the surface. Finding CO2-rich 

fluid inclusions in quartz crystallized in BTTGs would further support their emplacement at 

deeper level than granites.  

3) A key question raised in this work is that of the cooling rate achieved by Archean mid-to-lower 

crustal rocks which, following rutile data described in chapter 4, might approximate those 

encountered during the latest stages of exhumation of Phanerozoic metamorphic core 

complexes. (Mühlberg et al., 2021) conducted an extensive work on apatites of the Stolzburg 

pluton and identified the non-resetting of the U-Pb clock in apatite cores during the main 

metamorphic event of the BGGT at ca. 3.2 Ga. However, actual cooling rates experienced by 

the pluton after peak metamorphic conditions are still not fully quantified and would likely 

benefit from a more detailed study of apatite’s geochronological systems in the TTGs, i.e. Sm-

Nd, Lu-Hf and U-Pb, all having different closure temperatures from > 700°C to < 500°C 

(Cherniak, 2000, 2010; Cherniak et al., 1991; Cherniak & Ryerson, 1993; Chew & Spikings, 

2015, 2021; Gillespie et al., 2022) thus covering the range of maximum temperatures recorded 

by rocks of the Stolzburg Terrane. In addition to this, other thermo-chronometric systems such 

as Rb-Sr-in-biotite (a mineral that is abundant in TTGs, see J.-F. Moyen, 2011; J.-F. Moyen et 

al., 2007) or U-Pb-in-titanite would  help strengthen the thermal history and calculation of 

cooling rates (building up on data from Kamo & Davis, 1994; Schoene et al., 2008). To 

determine whether the cooling rates calculated from a single sample of metamorphic rutile has 

regional application, I could apply this procedure to both felsic schists and intruding 

trondhjemitic samples of Stolzburg from locations close to the Komati River fault to the center 

of the pluton and thereby answer the question of the representativity of cooling rates calculated 

only in one spot (cf chapter 4).  
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6. Chapter 6 : Appendix 
 

The supplementary materials for all three research manuscripts are available at the following link 

(please copy and paste in your favorite web browser in case the link does not work): 

https://1drv.ms/f/c/b7e037edab15e973/IgD7eLE_HU9RSpmdxkw3-

4aQAStaK0BjxJAb10GRkI86gGQ?e=eo8FgC 

 

These contain: 

1) MS Excel tables (with the full datatsets + metadata on standards utilized, LA-ICP-MS, SIMS, 

MC-ICP-MS analytical conditions, etc.).  

2) PDF and PWP files with images of the grains analyzed with positions of the spots.  

3) Additional information on either analytical conditions (chapter 2) or discussion on closure 

temperature for Pb diffusion in rutile (chapter 4). 
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