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a  b  s  t  r  a  c  t

The  Pongola  Supergroup,  located  at the  southeast  margin  of  the  Kaapvaal  Craton,  is a
well-preserved  Meso-Archean  volcano-sedimentary  sequence  containing  the  full  spectrum  of
basalt–andesite–dacite–rhyolite  volcanic  rocks,  emplaced  on  3.1–3.3  Ga  crystalline  basement  rocks.  We
have  carried  out  a zircon  U–Pb  dating  study  using  high  resolution,  secondary  ionization  mass  spectrom-
etry  (SIMS)  on  volcanic  layers  at  various  levels  in  the  lava  flow  successions,  and  on  the  post-Pongola
granitoids  emplaced  in  the  immediate  vicinity  of  the  Pongola  Supergroup,  with  the primary  aim  of
determining  volcanic  eruption  rates,  Archean  crustal  dynamics,  and  the  tectonic  setting  of  the  lavas  and
granitoids.  The  pre-Pongola  Tsawela  Gneiss  on  the  northeastern  side  of  the  Pongola  basin  gives an  age
of  3428  ±  22  Ma,  consistent  with  other  determinations  in  this  area. Crystallization  ages  of  the granitoids
and  gneisses  in  the southwest  appear  to  be generally  younger  at 3.1–3.2  Ga, indicating  the  presence  of
contrasting  crustal  blocks  on  each  side  of the  Pongola  depositary.  However,  the  greenstone  fragments  on
the southwest  side  are  3.5–3.3  Ga  in  age  indicating  a  complex  history.  U–Pb  zircon  dates  set  the  oldest
Pongola  volcanic  layer  in the  Nsuze  Group  at 2980  ±  10 Ma  and  the  uppermost  layer  contained  within  the
mainly sedimentary  Mozaan  Group  at 2954  ± 9 Ma.  These  dates  provide  the  first  direct  estimate  of  the
period  of  deposition  for  the  Pongola  sequence.  Xenocrystic  zircons  in  post-Pongola  granitoid  intrusions
have  inherited  cores  with  ages  similar  to  those  of  the Pongola  volcanic  rocks,  and  have  younger  emplace-
ment ages  between  2837  ±  6 Ma  and  2717  ±  11  Ma. εNd values  range  from  −2.55  for  basalt  to  −4.20  for
rhyolite  in  the  Pongola  volcanic  suite,  whereas  post-Pongola  granitoids  have  εNd values  ranging  from
−2.08  to  −6.14.  This  indicates  that  all rock  types,  including  the  basalts,  have  some  contribution  from
crustal  melts  or  aged  enriched  mantle  lithospheric  materials.  Although  trace  element  distributions  for
these  rocks  show  characteristics  similar  to those  of  modern  arcs,  including  negative  anomalies  in  Th, Ta,
Nb, Ce, and P,  these  may  have  been  inherited  from  previously  formed  crust  and  may  not  be indicative  of
the Pongola  tectonic  environment.  Evidence  of rapid  deposition,  a preponderance  of intermediate  lavas,
discordance of  bounding  crustal  blocks  and  consistent  structural  trends  in  the area,  are  similar  to  fea-
tures  found  in  continental  arc basins  currently  observed  in  the  southwestern  USA,  and  may  present  an

alternative  model  to those  currently  accepted  for Archean  terranes  in  early-formed  cratons.

The age  determinations  of the post-Pongola  granitoid  intrusions  indicate  crustal  recycling  on a  short
time  scale  during  the  Archean.  The  post-Pongola  granitoids  are  classic  A-type  granites  with  strongly
elevated  REE  patterns,  deep  Eu/Eu*  anomalies,  high  Fe/Mg  ratios  and  highly  elevated  HFSE  contents,  and
are possibly  the oldest  occurrence  of this  class  of granitiod  rocks  representing  the  complete  and  final

he  w
stage  of  development  of  t
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1. Introduction

Much of the continental crust that formed during Archean time
has been reworked and recycled by later tectonic events and much
of what remains has been metamorphosed, making it difficult to

determine how the crust formed. Many Archean supracrustal rock
suites within the Zimbabwe and Kaapvaal Cratons of southern
Africa, including the Pongola Supergroup (the subject of this study),
have relatively well-preserved primary structures and geochemical
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ignatures which may  be used to place constraints on the tectonic
etting and genetic relationships of the rocks, thereby contribut-
ng to our understanding of crust-forming processes during the
rchean. A further important issue is how magmatic rock suites of
idely contrasting compositions, as observed in the Pongola Super-

roup and the pre- and post- Pongola granitoids, are related to each
ther tectonically, structurally and geochemically.

The purpose of this study is to provide new data on the crystal-
ization ages of the Nsuze and Mozaan Groups and associated pre-
nd post-Pongola granitoids in the immediate vicinity in the north-
entral part of the Pongola basin in order to assess the tectonic and
agmatic relationship of these rocks within the general setting of

he eastern Kaapvaal Craton.
The Pongola Supergroup is situated in the southeastern sector of

he Kaapvaal Craton (Fig. 1A) and extends as a broadly north–south
rending linear belt over a distance of 250 km.  The area of study is
he north-central region where the Pongola Supergroup extends
nto northern Mpumalanga Province, South Africa, and southwest-
rn Swaziland. In this area, mafic to silicic volcanic rocks and
ediments were deposited on basement granitoids, gneisses and
arly Archean greenstone belt remnants, some intensely sheared
nd metamorphosed (Armstrong et al., 1982, 1986). The high pro-
ortion of silicic and intermediate compositions (andesite) of the
olcanic rocks, and the relative lack of deformation of the Pongola
upergroup in the area of interest, contrast with typical greenstone
elts elsewhere of the same approximate age in southern Africa
nd are thus significant in understanding the development of sta-
le crust in the Archean. The geochronology presented here focuses
n the central part of the Mesoarchean Pongola Supergroup, and
imed to evaluate new high-precision zircon U–Pb ages in terms of
he known compositions of the volcanic rocks to further understand
he tectonic setting of this volcanism.

The tectonic setting of many Archean terrains remains highly
ontroversial although granite–greenstone associations in some
reas of the world are unequivocally arc-like in character (Thurston,
994), and particularly in the late-Archean. Arc-like geochemical
ignatures for the Superior Province include calc-alkaline trends
or major elements, trace element distributions characterized by
ight REE enrichment, and negative Ti, Nb, and Ta anomalies on
rimitive mantle-normalized element distribution plots (Hallberg
t al., 1976; Capdevila et al., 1982; Gaal, 1986; Sylvester et al.,
987; Kusky, 1990). However, these geochemical characteristics
re also the signature of crustal contamination. In spite of the appar-
nt evidence to support plate tectonic processes in the Archean,
trong counter arguments exist including the superficial resem-
lance of geochemical characteristics between modern arc lavas
nd some Archean ones (Bédard et al., 2012). It is only seldom that
itho-tectonic assemblages are preserved well enough in Archean
erranes to invite comparison to the rock suites observed in typical

agmatic arcs (Hamilton, 1998; Bédard et al., 2012). The Pongola
upergroup is a thick, relatively undeformed supracrustal sequence
f volcanic and sedimentary rocks that was emplaced at a time
c.3 Ga) when in most parts of the Earth the dominant processes
esulted in highly deformed greenstone belts. The Pongola Super-
roup therefore must be viewed in the context that it is an integral
art of the Kaapvaal Craton that was stabilized earlier than almost
ll other terranes on the planet and therefore may  have been sub-
ect to tectonic processes in this period of Earth’s history that only
ppeared several hundred million years later in other areas. The
resentation of further precise geochronological and geochemi-
al data contributes to the understanding of this possibly unique
nvironment.
Based on structural and field evidence, it has been previously
uggested that the Pongola volcanic rocks were emplaced in a
ontinental rift environment (Burke et al., 1985; McCourt, 1995;
old and Von Veh, 1995), but the nature of the volcanism and
search 224 (2013) 268– 286 269

the compositions are dissimilar to those that characterize modern-
day settings of this type. Geochemical evidence presented by
Armstrong et al. (1986) suggested a broadly continental setting but
the precise nature of the tectonic setting for the Pongola Super-
group remains uncertain.

For this study, we have selected samples of critical rock types
to carry out precise SIMS U–Pb isotopic measurements on zircons
combined with Nd model ages, together with major and trace ele-
ment compositions for the sample set that includes pre-Pongola
basement granitoid rocks, volcanic rocks of the Pongola Super-
group and post-Pongola granitoids. The objectives of the work are
to present the new geochronological data in the context of existing
ages and to place constraints on the tectonic setting and emplace-
ment history of the Pongola Supergroup depository in this area of
the Kaapvaal Craton. The zircon U–Pb isotopic determinations pre-
sented here are in most cases based on replicate analyses of grains,
with good agreement among them, giving confidence about the
robustness of the ages.

2. Geologic setting

The eastern part of the Kaapvaal Craton in eastern South Africa
and southeast Swaziland records an unbroken geological history
from 3.6 Ga in the Ancient Gneiss Complex (AGC), ostensibly the
basement to the Barberton Greenstone Belt (3.5 Ga), through to
post-Barberton orogenic processes, including the development of
a putative volcanic arc and suture zone (Lowe, 1999; Kisters et al.,
2006; Stevens and Moyen, 2007; Hunter and Wilson, 1988) and sta-
bilization of the Craton prior to deposition of the extensive volcanic
rocks and sediments of the Pongola Supergroup at approximately
3 Ga. Post-Pongola granitoids were emplaced at 2.8–2.7 Ga. Recon-
struction of these tectonic events is slowly taking shape, aided in
part by new high-precision geochronology. A main contribution
of this paper is new ages of volcanic rocks of the Pongola Super-
group as well as of the pre- and post-Pongola terranes in the rocks
adjacent to the Pongola depository.

2.1. Terminology and summary of sequence of events in the
Kaapvaal Craton in south west Swaziland and eastern South Africa

The Archean geology of SW Swaziland (Wilson, 1982) and cen-
tral eastern South Africa (Fig. 1A) is important in the setting of the
Pongola Supergroup both from the aspects of the pre-Pongola base-
ment and post-Pongola magmatic activity. The various granitiod
bodies that occur in southeast South Africa and southwest Swazi-
land are shown on the map  in Fig. 1B and a summary of ages is given
in Table 1. The oldest rocks in the Kaapvaal Craton are the bimodal
gneisses of the Ancient Gneiss Complex (AGC) (Hunter, 1973) and
the Ngwane Gneiss that comprise the basement to the Barberton
greenstone belt. Intrusions into the Ngwane Gneiss of hornblende
tonalite, known as the Tsawela and Mhlatuzane Gneisses preceded
greenstone belt formation. The Mahamba Gneiss is a semi-pelitic
garnetiferous gneiss of uncertain age, initially considered to equate
with the Ngwane Gneiss, but is likely to be younger than the early
gneissic phases (Wilson, 1982). Late Paleo-Archean trondhjemites,
called the Usutu Suite, intruded the earlier gneisses but compo-
nents of this body represent a distinct 3.2 Ga event (Schoene and
Bowring, 2010) together with enclaves of 3.56 Ga Ancient Gneiss
Complex (Kröner, 2007). This was  followed by the extensive sheet-
like granodioritic suite of the 3.1 Ga Mpuluzi intrusion (previously
known as the Lochiel Granite) forming the basement to the Pongola

rocks in their most northerly occurrence.

The dominantly volcanic (in the northern region) and essen-
tially undeformed Nsuze Group formed the basal unit of the
Pongola Supergroup followed by the extensive, and dominantly
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Fig. 1. (A) General location and setting of the Meso-Archean Pongola and Witwatersrand basins in relation to the Kaapvaal Craton in southern Africa. (B) General geology of
the  Pongola area showing the volcanic rocks as well as the pre-Pongola and post-Pongola granitoids in eastern Mpumalanga and Swaziland. Swaziland map  modified from
Wilson  (1982).  Open circles show locations of samples in this study (Exact locations and sample descriptions are given in the Supplementary Data File): (A) CG-170 Nsuze
basalt,  (B) CG-171 Nsuze rhyolite, (C) CG-174 Mozaan andesite, (D) CG-65 Tsawela Gneiss, (E) CG-73 Anhalt granite, (F) PG-36 Anhalt granite, (G) Nhlangano gneiss CG-172,
(H)  Northern Natal/Hlatikulu granite PG-44, (I) Northern Natal/Hlatikulu granite PG-45, (J) Kweta Granite CG-175, (K) Northern Natal Granite PG-46, (L) Kweta Granite PG-49,
(M)  Mswati Granite CG-173, (N) Mswati Granite CG-66. Localities of sites of previous studies are as follows (Localities are noted by numbers and correspond to those given
in  Table 1): 1. Anhalt granite (Saha et al., 2010); 2. Natal Spa granite (Meyer et al., 1993); 3. Anhalt leucotonalite (Farrow et al., 1990); 4. Mpuluzi Granite (Kamo and Davis,
1994);  5. Usutu granitoid suite (Schoene and Bowring, 2010); 6. Nhlangano/Mahamba gneiss (Schoene and Bowring, 2010); 7. Ancient Gneiss Complex (Carlson et al., 1983);
8.  Tsawela Gneiss (Kröner et al., 1989); 8. Tsawela Gneiss (Kröner and Tegtmeyer, 1994); 9. Ngwane Gneiss (Compston and Kröner, 1988); 10. Mozaan Group (Walraven
and  Pape, 1994); 11. Nsuze Group (Hegner et al., 1984); 12. Nsuze Group (Nhleko, 2003); 13. Nsuze Group (Hegner et al., 1994); 14. Kwetta Granite (Meyer et al., 1993); 15.
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wetta  Granite (Maphalala and Kröner, 1993); 16 and 17. Hlatikulu granite (Schoen
nd  granophyre (Hegner et al., 1994); 20. Tonalitic gneiss in the Ngwempisi River 

est  limb (Olsson, 2012); 23. Peridotite of the Commondale greenstone belt (Wilso

edimentary, Mozaan Group. Rocks of both the Nsuze and Mozaan
roups were intruded by the mafic Usushwana Complex. Although
n age of 2871 ± 30 is accepted for emplacement of this com-
lex, recent SHRIMP analyses have yielded significantly older ages
lsson (2012) (Table 1). On mainly structural grounds, the Mlibi
ranodiorite is recognized to be the first phase of the post-Pongola
ntrusions, followed by the Nhlangano gneiss dome complex. The

wetta and Mtombe granitoid bodies are rapakivi granites of broad
ome-like form that extend into South Africa. The intrusion of the
ide-spread late-Archean Hlatikulu granite (also extending into

outh Africa) (Fig. 1B) caused local deformation of the Mozaan
 Bowring, 2010); 18. Mswati Granite (Maphalala and Kröner, 1993); 19. Mafic rock
er, 2007); 21. Usushwana gabbro east limb (Olsson, 2012); 22. Usushwana gabbro

 Carlson, 1989).

Group and was followed by the Mswati/Mlosheni granitoid bod-
ies as sharply transgressive anorogenic plutons representing the
final intrusive phase.

Convergent margins and strike-slip boundaries can juxtapose
rocks of different origins, ages and chemical and isotopic signa-
tures. Hunter et al. (1983) reported that the granodiorites on the
southwestern side are similar in mineralogy to the Mpuluzi sheet

granitoid on the northeastern side of the depository. Previously
determined ages, and supported by the new age determinations of
this work, emphasize the generally older ages to the east and north-
east of the Pongola basin, whereas younger c.3.1–3.2 Ga terrane
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Table 1
Summary of reported ages for the Pongola Supergroup and pre- and post-Pongola granitoids and selected greenstones.

Unit Age (Ma) Method Reference

Pre-Pongola granitoids
South West side (including greenstones):
G4 Granite 3163 ± 103 Rb–Sr whole rock isochron Allsopp (1961)
Anhalt  granite (1) 3193 ± 8 U–Pb SHRIMP Saha et al. (2010)
Anhalt trondhjemite (1) 3222 ± 8 U–Pb SHRIMP Saha et al. (2010)
Natal  Spa granite (2) 3223 ± 2 U–Pb single zircon Meyer et al. (1993)
Anhalt  leucotonalite (Piet Retief) (3) 3250 ± 39 Rb–Sr whole rock isochron Farrow et al. (1990)
Commondale greenstones (23) 3316 ± 16 Sm–Nd whole rock isochron Wilson and Carlson (1989)
Nondweni greenstones 3418 ± 5 U–Pb SHRIMP Xie et al. (2012)
Nondweni greenstones 3532 ± 4 U–Pb SHRIMP Xie et al. (2012)
Nondweni greenstones 3520 ± 6 U–Pb SHRIMP Xie et al. (2012)

North  East side:
Mpuluzi Granite (4) 3107 + 4/−2  U–Pb zircon/Titante Kamo and Davis (1994)
Usutu  granitoid suite (5) 3221.6 ± 0.5 U–Pb zircon Schoene and Bowring (2010)
Usutu  granitoid suite (5) 3236.1 ± 0.5 U–Pb zircon Schoene and Bowring (2010)
Usutu  granitoid suite (6)a 3265.5 ± 0.5 U–Pb zircon Schoene and Bowring (2010)
AGC,  including Tsawela Gneiss (7) 3417 ± 34 Sm–Nd whole rock isochron Carlson et al. (1983)
Tsawela Gneiss (8) 3436 ± 6 Pb–Pb single zircon evaporation Kröner and Tegtmeyer (1994)
Tsawela Gneiss (8) 3458 ± 6 Pb–Pb evaporation Kröner et al. (1989)
Ngwane  Gneiss AGC (9) 3644 ± 2 U–Pb SHRIMP Compston and Kröner (1988)
Tonalite gneiss AGC (20) 3563 ± 3 U–Pb SHRIMP Kröner (2007)

Pongola and Usushwana Complex
Qtz Porphyry Sill (Mozaan Group SE

Swaziland – Minimum age)
2837 ± 4.7 U–Pb zircon SHRIMP Gutzmer et al. (1999)

Mozaan (10) 2860 ± 26 Pb–Pb whole rock errorchron age (Mozaan) Walraven and Pape (1994)
Nsuze  (11) 2883 ± 69 Rb–Sr whole rock age (reset?) Hegner et al. (1984)
Nsuze (11) 2934 ± 114 Sm–Nd whole rock isochron from basalt-rhyolite suite Hegner et al. (1984)
Nsuze (11) 2940 ± 22 U–Pb zircon concordia intercept Hegner et al. (1984)
Nsuze (12) 2977 ± 5 U–Pb zircon SHRIMP Nhleko (2003)
Nsuze  (13) 2985 ± 1 U–Pb (abraded) zircon evaporation age Hegner et al. (1994)
Usushwana Complex (21) 2989.2 ± 0.8 U–Pb Baddeleyite (ID-TIMS) Olsson (2012)
Usushwana Complex (22) 2989.8 ± 1.7 U–Pb Baddeleyite (ID-TIMS) Olsson (2012)
Nsuze  3083 ± 150 Rb–Sr whole rock isochron Burger and Coertze (1973)
Nsuze 3090 ± 90 U–Pb from zircons Burger and Coertze (1973)

Post-Pongola
Usushwana
Complex
(Reset  age)

2386 ± 58 40Ar/39Ar Layer et al. (1988)

Nhlangano 2244 ± 355 Rb–Sr whole rock isochron Barton et al. (1983)
Mswati  (Mshlosheni) 2286 ± 304 Rb–Sr whole rock isochron Barton et al. (1983)
Hlatikulu 2417 ± 148 Rb–Sr whole rock isochron Barton et al. (1983)
Kwetta  2520 ± 422 Rb–Sr whole rock isochron Barton et al. (1983)
Kwetta  (14) 2671 ± 3 Single zircon Meyer et al. (1993)
Kwetta (15) 2722 ± 6 Pb–Pb zircon evaporation Maphalala and Kröner (1993)
Hlatikulu granite (16) 2728.9 ± 0.5 U–Pb zircon Schoene and Bowring (2010)
Hlatikulu granite (17) 2729.8 ± 0.4 U–Pb zircon Schoene and Bowring (2010)
Mswati (Mooihoek) (18) 2824 ± 6 Pb–Pb single zircon evaporation Maphalala and Kröner (1993)
Usushwana Complex (19) 2871 ± 30 Sm–Nd whole rock Hegner et al. (1984)
Usushwana Complex 2875 ± 40 Rb–Sr whole rock and Sm–Nd mineral Layer et al. (1988)

Numbers in brackets refer to localities given in Fig. 1. Where no reference is given to the locality this implies that the locality area is outside that represented in Fig. 1.
Localities of sites having Rb–Sr ages with large errors are not shown in Fig. 1.
The most recent determined ages on the Usushwana Complex are listed with those of the Nsuze volcanic rocks to emphasize the similarity in ages with the oldest ages
obtained for the lavas. Ages presented for the Usushwana Complex (Olsson, 2012) from thesis material are by permission of the author.

a Incorrectly referred to as the Nhlangano gneiss in Schoene and Bowring (2010) in Fig. 10 of that work, whereas shown as part of the Usutu suite in Fig. 6 and also in
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enominates the southwestern area. Remnants of older greenstone
elts of 3.4–3.3 Ga age (Wilson and Carlson, 1989; Xie et al., 2012)
Fig. 1B) indicate a protracted geological history with independent
vidence of a widespread metamorphic event at c. 3.2 Ga in the
outhwestern terrane (Saha et al., 2010; Xie et al., 2010). The con-
rast in the crustal blocks, separated by the Pongola Supergroup,
ndicates the possibility of a wide-scale tectonic control extending
ver the period of emplacement of the pre-Pongola terrane, the
ongola basin itself, and the post-Pongola granitoids. The devel-

pment of the Pongola Supergroup may  possibly be attributed to

 zone of weakness between contrasting crustal blocks. The post-
ongola granitoid bodies are exclusively located east of the Pongola
olcano-sedimentary depository (Fig. 1B).
2.2. The structure of the Pongola Supergroup

The Pongola Supergroup in the central and northern regions
varies from having almost no deformation, other than overall dip-
ping at 20–35◦ to the east, and low grade metamorphism, to zones
of intense deformation and metamorphic grade as high as granulite
facies in Swaziland. Gold and Von Veh (1995) described a series of
north and north-westerly structural trends with shear zones and
thrust faults, also recognized by Matthews (1990),  and parallel open

style anticlines and synclines most clearly seen in the Hartland area
(Fig. 1B). The northward trending Mahamba Shear Zone is a major
zone of attenuation located SE of Piet Retief (Hunter and Wilson,
1988). Bounding shear zones are observed in the central Hartland
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Fig. 2. Simplified geological map  of the central area of the Nsuze Group showing
distribution of basalts, andesites, dacites and rhyolites. Modified from mapping of
Armstrong et al. (1982).  Localities of samples used for geochronology: A. Andesite
from the bottom of the Nsuze Group (CG-170); B. Rhyolite from the middle of the
72 S.B. Mukasa et al. / Precambr

rea, and in the north where rocks of the Pongola Supergroup are
uxtaposed with the Usushwana Complex as rifted boundaries to
he basin, but deposition was not in a regional continental rift set-
ing, as suggested by Burke et al. (1985).

.3. Pre-Pongola granitoids

Previous studies (Hunter et al., 1984; Armstrong et al., 1986;
old and Von Veh, 1995) referred to the granitoid basement rocks

hat bound the Pongola Supergroup in SW Swaziland and mid-
astern South Africa as the pre-Pongola granitoids (Fig. 1B and
able 1). More specifically, the granodiorites and migmatites to the
orth are collectively referred to as the Heerenveen, Mpuluzi and
iggs Peak Batholiths (Barton et al., 1983). The Ancient Gneiss Com-
lex, the oldest crustal terrane extensively developed in central
waziland (Hunter, 1973) borders the Nsuze Group to the north-
ast of the Pongola Supergroup (Fig. 1B) and comprises gneisses
nterlayered with amphibolites, dated at 3.6–3.2 Ga (Kröner and
egtmeyer, 1994). Field evidence in Swaziland indicates that the
GC formed the basement to the eastern part of the Barberton
upergroup (Barberton Greenstone Belt) (Brandl et al., 2006).

Granitoid rocks of a variety of ages, and becoming increasingly
ell constrained as new age data is published, abut the volcanic

ocks along the entire length of the Pongola basin (S. African Geol.
urvey Map  Number 2730, 1988). Recently some of these granit-
id terranes have been mapped and characterized in detail (e.g.,
choene and Bowring, 2010). Hunter et al. (1984) and Farrow
t al. (1990) observed these basement rocks as granodioritic, peg-
atitic, gneissic and tabular leucotonalitic granites. Meyer et al.

1993) refer to the Mfule Gorge and Natal Spa tonalitic to trond-
jemitic gneisses in the area, (the same gneissic granites discussed
y Hunter et al. (1984))  but referred to in that work as the Anhalt
rondhjemite suite (Fig. 1B).

Recent studies in Meso-Archean terranes have consolidated
odels for the development of the granitoids in the eastern

aapvaal Craton following stabilization of the post-Barberton
reenstone Belt terranes (Schoene et al., 2008) as well as recog-
ition of Meso-Archaean subduction processes following the
eposition of the Onverwacht and Figtree Groups of the Barberton
upergroup (Moyen et al., 2007). Recent studies have also focused
n the complex metamorphic history of the area (e.g., Saha et al.
2010) on the South African side and references therein) and pro-
ided additional new ages.

.4. Pongola Supergroup

The Pongola Supergroup comprises a thick sequence of vol-
anic and sedimentary rocks located in the Mpumalanga and
orthern KwaZulu-Natal Provinces of South Africa and in Swazi-

and (Fig. 1A and B). The rocks in the northern and central areas
rop out for about 120 km along the border between, and also
ithin, the two countries dipping to the southeast at 26–78◦. The

ongola Supergroup is divided into two units: the lower volcano-
edimentary Nsuze Group and upper, predominantly sedimentary
ozaan Group (Fig. 2) (Tankard et al., 1982; Hunter and Wilson,

988; Beukes and Cairncross, 1991). The most striking feature of
he Nsuze Group is its range of volcanic rock compositions span-
ing basalt to rhyolite, all volumetrically significant. Although such
anges in composition are observed in volcanic cycles in the Neo-
rchean greenstones belts of the Superior Province (Canada) and
imbabwe Craton, and in the early Archean sequences in the Pilbara

Van Kranendonk et al., 2007; Smithies et al., 2007), the proportion
f andesite and rhyolite in the Pongola Supergroup is in comparison
ignificantly greater and therefore atypical of Archean volcanism
Armstrong et al., 1982; Thurston, 1994).
Nsuze Group (CG-171). The locality of the third sample (CG-174) used for U–Pb
geochronology is shown as C in Fig. 1B. Samples used for isotope geochemistry of
the  Pongola lavas: O. Basalt (CG-22); P. Basaltic andesite tuff (PG-24); Q. Basaltic
andesite lava (PG-26); R. Porphyritic rhyolite (CG-9).

In its most northerly exposures the base of the Nsuze Group is a
thin quartz arenite, and locally conglomeratic unit that lies uncon-
formably on the pre-Pongola granitoid basement rocks. Gold (2006)
gives the thickness of the Nsuze Group in the Hartland area as
4600 m of dominantly volcanic rocks consisting mainly of basaltic
andesite or andesite with relatively thin basalt, rhyolite, dacite and
tuffaceous layers (Fig. 2). Two samples were used for age determi-
nations, one from near the base of the succession and the second
from near the top of Nsuze Group (Fig. 1B). Exact localities and rock
descriptions of the samples shown in Figs. 1B and 2 are given in
the electronic supplementary data file entitled ‘Sample Locations
and Descriptions’. Other samples were used for Nd isotopic studies
and are shown in Fig. 2. Estimates of the thickness of the Nsuze
Group vary greatly because of facies variations from north to south

and range from 4600 m to 9000 m (Kent, 1980; Armstrong et al.,
1982; Burke et al., 1985; Wronkiewicz and Condie, 1989).

Although welded tuffs, vesicles, and intercalated lenses of
fluvial sediments indicate mainly subaerial deposition, local
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illow structures suggest subaqueous settings for some periods
Armstrong et al., 1986; Wilson and Grant, 2006). The top of the
suze Group is marked by an intercalation of volcanogenic and

edimentary rocks. The dominantly sedimentary Mozaan Group
4800 m thick in the Hartland area (Gold, 2006)), unconformably
verlies the Nsuze Group, and is made up primarily of sandstone,
hale, mudstone, and locally developed banded iron formations
ith thin, interbedded layers of volcanic rocks towards the top of

he succession (Beukes and Cairncross, 1991). Locally, stromatolite-
earing carbonates are also present in the southern region indicat-

ng shallow marine environments and deposition (Von Brunn and
obday, 1976; Beukes and Lowe, 1989; Hicks et al., 2011).

.5. Post-Pongola granitoids

A number of intrusive felsic stocks crop out in close temporal
nd spatial association with the Mozaan Group of the Pongola
upergroup in southern Swaziland and the northern Mpumalanga
rovince of South Africa and are known as the post-Pongola
ranitoids. These include the Mswati granitoid suite (Fig. 1B; with
ndividual plutons known as Mbabane, Sinceni, Mhlosheni and

ooihoek), Hlatikulu granite and the Kwetta/Mtombe granites.
etrographic characteristics of each of these plutons are given
n the geologic map  of Swaziland (Wilson, 1982), and in general,
ll are medium- to coarse-grained, igneous textured granites
ith supposed calc-alkaline geochemical characteristics. The
hlangano pluton is gneissic in character and recognized on

tructural grounds as being the oldest of the post-Pongola intru-
ions (Hunter, 1957), a conjecture supported by the chronological
tudies presented here. Further detailed structural observations
ave been reported by Schoene and Bowring (2010).  The exact link
f these granitoids with rocks of the Pongola Supergroup remains
nclear. Through precise age determinations and geochemical
haracterization of this study we attempt to provide insight into
heir emplacement history and origin.

. Previous geochronological studies

.1. Pre-Pongola basement rocks in the vicinity of the Pongola
asin

The Tsawela, Mhlatuzane and the Ngwane Gneisses comprise
he basement to the Barberton Greenstone Belt and are constrained
o minimum ages of 3467 + 12/−7 Ma  and 3458 ± 8 Ma  (Kamo et al.,
990; Kamo and Davis, 1991; Kamo and Davis, 1994). Armstrong
t al. (1990) obtained an age of 3472 ± 5 on zircons from interflow
ediments in the Komati Formation of the Barberton greenstone
elt and this defines the maximum age for the basal Komati For-
ation. Ages for the Tsawela Gneiss range from 3458–3417 Ma  (see

able 1 for summary and references) and Compston and Kröner
1988) obtained an age of 3644 ± 2 on the Ngwane Gneiss compo-
ent of the AGC. Kröner (2007) presents an age of 3563 ± 3 for a
onalitic gneiss in the Ngwenpisi River in west central Sawziland
Table 1; Fig. 1B).

Migmatitic granodiorite and granite of the Mpuluzi Batholith
Fig. 1B) gave an age of 3107 + 4/−2  Ma  (U–Pb zircon/titanite; Kamo
nd Davis, 1994). Although the granitoids south of the Pongola
upergroup have not been mapped and characterized in detail
largely because of poor outcrop) they have been dated previously
t least three localities identified in the caption of Fig. 1B. The
o-called “G4 Granite” gave an Rb–Sr whole-rock isochron age of

163 ± 103 Ma  (Allsopp, 1961); Natal Spa granite (part of the Anhalt

 Speenkoppies suite; Fig. 1B) gave a single zircon U–Pb age of
223 ± 2 Ma  (Meyer et al., 1993); and the Anhalt leucotonalite, an
b–Sr whole rock isochron age of 3250 ± 39 (Farrow et al., 1990).
search 224 (2013) 268– 286 273

Recent precise ages of the Anhalt trondhjemite suite (at a locality
known as the Eskay quarry) of 3222 ± 8 Ma  and 3193 ± 5 Ma (Saha
et al., 2010) are important as this granitoid is most likely basement
to the Assegai supracrustal rocks which immediately predated the
deposition of the Pongola Supergroup. Ages for the Ancient Gneiss
Complex on the northeastern side of the Pongola Supergroup range
from 3436 ± 6 Ma  for the Tsawela Gneiss (Pb–Pb single zircon
evaporation; Kröner and Tegtmeyer, 1994) to 3644 ± 4 Ma for the
Ngwane Gneiss (U–Pb SHRIMP; Compston and Kröner, 1988).

A recent important advance in the understanding of the pre-
Pongola basement rocks is the recognition of a previously poorly
documented period of crustal growth at c.3.24–3.22 Ga (Schoene
and Bowring, 2010) with a precise age determination for the
Usutu suite of 3265.5 ± 0.5 (Locality of sample EKCO-64 in Fig. 6
of Schoene and Bowring (2010)). [Personal communication from
Blair Schoene (2012) explains possible confusion arising from the
locality of their sample being stated as coming from the Nhlangano
gneiss suite (now agreed as referring to the post-Pongola granitoid),
and suggests that in future it should be referred to by a different
name consistent with the 3.26 Ga granitoid suite].

3.2. Post-Pongola granitoids

Although no dates were given, Hunter (1957) recognized on
the basis of structural relations that the Hlatikulu granite and the
Nhlangano gneiss were older than the Kwetta and Mswati Gran-
ites. Barton et al. (1983) dated the Hlatikulu granite and Nhlangano
gneiss using the Rb–Sr method obtaining ages of 2417 ± 148 Ma
and 2244 ± 355 Ma,  respectively. The Hlatikulu granite was subse-
quently dated by Schoene and Bowring (2010) who  obtained ages
of 2728.9 ± 0.5 Ma  and 2729.8 ± 0.4 Ma  using chemical abrasion of
zircons followed by isotope dilution – thermal ionization mass
spectrometry. The Kwetta post-Pongola granite has yielded sev-
eral contradictory dates: 2671 ± 3 Ma  (single zircon, Meyer et al.,
1993); 2520 ± 422 Ma  (Rb–Sr whole rock isochron, Barton et al.,
1983); and 2722 ± 6 Ma  (Pb–Pb zircon evaporation, Maphalala and
Kröner, 1993). Two post-Pongola samples from the Mswati Gran-
ite group have been dated: the Mooihook pluton at 2824 ± 6 Ma
(Pb–Pb single zircon evaporation, Maphalala and Kröner, 1993)
and the Mshlosheni pluton at 2286 ± 403 Ma (Rb–Sr whole rock
isochron, Barton et al., 1983) and 2822 ± 5 Ma  (Pb–Pb zircon evap-
oration, Maphalala and Kröner, 1993). The Rb–Sr whole rock data
can largely be discounted as they do not lie within error of the later
precise dating. However, the range of ages from precise methods
spans over 100 million year. The ages presented by Schoene and
Bowring (2010) are essentially in the middle of the range.

3.3. Ages for the Pongola Supergroup

A summary of ages obtained for the Pongola Supergroup is
given in Table 1 with localities for sample sites of this study shown
in Figs. 1A and 2. Burger and Coertze (1973) reported relatively old
ages for the Nsuze Group of 3083 ± 150 Ma on rhyolite using the
Rb–Sr method and 3090 ± 90 Ma  using the zircon U–Pb method.
These ages were from the southern area of the Nsuze Group and
therefore do not lie within the area shown in Fig. 1B. More recent
analyses of Nsuze rhyolites in the northern and central regions gave
younger ages. Hegner et al. (1984) dated one sample (PO-84) using
three different methods and obtained ages of 2940 ± 22 Ma  (U–Pb
zircon evaporation), 2934 ± 114 Ma  (Sm–Nd whole rock isochron),
and 2883 ± 69 Ma  (Rb–Sr whole rock isochron). Later work by
Hegner et al. (1994) re-analyzed the PO-84 sample using U–Pb

on abraded zircons obtaining a slightly older but precise age of
2985 ± 1 Ma.  The upper sedimentary Mozaan Group of the Pongola
sequence has been dated at 2860 ± 26 Ma  (whole rock Pb–Pb
errorchron ages for ferruginous shale; Walraven and Pape, 1994).
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Table  2
Summary of U–Pb ages.

Description Sample # Age MSWD  Analysis used

Pre-Pongola
Tsawela Gneiss (NE side) CG-65 3427 ± 24 18 Regressiona

Hoopwel area granite CG-73 3267 ± 21 0.41 Regressiona

Piet Retief area granite PG-36 3147 ± 13 1.7 Regressiona

Pongola
Andesite (lowest unit) CG-170 2980 ± 10 4.3 CalcAgeb

2980 ± 20 0.99 Pb/Pb Wtd  Mean
Rhyolite (middle unit) CG-171 2966 ± 10 0.49 Regressiona

2968 ± 6 0.00 CalcAgeb

2967 ± 9 0.61 Pb/Pb Wtd  Mean
Andesite (highest unit) CG-174 2954 ± 9 3.5 Pb/Pb Wtd  Mean
Post-Pongola
Nhlangano gneiss CG-172 2963 ± 9 2.76 Pb/Pb Wtd  Mean
Hlatikulu granite PG-45 2973 ± 31 4 Regressiona

PG-44 2960 ± 11
2742 ± 22

0.62
1.3

Regressiona Regressiona

Kwetta Granite CG-175 2911 ± 50
2721 ± 16

1.8 Regressiona

PG-49 2720 ± 10 0.81 Regressiona

Mswati (Mhlosheni Pluton) CG-173 2837 ± 6 2.4 CalcAgeb

2838 ± 10 0.48 Pb/Pb Wtd  Mean
Mswati (Sicunusa Pluton) CG-66 2717 ± 11 0.17 Regressiona
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a Regression ages calculated in ISOPLOT.
b CalcAge calculated as a bivariate weighted mean of 206Pb*/238U and 207Pb*/235U

he U–Pb age of 2837 ± 5 Ma  (Gutzmer et al., 1999) for an intrusive
uartz porphyry sill cutting the Mozaan Group sediments provides

 minimum age for the Mozaan Group. The Mooihoek granite (part
f the Mswati granitoid suite, Fig. 1B) dated at 2824 ± 6 (Maphalala
nd Kröner, 1993) is undeformed and therefore these two ages
onstrain the period of folding of the Mozaan Group (Gutzmer
t al., 1999). The entire age range from 3090 Ma  to 2883 Ma,  as
epresented by the Rb–Sr data, is unsatisfactory in assessing the
ectonic setting and evolutionary history of the Pongola Super-
roup and will not be included in further discussion. However, even
or robust isotopic systems complexities may  arise from inherited
ircons in the highly silicic rocks, and will be discussed further.

The SHRIMP ages produced by Nhleko (2003) (Table 1) are a sig-
ificant contribution to constraining the age of the volcanic rocks

n general. Furthermore, the silicic character of the granitoids and
ome volcanic rocks make it highly likely that inherited zircon com-
onents are present in the suite and therefore multi-grain analyses
onducted in some of the previous studies are likely to hide com-
lexities that are more decipherable with spot analysis of individual
rains by the ion microprobe technique.

Of importance in the genesis of the Pongola lavas is the age of
he Usushwana Complex (Fig. 1B). Ages determined by Rb–Sr whole
ock dated the complex at 2871 ± 30 Ma  (Hegner et al., 1984), and
875 ± 40 Ma  (Layer et al., 1988) which would have precluded this
omplex as a staging chamber to the lower Nsuze volcanic series.
he most recent and precise age determinations for the Usush-
ana Complex yielded ages of 2989.2 ± 0.8 Ma  and 2989.8 ± 1.7 Ma

Olsson, 2012; presented with permission of the author) by isotope
ilution – thermal ionization mass spectrometry for baddeleyite
rom gabbroic rocks from the eastern and western arms of the intru-
ion respectively (Fig. 1B; Table 1). On this basis the Usushwana
omplex must be regarded as a possible early – stage magma  cham-
er associated with the eruption of the mafic lavas of the Nsuze
roup in this area.

. Methods
.1. Sample preparation

Samples were reduced in size using a jaw crusher and pulver-
zed using a disc mill and high-density minerals were concentrated
 ISOPLOT.

using the Gemeni water table, with further concentration car-
ried out using bromoform and methylene iodide heavy liquids.
Magnetic minerals and iron particles were removed using a hand
magnet and the Frantz magnetic separator was used to further con-
centrate the zircons. The most pristine and optically clear zircon
grains were selected for analysis using a binocular microscope.

These zircon grains were mounted in ∼2.5 cm-diameter epoxy
discs with grains of zircon standards AS-3 (1099.1 ± 0.5 Ma; Paces
and Miller, 1993) and 91,500 (1065.4 ± 0.3 Ma;  Wiedenbeck et al.,
1995). The mounts were polished approximately to the centers of
the grains and back-scattered electron (BSE) and cathodolumines-
cence (CL) images were taken with the Hitachi S3200N scanning
electron microscope and Cameca SX100 microprobe, respectively,
at the University of Michigan to view the internal zoning, surface
features, and inclusions where present. Carbon coating applied to
the mounts before imaging was  polished off, and the mounts were
then cleaned in an ultrasonic bath of soapy water and rinsed in
deionized water before being coated with gold for the ion micro-
probe analyses.

Whole rock sample powders for geochemical and isotopic
studies were prepared from samples free of any visible surface
weathering. Standard jaw crushing procedures were followed
using a low-Molybdenum carbon steel crusher, and samples were
powdered using a high-purity carbon steel shatter box. Samples
were run in order from mafic to felsic (based on field identifications)
to minimize cross-sample contamination.

4.2. SIMS analyses

Zircon grains were analyzed on the Cameca IMS  1270 high-
resolution ion microprobe at the W.M.  Keck Foundation Center
for Isotope Geochemistry National Ion Microprobe Facility, Univer-
sity of California, Los Angeles (UCLA) using the standard operating
procedures outlined in Harrison et al. (1995) and Quidelleur et al.
(1997). Standards AS-3 and 91,500 were analyzed to obtain a curve
of UO/U versus Pb/U relative sensitivity factor before running sam-

ples, and were then analyzed after every 4–5 unknowns throughout
the data collecting process to track changes in instrument cali-
bration. BSE and CL images were used to choose spots to analyze
on grains in areas free of cracks and inclusions. The images also



ian Research 224 (2013) 268– 286 275

h
i
r
d
a
t
u
t
p
p
c
l
i
d
c
a
a

4

w
w
s
N
1
s
c
o
r
w
e
P
t
w

4

C
t
o
s
m
t
N
S
a
u

5

5

t
o
d
a
i
s
l
(
f
g
a

Fig. 3. Concordia plots for pre-Pongola granitoids. (a). Piet Retief area granitoid (PG-
36):  3147 ± 13 Ma,  (b). Hoopwel area granitoid (CG-73): 3267 ± 21 Ma, (c). Tsawela
S.B. Mukasa et al. / Precambr

elped to identify possible inherited cores and metamorphic or
gneous overgrowths, where present, so they could be dated sepa-
ately. The ion microprobe primary beam was focused to a ∼20 �m
iameter ellipse for smaller grains (generally the volcanic samples)
nd for analyses of thinner zones that were considered impor-
ant enough to evaluate. A larger, ∼40 �m diameter spot size was
sed for larger grains, where possible, to obtain greater precision
hrough higher count rates. Data were processed using the ZIPS
rogram, and concordia diagrams were generated using the com-
uter program ISOPLOT (Ludwig, 1999). Rregressions to obtain the
oncordia upper intercepts for discordant zircon populations were
imited to spots exhibiting <20% discordance. This approach min-
mized the effects due to the evident multiple factors triggering
iscordance, such as metamorphism and metamictisation, which
an cause Pb loss. When the points for a given sample were concord-
nt and no regression was possible, the age was calculated using
n error-weighted mean of the 207Pb*/206Pb* values.

.3. Major and trace element compositions

The samples investigated for U–Pb isotopes and Nd isotopes
ere also analyzed for major and trace elements. Major elements
ere analyzed by X-ray fluorescence (Philips PW1404, Univer-

ity of Kwazulu-Natal) using fusion disks, following the method of
orrish and Hutton (1969).  International reference materials BCR-
, AGV-1, NIM-N, DTS-1, GSP-1 and BHVO-1 were used as primary
tandards and then were compared to in-house standards, used as
ontrols. Some trace elements were analyzed by X-ray fluorescence
n pressed pellets by X-ray fluorescence using the NIM and USGS
anges of international reference materials. Rare-earth elements
ere analyzed using inductively coupled plasma mass spectrom-

try (ICP-MS) (Perkin Elmer 6100, University of Kwazulu-Natal).
rimary calibration was against certified standard solutions, and
he international reference materials BCR-1, BHVO-1 and RGM-1
ere run as controls using the method of Wilson (2003).

.4. Sm–Nd isotopic analyses

Standard dissolution and column procedures as described by
hoi et al. (2008) were followed, after which each sample was  dried
o a solid, treated with a drop of 14N HNO3, redried, and then loaded
nto double rhenium filaments using a 1.5N HCl acid solution. The
amples were then run on a Finnigan MAT262 thermal ionization
ass spectrometer at the University of Michigan. Mass fractiona-

ions for the Nd ratios were normalized to 146Nd/144Nd = 0.721900.
eodymium values obtained on the instrument for the La Jolla Nd
tandard are 143Nd/144Nd = 0.511842 ± 10. Total Sm and Nd blanks
veraged 0.02 ng. Sr isotopes were not measured given the inherent
nreliability of these data from previous studies.

. Results

.1. U–Pb zircon ages

Samples of the pre-Pongola granitoids dated in this study were
aken at Piet Retief, Hoopwell and Tsawela, with positions shown
n Fig. 1B. The zircon grains for the three pre-Pongola granitoids
ated in this study are all euhedral with magmatic oscillatory zones,
nd produced data with relatively small discordances. The analyt-
cal data and ages for all individual spot analyses are given in the
upplementary data file entitled ‘Zircon U/Pb data for spots ana-
yzed by high-resolution secondary ionization mass spectrometry

SIMS)’ A summary of ages for each sample is given in Table 2. Data
or the pre-Pongola granitoids, shown graphically in Fig. 3a and b,
ive ages of 3147 ± 13 Ma  for a sample from the Piet Retief area
nd 3267 ± 21 Ma  for the Hoopwell area granitoid, to the east and
Gneiss of the Ancient Gneiss Complex (CG-65): 3427 ± 24 Ma.  The age differences
for  the basement granitoids on the SW and NE sides of the Pongola Basin highlight
possible different crustal blocks.

south of the town of Piet Retief (Fig. 1B). A sample (CG-65) from
the Tsawela Gneiss (Fig. 3c) of the Ancient Gneiss Complex on the
north side of the Pongola Supergroup depository gives an age of
3428 ± 22 Ma  with an indication, based on point distributions, that
there may  be two  zircon populations separated in age by just a few
million years (Fig. 3c). These have not been assessed further.

As for the Pongola volcanic rocks, the small grain-size and
limited number of zircons in some of these samples makes dating

difficult. The sequence of Pongola volcanic rocks shows a progres-
sion in ages from the lowest exposed unit in the Nsuze Group (in
the west) (Localities A and B on Fig. 2) to the highest volcanic
flow present in the upper Mozaan Group (Point C on Fig. 1B). The
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ig. 4. Concordia plots for the Pongola volcanic rocks. (a) Lowest andesitic flow (CG
ow  interbedded with upper Mozaan Group (CG-174): points were slightly discord

ample from the stratigraphically lowest andesitic flow (CG-170)
ives a concordia age (as defined by Ludwig, 1999) of 2980 ± 10 Ma
Fig. 4a). A middle-sequence rhyolite flow sample, CG-171, gives

 concordia age of 2968 ± 6 Ma  (Fig. 4b), and sample CG-174,
aken from an andesite flow interbedded in the Mozaan, gives a
07Pb*/206Pb* weighted mean age of 2954 ± 9 Ma  (Fig. 4c). The con-
ordia plot for this sample (Fig. 4c) does not produce a meaningful
egression age because of limited discordance unless it is assumed
hat the lower intercept age is 0 Ma.  Therefore a Pb–Pb weighted

ean age is calculated instead. A second flow from the middle of the
suze sequence gives a wide range of ages, with the youngest clus-

ering at 2704 Ma  and the oldest at >3400 Ma  (diagrams and data
ot shown). The diverse populations make it impossible to get any
hronologically meaningful information for this sample, but they
int at the complexity of mixing disparate components to produce
ome of the magmas from which theses rocks crystallized. The old-
st zircons in this sample in the range ∼3400–3600 Ma  are similar
n age to the Tsawela Gneiss and rocks in the Ancient Gneiss Com-
lex, which suggests zircon inheritance in this Pongola andesite
rom the local basement rocks.

Ages yielded for the Nhlangano gneiss in Swaziland, immedi-
tely north of the South African border (Fig. 1B), are older than the
wetta and Mswati Granites, and older than the age reported by
arton et al. (1983).  The concordia plot for the Nhlangano gneiss

CG-172) (Fig. 5a), displays an upper intercept age of 2961 ± 14 Ma,
nd gives a 207Pb*/206Pb* weighted mean age of 2963 ± 9 Ma,
hich we consider to be the preferred age. This is older than the

ge of 2929 ± 5 Ma  reported by Maphalala and Kröner (1993).
: 2980 ± 10 Ma,  (b) middle rhyolite flow (CG-171): 2968 ± 6 Ma, (c) upper andesitic
ut give a Pb–Pb weighted mean age of 2954 ± 9 Ma.

Two additional samples, PG-45 and PG-44, were taken from the
Hlatikulu granite and the zircon sample populations from both
display distinctive cores and rims. The zircons from PG-45 have
rose-colored, transparent cores with grey, cloudy metamict rims in
transparent light. The BSE images show this same metamictisation
of the rims (Fig. 6a), and consequently, high-precision analysis of
the rims was  impossible due to significant Pb loss. The concordia
plot with five analyses from the non-metamict cores is shown
in Fig. 5b and gives an age of 2973 ± 31 Ma.  Zircons from sample
PG-44 do not show any metamictisation, but include two distinct
age populations that are easily distinguished from each other
(Fig. 5c and d). The older age, 2960 ± 11 Ma  is similar to that of
sample PG-45, and the younger population of zircons gives an age
of 2742 ± 22 Ma.

The sample from the Kwetta Granite (CG-175) also gives two
ages (Fig. 7). A CL image of one representative zircon grain from
sample CG-175 is shown in Fig. 6b. Distinct cores and rims, like
those found in the Hlatikulu granite samples, are apparent. Two
analyses from the core of this grain give an age of 2911 ± 50 Ma
(Fig. 7a). The analyses from the rim give a younger upper
intercept age of 2721 ± 16 Ma,  similar to other grains analyzed
in the sample (Fig. 7b). This younger age is consistent with
previously published data for the Kwetta Granite of 2722 ± 6
(Maphalala and Kröner, 1993). Two other samples from the Kwetta

Granite were analyzed. Sample PG-49 gives a well constrained
concordia upper intercept age of 2720 ± 10 Ma  (Fig. 7c). This
is remarkably similar to the younger age obtained for sample
CG-175.
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ig. 5. Concordia plots for the older post-Pongola granitoids: (a) Nhlangano gneiss
ranite  (PG-44) cores: 2960 ± 11 Ma,  (d) Hlatikulu granite (PG-44) rimes: 2742 ± 22

The Mswati Granites were sampled at the Mhlosheni Pluton
CG-173: sample point M on Fig. 1B) and the Sicunusa Pluton (CG-
6: sample point N on Fig. 1B). Analyses from these two  samples
Fig. 8a and b) give ages of 2837 ± 6 Ma  and 2717 ± 11 Ma,  respec-
ively. Although these ages are older than those reported by Barton
t al. (1983),  they are in agreement with the age of the Kwetta Gran-
te, and are similar to the Pb evaporation isotopic ages reported
y Maphalala and Kröner (1993) of 2723 ± 7 Ma  for the Sicunusa
luton and 2822 ± 5 Ma  for the Mhlosheni Pluton.

.2. Isotopic data

Results from the Sm–Nd isotope analyses of the Pongola vol-
anic rocks and post-Pongola granitoids are given in Table 3. εNd(t)
alues get increasingly more negative from basalt to rhyolite ran-
ing from −2.55 for CG-32 (basalt) to −4.20 for CG-9 (rhyolite). The
ost-Pongola granitoids also display negative εNd(t) values ranging
rom −2.08 to −6.14. Calculated model ages for both the volcanic
ocks and the granitoids are much older than the U–Pb ages for the
ame samples. TDM values range from 3510 Ma  to 3447 Ma  for the
olcanic rocks and from 3494 Ma  to 3299 Ma  for the granitoids.

Sm–Nd data shown graphically (Fig. 9) yield poor isochron ages
f 3367 ± 410 Ma  for the Pongola volcanic rocks and 2918 ± 170 Ma
or the post-Pongola intrusives. εNd(t) values calculated using the

-intercept are +0.2 for the Pongola volcanic rocks and −3.4 for the
ost-Pongola granitoids. The value for the Pongola volcanic rocks

s not consistent with the universally negative values calculated
or all of the samples. However, the value for the post-Pongola
72): 2961 ± 14 Ma,  (b) Hlatikulu granite (PG-45) cores: 2973 ± 31 Ma,  (c) Hlatikulu

granitoids falls in the middle of the range calculated for the
samples individually.

5.3. Geochemical data

5.3.1. Major elements
Major and trace element data for the Pongola volcanic rocks

and the pre- and post-Pongola granitoids are given in the elec-
tronic supplementary data file entitled ‘Major and Trace Element
Compositions’. Data are given only for the samples used for
geochronology and Nd isotopic studies, and therefore only gen-
eralized characteristics are discussed. An in-depth discussion of
major and trace elements for the entire extent of the Pongola
resulting from over 30 years of research is currently in preparation.
Nevertheless, important characteristics are revealed in the present
data set and it includes the first comprehensive geochemical data
on the post-Pongola granitoids. Selected major and trace element
data for the Pongola volcanic rocks, and the pre- and post-Pongola
granitoids are shown in Fig. 10.  The range in SiO2 concentrations
(50.5–74 wt.%), corresponds to MgO  from 7 wt.% to 0.5 wt.% for the
volcanic rocks (Fig. 10a), and covers the range from basalt to rhy-
olite with intermediate compositions also significant in volume.
One of the volcanic rocks of intermediate composition (CG-174)
is a basaltic andesite (based on SiO2 content) with 5.7% MgO  and
57.7% SiO2 within the Mozaan Group, and is stratigraphically the

highest sample of the volcanic suite. Both pre- and post-Pongola
granitoid suites have less than 1 wt.% MgO. There is a wide range
in K2O + Na2O concentrations from 3.3 wt.% to 7.3 wt.% for the
Pongola lavas (Fig. 10b). Both granitiod suites have relatively high
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Fig. 6. Images of zircons from two samples taken from the Hlatikulu and Kwetta
Granites showing distinctive cores and rims. (a) Back-scattered electron (BSE) image
of a typical zircon from sample PG-45: Hlatikulu granite. The rims of sample PG-
45  show extensive metamictisation making it impossible to obtain a date for this
portion of the grain. Cores give a regression age of 2973 ± 31 Ma (see Fig. 5b). (b)
Cathodoluminescence (CL) image of a representative zircon from sample PG-175:
Kwetta Granite. Two spots from the core of this grain were analyzed giving a regres-
78 S.B. Mukasa et al. / Precambr

ontents of total alkalis and SiO2. SiO2 contents range from 69 wt.%
o 78 wt.%. Al2O3 (Fig. 10c) shows a progressive decrease with
ncreasing SiO2 reflecting plagioclase fractionation, consistent with
he plagioclase porphyritic character of the lavas of intermediate
omposition. The granitoids have relatively low Al2O3 contents
ith the post-Pongola suite having a range from 10.7 wt.% to

4.3 wt.% Al2O3. Iron content, expressed as Fe2O3 (Total Fe) in
ig. 10d, shows a wide range in the volcanic rocks from 14.5 wt.%
o 4.6 wt.% in the rhyolite, but the trend is not coherent and this

ay  reflect slightly different fractionation paths or Fe mobility
uring alteration. The granitoids contain less than 5 wt.% Fe2O3
Total Fe). The trend for FeO (Total)/MgO (Fig. 10e) is one of higher
atios with increasing SiO2 content in the volcanic rocks, and
herefore reflects more rapid depletion of Mg  compared to Fe in a
ractionating system. The granitoids have low values for this ratio.

.3.2. Trace elements
Trace element variation is shown in Fig. 10f–h for selected

ncompatible elements. Zr in the volcanic rocks shows a progres-
ive increase with increasing SiO2 (Fig. 10f), with the rhyolite
howing extreme enrichment. One rhyolite has relatively depleted
ncompatible element contents, indicating possible differences in
ineage for the fractionation paths. The pre-Pongola granitoids have
ow Zr contents and the post-Pongola granitoid suite has a wide
ange from 157 ppm to 665 ppm Zr. La rises systematically with
ncreasing SiO2 in the volcanic rocks (Fig. 10g). In the granitoids
he pre-Pongola rocks have the lowest La contents whereas the
ost-Pongola granitoids are in the range of 57–186 ppm La. Th is

owest in the basalt (0.4 ppm) with the intermediate rocks contain-
ng 5–10 ppm, and rising to 30 ppm in the rhyolite (Fig. 10h). The
re-Pongola granitoid suite is depleted in Th, but the post-Pongola
uite is strongly enriched in Th, with the highest value reaching
4.8 ppm.

The REE data normalized to primitive mantle using values of
cDonough and Sun (1995) (Fig. 11)  for the lavas have relatively

teep negative slopes for the LREE and flat patterns for the HREE.
verall, concentrations for all REE increase with decreasing MgO
ontent in the volcanic rocks. The basalt has a relatively flat REE
attern with a small positive Eu/Eu* anomaly. The more evolved
ock types have a progressively more pronounced negative Eu/Eu*
nomaly. The andesite (CG-174) has a negative Eu/Eu* anomaly and
lso has a crossing REE pattern. This sample (CG-174) is from the
obolsk Formation in the Mozaan Group and may  indicate a differ-
nt magma  source compared with the other volcanic samples. The
hyolites have steep LREE patterns and relatively flat HREE consis-
ent with their derivation from pre-existing crustal protoliths. The
elsic lavas have pronounced negative Eu/Eu* anomalies (0.52 for
G-171) indicating plagioclase fractionation. The pre-Pongola sam-
les have quite steep patterns for the LREE, and the HREE range from
at to steep with a turn-up from Er to Lu for one sample, sugges-
ive of melting of garnet in the source of these rocks in evolved
rustal rocks. The post-Pongola granitoids have steep LREE pat-
erns and steep to relatively flat HREE patterns and extend over

 wide range of REE concentrations. The highest REE concentra-
ions in this suite are approximately twice that of the rhyolite.
he striking feature of the post-Pongola granitoids is the marked
u/Eu* anomaly (0.22–0.51). For some samples of the post-Pongola
ranitoid suite, there is a close overlap with the Pongola rhyolites,
ossibly reflecting a common source, and perhaps even derivation
f the post-Pongola granites by melting of the Pongola volcanic
ocks at depth.

Trace element distribution diagrams normalized to primitive

antle (McDonough and Sun, 1995) and arranged in order of

ncreasing incompatibility (Fig. 12)  illustrate both similarities and
ifferences for the different suites. Significant negative anoma-

ies are observed for Nb, Ta, P and Ti. In detail the Nb and Ta
sion  age of 2911 ± 50 Ma. Data for this rim are consistent with data from other grains
from this sample giving an age of 2721 ± 16 Ma  (see diagrams in Fig. 7). Note: Ages
on diagrams are based on individual points and are not the same as regression ages.

anomalies relative to Th are less pronounced for the primitive
basalts, but become increasingly so for the intermediate rocks and
the rhyolites. The basalts and basaltic andesites have low values
for La/Th (average 0.11), typical of oceanic basalts (Plank, 2005),
whereas this ratio for felsic rocks is 0.23, and 0.5 for the post-
Pongola granitoids indicting a progressive amount of subducted
material included into the felsic component, rather than fraction-
ation of a basaltic parent as suggested by Armstrong et al. (1986).

6. Discussion

6.1. Interpretation of ages
The ages of the pre-Pongola granitoids are interpreted to rep-
resent the time of emplacement and are consistent with those
reported previously in the literature. The Tsawela Gneiss of the
Ancient Gneiss Complex on the northeastern side of the Pongola
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ig. 7. Concordia plots for the younger post-Pongola Kwetta Granite: (a). CG-17
103  ± 19 Ma,  (d) PG-49: 2720 ± 10 Ma.

epository is 3427 ± 24 Ma,  consistent with the Pb–Pb single zircon
vaporation age of 3436 ± 6 Ma  reported by Kröner and Tegtmeyer
1994). This rock unit is significantly older than that for any of
he granitoids measured on the southwestern side of the Pongola
epository, which yielded ages of 3147 ± 13 Ma  and 3267 ± 24 Ma
nd which agree with age determinations from previous studies
Allsopp, 1961; Farrow et al., 1990; Saha et al., 2010). These gran-
toids are therefore older than the 3107 + 4/−2  Ma  Mpuluzi sheet
ranite northeast of the central Pongola outcrop area, which was
ated by Kamo and Davis (1994).

We  have reported three reliable dates for the Pongola Super-
roup: one from the stratigraphically lowest andesitic section
CG-170), one from a middle rhyolitic section (CG-171), and one
rom an andesitic section interbedded with the upper Mozaan
roup (CG-174) (Figs. 1 and 2). These samples constrain the time of
mplacement for the Pongola Supergroup in the northern area to
etween 2980 ± 10 Ma  and 2954 ± 9 Ma,  which, by taking into con-
ideration the determined analytical errors, represents a time span
or the combined depositional event of both the Nsuze and Mozaan
uccessions to between 7 and 45 million years. The relatively old
ge obtained for the Tobolsk andesite (CG-174) is at variance with
urrent estimates of the age of Mozaan Group but is the first direct
ge determination of this unit. The age of 2837 ± 4.7 Ma  by Gutzmer

t al. (1999) is a minimum age and therefore the Mozaan may  be
onsiderably older than this. The only other age determination for
he Mozaan Group was by Walraven and Pape (1994),  a Pb–Pb
ge of 2860 ± 26 Ma  for a ferruginous chert. The ages on detrital
e of grain 30: 2911 ± 50 Ma,  (b) CG-175, younger age: 2721 ± 16 Ma, (c) PG-46:

zircons from Nhleko (2003) show a clear population peak at
2950 Ma  corresponding to the age obtained in this work for the
Tobolsk andesite. Rare zircons from Nhleko (2003) give younger
ages from 2944 Ma  to 2902 Ma.  These detrital zircons are from
sediments that occur stratigraphically lower in the succession
than the Tobolsk andesite. Therefore, while inheritance of older
zircons yielding the older age presented here must be consid-
ered a possibility, the zircons may  have been derived from other
volcanic layers that have since been eroded but deposited over
a narrow time interval for the whole succession. Considering
the errors from our age determinations, the maximum depo-
sitional time span for the whole sequence is 45 million years
and that for the Mozaan Group is 29 million years. As a work-
ing scenario, and using the ages determined in this study and
adopting the stratigraphic thickness of 8600 m as estimated by
Gold (2006) for the central Hartland area, this translates into
an accumulation rate of 0.19–1.2 mm/yr, which is within the
range reported for modern environments with arc volcanism and
interlayered sediments (e.g., Hildreth and Lanphere, 1994; Gamble
et al., 2003; Bacon and Lanphere, 2006; Jicha and Singer, 2006;
Singer et al., 2008). On the basis of these ages, and assuming the
top of the Nsuze Group, the maximum rate of deposition of the
Mozaan Group up to the level of the Tobolsk Formation (4000 m)

would have been 0.14 mm/yr.

The Nhlangano gneiss gives the oldest age among the post-
Pongola granitoids at 2961 ± 14 Ma  and is consistent with its
gneissic character as being the oldest of the post-Pongola granitoid
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Table  3
Sm–Nd isotopic data.

Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (±2�) U–Pb age (Ma) 143Nd/144Nd (initial) εNd (±2�) TDM (Ma) TCHUR (Ma)

Basalts
CG-32 2.056 8.792 0.1413185 0.511424 (14) 2970 0.508187 −2.55 3462 3310
CG-22 2.715 12.120 0.1354001 0.511266 (10) 2970 0.508122 −3.37 3510 3380

Andesites
PG-24  9.848 46.195 0.1288378 0.511136 (11) 2970 0.508179 −3.40 3469 3345
PG-26  6.213 31.287 0.1200040 0.510941 (12) 2970 0.508200 −3.82 3453 3342

Rhyolites
CG-9 6.891  36.879 0.1129195 0.510783 (11) 2970 0.508208 −4.20 3447 3345
CG-171 13.567 n.d. n.d. 0.511057 (11) 2970 n.d. n.d. n.d. n.d.

Post-Pongola granitoids
PG-44 11.888 65.568 0.1095659 0.510800 (11) 2960 (2742)a 0.508407 −2.69 (−4.89)a 3303 3188
PG-45  12.137 54.542 0.1344900 0.511256 (14) 2978 0.508154 −3.19 3487 3355
PG-46  6.328 27.939 0.1368873 0.511308 (10) 2978 0.508144 −2.08 3494 3358
PG-49 18.113 110.486 0.0991000 0.510575 (10) 2720 0.508414 −6.14 3299 3195
CG-173 11.184 49.239 0.1372701 0.511330 (10) 2968 0.508184 −2.85 3465 3324
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a The crystallization age is given for the core and the rim (in brackets) of the zirc

nd contemporaneous with the waning stages of Pongola volcan-
sm. This is at variance with the age of c.3260 Ma  age quoted for the
Nhlangano gneiss’ by Schoene and Bowring (2010).  This problem-

tic difference arises from interpretation of unit names and stems
rom the fact that the samples they analyzed came from the body to
he north of the type intrusion in the vicinity of Nhlangano town,
hereas the age of the Nhlangano gneiss, obtained in this study,

ig. 8. Concordia plots for the Mswati Granites: (a) Mhlosheni Pluton (CG-173):
837 ± 6 Ma,  (b) Sicunusa Pluton (CG-66): 2717 ± 11 Ma.
in. The εNd(t) is also given for the core and the rim, respectively.

is from the domed intrusion close to the town in the southwest
(sample position G in Fig. 1B). As noted earlier in the personal com-
munication from Blair Schoene, he recommends that a new name
should be considered for the 3260 Ma  rock unit to avoid confusion
in the future. Zircon grains from our sample of the Nhlangano gneiss
did not have distinct cores and rims potentially developed at differ-
ent times, and therefore the obtained date is taken to be the time
of crystallization for the rock.

Spots analyzed within the cores of both the Hlatikulu and

Kwetta Granites give similarly older ages. The rims of these samples
(where not highly metamict) give younger ages of 2742 ± 22 Ma
and 2721 ± 16 Ma.  Older ages are interpreted to represent

Fig. 9. Sm–Nd isochrons for the Pongola volcanic suite and the post-Pongola gran-
itoids: the solid line is based on five samples from the Pongola volcanic suite; the
dashed line is for five samples from the post-Pongola granitoid suite. The data are
shown in Table 3.
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Fig. 10. Selected major oxide and trace element variation diagrams plotted against SiO2. For the Pongola lavas the range of compositions from basalt to rhyolite is demon-
strated. The compositions of the granitiod suites overlap for the major elements but are clearly distinguished by the incompatible elements La and Th with the pre-Pongola
granitoids depleted in these elements whereas the post-Pongola granitoids are significantly enriched.

i
t
p
(
p
t
r
d
A
o
K

nheritance and the younger ones are considered to represent
ime of crystallization. This age is consistent with the previously
ublished Pb–Pb zircon evaporation age for the Kwetta pluton
Maphalala and Kröner, 1993). The Nd model age for the Kwetta
luton is 3299 Ma,  which is more than 500 million years older
han the zircon U–Pb ages. It is possible that this age difference
epresents the crustal residence time of the materials reprocessed

uring the subsequent episode of melting. It also implies that these
rchean granitoids were formed by multiple episodes of melting
f diverse protolithic materials. Both CG-175 and PG-46 from the
wetta Granite give old ages of 2911 ± 50 Ma and 3103 ± 19 Ma
respectively, though each age is based on only two points, as all
others show extreme Pb loss. It is deduced that the zircons in these
plutons were inherited during magma  generation from the pre-
Pongola basement granitoids. The inheritance of these cores from
rocks so close in age to the time of pluton crystallization suggests
that crustal recycling was  occurring during the mid-Archean on a
time scale as short as 200 myr. Except for the very coarse-grained

sample (PG-49), similarity in εNd values for the post-Pongola granit-
oids (−2.08 to −3.19) and Pongola volcanic rocks (−2.55 to −4.20)
indicates that either they had the same parental source or they
experienced similar crustal contamination during ascent.
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Fig. 11. Mantle-normalized rare-earth patterns for the Pongola volcanic rocks and
the pre- and post-Pongola granitoids. The lavas show increasingly steep patterns
and greater development of the Eu anomaly in the more evolved types. The pre-
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Fig. 12. Mantle-normalized trace elements (after McDonough and Sun, 1995)
arranged in order of increasing incompatibility for the Pongola volcanic rocks and
the  pre- and post-Pongola granitoids. The patterns are similar for the rhyolite and

lithophile elements (Sc, Cr, Co, Ni and Sr) have low abundances.
Abundances of both HREE and LREE are high, but with a deep neg-
ative Eu anomaly (Fig. 11). Other discriminatory diagrams (Eby,
1990) which support the A-type granite are the relatively high

Fig. 13. Th/Yb versus Nb/Yb for the Pongola volcanic rocks and the pre- and
post-Pongola granitoids using the diagram from Pearce (2008). Parallelism to the N-
ongola granitoids have steep REE patterns and flat HREE patterns whereas the
ost-Pongola granitoids have the greatest enrichment in REE and have deep negative
u  anomalies.

The strongly negative εNd(t) values ranging from −2.08 to
6.14, confirm that the protoliths were enriched materials in the

rust and/or lithospheric mantle. The small spread in the Sm–Nd
sochron data caused the large error. In addition, U–Pb data show a
arge spread in ages suggesting that these rocks were not cogenetic
nd therefore cannot be plotted together to produce a meaningful
m–Nd isochron.

.2. Significance of the geochemical signatures

The variations and scatter shown in the major element plots
Fig. 10)  for the Pongola volcanic units are similar to those of the
rmstrong et al. (1986) data set. Possible causes of the scatter

nclude flow inhomogeneity, inherent magma  characteristics
erived from variable source components, variable early-stage con-
amination, and element mobility due to later alteration processes,
nd also domainal considerations in the complex interactions of
olcanoes and flow sheets preserved in this area. Also similar to
he results reported by Armstrong et al. (1986) are the REE and
rimitive mantle-normalized element discrimination diagrams for
he Pongola lavas, with similar troughs in Eu, Ba, Nb, Sr, P and Ti.
n addition, this study shows a negative anomaly in Ta that was
ot previously documented. The patterns show increasing over-
ll enrichment with increasing SiO2 concentration, but decreasing
nrichment for Eu, Sr and P. This is consistent with advancing
ractional crystallization and retention of these elements in min-
ral phases such as plagioclase and finally, apatite. High Sr/Y values
f the majority of the pre-Pongola granitoids are probably due to
r enrichment in Ca-plagioclase during magma  differentiation. The
ow Sr/Y values exhibited by the Pongola lavas are likely to be due
o plagioclase fractionation.

Ratios of Th/Yb versus Nb/Yb reveal source components and
obility of Th during melting of a subducting slab (Pearce, 2008;

édard et al., 2012). Melting of the subducting slab adds Th to the
ource but does not change the ratio of Nb to Yb. Therefore con-

ributions of an arc component would result in an array parallel to
he OIB–MORB array. Bédard et al. (2012) point out that Archean

agmas that are not subduction derived show oblique arrays that
re not parallel to the OIB–MORB trend and reflect contamination
some of the post-Pongola granitoids indicating a common source. The pre-Pongola
granitoids are strongly depleted in the highly incompatible elements and less so for
elements such as U and Th.

by a crustal component. The Pongola lavas and the granitoids form
an array parallel to the OIB–MORB trend, but also pass through the
composition of continental crust (Fig. 13)  which is dissimilar to the
lava compositions of many greenstone belts and could suggest an
arc environment. Therefore, while crustal contamination is clearly
an important component of the Pongola rocks they may equally
have inherited signatures relating to subduction processes.

The origin and tectonic setting of the post-Pongola granit-
oids remains a largely unresolved issue, but the present data
contribute to the framework of understanding the operative pro-
cesses. While the tectonic setting of the Nsuze Group remains
uncertain, the post-Pongola granitoids are undeformed, have pri-
mary igneous fabrics, and were emplaced following the Pongola
Supergroup when the craton had completely stabilized. They would
then meet structural criteria for A- (anorogenic) type granites as
defined by Loiselle and Wones (1979).  They also meet the chemical
criteria of Eby (1990) by having relatively low CaO and Al2O3, high
Na2O + K2O and K2O/Na2O and high Fe2O3(Total)/MgO. Incompati-
ble trace elements (Zr, Nb, Y and Ta) are relatively high whereas
MORB/OIB array could imply metasomatic enrichment of Th in the source as could
occur in a subduction melting. Simple contamination by crustal material of a prim-
itive source would result in an oblique array. The array of the granitoids and the
rhyolites passes through the composition of average continental crust whereas the
basalts and basaltic andesites form a slightly displaced parallel array.
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Fig. 14. Yb/Ta versus Y/Nb, and Ce/Nb versus Y/Nb diagrams after Eby (1990)
demonstrate coherency in the A-type granitiod suite with the Pongola lavas. The pre-
Pongola granites are also plotted. The lavas show restricted distribution as might be
expected from fractionation control while the A-type post-Pongola granitoids are
widely spread indicating the different bodies were derived from subtly different
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rocks, but recent detailed studies have shown much of this material
ources. The Hlatikulu granite is enriched in Nb compared to other post-Pongola
ranitoids.

atios of selected incompatible elements (averages for Yb/Ta = 3.08;
/Nb = 1.8; Ce/Nb = 4.84). The petrogenesis of A-type granite may

nvolve several protoliths, but possibly the most applicable in this
ase is the derivation from previously melted crust (Collins et al.,
982). The relatively high values for Yb/Ta and Y/Nb (Fig. 14) are
onsistent with generation in post-collisional or post-orogenic and
norogenic environments (Eby, 1992). The post-Pongola A-type
ranitoids were most likely generated by second-order processes
nvolving melting of crust. The A-type granites lie close to the
oundary of the A1 and A2 sub-types defined by Eby (1992) on
he basis of incompatible trace element ratios. One of the rhyo-

ites (CG-171) is highly enriched in incompatible elements and has
imilar values for the discriminatory elements and ratios used to
dentify the post-Pongola A-type granites. This suggests that the
search 224 (2013) 268– 286 283

granites may  have been derived by melting of the Pongola rocks
at depth. The major- and trace element compositions of sample
CG-171 closely approximate the mean value of 11 rhyolite samples
studied by Armstrong et al. (1986).

6.3. Tectonic setting

The Nsuze Group of the Pongola Supergroup spans the entire
range of basalt–andesite–dacite–rhyolite compositions, but based
on existing data is probably dominantly bimodal in compositional
distribution with the main rock types being basaltic andesite and
rhyolite. Basalt is a relatively minor component, which is markedly
different compared to most Archean greenstone belts. Smaller
amounts of intermediate rock type (andesites and dacites) may be
attributed to variable contamination of basaltic magmas which is
consistent with εNd(t) becoming increasingly negative for the more
siliceous lava types. There is currently insufficient field data in this
study (or previous studies) to quantitatively assess the true relative
volumes of the different rock types.

Convergent margins can juxtapose rocks of different origins,
ages and with different chemical and isotopic signatures, thereby
complicating our ability to deduce the original geodynamic sett-
ings. In contrast, it is expected that the rock units from either side
of a rift can be traced across contrasting terranes if the original
geometry is still discernible. The 3.6–3.4 Ga Ancient Gneiss Com-
plex is present only on the northeastern side of the depository
whereas the c.3.2–3.1 Ga terrane denominates the southwestern
areas (with remnants of older greenstone belts), but gneissic rocks
of this age also occur on northeastern side. This study is in accord
with previous investigations and indicates that the preservation of
the Pongola Supergroup may  be attributed to a zone of weakness
between contrasting crustal blocks, but this is not to suggest that
the Pongola rocks unequivocally represent a subduction setting.

The basalts and basaltic andesites are the most primitive of the
volcanic rocks, and their REE and high field strength element pat-
terns are largely a reflection of source material composition and
the melting process. Basalts, basaltic andesites and andesites in
arc settings rarely exhibit Eu anomalies (McLennan and Taylor,
1981) and though some of the basalts and basaltic andesites of the
Nsuze Group show slight positive or negative Eu anomalies, the
overall REE trend and patterns on element distribution diagrams
most strongly resemble those of modern arcs, and less so those of
continental rifts.

Primitive mantle (PM)-normalized distribution plots of mod-
ern active continental margins, such as the Andes, have high
enrichments in incompatible elements except for notable negative
troughs in Nb and Pr and positive spikes in U and Pb. These patterns
are similar to the basalts and basaltic andesites in the Nsuze Super-
group, including a Ta negative anomaly, and might be indicative of
a convergent tectonic setting. However, these are features shared
with continental crust, and therefore could have been inherited by
interaction of primitive magmas with such material.

While the tectonic setting is not clearly identifiable there are
both chemical and field indicators that constrain or eliminate some
settings. Several controls may  also superimpose similar signatures.
A continental rift setting for the Nsuze lavas is least supported by
field observations and the geochemistry, and the range and nature
of the volcanic rocks. Similarly, the bimodal distribution and the
high proportion of basaltic andesite and andesite are not consistent
with supracrustal continental eruptions. The amount of volcani-
clastic component in the Nsuze of the central region is also probably
underestimated because of the apparently massive nature of the
to be fine-grained bedded ash deposits. Crustal contamination may
impose characteristic signatures, such as depletion of Ta and Nb,
but this would also be consistent with an active continental margin
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ith the largely subaerial depositary supported by thick continen-
al crust. Other plate tectonic models should also be considered,
lthough these are unlikely to have been identical to recent and
odern analogues. Extensional continental arc basins with rapidly

eposited volcanic and sedimentary sequences (Busby, 2012, 2004;
arnes et al., 2001) are important crust building processes and may
lso have occurred close to the margins of stable cratons in the
eso-Archean.

. Conclusion

The Pongola Supergroup of the Kaapvaal Craton in South Africa
nd Swaziland represents a unique assemblage of well-preserved
olcanic rocks and intercalated sediments, pyroclastic rocks and
edimentary successions preserving the magmatic and sedimen-
ary record of the oldest deposit on a stable craton. The lower,
ominantly volcanic sequence of the Nsuze Group (4600 m thick

n the study area) is unconformably overlain by clastic sediments
f the Mozaan Group (4800 m thick). The succession is rift bounded
ith a suggestion of contrasting gneiss terranes on the northeast

older) and southwest (younger) sides but has no characteristics to
uggest that the rocks were deposited in a rift environment. The
ongola depository may  have developed along a line of weakness
etween crustal blocks developed at earlier times in a variety of
ectonic settings.

Chemical and lithological characteristics point to plate tectonic
ontrols for the origin of the sequence. The development of sub-
tantial (but unquantified) volumes of intermediate volcanic rocks
andesites and dacites) has similarities to continental margin and
rc-like settings, although derivation by crustal contamination of
afic magmas, though unlikely on a massive scale, cannot be com-

letely ruled out. Formation in a rifted continental environment is
ot supported by the lava compositions nor by the style of the vol-
anic and sedimentary deposits. Geochemical characteristics, such
s marked depletion of Ta and Nb are signatures typical of arcs, but
ould also have been inherited from the crustal contamination of
ore primitive lavas.
Precise age determinations of intermediate volcanic rocks at the

ase and near the top of the Nsuze Group succession (2980 ± 10 Ma
nd 2968 ± 6 respectively), and close to the top of the Mozaan
roup sediments (2954 ± 9 Ma)  indicate a remarkably short period
f deposition. While the possibility of inherited zircons cannot be
uled out, these ages allow constraints to be placed on the depo-
itional rates with approximately 5000 m of volcanic rocks being
eposited over a maximum period of 28 million years. The volcanic
ocks of the upper Mozaan Group are separated from the upper
art of the Nsuze Group by approximately 4000 m of sediments and
quate to a maximum depositional time period of 29 million years

 giving a minimum accumulation rate of 0.14 mm/yr, notwith-
tanding a possible time break as a result of non-deposition and
evelopment of the unconformity between these two  Groups.

The oldest supracrustal volcanic sequence, the Dominion Group
t the base of the Witwatersrand Supergroup in the center of
he Kaapvaal Craton (Fig. 1A), has been dated at 3074 ± 6 Ma
Armstrong et al., 1991) or approximately 90 million years older
han the stratigraphically lowest Nsuze Group andesite flow stud-
ed here. The correlation of the Nsuze Group in the central region

ith the Dominion Group is therefore unfounded. There is also lit-
le geochemical similarity, particularly for the felsic rocks and the
istribution of lavas of intermediate composition, between these
wo occurrences, comparing with the data of Marsh et al. (1989).

he only known volcanic event (the Crown Lavas) recorded in the
est Rand Group of the Witwatersrand Supergroup, and which

ithostratigraphically may  correlate with the volcanic unit of the
ozaan Group, was dated at 2914 ± 8 Ma  (Armstrong et al., 1991),
search 224 (2013) 268– 286

a difference in age of approximately 40 million years. U–Pb ages
of detrital zircons indicate that deposition of the West Rand Group
commenced after 2970 Ma  (Barton et al., 1989), which is consis-
tent with the youngest age of 2968 ± 6 Ma  for the underlying Nsuze
Group volcanic from this work. On this basis it may  be concluded
that deposition of Witwatersrand Supergroup and the Mozaan
Group commenced simultaneously notwithstanding the break in
deposition between the Nsuze and Mozaan Groups, which may
have been of limited duration.

Although conjectural at this stage, and until further studies have
been carried out encompassing all facies of the Pongola basin, is it
suggested that a possible analogue to recent tectonic environments
for the Pongola Supergroup in the central area may  have been an
extensional, strike-slip controlled, continental arc basin similar to
that which characterizes the southwestern United States (Busby,
2012). Features, similar to those observed in the Pongola basin,
include contrasting bounding crustal blocks, evidence of rapid
deposition in an extensional environment and thick sequences of
sedimentary rocks and large volcanoes, wide ranges in magma
compositions and variable types and styles of eruption along the
length of the belt including large volume andesite eruptions of
commonly highly porphyritic lavas.

The magmatic–sedimentary episode in the southeastern part
of the Kaapvaal Craton ended with the emplacement of the oldest
known true A-type granite stocks east and southeast of the Pongola
depositary. These contain inherited zircons (cores) of effectively
the same age as the youngest zircons of the Tobolsk volcanic rocks
of the Mozaan Group (c. 2950 Ma)  and were emplaced over the
period 2837–2717 Ma.  Both A1 and A2 types (Eby, 1990, 1992) are
recognized concluding the final phase of stabilization of the eastern
Kaapvaal Craton.
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