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The Makhonjwa Mountains, traditionally referred to as the Barberton Greenstone Belt, retain an iconic
Paleoarchean archive against which numerical models of early earth geodynamics can be tested. We
present new geologic and structural maps, geochemical plots, geo- and thermo-chronology, and
geophysical data from seven silicic, mafic to ultramafic complexes separated bymajor shear systems across
the southern Makhonjwa Mountains. All reveal signs of modern oceanic back-arc crust and subduction-
related processes. We compare the rates of processes determined from this data and balance these
against plate tectonic and plume related models. Robust rates of both horizontal and vertical tectonic
processes derived from the Makhonjwa Mountain complexes are similar, well within an order of magni-
tude, to those encountered across modern oceanic and orogenic terrains flanking Western Pacific-like
subduction zones. We conclude that plate tectonics and linked plate-boundary processes were well
established by 3.2e3.6 Ga. Our work provides new constraints for modellers with rates of a ‘basket’ of
processes against which to test Paleoarchean geodynamic models over a time period close to the length of
the Phanerozoic.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

There is fierce controversy about how Paleoarchean geology
may be interpreted to reveal the nature and pace of global geo-
dynamics that far back in time (3.2e3.6 Ga). Central to the present
geologic disputes are whether or not present-day style plate tec-
tonics and linked orogeny with a dominance of horizontal forces
operated during the Paleoarchean or even earlier (e.g., De Ronde
and Kamo, 2000; Diener et al., 2005, 2006; Dziggel et al., 2006;
Wit).
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Moyen et al., 2006, 2007; Stevens and Moyen, 2007; Kusky et al.,
2013; Turner et al., 2014; Komiya et al., 2015; Maruyama et al.,
2016; Greber et al., 2017; Maruyama and Ebisuzaki, 2017), or if
vertical tectonics and linked epeirogeny driven by plume-dynamics
and crustal delamination dominated the planet during that time
(e.g., Hamilton, 1998, 2011; Zegers and Van Keeken, 2001; Van
Kranendonk, 2011a, b; François et al., 2014; Van Kranendonk
et al., 2014, 2015; Kröner et al., 2016; Chowdhury et al., 2017).
This controversy about the nature of early Archean tectonics has
been extensively debated over the last two decades without
reaching consensus (de Wit, 1998; Witze, 2006; Hynes, 2014).
There is agreement that better modelling of tectonic, igneous and
sedimentary processes will provide fundamental keys to unravel
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the origin and formation of Earth’s earliest continental crust
(3.5e4.0 Ga) in addition to understanding their linked paleo-
environments and ecosystems. However, such models must be
tested against robust empirical field and laboratory data in order to
unravel the geodynamic evolution of Earth (e.g., St-Onge et al.,
2006; Hawkesworth and Kemp, 2006; Keller and Schoene, 2012;
Korenaga, 2013; Ernst et al., 2016; Hawkesworth et al., 2016;
Weller and St-Onge, 2017).

Recent field, rock and mineral analyses have provided some
evidence for modern-like plate tectonics by 3.0e3.2 Ga (e.g.,
Smithies et al., 2007; Polat et al., 2008;Mints et al., 2010; Shirey and
Richardson, 2011; Van Kranendonk, 2011a, b; Dhuime et al., 2015;
Smart et al., 2016; Halla et al., 2017) and possibly as early as
3.8e4.0 Ga (Komiya et al., 1999, 2002, 2004, 2015; Furnes et al.,
2007, 2009, 2014, 2015; Maruyama and Komiya, 2011; Adam
et al., 2012; Turner et al., 2014; Maruyama et al., 2016; Greber
et al., 2017). However, these data are not generally accepted as
conclusive before ca. 3.2 Ga, and have been interpreted to reflect
mantle plume magmatism or subduction processes (Bédard, 2006;
Cawood et al., 2006; Ernst et al., 2016; Johnson et al., 2017).

Numerical modelling based on elevated mantle temperatures
and crustal geotherms, as are generally assumed for the Archean, is
consistent with mantle plume activity driven by dry mantle con-
vection (Davies, 2007; Arndt et al., 2013; Fischer and Gerya, 2016).
Similar modelling and experimental petrology assuming a more
hydrous mantle, shows that plate tectonics is also capable of
removing excess heat produced in the Archean at rates comparable
to, and possibly even lower than its current rate at mid-ocean
ridges (de Wit and Hynes, 1996; Korenaga, 2013); and that under
wetter mantle conditions, subduction-related processes can also
account for high-magnesium basalts and komatiites at significantly
lower temperatures than under drymantle conditions (e.g., Parman
et al., 1997, 2001, 2004; Grove and Parman, 2004; Parman and
Grove, 2004a, b; Arndt, 2013; Blichert-Toft et al., 2015; Sobolev
et al., 2016).

Field observations linked to thermochronology and meta-
morphic petrology have questioned the existence of ubiquitous
higher geothermal gradients everywhere during the Paleoarchean,
and argued for subduction-like processes to account for these
findings (e.g., Diener et al., 2005, 2006; Dziggel et al., 2006; Moyen
et al., 2006, 2007; Stevens andMoyen, 2007; Schoene and Bowring,
2010; Grosch et al., 2012). These interpretations have been disputed
on the basis, for example, of rheological processes in subduction
zones (e.g., Van Kranendonk et al., 2014, 2015). However, recent
metamorphic modelling has pointed to a lack of detailed knowl-
edge about variability of rock rheologies at subduction margins
(Hodges, 2017; Yamato and Brun, 2017). Resolving these issues
concerning modern systems will no doubt influence diverse in-
terpretations concerning the (albeit rare) relatively high pressure/
low temperature metamorphic assemblages at ca. 3.2 Ga discov-
ered by Moyen et al. (2006) and linked to subduction-like pro-
cesses; in addition to Archean diamonds with subduction-like
carbon signatures (Smart et al., 2016), and titanium isotopes of
shales linked to subduction processes at 3.5 Ga (Greber et al., 2017).

But none of these findings have provided convincing evidence to
distinguish between dominance of different geodynamic regimes
(e.g., Adam et al., 2012; Martin et al., 2014). Whilst there is no
compelling theoretical argument against efficient subduction pro-
cesses at that time (Hynes, 2014), most modellers insist that tec-
tonics during the early Archean was radically different and was
driven by plume-lid tectonics (e.g., Fischer and Gerya, 2016). Suf-
ficient deterministic field observations linked to geochemistry are
crucially lacking to resolve these controversies.

A fundamental distinction between plate tectonics and plume-
or delamination-driven Archean tectonics, for example, could be
made with evidence for, or absence of, relatively large horizontal
lithosphere motions, respectively, based on paleomagnetism.
Todate, quantifying large-scale horizontal motions and rates using
paleomagnetism have been convincing only in Mesoarchean ter-
ranes (2.7e3.0 Ga; Strik et al., 2007; de Kock et al., 2009). Yet results
from two Paleoarchean regions have produced similar paleo-
latitude estimates: (1) A short episode of large scale motion
(12e673 cm/yr) has been obtained between 3.46 and 3.48 Ga from
the Pilbara craton in Australia (Suganuma et al., 2006); and (2)
About 1100 km motion, averaged over 9 million years at 3445 Ma,
yield an equivalent to a latitudinal velocity of ca. 12 cm/yr from the
MakhonjwaMountain (MMt) sequences (Biggin et al., 2011).Whilst
this is fast by today’s standards, the lower numbers are well within
the range of plate velocities observed in the Phanerozoic. The
reliability of the data emerging from these studies is far from
certain, but there are no grounds for their outright dismissal.

By contrast, geological field observations have revealed signifi-
cant local Paleoarchean horizontal crustal motions of up to 10 km.
For example, large-scale tectonic extension during formation of
volcano-sedimentary listric basins as early as 3.45 Ga (e.g., Nijman
and de Vries, 2004), as well as significant horizontal shortening
episodes linked to foreland basin evolution during regional
thrusting at ca. 3.4 Ga and 3.2 Ga (de Wit, 1982; Lamb, 1984a, b;
Paris, 1987; De Ronde and de Wit, 1994; Lowe, 1994; De Ronde
and Kamo, 2000; Grosch et al., 2011) suggest horizontal tectonic
processes that possibly, but not definitively, link to plate tectonic
motions (e.g., see Van Kranendonk et al., 2009, 2014 for counter
arguments). Thus a first order tectonic model for the early Archean
Earth remains elusive and malleable. The interpretations and
models remain controversial in part because of a lack of field ge-
ology systematically linked to modern chemical and magneto-
stratigraphy, and a lack of high resolution geophysics of tectonic
structures linked to precise geochronology. In this context both the
timing and mechanism of onset of unambiguous subduction pro-
cesses remain important to establish.

Here, we summarize recent advances in linked field and labo-
ratory studies across the world’s best well-preserved Paleoarchean
crustal blocks that flank the escarpment along the eastern margin
of southern African Highlands (Fig. 1). This region, known geolog-
ically as the Barberton Greenstone Belt and geographically as the
Barberton Mountain Land, was recently renamed the Makhonjwa
Mountains (de Wit, 2010; following Hall’s original terminology,
1918). We use the name Makhonjwa Mountains (MMts) because
the term ‘greenstone belt’, and the definition it generally carries, is
restrictive, anachronistic and no longer conducive to developing a
deeper understanding of Earth history (de Wit and Ashwal, 1995).
We therefore appropriately apply terminology used for modern
orogenic belts to what have, until recently, been collectively and
uncritically categorized as ‘greenstone belts’.

Collectively, our results provide new rates of a ‘basket’ of pro-
cesses against which to test Paleoarchean geodynamic models over
a time period close to the length of the Phanerozoic. We show that
paleo-oceanic components (basalts and komatiites and their linked
intrusive complexes) of this region formed predominantly in
oceanic environments at water depths of ca. 2e4 km; and that for
more than 300 million-years these environments were generated
in a variety of back-arc type environments. We find that absolutely
none of the geochemical analyses presently available from this
region plot in plume domains, no matter what sort of discriminant
diagrams are used. We consolidate structural field evidence that
reveals the region contains three separate terranes comprising at
least seven litho-tectonic complexes, all with chemical signatures
indistinguishable from modern rocks found in and around sub-
duction systems. Based on high-resolution aeromagnetic and
electrical conductivity surveys across the major shear systems
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within the MMts, and Sm-Nd and Lu-Hf isotopic data from sur-
rounding granitoids and orthogneisses, we evaluate the merging of
these three terranes through subduction processes. We find that
two major, relatively short orogenic episodes separated by about
200 million years (ca. 3.4 Ga and 3.2 Ga), both resemble accretion
and collision processes that are operative along the margin of the
western Pacific, and which transformed theMakhonjwa region into
a stable continental terrain between 3.1 Ga and 3.0 Ga.

The signatures of the first tectonic episode are dominated by
normal listric faults and layer parallel shear systems, followed by
thrusting and large scale overturning of sequences within a period
of about 30 million years, between 3.46 Ga and 3.43 Ga (Armstrong
et al., 1990; Grosch et al., 2011). The structures of the second major
tectonic episode formed within less than 10 million years, between
3223 Ma and 3214 Ma (De Ronde and de Wit, 1994; De Ronde and
Kamo, 2000), dominating late folding and thrusting along the two
outer flanks of the greenstone belt (the Weltevreden and Mala-
lotsha Domains), and molasse-like sedimentation covering the in-
ternal sector (the Songimvelo Domain) of the MMts (e.g., Lamb,
1984a, b; Paris, 1984; Heubeck and Lowe, 1994; Lowe and Byerly,
2007; Heubeck et al., 2016; Drabon et al., 2017; see Fig. 2 for Do-
mains). During this period younger subduction related complexes
were assembled through accretionary orogenesis, and older com-
plexes were re-worked and uplifted (Moyen et al., 2007; Lana et al.,
2010a, b). We use the high resolution magnetic data to trace one of
the shallow to steep plunging paleo-subduction zones down to
depth of 6e7 km. Oblique convergence ended in collision and
strike-slip displacements, followed by regional extension/exhu-
mation between 3.0 Ga and 3.1 Ga, at rates comparable to those
measured in modern orogenic zones flanking transcurrent plate
boundaries.

We show that episodes of vertical tectonism (e.g., epeirogeny,
c.f., de Wit, 2007) were also prevalent throughout the evolution of
Figure 1. (A) Topography the Makhonjwa Mountains and surroundings overlain with the sh
www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm. Polygons from 1:1 Million GIS Geology M
panoramic views, shown in (Fig. 1B1eB4). (B) Panoramic views from the southern Makhonjw
the Komati Valley towards the Makhonjwa Mountains with parts of Tjakastad townships in
with Komati River below; (B4) within the mountains, with typical chert layer in the foreg
looking east.
the greenstone belt. During the first tectonic episode, local vertical
uplift in the order of 2e5 km, from deep-water to subaerial con-
ditions, created a regional unconformity. Following shortly after the
second major episode of convergent tectonism (orogeny), regional
exhumation with up to 10e20 km erosion, as determined from
thermochronology and extensional listric faults mapped along all
themargins of theMakhonjwaMountains, exposing numerous TTG
gneiss domes flanking the external margins of the belt, and large
scale granite batholiths that dominated final stabilization of the
area by 3.0 Ga (Kisters and Anhaeusser, 1995; Schoene et al., 2008,
2009; Lana et al., 2010a, b). During this period significant gold-
bearing fluids were injected over ca. 70 million years, and regu-
larly spaced major gold deposits of the greenstone belt generated
within 12million years (e.g., De Ronde et al., 1992; Dirks et al., 2009,
2013; Dziggel et al., 2010 and references therein).

Subsequently, the region was covered by sub-horizontal terres-
trial and shallow marine Neoarchean and Paleoproterozoic se-
quences until rapid Late Cretaceous uplift and exhumation re-
exposed the greenstone belt and shaped the Makhonjwa Moun-
tains (de Wit, 2007). Presently erosion rates of this granite-
greenstone basement are low (<1e5 m/Myr), due to the physical
and chemical resistant quartzites and cherts (e.g., Scharf et al., 2012)
that form the backbones of the Makhonjwa Mountain Ranges.

Below, we first summarize geologic field data collected over
more than 40 years, in the form of a lithology (bedrock) and a
structural map (Maps 1 and 2), and then link this to a synthesis of
our geochemical data gathered since 2004 with a focus on the
tectonic environments of the silicic, mafic to ultramafic volcanics
and intrusives of the Onverwacht Suite.We also present amagneto-
telluric (MT) section across the study area and, using data from a
high-resolution magnetic survey in 2011, we present a 3-D mag-
netic image across one of the circa 3.2 Ga accretion-collision mar-
gins to reveal a possible fossil subduction zone. Thereafter we
apes of its major geologic units. ALOS Global Digital Surface Model (AW3D330) http://
ap, Council for Geoscience, South Africa. White arrows locations and directions of
a Mountains. (B1) Looking south towards the Mpuluzi Plateau; (B2) looking north from
the foreground; (B3) looking east towards the Swaziland Highlands in the far distance,
round and overturned, steeply dipping lower sequence of Noisy Complex in distance

mailto:Image of Figure 1|tif
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Figure 1. (continued).
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summarize the rates of processes determined from this and earlier
published data, and balance these against plate tectonic and plume
related models.

2. General geology of the southern Makhonjwa Mountain
ranges

The literature about the geology of the Makhonjwa Mountains is
vast, and goes back to the late 19th Century when gold was first
discovered there. We refer readers interested in the earlier work to
Hall (1918) and Visser et al. (1956; and references therein), and re-
ports of Anhaeusser (1976, 1986, 1987, 1997) that collate the bibli-
ography of the region prior to 1996. Our work is confined to the
southern sector of the greenstone beltwithin thesemountain ranges
because it contains the best preservation and exposures of all se-
quences. The general geology of this study area is summarized in
Figs. 2e4, and the detailed bedrock geology on Map 1 and its inset.

The lithologies of the MMts (ca. 120 km � 60 km) are sur-
rounded on all sides by granitoid gneiss domes and plutons that
span about 500 million years (e.g., Moyen et al., 2007; Schoene
et al., 2008; and references therein). Across the Swaziland High-
lands, the Ancient Gneiss Complex (AGC) that flanks the southeast
margin of the MMts contain the oldest rocks yet identified in Africa
(Schoene et al., 2008; Schoene and Bowring, 2010; Kröner et al.,
2013, 2016; and references therein).

The oldest dated sequences within the belt (in the Theespruit
Complex) overlap with ages determined for the younger gneisses of
the AGC (Kröner et al., 2013, 2016). The youngest sequences within
the MMts comprise molasse-like sandstone-conglomerate se-
quences (Moodies Group, subsequently referred to as MG) depos-
ited during and after a second tectonic period ending just before
and during the onset of emplacement of regional-scale granite
batholiths at 3.14 Ga that widely surround the belt (Inset Map 1 and
Fig. 2; Lamb,1984a, b; Schoene et al., 2008; Heubeck et al., 2016 and
references therein).

Along the northwest margin of the MMts, TTG granitoid
orthogneisses and shear zones separate mafic-ultramafic rocks of
the Weltevreden sequences (Anhaeusser, 2006; and here referred
to as the Weltevreden Domain, Figs. 2 and 3; and see below) from
adjacent TTG core-complexes and GGM (Granite-Granodiorite-
Monzonite) plutons bounding the Stentor (e.g., Honeybird Shear
Zone flanking the 3258 Ma Stentor banded tonalite and the
3106 Ma Stentor granitic orthogneiss); the Nelspruit (3105 Ma),
Nelshoogte (3236Ma), and Kaap Valley (3227Ma) batholiths (Inset,
Map 1). These older granitic gneiss zones are dated between ca.
3350 and 3100 Ma (Anhaeusser, 2006; Moyen et al., 2007; Stevens
and Moyen, 2007; Schoene et al., 2008). Visser et al. (1956) pre-
dicted the presences of these flanking gneisses on the basis of
deformed granitoid pebbles derived from the northwest that they
discovered in the MG. Later analyses found some pebbles to be as
old as ca. 3570e3520 Ma, and interpreted to be derived from the
AGC to the east (Compston and Kröner, 1988). These granitoid clasts
were sourced and deposited within 10million years (Heubeck et al.,
2016) fromwidely dispersed external terrains of mixed ages during

mailto:Image of Figure 1|tif


Figure 2. Outline of the Makhonjwa Mountains and its flanking granitoids. Highlighted are the major shear systems separating the three internal Tectonic Domains of mafic-
ultramafic complexes and their overlying sedimentary sequences (Fig Tree and Moodies Groups). Location of the detailed bedrock and structural Maps 1 and 2 are shown as
black rectangle. Also shown are locations of the High-Resolution Magnetic Map, the Magneto-Telluric and Nd-isotope sections described in the text.
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emplacement, uplift and erosion of the granitoid batholiths and
TTG core-complexes, following the main deformation episode in
this region between ca. 3227Ma and 3229Ma (de Ronde and Kamo,
2000; Drabon et al., 2017).

The boundary of the Weltevreden Domain with the central
Songimvelo Domain of the MMts (Fig. 2) coincides with a major
fault system with both thrust and strike-slip components (Moo-
dies-Sheba-Inyoka-Saddleback) active during the deposition of
both deep water Fig Tree Group (shales and turbidites) and shallow
marine-terrestrial siliciclastic arkoses and wackes (in places
molasse-like) of the MG, deposited between 3223e3224 Ma and
3214 Ma (De Ronde and Kamo, 2000; Heubeck et al., 2016).

There is a progressive chemical change in the composition of the
Fig Tree Group (FTG) to the MG (Toulkeridis et al., 2015), as also
noted in southern region of the Swaziland side of the MMts (Mala-
lotsha Domain; Fig. 2), where theMG lithologic equivalent is known
as theMalalotsha Group and the FTG as the Diepgezet Group (Lamb,
1984a, b). The FTG sediments were derived predominantly from
mafic and ultramafic (and rare felsic) sources internal to the green-
stone belt, whilst the MG sediments were sources from felsic and
highly feldspathic granitoid plutons. The Moodies sequences are
varied over relatively short distances and were likely deposited
during rapid burial in separate fault controlled, isolated basins close
to marine shorelines, from both internal and external sources
(Sanchez-Garrido et al., 2011; Heubeck et al., 2016; Drabon et al.,
2017). In Swaziland they were deposited syn-tectonically as
molasse-like sequences during complex east-directed thrusting
likely within a period of less than 10 million years (Map 2; Lamb,
1984a,b, 1987). It is not known if these sequences on opposite
sides of the greenstone belt are precise age-equivalents; accurate
geochronology is missing in the Songimvelo and Malalotsha
Domains.

Thus, in general the bed rock of the MMts is dominated by a sil-
iciclastic cover in the north that has been increasingly removed to-
wards the southern part of the mountain belt covered by our Maps.
Thermochronology indicates that up to 5e10 km rock cover has been
removed here (Schoene et al., 2008), exposing the predominantly
magmatic sequences that comprise the underlying mafic-ultramafic
‘basement’ to the sedimentary archives of the FG and MG.

The southern part of the MMts can be simply divided into three
tectonic domains; regional allochthons of crustal fragments here
informally referred fromwest to east as theWeltevredenDomain, the
central Songimvelo Domain (following Lowe,1994; Lowe and Byerly,
2007), and the eastern Malalotsha Domain (Fig. 2). The latter is pre-
dominantly in Swaziland. The eastern and western domains strike
roughly NNEeSSW, whilst sequences in the Songimvelo Domain
strike roughly EeW and, NNEeSSW in the east across the Onver-
wacht Bend (Map 2). The Weltevreden and Malalotsha Domains are
separated from the central domain by major tectonic breaks,
respectively the Saddleback-Inyoka Shear System (SISS) and the
Manhaar-Msauli Shear System (MMSS e Figs. 2e4; Map 2). The
structures in themarginal domains are dominated by late fold, thrust
and strike-slip structures (D2/D3 dated between 3227 Ma and 3240
Ma) that overlap with deposition of molasse-like sequences (MG).
The central domain best preserves a long history of early listric
extensional faults (D0, 3.47e3.3 Ga) and a relatively short fold and
thrust belt (D1), dated between 3.45 Ga and 3.43 Ga, with back-
trusting possibly lasting until 3.33 Ga (e.g., Kamo, 1992), and

mailto:Image of Figure 2|eps
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emplacement of a major nappe (de Wit, 1982; here renamed the
Pylon Nappe) during deposition of the Fig Tree Group (Map 2 and
Fig. 3b; de Wit et al., 2011).

2.1. Songimvelo Domain

The lowermost sequences of the Onverwacht Suite are the
Sandspruit and Theespruit Complexes that form parts of subvertical
mafic-felsic schist belts along the southern margin of the Songim-
velo Domain. They are isoclinally folded and deformed at higher
grades of metamorphism (upper amphibolite facies) than all the
other overlying internal complexes at greenschist-facies (Dziggel
et al., 2002, 2006; Kisters et al., 2003; Diener et al., 2005, 2006;
Stevens and Moyen, 2007). Within internal imbricate tectonic sli-
ces, pillow structures, felsic volcanic and volcaniclastic sequences,
conglomerates and sedimentary successions with graded lapilli are
still well-preserved (de Wit et al., 1983; de Wit et al., 2011). The
Theespruit Complex has been dated between 3538Ma and 3521Ma
(Armstrong et al.,1990; Kröner et al., 2016), but there is dispute since
detrital zircon from a felsic volcaniclastic horizon in the Theespruit
sequence has also yielded ages as young as 3453Ma (Fig. 3b; and see
below). These sequences, herewith collectively referred to as the
Theespruit Shear System (Fig. 2; inset Map 1) were thrust to the
south across the older adjacent TTG cores, and in places back-thrust,
around 3445 Ma, and later exhumed by up to 18 km during exten-
sional faulting and formation of core complexes at circa 3.2 Ga
(Kisters et al., 2003; Stevens andMoyen, 2007; Lana et al., 2010a, b).

The type section of the Onverwacht Suite includes the Komati
Complex from which komatiites were originally discovered flank-
ing the Komati River (Viljoen and Viljoen, 1969a, b). The geology of
the Komati Complex has been re-mapped by numerous geologists,
but most recently in detail (1:500 to 1:5000) by J. Dann (Dann,
2000, 2001 and references therein). Field observations are incor-
porated on Map 1, but this does not do justice to Dann’s superb
maps to which the reader is referred for further details.

Field observations andpetrologyacross theKomati Complexhave
been widely published. The findings are not discussed here further,
other than to mention that there are still significant controversies
about the percentages of volcanic lavas versus shallow intrusions
(published ratios of volcanic versus intrusive components range
from 100% versus ca. 50%e70%); and on the magma sources of the
komatiites, and about the origin of their olivine and pyroxene
spinifex textures (e.g., ViljoenandViljoen,1969a;deWitet al.,1987a;
Grove et al., 1997; Dann, 2000, 2001; Dann and Grove, 2007; Robin-
Popieul et al., 2012). The Komati Complex rocks are metamorphic,
and very little original olivine (<1%) or pyroxene is preserved.

In 2014, an ICDP drill site (BARB 1-1; http://barberton.icdp-
online.org/) was completed through a section of an inflated flow
(tumulus) or very shallow intrusive, described in detail by Dann
(2008) and Robin-Popieul et al. (2012).

The most accepted igneous age of the mafic-ultramafic Komati
Complex has been derived from its central sector (3482� 5Ma, and
3481 � 2 Ma; Fig. 3b), but its precise age range is unconstrained.
The complex is cut by silicic dykes dated between 3470 Ma and
3458 Ma by Armstrong et al. (1990) and at ca. 3467 Ma by Kamo
(1992). The age of its greenschist facies metamorphism is best
bracketed between 3.45 Ga and 3.49 Ga (40Ar/39Ar) and 3.43 Ga
(Rb/Sr) dated from the same central sector (de Wit et al., 1987a, b,
and references therein).

We focus here further only on the geochemical signatures from
a number of studies on the komatiites and related basalts (see
section 5).

The mafic-ultramafic sequences of the overlying Hooggenoeg
Complex have not been dated directly. However, zircons isolated
from two of the ten interlayered chert horizons (HC on Fig. 3b) have
provided UePb dates of 3472 Ma (Middle Marker) and 3470 Ma
(HC4). Its litho-stratigraphy and volcanic/intrusive complexities
(including the massive Rozentuin Ultramafic Complex) have been
described in detail elsewhere (deWit et al., 2011; Furnes et al., 2011,
2012; Robins et al., 2011; Sandstå et al., 2011). In the glassy margins
of pillow lavas and the interpillow hyaloclastites just below the
highest preserved chert horizon (HC10; Fig. 3b) the oldest trace
fossils of the MMts have been recorded (Furnes et al., 2004;
Banerjee et al., 2006; Staudigel et al., 2008). Recently these have
been critically re-examined (Grosch and McLoughlin, 2015;
Staudigel et al., 2015).

The Hooggenoeg Complex is unconformably and tectonically
overlain by the Noisy Complex and intruded by its felsic sills. The
most complete sections are best preserved along its EeW trending
sector (Map 1) where it has been mapped in detail by de Vries
(2004), de Vries et al. (2006, 2010), Nijman and de Vries (2009).
Here conglomerates with boulders including silicified spinifex and
quartz-carbonate-fuchsite gneiss that directly overlie mafic
pillows of the Hooggenoeg Complex are interbedded with felsic
volcanic and volcanoclastic rocks (3448e3452 Ma) that are
intruded by felsic sills (Nijman and de Vries, 2009) dated between
3451 Ma and 3445 Ma (Fig. 3b; de Wit et al., 2011; Kröner et al.,
2013; and references therein). These sequences were deposited in
shallow water to subaerial environments during active regional
extension along listric faults that merge with layer parallel shear
zones within the underlying Hooggenoeg Complex (Nijman and de
Vries, 2009; Map 2).

A similar but reduced sequence of shallow water to subaerial
diamictites, conglomerates and sandstones overlie the Hooggenoeg
Complex along its NeS trending sector, which are described in
detail from the Etimambeni section along the Komati River and
from drill core (de Wit et al., 2011; Grosch et al., 2011; de Wit and
Furnes, 2016). This section has yielded detrital zircons ranging in
age between ca. 3455 � 8 Ma and 3432 � 10 to 3437 � 14 Ma
(Grosch et al., 2011, 2012; Grosch and Slama, 2017), which implies
that this condensed section (less than 200 m) represents the
youngest part of the Noisy siliciclastic units. 5 km farther north, this
section cuts 1e1.5 km into the upper part of the Hooggenoeg
Complex (Map 1), and elsewhere its lower section is overlain by
felsic volcanic and volcaniclastic rocks (Nijman and de Vries, 2009;
de Wit et al., 2011; Fig. 3b). Whilst it has been argued that the two
sections (EeW and NeS) are not equivalents (Grosch et al., 2011),
the units have been traced all the way across the Onverwacht Bend
(Map 1, and see below).

Both sections are disconformably overlain by Banded Iron For-
mation (BIF) and thick gray-white layered cherts known as the Buck
Ridge cherts and in the EeWtype section reachmore than 500m in
thickness (de Vries, 2004; de Vries et al., 2006, 2010; Nijman and de
Vries, 2009, and references therein). Recent ICDP drilling has
penetrated a thickness of more than 1000 m in the western part of
this type section (BARB-2; http://barberton.icdp-online.org/; Map
2). Along the Etimambeni section these are tectonically reduced
in thickness to less than 50 m (de Wit et al., 2011). Along the sec-
tion, the Noisy Complex is separated from the overlying Kromberg
Complex by a carbonate-fuchsite-serpentinite shear zone (the Eti-
mambeni thrust System, Map 2; Fig. 3b), which is generally poorly
exposed along the NeS section, except in parts of the Dunbar region
(Paris, 1984, 1987).

In the central part of the Songimvelo Domain, the EeW striking
lithologies and structures merge with those of the Weltevreden
Domain along the NNEeSSW faults of the Inyoka-Saddleback Shear
System (ISSS) and from there extend southwestward into the Stolz-
burg Schist Belt (Maps 1 and 2; Fig. 5). The general geology of the
Stolzburg Schist Belt is discussed further below. In the east, the EeW
structures merge over a broad zonewith the NNEeSSW trending D2
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structures of the Malalotsha Domain that farther south merge into
the Motjane Schist Belt (Inset Map 1). Detailed structural and strain
analyses of Motjane and Stolzburg schist belts are reported else-
where (de Wit, 1983; Jackson and Robertson, 1983; MacLennan,
2012).

Similar subvertical schist belts flank the southern margin of the
Komati and Theespruit Complexes (e.g., the Tjakastad and the
Stolzburg Schist Belts; Kisters et al., 2003, 2010; Diener et al., 2005)
and possibly also link to other schist belts that are separated from
the main MMt ranges and whose relationships are therefore not
obvious (e.g., the Schapenburg and Weergevonden Schist Belts
within the southern Stolzburg TTG cores to the south; and the
Kalkkloof Schist Belt (KSB) to the NW of the Weltevreden Domain,
flanking the Nelspruit TTG). The geology of the two southern
external schist belts are not further discussed here; they are
described elsewhere (Van Kranendonk et al., 2014, and references
therein). Potential links to the external Kalkkloof and Schapenburg
Schist Belts are discussed below.

There is significant tectonic debate about if and how the Stolz-
burg Schist Belt, and specifically its Saddleback-Inyoka Shear Sys-
tem (SISS), links up to the south with an external schist belt and its
related shear system known as the Inyoni Shear Zone (ISZ), or to the
west with an external system that links to the Kalkkloof Shear
System (KSS; Fig. 2, and inset Map 1).

Previous investigations identified relatively high pressure
metamorphic assemblages in folded mafic-ultramafic assemblages
within the foliated contact between the Badplaas and Stolzburg
tonalite terrains (Dziggel et al., 2002; Moyen et al., 2006; Nédélec
et al., 2012; Cutts et al., 2014). This shear zone, the Inyoni Shear
Zone (ISZ), was subsequently interpreted as a southern extension to
the SISZ, and thought to represent a Mesoarchean paleo-
subduction zone, with metamorphic mineral assemblages indica-
tive of relatively high pressure (1.2e1.5 GPa) and moderate tem-
perature (600e650 �C) during a low geothermal gradients
(12e15 �C/km) across a large area of the Stolzburg terrain (Dziggel
et al., 2002; Diener et al., 2005; Moyen et al., 2006, 2007; Stevens
and Moyen, 2007; Kisters et al., 2010). These pressures are the
highest crustal pressures reported in Paleoarchean rocks at the
lowest apparent geothermal gradients. Slightly higher geothermal
gradients (20e30 �C/km) reported from related mineral assem-
blages (e.g., Nédélec et al., 2012) are likely associated with retro-
grade metamorphic reactions under increasing temperatures
during exhumation. Presently the only tectonic environments
where such PeT conditions occur are in subduction zones. Meta-
morphic and structural analyses yielding lower pressure (0.5 GPa)
some 15 km farther south of the HP assemblages, have placed
doubts on this interpretation as a subduction zone (Van
Kranendonk et al., 2014). We will address these potential links
below using new high resolution magnetic data.

2.2. Weltevreden Domain

The western margin of the MMts comprises the Weltevreden
Domain, mapped in details in the study area by C.E.J. De Ronde, and
dated by De Ronde and Kamo (2000). This region contains struc-
turally separated sections of komatiite and tholeiite as well, as the
well-known tectonically bound Stolzburg Layered Ultramafic
Complex (SLUC, ca. 1e2 km thick), which is composed of serpen-
tinized dunites and orthopyroxenites, with lesser amounts of in-
ternal gabbro and rodingite, and flanked to the NW by a large
gabbro unit (de Wit et al., 1987a, and recently re-assessed by;
MacLennan, 2012). These sequences were originally defined as the
Jamestown Series (Hall, 1918), but are here collectively re-named
the Weltevreden Domain (Map 1 and Fig. 5). No dates have been
obtained from the mafic and ultramafic sequences, but a date of ca.
3210 Ma has been obtained from a titanite in a rodingite dike in the
SLUG (S.A. MacLennan, unpublished data).

The mafic-ultramafic rocks N of the SLUC are poorly outcrop-
ping, but along strike to the NE they contain well-preserved
spinifex-bearing komatiites and related ultramafic complexes,
often deeply carbonatized and serpentinized, and dislodged by a
number of complex and refolded shear zones/faults that are well
known for their association with the largest gold mines near Bar-
berton (Visser et al., 1956; Anhaeusser, 1986; De Ronde et al., 1991,
1992; Ward, 1999; Dziggel et al., 2007; Munyai et al., 2011; Dirks
et al., 2013).

TheWeltevreden Domain is cut by a number of major subvertical
faults that separate the mafic and ultramafic sequences from the
younger FTG andMG sedimentary sequences that are best preserved
within a large syncline (the Stolzburg syncline; Map 2). Only along
the hinge of this fold, and occasionally along its subvertical limbs,
are disrupted sections of unconformities preserved. Some of the
faults (e.g., the Mawelawele and parts of the Moodies faults) are
presently SE directed back-thrusts (Map 2; De Ronde and de Wit,
1994; De Ronde and Kamo, 2000). The mafic-ultramafic sequences
of the Weltevreden Domain merge along the southeastern tectonic
margin of the Stolzburg syncline with the EeW striking mafic-ul-
tramafic sequences of the Kromberg and Mendon Complexes of the
Songimvelo Domain. The original boundary between the mafic-
ultramafic sequences of these two domains are arbitrarily defined
(Map 1) for lack of outcrop and sufficient geochemical data.

Within the hinge of the Stolzburg syncline is a sequence of felsic
ignimbrites and tuffs dated between 3227 Ma and 3223 Ma (Kamo,
1992) that separates the FTG and MG (Map 1), and thus predates
MG deposition; the onset of tectonic activity of the SISS faults; and
the formation of the Stolzburg syncline in this region.

Farther west, the Weltevreden Domain merges systematically
with the Noisy, Hooggenoeg, Komati and Theespruit Complexes of
the Songimvelo Domain. All these complexes and the FTG/MG
coalesce westward to form the subvertical Stolzburg Schist Belt
(Fig. 5), reducing the total thickness of all the complexes from near
23 km to less than 3 km, a decrease in thickness of some 20 km over
a similar strike distance (Map 2); including a homogeneous ductile
flattening of about 75e80% within the mafic schists, as measured
from deformed ocelli (Map 2; de Wit et al., 1983; De Ronde and
Kamo, 2000). More than 95% of the original litho-stratigraphy
must have been tectonically dismembered within the Stolzburg
Schist Belt along faults of the SISS.

Anhaeusser et al. (2006) interpreted the Weltevreden block to
be part of a complex ‘suture zone’, separated by a tectonic break
from the central Songimvelo Domain. We concur with that general
interpretation (see below).

2.3. Malalotsha Domain

This domain is tectonically complex (Map 2), comprising many
D2 thrust packages of the Onverwacht Suite rocks and the well-
preserved Fig Tree/Moodies like lithologies, especially flanking
the borders in the northern sector. Little is known however about
the stratigraphy and original thickness of the mafic and ultramafic
rocks, including massive tholeiitic pillow lavas and occasional
spinifex bearing units. Viljoen and Viljoen (1969a, b) correlated
these sequences with the uppermost Onverwacht Suite (here the
Kromberg and Mendon Complexes), but this correlation has been
disputed (Barton, 1982).

The mafic sequences, commonly with significant layered iron
deposits, are associated with three major ultramafic complexes, at
Msauli, Havelock and Motjane, which comprise a number of steep,
southwest inclined allochthonous serpentinite bodies up to 1 km
thick, tectonically emplaced along major shear zones with west



Figure 3. (a) Simplified map showing the location and distribution of the litho-tectonic complexes and major fault systems across the Maps 1 and 2, as detailed in the text. (b)
Generalised tectono-stratigraphic column of the Onverwacht Suite, as representative across the map area, showing tectonic contacts between the respective complexes of the
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Figure 4. Simplified 2.5-D map illustrating the general geologic and tectonic relationships of the study area. The two major NEeSW striking shear systems (Inyoka-Saddleback and
Manhaar-Msauli) and post Moodies Group related synclines and anticlines, are the surface expression of inferred 3.2 Ga suture zones dipping to the NW and SE, respectively (e.g.,
Schoene et al., 2009; Schoene and Bowring, 2010; de Wit et al., 2011), whilst the WNWeESE striking shear zones are connected to a 3.4 Ga suture zone (e.g., de Wit et al., 2011),
overprinted by 3.2 Ga extensional exhumation along these same shear zones (e.g., Kisters and Anhaeusser, 1995; Diener et al., 2006). Note that most of the Onverwacht Suite (as
expressed by the grey cherts) is subvertical, and unconformably overlain by the Fig Tree andMoodies Groups before the 3.2 Ga deformation events (D2;Map 2). Along the southernmost
margin flanking the granitoid terrain, parts of the Onverwacht Suite are overturned in places prior to D2 folding and thrusting and crosscut by granitoids (e.g., just northeast of the
Dalmein pluton; de Ronde and de Wit, 1994; de Wit et al., 2011). For clarity, not all structures and shear zones are shown (modified from de Wit et al., 2011).
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facing leading edge thrust zones (e.g., Barton,1982). These shears are
part of the Msauli-Manhaar Shear System (Map 2) along which the
serpentinites are extensively replaced by talc (e.g., Visser, 1956). The
Msauli and Havelock bodies consist predominantly of discontinuous
bodies of serpentinized dunite and harzburgite, with local gabbros
and rodingites, and a stockwork of abundant cross-fibre chrysotile
veins that were extensively mined as far back as the 1930s (Barton,
1982; Büttner, 1984; Maps 1 and 2). In the Havelock deposits, the
chrysotile formed by hydrous fluids in dilation cracks at tempera-
tures below dehydration of lizardite serpentine, whilst farther south,
lizardite occurs extensively along the bounding shear zones of the
Msauli bodies with estimated formation temperatures between 315
Onverwacht Suite, with age dates and names of shear zones shown. Movement directions acr
from the regional geology, but are not always well-established, as discussed in the text. The a
relationships remain unresolved. Section A ¼ across the upper section of the E-W trending
B ¼ across the N-S trending Songimvelo Domain and the EW trending lower section of this D
main compressional deformations as referred to in the text (1 ¼ early; 2 ¼ late; solid lines
greenstone belt and surrounding core complexes. Note the columns are not to scale; and th
rectangle in column A (at the bottom of Mendon Complex) indicates the location of pictur
and 500 �C (Barton, 1982; Büttner, 1984). The asbestos zones of the
Havelock complex formed predominantly near the leading edge of a
west-directed thrust sheet in a broad zone where the décollement
was not a simple planer sheet, but comprised a number of west-
verging stacked duplexes, which were subsequently flattened and
rotated to near vertical (Barton, 1982). Modern geochemical data is
lacking, but from detailedmineral chemistry and limited whole rock
geochemistry of major elements and deep underground mine ge-
ology, Büttner (1984) suggested that theMsauli complex is similar to
that of Alpine peridotites and similar ultramafic bodies in Phaner-
ozoic ophiolites. Serpentinized and carbonatized ultramafic lenses,
locally with listvenite, of this Archean ophiolite (Barton, 1982) occur
oss tectonic contacts are based on kinematic indicators observed in the field or inferred
ge ranges of all of the tectonically juxtaposed complexes, as well as their original spatial
northern Songimvelo Domain and linked to the NE-SW Weltevreden Domain; Section
omain. Also shown are the age-ranges of major tectonic events: D ¼ episodes of the two
are well-dated; broken lines are less well defined); E ¼ episodes of exhumation of the
e thicknesses indicated along the left hand column are only rough estimates. Small red
es shown in Fig. 29 (modified from de Wit et al. (2011)).
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Figure 5. Geologic map of the Stolzburg Schist Belt (see inset Map 1 for location), within which all regional lithologies of the west-central Onverwacht Suite and the Fig Tree and Moodies Groups have merged and been intensely
deformed, often isoclinally folded and refolded. Sections of the basaltic rocks in this area are chlorite-actinolite schists that have been shortened by more than 80%, as quantified by strain analyses of ocelli. The ca. 1800 m total thickness
of the subvertical sequence to the west of the Komati River, where all the shear systems have merged, represents at least a near 90% decrease in thickness of the total stratigraphy Onverwacht Suite. It is likely that large sections of the
original sequences were therefore tectonically dislocated through extensive thrusting and strike slip deformation (Map 2; and see text). A High Resolution magnetic survey further suggests the origin for this reduction is related to
accretion-wedge dislocations. Modified from unpublished maps of M.J. de Wit; merged in the west to a simplified map modified from Kisters et al. (2003, 2010).
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along the entire length of the Manhaar-Msauli fault (Map 1). Occa-
sional spinifex zones occur in the Msauli area.

Along the southeastern margin of the Malalotsha Domain, Lamb
(1984a, b, 1987; Map 1 inset) was the first to definitively show that
Moodies-like siliciclastics were deposited during major fold and
thrust processes. Farther inland to the NW, Paris (1984, 1987; Map 1
inset) recorded similar data showing major folding and thrusting
during the deposition of the Moodies siliciclastics derived from the
east. In the SE, Lamb (1984a, b) further confirmed that the central
part of the Malalotsha synform (Map 2) comprises a unit of
ultramafic-mafic sequences, with local disrupted cherts, up to 1 km
thick (now chlorite-talc-serpentinites with a sub-horizontal schis-
tosity) that tectonically overlie the Moodies-Fig Tree Groups.
Although no age has been assigned to this mafic-ultramafic sheet, it
is generally assumed to be part of the older Onverwacht Suite. We
have assigned a slightly darker green color to this Malalotsha
allochthon to reflect this uncertainty (Map 1). This large tectonic
thrust-nappe was emplaced towards the west to northwest (Map 2),
with horizontal movement exceeding 10 km (Lamb, 1984a, b, 1987).
Gravity data is consistent with an average tectonostratigraphic
thickness across this domain in the order of 3 km (Barton, 1982).

3. Bed rock lithologies (Map 1)

Map 1 documents all lithologies mapped across the areawithout
any undue interpretations but mindful of the fact that bedrock
outcrop is relatively poor. The map, built on a preliminary map at 1:
25,000 published 34 years ago (de Wit, 1983), represents a compi-
lation of fieldwork as part of a long-term project since then by the
authors and a number of MSc, PhD and postdoctoral researchers as
well as collaborators from Utrecht University in the Netherlands (S.
de Vries and W. Nijman), across various sectors of the region at a
range of scales between 1: 500 and 1:10,000 (see inset). Some in-
dividual maps have been published elsewhere (deWit, 1982; deWit
et al., 1983, 2011; De Ronde and de Wit, 1994; De Ronde et al., 1994;
Dann, 2000; De Ronde and Kamo, 2000; Nijman and de Vries, 2009),
or are available in theses (Lamb,1984a, b; Paris,1984; DeRonde et al.,
1991; de Vries, 2004; MacLennan, 2012). Others are available in
AEON’s archives (T. Davies; V. King), and in particular a detailed map
of C. E. J. De Ronde across a large area of the north part of the map
covering the Weltevreden-Kromberg-Mendon Complexes (see
inset), completed during a postdoctoral research period
(1992e1995) from which only small parts are published (De Ronde
et al., 1991, 1994; de Ronde and Kamo, 2000).

Most of the igneous rock complexes below the sedimentary Fig
Tree andMoodies Groups are presently in a subvertical position and
inplaces are downward facing (e.g., just north of theDalmein Pluton,
Map 2, Fig. 4; deWit et al., 1987a; De Ronde and deWit, 1994 - their
Fig. 4). TheTheespruit, Komati andHooggenoegComplexes oneither
side of the Dalmein Pluton are generally assumed to be the same,
although there is no clear field evidence to support or refute this. For
this reason the Komati and Hooggenoeg Complexes on Map 1 are
depicted in different colors (blueish versus greenish) on either side
of this pluton. Recent dating of rocks in the Theespruit Complex on
both sides of the Dalmein Pluton (Van Kranendonk et al., 2009;
Kröner et al., 2013, 2016) have yielded a similar range of ages
(3530e3552Ma) fromvolcaniclastic schists andare therefore shown
in similar yellowish colors, despite the fact that there are conflicting
interpretations of the geology, litho-tectonic stratigraphy and po-
tential age rangewithin this complex (deWit et al.,1983,1987a, b; de
Wit et al., 2011; Cutts et al., 2014),which are furtherdiscussed below.

Ubiquitously, the mafic-ultramafic rocks of all complexes were
metasomatised during early hydrothermal processes close to sur-
face. In extreme cases pillow lavas and spinifex textured rocks are
completely silicified over several km along strike and up to 20 m in
thickness (Ducha�c and Hanor, 1987; de Wit et al., 1987a) These
‘cherts’ were generated during focussed silica-rich hydrothermal
alteration (Hoffman et al., 1986; Hoffman et al., 1986, 2013; Paris
et al., 1983; de Wit et al., 1987a, b; Ducha�c and Hanor, 1987; de
Wit and Hart, 1994; De Ronde et al., 1994; Hofmann and Harris,
2008; Farber et al., 2016; de Wit and Furnes, 2016), in places
clearly linked to white-smoker-like hydrothermal vents operating
at ca. 200 �C, near and/or at the/a surface (deWit and Furnes, 2016).

More regional metamorphic assemblages at amphibolite facies
occur near the contacts of the greenstone belt with surrounding
granitoids. The best studied examples are from the Theespruit
Complex. Mafic assemblages in the lower Theespruit Complex,
along the southern edge of the greenstone belt have peak local P/T
conditions between 0.8 and 1.1 GPa (at temperatures of
650e700 �C), which are tectonically overlain by mafic sequences
with metamorphic mineral assemblages that formed at
0.3e0.5 GPa and temperatures just below 500 �C (Dziggel et al.,
2002; Diener et al., 2005; Van Kranendonk et al., 2009).

Regional assemblages reveal much lower metamorphic condi-
tions across the overlying complexes within the greenstone belt.
These range from sub-greenschist- to uppermost greenschist-facies
conditions. Until recently the PeT conditions of these mafic-
ultramafic rocks were only poorly quantified, based on traditional
chlorite thermometry onmafic-ultramafic rocks of the Hooggenoeg
and Kromberg Complexes. These yield temperature estimate of ca.
320 �C, interpreted tobedue toburialmetamorphism (Cloete,1999).

The only modern PeT evaluations have been undertaken by
Grosch et al. (2011, 2012). Their analyses of chlorite-actinolite-
epidote-albite-quartz assemblages in massive and pillowed mafic
units of the Kromberg Complex have yielded uppermost temper-
atures of around 450 �C at pressures close to 3 kbar. Based on
surface and drill core samples along the Komati River, their analyses
have also documented local inverted metamorphic profiles over
vertical distance of about 1.5 km, from 390e450 �C at the top of the
Kromberg and lower-most Mendon Complexes, to about
140e200 �C in the lower Kromberg Complex (see Map 2 for loca-
tion of the drill sites, and Grosch et al., 2009 for details). This
inverted metamorphic profile occurs across at least two shear
zones and therefore likely reflects significant repetition across the
Kromberg type-section by tectonic thrusting (Grosch et al., 2011).

Following the end of the 1st phase of deformation (D1), between
ca. 3.45e3.43 Ga and possibly extended locally during back-
thrusting at 3.3 Ga, 7e15 km of vertical exhumation of pillow
lavas of the Komati and Hooggenoeg Complexes took place. Then,
following the 2nd phase of deformation (D2) at about 3230 Ma,
temperatures of all rock sequences around the edges of the
greenstone belt and the old surrounding granitoids reached well
below 300 �C by ca. 3140 Ma (Schoene et al., 2008, 2009).

Thereafter, the region was cut by a series of NWeSE dolerite-
diorite dykes dated between 2.9 Ga and 2.8 Ga (U/Pb apatite; deWit
et al., 2011; Map 1), clearly defined also through magnetic surveys
(Maré and Fourie, 2012). These are likely linked to the Usushwana
complex in Swaziland (Inset Map 1).

4. General litho-tectonic stratigraphy and structure of the
lower Onverwacht Suite

We have chosen to divide the original formations of the
Onverwacht Suite of rocks into complexes. The reason is that each
of these formations have complex stratigraphic and structural
make ups, with at least 9 major shear zones, beyond that of simple
formations (ss). We have provided details of this elsewhere (deWit
et al., 2011; Furnes et al., 2011). This is summarized in Figs. 3b and 4.

The oldest sequences, the Sandspruit and Theespruit Complexes
are highly deformed and isoclinally folded, and at significantly
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higher grades of metamorphism than the internal complexes (e.g.,
Stevens and Moyen, 2007, and references therein; Cutts et al.,
2014). Estimated conditions during early deformation at 3.4 Ga
are around 4 kbar at ca. 525 �C; and a later episode at 3.2 Ga, with
local garnet-staurolite assemblages and rare kyanite megacrysts, at
much higher pressures of 7e8 kbar but similar temperatures
(560 �C). Amonazite from the Theespruit Complex yielded an age of
3436 Ma, which has been interpreted as the early phase of meta-
morphism (Cutts et al., 2014).

The two complexes are parts of mafic-felsic schist belts that
flank the SE margin of the Songimvelo Domain, herewith collec-
tively referred to as the Theespruit Shear System (Fig. 2) that rep-
resents an oblique inclined section through an imbrication zone
beneath the Komati/Theespruit shear systems (Map 2).

The type section near Tjakastad contains at least five imbricate
tectonic slices each ca. 200 m or more in thickness, oftenwith well-
developed subvertical stretching lineation, which were rotated and
flattened in bulk during a late schistosity forming event (de Wit
et al., 1983, 1987b; Van Kranendonk et al., 2009), during which
accretionary spheroids were significantly deformed into prolate
ellipsoids (3:1:1). Adjacent TTG gneisses and linked sections of the
Theespruit Complex have similar tectonic fabrics (e.g., Moyen et al.,
2006, 2007; Schoene et al., 2008). Thus, the TTG cores (such as the
Stolzburg and Theespruit) must at least in part have been in the
solid state by 3.4 Ga (deWit et al., 1983; Stevens and Moyen, 2007),
as their zircon dates confirm (Schoene et al., 2008).

Previous interpretations suggested north directed thrusting of
the Theespruit Complex (de Wit et al., 1987b), but this has been
proved to be incorrect, except for local late back-thrusting (Map 2;
Fig. 4).

Both Sandspruit and Theespruit Complexes comprise mafic-
ultramafic amphibolites and felsic schists. In the case of the Sand-
spruit Complex the former dominate; whilst the felsic schists,
together with tuffs, siliciclastic sandstones and mudstones, con-
glomerates, diamictites, cherts, accretionary lapilli and felsic vol-
canic breccias and agglomerates dominate the Theespruit Complex
(de Wit et al., 1983; de Wit et al., 2011). The mafic rocks locally still
display excellent pillow structures, which in places have been
stretched into near vertical dipping ellipses of garnet amphibolites.

The Theespruit Complex has been dated between 3531 Ma and
3521 Ma, with detrital zircons dating back as far as 3552 Ma
(Kröner et al., 2016). The tectonically lower Sandspruit Complex has
been dated between 3521 Ma and 3531 Ma, and may be younger
therefore than the Theespruit Complex (Dziggel et al., 2006).
However, earlier analyses of detrital zircon from a felsic volcani-
clastic horizon in the Theespruit sequence yielded ages as young as
3453 Ma and as old as 3531 Ma, and igneous zircons from a
structurally lower deformed tonalite gneiss wedge dated at
3538 Ma (Fig. 3b; Armstrong et al., 1990). This would confirm the
general stratigraphy of the lower Onverwacht Suite as originally
suggested by Viljoen and Viljoen (1969a, b), and indicate that the
Komati and Hooggenoeg Complexes were tectonically emplaced
southwards across the Theespruit Complex. Van Kranendonk et al.
(2009) did not accept the younger zircon dates in the Theespruit
Complex to represent detrital material, and prefer to interpret the
age of the Theespruit Complex to be much older. Robust lithos-
tratigraphic chronology in the Theespruit and Sandspruit Com-
plexes flanking the southern Songimvelo Domain is therefore
missing and the contact between these two lowest complexes
whilst not exposed, is likely tectonic. A lot more detailed mapping
and drilling will be needed to resolve these issues beyond present
rhetoric.

These major south facing imbricated thrust systems were sub-
sequently later reworked as extensional shears, which are espe-
cially well-preserved flanking the northern margin of the
Steynsdorp TTG gneiss dome (e.g., Kisters and Anhaeusser, 1995;
Kisters et al., 2003; Schoene et al., 2008).

5. Faults and folds (Map 2)

Map 2 consolidates general structural data collected with a
focus on fault and fold systems. Most of the NEeSW folds and faults
are related to the D2 deformation dated between 3227 Ma and
3229 Ma, although the total range of this event has only been
reliably dated across the Weltevreden and the northern sector of
the Songimvelo Domains (De Ronde and de Wit, 1994). The age of
the earlier D1 deformation remains controversial. The main evi-
dence for this are from local pre D2 overturned sequences (Map 2).
In addition large scale extensional deformation along regional lis-
tric normal faults across the Noisy Complex has been documented
(Nijman and de Vries, 2009; de Vries et al., 2010). In the lower part
of the complex these are linked andmerge with a number of D0/D1
shear systems, including sub-horizontal extensional shears along
the top of the Hooggenoeg Complex, and farther down often
flanking the lower parts of the Hooggenoeg Complex chert layers
(Map 2; de Vries et al., 2010). Similar normal faults occur in the
Komati Complex (Dann, 2000), which likely are rooted in the major
Komati-Theespruit Shear Zone (Figs. 2 and 3b). All these zones,
including the thrusts and normal faults in the Theespruit Complex
(and here called the Theespruit Shear System; Map 2; Fig. 2), bend
to merge just to the west of the Dalmein plutonwith NE striking D2
thrusts and shear zones. These EeW tectonic zones therefore pre-
date D2 and are here marked as D1 structures.

Early D1 (or D0) structures are common throughout the
Onverwacht Suite, best preserved where subvertical and steeply
overturned cherts with linked fuchsite-gneiss zones were eroded
and now unconformably overlain by sedimentary sequences of the
Fig Tree and Moodies Groups that were sub-horizontal before D2.
Some of the best preserved examples were mapped in great detail
by Paris (1984, 1987) in the areas surrounding the Sigadeni,
Waterfall and Xecacatu synclines/forms where the Onverwacht
Suite represents undifferentiated Hooggenoeg, Kromberg and
Mendon Complexes (Maps 1 and 2). Farther south, similar sub-
vertical cherts and gneisses are folded and refolded both
north and south of the Ekulindini and Steynsdorp Folds (Map 2;
Fig. 3b).

The complex gneiss zones comprise intermingled and multi-
generation extensional quartz-carbonate veins with whisks of
schistose chlorite-fuchsite that have been interpreted as early
brittle extensional phases and episodic ductile shear zones. These
sequences are commonplace throughout the Onverwacht Suite,
often flanking the lower margins of cherts, including the Middle
Marker in the Hooggenoeg Complex (Fig. 29a, b). At least four such
zones are tectonically repeated by D2 folding and/or thrusting, in
the Kromberg and Mendon Complexes along northern sector of the
Songimvelo Domain (Map 1, Fig. 3b; de Wit, 1983; de Wit et al.,
1987a, b; Ducha�c and Hanor, 1987; De Ronde et al., 1994). Similar
zones are also reported in the Weltevreden and Malalotsha Do-
mains (Lamb, 1984a, b; Paris, 1984, 1987; De Ronde and Kamo,
2000).

Along the Komati River a similar well-exposed gneiss zone
(named KSM by Grosch et al., 2011; and the Ekulindini thrust by de
Wit et al., 2011) separates the Kromberg Complex from an overlying
section of the Mendon Complex (as defined by Lowe and Byerly,
2007). This ca. 150 m thick gneiss zone records two metamorphic
events at pressures of just less than 3 kbar, and temperatures of
390e450 �C and 240e350 �C, respectively (Grosch et al., 2011).
These PeT conditions recorded in the highly altered mafic-
ultramafic rocks of the Ekulindini zone do not support previous
interpretations that the gneiss zones are low-temperature chemical
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weathering products of komatiite or low-temperature alteration of
volcanic tuffs (Viljoen and Viljoen, 1969a, b; Lowe and Byerly, 1986;
and references therein), but rather linked to high temperature
hydrothermal systems rooted down to 9e10 km deep below sur-
face, and expressed at surface as white smokers at temperatures of
60e200 �C (de Wit and Furnes, 2016; and references therein), and
within the complexes between 300 and 400 �C (Hoffman, 1985;
Hoffman et al., 1986).

In addition, the deformation is expressed as schist-mylonite zones
in underlying gabbros and pyroxenites of the Kromberg Complex (de
Wit et al., 2011; Grosch et al., 2011). The Ekulindini zone is refolded
and overturned by the Kromberg antiform (Map 2) and therefore
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predates D2. It is likely to have been affected by early north-directed
back-thrusting related to the early deformation sequences of the
Songimvelo Domain. This fold and thrust deformation occurred dur-
ing thedeposition/emplacementof the felsic volcanics-intrusives and
related conglomerates of the Noisy Complex around 3450e3433 Ma
(Map 2) during tectonic uplift of the deep water mafic-ultramafic
complexes (Map 1; Figs. 3b and 27; deWit et al., 2011).

5.1. Onverwacht Bend

Traditionally the large scale change in the strike of the lower
Onverwacht system along a north-west striking axis across the
central part of the maps has been referred to as the Onverwacht
anticline (Viljoen andViljoen,1969a, b). Structuralmapping along its
axis shows the fold to be plunging subvertical, albeit with local
variations, including steep plunges both to the NWand SE, justifying
renaming of this late tectonic structure as the Onverwacht Bend (de
Wit,1983; De Ronde and deWit,1994; deWit et al., 2011), butwhich
has not generally been inculcated in the subsequent literature.
Structural mapping across this bend has revealed a complicated
system of shear zones and variably trending fold-axis at different
locations along the Onverwacht Bend axis (Map 2). Towards the
southeastern margin, early fault systems of the Theespruit, Komati
and Hooggenoeg Complexes merge and are affected by significant
tectonic shortening, as quantified by a strong schistosity and highly
deformed ocelli recording>80% shortening. Here, pillow lavas of the
Komati Complex face west and are overturned. On Map 2 these
convergent zones are shown as D2 structures (folds and fault sys-
tems; purple and blue, respectively) that are linked to northwest-
southeast shortening across the western sectors of the region.

In the central part of the Onverwacht Bend, flanking the margin
between Komati and Hooggenoeg sequences, a number of sub-
vertical plunging fold axes within the Hooggenoeg Complex merge
with faults that extend farther north across the Noisy Complex into
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a SW-younging system of Moodies sandstones and conglomerates
that unconformably overly Kromberg/Mendon mafic-ultramafic
rocks, cherts and Fig Tree like shales. Here the Moodies rocks are
flanked by the SW plunging Sigadeni synform and related shear
systems that represent the frontal thrust zone of the Malalotsha
Domain situated to the east of the Manhaar-Msauli Shear System
(Paris, 1984, 1987).

Clearly the Onverwacht ‘Bend’ has a long tectonic history that is
still poorly understood. There is a great need to unravel the geology
in this area further (rugged terrain between700 and1900m.a.s.l and
accessible only by foot) because it will enable a reliable connectivity
to be unraveled between the rocks of the Noisy, Kromberg and
MendonComplexes in thenorth andeast sectors of these complexes,
which is presently not possible. It is for that very reason that the
mafic-ultramafic (mostly serpentinite) rocks and cherts in the
northeast section of themap as far as Emlembe (asmapped by Paris,
1984; Map 1) have been left as steeply dipping undifferentiated
‘Onverwacht’ rocks that were folded and in their near vertical po-
sition before being unconformably overlain by bothmarine FTG and
alluvial MG (Map 1 and Fig. 4). 75% of the Onverwacht rocks in this
area are affected by silicification. It is here that deep-water hydro-
thermal activity linked to hydrothermal vents was first documented
to explain the origin of silicified deep water Onverwacht tuffs and
pillows, which are underlain by early tectonic shear zones in the
form of fuchsite gneisses (Map 1; Paris et al., 1983; Paris, 1984).

There is no geochemical data available from this area to provide
potential distinctions and correlations to the East-West striking
‘equivalents’ that comprise the northern sector of the Kromberg
and Mendon Complexes as mapped by C.E.J. De Ronde (De Ronde
et al., 1994; De Ronde and Kamo, 2000; see Map 1 for locations);
by Lowe and Byerly (1999, 2007, and references therein); and by
Lowe et al. (2012). Nor is there any modern geochemical data to
enable comparisons between mafic-ultramafic rocks here and to
those of the Malalotsha Domain, west of the Manhaar-Msauli Shear
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System, along which large boudins of serpentinized ultramafic
complexes similar to those flanking the Weltevreden Domain, are
well preserved (Map 2).

In the central part of the Malalotsha Domain at least 9 tectonic
units, separated by discrete planar zones of sheared and in parts
silicified talcose-serpetinite schists that cut across upward young-
ing sedimentary horizons, mark the repetition of similar sub-
horizontal sedimentary sequences. Movement of these slides is
estimated to exceed 1 km as each unit covers an area of several
kilometres of the unit below. The highest mafic-ultramafic unit
covers lower units for 10 km in two orthogonal directions and
movement on its lower bounding fault/shear exceeds 20 km (Lamb,
1984b). The entire tectonic package, including the early sub-
horizontal schistosity is refolded by the D2 Malalotsha synform
and related thrusts with transport directions to the N and NW (Map
2; Lamb, 1984a, b).

6. Geochemistry of the rocks of the Onverwacht Suite and
surrounding granitoids

In the this section we present general geochemical descriptions
of the whole range of rocks from the oldest komatiite and basalt
lavas of the Onverwacht Suite (OS) to the youngest granitic bath-
oliths flanking the MMts, representing a time interval around 500
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Figure 8. Zr/YeZr, VeTi, Th/YbeNb/Yb, ThNeNbN discrimination diagrams for the M
million years. The main focus is on the rocks of the OS. Each of the
complexes has been comprehensively dealt with in the literature
with respect to field geology, geochemistry and petrology as
referred to below. We focus predominantly on the tectonic envi-
ronments in which the various rock complexes formed.

6.1. The mafic-ultramafic volcanic/subvolcanic rocks of the
Onverwacht Suite

Since the classical work of Viljoen and Viljoen (1969a, b) on the
Barberton Greenstone Belt (BGB) the petrography and geochem-
istry of the intrusive and extrusive rocks of the Onverwacht Suite
(OS) have been the focus of numerous publications, particularly the
upper part comprising the Komati, Hooggenoeg, Kromberg, and
Mendon Complexes (e.g., Jahn et al., 1982; Lahaye et al., 1995;
Byerly, 1999; Chavagnac, 2004; Parman et al., 2004; Furnes et al.,
2012, 2013). Different models related to the magmatic origin and
tectonic setting of the lavas and intrusions of the OS, in particular
the basic rocks, have been proposed as further discussed below.

Comprehensive petrographic descriptions and geochemical
characterization of the basic lavas as well as some of the intrusive
rocks of OS have been presented in Furnes et al. (2012, 2013). Here,
only the general results are presented, starting from the oldest
rocks (i.e., the Sandspruit Complex, Map 1; see de Wit et al., 2011).
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For more detailed description and illustrations of the geochemistry
of the basic rocks of OS, we direct the reader to the two papers by
Furnes et al. (2012, 2013).

The basaltic samples of the Sandspruit and Theespruit Com-
plexes are subalkaline and straddle the field between calc-alkaline
and tholeiitic character (see SiO2 vs Zr/Ti and Zr vs Y relationships,
respectively in Fig. 6 of Furnes et al. (2013); Ross and Bedard
(2009)). The komatiites to basaltic samples of the Komati Com-
plex are predominantly subalkaline, and transitional between
tholeiitic and calc-alkaline rocks. The lavas of the Hooggenoeg
Complex are mainly subalkaline basalts and a minor part basaltic
andesite; the majority is tholeiite, with a subordinate part of
transitional character. The lavas of the Kromberg Complex, like
those of the Hooggenoeg Complex, are mainly subalkaline basalts
with minor basaltic andesites, and they all plot along the boundary
between tholeiite and transition type rocks. The compositional
range from komatiites to basalts of the Mendon Complex is more or
less identical to those of the Komati Complex mentioned above.

The chondrite-normalized REE patterns of the samples of the
Komati, Hooggenoeg, Kromberg and Mendon Complexes are
mainly flat to slightly enriched in the LREE, and their MORB-
normalized multi-element patterns show weak to significant
negative Ta and Nb values, and are generally enriched in Ba and Cs
(see Figs. 8 and 9 of Furnes et al. (2013), respectively). Robin-
Popieul et al. (2012) also detected negative Nb anomalies (relative
to La and Th) in Al-depleted komatiites from the Komati, Hoogge-
noeg, andMendon Complexes, and attributed this feature to crustal
contamination.

The Weltevreden Domain, to the NW of the Moodies Shear
System, is dominated by komatiitic basalt sheet flows, minor
komatiites, basalts, mafic pyroclastic rocks, and chert beds (Lahaye
et al., 1995; Anhaeusser, 2001; Kareem, 2005; Thompson Stiegler
et al., 2012). The komatiites are described as massive or layered,
of which the former (and the komatiitic basalts) defines flat REE
patterns, and the latter display depleted REE pattern (Thompson
Stiegler et al., 2012). A large ultramafic igneous intrusive complex
and an associated gabbro sill are described separately in the liter-
ature (de Wit et al., 1987a, b; MacLennan, 2012).

The magmas were generated by variable degrees of partial
melting at different depths and temperatures of metasomatized
mantle (Furnes et al., 2012). Tholeiitic basalts are produced over an
interval of 5%e25% partial melting of mantle peridotites (e.g.,
McDonough et al., 1985), whereas komatiitic magmas are gener-
ated by 30%e50% of partial melting of mantle peridotites (e.g.,
Arndt, 2003; Maier et al., 2003). Further, LueHf isotope studies of
the OS komatiites and basalts also indicate formation by different
degrees of partial melting, but from a common mantle source
(Yamaguchi et al., 2015).

6.1.1. Tectonic environment of the mafic-ultramafic rocks
Since the mid-1970s a large number of geochemical discrimi-

natory diagrams of basaltic rocks have been employed in order to
give information about the tectonic environment in which they
were generated. However, in altered andmetamorphosed rocks not
all employed elements represent the true concentration of the fresh
parental rock; hence we have made a selection of diagrams con-
structed on elements that are immobile (or nearly so) during
alteration and metamorphism.

The behaviour of major and trace elements during low-
temperature alteration and low to medium grade metamorphism
of oceanic rocks (mainly mafic rocks), is a highly complicated
process that has been evaluated in many studies. In general the
alteration process is affected and controlled by factors such as the
composition and stability of the mineral phases in unaltered pro-
toliths and in the alteration products. Further, the compositions,
temperatures and volumes of fluid phases circulating through the
lithospheric system also play a major role in element mobility. A
general consensus is that Ti, Al, V, Y, Zr, Nb, REE (particularly HREE)
and Th are relatively immobile (e.g., Staudigel and Hart, 1983;
Seyfried et al., 1988; Hofmann and Wilson, 2007; Furnes et al.,
2012). Seven of these elements (Ti, V, Zr, Y, Nb, Th and Yb) have
been employed for four discrimination diagrams in order to assign
the basic rocks to a specific tectonic environment. These diagrams
are: Zr/Y vs. Zr, V vs. Ti, Th/Yb vs. Nb/Yb and ThN vs. NbN, and their
templates are shown in Fig. 6.

Before presenting the data, it is pertinent in this case to mention
that some authors have questioned the use of discriminant dia-
grams for Archean rocks (e.g., Condie, 2015; Saccani, 2015). The
reluctance of using discriminant diagrams (based on the
geochemistry of modern basalts) for Archean basic rocks is based
on the argument that the Archean mantle differed significantly
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from the post-Archean mantle (e.g., Griffin et al., 2003). However, if
separation of the primordial mantle into crust (with high Th/Nb)
and mantle (with lower Th/Nb) occurred in the Hadean, the
Archean MORB-OIB array and the present-day MORB-OIB arrays
would be similar (Pearce, 2008). There is evidence that significant
geochemical differentiation of the primordial mantle occurred
early in the Earth’s history, even in the Hadean (Caro et al., 2006;
Guitreau et al., 2013). It may therefore be justified to apply
discrimination diagrams worked out on the basis of modern
basaltic rocks from known tectonic regimes also for Archean rocks.
Further, as pointed out in the literature (e.g., Vermeesch, 2006;
Agrawal et al., 2008), individual tectonic discrimination diagrams
may not be fully satisfactory to identify the tectonic regime, but
become much more reliable when used in combination of several
different types. On this basis we apply the discrimination diagrams
shown on Fig. 6 to the basic rocks of the MMts.
For the Sandspruit and Theespruit Complexes the geochemical
data base is very limited in terms of sample number and elements
(Fig. 7), and only two of the four above-mentioned discrimination
diagrams (Zr/YeZr and VeTi) can be applied. The basalts of the
Sandspruit Complex plot along the MORB/WPB/BON boundary
(Zr/YeZr diagram) and in the MORB/slab distal field (VeTi dia-
gram). The basalts of the Theespruit Complex plot in the
BON and IAT fields (Zr/YeZr diagram) and along the boundary
between the IAT/slab proximal and MORB/slab distal fields (VeTi
diagram).

The komatiites and komatiitic basalts of the Komati Complex
plot (Fig. 8) predominantly in the boninite field in the Zr/YeZr di-
agram, and the boninite and IAT fields in the VeTi diagram. In the
Th/YbeNb/Yb diagram the major part fall in the upper part of the
MORBeOIB array and close to the OA field, and in the ThNeNbN in
the backarc B/NeMORB, indicating formation in a backarc basin.
Recent research by Blichert-Toft et al. (2015) on Hf and Nd isotopes
also indicate that deep-sea sediments (chert) provided part of the
mantle source for some of the komatiites of the Komati Complex,
thus providing independent evidence of Paleoarchean (or earlier)
subduction.

The geochemical data of basaltic lavas (and a few associated
dykes) of the Hooggenoeg Complex (Fig. 8) spread over the BON/
IAT/MORB fields in the Zr/YeZr diagram, and plot in the IAT/slab-
proximal field in the VeTi diagram. In the Th/YbeNb/Yb diagram
the majority fall in the upper part of the MORBeOIB array be-
tween NeMORB and EeMORB, and some samples plot within or
close to the OA field. In the ThNeNbN diagram the data define a
spread from EeMORB to DeMORB, and the majority of the sam-
ples plot in backarc AþB/NeMORB. The combination of these di-
agrams would indicate formation in a backarc basin with
subduction influence.

The basaltic lavas (and a few associated sills) of the Kromberg
Complex plot in the MORB field of the Zr/YeZr diagram and in the
VeTi diagram along the boundary between the fields defined as IAT
and MORB (Fig. 8). In the Th/YbeNb/Yb diagram the data plot be-
tweenEeMORBandOA, and in theThNeNbNdiagramin the joint area
of the EeMORBand backarc AþB. The combination of these diagrams
suggests formation in a backarc basin with subduction influence.

The komatiites and basaltic lavas and intrusions of the Mendon
Complex plot predominantly in the BON and IAT fields for both the
Zr/YeZr and VeTi diagrams (Fig. 8). In the Th/YbeNb/Yb diagram
all the samples plot above the MORBeOIB array, and close to the
joint OA/CA field. In the ThNeNbN diagram the data plot along the
boundary between backarc A and B. The combinations of these
diagrams indicate formation in a backarc basin with subduction
influence.

The basaltic lavas from the Weltevreden Complex have been
plotted in the discriminant diagrams, and show similar patterns as
the other complexes of the OS (Fig. 9), i.e., they straddle the
boundary between subduction-related and subduction-unrelated
backarc environment.

Many models have been proposed for the tectonic environ-
ments in which the basic rocks of the MMts were formed. These
vary from intracratonic volcanic activity with subsequent dome
and keel formation (Van Kranendonk et al., 2009; Anhaeusser,
2010; Lana et al., 2010a, b; Van Kranendonk, 2011a, b), to forma-
tion as oceanic and/or continental plateaus (Kröner et al., 1996,
2016; Chavagnac, 2004; Van Kranendonk et al., 2015), to forma-
tion in backarc basins with associated subduction influence (de
Wit et al., 1992; Parman et al., 1997, 2001, 2004; Grove and
Parman, 2004; Parman and Grove, 2004a, b; Furnes et al., 2012,
2013). More recently, Grosch and Slama (2017) suggested that
the magmatic rocks of the Kromberg Complex formed in a juvenile
oceanic setting.
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As a summary of the data presented in the four discrimination
diagrams (Figs. 7e9), it should be stressed that much of the data
plot at the boundary between the subduction-related and
subduction-unrelated backarc setting, of which the latter category
is also the field of juvenile ocean floor basalts. Thus we consider it
most likely that all the complexes formed in backarc basins with
zero to variable subduction influence.

6.1.2. Ultramafic intrusive rocks
The ultramafic rocks of the OS occur as a large number of variably

sized bodiesmainlywithin theWeltevreden Complex (de Ronde and
de Wit, 1994), as well as within the Hooggenoeg Complex. Here we
present geochemical data from two of these complexes, i.e., the
Stolzburg Layered Ultramafic Complex (SLUC) within the Weltevre-
den Complex, and the Rosentuin Ultramafic body with the Hoog-
genoeg Complex (MacLennan, 2012), and compare these data with
similar counterparts from plume, mid-ocean ridge, and backarc
settings (Fig.10AeC). As pointed out byMacLennan (2012), the SLUC
comprises two types, a type 1withflat REE patterns and a type 2 that
defines REE patternswith progressive depletion fromLu throughGd,
and from Gd to La slight to pronounced progressive enrichment
(Fig. 10D). The Rosentuin ultramafics define the same pattern and
REE concentrations as type 1 (of the SLUC; Fig. 10E). Fig. 10F shows
the average patterns of Plume, MOR, and Backarc basin type of ul-
tramafic rocks comparedwith those of the SLUC and Rosentuin. Type
2 is very similar to that of the South Sandwich backarc, whereas type
1 ismore akin to the flat to slightly enrichedMOR type. A few basalts
are associated with the ultramafic rocks of the SLUC and Rosentuin,
and in the discriminant diagrams these basalts plot within the
subduction-related backarc environment (Fig. 11).
6.2. Intermediate to silicic rocks

Most of the geochemical data of the intermediate to silicic rocks
are from the Noisy Complex (de Wit et al., 1987a, b; Louzada, 2003;
Diergaardt, 2013). They consist of two varieties, i.e., (1) K2O-rich
and Na2O-poor; and (2) K2O-poor and Na2O-rich, of which the
former is the dominant type (Diergaardt, 2013).

6.2.1. Classification
We have plotted the intermediate to silicic rocks of the Sand-

spruit, Theespruit and Noisy Complexes in the Zr/TieNb/Y classi-
fication diagram (Fig. 12). The samples of the Theespruit Complex
show large variations and plot in the diorite, syenite-diorite, sye-
nite, granite-granodiorite and granite fields, with the dominant
part in the syenite field. Of the three analyzed samples of the
Sandspruit Complex, two samples plot in the syenite-diorite field,
and one sample in the diorite field. Most of the samples from the
Noisy Complex plot in the syenite-diorite (trachyandesite) field, but
some plot along the boundary between the diorite and granite-
diorite (rhyodacite-andesite) fields.

6.2.2. Partial melting and fractional crystallization
Applying the experimental results of hydrous partial melting of

cumulate gabbros (Koepke et al., 2004) and applying partition co-
efficients (D-values) from the literature, Brophy (2009) modeled
the behavior of REEs and SiO2 during melting and fractional crys-
tallization of mid-ocean ridge basalt and gabbro. This modeling
showed that hydrous melting (equilibrium and fractional) can yield
melts with SiO2 > w62 wt.% with decreasing concentration of REE
as SiO2 values increase (particularly with high C0), whereas during
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fractional crystallization of basaltic melt results in increasing con-
centrations of REE. We apply the results of the modeling of Brophy
(2009) in an attempt to produce an ad hoc model of incompatible
and compatible elements with progressive melting and fractional
crystallization, using La and SiO2 (Fig. 10). In modeling of trace-
element enrichment with increasing SiO2 we use Cl/C0 (where
C0 ¼ original concentration of La in a starting liquid, and
Cl ¼ concentration of La in the evolved liquid). The enrichment
factor Cl/C0 is dependent on relevant bulk distribution coefficients
for partial melting and fractional crystallization. We have chosen
the following initial values (C0) for the melting and fractional
crystallization models: 2, 6 and 25 for the melting models, and 4, 8
and 12 for the fractional crystallization models. For the melting
model we use batch melting, and for the fractional crystallization
model, we have chosen the experimental data produced under the
QFM buffer conditions (see Fig. 6 of Brophy (2009)). The enrich-
ment factors (Cl/C0) as a function of increasing SiO2 are shown in
Fig. 13. The melting models are based on low pressure, hydrous
melting (up to 6.5% H2O) at temperatures of 900e1060 �C of mid-
ocean ridge (MOR) cumulate gabbroic source.
The three samples of the Sandspruit Complex and most of the
samples from the Noisy Complex are all very low in La, and get
progressively lower as SiO2 contents increase. This pattern is most
compatible with partial melting of a parental source, similar to that
of themodel of Fig.13A, with C0 ranging between 2 and 6 ppm La. In
general the trachyandesites/rhyodacites/andesites of the Noisy
Complex are high in K2O and Rb, and low in Na2O, with averages of
4.8%, 94 ppm, and 1.9%, respectively (data from de Wit et al., 1987a,
b; Louzada, 2003; Diergaardt, 2013). The study of Diergaardt (2013)
concludes that the K2O (and Rb) rich nature is a primary feature,
and that biotite-bearing sediments may be the source. Alterna-
tively, a highly depleted gabbroic/basaltic source, as shown by the
melting models of Fig. 13A, together with K2O-rich, biotite-bearing
sediment (as proposed by Diergaardt (2013)), may account for the
geochemical features of the majority of the Noisy rhyodacites/
rhyolites. This way the high K2O (Diergaardt, 2013), together with
the low La-content shown in Fig. 13 can be explained.

The origin of the samples from the Theespruit Complex is more
ambiguous. If produced by partial melting from a gabbroic/basaltic
source, the initial La-concentration (C0) would have to be on the
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order of 25 ppm. Alternatively, most of the samples could also have
been produced by fractional crystallization from a basaltic parent,
with C0 ranging between 4 and 8.

6.2.3. Tectonic environment
Fig. 14 shows the intermediate to silicic rocks of the Sandspruit,

Theespruit and Noisy Complexes plotted in the NbeY, TaeYb and
Rbe(YþNb) granitoid discrimination diagrams (Pearce et al., 1984).
The rocks from all the three complexes plot in the joint field for
volcanic arc granites (VAG) and syn-collisional granites (syn-COLG)
(Fig. 14A). The majority of the rocks from the Theespruit Complex,
however, differ from those of the two other above-mentioned
complexes, and plot within or close to the field of within plate
granites (WPG). The TaeYb diagram distinguished between VAG
and syn-COLG, and in this diagram (Fig. 14B) the rocks of the
Sandspruit and Noisy Complexes plot exclusively in the VAG field,
whereas most of the rocks from the Theespruit Complex plot in the
syn-COLG, close to the boundary of the VAG. Fig. 14C shows the
rocks from the three above-mentioned complexes plotted in the
Rbe(YþNb) diagram. We acknowledge that Rb is a highly mobile
element; hence, in the Rb vs. YþNb diagram, some of the data may
have been displaced from the VAG field into the Syn-COLG field by
alteration. But, the distinction between the Theespruit and Noisy
Complexes still remains.

The rock type adakite is geochemically characterized by high Sr
and La, and low Y (thus high Sr/Y and La/Yb ratios), combined with
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high SiO2 (>56 wt.%), Al2O3(>15 wt.%) and Na2O (>3 wt.%), and low
high-field strength elements (for example Nb and Ta; see summary
of the geochemistry of adakitic rocks in Table 1 of Castillo (2012)).
This rock type may make up an important group of the interme-
diate to silicic rocks that aremainly restricted to subduction-related
tectonic settings (e.g., Martin, 1999; Martin et al., 2005). Although
adakites may form in different ways such as partial melting of the
lower continental crust (e.g., Castillo, 2012; Ling et al., 2013), the
melting of altered-hydrated metabasalts in a subducted slab, pro-
vides the best explanation for the generation of high-SiO2 adakites
(Moyen, 2009). Since the (La/Yb)N ratios in general are much higher
in the lower continental crust than in the oceanic crust, Ling et al.
(2013) also worked out a geochemical diagram to distinguish be-
tween adakites formed from the two different parental sources
(Fig. 15).

Five of the samples of the Noisy Complex satisfy the geochem-
ical criteria to be classified as adakite, and in Fig. 15 they are plotted
in the Sr/Ye(La/Yb)N discrimination diagram. Two of the samples
plot within the field of partial melt of subducted oceanic crust,
whereas the other three samples plot at the boundary area between
partial melts of subducted oceanic crust and lower crust.

The intermediate to silicic rocks of the Theespruit and Noisy
Complexes have previously been attributed by Furnes et al. (2013)
to a subduction-related island arc environment. New geochemical
data from the Sandspruit Complex (Kröner et al., 2016) are similar
to those of the Noisy Complex (Figs. 13 and 14), which would
tentatively attribute the formation of this complex to an island arc
setting. By contrast, based on Hf-in-zircon isotopic data, Kröner
et al. (2016) suggested that the silicic rocks of the Sandspruit and
Theespruit Complexes resulted from melting of a felsic continental
basement, represented by the Ancient Gneiss Complex in
Swaziland, and on this basis reject the possibility that these rocks
were formed in a subduction-related environment. However, as an
alternative interpretation, the isotopic signature as reported by
Kröner et al. (2016) may represent contribution from older sub-
ducted clastic sediments, comparable to the present-day situation
in which the Indonesian island arc magmas are influenced by the
sediments from the old crustal rocks of the Australian margin
(Vroon et al., 1995; Elburg and Foden,1998). This is compatible with
the abundance of siliciclastic and volcaniclastic rocks the
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Theespruit Complex (de Wit et al., 1983, 1987a, b; Armstrong et al.,
1990; Van Kranendonk et al., 2009 and references therein), and
with more recent detrital zircon analyses (Drabon et al., 2017).

From the renewed processing of the geochemical data from the
Sandspruit and Noisy Complexes we suggest the following: (1) A
certain proportion of the samples from the Noisy Complex are of
adakitic character (Fig. 15), and to which we suggest formation by
melting of a basaltic parent (that may be highly depleted in
incompatible elements) in a subduction zone. (2) A dominant part of
the Noisy Complex and the three analyses from the Sandspruit
Complex are very low in La (þother incompatible elements) (Fig.13),
and can be modeled by partial melting of a source depleted in
incompatible elements, as for example cumulate gabbros, and/or
highly depleted basalts. This is by far the most common process
responsible for the generation of intermediate to silicic rocks gen-
eration in backarc to forearc regions of any age (Furnes and Dilek,
2017). This process may occur along a subduction zone or at the
base of backarc crust. When a melt lens solidifies (producing
dikes þ gabbro) and is hydrothermally altered, impingement of a
youngermelt lenses frombelowmay result in the production of new
intermediate to silicic melts, a process that may be repeated several
times (Furnes and Dilek, 2017). Further, all discrimination diagrams
(Fig.11) indicate that the Sandspruit and Theespruit intermediate to
silicic rocks are product of volcanic arc magmatism. The Theespruit
samples show a large range in the content of incompatible elements
(e.g., La), and some are pronouncedly different from those of the
Sandspruit and Noisy Complexes (Fig. 13), which is also apparent
from the discrimination diagrams (Fig. 14).

6.3. Granitoid rocks

6.3.1. The trondhjemite-tonalite-granodiorite (TTG) plutons
The TTG granitoids comprise two distinct age generations, i.e.,

approximately 3.5e3.4 Ga, and 3.3e3.2 Ga, and these are treated
separately below. The petrography and geochemical data of these
granitoids have been dealt with in a number of earlier works. The
geochemical data used for the purpose of this compilation are from
the following papers, i.e., the oldest group (Clemens et al., 2006),
and the youngest group (Kleinhanns et al., 2003; Clemens et al.,
2006; Moyen et al., 2007; Schoene and Bowring, 2010).
40 60

(La/Yb)N

Noisy

ting adakites formed by partial melting of subducted oceanic crust and partial melting of
cDonough (1989). The diagram is modified after Ling et al. (2013). Date sources: see text.
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Fig. 16 shows the data from both age groups plotted in Sr/YeY
diagrams that discriminate adakitic granitoids from the typical
subduction-related calc-alkaline andesite-dacite-rhyolite (ADR)
association. In subduction-related tectonic settings adakites make
up an important group of the intermediate to silicic rocks, and are
characterized by high Sr and low Y (hence high Sr/Y ratios), and
high Al2O3, Na2O, and low K2O (e.g., Martin, 1999). We have applied
a modified discrimination Sr/YeY diagram of Castillo (2006) and
Naqvi et al. (2006), and taken the rocks with Sr/Y > 37 as adakites.
For both age groups the majority of the rocks plot within the ada-
kite field, but the youngest group displays a wider range than the
oldest group in the Y-values (Fig. 16A and D), and exhibit a higher
portion that plot in the ADR field. Further, all of the samples from
both age groups that qualify as adakites on the basis of their Sr/Y
ratios, plot in the high-SiO2 adakite field (Fig. 16B and E). In the Ce/
SreY discriminant diagrams for different granitoids (TTGs and
potassic granites), there is also a difference between the two age
groups, shown by a wider range in the Ce/Sr values of the younger
group (Fig. 16C and F). The geochemical data of the same rocks have
also been plotted in the discriminant diagrams for granitoid rocks
of Pearce et al. (1984), and for both age groups the vast majority
plots in the volcanic arc granite (VAG) field (Fig. 17).

6.3.2. The granite batholiths/plutons
The geochemical data of the granites of the youngest magmatic

generation (Kleinhanns et al., 2003; Yearron, 2003; Clemens et al.,
2006, 2010) have been plotted in the Sr/YeY and Ce/SreY
discriminant diagrams (Fig. 18). For these granitoids the main part
plots in the ADR field of the Sr/Y diagram. However, for some of the
batholiths/plutons, i.e., the Heerenveen and Mpuluzi, the granites
display large variations and plot in both the adakite and ADR fields
(Fig. 18A). The large geochemical range is also shown by the Ce/Sr
ratios (Fig. 18B). Fig. 19 shows the same rocks plotted in the YeNb
and Rbe(YþNb) discriminant diagrams, and even though the ma-
jority plots in the VAG field, a high portion plot close to the VAG/
WPG boundary.

6.3.3. Genetic considerations and tectonic environment
Based on Figs. 16e19, we discuss the genesis and tectonic

environment inwhich the granitoid rocks were generated. Clemens
et al. (2006) suggested that the most likely sources for TTGmagmas
are metabasaltic rocks, and that the different plutons represent
separate magma batches. Moyen (2011) defined three TTG series
using Sr/YeY, and Ce/SreY relationships, and related the data dis-
tribution in these diagrams to the pressure under which the rocks
were generated. Those with high Sr/Y and low Ce/Sr values were
attributed to melting of garnet- and rutile-bearing sources (eclo-
gite) under high pressure (20 kbar or higher), whereas those with
low Sr/Y and high Ce/Sr ratios combined with high Y were ascribed
to melting of amphibolite under pressure of 10e12 kbar, and with a
medium-pressure series of 15 kbar with melting of garnet-
amphibolite. The high- to medium-pressure granitoids plot in the
adakite field, whereas the low-pressure examples plot in the ADR
field (Fig. 16A and D).

Martin et al. (2005) divided adakites into high-SiO2 and low-
SiO2 adakites (HSA and LSA, respectively), of which HSA represent
slab-melts and LSA melts of peridotite previously metasomatized
by slab-melt. Moyen (2009) further provided different pathways
to explain the generation of HSA and LSA, in which slab melting
yields the former, that can either be directly emplaced, or interact
with the mantle peridotite toward its destination to form some
member of the LSA. The majority of 3.5e3.3 Ga TTGs are thus HSA
that can be attributed to generation under high- to medium-
pressure conditions (Fig. 16), whereas the youngest granitoids
(3.1e2.7 Ga) represent both adakites and ADR types (Fig. 17). The
most remarkable example is provided by the granitoids of the
Heerenveen Batholith (Fig. 17), for which Clemens et al. (2010)
propose that the rocks with SiO2 < 70 wt.% were generated
from a source of intermediate to mafic igneous rocks having
experienced different degree of K-metasomatism, whereas those
with SiO2 > 72 wt.% were generated from K-enriched intermediate
to felsic sources.

Although there is a general consensus that the main source for
TTGs is a mafic igneous rock, there is controversy regarding the
tectonic environment is which the melting took place, i.e.
subduction-related versus unrelated to plate boundaries. Strong
advocates in favor of subduction-related environments include:
Martin 1986, 1994; Rapp et al., 2003; Martin et al., 2005; Moyen,
2009, 2011; Moyen and Martin, 2012. Those in favor of a genera-
tion unrelated to plate tectonics are: Smithies, 2000; Bédard, 2006;
Van Kranendonk et al., 2007; Willbold et al., 2009.

For the production of granitoid magmas from a basaltic parent,
no matter what the tectonic environment, water is an essential
component, and in most volcanic and plutonic examples the water
content is between 2 wt.% and 4 wt.% (e.g., Whitney, 1988). In the
case of the subduction-related model, the main sources of water
come from the dehydration of hydrous silicates as well as volatile
components transported into the crust from subducted oceanic
crust. For the other, subduction-unrelated model, “the drip
model”, the main responsible mechanism for granitoid magmas is
partial melting in the lower portions of thick basalt accumulation,
such as a plume-generated oceanic plateau (e.g., Bédard, 2006). In
such cases the necessary water supply to produce granitoid melts
is a problem, as circulation of water in such thick basalt accu-
mulations is restricted to the uppermost parts of the pile (e.g.,
Arndt, 2013).

In the case of the granitoid rocks within and surrounding the
MMts, all geological field and geochemical evidence point to the
fact that they are generated in relation to a subduction-related
environment. This is evidenced by their geochemical character as
shown in Figs. 16e19, as also supported by Nd-isotope data of the
Usutu granitoid rocks in Swaziland (Schoene and Bowring, 2010).
Further, returning to the mafic lavas of the Onverwacht Suite, there
is no evidence that any of these lavas can be regarded as plume-
generated and thus could have been the source for the granitoid
magmas by partial melting at the bottom of the basalt pile (or from
detached drips), but instead represents subduction-related back-
arc-generated magmas.

Thus, the entire magmatic complex of the MMts we relate to a
plate-tectonic, backarc and arc tectonic environment.

6.4. Selected isotope signatures of granitoids

SmeNd and LueHf isotopic data from granitoids and orthog-
neisses in the eastern Kaapvaal craton have been used to confirm
the locations of lithospheric boundaries and to constrain the
balance of crustal recycling versus mantle input to crustal growth,
ca. 3.66e2.70 Ga. Whole rock SmeNd data (Fig. 20) show offsets
in εNd values for 3.2e3.3 Ga granitoids across the MMts that are
consistent with accretion of ca. 3.3e3.23 Ga lithosphere north of
the BGB onto pre-existing ca. 3.66 Ga lithosphere south of the
BGB in Swaziland (Schoene et al., 2009). Larger datasets of UePb
dates and Hf isotopic signatures from individual zircons sepa-
rated from similar samples support this finding (Zeh et al., 2009,
2011). These data confirm a model where subduction-accretion
and associated magmatism created new Archean lithosphere
from depleted mantle-derived melts north of the BGB, whereas a
mixture of re-melting of enriched crust and addition of new
mantle derived melts contributed to crustal growth south of the
BGB. After ca. 3.2 Ga, however, the Nd and Hf signatures of ca. 3.1
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and 2.7 Ga plutonic rocks are dominated by intracrustal recycling
rather than by new additions from the mantle, perhaps signaling
a transition to cratonic stability (Schoene et al., 2009; Zeh et al.,
2009, 2011).

7. Magnetic tests for paleo-subduction zones

7.1. High resolution aeromagnetic-based shallow sections (>10 km)

A high strain zone that forms a boundary between the Badplaas
and Stolzburg plutons is known as the Inyoni Shear Zone (ISZ:
Moyen et al., 2006; Nédélec et al., 2012; Van Kranendonk et al.,
2014). The ISZ is directly linked south to the external Schapen-
burg Schist Belt (Fig. 2). It has played a prominent role in modeling
the tectonic history of the region in that it has been interpreted as
(1) a Paleoarchean suture zone on the basis of its metamorphic
mineral assemblages that record high-pressure and moderate-
temperature conditions and apparent low geotherms indicative of
a subduction environment (Moyen et al., 2006); or subsequently as
(2) a negative thermo-tectonic diapir or ‘drip’ through partial
convective overturn caused by density contrasts between the upper
and middle crust, and increased in situ heat production (Van
Kranendonk, 2011a, b, 2014).
It has also been suggested that the Stolzburg Schist Belt (SSB)
may continue to the south, and specifically linking the Inyoka-
Saddleback Shear System (ISSS) with the ISZ, either directly
(Diener et al., 2005; Moyen et al., 2006; Kisters et al., 2010), or off-
set by a late (ca. 3.1 Ga) mylonite zone (Van Kranendonk et al.,
2014). However, asserting this connection (e.g., Fig. 2) is thwarted
by very poor outcrop, and in the field this connectivity cannot be
confirmed. The purported connectivity cannot be tested with
available geophysical data because the regional aeromagnetic data
from the national archives (Council for Geosciences) is of low res-
olution. Thus potential connection between the ISSS and ISZ re-
mains uncertain. To test the continuation of the SSB into the
adjacent TTG core complexes and their internal shear zones, as
possible subduction-related sutures, we conducted a high resolu-
tion aeromagnetic survey linked to in situ magnetic susceptibility
measurements to trace these zones at surface and at depth.

The aeromagnetic survey was conducted using the GyroLAG
Kriek IIB gyrocopter. Line spacing was at 100 m as 6000 line km
were flown across much of the southwestern Stolzburg Schist Belt
and surrounding granitoid complexes at an average speed and
height above ground of 100 km/h and 40 m, respectively (Fig. 21a,
b). Vector fluxgate magnetometers were positioned 2.6 m from the
centre on both sides of the aircraft and the signal sampling rate was
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30 Hz. This resulted in an accuracy of approximately 1 nT (see
MacLennan (2012) for further details).

A number of distinct magnetic anomalies are visible on the total
Magnetic Intensity (TMI) Map that in general correlates with the
greenstone belt lithologies (Fig. 22a). 1000 m upward continuation
of the TMI shows that the major magnetic anomalies are deep
seated. Reduction to the pole and the first vertical derivative of the
total magnetic intensity assist in the identification and interpre-
tation of these major anomalies. Analytic signal transformation of
the reduced-to-the-pole TMI whereby magnetic peaks associated
with the centre of their causative bodies shows that only the
deeper sourced anomalies remain clearly visible (Fig. 21c).

Compared to the mafic-ultramafic rocks of the MMts, all sur-
rounding granitoid complexes have relatively poor magnetic sus-
ceptibility and low remnant magnetization (Figs. 21b and 22). The
two very strong anomalies D and G show a spatial correlation with
syenites (e.g., the Kees Zyn Doorns (G) and Boesmanshoek syenite
and syenogranite (D) dated at between 3.1 Ga and 3.15 Ga (Kamo
and Davis, 1994). The syenites contain interstitial magnetite
(Anhaeusser, 1980; MacLennan, 2012) and are associated with high
magnetic susceptibility (35e39 SI units). It is possible therefore
that the syenite intrusions are responsible for these magnetic
anomalies.

The largest anomaly (F) is spatially closely associated with the
Stolzburg Layered Ultramafic Complex (SLUC; Fig. 5, Map 1). The
SLUC has abundant magnetite due to intense serpentinization. In
situ magnetic susceptibility measurements related to detail map-
ping at 10 m scale confirm that both the positive and negative parts
of this anomaly are caused by serpentinized ultramafic rocks of the
SLUC (MacLennan, 2012). The anomaly at location E forms part of a
broader area of elevated magnetisation that correlates well with
the mafic and ultramafic lithologies of the Weltevreden Complex.
The anomaly at location E visually continues towards the southwest
in the direction of the Sterkspruit Asbestos Mine (Fig. 5).

There is a distinct margin between the magnetisation of the
Weltevreden Complex and the very lowmagnetisation of the SLUC.
Due to the precise correspondence of the magnetic marginwith the
contact between the Weltevreden Complex and the SLUC mapped
at surface, it is unlikely that the juxtaposition of magnetic high and
low is purely a dipolar effect. Rather this likely represents a tectonic
break, with the very lowmagnetic values being recorded as a result
of the steep gradient in the magnetic field across the contact. This
interpreted tectonic break has been named the Mawelawela Fault
(Map 2).

A number of other magnetic anomalies correlate with the
Moodies, Inyoka, Komati and Theespruit Faults. These faults, along
with the Mawelawela Fault, all converge towards the west into one
schist zone, containing a subvertical stretching lineation (de Wit,
1983; Fig. 5), where they amalgamate with the magnetic anomaly
that trends between location G and E. Associated with these faults
is a major magnetic anomaly that correlates well with the SLUC and
Weltevreden Complex (Figs. 22 and 23). This magnetic anomaly
continues to the west and northwest in a broad arc that trends
towards the mafic-ultramafic rocks in the Kalkkloof Schist Belt
(Fig. 23; Map 2; Menell et al., 1981). There is thus no geophysical
evidence for these shear zones to continue to the south linkingwith
the Inyoni Shear Zone.

By contrast, the magnetic gradients across lithological bound-
aries with the TTG gneisses can be interpreted as Weltevreden
mafic-ultramafic material linked to a north-dipping unit beneath
the TTG gneisses of the Nelshoogte complex. This unit is likely
responsible for the gradient towards the north since the TTG
gneisses of the Badplaas and Nelshoogte are geochemically (and
magnetically) very similar.

To test this further, forward modelling of the aeromagnetic data
was conducted along 3 profiles (Figs. 23 and 24). A western profile
(Profile 1) that crosses the anomaly reveals a relatively steep north
dipping slab between 50� and 60�, and which becomes slightly
thicker with depth down to 6.5 km, fits the observed data well. A
second profile across the anomaly in the central part of the survey
area is weaker than those to the west or east. Different models
show that either a thin, highly magnetic body or thicker, less
magnetic rectangular body best approximates the observed data. In
both cases, the bodies dip to the north down to 0.8e1.2 km below
surface, with dips 20�e40�, respectively. Profile 3 runs across the
major magnetic anomaly at location E. This anomaly can be
approximated with a simple north dipping rectangle of mafic-
ultramafic material at an intermediate slope down to about 3 km.
In all three cases the greenstone materials dip beneath the Nel-
shoogte TTG.

As with all forward models, the solutions may be non-unique
and the derived physical parameters could remain poorly
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constrained without additional datasets such as gravity measure-
ments. Therefore, the forward models used here were purposely
kept simple and geologically consistent across the survey area in
order to minimise over-interpretation of the magnetic data.

The aeromagnetic and geologic maps reveal a number of faults
that coalesce within the western extent of the Stolzburg Schist
Belt. The Komati and Hooggenoeg Complexes at the southern
margin of the supracrustal sequence are also well-delineated by
the aeromagnetic data, and a sharp gradient is present at the
contact with the higher grade Sandspruit and Theespruit Com-
plexes. These magnetic anomalies continue toward the western
extent of the SSZ, where they are isoclinally folded and coalesce
into the same trend as the extension of Anomaly F. Isolated posi-
tive magnetic anomalies within the Sandspruit Complex correlate
well with mapped enclaves of partially serpentinized rocks
(Diener et al., 2005). However, neither the isolated amphibolite-
ultramafic slivers within the ca. 3.45 Ga Stolzburg TTG core com-
plex (e.g., those situated around location D) and along its contact
with the Badplaas TTG gneiss complex (ca. 3.25 Ga), induce such
magnetic signatures.

In terms of delineating the continuation of the SISS, there is
no aeromagnetic evidence that it continues to the south. Rather
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the highly magnetized material associated with the Nelshoogte
schist belt seems to coalesce with the aeromagnetic anomaly
associated with the Kees Zyn Doorns syenite. The most favorable
interpretation for the continuation of the material with high
magnetic susceptibility associated with the Nelshoogte schist belt
and the SLUC, and by association the continuation of the SISS,
seems to be that it continues in a thinned zone to the NW. The
subsequent subvertical intrusion of the Kees Zyn Doorns syenite
is here interpreted to obscure the original magnetization. In this
respect, the SSB is more likely to be linked to the greenstone
remnant known as the Kalkkloof Schist Belt some 15 km to the
west of the BGB and 10 km north of Badplaas (Hall, 1930; Visser
et al., 1956; Menell et al., 1981; and Map 2), where it is in part
unconformably covered by the sub-horizontal rocks of the
Transvaal Supergroup. The predominant rock type of the Kalk-
kloof Schist Belt is the Kalkkloof ultramafic layered complex
(KULC), a serpentinite body surrounded by hornblende-
actinolite-talc-tremolite and felsic schists. The compositions of
the mafic-ultramafic schists are similar to those of the lower
Onverwacht Suite, but detailed chemistry is lacking. The KUMC
has been previously compared to the SLUC. Detailed analyses of
these two complexes have been linked to the abundant chrysotile
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asbestos mines (now abandoned) in both complexes (Sterkspruit
and Stolzburg in the SLUC; e.g. Anhaeusser, 1972). Both com-
plexes consist of well-defined serpentinized dunites (olivine) and
orthopyroxenites (enstatite-bronzite), with lesser harzburgites
and wehrlites, and are heavily tectonized as evident from a wide
variety of sheared talc-tremolite schists and carbonated ultra-
mafic varieties, including local development of the rare serpen-
tine mineral stichtite (an hydrated carbonate-hydroxide of Mg
and Cr, Ashwal and Cairncross, 1997); and all enriched in
magnetite and altered chromite. Adjacent to parts of KUMC are
felsic schists and cherts similar to those in the Stolzburg Schist
Belt that can be linked farther west to both the Theespruit and
Noisy Complexes (Map 1; Fig. 5).

The HR magnetic data and modelling confirms a continuation of
the ISSS to the west and that part of the Weltevreden Complex can
best be interpreted to dip moderately to steeply north to northwest
beneath the Nelspruit TTG core down to depths of close to 7 km
(Figs. 24 and 25). We suggest this represents the upper remnants of
a ca. 3.2 Ga subduction zone.

7.2. Magneto-Telluric (MT) based deep electrical conductivity
sections (>10 km)

Magnetotelluric (MT) surveys across the study region, in 2009
and 2010, resulted in 2D and 3D conductivity models of the region
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(Kuetter et al., 2016). Electrical conductivity is generally sensitive to
small conductive mineral constituents and pore fluids in large rock
sequences. Imaging the electrical conductivity may thus help test
for paleo-processes that focused metamorphic fluids and/or
mineralization along shear planes.

From the results of the 3D inversion studies we show a
selected section of a refined 3D conductivity model, cutting across
the Moodies, Inyoka-Saddleback, Maanhaar-Msauli and Forbes
Reefs Shear Systems down to depths of ca. 15 km (Fig. 2). The
majority of the resistive features can be directly linked to rocks of
the Onverwacht Suite and Fig Tree/Moodies Groups at surface and
which were found to extend to a maximum depth of approxi-
mately 8 km, whilst nearly electrically homogeneous bodies
adjacent to the belt extend down to a depth of at least 20 km,
suggesting they are part of the granitic upper crust inferred to be
preserved below the MMts (Kisters et al., 2003; Schoene et al.,
2008, and references therein). These findings across the se-
quences of the MMts agree well with other electric and gravity
data (de Beer et al., 1988).

The 3D inversion models in the NE part of the MMts, correlate
with zones of high conductivity across major shear systems and in
the south-central part resistive structures extend deeper to mid-
crustal levels (Fig. 26; profile 40e60 km, down to 8 km) and the
two major shear systems of the Moodies/Inyoka-Saddleback and
Maanhaar-Msauli, are underlain by inclined zones of enhanced
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conductivity possibly down to 10e12 km (Fig. 26). These compare
well with the doubly-verging 3.2e3.3 Ga paleo-subduction zones
inferred from the SmeNd isotope systematics and in εNd values for
granitoids across the greenstone belt (BGB), and consistent with
existingmodels for ca. 3.23Ga accretionof newly formed lithosphere
north of theMMts onto pre-existing ca. 3.66 Ga lithosphere south of
the MMts (Schoene et al., 2008), and their subsequent exhumation
history (e.g., Kisters et al., 2003; Schoene et al., 2008). These zones
may indicate pathways for metamorphic fluids from lower crustal
levels thatmay also have induced focusedmineral deposits asbestos,
iron and gold deposits (Barton, 1982; and see below).

8. Ocean depth estimates

At a certain depth (and pressure) volatiles (predominantly wa-
ter) are dissolved in basaltic magma, and erupted pillow lavas will
be non-vesicular (Moore, 1965). With decreasing depth (and pres-
sure) volatiles become a separate phase in the basalt magma and
will result in gas-filled pores upon eruption, particularly in the
upper part of pillows. The relationship between water depth and
vesicularity, however, is a function of the water content in the
magma (Jones, 1969; Moore, 1970); thus, water-rich alkali basalts
will be more vesicular then water-poor tholeiitic basalts when
erupted at the same depth.

The vesicularity of pillows at various stratigraphic levels of the
Hooggenoeg and Kromberg Complexes has been calculated, and
employing the vesicularity-depth relationship as defined by the
modern oceanic, tholeiitic basalt, compositionally comparable with
those of the MMt metabasalts, the depth of eruption has been
estimated (Furnes et al., 2011). Using this technique, and applying
the depth-vesicularity relationships of Moore (1965), the lavas of
the Hooggenoeg Complex formed at depths of 2.4e4 km, whereas
those in the lower part of the Kromberg Complex formed at shal-
lower depths of around 1.7 km. Higher in the Kromberg Complex
the vesicularity decreases and suggests eruption at water depths
of >2 km.

The depths of modern active back-arc basins vary considerably;
for example in the Mariana back-arc basin, the depths ranges from
3200 to 5300 m (Stüben et al., 1998), and the depth of the zero-age
Philippine Sea back-arc basin is 3200 m (Chung-Hwa et al., 1990).
The estimates of the eruption depths of the pillow lavas in the
Hooggenoeg and Kromberg Complexes are thus comparable with
the depths of spreading ridges in modern ocean back-arc basins.

9. Ocean and arc-like hydrothermal processes

There is ample evidence that hydrothermal processes operated
at deep sea and shallow to subaerial levels throughout the depo-
sitional stages of the Onverwacht Suite (e.g., de Wit et al., 1983,
1987a, b; Paris et el., 1983; De Ronde et al., 1994; de Vries and
Touret, 2007; de Wit and Furnes, 2016).

9.1. Silica-fuchsite chimneys e deep water

A large number of volcanic tuff horizons across the Onverwacht
Suite are well-preserved because of their silicification to cherts
and associated micas, especially chrome-rich fuchsite (Map 1;
Fig. 3b). The cherts have been extensively described elsewhere
(Viljoen and Viljoen, 1969a, b; Paris et al., 1985; Ducha�c and Hanor,
1987; de Wit et al., 1987a; Hanor and Ducha�c, 1987; Lowe and
Byerly, 2007; de Wit and Furnes, 2016). The cherts have been
used as marker horizons in almost all lithostratigraphic studies;
indeed the Middle Marker (Fig. 3b) has become an iconic Paleo-
archean marker horizon. The origin of the silicification processes
was long regarded to be related to sedimentary processes and
direct chemical precipitation from seawater (Knauth and Lowe,
2003 and references therein). Today they are generally accepted
as secondary deposits related to deep water and near surface hy-
drothermal alterations, during large-volume fluid circulation.
Recent stable isotope analyses in the Hooggenoeg Complex of
vertical silica-fuchsite pipes rooted in breccias of a chert horizon,
and extending 14m into the overlying pillow lavas that formed at a
depth of 2e4 km below sea-level, has verified their formation
temperatures of 150e200 �C, analogous to that of ‘white smokers’
(de Wit and Furnes, 2016).

9.2. Iron chimneys - shallow water

Both in the Songimvelo and Malalotsha Domains, ironstone
pods and chimneys of goethite and hematite rooted in silicified
ultramafic rocks and linked across and along strike with ferrugi-
nous shales and laminated iron-oxide facies banded iron-formation
(BIF) inferred to represent episodic discharge of iron-oxide and
silica-rich flocculates from the iron-chimneys (Barton, 1982; De
Ronde et al., 1994). Just below the Pylon Nappe (Map 2), such
iron chimneys yielded fluid temperatures between 90 and 150 �C
(low salinity (5e16 wt.% NaCl; and 33e109 �C), and high salinity
(24e30wt.% CaCl2) (De Ronde et al., 1994). These deposits resemble
low-temperature hydrothermal iron-oxide deposits on the seafloor.
Fluid inclusion analyses provided constraints on the seawater of
about 3.1 wt.% NaCl and d18O values (�1.2 to 1.4&) close to modern
values. These deposits formed in shallow seawater (60e100m), and
in places linked to mud deposits that reached above sea-level
where fossil gas-escape structures are preserved in dehydrated
mudpools (de Wit et al., 1982; De Ronde et al., 1994). Similar
structures have been described in the Malalotsha Domain both in
Swaziland (Barton, 1982; Lamb, 1984a) and across the border in the
to Josefsdal area (Paris, 1986; Map 2). Paris (1984) was the first also
to discover possible air-fall rain and/or mudpool-fluid drops in
these silicified muds (Fig. 29d). These still require modern analyses
to determine Paleoarchean atmospheric conditions (c.f., Som et al.,
2012 for the Neoarchean).

9.3. Felsic breccia pipes e shallow water to subaerial

Detailed field mapping, together with abundant fluid inclusion
work on veins and breccia pipes across the felsic volcano-
sedimentary sequences of the Noisy Complex indicates a
shallow water to subaerial environment of deposition for the
sediments, with contemporaneous hydrothermal activity at tem-
peratures below 200 and 300 �C (de Vries and Touret, 2007). Such
temperatures are consistent with paleomagnetic studies on these
same rocks (Tarduno et al., 2010; Biggin et al., 2011). Hydrother-
mal quartz contains coeval two-phase aqueous inclusions (with
variable salinities) and mixed H2OeCO2 inclusions, and the phase
relations in the CO2eH2O system show that unmixing of immis-
cible fluids occurred at relatively low pressure (ca. 100 bars). Clasts
and matrix have undergone extensive hydrothermal alteration by
the CO2eH2O fluids, which have altered much of the primary
mineralogy to sericite, fuchsite, carbonates and magnetite (de
Vries and Touret, 2007). The origin of the hydrothermal fluids is
interpreted to be partly related to felsic magmatism linked to deep
rooted TTG plutons (de Wit et al., 1987b, 2011). The similarities of
the aqueous fluids compared to those of present day hydrothermal
systems, and the absence of reduced gases in inclusions
strengthen the conclusion from field observations that the
Noisy hydrothermal system operated in a near-surface environ-
ment related to felsic magmatism in arc related systems such as
recorded, for example, in the Taupo zone of New Zealand and in
Japan.
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10. Selected hydrothermal ore deposits

10.1. Barite

Barite deposits in the Malalotsha Domain, with an estimated
reserve of near 300 thousand tons, represent the largest stratiform
sulphate body in the MMts. At Londosi, close to the Manhaar-Msauli
Shear System, barite occurs continuously for 1250 m, and discon-
tinuously for more than 10 km along strike into adjacent parts of
South Africa. The composite thickness of the deposits averages 1.2 m
(Reimer, 1980; Barton, 1982). The footwall of the deposits comprises
silicified mafic-ultramafic schists and talcose serpentinites, consis-
tent with basaltic komatiite composition of Onverwacht Suite rocks,
whilst the hanging walls also contain felsic volcanics and tuffs
(Barton, 1982). Viljoen and Viljoen (1969a) first proposed a hydro-
thermal origin for the Londosi barite deposits, and Barton (1982)
interpreted these deposits to be related to hydrothermal activity
during the alteration of the mafic-ultramafic sequences, similar to
those found along fault zones in the Pacific marginal Lau Basin.
Associated siliceous breccias and conglomerates are consistent with
local sedimentary reworking of the hydrothermal deposits. This is
similar to barite horizons and barite clasts found in the coarse
sedimentary sequences tectonically below the Pylon Nappe in the
northern sector of the Songimvelo Domain (de Wit, 1982; De Ronde
et al., 1994; Lowe and Byerly, 1999), and farther north (Reimer, 1980;
where recent ICDP drilling has re-investigated these deposits; e.g.,
Ledevin et al., 2015) as well as within the eastern and western ex-
tremities of the Stolzburg Schist Belt (de Wit, 1983).

10.2. Gold

The MMts first became famous for its potential gold minerali-
zation in the early 1890s (Hall, 1918). There is a vast formal and
informal literature on these deposits and mines, and it is beyond
the scope of this contribution to review this. Recent work confirms
that the major deposits occur on thrust/extension faults closely
flanking the ISSZ, and, to a lesser degree, the MMSZ (Fig. 27), and
especially within relatively short distance of 3.2 Ga TTG plutons,
where dominated by normal movements (Dirks et al., 2013).

Individual mineralized shear zones are typically normal or
transtensional brittleeductile structures, < 300 m in length and
<1 m in width, active at sub-greenschist to lower amphibolites
facies conditions (De Ronde et al., 1992; Ward, 1999; Dirks et al.,
2009, 2013). Major mine camps display a cluster spacing of
w12 km, which suggests a regular distribution of controlling
shears, and detailed stress analyses suggests that their gold
mineralization occurred during a single tectonic stage around
3015 Ma (Munyai et al., 2011; Dirks et al., 2013).

Dziggel et al. (2010) have provided the only direct age estimates
at 3027 � 7.5 Ma for hydrothermal titanite intergrown with aurif-
erous minerals. A date of ca. 3084 Ma was suggested for major
mineralization based on hydrothermal rutile (De Ronde et al.,1992),
but this mineral cannot unequivocally be linked to gold minerali-
zation (Dirks et al., 2009. 2013). Zircon ages between 3017 Ma and
3009 Ma have been determined at mineralized dykes (Dirks et al.,
2013).
Figure 21. (a) Regional Magnetic map for the southern Makhonjwa Mountains (Council f
Magnetic Intensity map of High Resolution survey, with locations AeG referred to in the te
ceptibility than the Badplaas, Stolzburg or Theespruit TTG gneiss domes, and in turn slightly
magnetic anomalies (e.g., A, C and likely B) show very close spatial association with e
2.981e2.989 Ga; de Wit et al., 2011), and NeS Jurassic Karoo dykes (dated at ca. 183 Ma; Ma
pole TMI from the HR Magnetic data. The image shows energy peaks in the magnetic data
serpentinites beneath the Moodies Group of the Stolzburg syncline, and exposed along local
Belt towards the NW. There is no sign of a connection of these rocks to the south (see text
Whether these major deposits occur in late-tectonic structures
along which pre-existing mineralization was remobilized, remains
unresolved. Dziggel et al. (2010) showed that mineralization likely
occurred in two phases, one during the peak compressional defor-
mation and metamorphism close to 3230 Ma, and a main phase
around 3030 Ma linked to extension and exhumation of the MMt
sequences and the rise of adjacent TTG cores. Thus the major de-
posits may occur only in areas where the network of brittleeductile
shears interacts andupgrades zones thatwerealreadygold enriched.
This suggests that gold is locally derived and stripped from deep
MMt sequences by mineralizing fluids, concentrated and deposited
at suitable structural sites (e.g., Foster, 1985; Anhaeusser, 1986).

It is likely then that some stratigraphic or early tectonic horizons
of the MMts were relatively enriched in gold soon after formation.
Indeed many small deposits and occurrences are distributed in the
central Songimvelo Domain flanking the early (ca. 3.45 Ga) defor-
mation zones (including quartz-carbonate-fuchsite shear zones)
underlying chert horizons well away from the 3.2 Ga thrust zones
(Fig. 27). For example, flanking the Komati River and the Mbjega
Shear, north of Tjakastad, and just beneath the Middle Marker
north of Steynsdorp; and along the early tectonic zones separating
the Kromberg and Mendon Complexes near Ekulindeni (Viljoen
et al., 1969; Map 1). Similarly in the major gold area of the Mala-
lotsha Domains, there are over 30 named gold occurrences in the
Forbes Reef area, most of which occur in the talcose schists and
fuchsite-bearing cherts flanking the tectonic boundary of the
Malalotsha Nappe (Barton, 1982, and references therein; compare
Fig. 27 with Map 2). It thus appears that early, relatively low-grade
gold mineralization was associated with the deep-water hydro-
thermal shear systems; and which were later dispersed or
concentrated into more economically viable deposits during deep
fluid migration. This is consistent with the findings of the con-
ductivity survey.

Thus a model has emerged in which the underlying complexes
locally enriched in gold during early pre-D1 hydrothermal systems
were truncated by late D2 extensional shear zones at depths suf-
ficient to allow ingress of fluids perhaps as late as 3015 Ma, to form
large, high-grade gold deposits (see Fig. 3b). By ca. 3075 Ma
regional erosion down to the Mpuluzi granitoid sheets had led to
deposition of Neoarchean sequences such as the Witwatersrand
and Pongola (Dirks et al., 2013; see inset Map 1). This reveals a long
term recycling of gold over 475 Ma, and rapid local enrichment
within less than 12e70 million years.

11. Rates of Paleoarchean processes

Below we highlight some of the findings from our field map-
ping, integrated with geochemistry and linked to time lines derived
from published geochronology. We collate these into Table 1, which
summarizes a first order set of rates of Paleoarchean processes to
test reliability of our plate tectonic model summarized as Fig. 28.

11.1. Subduction-exhumation processes

Exhumation up to 18 km of unroofing took place between 3140
and 3230 Ma, exposing high pressure mineral assemblages formed,
or Geoscience of South Africa) overlain with general geology (Ward, 2000). (b) Total
xt. Note NE¼Nelshoogte TTG gneiss core, which shows slightly greater magnetic sus-
greater than that across the late Mpulusi granite sheet. A number of prominent linear
ither the Neoarchean dyke swarms (NEeSW and NWeSE orientated, and dated at
ré and Fourie, 2012). (c) Perspective image of the analytic signal of the reduced-to-the-
associated with the location of causative sources. Note the high anomalies related to
antiforms (Fig. 5 and Map 2). Note the continuation of the rocks of the Stolzburg Schist
).



Figure 22. TMI Magnetic map showing ground control measurements. Strong positive and negative magnetic anomalies (H) fall within the mapped extent of the Stolzburg syncline.
It seems unlikely that the causative body for these anomalies is within this folded siliciclastic unit given the low magnetic susceptibility recorded from field measurement within
this unit, including the banded iron formation and ferruginous shales. However, structural field data shows that the syncline is directly underlain by mafic-ultramafic lithologies of
the Weltevreden Complex and which outcrop in tight antiforms within the syncline (see Map 1; Fig. 5). The anomaly at Location D correlates in part with the surface outcrop of the
Kees Zyn Doorns syenite. This could indicate that the observed magnetic anomaly is due at least in part to this late stage felsic intrusion (3107 Ma). However, there are also mafic-
ultramafic tectonic boudins at surface along the anomaly at Location G (Kisters et al., 2010; Fig. 5). Moreover, the Kees Zyn Doorns syenite is part of a set of NW trending vertical
intrusions, yet the magnetic gradient shows the magnetic anomaly dips to the north, and is thus more likely to be due to north dipping mafic-ultramafic rocks possibly linked to the
back-thrusts flanking the Weltevreden Complex (De Ronde and de Wit, 1994; Map 2).
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during relatively low geothermal gradients along the southern
margin of the MMts (Dziggel et al., 2002, 2006; Diener et al., 2005,
2006; Moyen et al., 2006; Stevens and Moyen, 2007; Fig. 28). This
episode followed external subduction-like processes associated
with folding, thrusting and molasse-type sedimentation within the
MMts; all comparable to modern ocean subduction to continental
collision processes. During this period, younger complexes were
assembled, and the older complexes re-cycled and eroded, at rates
and with geotherms comparable to those in modern orogenic belts
(e.g., Hodges, 2017; Yamato and Brun, 2017).

11.2. Uplift and obduction rates

The Hooggenoeg Complex is separated by an unconformity from
the overlying fluvial to shallowwater clastic sequences of the Noisy
Complex. The conglomerates contain clasts of the metasomatized
Figure 23. 1000 m upward continuation of high resolution aeromagnetic data. The location
values and model geometry for each profile are presented in Fig. 24.
lithologies and early shear zones from the underlying Hooggenoeg
Complex (deWit et al., 2011). Uplift and exposure of the deep water
Hooggenoeg Complex above sea level is suggested by the rework-
ing of its uppermost chert horizon and clasts of silicified spinifex-
textured komatiite and basalt in the conglomerates of the Noisy
Complex. This suggests the Hooggenoeg Complex was uplifted by
3.5e5.5 km (2e4 km uplift from oceanic depth, plus a minimum of
1e1.5 km down-cutting of the Noisy conglomerates into the
Hooggenoeg Complex) between about 3445 Ma and 3433 Ma giv-
ing an uplift rate of some 0.5 mm/yr. This rate of uplift must be a
minimum, because the youngest volcanic rocks of the Hooggenoeg
Complex were erupted at the greatest depth (ca. 4 km), because an
unknown thickness of the Hooggenoeg Complex must have been
exhumed across the unconformity. However, within an order of
magnitude, the rate is comparable to those reported from modern
tectonic plate boundaries and during emplacement of Mesozoic
s of the three profiles used for forward modelling are shown. Observed and calculated
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oceanic crust preserved as ophiolite complexes such as the 8mm/yr
rate of obduction of the Oman Ophiolite (e.g., Searle et al., 2004;
Searle, 2007).

11.3. Exhumation rates

Variable uplift of the MMts sequences and their marginal
granitoids are documented by UePb thermochronology (Schoene
and Bowring, 2007; Schoene et al., 2008). On the basis of this,
given a geotherm of 15e35�C/Myr, about 7e15 km of vertical
exhumation of the southern MMts, and surrounding granitoids
originally emplaced at amphibolite to granulite depths, took place
at a rate of 10e100 m/Myr, comparable to erosion rates between
that of the Alps/Himalayas and the Appalachians (Scharf et al.,
2012). By ca. 2.8 Ga, 2.89 Ga mafic dikes and 3.01 Ga granites
eroded down to depths of ca. 6e10 km, were exposed at surface
and unconformably covered by late Archean shallow marine se-
quences as still exposed along the present day escarpment (Fig. 1A
and B2; Map 1).

11.4. Formation rates of lava sequences

The lava sequence of minimum 2700 m thick that makes up the
Hooggenoeg Complex formed during a time span of less than ca.
10 Ma (ca. 3472e3460 Ma; de Wit et al., 2011). It is interesting to
note that the Early to Middle Eocene ca. 6 km thick basaltic lava
sequence of the Izu-Bonin-Mariana (IBM), ranging from early island
arc tholeiite/MORB to boninite and finally to calc-alkaline lavas,
formed in a time span of ca. 7 Ma (Ishizuka et al., 2014). Thus, the
formation thicknesses and chemical compositions of the IBM and
Hooggenoeg Complex are very comparable, suggesting their rates
of magmatism were similar too.

11.5. Rates of change in dip-angle of subduction zone

Furnes et al. (2012) calculated Th-enrichment (relative to an
estimated Th-concentration without subduction-influence)
throughout the lava sections of the Hooggenoeg, Kromberg and
Mendon Complexes. In the lava pile of the Hooggenoeg Complex,
Figure 24. Forward modelling of magnetic profiles showing best-fit models achieved with
each profile including depth (to the top of the body) below surface, the magnetic susceptibil
anomaly in the West central part of the survey area and the observed data are here best fitted
becomes slightly thicker with depth. Profile 2 runs across the anomaly within the central p
source body here dips to the North at an angle substantially less than that of Profile 1. Profile
on Fig. 21.
whose duration is about 10 million years, the variation in Th-
enrichment varies from zero to nearly 100% (see Fig. 12 of Furnes
et al. (2012)). Enrichment of Th can be attributed to melting of
sediments in the deeper parts of a Benioff zone (Pearce et al., 2005).
Thus, the pronounced temporal variation in Th-enrichment of the
Hooggenoeg Complex, supposedly related to various amounts of
sediment-derived partial melts added to the mantle source, Furnes
et al. (2012) attributed these variations to the depth and angle of
subducting crust. At low and high angles of the subduction zone,
the Th-enrichment will be relatively low and high, respectively.

In the active subduction systems around the Pacific Ocean, the
dip-angle of subduction show large variation from <30� to near-
vertical (e.g., Gvirtzman and Stern, 2004; Lallemand et al., 2005),
and the slab geometry may vary laterally as well as time-wise at a
fixed position (Guillaume et al., 2013). It is particularly in basins
with backarc spreading that the steepest dips occur (>51�),
whereas in the case of backarc shortening the dips < 31�

(Lallemand et al., 2005). Further, as demonstrated by Lallemand
et al. (2005) the slab-dip is controlled by the upper plate strain,
the absolute motion of the overriding plate, and the absolute mo-
tion of the arc/trench. Given the long time period of about 10
million years for the production of the Hooggenoeg Complex it is
highly probable that some, if not all of the above-mentioned slab-
dip controlling parameters, would change their character, and thus,
as earlier suggested (Furnes et al., 2012), that significant changes in
the slab-dip occurred at rates comparable to modern processes.
According to Lallemand et al. (2005), in individual subduction-
related systems with active backarc spreading, the slab-dip varies
with about 10� (mostly 50�e60�, 60�e70�). As we propose active
backarc spreading for the crustal formation of the upper Onver-
wacht Suite, comparable slab-dip variations (between 50� and 70�)
may be accounted for, although this remains speculative, given the
possible changes in mantle temperatures since the Archean.

11.6. Paleomagnetism and potential rates and of horizontal
displacements

Paleomagnetic measurements have yielded a positive
conglomerate tests with a minimum age of 3455.2 � 7.5 Ma from
dipping slab configurations of source bodies. Modelling parameters are shown under
ity in SI units, and strike and dip in degrees from geographic north. Profile 1 crosses the
by a North dipping relatively steep slab. Iterative modelling confirms that the anomaly
art of the survey area and the anomaly appears weaker than to the West or East. The
3 is the easternmost profile and runs across the major magnetic anomaly at location E
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the Noisy Complex, which was deposited within 30� of the equator
(Biggin et al., 2011). Consistency in stratigraphic coordinates and
the absence of any clear indications of remagnetisation from
comparison with younger poles has strengthened the claim that
these are the most trustworthy palaeomagnetic results yet pro-
duced from any rocks of Paleoarchaean age. When taken in
conjunction with other published data (Usui et al., 2009), these
MMt results present the most compelling evidence to date that the
Earth had a stable geomagnetic field at ca. 3.5 Ga, in addition to
presenting tentative evidence that it was undergoing polarity re-
versals (Biggin et al., 2011). The uncertainties associated with the
most reliable poles overlap with those produced from the ca.
3.46 Ga rocks from the Pilbara Craton (W. Australia) when re-
constructions of the Vaalbara Supercraton previously-proposed for
the Neoarchean are used (Suganuma et al., 2006). These results
provide intriguing evidence that continental drift rates were not
excessively fast relative to today, and leaves open the possibility
that parts of the Kaapvaal and Pilbara Cratons may have been
conjoined in the Palaeoarchean. Given the average 9 Myr difference
in age estimates between the two units, this ca. 1100 km motion
translates to latitudinal velocity of ca. 12 cm/yr (Biggin et al., 2011).
This is faster compared to today’s standards but well within the
range of plate velocities observed in the Phanerozoic and consistent
with the lowest limits of drift rates suggested previously for the
Paleoarchaean (Suganuma et al., 2006). However, the uncertainties
in the numbers are large, and greater resolution is needed before
these rates can be used with confidence.

11.7. Ophiolites and their emplacement

Sections of the Onverwacht Suite have been compared to
Phanerozoic ophiolites (e.g., de Wit, 2004; Parman and Grove,
2004a, b) although there is no universal agreement on this (e.g.,
Dann and Grove, 2007). This may be because of the simplistic
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Figure 26. Conductivity section along the MT profile (Fig. 2) derived from a 3D inversion model (ModEM; Meqbel, 2009; Egbert and Kelbert, 2012; Kelbert et al., 2014) with
horizontal grid sizes of 850 m; and error floors set to 5% for off-diagonal and 10% for diagonal MT impedances; the inversion stopped with an rms of 4.2. Red and yellow reflect zones
of enhanced electrical conductivity; blue colours for high resistivities. MT stations are marked by black circles; red diamonds indicate location of major shear systems at surface. The
TTG cores and greenstone lithologies of the Onverwacht Suite, and Fig Tree-Moodies Groups generally consist of highly resistive rocks. Conductive rocks in the northwester link to
the sub-horizontal post-Archean sequences cover the escarpment. Note that the major Shear Systems within the greenstone belt are underlain by inclined zones of enhanced
conductivity. M(SS) ¼ Moodies; SI(SS) ¼ Saddleback-Inyoka; MM(SS) ¼ Manhaar-Msauli; FR(SS) ¼ Forbes Reef (Shear Systems).
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descriptions in the literature of what constitutes typical ophiolites
(Furnes et al., 2015). Phanerozoic ophiolites have been classified
now into two major types, (1) subduction-unrelated, and (2)
subduction-related, and these can further be subdivided into
several subtypes (Dilek and Furnes, 2011, 2014). In the subduction-
unrelated types, the Continental-Margin type ophiolite represents
the embryonic stage of ophiolite formation, and at more advanced
stage of development and onset of seafloor spreading with oceanic
crust formation, the Mid-Ocean type ophiolite is formed. A third
ophiolite type, the Plume type, may be part of oceanic plateaus or
plume-proximal oceanic ridges, such as Iceland. The subduction-
related ophiolites can, on the basis of crustal construction and
geochemical characteristics, be classified as the four following
types: (1) Backarc, (2) Forearc, (3) BackarceForearc, and (4) Vol-
canic Arc. While the Backarc and MOR types structurally and
lithologically may look alike, the Forearc type comprises inter-
mediate to silicic magmatic components, and characteristically
contains boninites. The Volcanic Arc type represents a longer term
development (20e30 Ma), and is dominated by intrusions of dio-
rite, tonalite and granodiorite (Dilek and Furnes, 2011, 2014;
Furnes and Dilek, 2017). By applying the geochemical discrimi-
nation diagrams of Pearce (2014), the various complexes of the
upper Onverwacht Suite have been classified in terms of the
ophiolite types as outlined above (Furnes et al., 2015). In this
geochemical classification, combined with field geological fea-
tures, the Komati, Hooggenoeg and Kromberg Complexes were
classified as Backarc to Forearc type, the Mendon Complex as
Forearc type, and the Noisy Complex as Volcanic Arc type. Of
crucial importance with respect to oceanic crust generation and its
subsequent on-land tectonic emplacement as an ophiolite, is the
process-related comparison between Phanerozoic ophiolites and
the Paleoarchean examples of the Onverwacht Suite. From several
ophiolites whose magmatic crystallization and emplacement ages
are well-constrained, it appears that the time period from for-
mation to on-land emplacement is rather short, i.e., in the range of
1e3 million years (e.g., Harper et al., 1994; Hacker et al., 1996;
Smith, 2006), and the emplacement rates are on the order of
0.1e2 cm/yr (Harper et al., 1994; Hacker et al., 1996). This range of
emplacement rate is within the same order of magnitude as esti-
mated for the tectonic obduction of the Hooggenoeg Complex (ca.
0.5 cm/yr).

12. Discussion and conclusions

Recent work reveals that at least 11 major shear zones and a
regional unconformity separate the rocks of the southernMMts into
seven igneous complexes thatmake up theOnverwacht Suite. These
complexes, each with different tectonic histories, resemble parts of
different types of ophiolite complexes (c.f., Furnes and Dilek, 2017),
and related sedimentary basins. The most characteristic features of
the MORB-normalized, multi-element diagrams for the lavas of the
Hooggenoeg, Kromberg and Mendon Complexes, as well as the
Komati Complex, are concentrations of about 1e0.2� MORB and
relative enrichment in the large ion lithophile elements. When
compared to global patterns of subduction-related volcanic rocks
and in particular those from the Izu-Bonin-Mariana there are strong
similarities between these and the volcanic rocks of the MMts
(Reagan et al., 2010). Our interpretation of the different element
enrichmentsmayreveal that the angle of the subduction zonevaried
during the build-up of the different complexes of the Onverwacht
Suite. At stages of only Cs, Pb and Ba enrichments the subduction
zone had a shallow dip, whereas during additional enrichments of
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Figure 27. Distribution and production of gold deposits across the MMts. The distribution reveals that major deposits formed along a common network of late brittleeductile shear
zones that developed during late extension-exhumation between 3015 Ma and 3027 Ma (Dirks et al., 2013), and following accretion processes around 3284 Ma (De Ronde et al.,
1991), linking main gold mineralization to greenstone belt regional accretion and exhumation (see Fig. 3b). Smaller gold occurrences are found away from the main Shear Systems
and are related to earlier geothermal fluid-induced concentrations linked to early oceanic hydrothermal activity during formation of the mafic-ultramafic complexes. See text for
further information. Gold deposit locations and data are from Ward (2000).

M. de Wit et al. / Geoscience Frontiers 9 (2018) 603e665 655
Th, U and LREE, the dip of the subduction zonewas steeper. Based on
these observations, it appears that significant changes in subduction
angles must have occurred within a period of 10 million years.

Others propose that the basaltic rocks were derived from an
earlier generation of high-magnesium basaltic rocks, suggesting that
the arc-like signature in Archaean TTGs was inherited from an
ancestral source lineage. This protracted, multistage process for the
production and stabilization of the first continentsdcoupled with
the high geothermal gradientsdfavours the formation of TTGs near
the base of thick, plateau-like basaltic crust. Thus in those models
subduction is not required to produce TTGs in the early Archaean.
Table 1
Rates and related data of Early Archean processes derived from the Makhonjwa Mounta

Processes Rates

Volcanic stratigraphy and magmatism Lava successions
Hooggenoeg Complex: 300 m/Myr
Komati Complex: 250 m/Myr

Plate motions 12 cm/yr over 9 Myrs across 1000 km
12e673 cm/yr over 20 Myrs

Uplift and unroofing 1.5e5 mm/yr
2e5 mm/yr

Regional Exhumation 10 e100 mm/Myr
Slab-angle changes in back arc basins 30�e90� over 10 Myrs active spreading
Accretion and arc magmatism ca. 2.3 Ga: 9e17 Myrs

Tectonic obduction Hooggenoeg Complex: 0.5 mm/yr
Gold mineralization Major deposits <12 Myrs
Hydrothermal activity Deep water White smokers: 60e200 �C

Deep water general: 300e400 �C
Shallow water Fe pipes: 30e270 �C
Subaerial: < 200e300 �C

P/T during subduction 1.2e1.5 GPa @ 600e650 �C, 12e15 �C/km
Ocean depth back arc basin 2e4 km
Such a model has been proposed for the origin of the mafic and ul-
tramafic rocks of the Onverwacht Suite, as a thick continental-flood
basalt sequence derived from mantle plumes, which was subse-
quently recycled in situ to produce the tectonics of the MMt,
including its ‘drips’ into the mid-lower crust (Van Kranendonk et al.,
2014, 2016;Kröneret al., 2016). In theMMt sequences, suchproposed
‘flood basalts’must have formed as ocean plateaus to account for the
ubiquitous pillow lavas formed at depths close to 2e4 kmbelow sea-
level. But the time gapbetween these two epeirogenic processes, e.g.,
uplift during igneous plateau formation, followed by convective
lithosphere dynamics, is about 200e300 Myrs, between their
ins
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Figure 28. (continued).
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formation about 3.5e3.4 Ga and their burial ca. 3.2 Ga. Such a long
term history does not fit a simple drip tectonicsmodel to explain the
geometryandhistoryof theMMts, nor even closely resembles timing
of drip geometry in numericalmodels by an order ofmagnitude (e.g.,
Fischer and Gerya, 2016). From regional geology, geophysics and
isotope geochemistry, which all suggest outward-dipping paleo-
subduction zones along both NEeSW margins of the belt (c.f.,
Schoene and Bowring, 2010), it is clear that the MMts do not have a
‘simple dome and keel’ pattern, or a regional ‘drip’ geometry.

The age range and tectonostratigraphic thickness of the Onver-
wacht Suite is about 120 million years and, by our estimations,
about 18 km, respectively (Fig. 3b). Whilst we have selected to
divide the original formations of the Onverwacht Suite of rocks into
complexes, this new stratigraphic terminology remains generally
unsupported, and will require further field work to be tested before
it is or not officially accepted by the South African Committee of
Stratigraphy. The precise age range of the rocks present in each
complex is poorly constrained, whilst the original spatial relation-
ships between the complexes can in most cases only be inferred.
The complexes were tectonically stacked during the final stages of
their development during two subsequent orogenic events. At least
one complex (the Hooggenoeg Complex) was uplifted and deeply
eroded at about 3.45 Gawith a minimum uplift rate (ca. 0.5 mm/yr)
within an order of magnitude of that during emplacement of
Phanerozoic ophiolites.

The emergence of the deep water pillow lavas of the Hoogge-
noeg Complex above sea level, the start of its deep erosion through
fluvial and glacial activity over a period of 25 million years (be-
tween about 3458 Ma and 3433 Ma), represents the onset of
oceanic crust emplacement to the south across older and younger
complexes, some of which are now preserved in the Theespruit
Shear System and in old TTG cores farther south. Younger oceanic
Figure 28. (a) Paleo-reconstruction of the Makhonjwa Mountains region. (a1) Schematic rec
(centre); MD ¼ Malalotsha (right). (a2) Schematic N-S section across SD prior to east-west D
dipping subduction below SD, initiated about 3.45 Ga. Note the back-thrusting as inferred fro
M(SZ) ¼ Mbjega; E(SZ) ¼ Etimambeni (Shear Zones). (b) Conceptional plate-tectonic mode
gamation of three Paleoarchean crustal blocks of MMTs region between 3.45 Ga and 3.25 Ga
the Stolzburg Schist belt are consistent with southerly directed extensional exhumation of t
the supracrustal rocks of the Inyoni zone, as part of a lower plate (e.g., Moyen et al., 2006, 20
the MMts and thus derived from the deepest section of subduction zone beneath the Nelspr
with sudden pressure drops in subduction-accretion zones followed by rapid exhumation i
beneath the Ancient Gneiss Complex is consistent with field and isotope data (Schoene a
Steynsdorp; AG(T) ¼ Ancient Gneiss; NG(T) ¼ Natal Granitoid Terranes. (c) Conceptional m
deposited during the final stages of accretion/collision processes across the subduction sys
slabs (the Kromberg and the Mendon Complexes) were subse-
quently emplaced across the Noisy Complex, and locally affected by
north-directed back-thrusting (Fig. 29).

The Songimvelo Domain subsequently accreted with the Mala-
lotsha and Weltevreden Domains, within about 5 million years
(between 3228e3223 Ma and 3227e3222 Ma, respectively), indi-
cating doubly-verging subduction zones beneath granitoid terrains
flanking the greenstone belt along both NEeSW trending margins
(Schoene and Bowring, 2010). The subduction zones, directed out-
ward below the main shear systems (MMSS and SISS) created high
volumes of granitic magmatism and likely felsic volcanism over a
period of at least 17million years (3219e3236Ma) across the AGC in
Swaziland (and thus a continental arc setting; see also van Schijndel
et al., 2017), and 9 million years (ca. 3227e3236 Ma) across
deformed TTG cores flanking the NE margin as an oceanic arc sys-
tem; and since the Dalmein Pluton is dated at 3216Ma, the timing of
cessation of magmatism within the MMts (or at least the Songim-
velo Domain) is perhaps similar to that as within the Swaziland
Domains Such rates are similar to those observed both in present
and Phanerozoic continental as well as oceanic arcs (Schoene and
Bowring, 2010, and references therein). The full time range of the
magmatism along both margins was much longer, lasting possibly
as long as 80 million years starting around 3366e3280 Ma (for
summary, see Fig. 15 of Schoene and Bowring, 2010). This provides a
maximum time span from onset of subduction to final accretion that
is similar to that found along the present western Pacific.

The Saddleback-Inyoka Shear System continues in a W and then
NW orientation where it links to the Kalkkloof ultramafic complex.
Themagnetic rocks within the contact between the Nelshoogte and
Badplaas plutons dip to the north and have deep origins. The last
phase of deformation experienced by the Stolzburg Layered Ultra-
mafic Complex has a right lateral strike slip with a vertical
onstruction of the three tectonic domains: WD ¼ Weltevreden (left); SD ¼ Songimvelo
2 collision-related deformation. South directed (D1) thrusting is likely related to north
m the overturned sequences of the Kromberg and Mendon Complexes. K(SZ) ¼ Komati;
l for the tectonic evolution (b1-b3) inculcating subduction related final terrane amal-
. Note (in b3) how the geochemical-geophysical and structural data along the margin of
he Stolzburg TTG core and exposure of the high-pressure metamorphic assemblages in
07) with progressive decreasing P/T conditions from the highest P conditions closest to
uit complex, as also suggested by the magnetic models (e.g., Fig. 25). This is consistent
n modern subduction zones (e.g., Yamato and Brun, 2017). The SE directed subduction
nd Bowring, 2010; Van Schijndel et al., 2017). NS(T) ¼ Nelspruit; SS(T) ¼ Stolzburg-
odel of the late sedimentation of the Moodies Group’ coarse siliciclastics (yellow) are
tem across remnant back-arc oceanic crust (black lines).
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Figure 29. Selected example of many controversial field interpretations, and which illustrate the need for continued detailed mapping to further resolve complex Paleoarchean
geotectonic models. (a) Typical Onverwacht chert layer (white, top) underlain by complex green ‘gneiss’ zones comprising intermingled deformed quartz-veins (white) and
schistose fuchsite-carbonate micoliths (green). The gneisses have been interpreted as paleo-weathering surfaces or shear zones related to complex extensional and simple shear
zones (see text); boulders of similar gneisses occur in conglomerates of the lowest section of the Noisy Complex. (b) Large scale nappe-structure of cherts (white-grey) and ul-
tramafic sequences (dark), showing early sub-horizontal fold closures (single arrow heads) refolded by upright folds (double arrow heads). The cherts are irregularly underlain by
green gneiss zones (see a). For scale note the large electric pylons in the foreground (hence ‘Pylon Nappe’; see text, Map 2, and Fig. 3B). Detailed maps of this large-scale structure
are available in de Wit (1982) and De Ronde et al. (1991). The age and emplacement mechanisms of the Pylon Nappe remain controversial (e.g., Grosch, 2011). Emplacement, related
either to late D1 or early D2, is linked to syntectonic deposition and destruction of a partially consolidated shale sequence ((c) see Fig. 3b, red rectangle for location). Closely
underlying the Nappe, are hydrothermal pipes (de Ronde et al., 1991) linked to the shales. The shales themselves preserve gas escape structures formed in hydrothermal-driven
mud-pools (de Wit et al., 1983, and see text). It has also been suggested that fluids exploding from the mud-pools created drops (d) on the surrounding shales (Paris, 1984). The
genetic, if any, time-link between the gneisses underlying the Nappe cherts, the ‘bulldozing’ of sediments ahead of the Nappe, and the gas escape features from underlying hy-
drothermal systems remains unknown, but these tectono-stratigraphic features resemble the emplacement of the classic Appalachian Taconic slices by gravity sliding of klippen
(allochthonous sheets, slides, mélanges, wildflysch) as described by Bird (1969) and Bird and Dewey (1970). These few selected examples reflect many complex field relationships
across the Makhonjwa Mountains that will continue to require more detailed mapping if we are to resolve Paleoarchean geodynamic models against empirical data.
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component. The ultramafic complex moved up relative to the
Moodies Group sediments in the Stolzburg Syncline, based on ver-
tical lineation in the fault gougeof theMoodies andBelvue faults. It is
along these zones that the major gold deposits are hosted (Fig. 28).

Finally, the relative stability of more than 200 million years
following the onset of deposition of the mafic-ultramafic com-
plexes of the central Songimvelo Domain and its early deforma-
tion at ca. 3.45 Ga before the onset of inferred crustal convective
overturn and ‘drip’ tectonics at ca. 3.2 Ga (c.f., Van Kranendonk
et al., 2007, 2014, 2015; Van Kranendonk, 2011a, b; Kröner
et al., 2016) is at odds with substantial density contrast and the
high crustal heat production that is used to support rapid pre-
plate tectonic ‘drip’ tectonics (Arndt, 2013, for references related
to this; Stern, 2013). Moreover, for such drip tectonics to occur,
the lithosphere must have had a relatively lower viscosity, for
which at present there is no evidence. To the contrary, the
preservation of diamonds derived from the lithosphere at the
same time as the inferred convective overturn (e.g., ca. 3.2 Ga)
and thereafter deposited in early Neoarchean Basins filled with
sediments and detrital gold derived from regional sources like the
MMts (Smart et al., 2016) would appear to contradict regional
convective overturn. In addition existing geophysical data, albeit
scarce, do reveal shallow horizontal rectangular images for the
rocks of the MMts rather than deep drips or large synclinoria
(Kuetter et al., 2016, and references therein). Instead, our data
reveals significant horizontal tectonics linked to subduction and
collision processes that resemble modern plate boundary
conditions.

There is still considerable local controversy about the interpre-
tation of field observations and rock assemblages. For example,
sections of the Onverwacht Suite have been compared to Phaner-
ozoic ophiolites (e.g., deWit, 2004; Parman and Grove, 2004a, b; de
Wit et al., 2011; Furnes et al., 2011).Whilst this comparison remains
unacceptable to some (e.g., Lowe and Byerly, 2007; Robin-Popieul
et al., 2012), to others this remains an open debate (e.g., Dann
and Grove, 2007).

There is also a distinct lack of understanding of the extensional
shear systems and their subsequent structural evolution of the
almost ubiquitous fuchsite-carbonate veining below and occa-
sionally cutting across the cherts of the Onverwacht Suite and in
places the Fig Tree sequences, where they are also associated with
nappe emplacement apparently during sedimentation nearby hy-
drothermal venting at surface (Fig. 29aed). These extensional shear
systems were interpreted as early layer parallel extension zones
(D0) formed during hydrothermal processes (de Wit et al., 1982;
Ducha�c and Hanor, 1987; Hanor and Ducha�c, 1987; Grosch et al.,
2012; de Wit and Furnes, 2016). Initial failure along these zones
was brittle and tensile. In many places these zones are commonly
reworked under ductile compressional conditions and shear failure
brought about by the changes in the palaeostress systems. These
early structures resemble ocean-floor detachment zones (e.g.,
Karson et al., 2005; MacLeod et al., 2009), which thereafter were
preferentially remobilized as thrust zones in response to
compressional deformation episodes, during both the early and late
tectonic events (D1 and D2), forming a variety of flaser banded
fuchsite carbonate schists and gneisses during tectonic stacking
(e.g., de Wit, 1982; Paris, 1984; De Ronde and de Wit, 1994; De
Ronde and Kamo, 2000; de Wit et al., 2011; Grosch et al., 2012).
By contrast, many of these zones are interpreted as (deformed)
volcanic ash, tuffs and breccias, and weathering profiles by other
field geologists (e.g., Lowe and Byerly, 2007 and references therein).
Thus the tectonic and metamorphic history of the MMt complexes
is far from resolved. There is a need to address these issues using
modern high resolution electron microscope imaging linked to
geochemical techniques.
Similarly there are disagreements about the interpretation of
the origin and deposition of the regionally extensive stacked and
graded accretionary lapilli tuff that occur in almost all cherts
throughout the Onverwacht Suite. Whilst there appear to be lapilli
linked to large meteorite impacts (e.g., Lowe and Byerly, 2007;
Lowe et al., 2012; Drabon et al., 2017), the depositional environ-
ment of these uniquely preserved layers remains controversial.
The layers have been described as deep water turbidites, or as tidal
deposits in shallow water systems (see Lowe and Byerly, 2007,
page 507, for references). More recent work has shown many of
these deposits to have been deposited at water depths between 2
and 4 km (de Wit and Furnes, 2016), but whether they represent
turbidites, ash falls or both, remains to be resolved.

We hope that the rates of processes presented abovewill serve at
least asfirst approximation to be incorporated into future numerical
models of the Paleoarchean. But we stress also, these rates must be
tested and improved further, based on high-precision geochro-
nology linked to detailed field mapping as well as geochemical and
structural analyses, before geodynamic processes of the Paleo-
archean Earth can be quantified with greater precision and confi-
dence; and the term ‘greenstone belt’ can be finally laid to rest.
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