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Abstract: This study investigates the structural control of the numerous gold occurrences in the
southern part of the Barberton Greenstone Belt in the Malolotja and Steynsdorp areas. The gold-
bearing event distribution is studied using field structural geology associated with a petrological and
microstructural analysis. Three major tectonic events have been identified in quartz veins and direct
country rocks. The first event (De) created a regional schistosity (Se), probably associated with an
early thrusting event. The second event (Df) is related to a large-scale folding, which formed the
anticline at Steynsdorp and synform at Malolotja. It resulted from a main E–W direction of shortening
and is responsible for the folding of the Se schistosity. It formed a N–S-striking axial planar cleavage
(Sf), observed and associated with the emplacement of the main gold-bearing veins. The mineralised
system exhibits a complex vein network, in which shallow dipping veins have developed coevally
with steep west- and east-dipping veins. A third deformation event (Dl) produced by NE–SW
shortening is related to the late barren hydrothermal quartz vein formation. Mineralogically, the veins
are filled with abundant quartz, and scarce tourmaline and feldspars. Alteration halos composed of
neoformed tourmaline and plagioclase within a talc and white mica matrix developed specifically
during the late Dl event. A model of regional deformation giving rise to large-scale folds and quartz
vein formation formed in response to E–W and NE–SW directions of shortening globally is proposed
and discussed in this paper.

Keywords: gold mineralisation; structural geology; Barberton Greenstone Belt; Archean

1. Introduction

The Archean geological record presents many singularities, which makes it distinct
from the modern one. First of all, the Archean Eon is characterised by intense magmatic
activity [1], with a hotter mantle [2,3] forming large continental Na-rich granite-gneissic
crust of TTG (tonalite, trondhjemite, granodiorite [4]). Supracrustal rocks surrounding
TTG domains, called greenstone belts, are also emblematic of the Archean Eon. They occur
as elongated shapes of tight synforms and fault-bounded domains and are composed of
volcano-sedimentary rocks, which were metamorphosed at greenschist to amphibolite
facies conditions [5]. In addition, Archean geodynamics is inferred to differ from the
modern one with a typical dome-and-keel geometry versus horizontal plate tectonics
motion (e.g., [6,7]). The structural geology of greenstone belts is complicated by the fact
that Archean deformation intensity seems weaker than in modern orogenic belts, with
generally poorly expressed kinematic indicators [8], making it harder to unravel the tectonic
evolution of Archean belts. Another particularity of the Archean domains is their metal
enrichment, especially world-class gold deposits [9–11]. It is clear that, except for a few
huge Mesozoic and Cenozoic epithermal/porphyry-type gold deposits (e.g., Rocky and
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the Andean Mountains, Central Asian Tian Shan, and Northern Pacific Basin), most of
the world-class gold deposits are Archean. Structurally controlled orebodies are excellent
markers of regional deformation [12], so combining structural observation of mineralised
bodies and host rock allows for a better understanding of the tectonic evolution of the
Archean study area.

The Barberton Greenstone Belt (BGB) in South Africa and Eswatini is an Archean
belt with an estimated production of 342 tons of gold [13] with over 350 gold deposits
and occurrences, including four major operating mines (Fairview, Sheba, New Consort,
and Ages mines; Figure 1). The gold deposits and occurrences are distributed nonho-
mogeneously throughout the belt as most of them occur in volcano-sedimentary units
near the margins of plutons along major tectonic structures, such as faults and folds [14].
Indeed, most of the gold deposits are located along the Moodies, Sheba, and Barbrook
faults and Ulundi, Eureka, Steynsdorp, and Malolotja folds. The gold grade also appears to
be heterogeneously distributed: major mines, such as New Consort, Sheba, and Fairview,
are clustered in the Eureka and Ulundi synclines in the northern part of the belt, at the
junction with the Jamestown schist belt. These three mines concentrate approximately 76%
of the gold produced [15]. In contrast, there are low-grade clusters, such as Steynsdorp and
Malolotja (this study), in which limited quantities of gold were extracted from historical
small-scale artisanal mines (gold production estimated at about 1770 kg [16]).
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lished with the permission of the Geological Society of South Africa) showing the three stratigraphic 
Figure 1. Geological map of the Barberton Greenstone Belt (modified from Anhaeusser [13]; published
with the permission of the Geological Society of South Africa) showing the three stratigraphic groups
(Moodies, Fig Tree, and Onverwacht), the main TTGs, the late batholiths, and the four principal gold
deposits. The black rectangular box depicts the location of this study area.
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This spatial distribution of gold deposits and occurrences and grade in the BGB
seems structurally controlled; therefore, it is likely that gold mineralisation was formed
and/or affected by the regional deformation of the belt. The most studied and best-known
deposits are in Fairview, Sheba, and New Consort active mines (e.g., [17–23]). However,
the southern gold-bearing occurrence cluster remains poorly studied. To fill this gap, this
work focuses on the structural framework of gold-related occurrences within the southern
part of the Barberton Greenstone Belt, especially in the Steynsdorp anticline and Malolotja
synform, which host low-grade gold occurrences. This paper aims to establish the tectono-
hydrothermal model of the southern part of the Barberton Greenstone Belt by studying
vein systems, their alterations, and the host-rock structures. Using new detailed field,
structural, microstructural, and mineralogical analysis of the study area, we investigate the
structural control of the gold-related quartz veins in the southwestern part of the Barberton
Greenstone Belt.

2. Geological Setting
2.1. The Barberton Greenstone Belt and Surrounding Granitoids

The Barberton Greenstone Belt (BGB) is located along the northeastern edge of the
Kaapvaal Craton, in the northeastern part of South Africa and the northwestern part
of Eswatini. Measuring 120 km long and 50 km wide, this Archean belt is composed
of volcano-sedimentary units surrounded by TTG rocks and intruded by numerous late
potassic batholiths (Figure 1).

The stratigraphy of the BGB consists of three groups, from the oldest to the
youngest—the Onverwacht, Fig Tree, and Moodies Groups [24]. The Onverwacht Group is
mainly a mafic to ultramafic meta-volcano-sedimentary series [16,24,25] dated between ca.
3.55 and 3.29 Ga [26–28]. This group is composed of mafic to ultramafic volcanic units with
interlayered felsic volcanic rocks and minor cherts [26,29]. The Fig Tree Group, dated at
3.28 to 3.22 Ga [26–28,30], is formed by felsic volcanic rocks and sedimentary units [26,31].
The Fig Tree Group is mainly a package of sandstones, shales, cherts, banded iron forma-
tions, and minor felsic volcanic rocks [31,32]. Last, the Moodies Group, dated from 3.22 to
3.21 Ga [33,34], represents the upper detrital series [35]. The Moodies Group is formed
mainly of quartz-rich and felsic sandstones, conglomerates, and mudstones [33]. Facies
and age differences between the SE and the NW parts of the BGB have been related to
two distinct island arc terranes, named the southern and the northern terranes [36], or the
eastern and the western domains [37].

Three main generations of TTGs were emplaced around the BGB. (i) South of the belt,
the oldest one is the ca. 3.5 Ga Steynsdorp pluton [27,34], composed of highly deformed
tonalite and trondhjemite [38,39]. (ii) The second generation is dated at 3440–3460 Ma
and is represented by the TTGs forming the Stolzburg block [34,40], located in the south-
western part of the belt. The Stolzburg block is formed by three plutons, the Doornhoek
trondhjemite, Theespruit gneiss, and Stolzburg gneiss, respectively, named from E to W.
(iii) The latest generation of TTGs was formed at ca. 3.2 Ga, and they cluster mostly in
two geographical domains. In the southwest part of the belt, the southwestern Badplaas
domain includes the Rooihoogte pluton, the Batavia pluton, the Badplaas gneiss, and the
Elandsfontein gneiss [28,41]. In the northeast part of the BGB, the Kaap Valley domain
encompasses the Nelshoogte trondhjemite dated at 3236–3212 Ma [42,43] and the Kaap
Valley tonalite dated at 3227 ± 1 Ma [34]. Located outside the main clusters, and to the
south of the Stolzburg Block, the Dalmein pluton is the youngest TTG of the BGB. It is
dated at 3215 ± 2 Ma and seems to crosscut the main NE–SW-trending structural grain of
the BGB [30,34,44].

A late GMS (granite-monzogranite-syenite) suite, represented by four batholiths
dated at around 3.1 Ga surrounds the BGB. The northern Nelspruit batholith is dated at
3106± 3 Ma [34], the eastern Pigg’s Peak granite is dated at 3140± 4 Ma or 3074 ± 4 Ma [43,45],
and the southwestern Mpuluzi and the smallest Heerenveen batholiths are dated at
3107 + 4/−2 Ma and ca. 3110 Ma, respectively [34,46]. These large batholiths are syn-
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chronous with the Kees Zyn Doorns and Boesmanskop syenites located to the southwest of
the BGB [47].

The Barberton Greenstone Belt was affected by lower greenschist facies of meta-
morphism [48,49], except within and in the vicinity of the Stolzburg block to the south-
west [37,50–52] and around the Stentor pluton to the northeast [53] where higher grades
of metamorphism were recorded. Metamorphic conditions of 650–700 ◦C and about
0.8–1.1 GPa [50,54] were reported within the southwestern block [37,51], while in the north-
eastern high-grade domain, the condition of the metamorphic peak was modelled to reach
a temperature of 600–700 ◦C at a pressure of about 0.5 GPa [53].

The complex geological history of the Barberton Greenstone Belt led to contrasted
tectonic models (e.g., [24,30,55–57]). We adopted the model classification of de Ronde and
de Wit [30], which is more generalised for the belt scale (Figure 2). According to these
authors, the architecture of the belt was shaped through five main tectono-metamorphic
and magmatic phases:

• At ca. 3.55 Ga, the mafic to ultramafic lavas of the lower Onverwacht Group were
formed, likely on top of the Ancient Gneiss Complex [58–60]. A period of intra-oceanic
activity may be genetically related to these lavas [60]. The subsequent melting of a
continental shield gave rise to the Steynsdorp pluton [27,39]. Around 3458 Ma, an
early D0 event occurred, which involved hydrothermal alteration [30].

• At 3445–3416 Ma, an early phase of deformation D1 affected exclusively the On-
verwacht Group [30]. This deformation was associated with the second generation
of TTGs [30,34,39].

• At 3229–3227 Ma, a second deformation phase, D2, affected the entire belt during
NW–SE shortening. D2 occurred during the intrusion of several TTG plutons (Kaap
Valley, Badplaas, Nelshoogte; [30]). This tectono-magmatic event may have been
caused by the subduction of the SE block under an NW block [30,44,52,61,62] or
by vertical mass redistribution driven by the density inversion between the rising
lighter TTGs magmas and the overlying denser upper crustal material [63]. The D2
deformation is interpreted to be coeval with the formation of the Fig Tree Group in a
foreland setting [64].

• At 3226–3080 Ma, a renewed or continued NW–SE shortening accommodated by strike-
slip shear zones created the D3 deformation and folded the earlier structures [30].
It marks the beginning of the collision and the suture formation between the two
main NW and SE blocks [37]. In the belt, the Inyoka fault system corresponds to a
large-scale thrust bringing the NW block in contact with the SE block [60]. Within
the granite-gneiss block, this fault extends to a ductile deformation zone bringing in
contact the Badplaas (NW) and the Stolzburg blocks (SE) [39,52]. In such a scenario,
the Moodies Group sediments are interpreted as deposited in a syntectonic basin
formed during the orogenic collapse that follows this event at 3.2 Ga [33].

• At ca. 3080 Ma, the fourth and last deformation event D4 is characterised by exten-
sional or transtension tectonics [30,65]. De Ronde and de Wit [30] connected this D4
deformation with the emplacement of late GMS batholiths.

2.2. Gold Mineralisation throughout the Barberton Greenstone Belt

Barberton’s gold mining history began in 1883 [15], and mining continues to this day
through four main operating mines located to the northeast of the belt (see locations in
Figure 1), three of which are also the most studied and best-known deposits: Fairview mine
(e.g., [19,21]), Sheba mine (e.g., [17–19]) and New Consort mine (e.g., [20,22,23]). However,
there are more than 300 gold occurrences in the entire Barberton Greenstone Belt [19],
although most of the gold production currently comes from the four major active mines
reported earlier.

The Sheba-Fairview complex is located in the northern part of the belt close to the
Sheba Fault. The Sheba Fault juxtaposes the Moodies Group rocks of the Eureka syncline
with the Fig Tree Group rocks of the Ulundi syncline (Figure 1). The gold mineralisation
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in the Sheba-Fairview complex is mainly described as a shear quartz-carbonate-sulphide
lode, with sulphide dissemination in fractures or bedding parallel to shear zones [21,66],
developed at greenschist facies conditions [67]. Alteration halos of fuchsite-carbonate-
sericite-graphite are related to gold mineralisation [68]. The gold mineralisation occurs
as refractory or micro-inclusions in sulphides (mostly in arsenopyrite and pyrite) or as
free gold grains in veins and alteration halos [67,69]. Earlier work by de Ronde et al. [69]
and de Ronde and de Wit [30] interpreted the gold event as the reactivation of older
D2/D3 structures during late D3 NW–SE shortening. More recent research confirmed that
mineralisation formed during a late stage of the D3 NW–SE shortening [68,70], although
others related the gold-bearing event to the regional D4 extension tectonic event [19,71].
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The New Consort gold mine is located further north of the Sheba and Fairview mines
(Figure 1). It is situated on a band of BGB sandwiched between the Kaap Valley tonalite and
the Stentor pluton, called the Jamestown schist belt [72]. New Consort mine is associated
with highly deformed host rocks metamorphosed at amphibolite facies conditions [23,72,73].
Two mineralisation phases have been described by Otto et al. [23]. Earlier mineralisation
is described as disseminated sulphides with calc-silicate alteration [23]. A second phase
mineralisation is defined as high-grade brittle-ductile shear zones of quartz veining with
silicate alteration and abundant arsenopyrite [22]. Gold mineralisation is associated with
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sulphides, mainly as native gold in arsenopyrite in veins and alteration halos [23]. The
New Consort mineralisation is interpreted to be related to the de Ronde and de Wit [30] D3
event associated with diapiric emplacement of the neighbouring Nelspruit batholith or to
D4 extensional shear zone network [22,73].

Several gold mineralisation ages have been published: New Consort gold mineralisa-
tion is dated at ca. 3027 ± 7 Ma [74], Golden Quarry (close to Sheba) at ca.
3009 ± 16–3017 ± 18 Ma [71], and Fairview at ca. 3084 ± 18 Ma [75]. The gold min-
eralisation age appears poorly constrained or shows that mineralisation took place over a
long period.

Overall, there are two main theories on the interpretation of the Barberton gold
mineralisation. According to different available models, it may have formed (i) either
during a late phase of the NW–SE regional shortening episode, which reactivated older
structures [21,66,69,70], (ii) or during a regional NW–SE extension phase, which postdated
the tectonic and thermal stabilisation of the belt [23,71,74].

2.3. The Malolotja Synform and the Steynsdorp Anticline Areas and Their Gold Occurrences

The study area is located in the southwestern part of the Barberton Greenstone Belt,
across the border between South Africa and Eswatini. This zone is formed of a succes-
sion of broadly NNE–SSW-trending regional folds, i.e., Kromberg antiform, Steynsdorp
antiform, Ngwenya synform, Ngwenya antiform, and Malolotja synform (Figure 3; [65]).
Two regional folds seem particularly well endowed with gold occurrences in this area: the
Steynsdorp anticline and the Malolotja synform (Figure 3).
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The Steynsdorp anticline is about 5 km wide and 11 km long, formed exclusively
within the Onverwacht Group (Figure 3). It is located north of the BGB’s oldest pluton,
the 3510 Ma Steynsdorp gneiss [27]. This fold is a north-plunging anticline, with a conical
fold geometry in the vicinity of the pluton and a concentric geometry in the north [38].
Stratigraphically, the Steynsdorp anticline is formed by three of the seven individual
formations that formed the overall Onverwacht Group (Sandspruit, Theespruit, Komati,
Hooggenoeg, Noisy, Kromberg, and Mendon complexes; [76]). The stratigraphically and
structurally lowest Theespruit Formation surrounds the Steynsdorp gneiss, while the
upper Komati Formation with its Middle-Marker upper horizon (blue line in Figure 3)
and Hooggenoeg Formation form the concentric part of the fold [29,38]. The Steynsdorp
area has been interpreted to be the result of doming effect related to the Steynsdorp
pluton emplacement during the regional WNW–ESE shortening [38]. An alternative model
proposes the exhumation of the Steynsdorp gneiss and subsequent extensional detachment
at the contact between the Komati Formation and the Theespruit Formation during a
NE–SW extension forming a dome-and-keel structure [77,78]. The Steynsdorp anticline
hosts more than 25 gold-related occurrences. The gold is mostly hosted as inclusion in
pyrite and, to a lesser extent, in arsenopyrite; its source is interpreted to be the mafic to
ultramafic volcanic rocks of the Onverwacht Group, based on trace element analyses of
gold in Steynsdorp area rocks [29].

The Malolotja synform is about 4 km wide and 12 km long, to the west and adjacent
to the 3140 Ma Pigg’s Peak batholith [45]. The Malolotja synform is cored by talc schists
and cherts of the Onverwacht Group, which were recently correlated with Kromberg and
Mendon Formations, based on new U-Pb ages [79]. The Moodies Group sandstones and
minor conglomerates surround the Onverwacht Group core on the northern, western,
and eastern sides of the fold, forming a tight and south-plunging synform [80]. This area
has been interpreted to be refolded early NW-directed nappe of the upper Onverwacht
Group over syntectonic sediments of the Moodies Group [79–81]. The Malolotja syn-
cline hosts more than 20 gold occurrences, which are poorly documented in the available
scientific literature. In the appendix of Anhaeusser [82], they are principally listed as
“gold-quartz veins”.

3. Lithostratigraphy

Two lithological groups (Onverwacht and Moodies) and several intrusive rocks are
present in the study area. The distribution of the Onverwacht and the Moodies Groups can
be easily recognised in the landscape through their geomorphological difference. In the
Malolotja area, for example, rocks of the Moodies Group form high-relief topography while
the Onverwacht Group mainly forms valleys and rolling hills.

The Onverwacht Group in the Malolotja syncline is composed mainly of talc schists
with variable carbonate content (magnesite and dolomite-ankerite, confirmed by energy-
dispersive X-ray spectroscopy analyses) in compositional layers or disseminated in talc
schists (Figure 4a,b). This unit is penetratively affected by a strong cleavage marked
by iron-rich micas and talc. The carbonates are commonly completely weathered, and
only boxworks remain (Figure 4a). In some areas, especially near mining works, the
schists are highly altered and produce alternating mm thick brown-red, ochre, and green
compositional layering (Figure 4c). This unit also consists of chert beds of variable (cm to
m) thickness, of white, black, and green colour.

The Moodies Group at Malolotja synform is mainly composed of medium-to-coarse-
grained quartz arenites, which locally contain quartz pebbles. Clasts are mainly composed
of quartz, and minor K-feldspar and plagioclase with interstitial white mica. The local
matrix-supported conglomerate is interlayered in the quartz arenite. Clasts in the conglom-
erate are subrounded to subangular pebble-to-cobble-sized white quartz and chert. The
Malolotja syncline is intruded to the east by Pigg’s Peak batholith, which is granite cut by
numerous pegmatite and aplitic veins.
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Figure 4. Field and microscopic views of the various lithologies within the Malolotja and Steynsdorp
areas. (a) Field aspect of altered porphyritic magnesite in talc schist of the Onverwacht Group,
Malolotja syncline. (b) Photomicrograph in plane-polarised light of iron oxide in the border of altered
magnesite (note the Se cleavage), surrounded by a microcrystalline talc schist matrix, the Onverwacht
Group, Malolotja syncline. (c) Weathered schist in She mine, with sigmoidal quartz lenses asymmetry
(view parallel to stretching lineation and perpendicular to compositional layering, the Onverwacht
Group), Qz = quartz. (d) Felsic porphyry at the old Gypsy Queen mine, east of the Steynsdorp
anticline. (e) Microscopic view of the felsic porphyry composed of quartz, feldspar, and muscovite
in a felsic microcrystalline matrix (crossed polars). (f) Felsic rock located in the hinge zone of the
Steynsdorp antiform, showing a porphyritic texture and composed of large mm to cm size porphyritic
feldspar, chlorite, and sulphides in a microcrystalline felsic groundmass.

In the Steynsdorp anticline, the lower structural unit is represented by the Steynsdorp
granite-gneiss, recognisable as a north-convex half-dome in the landscape. It is a tonalite
and shows a strong metamorphic foliation marked by the alignment of quartz, biotite,
and feldspars. Numerous aplitic and pegmatitic veins transect the Steynsdorp granite-
gneiss. The Steynsdorp gneiss and the rocks of the Onverwacht Group are separated by
a tectonic contact. The Onverwacht Group stratigraphy in the Steynsdorp anticline is
more varied than in the Malolotja synform. First, km thick beds of paragneiss, amphi-
bolite, and quartzite occur, which were metamorphosed at amphibolite facies conditions.
Lana et al. [77] calculated P-T conditions of metamorphism at 1.0–1.3 GPa and 640–660 ◦C
for this unit. With increasing distance from the gneiss, the series becomes less metamor-
phosed with predominating talc schists and felsic schists. In the centre of the anticline,
the area is covered by grass, and talc schists have been only locally observed. On both
sides of the anticline, the series is composed of numerous weakly metamorphosed pillow
lavas, especially in the east, and metabasalts with some iron-rich carbonate locally. These
metabasalts can be foliated, visible by microcrystalline micas alignment. Rocks of the
Onverwacht Group are cut by minor intrusive bodies, such as the Vlakplaats granodiorite,
which is located about 1 km north of Steynsdorp gneiss (Figure 3), and shows a weak
foliation. A felsic porphyry (described by Viljoen et al. [29]) is located close to the old
Gypsy Queen mine (Figure 4d), east of the Steynsdorp anticline. It is formed by quartz,
albite, and muscovite in a felsic microcrystalline matrix (Figure 4e). Another 10 m scale
felsic porphyry, found in the hinge zone of the Steynsdorp antiform, is composed of large
feldspar, chlorite, sulphides, and a feldspar matrix (Figure 4f). As everywhere in the
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BGB, there are several mafic dykes that cut across the study area. They mainly have a
NW–SE strike.

4. Regional Deformation

Three cleavage planes or schistosities of different orientations and significance have
been observed at the Malolotja synform and Steynsdorp antiform. According to these
observations and their overprinting relationships, three tectonic deformation events have
been identified (Figures 5 and 6). The early deformation (De) formed the main cleavage
(Se). The two other deformation phases are the main fold-related event (Df) and the late
weaker deformation event (Dl). Stretching lineations are not very pronounced in the study
area, except locally in the Steynsdorp gneiss and the surrounding Onverwacht Group rocks.
They are metamorphosed at amphibolite facies conditions where a strong L-S tectonite
exhibits a NNE plunge (this work and [77]). Another stretching lineation has been identified
locally in the Malolotja zone, characterised by a SSW plunge associated with thrusting
towards the NNW (e.g., Figure 4c). Because stretching lineations are poorly expressed, it
has been decided to not represent them within the stereonets in Figure 5.
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Figure 5. Structural map of the Steynsdorp antiform and the Malolotja synform with Se, Sf, and Sl
cleavage distribution. Planar structural data are presented as poles to planes on equal-area lower
hemisphere projections, with the associated main direction (dashed great circles). The background
maps are two inset views of Figure 3 focused on the Steynsdorp (left map) and Malolotja (right
map) sectors.

4.1. Early Event (De)

A regional cleavage Se affected the rocks of the Onverwacht and Moodies groups. In
the Onverwacht Group talc carbonate schist, Se is marked by alignment of micas (muscovite
and microcrystalline micas) and talc and is locally superimposed on compositional layering,
i.e., layers varying in carbonate and pelitic content, likely representing a transposed bedding
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(Figure 6a,b,f,g). In carbonate-rich zones, dolomite, ankerite or magnesite porphyroclasts
locally show recrystallised tails composed of talc and white mica.
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synform and Steynsdorp antiform. (a) Df-folded schistosity Se (white dashed line) west of the
Malolotja synform in the Onverwacht Group rocks. (b) Se schistosity (black dashed line) outlining a
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tight fold Ff, with a N–S-striking axial plane Sf schistosity (red line), west of the Steynsdorp antiform
in the Onverwacht Group. (Inset) Stereonet of Ff fold axial planes (red great circle) and Ff fold axis
(black dot), lower hemisphere projection. (c) Se schistosity (black dashed line) in the fine-grained
Moodies Group sandstone (NE of the Malolotja synform) composed of mica sheets surrounding
detrital quartz grains. (d) Photomicrograph of the Moodies Group sandstone (plane-polarised
light) showing the Se cleavage defined by muscovite alignment crenulated by Dl. (e) East of the
Malolotja synform, Google Earth satellite image of 100 m scale fold affecting Se and Sf cleavages
in the Onverwacht Group rocks. Locations of the thin sections shown in (f,g) are indicated. (Inset)
Stereonet of Fl fold axial planes (green great circles) and Fl fold axis (black dot), lower hemisphere
projections. (f) Thin section scan of a sample collected in the NE–SW-striking limbs of the Fl fold
showing relationships between Se, Sf, and Sl. Location of the sections (i) is indicated. (g) Idem
within the NNE–SSW-striking limbs. Within the two images (f,g), Se (white dashed line) is parallel to
the compositional layering (S0), Sf (red line) is preserved in Dl microlithons, and Sl (green dashed
line) is NW–SE striking. (h) Photomicrograph (crossed polars) of crenulated cleavage Se defined by
chlorite in the Onverwacht Group schist of the Steynsdorp antiform. Chlorite marks the axial plane
of the Ff fold. (i) Close-up photomicrograph (plane-polarised light) of thin section scan showing the
overprinting relations between Sl and Sf cleavages. All images are oriented. Arrow indicates the
north in all horizontal views; all others are observed in vertical or oblique planes. The abbreviations
follow Whitney and Evans [83]; Chl = chlorite, Mc = microcline, Ms = muscovite, Qz = quartz.

In the Moodies Group, Se is subparallel to bedding (Figure 6c) and mainly observed
as fine-grained schistosity (Figure 6d) with mm size muscovite sheets coaxially wrapping
around quartz grains. On a regional scale, Se is folded and forms the Malolotja and
Steynsdorp Ff folds with a steep N–S-striking axial plane. The Se cleavage is E–W striking
and steeply dipping in hinge zones of the two regional folds—Se is dipping southwards
in the Malolotja synform and northwards in the Steynsdorp antiform (Figure 5). At the
outcrop scale, Se is commonly folded into cm to dm scale tight N–S-striking Ff folds or
open-to-tight NW–SE-striking Fl folds (see Section 4.3). The folding of Se is clearly visible
in the lower-hemisphere stereonet as girdles of poles to planes (Figure 5).

4.2. Main Fold-Related Event (Df)

Both areas are characterised by large-scale folds, shaped as a synform within the
Malolotja area and as an anticline at Steynsdorp (Figure 5). Because these structures are
well recognisable within the two areas, we call this tectonic event a “main fold-related
event”. An Sf schistosity has been defined and mainly observed in the rocks of the On-
verwacht Group. This schistosity is parallel to N–S striking and steep Ff fold axial planes
(Figures 5 and 6b). Sf is expressed as a crenulation cleavage and by the alignment of
iron-rich micas, chlorite, and talc sheets (Figure 6b,h). Ff folding ranges from crenulation to
km wavelength folds, responsible for the large-scale Malolotja synform and Steynsdorp
antiform. Both km scale to crenulation Ff fold axes are commonly steep to subvertical
(Figure 6a,b,e).

4.3. Late Event (Dl)

A third deformation Dl is inferred from observations of NW–SE-trending open-to-tight
folds and associated with steeply dipping axial planar cleavage (Figure 6e,i). Dl is common
in the Malolotja syncline area and only locally observed in the Steynsdorp domain. Dl
has not been observed in the Moodies Group and is only restricted to the Onverwacht
lithologies. Dl is evident in the eastern limb of the Malolotja synform where it results in
steep knee-shape folds of the composite compositional layering and Se cleavage (Welcome
gold occurrence, Figure 6e–g). Microscale observations demonstrate that Dl also affects
the Sf cleavage forming an open crenulation fold associated with crenulation cleavage Sl
marked by the alignment of microcrystalline iron-rich micas and talc (Figure 6f,g,i).
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5. Hydrothermal Vein System
5.1. Vein Macroscopic Study

The 3D block diagram in Figure 7 compiles the distribution of the main outcrops
related to the hydrothermal vein system in the study area. Gold occurrences are almost
exclusively located in the Onverwacht Group rocks (see also Figure 3). The majority
of the mineralised outcrops correspond to former mining areas with small excavations
(5–30 m deep), shafts, trenches, and old galleries. Thanks to the structural study of all these
outcrops, we propose to classify the hydrothermal features in three distinct generations.
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Figure 7. Simplified block diagram showing the distribution of the studied gold occurrences and
outcrops within the Malolotja and Steynsdorp areas. See the text for an explanation.

5.1.1. Early Veins System

The early vein system, commonly observed and studied within the Malolotja area, is
formed by a network of cm to dm thick white quartz veins, subparallel to the Se schistosity
and commonly folded (Figure 8). These veins have either a sigmoid shape wrapped by
the Se schistosity (Figure 8a) or a folded appearance and show acute angle relation with
Se (Figure 8b). Orientation of the early veins is very variable, although most of the veins
have dip angles between 20 and 50◦. It is evident that early veins are highly folded (Lo 119,
Primrose, Figure 8b,c, see location in Figure 7) and have a similar attitude to the cleavage
Se, i.e., intensively folded.

5.1.2. Mineralised Veins System

Veins belonging to the mineralised system are here regarded as the ones occurring
within or close to a mineralised occurrence indicated within the Barberton Greenstone
Belt metallogenic map [14] (Figure 3). Gold occurrences in the study area correspond to
small-scale former mines and mining exploration; no archival information on the gold ores
has been found. Due to the proximity of the veins to the mineralised occurrence in the
metallogenic map, as well as clear field evidence of historical mining activities of these
veins, they are considered mineralisation-related veins even though no gold rate has been
measured. Indeed, it remains impossible in such outcrops to analyse the form and the
distribution of gold within such structures.

Mineralised veins always cut the schistosities Se (and in a few places the Sf, Figure 9a–c,f)
and are mm to m thick. They preferentially occur in the talc schists of the Onverwacht
Group. The mineralised vein system is mainly characterised by at least three types of
veins: shallow-dipping (Figure 9a–d), steeply west- or east-dipping, and subvertical
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(Figures 9a–c,e,f and 10). The horizontal veins are commonly folded into open-to-tight
buckles (e.g., no 817 occurrence in Ivanhoe mine), with an axial plane parallel to the Sf
cleavage (Figure 9b). Subvertical veins locally show reverse top-to-the-east kinematics
(occurrence 819, west limb of Steynsdorp, Figure 9f). In places, the veins show varied
dip angles from horizontal and west-dipping to vertical and form complex vein networks
(Rosehill, Primrose, Ivanhoe; Figures 9e and 10a). In these areas, mutually intersecting
veins are generally N–S striking, dipping to the west, and exist in petrographic continuity
(Figure 9b,e).
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Figure 8. Field observations of the early vein system. (a) dm thick sigmoid quartz vein at a low angle
to subparallel to the Se schistosity. Note the cm thick green talc alteration halo. (b) Photo and sketch
of cm thick quartz vein, variably sigmoid and folded by Se (Primrose deposit). (c) Photo and sketch
of cm thick quartz vein subparallel to the Se schistosity and highly folded in Ff folds.

In the Malolotja area, the veins are mostly N–S striking, although a small cluster of
veins that strike N150 and dip steeply to the east exists in Primrose and Rosehill occurrences
(Figure 10a). The Malolotja mineralisation-related vein poles form a NE–SW-striking great
circle (Figure 10a). Although no clear field evidence of mineralised quartz veins folded by
the late Fl folds has been reported, the great circle in Figure 10a might be interpreted to
represent folded veins with a NW–SE-striking axial plane, i.e., parallel to the Fl axial planes
(Figure 6e) and schistosity Sl (Figure 5). In the Steynsdorp area, veins are mainly shallowly
east-dipping or steeply west-dipping and locally steeply south-dipping (Figure 10b).
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Figure 9. Field observations of the mineralised quartz vein system. (a) Photo and sketch of a
subhorizontal quartz vein, coeval to steeply east-dipping quartz veins, both cutting the Se schistosity
(Primrose mine). (b) Shallow-dipping folded vein coeval with steeply east-dipping quartz veins.
Two close-up views of the veins show elongated feldspars grains perpendicular to the vein edge
and/or comb texture of vertical quartz fibres (Ivanhoe mine). (c) Field photograph and sketch of a set
of steep east-dipping quartz veins cutting Sf schistosity, which are in turn truncated by horizontal
and echelon quartz vein (id 817 occurrences). (d) Horizontal quartz vein with elongated vertical
tourmaline (Post office occurrence). (e) West-dipping steep quartz veins in a complex network system
(Rosehill mine). (f) West-dipping quartz vein with Sf drag fold attesting reverse motion. Note that
the vein is internally brecciated (id 819 occurrence). (g) Subvertical quartz vein parallel to a fault
zone in pillow lava host rock (Idaho mine). Fsp = feldspar, tur = tourmaline.
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Figure 10. Stereonets of mineralised quartz veins in the study area shown as poles to planes.
(a) Quartz veins in Primrose, Rosehill, Ivanhoe, and Waverley Reefs ancient mines in the Malolotja
area. (b) Quartz veins in the 817, 818, 819, and Post Office gold occurrences in the Steynsdorp area.

Mineralised veins in the eastern sector of the Steynsdorp anticline do not follow the
above-mentioned typology. Here, the quartz veins are located along fractured corridors
that strike N40 to N70 in a pillow lava host rock (Figure 9g). Some horizontal or steeply
plunging slickenlines and drag folds in the host rock have been observed in the fractured
zones, associated with dextral motion in the Unity occurrence and sinistral/oblique one in
the Idaho occurrence (see locations in Figure 7).

In addition to quartz, veins are composed of elongated tourmaline grains and, more
rarely, K-feldspar and plagioclase (Figure 9b,d). Shallow-dipping veins exhibit, in several
places, vertical comb quartz or quartz fibres and tourmalines (Figure 9b,d).

The vein system observed at the She mine does not fit with the vein generations scheme
described above. In this area, the schistosity and parallel compositional layering are striking
N70 and dipping 40◦ to the SSE, carrying a strong down-dip mineral lineation. Sigmoidal
quartz and K-feldspar veins attest to a reverse sense of shear (top-to-the-NNW, Figure 4c).
The mineralised quartz veins form either sigmoids wrapped by the schistosity or dm wide
schistosity-parallel veins. These veins are composed of quartz-feldspar-tourmaline-chlorite-
sulphides. Here, K-feldspar has been observed in the core or the sigmoidal quartz veins.
The schistosity at the She mine is possibly Se, although Se elsewhere does not usually carry
a lineation and is not associated with asymmetric objects showing clear kinematics. More
work is needed to confidently assign the She mine schistosity to the De event.

5.1.3. Late Vein System

Some veins appear to be late and are interpreted to be unmineralised because they
occur far from historical mines and diggings. Clearly, these veins have not been explored
historically and are, therefore, thought to be barren. Most of them have been observed
at Malolotja.

On the western limb of the Malolotja synform, numerous large metric quartz veins,
slightly folded, globally strike N050–070◦E (Figure 11a,b). More to the east, another complex
quartz vein system is observed, representing a dextral N170◦E “en échelon” system. In
the Waverley Reefs area, west of Malolotja, a mineralised quartz vein system is clearly
cut and displaced by subhorizontal quartz veins that are supposed to be late and barren
(Figure 11e).

Even if vein systems are better expressed within the Onverwacht rocks, one outcrop
in the Moodies Group in Malolotja exhibits a complex network of veins (Lo.37, Figure 12;
see location in Figure 7). Two sets of cm thick white quartz veins have been observed. The
first one is striking N040 and associated with dextral pull-apart and drag folds whereas
the second one, less expressed, is represented by thin veins striking N100 to N140, in
sinistral places (Figure 12). These observations suggest an emplacement of the veins during
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a global dextral shearing, as confirmed by the observation of a weakly expressed horizontal
stretching lineation on vertical Se cleavage (most likely parallel with the vertical limb of
the large-scale Ff fold).
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Figure 11. Field observation of the late vein system. (a) Panorama view of N50-striking metric
quartz vein and location of the photography (b). Note the localisation of the vein across supposed
stratigraphic bedding. (b) Dm thick slightly folded quartz vein and its white-greenish alteration
halos, cutting the Se schistosity. Locations of the (c,d) photographs are also indicated. (c) Radial
tourmaline rods in the alteration halos. (d) In the alteration halos, truncated tourmalines (truncation
shown by a white arrow) are parallel to the Se schistosity. (e). Centimetric late quartz vein cutting
and displacing a mineralised quartz vein. Tur = tourmaline.

The structural control of this late hydrothermal event is a key point of the tectono-
hydrothermal evolution of the study area and will be discussed further in this work. Our
preliminary suggestion is that it is controlled by a NE–SW shortening, compatible with the
Dl event observed in the country rocks of the late vein system (see Section 4.3).

5.2. Vein Microscopic Study
5.2.1. Petrography

The paragenetic evolution of the vein systems in the Malolotja and Steynsdorp areas
is summarised in Figure 13 and detailed here.
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Early veins are composed mainly of quartz and carbonates (Figure 14a). Mineralised
veins are filled with quartz with Na, Ca, and K-feldspars on their edges (confirmed by
energy-dispersive X-ray spectroscopy analyses that allow confirming the presence or
absence of the Na, Ca, or K elements in feldspar grains). Numerous veins, especially in the
Steynsdorp area, have elongated tourmalines and few carbonates, whereas others exhibit
muscovite and chlorite (Figure 14b,c). Sulphides are rarely preserved and commonly
replaced by iron oxides (Figure 14d). However, pyrites and some rare chalcopyrite have
been recognised in this mineralised vein system (Figure 14d). The late veins are mainly
composed of quartz with minor K and Na-feldspars (confirmed by energy-dispersive X-ray
spectroscopy analyses allowing for the detection of the presence or absence of the Na, Ca,
or K elements in feldspar grains), and µm to mm size muscovite grains.
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5.2.2. Microstructures

The early quartz vein system is mainly formed by comb quartz and anhedral carbonate
infilling, which are weak or not recrystallised (Figure 14a).

In contrast, mineralised veins present a larger variety of microstructures. As already
mentioned, subhorizontal or shallow-dipping veins have a comb or fibre minerals (quartz,
tourmaline, feldspar) perpendicular or slightly oblique to the vein edge, clearly recording
the direction of the opening (Figures 9b and 14c,e). It is common that vertical tourmalines
or feldspars are truncated by horizontal fractures filled with quartz (Figure 14c). Some of
the mineralised, shallow-dipping veins show moderate recrystallised quartz features, while
recrystallisation is stronger in N–S-striking steep veins associated with reverse kinematics
and, also, within the NE–SW-striking steep veins along fault planes in the eastern limb of
the Steynsdorp anticline. All these veins exhibit quartz grains with undulatory extinction
and bulging microstructures (Figure 14f). Subgrain rotation recrystallisation of previously
formed comb-quartz grains is locally observed. Locally, quartz in the mineralised veins
shows discrete µm wide transverse conjugate recrystallised bands (Figure 14g). The bisector
of the acute angle between the conjugate bands is NE–SW trending, hence suggesting that
these recrystallised bands formed during the late NE–SW shortening event.

Quartz veins of the late system are unexpectedly highly deformed, visible by more
intensive subgrain rotation formation (Figure 14h). Compared with the veins associated
with mineralisation, the late vein system consistently exhibits more pronounced recrys-
tallisation microstructures, whereas they are less developed in the mineralised system.
Consequently, although the mineralised system locally shows significant recrystallisation
of quartz with, for example, numerous 10 µm wide subgrain formations, the late system is
considered highly recrystallised due to systematic observations of subgrain rotation around
quartz crystals.

5.3. Alteration

Macroscopically, several features related to alteration processes have been recognised
around the three generations of vein systems and are presented here.

• Although most of the early veins do not show alteration features, few of them ex-
hibit greenish-to-whitish mm to dm scale alteration halos, mainly in the Malolotja
area (Figure 8a).

• At Malolotja, green alteration halos around quartz veins of the Primrose occurrence
traduces the existence of alteration (Figure 15a). At Steynsdorp, mm large cubes of
pyrites and ankerite crystals are found in the host rock adjacent to mineralised quartz
veins (Figure 15b). Brown/red leaching of the country rock is also observed in the
vicinity of mining areas (e.g., She mine, Waverley Reefs, Welcome, Figure 4c).
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Figure 14. Microscopic observations of the three vein systems. (a) Early quartz-carbonate vein.
(b) Albite at the edge of a tourmaline-quartz mineralisation-related vein (plane-polarised light).
(c) Vertical and truncated tourmaline in a horizontal quartz-carbonate mineralisation-related vein
(plane-polarised light). (d) Euhedral pyrites in a mineralised quartz vein with oxidised rims (reflected
light). (e) Subvertical quartz fibres in a horizontal quartz mineralisation-related vein (crossed polars).
(f) Comb quartz showing incipient bulging and some subgrain recrystallisation of a mineralisation-
related vein (crossed polars). (g) Recrystallised quartz localised in conjugate bands in a quartz
mineralisation-related vein (crossed polars). (h) Recrystallised quartz of a late vein (crossed po-
lars). (i) Albite and tourmaline in an alteration halo of a late vein (crossed polars). Ab = albite,
Ca = carbonate, Py= pyrite, Ox = oxide, Qz = Quartz, Tlc = talc, Tur = tourmaline.
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Figure 15. Field observations of the alteration features. (a) Field photograph and associated sketch of
a vein from the Primrose occurrence showing well-developed greenish alteration halo. (b) Mm scale
euhedral pyrites surrounding a quartz-tourmaline vein (occurrence id. 817). (c) Photo and sketch of
oxide veins and associated white leaching alteration halos (Welcome occurrence). (d) Tourmaline
vein surrounded by tourmaline impregnation in quartzites of the Moodies Group (close to location
Lo. 37). Ox = oxide, Py = pyrite, Qz = quartz, Tur = tourmaline.

• NE–SW-striking tourmaline or oxide veins have been observed locally in the east-
ern limb of the Malolotja synform in both the Onverwacht and Moodies Groups
(Figure 15c,d). These veins are supposed to be part of the late barren system. Both veins
exhibit alteration effects with, respectively, leaching (Figure 15c) and/or tourmaline
impregnation (Figure 15d). One of the best alteration features observed within the
entire studied area is the large alteration halo present at the edge of the late vein
of the outcrop Lo.43, in which mm large radial or elongated tourmaline is visible
(Figure 11b–d).

Microscopically, the green and white alteration halos principally found around the
veins (the three types—early, mineralised, and late) at Malolotja correspond to widespread
talc, muscovite, and chlorite micrograins, in which larger albite and tourmaline grains occur.
Alteration at Steynsdorp appears less developed and is represented by iron-rich carbonates
and pyrite disseminations. Other alteration assemblages, including tourmalines, micas,
and iron oxide impregnations, such as host rock leaching, are encountered. When oriented,
these alteration-related features strike N40. As already mentioned, alteration linked to
the late vein system is well expressed (Figure 11b–d) and corresponds, microscopically,
to the development of large tourmaline and feldspar crystals often elongated in the core
of the alteration-related talc and mica thin matrix (Figure 14i). Tourmaline can have
various shapes and textures (i.e., radial, Figure 11c) but often occurs as truncated crystals
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(Figure 11d). This observation represents a strong argument in favour of syntectonic filling
of the different vein systems.

6. Interpretation
6.1. Main Results

The new contributions of our structural and mineralogical study of the southern part
of the Barberton Greenstone Belt quartz vein systems are summarised as follows:

• Three main tectonic events have been identified in the vein systems and adjacent
country rocks. Three schistosities and associated folds are recognised: (i) Se cleavage
(De early event), which is interpreted to be initially E–W striking and dipping to the
north at Steynsdorp and to the south at Malolotja; (ii) Sf cleavage (main fold-related
event) related to the large-scale N–S-trending folds; (iii) and Sl cleavage (late Dl event)
N130◦E striking. Stretching lineation occasionally occurs but is not well expressed in
the study area.

• Similarly, three generations of veins have been established:

- Early veins are cm to dm thick, mostly sigmoid in shape, and wrapped by Se
and/or folded by Df events. Veins are mostly filled by quartz and carbonates
with or without green alteration halos composed of talc, tourmaline, and albite.

- Mineralised veins have various orientations: shallow-dipping, steeply east- and
steeply west-dipping. They are the most abundant, thicker (cm to m thick),
interconnected, and thus coeval (Figure 16). The steep veins have orientations
varying from N–S-striking (most frequent) to N140–150-striking. The mineralogy
of these veins is mainly quartz, carbonates, feldspar, tourmaline, and sulphides
with alteration halos of pyrite, tourmaline, feldspar, and talc.

- A late vein system was observed exclusively in the Malolotja area. Their geom-
etry is variable, i.e., flat sheared veins, oblique dipping tension gashes, weakly
folded N050-striking steeply dipping to the NW metric veins. These veins are
composed of quartz, feldspar, and muscovite with an albite, tourmaline, and
muscovite alteration halo, similar to the ones of the mineralised system, even if
best-expressed.
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Figure 16. Synthetic sketch illustrating the distribution of the mineralised (red) and barren (green)
vein system at the outcrop scale. Note the coexistence between horizontal and steeply dipping
westward and eastward veins. Both have N–S and NNW–SSE strikes, although N–S veins dominate.
The red and green arrows display, respectively, the Df and Dl deformations, and the grey line is the
Sf schistosity.
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6.2. Tectono-Hydrothermal Evolution of the Southern Barberton Greenstone Belt

A three-stage model for the tectonic evolution of the southern part of the Barberton
Greenstone Belt that considers the hydrothermal events formation is proposed
here (Figure 17).

a. The initial stage shows a subvertical to south-dipping Se schistosity in the Malolotja
area, likely related to the Onverwacht Group overthrust on the Moodies Group
rocks, as suggested by Heubeck et al. [79] and Lamb and Paris [84] (Figure 17a).
At Steynsdorp, the Se schistosity is subvertical to north dipping. According to
Lana et al. [65], Se formed as a response to unroofing of the Steynsdorp metamor-
phic core complex. Early quartz veins formed during this stage and were sub-
sequently folded by the following events. Early quartz veins are related to this
event (Figure 17a).

b. The second event, Df, results in this southern part of BGB from E–W shortening
and corresponds to the formation of large-scale folds, i.e., the Steynsdorp anticline
and Malolotja synform. The E–W shortening direction is obtained as normal to the
Sf schistosity plane, presuming that the deformation Df is coaxial. This inference
is based on consistent cleavage orientations, fold geometry (e.g., similar fold axial
plane orientations and axis, Figure 6b), and lack of stretching lineation associated
with Df. An associated N–S-striking axial planar schistosity Sf is created in several
places (in red in Figure 17b). During this stage, most of the gold-bearing and/or
gold-related hydrothermal quartz veins are emplaced, i.e., the horizontal and steep
veins (Figures 16 and 17b). The association between horizontal and steep veins
demonstrates their syntectonic character (see the discussion below), also confirmed
by (i) upright Ff folding of the horizontal veins formed and opened in mode I
character and (ii) internal texture of horizontal veins, showing vertically elongated
tourmaline and quartz grains, indicative of vertical (sometimes slightly oblique)
opening. In addition to the vertical tourmalines, feldspars and fibres and comb
quartz are perpendicular to the vein edges (Figure 9b,d and Figure 14c)—the local
development of elongated and/or truncated tourmaline and feldspar in alteration
halo also confirms the syntectonic character (Figure 13). Generally, N–S-striking,
steeply west-dipping veins formed during reverse faulting (e.g., Figures 9f and 16).
The associated shallower veins (either dipping towards the west or the east) opened
as shear planes in an R or R’ position. The complexity of this model lies in the
fact that all these veins are synchronous (e.g., Rosehill and Primrose, Figure 9a,e
and Figure 16). Moreover, some of the flat-to-shallow-dipping veins are folded by
Sf (e.g., Ivanhoe, Figures 9b and 16) or contain vertically truncated tourmalines
(e.g., Figure 14c), which confirms the syntectonic character of these veins and that
they formed syn in the late Df.

c. The third hydrothermal and deformation event is mainly recorded in the Malolotja
area as the result of a NE–SW shortening, as determined by taking the axis parallel to
the Sl poles. This deformation produced local folds and a NW–SE-striking Sl cleavage
(in green in Figure 17c). In addition, this deformation controlled the emplacement
of a late vein system, typified by N050-striking veins (Figures 11b, 16 and 17c) or
shear veins displacing existing veins (Figure 11e). Currently, there is no indication
justifying that this late vein system was associated with gold precipitation and/or
concentration. Only the N050–070-striking veins of the late vein system have been
represented in Figure 16.

This evolution model herein proposed considers the deformation of the host rock in
parallel to the different observed vein system emplacement within the southern part of
the BGB. Three deformations and hydrothermal events have been highlighted. The last
two stages are significantly documented by numerous field and microstructural obser-
vations. However, several points, such as the surprising distribution of mineralisation
occurrences strictly following the geometry of the first-order folds, still need to be under-
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stood. Another surprising result is the fact that late veins microscopically appear affected
by intense recrystallisation processes (Figure 14h), whereas the earlier mineralised veins
remain less internally deformed (Figure 14f,g). All these points will be discussed further in
the text.
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7. Discussion
7.1. Vein Formation Model

In this study, we propose a tectono-hydrothermal model in which a complex vein
system, illustrated in the schematic synthetic sketch of Figure 16, controls the formation of
the gold-related hydrothermal event in the southern part of the Barberton Greenstone Belt.
We, therefore, suggest that a formation model of the mineralised vein system controlled
by the vertical opening of horizontal veins coevals with the formation of steeper N–S-
striking shear veins associated with reverse motion, which are oriented at an obtuse
angle to the shortening direction of the Df deformation. (i.e., red veins in Figure 16).
Additionally, another system of late barren veins opens parallel to the finite shortening
axes of the Dl deformation, similar to ‘en echelons’ veins (i.e., green veins in Figure 16).
Although this complex vein system is entirely new and undescribed in the southern part
of the belt, a similar vein pattern has been described in the northern part of the belt,
particularly in the Sheba/Fairview gold mines (Figure 1; i.e., [21,66,85]). The mineralised
vein formation model described here, with flat vein opening in mode I and associated
with steep reverse and normal veins (see above), shares similarities with the one described
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by Gloyn-Jones and Kisters [21] and operates in coherence with the model described by
Sibson [86] that combines steeply dipping veins and low-angle folded ones. Our model also
shares some similarities with the ones by Cerda et al. [66,85]. However, three significant
divergences subsist:

• The fact that all veins in our case are supposed to be coeval, in contrast to the ones
described by Sheba for which a relative chronology has been defined (e.g., [66,68]).

• The orientations of the mineralised veins, which are generally striking N–S to N150 in
our case, whereas they are mainly oriented NE–SW to ENE–WSW in the Sheba/Fairview
systems. The structural control of the gold mineralisation is therefore interpreted with
different shortening directions, i.e., E–W shortening in our case study while in the
Fairview-Sheba area, they are controlled by NW–SE shortening [68,70]. The explana-
tion of such a difference is proposed in the next chapter of the discussion. However, we
note that the mineralisation-related veins are oriented perpendicular to the shortening
axis direction in both models.

• It is worth noting that the Sheba/Fairview domains have been intensively exploited
and are still active, whereas Malolotja/Steynsdorp areas were historically exploited
with a minor gold production.

Mineralised systems showing horizontal veins associated with steep mineralised veins
have been reported in several cases of gold-bearing quartz veins in Archean greenstone
belts, such as the Abitibi (Canada; [87]) or the Norseman-Wiluna (Australia; [88]). Whether
this specific geometry typically represents vein systems emplaced within the Archean
continental crust cannot be confirmed. Such a point has been discussed by Foster and
Piper [89], who clearly make a relationship between gold metallogeny, complex vein
systems, and the multiplicity of tectono-thermal events that dominate during the Archean
formation of the craton. Examples from the Barberton, Zimbabwe, and Tanzanian cratons
have been cited.

The gold occurrences both in Malolotja and Steynsdorp areas are exclusively hosted
by the Onverwacht Group rocks (Figures 3 and 7). This fact underlines that they are signif-
icantly structurally controlled and most likely linked with fold geometry and formation
(see Section 6). In addition, this distribution can be also consistent with the hypothesis of
Viljoen et al. [29], suggesting that the mafic to ultramafic rocks of the Onverwacht Group
show substantial anomalies and, thus, are good candidates for gold sources.

7.2. Significance of the Deformation Events

The initial stage of our tectono-hydrothermal model, illustrated in Figure 17, is not
well constrained by our data. In the Malolotja synform, Lamb [81] and Heubeck et al. [79]
propose an early thrust towards the NW, which has been folded afterwards. The De
deformation in our model may be related to this thrust event, putting the Onverwacht
Group on the Moodies Group (Figure 17a). In the study area, few observations consistent
with this early thrusting event have been recorded, with evidence of local reverse shear to
the NNW in the hinge zone of the Malolotja synform (Figure 4c). On the contrary, the Se
schistosity dips to the north at Steynsdorp. This difference in dip may be due to the doming
effect related to the Steynsdorp pluton [38], which can be expressed by the NNE-plunging
mineral lineation.

The Df deformation is induced by E–W shortening forming the large-scale Malolotja
and Steynsdorp folds. This E–W shortening deformation visible in the southern part of
the belt is interpreted as similar to the main and major NW–SE event that affected the
closure of the BGB [30] but rotated locally to form the arc geometry of the belt. Indeed,
the geometry of the belt and the rotation of the large-scale structures, such as faults
and folds, from NE–SW to N–S striking in the south of the belt are in line with this
interpretation. Because this fold-related deformation affects the Moodies Group, it probably
postdates the main shortening events (i.e., D2 event [30]; Figure 2). Lamb [80] described
the Malolotja syncline as D3 folds, and the Df deformation observed in this study probably
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corresponds to the main D3 NW–SE shortening of the belt suggested by de Ronde and de
Wit ([30]; Figure 2).

A NE–SW shortening event has never been reported or described at the scale of the
Barberton Greenstone Belt. The regional extent and tectonic significance of this event are
therefore enigmatic. De Wit et al. [90] observed km wavelength NW–SE-striking folds to
the WSW of the Stolzburg syncline that is compatible with a NE–SW shortening direction.
As they refold earlier structures related to the main NW–SE shortening event, they are
interpreted as late. Van Kranendonk et al. [91] also documented the existence of a NW–SE-
striking, steeply dipping mylonite zone with a down-dip stretching lineation. Because a
reverse motion is described, this mylonite zone is, therefore, formed by NE–SW shortening.
In their work, Van Kranendonk et al. [91] noted that the mylonitic zone is along strike with
the undeformed, NW–SE striking ca. 3107 Ma Kees Zyn Doorns syenite, which is coeval
with the vast Mpuluzi batholith (Figure 1; [34]). Static recrystallisation of minerals related
to contact metamorphism is also described. This can question a potential link between the
late emplacement of the ca. 3.1 Ga batholiths and the formation of the late Dl event. No
clear answer can be provided at this stage, but two facts need consideration: (i) the more
recrystallised aspect of late quartz veins illustrated in Figure 14h; (ii) the persistence and
maybe the increase of tourmaline, K-feldspar, and albite content both within veins and
alteration halos of the late quartz vein system.

Two additional arguments can also question the chronological relationships between
Dl and Df events although clear overprinting criteria are described (Figure 6i):

• Mineralogically, the two events show similar infilling and alteration halos (Figure 13).
• The mineralised vein system shows the coexistence of N–S and NW–SE-striking steep

veins (Figures 10 and 16)—the fact that can be explained by simultaneous actions of
Df and Dl events.

Indeed, our evolutionary model takes into account this hypothesis and proposes that
earlier effects of the NE–SW shortening direction (Dl) may have occurred during the late
stage of the Df deformation (Figure 17b). The final stage would be dominated by the late
Dl event in continuity with the achievement of the Df folding (Figure 17c).

The shortening direction of the Df and Dl events are obtained assuming they are
coaxial deformations. This suggests a regime of homogeneous strain distribution and
geometric preservation. However, it cannot be excluded that the deformation can be
partitioned between noncoaxial and coaxial domains as expressed by the feeling that some
vein outcrops are associated with top-to-the-west verging (not illustrated here).

7.3. Timing of the Mineralisation Event

Several gold mineralisation ages have been published exclusively in the northern part
of the Barberton Greenstone Belt. At Fairview mine, de Ronde et al. [75] dated a porphyry
body crosscut by the mineralisation at ca. 3126 Ma (U-Pb zircon), thus representing the
oldest age for mineralisation. These authors also dated a hydrothermal rutile that provides
a lower bracket at ca. 3084 Ma (U-Pb). Other younger ages have been published at the
New Consort mine (Figure 1) by dating a hydrothermal titanite linked to the alteration
at 3027 ± 7 Ma (U-Pb [74]). The dating of a felsic dyke interpreted as coeval with the
gold mineralisation at Golden Quarry (near Sheba mine) also provides ca. 3015 Ma (U-Pb
zircon [71]). Overall, two periods of mineralisation seem to emerge from the literature,
the first one at 3126–3084 Ma and a younger one at 3027–3015 Ma. Thus, the ages of the
gold mineralisation appear to be spread over a long period of time, suggesting at least two
mineralisation episodes and/or that the dating of the mineralisation is not well constrained.
The first mineralisation at 3126–3084 Ma is interpreted to be controlled by the late D3 event
dated at 3227–3084 Ma by de Ronde and de Wit ([30]; Figure 2), whereas the second one
(3027–3015 Ma) maybe post-D3, during the stabilisation of the Kaapvaal Craton estimated
around 3.1–2.7 Ga [92].

Regarding the different events proposed in the literature and summarised in Figure 2,
an attempt to correlate deformation events and the two episodes of hydrothermal events of
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our study (Df and Dl) and, consequently, gold formation in the southern part of the BGB is
discussed here. No absolute mineralisation dating is available in this part of the belt. In
the model proposed in this study, the main mineralisation stage is supposed to be syn to
late Df according to Figure 17. This could be compatible with the D3 event in the de Ronde
and de Wit model ([30]; Figure 2) and relatively similar to the ages obtained in the Fairview
mine by de Ronde et al. [75]. If accepting the potential continuity between Df and Dl (see
the discussion above) and their association with gold-related hydrothermal veins, one can
suppose here that gold in the southern part of the BGB can be a long-lived event beginning
during the late stage of the main shortening event (D3/Df) and ending, with a lower grade,
during Dl.

8. Conclusions

Detailed field structural analysis, associated with the petrological and microstructural
study of the southern part of the Barberton Greenstone Belt, straddling the international
border between South Africa and Eswatini, allowed for the understanding of the struc-
tural control of the numerous quartz veins and the deformation of the host rock. The
present study demonstrates that the Onverwacht and Moodies Group rocks in the southern
part of the belt experienced three deformation events manifested by the development of
deformation structures and associated hydrothermal veins. The first event produced a
locally preserved composite foliation Se, which is E–W striking and may be related to a
thrusting event. The second event is related to large-scale folding forming the Steynsdorp
anticline and Malolotja synform, a N–S-striking axial planar cleavage Sf, coeval to the
emplacement of a complex network of gold-related veins in response to E–W shortening.
Such E–W shortening is attributed to the main regional NW–SE closure of the BGB. A third
deformation event locally overprints all previous structures. It is produced by NE–SW
shortening and is also related to late hydrothermal and barren quartz veins. The origin
of the NE–SW shortening that formed the late veins is enigmatic. The deformation of the
study area and its variations over time formed different hydrothermal vein systems. Vein
and their host-rock deformation study in this part of the famous Barberton Greenstone
Belt provides a good case study for a better understanding of the tectono-hydrothermal
evolution of a portion of the Archean domain.
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