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ARTICLE INFO ABSTRACT

Handling Editor: Dr Mohamed Mohamed G This review paper reports on the discovery of komatiites and the impact this has had on the geosciences inter-

Abdelsalam nationally. Komatiites were first discovered by Richard and Morris Viljoen in the Barberton greenstone belt of

South Africa and proposed as a new class of ultramafic volcanic rock with >18 wt% MgO. Komatiites are in
Keywor'('is: places associated with spinifex textures (elongated bladed and plumose olivine crystals). The discovery and
i‘r):l‘;::e petrological study of komatiites and understanding of the field controls have given rise to intense debate about

their mantle origin, water content and geodynamic setting of eruption. The observation that komatiites are found
predominantly in the Archean and to some extent in the Palaeoproterozoic, has led to the proposition that the
early Earth was much hotter (by c. 400 °C) than the present day. However, some workers have challenged this
model involving secular cooling of the Earth since Archean times. These workers argue that komatiites formed in
a cooler Archean subduction zone, rather than in a mantle plume. Komatiites of the mid-to late-Archean have
also proven to be important economically (e.g. Yilgarn Craton, Australia; Superior Craton, Canada) as they host
important nickel-sulphide deposits. Today, novel petrological techniques (e.g. secondary ion microprobe ana-
lyses of olivine melt inclusions) are being applied to komatiites to address important outstanding questions in the

Barberton Greenstone Belt
Ultramafic

geosciences, including the question of whether or not plate tectonics was operating in the early Archean.

1. Background and significance of discovery

Ultramafic rocks have held a particular fascination for geologists
because of the occurrence of olivine which defines the end of the wide
spectrum of silicate rocks. However, in the early days of research the link
between ultramafic rocks and specific melt types remained elusive.
Canadian geologists at the Ontario Department of Mines (ODM) recog-
nized rocks with enigmatic textures while mapping in the Munro
Township area and the earliest observations and field description by
Bruce (1926) showed a photograph of the unusual rock textures made up
of elongated olivine crystals (later termed spinifex), and mapped these
rocks as lava flows. Other Canadian geologists who mapped the
spinifex-textured rocks as volcanic flows include, Berry (1940), Prest
(1950), Satterly (1951), and Abraham (1953). Although these rock units
were mapped as unusual lava flows, the dominant paradigm at the time
was that ultramafic lava flows did not exist. This was in part due to the
experimental work of Bowen (1922) who indicated that the high liq-
uidus temperatures of ultramafic lavas was not observed in present day
volcanic settings. Satterly (1951), in the absence of whole rock
geochemical analyses, interpreted the spinifex texture as a contact
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metamorphic effect in metabasaltic flows due to picrite sill intrusions.
Naldrett in his 1964 PhD thesis made the connection between the
elongated olivine crystals found in nature and those formed from rapidly
cooled basaltic liquid in experiments, and proposed on this basis the
possible existence of ultramafic liquids. Naldrett and Mason (1968),
described skeletal olivine crystals in ultramafic lenses from Dundonald
Township, not far from Munro. These workers concluded that the rock
units were ultramafic sills intruded at high-level, but did not exclude the
possibility that they could have been lava flows derived from unusually
high magnesian liquids, but the significance of the textures in the
context of true lava flows was at that stage not known.

The first scientists to provide unequivocal evidence of the existence
of extrusive ultramafic rocks were the twin brother geologists, Morris
and Richard Viljoen who conducted their PhD studies in the Komati
Formation of the Paleoarchean Barberton Greenstone Belt, South Africa.
They achieved this by conducting an integrated study on mafic-
ultramafic rocks of the Komati Formation, by combining detailed field
mapping, petrography and whole-rock geochemistry. As such they
presented a range of evidence that for the first time supported the ex-
istence of volcanic ultramafic lava flows. This included the close
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interlayering with pillow basalt flows (subaqueous volcanic extrusions),
the chilled flow tops, hyaloclastite breccias and what they called ‘crys-
talline quench texture’. Their remarkable results were presented at an
international conference in Pretoria (South Africa) in July 1969. A series
of papers by the Viljoens followed making a strong petrological case for
a new class of igneous rock that they called ‘komatiite’ (Viljoen and
Viljoen, 1969a-c), and so named after the type locality close to the
Komati River. At the time, Professor Harry Hess of Princeton University
helped to promote and establish the idea of ultra-high temperature ul-
tramafic lavas as a major new class of volcanic rock.

After the discovery of komatiites by the Viljoen brothers in South
Africa, komatiites were soon reported from other areas (Archean
greenstone belts) around the world. For example, Pyke (1970) presented
evidence for ultramafic lava flows from the Abitibi greenstone belt and
later helped to establish the classic outcrops of Munro Township as ul-
tramafic volcanic rocks (Pyke et al., 1973). Between 1971 and 1973, a
number of scientists working in Australia reported the occurrence of
ultramafic volcanic rocks throughout the Yilgarn belt of Western
Australia (McCall and Leishman, 1971; Williams, 1972; Hallberg and
Williams, 1972). The komatiites in Western Australia were of particular
economic interest as they hosted large Ni-sulphide deposits. At about the
same time in 1971, Nesbitt (1971) introduced the term ‘spinifex’ into the
literature to describe the spiky appearance (reminiscent of an Australian
grass) of some komatiites due to the presence of elongated, skeletal
olivine hopper crystals (Fig. 1 a — d). The geological and petrological
aspects of komatiites were also reported from the Belingwe greenstone
belt of Zimbabwe (Bickle et al., 1975; Nisbet et al., 1977).

Komatiites are now recognized in many greenstone belts around the
world and in some places associated with high-magnesium, high silica
basalts called boninites (e.g. Angerer et al., 2013). A geographical map
of komatiite occurrences globally can be found in Arndt et al. (2008).
The discovery of komatiites is important as it gives a window into early
Earth processes. The high MgO content (>30 wt%) indicates high lig-
uidus temperatures (c. 1600 °C), and that komatiites erupted with very
low viscosity at such high temperatures, mainly subaqueously (under
seawater), on the early Earth surface. Together with the rare occur-
rences of komatiites from the Proterozoic rock record, the presence of
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komatiites in Archean greenstone belts provides evidence for a much
hotter early Earth (Campbell and Griffiths, 1992; Herzberg, 1992,
1995). Studying the composition of komatiites has also contributed to
our understanding of the composition of the Earth’s deep mantle.
Komatiites are also of economic importance as they are associated with
nickel and platinum-group elements and have been exploited
world-wide.

2. Spinifex texture

The association of komatiite lava and spinifex textured units (the
most striking of the associated rock-types) is well known but the
petrogenetic relationship remains a point of important debate. When
komatiites were first reported in Barberton by Viljoen and Viljoen
(1969a,b), initially they described the spiky rock texture as a ‘crystalline
quench texture’, and noted that the dominant texture was similar to that
of crystals that form by crystallization during rapid cooling of
high-temperature olivine basalt (see Fig. 1 a — d). This crystallization
quenching effect was also shown in some experimental studies
(Donaldson, 1976, 1982). The term ‘spinifex’ originates from the similar
appearance of an Australian spiky grass - Triodia spinifex and the term
was coined by Nesbitt (1971). In its simplest definition, a komatiite is an
ultramafic volcanic rock with >18 wt% MgO (Arndt and Nisbet, 1982),
but a more holistic definition includes the associations with spinifex
texture (Nesbitt, 1971). A komatiite flow typically has an upper
spinifex-textured part and a lower cumulate part with the definitive
textural forms detailed by Pyke et al. (1973; Fig. 2a—c). The uppermost
part is typically a brecciated flow top, which has been used as evidence
to support the extrusive nature of komatiites (Fig. 2a). This unit is
typically underlain by a spinifex textured rock-type and that overlies an
olivine cumulate (Fig. 2a). Nesbitt (1971) also put forward what became
known as the spinifex paradox: the skeletal, bladed morphology of the
olivine crystals suggest rapid cooling/quenching near the brecciated
flow top margins, but the coarse spinifex textures are found deep within
the lava flows and therefore cannot represent a true quench texture.

Donaldson (1976, 1982) was the first to attempt to replicate for-
mation of skeletal olivine crystals in laboratory experiments. Based on

Fig. 1. Spinifex textures observed in komatiite. (a-b) Spinifex textures observed in komatiite, Komati Formation type-section, BGB. (c-d) Petrographic images of
partially serpentinized bladed and plumose olivine structures observed in thin section. Scale bar shown top left.
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his experimental work he noted that the formation of skeletal crystals is
due to the high MgO contents of komatiite liquids and rapid crystal
growth. It was suggested that rapid cooling rate was not a major con-
trolling factor, but the model did not explain how growth rate could be
separated from cooling rate (Arndt and Fowler, 2004). Shore and Fowler
(1998, 1999) observed that the long axes (crystallographic a axes) were
mostly and consistently oriented at high angles, or normal to the lava
flow top. In their model, they argued that heat transfer was more effi-
cient along the olivine long axes (or crystallographic a axes) and that
this strong thermal anisotropy promoted olivine skeletal growth from
highly magnesian liquids. It was noted, however, that this mechanism of
crystal formation would not be applicable at lower temperature and for
less magnesian liquids involving pyroxene spinifex growth. Spinifex
textured pyroxene is observed in Archean komatiitic basalt lava flows
with magnesium contents as low as 10 wt % MgO (e.g. Wilson and
Riganti, 2022). The upper limit for komatiitic basalt is taken as 18 wt%
MgO.

Grove et al. (1994, 1997) proposed that spinifex texture in the in-
teriors of komatiite units from Barberton in South Africa formed due to
the water content in the parental magma. Water would act to suppress
the crystal nucleation rate and accelerate diffusion rate leading to the
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Fig. 2. (a) Typical structure of a spinifex-textured
Barberton komatiite flow with clearly observable
sub-divisions and units. On the right side is the flow-
top breccia overlying the chill zone (Al). This is un-
derlain by a zone of random olivine spinifex and
coarse-bladed spinifex unit (A2). This passes into a
thin zone of highly lineated olivine crystals (B1) with
a sharp contact underlain by an olivine cumulate
(B2). The yellow scale is 10 cm. (b) Widely spaced
acicular random olivine spinifex. Coin diameter is 2
cm. (c) Pyroxene spinifex in komatiitic basalt.
Splayed crystals of clinopyroxene overlie a zone of
random pyroxene spinifex (top of photo). Width of
view is 40 cm.

. Random
spinifex
A2

rapid growth of large crystals from the liquid phase. This mechanism
requires that the komatiites intruded as sills, contrary to the extensive
field observations of Dann (2000, 2001) that indicates komatiites are
extrusive. The studies of Grove et al. (1994, 1997) led to the ‘wet’ versus
‘dry’ komatiite debate in the literature. Arndt et al. (1998) challenged
the hydrous komatiite magma model of Grove et al. (1994, 1997). In a
more recent study, Faure et al. (2006) concluded that spinifex texture
formed during slow cooling of ultramafic liquid in a thermal gradient
within a layer that separates liquid from the outer solidified crust. It is
now understood that fine random spinifex near the top of the flow ap-
proximates to the parent melt composition (see Fig. 2a). Coarse random
spinifex and bladed olivine spinifex likely represent fractionated melt
that has been depleted in olivine (Fig. 2a—c). For a more detailed review
of spinifex texture formation and other textures that form in komatiites
see Arndt and Nisbet (1982) and Arndt and Fowler (2004).

3. Barberton komatiites
Since the discovery of komatiites in the Komati Formation in the

Onverwacht Group of the Barberton greenstone belt (BGB), South Af-
rica, komatiites have been found in other parts of the Onverwacht Group



E.G. Grosch and A. Wilson Journal of African Earth Sciences 205 (2023) 105002

Fig. 3. Field views of the Komati Formation. (a)
Drone view to the west of the Komati Formation type
section. In the mid-far distance is the basal felsic
Theespruit Formation. The heavily wooded hills in
the mid-distance are layers of komatiitic basalt. Note
vehicle for scale in lower part of the image. (b and c)
Komatiite flow units with flows of more resistant
komatiitic basalt. (d) Diamond drilling of the Komati
type section as part of the ICDP Barberton drilling
program in 2011. Behind the drill-rig are komatiite
and komatiitic basalt flows.
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Fig. 4. Stratigraphy model for the Onverwacht Group of the Barberton green-
stone belt modified after Lowe and Byerly (2007) and Van Kranendonk
et al. (2009).

and in other smaller greenstone belts on the Kaapvaal Craton. However,
the Barberton komatiites remain the quintessential occurrences. Field
photographs showing the Komati Formation type-section and related
outcrops in the Barberton greenstone belt are provided in Fig. 3a—d. This
section provides a review of the age and geology of the Onverwacht
Group komatiite suites. An overview of the Onverwacht Group stratig-
raphy of the BGB is presented in Fig. 4. This includes the Komati For-
mation, Mendon Formation and Weltevreden komatiite suites and are
shown on a geological map of the Barberton greenstone belt in Fig. 5.
The main focus is on the Komati Formation of the BGB, namely where
komatiite was first officially discovered.

The Komati Formation of the (BGB) is the type locality for komatiites
(see maps in Figs. 5 and 6). A U-Pb zircon age of c. 3482 + 8 Ma has
been derived from zircons in a volcanic tuff layer in the middle part of
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the type-section (unpublished data of S. Bowring, reported in Dann,
2000). A slightly younger age 3426 + 16 Ma was obtained by Sm-Nd
dating using drill core (Blichert-Toft et al., 2015). The Komati Formation
has a maximum thickness of 3500 m (Brandl et al., 2006) and is regarded
as the oldest and best preserved formation of interlayered komatiites
and basalts in the world (Fig. 6; Dann, 2000). The extrusive origin for the
komatiites was suggested by Viljoen and Viljoen (1969c¢), argued from
the interlayered pillowed komatiitic basalts that indicate eruption under
seawater. The Komati Formation comprises mainly low-grade meta-
morphosed komatiites, komatiitic basalts and to a lesser extent
meta-tholeiites, and is divided into the Upper and Lower Komati For-
mations (see Dann, 2000, Fig. 7). The lower part of the Komati Forma-
tion has olivine-dominated, spinifex textured komatiites with a
magnesian (MgO) composition of at least 24 wt%, interlayered with
massive serpentinite and pyroxene-dominated pillowed, ocelli bearing,
komatiitic basalts. The upper part of the Komati Formation comprises
pyroxene-dominated komatiitic basalts with massive, spinifex-textured
and irregularly-shaped meta-tholeiitic pillow lavas (Brandl et al.,
2006). It is less ultramafic than the lower Komati Formation. Dann
(2000) produced a geological map of the Komati Formation and pro-
posed a volcanic architecture for the type-section (Fig. 7). Recent
geological and petrological work on the type-section has provided a
new, high-resolution volcanic stratigraphy model (Fig. 5; Grosch and
Slama, 2021). In this model, massive and spinifex-textured komatiites
were shown to be rare making up only c. 19% of the lower type-section
volcanic stratigraphy and not 50% as previously proposed by Dann
(2000). In addition, Dann (2000) did not distinguish between tholeiitic
basalt and komatiitic basalt, whereas the new volcanic architecture
model of Grosch and Slama (2021) distinguishes between these two rock
types (Fig. 8)

Komatiites have also been found in the Mendon Formation, which
conformably overlies the c. 3333 Ma Kromberg Formation in the upper
Onverwacht Group (Grosch and Slama, 2017; see Figs. 4 and 5). It is
younger than the Komati Formation, with maximum ages determined by
Sm-Nd dating of 3310 + 150 Ma for the komatiites of the Mendon
Formation (Chauvel et al., 1987). Recent geochronological work has
indicated volcanism and deposition of tuff layers between c. 3261 and
3287 Ma (Decker et al., 2015).

Rocks of the Mendon Formation are divided into cycles of komatiitic
volcanism separated by thin chert layers: units were designated as M1,
M2, M3, M4, M5, with the volcanic sequences termed M1v, M2v, M3v,
etc., and the chert layers M1c, M2c, M3c, etc. (Lowe and Byerly, 1999).
M1v at the base of the Mendon Formation comprises >200 m of massive
peridotitic komatiites, which at the top of some peridotite sections
contain a 10 m thick olivine spinifex-textured flow. M1v is weathered
and hydrothermally altered in places such as in the Msauli Gorge where
the Msauli Chert type-section crops out (Lowe and Byerly, 1986).

Overlying the M1v is the M1c Msauli Chert comprising fine-grained
ash and lapilli of komatiitic composition that can also be found in M2c
and M3c (Lowe and Byerly, 1999). Overlying the M1c in the southern-
most parts of the Mendon Formation, are black cherts overlain by the Fig
Tree Group (Fig. 4; Lowe and Byerly, 1999). M2v consists of komatiitic
lavas of variable thickness. A 150 m thick komatiite with no interbedded
sediments is also present (Byerly, 1999). The lower section consists of
cumulate-textured komatiites while the upper section consists of
spinifex-textured flows, or spinifex zones comprising single flows. The
uppermost flows are silicified and overlain by the M2c black chert
interbedded with silicified pyroclastic rock. M3v komatiites are poorly
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Fig. 5. Geological map of the Barberton greenstone belt (modified after Lowe and Byerly, 1999), showing the Onverwacht, Fig Tree and Moodies Groups. The
formations that host the main komatiite units, namely the Komati, Mendon and Weltevreden Formations are highlighted. The marked inset is the outline of the map
in Fig. 6. The regional map inset shows the Barberton greenstone belt in relation to the Kaapvaal Craton in southern Africa.
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exposed, except for a few highly silicified occurrences. In one section,
between the M2c and M3gc, lies a thin 50 m highly altered lava flow with
a spinifex texture. A zircon age in a sub-centimetre tuff layer of the M3c
chert was measured to be 3298 + 3 Ma (Byerly et al., 1996). M4v and
M5v consists of spinifex and variolitic komatiite interlayered with chert
units.

Lowe and Byerly (1999) recognized komatiites and related rocks in
the Weltevreden Formation (Fig. 5). The Weltevreden Formation is less
well-studied compared to other komatiite formations in the BGB. Using
Sm-Nd isotope systematics, Lahaye et al. (1995) determined an isochron
age of 3286 + 29 Ma for the age of Weltevreden komatiitic volcanism.
The Weltevreden Formation consists of four main lithologicial units,
namely komatiitic and basaltic rocks, layered ultramafic intrusive rocks,
komatiitic tuffs and banded chert. Lowe and Byerly (1999) indicated
that the Weltevreden Formation geology is similar to the upper volcanic
cycles of the Mendon Formation in the south and suggested those for-
mations are correlated (rather than with the Komati Formation as pre-
viously suggested by Viljoen and Viljoen, 1969a). For a detailed
description of the volcanological and petrogenetic characteristics of the
Weltevreden Formation komatiites and related rocks see Huber and
Byerly (2018).

4. Geochemistry

Initially, Viljoen and Viljoen (1969c¢) and Viljoen et al. (1983) pro-
posed that komatiites and related rocks in the Barberton greenstone belt
be classified based on whole-rock MgO (wt%) content specifically
related to the following types: black serpentinized olivine komatiites
which have MgO (wt%) contents of between 23 and 36 wt%, komatiitic
basalts comprising green amphibole rich rocks with MgO contents of
between 11 and 24 wt%, and tholeiitic basalts with MgO of 4-9 wt (%).
Subsequently, it was recognized that komatiites and related rocks have
undergone low-temperature metamorphism and metasomatism (e.g.
Cloete, 1991; Grosch, 2019) and that some of the major elements and
large ion lithophile elements have been mobilized. As major elements
such as Al,O3 and TiO, remain immobile, Al;03/TiO, ratios have
therefore been used in conjunction with MgO (wt%) to classify
komatiites (Nesbitt et al., 1979). More recently, the sole control by Al
was considered sufficient for the holistic classification of komatiites
(Sossi et al., 2016).

Based on Al,03/TiO, ratio, two main compositional types of
komatiites have been identified (Arndt et al., 1977; Nesbitt et al., 1979):
Aluminium-depleted  komatiites (ADKs; Barberton-type) and
Aluminum-undepleted komatiites (AUKs; Munro or Abitibi-type; see
Figs. 9 and 10). Al-depleted komatiites (ADK) have Aly03/TiO5 ranging
between ~ 10 and 12, and high CaO/Al;03 of ~2-2.5 with REE patterns
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giving (Gd/Yb)n > 1.3. The ADKs are interpreted to have formed by
mantle partial melting in the presence of residual majoritic garnet,
which retains Al and heavy rare earth elements in the mantle source
(Nesbitt et al., 1979). Because of the inferred presence of garnet during
melting, ADKs are considered to have formed at relatively high pressures
of between 8 and 13 GPa (e.g Herzberg, 1995; Robin-Popieul et al.,
2012) with relatively intermediate degrees of partial melting. In contrast
AUKs have Al;03/TiO5 ratios of ~20, CaO/Al,03 ~ 1 and (Gd/Yb)n ~ 1.
Their geochemistry is similar to that of the primitive mantle, and AUKs
are believed to have formed by a larger degree of partial melting under
lower pressure and garnet-absent conditions (Arndt, 2003).
Aluminium-enriched komatiites have been found in the Mendon For-
mation of the Onverwacht Group (see Fig. 9). For recent in-depth re-
views on the geochemistry of komatiites see Sossi et al. (2016),
Schneider et al. (2019), Grosch and Slama (2021) and Puchtel et al.
(2022).

Some komatiites and komatiitic basalts are host to magmatic Ni-
sulphide mineralization, and can be important economic targets for

nickel, copper and platinum group elements (PGEs). Well-known
Archean deposits include komatiites of the Yilgarn and Pilbara cratons
of Western Australia and the Abitibi greenstone belt of Canada (Dostal,
2008). Important ore minerals include pyrrhotite, pentlandite, pyrite
and chalcopyrite. In some places gold and antimony mineralization can
be found in komatiites as is the case in the Murchison greenstone belt of
South Africa (Pearton, 1982). Immiscible sulphide liquid is thought to
have separated from the ultramafic silicate magma and scavenged
chalcophile metal elements from it (e.g. Yao and Mungall, 2021).
However, komatiite liquids are characteristically undersaturated with
respect to sulphur. Crustal contamination involving melting of sulphidic
country rock or basaltic xenoliths can lead to early magmatic sulphur
saturation and consequently Ni-Cu-PGE sulphide precipitation (e.g.
Dostal, 2008). Some of the main factors controlling the sulphide
mineralization in komatiites are as follows (see Pearton, 1982; Barnes,
1998; Dostal, 2008; Yao et al., 2019; Yao and Mungall, 2021; Yao and
Mungall, 2022):
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of the Geological Society of South Africa.

e The composition and temperature of the komatiitic magma, which
affects its ability to dissolve and transport sulphur and metals.

e The availability and origin of sulphur, which can be derived from
external sources such as country rocks or seawater, or from internal
sources such as magmatic degassing or sulphide immiscibility.

e The degree of supercooling and nucleation of chromite, which in-
fluences the saturation state of the magma with respect to sulphur

and the distribution of chalcophile elements.

e The kinetics of diffusion and reaction between sulphide and silicate
melts, which determines the extraction and segregation of sulphide
droplets and their compositional evolution.

e The flow dynamics and cooling history of komatiitic lava, which
affects the transport and accumulation of sulphide droplets and their
interaction with trapped intercumulus liquid.

5. Mantle melting and the possible role of water

The MgO content of mantle derived melts is allied to higher melting
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30

temperature and so the eruption temperature of mantle derived peri-
dotitic melt with <0.6% H>0 on Earth’s surface would have been about
1650 °C (e.g. Green et al.,, 1975). Most petrologists accept that the
Archean - Proterozoic Earth was hotter than today (e.g. Herzberg, 1992;
Campbell and Griffiths, 1992), and that komatiites would have erupted
at conditions much hotter than present day Mid-Ocean Ridge Basalts
(MORB, 1200-1350 °C). However, this theory was challenged by an
alternative view that komatiites formed by hydrous mantle melting and
that the presence of water would have lowered the melting temperature
to be similar to present day mantle melting conditions (Grove et al.,
1997; Grove and Parman, 2004). This gave rise to the vigorous ‘wet’
versus ‘dry’ debate for the origin of komatiites as contested in Arndt
et al. (1998). Vesicular komatiites are found in the Komati Formation
within flows up to 15 m thick, and the most persistent vesicular unit
extends along a strike of 1.2 km (Dann, 2000). The presence of vesicles
indicates volatile incorporation during eruption but is not unique evi-
dence for magmatic water (Arndt et al., 1998). Spinifex textures asso-
ciated with komatiites were also used as evidence to support a wet origin
for komatiites and are argued to have formed through hydrous crystal-
lization in sills and dykes, not as lava flows (Grove et al., 1997).
Arguments presented against ‘wet’ melting hypothesis for komatiites
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include the following:

e Faure et al. (2006) reproduced spinifex textures under anhydrous

experimental conditions.

Geological observations indicate that komatiites are extrusive and

not intrusive sills or dykes (Viljoen and Viljoen, 1969a)

Komatiite magma containing water would have erupted explosively

or show extensive degassing textural evidence (Arndt et al., 1998).

Barberton komatiite lava eruption was highly mobile, non-explosive

and long-lived (Arndt and Lesher, 2004), typical of a low-viscosity

anhydrous magma.

e Major and trace element compositions provide consistent and plau-
sible evidence that komatiites formed at great depths in hot mantle
plumes (Arndt, 2003), and is discussed further in the geodynamic
context.

The debate has continued because further studies have revealed the
presence of significant amounts of water in remnant melt inclusions in
komatiites. Komatiite melt inclusions in chromite from the Belingwe
greenstone belt recorded water contents of 0.8-0.9 wt% (Shimizu et al.,
2001) and Arndt et al. (2008), initially challenged results that pointed to
significant (but still relatively minor) water contents in komatiitic melts.
Evidence from the Phanerozoic Gorgona (Colombia) komatiites revealed
preserved melt inclusions with 0.2-1.0 wt% H0. Sobolev et al. (2016)
reported that olivine melt inclusions in komatiites from the Abitibi
greenstone belt contained about 0.6 wt% H,O. Similar results were also
reported for the 3.3 Ga Weltevreden Formation komatiites of the Bar-
berton greenstone belt (Sobolev et al., 2019). These state-of-the-art
petrological data now indicate that komatiites were at least ‘damp’
and derived from partially hydrated mantle sources (Sobolev et al.,
2019; Wyman, 2020). However, a mantle source with 0.3% H;0 would
not lower the melting temperature sufficiently to negate a plume origin
(Herzberg, 2022)

6. Geodynamic models and the sources of komatiites

Since the discovery of komatiites in 1969 in South Africa, a wide
range of geodynamic settings have been proposed for the c. 3.48 Ga
Barberton komatiite suite. These include, komatiitic magmas derived
from within a hot mantle plume (e.g. Jarvis and Campbell, 1983;
Herzberg, 1992, Arndt et al., 2008; see Fig. 1la); eruption in a
mid-ocean ridge system linked to a juvenile oceanic plateau (Chavagnac,
2004); magmas derived from shallow, hydrated mantle above a sub-
duction zone (Parman et al., 2001; Grove and Parman, 2004; see
Fig. 11b); and eruption of komatiites in a back-arc setting (Furnes et al.,
2012). Related to the debate concerning the geodynamic setting of
komatiites, is the controversy centered around the melt-source
composition.

The temperature at which komatiite erupted and began to crystalize
olivine can be constrained by the magnesian content of the magma and
the Fo (Forsterite) composition of the olivine (Herzberg and Asimov,
2015; Nisbet, 1982). This in turn can be related to the potential tem-
perature of the mantle from which the magma originated by partial
melting (Herzberg and Asimov, 2015). The temperature of formation of
Archean komatiites is shown to be significantly higher than for ambient
mantle as modelled by Korenaga (2008; Fig. 12) therefore making a
strong case for the origin of the Barberton komatiites from a mantle
plume and not simply by partial melting of upwelling ambient mantle. It
is noted that the highest mantle plume temperature for a komatiite in the
Kaapvaal craton is from the Commondale greenstone belt (Wilson and
Bolhar, 2022; Wilson, 2019). Komatiitic basalts from the Barberton
Kromberg Formation formed by melting of ambient mantle (Fig. 12). A
further point of reference is that the low-magnesian komatiites (and
komatiitic basalts) of the Paleoproterozoic Circum-Superior LIP were
derived from ambient mantle, most likely in a plate tectonic setting
(Herzberg, 2022). This provides strong evidence that the mantle source
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of Barberton komatiites was 350-400 °C hotter than the depleted mantle
source at mid-ocean ridges (Fig. 12).

Some workers have proposed partial melting of a mantle source
containing subducted silicified seafloor cherts (Blichert-Toft et al.,
2015). Alternatively, Herzberg (2016) proposed partial melting of
‘carbonated wetspots’ in the mantle triggered by mantle plume up-
welling. In more recent studies, Sobolev et al. (2019) and Wyman (2020)
proposed melting by plumes of deep lower-mantle transition zone (MTZ)
reservoirs containing recycled oceanic crust. Grosch and Slama (2021)
argued that the Barberton komatiite suite was most likely derived from a
hot mantle plume and that eruption involved crustal contamination. The
debates on the geodynamic setting and mantle source composition(s) of
the Barberton and other Kaapvaal komatiites continue unabated. Either
way, based on isotopic evidence, the Archean mantle is interpreted to
have been compositionally heterogeneous (Puchtel et al., 2022). How-
ever, the picture could be even more complicated. Recent studies have
provided evidence of a Hadean influence in the compositions of Bar-
berton komatiites (Tusch et al., 2022). Using decay products for extant
isotope systems, patterns of these isotopes point to the presence of
recycled mafic restites from Hadean crust which became incorporated
into the mantle source of the Barberton komatiites.

Oxygen isotope studies of olivines from the Weltevreden komatiites
(Byerly et al., 2017) indicated a deficit in 8'®0 postulated to have been
derived during fractionation from the deep magma ocean during the
Hadean period and ultimately the mantle source that gave rise to the
komatiites. However, a later study (Wang et al., 2023) has shown that
the measured O isotope deficit in that study is entirely an artefact arising
from the presence of small amounts of secondary serpentine in the ol-
ivines analysed and has no petrogenetic significance.

Komatiites not only provide insights into potential crustal
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geodynamic processes but also into the thermal state of the mantle in
deep time. The occurrence of komatiites in the Archean and Paleo-
proterozoic, suggests that parts of the Earth’s mantle may have been
much hotter than today (i.e. by 300-400 °C). As an ultramafic volcanic
rock, komatiites together with komatiitic basalts dominated in the
Archean, whereas komatiitic basalts dominated in the Proterozoic. Pic-
rites are common in the Phanerozoic. The decreasing MgO content with
geologic time, in the rocks mentioned above, can be interpreted to
represent secular cooling of the Earth’s mantle through time. However,
some workers have challenged the theory that the Earth’s mantle was
hotter in the Archean (e.g. Grove and Parman, 2004). For example,
through early studies, some komatiites of the 3.33 Ga Commondale
greenstone belt of South Africa were shown to have high SiO; contents
and could possibly have been derived from melting in a shallow, hy-
drated mantle above a subduction zone (Wilson et al., 2003). More
recent studies argue that the majority of the Commondale lavas are
derived from dry or ‘damp’ melting in plumes originating from the
core-mantle boundary (Wilson and Bolhar, 2022). Komatiites are thus a
window into early Earth geodynamic processes and provide insights into
the thermal and compositional complexities of the Archean mantle.

7. Komatiites: the lasting legacy

The discovery of komatiite in the Barberton greenstone belt of South
Africa as a new class of volcanic rock led to the widespread recognition
of similar rocks in other parts of the world. These include the Abitibi
greenstone belt (Canada), the Yilgarn craton (Western Australia) and
greenstone belts in Zimbabwe and Finland. Komatiites are also impor-
tant to the mining economy as some host major nickel deposits. The field
exposures of komatiites in the Onverwacht Group in the Barberton
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Fig. 12. Calculated mantle potential temperatures as adapted from Herzberg
(2022) showing the source of komatiites in relation to the ambient mantle
temperature curve through geological time. Komatiites are considered to have
been derived from plume sources rather than by partial melting of ambient
mantle. Data for Barberton komatiites, the 2.7Ga komatiites world-wide and
Circum-Superior LIP are from Herzberg (2022). The highest mantle potential
temperature is for the Commondale komatiites (Wilson, 2019). The source
temperature of the Barberton Kromberg Formation (c. 3.3 Ga) komatiitic basalts
is from Grosch and Slama (2017).

Mountain Land are encompassed as a world geoheritage site and sam-
pling is restricted. Since their discovery there have been hundreds of
academic publications on komatiites from various localities across the
globe. The Barberton komatiites in particular have taken center stage in
terms of international petrological studies. For example, a number of
novel isotope systems have been applied to understand the petrogenesis
of komatiites. These include, for instance, the application of whole-rock
Lu-Hf isotope systematics (Gruau et al., 1990; Blichert-Toft et al., 2015;
Grosch and Slama, 2021) and tungsten isotope systematics (Puchtel
etal., 2022). State-of-the-art analytical techniques such as secondary ion
microprobe analysis has been applied to melt inclusions in komatiites (e.
g. Shimizu et al., 2001; Byerly et al., 2017; Sobolev et al., 2019; Tusch
et al., 2022; Wang et al., 2023). Studies on the petrogenetic origin of
komatiites have generated, intense scientific debate and continue to do
so. Controversial debates include how much water was present in the
Archean mantle, whether the Archean mantle temperature was similar
to today, and whether or not plate tectonic operated on the early Earth.
Low-temperature hydrothermal serpentinization of komatiite would
have released hydrogen, which may have supported early microbial life
in early Archean subseafloor environments (e.g. Grosch et al., 2014). A
recent hyperspectral study has shown that serpentinized komatiite can
be used as a petrological analogue in the search for serpentine minerals
and water on Mars (Grosch et al., 2021). The future of komatiite
research remains alive and bright.
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