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The oldest well-preserved komatiites, and the type examples, are

found in the Barberton Greenstone Belt in South Africa

(3·5^3·3 Ga). All three komatiite types are present, commonly

within the same stratigraphic unit. Al-depleted komatiites have low

Al/Ti, relatively high concentrations of incompatible elements and

depleted heavy rare earth elements (HREE); Al-undepleted komati-

ites have chondritic Al/Ti and flat HREE patterns; and

Al-enriched komatiites have high Al/Ti, low concentrations of in-

compatible elements, enriched HREE and extremely depleted light

rare earth elements. Based on a comprehensive petrological and geo-

chemical study, we propose a new melting model for the formation of

these magmas.The basis of the model is the observation, from pub-

lished experimental studies, that at great depths (�13 GPa) the dens-
ity of komatiitic liquid is similar to that of solid peridotite. At such

depths, melting in a rising mantle plume produces near-neutrally

buoyant komatiite melt that does not escape from the residual perido-

tite. As the source ascends to shallower levels, however, the pressure

decreases and the density difference increases, eventually making

melt escape possible. Al-depleted komatiites form first at about

13 GPa by equilibrium melting under conditions in which a large pro-

portion of melt (30^40%) was retained in the source and the residue

contained a high proportion of garnet (15%). Al-undepleted and

Al-enriched komatiites form by fractional melting at intermediate to

shallow depths after the escape of a large proportion of melt and

after exhaustion of residual garnet.This model reproduces the chem-

ical characteristics of all komatiite types in the Barberton belt and

can probably be applied to komatiites in other parts of the world.

KEY WORDS: Archean; Barberton; komatiite; critical melting;

petrogenesis

I NTRODUCTION

Komatiites are thought to result from high degrees of

mantle melting (over 30%; Sun & Nesbitt, 1978; Herzberg,

1992), at great depths (down to �400 km; Herzberg, 1992),

under conditions that, apart from one exception (the

Cretaceous komatiites from Gorgona Island; Echeverr|¤a,

1980), have not existed since the Precambrian. They are

usually classed into three types (Sun & Nesbitt, 1978;

Jahn et al., 1979, 1982; Nesbitt et al., 1979): (1) Al-depleted

or Barberton-type komatiites with sub-chondritic

Al2O3/TiO2 ratios and depletion of the heavy rare earth

elements (HREE); (2) Al-undepleted or Munro-type ko-

matiites with near primitive-mantle Al2O3/TiO2 ratios of

around 22 and flat HREE patterns; (3) Al-enriched

komatiites with high Al2O3/TiO2 ratios between 30 and

60 and enrichment of HREE. Herzberg et al. (2010)

showed that komatiites cannot have been produced by

melting of the ambient mantle because this process pro-

duces melts with lower MgO contents. Green (1975),

Ohtani (1984), Campbell et al. (1989), Ohtani et al. (1989),

Nisbet et al. (1993) and Arndt (2003) proposed instead that

Al-depleted komatiites were produced in unusually hot

mantle plumes by deep (�400 km), high-degree (�30%),
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equilibrium melting at depths where garnet is a stable re-

sidual phase. According to Sun & Nesbitt (1978), Herzberg

& Ohtani (1988), Ohtani et al. (1989) and Kareem (2005),

Al-undepleted and Al-enriched komatiites are also pro-

duced in mantle plumes, but by shallower melting leaving

a garnet-free residue. Al-depleted komatiites are common

in the Early Archean and are progressively replaced by

Al-undepleted and Al-enriched komatiites in the late

Archean, Proterozoic and Phanerozoic (e.g. Nesbitt et al.,

1982; Herzberg, 1995; Arndt et al., 2008).

Alle' gre (1982), Grove et al. (1999) and Parman et al. (2001,

2004) have proposed an alternative, wet-melting model

that explains the generation of komatiites by shallow-level

hydrous melting of the mantle wedge above a subduction

zone. This model is based, to a large degree, on a question-

able interpretation of the Barberton komatiites as intrusive

rocks, and it fails to explain the contrasting geochemical

characteristics of the three types of komatiite (Arndt

et al., 1998, 2008) and the low water contents measured in

melt inclusions (McDonough & Ireland, 1993; Shimizu

et al., 2001; Berry et al., 2008). Inoue et al. (2000) proposed

that Al-depleted komatiites could have formed in hydrous

mantle plumes.

The komatiites of the Barberton Greenstone Belt are the

oldest known well-preserved examples of this type of rock,

and the belt is the type area of Al-depleted komatiite.

Here we present a comprehensive petrological and geo-

chemical study of a new set of komatiite samples from for-

mations spanning the 200 Myr volcanic history of the

belt, our goal being to better constrain the nature of their

mantle sources and the origin of this remarkable type of

magma.

GEOLOGICAL BACKGROUND

The 3·5^3·2Ga Barberton Greenstone Belt is located in

northeastern South Africa and Swaziland. It forms part

of the Archean Kaapvaal craton, the central nucleus of

the continent that formed and stabilized between c. 3·5

and 3·0Ga (de Wit et al., 1992). The 12 km thick sequence

of metavolcanic and metasedimentary rocks comprises

the lower, 9 km thick, mainly volcanic Onverwacht Group

overlain by the 3 km thick mainly sedimentary Fig Tree

and Moodies Groups. The greenstone belt has been de-

formed into NE^SW-trending anticlines and synclines

(Fig. 1; Lowe et al., 2007). Although almost all strata are

sub-vertical, penetrative deformation is rare except in

shear zones, and primary textures and structures are pre-

served. The belt is surrounded by granitoid plutons.

Well-preserved komatiites occur at four levels in the belt

(Fig. 1): (1) the 3·48Ga Komati Formation (Viljoen &

Viljoen, 1969a, 1969c; Dann, 2000, 2001); (2) the 3·47Ga

Hooggenoeg Formation (Viljoen & Viljoen, 1969b;

Armstrong et al., 1990; Byerly et al., 1996); (3) the 3·3Ga

Mendon Formation (Byerly et al., 1996; Byerly, 1999);

(4) the 3·3GaWeltevreden Formation (Lahaye et al. 1995;

Kareem, 2005; Cooper, 2008).

Komatiites also occur in the older Sandspruit and

Theespruit Formations, which underlie the Komati

Formation, but these komatiites are too highly metamor-

phosed and deformed for reliable petrographic and geo-

chemical study. The Komati, Hooggenoeg and Mendon

Formations occur in a continuous stratigraphic sequence

in the main part of the belt, whereas the Weltevreden

Formation occurs in a different block to the north, sepa-

rated from the southern part by the Inyoka and Moodies

faults.

The Komati Formation is composed of a succession of

komatiite, komatiitic basalt and tholeiitic basalt flows with-

out inter-flow sedimentary layers or erosion surfaces; the

lack of such features indicates that the flows erupted rap-

idly without major breaks in volcanic activity. The lower

Komati Formation is about 1·8 km thick, limited

down-section by the Komati fault (Fig. 1) and composed

of 50% komatiites and 50% komatiitic basalts. Dann

(2000) mapped the unit in detail and identified five

spinifex komatiite horizons. Only the lowermostçspinifex

horizon 1çhas been shown to contain Al-undepleted ko-

matiites (Al2O3/TiO2 from 17 to 23; Williams & Furnell,

1979; Parman et al., 2003, 2004) whereas the rest contains

only Al-depleted komatiite (Al2O3/TiO2 from 8 to 12;

Viljoen & Viljoen, 1969; Smith et al., 1980; Jahn et al., 1982;

Smith & Erlank, 1982; Viljoen et al., 1983; Lahaye et al.,

1995; Parman et al., 2003, 2004). The 1·27 km thick upper

Komati Formation is limited up-section by the Middle

Marker (a thin unit of silicified volcanoclastites) and is

composed of komatiitic basalts with minor komatiite and

tholeiitic basalt. Komatiites and komatiitic basalts from

the upper Komati Formation are exclusively of the

Al-depleted type (Al2O3/TiO2 from 10 to 16; Viljoen &

Viljoen, 1969a; Jahn et al., 1982; Viljoen et al., 1983; Parman

et al., 2003).

The 3·47^3·41Ga Hooggenoeg Formation overlies the

Komati Formation. Lowe & Byerly (1999) divided it into

six members (H1^H6), each comprising a volcanic sub-unit

capped by a thin unit of silicified sediments indicative of

breaks in volcanic activity. The volcanic succession is com-

posed mainly of tholeiitic basalts, but members H3 and

H4 also contain komatiitic basalts. These lavas have been

shown to belong to the Al-depleted and Al-enriched types

(Al2O3/TiO2 of �12 and �50, respectively; Viljoen &

Viljoen, 1969c). The H6 magmatic member is made of

felsic rocks.

South of the Inyoka fault, the �3·3Ga Mendon

Formation overlies the Kromberg Formation. It is divided

into five members (M1^M5), each composed of a volcanic

unit capped by a chert layer. All three komatiite types

(Al-depleted, Al-undepleted and Al-enriched) occur in

each volcanic member (Lahaye et al., 1995; Byerly, 1999).
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The �3·3Ga Weltevreden Formation is thought to be

correlative with the upper cycles of the Mendon

Formation (Lowe & Byerly, 1999). Komatiitic flows, sills

and tuffs account for �80% of the unit (G. Byerly, per-

sonal communication). Almost all komatiites from the

Weltevreden Formation are Al-enriched (Al2O3/TiO2

�30; Kareem, 2005; Cooper, 2008); however, two flows of

Al-undepleted komatiite (Al2O3/TiO2 �22) have been

identified. Komatiitic tuffs, which are abundant compared

with the other formations, include all three groups of ko-

matiite (Stiegler et al., 2008, 2010).

SAMPLES

We studied 71 samples of komatiite and komatiitic basalt

from three formationsçKomati, Hooggenoeg andWeltev-

reden^at five localities. Sample sites and brief descriptions

are given in Fig. 1 and Supplementary Data: Electronic

Appendix 1 (available for downloading at http://www.pet

rology.oxfordjournals.org).

Field characteristics
Komati Formation
Samples of the Komati Formation come from three sites,

referred to here as ‘Tjakastad’, ‘Spinifex Stream’ and

‘Spinifex horizon 1’ (Fig. 2).

Tjakastad. Our main sampling site for the Komati

Formation is a 250m thick sequence of komatiites and ko-

matiitic basalts located 1km NE of Tjakastad townsite

and just north of the Komati River (locality 1 in Figs 1

and 2). The lowest exposed unit (labeled ‘tumulus’ in

Fig. 2c) is a thick komatiite unit with very unusual texture

and structure. This unit, described as an inflated flow or

tumulus structure by Dann (2000, 2001), is composed of a

basal adcumulus dunite consisting of tightly packed,

Fig. 1. Geological map and stratigraphic column of the Barberton Greenstone Belt. Map modified from Hofmann (1988). Ages from Armstrong
et al. (1990) and Byerly et al. (1996).
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Fig. 2. Map of the Lower Komati Formation and sampling locations. (a) Geological map adapted from Dann (2000). (b) Stratigraphic column
after Dann (2000). (c) Detailed outcrop map of sampling location 1 with sample positions.
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euhedral, unusually coarse olivine grains (1^2mm) over-

lain by a megacrystic wehrlite layer and in turn by a ves-

icular layer. All olivine grains are totally serpentinized.

The following unit (labeled ‘thick differentiated flow’ in

Fig. 2c) is a 15m thick differentiated komatiite flow or sill

made up of an olivine cumulate layer containing large

clinopyroxene oikocrysts, a thick B1 zone [as defined by

Pyke et al. (1973)] and a well-developed olivine spinifex

layer. An unusual feature is pronounced horizontal layer-

ing in the upper part of the olivine cumulate. The same

unit crops out in the stream in the east of the map area,

and there pyroxene spinifex takes the place of olivine spini-

fex. Next comes a series of thin (1^3m), mainly massive

komatiite flows followed by a series of thicker (�10m) ko-

matiitic basalt flows and finally several thin komatiite

flows with well-developed olivine spinifex layers inter-

layered with the komatiitic basaltic units.

Spinifex Stream. At the second site (locality 2 in Figs 1

and 2a), we sampled a thick differentiated unit that is pos-

sibly correlative with the thick differentiated unit overlying

the tumulus unit in the Tjakastad locality. As in the

streambed at the Tjakastad site, pyroxene spinifex is pre-

sent at the top of the unit. The texture grades from a thin

upper zone of acicular pyroxene down to coarse ‘string-

beef ’ pyroxene spinifex. The lower part of the flow is an

olivine orthocumulate.

Spinifex horizon 1. This site is located about 2 km SE of

‘Spinifex Stream’ in the lowermost spinifex horizon 1

(Dann, 2000) of the Komati Formation (locality 3 in

Figs 1 and 2a). There we sampled several massive and

olivine-spinifex textured komatiite flows.

Hooggenoeg Formation
Our samples from the Hooggenoeg Formation come from

a site about 6 km north of the Komati Formation sampling

locations (locality 4 in Fig. 1). They comprise pyroxene

spinifex lava and olivine and pyroxene cumulates from suc-

cessive flows of komatiitic basalt and komatiite.

Weltevreden Formation
Pioneer Complex. Our samples from the Weltevreden

Formation come from the ‘Pioneer Complex’ (locality 5 in

Fig. 1; Wuth, 1980; Anhaeusser, 1985), which is located

about 2 km west of the Pioneer gold mine. From the lower

half of the complex, we sampled four shallow-level sills or

flows that crop out over long distances along strike and

are separated by thick (10^50m) units of ultramafic tuff

(Cooper, 2008; Stiegler et al., 2010): WP1 and WP4 (Fig. 3)

are thick (90 and 25m) massive peridotitic and dunitic

komatiite units; WP2 and WP3 are thick (50 and 100m)

komatiite units, highly variable along strike and strongly

differentiated from a lower olivine cumulate layer, to an

intermediate poikilitic to equant pyroxenite layer, and to

an upper layer of oriented to random pyroxene spinifex.

Two additional samples were taken in poorly exposed

and less laterally variable flows or sills from the upper

Pioneer Complex: WP7l and WP7u (Fig. 3). These two

units are overlain and underlain by thin (5^10m), com-

monly discontinuous, ultramafic tuffs. WP7l is a thick

(60m) massive peridotitic komatiite unit whereasWP7u is

a thick (25m) pyroxene spinifex-bearing unit.

We sampled in detail WP3, which is one of the lowest

units in the sequence. This intrusive unit is 75m thick and

is differentiated from a basal 10m thick dunite layer over-

lain by a thick (50m) olivine orthocumulate layer. The

upper 15m of the unit is composed of a pyroxene oikocrys-

tic cumulate succeeded by pyroxene spinifex protrusions

into the overlying tuff. These protrusions are �5m wide

and �10m long and they are perpendicular to the contact

between the flow and the overlying tuff. Only their upper

part contains pyroxene spinifex, their base being com-

posed of medium-grained pyroxenite. The pyroxene spini-

fex is coarse grained with pyroxene needles up to 5 cm

long. The tuff is uniform, very fine grained and has been

indurated along its contact with the sill. The presence of

pyroxene spinifex instead of olivine spinifex shows that

the parental lava was a low-MgO komatiitic liquid or a

komatiitic basalt. However, the olivine cumulate layers

are very thick (�60m), indicating extensive olivine

accumulation.

One outcrop of unit WP1 is a small hummock of unusu-

ally hard, brittle, dark blue^grey olivine cumulate. Thin

sections of this material show that it is only slightly altered

and contains a high proportion of non-serpentinized mag-

matic olivine. Samples MC6-4 andWP109 come from this

outcrop (Fig. 3).

All these flows were mapped and thoroughly described

by Cooper (2008).

Western Weltevreden locality. Kareem (2005) sampled and

studied rocks from another part of the Weltevreden

Formation (locality K in Fig. 1) at the junction between

the roads from Barberton to Nelshoogte and Montrose

farms at 25850·7’S, 30853·1’E. She studied two continuous

sequences of �20m thick flows that are differentiated into

upper spinifex and lower cumulate zones. In contrast to

the Pioneer Complex, the spinifex is of the olivine variety

and the cumulates are dominated by olivine. In her sam-

pling area, only one tuff layer is present, as opposed to the

numerous tuffs interlayered between each flow in the

Pioneer Complex.

Petrography
In all Barberton komatiites, the primary magmatic min-

erals are (in crystallization order) olivine, chromite, in

some cases orthopyroxene, pigeonite and augite (Viljoen &

Viljoen, 1969b; Parman et al., 1997; Kareem, 2005). Except

ROBIN-POPIEUL et al. BARBERTON KOMATIITESMODEL
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for samples in shear zones, textures arewell preservedbut the

primary minerals have been extensively replaced by second-

ary phases(Viljoen & Viljoen, 1969c). Olivine is usually

replaced by chlorite or serpentine and magnetite; orthopyr-

oxene is partially to completely altered tobastite; clinopyrox-

ene is partially to completely replaced by tremolite, chlorite

and magnetite; chromite is partially altered to magnetite;

and glass has been totally altered to chlorite, tremolite and

magnetite. Olivine is preserved in some samples, notably

from the Komati andWeltevreden Formations. Detailed de-

scriptions of the state of preservation and textures are given

in Supplementary Data: Electronic Appendix 2.

ANALYT ICAL TECHNIQUES

Concentrations of major elements in whole-rocks were

determined by inductively coupled plasma atomic emission

spectroscopy (ICP-AES) using a Perkins-Elmer 3000DV

in the Institut des Sciences de la Terre (ISTerre) in

Grenoble. Samples (50 g) were dissolved in a mixture of

14N distilled HNO3 and concentrated HFat 808C for 24 h

in closed Savillex beakers. H3BO3 was added to the

solutions to complex the F� ions. The sample solutions

were then diluted in 250ml of mQ water to be run on the

ICP-AES system. Accuracy for major elements is within

�2%, except for Na2O (5%), K2O (10%) and P2O5

(20%). Detection limits are of the order of 0·1wt %. The

concentrations measured for international standards are

reported in Tables 1 and 2. Further details of this method

have been given by Chauvel et al. (2011).

Trace elements were analysed by inductively coupled

plasma mass spectrometry (ICP-MS) using an Agilent

7500CE quadrupole ICP-MS system also at ISTerre.

Samples (100mg) were dissolved in steel-jacketed Teflon

bombs in a mixture of ultrapure concentrated HClO4 and

distilled 24N HF for 5 days at 1408C. The fluorides

formed were broken using distilled 7N HNO3 and evapo-

rated. After addition of the spike, the samples were dis-

solved in distilled 2% HNO3þ distilled HF (a few drops

per liter) and run on the quadrupole ICP-MS system.

Accuracy is better than 5% and, for most elements includ-

ing REE, detection limits are below 0·01ppm.

Major- and trace-element concentrations for samples

BA1-B and BA2-B were provided by Dr Iain Pitcairn from

Fig. 3. Geological map and stratigraphy of theWeltevreden Formation, Pioneer Complex. (a) Map, adapted from Cooper (2008), with sam-
pling locations. (b) Stratigraphic column adapted from Cooper (2008). In italic: unit labels; in normal font: sample labels.
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University of Stockholm.These analyses were performed by

Activation Labs (Canada). Major elements were measured

using a Fusion ICP-AES VarianVista 735 ICP system and

trace elements using a quadrupole ICP-MS system.

Further details of the analytical method are available on

the Activation Labs website (http://www.actlabs.com/).

Olivine compositions were determined using a Jeol JXA

8200 electron microprobe at the Max-Planck Institute of

Table 2: Trace-element concentrations (ppm) for standards

Standard: BHVO-2 BIR-1

(n¼ 5)

s BIR-1 UBN

(n¼ 3)

s UBN PCC1

(n¼ 2)

s PCC1 BR24 DTS2b BEN RGM1

Li 4·80 3·44 0·145 31·6 4·81 – – – 1·91 – 63·1

Sc 32·0 42·6 1·07 13·7 1·63 – – – 3·04 – 4·99

Ti 16300 5510 135 606 75·7 – – – 46·7 – 1510

V 317 312 6·11 67·2 8·41 – – – 21·5 – 10·8

Cr 280 367 14·8 2280 220 3550 40·3 – 14300 – 2·52

Co 45·0 50·5 1·68 102 13·5 152 2·83 52·6 130 59·7 1·96

Ni 119 161 2·65 1930 211 – – – 3240 – –

Cu 127 112 1·73 25·1 2·69 – – – 3·33 – 10·8

Zn 103 67·3 0·854 90·3 9·55 – – – 50·2 – 34·2

As 0·87 0·33 0·0552 9·74 0·933 – – – 0·307 – 3·01

Rb 9·11 0·304 0·114 2·83 0·581 0·109 0·0106 81·0 0·0379 45·7 160

Sr 396 107 3·29 8·01 1·18 0·598 0·00636 622 0·538 1390 115

Y 26·0 15·0 0·378 2·69 0·365 0·128 0·000707 28·4 0·0353 28·5 24·1

Zr 172 14·2 0·947 3·96 0·713 3·27 0·0212 289 0·15 268 232

Nb 18·1 0·569 0·109 0·0516 0·00586 0·0411 0·00714 38·7 0·019 118 9·10

Cd 0·06 0·0288 0·000964 0·0133 0·000141 – – – 0·00288 – 0·0688

Cs 0·10 0·00584 0·00128 11·9 0·854 0·0035 0·000368 0·632 0·000948 0·735 9·86

Ba 131 6·51 0·121 28·4 2·86 1·41 0·0283 385 11·2 1060 840

La 15·2 0·602 0·0104 0·34 0·0369 0·0353 0·000707 33·4 0·0112 84·7 22·9

Ce 37·5 1·88 0·0182 0·846 0·097 0·079 0·000424 72·5 0·0237 158 46·0

Pr 5·35 0·377 0·00559 0·126 0·0163 0·00912 9·19E–05 9·49 0·00314 17·4 5·34

Nd 24·5 2·38 0·0311 0·636 0·0776 0·0338 0·000849 39·6 0·0153 67·1 19·3

Sm 6·07 1·10 0·0219 0·234 0·0315 0·00602 0·00082 8·25 0·00253 12·0 3·81

Eu 2·07 0·522 0·00709 0·0863 0·00704 0·00143 0·000481 2·60 0·00113 3·65 0·613

Gd 6·24 1·90 0·0365 0·345 0·0348 0·00698 7·07E–06 7·45 0·00472 9·91 3·67

Tb 0·92 0·356 0·00365 0·0635 0·00897 0·00135 0·000431 1·07 0·00112 1·32 0·597

Dy 5·31 2·56 0·0292 0·455 0·0493 0·0115 0·00148 5·70 0·00547 6·43 3·62

Ho 0·98 0·574 0·00488 0·10 0·0102 0·00306 0·000205 1·04 0·00115 1·07 0·759

Er 2·54 1·73 0·0286 0·308 0·03 0·0131 0·000424 2·71 0·0046 2·57 2·32

Tm – – – – – – – – – –

Yb 2·00 1·65 0·0286 0·317 0·026 0·0238 7·07E–05 2·12 0·00856 1·85 2·51

Lu 0·274 0·248 0·00456 0·0491 0·00527 0·00476 0·000332 0·296 0·00201 0·239 0·383

Hf 4·36 0·587 0·0267 0·141 0·0172 0·0609 0·000778 6·65 0·00555 5·55 5·77

Ta 1·14 0·0401 0·00167 0·0137 0·00265 0·000924 0·000165 2·35 0·00107 5·59 0·902

Tl 0·03 0·00245 0·000462 0·0607 0·0112 – – – 0·000879 – 1·23

Pb 1·60 3·27 0·142 15·3 1·88 8·63 0·0566 3·91 4·04 4·27 24·7

Th 1·22 0·0312 0·00143 0·0799 0·0256 0·012 0·000424 4·79 0·00287 10·7 14·8

U 0·403 0·00987 0·000511 0·0638 0·00935 0·00548 0·000276 1·20 0·0017 2·39 5·34

BHVO-2 is the calibration standard using the trace-element composition reported by Chauvel et al. (2011). When multiple
analyses were performed on the same standard, an average is presented here. In this case, n is the number of analyses
and d the standard deviation on the concentrations. —, not determined.
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Chemistry. The samples were crushed and the olivine was

separated for analysis. Each olivine grain was analyzed in

the center of its fresh kernel with a voltage of 20 kVand a

current of 300 nA. We analyzed olivines from seven sam-

ples with �75 analyses per sample. For trace elements

(TiO2, Al2O3, Cr2O3, NiO, CaO, MnO and CoO), detec-

tion limits are around 6^15 ppm and 2s errors are

15^30 ppm. For Mg#, the 2s error is 0·01mol %.

Further information has been provided by Sobolev et al.

(2007).

All samples are altered and yield �10% loss on ignition

(LOI). To approximate the compositions of the anhydrous

parental magmas, we normalized all major- and

trace-element data on a 100% volatile-free basis. FeO and

Fe2O3 contents were recalculated from total Fe2O3 using

the method described in Supplementary Data: Electronic

Appendix 3.

RESULTS

Whole-rock chemistry
Results are presented inTables 3 and 4, and in Figs 4^7. To

eliminate the effects of olivine accumulation or fraction-

ation, the trace elements were normalized to the MgO

content of the parental magma using the method described

in Electronic Appendix 3.The compositions of our samples

correspond to those presented in earlier publications

(Viljoen & Viljoen, 1969a,b; Williams & Furnell, 1979;

Smith et al., 1980; Smith & Erlank, 1982; Viljoen et al.,

1983; Lahaye et al., 1995; Parman et al., 2003; Kareem,

2005; Cooper, 2008). MgO contents range from high

values, up to 45wt %, in the olivine cumulates, to about

10wt % in the most evolved spinifex lavas.

Komatiites from the various types and formations are

distinguished by their Al2O3,TiO2, FeO and trace-element

contents (Fig. 4). Figure 6 shows that the commonly used

terms Al-depleted and Al-enriched are somewhat mislead-

ing. Most of the difference in the Al2O3/TiO2 ratios is in

fact due to differences inTiO2 contents, which are signifi-

cantly higher in ‘Al-depleted’ komatiites than in

‘Al-enriched’ komatiite. We take into account these differ-

ences in our treatment of the data, but believe it is difficult

to avoid using these terms, which are well entrenched in

the literature and which call attention to the relative Al

content of the komatiites. The latter is controlled by the

presence or absence of garnet during the melting process

and plays a crucial role in our petrogenetic models.

Al-depleted komatiites have low Al2O3/TiO2 ratios of

about 12 (Fig. 6) and depleted HREE patterns (Fig. 5a, c

and d). Their MgO-normalized trace-element concentra-

tions are higher than those of other types, at around three

times primitive mantle values, and they also have rela-

tively highTiO2 and FeO, and lowAl2O3 at a given MgO

content (Fig. 4a, c and f). This type dominates the Komati

Formation and is also found in the Hooggenoeg

Formation. According to Lahaye et al. (1995) and Byerly

(1999), they also occur in the Mendon Formation. They

are all slightly depleted in light REE (LREE), except for

five samples from our spinifex horizon 1 sampling site (lo-

cality 3 in Figs 1 and 2).

Al-undepleted komatiites have Al2O3/TiO2 ratios close

to the primitive mantle value of about 22 (Fig. 6) and flat

HREE patterns (Fig. 5e and g). Except for modest LREE

depletion, their trace-element spectra are straight and

close to horizontal. Their MgO-normalized trace-element

concentrations are intermediate between those of the two

other types and close to primitive mantle values. They

also have intermediate TiO2, FeO and Al2O3 concentra-

tions at given MgO (Fig. 4a, c and f).We found samples of

this type in several flows of the Komati, Hooggenoeg, and

Weltevreden Formations, and Byerly (1999) described a

few occurrences in the Mendon Formation.

Al-enriched komatiites have higher than chondritic

Al2O3/TiO2 ratios of around 30 and are HREE enriched

(Fig. 5h). Their MgO-normalized trace-element concen-

trations are lower than those of the other types, being

close to or lower than those of the primitive mantle. They

also have lower TiO2 and FeO, and higher Al2O3 at a

given MgO. This type of komatiite dominates the

Weltevreden Formation and also occurs in the Mendon

Formation (Byerly, 1999).

In Fig. 7a, Gd/YbN is used as an indicator of HREE de-

pletion or enrichment. This figure shows that the three

types define an array between an Al-depleted end-member

with low Al2O3/TiO2 and depleted HREE and an

Al-enriched end-member with high Al2O3/TiO2 and

enriched HREE.

Olivine compositions
Olivine compositions in two samples from the Komati

Formation (BD6 and BD12) and five from theWeltevreden

Formation (MC6-4, MC4-2, MC4-4,WP109 and SA719-1)

are reported in Table 5. Komati Formation sample BD6,

which was collected in a thick, massive unit with a pyrox-

ene spinifex-textured top, contains olivine with distinctly

lower Mg# (86·8^89·4) than in the other samples. The

other Komati Formation sample BD12 has slightly lower

Mg# (90·8^92·3) than samples from the Weltevreden

Formation (91·5^93·7). The olivine analyzed by Kareem

(2005) from the Weltevreden Formation has a still higher

Mg# of 95·6.

DISCUSS ION

Effects of secondary processes: alteration
and metamorphism
To investigate the effects of alteration of our komatiite sam-

ples and to calculate the compositions of their parental

magmas, we used the olivine differentiation trends that

are characteristic of komatiites. The very low viscosities of
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Table 3: Major-element concentrations (wt %) normalized to 100% on a volatile-free basis

Formation: Komati

Type: Al-depleted

Sample: BD1 BD2 BD4 BD4dup BD5 BD6 BD7 BD11 BD12 BD18 BD19 BD20 BD21

SiO2 45·0 44·2 48·1 48·0 46·5 43·9 53·9 49·8 44·3 45·7 45·1 46·8 44·5

TiO2 0·22 0·42 0·34 0·34 0·34 0·20 0·61 0·41 0·21 0·20 0·14 0·25 0·14

Al2O3 2·2 3·5 3·7 3·7 3·4 2·0 6·6 4·4 2·0 2·0 1·2 2·5 1·3

Fe2O3 tot 10·2 13·7 12·2 12·1 12·8 12·2 12·4 11·5 10·3 9·3 9·3 11·0 9·7

MnO 0·13 0·17 0·16 0·16 0·18 0·17 0·21 0·20 0·13 0·10 0·09 0·15 0·07

MgO 38·6 32·5 29·7 29·8 30·6 37·4 12·4 23·8 39·3 40·2 42·3 38·5 43·5

CaO 3·2 4·4 5·0 5·1 5·4 3·6 10·6 9·3 3·2 2·0 1·3 0·2 0·1

Na2O 0·04 0·12 0·31 0·31 0·18 0·03 2·84 0·19 0·04 0·02 5DL 5DL 5DL

K2O 5DL 0·06 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL

P2O5 5DL 0·1 5DL 5DL 5DL 5DL 0·2 5DL 5DL 5DL 5DL 5DL 5DL

Cr2O3 0·23 0·68 0·29 0·68 0·20 0·20 0·15 0·32 0·23 0·22 0·18 0·26 0·20

NiO 0·27 0·23 0·18 0·23 0·23 0·28 0·04 0·12 0·26 0·29 0·38 0·46 0·36

Total 100·0 100·0 100·0 100·4 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0

LOI 13·2 8·2 8·5 – 7·3 8·1 1·1 7·2 10·3 13·0 14·0 13·1 13·2

Al2O3/TiO2 9·8 8·2 10·9 10·9 10·0 10·0 10·9 10·7 9·7 10·1 8·4 9·8 9·4

Formation: Komati

Type: Al-depleted Al-undepleted

Sample: BD22 BD23 BA1-B BA2-B SS016 SS017 SS018 SS019 SS0110 SS011 SS012 SS013 SS014 SS015

SiO2 45·8 45·1 47·1 46·9 43·9 44·5 45·3 44·8 46·8 44·8 44·4 45·2 44·2 43·8

TiO2 0·22 0·17 0·32 0·31 0·23 0·21 0·26 0·22 0·33 0·16 0·14 0·15 0·13 0·12

Al2O3 1·8 1·7 3·3 3·2 2·9 2·8 3·2 3·0 3·5 3·2 2·8 3·1 2·6 2·5

Fe2O3 tot 8·7 11·4 11·5 12·5 11·9 12·0 12·1 12·1 11·8 11·2 10·7 10·8 10·5 10·6

MnO 0·14 0·14 0·18 0·16 0·19 0·18 0·17 0·16 0·17 0·17 0·16 0·15 0·16 0·16

MgO 42·4 40·5 31·3 31·0 37·0 36·8 34·9 36·3 30·9 35·3 37·2 35·8 38·0 38·7

CaO 0·2 0·1 5·4 5·2 2·9 2·6 3·4 2·6 5·7 4·2 3·8 4·0 3·6 3·3

Na2O 5DL 5DL 0·22 0·13 5DL 5DL 5DL 5DL 0·27 0·12 0·09 0·10 0·06 0·04

K2O 5DL 5DL 0·04 5DL 5DL 5DL 5DL 5DL 0·06 0·15 0·13 0·09 0·08 0·07

P2O5 5DL 5DL 5DL 5DL 5DL 0·2 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL

Cr2O3 0·21 0·45 0·33 0·33 0·65 0·63 0·60 0·63 0·28 0·37 0·34 0·34 0·33 0·32

NiO 0·53 0·40 0·27 0·33 0·24 0·24 0·22 0·24 0·20 0·26 0·28 0·26 0·28 0·29

Total 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0

LOI 13·1 11·8 8·4 8·5 10·2 10·5 9·5 9·8 7·5 8·6 7·6 8·9 7·9 8·0

Al2O3/TiO2 8·3 9·9 10·5 10·2 13·1 13·4 12·4 13·3 10·4 20·5 20·8 20·9 20·8 20·4

(continued)
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Table 3: Continued

Formation: Weltevreden

Type: Al-enriched Al-depleted

Sample: MC6-1 MC6-4 MC7-6 MC5-1 MC5-3 MC5-5 MC5-6 MC5-7 MC4-3 MC4-3dup MC4-4 SA700-1

SiO2 41·9 44·3 46·9 43·0 43·4 47·1 47·0 48·5 45·2 45·2 43·9 50·5

TiO2 0·29 0·10 0·17 5DL 0·07 0·24 0·39 0·19 0·09 0·09 0·08 0·26

Al2O3 12·3 2·8 5·0 1·3 2·2 6·9 13·3 5·1 2·9 2·9 2·4 2·9

Fe2O3 tot 11·4 9·2 9·6 5·9 8·1 10·4 9·3 8·2 9·0 8·9 8·6 10·6

MnO 0·19 0·13 0·15 0·20 0·15 0·14 0·18 0·15 0·12 0·12 0·12 0·20

MgO 24·2 40·2 33·3 48·4 43·2 26·5 10·1 31·5 39·7 39·8 42·3 28·5

CaO 9·2 2·6 4·2 0·6 1·6 7·8 19·6 5·3 2·0 2·0 1·8 6·2

Na2O 0·09 0·03 0·05 5DL 5DL 0·25 0·10 0·41 0·01 0·01 5DL 0·10

K2O 0·05 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL

P2O5 5DL 0·2 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL

Cr2O3 0·34 0·14 0·41 0·29 0·94 0·55 0·06 0·43 0·74 0·73 0·60 0·36

NiO 0·09 0·27 0·20 0·39 0·35 0·16 0·02 0·19 0·19 0·19 0·33 0·32

Total 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0

LOI 7·8 9·3 9·7 18·3 14·7 7·5 3·9 8·9 10·9 10·9 9·6 8·0

Al2O3/TiO2 42·7 26·9 29·2 – 33·0 28·3 34·2 27·7 31·8 31·2 30·4 11·3

Formation: Weltevreden

Type: Al-undepleted Al-enriched

Sample: SA719-1 SA719-2 SA719-4 WP101 WP102 WP103 WP104 WP105 WP106 WP107 WP108 WP109

SiO2 45·4 46·6 45·6 43·2 44·5 43·8 46·7 52·9 53·6 46·6 47·5 44·7

TiO2 0·14 0·36 0·12 5DL 5DL 0·30 0·12 0·10 0·49 0·14 0·38 0·09

Al2O3 3·0 7·1 2·6 1·3 1·4 9·6 3·8 4·0 14·4 4·8 13·0 2·6

Fe2O3 tot 9·0 11·2 9·1 10·2 6·9 4·7 9·2 8·0 10·4 9·1 9·1 9·0

MnO 0·10 0·16 0·13 0·11 0·11 0·23 0·15 0·10 0·17 0·13 0·17 0·14

MgO 39·0 25·8 41·8 44·3 45·8 15·2 36·2 22·9 6·6 33·3 9·5 40·3

CaO 2·7 8·2 5DL 0·2 0·4 26·0 3·3 11·2 9·3 4·7 20·1 2·5

Na2O 0·02 0·10 5DL 5DL 5DL 5DL 0·05 0·10 4·84 0·29 0·12 0·02

K2O 5DL 5DL 5DL 5DL 5DL 5DL 5DL 5DL 0·21 5DL 0·04 5DL

P2O5 5DL 5DL 5DL 5DL 0·2 5DL 5DL 5DL 5DL 0·2 5DL 5DL

Cr2O3 0·36 0·31 0·33 0·34 0·28 0·17 0·35 0·55 0·01 0·41 0·06 0·42

NiO 0·32 0·08 0·35 0·30 0·35 0·05 0·23 0·17 0·01 0·21 0·02 0·25

Total 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0 100·0

LOI 10·9 7·7 13·4 17·5 15·7 4·5 11·0 4·5 2·3 9·2 3·5 8·4

Al2O3/TiO2 21·7 19·7 21·6 – – 31·5 31·2 38·5 29·0 33·6 34·1 30·1

(continued)
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komatiite liquids, a consequence of their high eruption

temperature and ultramafic composition, allow crystals to

settle rapidly and accumulate in the lower part of the

flows. At surface pressure, olivine is the liquidus mineral

(Arndt, 1976), and apart from a small amount of chromite,

it is the only mineral to crystallize for most of the crystal-

lization range (Arndt, 1977; Kinzler & Grove, 1985;

Kareem, 2005). Subtraction or accumulation of olivine re-

sults in olivine control lines in MgO variation diagrams

(Electronic Appendix 4).These lines contain a composition

representing the parental liquid (i.e. the composition of

the lava before it differentiated into olivine-enriched cumu-

lates and olivine-depleted spinifex lavas) and project to

the average composition of the accumulated olivine,

which is found at the intercept with the x-axis in incompat-

ible element vs MgO diagrams.

To investigate element mobility, we evaluated the dis-

turbances of the data around the olivine control lines.

Inspection of Fig. 4 shows that within single units there is

negligible to moderate scatter for TiO2, Al2O3 and Zr,

which suggests that these elements, as well as MgO, have

not been strongly mobilized. On this basis we argue that

the concentrations of these elements are close to those in

the original magmas. Lanthanum plots on a tight trend in

some units but not in others. The REE and high field

strength elements (HFSE; Nb, Th, Hf and Y; not shown)

also show only minor scatter. On the other hand, SiO2,

FeO, MnO, Na2O and the large ion lithophile elements

(LILE; Cs, Rb, Ba and Sr) scatter widely, which shows

that they were extensively mobilized. CaO plots on a

tight trend, except for the least magnesian samples and

for cumulates from the Komati Formation, which appear

to have lost CaO.

Another way to investigate mobilization of the trace

elements is to consider their relative abundances in

mantle-normalized diagrams such as Fig. 8. In komatiites

from the Komati Formation, for example, the concentra-

tions of LILE, as well as Li, to a lesser extent Eu, and U

vary widely and irregularly from one sample another and

can be assumed to have been mobile. The REE and

HFSE scatter far less and presumably were not mobilized

by secondary processes.

Below, we use MgO contents to estimate the eruption

temperatures of the komatiite liquids and it is therefore cru-

cial to demonstrate that the concentrations of this element

have not been changed significantly by alteration or crystal

accumulation. Although the scatter illustrated in diagrams

such as Fig. 4 is greater than in better-preserved komatiites

such as those from the Belingwe Belt in Zimbabwe (Nisbet

et al.,1987) or on Gorgona Island (Kerr et al.,1995), the coin-

cidence between the intercept of the olivine control lines

and measured olivine compositions indicates that the

Table 3: Continued

Formation: Hooggenoeg

Type: Al-undepleted Al-depleted

Sample: HOG1 HOG1 dup HOG2 HOG3 HOG4 HOG5 HOG6

SiO2 55·8 55·7 53·9 54·0 44·9 43·6 47·2

TiO2 0·41 0·41 0·43 0·42 0·38 0·22 0·43

Al2O3 10·2 10·3 10·7 10·3 4·8 3·0 5·7

Fe2O3 tot 10·1 10·2 11·4 11·5 14·1 12·2 12·3

MnO 0·18 0·18 0·17 0·20 0·18 0·14 0·13

MgO 10·3 10·4 12·0 11·3 30·5 37·1 23·6

CaO 9·4 9·5 8·6 8·7 4·1 2·4 9·7

Na2O 2·96 2·97 2·64 3·44 0·09 5DL 0·18

K2O 0·30 0·31 5DL 0·07 0·09 0·07 5DL

P2O5 0·2 5DL 5DL 5DL 5DL 5DL 5DL

Cr2O3 0·12 0·12 0·13 0·12 0·61 0·94 0·54

NiO 0·02 0·02 0·02 0·02 0·25 0·33 0·22

Total 100·0 100·0 100·0 100·0 100·0 100·0 100·0

LOI 3·7 3·7 3·4 2·9 9·8 12·3 6·0

Al2O3/TiO2 24·8 24·8 24·7 24·5 12·6 13·9 13·2

Iron is reported as Fe2O3 total iron. dup, duplicate. —, not determined. 5DL, below detection limit. The total value
reported is after normalization; the LOI value is only reported for information.
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extent of MgO mobility was minor [see detailed arguments

byArndt et al. (2008)]. Confirmation can be found by com-

paring the whole-rock composition constructed from the

modal mineralogy and mineral compositions. For example,

the spinifex-textured komatiite BD5 from the Komati

Formation contains about 50�5 modal % olivine (Arndt,

1986). The olivine, which has the composition Fo90^94 and

contains 49^51% MgO, would have contributed about

Fig. 4. Selected bulk-rock major elements, Zr and La vs MgO for all analyzed samples. Major-element concentrations (wt %) and Zr and
La concentrations (ppm) are normalized to 100% on a volatile-free basis. (See Electronic Appendix 3 for FeO calculation method.)
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0·50�50¼25wt % MgO to the rock composition. The

clinopyroxene (25 modal %; 10^20wt % MgO) and inter-

stitial glass (25 modal %; 6^10wt %) in the matrix contrib-

ute another 5wt %, to bring the total to 30wt % MgO.

This value is very similar to the MgO content in the

whole-rock, which is 30·6% MgO.

Significant olivine accumulation can be ruled out, and

the lack of significant MgO mobility is confirmed when

the textures of the rocks are taken into account. Samples

from chilled margins, from random spinifex lava or

fine-grained tuff are unlikely to contain significant excess

olivine and their MgO contents broadly coincide with

Fig. 5. Selected trace-element spectra. Concentrations are normalized to 100% on a volatile-free basis and to the primitive mantle values of
McDonough & Sun (1995).They are also normalized to the parental magma MgO content (Electronic Appendix 3). Mendon Al-depleted
komatiite spectra are from Lahaye et al. (1995). In (h), grey spectra are data from this study and black spectra are from Kareem (2005).
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those estimated for the komatiite liquids. Notable examples

include the random spinifex lavas of the Komati Formation

[our analyses and those of Parman et al. (2003)] and the

tuffs of the Mendon Formation [our analyses and those of

Steigler et al. (2008, 2010)]. On the basis of arguments

such as these we are convinced that MgO was relatively

immobile in most samples and that measured values are

close to those of the unaltered volcanic rocks.

Parental magma compositions
Major-element compositions and minimum eruption tem-

peratures for the parental magmas were estimated using

the method presented in Supplementary Data Electronic

Appendix 3. For each formation we used the intercepts of

olivine control lines to estimate the average composition

of the olivine that accumulated in the flows. The MgO

content of this olivine was taken as a minimum value for

the liquidus olivine. When possible, this composition was

compared with that of fresh olivine analyzed by electron

microprobe. Then, using an Mg^Fe olivine^melt partition

coefficient of 0·35 (Matzen et al., 2011), we estimated the

liquid composition. As illustrated in Fig. 9, we calculate

the FeO/MgO of a liquid in equilibrium with the most

magnesian olivine, then use the intercept between the line

representing the liquid FeO/MgO ratio and the whole-rock

compositions to estimate the MgO content of the parental

liquid. Most of the uncertainty on the liquid composition

comes from the variation of FeO that was used to calculate

the parental liquid concentrations of the other major elem-

ents. Minimum eruption temperatures were estimated

using the methods of Nisbet (1982) and Herzberg &

Asimow (2008).

Three intercepts were calculated fromTiO2, Al2O3 and

Zr data for Al-depleted komatiites from the Komati

Formation. They yield a Mg# of �93·5% for the olivine,

which (considering the uncertainty) is consistent with the

maximum Mg# we measured on fresh olivine kernels by

electron microprobe (92·3%) and with those previously

Fig. 6. TiO2 vs Al2O3 diagram for Barberton komatiites. Data are normalized to 100% on a volatile-free basis. Larger symbols are data from
this study and smaller symbols are data from the literature: Viljoen & Viljoen (1969), Williams & Furnell (1979), Smith et al. (1980), Smith &
Erlank (1982),Viljoen et al. (1983), Lahaye et al. (1995), Byerly (1999), Parman et al. (2003), Kareem (2005) and Cooper (2008). Numerical values
on the best-fit trends are Al2O3/TiO2 ratios.
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Fig. 7. Gd/YbN (a) and La/SmN (b) vs Al2O3/TiO2 diagram for Barberton komatiites. La, Sm, Gd and Yb concentrations are normalized to
the parental magma MgO content and to the primitive mantle values of McDonough & Sun (1995). Larger symbols are data from this study
and smaller symbols are data from the literature: Viljoen & Viljoen (1969), Williams & Furnell (1979), Smith et al. (1980), Smith & Erlank
(1982),Viljoen et al. (1983), Lahaye et al. (1995), Parman et al. (2003), Kareem (2005) and Cooper (2008).
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measured by Parman et al. (1997) (93%). Using the inter-

cept value, we calculated that the parental magma con-

tained 26% MgO (Fig. 9a), which is close to the average

MgO of 27% of the chilled margins analyzed by Viljoen

et al. (1983) and Parman et al. (2004). This MgO corres-

ponds to an eruption temperature of �15508C.

Data from Al-undepleted komatiites of the Komati

Formation are too sparse to provide reliable olivine differ-

entiation lines and MgO intercepts. Instead, we used the

compositions of chilled margins from Parman et al. (2004;

plotted in Fig. 9b) to estimate the composition of the par-

ental magma. Our estimate is MgOliquid� 30%, which

corresponds to an eruption temperature of �16008C.

ForAl-enriched komatiites of theWeltevreden Formation

in the Pioneer Complex, four intercepts were calculated

usingTiO2, Al2O3, Zr and La data. They yield a Mg# of

�93%, which is similar to the maximum Mg# that we

measured by electron microprobe (93·1%) and to that

measured by Cooper (2008) (92·9%). From this value, we

calculated �20% MgO in the liquid (Fig. 9c). Other

observations suggest, however, that the parental liquids of

Al-enriched komatiites from the Pioneer Complex had a

higher MgO content. The fine-grained tuffs interlayered

with the sills (plotted in Fig. 9c) should have a composition

close to that of their parental liquid. Even though these

samples plot on the same olivine control lines as other sam-

ples from the Pioneer Complex, they are far more magnes-

ian, with an average MgO content of �33% [our data

and data from Stiegler et al. (2010)]. Moreover, the komati-

ites from other parts of theWeltevreden Formation studied

by Kareem (2005) have similar trace-element spectra

(Fig. 5) to those of the Pioneer Complex and seem to

come from similar parental liquids; they also plot on the

same olivine control lines (Fig. 9c and Electronic

Appendix 3). Using the extremely magnesian olivine con-

taining up to 95·6% Fo measured by Kareem (2005), we

estimated a MgO content of about 30% in the parental

liquid (Fig. 9c). From the compositions of glass inclusions

Table 5: Composition (in wt %) of the olivine measured with highest Mg# in each sample

Mg# SiO2 TiO2 Al2O3 FeO MnO MgO CaO NiO CoO Cr2O3 MnO/FeO NiO�FeO/MgO Total

BD6 89·36 40·55 0·005 0·02 10·29 0·17 48·48 0·23 0·36 0·02 0·10 0·016 0·08 100·22

BD12 92·33 40·68 0·006 0·04 7·42 0·12 50·09 0·24 0·44 0·02 0·17 0·017 0·06 99·22

SA719-1 93·68 40·77 0·005 0·06 6·15 0·10 51·12 0·17 0·43 0·01 0·21 0·016 0·05 99·02

MC6-4 92·51 41·31 0·005 0·05 7·37 0·12 51·09 0·16 0·38 0·02 0·14 0·016 0·05 100·64

WP109 92·53 40·71 0·005 0·05 7·31 0·12 50·75 0·15 0·37 0·02 0·16 0·016 0·05 99·64

MC4-2 93·14 40·79 0·004 0·06 6·71 0·11 51·06 0·13 0·41 0·02 0·24 0·016 0·05 99·52

MC4-4 93·11 40·58 0·003 0·04 6·68 0·10 50·63 0·13 0·40 0·01 0·23 0·015 0·05 98·81

Fig. 8. Trace-element spectra for Komati Al-depleted komatiites including mobile elements. Concentrations are normalized as in Fig. 5.
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Fig. 9. FeO vs MgO variation diagrams. Concentrations (wt %) are normalized to 100% on a volatile-free basis and the method used to calcu-
late FeO concentrations is given in Electronic Appendix 3. Continuous lines are least-square regressions that approximate olivine differentiation
trends. Sloping lines with dots represents the composition of olivine. The dashed line labeled ‘Olivine’ represents the FeO/MgO ratio of the
most magnesium analysed olivine, and dashed lines labeled ‘Liquid’ represent the FeO/MgO ratio of the liquids in equilibrium with these oliv-
ines. The MgO values in italics are the estimated liquid MgO contents. Literature data are fromViljoen & Viljoen (1969),Williams & Furnell
(1979), Smith et al. (1980), Smith & Erlank (1982),Viljoen et al. (1983), Lahaye et al. (1995), Parman et al. (2003), Kareem (2005) and Cooper (2008).
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in these olivines, Thompson et al. (2003) proposed that the

parental liquid contained 34·8% MgO; and Connolly

et al. (2012) have recorded 30·9% MgO in a chilled

margin sample from Kareem’s collection.

These arguments provide permissive evidence that all

three types of rock in the Weltevreden Formationçthe

Pioneer Complex komatiites, the ultramafic tuffs, and the

komatiites from Kareem’s study areaçare comagmatic

and related to one another by fractional crystallization of

an �33% MgO parental liquid, which is represented by

the tuffs. The crystallization could have occurred as the

magma rose through the crust, or at shallower levels

within sills or flows. Simulations using Danyushevsky’s

(2001) Petrolog program indicate that about 40% olivine

crystallization is required to produce the relatively evolved

komatiites of the Pioneer Complex from a 33% MgO

liquid. The MgO content of the parental liquid corres-

ponds to an eruption temperature of �16508C.

There are too few data from this study and from the

literature to calculate reliable olivine control lines and oliv-

ine Mg# for the Hooggenoeg komatiites and for

Al-undepleted komatiites from theWeltevreden Formation.

For these we assumed 30% MgO for the parental liquid

with Mg# �94% for the olivine, a value close to the max-

imum Mg#¼ 93·7% that we measured in Al-undepleted

komatiites from theWeltevreden Formation (Table 5).

Calculated parental magma and liquidus olivine com-

positions, together with eruption temperatures, are sum-

marized inTable 6.

Petrogenesis of the Barberton komatiites
Source compositions
Sobolev et al. (2007) developed a method, based on the

analysis of olivine primocrysts in mantle-derived magmas,

to evaluate the proportions of peridotite and pyroxenite

(recycled oceanic crust) in the source of mafic magmas.

Olivines from the Barberton komatiites have high MnO/

FeO (0·015^0·018) and low Ni*Fe/Mg (0·05^0·08) ratios

[Table 5 and Sobolev et al. (in preparation)], which, ac-

cording to Sobolev et al. (2007), correspond to a low pro-

portion of pyroxenite. On this basis, we can assume that

their source was essentially normal peridotite.

Almost all Barberton komatiites are LREE depleted

(Fig. 7b) and have positive initial eNd and eHf (Gruau

et al., 1990; Lahaye et al., 1995; Blichert-Toft & Arndt, 1999;

Chavagnac, 2004; Robin-Popieul et al., in preparation).

These values indicate that their mantle sources were

moderately depleted in incompatible trace elements.

However, the La/SmN ratios are relatively high (in most

cases above 0·8, compared with �0·67 in N-MORB), indi-

cating that their mantle sources were less depleted than

modern depleted mantle. This is consistent with previous

estimates of the degree of depletion of Archean komatiite

sources from the Sm^Nd and Lu^Hf systematics of

well-characterized Archean komatiites (Blichert-Toft &

Puchtel, 2010).

Conditions of melting
The low concentrations of TiO2 (50·5%) and incompat-

ible trace elements (�0·3^3 times primitive mantle) in the

parental liquids suggest that the degree of melting (F)

was high; for example, if we assume batch melting and par-

tition coefficients of zero for highly incompatible elements,

we estimate that F would be between 0·3 and 0·5

(30^50% melting). In practice, these values are only indi-

cative because they do not take into account any initial

depletion of the source nor complications introduced by

more complex melting mechanisms, but they show clearly

that these komatiites did not form as near-solidus melts.

As illustrated by the phase diagram reproduced as

Fig. 10a and b, the high MgO contents (�30%) in the cal-

culated parental liquids require that the komatiite

magmas formed either by a high degree of partial melting

(450%) or by melting at high pressure (415GPa; Green,

1975; Herzberg, 1992). The rationale behind this statement

is as follows: the most magnesian mineral in the mantle is

olivine and only when this mineral extensively melts does

the liquid reach high MgO contents. Olivine is the liquidus

mineral of mantle peridotite only at low and moderate P

(Fig. 10b; Zhang & Herzberg, 1994), but as P increases it

becomes increasingly fusible compared with the other min-

erals, and at about 14GPa it is replaced at the liquidus by

garnet. Therefore, for olivine to extensively melt so as to

produce liquid with a high MgO content, either F or P, or

both, must be high (Herzberg, 1995).

Using data from McKenzie & Bickle (1988), Richter

(1988), Herzberg & Zhang (1996) and Herzberg &

O’Hara (2002), we can assume that the adiabatic tempera-

ture gradient along the ascent path was �0·48Ckm�1 for

the solid source, �1·48Ckm�1 for the partially molten

source, and �18Ckm�1 for the liquid. Tracing an adiabatic

liquid ascent path from the eruption temperature at the

surface to the point at which it intersects the solidus gives

the minimum depth of melting. If we accept that the

Barberton komatiitic magmas were anhydrous and

erupted at about 16008C, Fig. 10a shows that the source

crossed the solidus at a pressure of �5GPa, corresponding

to a depth of about 150 km. The composition of the melt

produced at this depth differs, however, from that of the

Barberton komatiites in three important respects; (1) the

MgO content of near-solidus melts at 5GPa is only

around 22wt % (Fig. 10b), far less than that estimated for

the parental komatiite liquids; (2) the low trace-element

contents of the komatiites indicate that they are not

near-solidus melts, as is the case for the liquid produced at

5GPa; (3) Al-depleted komatiitesçthose typical of the

Barberton beltçform in the field of garnet stability,

which, when the degree of melting is high, lies at pressures

greater than 10GPa (Green, 1975; Ohtani et al., 1989;
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Zhang & Herzberg,1994). In view of these constraints, it is

probable that at least the Al-depleted komatiites formed

in the shaded region in Fig. 10b. If melt escaped directly

to the surface from this depth, it would erupt at a tempera-

ture greater than 17008C, well above its 1atm liquidus.

There is little field or petrological evidence that komatiites

were superheated when they erupted, and it is therefore

probable that the melt lost heat to its surroundings during

its ascent. A possible ascent path of the komatiite parental

magma is shown in Fig. 10a.

Comparison of the melting conditions for the different
komatiite types
From the chemical characteristics of the parental magmas,

we can infer that the degree of melting was higher and

the pressure of melting lower for Al-undepleted and

Al-enriched komatiites than for Al-depleted komatiites.

Only the latter have low Al2O3 contents and depleted

HREE (Fig. 7), features attributed to the retention of

garnet in the residue and to melting at high pressure. The

parental magmas of the Al-depleted komatiites also have

higher FeO contents than the parental magma of the

Al-enriched komatiites (Fig. 4f), which provides additional

evidence for high P and/or low F (Walter, 1998; Herzberg,

2004).

The Al-undepleted and Al-enriched komatiites show

variable degrees of depletion of the more incompatible

elements, a feature generally attributed to extraction of

melt from the source that subsequently yielded the komati-

ites. Radiogenic isotope studies of komatiites from

Barberton (e.g. Blichert-Toft & Arndt, 1999; Blichert-Toft

& Puchtel, 2010) and elsewhere reveal no systematic differ-

ences between the isotopic compositions of the various

types of komatiite, suggesting that the depletion event im-

mediately preceded the melting event. Arguments such as

these have led to the hypothesis that these types of komati-

ite formed by fractional melting; that is, a process whereby

melt is continuously extracted producing an ever more re-

fractory source, or ‘critical melting’, a term that refers to a

variant of fractional melting during which a proportion of

melt is retained in the source (Maal�e, 1982). As explained

below, we will argue that the features of Al-undepleted

and Al-enriched komatiites can be explained by critical

melting under conditions in which a large proportion of

melt remains in the source.

A new melting model for the Barberton
komatiites
Melting mechanism
For the Barberton komatiites, fusion of the mantle source

started very deep, either at the base of upper mantle or

even in the lower mantle (Miller et al., 1991; Herzberg,

1995). High-pressure compressibility experiments

(Rigden et al., 1988; Agee, 1998; Suzuki & Ohtani, 1998;

Sakamaki et al. 2010) have shown that at pressures corres-

ponding to those in the lower part of the upper mantle,

between 10 and 15GPa, the density of komatiite melt is

similar to that of solid peridotite. In the case of melting

at low pressure (the conditions that produce basaltic

magma), the liquid is far less dense that the solid and it

escapes as soon as the degree of melting (and the poros-

ity) exceeds 1^2% (Langmuir et al., 1977; McKenzie &

Bickle, 1988). We propose here that the melting mechan-

ism is different at the great depths at which komatiites

form (Fig. 11). At high pressure where the melt has ap-

proximately the same density as the solid, it does not

escape and accumulates as it is produced. Only after

the upwelling source reaches a depth of about 400 km

(13GPa) does the melt become buoyant and start to

escape. This important limit is identified as the ‘density

limit’ in Fig. 11.

From the trace-element composition of the Barberton

komatiites, we infer that the proportion of liquid retained

in the source at the density limit was high: between

30 and 50%. This is consistent with the source ascent

paths proposed by Miller et al. (1991) and Herzberg (1995)

for a komatiitic liquid erupting at �16008C. Under these

conditions, the source consisted of a matrix of olivine and

garnet crystals and a large proportion of interstitial silicate

liquid. When the source rose to the depth at which the

density limit was reached and the melt became positively

buoyant, the melt would have begun to segregate and

flow upwards to the surface. As is shown in Fig. 12, we

infer that melt segregation started slowly and then acceler-

ated rapidly, as the density contrast increased, to leave a

solid residue that retained very little melt (probably less

than 1% because of the low melt productivity of the

Table 6: Estimated parental magma compositions

Komati Komati Al- Weltevreden

Al-depleted undepleted Al-enriched

SiO2 48� 1 46� 0·5 48� 1

TiO2 0·4� 0·05 0·2� 0·025 0·2� 0·05

Al2O3 4� 0·5 3·5� 0·5 5� 1

FeO 11� 0·5 12� 1 8� 1

MgO 27� 3 30� 2 33� 2

CaO 8� 1·5 6� 1 5� 2

Al2O3/TiO2 10 18 25

Estimated Mg# of the first

olivine crystallizing

0·935 0·94 0·956

Minimum eruption temperature (8C) 1550� 60 1600� 40 1650� 40

Concentrations in weight per cent. We considered that the
volatile content is negligible.

ROBIN-POPIEUL et al. BARBERTON KOMATIITESMODEL

2215

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
3
/1

1
/2

1
9
1
/1

4
1
9
0
3
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Fig. 10. (a) Portion of the peridotite phase diagram modified from Herzberg & Zhang (1996), illustrating possible ascent paths for komatiite li-
quids. The adiabatic liquid ascent path, projected downwards from the eruption temperature at 16008C, gives the minimum melting depth for
a near-solidus liquid. Komatiites form at higher degrees of melting and their ascent path must be more like the curved dashed path. Also
shown is the transition from a to b olivine (wadsleyite). At a pressure of 14GPa, the hot komatiite source is in the a olivine field whereas
cooler ambient mantle is in the b olivine field. (b) Peridotite phase diagram modified from Herzberg & Zhang (1996), showing the MgO con-
tents of liquids produced at the solidus and at higher degrees of melting. The requirement that Al-depleted komatiite liquids contain 30%
MgO and formed under conditions in which garnet was retained in the residue places their origin in the triangular grey field.
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now-refractory source). The melting situation thereby

evolves from an early stage that is similar to batch melting,

as the first melt separates from the source, to a late stage

resembling advanced critical melting. The first liquid

escaped during a process we will refer to as ‘high-retention

critical melting’.

Lee et al. (2010) have suggested that melt generated in the

pressure interval 10^12GPa would sink because of its high

density, to accumulate in the lower part of the upper

mantle. This process is thought to have occurred in the

first billion years of Earth history to form a deep reservoir

enriched in Fe and in incompatible trace elements. Lee

et al. (2010) modelled low-degree partial melting that pro-

duces liquids that trickle down or percolate up through a

mainly solid matrix, a process very different from that

which generates komatiite magma. The constraints dis-

cussed above indicate that komatiite magmas formed by

high-degree melting under conditions in which a large

volume of melt coexisted with a disaggregated matrix.

In such a situation, the melt would indeed be denser than

one of the residual phases (olivine), but would remain less

dense than the other (garnet). It is important to recognize

that melting does not take place under static conditions

but occurs as a result of decompression in an ascending

source. The source rises because the average density of the

three phasesçmelt, olivine and garnetçis less than that

of far-cooler ambient mantle.

It is possible that the three phases segregated within the

melting zone of the plume to form a layer rich in melt

that lagged behind less-dense olivine but moved ahead of

garnet. The critical questionçwhether the melt ascended

or descended relative to the surrounding mantleçdepends

on the density difference between that of the melt itself

and that of the cooler ambient mantle. A simple calcu-

lation suggests it was less dense. Using data from Agee

(1998), Suzuki et al. (1998) and Stixrude &

Lithgow-Bertelloni (2010) we can estimate that at the con-

ditions of formation of Al-depleted komatiite at 13GPa

Fig. 11. Peridotite phase diagram showing the conditions of formation of various types of komatiite. Path 1 is that of a high-temperature plume
that yields Al-undepleted komatiite through advanced critical melting. Path 2 is a slightly cooler plume that produces Al-depleted komatiite
as a batch melt that is released after the source passes the density limit, and Al-enriched komatiite through continued melting of the refractory
residue. Path 3 is that of a younger, cooler plume that produces first Al-depleted then Al-enriched komatiite at shallower depths.
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and 20008C, the densities of the coexisting phases

within the plume were olivine (Fo94) 3·4 g cm�3, garnet

3·7 g cm�3 and komatiite melt 3·55 g cm�3. The ambient

mantle at this depth was about 4008C cooler than the hot

komatiite source and contained more Fe-rich olivine

(Fo90) and garnet. Another important factor that must be

taken into account is the change from a to b olivine

(wadsleyite), which takes place between about 13 and

15GPa, depending on the temperature. As shown in

Fig. 10a, the positive slope of this phase boundary means

that olivine in the hot source of komatiites may have trans-

formed to a olivine at 13GPa whereas that in cooler ambi-

ent mantle remained as the b phase. The density of b

olivine is about the same as that of garnet, at 3·8 g cm�3,

a value significantly greater than that of all phases in the

hotter mantle plume, including the silicate liquid

(3·55 g cm�3). On this basis we conclude that the melt

would indeed be carried upwards within the rising plume

until it reached the density limit when it escaped to the

surface.

To model this process rigorously is not trivial because it

requires monitoring of the production and properties of

melt and residual solid within a mantle source that rises

through the transition zone to the level at which the melt

escapes. To do this properly requires consideration of the

changing proportions, densities and distribution of all

phases (melt, a and b olivine, and garnet), the phase

changes in the plume and surrounding mantle, and the

complex geometry and dynamics of the mantle source. A

complete treatment of the process is beyond the scope of

this paper, but is under way, and will be published in a

later paper (Schmeling & Arndt, in preparation).

Melting model
We modelled the evolution of the mineralogy of the ko-

matiite source during its ascent from depths near the

Transition Zone where melting is presumed to have

started. Using the 14GPa experiments of Takahashi (1986)

and Ita & Stixrude (1992), we estimated that the peridotite

source initially contained 64% olivine, 18% clinopyroxene

and 18% majoritic garnet. Our modelling begins at

13GPa, which is taken as the density limit where the first

liquids leave the source. For the Barberton komatiites,

melting started at the base of the upper mantle or in

the lower mantle and probably reached about 30% at

the density limit (Miller et al., 1991; Herzberg, 1995;

Fig. 10b). Clinopyroxene had totally entered the melt at

this stage and the solid residue contained about 85% oliv-

ine and 15% majoritic garnet.

We calculated the degree of melting (F) as a function of

pressure using an equation similar to that of Miller et al.

(1991) but modified to fit better the more accurate mantle

phase diagram of Zhang & Herzberg (1994). First, based

on Zhang & Herzberg (1994), we assumed an appropriate

P^T ascent path (Fig. 10a). Then we made the approxi-

mation that, at constant pressure, F is a linear function of

Fig. 12. Melting model for a source that produces 45% melt at 13GPa. Curves labeled ‘Olivine’ and ‘Garnet’ represent the proportion of these
minerals in the solid residue. The curve labeled ‘Garnet melting mode’ shows the proportion of garnet entering the melt, and the proportion
in the trapped liquid after garnet exhaustion. The curves labeled ‘Degree of melting (F)’ and ‘Escaped liquid’ are expressed in proportion of
the total initial source. The curve labeled ‘Proportion of retained melt (j)’ is expressed in proportion of the evolving mass of the total source
including solid residue and trapped liquid. The curve labeled ‘Liquid productivity’ represents the rate at which melt escapes the source, ex-
pressed as a proportion of the total initial source per GPa of ascent. Further explanation is given in the text in the section ‘Melting model’.
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T between the solidus and the liquidus. This approxima-

tion does not take into account the decrease of melt prod-

uctivity as the melting proceeds, a result of the exhaustion

of garnet, the most fusible phase. McKenzie & Bickle

(1988) proposed a polynomial expression of Fas a function

of T between the solidus and liquidus that takes into ac-

count this decrease of melt productivity and fits the experi-

mental data between 0 and 5GPa; however, Iwamori

et al. (1995) showed that their expression is not valid at

greater pressure, and that any proposed expression of F vs

Twould have to be variable with P to fit the experimental

data up to 9GPa. Moreover, no experimental constraints

are available on F vsT between the liquidus and the sol-

idus deeper than 9GPa.Thus, we used a linear approxima-

tion that is close to Iwamori et al.’s (1995) polynomial

solution and is easier to handle in the model. From this

linear approximation and the P^Tascent path assumed in

Fig. 10a, we obtained the expression

F ¼ 0 � 0055�P2 � 0 � 1431�P þ F13GPa þ 0 � 931 ð1Þ

where F13GPa is the degree of melting at 13GPa.

We estimated the garnet melting mode (YGt) by dividing

the proportion of garnet in the peridotite source (XGt) by

the degree of melting at which the phase is exhausted

(FGt-out) during isobaric equilibrium melting, assuming a

linear increase of F withT between solidus and liquidus:

YGt ¼ XGt=FGt�out: ð2Þ

This is only an approximation because of the presence of

three phasesçolivine, majoritic garnet and clinopyr-

oxeneçin the source peridotite, but it takes into account

the progressive shrinkage of the garnet stability field

owing to the pressure decrease as the source rises. This

expression calculates YGt as in batch melting, which is an

acceptable approximation for our high melt retention crit-

ical melting model because the olivineþ garnetþ liquid

cotectic position does not change significantly in olivine^

garnet^clinopyroxene normative space as the bulk system

(sourceþ liquid) composition is changed by liquid extrac-

tion. From the phase diagram of Zhang & Herzberg

(1994; Fig. 10)

FGt�out ¼ 0 � 0082�P2 � 0 � 0563�P þ 0 � 1797: ð3Þ

Therefore, for the garnet melting mode, we propose the

expression

YGt ¼ XGt= 0 � 0082�P2 � 0 � 0563�P þ 0 � 1797
� �

ð4Þ

where P is the pressure in GPa.

Parameters that allow calculation of the

weight-proportion of retained melt (j) in the mantle

source have not been constrained experimentally or by

theoretical models, so we had to infer the variation of j

with depth and pressure. Our approach was to choose a

j(P) function that would (1) respect first-order physical

constraints and (2) reproduce the trace-element spectra of

the Barberton komatiites. As can be seen in Fig. 13, we

choose an error-function expression that gives an ‘S’-shape

to the curve. This shape is based on the idea that between

�13 and 10GPa, the progressive increase in density differ-

ence between solid and liquid initially results in acceler-

ated segregation of liquid from solid, followed at lower

pressure by stabilization at a lower value (51%) because

of the decrease in the permeability and the liquid produc-

tion rate owing to the increasingly refractory character of

the source.We therefore propose the expression

j¼ 2

g�
ffiffiffi

p
p �

Z P=ð j�hÞ

0

e�t2� dt
� �

þ i or j¼erf ½P=ð j�hÞ�=gþi

ð5Þ

where g, h, i and j are numerical values chosen to define the

shape of the curve. Their values are reported in

Electronic Appendix 3.

We modelled the evolution of the source mineralogy at

successive decompression steps of 0·05GPa, which corres-

pond to an increase of F from 0·002% to 0·2%, depending

on the pressure. At each increment, depending on the F

increase and the j decrease, we calculated the quantity of

liquid extracted from the source (X) and the incremental

depletion in the source for each mineral phase via their

melting modes. All results were expressed in mass propor-

tion of the initial source and normalized to the declining

mass of the solid source so that they could be represented

in Fig. 12. We neglected the proportion of garnet that is

lost during the decompression through the solid^solid reac-

tion garnet! clinopyroxeneþ olivine. This proportion

should be low, given that garnet is totally exhausted be-

tween 13 and �9GPa, and given the roughly constant pro-

portion of garnet determined by Ita & Stixrude (1992) in

this pressure range.

The trace-element composition of the source was calcu-

lated using the partition coefficients listed in Table 7,

assuming Lu/HfN¼1·06�2 [where the subscript N indi-

cates a value normalized to the primitive mantle of

McDonough & Sun (1995)] and Sm/NdN¼1·05�1, as

proposed by Blichert-Toft & Puchtel (2010) for the depleted

mantle source of Archean komatiites. To reproduce such a

source, we used a weighted average of 35% depleted

mantle of Salters & Stracke (2004) and 65% primitive

mantle of McDonough & Sun (1995) (Table 8).

We modelled trace-element concentrations assuming

equilibrium between the melt retained in the source and

the residue. To do this, we used the batch-melting equation

of Shaw (1970):

Cliq ¼ C0

D0 þ F�ð1� PÞ ð6Þ

where Cliq is concentration in the liquid; C0 is initial con-

centration in the source; D0¼�Xi
�KDi, where Xi is the
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proportion of the phase i in the source and KDi is the parti-

tion coefficient of the considered element between the

phase i and the liquid; partition coefficients are from Borg

& Draper (2003; Table 7).

Temperatures in the sources of komatiites vary because

some plumes are hotter than others and each plume has a

hotter center and a cooler periphery. For this reason, we

modeled melting along several different ascent paths cor-

responding to different temperatures (prior to the begin-

ning of the fusion) of the sources. To express the

temperature (Ts) of the source, we used the temperature

at the density limit at 13GPa. This temperature controls

the degree of melting at the density limit (which we will

refer to as F13GPa; e.g. on the ascent path 2 of Fig. 11, it cor-

responds to F13GPa� 0·3 or 30% melting). Further discus-

sion of the model parameters and solutions can be found

in Electronic Appendix 3. Spreadsheets of the trace-

element calculations are available from the author.

Model results
Figure 14 shows that high-melt retention critical melting

produces liquids with trace-element patterns that are inter-

mediate between fractional and low-retention critical melt-

ing on the one hand and batch melting on the other hand.

At the same degree of melting, the patterns are less fractio-

nated with higher absolute concentrations than the

former, and a little more fractionated with lower absolute

concentrations than the latter. Figure 14 shows the evolu-

tion of the trace-element pattern of the total source

(i.e. solid residueþ retained liquid) and of the liquid that

is extracted from the source.

The first liquids extracted at the greatest depths are in

equilibrium with a source containing abundant residual

garnet (e.g. liquids extracted from the grey area in

Fig. 10b) and they are HREE depleted, as shown in

Fig. 14b. As the source rises and the melting proceeds,

garnet is progressively depleted in the residue, and the

Fig. 13. Proportion of retained melt (j) vs pressure (GPa) for the four modeled P^Tascent paths corresponding, at 13GPa, to the following de-
grees of melting: A, 30%; B, 40%; C, 45%; D, 50%.The symbols corresponding to each komatiite type represent the loci at which their parental
magma escaped its source. The density curves are from Agee (1998).
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extracted liquids become less and less HREE depleted

until at F� 0·5 garnet is exhausted and subsequent melts

are no longer HREE depleted. From then on (e.g. for path

2 in the shaded zone labeled ‘subsequent melts’ in Fig. 11),

only olivine enters the melt and the trace-element concen-

trations of the melt decrease because of continued extrac-

tion of liquids, which progressively depletes the source.

Figure 15 shows the evolution of critical trace-element

ratios during melting for four paths corresponding to

sources with differing temperatures for which F13GPa is

0·3, 0·4, 0·45 and 0·5.

At first, owing to progressive extraction of garnet from

the source, the Gd/YbN ratio of the liquid decreases rap-

idly but with little decrease of La/SmN and little change

in the overall absolute trace-element concentrations (rep-

resented by normalized Gd concentrations in Fig. 15c and

d), because j is high and buffers the source depletion. As

the source ascends, j decreases (Fig. 12), the buffering

effect of the retained melt declines, and both the La/SmN

ratio (Fig. 15a and b) and absolute trace-element concen-

trations (Fig. 15c and d) decrease ever faster. After garnet

exhaustion, as shown for the F13GPa¼ 0·45 and

F13GPa¼ 0·5 curves in Fig. 15, the Gd/YbN ratio changes

little, and only La/SmN and absolute trace-element concen-

trations keep decreasing.

Model solutions
As discussed above, Al-depleted komatiites form at higher

pressure and at a lower degree of melting than

Al-undepleted and Al-enriched komatiites. To explain

these differences we propose that the former are produced

during the early deep stages of melting (e.g. for path 2, in

the ‘initial melt’ zone in Fig. 11), and the latter during the

subsequent melting at shallower depths (for paths 1 and 2,

in the ‘subsequent melts’ zone in Fig. 11). The justification

for this model is given in Fig. 16, which shows the best fits

between measured and model trace-element spectra. In

each diagram, the spectrum representing the measured

data is the average concentrations of all samples, normal-

ized to the MgO content of the parental magma. It repro-

duces the parental magma trace-element spectrum within

�15% (taking into account uncertainties such as the ana-

lytical error, the error on the MgO content of the parental

liquid, on the Mg# of the accumulated olivine, etc.). The

estimated uncertainty on the model spectra (taking into

account the errors on the different parameters of the

model) is �10% for the LREE and a little higher

(15^20%) at great depth for HREE because of the uncer-

tainty on garnet partition coefficients and abundance in

the residue. Figure 11 shows the loci of melting for each

komatiite type in P^T space. To reproduce the diversity of

Table 7: Mineral^melt partition coefficients used in the

model (Borg & Draper, 2003)

DGt DOl

Th 0·0001 0·0001

Nb 0·0051 0·0003

La 0·0100 0·0004

Ce 0·0210 0·0005

Nd 0·0360 0·0010

Sm 0·1030 0·0013

Eu 0·2200 0·0016

Gd 0·4300 0·0015

Tb 0·3350 0·0015

Dy 0·4700 0·0017

Y 1·0100 0·0016

Er 0·7900 0·0015

Tm 1·1800 0·0015

Yb 1·5900 0·0015

Lu 1·9300 0·0015

Partition coefficient for Nb was taken as the average of Th
and La.

Table 8: Trace-element compositions (in ppm) of the source

used in our model, the primitive mantle, depleted mantle

and the continental crust used as contaminant

Source used

in our model

Primitive mantle

(McDonough &

Sun, 1995)

Depleted mantle

(Salters &

Stracke, 2004)

Contaminating

continental crust

(Drummond

et al., 1996)

Th 0·06 0·08 0·01 6

Nb 0·50 0·66 0·21 5·4

La 0·50 0·65 0·23 29·8

Ce 1·36 1·68 0·77 51·6

Nd 1·06 1·25 0·71 19·9

Sm 0·36 0·41 0·27 2·7

Zr 9·60 10·5 7·94 –

Hf 0·25 0·28 0·20 –

Eu 0·14 0·15 0·11 0·91

Ti 1063 1205 798 1978

Gd 0·49 0·54 0·40 2·04

Tb 0·09 0·10 0·08 0·25

Dy 0·62 0·67 0·53 1·16

Y 4·22 4·30 4·07 6·8

Er 0·41 0·44 0·37 –

Tm 0·07 0·07 0·06 –

Yb 0·43 0·44 0·40 0·46

Lu 0·07 0·07 0·06 0·09
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the Barberton komatiites, we had to model four source po-

tential temperatures respectively corresponding to 30, 40,

45 and 50% of melting at 13GPa. For each komatiite

type, the source potential temperature can be estimated,

because only one of the four source potential temperatures

that we modelled reproduces their trace-element

characteristics.

Figure 16a shows that the trace-element spectra, and par-

ticularly the strong HREE depletion, of the Al-depleted

komatiites, are best matched by the first liquids to escape

at �13GPa from sources with moderately elevated tem-

peratures that produced 30^40% melting at this pressure.

Under these conditions, garnet was retained in the residue

to cause the HREE depletion.

For Al-undepleted and Al-enriched komatiites, the best

fits are melts extracted at shallower depths and at higher

degrees of melting from sources that had been depleted by

the segregation of early formed melts. The flat HREE and

the slightly depleted LREE patterns of the Al-undepleted

komatiites are best reproduced with an extremely high

source temperature that resulted in 50% melting at

13GPa. According to our model, little garnet remains

under these conditions and it is soon exhausted, and the

high proportion of retained melt mitigates the fraction-

ation of HREE between liquid and residue while garnet

remains in the residue. Therefore, melts that are extracted

at this stage are only very slightly depleted with respect to

the residue, and after garnet is totally exhausted the ex-

tracted liquids have essentially the same REE ratios as

the residue. As a result, all melts produced from such an

extremely hot source have flat HREE patterns. The P^T

conditions at the point of melt extraction are above the

garnet-out curve (Fig. 11) and correspond to depths at

which the proportion of retained melt has fallen to 4^12%

(Figs 12 and 16).

The trace-element spectra of Al-enriched komatiites,

with their enriched HREE, are best reproduced with an

intermediate source temperature, corresponding to �45%

of melting at 13GPa. In this case, the proportion of re-

tained melt was lower, and garnet was retained longer

Fig. 14. Model trace-element spectra for the extracted liquids and the source (solid residueþ retained liquid).The source composition is that of
Fig. 13; it produces 0·45% melt at 13GPa. The uppermost curve shows the composition of the batch melt extracted as the source passes the neu-
tral buoyancy level; the lower curves show the evolution of fractional melts produced by continued melting of the residue.
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and in higher proportion in the residue. As a consequence,

the HREE in the extracted liquids were more strongly

depleted with respect to the residue and the depletion per-

sisted to higher degrees of melting. Therefore, they left a

residue with a HREE-enriched pattern that was trans-

mitted to the subsequently extracted liquids. The locus of

melting is past the garnet-out curve and corresponds to

the stage when the proportion of retained melt has

decreased to around 2%.

Comparison of the major-element compositions of the

parental komatiitic magmas with Herzberg’s (2004) extra-

polated melting model produces an acceptable match and

supports these conditions of melting.

Refinements to the model
Garnet segregation during melting. Green (1975), Ohtani

(1984) and Arndt et al. (2008) have proposed that partially

molten sources containing a high proportion of retained

liquid at great depth may have undergone some internal

differentiation when denser garnet partially separated and

lagged behind the rest of the source. This extraction of

garnet might have contributed to the Al2O3 and HREE

depletion of the Al-depleted komatiites. In addition,

enrichment in garnet in deeper parts of the source could

have contributed to the relatively high Al2O3 and HREE

of the Al-enriched type of komatiites. These effects have

not been taken into account in our model.

Contamination by the continental crust. Two groups of komati-

ites display trace-element evidence of contamination by

continental crust.The Al-depleted komatiites from spinifex

horizon 1 and from the Mendon Formation have

LREE-enriched patterns, large Nb negative anomalies

and negligible Zr^Hf anomaliesçfeatures of magmas

that have assimilated crustal rocks (Fig. 16c and d). To

model this contamination, we used the average Archean

granitoid of Drummond et al. (1996) to represent the con-

taminant. For simplicity we assumed that the liquid was

superheated and that the contamination was not accompa-

nied by crystallization. As can be seen in Fig. 16c and d,

the LREE patterns of the liquid are consistent with

2·5^3% of contamination.

High field strength element anomalies. Figures 5 and 16 show

that most Barberton komatiites have negative HFSE

anomalies. In the case of Nb, when contamination by

Fig. 15. Evolution of the liquid composition through the fusion for the four modeled P^Tascent paths corresponding, at 13GPa, to the following
degrees of melting: A, 30%; B, 40%; C, 45%; D, 50%. Along the melting paths, curves are labeled with the degree of melting (F) and the cor-
responding proportion of retained melt (j). Points labeled ‘Gt out’ are garnet exhaustion points. ADK, Al-depleted komatiite; AUK,
Al-undepleted komatiite; AEK, Al-enriched komatiite.
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continental crust occurred, this anomaly is superimposed

on the negative anomaly owing to the contamination

(Fig. 16).We considered three possible explanations for the

HFSE anomalies, as follows.

(1) They are due to garnet subtraction from the sources or

from the liquids. These elements have been proposed

to be compatible in garnet by some workers (Dasgupta

et al., 2009) but this interpretation is not unanimously

accepted (Borg & Draper, 2003; Corgne & Wood,

2004). We reject this explanation for the anomalies in

the Barberton komatiites because they are not system-

atically coupled with HREE depletion, as would be ex-

pected from a garnet-depleted source or magma. For

example, they are most pronounced in Al-undepleted

samples from the Komati Formation, which have flat

HREE patterns.

(2) They result from alteration. As discussed above, both

the REE and the HFSE are relatively immobile and

there is no obvious correlation between the size of

the anomaly and the degree of alteration, as inferred

from petrography or from the scatter of more mobile

trace elements such as the LILE.

(3) They are a source feature that is not related to garnet.

Unlike other trace elements, Th, Nb, Zr, Hf and Ti

are compatible with Mg-perovskite (Kato et al., 1988,

1996; Taura et al., 2001; Corgne et al., 2005) and nega-

tive Zr, Hf and Ti anomalies could have been caused

by earlier segregation of this mineral (Jochum et al.,

1991; Xie et al., 1993).

Worldwide variability of komatiites
explained by the model
Al2O3/TiO2 ratios
The Al2O3/TiO2 ratio, which forms the basis of the no-

menclature for komatiites, is controlled by three factors.

Fig. 16. Modelled best-fit solutions for each komatiite type. Unlabelled bold spectra are the averages of the measured concentrations. The fine
grey lines represent, in each case, the dominant spectrum among the liquids produced. They correspond to the liquids produced at the liquid
productivity peak in Fig. 12. Concentrations are normalized to primitive mantle from McDonough & Sun (1995).
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The first is the Al2O3/TiO2 ratio of the source. Because Al

is more compatible thanTi, depleted mantle has a higher

Al2O3/TiO2 (�32; Salters & Stracke, 2004) than primitive

mantle (�22; McDonough & Sun, 1995). For a moderately

depleted mantle source, as used in the model, Al2O3/

TiO2�25. The two other factors are the source tempera-

ture prior to the beginning of melting, and the degree and

mechanism of melting.

Sources with very high temperatures (e.g. path 1 in

Fig. 11) do not produce Al-depleted komatiites because, by

the time the source reaches the neutral density limit

at �13GPa, garnet is already close to exhaustion in the

residue and the large proportion of retained melt limits

the fractionation of Al2O3 relative to TiO2 between the

liquid and the residue. Therefore, komatiites produced

from such very hot sources have roughly the same Al2O3/

TiO2 ratio as their sources. If their sources are primitive

or little depleted (as is the case for Barberton komatiites)

Al2O3/TiO2 ratios will be around the primitive mantle

value (�22): the komatiites will be Al-undepleted. If

the sources are more depleted, Al2O3/TiO2 will be higher:

the komatiites will be Al-enriched (for a source as depleted

as present-day depleted mantle, Al2O3/TiO2 ratios will

be �30).

Sources with lower temperatures (e.g. path 2 in Fig. 11),

but still hot enough for melting to have started at depths

at which garnet is retained in the residue (roughly4

7GPa), produce Al-depleted komatiites. The escape of

these liquids, which have lowAl2O3/TiO2, leaves a residue

with high Al2O3/TiO2; therefore, subsequent melting of

the residue produces Al-enriched komatiites.

Still cooler sources (e.g. path 3 in Fig. 11) do not begin to

melt until they reach shallower depths where garnet is

stable only close to the solidus (roughly P57GPa).

During a short interval of melting, under conditions near

the solidus, they first produce Al-depleted meimechite (an

ultramafic liquid highly enriched in incompatible elements

with a strongly fractionated REE pattern; Arndt et al.,

1998; Elkins-Tanton et al., 2007), and then Al-undepleted

to slightlyAl-enriched komatiites.

Examples of komatiites from other greenstone belts
The most common type of komatiite is the �2·7Ga

Al-undepleted variety, as found in the MunroTownship in

the Abitibi Greenstone Belt, Canada (Pyke et al., 1973;

Arndt, 1986). Their near-chondritic Al2O3/TiO2 ratios and

flat HREE patterns could have been produced either from

very hot sources like path 1 in Fig. 11, or by relatively cool

sources, close to or after garnet exhaustion, like path 3.

However, their depleted LREE patterns, together with

their relatively high middle REE (MREE) and HREE

concentrations, cannot be reproduced from a very hot

source, because the REE concentrations in the extracted li-

quids fall to too low values before the LREE become sig-

nificantly fractionated. Therefore, Munro-type komatiites

were probably produced from relatively cool sources

(between paths 2 and 3 in Fig. 11).

The Commondale Greenstone Belt, located �30 km SW

of the Barberton belt, contains komatiites with extremely

depleted and fractionated REE patterns and extremely

high Al2O3/TiO2 ratios (from 60 to 74; Wilson, 2003).

These characteristics can be reproduced by our model

using a relatively cool source and a degree of melting of

�40% (Electronic Appendix 4).

The only Phanerozoic komatiites are found on Gorgona

Island off the Colombian Pacific coast (Echeverr|¤a, 1980).

These komatiites are very similar to Munro

Al-undepleted komatiites in that they have flat to slightly

HREE depleted, strongly LREE depleted patterns, and

chondritic to slightly subchondritic Al2O3/TiO2 ratios.

The island also contains so-called ‘picrites’, which match

the geochemical definition of komatiites but lack spinifex

textures. These rocks have a stronger LREE depletion,

more enriched HREE and Al2O3/TiO2�30 (Re¤ villon

et al., 2000). Their calculated parental magmas have only

slightly lower MgO contents (18^25%; Re¤ villon et al.,

2000) than the Munro komatiites (20^28%; Arndt, 1977),

which shows that they were produced either by a lower

degree of melting or from a slightly cooler source (�path

3 in Fig. 11). Their strong depletion in highly incompatible

elements (such as LREE and Ti; Re¤ villon et al., 2000)

favours the latter. The first extracted liquids would have

been Al-depleted meimechites, which are not found on the

surface, perhaps because they were produced in low quan-

tity. Komatiites formed close to the garnet exhaustion

point, and finally the picrites were derived from the resi-

due that had become strongly depleted by the extraction

of meimechite and komatiite.

Secular evolution of komatiites
Throughout Earth history, the proportion of Al-depleted

komatiites has progressively declined. They were rela-

tively abundant in the early Archean when they erupted

together with Al-undepleted and Al-enriched types, but

became rare in the late Archean. Thereafter they dis-

appeared, leaving only Al-undepleted and Al-enriched

types in the Proterozoic and the single Phanerozoic ko-

matiite occurrence (Gorgona Island). This decline, which

coincided with a decrease in the overall abundance of ko-

matiite, has long been attributed to secular mantle cooling

(Herzberg, 1992, 1995; Nisbet et al., 1993). This agrees well

with the results of our model, which show that

Al-depleted komatiites require a high source temperature

that could have existed only early in Earth history, before

the mantle cooled significantly. Only Al-undepleted and

Al-enriched types were produced in the Proterozoic when

the mantle was cooler, and in the Phanerozoic the mantle

became too cool to produce komatiites, apart from some

rare exceptions.
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CONCLUSIONS

The Barberton Greenstone Belt contains three types of ko-

matiite distinguished by different Al2O3/TiO2 ratios and

REE profiles. These types are commonly found in the

same formation, which indicates that they formed syn-

chronously. Their highly ultramafic compositions, together

with their REE patterns, require that the parental

magmas formed at great depth (49GPa). To explain the

three types of komatiite we have developed a new model

that depends on two critical factors: (1) at pressures greater

than 13GPa, the densities of melt and residual solid are

similar; (2) as pressure decreases in a rising mantle

source, the melt progressively escapes the source once the

neutral density limit is reached. The various types of ko-

matiite represent liquids that escape the source at different

stages of the melting process.

Al-depleted komatiites, the most common and charac-

teristic of the Barberton ultramafic lavas, formed under

conditions of near-neutral buoyancy when a large propor-

tion of melt (30^40%) was retained in the source in equi-

librium with residual garnet. Al-undepleted komatiites

from Barberton formed from a hotter source that released

melt only after garnet was eliminated by high-degree melt-

ing. Al-enriched komatiite formed through melting of the

refractory residue left after extraction of earlier melts in

the presence of residual garnet. The model not only is

valid for Barberton komatiites, but also can explain the

characteristics of komatiites from Abitibi, Commondale,

Gorgona, and other regions.
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