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Abstract 

A large compilation of quality-curated major and trace element data has been assembled to investigate 

how trace element patterns of mafic and ultramafic magmas have varied with time through particular 

settings from the Archean to the Phanerozoic, the primary objective being to recognise at what times 

particular patterns of variation emerge, and how similar these are to baseline data sets representing 

tectonic settings in the modern Earth. The most informative element combinations involve Nb, Th and 

the REE, where REE are represented by ‘lambda’ parameters describing slope and shape of patterns. 

Combinations of the ratios of Th, Nb, La and lambda values from Archean and early Proterozoic 

basalts and komatiites reveal a distinctive pattern that is common in most well-sampled terranes, 

defining a roughly linear trend in multi-dimensional space from compositions intermediate between 

modern n-MORB and primitive mantle at one end, towards compositions approximating middle-to-

upper continental crust at the other. We ascribe this ‘Variable Th/ Nb’ trend in most instances to 

varying degrees of crustal contamination of magmas with similar compositions to modern oceanic 

plateau basalts. Komatiites had slightly more depleted sources than basalts, consistent with the 

hypothesis of derivation from plume tails and heads, respectively. The most significant difference 

between Precambrian and Phanerozoic plume-derived basalts is that the distinctive OIB-like enriched 

source component appears to be largely missing from the Archean and Proterozoic geologic record, 

although isolated examples of OIB-like trace element characteristics are evident in datasets from even 

the oldest preserved greenstones. Phanerozoic intra-cratonic LIPs, such as the 260 Ma Emeishan LIP 

in China, have fundamentally different geochemical characteristics to Archean and Paleoproterozoic 



assemblages; the oldest Proterozoic LIP we have identified that has this type of ‘modern’ signal is the 

Midcontinent Rift at 1100 Ma. The data are consistent with plume tail sources having changed from 

being dominantly depleted in the Archean Earth to dominantly enriched in the Phanerozoic Earth, 

while plume head sources have hardly changed at all. Trace element patterns considered to be 

diagnostic of subduction are locally present but rare in Archean terranes and become more prevalent 

through the Proterozoic, although this conclusion is tempered by the large degree of overlap in 

compositional space between continental arc magmas and continental flood basalts. This overlap 

reflects the difficulty of distinguishing the effects of supra-subduction metasomatism and flux melting 

from those of crustal contamination. Additional factors must also be borne in mind, particularly that 

trace element partitioning systematics may have been different in all environments in a hotter planet, 

and large-scale asthenospheric overturns might have been predominant over modern-style plumes in 

the Archean Earth. Some basaltic suites in particular Archean terranes, notably the western parts of 

both the Yilgarn and Pilbara cratons in Western Australia and parts of the Superior Craton, have 

restricted, but locally predominant, suites of basalts with characteristics akin to modern oceanic arcs, 

suggesting that some process similar to modern subduction was preserved in these particular belts. 

Ferropicrite magmas with distinctive characteristics typical of modern OIBs and some continental 

LIPs (notably Emeishan) are rare but locally predominant in some Archean and early Proterozoic 

terranes, implying that plume sources were beginning to be fertilised by enriched, probably 

subducted, components as far back as the Mesoarchean. We see no evidence for discontinuous secular 

changes in mantle-derived magmatism with time that could be ascribed to major mantle 

reorganisation events. The Archean–Proterozoic transition appears to be entirely gradational from this 

standpoint. The transition from Archean-style to Phanerozoic-style plume magmatism took place 

somewhere between 1900 Ma (age of the Circum-Superior komatiitic basalt suites) and 1100 Ma (the 

age of the Midcontinent Rift LIP). 

Keywords: basalt; komatiite; Archaean; Proterozoic; mantle plumes 

  



1 INTRODUCTION 

It is an axiom of geology that the Earth has cooled through time (Korenaga et al., 2006; 

Herzberg et al., 2007, 2010; Ganne & Feng, 2017; Keller & Schoene, 2018) and that this cooling is 

manifest in the types of magmas that are produced in the mantle and erupted at the surface. The 

clearest example of this is the widespread existence of true komatiites in the Archean and their near-

absence since (Viljoen & Viljoen, 1969; Arndt et al., 2008; Barnes & Arndt, 2019). Komatiitic basalts 

are present in numerous Proterozoic volcanic terranes and have analogues in the Phanerozoic; other 

magma types, such as alkali basalts, are extremely rare (although not entirely absent) in the Archean. 

Some of these large-scale trends, particularly the distribution of the different sub-types of komatiite in 

the Archean, as summarised by Barnes and Arndt (2018b), have been discussed in many publications. 

One of the ongoing debates on the secular cooling of the planet has been whether or not the major 

crust-building, peak-komatiite cataclysm at around 2700 Ma (Barley et al., 1998) represents a 

discontinuous radical change in the thermal structure and history of the planet (e.g., Campbell & 

Griffiths, 1992) or whether it is part of a more gradual secular trend in mantle potential temperatures 

with time (Herzberg et al., 2007). Closely related to this debate is the question of the timing of onset 

of plate tectonics on Earth, and whether signals of this can be discerned in magma compositions 

(Hamilton, 1998; Condie, 2005, 2015; Wyman & Kerrich, 2009, 2012; Polat et al., 2011; Be´ dard, 

2018; El Dien et al., 2020). Whereas the changes (or otherwise) in basaltic compositions with time 

have been widely considered, particularly in relation to comparison with tectonic settings in the 

Phanerozoic Earth (Pearce, 2008, 2014; Barnes et al., 2012), the history of mantle magmatism through 

the Proterozoic has been relatively neglected. In part this is due to a lack of curated data sets to 

compare with those available for Archean and Phanerozoic rocks, and a relative shortage of 

Proterozoic-age rocks in the large public databases, such as GEOROC. One purpose of this review is 

to address this deficit and to use the resulting data compilations to compare the trace element 

characteristics of both Archean and Proterozoic mantle-derived magmas with those from well-

characterized Phanerozoic settings. Similar datadriven approaches have been used to address some 

specific and closely inter-related questions: 

1) Do the trace element geochemical characteristics of mantle plume sources vary through time, 

as proposed initially by Campbell and co-workers (Campbell & Griffiths, 1992)? 

2) Is the “mantle array” defined by Pearce (2008), including a spectrum of trace element 

characteristics from n-MORBs at one end to OIBs at the other, evident in Archean and 

Proterozoic magmas, and if not, when does it appear in the geological record? 

3) When do the trace element signatures indicative of Phanerozoic subduction zone magmatism 

– as opposed to signatures attributable simply to mantle magma-crust mixing – appear in the 

geological record? 



These are very fundamental questions that have been hotly debated in many publications over 

many years, more recently using large global data sets (Ganne & Feng, 2017, Keller & Schoene, 

2018). We do not claim to resolve them here, although we offer some opinions. The prime aim is to 

present a quality-controlled, curated data set using an extensive compilation of currently available 

literature data to serve as a baseline for future discussions and interpretations by the petrological 

research community. Can we determine, on the basis of their trace-element fingerprints, what kinds of 

mantle magmas existed where and when? 

1.1 Mafic and Ultramafic Magmas in the Archean  

1.1.1 Komatiites 

Komatiite is the signature volcanic rock of Archean greenstone belts (Sun & Nesbitt, 1978, Arndt & 

Nisbet, 1982a, Arndt et al., 2008). Komatiites are most abundant in the Archean, rare in the 

Proterozoic and highly unusual in the Phanerozoic (Nesbitt et al., 1979, Jahn et al., 1982, Herzberg et 

al., 2007, Herzberg et al., 2010, Sossi et al., 2016). Despite this, it is important to note that in most 

Archean greenstone belts komatiite is a minor component, comprising a few percent of some 

stratigraphic units and being totally absent from others (De Wit, 1998, Arndt et al., 2008). Definitive 

komatiites (we will refer to these as ‘true komatiites’) are those with more than 18% MgO in the 

liquid portion and containing olivine spinifex textures (Arndt & Nisbet, 1982b). They are known from 

supracrustal sequences going back almost to 3600 Ma; metamorphosed rocks with plausible 

komatiitic chemistry are known beyond that.  

Komatiites come in several geochemical varieties, of which two are greatly predominant, 

distinguished primarily on the basis of their Al2O3 content for given content of TiO2 or MgO (Hanski, 

1992). Al-depleted, or Barberton-type, komatiites are most abundant in localities older than 3000 Ma 

(Barnes and Arndt, 2018), as in the type area (Viljoen & Viljoen, 1969, Viljoen et al., 1982). Al-

undepleted, or Munro-type, komatiites dominate the younger occurrences, but both Al-depleted and 

Al-undepleted varieties are found throughout the time range of preserved Archean rocks. These two 

types have a distinctly bimodal distribution (Barnes and Arndt, 2018) although there are some 

examples that are transitional. No definitive Al-depleted komatiites have been reported younger than 

2700 Ma and this style of magmatism appears to be entirely unique to the Archean. Other more rare 

and exotic types of komatiites include Al-enriched, or Commondale-type, komatiites (Wilson, 2003, 

Wilson et al., 2003), characterised by an abundance of orthopyroxene and distinctively extreme 

depletion of incompatible elements; and Ti-enriched, or Karasjok type komatiites (Barnes & Often, 

1990, Hanski et al., 2001), mainly known from Proterozoic terranes but also found in a few Archean 

sequences. Regrettably little geochemical data is available on these categories containing reliable Th 

and Nb analyses, so we cannot say much about these in this compilation.  



Trace element characteristics and petrogenesis of komatiites has been extensively covered in 

the literature, so the reader is referred to Barnes and Arndt (2018), Arndt et al. (2008) and references 

therein for a fuller description of the spatial and temporal distribution of the different komatiite 

“flavours” through the Archean. Here we bias our discussion more towards the basaltic component of 

the Archean record, although we pay some attention to the relationship between basalts and komatiites 

in the Archean and the nature of the transition to komatiitic basalts and rare true komatiites in the 

Proterozoic. 

1.1.2 Basalts 

Basalts are a ubiquitous component of all greenstone belts. The vast majority of Archean basalts have 

conventionally been classified into two major categories: komatiitic (derived by fractional 

crystallisation from komatiitic parents) and tholeiitic (generated directly in the mantle as basaltic 

partial melts), a distinction that is often fuzzy at best. Alkali basalts are virtually absent (Blichert-Toft 

et al., 1996), although lamprophyres of various types are widespread but vanishingly small in overall 

abundance, e.g. Choi et al. (2020). Alkalic shoshonite – sanukitoid suites are widespread in the 

Archean, although they are mostly too silciic to turn up in our filtered data set, and are therefore not 

considered further. Distinction between the basalt types is difficult because many of the criteria 

applied to fresh modern basalts, such as alkali-silica plots, cannot be rigorously applied to altered 

Archean basalts. For the purposes of this compilation, we follow Barnes and Arndt (2018) in using 

two reasonably alteration-robust ratios, Al/Ti and the Mg number (MgO/(MgO+FeO) (see Appendix); 

this plot serves to subdivide the different komatiite types and, at least in many cases, identify these 

from “tholeiitic” basalts, which have variable Al/Ti ratios reflecting low pressure fractionation of 

plagioclase bearing assemblages. A consequence of this approach is that there is a population of 

probably komatiite-derived low-MgO basalts that are erroneously classified as tholeiites, and also of 

high-Mg primitive tholeiites saturated in olivine only that are erroneously classified as komatiitic, but 

this distinction is not vital for present purposes. It is clear from the data compilation that the two 

groups form a continuum such that the distinction is arbitrary, and for most purposes we consider all 

basalts together. The subdivisions of the basaltic data set are based primarily on fluid-immobile 

incompatible trace element contents.  

The geochemistry of Archean non-komatiitic basalts was examined in relation to basalts from 

selected Phanerozoic tectonic setting by Barnes et al. (2012) and Barnes and Arndt (2018), by 

comparing compositions with data density fields for intra-oceanic island arcs (combined with back-

arc basins), mid-ocean ridge basalts (extending from e-MORB to n-MORB) and oceanic plateaus, 

using a combination of major, minor and trace elements. Major and minor element compositions of 

the predominant Archean type represented in those data sets, low-La tholeiitic basalts, show the 

closest similarity to ocean plateau basalts, falling close to the main concentration of data for major 

elements. These are probably the equivalents to the “non-arc” basalts of Condie, Herzberg and co-



workers. Contents of SiO2, Cr and Ni are systematically somewhat higher and Ti lower for the same 

Mg# compared with Phanerozoic ocean plateau basalts (Fig. 1), while falling at the lower end of the 

range of incompatible trace elements (LREE, Th, Zr). Compared with modern n-MORB, Archean 

low-La basalts have distinctly lower Ti for the same Mg# and higher Ni and Cr, while the Archean 

data set as a whole covers the same range as MORB in La and most other incompatible elements. 

Mg# in Archean basalts range mainly from about 40 to 57, lower than those of modern n-MORB (55 

to 67).  

These observations are consistent with, but do not prove, the general conclusion reached by 

most previous studies of Archean basalts: they are primarily plume-derived (Wyman, 1999a, Wyman 

et al., 2006, Wyman & Kerrich, 2009, Barnes et al., 2012, Said et al., 2012), and they represent the 

equivalent of primitive intraplate basalts in the Phanerozoic Earth – i.e. derived by moderate degrees 

of partial melting of mantle plume heads in large igneous provinces. The evidence for this is the 

extremely anomalous mantle potential temperatures required for the most magnesian komatiites, only 

attainable in plumes, and the short duration and large volume of individual komatiite-basalt suites 

such as that of the Eastern Goldfields (Campbell & Hill, 1988, Wyman & Hollings, 1998, Wyman & 

Kerrich, 2002, Barnes et al., 2012, Barnes & Van Kranendonk, 2014), characteristic of plume-related 

large igneous provinces (LIPS) in the younger Earth (Coffin & Eldholm, 2000, Ernst, 2007). 

Other interpretations have been proposed, such as Herzberz and Rudnick (2012) who argued 

that Archean tholeiites, rather than being plume-related, were derived from oceanic crust formed at 

spreading centres. This interpretation can be ruled out for several well-studied Archean granite–

greenstone terranes, which evolved upon pre-existing felsic basement, and where the mafic and 

ultramafic magmatism commonly coexisted with felsic magmatism, e.g. the Paleoarchean and 

Neoarchean Pilbara/Fortescue greenstones of Western Australia (Smithies et al., 2009; Mole et al., 

2018b), and the greenstone terranes of the eastern Yilgarn Craton (Mole et al., 2013; Mole et al., 

2014; Mole et al., 2018b; Smithies et al., 2018; Witt et al., 2020), which have been interpreted to have 

formed in intracratonic rift environments. It cannot be so readily dismissed in other terranes where the 

evidence is not so clear. An oceanic affinity was also discounted by Condie (2005, 2015) on the basis 

of distinct trace element differences between Archean basalts and MORBs, a point we consider 

below. An important third alternative is that, rather than being plume- or mid-ocean ridge-related, 

tholeiites and potentially komatiites can be sourced from any major asthenospheric overturn, such as 

the episodic ‘overturn upwelling zones’ (OUZOs) proposed by Be´dard (2006, 2018) and Be´dard et 

al. (2013), discussed further below, and upwellings in association with extension of overlying 

lithospheric architecture, such as in back arc settings or in response to post-subduction slab break-off. 

In the discussion that follows, we show that other interpretations are likely for some subordinate 

components of the data set.  



1.2 Mafic and ultramafic magmas in the Proterozoic 

Komatiites existed in the Proterozoic but preservation is rare. The clearest example of true Proterozoic 

komatiite is in the Winnepegosis belt (Waterton et al., 2017), at the western end of the very extensive 

Circum-Superior Large Igneous Province; this province also contains the Thompson and Cape Smith 

(Raglan) belts, with abundant komatiitic basalts, marginal true komatiites (18 wt% MgO) (Baragar & 

Piche, 1982) and extensive magmatic Ni–Cu–Co mineralization (Layton-Matthews et al., 2007; 

Lesher, 2007; Lightfoot et al., 2017). ‘Micro-spinifex’ texture is reported in many other areas, but this 

term is a misnomer and usually refers to acicular pyroxene, commonly interstitial to olivine 

phenocrysts and is not diagnostic of komatiite. Only on Gorgona Island does true Phanerozoic 

(Cretaceous) komatiite containing olivine macro-spinifex reappear (Echeverria, 1980; Aitken & 

Echeverria, 1984). Several localities in the data set, including the Lake Harris greenstone belt in the 

South Australian Gawler Craton, and some greenstone sequences of the Karelian Craton in Russia (in 

the Fennoscandian Shield, close to the Finnish border) are close in age to the Archean–Proterozoic 

boundary at 2500 Ma. Thus, true komatiites on the strict definition (i.e., MgO >18 wt % and 

containing olivine spinifex textures) are restricted to the Archean, the Winnepegosis locality and 

Gorgona. 

Basaltic magmatism is widespread in Proterozoic mobile belts, but relative to Archean 

sequences this magmatism has been somewhat less studied. Notable exceptions are the predominantly 

komatiitic basalt of the Circum-Superior (Baragar & Piche, 1982; Arndt et al., 1987; Lesher, 2007), 

the c.1980 Ma ‘ferropicrite’ sequences of the Pechenga belt (Hanski & Smolkin, 1989; Hanski, 1992; 

Skufin & Theart, 2005) and the slightly older Paleoproterozoic komatiitic basalts of Central Lapland 

belt (Hanski et al., 2001; Gangopadhyay et al., 2006; Puchtel et al., 2020), the Vetreny Belt (Puchtel 

et al., 1997, 2001), and recently the early Proterozoic Birimian sequence of West Africa (Labou et al., 

2020; Me´ riaud et al., 2020). A large data set is available for the mid-Proterozoic large igneous 

province in the north American Midcontinent Rift, including the Keweenawan basalts (Keays & 

Lightfoot, 2015). The marginal sills and contact zones of the 2050 Ma Bushveld Complex have been 

extensively documented (Barnes et al., 2010; Wilson, 2012), and form an important part of the 

Proterozoic data set. Otherwise, most of the geochemical data available for mafic and ultramafic rocks 

of Proterozoic age is from amphibolites and differentiated mafic or mafic-ultramafic intrusions in 

variably but commonly highly metamorphosed orogenic belts, such as the Halls Creek and Albany-

Fraser Orogens in Western Australia (Maier et al., 2016b; Mole et al., 2018a), the Mozambique 

Mobile Belt in south-eastern Africa (Mole et al., 2017) and the Raahe-Ladoga (Kotalahti) Belt of 

central Finland (Makkonen et al., 2008; Barnes et al., 2009). Hence, the Proterozoic data set we 

present here should be regarded as something of a work in progress, and much work needs to be done 

to fill out major gaps in our knowledge of magmatism through this extensive interval of geological 

time. 



1.3 Trace element discriminant diagrams 

One of the major unresolved issues regarding Archean greenstone belts and Proterozoic orogens or 

mobile belts is in determining to what extent they have geochemical affinities with particular tectonic 

settings in the modern Earth. Trace element discrimination diagrams were introduced in the 1970s as 

a technique for assigning tectonic setting to mafic and ultramafic rocks of unknown affinity and have 

been widely used ever since (Pearce & Norry, 1979; Wood et al., 1979; Wood, 1980; Ross & Be´dard, 

2009; Pearce, 2014), with numerous applications to Archean greenstone belts in particular (Pearce, 

2008; Manikyamba et al., 2009; Furnes et al., 2013; Smithies et al., 2018). The approach has been to 

compile sets of data on trace elements that are widely considered to be relatively immobile during 

most types of hydrothermal alteration or low- to medium-grade metamorphism, generate baseline sets 

of multi-element data based on rocks from modern settings where tectonic environment is well 

known, then compare ‘unknown’ data populations on a range of usually binary or ternary diagrams. 

Over the decades since the original work of Pearce & Cann (1973), this approach has become very 

widely used, and has come to focus on a particular suite of elements including the REEs, the high 

field strength elements (Ti, Nb, Ta, Zr and Hf) and particular strongly lithophile elements, notably Th. 

Furthermore, because these elements are largely incompatible during low-pressure fractional 

crystallization, their relative proportions to one another are for the most part invariant with respect to 

fractionation and accumulation of olivine. Arndt & Lesher (1992) compared olivine cumulates and 

spinifex zones from komatiite flows at Kambalda and found relative differences in Gd/Yb around 

15%, which is not negligible but is very small compared with the large variability seen in natural data 

sets. Furthermore, alteration of very REE-poor olivine-rich cumulates can have a significant impact 

on LREE slope (Barnes et al., 2004). Accumulation of pyroxene and plagioclase can have more 

substantial effects on ratios of moderately incompatible trace element ratios (see Appendix for a full 

discussion and modelling). We minimise this effect by restricting the data in the plots using a variety 

of criteria designed to eliminate mesocumulates and adcumulates; for orthocumulates and phenocryst-

bearing rocks with more than about 60% liquid, cumulate effects can safely be neglected, as discussed 

in Supplementary Data Material Supp1; supplementary data are available for downloading at http:// 

www.petrology.oxfordjournals.org. With these caveats, incompatible elements can be used reliably on 

samples that do not necessarily represent pure liquids, making them potentially useful for study of the 

intrusive rocks that make up a large proportion of the available data from some Proterozoic terranes.  

Currently the most widely used approach is to use combinations of the elements Nb, Th and 

Yb (Pearce, 2008, 2014), along with Zr (Condie, 2005, 2015). The basis for this approach is that these 

elements and their ratios represent proxies for geochemical processes that vary with tectonic setting. 

Variation in the concentration of Nb is an indicator of the stability of Nb-rich minerals, such as rutile, 

during partial melting in subducted slabs (or at high-pressures); Th becomes enriched in 

metasomatized mantle above subduction zones and is also strongly enriched in the crust. Yb is 



retained in garnet and amphibole during high-pressure fractionation processes, and hence is depleted 

in low-degree partial melts formed at high pressure, for example, during deep melting of mantle 

plumes. Based on this combination of behaviours, Pearce (2008) produced a discriminant plot (Fig. 2) 

that separated most mafic volcanic rocks into two distinct arrays: a mantle array, having high Nb/Th 

ratio, representing the spectrum between magmas derived from previously depleted mid-ocean ridge 

basalts (n-MORB) source mantle at one end, and Nb-rich, Yb-depleted magmas at the other; and an 

arc array, with consistently higher Th/Nb ratio, representing varying degrees of melting of 

metasomatized mantle enriched in Th. The mantle array encompasses all mid-ocean ridge-related and 

plume-related mafic magmas erupted in non-arc oceanic settings, away from the influence of 

contamination by continental crust. Plume sources of modern OIBs at the high-Nb/Yb end of the 

mantle array are also regarded to be enriched in Nb due to incorporation of the residuum of slab 

melting into the deep mantle. This plot has been widely used, particularly in addressing the question 

of the operation of island arc and subduction related processes in the Archean and the timing of the 

onset of plate tectonics (e.g. Condie, 2005, 2015; Be´dard et al. 2013; Pearce, 2014, Be´dard, 2018; 

Smithies et al., 2018). Here we use it as a starting point for the geochemical subdivision of mantle-

derived mafic and ultramafic magmas from Archean and Proterozoic terranes (Fig. 2) and 

complement it with a number of other plots combining Nb, Th and REE data.  

The limitations of the trace element discriminant approach have been pointed out by Condie 

(2015), and particularly by Li et al. (2015), who compiled large data sets from the GeoRoc 

(http://georoc.mpch-mainz.gwdg. de/georoc/) and PetDB (http://www.earthchem.org/petdb) databases 

as baseline sets to test a number of the standard discriminant plots. Comparing these large data sets 

with the previously defined fields on a wide variety of discriminant plots including those mentioned 

above of Pearce, Wood and co-workers, Li et al. (2015) found that MORB, ocean island basalts (OIB) 

and noncontinental island arcs could be consistently discriminated using most of the plots tested, but 

the continental arc and continental flood basalt data clouds show such a high degree of overlap that 

they cannot be usefully distinguished from one another using simple bivariant plots. As Li et al. 

(2015), Be´dard (2018) and Condie (2015) point out, this lack of discriminant ability has multiple 

causes, but the major one is that it is very difficult to distinguish the effects of Th and LREE 

enrichment due to subduction-related melting processes from the effects of crustal contamination. 

This is a particularly difficult issue in resolving the setting of mafic magmas emplaced into 

continental crust. An additional complication is that the trace element signatures of mantle processes 

may have been different in a hotter Earth; oceanic crust may have been subducted at higher 

temperatures, preventing the retention of Nb in accessory restite phases and higher degree melting 

may have prevailed in the mantle wedge. A uniformitarian view is undoubtedly far too simple, and 

geochemical dartboards need to be used in conjunction with whatever other data sets are available. 

Approaches using more sophisticated forms of discriminant analysis have been employed in the last 

http://www.earthchem.org/petdb


few years (e.g. Snow, 2006; Vermeesch, 2006). Vermeesch (2006) obtained a high degree of success 

in discriminat ing the major tectonic classifications, notably those that are most easily discriminated 

on binary ratio plots. Vermeesch (2006) does not report on success or otherwise in the harder problem 

of discriminating continental arc from continental flood basalts. We are currently investigating the 

machine-learning approach on our training data set, but the essential petrological limitations will 

always remain. 

Notwithstanding the limitations, there is still potential value in comparing the overall shape 

and data density of large data clusters with baseline sets to assess relative likelihood of matching 

affinities and to assess the way the shapes of these data clouds change with time in rocks of 

comparable major element chemistry. What these comparisons actually mean can be debated 

endlessly, but the arguments need to be grounded in the data.  

2 METHOD 

The approach employed here is to generate data density contours on the Phanerozoic baseline data 

sets, and compare the data clouds from the ‘unknown’ data sets with the positions of those contours, 

rather than relying on arbitrarily defined ‘dartboard’ field boundaries that neglect the extensive 

overlaps in the natural data sets (and the trends in individual, geologically related, data sets, e.g. 

Smithies et al., 2018). Furthermore, in this study we incorporate the additional approach of O’Neill 

(2016) of reducing the relative concentration patterns of the entire series of REE to a set of 

polynomial coefficients, λ0, λ1 and λ2, that effectively parameterize the level, slope and curvature of 

REE patterns (Fig. 3). This is applicable to cumulate rocks, where the overall level of the REE in a 

sample, λ0, depends on the proportion of liquid to cumulus crystals, but λ1 and λ2 are particularly 

useful parameters reflecting the original liquid component. This approach allows a much larger body 

of variability to be encapsulated in simple binary plots and allows a more rigorous comparison of 

REE patterns than is possible using simple ratios. Combining λ values with the various trace element 

proxies outlined above potentially allows more rigorous comparisons to be made, using “heat maps” 

that show a probabilistic distribution of variables.  

We apply this method to an extensive global baseline set of ‘known’ affinity and present a set 

of data density contours representing 8 distinct tectonic categories: continental arc basalts (CA), 

island arc basalts (IA), intra-oceanic arc basalts (IOA), back arc basin basalts (BAB), continental 

flood basalts (CF), mid-ocean ridge basalts (MORB), oceanic plateau basalts (OP) and ocean island 

basalts (OIB). In the text, we use the most clearly discriminated fields of IOA, OIB, MORB and OP. 

A full set of all these plots is available in Supplementary Data (Supp Data 2), along with the 

coordinates of these contours. Pre-configured versions of the diagrams designed for use with ioGas 

and Pyrolite software packages (Williams et al., 2020) are available from the authors.  



2.1 Phanerozoic baseline data sets 

A large body of publicly available igneous whole-rock geochemistry data with location data was 

downloaded (from GEOROC and PetDB/Earthchem, Lehnert et al., 2000; data-downloaded end 2018) 

and classified as one of eight different tectonic settings (as per Li et al., 2015; Ueki et al., 2018). The 

bulk of data are taken from the GEOROC tectonic setting compilations (including the full ocean 

island, oceanic plateau and continental flood basalt data sets; OI, OP and CF, respectively). Arc rocks 

are compiled from subsets of the GEOROC compilations, and include intra-oceanic arcs (IOA: e.g. 

Izu Bonin, Kermadec, Mariana, New Hebridies–Vanuatu and Tonga arcs), island arcs (IA: Aleutian, 

Kurile and Ryuku arcs) and continental arcs (CA: Andean, Cascade and Central American Arcs). 

Back-arc basin (BAB) data were taken from the PetDB igneous rock compilation, and MORB data 

were obtained from EarthChem (filtered to remove some ridge segments with complex tectonic 

settings). Analyses (major and trace elements) were renormalized to 100% after omitting volatile 

components. A subset of this data set with MgO >3 wt % and SiO2 between 45 and 55 wt % was 

taken (to restrict the set to essentially basaltic and komatiitic rocks), totalling just over 72 000 

analyses. Iron oxide chemistry was adjusted to 90 mol % iron as FeO and 10 mol % iron as Fe2O3. 

Samples with less than 1 ppm Nb and 0.3 ppm Th were excluded to eliminate mesocumulate rocks 

with very low incompatible trace element contents, which would be expected to show wide variability 

in ratios purely due to propagation of analytical uncertainty at low levels close to detection limits.  

Orthogonal polynomial coefficients (‘lambdas’) were calculated relative to CI-Chondrite as 

per O’Neill (2016), with some modifications to use a subset of the REE (to accommodate variability 

in data quality, where some of the REE data is missing, below detection or potentially inaccurate). 

The particular element set used in this study comprised La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm 

and Yb. 

Results are presented by comparing the entire cluster of Archean and Proterozoic data with 

data density contours on the baseline data, and with each other, for the tectonic classification 

categories noted above. Data are displayed in the text and supplementary material for various 

combinations of the following parameters: λ1 (REE pattern slope), λ2 (REE pattern curvature, see Fig. 

3), Nb/Yb, Nb/La, Th/Yb and Th/Nb. In this scheme Nb/Yb serves a proxy for melting depth 

combined with degree of enrichment or depletion of mantle source; and Th/Yb and Nb/La for mantle-

melt–crust interaction whether through crustal contamination or arc input. Other parameters including 

ratios with Zr, Ti and Y were also tested but found to add no significant discrimination power, 

although they do add additional petrological information in some cases. To back up these choices, we 

carried out a classical principal component analysis on the most diverse subset of data, the Archean 

basalts (Appendix 2, Supplementary Data Supp3), using a wide variety of element ratios. The ratios 

Zr/Y, Zr/Nb and Sc/Ti also showed some useful variation but contributed little to the overall 



multidimensional dispersion of the data, and so were mainly disregarded. The entire data set is 

available as Supplementary Data (Supp4) for the reader to investigate further.  

2.2 Archean – Proterozoic data sets 

A major difficulty in interrogating data set of ancient volcanic rocks is that they are almost without 

exception altered and in the case of komatiites extensively so, such that fluid soluble elements like Sr, 

Pb, Ba, alkalis, Ca, U etc. are not reliable indicators of igneous processes. We follow the commonly 

made assumption, that less fluid-mobile elements including the REE, Nb, Th, Zr, Y, Sc, Ti, Ni and Cr 

are robust indicators; this is almost certainly not uniformly true, particularly for rocks metamorphosed 

at and beyond amphibolite facies (Pearce, 2014), and mobility of these elements doubtless contributes 

to some of the noise in the data sets. Alteration-related modification of REE patterns is known to be 

an issue in rocks with very low levels of these elements, such as komatiitic olivine cumulates (Barnes 

et al., 2004), leading us to eliminate such samples from the plots as discussed above. However, based 

the generally predictable behaviour of these elements, the strength of inter-element correlations 

between the REE, and several decades of accumulated consensus, we are confident that this set of 

elements provides us with the best opportunity of deriving geologically meaningful conclusions from 

ancient igneous rock suites.  

Most of the Archean and Proterozoic data in this compilation were hand-compiled from 

primary sources, rather than being downloaded from secondary sources in public databases. We have 

selected data on the basis of the following filters: availability of all of the REE, Th, Nb, Zr and Y (this 

results in the data being primarily obtained by ICP-MS); MgO between 4 and 35 wt% weight percent 

(to exclude olivine-rich cumulates with very low incompatible trace element contents), and SiO2 

between 40 and 60 wt%. The high upper SiO2 filter extends the data set into basaltic andesites and 

some andesites, but is set this high to avoid arbitrarily cutting out an important coherent group of 

high-Si mafic magmas with characteristic trace element characteristics. A population of lamprophyres 

with extremely high LREE, extremely low Nb/La and other distinguishing characteristics was 

excluded owing to its very minor volumetric abundance. This results in a working data set of just over 

10 000 analyses. The spatial and age distribution of these samples is tabulated in Supplementary Data 

(Supp5). We have subdivided this data set into a number of geochemical groupings for different kinds 

of komatiites and basalts. In short, komatiites and komatiitic basalts are extracted using a combination 

of MgO content at mantle-normalized Al/Ti ratio, following the procedure of Barnes & Arndt (2019), 

then the remaining basalts are subdivided based on trace elements. The classification workflow is 

documented in Supplementary Data file Supp1. 

2.3 Sampling limitations and biases 

An inevitable problem in studies such as this is the highly uneven and fragmentary nature of the 

sampling. Outcropping Archean cratons represent a very small proportion of exposed continental crust 



and that proportion diminishes rapidly with age; fewer and fewer localities dominate the data set as 

we go further back in time. Furthermore, much of the known Archean is in areas with very limited 

exposure, such as the Yilgarn and Superior Cratons, with the result that a high proportion of available 

samples is from drill core in areas extensively explored for gold, nickel and VMS ore deposits. This 

probably introduces further bias in that a large proportion of analysed basalts might be from within 

alteration halos, and that komatiites are certainly greatly over-represented owing to their association 

with Ni mineralisation (Barnes & Fiorentini, 2012; Gole & Barnes, 2020). Due to a combination of 

preservation bias and ore deposit association, intra-cratonic LIPS are inevitably oversampled. Some 

previous studies (Keller & Schoene, 2018; El Dien et al., 2020) have attempted to compensate for this 

patchy sampling using selective ‘bootstrapping’ techniques that involve under-sampling the well-

sampled regions and vice versa, with weighting by spatial and temporal proximity to produce 

smoothed trends. We recognise that this approach may have some benefits, but it also introduces a 

different set of hidden biases: unusual samples in well-sampled areas are likely to be missed, and 

under-sampled areas that happen to include unusual rocks may be greatly over-represented. No 

amount of statistical manipulation can compensate for under-sampling, and bootstrapping approaches 

introduce a major risk of statistical artefacts. Since we are not attempting to produce smooth secular 

trends here, an enterprise that we consider futile given the patchiness of the sampling and the 

complexity of the raw data, we have taken the opposite approach and simply included all data, to 

determine as far as possible the range of different flavours of basalts and komatiites that existed at the 

times and localities we have data for. We address the issue of uneven sampling in space and time by 

showing data sets for individual well sampled cratons over limited time slices.  

3 RESULTS 

3.1 Archean basalts and komatiites - subdivision 

3.1.1 Komatiites 

The Al-undepleted komatiite (AUDK) data set defines an elongate ellipsoidal array on all the 

incompatible trace element ratio plots (Fig. 4). The most primitive (mantle-like) komatiites overlap 

the 50th percentile field of oceanic plateaus (OP) at the low Nb/Yb end. (The OP field was chosen for 

comparison on the basis of the previously recognised similarity – comparisons with other 

“Phanerozoic” fields can be found in some of the other plots in this section. A complete set of 

comparative plots with all Phanerozoic groups for a variety of trace element combinations is 

presented as Supplementary Material file Supp5). The trend of the array is consistent with variable 

degrees of contamination by continental crust (Mole et al., 2018b), a point we return to in more detail 

below. The much smaller Al-depleted ADK data set is less clearly linear. It also overlaps the OP field 

but at slightly higher Nb/Yb.  



Taking the AUDK array as being due to variable crustal contamination of primitive magmas, 

the trajectory is consistent with AUDK deriving from a moderately depleted source somewhere 

between PM and modern depleted n-MORB. The ADK array probably had a similar mantle source 

but tends to higher Nb/Yb due to garnet retention during melting. Mole et al. (2014) suggest that ADK 

preservation is favoured by eruption through thicker lithosphere where AUDK generating wa 

supressed, whereas under thin lithosphere the much larger volumes of high-degree AUDK melts 

predominate. We refer the reader to Sossi et al. (2016) for a detailed discussion of petrogenesis of 

ADK and AUDK.  

3.1.2 Basalts 

The basalt suite (including komatiitic basalts) is divisible into several components (Fig. 5, Fig. 6), 

which we have attempted to name objectively without genetic connotations:  

(1) a linear-elliptical array from the primitive OP field towards continental crust, forming a continuum 

from low-La (LLT Group) through to the intermediate to high-La (HLT Group);  

(2) a high Th/Nb group (Hi-Th Group) falling within the continental arc array on the Pearce (2008) 

plot;   

(3) a group falling on the mantle array trends for all plots (High Nb/Th Group), plotting to high 

Nb/Yb side of the main trend and of n-MORB,   

(4) a group, characterised also by very low Al/Ti and high FeO (ferropicrite “FePicrite” Group), 

continuous with the high Nb/Yb group at the extreme OIB (Yb depleted) end of the mantle array,  

(5) a group including samples lying on a series of linear arrays of constant Th/Nb, to left of the main 

basalt array within the Pearce Oceanic Arc field, designated “Low Nb/Yb” Group;  

(6) a ‘boninite’ group, largely komatiitic basalt, with overall very low Ti, somewhat low Fe, falling 

within the oceanic arc contours on the Nb–Th–Yb–REE plots, and satisfying the Pearce & Reagan 

(2019) criteria for boninites (Boninite Group). Summary REE and trace element spidergrams are 

shown in Fig. 7 as means and 25th and 75th percentiles and are discussed in more detail for the 

different groupings below. Details of the classification workflow for the Archean and Proterozoic 

basalt and komatiite groups are given in Appendix 1. 

Major element characteristics for the basalt groups are summarised in Fig. 8. High-Th and 

high-La basalt suites are generally higher in SiO2 for the same MgO; The ferropicrite suite is 

systematically lower in SiO2, reflecting much higher Fe contents; the “mantle array” suite is generally 

similar in major elements to low-La tholeiite; and the combined Low Nb/Yb+boninite suite is mainly 

komatiitic basalt in our scheme, with characteristically very low Ti, generally high Si and a wide 

range in Mg.  



3.1.3 Comparison of basalts with komatiites 

The trace element data clouds of Th/Yb vs Nb/Yb and λ1 vs λ2 for the Low-La Group (Fig. 9) can be 

compared with those for komatiites (Fig. 4) and the fields for Phanerozoic ocean plateau basalts and 

MORBs. The patterns are broadly similar. The Low-La basalt and Al-undepleted komatiite (AUDK) 

arrays both trend back to the Phanerozoic mantle array, close to the mode of the n-MORB cluster for 

AUDK, but between n-MORB and primitive mantle (PM) for Low-La basalts. Primitive members of 

the Al-depleted komatiite (ADK) group are depleted in Yb, reflecting garnet retention in their source 

region. 

3.2 Archean basalts – discussion of major groups 

3.2.1 Low-La to High-La tholeiitic basalt array (“variable Th/Nb trend”) 

The overall near-linear array from Low- to High-La basalts represents about 75% of the entire sample 

of Archean basalts (excluding komatiitic basalts). This grouping (Low-La and High-La combined) 

was referred to as the ‘Variable Th/Nb trend’ by Smithies et al (2018) and we retain this terminology 

here, while noting that it is defined by more than just Nb, Th and Yb variation, and extending the term 

to cover the parallel trend also displayed by komatiites and komatiitic basalts. The division between 

the Low- and High-La Basalts is arbitrarily defined on a plot of La/ Ti vs λ1 (see Supplementary Data) 

The Low-La Group shows typical flat to slightly depleted mantle-normalized trace element patterns 

(Fig. 7A), having similar shape to AUDK except those are flatter and have small negative Nb 

anomalies assumed due to contamination. Hi-La Group basalts, occupying the high-La, high-Th end 

of the continuous linear array have concave-up REE patterns (high λ1 and moderate λ2) (Fig. 7C and 

I), steep LREE, flat HREE, and large negative Nb anomalies, overlapping with the high Th cluster. 

Petrogenesis: The overall trace element trend of the Low-La to High-La basalts, particularly as seen 

on the Th–Yb–Nb plot, is distinctly oblique to broad linear trends defined by modern ocean floor 

basalts, which represent the compositional spectrum between n-MORB and e-MORB source mantle 

(Pearce, 2008). The trend matches well with computed trace element mixing trajectories for a parent 

with a source between n-MORB mantle and undepleted primitive mantle (PM), contaminated by 

average middle or upper continental crust. The simplest interpretation for this basalt grouping is that it 

represents variably fractionated and contaminated derivatives of asthenospheric melts, having sources 

on the slightly depleted side of the bulk primitive mantle (PM–bulk silicate Earth) composition. Co-

eval and commonly interlayered Al-undepleted komatiites and derivative komatiitic basalts include 

magmas with somewhat more depleted sources with characteristics similar to conventionally assumed 

modern MORB sources, but there is a complete continuum in source chemistry. 

Affinity with Phanerozoic environments The primitive end of the Low- to High-La basalt array is most 

similar to Oceanic Plateaus (OP) although slightly more depleted than the mode for that grouping. It 

lacks the spread of Nb/Yb at constant Th/Nb characteristic of n-MORB-e-MORB suites, making a 



marked contrast with the trace element characteristics of modern non-plume ocean-floor basalts and 

the modern mantle array. 

Where? The grouping as a whole is present across all sampled greenstone belts and in most belts is 

the predominant basaltic grouping. The higher-La (high λ1) portion of the array is predominant in the 

East Yilgarn, particularly the Kalgoorlie Terrane. To the west, the Youanmi Terrane provides an 

exception in that basalts of the High-Th Group dominate, with those of the Low-Nb/Yb Group also 

being more common that those within the Variable Th/Nb trend.  

3.2.2 High-Th grouping 

Characteristics This grouping is defined by a tight cluster of points having unusually high Th/Yb, 

falling beyond the most enriched end of the ‘Variable Th/Nb’ linear array defined by the Low- to 

High-La basalt grouping. Interestingly, much of this group also has a tightly clustered range of Al/Ti 

(plotted as the mantle-normalized ratio in Fig. 10) similar to that of Al-undepleted komatiites; many 

of the samples with higher values are probably plagioclase cumulates in differentiated sills (Barnes et 

al., 2012). Trace element spidergrams are strongly concave-up, strongly LREE-enriched (i.e. high λ1 

and λ2) and display large negative Nb and Ti anomalies (Fig. 7). The basalts are typically silica 

enriched for a given MgO content (Fig. 8), a high proportion of them falling into the former category 

of siliceous high-Mg basalts (SHMB), but very few pass the additional criteria of very low TiO2 to be 

classified as ‘boninites’ in the scheme of Pearce & Reagan (2019). (Most of the rocks that do pass the 

‘boninite’ filters fall into a separate category, and the SHMB category no longer appears to be useful, 

as discussed below). Comparing the High-Th group with the High-La end of the main basalt array 

(Fig. 10), we note that they extend to higher Th/Nb but slightly lower Zr/Ti, are notably more tightly 

clustered and characteristically form population modes on data density plots, distinct from the High-

La Group basalts. For this reason we treat them as being a separate group from the High-La Group 

basalts but potentially having a similar origin.  

Petrogenesis: The combination of highly enriched trace element characteristics with mantle-like 

(komatiite-like) Al/Ti led Barnes et al (2012) to follow previous studies (Lesher & Arndt, 1990, 

Lesher & Arndt, 1995) in interpreting these rocks, specifically the intensively studied exemplar of the 

group, the Paringa basalt sequence of the Kambalda area, as highly contaminated komatiites.  

As is clear from the various discriminant plots, the high-Th Archean basalt group falls in the 

extensive overlap between the fields for continental flood basalts and continental arcs, but well 

outside the mantle array. The key to their interpretation in the case of the Kalgoorlie Terrane high-Th 

basalts is in their association, which in most cases is in the upper parts of thick sequences of 

komatiites and clearly komatiite-derived basalts (Arndt & Jenner, 1986, Barnes et al., 2012, Hayman 

et al., 2015), making a crustally contaminated plume magma origin rather than an origin as 



subduction-related continental arc magmas more likely. As we will see, the closest affinity with any 

post-Archean magma type is with the very similar B parent magmas of the Bushveld Complex.  

Where? The best-known locality of this type is in the Kalgoorlie-Kambalda area of the eastern 

Yilgarn craton. A particularly instructive occurrence is within the Fortescue province in the west 

Pilbara of Western Australia (Arndt et al., 2001, Mole et al., 2018b), which along with the 

Ventersdorp lavas of southern Africa (Marsh et al., 1992) is one of the two oldest demonstrable 

continental flood basalt provinces on Earth. It is also well represented in the Murchison province 

greenstone belts in the Youanmi Terrane of the Yilgarn Craton (Smithies et al., 2018; Lowry et al., 

2020), and in the central part of the Pilbara craton (Smithies et al. 2012, where they tend to have a 

wider range in Al/Ti). It is noteworthy that the komatiite association does not hold true for these last 

two mentioned localities, where a significant portion of the high-Th basalts are associated with 

boninite-like rocks and calc-alkaline andesite-dacite-rhyolite associations. This raises the possibility 

that there are two distinct associations of high-Th basalts with markedly different tectonic 

associations. 

3.2.3 “High Nb/Th” grouping 

Characteristics, affinity: The overall array is defined by similarity of trace element characteristics to 

the modern mantle array (Pearce 2008, 2014) transitional between e-MORB and OIB compositions, 

but lacking extreme OIB type compositions and having some characteristics of alkali basalts (Polat & 

Kerrich, 2001). Trace element spidergrams are mildly LREE enriched, concave-down (moderate 1, 

low 2) and lack negative Nb anomalies.  

Petrogenesis: The overall trace element trend implies an origin from mildly Nb-enriched mantle 

plume sources, coupled with a source of variation due to retention of Yb in source regions during 

melting in the presence of garnet or amphibole. This rare grouping (about 2% of total samples in the 

Archean record) might represent the product of deep-sourced mantle plume tails analogous to modern 

OIBs. 

Where? The distribution is scarce and patchy; about half of the samples are from the Superior Craton, 

with the largest number from the Uchi, Wawa and Wabigoon belts in the western Superior. The 

remainder are distributed as occasional samples in many other belts.  

3.2.4 Ferropicrite grouping 

Characteristics, affinity This volumetrically minor but highly significant group is characterized by 

very low Al/ Ti ratios reflecting both enrichment in Ti and depletion in Al and elevated Fe over a 

range of MgO (probably including cumulates) (Fig. 8). Trace element characteristics are a close 

match with modern Hawaiian-style OIBs (Figs 5 and 6) with steep concave-down REE patterns from 

La to Lu (high 1, low 2), no Nb–Ti anomalies but slight negative Zr anomalies, close to modern 



ocean arc basalts and completely unlike anything else in the Archean basaltic record. This is the only 

Archean basaltic group with OIB-like trace element characteristics.  

Petrogenesis Several explanations have been offered to explain the genesis of ferropicrites, with two 

of them, partial melting of an Fe-rich peridotite or garnet-pyroxenite source, being the most 

commonly presented scenarios. Originally, Hanski & Smolkin (1995) proposed that the Proterozoic 

Pechenga ferropicrites were products of mantle melting leaving behind olivine with Fo significantly 

less than 90 mol % and that their OIB-like trace element signature was inherited from the mantle 

source. This view was also favoured by Goldstein & Francis (2008) for the generation of Archean 

ferropicrites, although the origin of the Fe and Ti enrichment remains a topic of debate. Regardless of 

detail, the overall trace element trend implies an origin from deep melting of mantle plume sources, 

possibly with pyroxenitic or garnet rich components (Sobolev et al., 2005). As with the mantle-array 

group, with which it arguably forms a continuum, the group might represent some of the earliest 

products of mantle plume tails resembling those in the modern Earth.  

Where? This suite is rare and highly localized in the Archean record, most of the examples (28 

samples out of 77) being from the Uchi, Wabigoon and Wawa Belts in the Superior (Polat & Kerrich, 

2001; Goldstein & Francis, 2008), and a further 8 samples from the Lake of Enemy locality in the 

Rankin belt of the Slave Craton (Francis et al., 1999), with isolated samples from elsewhere. The 

ferropicrite and ‘mantle array’ groupings most likely represent a continuum. 

3.2.5 Low Nb/Yb and boninitic suites 

Characteristics, affinity: These two groups are considered together here as they have essentially the 

same trace element characteristics – strong negative Nb anomalies without or with only minor REE-

enrichment, and flat to slightly MREE depleted relative to HREE, close to modern ocean arc basalts. 

The boninite group, discriminated on the basis of the MgO-SiO-TiO2 criteria of Peace and Reagan 

(2019), includes rocks described from the Murchison region of the Yilgarn Youanmi terrane that have 

orthopyroxene spinifex textures and orthopyroxene-phyric cumulates and closely resemble modern 

fore-arc boninites (Wyman & Kerrich, 2012, Lowrey et al., 2020). 

Petrogenesis: The trace element characteristics are consistent with an origin common to Phanerozoic 

arc magmas, from depleted mantle wedge fluxed by subduction-derived fluids, but it should be noted 

that the grouping falls somewhat away from the mode of modern intra-oceanic arcs, having somewhat 

higher Nb/La and Nb/Yb. 

Where? This is a relatively rare grouping: the combined categories represent 8.5% of the entire 

Archean sample set; about one fifth of these (1.6% of total) are boninites on MgO-SiO-TiO2 criteria. 

“Hotspots” for this category are the western Youanmi Terrane of the Yilgarn Craton of Western 

Australia and, interestingly, the Paleoarchean Isua belt in west Greenland (Polat et al., 2011), with 



other significant populations in the west Pilbara Craton (the Whundo Group of Smithies, 2002, and 

Smithies et al., 2005). It is noteworthy and probably not coincidental that the west Youanmi and west 

Pilbara “hotspots” are also the home of the variable Al/Ti, non-komatiite-associated subset of High-

Th basalts noted above. 

3.2.6 The demise of Siliceous High-Mg Basalts.  

Siliceous high-Mg basalts (SHMB) have been regarded as a rare and controversial subset of Archean 

basalts for many years, particularly because of their cursory similarities with modern boninites 

(Barnes, 1989; Sun et al., 1989). Based on the data analysis presented here, there is actually no 

distinctively separate single grouping of SHMB (as defined purely on the basis of major element 

chemistry) with coherent trace element characteristics. Some of the suite characterized by high MgO 

(>8 wt %) and high SiO2 (>55 wt %) falls into the High-Th Group, and some into the Boninite Group, 

distinguished by very low Ti (Pearce & Reagan, 2019), with quite different characteristic REE 

patterns and low Nb/Yb. Most basalts in the High-Th category have elevated silica regardless of their 

MgO (Fig. 8). The SHMB grouping appears to combine two (or possibly three) distinct categories, 

variably interpreted in different studies as highly contaminated komatiites or as something 

approaching genuine arc-related boninites, quite possibly with little or no genetic connection. As a 

result the SHMB category has not been retained in our scheme and has been subsumed into the High-

Th and Low-Nb/Yb Groups. 

3.3 Trends in space and time 

We examine the secular and spatial trends in the well-represented terranes by subdividing the 

complete basalt plus komatiite data sets by craton and era, restricting the plots to those with more than 

60 samples (the number and proportion of different geochemical types is reported in supplementary 

table Supp3). These plots are superimposed on Phanerozoic data density contours (approx. 50th 

percentile) for oceanic plateaus (OP), combined OP+OIB “mantle array”, intra-oceanic arcs (IOA), 

continental flood basalts (CFB) and continental arcs (CA). This allows us to interrogate secular trends 

and variability between cratons without too much danger of being deceived by undersampled terranes. 

Age groupings are expressed into three age ranges: Paleoarchean >3100 Ma, Mesoarchean 2800-3099 

Ma, and Neoarchean, 2500-2799 Ma, based on the best available age dates of the enclosing 

greenstone sequence. These age spans do not exactly correspond to the standard era boundaries but 

are chosen to capture the space-time distribution of the data in the most convenient way. 

Looking at the craton-age plots (Figs. 11-14), a number of generalities can be made. All the 

major and minor Archean basalt groupings are present in each age range. There is no indication of any 

meaningful secular variability in trace element chemistry of basalts or their sources during the 

Archean eon. We find no evidence at all in the trace element patterns for a step change at 3200 Ma as 

claimed by El Dien et al. (2020), or indeed for any systematic secular change in basalt chemistry. 



What can be said with confidence is that the broadly linear array for Low- to high-La and high-Th 

basalts is persistent throughout the eon, with a consistent shape in the multidimensional space 

represented by the various plots. In all cases, the trend terminates at the “primitive”, least enriched 

end close to the main mode of Phanerozoic ocean island plateaus. This universal trend defines a 

widespread and dominant role for modification of mafic-ultramafic magmas by assimilation of 

continental crust, as discussed further below.  

It is important to note that the rare but significant “oddball” categories, ferropicrites, Low-

Nb/Yb/boninite and High-Nb/Yb, would probably not turn up at all in a sub-sampled, “bootstrapped” 

data analysis, or would be totally overwhelmed in the averaging process. The important point, missed 

in such analyses, is that these rocks exist and can be resolved in the well-sampled terranes.  

Looking at spatial groupings in more detail, some interesting differences are evident and 

probably real. In the Paleoarchean terranes (Fig. 11a-c), west Greenland shows an almost complete set 

of basalt types but is deficient in komatiites, is relatively well-represented in the arc-like category and 

contains a few ferropicrite samples. In other words, those categories that are the most characteristic of 

modern plate tectonic-related settings – Low Nb/Yb and High Nb/Th– are present in the oldest 

greenstone sequences we have if the trace element similarities can indeed be regarded as significant. 

The Kaapvaal data set (Fig. 11d-f) is dominated by Al-depleted komatiites and basalts that fall along 

the mantle array within the field of oceanic plateaus (OP), plus a smaller component of La- and Th-

enriched basalts, but lacks the Low Nb/Yb and High Nb/Th components. The Paleoarchean Pilbara 

data set, which includes data from 3100 to 3550 Ma, shows the characteristic linear (variable Th/Nb) 

array from OP-like primitive basalts to well-represented high-Th basalts and a Low-Nb/Yb 

component, but lacks the High-Nb/Th component. The 3.12 Ga west Pilbara Whundo greenstones in 

particular have been identified as one of the earliest examples of probable subduction related mafic 

magmatism (Smithies et al, 2005). 

The Mesoarchean data sets encompass parts of the Eastern Goldfields Superterrane and 

Youanmi Terrane of the Yilgarn Craton along with the Karelian Craton of the Fennoscandian Shield 

and the Superior Craton. Noteworthy features, aside from the consistent presence of the typical Lo-La 

to High-La basalt (± komatiite) array and High-Th basalts, are the presence of a strong Low-Nb/Yb 

signal in the Youanmi and, to a lesser extent, the Eastern Goldfields sets, and a Ferropicrite cluster in 

the Superior.  

Neoarchean (less than 2800 Ma) data sets (Fig. 13) account for the bulk of the Archean data, 

with by far the largest accumulation of data being from the Eastern Goldfields (EGS), which is itself 

heavily dominated by the variable Th/Nb linear array from ocean plateau-like basalts and komatiites 

through to high Th basalts. In this data set, as in several others, this distribution is distinctly bimodal 

with a minimum between the main mode of the variable Th/Nb array and the high-Th cluster. A minor 



component of High-Nb/Yb group and ferropicrite samples appears in the Eastern Goldfields data set. 

The Youanmi data set differs by having a higher proportion of Low-Nb/Yb and Boninite Group 

samples and lacks the High-Nb/Yb to Ferropicrite grouping. In both Yilgarn terranes (discussed 

further below), the extent of sampling is such that we can be reasonably confident that the data 

densities reflect the actual proportions of the different categories. It is likely that the much higher 

proportion of komatiites in the Eastern Goldfields relative to Youanmi is real, particularly given the 

tendency for komatiites to be oversampled. The Superior data set shows some distinct differences to 

both Yilgarn terranes; the Low- to High-La basalt array is present but High-Th basalts are rare; Low-

Nb/Yb, Boninite, High-Nb/ Yb and Ferropicrite Group samples are relatively abundant (although still 

minor relative to the main basalt trend). Arguably, the Neoarchean and Mesoarchean data sets for the 

Superior are more similar to one another than the Superior is to the Yilgarn of the same age range. If 

this is real, and not a sampling artefact, the implication is that spatial variations between Archean 

cratons are more evident than secular trends.  

Of particular interest in the Neoarchean data set is the Fortescue suite (Fig. 13j-l), which is 

unique among all the spatial groupings in that its tectonic setting is known beyond reasonable doubt: 

the Fortescue samples represent Neoarchean shallow marine to subaerial continental flood basalt 

province erupted through thick continental crust (Mole et al., 2018b). While the number of samples is 

relatively small (~70) it is significant that the Fortescue data defines a linear trend exactly overlapping 

the variable Th/Nb trend that is such a prominent feature of the overall Archean data set. The 

Fortescue is interpreted as the result of contamination of plume derived komatiite by a distinctive 

Pilbara continental crust composition (Mole et al., 2018b) on the evidence of major and trace elements 

and Nd isotopic compositions.  

3.4 Plume vs not? 

We conclude this comparison of Archean assemblages in space and time by comparing two of the 

best-sampled provinces: the Neoarchean Kalgoorlie Terrane and the Mesoarchean northwestern 

Youanmi Terrane, both of which contain an abundance of extensively sampled basalts. In the former, 

the basalts are closely associated with komatiites and are generally interpreted to be derived from 

them by fractional crystallisation and extensive contamination. In the latter, komatiites are absent and 

the basalts are associated with an arc-like sequence of calc-alkaline intermediate lavas including 

adakitic rocks (Lowrey et al., 2020). The basalt data clouds from these two settings show similarities 

and differences on the Th/Yb-Nb/Yb plot (Fig. 14); the Kalgoorlie Terrane suite is completely 

dominated by the variable Th/Nb trend, with a data density minimum separating the Low- to High-La 

basalt array from the High-Th. In the western Youanmi Terrane the variable Th/Nb trend is also 

evident but less dominant, and the data are more widely dispersed with a prominent mode of Low-

Nb/Yb and boninite group rocks that, together with a population of High-Th basalts, form a trend at 

constant Th/Nb within the Phanerozoic oceanic and continental arc array. The Kalgoorlie grouping is 



conventionally interpreted as plume-related, but there is no compelling evidence for a plume origin 

for the Youanmi assemblage (Wyman & Kerrich, 2012; Smithies et al., 2018; Lowrey et al., 2020; 

Wyman, 2019). The Youanmi data could be interpreted as a mixture of magmas derived from sources 

between n-MORB and primitive mantle, with a component of source-metasomatized subduction-

related material. Further discussion, including consideration of other non-plume interpretations, is 

deferred to the Discussion 

3.5 Proterozoic vs Archean 

Having defined a baseline set of Archean magma suites on the basis of their trace elements, the next 

stage of the journey is to compare these with Proterozoic magmas to see to what extent the categories 

persisted through time, became extinct or if new ones emerged in the post-Archean world. To do this, 

we have divided the Proterozoic data set (somewhat arbitrarily) into four subsets. The first is what we 

term ‘Proterozoic Greenstone Belts’ (Fig. 15), these being linear belts of predominantly volcanic 

rocks, containing at least some komatiitic basalts and in one example true komatiites, of which the 

Thompson-Cape Smith circum-Superior belts and the Pechenga belt of NW Russia are prime 

examples. A second category, mafic-dominated Proterozoic large igneous provinces, contains only 

one example, the mid-Proterozoic Midcontinent Rift LIP, comprising data from Duluth-age intrusions 

and Keweenawan flood basalts (Keays & Lightfoot, 2015) (Fig. 16). The third subset is from the more 

ambiguous and generally more deeply eroded orogenic or ‘mobile’ belts containing metamorphosed 

amphibolite facies metabasic rocks and cumulate-dominated mafic–ultramafic intrusions. The Halls 

Creek and Albany-Fraser orogens of Western Australia are the type examples of these. We further 

consider the economically and petrogenetically important parent magmas to the 2050 Ma Bushveld 

Complex as a separate fourth category. Trace element characteristics are plotted for early Proterozoic 

basalts, komatiites and metavolcanic and cumulate rocks for orogenic belts and LIPs in Fig. 15, 

compared with the data density fields for Archean basalts, and the OIB–mantle array.  

The early Proterozoic komatiite-basalt data set shows a close overlap with the Archean basalts 

(Fig. 15), with some points of difference. Arc-boninite types are not represented in the data set. The 

basalt-komatiite array defines a similar trend oblique to the mantle array as the Archean basalts, but 

the primitive (low-Th) end of the array is slightly displaced towards the high-Nb/Yb side. The 

distribution is distinctly bimodal on Th/Yb–Nb/ Yb with a gap corresponding to the intermediate La 

basalts that are a large component of the Archean data sets. There is a small but distinct group of Al-

depleted komatiites, with trace element characteristics similar to Archean equivalents; these samples 

are predominantly from the Svecofennian orogeny (Raahe-Ladoga belt) in central Finland; however, 

these samples are amphibolites lacking igneous textures, and it is quite likely that they could be Mg-

enriched cumulates from e-MORB-like basalts. The mantle-array group is largely absent, but a 

distinct grouping of ferropicrites (Fig. 15d–f), all from the Pechenga belt in far NW Russia, falls 

squarely within the OIB region of the mantle array, and overlaps closely with the ferropicrite 



grouping defined in the Archean set, most of which comes from the western Superior province. This 

grouping is of particular interest in that the Pechenga Belt is endowed with a large resource of 

magmatic Ni–Cu–PGE sulfide ores (Melezhik et al., 1994; Barnes et al., 2001; Hanski et al., 2011). 

The deposit style is similar to the deposits of the equally well-endowed Circum-Superior Raglan 

(Lesher, 2007) and Thompson Belts of similar age (Layton-Matthews et al., 2011; Scoates et al., 

2017), although the trace element characteristics of the magmas are greatly different.  

The Paleoproterozoic Fennoscandian Shield is striking in that of all the Precambrian cratons it 

has an assemblage most similar to the Phanerozoic Earth, containing samples along the length of the 

mantle array and also along the oceanic to continental arc array (Fig. 15d-f). Besides the Pechenga 

ferropicrites, the Lapland region contains a grouping of Ti-enriched komatiites (Figure 15d-f) with 

highly depleted trace element characteristics above the mantle array at very low Nb/Yb and close to 

the mode of intraoceanic arc basalts (Puchtel et al., 2020). This suite appears to be unique in the entire 

Archean-Proterozoic data set. 

Boninite-like signals are absent from the Proterozoic data set presented here, but boninite-like 

rocks have been reported in the literature, from the Paleoprotoerozoic of Central Africa (Poidevin, 

1994) and the Trans-Hudson Orogen (Wyman, 1999b), and from the Neoprotoerozoic of Ethiopia 

(Wolde et al., 1996). 

3.6 Bushveld magmas 

Data on Bushveld Complex marginal-phase rocks and flanking sills, thought to represent parent 

magmas, fall into two groupings: a high-Th, high-Th/Yb ‘B-type’ grouping (Barnes et al., 2010) that 

is completely contiguous with and generally similar to the Archean High-Th Group basalts (Fig. 16); 

and a more primitive komatiite-like grouping associated with primitive cumulates of the Lower Zone 

(Wilson, 2012; Maier et al., 2016a). The B-type magmas have Th/Nb falling within the same tightly 

constrained range of the Archean High-Th Group (Fig. 17), but fall on the high side of the Al/Ti 

range, corresponding to those Archean examples that are thought to be ‘artificially’ Al-enriched due 

to plagioclase accumulation. They are also somewhat enriched in Zr over the Archean equivalents 

(Fig. 17). The more primitive, putative Lower Zone magmas are much more akin to typical Archean 

Al-undepleted komatiites in most respects (Wilson, 2012) with characteristic mantle-normalized Al/Ti 

close to 1.  

3.7 Proterozoic LIP – the Mid-Continent Rift 

Data from the 1100 Ma Midcontinent Rift (Fig. 18) show a markedly different distribution 

from the preceding Proterozoic examples. Data fall mainly within the range of Phanerozoic 

continental flood basalts, with a large proportion of samples occupying a broad linear trend roughly 

parallel with the mantle array on the Pearce plot but somewhat above it. This cluster extends out to a 



region with very high Nb/Yb and Th/Yb; these are probably deep-seated high-P melts with garnet-

bearing residues (high lambda 1, low lambda 2), classified as high Nb/Yb in the Archean-based 

scheme. The remainder of the set is classified as Low- and High-La basalts, with the High-La group 

falling close to the upper Th-rich end of the variable Th/Nb Archean basalt array. Most of the Low-La 

samples fall well to the high Nb/Yb side of the Archean Low-La basalt field. 

3.8 Proterozoic orogenic belts 

Data are shown in Fig. 18 for cumulate and non-cumulate rocks from three well-sampled Proterozoic 

orogenic belts in Western Australia: the 1850-1830 Ma Halls Creek Orogen (Hoatson & Blake, 2000, 

Kohanpour et al., 2017, Mole et al., 2018a), the ~1300 Ma Fraser Range mafic magmatic event in the 

Albany-Fraser Orogen (Spaggiari et al., 2011, Smithies et al., 2013, Spaggiari et al., 2015, Maier et 

al., 2016c) and the Musgrave province in central Australia (Smithies et al., 2011) (with the term 

‘orogenic belt’ being used somewhat loosely in the case of the Musgrave province, much of the data 

there being made up of rocks associated with the Warakurna LIP). In all these belts, interpretations of 

tectonic provenance are complicated by multiple deformation episodes and (in the case of the Albany-

Fraser Orogen) granulite-facies metamorphism. In the cases of the Albany-Fraser and Halls Creek 

orogens trace element chemistry has been used to argue for an arc or back arc setting for the mafic 

magmatism. As seen in Fig. 19, the data clouds fall across the area of overlap between continental arc 

and continental flood basalt fields, with a stronger similarity to continental arcs, but the data scatter 

widely and serve, more than anything else, as a reminder of the limitations of inferring tectonic setting 

from geochemistry alone. The Albany-Fraser data in particular fall squarely on the main Archean 

basalt-komatiite trend, suggesting that crustal contamination of mantle plume-derived OP-like magma 

could be a viable interpretation. However, the data set lacks a clear linear trend attributable to simple 

contamination. In the Halls Creek case, multiple lines of evidence suggest that much of the 

magmatism is either of back arc origin, or represents a major asthenosphere upwelling event related to 

a post collision slab breakoff (Kohanpour et al., 2017; Mole et al., 2018a). This is also a plausible 

interpretation for the AFO (Spaggiari et al., 2015). 

. 

4 DISCUSSION 

4.1 Trends in Archean basalts 

Summarizing the Archean data set, the basalts define a number of groups that span much of 

the range of basalt trace element chemistry seen in the modern or Phanerozoic Earth. However, there 

is a preponderance of basalts that have many characteristics of Phanerozoic ocean plateau LIP basalts, 

with a superimposed contamination trend attributed to incorporation of continental crust into primitive 

magmas with characteristics between n-MORB and primitive mantle. Importantly, this interpretation 



is borne out particularly by the Fortescue data set, the only Archean grouping in this study for which 

we have unambiguous geological evidence of its tectonic setting. Calculated trace element and Nd 

iso tope trends show that the data can be modelled by varying degrees of contamination by older 

continental crust of an Al-undepleted komatiite having a primitive to weakly depleted source. 

Examples of such mixing trends, showing different combinations of sources and contaminants, are 

shown in Fig. 20 (see Table 1 for model compositions). It is important to note that the shape of the 

assimilation-mixing cures on ratio-ratio plots are distinctly concave down; for Th/Yb vs Nb/Yb, the 

contaminant typically has very much higher concentrations of Th than the starting magma, such that 

Th/Yb increases very rapidly compared with Nb/Yb for small amounts of contamination, then levels 

off at high Th/Nb ratios, accounting for the High-Th Group basalts having a trend approximately 

parallel to the Pearce mantle and arc arrays (Fig. 2). The levelling-off point corresponds to around 20–

30% contamination of a komatiite starting composition; this seems high but as shown by Mungall 

(2007), it is entirely reasonable; komatiites have very steep liquidus slopes, such that a given mass of 

komatiite can assimilate an equal mass of felsic material without a high degree of crystallization, 

ending up with roughly the same mass of liquid as it started with. This contamination trajectory 

potentially accounts for the shape of the Archean komatiite-basalt cloud and the variable Th/Nb trend. 

We note in passing that this effect was not considered by El Dien et al. (2020) in their rejection of a 

role for contamination in Archean basalt chemistry. The curvi-linear contamination trend so produced 

(Fig. 20) is evident in all of the trace element combinations and is the predominant signal of Archean 

mafic and ultramafic magmatism, exemplified by the trends for komatiites and the near-coincident 

Low- to High-La basalt trend. A large proportion of the rocks that fall on this trend are broadly co-

eval with the major ~2.7 Ga peak in granitoid production (Smithies et al., 2018). This is no 

coincidence: the contamination that produces the trend is associated with a wholesale transfer of heat 

from the mantle into the crust at this time. In some belts, such as the Kurnalpi Terrane of the Yilgarn 

Craton, contamination of basalts by TTG-type crust went as far as producing andesites (Barnes & Van 

Kranendonk, 2014). 

The shape of the predominant Archean komatiite-basalt array is very different from that seen 

in modern continental flood basalt provinces, which define a roughly triangular field (Fig. 21). This 

distribution can be interpreted as the result of variable contamination by continental crust (the apex of 

the triangle) of mantle-derived magmas of variable composition plotting anywhere along the mantle 

array from n-MORB to OIB. The difference in the Archean trend is that only one side of the triangle 

is present, that between the average contaminant and the n-MORB–ocean plateau region of the mantle 

array. The rest of the triangle is absent because of a major deficit in the Archean and early Proterozoic 

in primary melts derived from mantle array compositions more Yb- (or HREE-) depleted and Nb-

enriched than e-MORB. OIB-like basalts are vanishingly rare in Archean terranes and, as we have 

seen, restricted to a small number of localities mostly in the western Superior Craton. Basalts existed 



in the Archean with chemistry falling along the e-MORB–OIB mantle array, as did arc-like basalts 

and rocks with most of the essential attributes of modern arc-related boninites, but they are very minor 

and highly localized components of the overall assemblage. 

Interrogating the Archean basalt data set for age, we find no evidence for any significant 

secular changes, in contrast with other studies e.g. (El Dien et al., 2020) that claim to detect a major 

change at 3200 Ma (i.e. the beginning of the Mesoarchean). The difference in interpretation may in 

part be due to the extent of the data sets but mostly to the significance attached to particular elements. 

For example, El Dien et al. (2020) base their secular change on ratios involving Ba, U and Pb, highly 

alteration-susceptible elements that we have excluded from consideration on the grounds that they 

cannot be considered reliable indicators of mantle processes in invariably altered Archean rocks. The 

detection limits for U and Pb in most analyses per formed prior to c.2010 are too low for data on 

komatiites and primitive basalts to be meaningful. While the sampling of Archean volcanic rocks is 

overwhelmingly biased towards the Neoarchean, particularly the period around 2.7 Ga, we also have 

extensive sample sets mainly from the Kaapvaal and Pilbara cratons in the 3100–3450 time span, and 

aside from the changing abundance of Al-depleted komatiites, we see no evidence of any significant 

difference in the data clouds between this and the ~2700 Ga period. Beyond 3450 Ga, the sampling 

disparity is obscured in time-series data presentation that uses boot strapping to simulate even 

sample distributions. We simply do not have enough of a spread of data on these very old rocks to be 

able to generalize about the planet 

4.2 Post-Archaean secular changes 

The clearest secular trends that can be confidently established are the rapid decline in true komatiites 

with more than 25 wt % MgO after 2700 Ma and the declining trend towards near-extinction of Al-

depleted komatiites by around 2800 Ga, documented more fully by Barnes & Arndt (2019). With 

slightly less confidence, we also argue that the distinctive High-Th Group basalts, commonly 

represented by high-Si basalt to basaltic andesites, common in the Archean and significantly present 

in the Proterozoic as the dominant parental magmas to much of the Bushveld Complex, is not seen in 

terranes younger than 1800 Ma and is largely extinct in the Phanerozoic Earth, with the exception of 

some clearly continental arc-related basaltic andesites. These features can all be plausibly interpreted 

as manifestations of a cooling planet, producing cooler magmas and, therefore, lower degrees of 

crustal contamination during ascent (Campbell, 1985; Sparks, 1986). Thirdly, the compositional array 

of asthenospheric, probably plume-derived magmas erupted through continental crust has changed 

from the predominantly linear, contamination-controlled variable Th/Nb trend in the Archean, with a 

limited range of sources, to the much broader field of Phanerozoic continental LIPs, with a much wide 

range of source compositions along the extent of the mantle array, similarly overprinted by crustal 

contamination.  



Most of the predominant categories of basalt found in the Phanerozoic Earth can be found 

within both Archean and Proterozoic terranes, although for some, the relative proportions differ 

significantly as we have seen. Basalts with characteristics similar to ocean island and oceanic island 

arc basalts are extremely minor components of the Precambrian data set. Most significantly, the 

Archean and Proterozoic data set is overwhelmingly dominated by asthenosphere-derived magmas 

with a highly variable, and often large, overprint of contamination by continental crust. Most workers 

in the Archean, although not all as we discuss below, regard these magmas as being mantle plume 

products, and we accept this as a working hypothesis for this part of the discussion. Furthermore, the 

sources of these plumes appear to have been considerably less variable than in the Phanerozoic Earth, 

being overwhelmingly dominated by moderately depleted or barely depleted material somewhere 

between modern n-MORB sources and unmodified primitive mantle in its trace element 

characteristics. Oceanic OIB-like sources were either only very rarely tapped, to make unusual 

outliers like the Pechenga ferropicrites and their older analogues, or they were tapped but their 

products have only rarely been sampled. These rare groups aside, the conclusion of Campbell & 

Griffiths (1992, 1993) seem to hold up: mantle plume sources have changed with time, and the 

predominance of enriched sources does not take hold until a point probably in the late Proterozoic. 

Products of wholesale melting of plume heads (oceanic plateaus in the modern Earth, and most 

Archean greenstone LIPs in the ancient Earth) are remarkably similar. If we follow the Archean 

geodynamics interpretation of Campbell et al. (1989), that komatiites formed from plume tails, and 

non-komatiitic basalts from plume heads, then we could conclude that plume tail sources have 

changed with time, from predominantly depleted to predominantly enriched (Campbell & Griffiths, 

1992, 1993), while plume heads have stayed much the same through Earth history. Following this 

logic, assuming plumes to be derived predominantly from the core mantle boundary, the nature of 

the D’’ layer has changed drastically through time, reflecting the appearance of a predominant 

subduction-related component some time in the Proterozoic, whereas the lower mantle, from which 

much of the plume head material is entrained in the classic starting plume models, has remained much 

the same. This is consistent with the suggestion of Campbell and co-workers (Campbell & Griffiths, 

1990, 1992, 1993) that mantle plumes are derived from a D’’ layer that was recharged in the Archean 

with depleted mantle drips, the residue of crust formation, and in the Phanerozoic by enriched 

sub ducted crust. The classic view of plume dynamics has been modified considerably over the three 

decades since the seminal work referenced above, in response to a vastly expanded volume of data on 

seismic tomography imaging of plumes and the petrochemical characteristics of their melting 

products. While a detailed discussion of mantle plume dynamics is beyond the scope of this review, it 

is important to consider some alternatives to the simple view that plume tail sources have changed 

with time but plume head sources have not. How else could these secular geochemical trends be 

interpreted?   



One potential alternative is that plume sources have not changed, but melting dynamics have, 

in response to decreasing mantle potential temperature over time. Typical ocean-island plume basalts, 

such as those of Hawaii, and particularly the more alkalic products, fall out to the high-Nb/Yb end of 

the mantle array, reflecting strong depletion of Yb due to retention of garnet in the source. These 

compositions are particularly characteristic of a combination of deep melting under older, thicker 

lithosphere with the presence of a subduction-derived eclogitic component in the source (Sobolev et 

al., 2007). These very high-Nb/Yb compositions as we have seen are extremely rare and highly 

localized in the Archean. A possible analogue may be the predominance of Al depleted komatiites in 

terranes where plumes impinged on cratonic lithosphere that was thick enough that only garnet-

saturated melts were generated during partial melting of the plume head, with the more voluminous 

Al-undepleted komatiites forming during more shallow melting where the plume was diverted to 

regions of thinner lithosphere at cratonic edges (Begg et al., 2010; Mole et al., 2014). Possibly, the 

lack of Yb-depleted, high 1, low 2 magmas in the Archean could be due to swamping of deep- 

earlier-formed, low-degree partial melts by subsequent much more voluminous higher-degree partial 

melts formed at low pressure under generally thinner lithosphere. However, this ex planation would 

not explain the strong evidence that the sources of high-degree plume melts in the Archean were 

almost universally depleted; a dilution effect with the same source as Phanerozoic plumes would be 

expected to generate a spread of variably enriched compositions along the e-MORB–OIB mantle 

array, just lacking the most OIB-like component—this is not seen. Further, if the trend were due 

purely to degree of melting, without a change in source characteristics, we would expect to see a 

secular tend towards relatively low 1, low 2 magmas, i.e. downward convex hump-shaped REE 

profiles, which is not evident in the data. 

Another possibility to consider is that the reason for the scarcity of OIB-like and oceanic-arc 

like compositions in most Archean terranes is a simple matter of preservation. If most OIB-type 

basalts are generated, as their name implies, in hotspot island chains in ocean basins, then conceivably 

there is a strong preservation bias against them, the only plume-tail products that we see being those 

that were effectively ‘life-rafted’ on buoyant granitic crust and thickened subcontinental lithosphere 

(Griffin et al., 2008). Possibly Archean equivalents of modern juvenile intra-oceanic arcs were 

preferentially subducted or otherwise destroyed rather than being accreted, resulting in only local 

preservation in a handful of particular greenstone belts. It is very likely that there is a distinct 

preservation bias but this is unlikely to be the full explanation, on the evidence that the compositional 

range of Archean basalts is significantly limited compared with that of Phanerozoic continental flood 

basalts (CFBs). The CFB array is roughly triangular in shape, reflecting mixtures of plume-sourced 

magmas from most of the length of the mantle array mixed with varying proportions of continental 

crust (Fig. 21). The Archean array, in contrast, traces back to restricted por tion of the mantle array 

between PMN and n-MORB and lacks the higher Nb/Yb mantle array input. The simplest explanation 



for this marked contrast is that plume sources in the Archean had a much more restricted range in 

composition, falling almost entirely on the depleted side of primitive chondritic mantle.  

A useful juxtaposition is shown in Fig. 21 between the typical Archean basalt-komatiite trend 

with data from the c. 250 Ma Emeishan flood basalt province. The Emeishan suite is dominated by 

enriched basalts with major and trace element characteristics very similar to the Pechenga 

ferropicrites; the remainder of the suite is mostly high-Th basalts and high-La basalts applying the 

same criteria as for the Archean-Proterozoic suites (Song et al., 2006, Zhou et al., 2008, Hanski et al., 

2010). The overall array is starkly different from the Archean cloud, and illustrates the point made 

previously: Phanerozoic plume products erupted through continental crust have drastically different 

characteristics from their Archean counterparts. This difference is most simply attributed to changing 

source compositions with time.  

4.3 Basalt and komatiite sources 

One somewhat surprising conclusion from this work is that differences between source characteristics 

for Archean AUDK and basalts are smaller than had been thought. The linear AUDK trend (Fig. 9) 

projects back to the centre of the mantle array with a Nb/Yb ratio of around 0.6-0.9, compared with 

the Low-La basalt trend about 0.7-1.0; they are different, but with a very large degree of overlap. One 

possible interpretation of this is that much of the “tholeiite” cluster, defined on the basis of variable 

Al/Ti at low MgO, is actually derived by fractionation and contamination of komatiites and that they 

share the same source. On grounds of relative volume, this is not likely to be the major explanation. 

The onset of plagioclase fractionation in a komatiite-derived liquid line of descent only happens in the 

late stages of fractionation, such that the relative volume of “tholeiitic” derivative to komatiite parent 

would be low, whereas in fact basalts greatly predominate over komatiites in most greenstone belts. 

One way round this objection is to argue that crustal density filters might have played a role (Huppert 

& Sparks, 1980, Stolper & Walker, 1980) such that basalts were preferentially erupted over 

komatiites, but if this were the case we would expect to see evidence of stalled komatiite in the form 

of abundant olivine-rich cumulates in deep-crustal Archean sections. Perhaps these exist but are only 

very rarely preserved. It is likely therefore that the basalts do indeed represent lower degrees of partial 

melting, derived from broadly similar sources as the komatiites. A simpler explanation, however, is 

that the distinction between “heads” and “tails” of Archean plumes is greatly blurred by mixing; most 

of the Archean komatiite-basalt assemblage is derived by varying degrees of partial melting of a 

largely homogenised mixed plume source. Remnants of depleted tails are preserved in some of the 

more extensively depleted komatiites, accounting for what small difference there is in the “take-off 

points” of the contamination trends from the mantle array. Sub-lithospheric contamination by depleted 

crustally-derived restites and cumulates could also contribute to this effect (Bédard, 2018). The 

presence of a depleted komatiite source component in the basalt source accounts for features such as 

the systematically lower Ti and higher Ni and Cr at the same Mg# in Archean basalts compared with 



modern oceanic plateaus (Barnes et al., 2012) (Fig. 8). Regardless of the resolution to this question, 

the main point remains: there is no convincing evidence of a subduction component in the sources of 

Archean mantle plumes, of any age, with the highly localised and uncommon exception of the minor 

ferropicrite association. This then leads to an important testable hypothesis: Archean mantle plumes 

were driven primarily by thermal contrast, whereas Phanerozoic plumes are driven by both thermally 

and chemically-induced buoyancy.  

What then of the highly localized but undeniably present components of the Archean basalt 

data set resembling modern intra-oceanic arc basalts and boninites, and the even more localized 

component extending along the e-MORB-OIB mantle array? Does the arc-like Low-Nb/Yb Group 

component represent the appearance of a subduction signal in the Archean Earth? If so, it appears that 

this signal goes back a long way, to some of the oldest preserved greenstones studied so far (Polat et 

al., 2011). The most plausible arc-like assemblages include the 3120 Ga Whundo sequence of the 

West Pilbara Craton (Smithies et al., 2005) and the 2820–2740 Ga basalts of the northwestern 

Youanmi Terrane, in the Yilgarn Craton (Lowrey et al., 2017, 2020). Both preserve coherent 

sequences of individually distinct and compositionally ‘arc-like’ tholeiitic and calc-alkaline basaltic to 

intermediate rocks (mainly showing up in our data as High-Th and Low-Nb/Yb groupings) that range 

from boninitic to adakitic and lack komatiites. Less extensive or less well-preserved sequences 

incorporating compositionally similar mafic rocks are found in other Archean cratons and appear least 

rare in Mesoarchaean and Eoarchean terrains. Although such sequences have been cited as evidence 

for modern-style subduction processes (Polat et al., 1999; Wyman et al., 2008; Wyman & Kerrich, 

2012), Smithies et al. (2018) point out that most of these have compositions resembling rocks formed 

during the initiation stages of subduction or of young intra-oceanic arcs. This is supported by the 

observation that boninites constitute a relative high proportion, around 20%, of basalts identi fied as 

having arc-like character. Archean ‘arc-like’ sequences record early stages of subduction initiation; 

the failure to progress to more evolved compositions suggests that modern-style subduction failed to 

get hold on a planetary scale during the Archean, and that more uniquely Archean processes equally 

capable of inducing crustally contaminated mantle source regions (e.g. Be´dard, 2006, 2008) were 

involved. This observation is consistent with the indication from our data set that plume-related 

magmatism greatly dominated Archean mafic-ultramafic sequences. The enriched Low-Nb/Th basalts 

along the modern mantle array could represent the first signs of fertilisation of plume sources by Nb-

enriched subducted or foundered crustal eclogite.  

4.4 Alternatives to Archean Plume models 

While plume models in various forms have tended to dominate much of the discussion of 

Archean mafic-ultramafic sequences, other hypotheses need to be considered. The simplest, that 

Archean greenstone belts are simply oceanic crust remnants, have largely been discounted on various 

lines of evidence mentioned above. An alternative is that rather than being generated by plumes 



derived from the core-mantle boundary, Archean mafic-ultramafic cycles are the result of episodic 

large-scale mantle overturn events occurring in an Archean Earth dominated by stagnant-lid tectonics 

(Be´dard 2006, 2018). In this interpretation these continent-scale overturn-upwelling zones (‘OUZOs’ 

in the terminology of Be´dard, 2018) are driven by delamination and foundering of dense lower 

crustal restites, with a return flow of largely primitive asthenospheric mantle generating pulses of 

komatiitic and basaltic magmatism on time scales of tens of millions of years. These events differ 

from plumes in duration; plume-head events in the younger Earth are typically 1–2 Ma in duration in 

contrast with the typical 10 Ma duration of major komatiite–basalt sequences, such as that of the 

Kalgoorlie Terrane. Further, they do not extend to the bottom of the mantle, in contrast to the plume 

model where the thermal anomaly originates at the core mantle boundary and within the D’’ layer 

(Campbell & Griffiths, 1990). 

Detailed discussion of the merits of this hypothesis vis a vis conventional plume models are 

well beyond the scope of this paper. The relevant question here is whether the trace element 

characteristics of Archean basalts and tholeiites can be used to evaluate the alternatives. The answer is 

probably no; “OUZOs” would involve high degree partial melts of variable mixtures of primitive 

asthenospheric mantle with material depleted by continental crust extraction (previously melted 

mantle material or deep crustal restites from basalt melting), which would be geochemically 

indistinguishable from the type of plume head-plume tail mixtures envisaged in the standard 

Campbell and Griffiths model. The alternatives need to be evaluated on other multiple lines of 

evidence. 

4.5 Secular evolution and mantle temperature through time 

As discussed by Keller & Schoene (2018), there are two approaches to the problem of using mantle-

derived magma chemistry to derive curves for mantle potential temperature with time. The first, 

which Keller and Schoene denote as the ‘quality’ approach, is to apply rigorous selection criteria to 

pick out samples that are regarded as being plausible ‘primitive melts’, i.e. magmas directly derived 

by partial melting of the mantle without any subsequent modification by fractional crystallization or 

any other process. Such samples would need to be completely phenocryst-free and unaltered and are 

consequently extremely hard to come by, particularly from Archean terranes. The best exemplar of 

this approach, the widely cited study of Herzberg et al. (2010), found only 33 suitable samples from a 

database of 1500 ‘non-arc’ basalts. The other ‘quantity’ approach, that employed by Keller & 

Schoene (2018) and Ganne & Feng (2017), is to take all the available data, apply randomised 

‘bootstrap’ subsampling to even out spatial and temporal clusters, apply filters as far as possible and 

rely on the pure volume of data to take out confounding factors. This is essentially the approach we 

have taken here for the trace elements, but we differ in that we do not consider the entire set of 

Archean komatiites and basalts as a useful sample for tracing degrees of partial melting. In a data set 

of this type, it is impossible to completely filter out ultramafic cumulates or lavas with olivine or 



pyroxene phenocryst loads; addition of even small amounts of olivine to a bulk composition will have 

a major effect on any partial melting model that assumes a liquid composition. It may be almost 

impossible to distinguish a basalt with olivine phenocrysts from a fractionated komatiite, but they 

represent substantially different thermal histories. For this reason, we are reluctant to apply this data 

set to test the trends obtained by Keller & Schoene (2018) and Ganne & Feng (2017), and we stick to 

the use of incompatible trace element ratios that are insensitive to low-pressure fractionation and 

presence of cumulus crystals or phenocrysts. The secular trends in possible potential temperature 

proxies, such as MgO and Mg number, from the Archean onward are largely the result of two closely 

related effects: the almost complete disappearance in true komatiites after the early Proterozoic, and 

the prevalence of plume-derived mafic and ultramafic rocks in the Archean sample set. The latter is 

largely a function of preservation: Archean oceanic crust is not preserved, or at least not widely 

recognised, and the predominant source of sample material is continental LIP magmatism that was 

preserved by continental crust and lithosphere ‘life-rafts’. Deriving the ‘background’ potential 

temperature cooling curve for default non-plume mantle may well be impossible. That said, we see no 

evidence in the data that the Archean to Proterozoic transition is any kind of discontinuous 

singularity; it is more simply interpreted as part of a gradual change in declining mantle potential 

temperature with time, broadly consistent with the Herzberg and Korenaga estimates. 

Confusing the picture greatly is the important example of the Cretaceous Gorgona komatiites, 

the only true olivine-spinifex-bearing, ~25 wt % MgO in the liquid, officially fair-dinkum komatiites 

(to use the technical Australian term) younger than 1800 Ma. The mode of occurrence of these 

remarkable rocks is still not fully understood, but it appears that they represent a highly unusual 

preservation of the interior of a volcanic pile in an oceanic LIP, the Caribbean Plateau, with likely 

involvement of a subduction component (Hastie & Kerr, 2010; Kamenetsky et al., 2010). Given that 

the surface of most oceanic LIPs has barely been scratched, almost literally, it is entirely possible that 

many more Gorgona-type occurrences might exist undetected. A further example is found in the 

Emeishan LIP, where lavas with primary MgO contents of up to 22 wt % occur in a pile of pillow 

basalts (Hanski et al., 2010). Thus, the true thermal history of the Earth’s mantle remains elusive. 

5 CONCLUSIONS 

Phanerozoic plume products erupted through continental crust have drastically different 

characteristics from their Archean counterparts. This change can be attributed to the gradual 

appearance of the variable Nb/Yb, constant Th/Nb mantle array as the predominant plume source 

somewhere in the mid-Proterozoic, enduring through to the modern Earth. The contrast between the 

~1900 Ma ‘greenstone-like’ Proterozoic belts, and the ‘modern LIP’ character of the 1100 Ma Mid-

Continent Rift implies that the transition occurred within this time interval (Fig. 23). Considering 

Archean basalts, the great majority fall on a broadly linear contamination-related mixing trend 



(‘Variable Th/Nb trend’) between a mildly depleted n-MORB to PM like mantle source and Archean 

continental crust and fall across the low-Nb, low- λ1 end of the broadly overlapping continental flood 

basalt and continental arc fields. Komatiites follow almost exactly the same trend, apart from Al-

depleted komatiites, which make a parallel trend offset due to retention of HREE in the source. There 

is no compelling evidence of a subduction-related metasomatic source component in the source of the 

main Archean and early Proterozoic komatiite-basalt array. Komatiites and most Archean basalts 

probably came from essentially similar sources, generated by mixing of a depleted deep mantle source 

with entrained primitive or slightly depleted mantle, mostly entrained during plume ascent through the 

lower mantle. Localized but distinctive suites of basalts outside the main trend, of a range of ages, are 

present in particular Archean terranes. Basalts with distinctive arc-like char acter, including some 

probably true boninites (in the purely petrological and geochemical sense), are found in a few belts 

including the western Pilbara Craton, the west Youanmi terrane of the Yilgarn Craton and in the 

Wawa and Wabigoon belts in the Superior Craton. Magmas with distinctive mantle-array OIB-like 

chemistry are likewise present through the Archaean in a few widely dispersed localities. The arc-

boninite suite almost certainly exists in the Proterozoic data set, but is not represented in this data set 

possibly due to vagaries of the data filtering protocol. The OIB-like component is present in the 

ferropicrites of the economically significant Pechenga belt. We interpret the arc-like occurrences as 

the manifestation of the patchy, localized onset of ‘subduction impersonators’ that largely failed to 

catch on in the ancient Earth but gradually became predominant at some point in the Proterozoic. The 

patchy onset of OIB-like ferropicrite sources may be the first signs of localized accumulation of 

subducted material into plume sources, possibly at the mantle transition zone rather than the D’’ layer. 

Within the Archean and Paleoproterozoic data sets, there is more variability between cratons than 

there is with age (with the exception of the age control on Al-depleted komatiite). Conceding that the 

Archean data set presented here is weighted towards Australian examples, it may well be that that 

there is a lot more inter-craton variability in Archean suites than is evident in the presently available 

data. This may well become apparent as larger dataset become available from other Archean terranes. 

The bulk of the Paleoproterozoic data set is essentially indistinguishable in its trace element 

characteristics from Archean equivalents, and previous statements apply equally to Paleoproterozoic 

rocks and probably younger. Based on the general similarity between the Paleoproterozoic and 

Archean data sets and the presence of true komatiites in the Proterozoic Winnepegosis Belt, the data 

do not support the idea that the Archean-Proterozoic transition represents a major singularity or 

discontinuity in mantle evolution. Rather it appears to be a transition in a much smoother secular 

trend, with the only discontinuous event being the gradual disappearance of Al-depleted komatiites 

towards the end of the Archean. We see no evidence for abrupt discontinuities in trace element 

chemistry at the Archean– Proterozoic boundary, or indeed at any other time. The data are consistent 

with the hypothesis that plume tail sources, represented in the Archean by komatiites, have changed 

with time, from predominantly depleted to predominantly enriched (Campbell & Griffiths, 1992, 



1993), while plume heads have stayed much the same through Earth history. Following this logic, 

assuming plumes to be derived predominantly from the core-mantle boundary, the nature of the D’’ 

layer has changed drastically through time, reflecting the appearance of a predominant subduction-

related component at some time in the Proterozoic, whereas the lower mantle, from which much of 

the plume head material is entrained in the classic starting plume models, has remained much the 

same. Alternatives to Archean plume hypotheses, such as the ‘OUZO’ model of Be´dard (2006, 

2018), are consistent with the secular geochemical trends and cannot be reliably tested by 

geochemistry alone. 

A plausible hypothesis from the Archean to Phanerozoic trend is that the buoyancy driver of mantle 

plumes has changed from being predominantly thermal in the early Earth to being both thermal and 

chemical later. Reappraisal of ‘tectonic classification’ fields for Phanerozoic basalts largely confirms 

the conclusions of Li and others—the OIB-e-MORB mantle array, MORB and oceanic arc fields (e.g. 

Fig. 11) are reasonably robust and can be resolved consistently using combinations of Nb–Th–Yb and 

REE, but continental flood basalts and continental arcs are almost completely overlapping and cannot 

be discriminated, due to the problem of distinguishing subducted crustal component addition to 

mantle wedge from continental crustal contamination of ascending plume magmas. As argued in 

numerous previous publications cited above, trace element discrimination is just one of a combination 

of tools that should be applied in arriving at a ‘weight of evidence’ position on the tectonic context of 

ancient successions. ‘Dartboard’ discriminants are not particularly useful, but more nuanced similarity 

measures are informative. 
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7 APPENDIX 1 

7.1 Principal Component Analysis and selection of element ratios 

The choice of element ratio combinations to use in these plots was initially based largely on trial and 

error: we used the combinations that produced the best dispersion of the data and the most consistent 

distinction of clusters. We were biased towards using the Pearce 2008 ThYb-NbYb plot on the 

grounds of widespread previous use combined with the conclusion that it is one of the most effective 

at dispersing data. To back up these choices, we carried out a classical principal component analysis 

on the most diverse subset of data, the Archean basalts and komatiites (see supplementary material 



Supp2 for full results and PCA plots), using a wide variety of element ratios, eventually settling on the 

combination of 1 and 2, Nb/La, Nb/Yb. Th/Yb, Zr/Y, concluding that the most orthogonal sets 

were those used in the plots involving Th, Nb, Yb and the REE parameters. Sc/Ti is orthogonal to all 

other ratios but is predominantly controlled by Ti enrichment in highly fractionated rocks (probably 

mostly in dolerite sills), so has limited use in the problem at hand.  

Finding that Zr/Y and other similar ratios such as Zr/Yb or Zr/Ti tend to correlate strongly 

with Nb/Yb without adding much additional information, we narrowed down to the combination of 

the REE slope and curvature parameters 1 and 2 with ratios of Nb, La, Th and Yb as representing 

most of the variance of interest. 

SUPPLEMENTARY DATA  

Supplementary data are available at Journal of Petrology online. 

Supplementary material 

1. Supp1-tectonic-fields-classications, Powerpoint file containing the complete set of 

“discriminant plots” for the 8 Phanerozoic tectonic setting categories showing data density 

contours. 

2. Supp2-material-PCA results.xlsx – Excel file containing output of principal component 

analysis on Archean basalts and komatiites – data and plots 

3. Supp3-table-rocktype-count.xlsx – Excel file containing counts of different komatiite-basalt 

type samples by greenstone belt and craton. 

4. Supp4-class-scheme.pptx – series of plots showing the workflow for classification scheme of 

the Archean-Proterozoic komatiite-basalts. 

5.  

6. Supp 5 - complete set of comparative plots with all Phanerozoic groups for a variety of trace 

element combinations 

7. Supp6 – modelling parameters for contamination mixing lines. 

 

 

 

 

Figures 



 

Figure 1. Data density clouds for SiO2, TiO2, Ni and Cr contents of Archean low-La tholeiitic basalts 

compared with 50th and 90th data density contours on Phanerozoic ocean plateau basalts (dashed 

lines).  



Figure 2. Nb/Yb–Th/Yb ratio-ratio plots modified from Pearce (2008, 2014) showing data clouds 

from this compilation for (a, c, d) Archean komatiites and basalts (b) Proterozoic basalts and 

komatiites and 90th percentile data density contours for selected Phanerozoic baseline sets. 

Phanerozoic mantle array contour is the combined ocean island (OIB) and oceanic plateau (OP) data 

sets. Note the almost complete overlap in (d) between the fields for Phanerozoic continental arcs and 

continental flood basalts (continental LIPs). Also shows average points for primitive mantle, average 

n-MORB, EMORB and OIB from McDonough & Sun (1995). 



Figure 3. Explanation of lambda plot, method of O’Neill (2016), data clouds for mafic and ultramafic 

lavas in Archean greenstone belts. Inset boxes show shapes of REE patterns corresponding to 

indicated points on the plot. Dashed arrows show generalized vectors for significant geochemical 

processes. 



Figure 4. Data clouds for Archean Al-undepleted (AUDK) and Al-depleted (ADK) komatiites, 

superimposed on data density contours for Phanerozoic oceanic plateaus (50% and 90% of data). 



Figure 5. Archean basalt groupings (see supplementary material for classification algorithm), 

superimposed on 50th and 90th percentile data density contours for oceanic plateaus (OP). 

Figure 6. Archean basalt groupings, superimposed on 50th percentile data density contours for 

oceanic plateaus (OP), oceanic islands (OIB) and intra-oceanic arcs. 



Figure 7. Archean basalt groups, trace element profiles, extended trace elements (left), REE plots 

(right), colour intensity indicating data density. 



Figure 8. Archean basalt groupings, major element variations (recalculated 100% anhydrous, 10% Fe 

allocated to Fe2O3).  

Figure 9. Archean non-komatiitic Low-La basalts, superimposed on 50–90th percentile contours for 

Phanerozoic oceanic plateaus (OP) and MORB. Compare komatiite fields in Fig. 4. 

 



Figure 10. Al/Ti and Zr/Ti vs Th/Nb for predominant Archean basalt groups. Mantle ratios shown as 

dashed lines. 



Figure 11. Craton-age plots: Paleo-Meso Archean greenstone terranes, (a) and (b )West Greenland, (c) 

and (d) Kaapvaal, (e) and (f) Pilbara. Symbols indicate geochemical rocktype as defined in the text. 



Figure 12 Craton-age plots: Meso-Archean greenstone terranes, (a) and (b) Yilgarn Eastern Goldfields 

Superterrane (EGS), (c) and (d) Youanmi Terrane, (e) and (f) Karelian Terrane, (g) and (h) Superior 

Craton. 



Figure 13 Craton-age plots: Neo-Archean greenstone terranes, (a) and (b) Yilgarn (squares, Eastern 

Goldfields Superterrane (EGS), (c) and (d) Yilgarn craton Youanmi Terrane, (e) and (f) Superior 

Craton, (g) and (h) Fortescue flood basalts. 



Figure 14. Data density plots for basalts and komatiitic basalts from (a) and (b) the Neoarchean 

Kalgoorlie Terrane of the Eastern Goldfields Superterrane (EGS) associated with komatiites, 

compared with those from the greenstones of the Mesoarchean (c) and (d) western Youanmi Terrane, 

not associated with komatiites. 

 



Figure 15. Paleo-Proterozoic trace elements, ‘greenstone basalts’ plus komatiites, (a) and (b) Circum-

Superior , Thompson, Winnepegosis, Raglan; (c) and (d) Fennoscandian Shield including Pechenga. 

Note strong similarity of Circum-Superior data set to typical Archean assemblages 

Figure 16. Bushveld Complex magmas compared with Archean basalt main trend data cloud (green 

and high-Th basalts). Note the close affinity with the High-Th category. 



Figure 

17. Bushveld Complex data points compared with Archean basalt data, showing Al/Ti and Zr/Ti vs 

Th/Nb. Note the close affinity with the High-Th category. 

Figure 

18. Meso-Proterozoic Midcontinent Rift including the Keweenawan flood basalts, around 1100 Ma 



Figure 19. Data from the  1850 Ma Halls Creek Orogen, the  1300 Ma Albany-Fraser Orogen (and 

the Musgrave Province ( 1080), non-cumulate lithologies only, on the basis of Mg-number and Al 

content, compared with Phanerozoic fields, and data cloud for Archean basalt-komatiite main trend 

(green shading) 



 

Figure 20. Model contamination/mixing trends for mixing of average primitive Low-La tholeiite, Al-

depleted komatiite and Al-depleted komatiite with various hypothetical crustal contaminants: Upper 

and Lower Continental Crust (Rudnick & Gao, 2003), and Pilbara TTG after Mole et al. (2017), over 

data cloud for Archean basalts þ komatiites and data density contours for Archean Low-La tholeiites, 

Phanerozoic oceanic plateaus and mantle array. Input concentrations in Table 1. Ticks indicate 10% 

increments of contaminant addition. Note that all curves converge on the contaminant composition.  



 

Figure 21. Archean basalt plus komatiite cloud on contours for Phanerozoic continental flood basalt 

(CFB). The roughly triangular shape of the CFB field reflects variable contamination by crustal 

material with an average composition near the apex of the triangle, and mantle melts distributed along 

the base of the triangle along the mantle array. 

Figure 22. Emeishan basalts on Phanerozoic field contours and Archean basalt data cloud (green 

shading). Compare data for Mid-Continent Rift LIP in Fig. 18. 



 

Figure 23. Summary chart of distribution through time of the major komatiite and basalt groupings 

discussed in this paper. Coloured bar indicates high relative abundance, dashed lines indicate 

subordinate presence. ‘Variable Th/Nb Trend’ refers to the linear array of komatiites and Low to High 

La basalts characteristic of most Archean terranes. ‘Mid-Prot Transition’ indicates the period over 

which characteristic Archean-type assemblages give way to those characteristic of modern plate 

tectonic settings. Note that Low-La basalts similar to modern ocean plateau tholeiites are an abundant 

type throughout Earth history. 
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